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P-lactam antibiotics are the largest class of antimicrobial drugs and the most 

frequently prescribed world wide. As the use of these agents increased so did the 

evolution of bacterial P-lactam resistance. P-lactamases are collectively the most 

commonly identified P-lactam resistance mechanism. The class C or, group 1 P- 

lactamases, can be chromosomal or plasmid-encoded. High-level expression of these 

genes results in resistance to almost all classes of P-lactam antibiotics. The mechanisms 

of high-level expression for the chromosomal AmpC genes from several organisms have 

been elucidated, whereas prior to data published from the work presented in this 

dissertation, the mechanisms of expression from plasmid-encoded ampC genes were 

unknown. The goal of the research presented in this dissertation was to identify the 

mechanisms of resistance and factors that influence the overall levels of plasmid-encoded 

ampC expression. It was hypothesized that plasmid-encoded ampC expression is 

influenced by the genetic organization of the resistance gene, increased gene copy 

number, and factors present in their genetic context. Data presented in this dissertation 

resulted from investigations of the plasmid-encoded ampC P-lactamase genes at the RNA 

level, which is a novel approach in the field of P-lactamases. Investigations described in 

this dissertation revealed 3 different mechanisms of expression for 3 different plasmid- 

encoded ampC genes. blaACT-i was determined to be inducible and expressed at 

increased levels constitutively due to a mutation in the-10 promoter element. b/aMiR-i

Mechanisms of Regulation and Resistance for
Plasmid-Encoded ampC P-Lactamase Genes
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was expressed from a novel hybrid promoter, prB that was independent of any AmpR 

influence. blacuv-i had two different transcriptional start sites , the primary start site 

driven from a promoter found within an upstream ISZscpl-like sequence insertion element 

and the secondary start site driven by a putative promoter hypothesized to be under the 

control of global regulators involved in cell metabolism. RNA expression levels were 

correlated with gene copy number and P-lactam MICs for the organisms from which the 

plasmid-encoded ampC genes were expressed. It was determined from these studies that 

the overall levels of plasmid-encoded ampC expression correlate well with P-lactam 

MICs and promoter strength rather than gene copy number. Because the goal of this 

research is to understand the relationship between plasmid-encoded ampC expression and 

therapeutic outcome, a pilot surveillance study was performed to evaluate the percentage 

of plasmid-encoded ampC producers amongst cefoxitin non-susceptible E. coli isolated 

from urine cultures at CUMC. The results of this study revealed that 55% of the 

cefoxitin resistant isolates produced a CMY-like plasmid-encoded ampC gene indicating 

a high percentage of these organisms amongst cefoxitin resistance E. coli in the local 

community. Taken together, the data presented in this dissertation indicate that plasmid- 

encoded ampC gene expression is much more complex than originally believed by many 

in the field of P-lactamases and that plasmid-encoded AmpC P-lactamases are a threat to 

available therapeutic options for patients infected with these organisms.
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Introduction and Literature Review 

Antibiotics: A Historical Perspective

Throughout history, people have been using natural products such as barks, 

leaves, and herbs as medicinal treatments to cure disease. The earliest written records 

describing the use of molds and fermented matter to cure the afflicted are from 1500 B.C. 

(210). Records also indicate that the ancient Greeks used such compounds for medicinal 

purposes in the fifth century B.C. (152). The search for cures to diseases continued 

throughout history, but it was not until the nineteenth century A.D. that real progress was 

made in understanding the causative agents of infectious diseases. Advances made in the 

1800’s paved the way for the novel discoveries in the early twentieth century that would 

benefit civilization.

Medical pioneers, such as Joseph Lister, Robert Koch, and Louis Pasteur, 

advanced the ideology concerning the causative agents of infectious diseases. In 1865, 

Louis Pasteur discovered that germs caused disease (7, 25, 37). Twelve years later he 

and Joules Francois Joubert observed that Bacillus anthrasis would grow in sterile urine, 

however the organism would die quickly if other “bacteria” from the air (most likely 

fungal contaminants) were inoculated into the urine simultaneously (7, 82). In 1871, 

Lister also determined that bacteria would not grow in urine samples contaminated with 

mold and later determined that the use of antiseptics and sterile instruments during 

surgery helped prevent infection (7, 82, 89). In 1882, Robert Koch determined that 

microbes caused tuberculosis and set forth protocols for isolating pathogens responsible 

for disease (142, 188). The following year, he determined that microbes were also

responsible for cholera (7, 36).
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The discovery of the microbial etiology of infectious diseases prompted the 

search for agents which would cure the afflicted. Paul Ehrlich was first to search for 

agents which would kill microbes without adversely affecting the patient (7, 102, 142). 

In 1909, after three years of screening over 600 chemical compounds in an attempt to 

cure syphilis, Sahachiro Hata, a member of Ehrlich’s research group, discovered an 

arsenic based compound that successfully killed syphilis without severely affecting the 

patient (101, 102). The compound, Salvarson 606, was the first “magic bullet” used to 

treat an infectious disease in modem medicine (7).

The discovery of chemotherapeutic agents for the treatment of infectious diseases 

continued in 1929 when Alexander Fleming observed the inhibition of staphylococci 

colonies located next to a contaminating Penicillium notatum colony (211). A similar 

finding was reported by a French medical student, Ernest Duchesne, in 1897 (171). In his 

dissertation Duchesne described a Penicillium mold derivative that inhibited bacterial 

growth. Duchesne died in 1912 and never saw his work come to fruition (171). 

Flemming was more fortunate as his discovery eventually led Florey, Chain, and 

Abraham to develop penicillin as an antimicrobial agent in 1940 (211). The first 

penicillin trial in a human occurred in 1941 in a patient suffering from osteomyelitis (65). 

Treatment with penicillin improved the condition but, at the time not enough penicillin 

was produced to complete the treatment. The drug was in such short supply that the 

patient’s urine was collected so that the excreted penicillin could be purified and re

administered (65). Although, the patient did not survive, the treatment was still 

considered a success as were subsequent patient trials. In the United States, a large 

research effort was launched and by 1942 the drug was being mass produced. The first
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clinical trials took place at the Mayo Clinic and Yale University and the results were 

extraordinary. This led the Surgeon General of the United States to authorize penicillin 

for the treatment of infections in military hospitals (65). Penicillin can be attributed to 

saving tens of thousands of wounded soldiers during the latter stages of World War II 

(65).

While Florey, Chain, and Abraham were refining penicillin in the 1930’s, 

Trefouel characterized the first sulfonamide, p-aminobenzene sulfamide (160, 209). 

Later, in 1944, streptomycin was discovered by a soil microbiologist, Waksman (50). 

The development of these drugs launched the “golden age” of antibiotics. Since the 

1940’s thousands of natural compounds and synthetic molecules have been screened for 

efficacy (65). Today, over 100 antibiotics have become available for use in the treatment 

of infections. The discoveries and scientific observations made in the 1 and 20tn 

centuries have revolutionized medicine, extending the life expectancy of humans by 10 

years (7).

Overview of Antibiotics

After the advent of selective antimicrobial chemotherapy in the early 1900’s, a 

remarkable increase in the discovery of new types of antimicrobial agents occurred up 

until the 1970’s (Table 1) (118). The drugs can be classified according to their 

mechanisms of action, the spectrum of activity, or by whether or not they kill bacteria or 

only inhibit growth. Antibiotics that inhibit bacterial growth, but do not kill the bacteria 

are “bacteriostatic,” whereas those drugs that exert a lethal affect on bacteria
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Table 1. Antibiotics of the Twentieth Century

Year Event Country
1929 Penicillin Discovered England
1932 Sulfonamides Discovered Germany
1939 Gramidicidin Discovered U.S.A.
1942 Penicillin Introduced England and U.S.A.
1943 Streptomycin Discovered U.S.A.
1943 Bacitracin Discovered U.S.A.
1945 Cephalosporins Discovered Italy
1947 Chloramphenicol Discovered U.S.A.
1947 Chloratetracycine Discovered U.S.A.
1949 Nemoycin Discovered U.S.A.
1950 Oxytetracycline Discovered U.S.A.
1952 Erythromycin Dicovered U.S.A
1956 Vancomycin Disocvered U.S.A.
1957 Kanamycin Discovered Japan
1960 Methicillin Introduced England and U.S.A.
1961 Ampicillin Introduced England
1961 Spectinomycin Reported U.S.A.
1962 Nalidixic Acid Discovered U.S.A.
1963 Gentamycin Discovered U.S.A.
1964 Cephalosporins Introduced England
1966 Doxycycline Introduced U.S.A.
1967 Clindamycin Reported U.S.A.
1971 Tobramycin Discovered U.S.A.
1972 Cephamycins Discovered U.S.A.
1972 Minocyline Introduced U.S.A.

