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Abstract
The prevalence of extended-spectrum beta-lactamase (ESBL)-producing
Enterobacteriaceae is increasing rapidly. CTX-M type β-lactamases are the most
prominent ESBL family worldwide and are produced mainly by E. coli. blaCTX-M-14 and
blaCTX-M-15 genes are the dominant alleles circulating worldwide. The massive spread of
CTX-M-producing organisms in both clinical and community settings have resulted in the
CTX-M pandemic. However, the reasons for the rapid dissemination of this resistance
mechanism remain unknown. It has been suggested that the success of CTX-M-15producing E. coli is due to its association with the uropathogenic clone, sequence type 131
(ST131) that combines both virulence and multi-drug resistance mechanisms. The goal of
my research was to understand the molecular mechanism(s) that contributes to CTX-Mmediated resistance with a focus on the two most dominant allotypes. Such studies could
unveil potential targets for the development of new antibiotic therapies.
Initial steady-state expression studies demonstrated that CTX-M-15 mRNA was 8to 165-fold higher than CTX-M-14 mRNA levels in E. coli strains isolated from human
urine specimens from various geographical locations. Both CTX-M-14 and CTX-M-15
producers shared the same two promoters and transcriptional start sites and contained one
copy of blaCTX-M-14 or blaCTX-M-15 on large clinical plasmids. Analysis of the upstream
promoter regions using promoter deletion clones demonstrated that the proximal promoter
elements within the non-coding region of ISEcp1 were responsible for the β-lactam
resistant phenotype. Therefore, it was hypothesized that the genetic background of ST131
contributed to the upregulation of CTX-M-15 mRNA levels.
To this hypothesis, K12 transformants were constructed to evaluate the contribution
of chromosomally-encoded factor(s) on the increased CTX-M-15 transcript levels
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observed. It was further hypothesized that CTX-M-14 and CTX-M-15 with the same K12
wild type E. coli background would have equivalent steady-state expression levels. The
CTX-M-15 K12 transformant still showed an 11-fold increase in mRNA expression
compared to the CTX-M-14 K12 transformant. These data indicated that the sequence type
of the isolates was not a determining factor for the differential expression of these genes.
Therefore, either an intrinsic structural feature was controlling transcription initiation of
CTX-M-15 or a plasmid-encoded factor was causing differences in steady-state mRNA
expression. Clones were created using heterologous promoters to drive expression of
blaCTX-M-14/15 which still showed an upregulation of CTX-M-15. CTX-M chimeric clones
were constructed through PCR to evaluate if the 5′ or 3′ halves of the CTX-M-15 gene
contained an intrinsic structural element that affected transcription initiation. Expression of
these constructs demonstrated that an element within the 5′ end of CTX-M-15 may control
transcription initiation.
Additional studies that examined the stability of the CTX-M-14 and CTX-M-15
transcripts indicated that mRNA half-life also contributed to differential steady-state
expression among these genes. The CTX-M-15 transcript produced by the majority of E.
coli isolates had an extended half-life of 8-15 minutes that was controlled by a plasmidencoded factor. Conjugation experiments involving three different E. coli hosts showed
that the CTX-M harboring plasmid contained a factor that was also responsible for part of
the differential expression among the CTX-M-14 and CTX-M-15 genes. However, the
upregulation of CTX-M-15 mRNA levels did not correlate with CTX-M-15 β-lactamase
production which is suggestive of either a post-transcriptional or translational regulation
mechanism. Although some CTX-M-15 mRNA is translated into CTX-M-15 β-lactamase,
the enzyme was not produced at a level to confer resistance to any of the β-lactam/β-
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lactamase inhibitor combinations evaluated including the new inhibitor,
ceftolozane/tazobactam.
Collectively, my work has demonstrated the complexity associated with CTX-M βlactamase expression in E. coli isolates collected from human urine samples. The data
presented in this dissertation show that the regulation of CTX-M expression occurs at
multiple levels including transcription inititation, mRNA half-life, and translation. This
complex regulation could be a contributing factor for the successful spread of blaCTX-M-14
and blaCTX-M-15.
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Literature Review
A. Introduction
Humanity has always been threatened by infectious diseases. Prior to the advent
of antibiotics, societies would use home-made remedies such as mercury salts and other
compounds that caused awful side effects, toxicity, and ultimately death. In the 1800s,
mercury served as the universal medicine for almost any disease. At the time, there were
no other chemicals that could help heal an infection and thus people were forced to use
what they had available despite the noxious results. Much of the infectious disease seen
in the 1800s was due to inadequate sanitation and hygiene practices such as overcrowded
and poor housing, contaminated water supplies, and non-existent waste disposal systems.
These living conditions frequently led to outbreaks of cholera, dysentery, TB, typhoid
fever, yellow fever, influenza, and malaria. The occurrence of many of these diseases
began to decline by 1900 with disease prevention strategies and the eventual discovery of
antibiotics (59).
When we think of the history of antibiotics, we commonly think of penicillin.
Penicillin often gets credit as the first antibiotic. However, two drugs had been used
effectively to treat bacterial infections prior to the availability of penicillin. Salvarsen in
1909 was discovered by the German chemist Paul Erhlich and his team of scientists
through modifications of the chemical structure, atoxyl. This organic arsenic compound
was used as a remedy to treat syphilis and was in clinical use within one year of
discovery. Salvarsen was the world's first blockbuster drug and remained the most
effective drug for syphilis until penicillin became available in the 1940s. Erhlich’s efforts
marked the beginning of targeted chemotherapy and represented a significant
advancement in medicine (9). His work demonstrated that synthetic compounds could be
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devised to treat infectious disease (366). Erhlich paved the way for a second class of
synthetic antibiotics known as the sulfonamides or sulfa drugs, whose origins are in the
dye industry. In 1932, Gerhard Domagk was experimenting with a class of compounds
known as sulfonanilamides (red dye) that were able to treat streptococcal infections in
mice but had not been evaluated in humans. During this time, Domagk’s daughter had
become deathly ill with a streptococcal infection that had entered her bloodstream,
leaving her little chance of survival. In a desperate need to save her life, Domagk gave
her massive doses of the sulfonamides (Prontosil) and she was cured. Prontosil was
considered the first effective drug against bacterial infections (163). Even though
Salvarsen and Prontosil were landmarks in medicine, the use of synthetic compounds
such as metals and dyes are less commonly used today as sources in the creation of novel
antimicrobials. Natural sources such as soil-dwelling bacteria have provided the most
leads in the creation of antibiotics. These natural sources have served as chemical
platforms for the development of all but three major antibiotic classes (339). Although
antibiotics are a mainstay in the medical community today, at the time of their discovery,
these drugs saved countless lives (89, 160). During the golden age of antibiotics, human
life expectancy increased by more than eight years, a feat largely attributed to the use of
antibiotics in addition to other socioeconomic modernizations. The discovery and
introduction of antibiotics revolutionized medicine and was a significant turning point in
human history (188, 215). Many experts became overzealous and made claims stating
that antibiotics heralded the end of infectious disease (175, 339). However, Alexander
Fleming, the great bacteriologist that discovered penicillin, was skeptical of these
pedictions and warned,
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“The greatest possibility of evil in self-medication is the use of too small doses so
that instead of clearing up infection the microbes are educated to resist penicillin
and a host of penicillin-fast organisms is bred out which can be passed to other
individuals and from them to others until they reach someone who gets a
septicaemia or pneumonia which penicillin cannot save.”
Unfortunately what Fleming forcasted came true, and thus the use of penicillin
and other miracle drugs quickly resulted in the creation of antibiotic resistant strains.
Microbial geneticists during the 1950s believed that the use of antibiotics and the
subsequent development of antibiotic resistant strains was highly unlikely and would be
an extremely rare event (89). What the microbiologists failed to realize was that microbes
in the environment had been synthesizing β-lactam antibiotics for over two billion years
and β-lactamases that inactivate β-lactams have been in existence just as long (147).
From a study conducted on the microorganisms of a four million year old cave, 62% of
Gram-positive bacterial strains produced β-lactamase activity (24). Permafrost samples
over 30,000 years old contained genetic material that encoded β-lactamases (90). Fevre et
al determined that genes coding for β-lactamases harbored by Klebsiella oxytoca
originated over 100 million years ago. Overall, bacteria have been evolving for billions of
years which have resulted in the acquisition of an enormous arsenal of metabolic and
protective mechanisms, some of which have yet to be identified (346). We severely
underestimated the selective pressure that antibiotics were capable of exerting on
bacterial species. Figure 1 presents the history of antibiotic discovery from the Dark Ages
or pre-antibiotic period through the Lean Years when the antimicrobial pipeline became
stagnant. Also represented in Figure 1 was the detection and progression of antimicrobial
resistance which continues to intensify worldwide.
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Figure 1. History of antibiotic discovery and the development of resistance. Ignaz Phillip Semmelweis had
proposed hand-washing as a means of preventing infection prior to antibiotic discovery and is still an
important infection prevention strategy used today. The pre-antibiotic era is represented as the Dark Ages;
primoidal is the introduction of chemotherapy with the sulfonamides; golden is the period when the
majority of antibiotics were discovered; pharmacologic period was aimed to improve the effects of
antibiotics by dosing and administration regimens; biochemical period made chemical alterations to
antibiotics to prevent resistance which led to the target phase that studied the mode of action of drugs to
create new compounds; genomic HTS used whole genome sequencing to identify new drug targets to be
used in high throughput screening assays. The disenchantment phase represents the dramatic decline in
antibiotic discovery programs. The Lean years represent the low point of antibio tic discovery. Taken from
Davies and Davies 2010 (89).

Antimicrobial resistance continues to be a global challenge for the 21st century.
This worldwide predicament is a combination of several factors including inappropriate
use and over-prescribing of current antimicrobials across all ecosystems (including
humans, animals, agriculture) and the natural evolution of bacteria to defend themselves
against antibiotic therapy regimens (genetic mutations, acquisition of mobile genetic
elements) (55, 188). Pandora’s box has been opened with the casual distribution of
antibiotics for the treatment of viral illnesses (cold, bronchitis) and non-compliance when
antibiotics are prescribed (9). Pharmaceutical compannies cannot keep pace with the
dramatic evolutionary mechanisms that these organisms possess let alone stay ahead of
their natural ability to evolve. This conundrum has led to the emergence of multi-drug
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resistant (MDR) bacterial strains or panresistant strains worldwide, some of which cause
infections that are untreatable (136).
There is an urgent need for the development of new antimicrobials to combat the
emergence of life-threatening MDR pathogens or “superbugs.” The medical community
is warning of a return to the pre-antibiotic era due to the rapid and continuous emergence
of these extremely drug resistant organisms (55, 136, 160, 294). Depsite the need for new
antibiotics, the pharmaceutical industry has drastically reduced antibiotic discovery
programs and therefore the antibiotic pipeline has little activity (147). There are
numerous economic and regulatory guidelines that have made new antibiotic
development programs unattractive (55, 88, 346). Even though there have been
remarkable advancements in science and medicine, no new drug classes have been
discovered since the lipopetides were introduced in 1987. Figure 2 highlights the dates of
implementation of new antibiotic classes and also when discovery has been void.
Nonetheless, new antibiotics that have been approved by the US Food and Drug
Administration (FDA) are derivatives of existing drug classes that have expanded activity
or have undergone modifications to cover more pathogens (395). The combination of
MDR bacterial infections and a dwindling antibiotic arsenal has made infectious disease
the second leading cause of mortality worldwide (346, 395). Therefore, the World Health
Organization (WHO) has stated that antibiotic resistant bacterial infections are one of the
three greatest threats to mankind. According to a European study, nearly half of the
deaths due to clinical infections are attributed to MDR bacteria and these include the well
known pathogens of methicillin-resistant Staphylocccus aureus, Mycobacterium

Figure 2. Timeline of discovery of novel classes of antimicrobials and their introduction into the clinic. Compounds that are synthetically
made are shown in yellow. Drugs of natural origin but are now chemically synthesized are in green. The lipopolypeptides (daptomycin) were
the latest class of novel drugs to be implemented into clinical practice. Taken from Silver 2011 (337).
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tuberculosis, and Gram-negative organisms such as Escherichia coli, Klebsiella
pneumoniae, and Pseudomonas aeruginosa (377).
Clinical isolates analyzed in the 1970s typically contained one or two βlactamases (234). Hospital-acquired infections today are typically due to organisms that
produce multiple β-lactamases with reports detecting up to eight enzymes in one clinical
isolate (46, 239). More than two million Americans each year develop hospital-aqcuired
infections which equates to approximately 99,000 deaths. The majority of these
infections are due to antibiotic resistant pathogens. To treat antibiotic resistant infections,
the US healthcare system spends $21-$34 billion annually (147, 160).
The development of antibiotic resistance is relentless but this should not stop the
exploration of novel therapeutic approaches to help decrease the proliferation of MDR
strains (88-89, 200, 238, 294). The Infectious Diseases Society of America (IDSA) has
recognized the synergistic crises of escalating rates of antibiotic resistance and a dry
antimicrobial pipeline. In 2004, the IDSA initiated the Bad Bugs, No Drugs advocacy
campaign to bring attention to this growing public health dilemma (160, 346). These
“Bad Bugs” are referred to as the ESKAPE pathogens since they successfully circumvent
antibiotic therapy. These pathogens include Enterococcus faecium (VRE),
Staphylococcus aureus (MRSA), Klebsiella pneumoniae and E. coli producing extendedspectrum β-lactamases (ESBLs), Acinetobacter spp, Pseudomonas aeruginosa, and
Enterobacter spp (32, 44, 136). These are the main high priority organisms that require
the use of new antimicrobials. In 2010, the IDSA launched the 10 by 20’ Initiative that
called for a global commitment to develop and implement ten new, safe systemic
antibiotics by the year 2020 (55, 160). If this goal is not obtained, the IDSA claims that
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the world could be on the verge of an “impending disaster.” Furthermore, a survey
conducted by infectious disease physicans within the Emerging Infections Network
(EIN), identified that untreatable Gram-negative infections represents the most critically
unmet medical need in infectious disease at the present time. Of the physicians surveyed,
63% reported having patients with untreatable MDR Gram-negative bacterial infections
(153). The latest β-lactams to be approved for clinical use by the FDA include two
carbapenems, meropenem and ertapenem, and a fifth generation cephalosporin,
ceftaroline (203, 337). A component of my Ph.D. studies was to evaluate the
effectiveness of the new potential β-lactam/β-lactamase inhibitor combination,
ceftolozane/tazobactam against ESBL-producing organisms. This drug is a combination
of the novel cephalosporin, ceftolozane with the β-lactamase inhibitor, tazobactam (356).
Infections with organisms that produce the CTX-M β-lactamase exhibit resistance
to multiple β-lactams along with other non-β-lactam drug classes such as the
fluoroquinolones, aminoglycosides, and trimethoprim-sulfamethoxazole. CTX-M
extended-spectrum β-lactamases are the most prevalent ESBLs in the world and are most
commonly found in E. coli (30, 85, 94, 102, 398). Urinary tract infections (UTIs) caused
by CTX-M-producing E. coli are a major concern because they negate the use of βlactam antibiotics commonly used to treat these infections and cases of urosepsis (295,
312). Previously, the most common oral treatment for UTIs was a fluoroquinolone such
as ciprofloxacin, or trimethoprim-sulfamethoxazole. Since CTX-M-producing organisms
often harbor other resistance determinants, these two drug classes are commonly removed
from therapy regimens (100, 269, 383). Such bacterial resistance frequently delays the
establishment of appropriate antibiotic therapy leading to higher healthcare costs and the
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increased use of the carbapenems (60, 79, 102, 293, 383). CTX-M-15 and CTX-M-14 are
the two most dominant alleles worldwide and have attributed to both hospitalized- and
community-acquired UTIs (30, 85). The mechanisms responsible for driving the
dissemination of the CTX-M β-lactamases need further investigation. The success of the
CTX-Ms could be attributed to multiple factors such as the genetic platforms that
facilitate transposition, carriage on plasmids, or association with virulent, clonal
organisms such as sequence type 131 (ST131) (313). Another factor that could contribute
to the dominance of CTX-M-14 and CTX-M-15 is the ability of the organism to express
these genes at high levels. Our preliminary studies showed a significant upregulation of
CTX-M-15 mRNA levels compared to CTX-M-14 mRNA levels. Therefore, the overall
goal of this research was to identify what molecular mechanisms were contributing to the
upregulation of CTX-M-15 mRNA expression in comparison to CTX-M-14. The specific
aims of this dissertation were (1) to determine the role of the putative promoter elements
on mRNA expression levels and β-lactam susceptibility (2) to evaluate the contribution of
chromosomally- and plasmid-encoded factors on steady-state differential expression (3)
to examine the mRNA stability of blaCTX-M-14 and blaCTX-M-15 in correlation with steadystate expression levels and 4) to correlate the level of mRNA expression with the level of
CTX-M-14 and CTX-M-15 β-lactamase production. It was hypothesized that the clonal
group and genetic background of ST131 contributed to the upregulation of CTX-M-15
mRNA expression in comparison to CTX-M-14 mRNA levels since CTX-M-15producing E. coli are highly associated with this uropathogenic clone.

10

B. Cell structure of Gram-negative bacteria
Uropathogens such as E. coli along with other Gram-negative organisms are able
to survive variable and often hostile environments, partially because of complex cell
envelops, multilayer structures that include cell membranes and the cell wall (299, 336).
This structure permits the passage of nutrients into the cell and the release of toxic
molecules/waste products out of the cell. There are four main components to a Gramnegative bacterial cell including the inner membrane, peptidoglycan, periplasmic space,
and the outer membrane (Figure 3) (266). The periplasmic space is located between the
inner and outer membranes and contains the cell wall. Located below the inner membrane
is the cytoplasm. Specific characteristics of Gram-negative bacteria such as their
impermeability and ability to clear or pump out susbstances (see below) make these
organisms inherently more resistant than Gram-positive organisms. Additionally, these
features make finding and/or creating new antibiotics for Gram-negative organisms
difficult (215).
The inner membrane of a Gram-negative organism consists of a phospholipid
bilayer. The inner membrane protects the cytoplasm and incorporates proteins that are
associated with many membrane functions including lipid synthesis, energy generation,
protein secretion, and protein transport/translocation (266).
The peptidoglycan layer (murein) of the Gram-negative cell wall functions in
preventing osmotic lysis by providing support to the bacterium. The bacterial cell wall is
able to withstand osmotic pressures of several atomspheres due to the scaffold created by
the peptidoglycan. Peptidoglycan is a polymer that consists of alternating Nacetylmuramic acid (NAM) and N-acetylglucosamine (NAG) subunits linked via a 1, 4 β-
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glycosidic bond by transglycosidases (336). Each NAM unit has a pentatpeptide
containing L-alanine (1), D-glutamic acid (2), meso-diaminopimelic acid (3), D-alanine
(4), and D-alanine (5). Two D-alanine residues on adjacent strands are cross-linked by
penicillin binding proteins (PBPs) which function as transpeptidases. The crosslinking of
glycan strands generates the rigidity of the cell wall. The PBPs are the cellular target for
the β-lactam antbiotic class (235).
The outer membrane is a distinguishing feature of Gram-negative bacteria (91). It
is composed of an asymmetric lipid bilayer that contains various surface proteins, βbarrel proteins, and pore forming proteins called porins (266). The inner leaflet of the
outer membrane consists of phospholipids. Attached to the outer leaflet is the
lipopolysaccharide molecule, also known as endotoxin. The lipid portion is embedded on
the outer surface of the membrane and the polysaccharide portion extends from the

Figure 3. Components of a Gram-negative bacterial cell. Peptidoglycan is composed of Nacetylglucosamine and N-acetylmuramic acid with peptide cross-linking and membranederived oligosaccharides (MDO). The outer leaflet of the outer membrane contains LPS
which is anchored by lipid A. Taken from Wyckoff et al (391).
1998 (391).
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bacterial cell surface. With severe systemic infections having significant bacterial loads,
large amounts of LPS are generated subsequently causing massive cytokine release that
can lead to endotoxic shock. LPS also activates the alternative and lectin complement
pathways that aid in innate immunity (391). The outer membrane is semipermeable and
can allow or prevent the passage of certain substances. Large or hydrophobic molecules
such as glycopeptides and daptomycin along with other drugs are excluded from entering
the cell. The outer membrane is anchored to the peptidoglycan through lipoprotein, Lpp
or murein lipoprotein. Lpp is the most abundant protein in E. coli with approximately
500,000 molecules per cell (336).

C. Escherichia coli: a historical perspective and background
Escherichia coli was the organism evaluated in these studies. Theodore Escherich,
a German pediatrician and bacteriologist, first discovered E. coli in 1885. Escherich
discovered this bacterium through his studies of diarrheal disease in infants. His research
goal was to find the cause of lethal intestinal diseases that affected babies. Escherich
compared the organisms found in the feces of healthy infants to those found in sick
children with diarrheal illness. Among the microorganisms that he discovered was a
Gram-negative rod that he referred to as Bacterium coli commune or Colibacterium
commune. After his death, the organism was renamed Escherichia coli in his honor. E.
coli was originally thought to be a major commensal organism in human feces with low
virulence (371). The identification of intestinal infections due to E. coli quickly changed
its perception as a non-pathogenic organism. After the initial discovery of E. coli,
Alphonse Lesage predicted that this species consisted of both harmless and pathogenic
strains. Lesage’s postulation was correct. E. coli is a diverse organism that has substantial
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physiological and metabolic versatility which allows some strains to be non-pathogenic
and others to cause intestinal and extraintestinal infections (189).

D. General characteristics of Escherichia coli and pathovars
E. coli is a bacterium that belongs to the gamma proteobacterium class, order
enterobacteriales, family Enterobacteriaceae. This organism is the head of the
Enterobacteriaceae family which contain some of the most medically important and
threatening bacteria. E. coli is a short, straight Gram-negative bacillus that is nonsporulating and approximately 2μm long and 0.4μm wide. Upon microscopic
examination, E. coli can appear as single cells or in pairs. E. coli are motile by means of
peritrichous flagella and often fimbriated depending upon environmental conditions.
Biochemical features of E. coli include the ability to convert tryptophan into indole upon
the addition of Kovac’s reagent which results in a pink/red color. E. coli is also methyl
red positive, meaning this organism can use the mixed acid pathway (fermentation) for
subsequent metabolism of pyruvic acid into other acids. However, the preferred method
of energy production is aerobic respiration which uses glycolysis to produce pyruvate that
is subsequently metabolized in the Kreb’s cycle. The latter two characteristics categorize
E. coli as a facultative anaerobe that is capable of both fermentative and cellular
respiration. Physiologically, E. coli are well adapted for their niches (145). Under
anaerobic conditions such as in the gastrointestinal tract, E. coli requires a fermentable
carbohydrate such as glucose. This sugar is converted into pyruvate and then into lactic,
acetic, and formic acids (methyl red positive). Commensal E. coli strains use simple
sugars for growth and maintenance in the human gut, which are breakdown components
of complex polysaccharides. Enteric pathogens can require the metabolism of up to six
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sugars for colonization in the intestine. When E. coli are subjected to the hostile
conditions of the urinary tract, their metabolism changes to permit their survival. The
urinary tract is a high osmolarity environment that is limited in iron and contains mostly
amino acids and small peptides. Therefore, metabolism switches from sugars to
nucleobases such as amino acid D-serine to initiate infection (6).
E. coli is considered a “model organism” that has been extensively analyzed and
characterized through laboratory studies (371). This organism (E. coli K12) was one of
the first bacterial species to have its genome fully sequenced. E. coli has been widely
exploited as a host for recombinant DNA technology including the expression of
heterologous genes and proteins. This was the model bacterium that illustrated the
process of bacterial conjugation and is still used today to study this method of horizontal
gene transfer. However, this organism is more than just a convenient laboratory strain
and a harmless intestinal inhabitant. E. coli can be a highly versatile and lethal pathogen.
E. coli strains can be categorized into 1) commensal strains 2) intestinal
pathogenic (enteric) and 3) extraintestinal pathogenic E. coli (ExPEC) (324). This
bacterium is part of the normal flora of the human gastrointestinal tract and typically a
benign commensal (69). E. coli colonizes the lower intestinal tracts of healthy newborns
within the first few days of life and remains a non-pathogenic component of the fecal
flora throughout one’s lifetime. E. coli helps human hosts by producing vitamin K2 and
preventing the colonization of pathogenic organisms. However, strains of E. coli have
acquired resistance mechanisms and genes encoding for virulence factors that have
transformed this organism into a pathogen. Acquiring new traits enhanced the fitness of
E. coli and led to the creation of intestinal and extraintestinal E. coli pathogens.
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E. coli has become a highly adapted pathogen that can cause a range of diseases
including gastrointestinal illness such as enteritis, enterocolitis, and colitis along with
extraintestinal infections such as urinary tract infections (UTIs), neonatal meningitis,
osteomyelitis, and bloodstream infections (5, 70, 164, 173, 176, 254). To date, eight E.
coli pathovars have been defined including enterotoxigenic (ETEC), enteropathogenic
(EPEC), enteroinvasive (EIEC), enterohemorraghic (EHEC), enteroaggressive (EAEC),
diffusely adherent (DAEC), uropathogenic (UPEC), and neonatal meningitis E. coli
(NMEC) (69, 182, 324). Figure 4 shows the location of where each class of E. coli causes
disease. Each pathovar has a large arsenal of virulence factors that the organism uses to
bypass host defenses to initiate virulence and manifest disease. These pathovars can be
broadly categorized as diarrhoeagenic (intestinal) or extraintestinal. Disease due to the

Figure 4. Classes of extraintestinal pathogenic E. coli and the sites associated with
their infections. Taken from Croxen and Finlay 2010 (83).
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enteric or diarrhoeagenic stains mostly occurs in developing countries except for the
enterohemorraghic, enteroaggressive, and enterotoxigenic classes. EHEC and EAEC are
typically associated with food poisoning outbreaks in the developed world.
Enterotoxigenic E. coli (ETEC) is the most common cause of travellers’ diarrhea (83).
The extraintestinal pathogenic E. coli (ExPEC) strains are distinct from
commensal and intestinal E. coli because of their virulence factors and clonal
backgrounds (Table 1). These specialized virulence factors allow for the colonization of
host cell surfaces, the injury of host tissues, and escape from the host’s immune
responses. In many instances, virulence factors allow for the establishment of
intracellular bacterial reservoirs that resist clearance by host responses and antibiotic
treatment, ultimately contributing to the recurrent nature of some infections. This
category of E. coli is referred to as “extraintestinal” because these organisms have been
isolated from infections outside of the human intestinal tract (83, 324).

D. 1. Uropathogenic E. coli as a cause of UTIs
The urinary tract is the most common site for colonization of extraintestinal E.
coli (324). A subgroup of ExPEC includes a heterogenous group of E. coli known as
uropathogenic E. coli (UPEC), a main culprit for community- and hospital-acquired UTIs
(145, 202, 244, 380). UTIs represent the most common laboratory-confirmed bacterial
infection diagnosed in the United States and Europe (68, 202, 246, 341). It has been
estimated that 150 million UTIs occur worldwide each year among men and women of
varying ages. Reports indicate that UTIs account for more than eight million doctor visits
and 300,000 hospitalizations each year in the United States (125). To diagnose and treat
UTIs bares significant costs, totaling over $6 billion annually of U.S. healthcare
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Table 1. Functions of virulence factors associated with extraintestinal pathogenic E. coli
Functional category

Virulence factor

Biological function/characteristics

Type I fimbriae (Fim)

Attachment to uroepithelium
Binds to glycosylated uroplakin Ia that coats
terminally differentiated superficial facet
cells in the bladder
Adhere to Galα(1-4)Galβ moieties of the
globoseries glycolipids found on surface of
kidney epithelial cells
Binds to decay accelerating factor within the
brush border microvilli found along the
surface of intestinal and urinary epithelial
cells
Interacts with α-sialyl-(2-3)-β-D-galactose
containing receptor molecules; associated
with neonatal septicemia
“Pseudotype I” fimbriae that bind to kidney
tubular cells without an unknown receptor
Relatively new receptor used for
diarrheagenic and septicemic E. coli strains
Afimbrial adhesin blood group M fimbriae
Iron regulated gene A homolog adhesion,
siderophore receptor
Phase-variable surface located adhesion; selfrecognizing autotransporter adhesin
associated with cell aggregation and biofilmlike bacterial pods in the bladder epithelium
Protein used to invade brain microvascular
endothelial cells as a prerequisite to cross the
blood brain barrier
Iron responsive element; Serves as both a
catecholate siderophore receptor and adhesin
in UPEC
Iron chelating agent that can acquire iron
from iron poor sites such as the urinary tract
Virulence associated siderophore
C-glucosylated enterobactin; dependent on
the synthesis of enterobactin and the
iroBCDEN gene cluster
Interrupts cell division cycle resuting in giant
mononucleated eukaryotic cells leading to
cell rupture and death
Main Rho-GTPase actvating bacterial toxin
that induces reorganization of cell actin
cytoskeleton
Pore-forming toxin that can inhibit AKT
activation and cause host cell apoptosis and
exfoliation
Polyketide-non ribosomal peptide genotoxin;
induces DNA double strand breaks, cell
cycle arrest in G2-phase, and megalocytosis
in infected eukaryotic cells

Fimbrial adhesion H (FimH)

P fimbriae (Pap/Prf)

Afa-Dr adhesion
Adhesins
S fimbriae (Sfa)
F1C fimbriae (Foc)
N-acetyl D-glucosaminespecific fimbriae (Gaf)
M-agglutinin (BmaE)
Bifunctional enterobactin
receptor (Iha)
Biofilm formation

Antigen 43 common, Agn43

Invasin

Invasion of brain endothelium
(IbeA)
Siderophore receptor IreA

Iron acquisition
(siderophore)

Aerobactin
Yersiniabactin (Ybt)
Salmochelin (Iro)
Cytolethal distending toxin IV
(CDT 1)
Cytotoxic necrotizing factor 1
(CNF-1)

Toxins
α-hemolysin (HlyA)

Colibactin (Clb)
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Continued Table 1 from previous page
Continued toxins

Serine protease
autotransporter (SPATE); Sat,
Pic, Pet, EatA, SigA
Group II capsule K1, KpsM II
K1

Group II capsule K2, KpsM II
K2

Protectins

Group III capsule, KpsMT

Degrades membrane/cytoskeletal and
nucleus associated proteins; disrupts actin
cytoskeleton and causes exfoliation
Antiphagocytic capsule made up of a
homopolymer of polysialic acid and serum
resistance; inhibits complement activation
by alternative pathway; high molecular
weight, low charge density group I capsule
Antiphagocytic and complement resistant
capsule; low molecular weight, high charge
density group II capsule
Similar to group II capsules but genetic
organization of capsule transport genes
differs; no temperature regulation of capsule
expression

Conjugal transfer surface
exclusion protein (TraT)
Outer membrane protease T
(OmpT)
Colicin V (Cva)

D-serine deaminase (DsdA)

Others

Usp

IICB (MalX)

Serum resistance
Cleaves antimicrobial peptides (protamine
and other cationic peptides), lyses bacterial
membrane proteins in trans, degrades
recombinant proteins expressed in E. coli
Antibacterial protein secreted in a signal
sequence independent pathway
Detoxifies D-serine so E. coli can use the
amino acid as a carbon and nitrogen source
in glucose or glycerol minimal media and
when present in human urine
Uropathogenic specific protein encoded on
a small pathogenicity island; no function
has been assigned but possesses bacteriocinlike properties; more frequently associated
with UPEC strains than fecal E. coli strains
Pathogenicity island marker; maltoseglucose PTS (phosphotransferase system)
permease; transports and simultaneously
phosphorylates its sugar substrates;
physiological function is unknown

Adapted from Croxn and Finlay 2010 (83) and Yamamoto 2007 (393).

resources (110, 168, 201). Not only does this high frequency of uncomplicated UTIs have
huge economic costs, these infections cause decreased workforce productivity and
significant patient morbidity (341). A UTI can involve any component of the urinary tract
such as the kidneys, ureters, and bladder (110). It is believed that most uropathogenic E.
coli initially colonize the periurethral area and then migrate to the urethra and into the
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bladder and kidneys (40, 380). The majority of UTIs begin as a bladder infection which is
clinically referred to as cystitis. Furthermore, untreated cystitis can result in a secondary
infection of the kidneys, known as acute pyelonephritis that can cause renal scarring and
permanent kidney damage (40, 208). A severe and potentially life threatening
complication of pyelonephritis occurs when the bacteria traverse epithelial and
endothelial barriers associated with the kidney and enter into the bloodstream to cause a
systemic infection (Figure 5) (201, 208, 341). Possessing the ability to ascend the urinary
tract from the urethra to the bladder and kidneys represents organ tropism, evasion of the
innate immune response, and the inability to be cleared by micturition (the act of
urination).
UTIs are often considered to be opportunistic infections since most uropathogens
originate as components of the intestinal microflora (168, 176, 241). It is through
mechanical movement that these fecal organisms enter into the lower urinary tract (341).
Despite an element of opportunism, uropathogens are not just a random sample of fecal
isolates. Bacterial strains differ in their ability to manifest disease in the urinary tract
which can include uncomplicated cystitis, symptomatic cystitis, pyelonephritis, and
sepsis. UPEC accounts for more than 80% of uncomplicated UTIs (6, 393). The most
common type of UTI is “uncomplicated cystitis” which occurs normally in healthy
individuals with no physical abnormalities of the urinary tract. E. coli is estimated to
cause 85-95% of uncomplicated cystitis cases in premenopausal women because of the
female anatomy (110, 145, 396). The urethra in females is much shorter compared to
males and is positioned closer to the perineal area which can be colonized with a
uropathogenic strain of E. coli. This organism can be introduced to the urinary tract
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through sexual intercourse and can ascend first through the urethra to the bladder (125,
396). Approximately 50% of women will have a symptomatic UTI at least one time in
their lives of which most experience this condition by their mid 20s (40, 68). In addition
to the disease and economic burdens of UTIs, UPEC are a significant concern because of
the high levels of antimicrobial resistance that these isolates confer (110, 164, 202, 205,
368). This enables some uropathogens to persist within the bladder cells and serve as a
reservoir and a source for recurring UTIs (176).
Uropathogenic E. coli have an arsenal of tactics that are used to initiate infection
and disease (341, 380). UPEC use type I and P pili to bind to host cells in the human
urinary tract (195, 196, 380). These attachment interactions facilitate signaling pathways
for invasion and internalization which results in the formation of intracellular bacterial
communitites (IBCs). UPEC can break out of an IBC and invade surrounding superifical
cells, resulting in tissue damage, apoptosis, and cell exfoliation (Figure 6) (83, 112). In
addition to this tactical approach, UPEC possess multiple virulence factors that contribute
to the success of these pathogens. A significant virulence factor is the utilization of iron
uptake systems such as siderophores and simchelain that scavenge iron sources from host
cells. UPEC also release a variety of toxins such as α-hemolysin, cytotoxic necrotizing
factor 1 (CNF1), Vat, and Sat that perpetrate tissue damage and modulate host cell
signaling pathways including cell survival and inflammatory responses (6, 34, 112, 145,
176, 246, 393). However, no specific virulence factor has been definitive of UPEC (396).
The array of virulence associated genes in the high-risk uropathogenic clone, sequence
type 131 is a contributing factor in its worldwide dominance (386, 396). In addition to
virulence, UPEC are highly equipped to survive the hostile and stressful conditions of the
urinary tract (176).
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Figure 5. Stages of a urinary tract infection and associated pathogenesis beginning
with a bladder infection, ascension to the kidneys via the ureters and entry into the
bloodstream. The corresponding images representing the different stages of the UTI
are shown. Taken from Kaper et al 2004 (182).

Figure 6. Attachment and invasion of uropathogenic E. coli to the uroepithelium
eventually resulting in the formation of intracellular bacterial communities (IBCs). Taken
from Croxen and Finlay 2010 (83).
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D. 2. Components of human urine and adaptation of uropathogens
Once UPEC adapt to the physiological environment of human urine, the mileu is
osmoprotective and permits E. coli to grow to high concentrations in the presence of
salts, electrolytes, and sugars (16, 176). The two most important components of urine that
affect bacterial growth include hydrogen ion concentration and osmolarity. Optimal
growth occurs between a pH of 6.0 and 7.0 and an osmolarity range of 300-1,200
m.osmole/kg (16, 38). Urine lacks many human defense mechanisms including
phagocytosis and the action of complement due to the high osmolarity of the environment
(16). As part of my Ph.D. studies we attempted to simulate human urine conditions to
compare the growth of a panel of CTX-M-producing uropathogens in artificial urine
versus laboratory enriched media such as Mueller-Hinton broth (MHB). Although we
could not directly reproduce the dynamic nature of the urinary tract, we thought artificial
urine medium (AUM) would be more representative of these conditions and subsequently
impact the growth and expression of genes in these uropathogens. Typically, when
organisms are grown in the laboratory they are provided with a nutrient rich environment,
which most likely does not mimic the environment in the infected patient. Previous
studies have attempted to simulate human urine using minimal media that were adjusted
to high osmolarities with sodium chloride (314-316). However, salinity is only one
feature of this variable fluid. Its composition can change based on hydration, level of
exercise or physical activity, diet, and hormone levels. Additionally, urine components
differ between males and females and according to the age of the person. The media used
to evaluate the growth of CTX-M-producing organisms mimics the urine of a healthy, 45
year old male (Table 16; Methods Section 3. b. pg 167) (38).
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D. 3. Phases of bacterial growth
The growth of a bacterium shows four distinct stages; lag, logarithmic, stationary,
and death (Figure 7). When bacteria are inoculated into a liquid culture medium, they do
not begin to divide immediately but experience a lag phase. This initial phase of growth
occurs before exponential phase and allows the bacteria to adapt to the growth conditions
to which they are subjected. Processes implicated during lag phase include iron and
phosphate uptake, induction of the OxyR and SoxS regulons (oxidative stress, superoxide
stress, respectively), expression of genes encoding RNA polymerase core subunits and
sigma factors, and ribosome synthesis. The bacteria transition from lag to logarithmic
phase where cell division proceeds at a constant rate. Exponential phase for E. coli can
occur with a doubling time as short as 15 minutes. This phase continues until an essential
metabolite is exhausted or a waste product accumulates to toxic levels. When growth
conditions become unfavorable, cell division decreases and the bacteria begin to die. This
is known as stationary phase and is represented as the plateau in Figure 7. Eventually, the

Figure 7. Four distinct phases of bacterial growth including lag, exponential
(logarithmic), stationary, and death.
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death rate exceeds the growth rate and there is a significant loss in cell viability resulting
in the death phase (16).
E. coli is the most common uropathogen involved in a UTI (125, 205, 215, 246,
324). E. coli is responsible for 70-95% of UTIs originating from the community and
approximately 50% of UTIs experienced in the hospital setting (112, 202). Other
pathogens that cause UTIs include members of Enterobacteriaceae such as Proteus
mirabilis and Klebsiella spp. Non-Enterobacteriaceae uropathogens include
Pseudomonas aeruginosa, Enterococcus spp, or Staphylococcus saprophyticus (Table 2)
(125). Uropathogens differ in terms of pathogenic mechanisms that allow them to
colonize the urinary tract. For example, Proteus spp. produce urease, an enzyme that
hydrolyzes urea into ammonia and carbon dioxide (269). Ammonia increases the urinary
pH resulting in kidney or bladder stones, both sources for recurrent infections. E. coli
producing CTX-M β-lactamases are a significant cause of community-onset and
hospitalized UTIs that can progress to urosepsis. Urosepsis (urinary sepsis) is sepsis

Table 2. Most common pathogens associated with urinary tract infections
Incidence of Urinary Tract Pathogens

Gram-negative

Gram-positive

Pathogen
Escherichia coli
Klebsiella spp
Enterobacter spp
Proteus mirabilis
Pseudomonas
aeruginosa
Serratia spp
Staphylococcus
saprophyticus
Enterococcus spp
Group B streptococci
Stapylococcus aureus

Adapted from Foster 2004 (125).

Uncomplicated cystitis
70% to 90%
2% to 6%
0% to 2%
2% to 4%

Complicated UTIs
40% to 55%
10% to 17%
5% to 10%
5% to 10%

0% to 1%

2% to 10%

-

2% to 10%

5% to 20%

-

1% to 2%
0% to 1%
0% to 1%

1% to 20%
1% to 4%
1% to 2%
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(inflammation due to recognition of the invading bacteria) originating from the urinary
tract which is commonly experienced by the elderly population. This type of sepsis
accounts for 25% of all sepsis cases. E. coli causing UTIs also have the potential to
progress to bacteremia (5, 293, 386). The organism can enter the bloodstream and spread
throughout the body, initiating a massive inflammatory response (200, 202, 281). Sepsis
causing E. coli are associated with significant mortality rates of 20-30% (127, 324). It is
important for clinical laboratories to be aware of these uropathogens along with the local
susceptibility profiles for these organisms so that appropriate antimicrobial therapy can
be administered to prevent the progression of urosepsis and bacteremia.

E. Epidemiological typing of bacterial pathogens
Bacterial typing tools are used to discriminate between bacteria of the same
species. These techniques are used in outbreak investigations and surveillance studies and
can assist in understanding the phylogeny, transmission, and clonality of bacterial strains.
There are both phenotypic and genotypic typing methods. The more traditional
phenotypic methods consist of serotyping, biotyping, and phage typing. Genotyping tools
such as pulsed-field gel electrophoresis (PFGE), multi-locus sequence typing (MLST),
microarray technologies, whole genome sequencing, whole genome mapping/typing, and
comparative genomic hybridization have a high discriminatory power (126). PFGE
remains the gold standard for molecular typing of bacterial strains (201, 253). However,
time and cost are the limiting factors when employing the genomic methods for
epidemiological studies (126). Typing methods that were important for this dissertation
included serotyping, phylotyping, and sequence typing.
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E. 1. Serotyping
Organisms such as pathogenic E. coli express different antigens on the cell
surface that initiates a host immune response upon entry. These components include
flagellin, lipopolysaccharide elements, capsule components, and fimbrial antigens,
represented by the letters H, O, K, and F. Capsular along with lipopolysaccharide and
flagellin antigens form the foundation of a complex typing scheme that produces a
specific serological classification or serotype. Over 700 serotypes of pathogenic E. coli
have been identified based on O, H, and K antigens. E. coli possesses more than 176
different O antigens alone, 10 of which have been associated with UPEC strains (O1, O2,
O4, O6, O7, O8, O16, O18, O25, and O75) (380). All UPEC strains contain a capsule
that surrounds the cell surface and is essential for virulence. More than 80 serologicaly
distinct capsular (K) antigens and 56 flagellar (H) antigens have been identified in E. coli.
Pathogenic serotypes are divided into two main groups including those associated with
diarrheal or extra-intestinal disease (182).

E. 2. Phylotyping
Techniques that can determine a phylogenetic group includes ribotyping and
multilocus enzyme electrophoresis (MLEE). These methods are time consuming and
complex to interpret. Therefore a more rapid way to establish a phylotype was the
development of a rapid triplex PCR assay by Clermont et al (2000) (70). This method
categorizes an E. coli isolate into one of the four phylogenetic groups including A, B1,
B2, or D. PCR amplification detects chuA and yjaA genes and an anonymous DNA
fragment TSPE4.C2 that was characterized as a putative lipase esterase gene. The chuA
gene is necessary for heme transport in enterohemorraghic E. coli O157:H7. The yjaA
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gene does not have a defined function and is found E. coli K12. Based on the
amplification of these genes, a dichotomous decision tree has been constructed to identify
the phylogenetic group (Figure 8) (70). The triplex PCR phylogroup assignment is an
established, simple, and inexpensive method that actually provides more characteristics
on a strain than just a phylogenetic type. Different phylogroups are associated with
different diseases as well as phenotypic and genotypic traits. Commensal strains
including K12 MG1655 belong mainly to A and B1 phylogenetic groups whereas
extraintestinal strains are primarily from the B2 and D groups (51, 70, 74). The majority
of UPEC belong to the phylogentic group B2 which have been associated with persistent
and relapsing UTIs (51). Studies on UPEC have shown that E. coli belonging to the
phylogenetic group B2 possess more virulence factors in comparison to E. coli that
belong to other phylogenetic groups (112). However, when using the triplex PCR, only
80-85% of phylogroups are correctly assigned (70).
With the wealth of data generated from whole genome sequencing, our
knowledge on the extent of the substructure of E. coli has improved. This led to the
refinement of the original triplex PCR method to now include the detection of eight
different phylogroups. Seven phylogroups (A, B1, B2, C, D, E, F) belong to E. coli and
one phylogroup belongs to the Escherichia coli cryptic clade I (71). There are at least five
unnamed clades of E. coli (CI-CV) that were identified through multi-locus sequence
analysis of 22 core genome genes (Figure 9) (371). This analysis revealed five novel
clades that belonged to the Escherichia genus but were clearly divergent from the three
named Escherichia species (70). The sister clade of E. coli, C1 remains largely
indistinguishable from typical E. coli, both of which possess similar evolutionary
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Figure 8. Dichotomous tree diagram using the amplification of three genes (chuA, yjaA,
and TspE4.C2) to determine the phylogenetic group of an E. coli strain. Retrieved from
Clermont et al 2000 (70).

Figure 9. The phylogenetic relationship of novel Escherichia coli lineages. Retrieved from
Walk et al 2009 (371).
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lineages. Although all clades are phylogenetically distinct, the majority of the clades
cannot be differentiated biochemically. It has been thought that the cryptic E. coli clades
are not a significant threat to human health. The cryptic clades appear to inhabit
ecological niches that are distinct from other strains of E. coli. Strains from clade V are
the most common and strains from clade II are relatively rare (73, 371).
The technique used to determine these additional phylogroups include an
extended quadruplex PCR that is more extensive and complex compared to the original
method. A phylogroup can be designated based on the quadruplex genotype or additional
testing is required and described in Table 3. Even though the quadruplex PCR has
significantly improved upon the original phylogroup method, a small fraction of E. coli
strains cannot be assigned a phylogroup. These strains could be extremely rare or have
undergone multiple recombination events resulting in the loss and gain of genes (71).
Table 3. Quadruplex genotypes and steps required for assigning E. coli isolates to a
phylogroup by modification to the Clermont method

Taken from Clermont et al 2013 (71).
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E. 3. Sequence typing
MLST is a DNA based sequencing method that assesses the population biology of
medically important microorganisms (201). Sequence typing is performed by sequencing
gene fragments from seven different housekeeping genes in E. coli including adk
(adenylate kinase), icd (isocitrate dehydrogenase), mdh (malate dehydrogenase), fumC
(fumarate hydratase), gyrB (DNA gyrase subunit B), recA (ATP/GTP binding motif), and
purA (adenylosuccinate synthetase). The MLST specific primer sequences by Lau et al
(2008) were used for generating the amplicons evaluated in these studies (202). Allelic
profile numbers are determined using the gene sequences and the website,
http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli/. Profile numbers are blasted against an electronic
database (http://pubmlst.org/data/profiles/ecoli.txt) and generate a specific sequence type.
Given this information, the genetic relatedness and sequence variation between alleles
can be compared and strains can be divided into clonal complexes (253). MLST is
becoming important when examining the epidemiology of new, emerging pathogens
(201, 202). Improved strain or clone recognition by MLST could be a significant
surveillance tool with the potential to monitor the dispersion of these important MDR
clones. A medically important clone that was identified by MLST was sequence type
131, a high risk uropathogenic E. coli clone that is now distributed worldwide (202).

F. Clinical significance of Escherichia coli
E. coli is the second most common cause of hospitalized infections and the most
common organism causing community or outpatient infections (127, 261, 263, 269, 383).
The ability of E. coli to cause both community-onset and hospital-acquired infections
makes this pathogen a dual threat. The IDSA has listed ESBL-producing E. coli among
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the six drug resistant microbes or ESKAPE pathogens to which new therapies are
urgently needed (32, 284). Typically, infections caused by extended-spectrum
cephalosporin resistant E. coli are treated with a last-resort carbapenem, yet carbapenem
resistant isolates have recently emerged (102, 263, 272, 311, 355). Over the past five
decades, there has been a rise in antimicrobial resistance in E. coli which can make
empirical therapy choices difficult (254). The increase in the number of resistant E. coli
isolates could be due to the organism’s ability to exchange genetic information due to the
acquisition of plasmids and other transferrable elements. The spread of these resistant E.
coli could be due to clonal expansion of organisms such as Clonal Group A (CGA),
Clonal Complex 31 (CC31), O15:K52:H1 (sequence tye 393;ST393), and O25b:H4-B2
(sequence type;ST131) (26, 170, 254, 313). These clonal groups have been termed the
Gram-negative equivalent to methicillin-resistant Staphylococcus aureus because of their
rapid spread throughout the world. Overall, E. coli is a versatile organism that is highly
adapted and capable of causing a multitude of diseases. The work presented in this
dissertation studies CTX-M-producing E. coli that have been isolated from human urine
specimens.

G. Antibiotic targets
The majority of antibiotics used in clinical practice target four bacterial pathways
that are essential for cell viability and growth (Table 4). The metabolic processes include
DNA/RNA synthesis, protein synthesis, folate synthesis, and cell wall biogenesis (9).
These bacterial targets are different or non-existent in eukaryotic cells which prevent
cross inhibition and reduce human toxicity. Despite the successes of these “wonder
drugs,” antibiotics have been misused and overused resulting in the development of
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Table 4. Principal antibiotics in use today and their targeted cellular processes
Class
Sulfonamides
Penicillins
Polymyxin
Chloramphenicol
Tetracyclines
Cephalosporins (four generations)
Aminoglycosides
Vancomycin
Clindamycin
Rifamycin
Trimethoprim/sulfamethoxazole
Carbapenems

Year discovered
1937
1940
1947
1949
1953
1953
1957
1958
1966
1971
1973
1976

Targeted process
Folate synthesis
Cell wall synthesis GN
Disrupts IM and OM
Protein synthesis
Protein synthesis
Cell wall synthesis GN
Protein synthesis
Cell wall synthesis GP
Protein synthesis
RNA synthesis
Folate synthesis
Cell wall synthesis GN

GN; Gram-negative
GP; Gram-positive
OM; outer membrane
IM; inner membrane
Adapted from Davies 2006 (88).

sophisticated resistance mechanisms by pathogens that can conquer lethal doses of
antibiotics.
G. 1. Natural resistance versus acquired resistance
Antimicrobial resistance occurs when an organism is able to withstand the effects
of an antibiotic. Organisms can confer natural resistance to an antibiotic or can acquire
resistance through genetic mutations and other processes such as conjugation,
transduction, and transformation (Figure 10) (23, 130, 358). Natural or intrinsic
resistance is due to a structural, physiological, or genetic state that an organism possesses
in the absence of an antibiotic (261). Certain organisms can lack transport systems for the
antibiotic or the appropriate binding sites for the drug. The outer membrane of Gramnegative organisms includes water-filled channels known as porins that allow the
diffusion of small molecular weight molecules. Therefore, the outer membrane serves as
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a permeability barrier against large molecular weight antibiotics which can result in
natural resistance (357, 395).
Acquired resistance occurs via mutations on the bacterial chromosome or the
acquisition of foreign DNA which can be due to environmental selective pressures such
as antimicrobial therapy. These genetic events cause alterations in cellular physiology
and structure. There are three general mechanisms of acquired resistance; 1) alteration of
antibiotic target site 2) production of inactivating enzymes, and 3) alteration of
permeability via porin downregulation and/or efflux pumps (339, 365).

Figure 10. Methods of horizontal gene transfer (HGT). HGT plays a significant role in
the dissemination of antibiotic resistance among bacteria by transformation,
transduction, or conjugation of the resistance gene. Taken from Furuya and Lowy
2006 (130).
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G. 1. a. Alteration of target
Modifications can occur to the binding site on the target that inhibits the antibiotic
from efficiently binding and performing its function. Reduction in the affinity of an
antibiotic for its target typically results for antibiotics that inactivate a single target and
are not analogs of a specific substrate. These modifications are often associated with
spontaneous mutations that results in amino acid substitutions in the target gene.
Additionally clinical isolates can acquire new genes that encode for target enzymes that
have decreased affinities for an antibiotic in comparison to the original enzyme. These
altered genes are typically carried on plasmids or transposons that result in modification
of the original target.
Gram-negative and Gram-positive organisms can modify their penicillin binding
proteins, the target for the β-lactam class of antibiotics. The PBPs are cell wall
synthesizing agents or transpeptidases that facilitate the crosslinking of the peptidoglycan
layer in the cell wall. These proteins are located on the outer face of the inner cell
membrane and vary in number, size, and affinity for β-lactams across bacterial species.
PBPs can acquire mutations that alter the shape of the active site which inhibits the
binding of the β-lactam. Some organisms can overproduce a PBP causing β-lactam
resistance. The most common example of PBP-mediated resistance amongst Grampositive organisms is methicillin-resistant Staphylococcus aureus (MRSA). This
organism acquired a modified PBP known as PBP 2a (109). There have been no reports
of PBP-mediated clinical resistance in E. coli. In contrast to E. coli, there have been
direct associations of alterations in PBPs and β-lactam resistance in Pseudomonas
aeruginosa (138).
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G. 1. b. Inactivating enzymes
Bacteria can become resistant to an antimicrobial agent through the production of
enzymes that destroy or inactivate the antibiotic. β-lactamases can be harbored by Gramnegative and Gram-positive organisms conferring resistance to some β-lactam antibiotics.
A single base change in a gene encoding a β-lactamase can render millions of dollars of
pharmaceutical research worthless (88). More detailed descriptions of the classes of βlactamases are provided in a later section. Bacteria can also acquire resistance to the
aminoglycosides through the production of aminoglycoside modifying enzymes.
Enzymatic inactivation of the aminoglycosides is the most prevalent mechanism of
resistance to this drug class in the clinical setting. Resistance occurs due to modification
of -OH and –NH2 groups attached to the 2-deoxystreptamine nucleus or sugar moieties.
The aminoglycoside modifying enzymes can function as acetyltransferases (AACs),
nucleotidyltransferases (ANTs), and phosphotransferases (APHs). This mutagenesis
results in the continuous evolution of these enzymes which can be disseminated via many
genetic platforms.These enzymes are discussed in more detail in the upcoming section of
UTI treatment regimens (302).
G. 1. c. Alteration of permeability
G. 1. c. i. Outer membrane porin downregulation
The outer membrane of Gram-negative organisms serves as a selective barrier and
the first line of defense. The nature of the lipid bilayer in the outer membrane results in
little permeability for hydrophilic molecules. To circumvent this, there are water filled
channels that span the outer membrane which permit the entry of hydrophilic molecules
but exclude hydrophobic molecules. These outer membrane proteins (OMPs) or porins
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are common components of Gram-negative species. OMPs are constructed using a βbarrel structure motif that generates a central hydrophilic pore (91). Resistance to
different drugs can occur when organisms downregulate OMP production or exhibit a
mutated OMP that changes its functional properties. The permeability of this barrier
greatly impacts the susceptibility of the organism to antibiotics. β-lactams, tetracyclines,
chloramphenicol, and the fluroquinolones are small, hydrophilic molecules that use
porins to gain access to the cell’s interior. Therefore, a decrease in the ablity of these
drugs to cross the outer membrane leads to resistance (266).
E. coli possesses three major OMPs that function as passive diffusion pores
including OmpA, OmpC, and OmpF (213). These channels permit the entry of small
molecules such as nutrients, toxic salts, and antibiotics. OmpA is a 35 kDa cell surface
transmembrane protein that is highly conserved among Gram-negative bacteria. This
protein is a well established virulence determinant that is known to increase the survival
of E. coli in macrophages, contributes to serum resistance, and aids in the invasion of
brain microvascular endothelial cells. OmpC and OmpF are both regulated by osmolarity
(336). A loss or mutation in these proteins combined with the production of an AmpC
cephalosporinase or ESBL results in increased resistance in E. coli isolates (91, 231,
347). A study by Liu et al demonstrated that deletion of ompC in E. coli caused decreased
susceptibility to the carbapenems and fourth generation cephalosporins and prevented the
activation of the classical complement pathway (213). Uropathogenic E. coli not only
possess OmpA, OmpF, and OmpC but also OmpW and OmpX during growth in human
urine. OmpW and OmpX are integral outer membrane proteins whose expression is
regulated by changes in osmolarity and environmental stresses (6, 145).
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G. 1. c. ii. Alteration of permeability: efflux pumps
Bacterial efflux proteins function by pumping solutes out of the cell. These
proteins can span both the outer and inner membranes or be strictly positioned in the
outer membrane of Gram-negative cells. The importance of efflux-mediated resistace is
dependent on the organism, the type of infection occurring in the patient, and the drug
being administered. Antibiotic resistance mediated by efflux pumps can occur via natural
resistance to specific antibiotics or alterations to the efflux pump. An efflux pump mutant
can contribute to antibiotic resistance by two main mechanisms. A substrate protein could
be overexpressed or the protein could exhibit mutations that result in more efficient
transport. Regardless of the mechanism, the intracellular concentration of the drug is
decreased making the organism less susceptible to the antibiotic (256). The genes
encoding efflux pumps can be chromosomally- or plasmid-encoded. Specific
chromosomally-encoded efflux pumps that contribute to bacterial multi-drug resistance
phenotypes include resistance nodulation-cell division (RND), major facilitator
superfamily (MFS), staphylococcal/small multi-drug resistance (SMR), and multi-drug
and toxic compound extrusion (MATE) families. Another family of efflux pumps
includes the ATP-binding cassette (ABC) family (277). These transporters are universally
found in all organisms and represent one of the largest and oldest families of efflux
pumps (3, 31). However, the role of these pumps in multi-drug resistance remains to be
elucidated. E. coli houses 29 different efflux pumps, the majority of which belong to the
MFS, SMR, and RND families (Figure 11).
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Figure 11. Diagrammatic representation of the membrane topology of the five
superfamilies of efflux pumps and respective substrates. Taken from Piddock 2006 (277).

The resistance nodulation-cell division (RND) family of efflux pumps in E. coli
and other Gram-negative organisms consists of a tripartite structure. These three
components include an outer membrane protein channel, a periplasmic connector or
fusion protein, and a transporter protein in the inner membrane. There are complex
genetic mechanisms that regulate the synthesis of the RND proteins. Overexpression of
these pump proteins can occur due to global activator proteins such as MarA, SoxS, and
Rob. The genes encoding the RND efflux pumps are commonly organized in operons
(277). There are significant similarities among the RND efflux pump genes of different
bacterial species including E. coli, P. aeruginosa, and Campylobacter jejuni. The most
well studied RND pump among Enterobacteriaceae is the AcrAB-TolC pump.
Overexpression of the AcrAB-TolC pump in E. coli has resulted in resistance to the
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fluoroquinolones, β-lactams, tetracyclines, and chloramphenicol. Because the AcrAB
pump has a multitude of substrates, this contributes to the spread of efflux producing
bacteria during antimicrobial therapy of a Gram-negative infection (256). The RND
pumps are powered by the natural proton gradient across the inner cell membrane. One
molecule of drug is pumped out of the cell in exchange for one H+ ion. Therefore, the
RND pumps can also be termed H+ antiporters (355).
The Major Facilitator Superfamily (MFS) is one of the two largest families of
transporters among all organisms. One of the most well studied MFS transporters is the
TetA(B) efflux pump. This pump is used by E. coli for the efflux of tetracycline. The
SMR family is the smallest of the identified bacterial pumps. A well characterized SMR
efflux pump of E. coli is EmrE that is responsible for the efflux of ethidium bromide and
methyl viologen (256). The multi-drug and toxic compound extrusion (MATE)
transporters are the newest efflux pump family to be identified. An example of a MATE
transporter in E. coli is YdhE that extrudes cationic antimicrobials (31).

H. Gram-negative resistance mechanisms
Gram-negative organisms possess a multitude of resistance mechanisms that
confer resistance to many drug classes including the tetracyclines, aminoglycosides,
fluoroquinolones, trimethoprim-sulfamethoxazole, and the β-lactams. Since this
dissertation is focused on E. coli causing UTIs, it is necessary to describe the non-βlactam drugs that can be used for UTI therapy along with the resistance mechanisms
associated with these different drug classes. This section is followed by a description of
each β-lactam subclass along with the classes of β-lactamases.

40

I. Non-β-lactam drugs used to treat UTIs and associated resistance mechanisms
I. 1. Aminoglycosides
Aminoglycosides are a large group of compounds with a characteristic
aminocyclitol nucleus linked to sugars through glycosidic bonds. These antibiotics are
used to treat infections caused by Gram-negative bacilli, staphylococci, and other Grampositive organisms. The first aminoglycoside to be introduced for clinical use was
streptomycin in 1943. This drug is still used today in combination therapy for the
treatment of Mycobacterium tuberculosis infections. The aminoglycoside antibiotics
cannot be metabolized by the body and are excreted as active compounds. The
administration of this class of drugs has to be monitored because of the adverse effects
they can cause including nephrotoxicity and ototoxicity (331).
Aminoglycosides have a unique way of entering into the periplasmic space of a
Gram-negative bacterium. These compounds first bind to the anionic components located
on the cell’s suface including LPS and phospholipids. Due to the binding of anionic
compounds to the outer membrane, the cross bridging between adjacent LPS is lost which
causes an increase in permeability and passive penetration of the aminoglycoside into the
periplasm. This is regarded as the energy independent phase of uptake. Following entry
into the periplasm, a small number of aminoglycoside molecules enter the cytoplasm with
the help of the electron transport chain. This step is known as the energy dependent phase
of aminoglycoside uptake. Once in the cytoplasm, the aminoglycoside induces errors in
protein synthesis creating mutated proteins that are inserted into the cytoplasmic
membrane. The insertion of these proteins stimulates the uptake of more aminoglycoside
molecules (energy independent phase) which interferes with normal protein synthesis
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eventually resulting in cell death. The creation of these aberrant proteins occurs by the
binding of the aminoglycoside to different locations on the 16S rRNA. There are
modifications that occur to “A” site that results in a closed conformation of the 30S
ribosomal subunit. The ribsome loses its proofreading capabilities and promotes
mistranslation. These events result in bacterial cell death making the aminoglycosides
bactericidal antibiotics.
Resistance to the aminoglycosides can occur through several mechanisms
including target modifications, aminoglycoside modifying enzymes, reduced outer
membrane permeability, reduced inner membrane transport, and active efflux pumps
(365). These resistance mechanisms can coexist in the same bacterial cell. A mechanism
commonly used to confer aminoglycoside resistance by Gram-negative organisms is the
mutation or methylation of the 16S rRNA or ribosomal proteins (294). However, the
most prevalent resistance type seen in the clinical setting is the production of
aminoglycoside modifying enzymes that inactivate the aminoglycoside antibiotics. These
enzymes include acetyltransferases (AACs), nucleotidyltransferases (ANTs), or
phosphotransferases (APHs) (Figure 12). AAC(6′)-Ib is the most clinically relevant
acetyltransferase and is commonly associated with Gram-negative isolates belonging to
the genus Acinetobacter and to the Enterobacteriaceae and Pseudomonadaceae (302).
The gene encoding the aminoglycoside modifying enzyme can transfer from host
to host as part of an integron, transposon, or gene cassette which can be found on mobile
genetic elements such as plasmids. Genes encoding ESBLs are often located on large
plasmids that can harbor resistance to the aminoglycosides including gentamicin,
tobramycin, and amikacin. Resistance to the aminoglycosides has dramatically increased
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Figure 12. Aminoglycoside examples and modification sites by AACs, ANTs, and APHs.
The blue, green, and red boxese represent a modification to the substrate. Some
aminoglycosides such as kanamycin B have multiple sites for modification. Taken from
Ramirez and Tolmasky 2010 (302).
with the prominence of CTX-M-15-producing E. coli. CTX-M-15 is associated with the
co-production of the aminoglycoside modifying enzyme AAC(6′)-Ib-cr that can
inactivate not only the aminoglycosides (tobramycin and amikacin) but also ciprofloxacin
(141, 158, 313, 392).
I. 2. Fluoroquinolones
The quinolones are a group of antibiotics that inhibit DNA replication by acting
on type II topoisomerases including DNA gyrase and topoisomerase IV (294). Nalidixic
acid was the first synthetic quinolone discovered by George Lesher and coworkers in the
1960s. This antibiotic was synthesized as a byproduct of the purification of chloroquine,
an antimalarial drug (141). Nalidixic acid was strictly a urinary tract antiseptic that had a
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narrow spectrum of antimicrobial action and poor tissue penetration. This agent is no
longer in clinical use in the US due to the development of new, less toxic compounds.
Studies on nalidixic acid led to the creation of the fluoroquinolones, agents that
possess significant advantages over their quinolone precursors. Thus, the
fluoroquinolones are considered to be the second generation quinolones. These
compounds possess the characteristic quinolone ring with a fluorine atom attached at
position 6 in addition to a carboxyl group, a keto, and piperazinyl or methyl piperazinyl
group at postions C-3, C-4, and C-7, respectively. The first fluoroquinolone introduced
into clinical practice was norfloxacin in 1980 (365).
Modifications to the structure of the fluoroquinolones lead to the second and third
generation compounds (Figure 13). Agents in these categories have increased activity
against Gram-positive organisms, anaerobes, and atypical pathogens (Legionella,
Mycoplasma, Chlamydia). Six fluoroquinolones have been approved for clinical use in

Figure 13. Structure of the quionlones and modifications to create second and third
generation compounds. Taken from www.medscape.com

44

the United States including norfloxacin, ciprofloxacin, moxifloxacin, ofloxacin,
lomefloxacin, and levofloxacin. The fluoroquinolones exhibit concentration dependent
killing similar to the aminoglycosides and have a post-antibiotic effect.
There are both chromosomal- and plasmid-encoded mechanisms of quinolone
resistance. Target site chromosomal mutations in DNA gyrase and topoisomerase IV are
associated with high level fluoroquinolone resistance (361). These enzymes are each
composed of two subunits; GyrA and GyrB for DNA gyrase, ParC and ParE for
topoisomerase IV. Specific regions within each of these subunits known as quinolone
resistance determining regions (QRDRs) modify the binding affinity of the
fluoroquinolone for the target site (3, 151, 158, 365). Fluoroquinolone resistance can also
occur due to mutations that increase the expression of efflux pumps (AcrAB or MexAB)
or decrease the expression of outer membrane porins (158). More recently, plasmidmediated quinolone resistance has been reported due to the production of fluoroquinolone
resistant proteins (Qnr) encoded by transmissible genes (141, 361, 392). These proteins
include QnrA, QnrS, and QnrB. By themselves, Qnr proteins do not cause outright
fluoroquinolone resistance (151, 392). When clinical isolates contain chromosomal
mutations in DNA gyrase, these proteins produce an augmenting effect that causes higher
level fluoroquinolone resistance (361).
The fluoroquinolones are considered to be efficient drugs for the treatment of all
types of UTIs. These drugs can penetrate the tissues of the kidney and prostate in
sufficient concentration. However, with the emergence of ST131 E. coli, the
fluoroquinolones should not be used for the treatment of UTIs caused by this clone.
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ST131 exhibits resistance to the fluoroquinolones along with other non-β-lactam drug
classes (66, 98, 100, 101, 254, 265, 281).

I. 3. Trimethoprim-sulfamethoxazole
Trimethoprim-sulfamethoxazole or co-trimoxazole is a combination of two
antibiotics used for the treatment of a variety of bacterial infections including UTIs,
shigellosis, traveller’s diarrhea, bronchitis, and otitis media. These two antibiotics have a
synergistic effect when administered together that results in bactericidal action. The
optimal ratio that achieves synergism is a 1:5 fixed ratio of trimethoprim to
sulfamethoxazole. Both drugs inhibit steps of bacterial tetrahydrofolic acid synthesis
(Figure 14). Sulfamethoxazole is a sulfonamide, one of the first antimicrobial agents that
had life-saving potential (163). Sulfamethoxazole inhibits the synthesis of
dihydropteroate synthetase (DHPS) which catalyzes the conversion from paraaminobenzoic acid to dihydrofolate. This drug is an analogue of para-aminobenzoic acid
and serves as a bacteriostatic agent (365). Even though this antibiotic blocks the synthesis
of new folate, bacteria can continue to grow until their folate supplies are depleted.
Trimethoprim blocks the subsequent step of the pathway; the conversion of dihydrofolate
to tetrahydrofolate via dihydrofolate reductase (DHFR). As a structural analog of the
pteridine portion of dihydrofolic acid, trimethoprim functions as a competitive inhibitor
of DHFR. Trimethoprim is a bactericidal agent that rapidly inhibits bacterial growth. The
failure to cause this reduction prevents the formation of carbon cofactors necessary for
the synthesis of thymidine, purines, glycine, methionine, and formylmethionine.
Therefore, DNA, RNA, and protein synthesis are inhibited. Trimethoprim was introduced
for the treatment of human infections in 1962 (365). The synthetic combination of
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Figure 14. Steps of folate metabolism blocked by sulfonamides and trimethoprim. Taken
from www.classes.midlandstech.edu

trimethoprim and sulfamethoxazole was marketed in 1968 (163). This drug combination
covers a wide bacterial spectrum including both Gram-negative and Gram-positive
organisms. Members of Enterobacteriaceae along with gastrointestinal pathogens
(Shigella), respiratory pathogens (Streptococcus pneumoniae, Haemophilus influenzae),
and skin pathogens (Staphylococcus aureus) are susceptible to trimethoprimsulfamethoxazole. However, resistance can arise due to chromosomal mutations in the
dhps and dhfr genes (3). Approximately 20 different trimethoprim resistant genes have
been identified with dhfrI and dhfrII being the most prevalent. Transferable resistance to
the sulfonamides can be mediated by two enzymes encoded by the sulI and sulII genes
that are found on integrons and plasmids, respectively (278).
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I. 4. Nitrofurantoin
Nitrofurantoin is an antibiotic specifically used for the treatment of UTIs and has
been in clinical practice for over 60 years (278). This synthetic antimicrobial agent is
specifically used in the ambulatory setting for the treatment and prevention of
uncomplicated cystitis due to ESBL-producing bacteria (Figure 15). It cannot be used in
the treatment of complicated UTIs or pyelonephritis (102, 255, 269). This drug is
typically administered as an alternative to trimethoprim-sulfamethoxazole or a
fluoroquinolone. Nitrofurantoin is considered to be an alternative rather than a first line
agent because the course of treatment is longer and can be less satisfactory compared to
other agents (132). In comparison to other antibiotics approved for the treatment of UTIs,
nitrofurantoin does not have wide tissue distribution. Consequently, patients treated with
this agent are more likely to develop bacterial persistence and are more susceptible to the
reappearance of bacteriruia. This agent has serious adverse effects including acute and
chronic hepatic injury. The mechanism of action of nitrofurantoin is unique in
comparison to other antimicrobials. Bacterial flavoproteins reduce nitrofurantoin to
reactive intermediates which cause the inactivation of bacterial ribosomal proteins and
other macromolecules. Therefore, these inactivations halt vital molecular and
biochemical processes such as DNA, RNA, and protein synthesis in addition to aerobic
metabolism and cell wall biosynthesis. Because of the broad mode of inhibition, reports
of resistance to nitrofurantoin have been rare. This agent has activity against Grampositive aerobes including Staphylococcus aureus, Staphylococcus saprophyticus, group
D streptococci, virdians group streptococci, and Enterococcus faecalis. Nitrofurantoin is
also active against Gram-negative UTI pathogens including E. coli, Citrobacter spp,
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Figure 15. Chemical structure of nitofurantoin. Taken from Alhalaweh et al 2012 (4).
and Klebsiella spp. This agent has no activity against Proteus spp, Serratia spp, or
Pseudomonas spp (331).

I. 5. Fosfomycin
Fosfomycin is a broad spectrum bactericidal antibiotic that is FDA approved as a
single dose treatment for uncomplicated urinary tract infections in women (269).
Fosfomycin, originally named phosphonomycin was discovered in 1969 in Spain as a
fermentation product of Streptomyces. This drug is now produced synthetically and has
unique structural characteristics not common to any other antibiotic class. Single dose
therapy is beneficial for the infected patient because there is less alteration to bowel flora,
less side effects, lower cost, and more compliance. Overall, fosfomycin is well tolerated
when given in a single dose and can serve as an alternative to fluoroquinolone or
carbapenem therapy for MDR urinary tract pathogens, specifically E. coli and
Enterococcus faecalis. Currently the drug is available as two oral formulations including
fosfomycin trometamol, a hydrosoluble sodium salt (Figure 16A), and fosfomycin
calcium. Fosfomycin trometamol is the preferred oral agent because of its excellent
urinary penetration and quick absorption into the bloodstream. Fosfomycin inhibits UDP-
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A.

B.