Adapted from Levy (118)
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are “bactericidal” (160). Antimicrobial agents effective against a wide variety of both 

Gram-positive and Gram-negative organisms are termed “broad spectrum”. Other drugs 

that only kill or inhibit Gram-negative bacteria or just Gram-positive bacteria, or only a 

few species are considered “narrow spectrum” antibiotics (160). Several mechanisms of 

antibiotic activity have been characterized including: Inhibitors of cell wall synthesis, 

inhibitors of protein synthesis, inhibitors of nucleic acid synthesis, alterations of cell 

membrane, and antimetabolites (Table 2) (160).

An Overview of P-Lactam Antibiotics

The P-lactams account for more than 50% of the world’s antibiotic use, which 

makes them, as a class, the most frequently prescribed antibiotics (129). The P-lactams 

are natural and semi-synthetic drugs that contain the P-lactam ring. They can be divided 

into the following classes: penicillins, monobactams, cephalosporins (cephamycins), 

carbacephems, P-lactam inhibitor combinations, and the carbapenems (160).

Penicillins

The penicillins are natural or semi-synthetic p-lactam antibiotics originating from 

different species of the fungus Penicillium  (4, 65, 160). These drugs characteristically 

contain a 6-aminopenicillanic acid (6-APA) nucleus structure consisting of a thiazolidine 

ring bound to the P-lactam ring (Figure 1) (4, 160). This structure exhibits little antibiotic 

activity itself, but is absolutely required for the biological function of the penicillin 

molecules (4, 65). An amino substituted R group attached to the p-lactam ring along with



Table 2. Basic Mechanisms of Antibiotic Action

Drugs Specific Action

Inhibitors of Cell Wall Synthesis Beta-Lactams
Glycopeptides
Bacitracin
Isoniazid
Ethionbutol
Cycloserine
Ethambutol

Bind Penicillin Binding Proteins and Enzymes Responsible for Peptidoglycan Synthesis
Disrupts Peptidoglycan Cross Linkages
Disrupts Movement of Peptidoglycan Precursors
Disrupts Mycolic Acid Synthesis
Disrupts Mycolic Acid Synthesis
Disrupts Peptidoglycan Cross Linkages
Disrupts Arabinogalactan Synthesis

Inhibition of Protein Synthesis Aminoglycosides
Tetracyclines
Macrolides
Clindamycin

Prevent Polypeptide Elongation at 30S Ribosome 
Prevent Polypeptide Elongation at 30S Ribosome 
Prevent Polypeptide Elongation at 50S Ribosome 
Prevent Polypeptide Elongation at 50S Ribosome

Alteration of Cell Membranes Polymyxin
Bacitracin

Disrupts Bacterial Cytoplasmic Membrane 
Disrupts Bacterial Cytoplasmic Membrane

Inhibition of Nucleic Acid Synthesis Quinolone
Rifampin
Rifabutin
Metronidazole

Binds Alpha Subunit DNA Gyrase
Prevents Transcription by Binding DNA-Dependent RNA Polymerase 
Prevents Transcription by Binding DNA-Dependent RNA Polymerase 
Distupts Bactierial DNA (Cytotoxic)

Antimetabolites Sulfonamides
Dapsone
Trimethoprim

Inhibits Dihydropteroate Synthase and Disrupts Folic Acid Synthesis 
Inhibits Dihydropteroate Synthase
Inhibits Dihydrofolate Reductase and Disrupts Folic Acid Synthesis

Adapted from Murray et al. (160)
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Figure 1. General Structure of the Penicillins, a) P-lactam ring; b) thiazolidine ring; c) 
structures a & b make up the 6-aminopenicillanic acid nucleus; d) R-group indicates the 
position at which different chemical structures can be added to influence the activity of 
these drugs.
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a free carboxyl group in the thiazolidine ring is also necessary for biological function 

(65). The different antibacterial activities exhibited by the penicillins can be attributed to 

the different components that comprise the R group (Figure 1).

The penicillins can be classified into four general groups according to their 

spectra of activity: the natural penicillins, the aminopenicillins, the penicillinase-resistant 

penicillins, and the extended spectrum penicillins (4, 65). Penicillin G and penicillin V 

constitute the natural penicillins and are active mainly against many susceptible Gram

positive bacterial strains. These drugs only provide coverage against a limited number of 

Gram-negative species. The natural penicillins are not effective against penicillinase 

producing populations (4). The aminopenicillins, also known as the anti-Gram-negative 

penicillins, are semi-synthetic compounds with increased activity against Gram-negative 

bacteria, but are easily hydrolyzed by broad-spectrum P-lactamases produced by Gram

negative bacteria (4). The penicillinase-resistant penicillins are active against some 

staphylococcal penicillinase-producing strains. These drugs have limited activity against 

Gram-negative strains. Natural penicillins are more active against Gram-negative 

pathogens than the penicillinase-resistant penicillins, and thus, the use of penicillinase- 

resistant penicillin is limited to treatment of susceptible penicillinase producing 

staphylococci (4). The extended spectrum penicillins or anti-pseudomonal penicillins are 

also semi-synthetic derivatives of penicillin. These have extended activity against Gram

negative bacteria to include many strains of Enterobacteriaceae and some strains of 

Pseudomonas that are resistant to the other penicillins available (65). Table 3 lists the

currently available penicillins (4).



Table 3. Currently Used Penicillins

Penicillin

Natural Penicillins 

penicillin G

Penicillinase-Resistant Penicillins

cloxacillin
dicloxacillin

Aminopenicillins

amoxicillin
ampicillin

Extended-Spectrum Penicillins

penicillin V

nafcillin
oxacillin
flucloxacillin

bacampicillin

piperacillin
ticarcillin

carbenicillin
mezlocillin
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Monobactams

Monobactams antibiotics are p-lactam antibiotics that are monocyclic, only 

containing the 3-aminomonobactamic acid (3-AMA) nucleus which is made up solely of 

the p-lactam ring (3, 65). Natural monobactams are produced by a number of bacteria, 

but exhibit only weak antibiotic activity. Semi-synthetic monobactams contain 

constituent groups attached to the 3-AMA nucleus that augment their antimicrobial 

activity. Aztreonam is the only monobactam available for patient therapy in the United 

States (3). Aztreonam has good activity against Gram-negative bacteria and exhibits 

moderate stability against many p-lactamases (3, 160).

Cephalosporins

The cephalosporins are semi-synthetic p-lactam antibiotics derived from 7-amino 

cephalosporanic acid (cephalosporin C) (2). Cephalosporin C was discovered in 1948, 

when crude extracts of the fungus Cephalosporium acremonium exhibited activity against 

Staphylococcus aureus and was used to cure staphylococcal infections in patients (65). 

The cephalosporins are structurally similar to the penicillins, carbacephems, and 

cephamycins. The general structure of cephalosporins is shown in Figure 2. All 

currently available cephalosporins have a 7-aminocephalosporanic acid (7-ACA) nucleus 

instead of the 6-APA nucleus found in the penicillins (Figure 2). This 7-ACA nucleus 

consists of the p-lactam ring joined to a 6-membered dihydrothiazine ring instead of the 

5-membered thiazolidine ring in penicillins. The addition of various
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Figure 2. General Structure of the Cephalosporins, a) (3-lactam ring; b) R-group 2; c) 
dihydrothiazine ring; d) structures a & c make up the 7-aminocephalosporanic acid 
nucleus; e) R-group 1. R-groups indicate the positions at which different chemical 
structures can be added to influence the activity of these drugs.
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groups at 2 different positions (Ri and R2 -  Figure 2) results in changes in the antibiotic 

activity, stability against hydrolysis by P-lactamases, and other pharmacologic properties 

(2).

The cephalosporins are classified into four general categories or “generations” 

(Table 4) according to the spectra of activity they exhibit (2, 65). The first generation 

cephalosporins are active against many Gram-positive cocci, including those that produce 

penicillinases. The first generation cephalosporins have limited activity against Gram

negative bacteria (2, 65). The second generation cephalosporins have increased activity 

against Gram-negative bacteria, some of which are resistant to the first generation 

cephalosporins. Third-generation cephalosporins are not as effective against Gram

positive cocci as the first-generation cephalosporins, but have an increased spectrum of 

activity against Gram-negative bacteria (2, 65). The fourth generation cephalosporins 

exhibit even further Gram-negative activity compared to the third generation 

cephalosporins, and are more stable against hydrolysis from P-lactamases. The extended 

spectrum of activity of the fourth generation cephalosporins is due to their ability to 

penetrate bacterial membranes more rapidly and target more penicillin binding proteins 

than other cephalosporins (2, 65).

Two other groups of P-lactam antibiotics closely related to the cephalosporins are 

the cephamycins and the carbacephems (65). The cephamycins contain a methoxy group 

rather than a hydrogen at the 7-alpha position on the p-lactam ring of the cephalosporin 

nucleus (3, 160). These drugs exhibit activity similar to that of the second generation 

cephalosporins, however they exhibit greater P-lactamase stability and greater activity 

against anaerobes. The carbacephems are different from the cephalosporins in that they
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Table 4. Currently Available Cephalosporins. 

Cephalosporins

First Generation Cephalosporins

cefadroxil cephalexin
cefazolin cephradine

Second Generation Cephalosporins

cefixime cefdinir
cefaclor cefoxitin (cephamycin)
cefamandole cefprozil
cefotetan (cephamycin) cefuroxime
cefpodoxime ceftibuten

Third Generation Cephalosporins

cefoperazone ceftizoxime
cefotaxime ceftriaxone
ceftazidime

Fourth Generation Cephalosporins 

cefepime
cefpirome (Not Available in the USA)
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contain a methylene group in place of sulfur in the dihydrothiazine ring of the 7-ACA 

nucleus of the cephalosporin, resulting in a tetrahydropyridine ring. This change does not 

substantially change the antimicrobial activity of these drugs, but greatly improves its 

stability in serum (3). The only carbacephem available for use in the United States is 

loracarbef, a carba analogue of the second generation cephalosporin, cefaclor (3).

Carbapenems

The carbapenems are semi-synthetic antibiotics with a P-lactam ring fused to a 5- 

membered ring akin to that of the penicillins, however this structure is unsaturated and 

contains a carbon rather than a sulfur atom (3). A change in the substituent at position 6 

of the P-lactam ring for the carbapenems results in increased antibiotic activity and P- 

lactamase stability (Figure 3). These drugs have good activity against Gram-negative 

bacteria and are also active against many Gram-positive strains (3, 65). The carbapenems 

available for use are shown in Figure 3.

P-Lactam Inhibitor Combinations

The p-lactamase inhibitor combinations combine p-lactam antibiotics with 

molecules that bind to certain p-lactamases to inhibit their ability to hydrolyze and 

inactivate P-lactam antibiotics. Currently available inhibitor compounds include 

clavulanic acid, sulbactam, and tazobactam (3). Clavulanic acid is a suicide inhibitor as 

it binds irreversibly to P-lactamases (65). The following P-lactam / inhibitor 

combinations are available for clinical use: clavulanic acid combined with amoxicillin 

(Augmentin) or combined with ticarcillin (Timentin), sulbactam combined with



17

Figure 3. Carbapenems currently available for patient therapy in the United States. 
Chemical structures are shown to the left. R-groups are shaded.
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ampicillin (Unasyn), and tazobactam combined with piperacillin (Zosyn) (3). The 

inhibitors are active against many of the known p-lactamases, including most extended 

spectrum p-lactamases (ESBLs) produced by Gram-negative bacteria, however none of 

the inhibitors are clinically effective against AmpC p-lactamases (3).

Mechanism of Action

The mechanism of action exhibited by p-lactam antibiotics has been extensively 

studied. P-lactams bind to and inactivate penicillin-binding proteins. These proteins are 

responsible for cell wall synthesis and maintenance. Inactivation of these processes is 

bactericidal (55, 65, 160).

Mechanisms of P-Lactam Antibiotic Resistance

In the medical setting, bacteria that are not killed or inhibited by normally attained

serum, urine, or tissue concentrations of an antibiotic are said to be “resistant” or not

susceptible to that compound. In his Nobel Lecture in 1945, Sir Alexander Flemming

warned against the possible development of resistance to penicillin:

“But I would like to sound a note of warning. . . It is not difficult to make 
microbes resistant to penicillin in the laboratory by exposing them to 
concentrations not sufficient to kill them and the same thing has occasionally 
happened in the body (55).”

The family of p-lactam antibiotics has grown considerably since the discovery of 

penicillin in the 1940’s. Although several new drugs have been discovered which at first 

seem to be effective against resistance, bacteria continue to evolve, finding ways to 

survive. Today, organisms with resistance to many commonly used P-lactam
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antimicrobial agents are becoming more prevalent. Some of these microbes include 

Staphylococcus aureus resistant to methicillin, strains of Shigella, Salmonella, Klebsiella 

and Enterobacter species resistant to third and fourth generation cephalosporins, as well 

as Streptococcus pneumoniae resistant to penicillin (41). In addition to natural resistance, 

three general mechanisms of antibiotic resistance have been determined which result 

from altered antibiotic targets, altered drug permeability, drug efflux, and the production
4

of drug inactivating enzymes (31, 136).

Natural Resistance

Resistance that is not a result of introduction of an antibiotic is considered innate 

resistance. The natural structure of Gram-negative bacteria confers natural resistance to 

some antibiotics (38). Gram-negative bacterial cells have an outer membrane, making 

the cell less permeable to large molecules that are able to enter Gram-positive cells, 

which lack an outer membrane (159). Resistance to certain drugs such as the 

glycopeptide, vancomycin, and the p-lactam antibiotic, methicillin, occurs naturally in 

most Gram-negative bacteria. These drugs are unable to permeate the outer membrane, 

making Gram-negative bacteria naturally resistant to these drugs (38, 65, 160).

Altered Target

The “altered target” mechanism of antibiotic resistance involves the modification 

of the target to which the antibiotic binds or acts upon (136). The change is usually 

brought about by spontaneous mutation in the genome. When the change in the target 

occurs, the antibiotics bind less efficiently. The change in the target protein can possibly
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damage the cell’s ability to carry out normal functions, however for resistance to occur 

the cell must survive. Antibiotic treatment of the population results in the elimination of 

“wild-type” cells, while cells with the modified target will be selected and a resistant 

population will emerge. Therefore, it is possible that new populations of resistant 

bacteria could be comprised of cells weakened by their inability to carry out normal 

processes (162).

The altered target mechanism of resistance has been observed in both Gram

positive and Gram-negative bacteria against many antibiotics (65). For example, 

alteration of DNA gyrase and topoisomerase enzymes can confer resistance to the 

fluoroquinolones, whereas, changes in the structure of ribosomes can result in resistance 

to antibiotics that target bacterial protein synthesis such as the macrolides (78, 167).

Bacteria have also used this mechanism to resist the (3-lactams. Changes in the 

penicillin-binding proteins may result in resistance to the p-lactams. To escape the effects 

of the p-lactam antibiotics, bacteria evolve changes in their penicillin binding proteins by 

spontaneous mutation or lateral gene transfer. This phenomenon has been most often 

observed in Gram-positive bacteria and less commonly found in Gram negative strains 

(73, 90, 162). However, organisms such as Haemophilus influenzae and Neisseria 

gonorrhoeae have been found with altered PBPs resulting in resistance to p-lactams (46, 

155, 162, 182). In these bacteria, changes to the PBPs result in low affinity for the p- 

lactam drugs, making the bacteria resistant to such treatment.
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Altered Permeability and Efflux

Many strains of bacteria have evolved mechanisms to keep antibiotics from 

entering the cell (169, 170, 218). Membrane impermeability has been shown to cause 

resistance to the P-lactam antibiotics in Gram-negative bacteria (47). The outer 

membrane of these organisms is a passive barrier, but small hydrophilic molecules cannot 

traverse the membrane. In order to permeate the cell, such molecules must pass through 

small water filled pores, made up of chromosomally produced proteins called “porins.” 