Figure 16. A) Chemical structure of fosfomycin trometamol B) The inactivation of
MurA by fosfomycin. In the presence of UDP-GlucNAc, fosfomycin inactivates
MurA by the alkylation of an active site serine residue (position 115 in E. coli
MurA). Taken fromArmstrong et al 2010 (12).
N-acetylglucosamine-3-enol pyruvyltransferase (MurA), the initial enzyme of
peptidoglycan synthesis (Figure 16B). Fosfomycin covalently binds to the Cys-115
residue of MurA and prevents cell wall biosynthesis (294). Fosfomycin is a bactericidal
antibiotic that covers a wide range of bacteria including most enteric Gram-negative
organisms but also Haemophilus spp, Staphylococcus aureus, and Enterococcus.
Klebsiella spp, Enterobacter spp, and Serratia spp. have higher MICs to fosfomycin.
Pseudomonas aeruginosa and Acinetobacter baumannii are generally resistant to
fosfomycin. Fosfomycin is active against the most common uropathogens and originally
had a very low incidence of resistance among clinical isolates. However, with the
emergence of ST131, resistance to fosfomycin has been reported and can occur via three
mechanisms (264). Mutations can arise in chromosomal genes composing the glpT or
uhpT transport systems. There is also a chromosomal fosfomycin modifying enzyme that
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Figure 17. Reactions catalyzed by the fosfomycin resistance proteins showing the
nucleophiles (underneath reaction arrow) used in the nucleophilic attack on carbon 1 of
the epoxide ring. Taken from Armstrong et al 2010 (12).
inactivates the drug and prevents bactericidal activity. Plasmid-mediated resistance
results from the modifying enzymes, metalloglutathione transferase (FosA), L-cysteine
thiol transferase (FosB), and epioxide hydrolase (FosX) (Figure 17) (12).
J. β-lactams and mechanism of action
β-lactams are the cornerstone of our antibiotic armamentarium and have had a
significant impact on civilization since their introduction into clinical practice over 60
years ago (147, 285, 294, 355). Currently, there are over 30 β-lactams that are used to
treat a variety of infections. All β-lactams share the same structural features which is the
four-membered β-lactam ring and a fused heterocyclic ring. β-lactamases cleave the
amide bond (C-N) of the β-lactam ring which destroys the drug’s antimicrobial activity
and initiates clinical resistance (102). β-lactams are bactericidal agents that inhibit the
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synthesis of bacterial cell walls by targeting penicillin binding proteins (PBPs) (235, 303,
355). PBP affinities for the different β-lactams vary according to the bacterial species.
Escherichia coli has seven known PBPs. PBP1a /1b are transpeptidases that aid in cell
elongation and peptidoglycan synthesis. When PBP1a/1b is targeted, cells rapidly lyse
due to a lack of cell structure and integrity. The role of PBP2 is to maintain the rod shape
of the bacterium. Inhibition of the PBP2 enzyme results in oval shaped bacteria. PBP3
functions in septum formation during cell division. Therefore, blocking the action of
PBP3 causes the accumulation of rod shaped cells that are unable to completely separate
from one another. The low molecular weight PBPs, 4, 5, and 6 bind to the terminal Dalanine residue of the pentapeptide preventing the transpeptidation reaction (390).
β-lactams possess at least one charge at physiological pH (some are zwitterionic)
which confers poor lipophilicity and prevents passive diffusion. Consequently, β-lactams
enter the Gram-negative cell by passage through non-specific porins in the outer
membrane (231). Once the β-lactam crosses the outer membrane, the drug enters the
periplasmic space and travels to its PBP target. However, if the organism produces a βlactamase that is present in the periplasmic space, the β-lactam can become inactivated
depending on the specific drug and enzyme interaction. Upon covalent binding of the βlactam to the PBPs, acylation occurs preventing the crosslinking of peptidoglycan
causing cell death. A combination of efficient intracellular accumulation, stability against
β-lactamases, and target affinity must be exhibited by the β-lactam for effective antibiotic
activity (331).
The β-lactam antibiotics are subdivided into six classes based on biochemical
structural differences. These include the penicillins, cepahlosporins, cephamycins,
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monobactams, carbapenems, and the β-lactamase inhibitors (303). The subclasses are
briefly described below.
J. 1. Penicillins

Penicillin, the first β-lactam antibiotic, was discovered serendipitously in 1928 by
Sir Alexander Fleming (339, 365). Fleming observed the inhibition of staphylococci
growth on an agar plate due to contamination by the mold, Penicillium notatum. Fleming
cultured the mold and demonstrated the bactericidal effects it had on the growth of
staphylococci in vitro. Hence, penicillin, the name for this inhibitory substance, was
derived from the mold in which it was discovered. In 1938, Ernest Chain and Howard
Florey, scientists at Oxford University, were able to extract the substrate from a pure
culture of the mold and use the substance to treat bacterial infections in humans. The drug
was mass produced and implemented as a therapeutic agent in 1946 (188). Its
introduction transformed modern medicine. Penicillin was the mainstay antibiotic after
World War II and the drug chosen for the treatment of syphilis, pneumonia, diphtheria,
scarlet fever, bacterial meningitis, septicemia, and streptococcal infections. It was
referred to as the “wonder drug” and from 1940-1960 the world experienced the
penicillin era. Because of its wide usage, antibiotic resistant strains became prominent.
The main mechanism by which bacteria develop resistance is through the production of
inactivating penicillinases. Prior to the use of penicillin as a therapeutic agent, a
penicillinase had been discovered in Bacillus coli (Escherichia coli) (1, 365). This first
report of β-lactamase (penicillinase) activity suggested the presence of β-lactam
inactivating enzymes in the natural environment (45, 47). E. P. Abraham and E. Chain
coined this enzyme a “penicillinase” and was not viewed to be clinically significant at the
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time it was discovered because penicillin was originally intended for the treatment of
staphylococcal and streptococcal infections (9, 45). Because this penicillinase was found
in a Gram-negative organism and was unable to be extracted from staphylococcal and
streptococcal species, Abraham and Chain’s finding was not concerning. It wasn’t until
four years after the discovery of this penicillinase that Kirby was able to isolate this
enzyme from Staphylococcus aureus which represented a formidable clinical dilemma
(109). Eventually, the term penicillinase was changed to β-lactamase once the structure of
the β-lactam ring was determined. Within six years of penicillin’s introduction, multiple
outbreaks of penicillin resistant Staphylococcus aureus were reported (35).
The basic structure of the penicillins includes a 6-aminopenicillanic (6-APA)
nucleus which consists of a thiazolidine ring attached to the β-lactam ring (365).
Extending from the β-lactam ring is a side chain attached via a peptide linkage (Left
image in Figure 18) (339, 390). Of the penicillin family, the natural penicillins were the
first to be used in clinical practice. Penicillin G, the most potent natural penicillin
(benzylpenicillin), is produced commercially in high yield due to the genetic
manipulation of the mold culture. The introduction of penicillin G for the treatment of
staphylococcal and streptococcal infections was significant for the field of antibiotics.
Production of penicillinases by staphylococcal species led to the creation of penicillinaseresistant penicillins including methicillin, oxacillin, and nafcillin. The addition of an acyl
side chain prevented hydrolysis of the β-lactam bond. To treat Gram-negative organisms
harboring penicillinases including E. coli, Proteus mirabilis, Shigella, Salmonella,
Neisseria, Listeria, and Haemophilus, the aminopenicillins were developed (ampicillin,
amoxicillin). The carboxypenicillins (carbenicillin, ticarcillin) and the ureidopenicillins
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Figure 18. Basic structure of penicillin and derivatives of penicillin that make up this family of
antimicrobial agents. Taken from Wright 1999 (390).
(mezlocillin, azlocillin, piperacillin) were developed to treat other troubling pathogens
belonging to the Enterobacteriaceae family and also Pseudomonas aeruginosa. These
classes of penicillins are referred to as broad-spectrum or extended-spectrum penicillins.
Carbenicillin was the first semi-synthetic penicillin that possessed good antipseudomonal activity (390).

J. 2. Cephalosporins
The majority of the cephalosporins are semi-synthetic derivatives of
cephalosporin C, a compound produced by the fungus Cephalosporium that has
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antimicrobial properties. This chemical was discovered by Giuseppe Brotzu in 1948
when he was assessing the microbial flora of seawater in “Su Succi” Bay, a location in
Caligari, Italy where the city’s sewage waters were released into the sea. Brotzu, a
professor of hygiene at the University of Cagliari, Italy initially set out to investigate how
those individuals that swam and bathed in the sea did not develop thyphoid fever. He
collected a water sample and tested its effect on a Salmonella typhi culture. Much to his
surprise, Brotzu isolated Cephalosporium acremonium from the contaminated waters and
experimentally demonstrated its inhibitory effect on Gram-negative organisms including
Salmonella typhi, Vibrio cholera, and Brucella melitensis. During this time in Europe,
antibiotics had not been discovered for the treatment of Gram-negative pathogens. This
fungus is known currently as Acremonium chysogenum. Studies highlighted that A.
chysogenum could produce at least five different antimicrobial compounds. It was
cephalosporin C that showed antibiotic activity against both Gram-positive and Gramnegative organisms (331).
The chemical structure known as the cephem nucleus (7-aminocephalosporanic
acid; 7-ACA), consists of a four-membered β-lactam ring with an adjacent six-membered
dihydrothiazine ring system (Figure 19) (339). This design increased the stability of
cephalosporin C, making this drug less susceptible to the action of inactivating βlactamases in comparison to the penicillins. Derivatives of cephalosporin C have been
synthesized because of substitutions made to the molecule’s 3- or 7-positioned carbon
(Figure 20). Therefore, many cephalosporins have been created that cover a broad range
of bacterial species including aerobic/facultative aerobic Gram-negative organisms and
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Figure 19. Structural features of a cephalosporin that affect its activity. Taken from
www.webmedcentral.com

Figure 20. Different R group attachments that create different generations of
cephalosporins. Taken from Thomson 1987 (354).
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Gram-positive bacteria. These agents are classified into generations according to the time
of their synthesis and their spectrum of antibacterial action (365).

J. 2. a. First generation cephalosporins
Of the different cephalosporin generations, the first generation drugs are the most
potent against sensitive Gram-positive bacterial species including staphylococci and
streptococci. This drug class does not have broad spectrum activity against Gramnegative organisms. The first generation cephalosporin, cephalothin is considered the
prototype cephalosporin. This drug was first implemented in 1962 and has been in
clinical use the longest in comparison to other first generation cephalosporins.
Cephalothin, cefdroxil, cephalexin, and cefazolin are other cephalosporins that belong to
the first generation compounds. The latter cephalosporin has a prolonged half-life and a
higher serum concentration in comparison to the other drugs in this category. Drugs with
expanded activity that cover a wider array of organisms were created by modifying the
basic molecule leading to the generations described below (331).

J. 2. b. Second generation cephalosporins
The second generation cephalosporins are less active against Gram-positive
organisms and exhibit more activity against some Gram-negatives including
Haemophilus influenza,Moraxella catarrhalis, Neisseria meningitidis, and E. coli in
addition to anaerobes. The compounds that make-up this group include cefamandole,
cefuroxime, cefonicid, cefprozil, and ceforanide. These compounds can be further
subdivided into two subgroups 1) those drugs with activity against H. influenzae and 2)
drugs with activity against Bacteroides. Cefuroxime is available as a parenteral agent and
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is more active than cefazolin when treating infections caused by H. influenzae. Moraxella
catarrhalis strains producing β-lactamases can be treated with cefuroxime. However,
cefuroxime cannot be used to treat infections caused by Enterococcus or indole-positive
Proteus strains because of the induction of their chromosomal β-lactamases, resulting in
therapeutic failures (331).
The cephamycins are a subgroup of the second generation cephalosporins and
include cefoxitin and cefotetan. The cephamycins are particularly active against
anaerobic organisms such as Bacteriodes species. Cephamycins are also stable to the
hydrolytic effects of ESBLs in vitro. However, there have been few published reports on
the use of cephamycins for the treatment of ESBL-producing infections (272). This
subgroup of second generation cephalosporins can be used to treat intraabdominal and pelvic infections (331, 354).

J. 2. c. Third generation cephalosporins
Modifications of the cephem nucleus created the third generation cephalosporins
which represented a significant advancement in the treatment of serious Gram-negative
infections. The addition of an oxyimino side chain to the cephem nucles enhanced the
activity of this cephalosporin generation. An added advantage of the third generation
cephalosporins was decreased nephrotoxic effects compared to the aminoglycosides and
polymyxins (272). Cefotaxime (Claforan), the first third generation cephalosporin, was
introduced to the market over 30 years ago and was a landmark in antimicrobial
chemotherapy. In addition to cefotaxime, other third generation cephalosporins include
cefixime, cefoperazone, ceftazidime, and ceftriaxone. This generation of compounds has
reduced activity against Gram-positive organisms in comparison to first and second
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generation compounds. The third generation cephalosporins are active against many
members of Enterobacteriaceae including K. pneumoniae, E. coli, Enterobacter,
Citrobacter, Serratia, indole-positive Proteus, and Proteus mirabilis along with H.
influenzae and Neisseria. This drug class does not have activity against enterococci,
Listeria, or Acinetobacter. Only the third generation cephalosporin, ceftazidime is active
against Pseudomonas aeruginosa (357). For the treatment of serious P. aeruginosa
infections, ceftazidime is often given in combination with an aminoglycoside (354).
Extended-spectrum β-lactamases (ESBLs) typically hydrolyze ceftotaxime and
often times ceftazidime due to the production of the cefotaximases or CTX-Ms.
Cefotaxime has the shortest serum half-life of approximately one hour due to its partial
metabolism into desacetyl-cefotaxime (d-CTX) by the liver. This metabolized form is 4to 8- fold less active against Enterobacteriaceae but its antimicrobial activity is still
significantly higher than second generation cephalosporins. d-CTX has a prolonged
serum half-life, low human serum protein binding, and can penetrate to many body sites.
Therefore, cefotaxime and d-CTX can act synergistically against many organisms (86).

J. 2. d. Fourth generation cephalosporins
The fourth generation cephalosporins are dipolar ionic compounds and include
cefepime and cefpirome. This generation of drugs has a broad spectrum of antibacterial
activity and can cover a wide variety of Gram-positive and Gram-negative organisms
including Haemophilus influenzae, Neisseria gonohorrea, Neisseria meningitidis, E. coli,
Klebsiella pneumoniae, and Pseudomonas spp. Cefpirome is the only cephalosporin with
in vitro activity against Enterococci. The fourth generation cephalosporins do not cover
MRSA strains and the Bacteroides fragilis group. The addition of the positively charged
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quaternary ammonium group on the dihydrothiazone ring resulted in increased potency
against both Gram-positive and negative organisms. These compounds are zwitterionic
and therefore possess a net neutral charge which enables their faster penetration through
the outer membrane of Gram-negative bacteria in comparison to third generation
cephalosporins. The fourth generation cephalosporins can be used to treat pneumonia,
urinary tract, skin, and intra-abdominal infections. These compounds are more stable
against many (but not all) β-lactamases because of their lower affinity for these enzymes
in the periplasmic space (331).

J. 2. e. Fifth generation cephalosporins
Ceftobiprole was the first of a new generation of cephalosporins (fifth generation)
that has activity against clinically important Gram-positive organisms including
methicillin-resistant Staphylococcus aureus, penicillin-resistant Streptococcus
pneumoniae (PRSP), and Enterococcus faecalis. This drug also possesses therapeutic
activity against clinically significant Gram-negative organisms such as Citrobacter spp,
Enterobacter spp, Klebisella spp, E. coli, Serratia marcescens, and Pseudomonas
aeruginosa. Ceftobiprole was designed for the treatment of skin and soft tissue infections
caused by Gram-positive and negative pathogens. However, ceftobiprole is still
considered an investigational cephalosporin and has not received approval by the US
Food and Drug Administration (18).
The newest broad spectrum cephalosporin to be approved by the FDA is
ceftaroline (203, 209). This drug was developed by Forest Laboratories, Inc (New York,
NY) and is referred to in the clinic as Teflaro. This advanced generation cephalosporin
was approved for clinical use in October 2010 (Figure 21). The Clinial and

61

Figure 21. The chemical structure of the novel cephalosporin, ceftaroline. Taken from
Laudano et al 2011 (223).
Laboratory Standards Institute (CLSI) considers this drug to be a fifth generation
cephalosporin (203). Ceftaroline is approved for the treatment of complicated skin and
skin structure infections and community acquired bacterial pneumonia (209). This βlactam antibiotic has activity against a wide range of Gram-positive organisms including
methicillin-resistant Staphylococcus aureus and multi-drug resistant Streptococcous
pneumoniae (203, 249). Another novel broad spectrum cephalosporin under clinical
development is ceftolozane (formerly CXA 101). This drug possesses similar activity to
ceftazidime (41). Although this drug is active against common Gram-negative organisms
including Pseudomonas aeruginosa, its activity against ESBL and AmpC β-lactamase
hyper-producing organisms (S. marcescens, M. morganii, C. freundii, and Enterobacter
spp.) is limited (217, 243). To improve its spectrum of activity against ESBL and AmpC-
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producing isolates, ceftolozane is being developed with the inhibitor, tazobactam
(described on pg 65) (81).
J. 3. β-lactamase inhibitors
The development of the β-lactamase inhibitors were a significant advancement for
β-lactam antibiotics. Naturally occurring β-lactamase inhibitors have been isolated and
others have been synthetically created. Clavulanic acid or clavulanate (salt form of the
acid in solution) was the first β-lactamase inhibitor to be introduced into clinical
medicine. This molecule was isolated from the soil-dwelling species, Streptomyces
clavuligerus in the 1970s and has little intrinsic antimicrobial activity by itself. A
synergistic effect occurs when clavulanic acid is used in combination with a penicllin
and/or cephalosporin (331). β-lactamases hydrolyze many of the original penicillins;
therefore, addition of an inhibitor restored the therapeutic potential of some of the first βlactam antimicrobials (42). Currently, there are three β-lactamase inhibitors available for
clinical use including clavulanic acid, sulbactam, and tazobactam (Figure 22). The latter
two inhibitors are penicillanic acid sulfones that are synthetically created. The structure
of these inhibitors differs from other β-lactams due to the presence of a carboxyl group at
position C1 in the five membered ring. The carboxyl group decreases the hydrolysis rate
of the β-lactamase. The reaction of the β-lactamase with the β-lactamase inhibitor
proceeds through the formation of an acyl-enzyme intermediate within a novel reaction
pathway in the active site of the enzyme. Initially, the inhibitors bind to the enzyme
transiently which leads to the eventual irreversible inactivation of the β-lactamase at its
active site. The enzyme remains acylated and is catalytically incompetent. Each inhibitor
serves as a suicide substrate and a β-lactamase inactivator, allowing the partnering β-
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Figure 22. Structure of existing β-lactamase inhibitors including clavulanic acid,
sulbactam, and tazobactam and possible new inhibitors (avibactam, MK-7655).
Adapted from Bush 1988 (42) and Shlaes 2013 (335).

Figure 23. Reaction pathway of a β-lactamase inhibitor. Adapted from Bush 1988 (42).
lactam to remain protected and perform its function of binding to the targeted PBP
(Figure 23).
The β-lactam/β-lactamase inhibitor combinations have the most activity against
organisms that harbor class A β-lactamases (42). β-lactamase inhibitor combinations are
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poorly active against class C and D β-lactamases, and possess no activity against class B
β-lactamases (109) (descriptions of these classes follow; pg 73). The combinations of
amoxicillin/clavulanic acid, ticarcillin/clavulanic acid, ampicillin/sulbactam, and
piperacillin/tazobactam are marketed in the US as Augmentin, Unasyn, Timentin, and
Zosyn. Piperacillin/tazobactam has a broader spectrum of activity in comparison to
amoxicillin-clavulanic acid and is the latest β-lactam/β-lactamase inhibitor combination
to be developed. Resistance to inhibitor combinations can occur by different mechanisms.
P. aeruginosa, Serratia, Enterobacter, Morganella, and Citrobacter can encode
chromosomal β-lactamases that are not inhibited by β-lactamase inhibitor combinations.
Overproduction of a chromosomal β-lactamase can also reduce the activity of
inhibitor combinations. This is the case for the chromosomal AmpC of E. coli. Clavulanic
acid can induce the expression of chromosomally-mediated AmpC β-lactamases in
Pseudomonas and Enterobactericeae members. Overproduction of the TEM-1 βlactamase due to the use of a strong promoter can also cause reduced susceptibility to the
inhibitor combinations. Additionally, enzymes have emerged with altered properties that
are resistant to the inactivation by the β-lactamase inhibitors including inhibitor resistant
TEM β-lactamases (IRTs) (53, 216). Amino acid substitutions induce subtle active site
changes that prevent inhibitor recognition and enzyme hydrolysis. There are only select
residues that result in substitutions that cause inhibitor resistance of clinical importance.
The individual residues that are most commonly substituted in IRTs are Arg244, Asn276,
Arg275, Met69, and the active-site Ser130 (394). Mutations that modify the activity of
the enzyme are not acquired thus minimizing the number of mutations that can occur so
the enzyme can retain its functionality (109). The production of these inhibitor resistant
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enzymes results in β-lactam inactivation indicating that the inhibitors are not functioning
as potent suicide inhibitors but as poor substrates.
The emergence of resistance and the need for effective inhibitors against other
classes of β-lactamases has led to the creation of new β-lactam/β-lactamase inhibitor
combinations, many of which have had success in late stage clinical trials. These new
combinations include ceftolozane/tazobactam, ceftazidime/avibactam,
ceftaroline/avibactam, and imipenem-cilistatin-MK-7655 (294). Avibactam and MK7655 are diazabicyclooctane (DABCO) inhibitors and therefore possess a different
mechanism of action compared to β-lactam/β-lactamase inhibitors (Figure 22). The
DABCO inhibitors cause a slow deacylation step of the β-lactamase which results in a
slow turnover ratio of approximately one molecule of enzyme to one molecule of
inhibitor. Deacylation causes the regeneration of active inhibitor that can bind to and
inactivate a β-lactamase that results in an enhanced spectrum of activity. These inhibitors
are more potent than tazobactam and possess activity against class A carbapenemases
(KPC) and class C β-lactamases (335).
The β-lactam/β-lactamase inhibitor combination of ceftolozane/tazobactam (CXA
201) was of particular interest in my Ph.D. studies. Ceftolozane/tazobactam is a βlactam/β-lactamase inhibitor combination that is being developed by Cubist
Pharamceuticals (Lexington, MA). We evaluated the effectiveness of
ceftolozane/tazobactam to inhibit CTX-M-15/CTX-M-14-producing E. coli.
Ceftolozane/tazobactam is a combination of a previously designed drug ceftolozane plus
the commonly used β-lactamase inhibitor, tazobactam (356). This drug combination has
an increased binding efficiency to pencillin binding protein 3 (PBP3) and has
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demonstrated enhanced activity against AmpC-producing organisms, especially P.
aeruginosa (41, 357). Phase III clinical trials are currently being conducted for the
treatment of both intra-abdominal and urinary tract infections. The use of
ceftolozane/tazobactam for the treatment of hospital acquired/ventilator associated
bacterial pneumonia is also being evaluated in Phase II clinical trials.
J. 4. Monobactams
Unlike the penicillins and cephalosporins that were produced by molds and fungi,
the monobactams originated from bacteria. The discovery of natural monobactams from
soil-dwelling bacteria including Chromobacterium, Flexibacterium, Agrobacterium, and
Acetobacter occurred in 1981. The name monobactam is derived from mono (single ring),
bact (produced by bacteria), and am (a β-lactam). Although these monocyclic β-lactams
exist in nature, the monobactams in clinical use are semi-synthetic compounds (365). The
first monobactam created was Sulfazethin but possessed chemical instability and weak
killing activity. This drug was modified by removing its methoxy group, adding the side
chain of ceftazidime and a 4-alpha methyl group to produce enhanced activity against βlactamases. These alterations created aztreonam, the only clinically approved
monobactam (Figure 24). Others are currently under investigation. Aztreonam
preferentially binds to PBP3 of Gram-negative organisms. The structure of aztreonam
does differ from other β-lactams due to the lack of an additional ring attached to the βlactam ring, making the compound appear planar. Therefore, aztreonam is not a fused
bicyclic compound like other β-lactam antibiotics. This agent has a similar spectrum of
activity as the aminoglycosides such as gentamicin and tobramycin than that of other β-

67

Ceftazidime
side chain

Methyl
group

Figure 24. Chemical structure of aztreonam. Arrows indicate the methyl group addition.
Bracket highlights the addition of the side chain of ceftazidime. Taken from
www.sigmaaldrich.com
lactam compounds. Therefore, aztreonam can serve as a useful alternative to
aminoglycoside therapy because of its lack of nephrotoxicity. Aztreonam has no activity
against anaerobes or Gram-positive organisms but possesses activity against Gramnegative organisms including members of the Enterobacteriaceae family along with P.
aeruginosa, H. influenzae, and N. gonorrhoeae. Aztreonam is a potent inhibitor of
chromosomal AmpCs produced by Citrobacter freundii, Serratia spp, Enterobacter
cloacae, and P. aeruginosa. A study by Lister et al demonstrated that aztreonam
enhanced the antibacterial activity of cefepime against a panel of P. aeruginosa that
produced varying levels of the chromosomal cephalosporinase (211). Aztreonam can be
used to treat urinary and respiratory tract infections, septicemia, intra-abdominal and
gynecological infections, and cutaneous infections caused by susceptible organisms. This
agent cannot be administered orally because absorption is poor and therefore the drug has
to be administered intramuscularly or intravenously (354).
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J. 5. Carbapenems
The carbapenems are the most potent β-lactam subclass that exhibits the widest
spectrum of activity. These agents are referred to as the last resort β-lactam antibiotics for
the treatment of serious and complicated infections caused by MDR pathogens (263,
355). The chemical structure of the carbapenem nucleus is the β-lactam ring fused with a
five membered ring structure that has a carbon instead of a sulfur atom at position-1
(339). The first carbapenem, thienamycin, was discovered as a natural product from
Streptomyces cattleya in 1976. Even though thienamycin was potent and had broad
antibacterial activity, it was not chemically stable to undergo further development.
Thienamycin caused toxicity and had low urinary levels when used as a single agent. In
1985, an amidine derivative was synthetically formulated known as N-formimidoyl
thienamycin or imipenem that was significantly superior in activity and stability relative
to thienamycin. However, imipenem was rapidly metabolized by a dipeptidase enzyme
(dehydropeptidase I) that was produced in the proximal renal tubule. This enzyme
hydrolyzes the β-lactam bond of the carbapenem molecule resulting in open lactam
metabolites. To prevent its rapid degradation, imipenem is administered as a combined
preparation with cilastatin, an inhibitor of dehydropeptidase I. Imipenem served as the
model for all subsequent carbapenem development including meropenem, ertapenem, and
doripenem (Figure 25). These carbapenems are unaffected by dehydropeptidase I. All
carbapenems are administered either intravenously or intramuscularly and not via the oral
route. These compounds are water soluble and not absorbed by the gastrointestinal tract
after oral ingestion (354).
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Figure 25. Commercially available carbapenems. Taken from Drawz and Bonomo 2010
(109).

The carbapenems have an overall broad spectrum profile that covers Gramnegative bacteria and Gram-positive aerobic and anaerobic organisms. The carbapenems
demonstrate varying susceptibility against Pseudomonas aeruginosa, Serratia spp,
MRSA, penicillin-resistant Streptococcus pneumoniae. Enterococcous faecium is
generally resistant to all carbapenems. Ordinarily, the carbapenems are used for the
treatment of nosocomial-acquired infections compared to community-acquired infections.
These can include intra-abdominal, skin and soft tissue, lower respiratory tract, urinary
tract, and bone and joint infections. Specifically, ertapenem has a long half-life which can
allow for once daily dosing. This drug concentrates in the urine and is a potential
therapeutic choice for the treatment of UTIs (135, 199, 293).
Even though the carbapenems are one of the most potent classes of antibiotics
against many resistant pathogens, resistance is rising. Multi-drug resistant infections have
driven the increased usage of the carbapenems for treatment and this in turn has
threatened the continued utility of these last-line drugs. Carbapenem usage has increased
dramatically in part because of the increased numbers of isolates resistant to
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cephalosporin antibiotics among Enterobacteriaceae members (25, 102, 212, 263, 311,
383).
K. β-lactam resistance mechanisms
Generally speaking, β-lactam resistance can occur through four main mechanisms
(43, 109):
1) acquisition of a PBP with decreased affinity for a β-lactam or an altered PBP
2) use of active efflux pumps including the β-lactams as a substrate
3) downregulation or mutation of outer membrane porins that prevent entry of β-lactams
4) production of inactivating β-lactamases
The first three mechanisms have been discussed in a previous section. β-lactamase
production is the predominant cause of resistance to the β-lactam antibiotics in Gramnegative organisms (44, 95, 151, 216). Bacterial infections due to organisms that produce
β-lactamases are currently one of the most concerning and serious infectious disease
issues (95). These enzymes hydrolyze the amide bond of the β-lactam ring, leaving the βlactam antibiotics ineffective against the bacteria (147, 235). Currently, there are more
than 1,300 distinct β-lactamases (both chromosomal and imported enzymes) that have
been discovered in clinical bacterial strains (46, 294). The number of β-lactamase
variants will escalate as organisms continue to evolve (Figure 26). A current list of
clinically relevant β-lactamase alleles is presented in Table 5. β-lactamases are
characterized using two classification systems that include functional and molecular
classification schemes (48, 272, 303). The Bush-Jacoby-Medeiros system uses substrate
profiles for the classification of β-lactamases (48, 49, 235, 236). The Ambler system
classifies β-lactamases by DNA sequence variation and not by phenotypic characteristics
(7, 8). There are four classes of β-lactamases (A to D) described by Ambler et al (7-8)
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Table 5. β-lactamase variantsa categorized according to Ambler classification scheme
β-lactamase group name
Class A

Class B

Class C

SHV (n=177)

IMP (n=44)

CMY (n=103)

TEM (n=211)

IND (n=15)

ACC (n=5)

CTX-M (n=144)

VIM (n=39)

ACT (n=22)

KPC (n=14)

NDM (n=9)

CFE (n=1)

GES (n=23)

DHA (n=8)

PER (n=7)

FOX (n=11)

VEB (n=9)

LAT (n=1)

SME (n=3)

MIR (n=6)

BEL (n=3)

MOX (n=8)

Class D
OXA (n=347)

a; variants were obtained from www/lahey.org/Studies on June 16, 2013
n= number of specific alleles
CMY enzymes in this group may contain genes derived from both C. freundii as well as MOX-like genes

Figure 26. The continuous evolution of β-lactamases comparing the percent increase
from 2005 to 2010 for select enzymes. Taken from Bush and Fisher 2011 (47).
(Table 6). β-lactamases belonging to either class A, C, or D contain a serine in the active
site of the enzyme. The serine β-lactamases efficiently hydrolyze the β-lactam through a
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Table 6. Functional grouping of major β-lactamases aligned with molecular assignments.
Bush-Jacoby
group

Molecular
class

Substrates and defining characteristics
-Hydrolysis of cephalosporins and cephamycins,
generally with higher kcat values than penicillns
-Not inhibited by CLA or TZB
-High affinity for aztreonam
-Hydrolysis of penicillins, cephamycins,
extended-spectrum cephalosporins, monobactams
-Not inhibited by CLA and TZB

Selected enzymes
E. coli and Pseudomonas
aeruginosa AmpC, CMY2, FOX-1, MIR-1, P99

1

C

1e

C

2a

A

-Efficient hydrolysis of penicillins
-Inhibited by CLA and TZB

PC1 penicillinase and
other staphylococcal
penicillinases

A

-Efficient hydrolysis of penicillins and early
cephalosporins (cephaloridine, cefazolin,
cephalothin)
-Inhibited by CLA and TZB

TEM-1, TEM-2, TLE-1
(TEM-90), SHV-1

2be

A

-Hydrolysis of penicllins, narrow and extendedspectrum cephalosporins, monobactams
-Inhibited by CLA and TZB

2br

A

2ber

A

2c

A

2d

D

2de

D

2df

D

2e

A

2f

A

3a

B

3b

B

2b

-Efficient hydrolysis of penicillins and early
cephalosporins
-Not well inhibited by CLA
-Hydrolysis of penicillins, extended-spectrum
cephalosporins, monobactams
-Less efficiently inhibited by CLA and TZB
-Efficient hydrolysis of carbenicillin
-Inhibited by CLA
-Efficient hydrolysis of cloxacillin or oxacillin
-Not always inhibited by CLA
-Hydrolysis of penicillins and extended-spectrum
cephalosporins
-Not always inhibited by CLA
-Hydrolysis of carbapenems and cloxacillin or
oxacillin
-Not always inhibited by CLA
-Efficient hydrolysis of cephalosporins
-Inhibited by CLA and TZB but not by aztreonam
-Hydrolysis of carbapenems, cephalosporins,
penicillins, cephamycins
-Poorly inhibited by CLA, low inhibition by TZB
-Hydrolysis of all β-lactams except monobactams
-Inhibited by EDTA and metal ion chelators, not
inhibited by CLA and TZB
-Preferential hydrolysis of carbapenems
-Inhibited by EDTA and metal ion chelators, not
inhibited by CLA and TZB

GC1, CMY-37

ESBLs; CTX-M-15,
CTX-M-44 (Toho-1),
PER-1, SFO-1, SHV-5,
TEM-10, TEM-26, VEB1
IRTs; TEM-30, TEM-76,
TEM-103, SHV-10, SHV26
CMTs; TEM-50, TEM68, TEM-89
PSE-1, CARB-3
OXA-1, OXA-10
ESBLs; OXA-11, OXA15
OXA-23, OXA-38
CepA
IMI-1, KPC-2, KPC-3,
SME-1, GES-2
IMP-1, L1, NDM-1,
VIM-1
CphA, Sfh-1

Abbreviations: CLA, clavulanic acid; CMT, complex mutant TEM; ESBL, extended-spectrum β-lactamase; IRT,
inhibitor-resistant TEM; TZB, tazobactam
Adapted from Bush and Fisher 2011 (47).
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deacylation mechanism (94, 147, 216). The first step of β-lactam hydrolysis is the
formation of a covalent enzyme-lactam intermediate which is identical to the mechanism
used by β-lactams when they exert their effect on PBPs. Water is then used to hydrolyze
the enzyme-lactam intermediate to generate penicilloic acid. The β-lactamase is released
and can continue to inactivate other β-lactam molecules (94). Class B β-lactamases
contain a zinc in the active site of the enzyme and therefore are referred to as metallo-βlactamases (94, 355). Based on a comparison study looking at the number of isolates
identified in 2005 versus 2010, class D and class C β-lactamases are the most rapidly
growing classes of enzymes (Figure 26). More in depth descriptions of each β-lactamase
class is provided below.
K. 1. Classification of β-lactamases
K. 1. a. Class A
The class A β-lactamase enzymes were the first family of enzymes to be detected
in pencillin resistant isolates. The first class A enzyme appeared in a Staphylococcus
aureus strain shortly after the introduction of penicillin in the 1940s (46). This was
followed by the detection of plasmid-mediated TEM-1 and SHV-1 β-lactamases. With
the implementation of extended-spectrum cephalosporins, TEM-1/2 and SHV-1
expanded their hydrolytic profile to include these new agents (383). The extended
hydrolytic properties of these enzymes created extended-spectrum β-lactamases or
ESBLs (272). The TEM β-lactamases were the most commonly encountered ESBL type
worldwide. However, the TEM family has been replaced by CTX-M β-lactmases as the
most prevalent ESBL group (35, 147, 383). There are several other acquired ESBLs that
are categorized as class A β-lactamases including VEB, PER, BES, TLA, IBC, and SFO
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(102, 319, 398). β-lactamases that belong to the class A category represent the most
prevalent mechanism of bacterial resistance to the β-lactams (394).
The class A carbapenemases confer resistance to all β-lactam subclasses but are
resilient to inhibition by β-lactamase inhibitors (215). Enzymes that makeup the class A
carbapenemases include SME, NMC, IMI, GES, and KPC groups (296). SME (Serratia
marcescens enzyme), along with NMC (not metalloenzyme carbapenemase) and IMI-1
(imipenem hydrolyzing β-lactamase) are all chromosomally-encoded genes that have
been reported sporadically in Serratia marcescens and Enterobacter cloacae isolates,
respectively. Genes encoding IMI-2, however, have been detected on plasmids harbored
by Enterobacter asburiae and Enterobacter cloacae. The occurrence of genes encoding
GES enzymes has been associated with both plasmids and integrons but their occurance
is rare. The first reports of these enzymes came from Greece with the discovery of IBC-1
(integron borne cephalosporinase) in an E. cloacae isolate and from French Guiana with
the discovery of GES-1 from K. pneumoniae. The most prominent and successful family
of class A carbapenemases are the KPC enzymes. The genes encoding the KPC enzymes
are commonly harbored on mobile genetic elements by K. pneumoniae; hence the name
Klebsiella pneumoniae carbapenemase or KPC (185, 247, 308, 355). The production of
these enzymes has also been detected in E. coli, Enterobacter spp, and other
Enterobacteriaceae, along with Acinetobacter baumannii and P. aeruginosa (47, 321).
Because of the limited therapeutic options to treat KPC-producing infections and the
phenotypic challenges of detection faced by the clinical laboratory makes this resistance
mechanism a significant worldwide concern (46, 200, 296, 321, 322). Mortality rates of
infections caused by KPC-producing organisms range from 27.5-57% (321, 322).
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K. 1. b. Class B
The class B enzymes include the metallo-β-lactamases (MBLs), a diverse group
of broad spectrum β-lactamases that are widespread in Pseudomonas aeruginosa,
Acinetobacter spp, and more recently members of Enterobacteriaceae. These enzymes
utilize a zinc ion to attack the β-lactam ring and are capable of hydrolyzing all β-lactams
with the exception of aztreonam. MBLs were the first of the carbapenemases to be
identified. MBLs can be found on the chromosome of some Gram-negative bacteria such
as Stenotrophomonas maltophilia and some Gram-positive organisms such as Bacillus
cereus. However, the genes encoding MBL enzymes are more commonly imported into
the organism by mobile genetic elements such as plasmids. The genes encoding the
MBLs are most commonly associated with class 1 and 3 integrons that are further
embedded in transposons to create a highly transmissible element. Plasmid-mediated
MBLs identified in Gram-negative clinical isolates include IMP, VIM, SPM, GIM, SIM,
and the more recent NDM β-lactamase (296). Most of these enzymes are named
according to the city of origin of the index patient; Verona integron-borne MBL (VIM),
Sao Paulo MBL (SPM), German imipenemase (GIM), Seoul imipenemase; SIM, and
New-Delhi MBL (NDM) (47). The novel NDM-1 appeared in 2009 and was of
immediate clinical relevance because of its lack of genetic and structural similarity in
comparison to other MBLs (46). In 2012, an acute care hospital in Denver, Colorado
experienced an outbreak of NDM-producing CREs (carbapenem resistant
Enterobacteriaceae). These pathogens were detected in eight patients which is the largest
NDM outbreak in the US to date. Prior to this outbreak, only 16 NDM isolates had been
reported in the US in clusters of two or less cases (58). Until the emergence of NDM-
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producing organisms, IMPs and VIMs were the most common MBLs found among
Enterobactericeae worldwide (143).

K. 1. c. Class C
The class C β-lactamases include both chromosomally- and plasmid-encoded
AmpC β-lactamase genes. The first bacterial enzyme known to hydrolyze penicillin was
actually the chromosomal AmpC β-lactamase of E. coli, although the enzyme was not
designated as such at the time of discovery (165). Just like the class A enzymes, the class
C enzymes contain a serine residue in their active site. AmpC β-lactamases are associated
with resistance to the penicillins, third generation cephalosporins, and β-lactam/βlactamase inhibitor combinations. These enzymes are inhibited by cloxacillin, oxacillin,
and aztreonam (165, 235, 353). AmpC β-lactamases are poorly inhibited by pchloromercuribenzoate and not at all by EDTA. Under normal conditions, low basal
levels of the chromosomal AmpC are expressed. Chromosomal and some plasmidencoded AmpC expression can be inducible in many Enterobacteriaceae following some
β-lactam treatments (such as cefoxitin, imipenem) (306, 307, 378). Expression of these
inducible ampC genes is transcriptionally controlled by the global regulator, ampR. High
level constitutive AmpC expression can also occur due to mutations in the ampD gene
(307, 330). Reports have shown that when the chromosomal AmpC β-lactamase is
hyperexpressed and there is a loss or downregulation of a porin, carbapenem resistance
emerges (213). AmpC production in E. coli is non-inducible because the organism lacks
an ampR gene (165, 307, 330). Expression of ampC in E. coli is typically at low
constitutive levels because of a weak promoter and strong attenuator. However,
mutations in the ampC promoter region can cause ampC overexpression (95, 156, 231).
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In the late 1980s, the first plasmid-mediated ampC gene was discovered. Plasmidmediated AmpCs are divided into six families including MOX, FOX, ACC, DHA, MIR1/ACT-1, and CMY-2 which differ in the number of respective alleles. Different variants
predominate in different geographical locations. However, blaCMY-2 is the most common
plasmid-mediated AmpC encountered worldwide (151, 193). The nomenclature for the
plasmid-mediated AmpCs has been inconsistent. Some enzymes have been named
according to the resistance produced (CMY-cephamycin, FOX-cefoxitin, MOXmoxalactam, and LAT-latamoxef) or the type of enzyme (ACC-Ambler class C and
ACT-AmpC type). Others have been named according to the site of first discovery (MIR1-Miriam Hospital in Providence and DHA-Dhahran Hospital in Saudia Arabia) (343).
The genes encoding these enzymes are derivatives of chromosomally-encoded ampCs
from C. freundii, M. morganii, Hafnia alvei, Enterobacter spp., and Aeromonas spp
(306). However, these genes have made their way into organisms that do not possess a
chromosomally-encoded ampC such as Klebsiella spp. and Proteus mirabilis. This
development corresponds to a change from a chromosomal gene controlled by a weak
promoter to a plasmid with a stronger promoter. Resistance profiles for plasmid-mediated
AmpC-producing organisms are similar to those producing chromosomal AmpC βlactamase enzymes. Resistance is conferred to the penicllins, extended-spectrum
cephalosporins, β-lactam/β-lactamase inhibitor combinations, and the cephamycins (165).
Isolates producing only a plasmid-mediated AmpC remain susceptible to the
carbapenems and zwitterionic cephalosporins such as cefepime (193). Plasmid-mediated
AmpCs are associated with multiple insertion sequence elements such as ISEcp1, ISCR1,
and IS26. The genes encoding the AmpC enzymes are commonly found on plasmids
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harboring genes for other resistance mechanisms including aminoglycoside, tetracycline,
chloramphenicol, and trimethoprim-sulfamethoxazole resistance. Currently, there are no
recommended guidelines or criteria for the detection of plasmid-mediated AmpCproducing isolates in the clinical laboratory. AmpC-producing organisms can be
phenotypically challenging to detect because some of these organisms have similar
resistance profiles as ESBL producers (95, 165). Therapeutic failure has been associated
with the inability to detect a resistant phenotype when the organism produced a plasmidmediated AmpC (268, 271).
K. 1. d. Class D
The class D β-lactamases are a diverse group of serine enzymes that preferentially
hydrolyze oxacillin and are known as oxacillinases. The serine hydrolyase mechanism is
distinct from classes A and C. A characteristic feature of the class D β-lactamases is the
conserved carboxylated lysine residue in the active site. Prior to the activation of the
serine residue, the amine group on the lysine reacts with carbon dioxide to form a
carbamate anion (47). In comparison to the other molecular classes of β-lactamases, class
D enzymes exhibit the broadest substrate profile. The OXA β-lactamases can possess a
narrow spectrum of activity including oxacillin or cloxacillin or an expanded-spectrum
including the extended-spectrum cephalosporins or carbapenems. The first extendedspectrum OXA β-lactamase variant identified was OXA-11 which can hydrolyze
ceftazidime (296). The first OXA with reported carbapenemase activity was OXA-23,
also known as ARI-1 (Acinetobacter resistant to imipenem). This enzyme was extracted
and purified from a MDR Acinetobacter isolate from Edinburgh, Scottland. There are
nine subgroups of OXA carbapenemases including OXA-23, OXA-24, OXA-51, OXA-
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58, OXA-55, OXA-48, OXA-50, OXA-60, and OXA-62. None of the class D
carbapenemases exhibit resistance to the extended-spectrum cephalosporins, indicating
that these enzymes cannot combine hydrolytic properties (248, 290).
Gram-negative organisms such as Acinetobacter baumannii and Pseudomonas
aeruginosa can naturally possess the class D β-lactamases. However, the majority of the
OXA enzymes are acquired. The genes encoding these enzymes are commonly carried on
class I integrons or by insertion sequence elements (147). These imported OXA βlactamases are primarily found in Acinetobacter baumannii but have been reported in
members of Enterobacteriaceae including E. coli and K. pneumoniae (290). In many
cases the CTX-M-15 gene is encoded on the same integron as OXA-1 genes (313).

L. Mobility of DNA
The spread of antibiotic resistance genes occurs through the movement of mobile
genetic elements which can include plasmids, bacteriophages, or other elements such as
transposons (3). Regardless of the mechanism of movement, mobile genetic elements are
part of the prokaryotic mobile gene pool or “mobilome” (129). The movement of mobile
DNA is known as horizontal gene transfer that results in the continuous evolution of
prokaryotic genomes (257). Organisms can acquire a variety of phenotypes through
mobile genetic elements that can encode genes for antibiotic resistance, virulence, and
enhanced metabolism and motility. The acquisition of foreign DNA is generally
advantageous for an organism. Mobile genetic elements can move through three main
mechanisms including transformation, transduction, and conjugation (See previous
Figure 10 pg 33) (130, 230). Transformation is the uptake of naked extracellular DNA
from the environment as a result of cell death. This process does not naturally occur
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among Gram-negative organisms. However, in the laboratory we are able to force
transformation by chemical procedures or electroporation. Transduction is the transport
of bacterial DNA through bacteriophages (230). The bacteriophage can uptake DNA
from the bacterial host organism, replicate, and lyse. Phages are released into the
environment to infect another host, which permits DNA from the original bacterium to
transfer into a different recipient (3). The mechanism that was utilized most in this
dissertation was conjugation. Therefore a brief discussion of this horizontal gene transfer
method and descriptions of other mobile elements that are associated with CTX-Mproducing E. coli are provided. Other transposable elements that are not described below
but can be moved and inserted via transposition include gene cassettes and integrons.

L. 1. Conjugation
Conjugation requires direct physical contact between a donor cell and the
intended recipient. A strain that possesses the F factor is known as a donor and is capable
of donating its genetic material (257). A strain that lacks this factor is known as a
recipient and cannot donate. The ability to donate DNA can easily be lost and regained.
Therefore, plasmids can promote the transfer of themselves from a donor to a recipient
(139). Conjugation can be used by bacterial pathogens to spread their resistance
determinants from host to host leading to the dissemination of drug resistant organisms
and spread of the resistance mechanisms. However, conjugative ability is not limited to
plasmids but can occur with any DNA as long as the DNA contains the appropriate
mobilization machinery. Conjugation apparati includes a DNA processing complex
(relaxosome) that assembles the origin of transfer, a type IV secretion system
(transferosome) that allows DNA to transfer, and a coupling protein that links the two
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complexes. Often times, small plasmids can be transferred in lieu of the transfer genes
due to the use of these factors in trans from other larger plasmids (365). For a plasmid to
transfer into a different host recipient there must be a site for initiation of transfer on the
DNA known as the origin of transfer (oriT). Next, the “tra” genes aid in the construction
of the sex pilus or conjugation (cytoplasmic) bridge that makes initial contact with the
recipient cell. The donor DNA is nicked by a specific single-strand nuclease that recruits
proteins to free the 5′ end of the DNA. Upon nicking the DNA, the nickase remains
covalently attached to the 5′ phosphate group. Accessory proteins facilitate the binding of
the nickase to the oriT to create the relaxosome. A single strand of DNA is transferred
into the recipient through the conjugation bridge while rolling circle replication occurs in
the donor cell. The tra genes also function in the replication of the transferred DNA and
can serve as a primase that converts single stranded DNA into double stranded DNA. The
transferred DNA will be circularized in the recipient and synthesis of complementary
DNA will occur in both the donor and recipient cells. Once conjugation is complete, both
the donor and recipient function as donors (128).
Other mobile genetic elements that can transfer via conjugation include
integrative and conjugative elements (ICEs). This is a diverse group of elements that
reside on the host chromosome but can excise and transfer by conjugation (365, 389).
Transposons can also have conjugative ability. These mobile genetic elements can excise
and form a covalently circular intermediate that can facilitate the spread of antibiotic
resistance genes (326).
L. 2. Mobile genetic elements
L. 2. a. Plasmids
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Most plasmids are extra-chromosomal, supercoiled, circular pieces of DNA that
replicate autonomously via rolling circle or theta mechanisms (174). Replication occurs
in accordance with the host cell growth cycle without allowing the plasmid copy number
to reach a level that negatively impacts the cell (365). The cell must have strict
replication control mechanisms that are combined with cop regions to provide a stable
copy number (174).
The simplest of plasmids contain an origin of replication and other genes that
have replication functions. Generally, smaller plasmids tend to have higher copy numbers
in the cell (>100 copies). This is in contrast to conjugative plasmids that can range in size
from 40 kb to > 250 kb and are typically found in low copy numbers (<10 copies/cell).
Possessing multiple copies of a large plasmid could impose a metabolic burden on the
host organism (257). Conjugative plasmids also contain an origin of transfer and other
genes necessary for conjugal transfer. Plasmids capable of conjugation are larger because
they contain four gene modules including replication, propagation, adaptation, and
stability in addition to translocation elements. These translocative or accessory factors
can include antibiotic resistance genes, virulence associated genes, or genes that provide
metabolic benefits (80, 257). Plasmids can have a broad or narrow host range which
dictates their potential to transfer into new hosts. Possessing a broad host range indicates
that plasmids can transfer into different genera or species. However, some plasmids
cannot stably coexist with one another in the same cell because they share the same
replication machinery and partioning elements (174, 365). This feature led to a
classification scheme for plasmids based on incompatibility groups. There are four
incompatibility groups that have been identified including IncF (IncC, IncD, IncF, IncJ,
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and IncS), IncI (IncB, IncI, and IncK), IncP (IncM, IncP, IncU, and IncW), and Ti (365).
Each group contains several variants that can be identified using a PCR-based replicon
typing scheme (PBRT) (23, 54, 174). Plasmids that possess the same “Inc” group or share
the same origin of replication (replicon) are incompatible (367). Table 7 shows the main
plasmid Inc groups and their associated resistance mechanisms. An added complexity of
the CTX-M containing plasmids is their ability to possess multi-replicons which can
affect the plasmid’s transferability and hence, compatibility properties (54, 278).

L. 2. b. Insertion sequences and transposons
In contrast to plasmids, other elements of horizontal transfer such as insertion
sequences (ISs) and transposons do not possess means of replication and are commonly
found on plasmids (365). ISs and transposons are both mobilizable units but there is a
distinct difference between the two elements. Transposons not only mobilize themselves
but also other genes such as antibiotic resistance genes. IS elements are small segments
of DNA (< 2.5 kb) that do not encode any other functions besides their mobility. To
facilitate movement, IS elements consist of a transposase gene that is flanked by inverted
repeat sequences. The DNA binding activity of the transposase is located at the Nterminal end and the catalytic domain is generally located toward the C-terminal end.
Following insertion into the target DNA, most IS elements create short direct repeats (214 bp) of the target DNA surrounding the mobile element. Often times, ISs can carry
their own promoters which can drive the expression of neighboring genes. Excision and
integration of ISs can also be detrimental to a cell if the IS element inserts into a gene and
disrupts its function causing aberrant or no protein production. In addition, adjacent genes
can be mobilized upon movement of the IS element (227).
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blaCTX-M-2-3-9-14,blaSHV-12, blaIMP-4,blaVIM1, armA, qnrA1,qnrS1
blaKPC-2, blaCTX-M-1-3-15-32-40, blaVIM-1,
qnrA3, qnrB2, qnrB19, qnrS1, armA

24,

53.5

E. aerogenes, E. cloacae, E.
coli, K. pneumoniae, S.
enterica, S. marcescens,S. sonnei

aac(6′)-Ib-cr, blaCMY-2, blaCTX-M-1-2-3-9-1415-24-27, blaDHA-1, blaSHV-2-5-12, blaTEM-1,
armA, rmtB, qepA, qepA2, qnrA1,
qnrB2, qnrB4, qnrB6, qnrB19, qnrS1

HFECa
(%)

Species

Resistance genes

10.9

3.3

17.4

0.0

0.0

67.0

AFECa
(%)

a; Occurrence of replicon types among 101 E. coli strains isolated from the feces of healthy, antibiotic-free humans (HFEC) and among 92 avian fecal E.
coli strains (AFEC), detected by PBRT
Taken from Caratolli 2009 (54).

Number of
plasmids

Replicon

Table 7. Major plasmid families and associated resistance genes in drug-resistant Enterobacteriaceae isolated worldwide from human
and animal sources.
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There are two mechanism in which an IS element can mobilze adjacent genes.
One mechanism is through the creation of a composite transposon that consists of a gene
flanked by ISs on both the 5′ and 3′ ends (359). The other mechanism is known as a oneended transposition or unit transposon that only requires one IS element in the correct
orientation to facilitate movement of the gene of interest (3, 287). This occurs due to the
misreading of one of its cognate ends following an initial transposition event which
causes the movement of the IS element and adjacent gene (359). The most prominent
example of one-ended transposition is the mobilization of blaCTX-M-15 by ISEcp1. In
addition to composite and unit transposons, a non-composite transposon can also exist
which does not incorporate flanking IS elements. They consist of inverted repeat domains
along with a transposase gene and an antibiotic resistance gene (359). A common
example of a non-composite transposon is Tn4401, a novel Tn3 based transposon
associated with blaKPC (44, 248).
M. Discovery of plasmid-mediated β-lactamases and the extended-spectrum βlactamases
Many enteric and non-fermentative Gram-negative isolates produce a
chromosomal β-lactamase, yet it is the transmissible β-lactamase genes that have a
significant clinical impact (272). The first plasmid-mediated β-lactamase was discovered
in Greece in the 1960s and designated TEM, after the patient from which it was isolated
(Temoniera) (35, 89, 303, 383). Shortly after, TEM-2 was identified that differed by one
amino acid causing a change in the isoelectric point of the enzyme. TEM-1 and TEM-2
hydrolyze the penicillins and narrow spectrum cephalosporins; however organisms
producing these enzymes are susceptible to broad spectrum cephalosporins that exhibit an
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oxyimino side chain (102). In addition to TEM β-lactamases, SHVs are another class of
original plasmid-mediated β-lactamases. The SHV (sulphydryl variable) enzymes are
named after the thiol variable active site and are commonly associated with K.
pneumoniae (272). The progenitor the the SHV enzymes, SHV-1, was first described in
K. pneumoniae and conferred resistance to the broad spectrum penicillins (35, 61, 303).
The oxyimino-cephalosporins were introduced in the clinic in the early 1980s in
hopes of targeting infections caused by Gram-negative bacilli that were resistant to the
current β-lactams and produced class A, C, and D β-lactamases. These β-lactams include
ceftazidime, cefotaxime, ceftriaxone, and cefepime. This class of β-lactams was once
considered the “workhorse” of many hospitals and clinics because of their use in treating
urinary tract, respiratory tract, and intra-abdominal infections (203, 292). Unfortunately
and unsurprisingly, this tremendous usage was the selective pressure for resistance. The
misuse, overuse, and abuse of the oxyimino-cephalosporins resulted in resistant
populations and the appearance of extended-spectrum β-lactamases (ESBLs) belonging to
class A and D (383). ESBL production by members of Enterobacteriaceae arose from
two major strategies (1) selection of TEM/SHV β-lactamase mutants and (2) capture and
movement of β-lactamase genes from the environmental metagenome (102, 151, 200).
The first plasmid-mediated β-lactamase that could hydrolyze broad spectrum
antibiotics was discovered in Germany in 1983 (272, 285, 332, 383). These enzymes
were similar to the original TEM and SHV plasmid-mediated β-lactamases but possessed
amino acid substitutions around the active site that enhanced their hydrolytic profiles to
include the broad spectrum cephalosporins (67, 142, 247, 254, 272). These enzymes were
named extended-spectrum β-lactamases (ESBLs) by Philippon et al in 1989 (51). The
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cefotaximases or CTX-Ms also arose from the widespread use of broad spectrum
cephalosporins. In contrast to TEM and SHV ESBLs that resulted from mutation of the
original parent enzymes, the CTX-Ms appeared as a new family of ESBLs due to plasmid
acquisition of chromosomal genes from a group of commensal, non-pathogenic bacteria
known as the Kluyvera species (19, 35, 67, 84, 85, 151, 215, 247, 386). Within the past
decade, there has been a massive shift from TEM and SHV variants to worldwide
dominance of CTX-M ESBLs (44, 151, 280, 350, 368, 383).
The majority of ESBLs belong to Ambler class A (142). Class A ESBLs
hydrolyze penicillins, oxyimino-cephalosporins, and aztreonam (283). However, these
organisms typically remain susceptible to β-lactamase inhibitors including clavulanate,
sulbactam, and tazobactam (119, 120, 272). Additionally, the ESBLs are not active
against the cephamycins (cefoxitin, cefotetan) or the carbapenems (383). Even though the
cephamycins are stable to hydrolysis by ESBL-producing bacteria, some isolates can
decrease the expression of outer membrane proteins causing resistance to develop during
therapy. Therefore, the cephamycins are not typically used for the treatment of ESBLproducing infections. ESBL enzymes accompanied by a decrease in outer membrane
permeability can cause reduced susceptibility or resistance to the carbapenems, even
though this drug class is the most reliable treatment for serious ESBL-producing
infections (102, 272, 383). For example, ertapenem resistance developed due to the
production of CTX-M-15 accompanied by the loss of porin OmpK36 in a K. pneumoniae
isolate (199, 263, 343). The SMART or Study for Monitoring Antimicrobial Resistance
Trends examined the susceptibilities of more than 2,000 Gram-negative bacilli isolated
from patients with UTIs from 24 US hospitals from 2009-2011. Ertapenem, imipenem,
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and amikacin were the most active agents against ESBL-producing organisms evaluated
in this study (33).

M. 1. Treatment challenges associated with ESBL-producing infections
Infections causes by ESBL-producing organisms can be challenging to treat
because these strains can possess multiple resistance determinants that can confer
resistance to multiple drug classes (27, 108, 120, 148, 374). Multi-drug resistance
significantly impacts empiric therapy regimens. Infections caused by organisms
producing ESBLs are often associated with delays in instituting appropriate antibiotic
therapy (60, 297). Delayed therapy or inappropriate empiric therapy is especially
significant for patients with serious and life-threatening infections such as sepsis (191,
281, 311, 383). A study by Schwaber et al reported a 30% mortality rate in patients with
bacteremia caused by ESBL-producing strains of E. coli, Klebsiella pneumoniae, and
Proteus spp. This is in contrast to a 16% mortality rate for bacteremia caused by nonESBL-producing strains (332). The average cost of care for treatment of an ESBLproducing infection reported by Schwaber was approximately $10,000. This cost nearly
doubled when treating patients with ESBL-producing bacteremia. In another study, Kang
et al showed that initial antibiotic therapy used to treat spontaneous peritonitis due to
ESBL-producing organisms was associated with a 73% failure rate as compared to a 16%
failure rate for peritonitis caused by ESBL-negative strains. Kang et al reported a 30 day
mortality rate to be higher in patients with ESBL-positive organisms (60%) in
comparison to those with ESBL-negative Enterobacteriaceae strains (23%) (181).
ESBLs are β-lactamases that have a high clinical impact (272, 285, 333, 362,
363). Organisms producing ESBLs are worrisome because of their broad spectrum of
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hydrolysis, their potential to acquire mutations, and their ability to rapidly disseminate in
the hospital, long term care facilities, and in nursing homes (98, 120, 207, 362). ESBLproducing organisms have spread worldwide through contaminated water supplies,
wildlife, livestock, household pets, and international travel (Figure 27) (100, 103, 142).
Reliable identification of ESBL-producing organisms in clinical laboratories can be
challenging and therefore, laboratories vary in the success of detecting these organisms
(102, 283). Many clinical laboratories are still unaware of the importance of screening for
ESBL-producing organisms from community sources along with the best methods for
detection (272, 284, 285). Often times organisms can simultaneously produce an ESBL

Figure 27. Global dissemination and distribution of extended-spectrum β-lactamaseproducing Enterobacteriaceae. Multiple environmental, animal, and human sources
contribute to the spread of ESBL-producing organisms. Taken from Woerther et al 2013
(384).
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and an AmpC enzyme that can give a positive screening result but negative confirmatory
result (303, 333, 353). The presence of these enzymes can phenotypically mask the
detection of one another (382). Taken together, infections with ESBL-producing bacteria
are associated with increased mortality, morbidity, and healthcare-related costs (33, 60,
79, 165, 278, 311, 332, 382). Up until 2010, the CLSI recommended screening E. coli,
Klebsiella pneumoniae, Klebsiella oxytoca, and Proteus mirabilis isolates using disk
diffusion followed by a confirmatory test using the β-lactamase inhibitor, clavulanic acid.
(25, 120, 284, 285). The CLSI lowered the susceptibility breakpoints for some
cephalosporins and aztreonam for Enterobacteriaceae and recommended the elimination
of screening for ESBLs using confirmatory tests (156, 381). These lower breakpoints do
not detect all ESBL-producing isolates as different ESBLs have different hydrolytic
properties towards the cephalosporins and aztreonam (374, 381).
M. 2. The CTX-M β-lactamases
The CTX-Ms are the most common ESBL group worldwide (51, 52, 93, 108, 120,
218, 237, 372). The epidemiology of organisms producing CTX-M enzymes varies
significantly from those that produce TEM and SHV derived ESBLs. In the 1980s and
1990s, clinical infections caused by TEM- and SHV-producing organisms were
associated with nosocomial outbreaks. During this time period, ESBLs were produced
mostly by Klebsiella spp and E. coli (282). CTX-M harboring organisms are not limited
to nosocomial infections but are found in the community which created a huge public
health concern at the time of their discovery (108, 282, 373). This finding provided
evidence that people with no prior hospitalization can acquire CTX-M-producing
organisms. In contrast to the original TEM and SHV ESBLs, organisms producing CTX-
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M β-lactamsases were mostly associated with E. coli at the time this mechanism was
detected (67, 384). CTX-M-producing E. coli most commonly cause urinary tract
infections that can progess to bloodstream infections which can have a mortality rate as
high as 60.8% (293, 384). The CTX-Ms are considered a paradigm in the evolution of a
resistance mechanism (151). CTX-M-producing bacteria are most likely to have
originated in the community setting and are imported into the hospital environment (278).
Community-acquired CTX-M-producing infections are no longer considered atypical
(151, 181).
M. 2. a. Chronology of CTX-M emergence
The CTX-M group of ESBLs was named because of their potent cefotaximase
activity (93, 119, 142, 272, 360). In 1986 Matsumoto et al had discovered a non-TEM,
non-SHV ESBL in Japan. The enzyme was named FEC-1 due to its isolation from a
cefotaxime resistant E. coli strain that came from the fecal flora of a laboratory dog that
was used in pharmacokinetic studies. Three years later in Munich, Germany, the first
clinical cefotaxime resistant E. coli strain was isolated from a four month old child
suffering from otitis media. It was this enzyme that was regarded as the first CTX-M and
therefore designated CTX-M-1 (30, 183). The chronology of the emergence of the major
CTX-M lineages is displayed in Table 8. Throughout the 1990s, there were occasional
nosocomial outbreaks in Enterobacteriaceae producing CTX-M-2 in South America,
Japan, and Europe. The first report of CTX-M type ESBLs in the United States occurred
in 2003 (238). However, the prominence of CTX-M-producing organisms in the US was
underestimated until a Texas study showed the high prevalence of clinical CTX-M E. coli
that were recovered from isolates in 2000-2005 (180, 207, 372). A surveillance study by
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Table 8. Dates of discovery of the major CTX-M β-lactamase lineages.

Taken from Canton et al 2012 (52).
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Hanson et al showed that community based patients can serve as reservoirs for ESBLproducing organisms that can cause infections in the hospital setting (148). Prior to 2003,
TEM and SHV types were the dominant ESBLs in the United States and the report of
CTX-M-producing strains was rare. The CTX-Ms have displaced and outnumbered the
TEM and SHV variant ESBLs in Enterobacteriaceae and have globally diffused at an
alarming rate (51, 52, 93, 398).
M. 2. b. Functional properties of CTX-M β-lactamases and contribution to βlactam resistance
The CTX-M enzymes represent a distinct lineage of molecular class A serine βlactamases (93). A unique functional property of the CTX-M family of ESBLs is their
striking substrate preference for cefotaxime over ceftazidime; hence the name
cefotaximases or CTX-Ms (135). However, due to key amino acid substitutions, some
CTX-Ms can hydrolyze ceftazidime as well. The CTX-Ms possess a small active site but
notably, they hydrolyze the bulky extended-spectrum cephalosporins in the binding site
(94, 319). The cefotaximase activity of these enzymes is dependent upon many structural
features and electrostatic interactions. The binding site is a flexible catalytic pocket that
contains a conserved arginine at position 276 that functions as an electrostatic projection
to bring cefotaxime into the binding site and facilitate its hydrolysis (63, 64). Furthemore,
point mutations around the active site of certain groups (1 and 9) of CTX-Ms have
significantly enhanced their ability to hydrolyze ceftazidime. The specific amino acid
substitutions that enhance the recognition of ceftazidime include D240G and P167S/T
(30, 93, 135). The substitution at position 240 increases the β-3 strand mobility, allowing
ceftazidime to fit better into the binding pocket. P167S/T is a substitution located in the
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Ω loop that impacts the mode of interaction of the β-lactam with the enzyme’s binding
site. These individual amino acid changes can increase the ceftazidime MIC above the
breakpoint for resistance (Figure 28) (272). However, this increase in ceftazidimase
activity could cause a decrease in cefotaximase activity. Furthermore, possessing both
D240G and P167S/T in the same enzyme produces an antagonistic effect and is
detrimental to the enzyme’s activity (319).

Figure 28. Modulation of the substrate spectrum of CTX-M enzymes by point mutations.
The β-lactam binding site is positioned in a cleft between the α-helical domain (left side)
and a mixed α/β-domain (right side). Positions 167 and 240 indicate locations where key
amino acid substitutions occur that enhance the activity against ceftazidime. Amino acid
167 is located in the Ω loop and amino acid 240 is located at the terminal part of the B3 βstrand. Pro167-Ser substitution is predicted to affect other β-lactam’s interaction with the
binding site, resulting in better recognition of the ceftazidime substrate. Asp240-Gly
substitution improves the flexibility of the B3 β-strand, thus allowing the bulky ceftazidime
substrate to reach the active site. The active site serine residue, represented by a blue square
is positioned at the end of the H2 α-helix. Taken from Rossolini et al 2008 (319).

95

M. 2. c. Capture and spread of the CTX-M β-lactamase genes
The CTX-M enzymes are derived from a group of environmental, non-pathogenic
bacteria known as the Kluyvera species that possess chromosomal CTX-M β-lactamase
genes (19, 118). Kluyvera spp are susceptible to cefotaxime. However, when the
Kluyvera cefotaximase genes were cloned into E. coli, there was an increase in resistance
to cefotaxime suggesting that a genetic platform was necessary for CTX-M expression
(398). The genetic environments surrounding the specific CTX-M genes have high
homology with those surrounding the Kluyvera β-lactamase genes (162). For example,
the 42 bp upstream region of blaCTX-M-14 is identical to the corresponding region of blakluY
genes in K. georgiana (52). Nonetheless, these chromosomal genes have made their way
onto mobile genetic elements such as insertion sequences, transposons, plasmids, and
integrons. However the genetic mechanism(s) that is responsible for the mobilization of
blaCTX-Ms is unknown (19, 30, 85). The chromosome of Kluyvera spp could have unique
elements that promote mobilization events. Changes in the environment or exposure to
antimicrobial agents could have facilitated the movement of chromosomal CTX-Ms from
Kluyvera spp onto mobile elements (19). Because the CTX-Ms originated from Kluyvera,
this complicated how we evaluated our mRNA expression analyses. We did not want to
use a different species as our comparator strain since all isolates evaluated in this study
were E. coli. Differences within the genetic makeups of Kluyvera and E. coli could
impact expression levels. Ideally, a comparator strain would include the CTX-M-14 or
CTX-M-15 β-lactamase gene and native promoter in a wild type E. coli genetic
background. However, this type of strain does not exist naturally.
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Commonly found upstream of the chromosomal blaCTX-M genes in Kluyvera spp is
a gene encoding asparatate aminotransferase that has been replaced by ISEcp1 or ISCR1
in plasmid-encoded CTX-Ms (162, 250). The most common genetic platform
surrounding the CTX-M genes are insertion sequences (IS) but the upstream environment
does have considerable variability (Figure 29). The most common insertion sequence
associated with the CTX-M enzymes is ISEcp1 (19, 118, 130, 198, 221, 252). ISEcp1
consists of an orf encoding a transposase of 420 amino acids and two imperfect inverted
repeats. Select studies in this dissertation sequenced the upstream region surrounding the
CTX-M-14 and CTX-M-15 genes and analysis showed that ISEcp1 was located
upstream. ISCR1 is commonly associated with the CTX-M-2 and CTX-M-9 groups (see
below) and uses the rolling-circle mechanism of transposition (19, 30, 51, 52, 358).
ISCR1 differs from other ISs in that terminal inverted repeats are not required to

Figure 29. Representation of the genetic environments surrounding blaCTX-Ms. Genetic
characterization suggests that different mobilization events occurred between CTX-M
groups. Taken from Canton et al 2012 (52).
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transpose DNA. In addition to ISEcp1 and ISCR1, ISSen2, IS1, IS5, IS10, IS26, IS50A,
IS903-like, IS1294, IS1326, IS3000, IS4321, and IS6100 have been found upstream of
blaCTX-M genes (84, 85, 252, 325, 398).
The insertion sequences associated with the CTX-M genes are often carried on
large conjugative plasmids that contain additional resistance genes. Molecular
characterization of one plasmid specifically carrying a CTX-M-15 β-lactamase gene
(pEK499) was also shown to harbor nine additional resistance genes that conferred
resistance to seven different antibiotic classes including the β-lactams (blaOXA-1, blaTEM1),

tetracycline (tetA), aminoglycosides (aac(6′)-Ib-cr, and aadA5), macrolides (mph(A)),

chloramphenicol (catB4), trimethoprim (dfrA7) and sulfonamide (sul1) (286, 313, 385).
The plasmids harboring CTX-M β-lactamases can belong to both narrow (IncFII, IncHI2,
and IncI) and broad host range types (IncN, IncP, IncQ IncL/M, and IncA/C) (51, 52, 67,
78, 85, 155, 373). In fact, the mobilization of CTX-M genes have been so effective that
these genes are associated with nearly all plasmid incompatibility groups circulating
among members of the Enterobacteriaceae family. blaCTX-M-15 is most often encoded by
IncF plasmids (FIA, FIB, and FII) that can undergo multiple rearrangements ( 23, 78,
103, 215, 221, 237). More specifically, blaCTX-M-15 according to Marcade et al, has been
carried by multi-replicons including FIA-FIB, FIA-FIB-FII, and FIB-FII (108, 229, 250).
The variability in replicon contents of these CTX-M harboring plasmids could be due to
recombination events between IncFII plasmids with different variations in copA (copy
number control gene, antisense RNA that regulates plasmid replication). IncF, IncK, and
Inc1groups are the most prevalent plasmid types transmitting blaCTX-M-14 (85, 99, 252,
319, 398). Even though most CTX-M genes are harbored on plasmids, chromosomal
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insertion of blaCTX-M genes has been confirmed primarily in Proteus mirabilis (149).
There have also been select reports of blaCTX-M-15 insertion into the chromosome of E.
coli, K. pneumoniae, and Salmonella enterica (118, 149, 154, 398).
These acquired CTX-M type β-lactamases are widespread among
Enterobacteriaceae members of which E. coli and K. pneumoniae are the prominent
hosts. The CTX-M enzymes have also been reported in other species including
Salmonella enterica, Shigella spp, Klebsiella oxytoca, Enterobacter spp, Pantoea
agglomerans, Citrobacter spp, Serratia marcescens, Proteus mirabilis, Morganella
morganii, and Providencia spp (373, 398). There have been occasional and sporadic
reports of CTX-M ESBLs being harbored by non-enterobacterial species such as
Pseudomonas aeruginosa, Acinetobacter spp, Vibrio spp, Aeromonas spp, and
Stenotrophomonas maltophilia (85). The CTX-Ms have been detected in at least 26
bacterial species to date (398).
M. 2. d. Classification and epidemiology of CTX-M β-lactamases
Currently, 140 CTX-M β-lactamase variants have been identified and presented in
the Lahey clinic database (www.lahey.org/studies/webt.stm) (as of June 2013) (152). The
CTX-M type β-lactamases are a heterogeneous group of enzymes that are divided into
five different clusters based on differences in their amino acid sequences which can be
attributed to their different progenitor species (384, 386). These clusters include CTX-M1, CTX-M-2, CTX-M-8, CTX-M-9, and CTX-M-25 (Figure 30) (60, 78, 84, 85, 97, 198,
200, 280, 287, 295, 372). Each CTX-M cluster has been related to the chromosomal
blaCTX-M in different Kluyvera species (52, 67). blakluC from K. cryocrescens is the orgin
of the CTX-M-1 cluster, blakluA from K. ascorbata is the origin for the CTX-M-2 cluster,
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Figure 30. Dendrogram of the CTX-M family of ESBLs based on amino acid alignment
highlighting the five main lineages and member alleles. The numbers at the major branch
points refer to the number of times that a particular node was found in 1,000 bootstrap
replications. a; designated UOE-1 and CTX-M-11 in GenBank b; designated MEN-1 in
GenBank c; designated in CTX-M-18, UOE-2, and TOHO-3 in GenBank d; encoded by
the blaKLUA-1, blaKLUA-3, blaKLUA-4, and blaKLUA-12 genes e; designated KLUA-2. * TOHO-2
(CTX-M-45) was categorized in group 9 not group 2 because of its hybrid structure. Taken
from Bonnet 2004 (30).
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and three different genes from K. georgiana including blakluG, blakluY, and blaCTX-M-78 are
the ancestors for clusters 8, 9, and 25 respectively. The majority of the CTX-M groups
are associated with distinct genetic distances that separate the insertion sequence element
(most commonly ISEcp1) from blaCTX-M (225, 289, 350). The spacer region for group 1
ranges from 48-127 bp; 34-42 bp for group 9 but can reach 300 bp if ISCR1 is upstream,
and 40-52 bp for groups 25 and 8 (101). Typically, blaCTX-M genes that belong to the
same group share the same upstream spacer region which signifies the same Kluyvera
origin. Identical upstream spacers among members of the same group also suggest a
single transposition event from Kluyvera (198). Groups 8, 9, and 25 were derived from K.
georgiana but lacked homology among their upstream spacer regions suggesting that
another organism or a non-identified Kluyvera spp could have created these clusters
(Figure 31) (52, 289). Multiple transposition events could also be responsible for these

Figure 31. Alignment of the upstream regions in different blaCTX-M gene clusters. Taken
from Canton et al 2012 (52).
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different spacer regions (52).
The majority of CTX-M variants are found within groups 1 and 9 (152). Members
within each group are more than 94% identical where members from different groups are
less than 90% similar (152, 284). Most CTX-M enzymes consist of 291 amino acids with
the exception of CTX-M-11 (282), CTX-M-107 and -108 (288), CTX-M-45 and -109
(289), CTX-M-40, -63, and -106 (290), and CTX-M-110 (292). There are four alleles that
exhibit a hybrid or chimeric structure including CTX-M-45 (formerly TOHO-2), CTXM-64, CTX-M-123, and CTX-M-132. CTX-M-45 is a hybrid of CTX-M-14 and a gene
of unknown origin. The latter three enzymes are hybrids of CTX-M-15 with segments of
CTX-M-14 (85, 152, 249). For example, amino acids 1-135 and 234-291 of CTX-M-123
match CTX-M-15 and the middle amino acids of 122-241 match CTX-M-14 (152).
Although the identification of two CTX-M genes within one isolate is considered to be a
rare event, these hybrid genes suggest otherwise (242). Prior to the detection of the
hybrid CTX-Ms, the evolution and diversity of the CTX-M β-lactamases was associated
with the acquisition of amino acid substitutions. The presence of these chimeric βlactamases could imply homologous recombination events between members of different
CTX-M groups. Additionally, it is possible that different transposition events from the
chromosomal β-lactamase genes of the Kluyvera spp could be occurring to create these
hybrid genes. To date, CTX-M-64, CTX-M-123, and CTX-M-132 have only been
detected in China and all strains harboring these enzymes were associated with animals
or animal feed (151, 249, 350). It is likely that these recombinant CTX-M enzymes could
emerge in other species in the future.
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CTX-M-15 and CTX-M-14 are the most prevalent CTX-M alleles detected
worldwide (46, 99, 169, 381). CTX-M-15 is recognized as the most widely distributed
CTX-M enzyme and belongs to the CTX-M-1 group (Figure 32) (27, 51, 78, 97, 98, 273,
384). India represents a reservoir for CTX-M-15-producing isolates as it is the only
genotype reported from this country (150, 151). Interestingly, CTX-M-15 was first
discovered in an E. coli isolate from India in 2001 (67, 78, 150, 164, 183, 313). This
enzyme differs from CTX-M-3 by one amino acid substitution at position 240
(Asp→Gly) (98, 288). Not only does CTX-M-15 hydrolyze cefotaxime but the Asp240
→Gly substitution in the Ω loop of the enzyme expanded the hydrolytic spectrum to
include ceftazidime (198, 386). Clonal outbreaks of CTX-M-15-producing E. coli have
been reported in France, Italy, Spain, Portugal, Austria, Norway, the United Kingdom,
Tunsia, South Korea, and Canada (78, 237). CTX-M-14 is the second most common
CTX-M allele worldwide and belongs to the CTX-M-9 cluster (80, 99). The CTX-M-14
enzyme does not exhibit the Asp240→Gly substitution and cannot hydrolyze
ceftazidime. Other CTX-M alleles dominate in different geographical locations (Figure
33) (51, 151, 372, 381).
M. 2. e. Clinical impact of CTX-M β-lactamases and emergence of ST131
clone
E. coli producing CTX-Ms are community, healthcare associated, and hospitalacquired pathogens. Gut colonization of CTX-M-producing enterobacteria is a major
epidemiological feature in the success of these strains (98, 101, 120, 218, 220). The
majority of infections due to CTX-M-producing bacteria are normally preceded by gut
colonization. Therefore carriers of these bacteria represent not only the source for