When the expression of porins is decreased, the cell membrane becomes less permeable 

to a number of antibiotic compounds, including the P-lactams. This mechanism is often 

problematic when combined with other mechanisms, such as p-lactamase production or 

drug efflux (28, 114, 154, 199).

A second mechanism grouped with impermeability is efflux. This mechanism 

involves the production of membrane pumps that recognize compounds and excrete them 

from the cell via an energy dependent mechanism (106, 154). This mechanism has 

evolved in both Gram-positive and Gram-negative bacteria (106, 136). Many different 

types of efflux pumps are present in prokaryotic cells. Efflux systems can consist of a 

single component, while others are multi-component (208). Pumps such as symports and 

antiports actively export drug in a mechanism coupled to the transport of an ion along a 

gradient concentration. Some of these pumps actively remove from the cell several 

structurally dissimilar antibiotics, whereas other pumps only export one type of antibiotic 

(208). In Gram-negative bacteria, both single component and multi-component pumps 

may be present. Single component pumps are less common in these species and only 

export materials to the periplasmic space. Multi-component pumps found in Gram
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negative bacteria remove the drugs to the extracellular space (208). Efflux is a major 

mechanism of resistance in Pseudomonas aeruginosa. In this organism, efflux has been 

associated with multidrug resistance, including decreased susceptibility to imipenem 

(128, 131).

Inactivating Enzymes

Inactivating enzymes are proteins that alter antibiotics rendering them ineffective. 

Some of these enzymes chemically modify antibiotic by adding substituent groups, while 

others, such as the P-lactamases are enzymes that destroy antibiotics. Aminoglycosides, 

macrolides, and chloramphenicol can be altered by acetyltransferases, 

phosphotransferases, and nucleotidyltransferases (44, 160). The enzymatic transfer of 

chemical groups to these drugs makes them less able to penetrate membranes. If modified 

drugs are able to permeate the membrane, interaction with the targets is hindered.

The P-lactamases inactivate drugs through a different mechanism. These 

enzymes hydrolyze the p-lactam ring of p-lactam antibiotics. The enzymes are produced 

in both Gram-positive and Gram-negative bacteria. Production of P-lactamases is the 

leading mechanism of P-lactam resistance. The mechanism of action for P-lactamases is 

discussed below.

P-Lactamase Classification

More than 350 P-lactamases with unique protein sequence have been reported 

(31). These enzymes (including several isoenzymes), exhibit different overall protein 

sequences. Some P-lactamases have different active sites, and some exhibit different
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substrate and inhibitor profiles. In addition, these enzymes are encoded from genes 

located on either the chromosome or on plasmids. The most commonly referenced 13- 

lactamase classification systems are the Ambler molecular classification system and the 

Bush, Jacoby, Medeiros classification system (6, 30, 32).

The Ambler scheme classifies P-lactamases on a basis of amino acid sequence 

(6). The p-lactamases can be separated into two general classes, those with a serine 

active site, and those with two zinc atoms in the active site. The zinc-containing P- 

lactamases, or metallo-P-lactamases, comprise Ambler class B, whereas the serine active 

P-lactamases can be divided into three classes. Class A p-lactamases include both 

chromosomally- and plasmid-encoded penicillinases, broad spectrum P-lactamases, and 

extended spectrum p-lactamases (ESBLs), most of which are inhibited by clavulanic 

acid. Class C or AmpC P-lactamases are chromosomally- and plasmid-encoded 

cephalosporinases that confer resistance to the available p-lactamase inhibitor 

compounds. The class D P-lactamases are usually plasmid-encoded penicillinases that 

hydrolyze oxacillin and are able to resist inhibition from clavulanic acid, to some degree 

(6).

The Ambler system of classification is based upon genetic relatedness (6). From 

these classes it is difficult to predict the clinical impact of the P-lactamase, as the 

relationship between amino acid sequence and substrate or inhibitor profiles is not well 

defined. However, these classes are useful in tracking possible avenues of P-lactamase 

evolution (204).

The Bush classification system separates p-lactamases into four groups based on 

substrate and inhibition profiles (32). The use of these qualities as a basis of
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classification makes the Bush system more clinically relevant than the Ambler 

classification scheme. The Bush group 1 P-lactamases are the AmpC cephalosporinases 

(Ambler class C). Bush group 2 p-lactamases (Ambler class A and D) are comprised of 

subgroups including the broad- and extend-spectrum P-lactamases, and penicillinase that, 

with few exceptions, are inhibited by clavulanic acid. The Bush group 3 p-lactamases 

(Ambler class B) is made up of the zinc active site p-lactamases. All other unclassified 

p-lactamases comprise the Bush group 4 (32).

AmpC P-Lactamases

The chromosomal AmpC p-lactamases were first identified and studied in the late 

1970’s in E. coli, and early 1980’s in E. cloacae, and C. freundii (20, 21, 62, 99, 149, 

150, 201). Since then, it has been determined that several members of the 

Enterobacteriaceae and other Gram-negative bacteria encode chromosomal ampC genes. 

These include Morganella morganii, Hafnia alvei, Serratia marcescens, Enterobacter 

aerogenes, Aeromonas spp., Chromobacterium violaceum, Lysobacter lactamgenus, 

Ochrobactrum anthropi, Proteus rettgeri, Providencia stuartii, Pseudomonas 

aeruginosa, Pseudomonas cepacia, Buttiauxella spp., Oligella urethralis, Psychrobacter 

immobilis, Acinetobacter baumanii, Rhodobacter spheoroides, and Yersinia 

enterocolitica (10, 26, 53, 54, 66, 133, 135, 137, 145, 148, 172, 174, 178, 194).

In 1989, Bauemfeind et al. described the first characterized plasmid-encoded 

AmpC P-lactamase, CMY-1 (14). This cephalosporinase was discovered in a Klebsiella 

pneumoniae strain from a flesh wound of a patient. From transconjugation experiments it 

was determined that the resistance factor could be transferred to an E. coli recipient.
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Although the CMY-1 study was the first conclusive report of a plasmid-encoded AmpC 

P-lactamase enzyme, it did not include information about the ampC gene. The first report 

of a plasmid-encoded ampC gene appeared a year later when Papanicolaou et al. 

described the partial sequence of blau\K-\ (157). The first report of a fully sequenced 

plasmid-encoded ampC P-lactamase gene was that of bla&\L-\ in 1994 (58).

Prior to the report of CMY-1 in 1989, many reports described organisms capable 

of transferring cefoxitin resistance to other organisms, however these reports were 

incomplete and did not attribute this resistance to a characterized gene or P-lactamase. A 

1976 study by Bobrowsky et al. revealed a plasmid-encoded P-lactamase in Proteus 

mirabilis that could not be distinguished from the chromosomal ampC of E. coli (22). 

Further experiments were not performed and the plasmid was lost (164). Another report 

in 1983 by Knothe et al. described cefoxitin resistance in Proteus and Salmonella 

achieved by transfer from S. marcescens (104). No biochemical or molecular studies 

were performed on this resistance mechanism. Although these reports were inconclusive, 

they indicate that plasmid-encoded AmpCs were around long before they were first 

characterized.

The AmpC p-lactamases are clinically important mediators of p-lactam resistance 

in Gram-negative bacteria. AmpC enzymes are serine p-lactamases classified as Ambler 

class C or Bush group 1 (32). They are 32-42 KD enzymes with the first 19-21 amino 

acids constituting a leader sequence responsible for localization of the protein to the 

periplasmic space (76). AmpC P-lactamases exhibit three highly conserved structural 

motifs: [serine 64 -  XX 65 -  XX 66- lysine 67], [tyrosine 150 -  serine 151 -  asparagine
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152], and [lysine 315 -  threonine 316 -  glycine 317] (105, 132). Serine 64 is the active 

site.

Mechanism of Hydrolysis by AmpC P-Lactamases

The general mechanism of P-lactam hydrolysis by P-lactamases occurs in three 

steps (Figure 4) (129, 130). First, a non-covalent, reversible interaction occurs between 

the P-lactam ring of the drug and the P-lactamase. In the second step, the hydroxyl group 

of the serine 64 active site of the P-lactamase attacks the carbonyl carbon in the [l-lactam 

ring, forming the acyl intermediate. In step three, deacylation, the acyl intermediate 

undergoes hydrolysis and the P-lactamase is reactivated. Step three is the rate 

determining step in this reaction. Unlike ESBLs, the AmpC p-lactamases poorly 

hydrolyze the acyl intermediate when reacting with extended spectrum cephalosporins 

(132). Thus, most AmpC activity against the expanded spectrum cephalosporins is due to 

the ability to bind and inhibit rather than hydrolyze such substrates. Clinical resistance 

may occur when AmpC is expressed at high levels due to a derepression of ampC 

expression, expression from a plasmid, or mutations in the ampC promoter or attenuator 

that allow for high-level AmpC expression in E. coli (151).

Spectrum of Resistance and the AmpC Sequence

Most clinical laboratories do not make an effort to distinguish AmpC P- 

lactamases from ESBLs. Failure to make this distinction may result in the loss of 

potential therapeutic options and more importantly failure of therapy (202).
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Figure 4. General mechanism of P-lactam hydrolysis, a) Reversible non-covalent. 
binding of the P-lactam ring to the serine active site of the P-lactamase. b) The hydroxyl 
group of the serine 64 active site attacks the carbonyl group of the P-lactam ring resulting 
in an acyl intermediate, c) The intermediate undergoes hydrolysis and the P-lactamase is 
reactivated.
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AmpC P-lactamases can confer resistance to penicillins, monobactams, 

cephamycins, cephalosporins (first, second, and third generation), and the P-lactam 

inhibitor combinations (191, 204). ESBLs do not confer as wide a range of P-lactam 

resistance and the majority of these enzymes are inhibited by clavulanic acid, tazobactam, 

and sulbactam (204). In addition, isoenzyme forms of AmpC enzymes do not lead to the 

wide range of substrate profile changes seen for ESBLs (9).

Association of changes in the amino acid sequence with changes in the substrate 

profile and P-lactam resistance phenotype for organisms expressing AmpC P-lactamases 

has only been demonstrated in one instance. A study by Bamaud et al. described a 

clinical isolate of E. cloacae, strain CHE, which was found to hyperproduce a mutated 

chromosomal AmpC P-lactamase that had a deletion of amino acids 289-294 [SKVALA] 

(12). The deletion stemmed from an 18 bp deletion in the chromosomal ampC gene. 

This mutation was shown to expand the substrate profile of the chromosomal AmpC to 

confer resistance to cefepime and cefpirome. This was the first report of a naturally 

occurring extended spectrum AmpC P-lactamase (ESAC) (12). A study by Vakulenko et 

al. in 2002 employed PCR mutagenesis to determine that a mutation that coded for 

proline instead of leucine at position 293, resulted in an enzyme that could more readily 

hydrolyze cefepime. This work supported the data reported by Bamaud et al. (207).

Other amino acid changes within the AmpC enzymes do not seem to profoundly 

change the substrate profiles. A study by Barlow and Hall, in 2002, investigated the 

susceptibility phenotypes of clones expressing five different plasmid-encoded ampC 

structural genes of Citrobacter origin, as well as two chromosomal ampC structural genes
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from C. freundii (9). All of the genes were cloned into an expression vector and 

expressed from the same promoter in the same strain of E. coli. The P-lactam 

susceptibility phenotypes for each clone were nearly identical for all P-lactam antibiotics 

tested suggesting that the slight changes in the amino acid sequences of the plasmid- 

encoded ampC structural genes did not affect the activity of the enzyme.

Data compiled in a recent review by Phillipon et a l. demonstrated that E. coli 

transconjugants or clinical plasmid transformants expressing similar or even the same 

plasmid-encoded AmpC enzyme(s) exhibited significant fluctuations in MICs that were 

greater than what can be explained by experimental error (164). Greater than two-fold 

differences in the MICs of aztreonam, cefotaxime, and ceftazidime were observed 

between isolates encoding blacuy-2■ From these data, the authors hypothesized that the 

variation in MICs was due to differences between host is. coli strains (164). However, 

when MICs from an E. coli C600 transconjugant expressing blcicmy-2 were compared to 

MICs of an E. coli DH5a transformant expressing blacuy-2 from the same plasmid, no 

changes in P-lactam MICs were observed (17). Additionally, when LAT-2(CMY-2), 

LAT-3, and LAT-4 (LAT-1) were expressed from their original plasmid, all in the same 

E. coli 26R793 recipient, significant fluctuations were again observed in the MICs 

between the different bacteria expressing blacwiY-2 (63, 64, 164). Therefore, it is unlikely 

that the laboratory E. coli recipient strains have a significant influence on MICs. The 

data reported from Barlow et a l. indicated that the fluctuations in MICs observed between 

these strains are not the result of the ampC structural gene (9). Other factors that 

influence levels of ampC gene expression are hypothesized to contribute to these
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fluctuations in susceptibility phenotypes observed between similar strains expressing 

similar plasmid-encoded ampC genes.

Regulation of Chromosomal AmpC Expression

ampC genes were first identified on the chromosomes of several genera of Gram

negative organisms including Enterobacter cloacae, Citrobacter freundii, and 

Escherichia coli (20, 100, 201). In E. coli, expression of the chromosomal ampC gene 

has been shown to be constitutively low and not inducible due to a mechanism of 

expression that is regulated by an attenuator and is growth rate-dependent (95). The E. 

coli chromosomal ampC gene can confer resistance if events occur that increase its 

expression. Most commonly, mutations in the E. coli ampC promoters occur that 

increase transcription and result in resistance (34, 35, 42, 72, 96, 97, 195). Mutations 

within the attenuator of the ampC attenuator region can also give rise to decreased 

susceptibilities (34, 57).

Other organisms, such as Enterobacter cloacae, Citrobacter freundii, and Serratia 

marcescens, encode an inducible chromosomal ampC P-lactamase gene. ampC induction 

has been well characterized in both Enterobacter cloacae and Citrobacter freundii (76, 

86, 87, 110, 120-123, 146). The induction process is complex and involves interplay 

between eofactors of cell wall metabolism and the trans-acting factor, AmpR. The 

following sections give background on bacterial cell wall synthesis and recycling to aid 

in the understanding of the complex process of AmpC induction.



33

Gram-Negative Bacterial Cell Structure

Gram-negative bacteria are structurally more complex than Gram-positive 

bacteria. In addition to the peptidoglycan layer and cytoplasmic membrane, Gram

negative bacteria have an outer membrane. The outer membrane is made up of 

phospholipids on the internal side and lipopolysaccharide (LPS) on the outside. The cell 

wall, or peptidoglycan layer, in Gram-negative bacteria is thin compared to the 

peptidoglycan found in Gram-positive bacteria. Peptidoglycan only accounts for 5 to 

10% of the total weight of the Gram-negative cell and consists of glycan polymers 

composed of alternating units of TV-acetyl-glucosamine (GlcNAc) and yV-acetyl-muramic 

acid (MurNAc) that are cross-linked by |3-l,4-glycosidic bonds (159). These components 

form a rigid mesh-like structure around the cell that functions to maintain cell shape and 

resist osmotic lysis (91). The space between the cytoplasmic membrane and the outer 

membrane is the periplasmic space which harbors a variety of hydrolytic enzymes 

necessary for the breakdown of large macromolecules for cell metabolism (159). The 

general structure for the Gram-negative bacterial membrane is shown in Figure 5.