Figure 32. Global distribution of CTX-M-15-producing organisms along with other dominant alleles in other geographical
locations. Taken from Hawley and Jones 2009 (151).
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hospital-acquired infections but also the source for dissemination throughout the
community (22). The community carriage rate of CTX-Ms has increased dramatically all
over the world (363). The highest carriage rate is in Southeast Asia with over 1.1 billion
people being CTX-M carriers in community populations. The US and Europe have
approximately 48 and 35 million CTX-M carriers, respectively (384).
The prevalence of CTX-M-producing infections is a global problem and has
resulted in the ‘CTX-M pandemic’ (51, 250, 286, 360). This pandemic has been
occurring since 2000 due to the rapid worldwide surge of urinary tract infections caused
by CTX-M-producing E. coli strains (384). Known risk factors for acquiring a CTX-Mproducing E. coli infection include previous antibiotic usage, prolonged ICU stays and
catheterization procedures, diabetes mellitus, residence in a nursing home, liver
pathology, and the elderly population (>65 years old) (297, 303). Management of these
infections is complicated by the increasing prevalence of antimicrobial resistance
specifically to the expanded-spectrum cephalosporins, fluoroquinolones,
aminoglycosides, and trimethoprim-sulfamethoxazole (23, 26, 51, 52, 67, 98, 169, 205,
273, 286). A recently emerged, disseminated lineage of virulent E. coli, designated
sequence type 131 (ST131) is highly associated with the CTX-M-15 β-lactamase (169,
171, 185, 250, 258, 265, 273, 360). In fact, ST131 is responsible for the spread of CTXM-15 in Canadian hospitals. Out of 153 CTX-M-15-producing E. coli isolates that were
evaluated in the Denisuik et al study, 102 isolates belonged to ST131 (95). Also
circulating in Canada is ST131 CTX-M-14-producing E. coli (100, 170, 273). In the
United States, ST131 E. coli have been reported to be the most significant cause of
antimicrobial resistant E. coli infections (67, 169, 185). Molecular epidemiological
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studies have shown that ST131 E. coli are widely distributed around the world which has
created another pandemic (Figure 33) (265, 313). ST131 produces a large
armamentarium of virulence and resistance genes that were originally found on a
relatively homogenous plasmid carried by all ST131 isolates (66). Later work revealed
that the clonal ST131 group exhibited diversity among its transferable elements including
fluoroquinolone resistance genes and ESBL genes, and the plasmid backbone that
possessed these elements (286, 313). This clone challenges the hypothesis that harboring
multiple antibiotic resistant determinants creates a fitness disadvantage resulting in
decreased pathogenesis (68, 360).
This uropathogenic strain of E. coli was identified in 2008 through MLST (104,
286, 313, 385). Two independent research groups analyzing the population genetics of
ESBL-harboring E. coli identified ST131 almost simultaneously. Based on their findings,
ST131 was present in multiple countries spanning three continents prior to its discovery

Figure 33. Evolution of pandemics caused by bacteria that produce β-lactamases, and
more specifically extended-spectrum β-lactamases. Taken from Pitout 2010 (278).
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as a molecular clone. This clone was present in both outpatients and inpatients which was
highly suggestive of worldwide spread. Even though ST131 was thought to be discovered
in 2008, an earlier ST131 isolate was identified in an isolate from a patient with urosepsis
collected in 1985 (169, 286). However, this ST131 strain was fluoroquinolone sensitive
and lacked virulence associated genes, characteristics that are prominent in current ST131
strains. Retrospective studies show that there are even earlier isolations of ST131 E. coli
dating back to 1967, 1982, and 1983 (171). From the SENTRY and Meropenem Yearly
Susceptibility Test Information Collection (MYSTIC, 2007), 17% of the clinical E. coli
isolates collected from hospitalized patients across the US belonged to the ST131 clone.
Overall, 67%-69% of those isolates were resistant to the extended-spectrum
cephalosporins and fluoroquinolones (56, 169).
Because of its broad resistance profile, ST131 E. coli infections have fueled the
increased usage of the carbapenems (169). A non-ST131 CTX-M-producing E. coli
infection can typically be treated with a β-lactam/β-lactamase inhibitor combination such
as piperacillin/tazobactam. CTX-M-producing ST131 exhibit resistance to the βlactam/β-lactamase inhibitor combinations in addition to several other antibiotics that are
typically frontline drugs for UTI therapy including the fluoroquinolones and
trimethoprim-sulfamethoxazole (100, 164, 169, 360). Furthermore, a recent study
conducted by the Univeristy of Pittsburgh Medical Center identified 7 KPC-producing
ST131 E. coli isolates. Surprisingly, none of the isolates produced CTX-M type ESBLs.
This was the first report of ST131 KPC-producing E. coli in the United States. With the
already extensive resistance profile of ST131 E. coli, this finding indicates that single
carbapenem therapy commonly used to treat ST131 CTX-M-producing infections is
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threatened. Additionally, these isolates show that ST131 can acquire new resistance
genes under selective pressure (185, 297). Overall, ST131 has acquired many genes
encoding for ESBLs (most commonly CTX-M-15), carbapenemases (VIM, IMP, KPC,
NDM), and cephamycinases (CMY-2) that are predicted to contribute to the success and
dominance of this clonal group (52, 258, 360).
ST131 is a homogenous group according to the DNA sequences of the seven
MLST loci. However some researchers claim that there is genetic variation within ST131
that complicates its recognition (68, 72, 170, 171). Pulsotypes have demonstrated less
than 65% similarity among ST131 isolates (385). According to traditional PFGE
definitions, these ST131 strains would be unrelated (66, 72, 258). A study conducted by
Clark et al showed the opposite finding. Through whole genome based phylogeny
reconstruction, ST131 strains were genetically monomorphic with no variation in
accessory genome content besides antimicrobial resistance genes and plasmid carriage.
These data suggested that ST131 E. coli do not have mobile genomes and are relatively
stable clones (68, 360). Another topic that is frequently debated in the literature is the
virulence potential of this uropathogenic clone. ST131 E. coli are associated with the
virulent phylotype B2, although not all ST131 isolates demonstrate this phylotype (169).
The virulence potential of ST131 E. coli have been evaluated in a mouse subcutaneous
sepsis model by various groups that yielded conflicting results. One study showed that all
four strains of ST131 that were inoculated in the mice resulted in 100% lethality (74).
Another study demonstrated that ST131 E. coli was not significantly associated with
virulence (172). Virulence studies using a Caenorhabditis elegans model and zebrafish
embryos found that ST131 E. coli containing a blaCTX-M-15 plasmid was less virulent than
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non-ST131 E. coli strains (205). As the data stands, ST131 E. coli exhibit a broad range
of virulence potential and as a clonal group are not more virulent than other
extraintestinal E. coli isolates. However, isolates within this clonal complex have genetic
and intrinsic virulence polymorphisms (170). Overall, CTX-M-15-producing ST131 E.
coli are not considered to be acutely virulent pathogens.
The ST131 clone is a significant extraintestinal pathogen that has spread rapidly
among humans, livestock, and companion animals (66, 258, 286, 368). A case report
published in the Journal of Clinical Microbiology in 2009 confirmed and illustrated the
transmissibility of the ST131 clone between a father and daughter. The father, a 68 year
old diabetic mellitus patient had an ESBL positive E. coli UTI resulting in hospitalization
and ertapenem treatment. Abdominal and pelvic computed tomography revealed severe
bilateral pyelonephritis with numerous small abscesses within both kidneys. The patient’s
42 year old diabetic daughter visited her father in the hospital and used his hospital toilet.
Ten days after the visit, the daughter presented with an ESBL positive E. coli UTI that
progressed to septic shock, bacteremia, and extensive emphysematous pyelonephritis.
Laboratory and epidemiologic evidence confirmed that the ESBL-producing E. coli was
the same strain that infected the father and daughter. Data suggested either direct host to
host transmission or acquisition of the strain from a common external source such as the
hospital toilet which could have been contaminated with the father’s UTI E. coli strain
(114). It is possible to spread microbes via the aerosolization and colonization of E. coli
via household and public toilets (133). This was not the first report of ST131
transmission among household members (168, 265, 363).
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Reports of ST131 infections have been documented in pediatric populations and
even more recently in newborns in neonatal intensive care units (60, 137, 387). The
CTX-M-15-producing ST131 infections among U.S. children (ages, two months to six
years) described in the study by Woods et al resembled CTX-M-15-producing ST131
infections among adults (387). These studies demonstrate that ST131 knows no
boundaries and there are no true, identifiable risk factors for a ST131 infection. The
spectrum of disease caused by ST131 E. coli is similar to the disease caused by other E.
coli (368). However, urinary tract infections dominate and can range in severity from
uncomplicated cystitis to pyelonephritis and life-threatening sepsis (250, 265, 313). There
is a higher propensity for ST131 E. coli infections to progress to urinary sepsis compared
to non-ST131 E. coli (265, 368). Why this clone of E. coli producing CTX-M-15 has
successfully emerged as a global pathogen remains unknown. There is a need for full
genetic characterization in order to identify accessory traits that could impact the
dissemination of ST131 or provide insights into its evolutionary success. Previous studies
have suggested that the ST131 clonal group have enhanced metabolic capabilities which
could aid in colonization and upstream events involved in pathogenesis and transmission
(172, 368). It has been hypothesized that the success of ST131 CTX-M-15 E. coli could
be attributed to an interplay and balance between the expression of virulence genes,
multi-drug resistance, and metabolic adaptability in the patient (205, 368).
MLST is the most reliable tool for the identification of the ST131 clone (68, 279,
313). However, most clinical laboratories do not have the capability to determine the
sequence type of clinical isolates nor is this method suitable for implementation into the
workflow of this environment. Faster methods for the detection of ST131 include
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repetitive-element PCR typing schemes, PCR for the pabB allele, PCR for ST131specific
single nucleotide polymorphisms in mdh and gyrB in combination with O25b rfb allele,
and triplex PCR for the detection of the operon afa FM955459 and parts of the CTX-M15 structural gene (97, 279, 313). Future rapid molecular tests for the detection of ST131
along with other MDR pathogens could aid in the selection of the most appropriate
empirical therapy and could improve the clinical outcome for patients (265). However,
the assays mentioned above are home-brewed protocols that have not been FDA
approved. Therefore, clinicians need to be aware of local resistance patterns and the
medical history of the patient to provide the most appropriate initial therapy especially in
those presenting with urosepsis, a cofactor of a ST131 infection (281, 313).
Regardless of the genetic background or clonal complex of CTX-M-14- and
CTX-M-15-producing organisms, these strains are a clinical problem due to their global
dominance, their propensity to rapidly spread in E. coli, and their multi-drug resistance
profile that can lead to challenging phenotypic detection. The ubiquity of the CTX-M
enzymes represents a signifcant threat to public health and available treatment options.
The CDC has prioritized the bacteria that cause MDR infections into one of three
categories including urgent, serious, and concerning. ESBL-producing
Enterobacteriaceae which includes CTX-M-producing E. coli are classified as an
“urgent” problem. Therefore, the work presented in this dissertation was warranted and
aimed to understand the molecular mechanism of CTX-M-mediated resistance.

N. Bacterial transcription
N. 1. RNA polymerase and sigma factors
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Many studies presented in this dissertation examine the mRNA expression of
specific genes of interest in E. coli bacterial cells. Therefore, a brief description of the
RNA polymerase (RNAP) and recognition of specific promoters in E. coli is necessary.
The process of bacterial transcription will be discussed followed by the use of
transcription factors, mRNA half-life, and other post-transcriptional modifications that
can occur in prokaryotes.
The bacterial RNAP is a multi-subunit DNA dependent enzyme that exists in two
forms. The core enzyme is not competent for promoter directed transcription. However,
this complex can participate in transcription elongation and termination. The subunit
composition of the core enzyme includes two copies of α, and one copy of each of the β,
β′, and ω subunits (76, 121, 157, 240, 267). This essential catalytic core has a molecular
mass of approximately 400 kDa and is conserved among all cellular organisms. The
active site of the enzyme is formed by the β and β′ subunits. In order for RNAP to initiate
transcription at a given promoter, the σ subunit (also referred to as sigma factor) is
required (Figure 35) (379). The core enzyme itself cannot distinguish between promoter
regions and other sequences of DNA (240). The core enzyme with the dissociable sigma
factor subunit forms the holoenzyme. Bacteria can contain several sigma factors that
allow for the recognition of different promoter regions and transcription of discrete sets
of genes (121, 157, 364). Organisms can encode a number of alternative sigma factors
ranging from zero in some obligate endosymbionts to over 65 in Streptomyces coelicolor.
Possessing multiple sigma factors allows cells to maintain basal level gene expression in
addition to rapidly adjusting transcription patterns in response to changing external
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Figure 34. E. coli RNA polymerase highlighting the holoenzyme’s subunits and
promoter recognition by the sigma subunit. Taken from Lodish et al 2000 (219).
signals and conditions (240, 388). The overall structure of the RNA polymerase
holoenzyme does vary depending upon the sigma factor used. Additionally, sigma factors
and free RNAP are limiting in the cell. Thus, there is intense competition among
promoters for the binding of these elements (219, 226). E. coli possesses seven known
sigma factors that can be divided into two main families; σ70 and σ54 (157, 267, 379, 397)
(Table 9). The amounts of different sigma factors depend on their rates of synthesis and
degradation, the interconversion of active to inactive forms by post-transcriptional
modifications, and the ability of an active sigma factor to bind to its cognate anti-sigma
factor (226).
The σ70 family is responsible for mediating transcription in the majority of
bacterial species. σ70 is the housekeeping sigma factor of E. coli and recognizes promoter
regions of most genes (121, 157, 166, 267, 364, 397). The housekeeping sigma consists
of four sequence regions that fold into four distinct structural domains (Figure 35) (240,
267). This sigma factor has the highest affinity for core RNAP in comparison to the six
other sigma factors of E. coli. σ70 is the product of rpoD. This family can be divided
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Table 9. The seven known E. coli sigma factors and their respective promoter sequences
Gene

Sigma

Use

-35 sequence

Spacer

-10 sequence

rpoD

σ

70

housekeeping

TTGACA

16-18 bp

TATAAT

rpoH

σ

32

heat shock

CCCTTGAA

13-15 bp

CCCCGATNT

rpoE

σ

E

heat shock

Not known

Not known

Not known

fecI

σFecI

ferric citrate
transporter

GAAAAT

13-15 bp

TGTCCT

filA

σF (σ28)

CTAAA

15 bp

GCCGATAA

rpoS

σS (σ38)

TTGACA

16-18 bp

TATAAT

rpoN

σ54

CTGGNA

6 bp

TTGCA

flagella,
motility,
chemotaxis
general stress
and stationary
phase
nitrogen
assimilation

N = any nucleotide
Assembled from sources Enz et al 2003 (115), Lodish et al 2000 (219), and Zhao et al 2010 (397).

Figure 35. Structural characteristics of the σ70 family. The protein sequence has been
divided into four regions based on sequence conservation with other σ70 family
members. The solid box (domain 3.2) represents the most conserved region of the sigma
factor. Adapted from Mooney et al 2005 (240).

further into four groups based on gene characteristics and structure. Group 1 members
include primary factors that are essential for general transcription in exponentially
growing cells. Members of group 2 are closely related to group 1 but are not required for
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bacterial growth and development. Group 2 contains σS which transcribes stationary
phase genes and possesses identical -10 and -35 promoter elements as σ70. σS is the
master regulator for gene transcription in stationary phase. Group 3 and 4 consist of
alternative sigma factors that activate regulons involved in diverse functions. The
appropriate signal must be stimulated for these accessory sigma factors to function which
are divided further into three main classes including stress responses, morphological
development, and ancillary metabolism. Group 4 σ70 factors are a specific subclass that
uses external environmental signals for the regulation of gene transcription. These sigma
factors have diverged significantly from σ70 and are known as the ECF (extracytoplasmic
function) family. These are small regulatory proteins that often involve an inner
membrane bound anti-sigma factor that identifies extracytoplasmic inducing sensors or
cues (267). When there is no extracytoplasmic signal, the ECF sigma factor remains
bound to its cognate anti-sigma factor. Anti-sigmas are proteins that reversibly bind to a
sigma factor and prevent its participation with the core RNAP. The ECF sigma remains
inactivated by either sequestration due to the anti-sigma or through proteolysis. When the
proper activating signal is sensed, the anti-sigma factor is inactivated which releases the
ECF sigma into the cytoplasm so that it can associate with the RNAP (299). The ECF
family has distinct characteristics that differentiate them from all other sigma factors.
ECF factors possess different structural properties because of a unique region 2 that
includes the RNAP binding and the -10 recognition sequence. This family of sigma
factors also differs from the σ70 subfamily due to its recognition helix of the helix-turnhelix motif associated with the -35 binding element. In addition to ECF sigmas, group 4
contains σ32, σE, and FecI (115, 299).
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σ32 or the heat shock sigma factor transcribes genes whose gene products are
involved in protein refolding and stabilization. When the temperature increases, proteins
can become unfolded or denatured. This serves as a signal for the transcription of rpoH
whose product is σ32 and the stimulation of the heat shock response. σE and FecI responds
to misfolded proteins in the cell envelop or iron starvation, respectively (115).
The other main family of sigma factors in E. coli is σ54. This is a group of
alternative sigma factors that direct cellular assimilation of glutamate and ammonia
during nitrogen limitation. This class is unrelated to σ70 because of unique promoter
architecture and differences in promoter element sequences. The characteristics that make
σ54 its own family in comparison to σ70 include; 1) the use of enhancer binding proteins
such as NtrB and NtrC for σ54-RNAP holoenzyme activation 2) the ability to bind
promoter DNA without the core RNAP and 3) conserved promoter elements located at
positions -24 and -12 relative to the transcriptional start site. Although σ54 factors
associate with the same core RNAP, the mechanism of transcription regulation is
different compared to σ70. σ54 driven transcription requires the binding of enhancer
proteins to specific sequences upstream from the gene they regulate. The binding proteins
oligomerize and modify the σ54-RNAP promoter complex into a transcription competent
state through ATP hydrolysis. Therefore, instead of maintaining a pool of σ54 factors, the
genes regulated by σ54-RNAP are controlled by cellular stimuli that affect the assembly
and availability of the enhancer proteins (Figure 36) (157, 352, 397).
The σ subunit of the holoenzyme has three functions during transcription 1) to
guide the RNAP to the appropriate promoter region 2) to position the RNAP holoenzyme
at the specific promoter and 3) to initiate the unwinding or melting of duplex DNA near
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Figure 36. Structural features and regulatory regions of the σ54 family. Various regions are
indicated by color: yellow, interaction with enhancer binding proteins; blue, core binding
domain; orange, interaction with DNA in the -12 region of the promoter (for which
precise domain boundries have not been identified); red, sequence specific recognition of
the -24 promoter region. Adapted from Hong et al 2009 (157).

the transcriptional start site (364).
N. 2. Process of transcription
Transcription is a process that converts DNA into RNA including mRNA, tRNA,
rRNA, and small RNA. Bacterial transcription occurs in five stages; pre-initiation,
initiation, promoter clearance, elongation, and termination (364). The crucial step of
initiation is recognition of the promoter by the RNAP (388). Promoter elements are
usually five to six base pairs (bp) in length which functions in guiding the RNAP to the
promoter region to begin transcription. There are four conserved elements to a bacterial
promoter including the start site for transcription (+1), the -35 binding sequence, the -10
binding sequence, and the distance between these two regions. The numbers indicate the
position of the sequence with respect to the transcriptional start site (+1). Additional
promoter elements can include an extended -10 element and an UP element (364).
In >90% of bacterial promoters, the transcriptional start site is a purine and more
specifically an adenine phosphate (317). The -10 element is positioned approximately
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five to nine base pairs upstream from the transcriptional start site (122). The -35 element
is located 15-19 bp upstream of the -10 region. The most optimal space between these
regions is 17 bp. The distance between the -35 and -10 sites is crucial for the geometry of
the RNAP and for proficient binding ability (166). The extended -10 element is located
immediately upstream of the -10 region and has the consensus sequence of TRTG (where
“R” is A or G). The UP element can be positioned up to 80 bp upstream of the -35
element and is particularly A-T rich. The influence that the extended -10 and UP
elements have on the ability of RNAP to bind varies significantly among promoters.
Various studies have aligned the -10 and -35 DNA sequences of these promoter regions
to determine the consensus sequences. Promoters are considered to be intrinsically
“strong” if the promoter elements contain these consensus residues; although exceptions
to this rule have been described (219). The -10 region recognized by σ70 in E. coli has the
consensus sequence of TATAAT (122). The -35 element in σ70-driven promoters has the
consensus sequence of TTGACA (166).
During pre-initiation, the RNAP associates with the -10 and -35 promoter
elements and creates a closed binary complex. The transcription bubble is formed
through an isomerization process and covers the -10 to +2 region of DNA (310). Sigma
factors associate with the RNAP and allow recognition of the -10 and -35 promoter
elements. This complex begins to open up and the double stranded DNA unwinds (121).
The -10 sequence serves as the unwinding domain and is specifically A-T rich. A lower
amount of energy is needed to melt A-T regions compared to G-C base pairs. Thus, a
minimum amount of energy is used for strand separation and therefore the conversion
from a closed to open promoter complex (Figure 37). The initiation stage of transcription
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occurs when the first complementary nucleotide is added. Transcription initiation is one
of the most important steps in the regulation of gene expression. When complementary
ribonucelotides are added, the binary open complex is converted to a ternary complex.
The RNAP holoenzyme initially produces small, 2-12 bp RNA molecules and remains at
the promoter region. With the incorporation of each base, there is a probability that the
RNAP can release the RNA chain causing an abortive initiation event (39, 219, 364).

Figure 37. Model of the open promoter complex during transcription initiation. (Top)
Electrostatic surface potential of bacterial RNAP showing sequence-specific promoter
elements and recognition by the RNAP. (Bottom) Promoter motifs recognized by RNAP
holoenzyme with primary σ-factors. The melted part of the promoter bubble is recognized
through sequence-specific contacts with single stranded DNA (ssDNA). Taken from
Feklistov 2013 (121).
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During the initiation phase, the synthesis and release of incomplete transcripts is
frequent. The RNAP can slip from the template and liberate short transcripts. Once the
RNAP can extend beyond 23 bp and move away from the promoter region, the sigma
factor from the holoenzyme is released leading to elongation of the transcript. This is
known as promoter escape or clearance (364). Removal of the sigma factor causes the
RNAP to change shape and lose contact with the -55 to -35 region of DNA. The core
enzyme contracts to cover approximately 50 bp. Once the polymerase leaves the
promoter region, another polymerase can begin initiation. The timing between these
events is known as the promoter escape time. As the RNAP moves along the DNA
template, the DNA unwinds and complementary nucelotides are added to the growing
RNA chain (39). Advancement of the enzyme was thought to occur via an inchworm
mechanism. With this model, the rear of the enzyme moves along one base pair at a time
while the front remains stationary (259). Additional mechanistic studies showed that the
RNAP actually uses a ratchet mechanism that oscillates between processive and
backtracked states (65). When the RNA chain reaches 15-20 bases, there is another
change in the RNAP complex that transitions the enzyme for elongation. Therefore, in
the unwound region an RNA-DNA hybrid forms. As the RNA chain emerges, the DNA
behind the transcription bubble reforms by pairing with its complementary strand to form
the double helix (121).
The RNAP then moves into the elongation phase that causes RNA chain
extension. RNA is synthesized from the 5′ to 3′ end at a reaction rate of approximately 40
nucleotides/second at 37°C (76). Elongation is not a constant forward process (232). As
the RNAP transcribes the DNA template there can be arrests, pauses, backtracking,
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pyrophospholysis, and editing due to misincorporation of nucleotides (65, 259). RNAP
pausing is an important event in elongation and serves to regulate gene expression. A
pause is characterized as an event where the RNAP is halted at a nucleotide. This is a
spontaneously reversible process and kinetic pathway that competes with other
elongation events. The average pause time for RNAP is less than ten seconds. However,
longer pauses can occur (>20 seconds) but are DNA sequence dependent (232).
Approximately 10-20% of the promoters in E. coli have above average rates of RNAP
pausing. The rate and duration of pausing are dependent upon the source of the stress
(300). Because there can be multiple RNAPs on a DNA template, pausing increases the
occurrence of RNAP collisions which results in transcriptional bursting. These
microbursts occur when at least two RNA molecules are synthesized in a much faster
period in comparison to the time period between subsequent transcription initiation
events. Backtracking is another common event during the elongation phase of
transcription. Backtracking is the ability of the RNAP to correct misincorporated
nucleotides (310). During backtracking, the catalytic site of the RNAP disengages from
the 3′ end of the mRNA and temporarilty prevents further RNA synthesis. The elongation
complex is inactive but remains stable (65). The reversible sliding action of the RNAP
repositions the active center at the RNA position that needs fixed (219). This process
gives the RNAP proofreading ability but also extends the elongation time with the
possibility of transcriptional arrest (300). RNA synthesis continues until a terminator
sequence or structure is reached. At this point the RNAP and synthesized RNA are
released and the DNA returns to a duplex state (206).
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The termination step of bacterial transcription can also regulate gene expression.
There are two modes of termination for the bacterial RNAP including Rho-dependent and
Rho-independent mechanisms. Rho-dependent termination requires the presence of a 46
kDa protein known as the Rho factor. Although this is an essential protein of E. coli, this
organism does not possess many Rho-dependent terminators. This protein binds to the
mRNA transcript at the rut site (Rho utilization) and moves 5′ to 3′ until it reaches the
RNAP paused at a termination site. The termination sequence does not have the
characteristics to form an intrinsic terminator or hairpin (see below) and therefore,
requires the Rho factor. Rho acts on the RNAP causing it to release from the nucleic
acids. This factor acquires access to the transcription bubble and unwinds the RNA-DNA
hybrid. Rho-independent termination does not require the interaction of additional factors
with the RNAP in order to stop transcription. This mechanism includes intrinsic
terminators which consist of palindromic regions that create hairpin structures ranging in
size from 7-20 bp in length (310). The stem-loop structure typically contains a G-C rich
region near the base of the stem followed by a string of uracil residues positioned 7-9 bp
downstream (259). Hairpins slow the rate of transcription or initiate pausing which can
result in termination (206). Pausing occurs at regions that mimic terminators but have
increased lengths between the hairpin and uracil string. The run of uracil residues causes
the RNAP to dissociate from the DNA template. Whole genome sequencing analyses of
E. coli indicate that the majority of operons use Rho-independent termination to stop
transcription (219).
Additional proteins that influence the efficiency of termination include NusA,
NusB, and NusG (N utilization substances). NusA functions by binding to the core
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RNAP and not the holoenzyme. This protein enhances the proficiency of termination by
pausing at terminator sequences that are not secondary structures. When NusA is present,
pausing is extended which increases the likelihood for a termination event. NusG can be
an elongation factor and cofactor for Rho activity. NusG either stabilizes the Rho-RNAP
complex or facilitates Rho binding to the synthesized transcript (206).
A secondary mechanism that can control gene expression is attenuation. This
process is the premature termination of transcription at an attenuator site located at the
beginning of a transcription unit or the mRNA leader sequence. The attenuator is an
intrinsic terminator or hairpin that prevents the RNAP from transcribing the downstream
structural gene. When the RNAP encounters an attenuator, a choice is made between
continued transcription or termination (76, 206). Antiterminators can bind at specific sites
to create a complex with the RNAP causing it to bypass terminators. This allows the
RNAP to move into the next coding region without pausing (310). This mechanism is
also known as read-through or antitermination (206, 219). Antiterminators are operon
specific regulators that consist of protein or RNA. The E. coli RfaH protein is an
antiterminator that binds to the RNAP at a transcriptional pause site and regulates the
expression of virulence genes. NusA, NusB, NusE, and NusG are antiterminators of
bacterial ribosomal (rRNA) operons (310).

N. 3. Transcription factors
Transcription factors are a class of bacterial regulators that activate or repress
transcription of target genes due to some type of stimulus. Factors can act locally or
globally depending on the number of genes that they regulate and the extensiveness of
their functions (364). Some factors known as nucleoide associated proteins alter the
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conformation of the DNA that they bind to and induce further bending, looping, and
bridging effects (Figure 38) (87, 103). These DNA binding proteins alter the topology of
many regulatory regions that brings together different DNA sequences that would not
ordinarily be close to one another. This group of proteins not only recruits the RNAP to
appropriate promoters but can alter DNA replication and recombination events. The
nucleoide associated proteins include IHF (integrated host factor), Fis (factor for
inversion stimulation), HU (heat unstable), and H-NS (histone-like nucleoide structuring
protein) (87, 105-107, 222). The DNA binding protein of interest in these studies was HNS due to a putative binding motif that was identified upstream in ISEcp1 in our panel of
CTX-M isolates. Target DNA binding regions for H-NS are curved DNA and A-T rich
sequences, both characteristics of bacterial promoters (291). A recent study showed that
H-NS binds to the DNA sequence, 5′-TCGATATATT-3′, with higher affinity compared
to other A-T rich sequences (Figure 39A) (197, 349). Although not 100% consensus, the
predicted H-NS binding region in the CTX-M promoters sequenced in this study do have
the key anchor residues (Figure 39B). H-NS functions in silencing gene expression by
impeding the movement of the RNA polymerase at the promoter region (103). As a
global repressor, H-NS negatively controls up to 5% of the genes in E. coli (10, 244). The
structure of H-NS consists of a dimerization domain at its amino terminus that connects
to the nucleic acid binding domain at its carboxy terminus via a flexible linker (87, 107,
244). Many of the genes that are repressed by the activity of H-NS require activators to
relieve the repression. Temperature and osmolarity are conditions that can overcome the
repression complexes by releasing the entrapped RNAP. The gene encoding H-NS is not
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only found on the bacterial chromosome but recent data has shown the gene to be carried
on common mobile genetic elements such as plasmids (124).

Figure 38. Functions of H-NS including DNA bridging, wrapping, coating, and bending.
Taken from Dillon and Dorman 2010 (103).

TCAATAAA ATT
A.

B.

Figure 39. A.) H-NS binding sequence motif indicating key anchor residues by height.
Taken from Lang et al 2007 (197). B.) Putative H-NS sequence in the 3′ non-coding
region of ISEcp1 associated with CTX-M-14 and CTX-M-15 in our panel of isolates.
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O. mRNA half-life of a bacterial transcript
A significant portion of this dissertation was the determination of the half-life of
CTX-M-14 and CTX-M-15 transcripts in different plasmid backbones and genetic
backgrounds. Therefore a brief discussion of mRNA degradation mechanisms is
necessary. Steady-state mRNA expression or the total amount of RNA produced in a cell
at a given time, takes into account both mRNA synthesis and degradation (decay) (334).
mRNA degradation is a significant mechanism in the regulation and control of gene
expression (92, 96, 179). The stability/instability of a transcript is also a posttranscriptional control mechanism that can affect the production of a protein product (15).
RNA degradation is a central component of RNA metabolism and is a low energy process
that allows the organism to adjust the level of transcript according to the needs of the cell.
It is difficult to determine the rate of mRNA degradation since most prokaryotic mRNAs
undergo rapid exponential decay (14, 179, 224). The rate of decay can alter the steadystate level of a transcript in the cell and subsequently the production of its gene product.
Overall, mRNA decay is an important cellular event that can impact the fitness and
survival of the organism (224). Half-life studies in this dissertation included rifampicinmediated inhibition of transcription. Using this method, the chemical half-life of a
transcript was determined (224). Rifampicin is an extremely potent, broad spectrum
antibiotic used against many bacterial pathogens because of its ability to bind to the β
subunit of the RNAP and create a physical barrier (50). This antibiotic affects initiation
events of mRNA synthesis resulting in transcripts that are no longer than three residues.
Rifampicin does not affect elongation events of transcription. Most studies examining the

126

inhibition of transcription by rifampicin have been completed in E. coli with the RNA
polymerase holoenzyme containing σ70 (224).
The half-life of a transcript is the amount of time required to degrade 50% of the
transcript. In comparison to eukaryotic mRNAs, bacterial transcripts exist for a short
period in the cell. The half-life of a bacterial transcript can range from 40 seconds to 60
minutes (334). Some eukaryotic mRNAs can have half-lives of several days.
Furthermore, the average half-life of an E. coli transcript is approximately two to four
minutes when grown at 37°C (369). Moreover, there are several factors that influence the
life-span of a bacterial transcript including nucleases, rate of translation of mRNA,
ribosomal occupancy, the sequence and structural elements of the transcript (degree of
secondary structure), and characteristics of the bacterial species itself (14, 194, 224).

O. 1. Mechanisms of bacterial mRNA degradation
mRNAs differ considerably in their susceptibility to degradation by
endoribonucleases (endRNases) and exoribonucleases (exoRNases). RNases control the
processing, decay, and quality control of RNA. E. coli possesses more than 20 different
RNases of which the main enzymes are displayed in Table 10 (15). Often times bacterial
RNases can begin degradation at the 5′ end of a transcript even before the 3′ end is
synthesized. These enzymes can be divided into two categories based on the end of the
mRNA that they initially cleave which creates both 5′- and 3′-end dependent mRNA
degradation pathways (96). mRNA decay is a coordinated process that first uses
endRNases to create short intermediate RNA fragments that are subsequently degraded
by exoRNases (334). One mechanism of decay is endonucleolytic cleavage within the
transcript at one or multiple sites in a 5′ -end dependent fashion. There have been no
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Table 10. RNases used by E. coli
Enzyme
Endonucelolytic
enzymes

Endo and
exonucleolytic
enzymes

Name
RNase E
RNase G
RNase H
RNase P
RNase III
RNase BN
RNase D
RNase II
RNase T

Oligoribonuclease
Exonucleolytic
enzymes
RNase R

PNPase
RNase PH

Catalytic features
-Belongs to degradosome complex
-Initiates most mRNA degradation
-Homologue of RNase E
-Limited action in mRNA decay
-Cleavage of RNA-DNA hybrid
molecules
-Cleavage of tRNA precursors for 5′
tRNA end maturation
-Acts on double stranded structures
3′ → 5′ distributive exonuclease
3′ → 5′ distributive exonuclease
3′ → 5′ processive exonuclease
3′ → 5′ distributive exonuclease
3′ → 5′ distributive exonuclease
-Specific for small
oligoribonucleotides; required for
complete degradation of mRNA into
mononucleotides
3′ → 5′ processive exonuclease
-Helps cleavage of secondary
structures and is required for transtranslation
3′ → 5′ processive phosphate
dependent exonuclease
3′ → 5′ distributive phosphate
dependent exonuclease

Essential or nonessential
Essential
Non-Essential
Non-Essential
Essential
Non-Essential
Non-Essential
Non-Essential
Non-Essential
Non-Essential

Essential

Non-Essential

Non-Essential
Non-Essential

Adapted from Picard et al 2009 (276).

reports of any 5′ to 3′ exonuclease activity in E. coli. RNase E is the main endRNase used
by E. coli (2, 92, 96, 146, 179, 223, 224) (Figure 40). This enzyme is a component of the
RNA degradosome, a multiprotein complex that breaks down RNA molecules (276, 334).
The degradosome also consists of a polynucleotide phosphorylase (PNPase), an ATPdependent RNA helicase (RhlB), and the glycolytic pathway enzyme, enolase (178, 194).
RNase E is a large multidomain protein that contains ribonucelolytic activity at the Nterminus, an RNA binding domain, and a scaffold at the C-terminus that binds to PNPase,
enolase, and RhlB. The factors that RNase E needs for efficient cleavage include an
accessible 5′ terminus that contains a monophosphorylated residue and an AU rich region
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Figure 40. Principles of processing and degradation of mRNA in prokaryotes. 1) Removal
of a pyrophosphate by RppH in bacteria. 2) 5′-independent, internal cleavage at double
stranded sites by RNase III. The cleavge site is created by the binding of a sRNA with
mRNA. 3) 5′-independent, internal cleavage at single stranded sites by RNases E, G, J,
and Y in bacteria. 4) Non-templated synthesis of poly(A) tails by poly(A) polymerase or
heteropolymeric, adenine-rich tails by PNPase in bacteria 5) 5′-dependent,
exoribonucleolytic degradation in 5′ to 3′ direction by RNase J in some bacteria (not in E.
coli) and in archaea 6) 5′-dependent, endoribonucleolytic cleavage at single stranded sites
by RNases E, G, J, and Y in bacteria 7) Exoribonucleolytic 3′ to 5′ degradation by RNases
II, R, and PNPase. Taken from Evguenieva-Hackenberg and Klug 2011 (117).
for subsequent cleavage (179). The 5′ terminus is naturally triphosphorylated which is
equivalent to the cap at the 5′ end on a eukaryotic mRNA. The activity of RNase E
decreases when it encounters a triphosphate residue at the 5′ end of a prokaryotic mRNA.
To facilitate cleavage, the 5′ pyrophosphate must first be removed by RppH, a
pyrophosphohydrolase enzyme (223). After this event, the endonucelolytic activity of
RNase E can proceed. RNase III, RNase G, and RNase P are other endoribonucleases that
initiate mRNA cleavage. However, these nucleases have more specialized functions in
comparison to RNase E. RNase III degrades double stranded structures; RNase G is an
RNase E homolog; RNase P acts on tRNA precursors (96, 309).
Another mechanism of mRNA decay utilizes exoribonucleases (Figure 40).
RNase II and PNPase are the main exoRNases in E. coli. These enzymes degrade mRNA
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one nucleotide at a time in a 3′- to 5′-dependent manner once the transcript is cleaved by
an endRNase. This degradative process results in mononucleotides and a two to five
oligonucleotide at the 5′ end that is further degraded by oligoribonuclease. RNase II has
an advantage over PNPase because of its ability to unwind and degrade secondary
structure. PNPase is known to pause at stem-loop structures. However, with the help of
poly(A) polymerase I (PAP I) or the RhlB helicase degradation of secondary structural
elements by PNPase is possible (15).
Prokaryotic mRNAs are polyadenylated at their 3′ ends just like eukaryotic
mRNAs. There are two types of poly(A) tails that are present in E. coli. Poly(A)
polymerase I (PAP I) adds a 10-40 nucleotide long tail of adenosine residues following
Rho-independent transcription termination (260). The other type of poly(A) tail is
heteropolymeric (~90% adenosine) and synthesized by PNPase. PNPase is bifunctional
and capable of degradation and 3′ end polyadenylation. This tail is considerably longer
(100 nucloetides) compared to the PAP I created tail. Studies have demonstrated a
correlation between the degree of polyadenylation and mRNA stability (146, 194). A
longer poly(A) tail decreases the stability of a bacterial transcript (260, 305). This is in
contrast with eukaryotic poly(A) tails which behave as stabilizing elements and can
prolong the half-life of a transcript (111). In addition, polyadenylation autoregulates the
cellular levels of RNase E and PNPase (224).
mRNA decay rates can also be controlled by the presence of stem-loop structures.
The half-life of a transcript can be extended because of a stem-loop which consequently
impacts the expression of the gene (13). This secondary structure is commonly located at
the 3′ end of a transcript in eukaryotic mRNAs which protects it from exonucleolytic
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decay. However, in prokaryotic transcripts the secondary structure is typically found at
the 5′ end which prevents endonucleolytic cleavage (179). The ompA transcript of E. coli
has an unusually long half-life of 15-20 minutes which has been attributed to the stemloop structure located at the 5′ end of the mRNA (13, 370). Transcripts can also be
stabilized due to the presence of highly structured repeated extragenic stabilizer (REP)
elements in polycistronic messages. The REP elements protect transcripts from 3′- to -5′
exonucelolytic cleavage. mRNA degradation containing REP stabilizers are difficult for
the degradation machinery to tackle. RhlB and PAP I initiate the degradation of REP
elements by PNPase I. The activity of PNPase, however, requires an RNase E-mediated
cleavage event for the degradation of these structured mRNA fragments (117).
The degree of ribosomal occupancy on a transcript can also influence mRNA
stability (92, 276). The region where the ribosome binds protects that area from RNase
degradation. Therefore, ribosomes that are closely spaced on a transcript can prevent
RNase E access and extend the lifetime of the transcript. The average space between
ribosomes that allows RNase E action is 24 nucleotides. Since transcription and
translation are coupled for the majority of genes in prokaryotes, the speed of the RNAP
matches that of the ribosome. However, if there is a break in the transcription/translation
synchronization, the transcript can become unmasked and vulnerable to cleavage (92,
224).

O. 2. Post-transcriptional modifications
It has been demonstrated from genome-wide studies including transcriptomic and
integrated proteomic assays that there is a low correlation between the levels of mRNA
and proteins in bacterial cells (117, 276). A possible explanation for this could be the
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multiple levels of regulation of gene expression including post-transcriptional
modifications. Both the stability of mRNA and the availability of the transcript for
translation contribute to post-transcriptional regulation. Elements that contribute to posttranscriptional control can include ribonucleases and related proteins, riboswitches, small
non-protein coding RNAs (sRNAs), and the sequence and structural features of the
mRNA itself (117, 298). Binding of a sRNA to a target mRNA can result in translation
repression coupled with degradation of the mRNA or translation activation and
stabilization of the transcript. An example of a widely studied sRNA that can regulate the
expression of a target gene is Hfq. A sRNA imperfectly binds to the targeted mRNA and
blocks the ribosomal binding site, resulting in a decrease in its expression through
translation inhibition (179). Hfq interacts with the sRNA and mRNA at an A/U rich
single stranded domain. Hfq can serve as a stabilizer for the sRNA-mRNA complex and
prevent the degradation of the sRNA/mRNA. Hfq can also function as a destabilizer and
promote degradation of the sRNA and target mRNA (2, 77, 210, 262). Hfq-dependent
sRNAs have multiple target mRNAs that subsequently control a variety of processes
including stress responses, pathogenicity, and metabolic reactions. Furthermore, a target
can be regulated by numerous sRNAs. E. coli possesses more than 80 different
experimentally verified sRNAs. Well characterized sRNAs in E. coli that prevent the 30S
ribosomal subunit from binding to the targeted mRNA include OxyS, MicA, and MicC
(298, 309).

P. Bacterial translation
Translation or protein synthesis can begin as soon as a bacterial mRNA transcript
is synthesized and emerges from the transcription bubble. This characteristic is different
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than a eukaryotic transcript that undergoes extensive modifications before the final
transcript is produced including excision of exons, the addition of a 5′ cap, a 3′ poly(A)
tail, and transport to the cytoplasm from the nucleus. Therefore, translation cannot occur
immediately following the synthesis of a eukaryotic transcript. Because transcription and
translation can occur simultaneously in a prokaryotic cell, this allows the organism to
rapidly adjust to disruptions or changes in environmental conditions. This coupling also
has the added advantage of protecting the mRNA from degradation due to the quick
occupancy of the ribosomes (224).This section will describe the components of the
translational machinery along with the phases of translation. A new avenue for our lab
was the quantitation of CTX-M β-lactamase production through Western blotting.
Therefore, a bief review of bacterial transaltion is warranted.

P. 1. Components of translation
Protein synthesis is vital to a cell’s metabolism and therefore, a cell contains
many ribosomes. The bacterial ribosome is an enymaztic complex that synthesizes
polypeptides based on the sequence of mRNA. The ribosome is responsible for two main
reactions including peptidyl transfer or peptide bond formation between amino acids
during protein synthesis and peptidyl hydrolysis or release of the protein following
termination. Ribosomes are designated according to their sedimentation rates. The
bacterial ribosome has a sedimentation rate of 70S and consists of a small 30S and a large
50S subunit. The small 30S subunit contains the 16S rRNA and 21 different proteins. The
small subunit enforces translational fidelity by examining the base pairing that occurs
between the mRNA codon and the tRNA anticodon during decoding. The large 50S
subunit consists of the 23S and 5S rRNAs and 34 proteins. The peptidyltransferase center
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(PTC) forms within the 50S subunit and facilitates peptide bond formation between
amino acids in the polypeptide (348). The bacterial ribosome has three sites for the
binding of tRNAs including the aminoacyl (A), peptidyl (P), and exit (E) sites (76, 204).
tRNAs are cloverleaf structures due to complementary base pairing that occurs
within the molecule. The tRNA serves as an adaptor between the mRNA transcript and
the amino acids that are incorporated into the growing polypeptide. The 3′ terminus of the
tRNA is used for attachment of the amino acid and the 5′ terminus is used for mRNA
codon recognition by the tRNA anticodon loop. The anticodon sequence will bind to the
complementary codon within the mRNA that signals attachment of the corresponding
amino acid. The enzymes that facilitate the binding of an amino acid to the tRNA are
aminoacyl tRNA synthetases (AARSs). This enzymatic reaction proceeds in two steps
which involves the activation of an amino acid to form an aminoacyl AMP synthetase
(amino acid adenylate) followed by the transfer of the amino acid to the acceptor tRNA.
These reactions are not error-proof. The removal of a misactivated amino acid can occur
before or after addition to the tRNA. Pre-transfer editing involves the hydrolysis of a
misactivated amino acid adenlylate intermediate which is the first phase of
aminoacylation. Post-transfer editing removes the mischarged tRNA by cleaving the
incorrect amino acid (233).
The first amino acid in a polypeptide chain is almost always a methionine (AUG)
and is carried by an initiator tRNA (76). This methionine is N-formylated which prevents
it from being used in the elongation phase of translation. Methionines incorporated
internally in the polypeptide are first bound by elongator tRNAs. Furthermore, the start
codons of some genes differ from AUG by a single base but are still translated as
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formylmethionine. AUG is the most commonly used codon because it forms the most
stable interaction with the CAU anticodon in fMet-tRNA. In approximately 10% of
bacterial species, CUG and GUG start codons are used (206).
mRNA serves as the template for protein synthesis. The region of mRNA that is
covered by the ribosome includes approximately 30 bp and contains the ribosome binding
site (RBS) or Shine Dalgarno (SD). This site is typically located 7 ± 2 nucleotides
upstream of the initiation codon in E. coli mRNAs. SD sequences are commonly AG rich
and have the consensus sequence of AAGGAGG in E. coli (62, 190). During the
initiation of translation, mRNA interacts with the 30S ribosomal subunit and tRNA (204).
There are three protein initiation factors that assist in the quick assembly of the
initiation complex and in fidelity (179). Initiation factor 3 (IF3) binds to the 30S subunit
so that this component remains free to begin translation, thereby blocking the binding of
the 50S subunit. IF3 facilitates the interaction between the fMet-tRNA and mRNA at the
P site to create the 30S initiation complex. This factor destabilizes an incorrectly bound
aminoacyl tRNA (non-initiator tRNA) at the P site (190, 204). Translation initiation
fidelity is also enforced by IF3 by preventing initiation complexes that may form weakly
at non-AUG sites. This protein also functions in the translocation of the mRNA from the
standby site to the P site for decoding of the message. Not only does IF3 help in
translation initiation, this protein stimulates the dissociation of the 70S ribosomal subunit
during ribosomal recycling. IF3 is not a universal translation factor and is limited to a
number of bacterial species (204).
Initiation factor 1 (IF1) is the smallest of the three factors with a molecular weight
of 8.2 kDa in E. coli. IF1 helps to facilitate efficient binding of initiation factors 2 and 3
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and therefore, promotes their activity. This protein works with IF2 to orient the initiator
tRNA to the P site and ensures that it interacts with the initiation codon on the mRNA.
IF1 prevents tRNAs from entering the A site until the 70S initiation complex has
completely formed. Once IF1 is ejected, aminoacyl tRNAs can enter the A site. Cells that
lack IF1 exhibit poor growth rates which indicate that this factor is essential in the
bacterial cell (204, 206).
During translation initiation, the most important interaction is between IF2 and
the initiator tRNA. IF2 is the largest of the the three initiation factors and exists as three
isoforms including IF2-1, IF2-2, and IF2-3. Of all initiation factors, IF2 is the only factor
that demonstrates specificity for both ribosomal subunits. fMet-tRNA is the only tRNA
that is recognized by IF2. IF2 also functions as a chaperone that assists in protein folding.
This translational factor is universal in all living cells and is vital for cell viability (204).

P. 2. Process of translation
Translation is divided into four phases including initiation, elongation,
termination, and ribosome recycling. Each phase is regulated by a number of factors.
Initiation of translation is rate limiting and is the most highly regulated step of protein
synthesis (204). Protein synthesis does not begin at the 5′ end of a transcript but rather at
a specific initiation site (179). The same can be said for termination of translation which
requires a termination site. Therefore, the 5′ and 3′ ends of the mRNA contain non-coding
sequences that are referred to as the 5′ and 3′ untranslated regions (UTR), respectively.
Additionally, prokaryotic mRNAs can encode for more than one polypeptide which is in
contrast to eukaryotic mRNAs that only encode for a single polypeptide. The mRNAs
that encode for multiple proteins are known as polycistronic mRNAs. The genes that
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makeup a polycistronic transcript are organized in an operon. mRNAs can also be
translated by multiple ribosomes simultaneously, known as a polysome. When the
ribosome translocates away from the initiation site, another ribosome can bind to the
mRNA and synthesize another, independent polypeptide (206).
The first step of bacterial translation is the binding of the three initiation factors
including IF-1, IF-2, and IF-3 to the small 30S ribosomal subunit. The initiator tRNA
containing N-formylmethionine then binds to the mRNA on the 30S subunit. The correct
positioning of the initiation codon in the ribosome is due to the base pairing between the
Shine Dalgarno sequence with the anti-Shine Dalgarno in the 16S rRNA on the 30S
subunit (329). Within this complex, IF-2 specifically recognizes the initiator tRNA (190).
This recognition causes the release of IF-3 from the complex, allowing the larger 50S
ribosomal subunit to bind and form a functional ribosome. The subunits assemble on the
translation initiation region (TIR) of the mRNA. These steps create the 70S initiation
complex that can begin the elongation phase of translation (190, 338).
The start of elongation allows the elongator tRNA to bind to the A site. Protein
synthesis occurs at an average rate of 50 amino acids per second with an error rate of one
in every 10,000 amino acids incorporated. During the elongation phase, the mRNA
moves through the ribosome and is “read” to produce a polypeptide. For elongation to
occur, two main reactions proceed including tRNA selection and translocation via
elongation factors. EF-Tu (elongation factor thermo unstable) delivers charged tRNAs
(aminoacyl) to the ribosome in a ternary complex with GTP (guanosine triphosphate)
(348). The binding of the correct aminoacyl tRNA to the ribosome induces a
conformational change in the 30S ribosomal subunit resulting in hydrolysis of GTP and a
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change in the structure of EF-Tu. EF-Tu-GDP is released which allows binding of an
aminoacyl tRNA to the A site on the ribosome (190). The rate limiting step of elongation
is due to the hydrolysis of GTP, a step necessary for the release of EF-Tu. This step
allows an incorrectly bound aminoacyl tRNA to dissociate from the ribosome without
incorporation into the polypeptide (167). Another elongation factor that assists with
translation is EF-G (historically known as translocase). This protein engages the
ribosome following peptide bond formation and causes the simultaneous movement of
tRNAs and mRNA by one codon. EF-G specifically translocates the peptidyl-tRNA at the
A site to the P site and the deacylated tRNA from the P site to the E site. As soon as the
next aminoacylated tRNA enters the A site, the deacylated tRNA at the E site is released.
The selection of an aminoacyl-tRNA charged with a specific amino acid, peptide bond
formation, and translocation constitutes one elongation cycle which is repeated until the
mRNA message is decoded to a protein sequence (Figure 41).

Figure 41. Overview of ribosome structure and events in bacterial translation including
initiation and elongation. See text for details. Taken from Steitz et al 2008 (348).
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When the ribosome encounters a stop codon on the mRNA, elongation of the polypeptide
ends and the termination phase begins. Elongation plays a role in determining the rate
and fidelity of protein synthesis and is a key step in translational control (348).
Termination involves the release of the synthesized polypeptide through a
sequence of events. Of the 64 codons, three codons encode stop signals that end
translation. However, cells do not have tRNAs that recognize stop codons. Cells possess
release factors (RFs) that have anticodons complementary to termination signals. When
the stop codon has been positioned in the A site, release factors including RF1 or RF2
bind to the A site and cause the polypeptide to be released from the tRNA in the P site.
The ribosome subunits and the release factor dissociate with the help of a ribosome
recycling factor (RRF) and EF-G elongation factor (Figure 42) (348).
There are many mechanisms used by prokaryotes that ensure polypeptides are
synthesized correctly. Trans-translation is a protein quality control mechanism that

Figure 42. Termination events in bacterial translation. See text for details. Taken from
Steitz et al 2008 (348).
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employs a ribonucleoprotein complex consisting of a tmRNA and the small protein B,
SmpB. This process is initiated when a ribosome stalls on a transcript because of the
absence of an in frame termination codon. tmRNA is a hybrid structure that has
functional properties of mRNA and tRNA. The tmRNA is composed of an mRNA-like
domain that has a short peptide reading frame that is connected to a tRNA-like domain
that has an acceptor stem. SmpB binds the tmRNA to both ribosomal subunits resulting
in its entrance through the ribosome. EF-Tu (protein elongation factor) binds to the
tRNA-like acceptor arm and protects the aminoacylated molecule. This mechanism
degrades incomplete proteins and can rescue a stalled ribosome on a defective mRNA
template. When a ribosome has stalled on a transcript, the A site remains free and
becomes bound by tmRNA which contains its own reading frame sequence encoding for
degradation. The binding of the tmRNA replaces the mRNA which is degraded by RNase
H. The alanine amino acid carried by the tmRNA is added to the polypeptide chain and
translation proceeds. Because the tmRNA encodes for a degradation motif, the newly
synthesized protein will be degraded by a protease complex, resulting in the release of the
ribosome. Overall, the events of trans-translation include both translational and posttranscriptional control mechanisms (309).
The stringent response is another transcriptional/translational control mechanism
that occurs due to amino acid starvation that consequently causes ribosome stalling. This
response is activated when an uncharged tRNA enters the A site on the ribosome. A
translational block occurs due to the production of the stringent factor or alarmone,
ppGpp (pppGpp synthetase). This molecule inhibits tRNA and rRNA synthesis along
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with protein chain elongation and instead synthesizes amino acids to promote cell
survival (206, 276).

P. 3. Mechanisms that can regulate translation and protein expression
Translation can be regulated by the mRNA sequence and structural features of the
transcript along with the binding of different RNA binding proteins, ribosomes, and
metabolites (140). Riboswitches or non-coding RNA secondary structures are one
mechanism that uses small molecule ligands such as amino acids and sugars to regulate
both transcription and translation (179). The binding of the ligand to the riboswitch at its
aptamer domain results in an allosteric rearrangement. Riboswitches are commonly found
in the 5′ UTR of the gene encoding their protein. A functional ribosome requires the
metabolism of the riboswitch’s ligand (17, 376). Translation can also be regulated by cisacting mRNA sequences that interact with the RBS to generate an inactive translation
initiation complex. These cis-acting elements can sequester the RBS through secondary
and tertiary structure formation or create an inactive mRNA that is incapable of binding
to the 30S subunit (36, 329). Translatability of the transcript due to the strength and
sequence of the RBS is another mechanism that regulates translation efficiency (13, 62).
Once a protein product is produced, the protein may have to translocate to a
different part of the cell which imparts another level of regulation. For example, βlactamases must travel from the cytoplasm into the periplasmic space of a Gram-negative
bacterium in order to inactivate the β-lactam. The two major transport pathways from the
cytoplasm to the periplasm include Sec (secretory) and Tat (twin-arigine) (245, 251). It
has been assumed that β-lactamases utilize Sec for entrance into the periplasm but this
has not been experimentally verified (82). Modifications that could result in a
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translational block may include mutations in the genes that makeup the Sec and Tat
translocons or alterations to the signal peptides that dictate pathway choice. Hence,
bacterial transport pathways can affect the ability of a protein to be exported to the
location of its activity (395).

Q. The context of this dissertation
The CTX-Ms were once considered rare in the United States but now the
cefotaximases are the most prevalent ESBL type encountered around the world. This
massive global dissemination has been referred to as the ‘CTX-M pandemic” and is one
of the most impressive examples of rapid dissemination of an antibiotic resistance
mechanism among bacterial pathogens (85, 151). CTX-M-producing strains not only
cause infections in humans but also in animals and their presence has been detected in
different environmental settings such as water supplies, runoffs, and food supplies (100,
103, 285, 286). The reasoning for the explosive distribution of the CTX-Ms remains
unknown. In comparison to other plasmid-mediated β-lactamase genes, the CTX-Ms
represent a dual threat because of their presence in both hospital and community settings.
The use of mobile genetic elements, carriage on large plasmids capable of conjugal
transfer, and perhaps their lower fitness cost compared to the production of other ESBLs
are possible explanations for the epidemiological success of CTX-M-producing
organisms (30, 319). The majority of studies involving CTX-Ms are surveillance studies
that examine the susceptibilities of large volumes of isolates (252, 254, 258, 273, 279,
281, 282, 292, 295). Although this allows us to look at the susceptibility profiles of
isolates from different locations, it does not explain the prevalence of this resistance
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mechanism. In this dissertation I evaluate the role gene expression may have on the
dominance of CTX-M-15-producing E. coli compared to CTX-M-14 E. coli isolates.
The literature has limited reports of expression data on CTX-M β-lactamase
genes. Therefore, I examined the level of steady-state mRNA expression of CTX-M-14
and CTX-M-15 genes. Expression studies also warranted an investigation of the CTX-M
promoter regions and identification of the transcriptional start site(s) for these two genes.
Promoter deletion clones were constructed to assess promoter usage. Because CTX-M-15
is highly associated with ST131 which most commonly possesses the B2 phylogroup, the
role of sequence type and phylotype on CTX-M expression was evaluated. It was
hypothesized that the ST131 clonal background would contribute to a higher level of
CTX-M-15 mRNA and protein production. To further examine the influence of the
ST131 genetic background on steady-state CTX-M expression, K12 transformants were
created. The CTX-M-14 and CTX-M-15 structural genes and native promoters were
removed from their clinical backgrounds and ligated into a low copy number vector.
Expression of CTX-M-14 and CTX-M-15 was examined in a wild type K12 E. coli host.
Because the CTX-M genes are most commonly encoded on large conjugative plasmids, it
was thought that CTX-M expression could be controlled by a plasmid-encoded element.
Therefore, I created transconjugants in different E. coli backgrounds to determine if the
clinical plasmid harboring the CTX-M gene influenced its steady-state expression levels.
According to published sequences, CTX-M-14 and CTX-M-15 β-lactamase genes are
encoded on plasmids whose compositions vary from one another. Differences in plasmid
backbones could impact the mRNA expression of these genes.
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Furthermore, differences in the nucleotide compositions among blaCTX-M-14 and
blaCTX-M-15 could account for the differential expression between these genes. Although
not frequently discussed for prokaryotes, I wanted to consider the role of the structural
CTX-M-14 and CTX-M-15 genes on their own transcription initiation events. Therefore,
heterologous promoters and chimeric CTX-M constructs were used to examine blaCTX-M14

and blaCTX-M-15 steady-state expression.
Other factors that can affect the level of steady-state expression observed for the

CTX-M-14 and CTX-M-15 genes include the mRNA half-life of the transcript. Although
the half-lives of some β-lactamases have been reported in the literature, mRNA half-lives
of the CTX-M-14 and CTX-M-15 transcripts have not been determined (228). Possessing
a longer half-life could contribute to the dominance of the CTX-M-15 allele. It was
hypothesized that the CTX-M-15 transcript would have an extended half-life, resulting in
a higher level of transcription and translation in comparison to the CTX-M-14 mRNA
half-life.
No studies to date have used Western blots to evaluate the level of CTX-M-14
and CTX-M-15 β-lactamase production in clinical isolates. Therefore, I wanted to
determine if the level of mRNA and protein production among our panel of CTX-M-14
and CTX-M-15 E. coli were equivalent. Since the processes of transcription and
translation are commonly coupled in prokaryotic organisms, it was hypothesized that the
amount of β-lactamase produced by these organisms would coincide with their mRNA
levels. Because β-lactamase production in our isolates is the cause of β-lactam resistance,
I wanted to evaluate the utility of a new β-lactam/β-lactamase inhibitor combination,
known as ceftolozane/tazobactam which has been designated by the FDA for fast track
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approval. Depending upon the level of CTX-M β-lactamase that is produced in our E. coli
panel, variability in killing potential of this new β-lactam could be exhibited which
justified the need for Western analysis. This could impact the overall effectiveness of
ceftolozane/tazobactam as a treatment option for CTX-M-producing infectons.
Due to the increasing prevalence of these enzymes and limited therapeutic
choices, CTX-M-producing pathogens are a clinical worry that needs further
investigation. CTX-M β-lactamases pose a major threat for infection control efforts along
with surveillance practices because of their dominance in hospital and community
settings. Recent changes in CLSI guidelines recommending no need for ESBL
confirmation testing, may further perpetuate the spread of these organisms and this
resistance mechanism (374, 381). Therefore, it is necessary to elucidate the molecular
mechanism(s) associated with CTX-M-mediated resistance. The work presented in this
dissertation lays the foundation for why it is so important to study CTX-M type ESBLs.
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Materials and Methods
A. General Methods
A. 1. Bacterial strains and plasmids
All bacterial strains used in this study are listed in Tables 11 and 12 (pg 146-149).
The clinical strains were all Escherichia coli and isolated from human urine specimens
from various geographical locations as indicated in Figure 43 (pg 150). A total of 42
CTX-M-15- and 17 CTX-M-14-producing E. coli were evaluated. Strains used for
transformation and conjugation experiments included four ST131 E. coli that did not
contain a CTX-M enzyme and two laboratory strains of E. coli, K12 MG1655 (given
from University of Wisconsin, GenBank accession number U00096.2) and J53 AziR (gift
from Dr. George Jacoby). J53 is a derivative of K12 E. coli and is resistant to sodium
azide. This strain served as the original recipient for conjugation experiments. The whole
genome sequence of J53 has been deposited in the Korean Agriculture Culture Collection
with the accession number KACC16628. Two competent E. coli strains, TOP10 E. coli
and NEB 5-αlpha were used for transformation experiments. In addition, SalLT2 was a
clinical Salmonella isolate that served as an intermediate host for conjugation studies.
ATCC (American Type Culture Collection) 25922 and 35218 were used as quality
control organisms is susceptibility testing.
All plasmids used in this study are displayed in Figures 44-50 (pg 152-158) and
Table 13 (pg 151). These plasmids include pCR®2.1, pJET1.2/blunt, pSP-luc+,
pACYC184, pACYC184ΔCPP, pMP220, and pUCP26. Primers used to sequence the
inserts in select vectors are in Table 14 (pg 151).

United Kingdom

United Kingdom
United Kingdom
United Kingdom
United Kingdom
United Kingdom
United Kingdom
United Kingdom
CML
CML
CML
CML
CML
Seattle, WA
Seattle, WA
Seattle, WA
Seattle, WA

RS120
RS135
RS153
F010
F024
F063
F076
C14
D14
La14
Lo14
N14
XQ10
XQ13
XQ22
XQ24

Location of
Isolation
Purchased, Uni
Madison, WI
CUMCa
CMLb
CML
CML
CML
Seattle, WAc
Seattle, WA
India
United Kingdomd
United Kingdom
United Kingdom

RS074

CUMC 247
A15
C15
H15
W15
XQ12
XQ35
FHM6
RS007
RS059
RS061

K12 MG1655

Strain
Wild type laboratory E.
coli strain
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15, Not
present
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14

Genotype

Table 11. Escherichia coli strains used in this study

OXA-1-like
OXA-1-like
OXA-1-like
TEM-like, OXA-1-like
OXA-1-like
TEM-like
TEM-like
TEM-like
TEM-like
TEM-like
TEM-like
TEM-like
TEM-like
TEM-like
TEM-like

TEM-like, OXA-1-like

OXA-1-like
OXA-1-like
TEM-like
OXA-1-like
TEM-like, OXA-1-like
TEM-like, OXA-1-like
TEM-like, OXA-1-like
OXA-1-like
TEM-like
TEM-like, OXA-1-like

N/A

Additional β-lactamasese

ST131
ST131
ST617
ST69
ST2076
ST648
ST182
ST648
ST405
ST648
ST405
ST3856
ST38
ST68
ST156
ST10

ND

ST131
ST44
ST405
ST205
ST131
ST131
ST131
ST131
ST131
ST131
ST131

N/A

Sequence Type

B2-2f
B2-2f
A-2f
D-1f
D-1f
ND
D-1f
D-2f
D-2f
D-2f
D-2f
A-2f
D
D
B2
A

ND

B2-2
A-2f
D-2f
B1-1f
B2-2f
B-2
B-2
B-2
B2-2f
B2-2f
B2-2f

N/A

Phylotype
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A. Hossain
Invitrogen
New England
Biolabs
ATCC
ATCC

Received from
George A. Jacoby

Location of
Isolation
United Kingdom
United Kingdom
India
India
India
India

N/A
N/A
N/A

Competent E. coli
Quality control strain
Quality control strain

N/A

N/A

Additional βlactamasese
TEM-like
TEM-like
TEM-like
OXA-1-like

CTX-M-14
CTX-M-14
No CTX-M enzyme
No CTX-M enzyme
No CTX-M enzyme
No CTX-M enzyme
E. coli K12 derivative,
sodium azideR (AziR)
conjugation specific
strain
Clinical Salmonella
Competent E. coli

Genotype

a; Creighton University Medical Center, now Alegent-Creighton Health, Omaha, NE
b; Creighton Microbiology Laboratories (Alegent-Creighton Health), Omaha, NE
c; University of Washington, Seattle Children’s Research Institute, Seattle, WA
d; University of Birmingham and Health Protection Agency, Edgbaston, UK
e; Detection of additional β-lactamases by Philisa® PCR. These genes were not fully sequenced.
f; Phylotype determined by Dr. James Johnson’s laboratory
Some isolates did not contain TEM-1 or OXA-1 and is represented by (-).
N/A; Not applicable
ND; Not determined

ATCC 25922
ATCC 35218

NEB 5-alpha

SalLT2
TOP 10 E. coli

J53

F044
NL217
FHM16
FHM32
FHM35
FHM38

Strain

Table 11. Continued E. coli strains used in this study

N/A
N/A

N/A

N/A
N/A

N/A

ST131
ST131
ST131
ST131
ST131
ST131

Sequence Type

N/A
N/A

N/A

N/A
N/A

N/A

B2-2f
B2-2f
B2
B2
B2
B2

Phylotype
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JJ2431a

JJ2242
JJ2243
JJ2244
JJ2246 smooth (S)
JJ2246 fuzzy (F)
JJ2247
JJ2251
JJ2253, smooth,
white (SW)
JJ2253, rough,
grey (RG)
JJ2267
JJ2268

JJ2241

JJ2131
JJ2235 smooth (S)
JJ2235 fuzzy (F)
JJ2236

JJ2053

JJ2052 fuzzy
(F)*

JJ2052 smooth
(S)*

CMB106

Strain Number

CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15 Not present

Minneapolis, MN

Minneapolis, MN

Salt Lake City, UT
Cleveland, OH
New York
Hospital Queens

CTX-M-15

CTX-M-15

CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15

CTX-M-15

CTX-M-15

CTX-M-15

CTX-M-15

Genotype

Location of
Isolation
Minneapolis, MN
Evanston
Northwestern
Healthcare, IL
Evanston
Northwestern
Healthcare, IL
Evanston
Northwestern
Healthcare, IL
Minneapolis, MN
Houston, TX
Houston, TX
New York, NY
New Brunswick,
NJ
Rochester, NY
Milwaukee, WI
Detroit, MI
Ewa Beach, HI
Ewa Beach, HI
Galveston, TX
New York, NY

ST648
ST2261
Novel ST; ST131like

ST410

ST410

ST131
ST131
ST131
ST410
ST410
ST131
ST131

ST131

ST167
ST167
ST167
ST648

ST131

ST90

ST90

ST131

Sequence Type

ND
ND
ND

ND

ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND

ND

ND

ND

Urine

Source

Human

Human
Human

Human

Human

Human
Human
Human clinical
Human
Human
Human
Human

Human

Human
Human
Human
Human

Human

Human

Human

Human

Host

Table 12. CTX-M-15- and CTX-M-14-producing E. coli isolates from Dr. James Johnson’s research laboratory

B2-2

D2
B2-2

A2

A2

B2-2
B2-2
B2-2
A2
A2
B2-2
B2-2

B2-2

A2
A2
A2
D2

B2-2

B1-2

B1-2

B2-2

Phylotype
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CTX-M-14
CTX-M-14 Not present
Quality control strain
Quality control strain

CTX-M-14

ST46
ST439
N/A
N/A

ST354

ND
ND
N/A
N/A

ND

ND

ND

ND
ND
ND
ND

ND

ND
ND
ND

Source

Human
Human
N/A
N/A

Human

Human

Human

Human
Human
Human
Human

A-1
B1-1
N/A
N/A

D-1

D-2

B1-1

B2-2
D-2
A-2
D-1

B2-2

B2-2
B2-2
B2-2

Human clinical
Human clinical
Poultry
Human

Phylotype

Host

a; JJ2431 has a novel ST/ST complex due to a unique SNP in gyrB. This was the only SNP difference vs. true ST131.
b; JJ2336 has a novel ST due to unique SNPs in adk and recA.
ND – not determined
*Smooth, rough, fuzzy reflect colony border morphology when grown on blood agar plates. Many clinical isolates exhibited two phenotypes (JJ2052, JJ2235,
JJ2246, and JJ2253).

JJ2356
JJ2360
ATCC 25922
ATCC 35218

JJ2354

CTX-M-14

Ewa Beach, HI
Orange County,
CA
Seattle, WA
Seattle, WA
ATCC
ATCC

JJ2339

ST131
ST38
ST10
ST38
Novel ST; ST435like
ST38

CTX-M-15 Not present
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14 Not present

ST131

ST131
ST131
ST131

Sequence Type

CTX-M-15

CTX-M-15
CTX-M-15
CTX-M-15 Not present

Genotype

Detroit, MI

Location of
Isolation
Spain
France
Marshfeld, WI
Queensland,
Australia
Winnipeg, MB
Denmark
Denmark
Denmark

JJ2336b

ZH185
FS-ESBL013
FS-ESBL014
FS-EBSL062

QU015

MHHBS4
MHVlab2
PH53135

Strain Number

Table 12. Continued CTX-M-producing E. coli isolates from Dr. James Johnson’s laboratory
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Figure 43. Location of E. coli isolates used in this study demonstrating the diversity of the strains.
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ND

pSP-luc+

Primer Name
M13-F (-20)
M13-R
pJET1.2-Forward 23-mer
pJET1.2-Reverse 24-mer
ACYCEcoRIF
ACYCEcoRIR

Sequence (5′ to 3′)
CTGGCCGTCGTTTTAC
CAGGAAACAGCTATGAC
CGACTCACTATAGGGAGAGCGGC
AAGAACATCGATTTTCCATGGCAG
CGTAGCGAGTCAGTGAGC
CGTAACACGCCACATCTTGC

Nucleotide Position
389-404
205-221
310-332
428-405
734-717
4083-4102

Table 14. Primers used for sequencing inserts in pCR®2.1, pJET1.2, and pACYC184 vectors

ND; not determined

tetR, catR, p15A1 ori
tetR, catS, p15A1 ori
tetR, promoter-less
tetR, pBR322 ori
R
amp , ColE1 ori, SP6 RNA
polymerase promoter, T7 promoter
downstream of luc+

15
15
12
ND

pACYC184
pACYC184ΔCPP
pMP220
pUCP26

kanR, ampR, pUC ori
ampR, pMB1ori

100-200

pCR®2.1

Characteristics

pJET1.2/blunt

Copy Number in E. coli

Plasmid

Table 13. Plasmids used in this study

EF694056
EF694056
X06403
X06403

GenBank Accession Number

Purchased, Promega

Source
Purchased, Invitrogen Life
Technologies
Purchased, Fermentas, Thermo
Scientific
Purchased, ATCC
This study
Herbert Schweizer laboratory
Herbert Schweizer laboratory
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Figure 44. Map of pCR®2.1 TA Cloning® vector (purchased from Invitrogen Life
Technologies). The pCR®2.1 cloning vector was used to clone PCR products generated with an
adenine overhang. The muliple cloning site is located at the top of the figure. The ligated PCR
product is shown in the black box in between EcoRI restriction sites. +1, transcriptional start
site of lacZ promoter; P, lacZ promoter; lacZ, β-galactotosidase gene; F1 ori, F1 origin of
replication; Kanamycin, kanamycin resistance gene; Ampicillin, ampicillin resistance gene;
pUC ori, pUC origin of replication.
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Figure 45A. DNA sequence of multiple cloning site (MCS) for pJET1.2/blunt vector. The
primer annealing sites used to sequence the insert are designated by the extended arrows at
the start and end of the MCS.