Cell Wall Synthesis

Cell growth and division requires the cell wall to be dynamic. As a result, 

processing of the cell wall occurs by lytic enzymes (91). The polysaccharide chains in 

the peptidoglycan consist of repeating disaccharides of GlcNAc, linked by P-1,4- 

glycosidic bonds to MurNAc (159, 192). Attached to MurNAc is a tetrapeptide 

comprised of both D and L amino acids. The first two amino acids attached may vary
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Figure 5. General structure of the Gram-negative bacterial cell wall. Each component is 
labeled. PBP = penicillin binding protein. LPS = Lipopolysaccharide.
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depending on the species of bacteria. The amino acid in the third position, a diamino 

acid, forms a peptide cross link with the fourth amino acid, D-alanine, on a different 

chain (159, 192).

Peptidoglycan synthesis is a four step process starting in the cytoplasm where 

glucosamine is transformed into MurNAc and activated by uridine tn-phosphate (UTP) to 

produce uridine diphosphate-A-actetylmuramic acid (UDP-MurNAc), which later forms 

UDP-MurNAc-pentapeptide (159). The UDP-MurNAc-pentapeptide is attached to the 

cytoplasmic membrane via the undecaprenol phosphate membrane pivot which 

translocates the UDP-MurNAc-pentapeptide out of the cytoplasm and releases it into the 

periplasmic space where it is attached to the growing end of the peptidoglycan chain 

(159). An overview of this process is shown in Figure 6 and the structure of 

peptidoglycan in E. coli is depicted in Figure 7.

Cell Wall Recycling

The growth and division of a bacterial cell demands continual cell wall 

renovation. It has been reported that 40-50% of the peptidoglycan in Gram-negative 

bacteria is dismantled by autolytic enzymes during each generation (92, 159). Ninety 

percent of these cell wall fragments are recycled back into the cell wall after processing 

(83).

During normal cell wall metabolism, lytic transglycosylases and D,D- 

endopeptidases liberate 1,6-anhydromuropeptides in the periplasm where they are either 

translocated to the cytoplasm or degraded by the AmiA amidase after cleavage of the
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Figure 6. Overview of cell wall synthesis. UDP-MurNAc-(AA)5 is synthesized in the 
cytoplasm and delivered to the undecaprenol membrane transporter (Blue rectangles) on 
the cytoplasmic membrane by the UDP-moiety. On the cytoplasmic side, GlcNAc and 
pentaglycine (Gly)5 are added before the molecule is transported across the membrane. 
In the periplasmic space the molecule is added to the growing chain of peptidoglycan. 
Adapted from (159).
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Figure 7. Structure of peptidoglycan for E. coli. Peptidoglycan consists of polymers ot 
alternating GlcNAc-MurNAc subunits and with direct cross linkages between the 
terminal D-Ala of one chain and the A2pm in the third position of a different chain 
attached to the MurNAc subunits. D-Ala = D-alanine, Glu = glucosamine, A2pm = meso- 
diaminopimelic acid, L-Ala = L-alanine.
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Figure 8. Cell wall recycling events in E. coli. Lytic transglycosylases and 
endopeptidases free 1,6 anhydromuropeptides (GlcNAc-MurNAc-tetrapeptides) into the 
periplasm where they can follow different pathways back into the cytoplasm to be 
modified and cycled back into the cell wall. Details of this pathway are explained in the 
“cell wall recycling” section of the text. Adapted from Holtje (83).
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terminal D-Ala by the LD carboxypeptidase (83). The degraded products from the AmiA 

pathway are transported into the cytoplasm via the oligopeptide transport system (Opp) or 

the murein peptide permease, MppA. Most of the 1,6-anhydromuropeptides are not 

degraded by AmiA and are transported across the cytoplasmic membrane through the 

AmpG permease where they are cleaved by the AmpD amidase to produce free 

tripeptides, anhydro-Mur-NAc, and GlcNAc (83). The tripeptides react with the Mpl 

ligase to produce UDP-MurNAc tripeptide, which is an intermediate of de novo synthesis 

of peptidoglycan. Thus the UDP-MurNAc tripeptide enters the murein synthesis pathway 

and is subsequently modified for recycling back into the cell wall (83). This pathway is 

outlined in Figure 8.

The AmpC Induction Pathway

Several Gram-negative bacteria encode chromosomal ampC genes from which 

expression is low, but inducible. Induction of the ampC gene requires three additional 

gene products, AmpG, AmpD, and AmpR, in addition to an inducing agent (76).

AmpR is a 32-kDa DNA binding protein required for regulation of chromosomal 

ampC gene expression. AmpR is encoded by the ampR gene, which is located just 

upstream of ampC and divergently transcribed from a promoter that overlaps with the 

ampC promoter (76, 86, 124, 181). It binds as a dimer to a 38 nucleotide binding site 

(Figure 9) located in the ampC/ampR intergenic region. DNase I footprinting studies of 

the C. freundii chromosomal AmpR binding site revealed that contact is made with the 

DNA in three different regions within this conserved site (76, 181). The conformation of 

the AmpR protein is hypothesized to influence the level of expression from the ampC
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Figure 9. Sequence of the AmpR binding site of C. freundii. AmpR DNA binding 
nucleotide contacts are indicated by the light blue boxes. Sequences for the LysR motif, 
and binding regions 1 and 2 are indicated by the lines with color corresponding to the 
labels.



\

LysR Motif

ampR CT GTT AG AAAAACTT AT AT CT GCTGCT AAATTT AACCG

Region 1 Region 2
l )

ampC

4̂



46

promoter (49, 91, 92). AmpR conformation is dependent upon its interaction with cell 

wall cofactors as described in the later paragraphs of this section.

The characteristics exhibited by AmpR qualify it as a member of the LysR family 

of bacterial gene regulators (13, 81, 124, 126). This family of transcriptional regulators is 

made up of over 50 bacterial proteins with common characteristics (81). These proteins 

are encoded by genes that are located upstream of the gene they regulate. LysR 

regulators are transcribed divergently from promoters that overlap with the promoters of 

the genes they regulate. In addition, these LysR proteins bind to similar sequences in 

their binding sites (81). The LysR motif is present in region 1 of the AmpR binding site 

(Figure 9) (13, 181) .

AmpG is a cytoplasmic permease necessary for AmpC induction (108). 

Examination of a mutant E. cloacae strain that only expressed low, constitutive levels of 

AmpC revealed that AmpG was a permease located on the cytoplasmic membrane. This 

protein allows for the cytoplasmic entry of 1,6-anhydromuropeptides into the cytoplasm 

from the periplasmic space as part of the cell wall recycling pathway (108, 127). 

Induction cannot occur when mutations that disable the function of AmpG occur (193). 

In the absence of a functional AmpG permease, only low, constitutive expression of 

AmpC is observed (193). Another cytoplasmic membrane protein, the Opp permease, 

was also implicated in the P-lactamase induction pathway, however, it has been shown 

that AmpG is the major avenue by which cell wall cofactors enter the cytoplasm (68, 

158).

AmpD is a 20.5 kDa cytosolic N-acetyl-anhydromuramyl-L-alanine amidase 

encoded by the ampD gene, which is located outside of the ampC/ampR chromosomal
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region (84, 93, 107, 124). Unlike AmpR, AmpD does not act directly in the AmpC 

induction pathway (125). Instead, like the AmpG protein, AmpD has a primary role in 

the cell wall recycling pathway. AmpD is responsible for preparing recycled cell wall 

peptides for further modification and later replacement back into the cell wall. It is the 

different forms of these cell wall peptides that interact with AmpR to influence 

expression. AmpD cleaves the amide bond between the carboxyl group of 

anhydromuramic acid and the alpha-amino group of L-alanine in anhMurNAc tripeptides, 

anhMurNAc-tetrapeptides, and anhMurNAc -pentapeptides (49, 84, 93). The products 

of these cleavages ultimately form UDP-Mur (uridine diphosphate muramic)- 

pentapeptide which is cycled back into the dynamic peptidoglycan layer. Both 

anhydromuropeptides and UDP-Mur-pentapeptides are implicated in the expression of 

AmpC, due to their interaction with the AmpR DNA binding protein (49, 93).