Figure 45B. Map of pJET1.2/blunt vector. The ligated blunt end PCR product is shown in the
grey box between the XhoI and XbaI restriction sites in the multiple cloning site. This vector
contains a pMB1 origin of replication. Eco471R is a lethal gene that enables positive selection
of the recombinant plasmid. PlacUV5 is the promoter used for expression of the eco417R gene.
pJET1.2/blunt contains an ampicillin resistance gene; bla(ApR).
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Figure 46. Map of pSP-luc+ vector. This is a luciferase cassette vector that was purchased
from Promega (Madison, WI). The manufacturer has discontinued this product. The
vector was used to generate the CTX-M promoter/luciferase fusion constructs. The
ampicillin resistance marker (Ampr) was used for selection of transformants. This vector
contains a ColE1 origin of replication.
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Figure 47. Map of pACYC184 vector with intact chloramphenicol promoter. The vector
encodes a tetracycline resistance gene and a chlormaphenicol resistance gene (both shown
in red). pACYC184 contains a p15A origin of replication. The chloramphenicol promoter
of pACYC184 was used to drive expression of just the CTX-M-14 and CTX-M-15
structural genes.
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PvuII restriction
removed nucleotides
107-517

pACYC184
3825 bp

Figure 48. Map of pACYC184ΔCPP. Restriction digest with PvuII removed the
chloramphenicol resistance gene promoter (ΔCPP) which created a non-functional
chloramphenicol resistance gene. This excision reduced the size of the vector to 3825 bp.
This allowed for the EcoRI restriction site to be used without interference from the
chloramphenicol promoter. pACYC184ΔCPP contains a p15A origin of replication. The
vector was used for the K12 transformant construction and promoter deletion clones for
CTX-M-14 and CTX-M-15.
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EcoRV

DraI

BamHI

Figure 49. Map of pMP220 vector. pMP220 is a low copy number, broad host range
(shuttle) vector. The tetracycline resistance marker was used for selection of K12
transformants, H-NS clones, and luciferase constructs. The approximate location of the
tetracycline resistance gene (Tc) is shown along with the multiple cloning site and other
restriction sites in the vector. This promoter-less vector was a gift from Dr. Herbert
Schweizer’s laboratory from Colorado State University (345).
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Figure 50. Map of pUCP26 broad host range vector. The vector contains two origins of
replication (pBR322 and pMB1-ColE1) that permits replication in both P. aeruginosa and
E. coli. The tetracycline resistance marker was used for selection of transformants.
However, the vector does have a partial ampicillin resistance gene (labeled in red) that is
non-functional. The vector was used to examine the expression of CTX-M-14 and CTXM-15 structural genes using its lacZ promoter. The vector was obtained from Dr. Herbert
Schweizer’s laboratory from Colorado State University.
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A. 2. Antimicrobial susceptibility testing
Susceptibility of strains to various antimicrobial agents was determined by agar
dilution, E-test, and disk diffusion, according to the Clinical Laboratory Standards
Institute (CLSI) recommended guidelines.
A. 2. a. Agar dilution
Agar dilution methodology was used to determine a minimal inhibitory
concentration (MIC) for the strains listed in Table 12. The MIC is the lowest
concentration of antimicrobial agent that inhibits growth of the bacterium. This technique
allows for multiple strains to be tested on plates ranging in antibiotic concentrations.
However, the disadvantage of agar dilution is that it is labor intensive and expensive. The
β-lactams tested in this dissertation included cefotaxime, ceftazidime, aztreonam,
imipenem, ertapenem, and piperacillin-tazobactam. The total amount of each drug used
for susceptibility testing was calculated using the following equation:

Antibiotic concentration (highest dilution) x Dilution factor x Volume of diluent
Potency of the drug (μg/mg)

Antibiotics were resuspended in the appropriate diluent (1X phosphate buffered
saline; 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mm KH2PO4 or sterile
nanopure water) and two-fold serial dilutions of each antibiotic solution were prepared in
3ml of MHB. One milliliter of each antibiotic dilution was mixed with nine milliliters of
molten Mueller-Hinton agar (MHA) and then poured into 100 x 15mm perti plates
(Fisher Scientific). This created plates with known antibiotic concentrations.
The evening before the experiment, a few colonies of each test organism plated on
blood agar (trypticase soy agar with 5% sheep blood) were inoculated in 5ml of MHB
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and grown overnight (>16 hours; hrs) at 37°C with shaking at 155 RPM. Following the
pouring of the plates on the day of the experiment, the overnight cultures (>109 CFU/ml)
were diluted 1:100 in 9.9ml of sterile saline (107 CFU/ml). Six hundred-fifty microliters
of diluted culture was pipetted into the wells of a Steers-Foltz replicator. This device
contains a tray consisting of 36 wells of which each diluted culture was assigned a
location (only 24 organisms could be inoculated on a 100 x 15mm petri plate). Cultures
were inoculated onto each antibiotic plate and drug-free plate (control) creating a final
concentration of 105 CFU/spot of each organism. Control plates without antibiotic were
stamped at the beginning and end of a diluted drug series to ensure there was no
contamination or antibiotic carry-over, respectively. CLSI quality assurance control
strains including ATCC 25922 and ATCC 35218 were used because they have established
and consistent MICs. The stamped plates were incubated at 37°C for 18-24 hrs. MICs
were determined at the concentration where there was either no visible growth or there
was less than 10 colonies per spot observed on the plate. Susceptibilities to select
antibiotics listed below were evaluated according to CLSI breakpoints provided in Table
15.
Table 15. CLSI established breakpoints for select antibiotics in Enterobacteriaceae

Antibiotic
Cefotaxime
Ceftazidime
Cefepime
Aztreonam
Ampicillin
Imipenem
Piperacillin/
tazobactam

≤1
≤4
≤8
≤4
≤8
≤1

MIC Interpretive Standarda
(μg/ml)
S
I
R
2
≥4
8
≥16
16
≥32
8
≥16
16
≥32
2
≥4

≤16

32-64

a; From reference 75, M100-S22 version
(S) Susceptible, (I) Intermediate, (R) Resistant

≥64

Zone Diameter Breakpointsa
nearest whole mm
S
I
R
≥26
23-25
≤22
≥21
18-20
≤17
≥18
15-17
≤14
≥21
18-20
≤17
≥17
14-16
≤13
≥23
20-22
≤19
≥21

18-20

≤17
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A. 2. b. Epsilometer testing strips (E-tests)
Susceptibility of CTX-M-14 and CTX-M-15 deletion clone constructs (pg 221)
was evaluated by E-test (AB BIODISK, Solna, Sweden) methodology. The technique
was used to determine the MIC to the antibiotics in Table 15. E-tests are rectangular,
plastic strips that have a pre-established concentration of antibiotic embedded within the
strip. Each E-test contains a single antibiotic that has undergone 15 dilutions which
creates a predefined antibiotic gradient on the surface of the strip. Using an E-test
applicator, the strip was applied to a Mueller-Hinton agar (MHA) plate that had been
inoculated with a lawn of the test organism. A few colonies of the test organism
inoculated on a blood agar plate (BAP) were removed to create a 0.5 MacFarland
standard (108 CFU/ml or 0.08-0.1 OD600). This standardized inoculum was used to create
a confluent lawn on the MHA plate (consisting of 20ml of MHA in a 100 x 15mm plate,
Fisher Scientific). A cotton swab was used to streak the plate three times rotating the
plate approximately 60° each time to assure even distribution. The swab was traced
around the rim of the plate to absorb any inoculum that may have splashed on the edges
or in case the edges were missed during the creation of the lawn. Once the strip was
applied to the surface of the agar, the strip became hydrated and the antibiotic began to
diffuse through the agar. This generated a continuous concentration gradient that
inhibited growth of susceptible bacteria. Inoculated plates were incubated at 37°C for 1824 hrs. Following incubation, an elliptical zone of inhibition formed. The intersection of
this zone with the E-test strip represented the MIC in μg/ml. If an organism was resistant
to the concentrations of antibiotic impregnated within the strip, then no zone formed and
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confluent growth up to the strip appeared. E-test strips for the drugs in Table 15 were
purchased from AB BIODISK (Solna, Sweden).
In comparison to other antibiotic susceptibility testing methods, E-tests are
expensive, costing $2-$3 a strip. However, they are a quantitative test and provide an
MIC. When using large petri plates containing 60ml of MHA, six different E-test strips
can be applied. This method is best suited when MICs to only one or two drugs need to
be determined.
A. 2. c. Kirby-Bauer disk diffusion
Susceptibility of CTX-M-14- and CTX-M-15-producing clinical isolates to
ceftolozane/tazobactam and β-lactam/β-lactamase inhibitor combinations was evaluated
by Kirby-Bauer disk diffusion. This technique has been implemented in the clinical
laboratory since the 1950s for determining the susceptibilities of bacteria to different
antimicrobials (186). However, labs across the U.S. developed their own protocols for
disk diffusion involving inoculum, incubation time, and concentration of the antibiotic
tested which resulted in mass confusion. The lack of standardization of this methodology
continued throughout the 1960s. This led M. W. W. Kirby and colleague A. W. Bauer at
the University of Washington, School of Medicine to review current protocols and
publish a consolidation of their findings. In 1961, the World Health Organization (WHO)
was encouraged to create a committee to standardize the disk diffusion methodology and
therefore, resulted in the Kirby-Bauer disk diffusion test (20, 21). The Clinical
Laboratory Standards Institute (CLSI) is the governing body now in charge of updating
and promoting changes to the original Kirby-Bauer disk diffusion test. As organisms
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acquire new mechanisms of resistance and new antimicrobials are developed and
marketed, modifications to the procedure need to be made.
E-tests and disk diffusion methods are similar in that both use devices that have
been impregnated with antibiotic. Disk diffusion uses six millimeter filter paper discs or
wafers that have a pre-determined concentration of antibiotic. In contrast to E-test
methodology, disk diffusion does not provide an MIC. Interpretation of susceptibility is
qualitative and reported as susceptible, intermediate, or resistant based on the diameter of
the zone of inhibition. Guidelines for zone sizes that correspond to susceptible,
intermediate, and resistant are dependent upon the drug tested and interpreted using CLSI
criteria (177). The reading error of each disk diffusion testing is ±2 millimeters (mm)
(116).
A 0.5 MacFarland standard of the test organism was inoculated on a MHA plate
(100mm or 150mm) using a cotton swab to create a lawn of growth. The antibiotic disk
was manually placed on the plate with a needle applicator and incubated at 37°C for 1824 hrs. To assure that the disk made complete contact with the agar and to avoid irregular
zone shapes, the disks were pressed down slightly with the needle applicator. The disks
can also be applied to the plate using a dispenser (stamper), a device that is commonly
used in the clinical laboratory. Up to twelve disks can be applied to an inoculated plate
(Figure 51) (176). To determine the sensitivity of organisms to ceftolozane/tazobactam
and piperacillin/tazobactam, each organism was inoculated on a separate plate containing
20ml of MHA (100x15mm petri plate). The sensitivity of the β-lactam/β-lactamase
inhibitor combinations (CTX/ CTX CLA and CAZ/CAZ CLA) was determined using the
larger 150mm MHA plates that contained 60ml of agar. The disks were placed no closer

164

Figure 51. A disk diffusion test with an isolate of E. coli from a urine culture. Taken
from Jorgenson et al 2009 (177).
than 24mm (center to center) apart. The presence of an ESBL was confirmed if there was
an increase in zone size of at least five millimeters for CTX/CLA or CAZ/CLA in
comparison to CTX and CAZ alone (Figure 52) (35, 102, 353).
As soon as the disk touches the surface of agar, water is absorbed into the disk
causing diffusion of the antibiotic in three dimensions. The rate of diffusion of the
antibiotic is dependent upon three majors factors 1) the diffusion and solubility
characteristics of the drug in the agar 2) depth of the agar and 3) the molecular weight of
the antibiotic. Antimicrobial agents that have a small molecular weight diffuse at a faster
rate than larger molecular weight compounds. The combination of these elements
determines the breakpoint zone size that approximately equals the MIC determined by
broth dilution studies. The highest concentration of the antibiotic is located closest to the
disk and then a logarithmic reduction in concentration occurs as the distance from the
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Figure 52. E. coli isolate that produces an ESBL and a high level of AmpC β-lactamase.
ESBL confirmatory disk test is shown on a Mueller-Hinton agar plate supplemented with
200μg/ml of the AmpC inhibitor, cloxacillin. The disks, from left to right, are as follows:
upper, ceftazidime-clavulanate and ceftazidime; lower, cefotaxime-clavulanate and
cefotaxime. Taken from Thomson 2010 (353).
disk decreases. The antibiotic diffuses into the agar and the bacteria grow simultaneously.
Bacterial growth continues until the organism reaches a critical mass and overcomes the
inhibitory effects of the antibiotic. This critical mass is represented by a distinct circle of
bacterial growth around the antibiotic disk (177).
Antimicrobial disks were purchased from BD BBL (BD Diagnostics, Sparks
MD). The ceftolozane/tazobactam disks were supplied by Cubist Pharmaceuticals, Inc. In
comparison to all other antimicrobial susceptibility testing methods, disk diffusion is the
least expensive. This test is simple, practical, and does not require any specialized
equipment (177).

A. 3. Bacterial growth rate assessment using different environmental
conditions
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A. 3. a. Growth curve analysis using MHB conditions
The growth rate of strains was determined by performing growth curves. The
strains were inoculated in 95ml of MHB (BBL, BD Diagnostics) to an OD600 of 0.1. One
hundred microliters of the OD600 0.1 culture was transferred into 95ml of fresh MHB
prepared in 250ml sidearm flasks. Sidearm flasks were used for this experiment so the
culture did not have to be removed and dispensed in a cuvette to evaluate bacterial
growth; therefore decreasing the total volume of culture. ODs were monitored every 30
minutes for up to eight hours. Ten-fold serial dilutions were made when a significant OD
change was observed. One milliliter of the diluted culture was mixed with nine milliliters
of molten MHA and allowed to solidify. The dilution factors plated were 10-1 to 10-5 for
ODs below 0.5 and 10-5 to 10-8 for ODs above 0.5. Each dilution was plated in duplicate.
Plates were incubated overnight (>16 hrs) at 37°C and colony counts were conducted the
following day. Plates containing colony counts between 30 to 300 colonies were counted
as these are the numbers of colonies required for an accurate count (37). Plate counts
above or below this range introduce errors. Growth curves were constructed by graphing
the logarithm of the average colony counts per dilution (y axis) versus the time points (x
axis). The growth of CUMC 247 and D14 (CTX-M-15- and CTX-M-14-producing E.
coli, respectively) was evaluated and compared to the wild type laboratory strain of E.
coli K12 MG1655.
A. 3. b. Growth curve analysis using artificial urine conditions
The growth of select strains (K12 MG1655, D14, and XQ12) was evaluated in
95ml of artificial urine media (recipe in Table 16). All components were dissolved in
500ml of distilled (dI) H2O and filter sterilized though a 0.2μm filter to remove any
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Table 16. Composition of artificial urine media (AUM)
Component
Peptone L37
Yeast extract
Lactic acid
Citric acid
Sodium bicarbonate
Urea
Uric acid
Creatinine
Calcium chloride 2H2O
Sodium chloride
Iron II sulphate 7H2O
Magnesium sulphate 7H2O
Sodium sulphate 10H2O
Potassium dihydrogen phosphate
Di-potassium hydrogen phosphate
Ammonium chloride

Amount (g)

Final Concentration (mmol/L)

1
0.005
0.1
0.4
2.1
10
0.07
0.8
0.37
5.2
0.0012
0.49
3.2
0.9
1.2
1.3

1.1
2
25
170
0.4
7
2.5
90
0.005
2
10
7
7
25

Recipe was adapted from Brooks and Keevil, 1997 (38).

particulate. Final volume of the media was 1 Liter. Because of the high salt
concentration, the media was unable to be autoclaved and was refrigerated until ready for
use. The strains were inoculated in 5ml of 1X AUM and grown overnight (>16 hrs) at
37°C with shaking at 150 RPM. One hundred microliters of the overnight culture was
transferred into 95ml of fresh AUM prepared in sidearm flasks (warmed to room
temperature). ODs were monitored every 30 minutes for ten hours. Ten-fold serial
dilutions were made when a significant OD change was observed. One milliliter of the
diluted culture was mixed with 4.5ml of molten 2X Bacteriological Agar (Oxoid, Thermo
Scientific) and 4.5ml of 2X AUM and allowed to solidify. This is in contrast to the use of
MHA in the previous growth analyses. The AUM had to be added separately to the agar
since the salts would precipitate out of solution during autoclaving. MHA could not be
used in this analysis because it is a nutrient rich media that could skew the colony counts.
Since the organisms were adapted to growth in AUM, the same nutrient conditions were
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used when plating. Dilutions plated were 10-1 to 10-5 for ODs below 0.5 and 10-5 to 10-8
for ODs above 0.5. Each dilution was plated in duplicate. Plates were incubated and
colony counts were performed as described previously.

B. DNA Methods
B. 1. Preparation of crude bacterial DNA template
DNA template was prepared for each organism by picking an isolated colony
from an overnight blood agar or selective media plate and inoculating five milliliters of
Luria Bertani (LB) broth. The culture was incubated overnight (16 hrs) at 37°C with
shaking at 150 RPM on a rotary shaker. After incubation, 1.5ml of culture was
centrifuged at 16,200 x g (13,000 RPM) for five minutes at room temperature to collect
cells. The supernatant was discarded and the cell pellet was resuspended in 500μl of
sterile nanopure water. Cells were then lysed and heated at 95°C for 10 minutes. Cellular
debris was collected by centrifugation at 16,200 x g (13,000 RPM) for five minutes. Four
hundred microliters of the supernatant was removed and served as the crude DNA
template for some PCR reactions.

B. 2. Preparation of total bacterial DNA template
To extract total DNA from bacterial cells, the DNeasy® Blood and Tissue kit
(Qiagen, Valencia, CA) was used following the manufacturer’s instructions. The kit can
rapidly purify total DNA from a variety of sources including animal tissues and cells,
blood specimens, and bacteria using a series of proprietary solutions. This technology
uses silica based membranes in microspin columns for the adsorption and elution of
DNA. This specific preparation of DNA template was used when performing real-time
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PCR and melt curve analysis in the evaluation of primer specificity and primer efficiency
studies.

B. 3. Primer design and specificity testing
Primer sequences for oligonucleotide primers designed and used for various
experiments are provided in Tables 17-27. Primers were designed using a free program
from Integrated DNA Technologies (Coralville, IA) known as OligoAnalyzer 3.1. This
program was available through the website, www.idtdna.com. The following
specifications for primer design were adhered to as closely as possible.

1. Primers were commonly 20-25 nucleotides in length.
2. Minimally, a G-C (guanine-cytosine) clamp was designed at the 3′ end of each forward
and reverse primer. Preferably, GC clamps should be located at both the 5′ and 3′ ends of
the primer sets.
3. Overall G-C content for each individual primer was ~50% when designing primers for
E. coli. Some organisms have a higher total G-C content, such as Pseudomonas
aeruginosa and therefore G-C content of primers can be ~60%.
4. The annealing temperature was not provided by the OligoAnalyzer. Therefore, a
deduction of 5°C from the melt temperature gave the approximate annealing temperature
that was used for the primer set in initial experiments. The targeted annealing temperature
range was 50-60°C but this specification was not crucial. However, both primers were
designed to have close annealing temperatures.
5. The formation of secondary structure (hairpin feature on analyzer) was less than 50°C.
6. The ability of the primers to self-anneal (self-dimer formation feature on analyzer) had
a delta G (ΔG) of less than -5 kcal/mol.
7. The ability of both the forward and reverse primers to form heterodimers or anneal to
one another had to result in a delta G (ΔG) of less than -5 kcal/mol.
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8. Primers had to be specific to the gene of interest and not cross-hybridize with other
genes. Therefore, all primers were blasted against the NCBI database to ensure specificity
prior to order submission.
The primers that met these qualifications were ordered from Integrated DNA
Technologies (through the Molecular Core Lab facility at Alegent-Creighton Health) and
tested empirically in PCR reactions. All oligonucleotide primers were resuspended in 1X
sterile Tris-EDTA (TE) to a final concentration of 10μM or 100pmol/µl. Primers were
stored at -20°C and repeated freeze-thaw cycles were avoided.

B. 4. Multi-locus sequence typing (MLST)
We used the MLST technique to determine the genetic characterization of some
strains that had been collected from Creighton Microbiology Laboratories (CML) and
Creighton University Medical Center (now Alegent-Creighton Health). Primer sequences
for the seven housekeeping genes are in Table 17. The services of Dr. James Johnson’s
laboratory identified the sequence types of a collection of isolates from various locations.
Rotor-Gene® ScreenClust High Resolution Melt (HRM®) software (Qiagen,
Hilden, Germany) was used to screen for ST131 CTX-M-producing E. coli strains. This
was an experimental approach to sequence typing that did not involve DNA sequence
analysis of the seven gene fragments. Sequence types other than 131 were not determined
using this software. DNA that was used as template in the reactions was prepared using
the QIAamp DSP DNA Mini kit (Qiagen). This kit was similar to Qiagen’s DNeasy®
Blood and Tissue kit in that it extracted total bacterial DNA but used a modified silica gel
based membrane on the filter column. These modified columns had to be refrigerated to
prevent the gel from drying. Additionally, the QIAamp kit has been FDA approved. PCR
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amplicons of the housekeeping genes followed by cluster analysis using XQ12 as a
ST131 prototype identified ST131 E. coli strains. The master mix consisted of 12.5μl of
2X EpiTect HRM master mix, 8μl of sterile nanopure water, and 1.75μl of 10pmol of
each forward/reverse primers for a total of 24μl. One microliter of template prepared by
QIAamp DNA extraction kit was added to the PCR reaction for a total of 25μl. Cycling
conditions consisted of an initial denaturation at 95°C for 5 minutes followed by 35
cycles of denaturation at 95°C for 10 seconds, annealing at 50°C for 30 seconds, and
extension at 72°C for 10 seconds. Cycling was followed by HRM analysis using a
temperature range from 65-90°C. The unsupervised mode was used with the ScreenClust
software to examine each of the seven PCR amplicons. Three clusters and two principal
components were chosen by the program based on the complexity of the data.
ScreenClust data was confirmed by sequencing the seven housekeeping gene fragments.
In addition to the seven housekeeping genes, primers that detect small nucleotide
polymorphisms (SNPs) in the pabB gene were incorporated into the analysis. There are
two SNPs in pabB that are specific to ST131 including thymine-144and adenine-450. The
detection of these SNPs implies a ST131 genetic background. Primer sets designed by
Dhanji et al were used to amplify the regions containing the targeted mutations.
Amplified products were sequence by ACGT, Inc (97).

B. 5. Phylotyping
The services of Dr. James Johnson’s laboratory were used to determine the
phylogenetic groups of select clinical E. coli strains (Table 11). The older methodology

Gene

recA; ATP/GTP binding motif

purA; adenylosuccinate synthetase

mdh; malate dehydrogenase

icd; isocitrate dehydrogenase

gyrB; DNA gyrase B

fumC; fumarate hydratase

adk; adenylate kinase

Primers taken from Lau et al 2008
a; Sequence used to design primer

adk seq F
adk seq R
fumC seq F
fumC seq R
gyrB seq F
gryB seq R
icd seq F
icd seq R
mdh seq F
mdh seq R
purA seq F
purA seq F
recA seq F
recA seq R

Primer Name
GCAATGCGTATCATTCTGCT
CAGATCAGCGCGAACTTCAG
CCACCTCACTGATTCATGCG
CGGTGCACAGGTAATGACTG
CGGGTCACTGTAAAGAAATTATCG
GTCCATGTAGGCGTTCAGGG
TACATTGAAGGTGATGGAATCG
GTCTTTAAACGCGCCTTCGG
TCTGAGCCATATCCCTACTG
CGATAGATTTACGCTCTTCCA
CTGCTGTCTGAAGCATGTCC
CAGTTTAGTCAGGCAGAAGC
AGCGTGAAGGTAAAACCTGTG
ACCTTTGTAGCTGTACCACG

Sequence (5′ to 3′)

Table 17. Primers used for Multi-Locus Sequence Typing (MLST)

191-210
820-801
284-303
933-914
1337-1360
2073-2054
91-112
729-710
135-154
844-824
796-815
1500-1481
254-274
888-869

Nucleotide Position

EU896799

J04199

EU894634

EU902170

X04341

X04065

X03038

GenBank Accession
Numbera
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using the rapid triplex PCR was applied (70).

C. PCR Methods
C. 1. Polymerase chain reaction (PCR)
PCR was used for DNA sequencing in addition to cloning, subcloning, and
confirming the movement of the CTX-M gene in the positive transconjugants. PCR
reagents were purchased from different vendors depending upon the polymerase used and
included Invitrogen Life Technologies (Taq and Platinum® Taq), Fisher Scientific
(Phusion® HotStart), Novagen or Millipore (KOD HotStart), and Takara (SpeedSTARTM
HotStart). Each enzyme has different master mix requirements and PCR cycling
parameters which are described below. A standard heat-block thermalcycler was used
when working with Taq and Platinum Taq polymerases. The Rotor-Gene 6000 or the
Rotor-Gene Q 5plex High Resolution Melt (HRM) system was the real-time thermal
cyclers used when performing PCR with Phusion®, KOD, or SpeedSTAR enzymes.
C. 1. a. Rotor-Gene Q 5plex High Resolution Melt (HRM) PCR platform
This PCR platform is unique compared to other PCR thermal cyclers. The
temperature changes during PCR are achieved by rapid airflow in the reaction chamber
which provides temperature uniformity. During heating and cooling phases of the PCR,
warmed and cooled air, respectively is forced into the reaction chamber (Figure 53). The
spinning rotary design provides a well to well variation of less than 0.01°C which is
approximately 20 times less than standard heat-block thermalcyclers. Additionally, the
use of the rotor eliminates edge effects that can be seen with block cyclers. The
spindle/motor assembly allows for high speed data processing on each tube every 150
milliseconds (Figure 54). This instrument is equipped with six LED light sources that can
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Figure 53. Internal mechanics of the Rotor-Gene 5plex HRM system including the reaction
chamber, motor, 6 LED light sources, detection filters, and the photomultiplier detector.

Figure 54. Adaptability of rotors for use on the Rotor-Gene Q 5plex HRM system.
The machine is capable of using 36, 72, and 100 well rotors with corresponding tubes.
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be used in combination with six different detection filters which create versatility in PCR
design. Each tube spins past and aligns with the detection optics programmed for the
PCR to produce a fluorescent signal. The Rotor Gene Q also has the capability of
performing high- resolution melt analysis, a post-PCR reaction that characterizes double
stranded DNA based on its dissociation behavior.
C. 1. b. Taq and Platinum® Taq DNA polymerases
Taq polymerase is a thermostable enzyme extracted from the thermophile,
Thermus aquaticus YT1. Taq polymerase catalyzes the synthesis of DNA from 5′→3′
and lacks proofreading ability (3′→5′ exonuclease activity). This enzyme was used to
screen possible transformants to ensure the insert was successfully ligated and in the
correct orientation when applicable. The final volume of each reaction using either Taq or
Platinum® Taq was 50μl. The polymerase chain reaction mixtures consisted of the
following components: 1X PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl), 1.5mM
MgCl2, 200 μM dNTP mix, 2 pmol of each primer, 1.0U Taq DNA polymerase, and 2μl
of DNA template.
For cloning and sequencing reactions, amplicons were generated with Platinum®
Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad, CA, USA). This enzyme is a
combination of recombinant Taq DNA polymerase, Pyrococcus species GB-D
polymerase, and Platinum® Taq Antibody. The polymerase from Pyrococcus species has
3′→5′ exonuclease activity and therefore can remove misincorporated nucleotides. By
combining the Taq polymerase and the Pyrococcus species polymerase, the fidelity of the
PCR is six times higher than when using Taq polymerase alone. The Taq Antibody
prevents activity of the polymerase at room temperature by complexing with the enzyme.
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Reactions were comprised of 1X High Fidelity PCR buffer (600mM Tris-SO4 pH 8.9,
180mM ammonium sulfate), 2mM MgSO4, 200μM dNTP mix, 0.2μM of each forward
and reverse primer, 1.0U of Platinum® Taq High Fidelity enzyme, and 2μl of DNA
template. CTX-M-15 and CTX-M-14 DNA were used as positive controls. Negative
controls consisted of sterile, nanopure water from the hood and bench. Hood H2O was
used as a control to see if the PCR components used to prepare the master mix were
contaminated. Any amplified product present in the bench H2O would indicate
contamination due to carryover from tube to tube during the addition of template.
Amplification of genes of interest were completed on the Rotor Gene Q 5plex High
Resolution Melt (HRM) System (Qiagen) and a Perkin Elmer DNA Thermal Cycler 480
(Perkin Elmer Biosystems, Boston, MA). When using the Perkin Elmer thermal cycler,
the reactions were overlaid with two drops of mineral oil (Sigma-Aldrich, St. Louis, MO)
prior to being placed in the device. The template DNA was initially denatured for 5
minutes at 95°C. Amplification/cycling parameters consisted of the following: 95°C
denaturation for 1 minute, 55-62°C (variable depending on primer set) annealing for 30
seconds, and 72°C extension for 2 minutes for 25 cycles. When using Platinum Taq for
cloning or sequencing, a 68°C extension was used followed by a final extension for 7
minutes at 68°C. Amplicons generated were visualized by agarose gel electrophoresis
using an agarose gel and 1X TAE running buffer (40mM Tris-acetate, 0.1 mM EDTA).
The agarose concentration was adjusted according to the size of the expected amplified
product. For amplicons greater than 700 bp, a 1% agarose gel was used. For amplicons
between 500 bp -700 bp, a 1.5% agarose gel was used. For amplicons smaller than 500
bp, a 2% agarose gel was used. Gels were submerged in ethidium bromide prepared at
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0.5μg/ml (10mg/ml stock concentration) to stain nucleic acids (~10 seconds) and then
destained in distilled water for one hour with gentle shaking (BellyDancer, Fisher
Scientific) to reduce background intensity. Bands were visualized under the DyNA Light
Dual Intensity UV Transilluminator (Labnet International, Inc., Edison, NJ) (254 nm
wavelength) and processed using a Kodak Imager or Gel Doc XR system by Bio-Rad
(Hercules, CA). Amplicon size was compared to a 100bp ladder (Invitrogen) or a
GeneRuler 1kb Plus ladder (Fermentas, Thermo Scientific, Pittsburgh, PA) that was run
simultaneously.
Taq and Platinum® Taq enzymes generate PCR products with 3′ “A”
(deoxyadenosine) overhangs that can be directly used for TA Cloning®. Both enzymes
possess deoxynucleotidyl transferase activity or non-template dependent terminal
transferase activity that results in the addition of an extra adenine at the 3′-end of PCR
products. The linearized vector supplied with the TA Cloning® kit, pCR®2.1, contains 3′
deoxythymidine (T) residues that allow PCR products to ligate efficiently with the vector.
C. 1. c. Phusion® Hot Start II High-Fidelity DNA polymerase
The Phusion® Hot Start polymerase utilizes hot-start technology for amplification.
The proofreading polymerase contains a reversibly bound Affibody® protein that inhibits
DNA polymerase activation during set-up which prevents non-specific product
amplification. Additionally this protein inhibits the 3′→5′ exonuclease activity of the
polymerase which prevents primer and template degradation during PCR set-up. When
the polymerase begins adding complementary nucleotides, the Affibody® protein is
released which creates a fully active polymerase. The optimal annealing temperature used
with the Phusion® polymerase varies significantly from that of Taq based polymerases.
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Therefore, to accurately determine the annealing temperature to be used for a specific
primer set, the primers were entered into a free calculator via the website,
http://www.thermoscientificbio.com/webtools/tmc/. As a general rule of thumb, when
working with primers 20 nucleotides or less, the lower Tm (melting temperature)
produced by the calculator was used as the annealing temperature. For primers that were
greater than 20 nucleotides, an annealing temperature that was 3°C higher than the lower
Tm given by the calculator was used in the PCR. Optimization was not required when
using these recommended conditions.
Each PCR reaction was 50μl and consisted of the following components; 1X
Phusion® HF PCR buffer (contains 1.5mM MgCl2), an additional 0.5mM MgCl2, 200μM
dNTP mix, 0.5μM of each forward and reverse primer, 0.02U/μl (2U/μl stock) of
Phusion® HotStart II High-Fidelity DNA polymerase, and 2μl of DNA template. The
cycling parameters included an initial denaturation and HotStart activation at 98°C for 30
seconds followed by 30 cycles of denaturation at 98°C for 10 seconds, primer annealing
at 65-69°C (variable depending on the primer set) for 30 seconds, and an extension at
72°C for 60 seconds. The PCR concluded with a final extension at 72°C for 5 minutes.
The Phusion® polymerase is more efficient when using elevated denaturation and
annealing temperatures because of the high salt concentration in the reaction buffer.
The Phusion® polymerase generates blunt-ends on the amplification products. When
using this enzyme to clone PCR products, the pJET1.2/blunt cloning vector was used.

C. 1. d. KOD HotStart DNA polymerase
This enzyme was introduced into the laboratory as an alternate proofreading
polymerase to the Phusion® enzyme. The KOD enzyme also uses hot-start DNA

179

amplification methodology as described above for the Phusion® polymerase. This
enzyme was isolated from the hyperthermophilic archea, Thermococcus kodakaraensis
KOD1. This organism was discovered in a sulfataric hot spring on Kodakara Island in
Japan; hence the location of the discovery was how the organism and the DNA
polymerase received its name. KOD HotStart is a mixture of the polymerase and two
additional monoclonal antibodies that prevent polymerase activation and primer
degradation during set-up at ambient temperatures. KOD HotStart enzyme has a fast
extension speed of 106-138 bases/second. This is in comparison to Taq DNA polymerase
which has an elongation speed of 61 bases/second. This enzyme was expensive and
therefore, the laboratory switched to the SpeedSTARTM HotStart DNA polymerase
described below. KOD HotStart DNA polymerase generates blunt-end PCR products and
could be ligated into pJET1.2/blunt cloning vector.
C. 1. e. SpeedSTARTM HotStart (HS) DNA polymerase
SpeedSTARTM HotStart (HS) DNA polymerase is optimized for fast PCR cycling
conditions with no need for specialized PCR machines. A 2kb PCR product can be
generated in 30 minutes using a standard heat block thermal cycler. In comparison to
other polymerases that require one minute per kilobase (kb) extension time,
SpeedSTARTM can use an extension as low as 10 sec/kb. Fifty microliter final reaction
volumes were used when working with SpeedSTARTM. All PCR amplifications were
completed on the Rotor-Gene Q PCR platform. This polymerase is supplied with two
buffers, Fast Buffer I and II that contain 3.0mM and 2.0mM MgCl2, respectively. Fast
Buffer II was used for the CTX-M studies and Fast Buffer I was used in the development
of a multigene multiplex diagnostic assay presented in the appendix. A reaction mixture
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consisted of 1X Fast Buffer II, 200μM dNTP mix, 0.2μM of each forward and reverse
primer, 1.25U of SpeedSTARTM HS DNA polymerase (5Units/μl), and 2ul of DNA
template. Cycling conditions consisted of a three step PCR method following the initial
denaturation at 95°C for 1 minute. The amplification steps included 30 cycles of
denaturation at 95°C for 10 seconds, annealing for 30 seconds (temperature varied
depending upon primer set), and an extension at 72°C for 60 seconds. The PCR
concluded with a final extension at 72°C for 5 minutes.
PCR products amplified with SpeedSTARTM have an A (adenine) added to the 3′
termini. Once the PCR products were purified, direct ligation into a T-vector such as
pCR®2.1 (Invitrogen) could be completed. SpeedSTARTM was used to create the CTXM-14/CTX-M-15 chimeric constructs (described below) and for sequencing a
representative panel of strains from Dr. James Johnson’s laboratory.

C. 2. Real-time PCR using SYBR Green
The incorporation of a detection dye such as SYBR Green in a PCR master mix
allows for the detection of amplification in real-time. The Rotor-Gene SYBR Green
Master Mix kit was used to evaluate primer specificity when available. Traditionally,
primer set specificity was evaluated by end-point PCR followed by agarose gel
electrophoresis. If the primer set was specific then the PCR would produce one, single
band on the gel. However, when real-time PCR was available the specificity of a primer
set was assessed by melt curve analysis. PCR using the SYBR Green Master Mix was
completed on the Rotor Gene 6000 or the Rotor Gene Q 5plex system. This master mix
contains a HotStarTaq DNA polymerase that provides a stringent hot-start activation to
prevent the formation of non-specific PCR products. The SYBR Green dye enables the
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detection of a target without the incorporation of target-specific labeled probes or the
need for agarose gel electrophoresis of amplified products. SYBR Green produces a
strong fluorescent signal upon binding to double-stranded DNA. The reactions were
prepared in a 25μl final volume. Each reaction consisted of a 1X SYBR Green PCR
buffer, 0.2μM of each forward and reverse primer, and 1μl of purified DNA. The
amplification parameters included an initial denaturation at 95°C for 5 minutes followed
by 30 cycles of denaturation at 95°C for 30 seconds, annealing at 30 seconds
(temperature varied depending upon primer set), and an extension at 72°C for 30 seconds.
Following the cycling conditions, the amplicons were melted using the melt curve
analysis feature on the Rotor Gene instrument. The post-PCR procedure included a
temperature ramp range from 60-95°C with two seconds of pre-melt conditioning prior to
temperature ramping. The gain optimization feature was used and fluorescence was
acquired to the green channel. The sample that produced a gain of less than 70% was
selected. Ideally, if the primer set was specific, then a single melt peak was observed. As
a precautionary measure, all PCR products generated using the SYBR Green master mix
were electrophoresed to ensure one target was amplified.
This SYBR Green kit was also used as a quick screening tool to detect CTX-M-14
or CTX-M-15 genes in ESBL-positive isolates collected from Creighton Medical
Laboratories or other locations. Another use of this kit was screening potential
transformants for the cloned insert.

C. 3. Touchdown PCR for difficult to amplify PCR products
The optimization procedure for a new primer set can be time consuming, tedious,
and expensive. Efficient amplification can be achieved by varying the magnesium
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concentration, primer concentration, DNA concentration, and/or the annealing
temperature of the PCR. During a touchdown PCR, a range of temperatures can be tested
to see if a primer set would anneal. The cycling conditions are programmed to decrease
the annealing temperature by 1-2°C per cycle for a specific number of cycles (Figure 55).
The annealing temperature is recommended to span ~15°C and should start a few degrees
above the Tm to 10°C below the Tm. The aim of this cycling strategy is to allow specific
primer-template hybridization initially followed by formation of non-specific PCR
products as the Tm lowers. This type of PCR saves a considerable amount of time,
preventing the need for individual PCRs using different annealing temperatures per run.
Touchdown PCR results in specific amplification of a desired PCR product without
extensive optimization efforts (323). This approach was used as a quick screen when
amplifying segments of the transposase gene of ISEcp1 upstream of the CTX-M
structural gene. PCRs were set-up using the Rotor-Gene SYBR Green Master Mix
described previously. Melt curve analysis followed amplification. The annealing
temperature that produced a single melt peak (single PCR product) was selected as the
annealing temperature used for that specific primer set in subsequent PCRs. Once
touchdown PCR amplifications were completed, the PCRs were repeated using a
proofreading polymerase and determined annealing temperatures so that the transposase
could be completely sequenced.

C. 4. Rapid PCR methodology
Rapid cycling conditions were possible with the use of the Philisa® PCR thermal
cycler (Streck, Omaha, NE). This machine can complete an end-point PCR in 15 minutes
or less. To perform rapid PCR, higher magnesium and primer concentrations are or less.
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Figure 56. Programming conditions for a touchdown PCR. The annealing step of the
PCR is programmed for a touchdown and will decrease 1°C each cycle for 15 cycles
beginning with 65°C annealing temperature.
The Philisa® uses uniquely crafted PCR tubes that adhere tightly to the wells within the
instrument. This design allows for efficient heat transfer and thermal control during the
PCR. Additionally, ramping rates are much faster compared to the ramp rates of “fast”
thermal cyclers on the market. The Philisa® has heating ramp rates of 15°C/sec and
cooling ramp rates of 12°C/sec while other thermal cyclers have maximum ramp rates of
5°C/sec. Rapid PCR was used to screen transformants/transconjugants for the presence of
the CTX-M-14 or CTX-M-15 β-lactamase genes. Also, rapid PCR was used to screen for
additional β-lactamases (OXA-1 and TEM) in the isolates presented in Table 11. A PCR
set-up using this methodology included 1X Taq buffer with KCl, 4.0mM MgCl2, 200μM
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of dNTPs, 2pmol of each forward and reverse primer, and 1 Unit (5Units/μl) of Taq
polymerase (134). Two microliters of DNA extracted from a crude boil preparation was
used in the PCR reaction.
D. DNA Purification
D. 1. PCR product purification and concentration
Following PCR, five microliters of PCR product was visualized on an agarose gel
to ensure a single amplicon of the correct size was generated. The remaining 45μl of PCR
product was pipetted onto the membrane of an Amicon® Ultra-0.5 Centrifugal
nitrocellulose filter with molecular weight capacity of 50,000 (Millipore, Billerica, MA).
The column was placed in a 2ml collection tube. The PCR product was bound to the
membrane by centrifugation at 16,200 x g (13,000 RPM) for seven minutes. Immediately
after centrifugation, the column was inverted into a new 2ml collection tube and eluted
by centrifugation at 3,500 x g (6,000 RPM) for three minutes. DNA concentration was
measured on the GeneQuant Pro (Amersham Biosciences, Piscataway, NJ) and then used
in downstream applications such as DNA sequencing or ligation.
D. 2. Gel extraction of PCR products
It was necessary to purify PCR products to remove any impurities (excess salts,
enzymes, primers, ethidium bromide) prior to use in cloning and sequencing reactions.
Amplified products, linearized plasmids, or cloned DNA fragments were visualized on
the Spectroline UV Transilluminator Select Series (Fisher Scientific) and gel purified
using the QIAquick Gel Extraction kit (Qiagen) following the manufacturer’s
instructions. This kit is capable of extracting DNA ranging in size from 70 bp to 10 kb
using a simple bind-wash-elute procedure. DNA from the agarose gel was excised with a
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sterile razor blade or scalpel and combined with an equal volume of QG solubilization
buffer. The plug was gently heated at 55°C to melt the agarose and remove the DNA.
This buffer contains chaotropic salts, guanidinium chloride, and a reliable pH indicator
dye that provides visualization for optimal DNA binding. Approximately 95% of DNA
adsorption occurs at a pH ≤7.5 which is portrayed as a yellow color. If other colors were
produced, the pH of the buffer was adjusted accordingly with 3M sodium acetate pH 5.0.
The high salt conditions of the QG buffer allow the nucleic acids to bind to the silica
based membrane in the spin column while contaminants pass through. A wash step using
an ethanol containing buffer removes any impurities that may be present in the sample.
Thirty microliters of a low salt, Tris elution buffer (10mM Tris-Cl, pH 8.5) or water (pH
adjusted to 7.0-8.5) was applied to the column to obtain the DNA that was encased in the
agarose plug.
D. 3. Automated DNA sequencing
PCR products were column purified as described above. Purified PCR products
were directly sequenced by automated PCR cycle sequencing with dye terminator
chemistry. Single pass sequencing was performed by ACGT Inc. (Wheeling, IL).

D. 3. a. DNA sequence analysis using DNA Baser program
Geospiza nucleotide analysis program, Finch TV was used to examine the raw
electropherograms of the forward and reverse DNA synthesis strands. Corrections and
base changes were called and saved. Next, the sequences were aligned in DNA Baser
using the default settings for the assembler and trimming engines (Figure 56). This
program has the options of low quality, default, and high quality DNA analysis

Figure 56. Contig formation used in the sequence evaluation of the structural CTX-M-15 gene from the MHHBS4 clinical isolate
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parameters. Default settings include at least a 20 bp sequence with 80% identity, and a
minimum of 25 bp of overlap sequence between the sequencing reactions. The ends of
the sequencing reactions were trimmed until there were more than 75% “good” bases in
an 18 bp window. Nucleotide bases must have a quality value higher than 25 to be
considered a trusted or “good” sequence. Sequences were blasted against the GenBank
database to determine the percent similarity to previously published sequences in
GenBank. The structural CTX-M-14 and CTX-M-15 genes were sequenced from various
clinical isolates along with their upstream promoter regions (Primer sequences are in
Tables 18 and 19). All clones and subclones in various vectors were sequenced to ensure
that no modifications were introduced into the DNA during the cloning procedure.

D. 4. Primer efficiency studies
Because different primer sets were used for expression of CTX-M-15 and CTXM-14, comparisons of the data obtained using these primers could not be made unless the
primers amplified with the same efficiency. Total DNA from the strains listed in Table 1
was extracted using the Qiagen DNeasy® Blood and Tissue kit. DNA yields were
determined using the GeneQuant Pro. Five hundred nanograms of DNA was the highest
concentration used in these experiments. Ten-fold serial dilutions were prepared ranging
from 250ng to 0.025ng. The master mix set-up included 1X Rotor-Gene SYBR Green
buffer (Qiagen), 10pmol of each forward and reverse CTX-M specific real-time primer,
and RNase-free H2O for a total reaction volume of 40.5μl. A separate master mix was
prepared using the endogenous control primer set (frr or 16S rRNA) and these genes
were used to normalize the expression data. The diluted DNA (9.5μl) was added as
template for each test isolate. Therefore, each isolate had 12 real-time reactions using
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Table 18. Primers used for ISEcp1 tnpA (transposase) sequencing
Primer Name

Sequence (5′ to 3′)

ISEcp1 site2 F2
ISEcp1 site3 F3
ISEcp1 int seq F1
ISEcp1-intF1
ISEcp1-intF2
ISEcp1-intF2-2
ISEcp1-intF3
ISEcp1-intF4
ISEcp1-intF5
ISEcp1 site3 R3
ISEcp1 site4 R4
ISEcp1 int seq R1
ISEcp1-intR2
ISEcp1-intR3
ISEcp1-intR5

GTAACAAATACTACCTTGCTTTCTG
GCGGACCTAGATTCTACGTCAG
CGATGCTACAATATCCAATTTGC
GTTGCTCTGTGGATAACTTGC
CTCTGCGGTCACTTCATTGG
CTACACTCACCTCACAAGCAACG
GGACTCTTCAGAATACAGACAGC
GCCGTGTTTCAAATGATGATGC
CAAATACGACATGGCGGTGG
GCAAGTTATCCACAGAGCAAC
GCTGTCTGTATTCTGAAGAGTCC
GCAAATTGGATATTGTAGCATCG
CGTTGCTTGTGAGGTGAGTGTAG
GCATCATCATTTGAAACACGGC
CCACCGCCATGTCGTATTTG

Nucleotide
Position
1141-1165
38-59
697-719
1518-1538
397-416
941-963
1341-1363
1279-1300
1224-1243
1538-1518
1363-1341
719-697
963-941
1300-1279
1243-1224

GenBank Accession
Numbera
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622

a; Sequence used to design primer

Table 19. Primers used to sequence CTX-M-14 and CTX-M-15 structural genes
Sequence (5′ to 3′)

Primer Name
CTX-M-14
CTXM-914F
CTXM-914R
CTXM914-RTF2
CTXM14-intR1
CTXM14-intR2
CTXM14-intR3
CTXM14-intR4
CTXM14-R1
CTX-M-15
CTX3-FLF
CTX3-FLR
CTXM-1F3
CTXM-1R2
CTXM15-intF2
CTXM15-intR1

Nucleotide
Position

GenBank Accession
Numbera

GCTGGAGAAAAGCAGCGGAG
GTAAGCTGACGCAACGTCTG
CGTTTCGTCTGGATCGCAC
GCGTATTATCTGCGGTATCG
CGAGCTGGGCAATCAATTTG
GCGAACATCATCCGTTGC
CCTCCGCTGCTTTTCTCC
GCCTGAATAGCTTCATCATCC

1857-1876
2330-2311
2225-2243
1918-1899
2176-2157
1775-1758
1877-1860
2799-2779

AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622
AF252622

CGTATCTTCCAGAATAAGGAATCCC
GTTTCCCCATTCCGTTTCCGC
GACGATGTCACTGGCTGAGCTTAGC
AGCCGCCGACGCTAATACA
GCAGCACCAGTAAAGTGATGG
CCTAACAACAGCGTGACGG

1957-1981
2880-2860
2335-2359
2833-2815
2196-2216
2046-2028

HQ157357.1
HQ157357.1
HQ157357.1
HQ157357.1
HQ157357.1
HQ157357.1

a; Sequence used to design primer
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the endogenous control primer set and the CTX-M primer set with different
concentrations of diluted DNA. The Rotor Gene Q 5plex HRM System was programmed
for an initial denaturation at 95°C for 15 minutes followed by 40 cycles of denaturation at
95°C for 30 seconds, annealing at 51°C for 30 seconds, extension at 72°C for 30 seconds.
Fluorescence acquisition was programmed to the green channel.
A standard curve was constructed for both the CTX-M and endogenous control
primer sets for each isolate. The Ct values were plotted against the logarithm of the DNA
concentration. Each standard curve was generated from a linear regression of the plotted
points. Using the slope of each standard curve, the PCR amplification efficiency (E) was
calculated using the equation; E = 10-1/slope – 1 (Lee). The efficiency percentage was
calculated using the equation E = (10-1/slope – 1) x 100. The R2 value ranged from 0.97 to
0.99. The target [CTX-M-15, CTX-M-14, or luciferase (luc)] and reference (frr, 16S
rRNA) primer sets did not vary more than 10% from each other.

D. 5. blaCTX-M-15 and blaCTX-M-14 relative copy number determination
Relative gene copy number quantification was calculated using the equation by
Skulj (342). The equation that was used included;
Copy number = (Ec average) Ctc/(Ep average) Ctp
where E is the primer efficiency, c is the normalization gene, and p is the gene of interest.

Copy number studies were completed on select CTX-M-15 and CTX-M-14
clinical isolates in Table 11. The relative copy number of CTX-M-14 and CTX-M-15 was
determined for the K12 transformants and select tranconjugants. Copy number was
accounted for during mRNA expression analysis when needed.
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D. 6. Isolation of cosmid and BAC DNA for Escherichia coli (large molecular
weight clinical plasmids)
The isolation of high molecular weight plasmids from clinical isolates was
adapted from the method of Sinnett and Montpetit (340). This method of plasmid
extraction is similar to the method described previously but with modifications and
additional steps. One and a half milliliters of fresh 16hour culture grown in LB was
collected by centrifugation at 5,400 x g (7,500 RPM) for five minutes. This step was
repeated a second time to increase the starting number of cells. The pellet was
resuspended in 200μl of solution 1 (0.4μg/ml of RNase A, 2.5mg/ml lysozyme, 1X GTE
[50mM glucose, 25mM Tris-HCl, pH 8.0, 10mM EDTA]). Lysozyme helps to degrade
the outer membrane of Gram-negative organisms and also the peptidoglycan layer in the
cell wall. Of the components of GTE, glucose maintains osmolarity, Tris buffer sustains a
constant pH, and EDTA helps to bind divalent cations. EDTA serves as a chelator to
protect plasmid DNA from cellular DNases and to destabilize the inner membrane. Four
hundred microliters of lysis buffer (solution 2) was then added. All tubes were mixed by
gentle inversion, and placed on ice. Lysis buffer consisted of 1% SLS (sodium lauryl
sarcosine) and 0.2M NaOH that disrupts the inner membrane and denatures the
chromosomal DNA into single stranded DNA. However, the lysis buffer does not
denature the circular, supercoiled plasmid DNA as much as chromosomal DNA because
it is topologically constrained. Three hundred microliters of solution 3 (5M potassium
acetate pH 4.8 and glacial acetic acid) was added to all tubes which were immediately
inverted several times, and incubated on ice for 15 minutes. A white precipitate formed
after the addition of this solution. The glacial acetic acid neutralizes the pH of the mixture
and allows the DNA strands to renature. However, the large chromosomal strands cannot
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rehybridize and results in a partially hybridized tangle. As renaturation is occurring,
potassium acetate precipitates the cellular proteins, lipids, and SDS from the cell
suspension. The large renaturing chromosomal DNA becomes entrapped in the
precipitating protein/lipid/SDS layer. This precipitate was concentrated by centrifugation
at 16,200 x g (13,000 RPM) for 15 minutes. Smaller plasmid DNA, fragments of
chromosomal DNA, and RNA remain in solution and are not captured by the precipitate.
Eight hundred microliters of supernatant was removed and placed in a new 1.5ml
microfuge tube. The DNA was precipitated with 0.6 volumes of cold isopropanol (480μl)
at room temperature for ten minutes. Isopropanol rapidly precipitates nucleic acids but
slowly precipitates proteins. The DNA was centrifuged at 10,600 x g (10,500 RPM) for
15 minutes. The pellet was washed with 600μl of 70% ethanol at 10,600 x g (10,500
RPM) for five minutes. The ethanol wash removes any remaining salts and SDS from the
extracted plasmid DNA preparation.
Two hundred fifty microliters of 1X TE with 0.1% SLS and 100mg/ml proteinase
K was added to dissolve the pellet. Tubes were incubated at 55°C in a heat block for one
hour. Two hundred fifty microliters of 25:24:1 phenol:chloroform: isoamyl alcohol was
added and mixed by inversion for 30 seconds. The mixture was centrifuged at 16,200 x g
(13,000 RPM) for 15 minutes. A wide bore pipette tip was used to remove 200μl of the
supernatant of which 400μl of 95% ethanol was added. DNA was precipitated at room
temperature for ten minutes and then concentrated by centrifugation for ten minutes at
16,200 x g (13,000 RPM). The pellet was washed with 600μl of 70% ethanol for five
minutes at 16,200 x g (13,000 RPM). The pellet was air-dried for ten minutes and then
resuspended in the appropriate volume depending upon the downstream application.
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When conducting conjugation experiments, the pellets were resuspended in 60μl
of 1X TE (Tris-EDTA). EDTA protects the DNA from degradation by DNases by
binding to divalent cations such as Mg+2 that are necessary cofactors for DNAse activity.
For Southern blotting, the pellet was treated with Plasmid-SafeTM DNase. Each reaction
consisted of 42μl of sterile nanopure water, 5μl of 10X Plasmid-SafeTM DNase buffer
(1X final concentration), 2μl of 25mM ATP solution, and 1μl (10Units/μl) of PlasmidSafeTM DNase for a total of 50μl. Forty microliters of the Plasmid-SafeTM DNase mix
was used to wash the sides of the tube and resuspend the pellet. The reactions were
incubated for six hours at 37°C in a heat block. Twenty microliters of 1X TE with 20mM
EDTA was added to the Plasmid-SafeTM DNase reactions. Before loading onto a gel, the
tubes were incubated at room temperature for 15 minutes. Twenty microliters of the
plasmid prep was weighted with five microliters of loading dye and electrophoresed on a
0.8% agarose gel at 70V for 20 hrs. The gel was stained with 0.25X SYBR Gold solution
(Invitrogen) for at least one hour and then imaged using a UV transilluminator. SYBR
Gold was used in comparison to ethidium bromide since it is a more sensitive nucleic
acid stain and does not require destaining. The size of plasmids was estimated using a
supercoiled ladder (BAC-TrackerTM) (Epicentre® Biotechnologies, Madison, WI).

E. Digoxigenin-labeling of CTX-M-14 and CTX-M-15 specific probes
The PCR DIG Probe Synthesis kit was used to generate CTX-M-14 and CTX-M15 specific DIG hybridization probes that were used for Southern blotting (Roche
Applied Science, Indianapolis, IN). The DIG system uses a steroid hapten, digoxigenin
that is coupled to dUTP (digoxigenin-11-dUTP) by an alkali-labile ester bond which is
incorporated during DNA synthesis. DIG-11-dUTP replaces dTTP during the PCR.
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Several controls were used when synthesizing the probes. Separate reactions were
set-up using non-DIG labeled nucleotide mix. PCR products were visualized on a 2%
agarose gel to examine the size difference due to DIG incorporation. Non-DIG labeled
hood and bench water controls were used to ensure kit components were not
contaminated and PCR carryover did not occur, respectively. CTX-M-15 and CTX-M-14
probes were synthesized using DNA extracted from CUMC 247 and D14 E. coli clinical
isolates, respectively. All PCRs were completed on the older version of the Rotor Gene
6000 known as the Corbett thermalcycler. PCR conditions included an initial
denaturation at 95°C for 5 minutes followed by 25 cycles of denaturation at 95°C for 60
seconds, annealing at 50°C/53°C for 30 seconds, and extension at 68°C for 120 seconds.
The PCR concluded with a final extension at 68°C for 7 minutes (Table 20 and Figure
57). Probes were column purified as previously described and diluted to a working
concentration of 100ng/μl. DIG labeled hybridization probes are able to detect multiple
and single copy genes by chemiluminescence or color detection. DIG labeled probes
were detected with an anti-DIG alkaline phosphatase conjugate and the BCIP (5-bromo4-chloro-3-indolyl phosphate, toluidinium salt) substrate in the Southern blot procedure
described below.
E. 1. Southern blotting
The purpose of Southern blotting experiments was to determine if blaCTX-M-14 and
blaCTX-M-15 were encoded on plasmids or the chromosome of clinical CXT-M-producing
E. coli isolates. If the genes were located on plasmids they have the capability of
transferring into other host strains, further disseminating the resistance mechanism. Large
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Table 20. Primers used to generate Southern blot DIG-labeled probes
Primer
Name

CTXM14SBPF1
CTXM914R
CTXM1F3
CTXM15SBPR1

Sequence (5′ to 3′)

CAAATTGATTGCCCAGCTCG

GenBank
Accession
Numbera

Nucleotide
Position

AF252622

2157-2176

GTAAGCTGACGCAACGTCTG

AF252622

2330-2311

GACGATGTCACTGGCTGAGCTTAGC

AY044436

1789-1813

CGGAATGGCGGTGTTTAACG

AY044436

Size of
probe

%
GC

174

63.8

178

61.2

1966-1947

5

CTX-M-14 unlabeled

4

CTX-M-14 probe

3

Empty

CTX-M-15 unlabeled

2

Bench H2O

CTX-M-15 probe

1

Hood H2O

GeneRuler 1kb Plus
ladder

a; Sequence used to design primer
Size of probe is in nucleotide base pairs (bp)
GC content is represented as a %

6

7

8

500 bp

200 bp

Figure 57. DIG-labeled blaCTX-M-14 and blaCTX-M-15 probes for use in Southern blotting. The CTX-M-15 and
CTX-M-14 probes contain the DIG label are slightly larger in size compared to the unlabeled controls (178
bp and 174 bp, respectively). The CTX-M-15/CTX-M-14 probes are in lanes 3 and 7, respectively. Their
respective unlabeled controls are in lanes 4 and 8. The GeneRuler 1kb Plus ladder (Fermentas, Thermo
Scientific) is shown in lane 1 with the 500 bp and 200 bp markers designated.
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molecular weight clinical plasmids were isolated as described previously by the SLS
alkaline lysis method and separated on a 0.8% agarose gel (340). After imaging of the
plasmids, DNA was crosslinked using a UV transilluminator for 15 minutes. Fragments
were depurinated for 20 minutes with 200ml of depurination solution (0.25 M HCl)
followed by denaturation for 30 minutes using 200ml of denaturation solution (1.5M
NaCl, 0.5M NaOH). Both the depurination and denaturation steps were conducted twice.
Depurination is recommended when working with large DNA fragments such as large
CTX-M containing clinical plasmids that can range in size from 7 kb to 165 kb (30).
Denaturation helps ensure efficient probe binding to single stranded DNA (327). The gel
was then covered in 200ml of neutralization solution (1.5M NaCl, 1M Tris-HCl pH 8.0)
to assist in transferring the transfer of large plasmids. The neutralization step was
conducted twice. Neutralization treatment of the gel decreases the pH so the single
stranded DNA can transfer successfully onto a nylon membrane (327).
DNA from the treated agarose gel was transferred to a positively charged nylon
membrane (BrightStar®-Plus, Ambion, Austin, TX) by vacuum blotting using the BioRad 785 Vacuum Blotter. The top of the gel remained flooded with 2X SSC solution (3M
NaCl, 0.3M C6H5Na3O7;sodium citrate pH 7.0) for the duration of the transfer procedure
(~1 hour). Sufficient vacuum pressure was monitored by looking for creases around the
edges of the gel from where the gasket overlaid. Vacuum pressure remained at 5mm of
Hg. After transfer, the wells on the gel were marked with regard to orientation. The gel
was then briefly stained with SYBR Gold to ensure all DNA successfully transferred.
The membrane was baked at 130°C for 1 hour and 30 minutes in a drying oven
(Lindberg Blue M Gravity Convection Oven, Thermo Scientific). The membrane was
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sandwiched between two larger sheets of Whatman filter paper and then positioned
between the bottoms of two Pyrex dishes. Following baking, the membrane was placed
into a hybridization roller tube (Labnet International, Inc., Woodbridge, IL) and a prehybridization step was performed at either 48°C or 50°C with 12ml of Roche DIG Easy
Hyb Buffer that had been pre-warmed to the necessary melting temperature (Roche
Diagnostics, Indianapolis, IN). The membranes were pre-hybridized in a hybridization
incubator (Fisher BioTech). Different temperatures were used for hybridization due to the
specific CTX-M probe used (48°C for CTX-M-14 and 50°C for CTX-M-15). The
optimum hybridization temperature (Topt) was calculated according to the equations;
Tm = (48.82) + (0.41) (%GC) – (600/Probe length)

Topt = Tm – (20 or 25 °C)

During pre-hybridization, the probe (spin column purified and resuspended to
100ng/μl) was denatured by boiling for five minutes in a beaker of water on a hot plate.
After boiling, the probe was immediately placed on ice. Three microliters of denatured
probe was added to 11.76ml of Easy Hyb Buffer which equates to a 25ng/μl probe
concentration. The pre-hybridization solution was drained and the probe solution was
poured into the hybridization tube. The hybridization at Topt was carried out overnight
(16-18 hrs) with gentle rotation in the hybridization incubator.
The following day the probed membrane was removed from the roller tubes and
underwent a series of wash steps. The membrane was placed in a clean Pyrex dish and
washed in 2X SSC with 0.1%SDS two times for five minutes each. The SDS was
incorporated with the SSC to remove excess unhybridized probe. Next, the membrane
was washed with 0.5X SSC with 0.1%SDS that had been pre-warmed to 68°C in a drying
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oven. This washing step was performed twice in a 68°C rotary water bath shaker each for
15 minutes. The membrane was then washed with washing solution (1X maleic acid
(0.1M Maleic Acid, 0.15M NaCl, pH 7.5), 0.3% Tween 20) for five minutes followed by
a 30 minute incubation in 1X blocking buffer (10X blocking solution (15ml) diluted with
135ml of 1X maleic acid). After blocking was complete, the membrane was incubated in
50ml of antibody solution that consisted of anti-digoxigenin antibody and 50 ml of 1X
blocking solution buffer (150mU/ml final concentration). Following blocking, the
membrane was washed twice with washing solution to remove excess anti-DIG antibody.
Lastly, the probed membrane was equilibrated in detection buffer (0.1M Tris HCl, 0.1 M
NaCl, pH 9.5) for five minutes. Twenty milliliters of color substrate (NBT/BCIP stock
solution and 20 ml of detection buffer) was added to the membrane which was incubated
overnight (>16 hrs) and protected from light. The DIG DNA Labeling and Detection Kit
(Roche Diagnostics, Indianapolis, IN) was used to detect the DIG labeled DNA probe
using an anti-DIG alkaline phosphatase conjugate and the substrate nitroblue tetrazolium
salt (NBT) or BCIP (5-bromo-4-chloro-3-indolyl phosphate, toluidinium salt, BCIP)
which produces a dark blue precipitate. The colorimetric reaction was stopped by adding
50ml of 1X TE solution (10mM Tris HCL, 1mM EDTA pH 8.0) directly to the
membrane. When the colorimetric reaction was stopped, the membrane was dried by
placing it between two pieces of Whatman filter paper and protected from light.
F. Conjugation
Conjugation is defined as the unidirectional transfer of genetic information by
cells using direct cell-to-cell contact. The ability of a bacterial strain to donate DNA to
another strain is due to the hereditary feature, known as the fertility factor. To evaluate
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the transmissibility of the CTX-M containing plasmids, conjugation studies were
conducted. Blood agar plates were inoculated with the donor strains and the recipient
strain. XQ12 and D14 served as the CTX-M-15 and CTX-M-14 donor strains
respectively. The original recipient strain was the sodium azide resistant (AziR) strain,
J53 (Misc 480) E. coli. The donor strains were susceptible to sodium azide and the
recipient strain was susceptible to cefotaxime. J53 had a MIC to cefotaxime of
0.24μg/ml. A single colony from each donor or recipient was inoculated separately into
five milliliters of brain heart infusion (BHI) (Oxoid, Thermo Scientific) and incubated
overnight at 37°C with shaking at 150 RPM. Two milliliters of overnight recipient
culture was diluted into five milliliters of fresh, pre-warmed BHI. One milliliter of each
donor strain was transferred into separate tubes of five milliliters of pre-warmed BHI.
The diluted cultures were grown for two hours at 37°C with shaking at 100 RPM. Five
milliliters of the donor and recipient cultures were combined into a 15ml polystyrene
conical tube for broth mating. Cells were collected by centrifugation using a Sorvall RT-7
centrifuge with/RTH Swinging-bucket Rotor for ten minutes at 1,718 x g (3,200 RPM).
The pellet was resuspended in 100μl of BHI. The suspension was pipetted onto a sterile
0.45μM pore size Millipore type HA filter disk (Millipore, Billerica, MA) which was
aseptically placed on the surface of a dry blood agar plate. An alternative to pelleting the
donor and recipient cells together was to concentrate the cells onto a nitrocellulose filter
using a filter device. The unit was assembled and placed in a flask equipped with an arm
for vacuum tube attachment. Using this method, one milliliter of donor was combined
with two milliliters of recipient on the filter that was aseptically placed on the surface of
the filtering unit. The donor and recipient cells were concentrated on the filter using the
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vacuum to create suction. Regardless of how the filters were prepared, blood agar plates
containing the filters were incubated at 37°C for 24 hrs for filter mating. Filters were
removed from the blood agar plates with sterilized tweezers and placed into 50ml conical
tubes. The filters were washed to resuspend the bacteria with three milliliters of sterile
0.9% saline. The cultures were serially diluted up to 10-3. One hundred microliter aliquots
were plated on supplemented Luria Bertani (LB) or MacConkey agar (BD Diagnostic
Systems, Fisher Scientific). MacConkey agar was used as a selective/differential media
during some transfers to distinguish between E. coli and Salmonella (see below).
Transconjugants were selected and confirmed by both CTX-M specific PCR and
large plasmid profiles. The transfer strategy to create transconjugants in either the K12 or
FHM16 E. coli backgrounds was complex. The first transfer step involved the movement
of the clinical CTX-M containing plasmid from the clinical isolate into J53 E. coli.
Transconjugants were selected on LB agar containing cefotaxime at 24μg/ml and sodium
azide at 100μg/ml.
From the transconjugants in J53 E. coli, the CTX-M containing plasmid was then
transferred into a clinical Salmonella background. SalLT2 was used as the intermediate
recipient strain. The same mating procedure was used as described above.
Transconjugants were selected on MacConkey agar supplemented with cefotaxime at
24μg/ml. Since Salmonella is a non-lactose fermenter, colonies appeared white on
MacConkey which differentiated from the J53 E. coli donor strain that contained the
CTX-M plasmid. E. coli ferments lactose and appeared as pink colonies on MacConkey.
The Salmonella transconjugants were selected and screened by CTX-M specific PCR and
large plasmid profiles.
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The CTX-M containing plasmid was then transferred into the final recipient strain
of K12 MG1655 E. coli or FHM16, a clinical ST131 E. coli that did not produce a CTXM enzyme. The same mating procedure and MacConkey agar selection was used as
discussed previously. However, since the final recipient was E. coli, the transconjugants
that were selected on the MacConkey plates appeared pink. K12 and FHM16
transconjugants were screened as described above.
Additional CTX-M-15-producing clinical isolates used in conjugation studies
included C15 and XQ35 whereas XQ10 was used as an additional CTX-M-14 donor
strain. The CTX-M-14 clinical plasmids could only be transferred into the J53 E. coli
background. When troubleshooting the CTX-M-14 conjugation experiments, a decrease
in the conjugation temperature to 30°C for broth and filter mating steps was attempted. It
was previously demonstrated that a temperature range of 25-33°C compared to 37°C was
more conducive for the transfer of resistance plasmids from various Inc groups (124,
351). Even with the lower temperature, the CTX-M-14 containing plasmid would not
transfer into SalLT2, K12, or FHM16.
G. RNA Methods
G. 1. Modified TRIzol® MaxTM total RNA isolation
Bacterial mRNAs are very labile and susceptible to degradation by ribonucleases
(RNases). The equipment and glassware used to make RNA solutions were RNAseZap
(Sigma-Aldrich, St. Louis, MO) treated to remove contaminating RNases. RNA solutions
were prepared using sterile diethylpyrocarbonate (DEPC)-treated nanopure water. DEPC
inactivates RNases by adding an ethoxyformyl group to RNase histidine residues within
the active site. An additional precautionary step in RNA isolation was the use of a bench
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in the laboratory designated strictly for RNA work. Throughout the procedure, all RNA
isolation steps remained on ice and centrifugation was carried out in a refrigerated
centrifuge at 4°C.
Test organisms were inoculated on blood agar plates and incubated at 37°C
overnight (16 hrs). Colonies were removed from the blood plate and inoculated into 95ml
of freshly prepared MHB (BD Diagnostics) to a starting optical density (OD600) of
approximately 0.1 using a Beckman DU-6 Spectrophotometer (Beckman Coulter Inc,
Brea, CA) or a Biochrom Libra S4 Visible Spectrophotometer (BioExpress, Kaysville,
UT). Organisms were grown to mid-exponential phase (OD600 0.5) in a 37°C incubator
with shaking at 150 RPM. Three milliliters of mid-exponential phase culture was
removed and placed in a microcentrifuge tube that was pre-chilled on ice. Cells were
collected from the three milliliters of culture using a refrigerated Eppendorf Centrifuge
5417R at 16,200 x g (13,000 RPM) at 4°C for five minutes. The supernatant was
removed by decanting followed by pipetting to remove any excess media. The cell pellet
was resuspended in 800μl of TRIzol® MaxTM reagent and placed on ice. The TRIzol®
reagent is a solution that contains phenol, guanidine isothiocyanate, and other proprietary
components that allows RNA to be isolated from a variety of organisms. TRIzol®
ruptures the bacterial cells and dissolves cellular components. The MaxTM Bacterial
Enhancement Reagent allows for a more efficient denaturation of bacterial proteins and
inactivation of RNases. TRIzol® MaxTM was developed in Dr. Hanson’s laboratory by
Ashfaque Hossain (159). Two hundred microliters of pre-warmed (95°C) lysis buffer
(0.5M sodium acetate pH 5.2, 5% SDS, 250nM disodium EDTA) was added to the
TRIzol® resuspended pellet and mixed by inverting. The mixture was heated in a 95°C
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water bath for five minutes to lyse the cells and then cooled for five minutes at room
temperature. Two hundred microliters of ice-cold chloroform was added followed by
vigorous shaking for 30 seconds to produce a cloudy, pink mixture. Chloroform helps to
solubilize the cell membranes, denature proteins, and the separation of the aqueous and
organic phases of the mixture. The tubes were centrifuged at 6,200 x g (8,000 RPM) for
15 minutes to separate the nucleic acids from the proteins and cellular debris. Four
hundred microliters of the clear, top layer was removed and placed in a new,
microcentrifuge tube. Nucleic acids were precipitated using an equal volume of
isopropanol (400μl) at room temperature for ten minutes. The majority of the nucleic acid
should be RNA due to the acidic phenol used in the extraction procedure. This incubation
was followed by centrifugation at 6,200 x g (8,000 RPM) for 10 minutes. The supernatant
was removed and the cell pellet was washed with 70% ethanol at 2,400 x g (5,000 RPM)
for five minutes to remove any remaining impurities. The cell pellet was air dried for
eight minutes and resuspended in 50μl of 1X Tris buffer (10mM Tris-base, 1mM
disodium EDTA, pH 8.0). The RNA was diluted 1:20 and yields were taken on the
GeneQuant Pro spectrophotometer (Amersham Biosciences, Piscataway, NJ).

G. 2. DNase treatment
For our RNA expression studies, RNA must be depleted of interfering
contaminating DNA. Eight micrograms of RNA was used in the DNase (RQ1 RNase-free
DNase, Promega) treatment reactions. The crude RNA was combined with four
microliters of DNase buffer (1X final concentration) (40mM Tris-HCl pH 8.0, 10mM
MgSO4, 1mM CaCl2), 16Units of RQ1 DNase, and sterile, DEPC-treated water to create
a 40μl final reaction volume. RNA was treated for eight hours using a 37°C heat block.
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Four microliters of stop solution (20mM EGTA; ethylene glycol tetraacetic acid, pH 8.0)
terminated the DNase reactions which were brought up to a volume of 200μl using 1X
Tris-EDTA buffer (pH 8.0). An equal volume of phenol:chloroform:isoamyl alcohol
(25:24:1) (Sigma-Aldrich) was added to the reactions and then vigorously shaken for 30
seconds. To separate the soluble and insoluble/organic layers, the mixtures were
centrifuged at 16,200 x g (13,000 RPM) for 15 minutes at 4°C. One hundred seventy
microliters of the clear layer (containing the extracted RNA) was removed and placed in
a new microcentrifuge tube. Twenty microliters of sodium acetate (pH 5.2) and 500μl of
100% ethanol was added to the 170μl of supernatant and inverted to mix. RNA was left
to precipitate in the -80°C freezer for 1-2 days (at least 16 hrs). After precipitation, the
RNA was pelleted by centrifugation at 16,200 x g (13,000 RPM) for ten minutes. The
pellet was washed with 70% ethanol to remove contaminating salts that would
subsequently affect RNA yields. The translucent pellet was air dried for eight minutes to
allow excess ethanol to evaporate. The pellet was resuspended in 60μl of 1X Tris buffer
(pH 8.0) and yields were determined spectrophotometrically on the GeneQuant Pro.

G. 3. Real-time reverse-transcriptase PCR (RT-PCR)
Reverse transcriptase transcribes mRNA into cDNA. The use of reverse
transcriptase in real-time PCR is to quantitate the amount of steady-state RNA based on
the DNA amplified by DNA polymerase. Real-time RT-PCR was performed on the Rotor
Gene Q 5plex High Resolution Melt (HRM) system (Qiagen). Each 50μl PCR reaction
consisted of 1X QuantiTect SYBR Green RT-PCR buffer that included HotStarTaq Plus
DNA polymerase, dNTP mix, 1X SYBR Green RT-PCR buffer, and 1X SYBR Green I
dye. The SYBR Green dye binds to double stranded DNA and produces a fluorescent
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signal that allows for quantification. In addition, the reverse transcriptase (Qiagen,
Hilden, Germany) is an optimized mix of OmniScriptTM and SensiScriptTM that detects
varying quantities of RNA for cDNA synthesis. These are unique recombinant
transcriptases that possess a high affinity for RNA transcripts that are in different copies.
Having both enzymes in one mix allows for highly specific and sensitive reverse
transcription without the need for optimization. This optimal mix of transcriptases
enables transcription through difficult areas of RNA such as secondary structure which
would inhibit other transcriptases. OmniScriptTM reverse transcriptase is used when more
than 50ng of RNA is present. SensiScriptTM can detect less than 50ng of RNA for reverse
transcription.
In a real-time RT-PCR reaction, the reverse transcriptase is activated by
incubating the PCR reactions at 50°C for 40 minutes. During reverse transcription,
HotStarTaq DNA polymerase is in a chemically modified form so it is inactive and does
not interfere with the reverse transcriptase reaction. Following reverse transcription by
OmniScriptTM and SensiScriptTM, reactions are heated at 95°C for 15 minutes to activate
HotStarTaq DNA polymerase which subsequently inactivates the reverse transcriptases.
Because the DNA polymerase is a HotStart enzyme, it is remains inactive at room
temperature during PCR setup and therefore eliminates the extension of non-specifically
annealed primers. The PCR cycling conditions followed DNA polymerase activation.
Cycling parameters included denaturation at 95°C for 30 seconds, annealing at 51°C for
30 seconds, and extension at 72°C for 30 seconds. Fluorescence acquisition was
programmed to the green channel on the extension step of the PCR. Primer sequences
used for real-time RT-PCR are in Table 21.

GCTTGTTCTGCTTCACCAC
GGACGAAAGAGAGTGTGC
CCGAAATCTTCCCCGAGATC

GCACTGCTCAATCACAGC
CCAGAATGCCGAAATCAAGG
GAGAGGATGACCAGCCACAC
CGCCCATTGTGCAATATTCC
GCTCAAAGGCAATACGACC
GCTGGGTAAAATAGGTCACC
CCGTCACGCTGTTGTTAGG
CCATCACTTTACTGGTGCTGC
CTCACTGAGACTACATCAGC
GACCTCTCACACACAGTTC

Frr-R1

glpD-RTF1

glpD-RTR1

glpR-RTF1

glpR-RTR1

16srRNAEcKp-F1

16srRNAEcKp-R1

CTXM14-RTF1

CTXM14-RTR1

CTXM15-RTF1

CTXM15-RTR1

Luc-RTF

Luc-RTR

160

189

167

84

187

190

162

Product Size (bp)

a; Sequence used to design primer
b; Primer set was designed by aligning the 16S ribosomal genes of E. coli and Klebsiella spp.