Under normal growth conditions, anhydromuropeptides are removed from the cell 

wall which is under constant construction and renovation for growth and elongation (83, 

92). When the anhydromuropeptides reach the cytoplasm via the AmpG permease their 

anhydro-moieties are cleaved by AmpD, resulting in UDP-Mur-pentapeptide precursors 

(76). Once UDP-Mur-pentapeptide is produced, it is shuttled back to the periplasmic 

space where it is cycled back into the cell wall. It is hypothesized that UDP-pentapeptide 

interacts with and changes the conformation of AmpR (76). The resulting conformation 

of AmpR causes a repression of AmpC expression. Thus, when UDP-Mur-pentapeptide 

is bound to AmpR, low constitutive expression ofampC occurs. ampC expression under 

normal cellular conditions is depicted in Figure 10.
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Figure 10. Regulation of ampC expression under normal cellular conditions. Low 
constitutive expression occurs when UDP-MurNAc-peptides interact with AmpR at the 
AmpR binding site at the ampC/ampR intergenic region. Low levels of AmpC are 
constitutively produced and localized to the periplasmic space. See figure legend above.
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Treatment of the bacterial cell with certain [3-lactam antibiotics, such as cefoxitin 

or imipenem, results in perturbations in the cell wall recycling pathway (76). As the 

penicillin binding proteins are targeted by the drugs, their ability to maintain the 

peptidoglycan diminishes. When this occurs, increased amounts of 1,6-

anhydromuropeptides enter the cytoplasm (49, 92). Although AmpD is functional, the 

amount of anhydromuropeptide to process overwhelms the AmpD amidase. The 

increased concentrations of anhydromuropeptide results in the UDP-Mur-pentapeptide 

bound to AmpR being replaced by 1,6-anhydro-Wacetylmuramyltripeptide (Figure 11). 

The interaction with anhydromuropeptides results in a conformation of AmpR which 

allows for induction of the ampQ gene (92). Induction is only a temporary phenomenon.

Once the drug concentration diminishes and the 1,6-anhyaro-A-

acetylmuramyltripeptide are processed by AmpD, the UDP-Mur-pentapeptide again 

binds to AmpR, displacing the 1,6-anhydro-A-acetylmuramyltripeptide (76). This results 

in a return to low constitutive level AmpC expression.

High-level expression of AmpC (3-lactamase can also occur in the absence of (3- 

lactam drug (121). Mutations in the AmpR and AmpD can result in dramatic changes in 

AmpC expression with corresponding changes in susceptibility phenotypes of organisms 

expressing these genes (8, 51, 107, 111, 141, 151). When mutations occur that disable 

the function of AmpD, cytoplasmic concentrations of 1,6-anhydromuropeptides increase. 

This leads to a replacement of the UDP-Mur-pentapeptide interacting with AmpR with 

the l,6-anhydro-7V-acetylmuramyltripeptide which results in non-inducible, constitutive 

high-level AmpC production (76). This phenomenon is depicted in Figure 12. Mutations
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Figure 11. Induction of ampC expression during antibiotic exposure. P-lactam 
antibiotics, such as cefoxitin or imipenem, enter the cell through the outer membrane 
porins and bind to the penicillin binding proteins (PBPs) to disrupt cell wall synthesis and 
maintenance. This results in an increase in the concentration of AnhMurNAc-peptides in 
the cytoplasm that overwhelms the AmpD amidase. It has been suggested that when 
these peptides reach a certain concentration, AnhMurNAc-peptides displaces the UDP- 
MurNAc-pentapeptide that interacts with the AmpR bound to the ampC/ampR intergenic 
region (53). A change in conformation of AmpR due to this interaction results in a 
bending of the DNA that allows for increased transcription. Increased levels of AmpC 
are produced until the drug is removed or the cell dies. Upon removal of the drug, the 
cytoplasmic influx of anhMurNAc-peptides decreases allowing AmpD to cleave the 
anhydromuro-moiety from these peptides reducing their cytoplasmic concentrations and 
expression returns to low constitutive levels as indicated in Figure 10. See figure legend 
above.
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Figure 12. High-level constitutive ampC expression due to a mutated AmpD. AmpD 
mutations result in increases of cytoplasmic levels of AnhMurNAc-pentapeptide. 
AnhMurNAc-peptides interact with the AmpR bound to the ampC/ampR intergenic 
region and high levels of AmpC are constitutively produced. See figure legend above.
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in either AmpD or AmpR can also result in semi-derepressed or hyper-inducible 

expression (76).

Several studies have determined mutations responsible for AmpD inactivation 

(76). These mutations have been reported to occur spontaneously within a range of 

frequencies from 10" to 10" (45, 110). A study by Stapleton et al. investigated the 

mutations responsible for high-level AmpC expression in C. freundii. This investigation 

revealed three different AmpD mutations in three independent C. freundii strains that 

resulted in high-level “fully derepressed” AmpC expression (198). These mutations were 

Val33Gly, Trp95Truncation, and Aspl64Glu. The study also described three other 

mutations occurring in three additional strains that resulted in a hyperinducible 

phenotype. These mutations were Alal58Glu, Trp95Arg, and Tyrl02Asp (198). 

Ehrhardt et al. reported other AmpD mutations in E. cloacae that resulted in high-level 

cephalosporinase activity (51). This study revealed that a truncation at amino acid 133 

resulted in a fully derepressed AmpC phenotype, while another mutation, Aspl27Gly 

resulted in a hyperinducible phenotype (51). The data presented in these studies are not 

conclusive. The mutations discovered in these studies were discovered by sequencing 

only the ampD genes of mutant strains with phenotypes determined by |3-lactamase 

activity and MIC data. No sequencing of the genes encoding AmpR or AmpC, or the 

ampC promoter regions were performed in these studies. In addition, no 

complementation studies were performed with wild-type ampD sequences. Therefore, 

mutations at other loci involved in this resistance mechanism, or in the ampC promoter 

region, cannot be ruled out as a cause of these phenotypes.
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A more recent study by Bagge et al. investigated P. aeruginosa isolates that 

expressed high levels of the chromosomal ampC (3-lactamase (8). Sequence analysis of 

the ampD gene of two clinical isolates revealed the presence of an insertion sequence 

with a 476 amino acid open reading frame, encoding a putative transposase, within the 

ampD gene. The P-lactam susceptibility phenotype of these strains reverted to wild-type, 

when a plasmid encoding the P. aeruginosa PAOl ampD gene was introduced into the 

strains for complementation of the mutant ampD genes. The investigators also sequenced 

the ampR gene, and the ampC-ampR intergenic sequence. These analyses revealed wild- 

type sequences at these positions (8).

Mutations that occur in AmpR have also been shown to result in increased levels 

of AmpC activity (76). Kuga et al. determined through in vitro studies that the point 

mutations within the amino acid sequence of AmpR, Aspl35Asn, Aspl35Val, or 

Arg86Cys, resulted in P-lactamase activities that were 450, 75, and 160-fold higher than 

wild-type activity levels, respectively. In addition, these mutations were found to occur 

at a frequency of ~10"6 when selecting with ceftazidime or aztreonam (111). The study 

by Bagge et al described above also found high-level AmpC activity to occur due to the 

Aspl35Asn mutation in AmpR in a clinical isolate of P. aeruginosa (8).

Although these are the only reported causes of these expression phenomena, 

changes in the ampC promoter region could also be a plausible explanation for such 

phenotypes. In clinical isolates, most chromosomal ampC expressing “uerepressed 

mutants” are attributed to AmpD mutations and therefore when a “derepressed mutant” is 

discovered the mechanism of expression is assumed and not studied. Factors other than 

the mutated induction components could be responsible for high-level ampC expression
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in these organisms. The possibilities include transitions in the promoter elements that 

make these seemingly weak promoter elements stronger and better able to recruit RNA 

polymerase for transcription. The incorporation of insertion elements upstream of ampC 

genes is another factor that could increase ampC expression. These elements could 

encode promoter elements which could direct expression from the genes adjacent to the 

insertion site. Such elements can be found upstream of the plasmid-encoded ampC genes 

(17).