TGATCGTTCAATGTCTCCG

Sequence (5′ to 3′)

Frr-F1

Primer Name

Table 21. Primers used for real-time RT-PCR

1227-1209

1068-1087

2216-2196

2028-2046

2545-2526

2379-2397

295-276

212-231

2097-2080

1911-1928

1532-1513

1343-1360

371-353

210-228

Nucleotide
Position

U47122

HQ157357.1

AF252622

JX975437.1b

M54940

M55989

EU906107

GenBank Accession
Numbera
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G. 3. a. Calculation of relative quantification using 2-ΔΔCT
To calculate the relative expression of a gene of interest (blaCTX-M-14 or blaCTX-M15)

compared to an endogenous control gene (frr or 16S rRNA), the 2-ΔΔCT method was

used (214). This method was applied for all expression studies presented in this
dissertation. For the CTX-M expression analyses, the strain D14 was used as a
comparator. To normalize tested strains against the comparator, the CT values for the
endogenous control of the comparator was subtracted from the CT values for the
endogenous control for each strain of interest (ΔCTcontrol). Next, the CT for the gene of
interest in the comparator strain was subtracted from the CT for the gene of interest for
each corresponding test strain (ΔCTtest). The ΔCTcontrol was subtracted from ΔCTtest for
each strain and respective gene of interest to create the ΔΔCT value. The final step was
the calculation of 2-ΔΔCT to generate the relative quantification (RQ) value.

G. 3. b. Statistical significance of relative quantification
The CT values for the gene of interest and endogenous control gene were averaged
from at least three independent experiments. The average CT values were used to
calculate the average RQ (relative quantification) for each strain of interest. The
coefficient of variation was calculated as the standard deviation divided by the mean
multiplied by 100 to generate a percentage. The accepted coefficient of variation in the
literature can be as high as 20-25%. The accepted coefficient of variation for our
laboratory was ≤ 10%. Therefore data were only included for analysis if the coefficient of
variation was ≤ 10% for the gene of interest.
G. 4. 5′ Rapid Amplification of cDNA Ends (RACE)

207

The 5′ RACE procedure determines the 5′ end of mRNA transcripts and was used
to identify the transcriptional start site for CTX-M-14 and CTX-M-15 (Figure 58). All
reagents were supplied by the manufacturer and all protocol recommendations were
followed. Primers used to generate the CTX-M-14 and CTX-M-15 cDNA were
CTXM14-intR4 and CTXM15-RTR1, respectively (Table 21). RNA was isolated as
described previously by the TRIzol® MaxTM method. Five micrograms of DNAse treated
RNA was resuspended in 20μl of sterile DEPC-treated water and placed in a 0.5ml thinwalled PCR tube. Five microliters of either CTX-M-14 or CTX-M-15 gene specific
reverse primer was added to the RNA at a final concentration of 1μM. The RNA-primer
mixture was incubated at 60°C for ten minutes in a heat block to melt secondary
structures. This mixture was subsequently transferred to a 50°C or 51°C pre-warmed
thermal cycler. A separate 0.5ml thin-walled PCR tube was prepared which included 1X
PCR buffer (20mM Tris-HCl pH 8.4; 50mM KCl), 2.5mM MgCl2, 10mM dNTP mix
(consisting of 10mM of each dATP, dTTP, dGTP, dCTP), and 10mM DTT. This master
mix was also pre-warmed to either 50°C or 51°C. Twenty-four microliters of the master
mix was added to the RNA-primer mixture along with one microliter of SuperScriptTM II
reverse transcriptase (200 Units/μl) followed by mixing by gentle pipetting. For a minus
RT control, SuperScriptTM II was not added to a PCR reaction to verify the lack of
contaminating DNA when cDNA amplification was performed. The reactions were
incubated at 50°C or 51°C depending upon the primer used for one hour to generate
CTX-M-15 and CTX-M-14 cDNA, respectively. The reaction was terminated by heating
at 70°C for 15 minutes followed by incubation at 37°C. One microliter of RNAse mix
was added to the reaction tubes and incubated for an additional 30 minutes at 37°C to
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Figure 58. Overview of 5′ RACE procedure used to map the CTX-M-14 and CTX-M-15
transcriptional start site(s).
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degrade any remaining RNA template. One hundred twenty microliters of binding
solution (6M sodium iodine) was warmed to room temperature and added to the PCR
reaction tubes.
The CTX-M-14 and CTX-M-15 generated cDNA was purified using the S.N.A.P
column purification system (Invitrogen). The cDNA-NaI mixture was transferred to a
S.N.A.P column and centrifuged at 16,200 x g (13,000 RPM) for 20 seconds. The flow
through was transferred to a microcentrifuge tube until the cDNA was confirmed at the
end of the procedure. Next, 400μl of cold (4°C) 1X wash buffer was added to the spin
cartridge and centrifuged at 16,200 x g (13,000 RPM) for 20 seconds. The flow-through
was discarded and the wash step was repeated an additional three times. The cartridge
was then washed an additional three times with 400μl of cold (4°C) 70% ethanol as
described above. After the final ethanol wash step, the flow-through was discarded and
the column was dried by centrifugation at 16,200 x g (13,000 RPM) for one minute.
Next, the spin cartridge was transferred into a new microfuge tube and 50μl of 65°C
sterile nanopure water was added to the column and incubated for one minute at room
temperature. The cDNA was eluted from the column by centrifugation at 16,200 x g
(13,000 RPM) for 20 seconds.
The eluted cDNA was then tailed at the 3′ end with the addition of multiple
cytosines (poly-cytosine tail) using one microliter of deoxynucleotidyl transferase (TdT).
A series of controls were used for both the CTX-M-14 and CTX-M-15 cDNA:
-RT/+TdT, +RT/-TdT, +RT/+TdT. A control without the reverse transcriptase confirmed
that the amplification was not due to contaminating DNA in the original RNA sample.
The -TdT control ensured that subsequent amplification was due to the specific annealing
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of the abridged anchor primer to the cDNA of interest that was tailed with poly-cytosines.
Each TdT tailing reaction included a 1X tailing buffer (10mM Tris-HCl pH 8.4, 25mM
KCl, 1.5mM MgCl2), 0.2mM dCTP, and ten microliters of purified cDNA. The reactions
were incubated at 94°C for three minutes to denature the cDNA and then chilled on ice
for one minute. One microliter of TdT (units not provided by Invitrogen but amount has
been optimized for 5′ RACE) was then added to the reactions and mixed by gentle
pipetting. The reactions were incubated at 37°C for ten minutes in a heat block. The TdT
reactions were then inactivated by heating at 65°C for ten minutes. After heating, the
reaction components were collected by brief centrifugation and stored at 4°C while PCR
reactions were being prepared.
Poly-dC tailed cDNA was then directly amplified by PCR. The poly-dC tail
allowed for amplification between the tail and the CTX-M specific primer binding site.
Each PCR reaction consisted of 1X Platinum Taq High Fidelity DNA polymerase buffer
(600mM Tris-SO4, pH 8.9, 180mM ammonium sulfate), 1.5mM MgSO4, 1mM dNTP,
1μM Abridged Anchor Primer (AAP), 1μM of a gene specific primer, and 0.5μl of
Platinum Taq High Fidelity DNA polymerase (2.5Units/μl). The Abridged Anchor
Primer is specific to the poly-cytosine tail. Five microliters of poly-dC tailed cDNA was
added to the reaction for a final volume of 50μl. The PCR reactions were overlaid with
two drops of mineral oil (Sigma-Aldrich, St. Louis, MO) and placed in a Perkin Elmer
DNA Thermal Cycler 480. PCR conditions were programmed to include an initial
denaturation at 94°C for five minutes followed by three step cycling conditions for
amplification; 35 cycles of 94°C for one minute, 50°C or 51°C for 30 seconds depending
upon the primer, and 68°C for two minutes. These conditions were followed by a final
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extension at 68°C for seven minutes. The primary CTX-M-14 specific PCR used the
CTXM14-intR3 primer and the Abridged Anchor Primer. The primary CTX-M-15
specific PCR used the CTXM15-intR1 primer and the Abridged Anchor Primer (Table
22). Ten microliters of amplified product was analyzed on a 2% agarose gel which was
stained in ethidium bromide (0.5μg/ml) and destained in distilled water.
PCR products were visualized from the original PCR. Multiple products were
seen for CTX-M-14 and CTX-M-15 genes indicating more than one transcriptional start
site. Therefore, products were gel extracted and sequenced using the AAP and the gene
specific primer used to generate the product. The transcriptional start sites were identified
as the first nucleotide after the tail of cytosines.
The 5′ RACE procedure also recommended performing a nested PCR using the
primary PCR products as template. The nested PCR used a gene specific primer and the
Abridged Universal Anchor Primer (AUAP) to ensure specificity of the primary product.
The nested PCRs that were attempted used ISEcp1 site3 R3, RS-GSP2, or RS-GSP3
primers in combination with AUAP. These PCRs only generated one PCR product that
corresponded to the more distal start site.
G. 5. mRNA half-life method
mRNA half-lives can be defined by two values including the chemical half-life
and functional half-life. The chemical half-life measures the decrease in radiolabeled
RNA after pulse-labeling cells with a radiolabeled precursor or it can measure the amount
of transcript that remains after that RNAP has been blocked by rifampicin. The functional
half-life measures the rate of decay of a transcript by examining the production of its

GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG
GGCCACGCGTCGACTAGTAC

AAP
AUAP

N/A
N/A

AF252622
AF252622
AY044436
AY044436
AF252622
AF252622
AF252622

GenBank Accession
Numbere

AUAP is the Abridged Universal Anchor Primer supplied by the 5′ RACE kit (Invitrogen). This primer was used for nested PCRs of the
primer-extended product.

AAP is the Abridged Anchor Primer supplied by the 5′ RACE kit (Invitrogen Life Technologies, Carlsbad, CA). This primer incorporated
inosine (I) nucleotides for amplification of the primer-extended product.

a; Primers used for first strand synthesis (cDNA synthesis)
b; Primers used in primary PCR that amplifies both transcriptional start sites
c; Primer used for nested PCR that only amplifies that more distal start site in the tnpA gene of ISEcp1
d; Primers previously designed by Philip Kurpiel (192). These primers were specific to the upstream tnpA gene of ISEcp1. These primers were
also used in the nested PCRs.
e; Sequence used to design primer

CCTAACAACAGCGTGACGG
GCAAGTTATCCACAGAGCAAC
GCTGTCTGTATTCTGAAGAGTCC
GAAACACGGCTTCATTCGC

CTXM15-intR1b
ISEcp1 site3 R3c
R2 GSP-2d
R2 GSP-3d

1775-1758
1877-1860
1670-1650
1500-1482
1538-1518
1363-1341
1288-1270

Nucleotide Position

GCGAACATCATCCGTTGC
CCTCCGCTGCTTTTCTCC
CCATCACTTTACTGGTGCTGC

Sequence (5′ to 3′)

CTXM14-intR3b
CTXM14-intR4a
CTXM15-RTR1a

Primer Name

Table 22. 5′ RACE primers to determine CTX-M-14 and CTX-M-15 transcription start site(s)
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residual protein product following transcription blockage. The studies presented in this
dissertation examined the chemical half-lives of the CTX-M-14 and CTX-M-15
transcripts. The use of densitometric and Northern blot analysis has been previously used
in the lab to determine the chemical half-life of a transcript (228). To determine the halflife of a bacterial transcript, rifampicin is used since its mechanism of action inhibits
transcription initiation. Rifampicin binds to the β subunit of the RNA polymerase and
prevents its interaction with the DNA template (379). Half-life studies were completed on
the blaCTX-M-14 and blaCTX-M-15 transcripts in E. coli isolates using real-time reverse
transcriptase PCR and a previously published equation (275). Half-life studies were also
calculated for K12 transformants, select transconjugants in the J53, K12 MG1655, and
FHM16 backgrounds along with the CTX-M promoter/luciferase clones, lacZ and CAT
promoter clones, and the CTX-M chimeric constructs. See Results Section T (pg 334) for
descriptions of those experiments.
Test organisms were inoculated into 95ml of MHB to an OD600 of 0.1. Cultures
were incubated at 37°C with shaking (155 RPM) until an OD600 of 0.5 was achieved
(mid-logarithmic phase). When the cultures reached the appropriate OD600, rifampicin
was added (dissolved in 100% methanol, sensitive to light) (Sigma-Aldrich) at a final
concentration of 200μg/ml. Immediately after the addition of rifampicin (time zero), three
milliliters of the culture was removed which served as the baseline or zero minute
sample. Subsequent samples at 2, 4, 6, 8, 10, 15, 20, 25, and 30 minutes were removed
post-addition of rifampicin. RNA was extracted from each sample using TRIzol® MaxTM
method of isolation followed by DNase treatment for approximately eight hours to
remove all contaminating DNA. See RNA Isolation Section G. 1.
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The DNase treatment reactions for some clinical isolates were extended for up to
ten hours for mRNA half-life experiments in comparison to mRNA steady-state
expression studies. Real-time reverse transcriptase PCR was completed using CTX-M14/15 real-time primers (Table 21 pg 205) and 250ng of DNA-free RNA. Data were
normalized to the 16S rRNA gene in E. coli since this gene is not affected by the addition
of rifampicin due to its high copy number.

G. 5. a. Calculation of mRNA half-life
The equation by Pfaffl was used to determine the ratio of transcript remaining
following rifampicin treatment. This equation calculates the relative quantification of a
real-time RT-PCR target gene transcript compared to a reference gene transcript (275).
Ratio = E(target) ΔCPtarget (control – sample)/E(reference)ΔCPreference(control-sample)

Briefly, E(target) and E(reference) in the equation represents the primer efficiency
for the gene of interest (CTX-M-14 or CTX-M-15) and the endogenous control gene (16S
rRNA), respectively. Real-time primer efficiencies were previously calculated using
E=10(-1/slope) and found to be 98% (CTX-M-14 and CTX-M-15) and 102% (frr). For the
gene of interest, each CT (sample) was subtracted from the CT for the zero time point
(control) (ΔCPtarget(control – sample)). For the endogenous control, each CT (sample) was
subtracted from the CT for the zero time point (ΔCPreference (control – sample)). The CTs
for the 16SrRNA gene did not vary across the time points. A ratio was generated for each
time point using the primer efficiencies and the differences between the zero time point
for the gene of interest and the endogenous control gene. Graphs representing the ratios
or percent transcript remaining and the serial time points that RNA was collected are
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presented in the result section of this dissertation (Section R pg 314). The point where the
50% transcript remaining intersected the slope indicated the half-life of the transcript.
This represents the amount of time it takes to degrade 50% of the transcript of interest.

G. 6. mRNA secondary structure prediction program
The role of secondary structure on steady-state CTX-M-14 and CTX-M-15
expression was evaluated. The secondary structure of the CTX-M-14 and CTX-M-15 5′
UTRs were determined using the RNA folding program, RNAFold WebServer
(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). The RNA secondary structure plot was
produced and the minimum free energy required for the structure form was calculated.

H. Cloning Methods
H. 1. pCR®2.1 cloning
pCR®2.1 is sold as a linearized vector by Invitrogen that contains thymine
overhangs that are complementary to the adenine residues attached to the PCR products
generated by Platinum Taq DNA High Fidelity polymerase or SpeedSTARTM HotStart
DNA polymerase. The CTX-M-15 and CTX-M-14 structural genes and upstream
promoter regions were generated by PCR with Platinum Taq and ligated into the multiple
cloning site of pCR®2.1. A 10μl ligation reaction was used and consisted of 1μl of T4
DNA ligase (4.0 Weiss units/μl), 1μl of T4 DNA ligase buffer, 2μl of pCR®2.1 vector
(25ng/μl), 1-2μl of purified DNA insert (10ng), and sterile nanopure H2O. T4 DNA ligase
catalyzes the formation of a phosphodiester bond between juxtaposed 5'-phosphate and
3'-hydroxyl termini in duplex DNA. The ligation reactions were incubated for at least 16
hrs at 14°C using a microchiller prior to chemical transformation.
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H. 2. Chemical transformation into competent E. coli
Chemically competent E. coli One Shot® TOP10 cells (Invitrogen) were used as
the recipient in some of the transformation reactions. TOP10 cells were used when
generating the full length CTX-M-14 and CTX-M-15 transformants and also the
promoter deletion clones. Two microliters of the ligation reaction with pCR®2.1and
respective insert was added to a vial of 50μl of TOP10 cells and mixed with a pipette tip
without physical pipetting to prevent plasmid DNA shearing. The cells were placed on
ice for 30 minutes and then heat shocked at 42°C for 30 seconds. Vials were placed back
on ice for two minutes. Two hundred fifty microliters of room temperature SOC media
(2% trypton, 0.5% yeast extract, 2.5mM KCl, 10mM NaCl, 20mM glucose, 10mM
MgCl2, 10mM MgSO4) was added to the cells followed by horizontal shaking at 225
RPM for one hour at 37°C. The total culture volume was plated on the cefotaxime
selective agar (24μg/ml) or other appropriate selective media depending upon the vector
used and incubated at 37°C overnight. Transformants were screened using the Bio-Tek
E.Z.D.N.A Plasmid Mini Isolation kit to extract the plasmid followed by EcoRI
restriction digest for insertion confirmation (See procedure pg 217). Additionally, CTXM specific PCR using the same primer set that was used to generate the fragment was
completed on the transformants as an additional method for screening the transformants.
A successful insert in pCR®2.1 was sequenced using the M13F(-20) and M13R primer
set that were supplied with the pCR®2.1 TA Cloning® kit.
Additionally, NEB 5-alpha Competent E. coli (High Efficiency) cells (New
England Biolabs) were used as recipient cells when generating the promoter deletion
clones both with and without the spacer domain, the H-NS clones, the lacZ and CAT
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promoter clones, and the CTX-M chimeric constructs. The manufacturer’s protocol was
followed with some alterations. Two and a half microliters of ligation reaction were
added to each vial of competent cells and incubated on ice for 30 minutes. After heat
shock, only 250μl of SOC media was added to the reaction.

H. 3. Plasmid DNA isolation to screen transformants
Potential transformants were originally evaluated for the cloned insert using the
alkaline lysis method. This method of plasmid DNA extraction efficiently separates
plasmid DNA from chromosomal DNA. Plasmid DNA re-anneals quickly following
denaturation, a feature that chromosomal DNA does not possess. Neutralization with
potassium acetate allows the covalently closed plasmid DNA to reanneal and remain
solubilized. All reagents were made prior to the isolation procedure. This method was
used when screening the K12 transformants that included both promoters and either
blaCTX-M-14 or blaCTX-M-15 structural genes.
The laboratory adopted a more efficient method (both cost and time) of screening
clones by using the Bio-Tek E.Z.D.N.A Plasmid Mini Kit I (Omega Bio-Tek, Life
Science Products Inc., Denver, CO). This kit uses HiBind Mini Column technology and
alkaline lysis methodology to extract plasmid DNA by three steps; binding, washing, and
eluting. Isolation of plasmid DNA from clones was conducted following the
manufacturer’s instructions with modifications. Three milliliters of overnight culture
containing low copy number plasmids was initially centrifuged instead of the
recommended 1.5ml of culture. Forty microliters of elution buffer or water was used to
elute the DNA from the column depending upon the downstream application. When
performing restriction digests to check for the presence of an insert, elution buffer was
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used. When the isolated plasmid was used for electroporation into a different host, sterile
nanopure water was used to remove the DNA from the column. Ligation of the insert was
assessed by restricting the plasmid with the appropriate enzyme (s) and running a
linearized 1kb ladder (Invitrogen) or the GeneRuler 1kb Plus ladder (Fermentas).
Controls included an empty linearized vector and an uncut vector.
H. 4. Subcloning into pACYC184ΔCPP, pACYC184, pMP220, and pUCP26
The CTX-M-14 and CTX-M-15 structural genes and respective upstream
promoter regions were excised from pCR®2.1 using the EcoRI restriction enzyme (New
England Biolabs Inc., Ipswich, MA) and subcloned into pACYC184ΔCPP. This vector
has the chloramphenicol promoter region removed so the EcoRI site could be used for
cloning without any interference of the chloramphenicol promoter when assaying the
genes for expression. pACYC184ΔCPP was constructed by removing the
chloramphenicol acetyl transferase (cat) promoter and fragment by PvuII restriction
digest (Figure 49). Cloning of the structural gene and upstream promoter sequence would
allow for the analysis of gene expression from the native CTX-M promoters in the
pACYC184ΔCPP vector. Twenty microliter final reaction volumes were used in the
EcoRI restriction digests and included the following; 1μl of enzyme (20,000Units/μl),
2.5μl of enzyme appropriate buffer (1X), 11μl of sterile nanopure H2O, and 5.5μl of
isolated plasmid (2μg). The excised bands were concentrated using a Savant Speed Vac®
and Refrigerated Vapor Trap until no liquid remained. The pellet was resuspended in
30μl of sterile nanopure H2O to obtain a workable concentration. One microliter of both
the linearized vector and DNA insert was examined on a 1% agarose gel. The ratios of
DNA were visualized with ethidium bromide staining. A 1:3 ratio of vector to insert was
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used for subcloning reactions. The genes were re-ligated into a linearized
pACYC184ΔCPP plasmid or pMP220 using T4 DNA ligase and T4 DNA ligase buffer
following the manufacturer’s protocol (Invitrogen). Both plasmids were linearized using
EcoRI for four hours and then treated with Antarctic Phosphatase for one hour at 37°C
(5,000Units/ml) (New England Biolabs) to prevent recircularization of the plasmids.
Ligation reactions were incubated at 14°C as described previously and then transformed
into competent E. coli. Transformants were screened by EcoRI restriction digest.
Successful subclones in pACY184ΔCPP and pMP220 were electroporated into a wild
type E. coli host, K12 MG1655. Transformant plasmids of CTX-M-14pACYC184ΔCPP and CTX-M-15-pACYC184ΔCPP were restricted and produced a 5.6
kb linearized plasmid containing a 1,859 bp or 1,807 bp insert and the 3,825 bp plasmid,
respectively. Transformant plasmids of CTX-M-14-pMP220 and CTX-M-15-pMP220
were restricted and produced a 12.3 kb linearized plasmid containing a 1,859 bp or 1,807
bp insert and the 10.5 kb plasmid, respectively.
The pACYC184 vector containing the CAT promoter was the final destination
vector for the chloramphenicol promoter clones and the CTX-M chimeric constructs.
pMP220 was used as the final vector for the transcriptional-luciferase fusion constructs
and the H-NS deletion clones. pUCP26 was the subcloning vector for the lacZ promoter
clones. See sections below.

H. 5. Electroporation
The process of electroporation was used to move plasmids containing the CTXM-15 or CTX-M-14 inserts into different E. coli host strains other than chemically
competent E. coli cells. The recipient strain, K12 MG1655 was inoculated in 5ml of LB
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broth from a single isolated colony and grown overnight at 37°C with shaking at 150
RPM. One milliliter of overnight recipient culture was transferred into 5ml of prewarmed LB broth and grown for three hours at 37°C with shaking at 200 RPM. The
6.5ml culture was then chilled on ice for 15 minutes. One and a half milliliters of culture
was transferred to a pre-chilled microcentrifuge tube and centrifuged at 16,200 x g
(13,000 RPM) for 30 seconds. The supernatant was removed and the collected cells were
washed three times with 1000μl of ice-cold sterile nanopure H2O. After the third wash,
all but 50-65μl of the supernatant was removed by decanting which was used to
resuspend the cell pellet. Three microliters of isolated plasmid DNA in nanopure water
was added to the cell suspension, mixed by gentle pipetting, and incubated on ice for 20
minutes. Sixty microliters of the cell suspension was added to a pre-chilled
electroporation cuvette (Gene Pulser®/ E. coli Pulser®) with a 0.2cm electrode gap. The
cuvette was placed in the holder and the pulse was delivered from the electroporation unit
(Gene PulseTM, Bio-Rad) to the suspension with the following settings: 2.5kvolts
(voltage), 25μFD (capacitance), and 400 Ω (resistance). Once the pulse was delivered,
1000μl of room temperature SOC media was quickly added to the cuvette. The cells in
the SOC media were removed from the cuvette and placed into a sterile microcentrifuge
tube. The culture was incubated at 37°C with horizontal shaking at 200 RPM for one
hour. One hundred twenty microliters of the culture was plated on selective media and
incubated overnight. Transformants were screened for the insert by plasmid isolation and
PCR as described previously.

H. 6. FHM35 transformants
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The CTX-M-15 constructs containing the entire CTX-M-15 promoter region and
structural gene in pACYC184ΔCPP was electroporated into FHM35. This strain was a
ST131 E. coli that did not contain a CTX-M enzyme. The purpose of creating a
transformant in a clinical background was to evaluate the role of the genetic background
on steady-state expression and mRNA half-life.

H. 7. Promoter deletion clones
Fragments of the CTX-M-14 and CTX-M-15 promoter regions were amplified by
PCR using Platinum® Taq High Fidelity proofreading DNA polymerase (Invitrogen)
(Figure 59). Primers in Table 23 were used to amplify the different promoter regions and
either the CTX-M-14 and CTX-M-15 structural genes. Clone A represents the full length
clone with both promoter regions and the blaCTX-M structural gene. PCR products were
ligated into the multiple cloning site of the vector, pCR®2.1 (Invitrogen) following the
manufacturer’s recommendations. Transformants were screened by plasmid isolation
followed by restriction analysis using EcoRI. Deletion clone constructs were subcloned
into pACYC184ΔCPP and electroporated into K12 MG1655 E. coli as described in
Figure 60.

H. 8. pJET1.2/blunt cloning
To use this vector, PCR products must have blunt ends. The Phusion® enzyme
was used to generate blunt end PCR products which were purified and ligated into the
multiple cloning site of pJET1.2/blunt provided by the CloneJet PCR Cloning kit
(Fermentas, Thermo Scientific). Twenty microliter ligation reactions were set-up and
included 10μl of 2X reaction buffer, 2μl of purified PCR product, 1μl of linearized pJET
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A

-10

-35
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B

-10
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blaCTX-M
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blaCTX-M

-35
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blaCTX-M

-35

-10

RBS

blaCTX-M

-10

RBS

blaCTX-M

RBS
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RBS

blaCTX-M

-35

C

D

E

F

G

Figure 59. Schematic for promoter deletion clone construction. A.) Full length control
with both promoter regions and blaCTX-M-15 or blaCTX-M-14. Clone A was used as the
comparator for mRNA expression studies. B.) Removal of the -35 element from the
distal promoter C.) Removal of the -35 and -10 elements from the distal promoter D.)
Removal of the -35 and -10 elements and +1TSS from the distal promoter E.)
Removal of the entire distal promoter and the -35 element from the proximal promoter
F.) Removal of the entire distal promoter and the -35 and -10 elements from the
proximal promoter G.) Removal of the entire distal promoter, -35 and -10 elements
and +1TSS from the proximal promoter. +1TSS; transcriptional start site, RBS;
ribosomal binding site

GAAAAGCGTGGTAATGCTG

GTTGCTCTGTGGATAACTTGC

GTAAATAATGTTACAATGTGTGAG

CAATGTGTGAGAAGCAGTC

Forward

Forward

Forward

Forward

GGGAATACTGATGTAACACGG

Proximal
+1TSS for
CTX-M-15
Proximal
+1TSS for
CTX-M-14

Proximal -10

Proximal -35

Distal +1TSS

Distal -35
element
Distal -10
element

Full length

Element
Removed

a; This primer was the forward primer used to generate the full length clones
b; This primer was the reverse primer used to generate the CTX-M-14 or CTX-M-15 deletion clones
c; Full length proximal promoter region
d; Sequence used to design primer
* The spacer domain contributes to different promoter lengths

Forward

GTAGTTATATACTATGAAAAGCGTGG

Forward

CTXM14
1stpr+1

GGAAGGAGAACCAGGAACC

Reverse

GGGACTATTCATGTTGTTG

GCCTGAATAGCTTCATCATCC

Reverse

Forward

CTACACTCACCTCACAAGCAACG

Sequence (5′ to 3′)

Forward

Position

CTXM15
1stpr+1

ISEcp1intF2-2a
CTXM14R1b
CTXM15R1b
ISEcp1
2ndpr-35
ISEcp1
2ndpr-10
ISEcp1intF1c
ISEcp1
1stpr-35
ISEcp1
1stpr-10

Primer
Name

Table 23. Primers used for deletion clone construction

44

N/A

120

133

223

555

570

N/A

N/A

800

Promoter
Length for
blaCTX-M-14*

N/A

50

126

139

229

561

576

N/A

N/A

806

Promoter
Length for
blaCTX-M-15*

1697-1717

1932-1950

1171-1196
1406-1431
1186-1204
1421-1439
1518-1538
1753-1773
1608-1631
1843-1866
1621-1639
1856-1874

2982-2964

2799-2779

941-963
1176-1198

Nucleotide
Position

AF252622

HQ157357.1

AF252622
HQ157357.1
AF252622
HQ157357.1
AF252622
HQ157357.1
AF252622
HQ157357.1
AF252622
HQ157357.1

HQ157357.1

AF252622

AF252622
HQ157357.1

GenBank Accession
Numberd

223

224

-35

-10

-10

-35

-10

RBS

blaCTX-M

-10

RBS

blaCTX-M

-35

-10

RBS

blaCTX-M

-35

-10

RBS

blaCTX-M

-10

RBS

blaCTX-M

RBS

blaCTX-M

RBS

blaCTX-M

-35

A.

B.

C.

Figure 60. Cloning strategy for promoter deletion clone construction. Each fragment in
panel A was amplified by PCR, ligated into the high copy number vector, pCR®2.1 (B),
and subcloned into pACYC184ΔCPP without the CAT promoter intact (C).
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(50ng/μl), 1μl of T4 DNA ligase, and sterile nanopure water. Ligation was conducted at
22°C (room temperature) for 30 minutes in a heat block. Two and a half microliters of the
ligation reaction was added to 50μl of chemically competent E. coli NEB 5-alpha cells,
returned to ice for two minutes, followed by the addition of SOC media, and shaking for
one hour. Transformation reactions were plated on pre-warmed LB agar plates
supplemented with 100μg/ml of ampicillin. Transformants were screened using the
appropriate restriction enzyme(s) and sequenced using the pJET1.2 forward/reverse
sequencing primer set supplied with the kit.
pJET1.2/blunt contains an eco471R gene that allows for selection of positive
transformants. The eco471R gene encodes for the protein product Eco417R, a restriction
enzyme that when expressed is toxic and will not allow transformants to grow. However,
when the DNA is inserted into the pJET multiple cloning site, the expression of eco41R
is disrupted, which allows transformed cells to grow on selective media. The efficiency
of transformation using the pJET vector was approximately 80%.

H. 9. Transcriptional luciferase fusion clones
The CTX-M-14 and CTX-M-15 promoter regions were amplified by PCR using
Phusion® HotStart high fidelity proofreading DNA polymerase (Table 24). Figures 61
and 62 show the cloning strategy for the transcriptional luciferase fusion constructs.
Ligation reactions using the pJET1.2/blunt cloning vector were prepared as described
above. Transformants were screened by plasmid isolation and a double digestion with
KpnI and HindIII FastDigest enzymes (Thermo Scientific). Clones were also screened by
colony PCR and inserts confirmed by DNA sequencing. Inserts were gel extracted and
subcloned into pSP-luc+ luciferase vector. To create the CTX-M promoter region-

AAAGCTTCTCAAACTCCCAATACGG

AAAGCTTGGGATTCCTTATTCTGGAAG

GGCTAGCCCTAAATTCCACGTGTGT

CTCTAGAATTACACGGCGATCTTTCC

HindCTX14-UR1b

HindCTX15-UR1b

NheIISEcp1-CR1c

XbaLucR1d

588

636

N/A

Promoter
Length for
blaCTX-M-15

a; Forward primer used to generate promoter region with and without spacer domain
b; Reverse primers used to generate promoter region with and without spacer domain
c; Reverse primer used to generate promoter region without spacer domain
d; Reverse primer used to amplify CTX-M promoter region and luciferase fusion
e; Sequence used to design primer
2283 bo, 2289 bp, 2241 bp. Size of the luciferase gene is 1653 bp

GGGTACCGAAGGTTCCGAATACGAC

Sequence (5′ to 3′)

KpnISEcp1-UF1a

Primer Name

588

N/A

630

Promoter
Length for
blaCTX-M-14

1698-1680

1698-1681

1981-1962

1740-1723

1111-1128

Nucleotide
Position

Table 24. Primers used for promoter deletion clones with and without spacer region fused to luciferase

U47122

AF252622

HQ157357.1

AF252622

AF252622

GenBank Accession
Numbere

226

227

luciferase fusion, the forward primer with the engineered KpnI site and a reverse primer
at the 3′ end of the luciferase gene with an XbaI site were used to amplify this fusion
construct. The amplified product was ligated into pJET1.2/blunt. Transformants were
screened by plasmid isolation followed by a double digest with KpnI and XbaI. The
CTX-M promoter region-luciferase fusion inserts were gel extracted and subcloned into
the broad host range, low copy number vector, pMP220. Prior to subcloning, pMP220
was digested with KpnI and XbaI and then phosphatase treated with alkaline phosphatase
(Thermo Scientific) for one hour. Subclones were confirmed by plasmid isolation and
PCR. Both fusion constructs were electroporated into E. coli K12 MG1655. The size of
the luciferase fusion with the CTX-M-14 or CTX-M-15 promoter region was 2314 bp
and 2320 bp, respectively.
Another clone was created that included the CTX-M promoter region without the
spacer domain fused with luciferase. The cloning strategy was similar to that described
previously and is shown in Figure 62. Removal of the spacer region also removed the
putative RBS and therefore the RBS of luciferase was used. To eliminate the spacer
region, a different reverse primer containing a NheI site on the 3′ end was used to amplify
just the CTX-M promoter region. Fragments were first ligated into pJET1.2 and then into
pSP-luc+ using the KpnI and NheI sites. For the fragments to be successfully inserted
into pSP-luc+, the vector had to be doubly digested with KpnI and NheI. Due to the
location of the NheI site in the vector, digestion still kept the luciferase RBS intact. Once
the CTX-M promoter without the spacer region was fused with luciferase, this construct
was amplified using the forward primer with the KpnI site and the reverse primer with
the XbaI site followed by subcloning into pMP220 and transformation into E. coli K12

RBS
luc

C.

B.

Figure 61. Deletion clone strategy for the creation of CTX-M promoter region/luciferase fusions. A) CTX-M-14 and CTX-M-15 E. coli
promoter regions were amplified using a forward primer designed with a KpnI site on the 5′ end and a reverse primer engineered with a
HindIII site on its 3′ end. B) The pSP-luc+ vector was digested with both KpnI and HindIII. C) The CTX-M promoter region was
ligated directly upstream of the luciferase gene in the pSP-luc+ vector. The CTX-M- promoter/luciferase fusion was amplified using
the upstream forward primer with the KpnI site and a reverse primer at the end of the luciferase gene that had an engineered XbaI site
at its 3′ end. This fused construct was then subcloned into pMP220 and electroporated into E. coli K12 MG1655.

CTX-M-14 and CTX-M-15 promoter region fused upstream of luciferase (luc) gene

pSP-luc+ vector luciferase promoter region

E. coli CTX-M-14 and CTX-M-15 promoter region

A.

228

C.

B.

Figure 62. Deletion clone strategy for cloning the CTX-M promoter region without the spacer domain. The forward primer was engineered
with a KpnI restriction site on its 5′ end and the reverse primer included a NheI restriction site on the 3′ end. The fragment did not contain
the spacer domain and was ligated into pSP-luc+ that was digested with KpnI and NheI. This strategy allowed the luciferase RBS to remain
intact. The CTX-M promoter (w/o spacer region)/luciferase fusion was amplified using the upstream forward primer with the KpnI site and
a reverse primer at the end of the luciferase gene that had an engineered XbaI site at its 3′ end. This fused construct was then subcloned
into pMP220 and electroporated into E. coli K12 MG1655.

CTX-M promoter region without the spacer region upstream of luciferase (luc) gene

pSP-luc+ vector highlighting the luciferase promoter with its ribosomal binding site

E. coli CTX-M-14 and CTX-M-15 promoter regions

A.

229

230

MG1655. The size of the luciferase fusion that lacked the spacer region was 2272 bp.

H. 10. H-NS (histone-like nucleoide structure) deletion clones
Histone-like proteins in bacteria can affect transcription as well as other DNA
events such as recombination and replication. A putative H-NS binding motif positioned
238 bp and 244 bp upstream from the translational start codon of CTX-M-14 and CTXM-15, respectively. Clones both with and without the H-NS site for CTX-M-14 and
CTX-M-15 were created. Because of the preference that H-NS has to binding to curved
DNA, primer sets were designed based on the helical turns of DNA (Table 25) (105-107,
197). Each turn of DNA consists of 10-10.5 base pairs. One primer set was designed to
incorporate the H-NS site and another primer set was designed to exclude the H-NS
binding motif. The binding of the primer that generated a product with the H-NS site was
located 107 bp upstream from the first nucleotide (5′) of the H-NS motif. The binding of
the primer that did not include H-NS was positioned 7 bp downstream from the last
nucleotide (3′) that made-up the putative H-NS site.
All fragments were amplified with Phusion® HotStart high fidelity enzyme and
ligated into pJET1.2/blunt. Inserts were excised from pJET1.2/blunt using a BglII
restriction digest (FastDigest, Thermo Scientific). Fragments were gel extracted,
subcloned into pMP220, and electroporated into K12 MG1655 E. coli. Both clones still
contained the proximal CTX-M promoter region that drove expression of these inserts.
The size of the CTX-M-15 clones with and without the H-NS site was 1352 bp and 1224
bp, respectively and the size of the CTX-M-14 clones with and without the H-NS site was
1404 bp and 1276 bp, respectively.

CTGTGGATAACTTGCAGAG

GGAAGGAGAACCAGGAACC

GCCTGAATAGCTTCATCATCC

HNS10D-F1b

CTXM15-R1c

CTXM14-R1d

a; Forward primer used to generate clone with putative H-NS site.
b; Forward primer used to generate clone without putative H-NS site
c; Reverse primer used for the CTX-M-15 constructs
d; Reverse primer used for the CTX-M-14 constructs
e; Sequence used to design primer

CTTGCAGCAAAAATAATCAAACC

Sequence (5′ to 3′)

HNS107UP-F1a

Primer Name

Table 25. Primers used for H-NS deletion clone construction

1224

1352

CTX-M-15
Product size
(bp)

1276

1404

CTX-M-14
Product size
(bp)

2799-2779

2982-2964

1524-1544

1396-1418

Nucleotide
Position

AF252622

HQ157357.1

AF252622

AF252622

GenBank Accession
Numbere

231
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H. 11. lacZ promoter clones using pUCP26
To determine if the structural CTX-M-15 and CTX-M-14 genes contributed to the
differences in steady-state mRNA expression, these genes were amplified and ligated in
front of a lacZ promoter. The CTX-M-14/15 promoters are the same but the structural
genes differ, therefore, differential expression between these clones could indicate the
involvement of an intrinsic feature of the structural gene during transcription initiation.
The structural CTX-M-15 and CTX-M-14 genes were amplified using Phusion®
HotStart high fidelity DNA polymerase. A forward primer with a BamHI restriction site
on the 5′ end and a reverse primer with a HindIII restriction site on the 3′ end were used
to amplify just the structural genes (Table 26). These restriction sites also allowed for
directional cloning into pUCP26. The amplicons were first ligated into pJET1.2/blunt and
then subcloned into the broad host range, low copy number vector, pUCP26 and
transformed into NEB 5-alpha competent E. coli (High Efficiency). pUCP26 was
obtained from Dr. Herbert Schweizer, Colorado State University (Figure 51). pUCP26 is
a shuttle vector that can replicate in E. coli and Pseudomonas aeruginosa due to the
presence of two origins of replication. The Col/E1 origin is used for replication in P.
aeruginosa resulting in 10-25 copies per cell. In E. coli, the pUC origin of replication
results in ≥ 100 copies per cell. Constructs were electroporated into the wild type E. coli
K12 MG1655 background. Isolated plasmids from these clones were restricted with
BamHI and HindIII to excise the 894 bp and 893 bp inserts and linearize the pUCP26
vector (4977 bp). The actual size of the CTX-M-14 and CTX-M-15 structural genes is
876 bp. The sizes of these fragments were slightly larger because of the incorporation of
the BamHI and HindIII restriction sites. The copy number of these constructs was not
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evaluated. mRNA steady-state expression, protein production, and the mRNA half-lives
were determined for these clones.
H. 12. Chloramphenicol promoter clones using pACYC184
The structural CTX-M-14 and CTX-M-15 genes were driven by the
chloramphenicol promoter in pACYC184. The chloramphenicol promoter was originally
removed when constructing the K12 transformants and deletion clones so CTX-M
expression was not influenced by this promoter. However, the native vector was used for
these studies so the chloramphenicol promoter could drive expression of both CTX-M-14
and CTX-M-15. The structural genes for CTX-M-15 and CTX-M-14 were amplified
using primers in Table 26 with KOD HotStart DNA polymerase. No restriction sites were
incorporated on the primers used to amplify the CTX-M structural genes and therefore
forced directional cloning was not possible. This polymerase generated 3′
deoxyadenosine overhangs on the PCR products that were used for ligation into
pCR®2.1, a vector that contains 3′ deoxythymidine residues. This construction allowed
for efficient ligation of the insert. The T4 DNA ligase used in this ligation reaction was
not the enzyme included in that TA Cloning® kit. The T4 DNA ligase was from Thermo
Scientific that can be used at both room temperature (22°C) and 14°C, as is originally
recommended with pCR®2.1. Two microliters of the ligation reaction was mixed with
50μl of E. coli NEB 5-alpha competent E. coli (High Efficiency) cells and heat shocked
at 42°C for 30 seconds. Transformation reactions were plated on LB agar plates with
100μg/ml of ampicillin and 40μg/ml of X-gal (5-bromo-4-chloro-indolyl-β-Dgalactopyranoside) for blue/white screening of transformants. X-gal is an analog of

AAAGCTTCTATTACAAACCGTCGGTGAC

CCAGTTACAGCCCTTCGG

CATGGTTAAAAAATCACTGCG

CTATTACAAACCGTCGGTGAC

CTXM14-EcoR1

CTXM15-EcoF1

CTXM15-EcoR1

880

883

880 (887)

883 (890)

Product size (bp)

2860-2840

1981-2001

2620-2603

1738-1759

2860-2840

1981-2001

2620-2603

1738-1759

Nucleotide Position

HQ157357.1

AF252622

HQ157357.1

AF252622

GenBank Accession
Numberc

a; Forward primer contains a BamHI restriction site on the 5′ end
b; Reverse primer that contains a HindIII restriction site on the 3′ end
c; Sequence used to design primer
All restrictions sites are bolded and underlined. The translational start and stop codons in the forward and reverse primers, respectively are bolded and increased in
font size. The products generated with primers containing ‘lac’ in their name were ligated into pUCP26 and driven by the lacZ promoter. The products generated
with primers containing ‘Eco’ in their name were ligated into pACYC184 and driven by the chloramphenicol (CAT) promoter.

GAGATGGTGACAAAGAGAGTGC

CTXM14-EcoF1

CTXM15-lacR1

GGGATCCCATGGTTAAAAAATCACTGCG

b

AAAGCTTCCAGTTACAGCCCTTCGG

GGGATCCGAGATGGTGACAAAGAGAGTGC

Sequence (5′ to 3′)

CTXM15-lacF1a

CTXM14-lacR1

b

CTXM14-lacF1a

Primer Name

Table 26. Primers used for the amplification of the CTX-M-14 and CTX-M-15 structural genes only
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lactose that can be hydrolyzed by β-galactosidase, the protein product of lacZ. When Xgal is cleaved, galactosidase and 5-bromo-4-chloro-3-hydroxyindole are formed. The
latter product spontaneously dimerizes to form 5,5'-dibromo-4,4'-dichloro-indigo, an
insoluble deep blue product. Disruption of the lacZ gene precludes the production of βgalactosidase resulting in white colonies. However, not all disruptions in lacZ result in
the correct ligation of the insert. Eight white colonies were selected for plasmid prep
analysis and EcoRI restriction to confirm the presence of the insert. Because the insert
can ligate in either orientation, the inserts in the recombinant plasmids were sequenced
using M13 primers (Table 14). Inserts were gel extracted using the QIAquick Gel
Extraction kit (Qiagen). All inserts were purified using the same column to obtain a
higher concentration of DNA for use in the subcloning reaction. A 1:3 ratio of vector
(pACYC184) to insert was used in the 20μl subcloning reaction that was carried out at
14°C for 24 hrs followed by transformation into NEB 5-alpha competent E. coli cells.
Transformants were selected on tetracycline media at a concentration of 30μg/ml and
screened for the insert by plasmid analysis and EcoRI restriction digest (FastDigest,
Thermo Scientific). All transformants were examined for orientation using a primer
anchored in the vector and the CTX-M gene that was cloned. The size of the CTX-M-14
and CTX-M-15 fragments was 883 bp and 880 bp, respectively. The actual size of blaCTXM-14

and blaCTX-M-15 is 876 bp. A few nucleotides had to be added at the 5′ or 3′ ends of

the primers to ensure efficient primers were used for gene amplification. The copy
number of these clones was not determined. mRNA steady-state expression and half-life
of the CTX-M-14 and CTX-M-15 transcripts being promoted by a chloramphenicol
promoter were evaluated.
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H. 13. CTX-M chimeras created using end-point PCR
The following cloning strategy was initially attempted to create the CTX-M
chimeric constructs. The 5′ end of the CTX-M-15 gene was amplified using Phusion®
HotStart high fidelity DNA polymerase. A forward primer was engineered with a BamHI
restriction site on the 5′ end and the reverse primer was engineered with an XbaI
restriction site on the 3′ end for ligation into pJET1.2/blunt cloning vector (Table 27).
The use of restriction sites was not a concern when creating these chimeras since the
experiment attempted to disrupt the CTX-M genes. Also, the creation of this chimera
would not result in a functional protein. A double restriction digest was performed to
confirm the ligation of the insert. The insert was then sequenced to determine orientation.
The construct was restricted with XbaI and phosphatase treated to prevent recircularization of the vector. Next, the 3′ end of CTX-M-14 was amplified using the same
high fidelity proofreading polymerase. The forward primer was designed with an XbaI
site on its 5′ end and the reverse primer had an engineered HindIII site on its 3′ end
(Table 27). This PCR product was individually ligated into pJET1.2/blunt vector before
the fused gene could be created. Transformants were restricted with XbaI and HindIII to
confirm the presence of the insert by double strand DNA sequencing. I attempted to
ligate the CTX-M-14 product next to the 3′ end of the CTX-M-15 fragment containing
the XbaI site to create the fusion. The chimeric construct was sequenced to confirm
successful gene fusion. The goal was to subclone the fused gene into pUCP26 using
BamHI and HindIII restriction sites followed by electroporation into K12 MG1655.
However, an alternative strategy was used to create the CTX-M chimeras due to a
rearrangement that occurred with the pJET1.2/blunt vector (See Figure 183; Results

GGGATCCCATGGTTAAAAAATCACTGCG
CTCTAGACGCCAACGTGAGCAATCAGC
CTCTAGAGCTGATTGCTCACGTTGGCG
AAAGCTTCTATTACAAACCGTCGGTGAC
CTCTAGAGAGGCGTGACGGCTTTTGC
AAAGCTTCCAGTTACAGCCCTTCGG
GGGATCCGAGATGGTGACAAAGAGAGTGC
CTCTAGAGCAAAAGCCGTCACGCCTC
CGATTGCGGAAAAGCACGTC
GGCGGTATTCAGCGTAGG
GCAGTACAGCGACAATACC
CGGAATGGCGGTGTTTAACG

CTXM15-lacF1a
CTXM15-lacintR1b
CTXM15-lacintF1b
CTXM15-lacR1c
CTXM14-lacintF1b
CTXM14-lacR1c
CTXM14-lacF1a
CTXM14-lacintR1b
CTXM15-Ffusiond
CTXM14-Rfusiond
CTXM14-RfusionF2d
CTXM15-RfusionR2d
194

197

481

449

474

454

Product size
(bp)
Nucleotide
position
1981-2001
2420-2401
2401-2420
2860-2840
2186-2204
2620-2603
1738-1759
2204-2186
2310-2329
2265-2248
2130-2148
2512-2493

HQ157357.1
AF252622
AF252622
HQ157357.1

AF252622

AF252622

HQ157357.1

HQ157357.1

GenBank Accession
Numbere

a; Forward primer contains a BamHI restriction site on the 5′ end
b; Primer contains an XbaI restriction site on the 5′ or 3′ end
c; Primer contains a HindIII restriction site on the 3′ end
d; Primers used for real-time RT-PCR expression of fused transcript
e; Sequence used to design primer
All restrictions sites are bolded and underlined. The translational start and stop codons in the forward and reverse primers, respectively are bolded and increased
in font size. Primers with ‘int’ in their name designates an internal primer.

Sequence (5′ to 3′)

Primer Name

Table 27. Primers used for CTX-M-15/CTX-M-14 and CTX-M-14/CTX-M-15 chimera construction and mRNA expression
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Section U. pg 348). Each CTX-M fragment with their respective restriction sites was
amplified using HotStart high fidelity proofreading polymerase. The fragments were gel
purified using the QIAquick Gel Extraction kit. One microliter of each gel extracted
product was used in a 50μl PCR reaction using SpeedSTARTM HotStart (HS) polymerase
reagents (Takara Bio Inc, Otsu, Shiga, Japan). Each PCR reaction included 1X Fast
Buffer I (includes 20mM Mg+2 plus), 200μM dNTPs, 0.5μM of each CTXM15-lacF1 and
CTXM14-lacR1, and 1Unit of SpeedSTARTM HotStart DNA polymerase (5Units/μl).
The PCR parameters were adapted from Bloemberg et al (28) that consisted of an initial
denaturation at 95°C for three minutes followed by 35 cycles of 95°C that used
denaturation for 60 seconds, 57°C annealing for 60 seconds, and 72°C extension for 180
seconds. A final extension at 72°C for 600 seconds concluded the PCR. The PCR took
approximately four hours to complete. The forward primer in the PCR was specific to the
CTX-M-15 (CTXM15-lacF1) fragment that made up the 5′ end of the chimera. The
reverse primer (CTXM14-lacR1) was specific to the CTX-M-14 fragment that made up
the 3′ end of the chimera. When generating the reverse fusion, the same PCR parameters
were used. With this construct, the forward primer was specific to CTX-M-14 (CTXM14lacF1) and the reverse primer was specific to CTXM15 (CTXM15-lacR1) (Figure 63 and
Figure 64).
Results of the fusion PCRs were electrophoresed on a 1% agarose gel and
visualized under UV light following ethidium bromide staining. Multiple non-specific
bands along with the fused PCR products of 897 bp (CTX-M-15/CTX-M-14) and 948 bp
(CTX-M-14/CTX-M-15) were amplified. The fused products were gel extracted, ligated
into the linearized pCR®2.1 cloning vector, and confirmed by EcoRI restriction digests.
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CTX-M-15

CTX-M-14

454bp
1981 bp -2420 bp
Accession no.
HQ157357.1

449bp
2186 bp -2620 bp
Accession no.
AF252622

GGGATCCCATGGTTAAAAAATCACTGCGCCAGTTCACGCTGATGGCGACGGCAACCGT
CACGCTGTTGTTAGGAAGTGTGCCGCTGTATGCGCAAACGGCGGACGTACAGCAAAAACTTG
CCGAATTAGAGCGGCAGTCGGAGGCAGACTGGGTGTGGCATTGATTAACACAGCAGATAATT
CGCAAATACTTTATCGTGCTGATGAGCGCTTTGCGATGTGCAGCACCAGTAAAGTGATGGCCG
CGGCCGCGGTGCTGAAGAAAAGTGAAAGCGAACCGAATCTGTTAAATCAGCGAGTTGAGATC
AAAAAATCTGACCTTGTTAACTATAATCCGATTGCGGAAAAGCACGTCAATGGGACGATGTCA
CTGGCTGAGCTTAGCGCGGCCGCGCTACAGTACAGCGATAACGTGGCGATGAATAAGCTGAT
TGCTCACGTTGGCGCCTCTAGAGAGGCGTGACGGCTTTTGCCCGCGCGATCGGCGATGAGAC
GTTTCGTCTGGATCGCACTGAACCTACGCTGAATACCGCCATTCCCGGCGACCCGAGAGACAC
CACCACGCCGCGGGCGATGGCGCAGACGTTGCGTCAGCTTACGCTGGGTCATGCGCTGGGCG
AAACCCAGCGGGCGCAGTTGGTGACGTGGCTCAAAGGCAATACGACCGGCGCAGCCAGCATT
CGGGCCGGCTTACCGACGTCGTGGACTGTGGGTGATAAGACCGGCAGCGGCGACTACGGCAC
CACCAATGATATTGCGGTGATCTGGCCGCAGGGTCGTGCGCCGCTGGTTCTGGTGACCTATTT
TACCCAGCCGCAACAGAACGCAGAGAGCCGCCGCGATGTGCTGGCTTCAGCGGCGAGAATCA
TCGCCGAAGGGCTGTAACTGGAAGCTTT

Figure 63. Design of CTX-M-15/CTX-M-14 gene fusion for the evaluation of intrinsic
structural features and their contribution to differential expression. Approximately half of
the CTX-M-15 was fused with half of the CTX-M-14 gene using an elongated PCR
protocol. The size of each structural gene is approximately 876 bp. The size of each PCR
fragment is shown below in the schematic. The size discrepancy between the fragments
and the nucleotide positions is due to the incorporation of restriction sites. The CTX-M15 forward primer is underlined and in bolded purple. The translational start codon is
highlighted in red. The BamHI restriction site is bolded in black. The overlapping XbaI
site is in the middle of the construct. This site is followed by the 3′ end of CTX-M-14.
The reverse CTX-M-14 primer is underlined and in bolded blue. The translational stop
codon is highlighted in red. The HindIII site is bolded in black and positioned at the 3′
end of the fusion construct.
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CTX-M-14

CTX-M-15

481bp
1738 bp -2204 bp
bbp- no.
Accession
AF252622

474bp
2401 bp -2860 bp
bbpAccession no.
HQ157357.1

GGGATCCGAGATGGTGACAAAGAGAGTGCAACGGATGATGTTCGCGGCGGCGGCGT
GCATTCCGCTGCTGCTGGGCAGCGCGCCGCTTTATGCGCAGACGAGTGCGGTGCAGCAAAAG
CTGGCGGCGCTGGAGAAAAGCAGCGGAGGGCGGCTGGGCGTCGCGCTCATCGATACCGCAG
ATAATACGCAGGTGCTTTATCGCGGTGATGAACGCTTTCCAATGTGCAGTACCAGTAAAGTT
ATGGCGGCCGCGGCGGTGCTTAAGCAGAGTGAAACGCAAAAGCAGCTGCTTAATCAGCCTG
TCGAGATCAAGCCTGCCGATCTGGTTAACTACAATCCGATTGCCGAAAAACACGTCAACGGC
ACAATGACGCTGGCAGAACTGAGCGCGGCCGCGTTGCAGTACAGCGACAATACCGCCATGA
ACAAATTGATTGCCCAGCTCGGTGGCCCGGGAGGCGTGACGGCTTTTGCCTCTAGAGCTGA
TTGCTCACGTTGGCGGCCCGGCTAGCGTCACCGCGTTCGCCCGACAGCTGGGAGACGAAACG
TTCCGTCTCGACCGTACCGAGCCGACGTTAAACACCGCCATTCCGGGCGATCCGCGTGATAC
CACTTCACCTCGGGCAATGGCGCAAACTCTGCGGAATCTGACGCTGGGTAAAGCATTGGGCG
ACAGCCAACGGGCGCAGCTGGTGACATGGATGAAAGGCAATACCACCGGTGCAGCGAGCAT
TCAGGCTGGACTGCCTGCTTCCTGGGTTGTGGGGGATAAAACCGGCAGCGGTGGCTATGGCA
CCACCAACGATATCGCGGTGATCTGGCCAAAAGATCGTGCGCCGCTGATTCTGGTCACTTAC
TTCACCCAGCCTCAACCTAAGGCAGAAAGCCGTCGCGATGTATTAGCGTCGGCGGCTAAAAT
CGTCACCGACGGTTTGTAATAGAAGCTT

Figure 64. Design of CTX-M-14/CTX-M-15 gene fusion for the evaluation of intrinsic
structural features and their contribution to differential expression. This figure is
different from the previous figure in that the CTX-M-14 fragment is first followed by
the CTX-M-15 fragment. Approximately half of the CTX-M-14 was fused with half of
the CTX-M-15 gene using an elongated PCR protocol. The size of each structural gene
is approximately 876 bp. The size of each PCR fragment is shown below in the
schematic. The size discrepancy between the fragments and the nucleotide positions is
due to the incorporation of restriction sites. The CTX-M-14 forward primer is
underlined and in bolded purple. The translational start codon is highlighted in red. The
BamHI restriction site is bolded in black. The overlapping XbaI site is in the middle of
the construct. This site is followed by the 3′ end of CTX-M-15. The reverse CTX-M-15
primer is underlined and in bolded blue. The translational stop codon is highlighted in
red. The HindIII site is bolded in black and positioned at the 3′ end of the reverse fusion
construct.
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Additionally the inserts in pCR®2.1 were sequenced using the M13F(-20) and M13R
primer set toverify that the constructs were created successfully. The CTX-M-15/ CTXM-14 fusion fragment and the CTX-M-14/CTX-M-15 reverse fusion fragment were
subcloned into the unmodified pACYC184 vector and re-sequenced to make sure no
artifacts were introduced from the cloning procedure. No mutations or deletions were
observed with the CTX-M-15/CTX-M-14 fusion construct. When sequencing the reverse
gene fusion in pACYC184 following subcloning, an 83 bp deletion within the CTX-M-14
fragment was observed. The intended size of the reverse fusion insert was 948 bp but
with the deletion, the size was decreased to 865 bp (83 bp deletion). Transformant
plasmids were isolated and digested with EcoRI. The restriction digests resulted in the
excised fusion or reverse fusion insert and the linearized pACYC184 vector (4245 bp).
Expression of these gene fusions was evaluated in a wild type E. coli background (K12
MG1655) using the chloramphenicol promoter of pACYC184.
To perform real-time RT-PCR, two different primer sets had to be created specific
for the fused transcripts. CTXM15-Ffusion/CTXM14-Rfusion was used on the CTX-M15/CTX-M-14 gene fusion and CTXM14-RfusionF2/CTXM15-RfusionR2 was used on
the CTX-M-14/CTX-M-15 reverse fusion construct. Primer specificity was evaluated as
described previously using the Rotor-Gene SYBR Green PCR kit and melt curve
analysis. Formal primer amplification efficiencies were not completed on the primer sets
used for the chimeric constructs.

I. Protein Methods
I. 1. Total protein isolation from clinical isolates
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Test organisms from BAPs were inoculated into sidearm flasks containing 95ml
of MHB. Cultures were grown at 37°C with shaking at 155 RPM until mid-logarithmic
phase (OD600 of 0.5). Three milliliters of culture was transferred to a chilled microfuge
tube and the remaining culture was transferred into 250ml Nalgene centrifuge bottles.
Cells were collected by centrifugation at 11,500 x g (8,700 RPM) for 15 minutes using a
SLA-1500 Rotor in a Sorvall® SuperSpeed RC2-B centrifuge (Fisher Scientific). After
centrifugation the collected cells were washed with two milliliters of cold 1X phosphate
buffered saline (PBS), transferred into two milliliter microfuge tubes, and centrifuged at
12,700 x g (11,500 RPM) in a Sorvall Legend Micro 17R Centrifuge (Thermo Electron
Corporation now Thermo Fisher Scientific, Waltham, MA). The cells were washed a total
of three times. After the final wash, the pellet was resuspended in two milliliters of
sonication lysis buffer (10 mM KH2PO4 monobasic, 50 mM KCl, 20 mM EDTA, 10%
glycerol, 1 mM dithiothreitol, Protease inhibitor Cocktail, Sigma-Aldrich [pH 7.4])),
transferred to a 17x100mm polystyrene culture tube, and ruptured by sonication using a
Gallenkamp Soniprep 150 (MSE, London, UK). The sonication parameters included 25
cycles of 15 seconds “on” followed by 15 seconds “off” with an amplitude of eight
microns. The resulting cellular debris and unbroken cells were removed by centrifugation
at 14,100 x g (12,100 RPM) for 20 minutes at 4°C using the Sorvall Micro Centrifuge.
The supernatant containing the crude β-lactamase preparation was aliquoted into 1.5ml
microfuge tubes and stored at -80°C until use.

I. 2. Bradford Assay to determine protein concentration
Protein concentrations were determined by a standardized assay using the Quick
StartTM Bradford Protein Assay Kit (Bio-Rad). This is a colorimetric assay that quantifies
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the amount of protein in a sample based on the binding of Coomassie Brilliant Blue G250 dye to protein in solution. The Coomassie dye exists as three colored species based
on the conditions it is exposed to including red (cationic), green (neutral), and blue
(anionic) forms. The dye preferentially binds to aromatic and basic amino acid residues.
Because this assay is dependent upon the amino acid composition of a protein sample, it
is a subjective analytical procedure.
Under acidic conditions, the Coomassie dye is in a doubly protonated red cationic
form (Amax 470 nanometers (nm)). Upon binding to protein, the red form is converted to
the more stable unprotonated blue form which causes a shift in absorbance. The
absorption spectrum of the bound form of the dye is 595nm. The red form of the
Coomassie dye gives up its free electrons to ion groups present on the protein sample.
When extra electrons are acquired, the protein’s native state is disrupted, resulting in
hydrophobic domain exposure. Using van der waals interactions, the hydrophobic regions
of the protein bind to the non-polar domain of the Coomassie dye. The blue protein-dye
complex is detected and measured in this assay. The amount of complex present in
solution represents the amount of protein in a sample which can be estimated from the
absorbance reading. However, absorbance values and subsequently the development of
dye color can be impacted by non-protein compounds such as detergents and protein
buffers. These chemicals stabilize the green, neutral form of the dye by directly binding
to the non-protein compound or by causing a pH shift.
A dilution series of bovine gamma globulin protein standards was prepared using
sonication lysis buffer as a diluent in microfuge tubes. Eight tubes received 1000μg/ml,
750μg/ml, 500μg/ml, 250μg/ml, 125μg/ml, 75μg/ml, 50μg/ml, and 25μg/ml final
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concentrations of select standards. Six microliters of crude lysate was added to 54μl of
sonication lysis buffer to bring the total to 60μl (1:10 dilution). Three milliliters of 1X
Bradford reagent was dispersed into plastic cuvettes (Fisher Scientific). Sixty microliters
of the diluted standards and crude lysate was added to the three milliliters of Bradford
dye, covered with parafilm, and then inverted several times. A blank was prepared using
60μl of sonication lysis buffer in three milliliters of Bradford dye. The solutions were
incubated at room temperature for five minutes. The absorbance of the diluted standards
was measured on the BioChrom spectrophotometer at 595nm to generate a standard curve
where absorbance values were plotted against known protein concentrations. Crude
diluted lysate was then measured for their absorbance properties at the same wavelength.
Microsoft Excel program was used to construct a standard curve for the series of diluted
BSA standards. The absorbance values for the crude protein standards were graphed
against the concentration of each standard. A polynomial trendline was applied to the
data which produced a polynomial equation that was used to calculate the protein
concentrations for the samples of interest. The absorbance values for each sample were
entered into the equation to determine the total protein of each clinical isolate.
I. 3. β-lactamase hydrolysis assay
β-lactamase activity of the crude protein lysates was measured
spectrophotometrically by the rate of β-lactam hydrolysis in a given time period. The
hydrolysis of amide bond in the β-lactam ring of the antibiotic changes the
spectrophotometric absorption of drugs indicating the presence of a β-lactamase. The βlactamases in the crude lysates hydrolyzed the first generation cephalosporin,
cephalothin, which was measured spectrophotometrically using a Beckman DU-7
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spectrophotometer attached to a 37°C circulating water bath. The water bath circulator
warms the cuvette block. The wavelength was set to 265nm which corresponds to the
maximum wavelength for cephalothin hydrolysis detection. A 100μM solution of
cephalothin in 1X PBS was prepared. Three milliliters of the antibiotic was placed in the
cuvette and warmed to 37°C for three minutes. One hundred microliters of the crude
protein lysate (prepared by sonication as described above) was added to the warmed
cephalothin solution, inverted, and quickly placed into the cuvette holder. The hydrolytic
activity of cephalothin due to the β-lactamase present in the solution was monitored in ten
second intervals for a total of five minutes and expressed as nanomoles of substrate
hydrolyzed per minute per milligram of protein. The following equations were used to
calculate β-lactamase activity. The absorbance value at the end of the linear curve was
subtracted from the absorbance value at the beginning of the run (ABSFINAL – ABSTIME 0
= ΔABS). The change in absorbency was divided by ten minutes (ΔABS/10). The
ΔABS/minutes was multiplied by a factor of 10 and then divided by (Khydrolysis X dilution
factor); ([ΔABS/min X 10] / Khydrolysis X dilution factor] = Δnmoles/min/ml). Khydrolysis
represented the hydrolysis constant which was the change in absorbance observed per μM
concentration of substrate antibiotic. The Khydrolysis for cephalothin was previously
established as 0.01. The Δnmoles/min/ml was then divided by the protein concentration
for a given sample to give Δnmoles/min/mg of protein.
The panel of clinical isolates evaluated was known to contain additional βlactamases besides CTX-M-14 and CTX-M-15. Previous studies have tried to estimate
the amount of β-lactamase activity with the level of enzyme produced by the bacterial
cell. However, the hydrolysis of cephalothin could not be solely attributed to the CTX-M
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β-lactamase but rather all of the β-lactamases present in the clinical isolate. Nonetheless,
completion of the hydrolysis assay was necessary for a grant received by our laboratory.
A more sensitive method for determining the level of CTX-M-14/CTX-M-15 protein
production was Western blotting.

I. 4. Western blot using the KODAK Image Station 4000R system
Western blotting measures the relative quantities of proteins of interest in
complex biological samples. The purpose of Western blotting was to determine if the
differential mRNA expression among the CTX-M-15 and CTX-M-14 E. coli strains
correlated with protein levels. Select strains from Table 11, promoter deletion clones, and
lacZ promoter clones were evaluated using this method to determine the level of CTX-M
protein produced. Both the CTX-M-15 and CTX-M-14 proteins had a molecular weight
of 32 kDa. Since there were no commercially available antibodies for the CTX-M
proteins, a polyclonal anti-CTX-M-15/CTX-M-14 antibody was created by GenScript
(Piscataway, NJ). The antibody was raised in rabbit, isolated from serum using protein G
column purification (>95%), and analyzed by mass spectrometry (Figure 65 and Figure
66). The custom polyclonal antibody specific for CTX-M-14 and CTX-M-15 was
directed toward the peptide sequence, CAIPGDPRDTT. A polyclonal antibody was
designed to detect both enzymes rather than having two antibodies with possibly two
different affinities. Alignment of the CTX-M-14 and CTX-M-15 amino acid sequences
showed a 79% similarity (Figure 67). The peptide antibody was amidated at the Cterminus. Chemically synthesized peptides have charged amino and carboxy termini that
must undergo modifications to resemble a protein found in nature. These posttranslational modifications can include N-terminus acetylation or C-terminus amidation

Figure 65. High performance liquid chromatography (HPLC) of the anti-CTX-M polyclonal antibody
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Figure 66. Mass spectrum of the anti-CTX-M polyclonal antibody
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MVTKRVQRMMFAAAACIPLLLGSAPLYAQTSAVQQKLAALEKSSGGRLGVALIDTADNTQ 60
ILYRADERFAMCSTSKVMAAAAVLKKSESEPNLLNQRVEIKKSDLVNYNPIAEKHVNGTM 120

1

CTX-M-15 61

SLAELSAAALQYSDNVAMNKLIAHVGGPASVTAFARQLGDETFRLDRTEPTLNTAIPGDP 180

CTX-M-15 121

RDTTSPRAMAQTLRNLTLGKALGDSQRAQLVTWMKGNTTGAASIQAGLPASWVVGDKTGS 240

CTX-M-15 181

GDYGTTNDIAVIWPQGRAPLVLVTYFTQPQQNAESRRDVLASAARIIAEGL 291

Figure 67. Alignment of the amino acid sequences of CTX-M-14 and CTX-M-15. The amino acid sequences of CTX-M-14 and
CTX-M-15 are 79% identical. The peptide sequence used to synthesize the polyclonal antibody is bolded and underlined. An
extra “C” has been added at the N-terminus to facilitate KLH conjugation which is not present in the native sequence.

CTX-M-14 241

GGYGTTNDIAVIWPKDRAPLILVTYFTQPQPKAESRRDVLASAAKIVTDGL 291

CTX-M-15 241

G YGTTNDIAVIWP+ RAPL+LVTYFTQPQ AESRRDVLASAA+I+ +GL

RDTTTPRAMAQTLRQLTLGHALGETQRAQLVTWLKGNTTGAASIRAGLPTSWTVGDKTGS 240

CTX-M-14 181

RDTT+PRAMAQTLR LTLG ALG++QRAQLVTW+KGNTTGAASI+AGLP SW VGDKTGS

TLAELSAAALQYSDNTAMNKLIAQLGGPGGVTAFARAIGDETFRLDRTEPTLNTAIPGDP 180

CTX-M-14 121

+LAELSAAALQYSDN AMNKLIA +GGP VTAFAR +GDETFRLDRTEPTLNTAIPGDP

VLYRGDERFPMCSTSKVMAAAAVLKQSETQKQLLNQPVEIKPADLVNYNPIAEKHVNGTM 120

CTX-M-14 61

+LYR DERF MCSTSKVMAAAAVLK+SE++ LLNQ VEIK +DLVNYNPIAEKHVNGTM

MV K +++ A A + LLLGS PLYAQT+ VQQKLA LE+ SGGRLGVALI+TADN+Q

CTX-M-14

MVKKSLRQFTLMATATVTLLLGSVPLYAQTADVQQKLAELERQSGGRLGVALINTADNSQ 60

1

CTX-M-15
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Table 28. ELISA results for pre-immune serum and antiserum for custom anti-CTX-M polyclonal antibody
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which makes a peptide more metabolically stable. The antibody was KLH (keyhole
limpet hemocyanin) conjugated to enhance the immunogenicity. An additional “C” has
been added to the N-terminus of the peptide antibody to facilitate KLH conjugation. KLH
is the most common immunogenic carrier protein used when small, low molecular weight
peptide antigens are chosen for antibody production. The anti-CTX-M antibody was
tested against the pre-immune serum and free peptide by an ELISA assay (Table 28). The
lyophilized antibody from rabbit #6723 was reconstituted in sterile nanopure water to a
concentration of 1mg/ml. Thirty microliter aliquots were distributed into 0.5ml tubes and
stored at -20°C prior to use. Distributed antibody did not go through multiple freezethaws. For each Western blot, a fresh CTX-M antibody vial was used.
Bacterial lysates were prepared and measured using the Bradford assay as
described previously. Five micrograms of total protein from each isolate was mixed with
2X Laemmli (SDS-PAGE) buffer containing 5% beta-mercaptoethanol (1:1 ratio) and
denatured at 95°C for five minutes. The final reaction volume was 20μl. The betamercaptoethanol decreases the intra- and inter-molecular disulfide bonds. The SDS
detergent denatures the proteins and gives them an overall negative charge, therefore
allowing the proteins to be separated based on size. The bromophenol blue serves as a
dye front that migrates ahead of the proteins. This dye also helps in visualizing the
sample during loading and during electrophoresis to prevent the proteins from running off
of the gel. The glycerol increases the density of the solution, allowing the sample to sink
into the well.
Proteins were run on 12% pre-casted Tris-glycine gels using the XCell SureLock®
Mini-Cell Electrophoresis system (Invitrogen). Two gels were run for every experiment.
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One gel was usedfor transfer and blotting and then other gel was used for Coomassie
Brilliant Blue R250 staining to examine protein profiles. Both the inner and outer
chambers were filled with 1X Tris-glycine buffer with SDS. Wells were rinsed with
buffer using a 30ml syringe with a small bore needle. Protein samples and ladder were
loaded using gel loading tips. The ladder used colored protein markers that assessed
transfer efficiency (SpectraTM Multicolor Broad Range Protein Ladder, Thermo
Scientific). Four different chromophores (blue, orange, green, pink) were attached to the
different molecular weight markers (Figure 68). Samples were run at 100Volts for 1.5 hrs
using a Bio-Rad PowerPacTM Universal power supply. One gel was then stained with
Coommasie Blue to analyze proteins and the other gel was used for transfer of proteins to
the PVDF membrane. Proteins were stained in Coomassie Blue for four hours and then
destained using concentrated destaining solution (50% methanol, 10% glacial acetic acid,
40% distilled water).
Proteins were transferred to a polyvinylidene difluoride membrane (PVDF)
(Immobilon®-P Transfer Membrane, Millipore, Fisher Scientific) using the XCell IITM
Blot Module (Invitrogen). There are many methods that can be used to transfer proteins
from an SDS-PAGE gel to a membrane including diffusion blotting, semi-dry blotting,
vacuum blotting, and a wet transfer. A wet transfer procedure was used in the Western
blots presented in this dissertation. To perform the transfer procedure, two sponges and
four pieces of Whatman filter paper were soaked in transfer buffer (20% methanol, 10%
Tris-glycine buffer). The methanol in the transfer buffer removes the SDS from the
proteins in the SDS-PAGE which increases the ability of the proteins to bind to the
membrane. One membrane (6.5cm x 8cm) was activated by submerging in 100%
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Figure 68. SpectraTM Multicolor Broad Range Protein Ladder used for Tris-glycine
gels to estimate the size of the protein of interest.

Figure 69. Assembly of the XCell IITM Blot Module (left image) and tension wedge
placement (right image) in transfer apparatus (Invitrogen).
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methanol for one minute followed by equilibration in transfer buffer until methanol
beading disappeared (approximately five minutes). The gels had to be equilibrated in
transfer buffer to prevent swelling during transfer. Gels were removed from their cases
using a coin to crack open the gel cassettes as instructed by the manufacturer. The
transfer set-up consisted of one soaked sponge, two pieces of Whatman filter paper, gel
that was removed from the case, activated PVDF membrane, another two pieces of
Whatman filter paper, and one soaked sponge. The stack was assembled, placed in the
XCell IITM Blot Module, and clamped into place using the tension wedge (Figure 69).
This action locked the core transfer module into place in the lower buffer chamber. The
outer chamber containing the wedge was packed with ice.
Transfer buffer was added to the tank and the top of the blot apparatus. The
transfer procedure was performed at 100V (175mAmp or 20W) for 1.5 hrs. Caution was
taken to avoid over-transfer which could result in diffusion of the proteins through the
membrane (blowout).
After transfer of proteins to the membrane, the membrane was then placed in
blocking solution (5% skim milk, Carnation Good Start and 1X TTBS; Tris-Tween
Buffered Saline) on a shaker for 30 minutes at room temperature. Once the membrane
was equilibrated, it was placed in a heat sealed pouch with primary antibody solution and
incubated at room temperature on a shaker for 30 minutes. The primary CTX-M antibody
was diluted 1:5000 for optimal results. The membrane was removed from the pouch and
washed with washing buffer (1X TTBS) five times, each for five minutes. After washing,
the membrane was probed with secondary antibody (Goat anti-rabbit IgG (HRP), Pierce,
ThermoFisher) in a heat sealed pouch as described above followed by washing with
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TTBS. The secondary antibody was polyclonal and conjugated with horseradish
peroxidase (HRP). Each side of the membrane was placed in ECL solution (Super Signal
West Femto Chemiluminescent Substrate, Thermo Scientific) for one minute and then
imaged using the Kodak Image Station 4000R (Kodak, Rochester, NY) and the Kodak
Molecular Imaging Software (MISE) computer program version 5.0.1.27. The exposure
time was optimized at 600 seconds. The Super Signal West Femto kit is one of the most
sensitive chemiluminescent substrates available for Western blotting. As the name
suggests, this system can detect femtogram-level proteins by Western blot. The
chemiluminescent substrate in this system detects the HRP-linked secondary antibody.
This substrate contains two components including a stable peroxide buffer and a
luminol/enhancer solution. Equal volumes of both reagents are mixed and the blot is
incubated in the working solution as described above. The HRP reacts with substrate to
produce a chemical reaction that results in light production. Light is detected using film
or a sensitive camera such as the Kodak system mentioned previously. Proteins were
quantitated using the Manual ROI (region of interest) tool. Values were assigned to each
box using the analysis tool. Net Intensity, Background, and Interior Area were factored
into the protein quantitation to produce a relative intensity value for each band of interest.
Densitometry values were compared to E. coli strain D14. The means and standard
deviations were calculated based on the relative intensity values for three independent
Western blots using protein from three independent protein isolations. The amount of
CTX-M-14/CTX-M-15 protein produced by each clinical isolate was not normalized.

I. 5. Stain-Free linear range response experiments
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Before Stain-Free Western blots could be completed, the linear response range for
the Stain-Free fluorescence and the anti-CTX-M antibody had to be determined. E. coli
D14 was used to determine the linear response range for these experiments. This isolate
was chosen because it produced the least amount of RNA and would most likely produce
relatively small amounts of protein compared to the other strains. A series of three
Western blots were performed on a dilution series of total protein ranging from 40μg to
0.625μg. First, the total amount of protein separated per lane was determined by detecting
Stain-Free signal using the “Lane and Bands” tool of Image LabTM software (version 5.0).
The Stain-Free signal was compared to the amount of protein loaded per lane and linear
regression was used to assess its linearity (144). Second, the linearity of the anti-CTX-M
antibody chemiluminescence signal was evaluated using the anti-CTX-M antibody
(1:45,000) and a secondary anti-rabbit immunoglobulin G conjugated to horseradish
peroxidase (1:50,000, Thermo Scientific). The chemiluminescence detected from the
secondary antibody bound to the anti-CTX-M antibody was compared to the amount of
protein loaded per lane and linear regression was used to assess the linearity of the antiCTX-M chemiluminescence signal. The resulting Stain-Free signal demonstrated
linearity ranging from 5μg to 40μg of protein (Figure 70). The linear range of the antiCTX-M antibody was 2.5μg to 40μg of protein (Figure 71). Since the Stain-Free and
chemiluminescent signals have linear responses in the range of protein tested, the amount
of CTX-M in the cell could be accurately detected from various bacterial isolates. Ten
micrograms of total protein was used in the Stain-Free Western blot experiments unless
otherwise stated.
I. 6. Western blot analysis using Bio-Rad Stain-Free technology and the
ChemiDocTM MP Imaging System
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Figure 70. Evaluation of the linear range of the Stain-Free signal. Signal intensities indicate
linearity within the desired working range of 5μg to 40μg of total protein.

2.0×10 8
1.8×10 8
1.6×10 8
1.4×10 8
1.2×10 8
1.0×10 8
8.0×10 7
6.0×10 7
4.0×10 7
2.0×10 7
0

R2 = 0.956

0

5

10

15

20

25

30

35

40

Protein (ug)
Figure 71. Evaluation of the linear range of the anti-CTX-M polyclonal antibody. Signal
intensities indicate linearity within the desired working range of 2.5μg to 40μg of total
protein.
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Stain-Free technology for Western blot analysis has several advantages over
traditional Western blot procedures. The process of Western blotting is subject to error
due to inconsistencies that can be introduced resulting in signal variation. To account for
non-sample related variation, data must be normalized which includes two approaches;
housekeeping protein normalization or total protein normalization. Housekeeping
proteins are expressed at a high level and are not influenced by experimental conditions
or treatments. Additionally, a housekeeping protein would require the membrane to be
stripped and re-probed with an antibody to the normalization protein. Clinical isolates
have been shown to have varying levels in control proteins such as β-galactosidase (192).
These clinical isolates have been subjected to many stresses or stressors in the body that
could affect the expression of housekeeping proteins. Therefore, an internal control for
our purposes would not be beneficial. However, total protein normalization uses the total
signal intensity of a sample in each lane as a loading control. There are total protein
normalization stains that are commonly used such as Coomassie Brilliant Blue, Ponceau
S, and SYPRO Ruby. However, Stain-Free methodology is a novel total protein
normalization tool that uses in-gel chemistry. With this more efficient methodology,
proteins can be visualized without the staining step and the lengthy destaining step.
Therefore, only one SDS-PAGE gel is run which is used for transfer to a PVDF
membrane and chemiluminescence detection. Transfer efficiency and subsequently
protein variability is not an issue because protein is normalized only to the amount that is
transferred onto the PVDF membrane.
The Stain-Free system is made possible due to a unique trihalo compound that is
incorporated into the stain-free gels designed by Bio-Rad. This proprietary compound
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covalently binds to the protein’s tryptophan residues upon exposure to ultraviolet light.
When the trihalo compounds are activated, 58 Da moieties are added to the tryptophan
residues of proteins. Therefore, any proteins that do not contain tryptophan residues will
not be visualized. This methodology was more sensitive than the KODAK Image Station
4000R system and yielded more precise normalization with less background. Stain-Free
technology provided better reproducibility and streamlined the Western workflow.
Therefore, re-optimization of the Western blot procedure was necessary for use of BioRad’s Stain-Free Western blot system (144).
Bio-Rad’s 12% Mini PROTEAN CriterionTM TGX Stain-FreeTM pre-cast
polyacrylamide gels were used to electrophorese proteins isolated from the panel of
strains in Tables 11 and 12. 1X Tris-glycine with SDS served as the electrophoresis
running buffer (25mM Tris, 192mM glycine, 0.1% SDS, pH 8.3 following dilution to 1X
with distilled water) also known as 1X Laemmli SDS-PAGE running buffer. Precision
Plus ProteinTM Unstained Molecular Weight Markers (Fementas) were used to estimate
the size of the proteins (Figure 72). Previously used pre-stained protein standards
described above did not work well with the stain-free gels. The unstained molecular
weight marker consists of seven native proteins that were used as standards. Protein
samples were mixed with 2X SDS-PAGE sample buffer (126mM Tris-HCl pH 6.8, 20%
glycerol, 4% SDS, 0.02% bromophenol blue). The reducing agent, β-mercaptoethanol
was added separately to the sample buffer. Because the reducing agent oxidizes in real
time, the sample buffer was prepared fresh on the day of the Western experiment.
Samples were separated for 1.5 hrs at 100V (or until the dye front reached the reference
line on the bottom of the cassette) using the Bio-Rad Universal PowerPacTM. The gel was
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Figure 72. Unstained Molecular Weight Protein Markers used for Stain-Free gels to
estimate the size of the protein of interest.
then Stain-Free activated and proteins were imaged using the ChemiDocTM MP Imager
with Image LabTM software. The “Good sensitivity” setting in the Image LabTM program
was selected to examine the protein profiles using a 2.5 minute activation. The gel was
then equilibrated in 1X transfer buffer for 15 minutes. Immun- Blot® low fluorescence
mini PVDF membrane and filter paper were used for the transfer of the proteins from the
gel to the membrane. The membrane was activated in methanol for 30 seconds and then
equilibrated in 1X transfer buffer. The gel-blot sandwich was assembled as described
previously and then placed in the gel holder cassettes (Bio-Rad). The transfer sandwich
was prepared in 1X transfer buffer to decrease the likelihood of bubble formation. Prior
to locking the cassette, a roller tube was used to remove any bubbles that may have
formed between the layers. Transfer buffer and a magnetic stir bar was added to the tank.
The outer chamber was kept cold using an ice pack. The transfer procedure was
performed at 100V (175mAmp or 20W) for 1.5 hrs using a Mini Trans-Blot®
Electrophoretic Transfer Cell (Bio-Rad). Since this technology normalized to total
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transferred protein, the presence of bubbles during the transfer procedure affected the
quantitation. The previous method using the Kodak imager was forgiving if bubbles
transferred onto the blot. As long as the bubble was not on the band of interest, proteins
could still be quantitated. Therefore, extra attention was given to the transfer step of the
Stain-Free workflow.
Following transfer, the gel was re-imaged to examine the amount of protein that
remained. The gel was not reactivated and was exposed to UV transillumination for six
seconds. The blot was also exposed for six seconds and quantitated for total volume
intensities. After transfer, the membrane was blocked in blocking grade non-fat dry milk
(Bio-Rad) followed by incubation in primary antibody. Due to the sensitivity of the
ChemiDocTM imager, the primary antibody had to be diluted further in comparison to the
previously mentioned dilution of 1:5000. The primary antibody dilution used for StainFree Western blots was 1:45,000. The low fluorescence PVDF membrane was incubated
in primary antibody overnight at 4°C with gentle agitation. The following day, the blot
was removed from the heat-sealed pouch and washed five times with 1X TTBS. The
secondary antibody was also diluted further to 1:50,000 to avoid burn-out and the
appearance of saturated pixels on the blot. After secondary antibody incubation, the blot
was washed five times for five minutes to remove excess antibody. Stain-Free
fluorescence and blot images of CTX-M-14 and CTX-M-15 proteins were collected using
the ChemiDocTM. The determination of fluorescence and signal intensities for each
sample on the blot was determined using the “Lanes and Bands” tool. Lanes were
detected manually and adjusted accordingly. Bands were detected by the computer
program with 100% sensitivity. The total amount of protein that transferred to the blot for
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each isolate was calculated and compared to E. coli strain D14 (comparator used for
mRNA and protein expression studies). This produced a normalization factor that was
used in combination with the chemiluminescence band detection value to yield a relative
protein fold change. Three biological replicates of each isolate were independently
collected and the means of the normalized datasets were used to calculate the relative
amount of CTX-M-14/CTX-M-15 β-lactamase production. Statistical significance of
CTX-M-14/CTX-M-15 protein levels between isolates was evaluated using a t-test
(double-sided and paired) performed with GraphPad Prism 6.0.
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Results
A. Assessment of bacterial growth in Mueller-Hinton broth conditions
Human urine specimens were the source of the isolates used in the studies
presented in this dissertation. Genetic modifications of these isolates creating fitness
advantages or disadvantages due to the selective pressures encountered during growth in
the patient could impact the growth rate of the organism in culture. Therefore, it was
necessary to evaluate the rate of growth of select CTX-M-14- and CTX-M-15-producing
E. coli over a period of eight hours. These studies were used to determine when these
organisms entered mig-logarithmic phase, a time of growth when cultures were taken for
mRNA and protein expression studies. Both the clinical isolates (CUM 247; CTX-M-15
and D14; CTX-M-14) and the wild type K12 MG1655 strain exhibited similar growth
characteristics. All strains entered log phase around 1.5 hrs of growth and stationary
phase at approximately 7 to 7.5 hrs of growth when using 100μl of a 0.1 OD600 culture as
the starting inoculum (Figures 73-75). The corresponding colony counts at most stages of
growth among all isolates were relatively similar. For example at 4 hrs of growth, K12,
CUMC 247, and D14 produced colony counts of 8.10 x 107 CFU/ml, 1.04 x 108 CFU/ml,
and 6.75 x 107 CFU/ml, respectively. The log of these colony counts equated to 7.9, 8.0,
and 7.8 for K12, CUMC 247, and D14, respectively. Based on colony counts, the CTXM-15-producing isolate (CUMC 247) grew slightly faster compared to the CTX-M-14
and wild type E. coli isolates. Overall, there was no difference between the growth of the
wild type K12 E. coli and the CTX-M-producing E. coli assessed in Mueller-Hinton
broth (MHB) conditions.

Figure 74. Growth characteristics of D14, CTX-M-14producing non-ST131 E. coli in MHB conditions.

Figure 75. Growth characteristics of CUMC 247, CTXM-15-producing ST131 E. coli in MHB conditions.

Figure 73. Growth characteristics of K12 MG1655 wild
type E. coli in MHB conditions.
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B. Assessment of bacterial growth using artificial urine media
From my original work with persister cell-related genes, the glycerol metabolic
gene, glpD was significantly downregulated in CTX-M-14- and CTX-M-15-producing
isolates. glpD expression levels were analyzed in ST131 and non-ST131 CTX-Mproducing E. coli strains isolated from different parts of the world. In most cases, CTXM-15 ST131 E. coli exhibited the greatest decrease in glpD expression compared to
CTX-M-14 non-ST131 E. coli. glpD mRNA expression levels for the majority of CTXM-15-producing E. coli were downregulated ranging from 143- to 500-fold compared to
expression in wild type K12 MG1655. In contrast, CTX-M-14-producing E. coli had
glpD mRNA expression levels that were only downregulated 4- to 71-fold. glpD
downregulation inversely correlated with an increase in CTX-M-15 expression (Table
29). glpR, the repressor of the glp operon, was also downregulated in these isolates, and
therefore did not contribute to the decrease in glpD expression levels. These data
suggested that modifications in the glycerol metabolic pathway could influence CTX-M
gene expression. However, the level of modification differed between the emerging
ST131 CTX-M-15 E. coli compared to the less prevalent non-ST131 CTX-M-14 E. coli
as reflected in the glpD expression fold differences. This difference in glpD expression
could be a reflection of the ability of ST131 E. coli to adapt to the environment of the
urinary tract. It was hypothesized that metabolic differences would be present in strains
that produced CTX-M β-lactamases compared to a wild type K12 strain which could
provide a selective fitness advantage for E. coli causing UTIs.
The purpose of this growth experiment was to simulate the environment of human
urine as physiologically as possible to determine if CTX-M-producing E. coli were more
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Table 29. glpD and glpR mRNA expression analyses
Isolate

blaCTX-M allele

Average RQ

Relative fold
change ±SD

Coefficient of
variation

Wild type
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
No CTX-Mb
No CTX-Mb
No CTX-Mb
No CTX-Mb

1
0.058
0.062
0.058
0.265
0.025
0.033
0.051
0.014
0.005
0.113
0.005
0.120
0.002
0.002
0.007
0.0005
0.005
0.005
0.002

1
-17± 0.031
-16 ± 0.028
-4 ± 0.056
-17 ± 0.219
-40 ± 0.009
-30 ± 0.003
-20 ± 0.070
-71 ± 0.018
-200 ± 0.003
-9 ± 0.109
-200 ± 0.000
-9 ± 0.033
-500 ± 0.001
-500 ± 0.002
-143 ± 0.006
-2000 ± 0.000
-200 ± 0.002
-200 ± 0.000
-500 ± 0.000

3%
7%
1%
0%
3%
8%
4%
1%
2%
5%
4%
3%
8%
5%
8%
5%
1%
6%
5%
2%

Wild type
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
No CTX-Mb
No CTX-Mb
No CTX-Mb

1
2.180
0.007
0.008
0.008
0.007
0.031
0.029
0.020
0.033
0.008
0.005
0.011
0.022
0.046
0.023
0.015
0.022
0.031

1
+2 ± 1.393
-143 ± 0.001
-100 ± 0.003
-125 ± 0.003
-142 ± 0.020
-27 ± 0009
-38 ± 0.004
-37 ± 0.010
-303 ± 0.001
-125 ± 0.001
-200 ± 0.002
-91 ± 0.000
-45 ± 0.003
-22 ± 0.045
-59 ± 0.008
-67 ± 0.002
-45 ± 0.000
-32 ± 0.001

2%
3%
2%
2%
4%
2%
2%
3%
3%
3%
2%
2%
2%
1%
5%
2%
2%
1%
2%

glpD
K12a
N14
C14
Lo14
La14
D14
XQ10
XQ13
XQ22
CUMC 247
H15
W15
C15
XQ12
FHM6
FHM8
FHM16
FHM32
FHM35
FHM38
glpR
K12a
N14
C14
Lo14
La14
D14
XQ10
XQ13
XQ22
CUMC 247
H15
W15
C15
XQ12
FHM6
FHM8
FHM16
FHM32
FHM35

a; K12 is a wild type E. coli strain that served as the comparator for glpD and glpR mRNA expression
studies
b; ST131 E. coli isolates that lacked a CTX-M enzyme
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adapted for growth in this mileu. It was hypothesized that the clinical CTX-M-producing
E. coli would have a faster growth rate in the simulated urine media compared to the
laboratory E. coli strain, K12. Urine isolates of E. coli need to osmotically adapt to cause
a UTI and therefore, pathways may have been disrupted or modified which enhanced the
fitness of these strains in human urine. Strains grown in the urine media included K12
MG1655, D14 (CTX-M-14), and XQ12 (CTX-M-15) (Figures 76-78). When E. coli K12,
D14, and XQ12 were grown in AUM, these strains remained in log phase for 3.5 hrs. In
MHB conditions, total log phase time was approximately 6 hrs. Although a shorter log
phase occurred for the isolates in AUM compared to MHB, these strains produced similar
colony counts during this time. For example, at 2.5 hrs of growth, K12 in MHB
conditions produced a colony count of 4.00 x 106 CFU/ml (6.60 is the log value of this
colony count). When K12 was grown in artificial urine, a colony count of 2.25 x 106
CFU/ml (6.35) was produced at 2.5 hrs of growth. The colony counts for D14 and XQ12
at 2.5 hrs of growth in artificial urine were 1.80 x 106 CFU/ml (6.25) and 1.62 x 106
CFU/ml (6.21), respectively. When D14 was grown in MHB, the colony count at 2.5 hrs
was 1.44 x 106 CFU/ml (6.16) a value that was similar to the colony count in urine at this
stage of growth. XQ12 was not grown in MHB conditions so comparisons to growth in
AUM could not be made.
Furthermore, stationary phase for K12, D14, and XQ12 occurred around 4 hrs of
growth in AUM (Figures 76-78). In contrast, cells did not reach stationary phase in MHB
until around 7 hrs of growth. This discrepancy among the bacterial growth phases could
be the result of different inoculums used for initiation of these experiments. The
inoculum used for the AUM growth curves came from an overnight culture. When

Figure 77. Growth characteristics of XQ12, CTX-M-15producing E. coli in artificial urine conditions.

Figure 78. Growth characteristics of D14, CTX-M-14producing E. coli in artificial urine conditions.

Figure 76. Growth characteristics of K12 MG1655
wild type E. coli in artificial urine conditions.
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evaluating growth in MHB, 100μl of a 0.1 OD600 was used as the initial inoculum. A
starting AUM inoculum of OD600 0.1 was attempted during a preliminary growth curve,
but following 16 hrs of growth there was no change in optical density. Because AUM is
not a nutrient rich media like MHB, it was thought that the E. coli cells might require a
longer time to adapt to the AUM conditions. Therefore, 100μl of an overnight AUM
culture was used as the starting inoculum. More cells would be present in an overnight
culture compared to an OD600 of 0.1 which could expedite the growth of these strains
during lag phase. This was reflected in the AUM growth curves as lag phase is not
represented. The higher starting inoculum likely caused an accelerated lag phase that was
not monitored during the beginning of the experiment. Hence, only 30 minutes into the
AUM growth experiments, log phase was occurring in K12, D14, and XQ12. Overall, the
growth of CTX-M-producing E. coli strains was slower during log phase compared to
K12 E. coli when assessed in AUM. However, all strains entered stationary phase at
approximately 4 hrs. Although artificial urine better represents the environment that the
CTX-M E. coli were exposed to in the patient, a starting inoculum of 0.1 should have
been used to remain consistent with the experimental design of the MHB growth curves.
C. Determination of β-lactam MICs using agar dilution methodology
Limited options for antibiotic treatment are associated with CTX-M-producing E.
coli strains. It is important to identify any relationship between susceptibility phenotype
and the genotypes of these organisms in order to evaluate the best therapeutic approach
for treatment. In order to truly optimize a drug for clinical efficacy the mechanisms
resulting in the susceptibility profile should be identified. These mechanisms not only
include the identification of the resistance gene but the production level of the gene
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product. Susceptibilities for the strains in Table 30 were determined by agar dilution
MICs. The following β-lactam antibiotics were evaluated: cefotaxime (CTX), ceftazidime
(CAZ), piperacillin/tazobactam (TZP), aztreonam (AZT), imipenem (IMP), and
ertapenem (ETP). CTX-M-producing organisms typically hydrolyze narrow and broad
spectrum penicillins, narrow and extended spectrum cephalosporins (with exceptions of
the cephamycins and cefepime), and aztreonam. β-lactam/β-lactamase inhibitor
combinations and the carbapenems are commonly stable to hydrolysis by CTX-M βlactamases. The majority of isolates in Table 30 hydrolyzed cefotaxime to a level that
conferred resistance (≥4μg/ml); hence the name cefotaximases or CTX-Ms. One isolate,
JJ2131 was intermediate to cefotaxime. There were some isolates from Dr. Johnson’s
laboratory including PH53135, JJ2268, and JJ2336 that produced a cefotaxime
susceptible phenotype (located below dividing line in Table 30). Initially, when these
isolates were screened for the CTX-M-15 gene, the diagnostic PCR was negative
suggesting that the gene encoding the CTX-M-15 enzyme was not present in these
clinical isolates. It is possible that these isolates lost the plasmid during transport to the
laboratory or when the organisms were taken from the agar stab and inoculated on the
blood agar plate. PH53135, JJ2268, and JJ2336 were also susceptible to other drugs
tested including CAZ, TZP, and AZT indicating that the CTX-M-15 β-lactamase was not
being produced by these isolates.
In contrast to CTX-M-14 β-lactamases, CTX-M-15 β-lactamases hydrolyze
ceftazidime. This increased hydrolytic activity against ceftazidime is due to an amino
acid substitution at position 240 (Asp-Gly) or 167 (Pro-Gly) (288, 319). The majority of
CTX-M-15-producing isolates were resistant to ceftazidime with the exception of QU015
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Table 30. β-lactam agar MICs for select CTX-M-producing E. coli isolates
Isolate
D14
comparator
CMB106
JJ2052 S
JJ2052 F
JJ2053
JJ2131
JJ2235 S
JJ2235 F
JJ2236
JJ2241
JJ2242
JJ2243
JJ2244
JJ2246 S
JJ2246 F
JJ2247
JJ2251
JJ2253 SW
JJ2253 RG
JJ2267
JJ2431
MHHBS4
MHVlab2
QU015
FS-ESBL013
FS-ESBL014
FS-ESBL062
JJ2339
JJ2354
JJ2356
PH53135
ZH185
JJ2268
JJ2336
JJ2360
F063
RS074
RS135

CTX

CAZ

AZT

TZP

IMP

ETP

>256

>256

>256

32

>256

0.12

>256
>256
>256
>256
2
>256
>256
256
>256
>256
>256
>256
>256
>256
>256
>256
>256
>256
>256
>256
>256
>256
>256
>256
64
64
>256
64
8
0.06
8
0.06
0.25
128
>256
>256
128

32
32
64
256
32
128
128
32
64
32
64
>256
128
128
64
128
128
128
32
32
32
256
8
128
0.5
1
2
2
32
0.12
256
0.25
0.5
16
>256
>256
2

128
64
128
>256
16
256
128
64
128
32
256
>256
128
128
128
128
128
128
64
64
64
256
16
>256
0.15
4
8
8
8
0.06
16
0.12
0.12
>256
>256
>256
32

32
4
64
128
16
8
64
64
256
16
8
32
64
128
256
256
32
32
128
128
128
128
4
2
4
4
4
4
4
4
64
4
4
2
>256
8
>256

0.12
0.12
0.12
0.12
0.12
0.06
0.12
0.12
0.12
0.12
0.12
0.06
0.06
0.12
0.12
0.12
0.12
0.06
0.06
0.25
0.12
0.12
0.25
0.25
0.12
0.12
0.12
0.03
1
0.12
0.50
0.12
0.25
0.25
64
32
0.12

0.007
0.015
0.12
0.12
0.007
0.015
0.03
0.015
0.03
0.007
0.06
0.06
0.015
0.015
0.03
0.03
0.03
0.06
0.03
0.03
0.015
0.25
0.03
0.12
0.007
0.007
0.03
0.015
0.06
0.004
0.03
0.007
0.007
0.03
256
>256
0.12

CTX; cefotaxime S (susceptible) ≤1; I (intermediate) 2; R (resistant) ≥4
CAZ; ceftazidime S (susceptible) ≤4; I (intermediate) 8; R (resistant) ≥16
AZT; aztreonam S (susceptible) ≤4; I (intermediate) 8; R (resistant) ≥16
TZP; piperacillin/tazobactam S (susceptible) ≤16/4; I (intermediate) 32/4-64/4; R (resistant) ≥128/4
IMP; imipenem S (susceptible) ≤1; I (intermediate) 2; R (resistant) ≥4
ETP; ertapenem S (susceptible) ≤0.25; I (intermediate) 0.50; R (resistant) ≥1
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which is considered to be intermediate. Of the 6 CTX-M-14-producing isolates evaluated,
4 were susceptible (FS-EBSL014, FS-ESBL062, JJ2339, and JJ2354) and 2 were
resistant to ceftazidime (FS-ESBL013, JJ2356). It was surprising to observe the
ceftazidime resistance in 2 of the CTX-M-14-producing E. coli. These isolates could
contain other resistance determinants such as a plasmid-mediated AmpC or an OXA βlactamase that could account for the ceftazidime resistant phenotype. Ceftazidime
resistance was also exhibited by D14, the comparator strain used in expression studies.
Resistance to aztreonam was observed for all of the CTX-M-15 isolates evaluated. One
CTX-M-14-producing isolate (FS-ESB013) was resistant, 3 (JJ2339, JJ2354, JJ2356)
were intermediate, and 2 (FS-ESBL014, FS-ESBL062) were susceptible to AZT.
When examining the piperacillin/tazobactam MICs, 39% (9/23) of the CTX-M15-producing isolates were resistant and 35% (8/23) were intermediate. 26% (6/23) of the
CTX-M-15 isolates were susceptible to piperacillin/tazobactam. Previous studies have
reported variable susceptibilities by ST131 isolates to piperacillin/tazobactam (114). All
of the CTX-M-15-producing isolates that gave resistant TZP MICs were ST131 strains
with the exception of JJ2246 F. However, there were some CTX-M-15 ST131 strains
such as JJ2242 and JJ2243 that were susceptible to TZP. All of the CTX-M-14-producing
isolates evaluated were susceptible to TZP with the exception of JJ2356.
Thirty-six out of 38 CTX-M-14- and CTX-M-15-producing E. coli strains
evaluated were susceptible to both imipenem and ertapenem. This is expected since
carbapenems are the most reliable therapy chosen to treat ESBL-producing infections
such as those caused by CTX-M-producing organisms. Two isolates (F063 and RS074)
that were collected from a site in the United Kingdom exhibited high-level resistance to
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these carbapenems. Both strains had ertapenem MICs that were 256μg/ml or greater.
Imipenem MICs were 64 and 32μg/ml, respectively. These data suggest that F063 and
RS074 had an altered outer membrane porin that prevented these drugs from efficiently
entering the cell.
D. DNA sequence analysis of CTX-M β-lactamase genes found within clinical
isolates
To identify the specific CTX-M gene present in each of the strains used in these
studies the structural gene was sequenced. All CTX-M-14- and CTX-M-15-producing
isolates had CTX-M genes that were 100% identical to CTX-M-14 or CTX-M-15 genes
identified in the GenBank database (Accession numbers AF252622 and HQ157357,
respectively). Both CTX-M genes are 876 bp in size.
E. Quantitation of β-lactam hydrolysis using cephalothin as a substrate
Hydrolysis assays were completed on a subset of CTX-M containing isolates
using cephalothin as a substrate. However, due to the presence of other potential βlactamases the hydrolysis assays are inconclusive. The average hydrolysis of cephalothin
for 15 isolates ranged from 22.06 nmoles/min/mg to 370.86 nmoles/min/mg (Table 31).
The organism with the lowest hydrolysis rate (RS061) was a CTX-M-15 producer with a
TEM-like gene present. The organism with the highest hydrolysis rate (C15) was a CTXM-15 producer with a TEM-like gene present. The isolates having CTX-M-15, OXA-1,
and TEM-like β-lactamases had hydrolysis rates that ranged from 14.55 to 217.42
nmoles/min/mg. Similar ranges in hydrolysis were noted for the CTX-M-14-producing
isolates. For example, CTX-M-14 isolates with CTX-M-14 and TEM-like enzymes had
cephalothin hydrolysis rates of 22.06 to 200.75 nmoles/min/mg. Overall, no correlation
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Table 31. β-lactamase hydrolysis of the first generation cephalosporin, cephalothin
Isolate

CUMC 247
C15
H15
W15
XQ12

FHM6
RS059
RS061
RS153
C14
La14
D14
XQ13

β-lactamases
present*
CTX-M-15,
TEM-like,
OXA-1-like
CTX-M-15,
TEM-like
CTX-M-15
CTX-M-15,
OXA-1-like
CTX-M-15,
TEM-like,
OXA-1-like
CTX-M-15,
TEM-like,
OXA-1-like
CTX-M-15,
TEM-like
CTX-M-15,
TEM-like,
OXA-1-like
CTX-M-15,
OXA-1-like
CTX-M-14,
TEM-like
CTX-M-14,
TEM-like
CTX-M-14,
TEM-like
CTX-M-14,
TEM-like

Hydrolytic activity
(nmol/min/mg) #1

Hydrolytic activity
(nmol/min/mg) #2

Avg hydrolytic
activity
(nmol/min/mg)

172.31

134.34

153.33

264.77

476.95

370.87

222.85

206.74

214.79

226.41

109.63

168.02

253.81

181.03

217.42

76.63

77.24

76.94

224.89

122.98

173.94

25.53

3.63

14.55

95.89

98.89

97.39

62.45

108.92

85.69

25.48

19.24

22.36

294.58

106.92

200.75

60.75

48.51

54.63

F044

CTX-M-14

284.59

414.13

349.36

NL217

CTX-M-14

33.75

10.37

22.06

K12
MG1655

Wild type

2.66

1.98

2.32

FHM16

ST131, No
CTX-M,
TEM-like

3.78

2.50

3.14

*β-lactamases identified other than CTX-M were determined by PCR only. These genes were not sequenced .
Hydrolytic activities were an average of two independent runs.
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could be made between β-lactamase activity and the amount of CTX-M β-lactamase
enzyme produced by the clinical isolate.
F. Detection of additional β-lactamase genes in clinical E. coli isolates
Although the E. coli isolates used in this study were confirmed to harbor CTX-M14 or CTX-M-15 by PCR and DNA sequence analysis, some of these isolates were also
screened for additional β-lactamases using diagnostic methods I developed in the
laboratory. I designed diagnostic assays using rapid PCR amplification and the Philisa®
PCR thermal cycler (Streck). The genes evaluated using this methodology included
TEM-like, OXA-1-like, CMY-2-like, DHA-like, VIM-like, IMP-like, NDM-like, and
KPC-like (134). The presence of other β-lactamases could influence the β-lactam MICs
observed. The additional genes found in these isolates included TEM-like and OXA-1like. Some isolates harbored three of these genes including CTX-M-15, OXA-1-like, and
a TEM-like while others harbored two genes in different combinations although always
having at least the CTX-M gene. Because the clinical isolates possessed multiple βlactamase genes, no correlation could be made between CTX-M production and β-lactam
MICs in addition to CTX-M production and cephalothin hydrolysis.

G. mRNA expression levels of CTX-M-14 and CTX-M-15 genes in E. coli isolates
collected from human urine specimens
The most widely distributed CTX-M allele is blaCTX-M-15 which is predominately
associated with the clonal group ST131 and phylotype B2. It was hypothesized that
sequence type (ST) or phylotype would play a role in the ability of these strains to
produce the CTX-M transcript. It was further hypothesized that CTX-M-15 mRNA levels
would be upregulated compared to CTX-M-14 levels due to its association with ST131.
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Table 32. mRNA expression analysis of CTX-M-14- and CTX-M-15-producing E. coli isolates
Isolate

blaCTX-M allele

D14
CUMC 247
XQ12
XQ35
A15
C15
H15
W15
FHM6
RS059
RS061
RS007
RS120
F010
F024
F076
RS135
RS153
CMB106
JJ2052
smooth
JJ2052 fuzzy
JJ2053
JJ2131
JJ2235
smooth
JJ2235 fuzzy
JJ2236
JJ2241
JJ2242
JJ2243
JJ2244
JJ2246
smooth
JJ2246 fuzzy
JJ2247
JJ2251
JJ2253
smooth white
JJ2253
rough grey
JJ2267
JJ2431
MHHBS4
MHVlab2
QU015

CTX-M-14
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15

Sequence
type
ST405
ST131
ST131
ST131
ST44
ST405
ST205
ST131
ST131
ST131
ST131
ST131
ST131
ST69
ST2076
ST182
ST131
ST617
ST131

D-2
B-2
B-2
B-2
D-2
B1-1
B2-2
B2
B2
B2-2
B2-2
B2-2
B2-2
D-1
D-1
D-1
B2-2
A-2
B2-2

Relative fold change
in expression ± SD
1, comparator
72 ± 12.56
21 ± 5.12
8 ± 0.87
15 ± 1.28
48 ± 0.70
20 ± 0.68
29 ± 1.43
48 ± 8.41
77 ± 32.47
52 ± 3.65
-1 ± 0.09*
-1 ± 0.14*
26 ± 2.51
46 ± 2.30
74 ± 6.92
165 ± 27.76
37 ± 2.75
51 ± 8.17

CT Coefficient
of variationa
3%
4%
6%
5%
3%
3%
7%
5%
2%
3%
2%
6%
4%
3%
1%
4%
5%
1%
6%

CTX-M-15

ST90

B1-2

32 ± 1.58

6%

CTX-M-15
CTX-M-15
CTX-M-15

ST90
ST131
ST167

B1-2
B2-2
A2

32 ± 3.90
-14 ± 0.04*
47 ± 10.83

5%
4%
6%

CTX-M-15

ST167

A2

39 ± 11.27

6%

CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15

ST167
ST648
ST131
ST131
ST131
ST131

A2
D2
B2-2
B2-2
B2-2
B2-2

62 ± 17.32
65 ± 10.88
14 ± 3.97
6 ± 0.44
1 ± 0.90
29 ± 4.22

5%
7%
7%
6%
4%
6%

CTX-M-15

ST410

A2

60 ± 15.83

5%

CTX-M-15
CTX-M-15
CTX-M-15

ST410
ST131
ST131

A2
B2-2
B2-2

155 ± 41.89
48 ± 7.02
49 ± 5.06

3%
2%
7%

CTX-M-15

ST410

A2

36 ± 5.94

6%

CTX-M-15

ST410

A2

34 ± 5.91

7%

CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15

ST648
ST131-like
ST131
ST131
ST131

D2
B2-2
B2-2
B2-2
B2-2

42 ± 25.83
39 ± 9.42
49 ± 2.40
59 ± 15.05
14 ± 3.85

6%
5%
4%
6%
9%

Phylotype

All transcript levels are relative to D14
a; Coefficient of variation is for CTX-M-15
* indicates a decrease in expression compared to isolate D14
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Continued from Table 32 on previous page
Isolate
C14
La14
Lo14
N14
F044
NL217
XQ10
XQ13
XQ22
XQ24
JJ2339
JJ2354
JJ2356
FS-ESBL013
FS-ESBL014
FS-ESBL062

blaCTX-M
allele
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14

Sequence
type
ST648
ST648
ST405
ST3856
ST131
ST131
ST38
ST68
ST156
ST10
ST38
ST354
ST46
ST10
ST38
ST10

Phylotype
D-2
D-2
D-2
A-2
B2-2
B2-2
D
D
B2
A
D-2
D-1
A-1
D-2
A-2
D-1

Relative fold change
in expression ± SD
5 ± 2.08
4 ± 1.68
5 ± 0.39
3 ± 0.40
-1 ± 0.15*
-1 ± 0.19*
1 ± 0.40
2 ± 0.72
1 ± 0.73
1 ± 0.17
2 ± 0.64
2 ± 0.76
-1 ± 0.26*
2 ± 0.53
3 ± 1.55
2 ± 0.47

CT Coefficient of
variationa
7%
8%
8%
6%
4%
6%
5%
3%
3%
7%
3%
3%
1%
6%
7%
4%

All transcript levels are relative to D14
a; Coefficient of variation is for CTX-M-15
*indicates a decrease in expression compared to isolate D14

The mRNA
expressionoflevels
*Indicates
downregulation
gene

of 40 CTX-M-15- and 17 CTX-M-14-producing clinical E.

coli isolates were evaluated from various geographical locations (Table 32). In order to
evaluate the relative levels of blaCTX-M expression, the comparator E. coli strain, D14 was
selected because it produced the least mRNA expression compared to other CTX-M-14and CTX-M-15-producing clinical isolates. RNA levels for CTX- M-15-producing
isolates were 6- to 165-fold higher than CTX-M-14 mRNA levels (Table 32). The
elevated expression of CTX-M-15 transcripts was observed for the majority of strains
evaluated. However, RS007 and RS120 both exhibited mRNA levels similar to D14. The
majority of the CTX-M-15 isolates were ST131 E. coli although other sequence types
were also evaluated including ST410 and ST167. Besides the B2 phylogroup, CTX-M-15
isolates with additional phylotypes such as A2, B1-1, B1-2, D1, and D2 were used in
mRNA expression analyses. These data showed that the sequence type and phylotype did
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not influence the level of CTX-M-15 expression. Even though CTX-M-15 is commonly
associated with the B2 phylotype, other phylotypes still produced a high level of CTX-M15 mRNA. In contrast, the CTX-M-14 isolates were only 2- to 5-fold higher than the D14
comparator. The majority of the CTX-M-14-producing isolates were sequence types
other than ST131 and phylotypes other than B2. However, F044 and NL217 were ST131,
CTX-M-14-producing isolates. Interestingly, these isolates exhibited CTX-M-14 mRNA
expression levels similar to D14. In accordance with the previous conclusion, the
sequence type did not impact the level of CTX-M-14 transcript produced. If ST131 was
influencing the mRNA expression level, a higher level of CTX-M-14 mRNA was
expected to be produced by clinical isolates, F044 and NL217.

H. DNA sequence analysis of upstream promoter regions and transcriptional start
site(s) identification in clinical isolates
The differential in mRNA expression observed between the CTX-M-14 and CTXM-15 clinical isolates prompted an investigation of the promoter region. Several factors
can influence the expression of a gene such as transcription initiation, stability of the
transcript, and translatability of the message. Transcript initiation can be influenced by
bacterial repressor and activator proteins that block or enhance the binding of the RNA
polymerase to the promoter region. Initiation of transcription can also be regulated by the
degree of consensus of promoter elements (219). It was possible that the upstream
promoter regions responsible for transcriptional initiation were different in the CTX-M14 isolates compared to the CTX-M-15 isolates. Therefore, sequence analysis of the
upstream region was performed for all the isolates listed in Table 11. A schematic
showing the genetic characterization of the upstream promoter region is represented in
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Figure 79. The DNA sequences of these regions are shown in Figures 80 and 81 for
blaCTX-M-14 and blaCTX-M-15, respectively. All CTX-M-producing isolates in Table 11 were
associated with the ISEcp1 insertion element upstream and more specifically the
transposase (tnpA) associated with this insertion element. The CTX-M-15-producing
isolates had a genetic arrangement which is common to the majority of CTX-M-15
isolates evaluated to date (85, 101, 225, 398). This genetic arrangement includes a
complete ISEcp1 with a 3′ non-coding terminus that contains the promoter (-10
TACAAT and -35 TTGAAA) that putatively drives CTX-M-15 expression. The CTX-M
isolates sequenced in this study had an intact ISEcp1 element (1263 bp) with 250 bp/256
bp of 3′ non-coding intergenic sequence that separated ISEcp1 from the structural genes
of CTX-M-14 and CTX-M-15, respectively. Within the non-coding region was the
inverted right repeat (IRR) of ISEcp1 that was located 42 bp or 48 bp from the ATG site
of the blaCTX-M gene. For all the CTX-M-15 isolates evaluated, the spacer sequence was
48 bp from the IRR to the translational start codon of CTX-M-15. For all the CTX-M-14
isolates evaluated, the spacer sequence was 42 bp. All isolates contained a promoter
region in the intergenic non-coding region and a more distal promoter in the ISEcp1
element both of which were σ70-like. The distal promoter (-10 TATACT and -35
TTGCTT) within ISEcp1 was novel and not previously identified by Dhanji et al (Figures
80 and 81) (101). No sequence variation was found within the promoter regions for CTXM-14- or CTX-M-15-producing isolates evaluated.
Although there were no sequence modifications to the promoter elements, the
transcriptional start sites could have been modified between these CTX-M producers
suggesting initiation from different promoters and thus differences in promoter strength.

Intergenic region
256 bp or 250 bp

H-NS

P proximal

ATG

blaCTX-M-15 or blaCTX-M-14
structural gene
876 bp

TAA

Figure 79. Genetic organization of upstream region of CTX-M-15 and CTX-M-14. 5′ RACE revealed two transcriptional start sites
associated with two promoter regions. P distal is positioned in the tnpA of ISEcp1 located 558 bp or 552 bp upstream from the
translation start codon of CTX-M-15 and CTX-M-14, respectively. P proximal is located in the intergenic region that separates the tnpA
from the blaCTX-M structural gene. The intergenic region also contains the 3′ non-coding region of ISEcp1, the inverted right repeat
associated with the transposase, and the spacer region. The P proximal promoter is located 116 bp and 110 bp upstream of the CTX-M15/CTX-M-14 translational start codons, respectively. All CTX-M-15 isolates had a 48 bp spacer region and all CTX-M-14 isolates had
a 42 bp spacer region. This was the only region of upstream sequence that differed among the CTX-M E. coli isolates evaluated. The
putative H-NS site is shown in red.

tnpA of ISEcp1 element
1263 bp

P distal

Spacer region
42 bp or 48 bp
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TAATCAAAGCCTTGATAAATATGCATTCCTTCGAAATTCAGCTTTCACCCATTGGGTGAAAGAAAAG
TGCTCAAAAATATGTTAAATTATCAGCTTTTATGACTCGATATATGGTAAAATAATAGTAAGAAAA
GTAGTAAAAAGGGGTTCTAATTATGATTAATAAAATTGATTTCAAAGCTAAGAATCTAACATCAAA
tnpA

TGCAGGTCTTTTTCTGCTCCTTGAGAATGCAAAAAGCAATGGGATTTTTGATTTTATTGAAAATGAC
CTCGTATTTGATAATGACTCAACAAATAAAATCAAGATGAATCATATAAAGACCATGCTCTGCGGT
CACTTCATTGGCATTGATAAGTTAGAACGTCTAAAGCTACTTCAAAATGATCCCCTCGTCAACGAGT
TTGATATTTCCGTAAAAGAACCTGAAACAGTGTCACGGTTTCTAGGAAACTTCAACTTCAAGACAA
CCCAAATGTTTAGAGACATTAATTTTAAAGTCTTTAAAAAACTGCTCACTAAAAGTAAATTGACATC
CATTACGATTGATATTGATAGTAGTGTAATTAACGTAGAAGGTCATCAAGAAGGTGCGTCAAAAGG
ATATAATCCTAAGAAACTGGGAAACCGATGCTACAATATCCAATTTGCATTTTGCGACGAATTAAA
AGCATATGTTACCGGATTTGTAAGAAGTGGCAATACTTACACTGCAAACGGTGCTGCGGAAATGAT
CAAAGAAATTGTTGCTAACATCAAATCAGACGATTTAGAAATTTTATTTCGAATGGATAGTGGCTAC
TTTGATGAAAAAATTATCGAAACGATAGAATCTCTTGGATGCAAATATTTAATTAAAGCCAAAAGT
TATTCTACACTCACCTCACAAGCAACGAATTCATCAATTGTATTCGTTAAAGGAGAAGAAGGTAGA
GAAACTACAGAACTGTATACAAAATTAGTTAAATGGGAAAAAGACAGAAGATTTGTCGTATCTCGC
GTACTGAAACCAGAAAAAGAAAGAGCACAATTATCACTTTTAGAAGGTTCCGAATACGACTACTTT
P distal

TTCTTTGTAACAAATACTACCTTGCTTTCTGAAAAAGTAGTTATATACTATGAAAAGCGTGGTAA
-35

-10

TGCTGAAAACTATATCAAAGAAGCCAAATACGACATGGCGGTGGGTCATCTCTTGCTAAAGTCATT
TTGGGCGAATGAAGCCGTGTTTCAAATGATGATGCTTTCATATAACCTATTTTTGTTGTTCAAGTTTG
ATTCCTTGGACTCTTCAGAATACAGACAGCAAATAAAGACCTTTCGTTTGAAGTATGTATTTCTTGC
AGCAAAAATAATCAAAACCGCAAGATATGTAATCATGAAGTTGTCGGAAAACTATCCGTACAAGG
GAGTGTATGAAAAATGTCTGGTATAATAAGAATATCATCAATAAAATTGAGTGTTGCTCTGTGGAT
tnpA

AACTTGCAGAGTTTATTAAGTATCATTGCAGCAAAGATGAAATCAATGATTTATCAAAAATGATTG
P proximal

AAAGGTGGTTGTAAATAATGTTACAATGTGTGAGAAGCAGTCTAAATTCTTCGTGAAATAGTGAT
-35

-10

TTTTGAAGCTAATAAAAAACACACGTGGAATTTAGGGAATACTGATGTAACACGGATTGACCGTA
ISEcp1-IRR

TTGGGAGTTTGAGATG

42bp

blaCTX-M-14

Figure 80. Transcriptional start site and promoter identification for CTX-M-14 by 5′ RACE and DNA sequence analysis
of ISEcp1. The promoter sequences within ISEcp1 and the non-coding region are bolded, underlined, and marked as 35 and -10. The start of transcription is indicated as P distal and P proximal. The spacer sequence is in blue and
contains the putative ribosomal binding site (RBS) that is bolded. The inverted right repeat of ISEcp1 is bolded
(ISEcp1-IRR) and preceded the 42 bp spacer. The translational start and stop codons of ISEcp1 and the start codon of
blaCTX-M-14 are bolded and highlighted in red.
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TCAAAGCCTTGATAAATATGCATTCCTTCGAAATTCAGCTTTCACCCATTGGGTGAAAGAAAAGTGC
TCAAAAATATGTTAAATTATCAGCTTTTATGACTCGATATATGGTAAAATAATAGTAAGAAAAGTA
GTAAAAAGGGGTTCTAATTATGATTAATAAAATTGATTTCAAAGCTAAGAATCTAACATCAAATGC
tnpA

AGGTCTTTTTCTGCTCCTTGAGAATGCAAAAAGCAATGGGATTTTTGATTTTATTGAAAATGACCTC
GTATTTGATAATGACTCAACAAATAAAATCAAGATGAATCATATAAAGACCATGCTCTGCGGTCAC
TTCATTGGCATTGATAAGTTAGAACGTCTAAAGCTACTTCAAAATGATCCCCTCGTCAACGAGTTTG
ATATTTCCGTAAAAGAACCTGAAACAGTGTCACGGTTTCTAGGAAACTTCAACTTCAAGACAACCC
AAATGTTTAGAGACATTAATTTTAAAGTCTTTAAAAAACTGCTCACTAAAAGTAAATTGACATCCAT
TACGATTGATATTGATAGTAGTGTAATTAACGTAGAAGGTCATCAAGAAGGTGCGTCAAAAGGATA
TAATCCTAAGAAACTGGGAAACCGATGCTACAATATCCAATTTGCATTTTGCGACGAATTAAAAGC
ATATGTTACCGGATTTGTAAGAAGTGGCAATACTTACACTGCAAACGGTGCTGCGGAAATGATCAA
AGAAATTGTTGCTAACATCAAATCAGACGATTTAGAAATTTTATTTCGAATGGATAGTGGCTACTTT
GATGAAAAAATTATCGAAACGATAGAATCTCTTGGATGCAAATATTTAATTAAAGCCAAAAGTTAT
TCTACACTCACCTCACAAGCAACGAATTCATCAATTGTATTCGTTAAAGGAGAAGAAGGTAGAGAA
ACTACAGAACTGTATACAAAATTAGTTAAATGGGAAAAAGACAGAAGATTTGTCGTATCTCGCGTA
CTGAAACCAGAAAAAGAAAGAGCACAATTATCACTTTTAGAAGGTTCCGAATACGACTACTTTTTC
P distal

TTTGTAACAAATACTACCTTGCTTTCTGAAAAAGTAGTTATATACTATGAAAAGCGTGGTAATGC
-35

-10

TGAAAACTATATCAAAGAAGCCAAATACGACATGGCGGTGGGTCATCTCTTGCTAAAGTCATTTTG
GGCGAATGAAGCCGTGTTTCAAATGATGATGCTTTCATATAACCTATTTTTGTTGTTCAAGTTTGATT
CCTTGGACTCTTCAGAATACAGACAGCAAATAAAGACCTTTCGTTTGAAGTATGTATTTCTTGCAGC
AAAAATAATCAAAACCGCAAGATATGTAATCATGAAGTTGTCGGAAAACTATCCGTACAAGGGAGT
GTATGAAAAATGTCTGGTATAATAAGAATATCATCAATAAAATTGAGTGTTGCTCTGTGGATAACTT
tnpA

GCAGAGTTTATTAAGTATCATTGCAGCAAAGATGAAATCAATGATTTATCAAAAATGATTGAAAG
P proximal

-35

GTGGTTGTAAATAATGTTACAATGTGTGAGAAGCAGTCTAAATTCTTCGTGAAATAGTGATTTTTG
-10

AAGCTAATAAAAAACACACGTGGAATTTAGGGACTATTCATGTTGTTGTTATTTCGTATCTTCCAG
ISEcp1-IRR
48bp

AATAAGGAATCCCATG
blaCTX-M-15

Figure 81. Transcriptional start site and promoter identification for CTX-M-15 by 5′ RACE and DNA sequence analysis
of ISEcp1. The promoter sequences within ISEcp1 and the non-coding region are bolded, underlined, and marked as -35
and -10. The start of transcription is indicated as P distal and P proximal. The spacer sequence is in blue and contains the
putative ribosomal binding site (RBS) that is bolded. The inverted right repeat of ISEcp1 is bolded (ISEcp1-IRR) and
preceded the 48 bp spacer. The translational start and stop codons of ISEcp1 and the start codon of blaCTX-M-15 are bolded
and highlighted in red.
.
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However, using 5′ RACE analysis (Invitrogen) all strains in Table 11 shared two identical
transcriptional start sites (Figure 82 and Figure 83). The distal transcriptional start site was
located 552 bp or 558 bp upstream of the blaCTX-M-14 and blaCTX-M-15 start codons,
respectively and located within the transposase gene associated with ISEcp1. The second
transcriptional start site was within the intergenic region and located 110 bp and 116 bp
upstream of the blaCTX-M-14 and blaCTX-M-15 start codons, respectively.
The upstream region for some isolates differed and did not contain the ISEcp1
element. Further investigation of the upstream regions for isolates in Table 12 was not
pursued. There are various insertion sequences and mobile genetic elements that can be
associated with the mobilization of blaCTX-M-14 and blaCTX-M-15. Figure 29 in the literature
review (Section M. 2. c. pg 96) shows the different upstream regions associated with
different CTX-M groups. ISEcp1 specific primers were tested on these isolates and did
not amplify the correct sized fragment (Figure 84, Table 33). This suggests that the
transposition and recombination events among this panel of isolates differed from those
isolates in Table 11. It is possible that the promoter elements that drive expression are
different among this panel of isolates. However, the level of mRNA expression was
similar to the isolates listed in Table 11 (See Table 32 pg 276-277 for a composite of all
mRNA expression values).

100 bp

200 bp

700 bp
600 bp

6

D14
5

Bench H2O
4

La14

3

Hood H2O

2

Empty
7

100 bp ladder

100 bp ladder

8

Figure 82. 5′ RACE analyses showing two transcriptional start sites in
select clinical CTX-M-14 isolates (La14 and D14). These amplicons
were generated with the UAP and CTXM14-intR4 primer set and
served as the primary PCR. The 100 bp ladder (Invitrogen) is shown in
lanes 1 and 8 with the 700 bp, 600 bp, 200 bp, and 100 bp markers
designated. The negative hood and bench water controls are in lanes 2
and 3. Two start sites were amplified for La14 and D14 and are
displayed in lanes 3 and 5. The distal transcriptional start site is
represented by the ~687 bp band. The more proximal transcriptional
start site is represented as the ~245 bp band. Lanes 6 and 7 are empty.

Empty

1

100 bp

200 bp

700 bp
600 bp

100 bp ladder

Hood H2O
2

H15
3

H15 -TdT tail
4

CUMC 247
5

CUMC 247TdT tail
6

7

Bench H2O

Figure 83. Amplified products from CTX-M-15 5′ RACE analyses in
clinical isolates. PCR was completed using CTXM15-intR1 and AUAP
primer set and served as the primary PCR. This gel photo shows two
transcriptional start sites in the CTX-M-15 isolates. Lane 1 shows the 100
bp ladder (Invitrogen) with the 700 bp, 600 bp, 200 bp, and 100 bp
markers designated. Lanes 2 and 7 contain the negative hood and bench
water controls. Lanes 3 and 5 show the amplified product representing the
proximal start site for H15 and CUMC247. The –TdT tailed controls are is
lanes 4 and 6.
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1 kb
700 bp

GeneRuler 1kb Plus ladder

MHHBS4

MHVlab2

QU105

JJ2247

JJ2241

JJ2251

JJ2236

XQ12 +

GeneRuler 1kb Plus ladder
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1

2

3

4

5

6

7

8

9

10

1 kb
700 bp

Figure 84. Amplification of upstream promoter region of some CTX-M-15-producing
isolates indicate ISEcp1 is not present. These isolates included MHHBS4, MHVlab2,
QU105, JJ2247, and JJ2251 (See Table 33 for a complete list). The isolates tested in
this figure were obtained from Dr. James Johnson’s laboratory which had been
collected from locations in Spain, France, Australia, Texas, and New York. There was
either no amplification or the PCR generated non-specific bands. This suggested that
the upstream insertion sequence differs compared to the sequences of the original
panel of CTX-M-producing isolates. Lanes 1 and 10 represents the GeneRuler 1kb
Plus ladder with the 700 bp and 1 kb bands designated. Lanes 2-5 and 7 show that the
primer set, CTX3-FLF/CTX3-FLR did not amplify the correct amplicon. Lanes 6 and
8 are two isolates that amplified the correct product size of 924 bp. Lane 9 is the
positive control (XQ12).
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Table 33. PCR analysis of the upstream region of CTX-M-14 and CTX-M-15 E. coli along
with the number of clinical plasmids for select strains
Isolate

Upstream
region

Structural gene has
been sequenced

Number of
clinical plasmids

Gene copy
number

CUMC 247
XQ12
XQ35
A15
C15
H15
W15
FHM6
RS059
RS061
RS007
RS120
F010
F024
F076
RS135
RS153
C14
D14
La14
Lo14
N14
F044
NL217
XQ10
XQ13
XQ22
XQ24
JJ2053
JJ2241
JJ2242
JJ2243
JJ2244
JJ2247
JJ2131
JJ2235 S
JJ2235 F
JJ2236
MHHBS4
MHVlab2
QU015
JJ2251
JJ2052 S
JJ2052 F
JJ2246 S
JJ2246 F

ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1a
ISEcp1-likeb
ISEcp1-likeb
ISEcp1-likeb
ISEcp1-likeb
ISEcp1-likeb
ISEcp1-likeb
ISEcp1-likeb
ISEcp1-likeb
ISEcp1-likeb
Non ISEcp1b
Non ISEcp1b
Non ISEcp1b
Non ISEcp1b
Non ISEcp1b
Non ISEcp1b
Non ISEcp1b
Non ISEcp1b

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

2
2
2
ND
ND
1
ND
1
2
ND
1
1
ND
ND
ND
1
ND
3
1
1
4
1
2
2
3
1
4
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

1
1
ND
1
ND
1
1
1
1
1
1
1
1
1
1
1
1
ND
1
1
1
1
1
1
1
1
1
1
1
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

X
X
X
X

X

X
X

a; Confirmed by sequence analysis
b; Upstream region has not been sequenced
X indicates structural CTX-M-14 or CTX-M-15 gene has been sequenced
ND; Plasmid profiles/Southern blots or copy number were not completed
Isolates that were not screened for the ISEcp1 element included CMB106, JJ2267, JJ2431, JJ2253 SW,
JJ2253 RG, JJ2339, JJ2354, JJ2356, FS-ESBL013, FS-ESBL014, and FS-ESBL062
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I. Location of the CTX-M gene by Southern blotting
Because the upstream sequence analysis revealed that the CTX-M genes in Tab1e
11 were associated with the ISEcp1 insertion element, additional studies were needed to
determine if ISEcp1 and downstream CTX-M gene had integrated into the chromosome
or was carried on a plasmid. If the genes were carried on mobile plasmids, this genetic
platform could facilitate the transfer and dissemination of the CTX-M genes into other
host organisms. Large molecular weight clinical plasmids were isolated from select
clinical strains in Table 11 to evaluate the number and size of the plasmids carried by
these clinical isolates. Although plasmids were treated with Plasmid-SafeTM DNase, all of
the chromosomal (genomic) DNA could not be eliminated on the Southern blots.
Hybridization was completed with either a CTX-M-14 or CTX-M-15 specific DIG
labeled probe. Many of the isolates contained more than one clinical plasmid. Figure 85A
displays the plasmid profiles of select CTX-M-15-producing E. coli isolates. Most CTXM-15 isolates harbored one plasmid ranging from 70 kb to ~165 kb. RS074 contained
three large molecular weight clinical plasmids of ~28 kb, ~55 kb, and ~165 kb. RS059
and XQ35 contained two large plasmids. However, Southern blot analysis detected the
CTX-M-15 gene on one plasmid that ranged in size from 70 kb to 120 kb (Figure 85B).
The plasmid profiles for CTX-M-14-producing E. coli isolates are shown in
Figures 86 and 87. CTX-M-14 isolates harbored plasmids that ranged in size from ~28 kb
to ~165 kb (Figures 86 and 87A). blaCTX-M-14 was detected on plasmids with sizes of
~120 kb to 160 kb (Figure 87B). Both the CTX-M-14 and CTX-M-15 probes also
hybridized to the extracted chromosomal DNA although it is unlikely that the signal was
due to integration of the CTX-M gene within the chromosome. Degraded and knicked
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plasmids migrate with the genomic DNA which could explain the probe hybridization to
this area. Isolated plasmids from D14 underwent extended Plasmid-SafeTM DNase
treatment for up to 6 hrs. From this experiment, a loss of the plasmid DNA instead of
degradation of the genomic DNA was observed (Figure 87A). Since the CTX-M genes
were on mobile elements such as plasmids this allowed us to evaluate the
transconjugation of the CTX-M-14 and CTX-M-15 genes into other hosts and the
contribution of the clinical plasmid in the regulation of CTX-M β-lactamase expression.
J. Determination of gene copy number of CTX-M-14/CTX-M-15 β-lactamase genes
Previous studies have demonstrated that increases in gene copy number can result
in increases in mRNA expression of β-lactamase genes (193, 307). Through relative gene
copy number studies, isolates listed in Table 33 contained one copy of either CTX-M-14
or CTX-M-15. These data demonstrated that the CTX-M copy number was not
contributing to the differential in steady-state mRNA expression between CTX-M-14 and
CTX-M-15 genes.

K. Evaluation of CTX-M-14 and CTX-M-15 promoter usage through promoter
deletion clones
Two transcriptional start sites were identified for each of the CTX-M genes. In
order to determine if one and/or both promoters were required to drive expression that
would affect susceptibility patterns of CTX-M-producing E. coli, two sets of promoter
deletion clones were constructed. Fragments that contained the full-length structural gene
with sequential deletions of the upstream regions for each gene were amplified by PCR
(Figure 88 and Figure 89). The PCR fragments were sequenced, subcloned into
pACYC184ΔCPP, and transformed into a wild type laboratory strain of E. coli, K12

genomic

55 kb

165 kb

7

RS074
6

RS007
5

FHM6

4

XQ12 #1

3

XQ12 #1

2

8

9

RS120
10

XQ35
11
1

XQ12 #3

genomic

BAC-Tracker

12

XQ12 #1
2

XQ12 #2
3

FHM6
4

RS007
5

RS074
6

FHM8
7

RS135
8

RS120
9

RS059
10

XQ35
11

12

XQ12 #3

RS059

RS135

BAC-Tracker

B.
A.
Figure 85. A. Plasmid profiles of CTX-M-15-producing clinical isolates. Lane 1 displays the BAC-TrackerTM ladder with the 165 kb, 55 kb,
and genomic markers designated. The bracket below the isolated plasmids indicate knicked plasmids. B. Southern blot analysis on clinical
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Figure 88 Plasmid preps on CTX-M-14 deletion clones in
pACYC184ΔCPP electroporated into K12 MG1655. The GeneRuler
1kb Plus ladder is in lane 1 with the 4 kb, 2 kb, 1.5 kb, and 1 kb
markers designated. The full length CTX-M-14 K12 tranformant is
1859 bp (lane 2). Size of fragment with the distal promoter’s -35
element removed is 1629 bp (lane 3). Size of fragment with distal
promoter’s -35 and -10 elements removed is 1614 bp (lane 4). Size of
fragment with the entire distal promoter elements and transcriptional
start site removed is 1282 bp (lane 5). Size of fragment with distal
promoter and proximal promoter’s -35 element removed is 1192 bp
(lane 6). Size of fragment with the distal promoter and both the -35 and
-10 elements of the proximal promoter removed is 1179 bp (lane 7).
Size of fragment with both promoters removed is 1103 bp (lane 8).
Size of pACYC184 ΔCPP is 3825 bp.
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Figure 89. Plasmid preps on CTX-M-15 deletion clones in
pACYC184ΔCPP electroporated into K12 MG1655. The GeneRuler
1kb Plus ladder is in lane 1 with the 4 kb, 2 kb, 1.5 kb, and 1 kb
markers designated. The full length CTX-M-15 K12 transformant is
1807 bp (lane 2). Size of fragment with the distal promoter’s -35
element removed is 1577 bp (lane 3). Size of fragment with distal
promoter’s -35 and -10 elements removed is 1562 bp (lane 4). Size of
fragment with the entire distal promoter elements and transcriptional
start site removed is 1230 bp (lane 5). Size of fragment with distal
promoter and proximal promoter’s -35 element removed is 1140 bp
(lane 6). Size of fragment with the distal promoter and both the -35
and -10 elements of the proximal promoter removed is 1127 bp (lane
7). Size of fragment with both promoters removed is 1051 bp (lane 8).
Size of pACYC184 ΔCPP is 3825 bp.

1

292

293

MG1655. It was hypothesized that CTX-M-15 would require both promoters for high
level expression in comparison to CTX-M-14. Differences in promoter usage could
contribute to the differential expression observed among CTX-M-14 and CTX-M-15
genes. Clones B, C, and D in Table 34 and Table 35 showed slight changes in CTX-M
mRNA expression compared to clone A (the full length clone with both promoters). This
was in contrast to the cefotaxime and ceftazidime susceptibility profiles observed for
these clones. MICs to cefotaxime and ceftazidime for CTX-M-15 deletion clones B, C,
and D were resistant (>256μg/ml for CTX and 16-32μg/ml for CAZ) using CLSI criteria
but these data did not correlate with the decreased mRNA expression values of 2-, 11-,
and 4-fold, respectively. Therefore, the removal of the distal promoter elements did not
impact the cefotaxime and ceftazidime MIC values. A similar discrepancy between
cefotaxime and ceftazidime MICs and mRNA expression for CTX-M-14 deletion clones
B, C, and D was also observed. CTX-M-14 mRNA expression relative to clone A was
downregulated 2-fold for clone B while a 4-fold and 2-fold upregulation for clones C and
D was shown. These same clones had resistant MICs to cefotaxime of >256μg/ml and
susceptible to intermediate MICs of 4-6μg/ml to ceftazidime. CTX-M-14 does not
hydrolyze ceftazidime so these MICs were not unusual. However, the most dramatic
decrease in cefotaxime and ceftazidime MICs was observed with when the -35 element
from the proximal promoter was removed (clone E). The susceptibility data suggested
that removal of this element was crucial for the expression of both CTX-M-14 and CTXM-15 genes. When the -35 element from the proximal CTX-M-15 promoter was
removed, this clone decreased its mRNA level by 5-fold compared to the full length
clone which did correspond to a decrease in MIC from 256μg/ml to 96µg/ml. However,
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when the -35 element from proximal CTX-M-14 promoter was removed, the mRNA
expression level was upregulated 4-fold which did not coincide with a decrease in MIC
from >256µg/ml to 16µg/ml.
Furthermore, with the removal of the entire distal promoter as well as the -35 and
-10 elements from the proximal CTX-M-15 promoter (clone F), CTX-M-15 mRNA
expression was downregulated 38-fold. This corresponded to a decrease in the cefotaxime
MIC from 96μg/ml to 48μg/ml and a decrease in the ceftazidime MIC from 16ug/ml to
8ug/ml. Removal of both the distal and proximal CTX-M-15 promoter elements (clone
G) resulted in a significant downregulation of mRNA by 167-fold. This CTX-M-15 clone
produced susceptible cefotaxime and ceftazidime MICs of 1.5μg/ml and 0.25μg/ml,
respectively. Removal of the distal promoter as well as the -35 and -10 elements from the
proximal CTX-M-14 promoter (clone F) resulted in an upregulation of CTX-M-14
mRNA expression by 4-fold. Again, the mRNA value for this clone did not correlate with
susceptible cefotaxime and ceftazidime MICs of 0.38μg/ml and 0.19μg/ml, respectively.
Only when the distal and proximal CTX-M-14 promoters were removed (clone G) did a
correlation occur between CTX-M-14 mRNA and susceptibilities. CTX-M-14 expression
for this clone was downregulated 19-fold which corresponded to susceptible cefotaxime
and ceftazidime MICs of 0.75μg/ml and 0.25μg/ml.
The MIC data described above indicated that the proximal promoter was
responsible for driving CTX-M-14 and CTX-M-15 expression. MICs to other β-lactams
including ampicillin (AMP), cefepime (FEP), aztreonam (AZT), and imipenem (IMP)
showed the same result as the cefotaxime and ceftazidime MICs (Tables 34-35). There
was no change in susceptibility to AMP, FEP, and AZT when the distal promoter
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elements and transcriptional start site (found within the transposase of ISEcp1) were
removed from either set of clones (clones A-D). However there were dramatic decreases
in these susceptibilities when the -35 promoter element from the proximal promoter was
removed (clone E). For example, the CTX-M-15 clone had a change in FEP MIC from
16μg/ml to 0.25μg/ml and a change in AZT MIC from 64μg/ml to 2μg/ml. The CTX-M14 clone had a change in FEP MIC from 48μg/ml to 4μg/ml and a change in AZT MIC
from 48μg/ml to 4μg/ml. All deletion clones remained susceptible to IMP with MICs
ranging from 0.19μg/ml to 0.38μg/ml.
The susceptibility data for the deletion clones suggested that despite the level of
RNA production observed with respect to the full length clone, the level of protein being
produced by these clones was capable of resulting in MIC patterns typical of CTX-M βlactamases. These data suggested that the β-lactamase was being produced and perhaps a
mechanism of regulation at the protein production level was involved. Therefore, the
level of CTX-M-14 and CTX-M-15 β-lactamase produced from these deletion clones was
evaluated by Western blot using the Kodak Image Station 4000R for quantitation
(Figures 90 and 91). Relative protein levels were determined for each construct using the
full length clone (A) as the comparator. CTX-M-14 deletion clones B, C, and D produced
protein levels that were upregulated by 5-fold. Clone B produced an mRNA level that
was downregulated 2-fold relative to clone A which was not equivalent to the level of
CTX-M-14 β-lactamase produced. However, the 5-fold increase in protein for CTX-M-14
deletion clones C and D was similar to their mRNA expression levels of 4- and 2-fold,
respectively. These data indicated that even with the removal of the distal promoter
elements, the proximal promoter drove CTX-M-14 expression which produced transcripts
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that were successfully translated into CTX-M-14 β-lactamase. CTX-M-15 deletion clone
B had the same level of protein production as the full length clone but clones C and D
had decreased protein production of 5- and 2-fold, respectively. These decreases in
protein levels were similar to their mRNA levels that were decreased 2-, 11-, and 4-fold,
respectively. CTX-M-15 protein production for clone E was increased by 4-fold yet the
mRNA was decreased by 5-fold. A greater decrease in β-lactamase production for clone
E was expected since it was established that the proximal promoter drove CTX-M
expression and its -35 element had been removed from these clones. Furthermore, when
the distal and proximal promoter elements were removed from both sets of clones, no
protein could be detected on Western blot. These data were expected because in the
absence of promoters in these constructs, mRNA could not be produced and therefore
translation could not proceed to produce CTX-M-14 and CTX-M-15 β-lactamases. CTXM-14 deletion clones F and G had mRNA levels that were upregulated 4-fold and
downregulated 11-fold, respectively. It was surprising that clone F which retained the
proximal transcriptional start site still produced a CTX-M-14 mRNA level that was
upregulated 4-fold relative to clone A. It is possible that an upstream cryptic promoter
was created that contributed to this 4-fold increase in CTX-M-14 mRNA. CTX-M-15
deletion clones F and G had a decrease in mRNA expression of 38-fold and 167-fold,
respectively which equated to no protein production.
Another important observation for the deletion clone Western blots was the
presence of a doublet for select clones. Two protein products were observed for CTX-M14 deletion clones B, C, and D and for CTX-M-15 deletion clones B, D, and E. One
product represented the CTX-M protein and another product was slightly larger in size
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Figure 90. Western blot on CTX-M-14 deletion clones using densitometry for
quantitation on the Kodak Image Station 4000R. The full length clone
containing both promoter regions and the CTX-M-14 structural gene is
displayed in lane 2 (clone A). An additional protein product is shown when the
distal promoter’s -35, -10, and transcriptional start site was removed (lanes 35) (clones B-D). CTX-M-14 β-lactamase expression began to decrease when
the -35 promoter element from the proximal promoter was removed in clone E
(lane 6) When the -10 and transcriptional start site of the proximal promoter
was removed (clones F and G), no CTX-M-14 protein could be detected which
corresponded with mRNA expression data (lanes 7-8). The clinical isolate,
D14 used to create these deletion clones is located in lanes 9 and 10. K12 and
FHM16 in lanes 11 and 12, respectively served as negative controls for cross
reactivity of proteins other than CTX-M.
NS; Non-specific band
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Figure 91. Western blot on CTX-M-15 deletion clones using densitometry
for quantitation on the Kodak Image Station 4000R. The full length clone
containing both promoter regions and the CTX-M-15 structural gene is
displayed in lane 2. Removal of the distal promoter elements are shown in
lanes 3-5 (clones B-D). Removal of the proximal promoter’s -35 element
(clone E) is shown in lane 6. Additional protein products are shown in lanes
3, 5, and 6. When the -10 and transcriptional start site of the proximal
promoter were removed (clones F and G), no CTX-M-15 protein could be
detected which corresponded with mRNA expression data (lanes 7-8). The
clinical isolate, XQ12 used to create these deletion clones is located in lanes
9 and 10. K12 and FHM16 in lanes 11 and 12, respectively served as
negative controls for cross reactivity of proteins other than CTX-M.
NS; Non-specific band
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(~38 kDa). It is possible that an in frame start codon upstream of blaCTX-M-14 and blaCTXM-15 was

created as a result of the cloning procedure that produced a slightly larger protein

product.

L. Evaluation of mRNA expression from H-NS deletion clones
The discrepancy between the RNA and protein data among the promoter deletion
clones was very odd. It is possible that a transacting factor that could potentially be active
for both transcription initiation and translatability of the message or a global regulator
may be involved in the regulation of the CTX-M genes. The H-NS family of proteins has
this potential. Therefore, the upstream region of the CTX-M genes was evaluated for
potential cis-acting elements that could serve as a binding site for this family of proteins.
After evaluation of the upstream regions of the CTX-M genes, a putative H-NS site was
identified. Therefore, two clones were constructed to evaluate the possible role of the HNS site on the regulation of CTX-M gene expression. Because the H-NS site was located
downstream of the distal promoter, this portion of the upstream region was not included
in these clones. The proximal promoter within the 3′ non-coding domain of ISEcp1 was
included in all clones and drove expression of blaCTX-M-14/15. The promoter-less pMP220
vector was used because the native CTX-M promoter was included in the H-NS clones.
Transformant plasmids showing the linearized pMP220 vector and the excised inserts are
in Figure 92. mRNA expression analyses showed that there was no change in expression
between the clones that had the H-NS site versus those clones without the H-NS site
(Table 36). The comparator for these expression analyses was the clone that contained the
H-NS site with the structural CTX-M-14 or CTX-M-15 gene. It was expected that only
minor changes (2- to 5-fold downregulation) in CTX-M-14/CTX-M-15 expression would
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Table 36. Relative steady-state expression of H-NS deletion clones using CTX-M14/CTX-M-15 real-time primers
Construct
D14 HNS107UPa
D14 HNS10Db
XQ12 HNS107UPc
XQ12 HNS10Dd

Avg CT

Avg RQ

15.54
15.91
9.87
10.61

1
0.9
1
0.7

Relative fold
change ± SD
1
-1.1 ± 0.36
1
-1.4 ± 0.08

Coefficient of
variation*
1%
0%
1%
1%

a; CTX-M-14 construct with H-NS site
b: CTX-M-14 construct without H-NS site
c; CTX-M-15 construct with H-NS site
d; CTX-M-15 construct without H-NS site
*Coefficient of variation is for CTX-M-14 or CTX-M-15

be observed if H-NS was affecting blaCTX-M expression. Although I did not see the
anticipated change in mRNA expression, H-NS could still be acting as a global regulator
controlling blaCTX-M expression pending further investigation.

M. Evaluation of steady-state CTX-M-14 and CTX-M-15 mRNA expression in
common E. coli backgrounds
Data evaluating the mRNA expression of CTX-M-14 and CTX-M-15 in clinical
isolates indicated that the level of mRNA expression by CTX-M-15-producing E. coli
was elevated compared to the level of CTX-M-14 expression. Evaluation of the upstream
regions of the genes indicated there was no difference in promoter usage between the two
genes among the clinical isolates. Therefore, transcription needed to be examined more
thoroughly. Given that these data were evaluated in clinical isolates, two other sources of
regulation could be involved in the differential expression observed; regulatory gene
products encoded on the chromosome and/or the clinical CTX-M containing plasmid. To
investigate if chromosomally-encoded factors influenced CTX-M steady-state mRNA
expression levels, transformants were constructed (Methods Section H. 1-5 pg 215). Two
different vectors (pACYC184ΔCPP and pMP220) were used to ensure that vector
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Figure 92. H-NS deletion clones in pMP220 in the K12 MG1655 wild type E. coli genetic background.
The GeneRuler 1kb Plus ladder is in lanes 1 and 10 with the 10 kb, 5 kb, and 1.5 kb markers labeled.
The CTX-M-14 and CTX-M-15 clones with the H-NS site are located in lanes 2-3 and lanes 6-7,
respectively. The CTX-M-14 and CTX-M-15 clones without the H-NS site are located in lanes 4-5 and
lanes 8-9, respectively. Size of insert including the proximal promoter with the H-NS site and CTX-M14 or CTX-M-15 structural gene is 1404 bp or 1352 bp, respectively. Size of insert including the
proximal promoter without the H-NS site and CTX-M-14 or CTX-M-15 is 1276 bp or 1224 bp,
respectively. The excised inserts are designated on the gel. Size of the pMP220 broad host range
vector is 10.5 kb.
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sequences did not influence mRNA expression among the transformants. These
constructs were transformed into two different E. coli backgrounds including K12
MG1655 (Figure 93) and FHM35 (Figure 94). FHM35 is a clinical isolate defined as the
same sequence type as the original clinical isolates (ST131) but did not carry a CTX-M15 gene. These sets of experiments would allow the direct comparison of the genetic
background of a ST131 strain with a wild type laboratory strain. Although several clinical
E. coli isolates (FHM16, FHM32, FHM35, FHM38) were evaluated for transformation,
only the clinical isolate FHM35 was successful in accepting the CTX-M-15pACYC184ΔCPP construct. The failure of other clinical isolates to accept the vector was
thought to be due to plasmid incompatibility between the vector and plasmids housed by
the clinical host isolates. However, the CTX-M-14-pACYC184ΔCPP construct could not
be transformed into FHM35. Since the pACYC184ΔCPP constructs had the same vector
background, this suggested that the CTX-M-14 structural gene somehow prevented
transformation into FHM35.
It was hypothesized that the genetic background of ST131 E. coli would influence
CTX-M-14 and/or CTX-M-15 mRNA steady-state expression levels. Therefore,
equivalent mRNA expression levels of the two genes in the E. coli K12 transformants
was expected to be observed. However, steady-state mRNA expression showed that the
CTX-M-15 K12 transformant was upregulated 11- or 17- fold in comparison to the CTXM-14 K12 transformant when using the pACYC184ΔCPP and pMP220 vectors,
respectively (Figure 95A and B). In addition, CTX-M-15 mRNA expression in the
FHM35 transformant was upregulated 8-fold which was similar to the level of CTX-M15 expression in the pACYC184ΔCPP-K12 construct. These data suggested that the
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Figure 93. Plasmid preps on full length CTX-M-15 and CTX-M-14 K12
transformants in pACYC184ΔCPP and pMP220 vectors ran on a 1%
agarose gel. The transformants include the full length CTX-M-15 or CTXM-14 structural gene and both promoter regions (proximal and distal). The
fragments were ligated into pCR®2.1 and then subcloned into either
pACYC184ΔCPP (without chloramphenicol promoter) or pMP220 using
EcoRI restriction sites. The GeneRuler 1kb Plus ladder is displayed in lane 1
with the 10 kb, 5 kb, 2 kb, and 1.5 kb markers designated. Lanes 2 and 3
and lanes 4 and 5 indicate the CTX-M-15 fragment amplified from XQ12
clinical E. coli isolate ligated into pACYC184ΔCPP and pMP220 vectors,
respectively. Size of fragment using ISEcp1-intF2/ CTXM15-R1 is 1807
bp. Lanes 6 and 7 and lane 8 indicate the CTX-M-14 fragment amplified
from D14 clinical E. coli isolate ligated into pACYC184ΔCPP and pMP220
vectors, respectively. Size of fragment using ISEcp1-intF2/CTXM14-R1 is
1859 bp. Size of pACYC184ΔCPP is 3825 bp. Size of pMP220 is 10.5 kb.
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Figure 94. Plasmid preps on ST131/CTX-M-15-pACYC184ΔCPP
transformants ran on a 1% agarose gel. CTX-M-15 full length clones in
pACYC184ΔCPP have been electroporated into the FHM35 genetic
background. FHM35 is a clinical ST131 E. coli isolate that does not produce
a CTX-M β-lactamase. The plasmids have been restricted with EcoRI. The
excised insert and linearized plasmid is shown. Lanes 1 and 8 is the
GeneRuler 1kb Plus ladder with the 5 kb, 4 kb, 2 kb, and 1.5 kb markers
designated. Lanes 2 and 3 represent transformants that do not have the CTXM-15 plasmid construct. Lanes 4-7 are FHM35 (ST131) transformants with
the CTX-M-15 construct. Size of pACYC184ΔCPP is 3825 bp. Size of CTXM-15 promoter region and structural gene is 1807 bp. There is a partially cut
CTX-M-15 FHM35 transformant that is indicated on the gel.
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B.

Figure 95. mRNA steady-state expression of K12 transformants A.) Expression of the K12 transformants in the pACYC184ΔCPP vector showing an
11-fold increase in CTX-M-15 expression. B.) Expression of the K12 transformants in the pMP220 vector showing a 17-fold increase in CTX-M-15
expression.
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differential in expression among these constructs was either due to the CTX-M structural
gene itself or possibly the spacer region that separated the tnpA from blaCTX-M-14/15. These
were the only features that differed among the transformants.
N. Role of secondary structure located in the proximal 5′ UTR of CTX-M-14/CTXM-15
5′ UTRs can contain considerable secondary structure that could play a role in the
steady-state expression levels of mRNA. The only remaining region of the upstream
sequence that differed among the CTX-M-14 and CTX-M-15 K12 transformants was the
spacer domain located in the 5′ UTR. Therefore, the secondary structure of this region
was evaluated. The proximal 5′ UTR that contained a portion of the 3′ non-coding region
of ISEcp1, the inverted right repeat of the transposase, and the spacer region was entered
in the Vienna-RNA Secondary Structure Prediction program. The free energy of
secondary structure formation for the 5′ UTRs was -19.90 kcal/mol and -18.90 kcal/mol
for CTX-M-14 and CTX-M-15, respectively. These values indicated that RNA secondary
structure could readily form (Figure 96A and B). The majority of the secondary structure
for the region evaluated is the same because the majority of the upstream sequence is
identical. However, the region that differed in secondary structure was the spacer domain.
To investigate the influence of the spacer region on the differential steady-state
expression observed between the transformants, transcriptional luciferase fusions were
created (See Methods Section H. 9. pg 225).

O. Role of the spacer domain on CTX-M steady-state mRNA expression
The majority of the 5′ UTR was identical among CTX-M-14 and CTX-M-15
genes except for the last 42 bp/48 bp, respectively. This spacer region contained the

blaCTX-M-14

B.

blaCTX-M-15

Figure 96. A.) Secondary structure of the proximal 5′ UTR of blaCTX-M-14. B.) Secondary structure of the proximal 5′ UTR of blaCTX-M15. In both panels the putative ribosomal binding sites and location of the spacer domains are in brackets.

A.
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putative ribosomal binding site (RBS) and differed in secondary structure formation
(Figures 96 A and B). It was possible that differences in secondary structure affected
steady-state expression values by inhibiting the RNAP from binding and promoting
transcription. Therefore, to investigate the impact of this spacer domain on CTX-M-14
and CTX-M-15 steady-state expression levels transcriptional luciferase fusions were
created that included the CTX-M-14 and CTX-M-15 promoter regions both with and
without the spacer domain fused to the luciferase (luc) gene (Figure 97) (See Methods
Section H. 9. pg 225). In these experiments, luciferase was used as a reporter gene so
luciferase expression driven by the CTX-M promoter regions could be examined. When
creating the clone lacking the spacer region, the native RBSs were removed. The
construct without the spacer region was the same for both CTX-M-14 and CTX-M-15
and contained the luciferase RBS.
It was expected that if the secondary structure differences within the spacer
regions played a role in the steady-state expression of the transcript, then differential
luciferase expression would occur. However, no difference in expression was observed
for either clone in the presence or absence of the spacer regions (Table 37). mRNA
expression levels were determined by using each clone as a comparator. Therefore, the
difference in secondary structure observed within the spacer regions did not influence the
expression of luciferase and hence CTX-M-14 or CTX-M-15 mRNA expression.

P. Production of luciferase in CTX-M promoter-luciferase fusion clones in K12
Because luciferase mRNA expression levels were similar among the fusion
constructs, it was expected that these clones would produce similar luciferase protein

3

5

6

7

8

9

GeneRuler 1kb Plus
ladder

CTX-M-15 promoter
region-luciferase fusion
in pMP220-K12 #1-2

CTX-M-14 promoter
region-luciferase fusion
in pMP220-K12 #1-2

Empty
4

XbaI single digest

2

KpnI single digest

1

CTXM promoter w/o
variable-luc fusion in
pMP220-K12 #1-2

GeneRuler 1kb Plus
ladder
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10

20 kb
10 kb
5 kb

3 kb
2 kb
Excised
insert

Figure 97. CTX-M promoter/luciferase fusion constructs in pMP220 in the K12 MG1655 wild
type E. coli genetic background. The GeneRuler 1kb Plus ladder is displayed in lanes 1 and 10
with the 20 kb, 10 kb, 5 kb, 3 kb, and 2 kb markers designated. Lanes 2 and 3 represent the CTXM promoter region (distal and proximal promoters) fused with the luciferase gene. Size of insert
including the CTX-M promoter region without the spacer domain is 2272 bp. Lane 5 indicates
the CTX-M-14 promoter regions fused with luciferase. Size of insert that includes the CTX-M14 promoter regions and luciferase is 2314 bp. Lanes 6 and 7 indicate the CTX-M-15 promoter
regions fused with luciferase. Size of insert that includes the CTX-M-15 promoter regions fused
with luciferase is 2320 bp. The constructs were digested separately with either KpnI or HindIII in
lanes 8 and 9, respectively which linearized the plasmids (~12.8kb).
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Table 37. Luciferase expression from CTX-M promoter/luciferase fusion constructs
Avg RQ

Relative fold change
± SD

Coefficient of variationa

1

1

8%

1.3
1.2

+1.3 ± 0.08
+1.2 ± 0.19

6%
10%

CTXM14 pr-luc
CTXM15 pr-luc
CTXM pr w/o
spacer-luc

1
0.91

1
-1.1 ± 0.19

6%
10%

0.74

-1.3 ± 0.04

8%

CTXM15 pr-luc
CTXM14 pr-luc
CTXM pr w/o
spacer-luc

1
0.88

1
-1.1 ± 0.59

10%
6%

0.83

-1.2 ± 0.13

8%

Construct
CTXM pr w/o
spacer-lucb
CTXM14 pr-lucc
CTXM15 pr-lucd

a; Coefficient of variation is for luciferase
b; CTX-M promoter without the spacer domimain fused to luciferase
c; CTX-M-14 promoter with spacer domain fused to luciferase
d; CTX-M-15 promoter with spacer domain fused to luciferase

levels. A firefly luciferase polyclonal antibody was purchased for use in Western analysis
(Thermo Scientifiic). Firefly luciferase is a monomeric 61 kDa protein. The immunogen
used in this antibody was a recombinant fragment corresponding to a region within amino
acids 318-580 of firefly luciferase. The antibody was synthesized in rabbit and affinity
purified by the manufacturer prior to use in Western analysis. Western blots indicated
that the luciferase antibody was not specific to the luciferase in the constructs presented
in this dissertation and produced numerous non-specific bands. Even with extensive
optimization, Western blots using this antibody were not successful (data not shown).

Q. mRNA expression levels of CTX-M-14/CTX-M-15 using heterologous promoters
Because the spacer region did not contribute to differential expression, I wanted
to examine the role of the structural gene on steady-state CTX-M expression. An intrinsic
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structural feature within the CTX-M-15 gene could interact with the RNA polymerase at
the level of transcription initiation and contribute to higher levels of blaCTX-M-15
expression. Therefore, the CTX-M-14 and CTX-M-15 structural genes were ligated into
the pUCP26 and pACYC184 vectors and expression was driven by the lacZ and
chloramphenicol (CAT) promoters, respectively in the K12 MG1655 E. coli host (Figure
98 and Figure 99). The upstream CTX-M promoters and 3′ UTRs were not included in
these clones.
If there was an intrinsic element within CTX-M-15 that was influencing
transcription initiation, CTX-M-15 expression was expected to be upregulated even when
expression was driven by different promoters such as lacZ or CAT. The lacZ
promoter/CTX-M-15 clone was upregulated 195-fold in comparison to the lacZ/CTX-M14 clone (Figure 100). The 195-fold difference in expression seemed excessive.
However, lacZ is a strong promoter that could have masked the actual difference in
mRNA expression among the two clones. It was possible that the significant upregulation
of CTX-M-15 expression by 195-fold in comparison to CTX-M-14 was not
representative of a true differential despite being within the linear range of the assay.
Therefore, since lacZ is such a strong promoter, I wanted to evaluate the expression of
the CTX-M genes under a somewhat weaker promoter such as the chloramphenicol
(CAT) promoter from the low copy number plasmid pACYC184. The relative mRNA
expression of the CAT promoter/CTX-M-15 construct was upregulated 8-fold when
compared to the CAT promoter/CTX-M-14 construct (Figure 101). The data obtained
from both of these promoter constructs suggested that an intrinsic structural feature of
CTX-M-15 was contributing to the differential steady-state mRNA expression levels.
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To determine if the CTX-M-15 upegulation from the heterologous promoter
clones was observed at the protein level, Western blots were completed using the CTXM-14/CTX-M-15 polyclonal antibody. Protein production was visualized using the
Kodak imaging system (Figure 102 and Figure 103). Westerns indicated that the CTX-M14 β-lactamase from the lacZ promoter clone was not being produced. Perhaps the CTXM-14 protein needs its own 5′ and 3′ UTRs to be successfully translated. To troubleshoot
this lack of detection, the gel was overloaded with 40μg of protein and then diluted to
1μg (Figure 103 shows the blot associated with this gel). It was thought that the original
10μg of protein was below the limit of detection. Even with 40μg of total protein, the
CTX-M-14 β-lactamase could not be detected. In contrast, CTX-M-15 was able to be
expressed by lacZ and successfully translated into protein. The CTX-M-15 K12
transformant containing both promoters and structural gene in pACYC184ΔCPP served
as the comparator. The amount of CTX-M-15 protein that was produced did not
correspond to the high mRNA expression level. In fact, CTX-M-15 protein production
from the lacZ clone was downregulated 2-fold. Upon visual examination, the amount of
CTX-M-15 protein that was detected when using 40μg of total protein was similar to the
amount of CTX-M protein detected when only 1μg of protein was loaded. No fold
changes were calculated for this blot (Figure 103). These findings suggested that there
was a threshold as to the amount of CTX-M-15 β-lactamase that a cell can produce.
Western blots were not completed on the CAT promoter/CTX-M clones.

700 bp

1 kb

Excised
insert

5 kb

7 kb

GeneRuler 1kb
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Figure 98. lacZ promoter clones in pUCP26 broad host range vector
electroporated into K12 MG1655 E. coli. Lanes 1 and 8 have the
GeneRuler 1kb Plus ladder with the 7 kb, 5 kb, 1 kb, and 700 bp markers
designated. Lanes 2 and 3 represent the CTX-M-15 lacZ promoter clones
in K12. Lanes 4 and 5 represent the CTX-M-14 lacZ promoter clones in
K12. Lane 6 represents a single digest with BamHI on the CTX-M-15
lacZ promoter clone. Lane 7 represents a single digest with HindIII on the
CTX-M-14 lacZ promoter clone. Both BamHI and HindIII single digests
linearized the plasmids (5.8kb). Size of CTX-M-14 insert is 894 bp. Size
of CTX-M-15 insert is 893 bp. Size of pUP26 vector is 4977 bp.
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Figure 99. Chloramphenicol (CAT) promoter clones in pACYC184
vector electroporated in K12 MG1655 E. coli. Lanes 1 and 11 represent
the GeneRuler 1kb Plus ladder with the 5 kb, 4kb, and 1 kb markers
designated. Lanes 2-5 represent the CTX-M-14 CAT promoter clones
in K12 digested with EcoRI. Lanes 6-9 represent the CTX-M-15 CAT
promoter clones in K12 digested with EcoRI. Lane 10 represents an
uncut CTX-M-15 clone. Size of CTX-M-14 insert is 883 bp. Size of
CTX-M-15 insert is 880 bp. Size of pACYC184 with CAT promoter
region is 4245 bp.
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Figure 100. mRNA steady-state expression of CTX-M-14 and CTX-M15 lacZ promoter clones in K12 MG1655 E. coli. Expression levels are
relative to the CTX-M-14 lacZ clone.

Figure 101. mRNA steady-state expression of CTX-M-14 and CTX-M15 chloramphenicol promoter clones in K12 MG1655 E. coli. Expression
levels are relative to the CTX-M-14 CAT clone.
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Figure 102. Detection of CTX-M-15 and CTX-M-14 protein
production from lacZ promoter clones. Lane 1 represents the protein
standards that were not detected with the anti-CTX-M antibody.
Lanes 2-3 is the CTX-M-15 clinical isolate (XQ12) used to create
the K12 transfomant and pUCP26 lacZ promoter clone. Lanes 4-5
are the CTX-M-15 lacZ promoter clones. Lanes 6-7 are the full
length CTX-M-15 K12 transformants in the pACYC184ΔCPP
vector. Lanes 8-9 is the CTX-M-14 clinical isolate (D14) used to
create the K12 transformant and pUCP26 lacZ promoter clone.
Lanes 10-11 are the CTX-M-14 lacZ promoter clones that could not
be detected on Western blot. Lane 12 is the full length CTX-M-14
K12 transformant in the pACYC184ΔCPP vector.
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Figure 103. Detection of CTX-M-15 and CTX-M-14 β-lactamase
levels from pUCP26 lacZ promoter clones using various
concentrations of total protein. Lane 1 represents the protein standards
that were not detected using the anti-CTX-M antibody. Lanes 2-7 are
the lacZ promoter/CTX-M clones using 25μg, 20μg, 15μg, 12.5μg,
10μg and 5μg of total protein, respectively. Lanes 8-12 are the lacZ
promoter/CTX-M-14 clones using 25μg, 20μg, 15μg, 12.5μg, and
10μg of total protein, respectively. The CTX-M-14 β-lactamase was
not detected from the lacZ promoter clones.
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R. Evaluation of CTX-M-14 and CTX-M-15 mRNA half-lives from clinical E. coli
isolates
Steady-state mRNA expression of a gene can also be influenced by the stability of
the transcript (mRNA half-life). Steady-state expression includes both synthesis and
degradation of the transcript. It is possible that differences in the structure of the genes
could conceal RNase cleavage sites or create stem-loop formations that could affect the
rate of degradation of a transcript. The average half-life of an E. coli transcript is
approximately 2-3 minutes (369). It was hypothesized that if the CTX-M-15 transcript
had a longer half-life, the transcript would persist longer in the cell, and thus the steadystate expression would be elevated. A longer mRNA half-life presents the opportunity for
increased protein production as well. This possibility could be problematic when
determining the amount of β-lactamase inhibitor that should be used for combination
drug therapy. The mRNA half-lives of 25 geographically distinct CTX-M-15-producing
isolates were evaluated (Figures 104-128). Fifteen isolates (60%) had extended mRNA
half-lives of 8 to 15 minutes. C15 and JJ2253 SW had an intermediate half-life of 5
minutes (8%). The remaining eight CTX-M-15 clinical isolates (32%) exhibited halflives of less than 2 minutes (JJ2052 S, JJ2247, JJ2131, JJ2235 S, JJ2235 F, JJ2242,
JJ2243, and QU015) (Figures 118, 119, 120, 121, 122, 123, 124, 125 and Table 38).
Additionally, after 30 minutes of rifampicin treatment the amount of transcript remaining
did not reach zero in 8 of the 15 isolates with extended transcript half-lives.
Approximately 10 to 30% of the transcript remained following rifampicin treatment. At
some time points, certain CTX-M-15 isolates would undergo a spike in the amount of
transcript that was produced. Typically, as rifampicin treatment progresses the amount of
transcript should decrease. This observation may be indicative of two different rounds of
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transcription occurring in these isolates. The extended half-life of the CTX-M-15 clinical
isolates contrasted significantly with what was observed for the 17 CTX-M-14 isolates
evaluated (Figures 129-145). Thirteen of the 17 CTX-M-14 isolates (76.5%) exhibited a
half-life of less than 2 minutes. The amount of transcript remaining after 30 minutes of
rifampicin treatment was less than 5%. The four CTX-M-14 isolates (23.5%) that did not
have a half-life of less than 2 minutes were FS-ESBL013, FS-ESBL062, Lo14, and XQ13
which had transcript half-lives of approximately 3 minutes (Figures 142, 143, 144, 145
and Table 38).
There are several factors that can be involved in mRNA stability. These factors
have been described in E. coli and are encoded by chromosomal genes (see literature
review Section O pg 123 for further description). However, plasmids found in clinical
isolates can be very large (>100 kb) and could also house genes responsible in regulating
mRNA stability. To determine if the extended CTX-M-15 half-life was due to plasmidencoded or chromosomally-encoded factors, the half-lives of the CTX-M genes
expressed in E. coli transconjugants and transformants were evaluated.
Evaluation of transconjugants requires the ability of the plasmid to move from
one organism to another. To assess the transmissibility of these plasmids, transconjugants
were created. The CTX-M-14 and CTX-M-15 genes remained on their native clinical
plasmids but were moved into different E. coli backgrounds through broth and filter
mating.
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Figure 104. Half-life of the CTX-M-15 transcript
from JJ2244

Figure 105. Half-life of CTX-M-15 transcript
from JJ2431
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Figure 106. Half-life of the CTX-M-15 transcript
from CMB106

Figure 107. Half-life of the CTX-M-15 transcript
from JJ2253 RG

319

JJ2052 F (CTX-M-15) clinical isolate transcript

100

Percent transcript remaining (%)

Percent transcript remaining (%)

JJ2236 (CTX-M-15) clinical isolate transcript
90
80
70
60
50
40
30
20
10
0

100
90
80
70
60
50
40
30
20
10
0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time (minutes)

Time (minutes)

Figure 108. Half-life of the CTX-M-15 transcript
from JJ2236

Figure 109. Half-life of the CTX-M-15 transcript
from JJ2052 F (fuzzy)
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Figure 110. Half-life of the CTX-M-15 transcript
from JJ2053

Figure 111. Half-life of the CTX-M-15 transcript
from JJ2251
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Figure 112. Half-life of the CTX-M-15 transcript
from JJ2267

Figure 113. Half-life of the CTX-M-15 transcript
from MHVlab2
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Figure 114. Half-life of the CTX-M-15 transcript
from JJ2241

Figure 115. Half-life of the CTX-M-15 transcript
from JJ2246 F (fuzzy)
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Figure 116. Half-life of the CTX-M-15 transcript
from C15

Figure 117. Half-life of the CTX-M-15 transcript
from JJ2253 SW
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Figure 118. Half-life of the CTX-M-15 transcript
from JJ2052 S (smooth)

Figure 119. Half-life of the CTX-M-15 transcript
from JJ2247
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Figure 120. Half-life of the CTX-M-15 transcript
from JJ2131

Figure 121. Half-life of the CTX-M-15 transcript
from JJ2235 S (smooth)
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Figure 122. Half-life of the CTX-M-15 transcript
from JJ2235 F (fuzzy)

Figure 123. Half-life of the CTX-M-15 transcript
from JJ2242
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Figure 124. Half-life of the CTX-M-15 transcript
from JJ2243

Figure 125. Half-life of the CTX-M-15 transcript
from QU015
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Figure 126. Half-life of the CTX-M-15 transcript
from JJ2246 S (smooth)

100
90
80
70
60
50
40
30
20
10
0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time (minutes)

Figure 127. Half-life of the CTX-M-15 transcript
from MHHBS4
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Figure 128. Half-life of the CTX-M-15 transcript
from XQ12

Figure 129. Half-life of the CTX-M-14 transcript
from C14
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Figure 130. Half-life of the CTX-M-14 transcript
from D14

Figure 131. Half-life of the CTX-M-14 transcript
from F044
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Figure 132. Half-life of the CTX-M-14 transcript
from FS-ESBL014

Figure 133. Half-life of the CTX-M-14 transcript
from JJ2339
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Figure 134. Half-life of the CTX-M-14 transcript
from JJ2354

Figure 135. Half-life of the CTX-M-14 transcript
from JJ2356
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Figure 136. Half-Life of the CTX-M-14 transcript
from La14

Figure 137. Half-life of the CTX-M-14 transcript
from N14
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Figure 138. Half-life of the CTX-M-14 transcript
from NL217

Figure 139. Half-life of the CTX-M-14 transcript
from XQ10
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Figure 140. Half-life of the CTX-M-14 transcript
from XQ22

Figure 141. Half-life of the CTX-M-14 transcript
from XQ24
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Figure 142. Half-life of the CTX-M-14 transcript
from FS-ESBL013

Figure 143. Half-life of the CTX-M-14 transcript
from FS-ESBL062
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XQ13 (CTX-M-14) clinical isolate transcript
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Figure 144. Half-life of the CTX-M-14 transcript
from Lo14

Figure 145. Half-life of the CTX-M-14 transcript
from XQ13
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Table 38. mRNA half-lives of CTX-M-14 and CTX-M-15 clinical E. coli isolates
Isolate

blaCTX-M allele

JJ2244
JJ22431
CMB106
JJ2253 RG
JJ2236
JJ2052 F
JJ2053
JJ2251
JJ2267
MHVlab2
JJ2241
JJ2246 F
C15
JJ2253 SW
JJ2052 S
JJ2247
JJ2131
JJ2235 S
JJ2235 F
JJ2242
JJ2243
QU015
JJ2246 S
MHHBS4
XQ12
C14
D14
F044
FS-ESBL014
JJ2339
JJ2354
JJ2356
La14
N14
NL217
XQ10
XQ22
XQ24
FS-ESBL013
FS-ESBL062
Lo14
XQ13

CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14

mRNA half-life
(minutes)a
15
12
12
11
10
9
9
9
9
9
8
7
5
5
2
2
<2
<2
<2
<2
<2
<2
< 2 or 7*
< 2, 7, or 12*
8 or 10*
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
<2
3
3
3
3

mRNA half-life using
least squares (minutes)b
14.51
16.09
7.74
11.09
8.31
12.20
6.04
10.10
7.62
6.37
8.74
5.49
3.69
5.13
1.30
1.63
1.30
1.73
2.00
1.06
1.21
0.86
5.33
6.65
6.13
0.65
0.70
0.82
1.18
1.00
1.30
1.12
0.70
1.42
0.96
1.13
0.88
1.08
2.87
2.62
1.64
2.10

*Indicates the graph intersects the 50% transcript remaining line at more than one time point
Each mRNA half-life represents one experiment. Studies were not completed in triplicate due to cost.
a; Calculated using method by Pfaffl 2001 (275)
b; Calculated using method by Emory and Belasco 1990 (113)
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S. Evaluation of transmissibility of the CTX-M-14 and CTX-M-15 clinical plasmids
into different genetic backgrounds
Clinical CTX-M containing plasmids can range in size from 7 kb to 200 kb (30,
80, 84, 373). Our clinical isolates harbored CTX-M containing plasmids that ranged in
size from ~70 kb to ~165 kb. Transconjugant experiments involved a complex transfer
strategy that included five host organisms beginning with the original clinical isolate that
served as the donor strain. The CTX-M-producing organisms were resistant to multiple
drug classes which made finding antibiotic selective markers for conjugation difficult.
When conjugation experiments are reported in the literature, studies commonly show a
single transfer step of the clinical plasmid into one conjugation competent strain,
demonstrating transmissibility (78, 80, 84, 98, 128, 149, 155, 164). The final recipient
strains in these studies included a wild type K12 E. coli and a clinical ST131 isolate
which involved a multi-step conjugation process. The first recipient strain was J53 AziR,
a widely used general recipient strain for conjugation experiments. J53 E. coli is a
derivative of K12 and is resistant to sodium azide. In order to use J53, I had to ensure that
the clinical isolates were susceptible to sodium azide at 100μg/ml. Successful J53
transconjugants were resistant to both cefotaxime and sodium azide. Movement of the
J53 transconjugants into the final K12 and FHM16 hosts were attempted by first plating
the mated cells on cefotaxime selective media followed by replica plating onto sodium
azide media. However, this mating strategy did not work. Therefore, we attempted to use
the clinical Salmonella strain, SalLT2 as an intermediate host. J53 and SalLT2
transconjugants were differentiated using MacConkey agar supplemented with
cefotaxime. This same differential media was used to select the final E. coli
transconjugants.
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Conjugation experiments showed that the CTX-M-15 and CTX-M-14 plasmids
were transmissible. The CTX-M-14 containing plasmid from D14 and XQ10 transferred
into the J53 AziR host but movement into the final K12 and FHM16 recipient strains was
unsuccessful (Figures 146-148). The size of the clinical plasmids that transferred during
the CTX-M-14 conjugation experiments ranged from ~70 kb to ~160 kb. The inability of
the CTX-M-14 plasmids to move into K12 could be due to a low frequency of plasmid
transfer. Additionally, the intermediate SalLT2 recipient strain contained a clinical
plasmid that may share the same incompatibility group as the CTX-M-14 clinical
plasmid, therefore preventing both plasmids from co-existing in the same host. Figure
147 shows the plasmid profiles for the possible CTX-M-14 transconjugants in the SalLT2
background. Of note, there was a rearrangement that occurred and resulted in three
plasmids, none of which were the correct size of the CTX-M-14 plasmid. Because
downstream conjugations into SalLT2, K12, and FHM16 could not be completed for the
CTX-M-14 plasmids (from D14 and XQ10), steady-state mRNA expression and half-life
determinations were calculated for their J53 transconjugants.
The CTX-M-15 clinical plasmid from XQ12 moved into the J53 AziR E. coli host
along with the K12 and FHM16 backgrounds (Figures 149-151). The size of the CTX-M15 containing plasmid that transferred was ~95 kb. Additional CTX-M-15 isolates
including XQ35 and C15 were used as donors in conjugation experiments. The CTX-M15 plasmids in these clinical isolates, ~95-97 kb in size, transferred into J53, K12, and
FHM16 E. coli backgrounds. The steady-state and mRNA half-lives for all three sets of
CTX-M-15 transconjugants were determined.
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Figure 146. Plasmid profiles of the D14 (CTX-M-14)
transconjugants in the J53 host. Lane 1 displays the
BAC-TrackerTM ladder with the 165 kb, 95 kb, and
genomic markers designated. Lane 2 is the J53 E. coli
recipient strain that has no clinical plasmids. Lanes 3-4
shows the transfer of the CTX-M-14 plasmid into J53
AziR E. coli. Lanes 5-6 is the original CTX-M-14 donor
strain, D14. Plasmids were electrophoresed on a 0.8%
agarose gel.
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Figure 147. Plasmid profiles of the D14 (CTX-M-14) transconjugants in
the SalLT2 (Salmonella) host. Lane 1 displays the BAC-TrackerTM
ladder with the 165 kb, 95 kb, and genomic markers designated. Lanes
2-4 are the CTX-M-14 transconjugants in SalLT2. However, there was
a rearrangement that occurred and the plasmid did not successfully
transfer. Lanes 5-7 contain the recipient SalLT2. Lanes 8-10 contain the
CTX-M-14-J53 donor strains. Lane 11 is the original CTX-M-14
clinical isolate, D14. Lane 12 is a control (CUMC 50) used to show
successful plasmid extraction. Plasmids were electrophoresed on a 0.8%
agarose gel.
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Figure 148. Plasmid profiles of the XQ10 (CTX-M-14) transconjugants in the J53 AziR E.
coli host. Lanes 1 and 10 display the BAC-TrackerTM ladder with the 95 kb, 55 kb, and
genomic markers designated. Lanes 2-5 shows the transfer of the CTX-M-14 containing
plasmid into J53. Lane 6 is the J53 E. coli recipient. Lane 7 is the CTX-M-14-producing E.
coli donor strain, XQ10. Lanes 8-9 represent CUMC 50, a control used for large plasmid
extraction. Plasmids were electrophoresed on a 0.8% agarose gel.
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Figure 149. Plasmid profiles of XQ12 (CTX-M-15)
transconjugants in the J53 host. The CTXM-15 containing
plasmid has been transferred into J53AziR E. coli. The BACTrackerTM ladder is in lane 1 with the 165 kb, 95 kb, and genomic
markers designated. The CTX-M-15-J53 transconjugants are in
lanes 2-9. The original J53 E. coli recipient strain is in lane 10.
This conjugation specific strain does not contain any clinical
plasmids and only chromosomal (genomic). The original CTXM-15 donor strain, XQ12 is in lane 11. This isolate contains two
large clinical plasmids of approximately 165 kb and 95 kb.
Plasmids were electrophoresed on a 0.8% agarose gel.
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Figure 150. Plasmid profiles of the XQ12 (CTX-M-15)
transconjugants in the SalLT2 host. The CTX-M-15containing
plasmid has been moved from J53 E. coli into SalLT2. The
BAC-TrackerTM ladder is in lanes 1 and 8 with the 165 kb and 95
kb markers designated. Lane 2 is empty. The CTX-M-15-SalLT2
transconjugants are in lanes 3-4. The intermediate SalLT2
recipient is in lanes 5-6. This isolate contains one large clinical
plasmid of ~93 kb. The original donor strain, XQ12 is in lane 7.
Plasmids were electrophoresed on a 0.8% agarose gel.
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Figure 151. Plasmid profiles of XQ12 (CTX-M-15) transconjugants in
K12. The CTX-M-15 containing plasmid has been transferred into the
K12, wild type E. coli background. Lane 1 is the BAC-TrackerTM
ladder with the 165 kb, 95 kb, 55 kb, 28 kb, and genomic markers
designated. Lane 2 is the K12, wild type E. coli strain that served as
the final recipient. Lane 3-4 is the CTX-M-15 clinical isolate, XQ12
that served as the original donor strain for conjugation studies. Lanes
5-6 are the CTX-M-15 transconjugants in K12. Lanes 7-8 is the CMY2-producing clinical isolate (CUMC 50) used as a control for the
isolation of large clinical plasmids. Lanes 10-12 are empty. Plasmids
were electrophoresed on a 0.8% agarose gel.
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Figure 152. Plasmid profiles of XQ12 (CTX-M-15) transconjugants
in FHM16. The CTX-M-15 containing plasmid has been transferred
into FHM16, a ST131 E. coli strain that lacks a CTX-M enzyme.
Lane 1 represents the BAC-TrackerTM ladder with the 165 kb, 95 kb,
55 kb, 28 kb, and genomic markers designated. Lane 2 is the CTXM-15 donor clinical isolate, XQ12 used in the conjugation
experiments. Lanes 3-4 is the recipient strain, FHM16 that contains
a clinical plasmid ~160 kb in size. Lanes 5-6 are the CTX-M-15
transconjugants in the FHM16 background. Lane 7 is a repeat of the
CTX-M-15 clinical donor strain, XQ12. Lanes 8-9 is the CMY-2producing clinical isolate (CUMC 50) used as a control for the
isolation of large clinical plasmids. Lanes 11 and 12 are empty.
Plasmids were electrophoresed on a 0.8% agarose gel.
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T. Determination of the mRNA half-lives of the CTX-M-14 and CTX-M-15
transconjugants
Before the half-lives of the CTX-M transconjugant transcripts could be assessed
the gene copy number and CTX-M steady-state expression needed to be evaluated. The
D14, XQ10, and XQ12 transconjugants all had a relative gene copy number of one like
their clinical CTX-M-14 or CTX-M-15 donors. Copy number studies were not performed
on the XQ35 and C15 transconjugants. D14 was used as the comparator strain when
evaluating steady-state expression of the transconjugants in order to remain consistent
with the initial expression data. For all transconjugants the mRNA expression levels were
similar to the clinical isolate from which they were created (Table 39). Compared to D14,
CTX-M-15 expression in the XQ12 clinical isolate was 20-fold higher. XQ12-J53,
XQ12-K12, and XQ12-FHM16 transconjugants were 23-, 31-, and 26-fold higher than
D14 (Table 39 and Figure 153). Steady-state mRNA expression levels for the XQ35
clinical isolate and its J53, K12, and FHM16 transconjugants were 4-, 7-, 26-, and 16fold higher, respectively when compared to the expression level for the CTX-M gene in
D14 (Table 39 and Figure 154). Oddly, the mRNA expression level of the XQ35-K12
and XQ35-FHM16 transconjugants was higher (~4- to 6-fold) compared to the XQ35
clinical isolate and J53 transconjugant. The copy number of the CTX-M-15 plasmid from
XQ35 could have increased when the plasmid transferred into K12 and FHM16 resulting
in higher mRNA expression levels of 26- and 16-fold, respectively. Steady-state mRNA
expression levels for the C15 clinical isolate and its J53, K12, and FHM16
transconjugants were 56-, 62-, 25-, and 59-fold higher, respectively when compared to
D14. The CTX-M-15 expression level from the C15-K12 transconjugant was lower (~2to 3-fold) compared to the J53 and FHM16 transconjugants (Table 39 and Figure 155).
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Because copy number studies were not completed on C15, it is possible that this clinical
isolate and its J53 and FHM16 transconjugants had a copy number greater than one
resulting in higher mRNA expression of 56-, 62-, and 59-fold, respectively compared to
D14. The C15-K12 transconjugant could have experienced a decrease in its copy number,
thus causing the lower CTX-M-15 mRNA expression level of 25-fold when compared to
D14.
CTX-M-14 mRNA levels for XQ10 and D14 and their J53 transconjugants were
both similar to the D14 clinical isolate (Table 39 and Figure 156). These data suggested
that plasmid-encoded factors and not chromosomally-encoded factors were contributing
to the differential expression between blaCTX-M-14 and blaCTX-M-15.
The steady-state levels of CTX-M-14 and CTX-M-15 expression were similar
between the clinical isolate donor and the transconjugant. It is possible that the half-life
of the transcripts were influenced by plasmid-encoded factors and responsible for the
differential expression of these steady-state levels in both clinical isolates and the
transconjugants. Therefore, to determine the possible role of plasmid-encoded factors on
the mRNA stability of CTX-M transcripts, the mRNA half-life was evaluated in each of
the transconjugants. Despite the difference in genetic background (J53 vs K12 vs ST131),
all XQ12 (CTX-M-15) transconjugants had an extended half-life of 7-9 minutes (Table
39 and Figures 157-160). The CTX-M-14 transconjugants were not able to be generated
in either K12 or FHM16 and therefore, mRNA half-life of the CTX-M-14
transconjugants was determined in the J53 AziR E. coli background. Both D14-J53 and
XQ10-J53 had mRNA half-lives of less than 2 minutes which were equivalent to the halflives in the D14 and XQ10 clinical isolates (Table 39 and Figures 161-162, and
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Figure 153. mRNA steady-state expression levels of XQ12 (CTX-M-15) transconjugants in the J53, K12,
and FHM16 E. coli backgrounds. D14 served as the comparator strain. Statistical significance between
isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.

Figure 154. mRNA steady-state expression of XQ35 (CTX-M-15) transconjugants in the J53, K12, and
FHM16 E. coli backgrounds. D14 served as the comparator strain. Statistical significance between
isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.
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Figure 155. mRNA steady-state expression of C15 (CTX-M-15) transconjugants in the J53, K12, and
FHM16 E. coli backgrounds. D14 served as the comparator strain. Statistical significance between
isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.

Figure 156. mRNA steady-state expression of D14 and XQ10 CTX-M-14 transconjugants in the
J53 E. coli background. D14 served as the comparator strain. Statistical significance between
isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.

340

Figures 163-164).
Half-lives were also calculated for the CTX-M-15 transconjugants that were
generated with original clinical isolates that either had decreased CTX-M-15 steady-state
expression levels (XQ35) or a shorter half-life (C15). The XQ35-J53, XQ35-K12, and
XQ35-FHM16 transconjugants all had half-lives of approximately 2 minutes which was
identical to the original XQ35 clinical isolate (Table 39 and Figures 165-168). The C15
clinical isolate and its transconjugants, C15-J53, C15-K12, and C15-FHM16 all exhibited
the same half-life of 4 to 5 minutes (Table 39 and Figures 169-172). To verify that a
clinical plasmid-encoded factor(s) was responsible for mRNA stability, the mRNA halflives of the CTX-M-14 and CTX-M-15 K12 transformants were evaluated. To create
these constructs, the structural CTX-M-14 or CTX-M-15 gene and upstream promoter
regions were amplified, cloned into pACYC184ΔCPP, and transformed into K12
MG1655 (Methods Section H. 1-5 pg 215-219).
It was possible that a factor encoded on the chromosome of clinical CTX-M-15producing E. coli was needed for the prolonged half-life that would not be present in the
K12 background of the transformants. Therefore, the mRNA half-life of the CTX-M-15
transcript in the ST131 transformant (FHM35) was evaluated. Both the CTX-M-15 and
CTX-M-14 transcripts from the K12 transformants had half-lives of less than 2 minutes
(Figures 173-174). The mRNA half-life of the CTX-M-15 transcript in the ST131
transformant was still less than 2 minutes (Figure 175). Hence, these data indicated that
the chromosomal background did not contribute to the extended CTX-M-15 half-life but
rather a plasmid-encoded factor(s) controlled the half-lives of the CTX-M transcripts. To
provide additional evidence that a plasmid element was controlling mRNA half-life, the
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half-lives of the CTX-M promoter/luciferase fusions, lacZ promoter/CTX-M clones, and
chloramphenicol promoter/CTX-M clones were evaluated.
When the CTX-M-15 and CTX-M-14 promoter regions were fused to luciferase,
the half-life of the luciferase transcript was less than 2 minutes for all clones (Figures
176-178). Furthermore, the half-lives of the CTX-M-14 and CTX-M-15 transcripts driven
by heterologous promoters (lacZ and chloramphenicol) were less than 2 minutes (Figures
179-182). All of the clones discussed above included the CTX-M promoter or structural
gene which had been removed from their native clinical plasmid and transformed into a
K12 E. coli host. These data provided conclusive evidence that the prolonged CTX-M-15
half-life was due to a plasmid-encoded factor and that the chromosomal background
(ST131) was not a contributing factor. Because some CTX-M-15 isolates did not have
extended half-lives, these data suggested that the factors encoded on the CTX-M-15
containing plasmids differ, demonstrating heterogeneity of the CTX-M containing
plasmid backbone. I speculate that the CTX-M-15 isolates that have decreased half-lives
would have similar plasmid composition as the CTX-M-14 plasmids.
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Figure 157. Half-life of the CTX-M-15 transcript
from the original XQ12 donor isolate

Figure 158. Half-life of the CTX-M-15 transcript
from the XQ12-J53 transconjugant
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Figure 159. Half-life of the CTX-M-15 transcript
from the XQ12-K12 trransconjugant

Figure 160. Half-life of the CTX-M-15 transcript
from the XQ12-FHM16 transconjugant
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Figure 161. Half-life of the CTX-M-14 transcript
from the original D14 donor isolate

Figure 162. Half-life of the CTX-M-14 transcript
from the D14-J53 transconjugant
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Figure 163. Half-life of the CTX-M-14 transcript
from the original XQ10 clinical isolate

Figure 164. Half-life of the CTX-M-14 transcript
from the XQ10-J53 transconjugant
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Figure 165. Half-life of the CTX-M-15 transcript
from the original XQ35 donor isolate
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Figure 166. Half-life of the CTX-M-15 transcript
from the XQ35-J53 transconjugant
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Figure 167. Half-life of the CTX-M-15 transcript
from the XQ35-K12 transconjugant

Figure 168. Half-life of the CTX-M-15 transcript
from the XQ35-FHM16 transconjugant
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Figure 169. Half-life of the CTX-M-15 transcript
from the original C15 donor isolate

Figure 170. Half-life of the CTX-M-15 transcript
from the C15-J53 transconjugant
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Figure 171. Half-life of the CTX-M-15 transcript
from the C15-K12 transconjugant

Figure 172. Half-life of the CTX-M-15 transcript
from the C15-FHM16 transconjugant
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Figure 173. Half-life of the CTX-M-14 transcript
from the pACYC184ΔCPP K12 transformant

Figure 174. Half-life of the CTX-M-15 transcript
from the pACYC184ΔCPP K12 transformant
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Figure 175. Half-life of the CTX-M-15 transcript
from the pACYC184ΔCPP ST131 transformant

Figure 176. Half-life of the luciferase transcript
from the CTX-M-14 promoter-luciferase fusion
construct
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Figure 177. Half-life of the luciferase transcript
from the CTX-M-15 promoter-luciferase fusion
construct

Figure 178. Half-life of the luciferase transcript
from the CTX-M promoter without spacerluciferase fusion construct
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Figure 179. Half-life of the CTX-M-14 transcript
expressed from the lacZ promoter of pUCP26

Figure 180. Half-life of the CTX-M-15 transcript
expressed from the lacZ promoter of pUCP26
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Figure 181. Half-life of the CTX-M-14 transcript
expressed from the CAT promoter of pACYC184

Figure 182. Half-life of the CTX-M-15 transcript
expressed from the CAT promoter of pACYC184

Table 39. Steady-state mRNA expression and mRNA half-lives for CTX-M-14 and CTXM-15 transconjugants in different E. coli backgrounds
Clinical isolate donor/
transconjugant
XQ12
XQ12-J53
XQ12-K12 MG1655
XQ12-FHM16
XQ35
XQ35-J53
XQ35-K12 MG1655
XQ35-FHM16
C15
C15-J53
C15-K12 MG1655
C15-FHM16
D14
D14-J53
XQ10
XQ10-J53

blaCTX-M allele

Relative mRNA
levels ± SD

mRNA half-life
(minutes)a

CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14

20 ± 5.12
23 ± 10.58
31 ± 4.41
26 ± 3.63
4 ± 1.60
7 ± 3.47
26 ± 7.21
16 ± 3.12
56 ± 17.52
62 ± 6.89
25 ± 12.73
59 ± 28.98
1 ± 0.20
1 ± 0.46
0.73 ± 0.48
0.76 ± 0.39

8-10
7
9
9
<2
<2
<2
<2
5
5
5
5 or 11
<2
<2
<2
<2

*All fold changes are relative to D14
a; Calculated using Pfaffl 2001 method (275).
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U. Creation of CTX-M chimeras and evaluation of mRNA expression levels
The studies presented in this dissertation have attempted to understand why CTXM-14 expression levels differed from CTX-M-15expression levels among clinical E. coli
isolates. The half-life of the transcript was only partially responsible for the differential
steady-state expression as indicated by the difference in steady-state mRNA expression in
the K12 transformants.When using heterologous promoters to drive CTX-M gene
expression, data suggested that a portion of the transcript encoding the β-lactamase
influenced transcription initiation. To evaluate if a region of the CTX-M transcripts
controlled their transcription initiation events, chimeric gene fusions of CTX-M-14 and
CTX-M-15 were constructed. Synthetic fusions were created including the 5′ half of
CTX-M-15 fused with the 3′ half of CTX-M-14 (fusion) and the 5′ half of CTX-M-14
fused with the 3′ half of CTX-M-15 (reverse fusion).
Originally these fusions were intended for ligation into pUCP26. I wanted to use
an approach similar to the heterologous promoter clones described previously (Methods
Section H. 11. pg 232). Therefore, I intended to use the lacZ promoter of pUCP26 to
evaluate expression of the chimeric constructs. Initially, a cloning strategy was attempted
by generating half of each gene by PCR and then cloning each half into the pJET1.2/blunt
cloning vector. The remainder of the cloning procedure involved subcloning the fusions
into the pUCP26 vector and transformation into K12 to create these CTX-M chimeras.
However after several attempts these fusions could not be constructed using the cloning
approach due to a rearrangement that occurred repeatedly when trying to fuse the 5′
CTX-M-15 fragment in pJET1.2/blunt with the 3′ fragment of CTX-M-14 (Figure 183).
Therefore, I chose an alternative approach implementing PCR to create these fusions

GeneRuler 1kb
Plus ladder
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Fusion attempts #1-9 in pJET1.2
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1 kb
700 bp
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Wrong
size
insert
Figure 183. Attempt to fuse 5′ half of CTX-M-15 with the 3′ half of CTX-M-14 via a cloning
strategy with pJET1.2/blunt. Gel photo shows the plasmid isolation of pJET with the fused
gene product. Plasmids were restricted with BamHI and HindIII to confirm the presence of the
insert. Lane 1 represents the GeneRuler 1kb Plus ladder with the 4 kb, 3 kb, 1 kb, 700 bp, and
500 bp markers designated. The size of pJET1.2/blunt is 2984 bp. The intended size of the
fused product should be approximately 897 bp. The fused CTX-M product is ~100 bp smaller
than expected. This suggested some type of recombination event occurred between the vector
and the insert to create this smaller product.
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(Methods Section H. 13, pg 236) (28). The purpose of this strategy was to domain swap
the 5′ and 3′ halves of CTX-M-14 and CTX-M-15 by an overlap extended PCR method
(28, 304). See flow chart on page 350 for details on creating the CTX-M chimeras
(Figure 184). The size of the fusion consisting of the 5′ half of CTX-M-15 with the 3′ half
of CTX-M-14 was 897 bp (Figure 185). This chimera was slightly larger than the CTXM-15 and CTX-M-14 structural genes (876 bp) because of the use of restriction sites on
the primers used to generate the product. These were the original primers intended for use
in the cloning strategy described above. The intended size of the reverse fusion consisting
of the 5′ half of CTX-M-14 and the 3′ half of CTX-M-15 was 948 bp (Figure 186) but the
actual size was 865 bp due to an internal deletion that occurred in the CTX-M-14
fragment following subcloning into pACYC184 (Figure 190). Subsequent steps in the
creation of these chimeras are shown in Figures 187-190.
Despite the deletion within the reverse fusion construct, steady-state expression
analyses were performed. The original real-time primers that were used for examining
CTX-M-14 and CTX-M-15 expression could not be used on the fusion constructs. Two
different primer sets were designed that generated amplicons of approximately the same
size and GC content for each construct (Table 27; Methods Section H. 13. pg 237). Each
forward primer was anchored in the 5′ fragment and each reverse primer was anchored in
the 3′ fragment to ensure expression was on the fused transcript. Primer specificity was
determined by real-time PCR and melt curve analysis (Figure 191 and Figure 192).
Because two primer sets were being used to amplify two different genetic fusions,
amplifications efficiencies were evaluated. The amplification curves or CT values
produced for each chimeric primer set differed by only one CT (Figure 191). The melt
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5′ half blaCTX-M-15
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3′ half blaCTX-M-15

Ligate fused products into
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transformation, and
sequencing of
transformants

Subclone insert into low
copy number vector,
pACYC184 and transform
into K12 E. coli

Figure 184. Schematic of the approach used to create the CTX-M chimeras.
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curves for each primer set produced a single melt peak which indicated that each primer
set was specific and only amplified one product (Figure 192). These data demonstrated
that each primer set amplified with a similar efficiency and therefore, the primer sets
could be used for real-time RT-PCR expression. The chloramphenicol promoter of
pACYC184 was used to drive expression of the gene fusion constructs.
Steady-state expression analyses were conducted using the chloramphenicol
promoter/CTX-M-14 clone as the comparator (generated in a previous experiment). The
CTX-M-15/CTX-M-14 fusion was upregulated approximately 30-fold. In contrast, the
reverse CTX-M-14/CTX-M-15 fusion was only upregulated about 7.5-fold indicating a
4-fold difference in the expression of these two chimeras (Figure 193). These data
suggested that a sequence within the 5′ half of CTX-M-15 was contributing to increased
numbers of transcription initiation events compared to the 3′ or 5′ halves of CTX-M-14.
However, to rule out that the 83 bp internal deletion was not contributing to expression
differences, this reverse fusion construct could be synthetically created to include the 83
nucleotides that had been deleted. Furthermore, it was anticipated that the CTX-M
chimeric constructs would result in altered DNA/RNA topology and affect the mRNA
half-lives of the transcripts. However, both CTX-M fusions had mRNA half-lives of less
than 2 minutes (Figure 194 and Figure 195). Taken together, these data support the
hypothesis that the CTX-M-15 structural gene transcript influences initiation of its own
transcription.
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Figure 185. PCR amplification to create a CTX-M-15/CTX-M-14 gene
fusion using methodology adapted from Bloemberg et al (28). The PCR
conditions amplified some non-specific (NS) bands that are labeled.
Lane 1 represents the GeneRuler 1kb Plus ladder with the 1 kb and 500
bp markers designated. The band of interest is indicated as the fused
PCR product and is ~897 bp. Lane 2 and 12 indicate the no template
hood and bench water controls. Lanes 3, 5, 7, 9, and 11 represent the
fused PCR product (5′ half of CTX-M-15 with the 3′ half of CTX-M14).
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Figure 186. PCR amplification to create a CTX-M-14/CTX-M-15
reverse gene fusion using methodology adapted from Bloemberg et al
(28). The PCR conditions amplified some non-specific (NS) bands that
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Figure 187. Screening transformants in pCR®2.1 for the CTX-M15/CTX-M-14 gene fusion (5′ fragment of CTX-M-15 fused with 3′
fragment of CTX-M-14). Gel shows a restriction digest of pCR®2.1
with EcoRI. Lanes 1 and 10 contain the GeneRuler 1kb Plus ladder with
the 500 bp, 1 kb, 4 kb, and 5 kb markers indicated. Lanes 4 and 6
indicate positive transformants that contain the gene fusion. All other
transformants were negative for the insert. Size of gene fusion is 897
bp.
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Figure 188. Screening transformants in pCR®2.1 for the CTX-M14/CTX-M-15 reverse gene fusion (5′ fragment of CTX-M-14 fused
with 3′ fragment of CTX-M-15). Gel shows a restriction digest of
pCR®2.1 with EcoRI. Lanes 1 and 12 contain the GeneRuler 1kb Plus
ladder with the 500 bp, 1 kb, 4 kb, and 5 kb markers indicated. Lanes 211 indicate positive transformants that contain the reverse gene fusion.
Size of gene fusion is 948 bp.
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Figure 189. CTX-M-15/CTX-M-14 gene fusion constructs in pACYC184
in K12 MG1655 wild type E. coli genetic background. With this gene
fusion, approximately half of the 5′ end of the CTX-M-15 gene is followed
by half of the 3′ end of the CTX-M-14 gene. The GeneRuler 1kb Plus
ladder is shown in lanes 1 and 10 with the 5 kb, 4 kb, 1 kb, and 700 bp
markers designated. Transformants were screened by EcoRI restriction
digest and are shown in lanes 2-9. Size of CTX-M-15/CTX-M-14 gene
fusion is 897 bp. Size of pACYC184 with the chloramphenicol promoter
region is 4245 bp.
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Figure 190. CTX-M-14/CTX-M-15 reverse gene fusion constructs in
pACYC184 in K12 MG1655 wild type E. coli genetic background. With
this gene fusion, approximately half of the 5′ end of the CTX-M-14 gene
is followed by half of the 3′ end of the CTX-M-15 gene. Transformants
were screened by EcoRI restriction digest. The GeneRuler 1kb Plus ladder
is in lanes 1 and 12 with the 5 kb, 4 kb, 1 kb, and 700 bp markers
designated. Sequence analysis indicated an 83 bp internal deletion within
the 5′ fragment of CTX-M-14. Size of the intended reverse fusion was 948
bp and the actual reverse fusion created was 865 bp. Transformants are
shown in lanes 2-9 and uncut pACYC184 with reverse fusion insert is in
lanes 10-11. Size of pACYC184 is 4245 bp.
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Figure 191. Amplification curves evaluating the specificity of fusion and reverse fusion primer
sets for use in real-time RT-PCR. Fusion primer set had CT values of 7.86-7.99 and reverse fusion
primer set had CT values of 8.62-8.68. The threshold of fluorescence was set at 0.10. Bracket
indicates no template controls (NTC).

CTX-M-15/
CTX-M-14 fusion
primer set

CTX-M-14/
CTX-M-15 reverse
primer set

Figure 192. Evaluation of specificity of fusion and reverse fusion primer sets using melt curve
analysis. Ovals indicate the melt curves for each primer set.

Figure 193. mRNA steady-state expression of CTX-M-15/CTX-M-14 fusion and CTX-M-14/CTX-M-15 reverse fusion
constructs in pACYC184 K12 E. coli. D14 (CTX-M-14) CAT pr K12 served as the comparator. Statistical significance
between isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.
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Figure 194. Half-life of the CTX-M-15/CTX-M-14
fusion transcript in pACYC184 K12 E. coli

Figure 195. Half-life of the CTX-M-14/CTX-M15 reverse fusion transcript in pACYC184 K12
E. coli
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V. Determination of CTX-M-14 and CTX-M-15 protein production in clinical
isolates by Western blotting using Stain-Free technology
The production of the β-lactamase enzyme is the ultimate cause of β-lactam
resistance in the isolates examined in this dissertation. Therefore, I wanted to evaluate
CTX-M-14 and CTX-M-15 β-lactamase production by Western blot to determine if there
was a relationship with the amount of mRNA expression observed. Steady-state mRNA
expression levels showed up to a 165-fold higher level of CTX-M-15 expression
compared to CTX-M-14 expression in the panel of isolates tested. Because transcription
and translation are coupled for many genes in prokaryotes, it was hypothesized that CTXM-15 β-lactamase levels would be upregulated to the same level as CTX-M-15 mRNA
expression.
Western blotting was a new method for our laboratory and therefore the Kodak
imaging system (Kodak Image Station 4000R) was originally used for protein
quantitation. This system uses densitometry to quantify detected proteins along with a
housekeeping protein for normalization. Double SDS-PAGE gels were run with each
experiment (Figure 196). However, the capability of performing Western blots using
Stain-Free technology became available with the use of a Bio-Rad ChemiDocTM imaging
system (Hercules, CA). The use of Stain-Free technology for the evaluation and
comparison of relative fold protein differences increases the sensitivity of the Western
assays. An example of a Stain-Free activated gel and the amount of protein that
transferred from the gel onto a low fluorescent PVDF membrane is displayed in Figure
197 and Figure 198, respectively. The total amount of protein that transferred per lane
was calculated and compared to protein extracted from D14 E. coli to produce a
normalization factor. Using an anti-CTX-M antibody for Western analysis, CTX-M-
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Figure 196. Coomassie blue stained gel on select CTX-M -14- and CTX-M-15producing isolates. Lane 1 displays the SpectraTM Multicolor Broad Range
Protein ladder (Fermentas, Thermo Scientific) with the 15 kDa, 25 kDa, and 35
kDa markers designated.
14/CTX-M-15 production from CTX-M-producing clinical isolates detected a protein
approximately 32 kDa in size. This was the estimated size of both the CTX-M-14/CTXM-15 proteins. K12 and FHM16 E. coli strains served as negative controls since these
strains did not produce a CTX-M β-lactamase. The pACYC184ΔCPP K12 transformants
were used as controls to ensure antibody specificity (Figure 199A). Linearity curves were
also completed to establish the optimal amount of protein and antibody to use for
Western analysis (Figures 70-71; Methods Section I. 5. pg 257). Western blots and
corresponding protein fold changes for isolates in Table 32 (pg 276-277) are shown in
Figures 199-205.
A 1:1 relationship between mRNA and protein production was observed for the
CTX-M-14-producing isolates (Table 40). For example, C14 mRNA levels were
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Figure 197. Visualization of protein profiles for CTX-M-14/CTX-M-15 E.
coli isolates following Stain-Free gel activation. Unstained Fermentas
Protein Markers are in the far right lane with the 18.4 kDa, 25 kDa, 35
kDa, and 66.2 kDa markers designated. Isolated proteins from the
comparator, D14 is located in the far left lane. CTX-M-14- and CTX-M15-producing isolates span the other lanes.

Figure 198. Protein from above Stain-Free SDS-PAGE gel that transferred onto
the low fluorescent PVDF membrane. Total protein per lane was calculated using
the Lanes and Bands Tool and compared to D14 in the far left lane.
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upregulated 4-fold and CTX-M-14 β-lactamase production was also up 4-fold compared
to D14. This trend in mRNA and protein production was seen for the majority of the
CTX-M-14-producing isolates with levels ranging between 2- and 6-fold higher
compared to isolate D14. Interestingly, FS-ESBL014 and FS-ESBL062 produced CTXM-14 protein levels that were 13- and 11-fold higher when compared to D14. However,
this direct relationship was not observed for CTX-M-15-producing isolates. While
mRNA levels for the CTX-M-15 transcript ranged from 6- to 165-fold higher compared
to CTX-M-14 mRNA levels of isolate D14, the protein levels for the majority of E. coli
isolates were only upregulated 2- to 16-fold. There were some CTX-M-15 isolates such
as JJ2431 and JJ2246 F that produced protein levels that were 23- and 28-fold higher than
D14. Some strains including JJ2246 S and JJ2264 F represent the same clinical isolate
but produced different levels of CTX-M-15 β-lactamase. These isolates produced two
different colony morphologies on a blood agar plate but are the same clinical strain
according to PFGE. It was expected that this set of isolates would produce similar protein
levels and yet there was approximately a 6-fold difference between the strains. This same
discrepancy in protein production was observed with the JJ2253 SW and JJ2253 RG set
of clinical isolates. In addition, the higher levels of CTX-M-15 mRNA did not always
correlate with the highest levels of CTX-M-15 protein production. For example, isolate
RS153 expressed its mRNA 37-fold above the comparator strain, D14, but the protein
level was only 8-fold higher. However, some isolates such as JJ2053, JJ2242, and JJ2243
expressed low levels of CTX-M-15 mRNA which correlated with low level enzyme
production. These CTX-M-15 proteins could not be detected on the Western blot shown
in Figure 200A.
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When comparing the level of CTX-M protein observed using Stain-Free Western
analysis with the cephalothin rates of hydrolysis (Table 31 pg 272), no correlation was
observed. The comparator strain for Western analysis was D14 so this criterion was used
to evaluate fold differences in hydrolytic activity between strains. For example, the
hydrolytic activity observed for La14 was 9-fold less than D14 even though the La14
isolate produced 6 times more CTX-M-14 protein than the D14 isolate. In contrast, the
relative production of CTX-M-14 for strains F044 and XQ13 were similar using Western
analysis but showed a differential in hydrolysis of 6-fold in favor of the F044 isolate. The
same inconsistencies in the hydrolysis data was observed when evaluating CTX-M-15producing isolates. For example, less than a 2-fold difference in the production of CTXM-15 was observed between strains RS059 and RS061 but the difference in cephalothin
hydrolysis between these two isolates was ~12-fold. Therefore, interpretation of the
hydrolysis data in conjunction with the Western analysis indicates that other β-lactamases
not identified in these isolates are responsible for the variation observed in cephalothin
hydrolysis.
Regardless of the methodology used, CTX-M-15 enzyme production for the
majority of isolates did not correlate with CTX-M-15 transcript levels. When comparing
the Kodak Image System and Stain-Free fluorescence values, most isolates had similar
relative protein levels (Figures 204-205). A comparison of the quantitation values using
both systems is displayed in Table 40 (pg 373-374). Isolates that had the greatest
discrepancy between quantitation methods was RS059, RS061, XQ13, and La14. For
example, RS059 had a 4-fold higher level of CTX-M-15 protein compared to D14 when
using the Kodak Imager. With Stain-Free technology, a 10-fold higher level of protein
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was detected compared to D14. Overall, Western blot analysis indicated that there could
be post-transcriptional regulation of the CTX-M-15 transcript that prevented high level
CTX-M-15 enzyme production. There could be a block in CTX-M-15 translation or a
factor that impacts translatability of the CTX-M-15 transcript. This mechanism has yet to
be elucidated. The discordant relationship between mRNA and β-lactamase production
was not only seen among the clinical isolates but was also observed for the lacZ
promoter/CTX-M clones and the promoter deletion clones.

CTX-M-14
K12 TF

CTX-M-15
K12 TF

FHM16

K12 MG1655

JJ2267

JJ2356

JJ2354

JJ2339

D14 #2

D14
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Figure 199A. Western blot on 6 clinical isolates using D14 (far left lane) as the comparator. JJ2339,
JJ2354, and JJ2356 are CTX-M-14-producing E. coli isolates. JJ2267 is a CTX-M-15-producing E.
coli isolate. K12 MG1655 and FHM16 were used as negative controls since these isolates did not
contain a CTX-M β-lactamase. The K12 transformants served as positive controls (far right 2 lanes).

*

Figure 199B. Relative protein fold changes for the 6 clinical isolates above (Figure 199A) using
Stain-Free technology. All protein levels are relative to D14. Statistical significance between
isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.
Protein fold changes were not calculated for the K12 transformants in the right two lanes because
the signal was saturated and did not represent a true value. Therefore, these values are not
displayed on the bar graph.

FS-ESBL062

FS-ESBL014

JJ2251

JJ2247

JJ2244

JJ2243

JJ2242

JJ2241

JJ2053

D14
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Figure 200A. Western blot on 10 clinical isolates using D14 (far left lane) as the comparator. JJ2053,
JJ2241, JJ2242, JJ2243, JJ2244, JJ2247, and JJ2251 are CTX-M-15-producing E. coli isolates. FSESBL014 and FS-ESBL062 are CTX-M-14-producing E. coli isolates.

Figure 200B. Relative protein fold changes for the 10 clinical isolates above (Figure 200A) using
Stain-Free technology. All protein levels are relative to D14. Statistical significance between
isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.

FS-ESBL013

JJ2431

QU015

CMB106

MHVlab2

MHHBS4

JJ2253 RG

JJ2253 SW

D14
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Figure 201A. Western blot on 9 clinical isolates using D14 (far left lane) as the comparator.
JJ2253 SW, JJ2253 RG, MHHBS4, MHVlab2, CMB106, QU015, and JJ2431 are CTX-M-15producing E. coli isolates. FS-ESBL013 is a CTX-M-14-producing E. coli isolate.

Figure 201B. Relative protein fold changes for the 9 clinical isolates above (Figure 201A) using
Stain-Free technology. All protein levels are relative to D14. Statistical significance between
isolates was evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.
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Figure 202A. Western blot on 9 clinical isolates using D14 (far left lane) as the comparator.
JJ2052 S, JJ2052 F, JJ2131, JJ2235 S, JJ2235 F, JJ2236, JJ2246 S, and JJ2246 F are CTX-M-15producing E. coli isolates.

Figure 202B. Relative protein fold changes for the 9 clinical isolates above (Figure 202A). All
protein levels are relative to D14. Statistical significance between isolates was evaluated using a ttest (two-tailed and paired) performed with GraphPad Prism 6.0.

CTX-M-14

CTX-M-15

CTX-M-14

Figure 203B. Relative fold changes in CTX-M-15 and CTX-M-14 protein from the 15 isolates above in Figure 203A using
Stain-Free Western blot technology. All protein levels are relative to D14. Statistical significance between isolates was
evaluated using a t-test (two-tailed and paired) performed with GraphPad Prism 6.0.

CTX-M-15

Figure 203A. Western blots on 15 clinical isolates using D14 as the comparator
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XQ12 K12 TF

XQ12

RS153

RS061

RS059

C15

FHM6

H15

W15

CUMC 247

D14

371

Figure 204A. Western blot on CTX-M-15-producing isolates in Table 11 using D14 (far left
lane) as the comparator and the CTX-M-15-pACYC184ΔCPP K12 transformant (TF) as a
control (far right lane). Chemiluminescence detection was completed on the Kodak Imager.

Figure 204B. Relative fold changes in CTX-M-15 protein detected on the Western blot in
Figure 204A using the Kodak imaging system for quantitation. All protein levels are relative to
D14. Statistical significance between isolates was evaluated using a t-test (two-tailed and
paired) performed with GraphPad Prism 6.0.
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NL217 #2
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D14 #3

D14 #2

D14

372

Figure 205A. Western blot on CTX-M-14-producing isolates in Table 11 using D14 (far left
lane) as the comparator and the CTX-M-14-pACYC184ΔCPP K12 transformant (TF) as a
control (far right lane). Chemiluminescence detection was completed on the Kodak Imager.

Figure 205B. Relative fold changes in CTX-M-14 protein detected on the Western blot in
Figure 205A using the Kodak imaging system for quantitation. All protein levels are relative to
D14. Statistical significance between isolates was evaluated using a t-test (two-tailed and
paired) performed with GraphPad Prism 6.0.
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Table 40. Comparison of mRNA expression levels and relative protein levels on CTX-M14 and CTX-M-15 E. coli isolates using Stain-Free technology and the Kodak System
Isolate
CTX-M-14
D14, comparator
C14
F044
La14
NL217
XQ13
JJ2339
JJ2354
JJ2356
FS-EBSL013
FS-ESBL014
FS-ESBL062
CTX-M-15
C15
CUMC 247
FHM6
H15
RS059
RS061
RS153
XQ12
W15
JJ2053
JJ2241
JJ2242
JJ2243
JJ2244
JJ2247
JJ2251
JJ2253 SW
JJ2253 RG
MHHBS4
MHVlab2
CMB106
QU015
JJ2431
JJ2052 Smooth
JJ2052 Fuzzy
JJ2131
JJ2235 Smooth
JJ2235 Fuzzy
JJ2236
JJ2246 Smooth
JJ2246 Fuzzy

Relative mRNA
levels ±SD

Relative protein
levels ± SD SF

Relative protein
levels ± SD Kodak

CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14
CTX-M-14

1
5 ± 2.08
-1 ± 0.15*
4 ± 1.68
-1 ± 0.19*
2.0 ± 072
1.7 ± 0.64
1.8 ± 0.76
1.4 ± 0.26
1.9 ± 0.53
3.2 ± 1.55
1.7 ± 0.47

1 ± 0.15
5.0 ± 0.82
0.7 ± 0.09
6.2 ± 0.10
1.6 ± 0.75
1.5 ± 0.90
2.1 ± 0.66
1.4 ± 0.47
3.7 ± 1.17
1.3 ± 0.42
13.9 ± 4.32
11 ± 1.06

1 ± 0.36
5.3 ± 0.19
1.3 ± 0.45
5.3 ± 0.18
2.4 ± 0.69
3.7 ± 0.77
N/A
N/A
N/A
N/A
N/A
N/A

CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15
CTX-M-15

48 ± 0.70
72 ± 12.56
48 ± 8.41
20 ± 0.68
77 ± 32.47
52 ± 3.65
37 ± 2.75
21 ± 5.12
29 ± 1.43
-14 ± 0.04*
14.1 ± 3.97
5.9 ± 0.44
1.4 ± 0.90
29.2 ± 4.22
48.1 ± 7.02
48.8 ± 5.06
35.6 ± 5.94
33.9 ± 5.91
48.7 ± 2.40
59.3 ±15.05
50.7 ± 8.17
13.7 ± 3.85
38.8 ± 9.42
32.1 ± 1.58
32.4 ± 3.90
46.8 ± 10.83
39.1 ± 11.27
61.9 ± 17.32
64.6 ± 10.88
59.9 ± 15.83
154.8 ± 41.89

2.1 ± 0.59
2.5 ± 0.39
3.2 ± 1.21
2.4 ± 0.19
10.0 ± 2.43
7.7 ± 2.33
8.1 ± 1.27
6.5 ± 1.42
2.6 ± 0.25
0a
0.5 ± 0.10
0a
0a
1.7 ± 0.62
-1.3 ± 0.42a
1.6 ± 0.93
2.4 ± 0.57
12.1 ± 3.10
6.2 ± 2.10
16.1 ± 3.49
2.1 ± 0.46
1.9 ± 0.55
23.8 ± 3.15
2.5 ± 1.97
2.4 ± 1.80
2.9 ± 1.79
15.4 ± 2.75
4.4 ± 2.41
14.1 ± 4.86
5.1 ± 1.50
28.1 ± 2.48

1.2 ± 0.05
3.8 ± 0.68
3.1 ± 0.77
2.5 ± 0.43
4.0 ± 0.94
2.0 ± 0.28
1.7 ± 0.46
4.1 ± 2.03
1.7 ± 0.14
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

blaCTX-M allele
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Continued from Table 40 on previous page
Isolate
JJ2267
K12, MG1655
FHM16
CTX-M-15 K12
transformant
CTX-M-14 K12
transformant

Relative mRNA
levels ±SD
42.1 ± 25.83

Relative protein
levels ± SD SF
9.5 ± 1.50

Relative protein
levels ± SD Kodak
N/A

0

0

N/A

0

0

N/A

CTX-M-15

11

ND

N/A

CTX-M-14

1

ND

N/A

blaCTX-M allele
CTX-M-15
WT E. coli,
No CTX-M
ST131 E. coli,
No CTX-M

All protein levels are relative to D14
a; indicates the protein was not detected
ND; not determined due to signal saturation using optimized conditions
SF; Quantitation using Stain-Free technology
Kodak; Quantitation using Kodak Image Station 4000R
*indicates a decrease in gene expression compared to isolate D14

W. Disk diffusion for determining susceptibilities to ceftolozane/tazobactam
β-lactam/β-lactamase inhibitor combinations can be used to treat ESBL-producing
infections, such as CTX-M-producing E. coli infections. Successful treatment with
inhibitor combinations is dependent upon the concentration of inhibitor used. If an
insufficient amount of inhibitor is used in this drug combination then the inhibitory effect
is not produced. Therefore, high levels of β-lactamase production can impact treatment
with a β-lactam/β-lactamase inhibitor combination. However, the high levels of CTX-M15 mRNA produced in the panel of E. coli isolates did not coincide with high level CTXM-15 β-lactamase production. Western blot analyses showed that the amount of CTX-M15 β-lactamase produced from the E. coli strains were similar to the amount of CTX-M14 β-lactamase that was produced for most strains.
The impact of CTX-M β-lactamase production was evaluated with respect to βlactam/β-lactamase inhibitor combination susceptibilities. Disk diffusion was used to test
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for sensitivity to the following β-lactam/β-lactamase inhibitor combinations: cefotaxime
/clavulanic acid, ceftazidime /clavulanic acid, piperacillin/tazobactam, and the new
inhibitor combination, ceftolozane/tazobactam (formerly known as CXA 201).
Susceptibilities for ceftolozane/tazobactam could not be determined because zone
diameter breakpoints are not currently available. Piperacillin/tazobactam zone diameter
breakpoints were used to evaluate ceftolozane/tazobactam disk diffusion susceptibilities.
The raw values for ceftolozane/tazobactam for all isolates appear to be susceptible with
the exception of FHM6, RS059, and RS061 that could be considered intermediate (Table
41). In spite of the higher CTX-M-15 mRNA level, all of the isolates were susceptible to
the β-lactam/β-lactamase inhibitor combinations tested except for W15. This isolate was
resistant to piperacillin/tazobactam.
An additional panel of 126 isolates confirmed to be ESBL-positive was used in
the evaluation of ceftolozane/tazobactam. The majority of isolates evaluated (112/126)
(89%) were susceptible to this drug combination when using disk diffusion breakpoints
for piperacillin-tazobactam. Thirteen isolates were considered to be intermediate (10.3%)
to ceftolozane/tazobactam and one isolate was resistant (0.7%) (Table 42).

TZPb
23
23
17
17
22
21
24
23
25
21
22
26
23
25
27

TOL/TAZa
21
22
23
21
22
19
20
20
30
21
21
28
21
24
23

a; ceftolozane (30μg) and tazobactam (10μg)
b; piperacillin (30μg) and tazobactam (10μg)
c; cefotaxime (30μg)
d; cefotaxime (30μg) and clavulanic acid (10μg)
e; ceftazidime (30μg)
f; ceftazidime (30μg) and clavulanic acid (10μg)
All measurements are in millimeters

Isolate
CTX-M-15
CUMC 247
C15
H15
W15
XQ12
FHM6
RS059
RS061
RS153
CTX-M-14
C14
D14
La14
XQ13
F044
NL217
10
13
17
10
17
13

10
11
10
12
11
9
9
9
16

CTXc

24
25
29
22
29
25

28
16
28
28
16
27
10
27
29

CTX/CLAd

23
23
26
22
22
27

20
22
21
14
25
10
26
14
20

CAZe

29
30
33
31
33
32

32
28
32
30
30
27
30
29
30

CAZ/CLAf

Table 41. Disk diffusion susceptibilities for three β-lactam/β-lactamase inhibitor combinations and ceftolozane/tazobactam (TOL/TAZ)
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Table 42. Isolates tested in the evaluation of ceftolozane/tazobactam
Patient
identification
number

CTX-M allele

CTX 30

CAZ 30

TOL/TAZ

TOL/TAZ
susceptibility

Isolates collected from Creighton Microbiology Laboratories or Alegent-Creighton Health
01080449
01150233
03190335
06100135
06160151
06300168
07009115
08170126
09220156
10080490
10080492
9240184
10290280
11030304
12010596
13190425
13080431
13050131
16090415
15080695
15010127
16130180
18140067
16140287
19060645
18260065
20040541
20290001
26020260
27170159
29030287
30010350
30070362
30010370
29040533
29230038
30300389
30210577
CUMC 174
Day14
Lo14
N14
02200144
02260406

CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14 like
CTX-M-14
CTX-M-14
CTX-M-15 like
CTX-M-15 like

7
14
11
6
11
7
16
8
7
7
7
12
8
11
12
10
10
16
9
23
10
6
ND
ND
ND
ND
16
11
10
11
10
6
10
15
11
6
11
11
ND
ND
ND
ND
6
7

21
20
27
19
6
21
22
27
22
22
20
18
23
21
22
22
29
29
23
19
20
22
ND
ND
ND
ND
28
32
21
25
23
20
20
24
21
16
21
23
ND
ND
ND
ND
17
14

21
25
26
27
24
23
25
22
23
21
24
26
24
23
24
21
27
24
24
23
24
23
24
23
26
23
24
25
23
25
21
24
27
26
25
24
28
21
24
26
23
24
24
22

S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
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Continued from Table 42 on previous page
Patient
identification
number
04220544
04300314
04080581
04070425
03240078
03070068
03160195
06190205
07070319
07280311
08100052
09190023
10150025
10290078
12310339
12280364
12280522
15190413
15220548
14170480
13280519
15310184
16050161
16010097
20110381
20300081
20310576
20120056
20080186
19300480
26080036
26100307
27030307
27250013
27290070
28040330
28180626
28260094
30110005
29240118
31070614
30300120
30270362
30210191
30200425
CUMC 275

CTX-M allele

CTX 30

CAZ 30

TOL/TAZ

TOL/TAZ
susceptibility

CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like
CTX-M-15 like

9
10
9
6
21
11
10
13
9
17
8
7
11
7
9
6
6
10
9
10
ND
11
9
9
6
12
9
6
6
6
9
8
16
6
6
6
11
22
6
11
10
6
6
6
13
ND

28
20
16
8
27
23
18
16
22
25
14
10
23
14
14
6
14
17
11
18
ND
18
15
17
13
16
9
6
6
10
16
15
22
19
16
12
19
25
6
22
16
14
6
14
19
ND

23
25
25
23
24
24
24
24
25
25
24
26
18
18
24
14
24
19
27
19
26
22
22
23
23
24
19
20
20
24
23
24
26
19
24
24
30
22
24
24
23
25
22
24
27
25

S
S
S
S
S
S
S
S
S
S
S
S
I
I
S
R
S
I
S
I
S
S
S
S
S
S
I
I
I
S
S
S
S
I
S
S
S
S
S
S
S
S
S
S
S
S
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Continued from Table 42 on previous page
Patient
identification
number
R15

CTX-M allele

CTX 30

CAZ 30

TOL/TAZ

TOL/TAZ
susceptibility

CTX-M-15

ND

ND

24

S

Isolates collected from University of Birmingham and Health Protection Agency
F010
CTX-M-15
ND
ND
24
F024
CTX-M-15
ND
ND
26
F063
CTX-M-15
ND
ND
24
F076
CTX-M-15
ND
ND
19
RS007
CTX-M-15
ND
ND
26
RS074
CTX-M-15
ND
ND
23
RS120
CTX-M-15
ND
ND
28
RS135
CTX-M-15
ND
ND
19

S
S
S
I
S
S
S
I

Isolates collected from University of Seattle Children’s Research Institute
XQ22
CTX-M-14
ND
ND
24
XQ24
CTX-M-14
ND
ND
25
FHM8
CTX-M-15
ND
ND
23
64011
CTX-M-15
ND
ND
24
93372
CTX-M-15
ND
ND
22
29628
CTX-M-15
ND
ND
27
90190
CTX-M-15
ND
ND
21
225249
CTX-M-15
ND
ND
24
282207
CTX-M-15
ND
ND
25
229900
CTX-M-15
ND
ND
22
175104
CTX-M-15
ND
ND
25
218770
CTX-M-15
ND
ND
21

S
S
S
S
S
S
S
S
S
S
S
S

a; CTX 30, cefotaxime 30μg
b; CAZ 30; ceftazidime 30μg
c; TOL/TAZ; ceftolozane (30μg)/tazobactam (10μg)
*All organisms were Escherichia coli
*All measurements are in millimeters
ND; disk diffusion not determined
No disk diffusion breakpoints are currently available for ceftolozane/tazobactam. Susceptibility was
determined by comparing zone sizes to TZP.
Zone diameter breakpoints for TZP S (susceptible) ≥ 21mm; I (intermediate) 18-20mm; R (resistant)
≤17mm.
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Discussion
The CTX-M β-lactamases are one of the most successful stories of antibiotic
resistance (319, 398). The worldwide prevalence of these enzymes is likely attributed to
multiple factors including 1) the overuse of the expanded-spectrum cephalosporins and
fluoroquinolones which can generate high selective pressure for resistance 2) mobile
genetic elements associated with the genes encoding these enzymes which aid in the
capture and dispersal of blaCTX-Ms and 3) the level of mRNA/protein production of the
enzyme contributing to the resistant phenotype.
The goals of this dissertation were to understand the molecular mechanism(s) of
CTX-M mediated resistance in clinical E. coli isolates collected from human urine
specimens. The following specific aims were completed 1) investigated the mRNA
expression of the two most dominant CTX-M alleles, 2) evaluated the level of protein
production of the CTX-M-14 and CTX-M-15 β-lactamases, 3) evaluated the effectiveness
of a new β-lactam/β-lactamase inhibitor, ceftolozane/tazobactam against CTX-Mproducing E. coli, 4) determined the mRNA half-life of the CTX-M-14/CTX-M-15
transcripts, and 5) evaluated the role of plasmid and chromosomally-encoded factors on
mRNA expression. Since CTX-M-15 is the most dominant allele, it was hypothesized
that this gene would be expressed more than CTX-M-14, the second most dominant
allele. Therefore the higher level of expression could be a contributing factor in the
dominance of CTX-M-15-producing organisms. Initial mRNA expression studies
demonstrated that the majority (38/42) of the CTX-M-15 E. coli isolates collected from
various geographical locations were expressed at a higher level compared to the CTX-M14 isolates despite having the same promoter elements and a gene copy number of one.
These findings laid the foundation for studying the CTX-M resistance mechanism.
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A. Assessment of bacterial growth in artificial human urine media in comparison to
laboratory rich media
The CTX-M-producing E. coli strains used in this study were isolated from the
urines of patients with UTIs. Therefore, to simulate as closely as possible the conditions
of human urine, the growth of CTX-M-producing strains (D14 and XQ12) versus the
wild type E. coli K12 were evaluated in artificial urine media (AUM) that was prepared
manually. It was hypothesized that the CTX-M E. coli strains would have a faster overall
growth rate compared to K12 since the organisms had been exposed and adapted to this
environment in the patient. Colony counts did not show a more accelerated growth for the
CTX-M-producing pathogens compared to K12 E. coli when grown in AUM. When
comparing growth in AUM versus MHB, colony counts for the CTX-M-14-producing
strain (D14) at 10 hrs of growth were nearly two logs less (7.85) than when D14 was
grown in MHB (9.84 at 8 hrs of growth). Using conditions that better represented human
urine resulted in lower colony counts for the K12 wild type strain and the CTX-M E. coli
compared to MHB.
The major organic components of human urine include urea, creatinine, and uric
acid. Amino acid and metabolite transporters of E. coli are commonly upregulated during
an active UTI (145). Therefore, the expression of the uric acid transporter gene (ygfU)
was evaluated from cultures of K12, D14 (CTX-M-14), and XQ12 (CTX-M-15) grown in
urine media (270). It was hypothesized that the uric acid transporter gene would be
upregulated in CTX-M-producing clinical isolates. Using the wild type E. coli strain K12
as the comparator, no change in expression of the uric acid transporter in D14 or XQ12
was observed. Because ygfU was not upregulated in the CTX-M E. coli this suggested
that the conditions were either not suitable for use of the transporter or the organisms
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were already adapted from their previous exposure in human urine and did not need the
transporter. It was inferred from this preliminary experiment that AUM would not affect
the level of expression of the CTX-M-14/CTX-M-15 genes. Therefore, CTX-M-14/CTXM-15 expression studies were not completed on strains grown in AUM. Pooling actual
human urine samples and evaluating the growth of CTX-M-producing pathogens in
natural urine may be more representative of this environment. A study by Hagan et al
used a microarray to evaluate the genes in E. coli that were upregulated or downregulated
during a symptomatic UTI. Genes that were upregulated in vivo by the majority of E. coli
strains evaluated were those involved in cell division, translation and tRNA processing,
protein secretion, and iron acquisition. Evidence from this analysis suggested that E. coli
replicates faster in the human urinary tract than in vitro (145). These data provide support
for the use of actual human urine samples in future experiments.
The slower growth rate of K12 and CTX-M-producing strains in AUM compared
to MHB could be due to differences in the media components. A common growth media
in the laboratory is a nutrient rich broth known as Mueller-Hinton broth (MHB) that
provides conditions for optimal growth. MHB contains acid hydrolysate from casein
(casamino acids), starch, and beef extract in addition to calcium and magnesium ions.
The composition of AUM varied from MHB. Peptone provided the amino acids and the
carbon source was supplied by the amino acids, lactate, and citrate (38). In contrast to
MHB that uses beef extract, normal healthy human urine does not contain whole protein.
Therefore, a protein source was not included in AUM. Because the constituents varied
between AUM and MHB, different metabolic pathways may have been stimulated in
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MHB that was responsible for a more accelerated growth rate of K12 and CTX-Mproducing strains.
When AUM was tested by Brooks and Keevil, a chemostat was used and provided
a continuous culture method with a set dilution rate of fresh urinary buffer and constant
growth conditions (pH, temperature, osmolarity) (38). The urinary tract is a dynamic
system and the growth of bacteria is best represented using a continuous culture system.
A chemostat was not available for this experiment so environmental conditions were not
kept constant. It is possible that K12 and the CTX-M-producing clinical strains were very
metabolically active in this media which altered the pH and skewed the viable colony
counts to appear as all strains had a similar growth rate. Optimal growth of E. coli in
pooled urine samples occurs in the pH range of 6-7. pH values below 5.5 and above 7.5
inhibit E. coli growth (16). In contrast to the MHB and AUM growth rates determined in
this dissertation, a previous study by Vimont et al demonstrated that a ST131 E. coli
clone, TN03, had higher metabolic capacity in complex Luria Bertani media, human
urine, and minimal media in comparison to commensal E. coli strain K12 MG1655. Data
from the Vimont study suggested that the ST131 strain had enhanced intestinal
colonization ability which is the first step of uropathogenicity. However, a limitation of
the Vimont study was the number of ST131 strains evaluated (n=1) (368). To determine
if this trend was significant, the growth of additional ST131 E. coli strains would need to
be assessed. Nonetheless, to initiate a successful infection, uropathogens must acquire
essential elements needed to progress from the gut to the urinary tract. This genetic
flexibility of uropathogens aids in survival and growth under adverse environmental
conditions (16, 368). Although studies have used transcriptomes to analyze changes in E.
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coli gene expression during a UTI, a metabolome could provide insight into the metabolic
changes that ST131 CTX-M-producing E. coli undergo when establishing a niche in the
urinary tract. Metabolic changes could also affect the ability of the CTX-M β-lactamase
to be expressed both at the level of transcription and translation.

B. Molecular mechanisms contributing to the production of CTX-M-15 and CTXM-14 β-lactamases
Evaluating the molecular mechanism behind the production of CTX-M-15 and
CTX-M-14 β-lactamases is important because these enzymes are the most prevalent
ESBLs worldwide yet the reason for their epidemiological success remains unknown. It
is possible that part of the dominance relies on the ability of these genes to be expressed.
There are multiple factors that can influence gene expression and subsequently impact
production of a functional protein. The following section will begin to dissect the
possible factors involved in the regulation of CTX-M-14 and CTX-M-15 β-lactamase
expression.

C. Differential steady-state expression among CTX-M-14 and CTX-M-15 isolates do
not correlate with sequence type or phylotype
It was hypothesized that the genetic background of the dominant ST131 clone and
its commonly associated virulent phylotype B2 contributed to the higher level of blaCTXM-15

expression observed. This clonal group of organisms could have modified

chromosomal genes and/or metabolic pathways that could contribute to increases in
blaCTX-M-15 mRNA expression. No relationship could be extrapolated between the level of
CTX-M-15 mRNA, sequence type, and phylotype. Steady-state mRNA expression
analyses revealed an upregulation of CTX-M-15 ranging from 6- to 165-fold higher than
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the CTX-M-14 comparator strain, D14. The higher level of CTX-M-15 expression was
observed in 38/42 isolates. Because this trend was seen in isolates collected from various
geographical locations, the data did not represent a clonal population of isolates.
Furthermore, some E. coli isolates (H15, A15, RS153) evaluated in this panel had less
prominent sequence types and phylotypes such as ST205, ST44, and ST617 and D-1 and
A-1, respectively. However, these isolates still produced mRNA levels that were 20- to
48-fold higher than the D14 comparator. Surprisingly, there were some ST131 CTX-M15 isolates with a B2 phylotype (JJ2053, JJ2243, RS007, RS120) that were actually
downregulated 14-fold compared to D14 or produced an mRNA level similar to D14. The
low CTX-M-15 mRNA levels of these strains could be due to differences in plasmid
backbones or other genetic modifications pending further investigation.
CTX-M-14 mRNA levels ranged from a 2- to 5-fold increase when compared to
D14. This low level CTX-M-14 expression applied to all CTX-M-14 isolates evaluated.
The majority of sequence types and phylotypes among the CTX-M-14 isolates were nonST131 and non-B2. Even though CTX-M-15 is more highly associated with ST131 than
CTX-M-14, there have been increasing reports of CTX-M-14-producing ST131 E. coli in
select studies (280, 281). mRNA expression analyses for two ST131 CTX-M-14producing E. coli that belonged to the phylotype B2 (F044 and NL217) were evaluated.
These isolates had mRNA levels similar to D14. If specific genomic differences of the
ST131 genetic background were responsible for the high level of blaCTX-M-15 expression,
then blaCTX-M-14 expression should have been upregulated in F044 and NL217. However,
there was no upregulation of CTX-M-14 expression in the ST131 E. coli background.
Therefore, sequence type and phylotype were not determining factors in the differential
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expression among blaCTX-M-14 and blaCTX-M-15. These data are complemented by virulence
studies highlighting that the B2 phylotype is not responsible for the virulence or
dissemination of the ST131 clone. The virulence potential of CTX-M-15-producing
ST131 with a B2 phylotype varied when evaluated using an ascending UTI mouse model,
the C. elegans model, and zebrafish embryos (172, 205). Phylotyping and sequence
typing are important tools for investigating the genetic relationship between clinical
pathogenic strains and for epidemiological surveillance and public health decisions but
these genetic characteristics are not associated with differential expression of the blaCTX-M
resistance genes.
There are very few reports in the literature regarding the expression of CTX-M-14
and CTX-M-15 in clinical isolates. One study performed by the Karisik group from the
Health Protection Agency in the United Kingdom evaluated the genetic environment
surrounding blaCTX-M-15 and its mRNA expression levels in local E. coli strains (184).
However, the methodology used in these experiments limit the interpretation of these
data. For example, mRNA expression was conducted by reverse transcriptase PCR
followed by densitometry which is not the most sensitive method for quantitating mRNA
levels. Real-time RT-PCR using sequence specific fluorescent probes or SYBR Green
has become the gold standard for quantitation of a target gene (301). Karisik et al
concluded that CTX-M-15 expression was upregulated but did not define a comparator
for the expression studies and used the OXA-1 β-lactamase gene as an endogenous
control. OXA-1 is a β-lactamase gene typically found on plasmids that carry blaCTX-M-15
(313). It is possible that the copy number of the plasmid or factors that influenced the
blaCTX-M-15 gene also influenced OXA-1 gene expression. A better endogenous control
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would be a housekeeping or maintenance gene. According to the RT-PCR gel photo,
blaCTX-M-15 expression did vary among the E. coli strains evaluated but numerical values
were not assigned (http://www.hpa.org.uk/webc/HPAwebFile/HPAweb_C/
1194947396761 16Th ECMMID2006). Although the Karisik et al study showed
differences in CTX-M-15 expression among the clinical isolates, critical components in
data analysis were lacking and therefore interpretation was not sound.

D. Identification of novel CTX-M promoter elements
The most common upstream element associated with blaCTX-Ms is a full length
ISEcp1 insertion sequence containing the inverted right repeat region, a transposase gene,
and a 3′ non-coding domain prior to the translational start codon (101, 184, 225, 287).
Two transcriptional start sites and subsequently two promoter regions were mapped in
select clinical isolates evaluated in this dissertation. However, using primers specific to
ISEcp1revealed that the upstream sequence for some strains was different (Figure 84;
Results Section H pg 285). These strains came from Dr. James Johnson’s laboratory in
Minneapolis, MN which had previously been collected from various locations worldwide.
Differences in the upstream regions are not surprising because genetic environments
surrounding blaCTX-M can be associated with other insertion sequences, integrons, and
even phage-related sequences (52). Despite having different upstream sequence that
could contain different promoters, the level of CTX-M-15 expression was still
upregulated compared to CTX-M-14 expression levels. Whatever the mobile genetic
element is upstream for the isolates from Dr. Johnson’s laboratory, the promoters were
similar in strength to the promoter within the non-coding region of ISEcp1 that was
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identified for the majority of isolates in this dissertation. Further investigation of these
upstream elements is warranted.
Similar to the promoter mapping experiments outlined in this dissertation,
previous studies have also identified two promoter elements for blaCTX-M expression;
however one of the promoters did not match the promoter regions mapped in the isolates
I evaluated (101). One promoter identified from my studies contained putative -10 and 35 promoter elements of TACAAT and TTGAAA that were associated with a
transcriptional start site (adenine residue) located 110 bp and 116 bp upstream of CTXM-14 and CTX-M-15, respectively. These promoter elements correlated with σ70
consensus -10 and -35 sequences of TACAAT and TTGAAA, respectively. This
promoter region was located in the 3′ non-coding terminus of ISEcp1 and is regarded as
the typical promoter that drives CTX-M-15 expression and has been identified by others
(101, 184, 225, 287). Unlike the Dhanji et al study, I identified a second promoter within
ISEcp1 that contained -10 and -35 elements of TATACT and TTGCTT. The
transcriptional start site associated with this promoter was an adenine residue positioned
552 bp and 558 bp upstream of the translational start codon of CTX-M-14 and CTX-M15, respectively. Dhanji et al mapped an alternative promoter in an IS26 element that
flanked a truncated ISEcp1 element. This alternative promoter had -10 (GGGGATGAT)
and -35 elements (TTCATG) lying 115 bp and 140 bp from the start codon of CTX-M15. Both of these promoter binding sequences had very little similarity to the σ70
consensus -10 and -35 elements. Additionally, this promoter produced weaker blaCTX-M-15
expression as determined by lower cefotaxime and ceftazidime MICs than isolates
containing an intact ISEcp1 element. Cefotaxime and ceftazidime MICs using the
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promoter within IS26 to drive blaCTX-M-15 expression were 4μg/ml and 0.5μg/ml in
comparison to the promoter within the non-coding region of ISEcp1 that produced MICs
of 16-64μg/ml and 2-4μg/ml, respectively (101).
A publication by Poirel et al (2003) mapped the start sites of transcription for
blaCTX-M-19; a member of the group 9 CTX-M family that also contains CTX-M-14. CTXM-19 was associated with ISEcp1B that differed from ISEcp1 by three nucleotide
substitutions located at nucleotide positions 711, 1322, and 1528 and an amino acid
substitution (Q179R) (GenBank accession number AF458080). This group mapped the
same proximal promoter region that I identified in the 3′ non-coding region of the ISEcp1
element with -10 and -35 promoter elements of TACAAT and TTGAAA, respectively.
blaCTX-M-19 also had the 42 bp spacer region I identified for blaCTX-M-14 that separated the
inverted right repeat of ISEcp1B from its translational start codon. Since CTX-M-14 and
CTX-M-19 belong to the same CTX-M group, this spacer region was expected to be the
same. Even though Poirel et al located the same proximal promoter region, a different
transcriptional start site was identified. Using primer extension analysis, a guanine
residue was mapped 113 bp upstream from the translational start codon of blaCTX-M-19.
This transcriptional start site was 3 bp away from the one identified for blaCTX-M-14 and
blaCTX-M-15 discussed in this dissertation (287). Although a guanine residue can be used
as a transcriptional start site, adenine is more commonly used; the nucleotide I identified
for both transcriptional start sites of CTX-M-14 and CTX-M-15 (317). Poirel’s group
used a primer extension assay to determine the start of transcription for CTX-M-19. This
methodology has an accuracy of +/- 3 nucleotides (327).
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Regardless of the method used to map the transcriptional start sites, the dominant
promoter region within the ISEcp1 non-coding region was identified by multiple
investigators (101, 184, 225, 287). Therefore, I wanted to determine the influence of each
promoter on blaCTX-M-14 and blaCTX-M-15 steady-state expression levels in addition to βlactam resistance. A series of deletion clones in an E. coli K12 background were
constructed that subsequently removed each promoter element and transcriptional start
site. Removal of the distal promoter within ISEcp1 demonstrated that the proximal
promoter within the 3′ non-coding region of ISEcp1 was responsible for blaCTX-M-14/CTX-M15

expression and for conferring a cefotaxime or ceftazidime resistant phenotype. When

the distal promoter elements and transcriptional start site were removed, both sets of
deletion clones remained resistant to cefotaxime (256μg/ml) and the CTX-M-15 deletion
clones also remained resistant to ceftazidime. However, a decrease in cefotaxime and
ceftazidime MICs by 16-fold and 6-fold, respectively was observed for the CTX-M-14
deletion clones when the -35 element from the proximal promoter was removed (clone
E). Only a 3-fold decrease in the cefotaxime MIC was observed for CTX-M-15 deletion
clone E compared to clone D. Ampicillin, cefepime, and aztreonam MICs decreased by
8-, 12-, and 8-fold for CTX-M-14 deletion clone E compared to clone D. There was also
a decrease in ampicillin, cefepime, and aztreonam MICs for CTX-M-15 deletion clone E
by 4-, 32-, and 32-fold, respectively. However, perplexing data were seen with the levels
of mRNA produced by these deletion clones. The full length proximal promoter/CTX-M15 clone (D) and the clone with the proximal -35 promoter element removed (E),
indicated only a 4-fold and 5-fold decrease in mRNA expression, respectively.
Unexpectedly, CTX-M-14 expression from these same clones was upregulated 2-fold.
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These data indicate a discrepancy between the RNA and MIC data generated for each
clone. It is possible that the level of mRNA expression of blaCTX-M-14 and blaCTX-M-15 was
influenced by a cryptic promoter created upstream of the PCR insert due to manipulation
of the vector during the cloning procedure. However, if a cryptic promoter was present,
this was not reflected in the MIC. These data indicate a conundrum that could possibly be
explained by the differences in the sequences of the structural genes for CTX-M-14 and
CTX-M-15.
Unlike the RNA data for the deletion clones, CTX-M-14 and CTX-M-15 βlactamase production somewhat correlated with the MIC data. The biggest decrease in
MIC for the majority of drugs evaluated occurred with clone E, a construct that had the
proximal -35 promoter element removed. CTX-M-14 and CTX-M-15 β-lactamase
production for clone E was decreased by 2-fold and increased by 4-fold compared to each
full length clone, respectively. When the -35 element from the proximal promoter was
removed from the CTX-M-14 deletion clone, a decrease in the cefotaxime MIC from
>256μg/ml to 16μg/ml was observed. A decrease in the cefotaxime MIC from >256ug/ml
to 96ug/ml was noted for CTX-M-15 deletion clone E. Therefore with deletion clone E,
CTX-M-14 and CTX-M-15 β-lactamase production still occurred. However, the amount
of CTX-M-14 β-lactamase produced was not at a level to confer resistance to cefotaxime
(16μg/ml). CTX-M-15 β-lactamase production from clone E still resulted in a cefotaxime
resistant phenotype with an MIC of 96μg/ml. However, no protein production could be
detected for the CTX-M-14 and CTX-M-15 deletion clones F and G. These findings
corresponded to susceptible cefotaxime and ceftazidime MICs for both sets of deletion
clones. A decrease in protein production was anticipated as no promoter elements were
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incorporated in clones F and G to drive CTX-M expression. Another finding of interest
from the Western analysis on the deletion clones was the presence of two protein
products when the distal or proximal promoter elements for both clones were removed
(clones B, C, D, E; Figures 90-91; Results Section K pg 288). One product represented
the CTX-M protein and another product was slightly larger in size (~38 kDa). No in
frame start codons upstream of blaCTX-M-14 or blaCTX-M-15 were identified to explain this
extra band. This band was not observed for clones F and G, suggesting it was an artifact
of the deletion clone analysis.
The transcriptional mapping and deletion clone experiments demonstrate the
complexity of CTX-M expression regulation. It is possible that these promoters may
require the use of different cofactors or global regulators as a means of differential
expression. In attempts to try and explain the oddities seen with the deletion clone mRNA
expression data, I searched for potential binding sites for global regulatory proteins
upstream of the CTX-M structural gene. Located in the transposase of ISEcp1 is a
putative H-NS (histone-like nucleoide structuring region) binding site. This global
regulatory protein binds to curved DNA which is commonly found at promoter regions
and facilitates DNA bending and looping (105-107). It was hypothesized that H-NS was
binding to the distal promoter region, causing looping of the DNA and trapping the
RNAP resulting in variation of CTX-M-14 and CTX-M-15 mRNA expression. The
presence of the H-NS site was present in deletion clone C and was removed with the
construction of deletion clone D (this applied to both sets of clones). Because H-NS
preferentially binds to intrinsically curved DNA, clones were constructed based on the
helical turns of DNA which occur approximately every 10 bp. mRNA expression of
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blaCTX-M-14 and blaCTX-M-15 both with and without the H-NS site exhibited no change.
According to the literature, the effects of H-NS on gene expression are minor and range
from a 2- to 5-fold downregulation. A previous study by Muller et al (2006) illustrated
that the lack of H-NS had significant effects on the expression of more than 500 genes in
uropathogenic E. coli. This study used DNA macroarrays to monitor the effects of H-NS
on a global scale. Results from this study suggested that H-NS is significant in the
adaptation of UPEC to high osmolarity and low pH conditions. UPEC in comparison to
other extraintestinal E. coli are subjected to these stressful parameters in order to initiate
a UTI. Hence, H-NS could be influential in the urovirulence of CTX-M-producing E. coli
pathogens (244).
It is possible that H-NS does not bind to the CTX-M promoter regions or that
deletion clone analysis is not sensitive enough to evaluate the role H-NS may play in
CTX-M gene regulation. During the construction of the deletion clones, the topology and
curvature of the DNA at the CTX-M promoter regions could have also changed and
prevented the binding of the H-NS protein. To further examine if H-NS was binding to
the distal CTX-M promoter region a DNA footprint analysis could be performed. Lucht
et al used a DNase I footprint to show that the H-NS protein preferentially binds to the
proU regulatory region (proVWX), an operon that encodes a transport system for the
osmoprotectant glycine betaine that is found in human urine. H-NS prevents the
transcription of the proU operon in E. coli when in low osmolarity environments by
preventing the RNAP from accessing the promoter region or by preventing the formation
of a productive RNAP-proU promoter initiation complex (222).
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The binding site for an additional transcription factor known as Rob (right origin
binding protein) has been identified in the ISEcp1 element upstream of blaCTX-M in the
majority of isolates evaluated in this dissertation. Dr. Philip Kurpiel located the Rob
binding site upstream of blaCMY-2 in the transposase of ISEcp1.Gel mobility shift assays
showed the binding of Rob to the upstream ISEcp1 sequences in vitro. Therefore, Rob
could be binding to the promoter identified within ISEcp1 among the CTX-M E. coli
strains. Rob is a transcription factor found in E. coli that functions in the regulation of
genes involved in resistance to antibiotics, heavy metals, and organic solvents in addition
to virulence. Rob is a paralogue of MarA and SoxS all of which belong to the AraC
family of transcriptional factors. Previous studies have shown that MDR strains of E. coli
constitutively express members of this family. Rob regulates the expression of many
genes by binding to a degenerate sequence known as the marbox or soxbox located in the
promoter region of the gene of interest. Studies predicted that the AraC family of proteins
played a role in the initiation of infection. In a mouse model of ascending pyelonephritis,
a triple knockout of marA, soxS, and rob caused a dramatic decrease in the virulence of
the E. coli strain, making it unable to maintain colonization in the kidney (11, 57). The
RobA and RobB boxes located in the transposase of ISEcp1 associated with blaCTX-M-14/15
have 56.5% homology with the consensus residues. Furthermore, there are approximately
10,000 molecules of Rob housed by each E. coli cell and yet these molecules have little
activity in the cell. Rosner et al showed that treatment with 2, 2′ or 4, 4′ dipyridyl
activated Rob mediated transcription at various Rob promoters (318). Previous studies in
our laboratory have demonstrated Rob activation upon treatment with ceftazidime (192).
Similar studies could be completed to determine if Rob has an effect on the expression of
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blaCTX-M upon treatment with cefotaxime or other antibiotics such as a fluoroquinolone or
trimethoprim-sulfamethoxazole.

E. The role of chromosomal factors on steady-state CTX-M expression differences
The influence of the genetic background on differential CTX-M gene expression
was evaluated using K12 and ST131 E. coli transformants. It was hypothesized that the
ST131 (FHM35) transformant would show a higher level of expression if the genetic
makeup of ST131 was impacting steady-state expression differences. The structural gene
and promoter regions were PCR amplified from the native clinical background, ligated
into 2 different vectors (pACYC184ΔCPP and pMP220), and transformed into a wild
type K12 E. coli host or a CTX-M negative ST131 E. coli strain (FHM35). Interestingly,
the two genes were still differentially expressed regardless of the vector or genetic
background evaluated. CTX-M-15 mRNA levels were upregulated 11-fold and 17-fold in
comparison to CTX-M-14 mRNA when the genes were expressed from
pACYC184ΔCPP and pMP220 vectors, respectively. These data indicated that the
genetic background of the clinical isolate was not contributing to the upregulation of
CTX-M-15 and perhaps factors encoded by the clinical plasmid could be involved in the
expression of CTX-M-14 and CTX-M-15.

F. Conjugation studies indicate plasmid incompatibility for CTX-M-14 plasmids
Most of the CTX-M genes described in the literature are carried on large (>100
kb) plasmids (30, 51, 52, 319, 398). The genes evaluated in this dissertation were no
exception. The CTX-M-15 genes in this study were detected on plasmids ranging in size
from 70 kb to 120 kb. The CTX-M-14 genes were found on plasmids ranging from 120
kb to 160 kb. Transconjugants were created from three clinical strains including XQ12,
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C15, and XQ35. The CTX-M-15 containing plasmids from these strains were able to
transfer into J53, K12 MG1655, and FHM16 E. coli backgrounds. The transfer of the
CTX-M-14 containing plasmids was more difficult compared to the movement of the
CTX-M-15 plasmids. The CTX-M-14 plasmid could only be transferred into the J53 E.
coli host and would not mobilize into the intermediate Salmonella strain (SalLT2) or the
final recipient strains of K12 MG1655 and FHM16. These data suggested that plaamids
harboring CTX-M-15 are more transmissible than CTX-M-14 plasmids which could
contribute to the worldwide dissemination of CTX-M-15-producing organisms. It is
possible that the inability of the CTX-M-14 plasmid to transfer into SalLT2 was due to
plasmid incompatibility (54). Plasmids that use the same replicon cannot coexist with one
another and, therefore, the incoming CTX-M-14 plasmid may not have been able to be
maintained in the SalLT2 host (367). To confirm the incompatibility groups or replicons
for the plasmids carrying CTX-M-14 would require plasmid-based replicon typing (54).
The association of blaCTX-Ms with the IncF family of plasmids has been well documented
(51, 52, 104, 108, 237, 385, 398). IncF plasmids continue to evolve and create new
variants with multi-replicons which affect the frequency of successful plasmid transfer
into other strains that harbor plasmids (54, 104, 215). Salmonella enterica serovar
Typhiurium strains can contain many different antibiotic resistance genes that have been
found on IncF and IncHI type plasmids (124). Therefore, unsuccessful CTX-M-14
plasmid transfer could be due to the sharing of the IncF replicon among SalLT2 and the
CTX-M-14-producing strains. It is also possible that the size of the CTX-M-14
containing plasmid could impact its ability to be maintained and propagated in the final
host strain. Plasmids that harbored the CTX-M-14 gene were slightly larger (~120 kb to
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~160 kb) than the plasmids containing blaCTX-M-15 (~70 kb to ~120 kb). These large
plasmids could be a fitness disadvantage for some hosts (108).
Another possible factor that could contribute to unsuccessful conjugation with
CTX-M-14 isolates is the presence of CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) RNAs in the recipient strains. These sequences are transcribed into
small RNAs that direct CRISPR associated proteins to incoming foreign DNA resulting
in cleaving of the genetic material (376). These RNAs are a way for bacteria to respond
quickly to foreign DNA that has previously been found in the cell (365). This system has
been described as a prokaryotic immune system. Upon bacteriophage infection or
invasion of new DNA such as a plasmid, CRISPR arrays acquire new repeat spacer
regions that specify the targets of CRISPR associated protein interference. Therefore the
length of the spacer region is reflective of past invasions (230). It is possible that SalLT2
possessed CRISPR RNAs that recognized DNA from the CTX-M-14 plasmid resulting in
cleavage. Attempts were made to transfer the CTX-M-14 plasmid into SalLT2 (which
contains its own clinical plasmid ~155 kb) but the transferred plasmid was always
smaller than the parent plasmid. D14 possessed two plasmids that were approximately
165 kb and 95 kb in size (Figure 86; Results Section I pg 290). After transfer into
SalLT2, three plasmids were extracted that ranged in size from greater than 165 kb, 145
kb, and 90 kb (Figure 147; Results Section S pg 332). Plasmid analysis suggested
possible cleavage and recombination events.

G. The role of plasmid-encoded factors on steady-state CTX-M expression
differences
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The genetic background of the K12 transformants suggested that genetic
mutations associated with the sequence type of the clinical organism was not responsible
for the differential mRNA expression observed between CTX-M-14 and CTX-M-15
genes. Therefore, it was hypothesized that a plasmid-encoded factor(s) located on the
clinical CTX-M-15 containing plasmid caused higher CTX-M-15 steady-state mRNA
expression levels. Three sets of CTX-M-15 transconjugants in the J53, K12, and FHM16
E. coli backgrounds and two sets of CTX-M-14 transconjugants in the J53 E. coli
background were evaluated. Regardless of the genetic background harboring the CTX-M
containing plasmid, expression levels were similar to the original clinical isolate from
which the transconjugant was created (Table 39; Results Section T pg 348). The
transconjugant data indicated that the CTX-M containing plasmid was important in part
for the regulation of CTX-M steady-state expression.

H. The role of the spacer domain on steady-state CTX-M expression differences
The spacer domain is the region of sequence that separates the inverted right
repeat of ISEcp1 from the translational start codon of blaCTX-M-14 and blaCTX-M-15. This
region was the only upstream sequence that differed between these two genes. The CTXM-14 and CTX-M-15 isolates in this study contained either a 42 bp or 48 bp spacer
sequence, respectively. It was hypothesized that the spacer region was involved in the
differential CTX-M expression observed. The role of the spacer region was examined by
creating luciferase transcriptional fusions. The native CTX-M promoters with and
without the spacer domain were ligated in front of the luciferase gene and luciferase
expression was examined in a K12 E. coli background. This spacer region exhibits
differences in secondary structure that could affect the ability of the RNA polymerase to
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transition into the structural CTX-M genes resulting in promoter pausing or a stuttering
effect. Promoter pausing can occur at specific sequences or can be stress induced. This
effect enhances the potential for RNAP collisions leading to microbursts. With this event,
RNA production occurs at a much faster rate compared to the average time interval
between transcription initiation events (300). The spacer region of CTX-M-15 could
cause more promoter stuttering, leading to microbursts, and more CTX-M-15
transcription initiation events. If the hypothesis holds, then differential luciferase
expression was expected among the transcriptional CTX-M promoter/luciferase fusions.
However, no difference in luciferase expression was observed for any of the constructs.
These data indicated that the spacer region did not contribute to the differences between
CTX-M-14 and CTX-M-15 mRNA steady-state expression levels. Additionally, the
differences in secondary structure between the spacer regions for CTX-M-14 and CTXM-15 did not affect steady-state expression or mRNA degradation rates for luciferase
(Table 37; Results Section O pg 310 and Figures 176-178; Results Section T pg 346347).
A study by Ma et al demonstrated that spacer size influenced the expression of
blaCTX-M-3. When evaluating a strain with a 42 bp spacer versus a strain that had a 127 bp
spacer, higher CTX-M-3 expression and hydrolytic activity were observed for the strain
with the smaller spacer domain. CTX-M-3 encoded by the recombinant plasmid with the
42 bp spacer (IS42CTX-M-3) had a 16-fold higher level of cefotaximase activity
(2961±174 nmol min-1 mg-1) compared to the recombinant plasmid with the 127 bp
spacer (184±14 nmol min-1 mg-1) (IS127CTX-M-3). IS42CTX-M-3 had 4-fold or higher
MICs to cefotaxime, cefepime, and aztreonam compared to IS127CTX-M-3. Another
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factor that could have contributed to higher MICs was the copy number of the
recombinant plasmids which was not determined by Ma et al. This study suggested that
the difference in the distance of ISEcp1 to the start of the CTX-M gene could contribute
to differences in promoter strengths and hence expression of the CTX-M gene
downstream (225). A study that reinforced these findings showed that a 7 bp deletion in
the spacer domain that separated the qnrA gene (quinolone resistance protein) from its
promoter increased the MIC to ciprofloxacin from 0.0094-0.125μg/mL to 1.0μg/mL
(392). If the spacer size influenced CTX-M steady-state expression as suggested by the
Ma and Xu et al studies, then the shorter spacer sequences associated with the CTX-M-14
isolates should have resulted in a higher level of CTX-M-14 expression compared to the
48 bp spacer region associated with the CTX-M-15 isolates.

I. The contribution of mRNA half-life on steady-state CTX-M expression differences
The spacer domain did not contribute to differences in steady-state expression.
However, the spacer regions were located in the 5′ UTRs of the transcripts which can
contain regulatory sequences that affect mRNA degradation rates (224, 228). Because the
5′ UTRs of the CTX-M-14 and CTX-M-15 transcripts differed in secondary structure, it
was hypothesized that the mRNA half-lives between the two transcripts may differ. The
average half-life of an E. coli transcript is ~2 minutes (369). 14/17 CTX-M-14 isolates
had mRNA half-lives of less than two minutes. The remaining CTX-M-14 isolates had
mRNA half-lives of approximately three minutes. These half-lives are in stark contrast to
the CTX-M-15 isolates of which 15/25 CTX-M-15 producers had extended half-lives of 8
to 15 mins. Those CTX-M-15 isolates that did not have this extended half-life had
transcript half-lives of 5 mins or less.
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Relatively short lived transcripts are only subjected to a few rounds of translation
before mRNA degradation begins and translation halts (224). This short lived half-life
was portrayed in the majority of the CTX-M-14-producing E. coli evaluated in these
studies. Transcripts with longer half-lives such as CTX-M-15 have the potential to
achieve high level gene and protein expression. Possessing a longer half-life is
economically advantageous for the cell since mRNA turnover requires consumption of
the cell’s energy supply. It has been suggested that the success of CTX-M-15-producing
ST131isolates possess an overall fitness advantage (172, 313, 368). Perhaps this could be
due to the extended half-life of CTX-M-15 which decreases the rate of mRNA turnover,
thus diverting the cell’s energy supplies to other infection initiation tactics.
The determination of mRNA decay rates for other β-lactamase genes in the
literature is vague. Few studies have shown how a stabilized transcript affects steadystate gene expression. Previous studies in our laboratory have demonstrated that the
Serratia marcescens ampC β-lactamase transcript had a longer than normal half-life of 7
minutes due to a stem-loop structure in its 5′ UTR (228). The presence of stem-loops in
the 5′ UTRs associated with the cspA, cspB, cspI, and ompA genes are known to
contribute to the stability of these transcripts (13, 113, 210, 228, 370). The 5′ UTRs of
blaCTX-M-14 and blaCTX-M-15 do have considerable secondary structure that could play a
role in mRNA stability (Figure 96A and B; Results Section N pg 307). It was
hypothesized that the CTX-M-15/luciferase transcriptional fusion would have an
extended mRNA half-life compared to the CTX-M-14/luciferase transcriptional fusion if
secondary structure within the 5′ UTR was causing mRNA stabilization. The luciferase
mRNA half-lives for both constructs were less than 2 mins. These data provide evidence
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that the differences in secondary structure located in the 5′ UTR were not responsible for
the differences in mRNA half-lives among the blaCTX-M-14/CTX-M-15 transcripts.
The mRNA half-lives in this dissertation are represented by graphing the percent
transcript remaining versus the time points from which rifampicin treated culture was
taken. The percent transcript remaining at each time point was calculated as a relative
expression ratio using real-time PCR primer efficiencies and cycle threshold (CT) values
for a target gene (CTX-M-14 or CTX-M-15) and a reference gene (16S rRNA) (275).
Although this is the typical way to illustrate mRNA half-life data, a publication by
Luciano et al used a different approach known as the MAK2 (Mass Action Kinetic model
with 2 parameters) model (29). This mode of analysis calculated the initial amount of
cDNA produced at each time point. mRNA half-lives were calculated using linear
regression analysis and a semilogarithmic plot of mRNA concentration versus time points
post addition of rifampicin. The mRNA half-lives in the Luciano study were an average
of three measurements (223). All mRNA half-life studies presented here were only
completed one time due to the cost associated with this type of experiment. Completing
two additional mRNA half-life studies per clinical isolate would provide statistical
significance to the data. Another study that used the semilogarithmic plot to calculate a
transcript’s half-life did not measure mRNA remaining until at least two minutes
following addition of rifampicin. Emory and Belasco stated that this time point was
chosen for the beginning of the experiment to allow completion of nascent transcripts
(113). This experimental set-up mimicked the mRNA half-life studies presented in this
dissertation but analysis varied. Our mRNA half-lives were recalculated using the method
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of Emory and Belasco and a least squares analysis. These two types of analysis produced
similar mRNA half-life values (Table 38; Results Section R pg 329).
The degree of polyadenylation can affect the stability of a transcript. The average
length of a poly(A) tail on an E. coli transcript is 10-40 nucleotides. Previous studies
have shown that the length of a poly(A) tail results from a competition between poly(A)
polymerase I (PAP I) and exoribonucleases that degrade RNA at the 3′ end. The longer
the poly(A) tail, the shorter the mRNA half-life for a bacterial transcript (111, 260). The
poly(A) tail has been thought to serve as a binding site and scaffold for RNase E to
begincleavage. Hfq (host factor I) also stimulates the synthesis of long poly(A) tails by
poly(A) polymerase I which contributes to the destabilization of the mRNA. Not only
does Hfq stimulate poly(A) extensions, these oligo(A) tails serve as the preferential
binding site for this protein. Once Hfq binds to mRNA it converts PAP I into a processive
enzyme that rapidly extends mRNA with an oligo(A) tail. No polyadenylation studies
have been completed on CTX-M transcripts. The length of the poly(A) tracts on the
CTX-M-14 and CTX-M-15 transcripts could be determined using a poly(A) tail sizing
assay by O’Hara et al (260). The CTX-M-14 transcript could have a higher degree of
polyadenylation which could be attributed to the binding of Hfq, leading to a shorter halflife (146). The Hfq binding site could be mapped by an enzymatic RNA footprinting
experiment. This type of analysis could show if a segment of the CTX-M-14 5′ UTR was
bound by Hfq which could decrease the mRNA half-life.
Not only does Hfq stimulate poly(A) tail formation, this protein can also affect
ribosome loading at the RBS, which can expose RNase E sites, leading to transcript
degradation (210, 370). Hfq could prevent ribosome binding at the CTX-M-14 RBS and
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therefore, expose RNase E cleavage sites that could be present in the 5′ UTR resulting in
a shorter mRNA half-life. Hfq could shield part of the RBS or induce a conformational
change in the mRNA that decreases the translatability of the CTX-M-14 transcript. High
A/U content rather than a consensus sequence is efficient for RNase E cleavage. A/U rich
nucleotide stretches are present in the 5′ UTRs of both CTX-M-14 and CTX-M-15 and
therefore an RNase E cleavage assay using 32P labeled oligonucelotides could be
performed to determine the number of sites present. Even if polyadenylation and Hfq did
not affect CTX-M transcript stability, the presence of more RNase E cleavage sites would
cause a more rapid degradation of the transcript (179).

J. A plasmid-encoded factor controls the extended CTX-M-15 mRNA half-life
There are multiple factors that can affect mRNA stability as alluded to in the
previous section. The extended half-life of the CTX-M-15 transcript prompted an
investigation of the role of chromosomal and plasmid factors on mRNA stability. mRNA
half-life studies were completed on the K12 transformants and transconjugants. The
CTX-M-15-producing isolate, XQ12 and its J53, K12 MG1655, and FHM16 E. coli
transconjugants had prolonged mRNA half-lives of 7 to 10 minutes. The D14 and XQ10J53 transconjugants had mRNA half-lives identical to their clinical donor strains.
However, both the CTX-M-15 and CTX-M-14 K12 transformants and the CTX-M-15
ST131 transformant had mRNA half-lives of less than 2 mins. Taken together, these data
suggested that factors encoded on clinical plasmids carrying blaCTX-M-15 influence the
mRNA half-life of the transcript.
Common elements found on CTX-M containing plasmids are plasmid-addiction
modules which are protein antitoxin- or plasmid antisense RNA-regulated systems (67,
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237). Some of these systems and their respective functions include CccA-CccB (coupled
to cell division), PemK-PemI (emergency plasmid maintenance), RelB-RelE (relaxed
control of stable RNA), ParD-ParE (DNA replication), VagC-VagD (virulence associated
protein), Hok-Sok (host killing), SrnB-SrnC (RNA stability), and PndA-PndC (promotion
of nucleic acid). Mnif et al examined the addiction systems harbored by plasmids in
relationship to their replicon type and ESBL carriage. The SrnB-SrnC plasmid addiction
module could be a potential candidate for the stabilization of the CTX-M-15 transcript.
However, not all CTX-M-15 plasmids evaluated in the Mnif study contained the SrnBSrnC TA system which suggested that the mRNA half-life of CTX-M-15 was controlled
by some other plasmid factor. Even though these TA systems may not contribute to CTXM mRNA stability, they could still help with maintenance of the CTX-M-15 and CTXM-14 plasmids in the host organism and their spread in the E. coli population. Other
factors that have been found on CTX-M containing plasmids are open reading frames
encoding putative sRNAs such as Hfq, nucleoide associated proteins including H-NS,
StpA, and IHF, and transporters/enzymes that makeup different metabolic pathways
including UgpB (glycerol-3-phosphate binding protein) and arginine deaminase (ArcA)
(124, 385). These factors could influence the mRNA half-life of the CTX-M-15 transcript
pending further investigation.
Plasmid-encoded antisense RNAs have been reported to regulate the promotion or
inhibition of mRNA degradation. Nearly all antisense RNAs encoded by plasmids result
in mRNA instability and degradation. For example, λ-OOP RNA facilitates RNase III
dependent decay of the cII mRNA. Plasmid pJM1 expresses the antisense RNA-alpha
(RNAα) that destabilizes fatA and fatB mRNA in Vibrio anguillarum (36). One plasmid-
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encoded antisense RNA has been documented to exert a stabilizing effect which includes
GadY on gadX-mRNA (262). It is possible that an antisense RNA coded for on the CTXM-15 harboring plasmid could cause stabilization of the CTX-M-15 transcript resulting
in an extended mRNA half-life.

K. The role of heterologous promoters on the expression of CTX-M-14 and CTX-M15.
It was established that mRNA half-life was controlled by a plasmid-encoded
factor and the differential steady-state expression was regulated in part by a factor
encoded on the clinical plasmid. However, differential mRNA expression among the K12
transformants required further investigation and suggested another mechanism of CTX-M
regulation. The spacer region did not contribute to differences in CTX-M-14 and CTXM-15 mRNA expression, and therefore the role of the structural gene on its own
transcription initiation events was examined. Only the CTX-M-14/CTX-M-15 structural
genes were amplified and ligated into the broad host range vector, pUCP26. Expression
of the CTX-M genes was driven by the lacZ promoter. Because lacZ is a strong promoter,
expression of CTX-M-15 was approximately 195-fold higher than CTX-M-14. The
translatability of these constructs was evaluated by Western blot using the polyclonal
CTX-M-14/CTX-M-15 specific antibody. It was hypothesized that the amount of CTXM-15 β-lactamase would correlate with the level of CTX-M-15 mRNA. The CTX-M-15
β-lactamase was detected on Western blot but the protein was not overproduced.
Surprisingly, CTX-M-15 protein levels were downregulated 2-fold compared to the
CTX-M-15 K12 transformant. Production of the CTX-M-14 β-lactamase from the lacZ
construct was not detected. No bands appeared on the Western blots even with increased
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amounts of protein (Figures 102-103; Results Section Q pg 315). The CTX-M-14
transcript may require its native 5′ and 3′ UTRs in order to produce a functional CTX-M14 protein.
The mRNA expression data from the lacZ clones seemed to be exaggerated
because of the strength of the lacZ promoter. Therefore, the chloramphenicol promoter of
the pACYC184 vector was used. Expression of CTX-M-15 was still upregulated but only
7.5-fold in comparison to CTX-M-14. These data were similar to the CTX-M-15 mRNA
level produced by the native CTX-M promoters in the K12 transformant (11-fold
increase). Regardless of the promoter driving CTX-M-15 expression, CTX-M-15 mRNA
levels were upregulated when compared to CTX-M-14 gene expression. These data
suggested that there was not an element upstream within the vector affecting transcription
initiation but something within the CTX-M-15 gene itself. The role of the structural gene
on transcription initiation events has not been documented in prokaryotes. It is possible
that a region within the CTX-M-15 transcript is more prone to intrinsic bending or
looping that enables it to make contact with the RNA polymerase and influence
transcription initiation events.

L. The role of the CTX-M structural gene on transcription initiation events
CTX-M-14 and CTX-M-15 gene fusions were created to evaluate the ability of
the CTX-M-15 structural gene to affect its own transcription initiation. mRNA analysis
of the CTX-M chimeras suggested that the feature controlling part of the observed
difference in the level of steady-state transcription was located in the 5′ half of the CTXM-15 gene. When using the CTX-M-14 CAT promoter clone as a comparator, the CTXM-15/CTX-M-14 fusion was upregulated 31-fold whereas the CTX-M-14/CTX-M-15
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reverse fusion construct was upregulated 7.5-fold (Figure 193; Results Section U pg 358).
The reverse fusion construct was also missing 83 bp within the CTX-M-14 gene fragment
that could have contributed to the decreased expression levels. These data suggested that
there was an element within the 5′ half of CTX-M-15 that caused a greater number of
transcription initiation events compared to CTX-M-14 which could be responsible for the
higher steady-state CTX-M-15 mRNA levels observed. The creation of gene fusions
among β-lactamase genes has not been reported in the literature. There are naturally
occurring CTX-M hybrids including CTX-M-64, CTX-M-123, and CTX-M-132 that are
thought to have arisen via homologous recombination but this has not been confirmed
(52, 152). For example, the N- and C- termini of CTX-M-64 are CTX-M-15-like (amino
acids 1-135 and 234-291) and the middle of the gene is CTX-M-14-like (amino acids
122-241) (Figure 206).
To avoid the 83 bp deletion during the construction of the CTX-M-14/CTX-M-15
chimera, synthetic DNA could be obtained for the desired sequences. This construct
would determine if the 83 bp internal deletion was contributing to expression differences
between the CTX-M chimeras. It would also be interesting to examine the transcription
of the naturally occurring CTX-M hybrids in comparison to the fusions generated for this
study and the original clinical CTX-M-14- and CTX-M-15-producing isolates. The level
of mRNA expression from the natural hybrid, CTX-M-64 is hypothesized to be similar to
the steady-state CTX-M-15 mRNA levels observed in this study due to functional
similarities among the enzymes. Nagano et al showed that blaCTX-M-64 was associated
with ISEcp1 upstream and a 45 bp spacer sequence that resembled the 48 bp spacer
domain of blaCTX-M-15. CTX-M-64 had high catalytic activities (Kcat/Km) against
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Figure 206. Comparison of the amino acid sequences of the CTX-M-64 β-lactamase
with those of the CTX-M-15-like and CTX-M-14 β-lactamases. The structural
elements that are characteristic of the class A β-lactamases are boxed. The amino
acids of the omega loop are underlined. Taken from Nagano et al 2009 (249).

cefotaxime and ceftazidime, which is a characteristic of the CTX-M-15 β-lactamase.
Interestingly, the catalytic efficiency of CTX-M-64 against ceftazidime could not be
determined because of an extremely high Ki value (249). Two amino acid substitutions
are known to contribute to increased ceftazidime hydrolysis and include Pro167Ser and
Asp240Gly (288, 319). CTX-M-64 possesses the later substitution which in part
contributes to ceftazidime hydrolysis (249).
M. The discordant relationship among CTX-M-15 mRNA and CTX-M-15 βlactamase production
In many cases, transcription and translation are coupled in prokaryotes (224).
Therefore, it was hypothesized that the high level of CTX-M-15 mRNA would equate to
high level production of the CTX-M-15 β-lactamase. To determine the amount of CTXM-14 and CTX-M-15 β-lactamase that was being produced by the clinical isolates in this
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study, Western analysis using Stain-Free technology was applied. This is a highly
sensitive technology in which normalization of the data was conducted using the total
amount of protein transferred to the membrane for each isolate. Total protein
normalization eliminated the need for a housekeeping protein (144). When evaluating the
panel of CTX-M-14-producing isolates, the mRNA and protein levels exhibited a 1:1
relationship with the exceptions of FS-ESBL014 and FS-EBSL062 (Table 40; Results
Section V pg 373-374). These isolates had protein levels that were 4-fold (FS-ESBL014)
and 6-fold (FS-ESBL062) higher compared to their respective mRNA levels. It was
surprising to observe that the amount of protein produced by CTX-M-15 producers was
more closely associated with the level of CTX-M-14 production and did not coincide
with the level of CTX-M-15 mRNA expression. While mRNA levels for the CTX-M-15
transcript ranged from 6- to 165-fold higher than the CTX-M-14 mRNA levels of isolate
D14, the protein levels for the majority of isolates were only upregulated 2- to 16-fold
with the exceptions of JJ2431 and JJ2246 F (Table 40; Results Section V pg 373-374).
These CTX-M-15 isolates had protein levels that were 23- and 28-fold higher when
compared to D14. Another noteworthy observation from the Western analyses is the
discrepancy in protein production between the same clinical isolates such as JJ2246
S/JJ2246 F and JJ2253 SW/JJ2253 RG. Because these strains represent the same clinical
isolate (either JJ2246 or JJ2253), mRNA and protein production were expected to be
similar among each set. JJ2246 F produced a protein level that was 6-fold higher than
JJ2246 S. These data suggest that genomic modifications occurred that not only caused
different colony phenotypes but also resulted in differences in translation efficiency of
the β-lactamase (i. e. changes to the RBS sequence). The difference between CTX-M-15
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mRNA and protein levels identified in this study suggested that these isolates are
inefficient in translating all the mRNA present in the cell into functional CTX-M-15 βlactamase. Although some of the mRNA is translated, the level of CTX-M-15 βlactamase did not result in a resistant phenotype to any of the β-lactam/β-lactamase
inhibitor combinations tested in this study (Table 41; Results Section W pg 376). The
variability between CTX-M-15 mRNA and protein production was not only observed
among the clinical isolates but also for the promoter deletion clones and lacZ promoter
clones. Even when a strong promoter such as lacZ was used to promote expression, this
did not result in translatability of the message to high level protein production.
No studies to date have quantitated CTX-M β-lactamase production by Western
blot. Some labs have measured CMY-2, SHV-1, and KPC β-lactamase levels from
clinical isolates by Western analysis (161, 187, 320). A likely reason for the lack of
studies regarding β-lactamase protein quantitation is that antibodies to these proteins are
not commercially available. Instead of using Western blots, most studies have employed
hydrolytic assays to measure β-lactamase activity which has a number of drawbacks. This
type of assay requires an active enzyme which may not always be successfully extracted
due to the harshness of protein isolation procedures. Additionally, CTX-M-producing
strains can carry multiple β-lactamases that could impact the hydrolysis of the β-lactam
evaluated. The hydrolytic activity of one enzyme cannot be determined when multiple βlactamases are present in the same isolate, let alone correlate activity with enzyme
quantity. Cephalothin hydrolysis assays were performed on select isolates in this
dissertation (Table 31; Results Section E pg 274) that contained CTX-M-14/CTX-M-15
and other β-lactamases such as TEM-like and OXA-1-like enzymes. The average
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hydrolysis of cephalothin for these isolates ranged from 22.06 nmoles/min/mg to 370.86
nmoles/min/mg. The organism with the lowest hydrolysis rate (NL217) was a CTX-M-14
producer with a TEM-like gene present. The organism with the highest hydrolysis rate
(C15) was a CTX-M-15 producer with a TEM-like gene present. Overall, these
hydrolytic activities were low compared to the hydrolysis rates of cephalothin by other βlactamases (307). When comparing the cephalothin rates of hydrolysis with CTX-M
protein production measured by Western analysis, no correlation was observed. Western
blot data in contrast to cephalothin hydrolysis demonstrated the significance of this
technique when assessing the amount of a specific β-lactamase and the role it may have
in β-lactam susceptibility in a complicated genetic background.
Data from Western blot analysis also indicated that there could be posttranscriptional regulation of the CTX-M-15 transcript that prevents high level CTX-M-15
enzyme production. A possible explanation for low CTX-M-15 β-lactamase levels could
be that the CTX-M-15 transcript is circular. Circular RNAs were once thought to be
splicing mistakes or simply artifacts (274). Reports of circular RNAs have been
occasionally observed with hepatitis delta virus RNA and the sex determining Syr
transcript in humans but findings of these unique RNAs in bacterial species are vague. If
the CTX-M-15 RNA was actually circular then the RNA would have no ends and be
resistant to RNase R digestion. RNase R is a widespread enzyme among prokaryotes and
eukaryotes and functions as a 3′ to 5′ exoribonuclease that can degrade secondary
structure (194, 309). The nature of a circular transcript prevents accessibility of RNases
and could therefore extend the mRNA half-life of the CTX-M-15 transcript and
contribute to overall steady-state levels of mRNA expression. In addition, circular CTX-
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M-15 mRNA could impede the binding of the ribosome to the RBS and decrease CTXM-15 β-lactamase production.

N. Different RBSs do not affect translatability of the CTX-M-14 and CTX-M-15
transcripts
Different clones that were created throughout these studies did not always contain
the native E. coli RBS. The consensus RBS sequence for prokaryotes is a polypurine
sequence of AAGGAGG (62, 190). The lacZ and chloramphenicol promoter clones
contained the putative RBSs associated with these genes (AGGAAA and AAGGAA,
respectively). The CTX-M promoter-luciferase clone that lacked the spacer region
utilized the luciferase RBS (AGGAAG). Modified RBSs could interfere with
translatability of the CTX-M message. For the most part, different RBS sequences did not
impact the ability of the CTX-M transcript to be translated into β-lactamase. However,
the lacZ-CTX-M-14 clone failed to produce detectable protein on Western blot (Figures
102-103; Results Section Q pg 315). A possible explanation for the lack of CTX-M-14
protein production when using the lacZ RBS could be the length and nucleotide
composition of the spacer separating the RBS and the initiator AUG. Studies have
demonstrated that the average spacing between the Shine Dalgarno (SD) and the
translational start codon is 7 nucleotides for E. coli mRNAs (62). The spacer that
separates the CTX-M-14 RBS from the translational start codon of CTX-M-14 is 6 bp
where the spacer that separates the lacZ RBS from CTX-M-14 is 233 bp. To determine if
the spacer difference could account for the lack of CTX-M-14 production from the lacZCTX-M-14 clone, and internal deletion eliminating all but 6 nucleotides of the spacer
region could be constructed.
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Not only does the spacer between the RBS and initiator AUG affect translatability
of the transcript, the degree of complementarity between the SD and anti-SD sequence
impact translation efficiency. In a study by Arnold et al, modifications to the SD reduced
complementarity to the anti-SD and resulted in a substantial decrease in protein synthesis
and an accelerated mRNA decay rate (13). However, the base pairing between the
various SDs and anti-SDs was sufficient to establish a functional ribosome that could
translate the majority of CTX-M-14/CTX-M-15 transcripts.
O. The influence of CTX-M-14 and CTX-M-15 β-lactamase levels on
ceftolozane/tazobactam susceptibilities
It was important to determine the amount of CTX-M β-lactamase that was being
produced by the clinical isolates used in this study to understand if increased enzyme
production was an important consideration when treating patients with β-lactam/βlactamase inhibitor combinations. If CTX-M production was at a high level then βlactam/β-lactamase inhibitor combinations could exemplify variation in killing ability
because of an insufficient amount of inhibitor that would be included in the drug
combination. A component of my Ph.D. studies was the evaluation of a new β-lactam/βlactamase inhibitor combination known as ceftolozane/tazobactam (formerly CXA 201).
Ceftolozane is a novel antipseudomonal cephalosporin that has more potent in vitro
activity than currently available cephalosporins (81). Tazobactam is a commonly used βlactamase inhibitor that has been on the market since 1993 when it was introduced in
combination with piperacillin (41, 217, 331). The addition of tazobactam protects
ceftolozane from hydrolysis and broadens coverage to include most ESBL-producing
Enterobacteriaceae. This new inhibitor combination is currently in phase III clinical
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trials for the treatment of complicated intra-abdominal and urinary tract infections.
Previous studies have shown up to 12% of ESBL positive isolates were resistant to
ceftolozane/tazobactam when using 1μg/ml of ceftolozane plus 4μg/ml of tazobactam as
breakpoints (356). When the tazobactam concentration was increased to 8μg/ml, only 4%
of the isolates remained resistant. These isolates could have been producing a large
amount of β-lactamase which could have overwhelmed the inhibitor resulting in
hydrolysis of the β-lactam. There are no disk diffusion breakpoints currently available for
ceftolozane/tazobactam and therefore, susceptibilities were inferred by comparing zone
ranges to piperacillin/tazobactam. Disk diffusion assays using ceftolozane/tazobactam
indicated that the majority of CTX-M-producing isolates were susceptible to intermediate
to this drug. The concentration of tazobactam (10μg) in the ceftolozane/tazobactam drug
combination was sufficient to inhibit growth of most (89%) CTX-M-14- and CTX-M-15producing E. coli that were evaluated in this dissertation. Out of 126 E. coli isolates
tested in this study, 13 (10.3%) were intermediate and 1 (0.80%) was resistant to
ceftolozane/tazobactam. The isolates that produced either an intermediate or resistant
zone size could have additional resistance mechanisms that impede the drug’s ability to
reach the periplasmic space such as an outer membrane porin mutation or an active efflux
pump. Of the isolates that were examined by Western blot, protein expression data of
CTX-M-14/CTX-M-15 demonstrated that even when isolates produce large quantities of
RNA the protein production is minimal resulting in susceptible phenotypes when disk
diffusion is used. Overall, ceftolozane/tazobactam does have potential as a therapeutic
agent for the treatment of serious multi-drug resistant Gram-negative infections, such as
CTX-M-producing E. coli strains. With the rise of carbapenemase-producing
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Enterobacteriaceae, there is a need to curtail carbapenem usage. Unfortunately, there are
few therapeutic alternatives. Ceftolozane/tazobactam is a promising therapeutic option
that could help to reduce carbapenem consumption for CTX-M-producing infections.
P. Evaluation of the relationship among sequence type, phylotype, and β-lactam
susceptibility profiles with levels of CTX-M RNA and protein produced by E. coli
isolates of different sequence types and phylotypes
A full understanding as to the role metabolic changes can have on the successful
spread of CTX-M-producing pathogens requires evaluation of these isolates against other
biological parameters such as sequence type, phylotype, and susceptibility phenotypes. It
was hypothesized that certain sequence types or phylotypes characterized by specific
genetic modifications observed in the genomes would give insight as to what strain types
may be required for the unique versatility observed in the epidemiology of these virulent
extraintestinal E. coli strains. My work has shown that E. coli express the gene encoding
CTX-M-15 at higher levels than strains producing CTX-M-14. This differential
expression could play a role in the effectiveness of an antibiotic known to work well
against CTX-M-producing E. coli. Important information with respect to antibiotic
treatment options can be determined by evaluating the susceptibility profiles of these
organisms with respect to their genetic make-up which includes the relationship between
sequence type/phylotype and the production of the CTX-M -lactamase.
Based on β-lactam susceptibility profiles determined by agar dilution studies,
carbapenems such as ertapenem and imipenem represent the most effective therapy
regimen for infections caused by CTX-M-producing isolates. Regardless of the sequence
type, phylotype, and level of CTX-M-14 or CTX-M-15 β-lactamase produced by the
clinical isolates, carbapenems were successful in inhibiting the growth of these
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organisms. With ST131 CTX-M-15-producing organisms, many front-line drugs used to
treat UTIs such as ciprofloxacin and trimethoprim-sulfamethoxazole cannot be used as
therapy options. Studies from other investigators have demonstrated that carbapenem
therapy is the most reliable antibiotic choice for treating these types of infections (278,
284).
When comparing the level of CTX-M β-lactamase produced and the agar MICs,
analyzes did not correlate. CTX-M-15 β-lactamase was not produced at a higher level and
was similar to the level of CTX-M-14 β-lactamase produced and yet there was enough
enzyme produced to confer resistance to cefotaxime, ceftazidime, and aztreonam. CTXM-15 protein was produced at a level that caused piperacillin/tazobactam (TZP)
resistance for select isolates. These isolates could be screened further for additional
resistance genes and mechanisms to possibly explain the resistance to TZP. ST131 CTXM-15-producing isolates can cause resistance to β-lactam/β-lactamase inhibitor
combinations as reported in select studies (278, 284). However, not all isolates resistant
to TZP were ST131 E. coli. Furthermore, not all ST131 isolates were resistant to TZP.
For example, JJ2242 and JJ2243, 2 ST131 CTX-M-15 E. coli isolates were susceptible to
TZP. The CTX-M-15 proteins produced by these two isolates along with JJ2053 were
unable to be detected on Stain-Free Western blots. However, in the current study,
cefotaxime MICs for these 3 isolates were >256μg/ml. Taken together, these data suggest
that the CTX-M-15 protein could have undergone post-translational modifications that
affected the ability of the CTX-M polyclonal antibody to bind and subsequently be
detected. Other regulatory mechanisms could also be responsible for the oddities seen
with isolates JJ2242, JJ2243, and JJ2053.
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The susceptibilities for some isolates to TZP were evaluated by disk diffusion
(Table 41 pg 374). 87% (13/15) of isolates were susceptible to TZP using disk diffusion.
However, the set of isolates evaluated using agar dilution MICs showed that the majority
of isolates were intermediate to resistant (77%) to TZP. Although different panels of
CTX-M-producing isolates were evaluated in each study, CTX-M-15 protein levels were
similar; yet there were differences in TZP susceptibilities. Unidentified resistance
mechanisms could account for the differences in susceptibility to TZP observed among
these different CTX-M-producing panels of isolates.
The CTX-M-producing strains in this dissertation exhibited no direct correlation
between sequence type, phylotype, β-lactam phenotype, mRNA and β-lactamase
production. Previous studies have demonstrated that isolates with the B2 phylotype
possess more virulence associated factors than A and D phylotypes which could aid in the
epidemiological expansion of B2 strains. The phylotypes of the isolates evaluated in this
study did not seem to influence mRNA expression, protein production of CTX-M-14 and
CTX-M-15, or susceptibility to β-lactam/β-lactamase inhibitor combinations and
carbapenems. The majority of the CTX-M-15 isolates were of phylotype B2, A2, and D2.
JJ2052 (S and F) strains were the only CTX-M-15 strains that were of phylotype B1-2
and ST90. Although JJ2052 S/F possessed a less prominent phylotype and sequence type,
this did not affect their ability to cause resistance to cefotaxime, ceftazidime, and
aztreonam. JJ2052 S/F was susceptible/intermediate to piperacillin/tazobactam and
susceptible to imipenem and ertapenem. This same susceptibility profile was observed for
CMB106, a ST131 isolate with a B2 phylotype. Therefore, knowing the phylotype and/or
sequence type of an organism cannot be used to correlate with β-lactam resistance. These
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genetic factors did not contribute to the success of the CTX-M resistance mechanism in
the E. coli pathogens evaluated in this study.

Q. Conclusions and future experiments
Since the first report in the late 1980s from Japan, the CTX-M family of βlactamases experienced a global diffusion and became the dominant ESBL family. While
this spread has been well documented worldwide, the underlying molecular
mechanism(s) of CTX-M-mediated resistance is not understood. The work presented in
this dissertation has highlighted the complexity of the regulation of CTX-M β-lactamase
expression which could contribute to the epidemiological success and prevalence of
CTX-M-14- and CTX-M-15-producing organisms. Specifically, I determined that (1) the
upregulation of CTX-M-15 mRNA is due to a factor encoded on the native plasmid as
well as an intrinsic structural feature within the gene itself; (2) the proximal promoter of
blaCTX-M-15/14 is responsible for the β-lactam resistant phenotype; (3) the extended mRNA
half-life of blaCTX-M-15 is caused by a factor on the CTX-M containing plasmid and; (4)
high level CTX-M-15 mRNA expression did not correlate with elevated CTX-M-15 βlactamase production. All of the studies presented here are fundamental to the field of
antibiotic resistance and has added to our knowledge of CTX-M β-lactamases. It is
evident that additional studies are needed to further elucidate the molecular mechanism(s)
of CTX-M-mediated resistance. Understanding the regulation of CTX-M-14 and CTXM-15 production is important in order to develop and implement new therapies to treat
infections caused by CTX-M-producing pathogens.
Currently, the mechanisms controlling the upregulation of CTX-M-15 remain
unknown. Transcription initiation of CTX-M-15 is partially controlled by a structural
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feature within the 5′ half of the CTX-M-15 structural gene. The use of the structural gene
to control transcription initiation events has not been documented for prokaryotes. To
investigate this mechanism further, the topological properties and degree of intrinsic
curvature of the CTX-M-14 and CTX-M-15 DNA can be determined using stressinduced duplex destabilization, base stacking, and base pair propeller twisting
methodologies. To further pinpoint what area within the 5′ half of CTX-M-15 was
significant, experiments using site-directed mutagenesis could be performed. The
laboratory has a collection of strains containing point mutations in the structural CTX-M14 and CTX-M-15 genes from Baylor University that could be used in these additional
studies.
Another possible factor that could contribute to the upregulation of CTX-M-15
steady-state expression is the presence of a sRNA or antisense RNA that is transcribed
from the opposite strand of DNA. To explore the potential of a sRNA in the regulation of
CTX-M transcription initiation, studies could search for a promoter within the UTRs or
structural genes of CTX-M-14 and CTX-M-15 on the opposite strand. If present, this
could encode for a sRNA that could then possibly bind and regulate initiation events.
Predicting sRNAs from traditional DNA sequence inspection is difficult and therefore
different approaches such as comparative genomics and microarrays have been used
(140, 375). Perhaps the use of these more refined techniques could determine if a sRNA
is contributing to steady-state expression differences between CTX-M-14 and CTX-M15.
Our studies also unveiled that the upregulation of CTX-M-15 mRNA levels is
influenced by the extended mRNA half-life of the transcript. The prolonged CTX-M-15
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half-life was due to a plasmid-encoded factor that has yet to be identified. Additional
experiments could include DNA sequence analysis and comparison of the factors
encoded on the clinical plasmid of the XQ12-J53 transconjugant versus the D14-J53
transconjugant. Some CTX-M-15 clinical plasmids have been fully sequenced and are
known to contain multiple open reading frames (Figure 207) (385). It is possible that one
of these ORFs could encode a factor that extends the half-life of the CTX-M-15
transcript. This factor could be significant in regulating the half-life of other transcripts
that play a role in resistance and/or virulence in CTX-M-15-producing E. coli strains.
Determining this plasmid-encoded factor represents a potential target for the development
of a new antibiotic and a novel finding in the field of antimicrobial resistance. If this

Figure 207. Physical maps of pEC_B24 (IncFII), pEC_L8 (IncFII, FIA) and pEC_L46
(IncFII, FIA). The hypothetical proteins and predicted ORFs are represented by colored
boxes. Taken from Woodford et al 2009 (385).
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factor was acting on a global scale, then the half-lives of other mRNAs such as virulence
associated genes (iron acquisition systems, capsule production, fimbriae expression) in
CTX-M-14 and CTX-M-15 isolates could be influenced. It would also be interesting to
determine the mRNA half-lives of the natural CTX-M hybrids mentioned previously
since these fused genes are encoded on clinical plasmids. The CTX-M chimeras have
been found on related but non-identical IncI1 plasmids that are ~70-90 kb (152). Also
these plasmids could be sequenced and compared to the CTX-M-14 and CTX-M-15
plasmid sequences that are reported in the literature to see what genes have been acquired
or lost through the evolution of these chimeric genes.
Western blot analyses demonstrated that CTX-M-15 β-lactamase production was
not equivalent to the level of CTX-M-15 mRNA produced by the clinical isolates.
Although not evaluated in the experiments outlined in this dissertation, another possible
mechanism that could influence the production of β-lactamases is a transport deficiency
that prevents synthesized protein from reaching the periplasmic space and causing a βlactam resistant phenotype. To investigate the role of transport on β-lactam
susceptibilities, cell fractionation and localization studies on cytoplasmic, periplasmic,
and membrane fractions could be completed on CTX-M-14 and CTX-M-15 β-lactamaseproducing organisms at different stages of growth and in different physiological
environments (MHB, human urine, minimal media). Using the CTX-M-14/CTX-M-15
polyclonal antibody and Western blot analyses, the location of the β-lactamase could be
mapped. These experiments could provide an understanding of the role protein transport
plays in CTX-M-mediated resistance.
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The CTX-M type β-lactamases represent a rapidly emerging group of ESBLs that
can be carried by organisms that circulate in the community and hospital settings. These
characteristics make CTX-M-producing organisms a problem of global magnitude. The
multiple tiers of CTX-M β-lactamase regulation could be a significant component in the
worldwide dispersal of CTX-M-14- and CTX-M-15-producing E. coli. It is important to
continue to evaluate the underlying mechanisms of CTX-M-mediated resistance in order
to understand why this ESBL family dominates globally and to hopefully identify new
targets for the development of novel antimicrobials.
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