AmpC-Mediated Resistance

The AmpC enzymes are primarily cephalosporinases, but are capable of 

hydrolyzing all P-lactam drugs to some degree (32, 190). They are not significantly 

inhibited by clavulanic acid, tazobactam, or sulbactam, however they are inhibited by 

cloxacillin and aztreonam (to some extent) (32).

AmpC-mediated resistance in Gram-negative organisms results from high-level 

expression of the |3-lactamase (180). This usually confers resistance to all the p-lactam 

drugs except the carbapenems and the dipolar ionic methoxyimino-cephalosporins, such 

as cefepime and cefpirome (204). However, studies have shown that AmpC enzymes can 

contribute to decreased susceptibilities to cefepime, cefpirome, and the carbapenems. 

This occurs with increased inocula of AmpC producing organisms and / or reduced 

membrane permeability (139, 203). A deletion within the ampC gene, in addition to 

high-level expression, can also occur which expands the substrate profile to include 

cefepime and cefpirome (12).
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A 1999 study by Martinez-Martinez et al. examined the effect of increased 

inocula and outer membrane porin deficiencies, in organisms expressing AmpC P- 

lactamases, on the P-lactam MICs (139). It was concluded that the K. pneumoniae 

isolates expressing an AmpC P-lactamase, in the absence of functional outer-membrane 

porin, OmpK36, resulted in significantly increased MICs to cefoxitin, ceftazidime and the 

carbapenems, whereas less significant increases were observed in the MICs for cefepime 

and cefpirome. Further increases in cefepime and cefpirome MICs were later observed 

when such strains were tested at a higher inoculum of 107 cfu/ml rather than 105 cfu/ml. 

Although it is likely that AmpC was being expressed at high levels, it was only assumed 

in these studies, as data pertaining to the level of ampC expression or AmpC enzymatic 

activity were not reported in this study (139). These findings were in agreement with 

several earlier studies that reported the effect of decreased membrane permeability and 

increased expression of AmpC enzymes on P-lactam susceptibility.

The first of these reports examined carbapenem resistance in a clinical isolate of 

E. cloacae (114). Lee et al. were the first to attribute imipenem resistance to a 

combination of increased chromosomal AmpC cephalosporinase production in 

conjunction with decreased membrane permeability. The chromosome of the isolate, E. 

cloacae 201, was found to encode a mutated ampD gene that resulted in derepression of 

the AmpC P-lactamase. Through the examination of several E. cloacae mutants with 

ampD complementation, they concluded that high-level AmpC production and the 

decreased susceptibility were both necessary for carbapenem resistance to occur (114). 

Later studies determined that decreased membrane permeability could result in resistance 

to the carbapenems and cefepime in the presence of plasmid-encoded AmpC genes. In
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1997, Bradford et al. determined that imipenem resistance was attributed to expression of 

the ACT-1 plasmid-encoded AmpC p-lactamase in combination with a loss of an outer 

porin membrane in K. pneumoniae strains (28). Although the study described the 

structural gene of h/aACT-i, it failed to recognize the means by which b/aAcr-i is expressed 

and thus, further questions arise from this study and data presented in later sections in this 

dissertation will elucidate the mechanism of 7>/aAcT-i expression (179). Another 

investigation carried out by Stapleton et al. discovered that imipenem resistance and 

decreased cefepime susceptibility in several K. pneumoniae strains was associated with 

the loss of an outer membrane protein and high-level plasmid-encoded CMY-4 activity 

(199). An oral presentation by Nordmann et al. at the 2003 Interscience Conference on 

Antimicrobial Agents and Chemotherapy described the first case of carbapenem 

resistance occurring due to in vivo selection with imipenem treatment. The E. coli strain 

isolated from the bile of an immunosupressed child who had been treated with imipenem 

was found to exhibit decreased OmpF porin production in addition to high-level 

expression of CMY-2 (156). These studies exemplify the potential danger associated 

with high-level expression of AmpC p-lactamases.

In addition to outer membrane porin deficiencies, one other factor has been 

determined to expand the substrate profile of AmpC P-lactamases when combined with 

high-level expression. As mentioned in a previous section of this review, Barnaud et al. 

described a mutated E. cloacae ampC gene that conferred resistance to cefepime and 

cefpirome when expressed at high levels (12). The increased resistance was attributed to 

a decrease in Km of the AmpC enzyme for cefepime and cefpirome due to an 18 

nucleotide deletion in the AmpC structural gene. Once again this is the only example of
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an AmpC enzyme with amino acid changes resulting in a change in the substrate profile

( 12).

Bacterial Transcription

Gene expression can be regulated at several different stages. It can be controlled 

at the level of transcription, which commonly involves regulating the initiation of 

transcription and can also involve regulation at termination (119). Expression can also be 

controlled at the RNA level through the availability of transcript for translation, which 

can be controlled by the RNA secondary structure through ribosomal entry or half-life of 

the message (135). Translation can also be regulated, usually at initiation and 

termination (119).

Bacterial gene expression is most commonly regulated at the initiation of 

transcription (119). In bacterial transcription, the RNA polymerase holoenzyme (Figure 

13) consists of two a subunits encoded from the rpoA gene, a p subunit encoded by the 

rpoB gene, a P' subunit encoded by the rpoC gene, a o subunit encoded by rpoD, and an 

co subunit encoded by rpoZ (71, 119). The P and P' subunits comprise the catalytic center 

of the enzyme and the two a subunits function in enzyme assembly and promoter 

recognition. The co subunit acts to fold the P' subunit into a conformation that facilitates 

integration of P' with the Paa assembly intermediate (143). This action of the co subunit 

has been shown to increase the rate of RNA polymerase assembly and aid in polymerase 

stability. The RNA polymerase recognizes the -10 and -35 promoter elements directly 

primarily by means of the o factor (119).
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Figure 13. RNA polymerase holoenzyme (o^PP’o70®) and DNA contact points. The a70 
factor contacts both the -35 and -10 promoter elements. The C-terminal domain (CTD) 
of the a subunit contacts the UP element sequence if present. Red indicate a subunits; 
lighter yellow indicated P’ subunit; darker yellow indicates P subunit; green indicates o7<) 
subunit. The co subunit aids in the folding of P' to allow it to bind with the Paa assembly 
intermediate. -35 and -10 promoter elements are represented by light blue boxes. The 
UP element is presented by the dark blue box. DNA is represented by the black line.
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The a factor recognizes the promoter sequence and then the other polymerase 

subunits complex with the a factor resulting in a holoenzyme that is responsible for 

transcription (185). The formation of contacts between the holoenzyme and the DNA are 

influenced by allosteric changes directed by the sigma subunit. All bacteria have a 

primary sigma factor that is responsible for recognition of the promoters of all essential 

housekeeping genes (119). In E. coli, this factor is designated a . Several additional o 

factors may also exist in addition to the primary a factor. These alternative o factors 

fluctuate in number depending upon the species and are activated in times of stress or in 

response to specific stimuli. Inis, coli, seven a factors exist while in other organisms that 

face harsher environmental conditions, such as Bacillus subtilis, 17 a factors exist (119). 

More a factors allow for a broader array of gene expression which helps the organisms 

adapt to changing environmental conditions.

Bacterial promoters typically consist of two conserved hexamer sequences, one 

centered at approximately -35 nucleotides, and the other centered at approximately -10 

nucleotides from the start site of transcription (79, 119). The two hexamers are typically 

separated by 15 to 20 bp with 17 bp being optimal spacing. The E. coli promoter 

consensus sequence for the -35 element, TTGACA, and for the -10 element, TATAAT, 

(Figure 14) were identified from comparison of a large number of known E. coli 

promoters and from mutational analysis (79). These sequences represent the bases most 

often found in their positions inis, coli promoters. Many genes that are expressed at high 

levels have promoters with high similarity to the consensus sequence. However, the 

sequences of promoters may vary considerably from the consensus sequence and very 

few promoter sequences actually match the consensus sequence (119).
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Figure 14.
UP element.

Consensus sequence for the E. coli -35 and -10 promoter elements, and the 
n = any nucleotide.
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A third regulatory element has also been implicated in bacterial transcription 

initiation (183). This element is located upstream of the -35 promoter element and allows 

for increased transcriptional initiation. This AT-rich region, known as an “UP element,” 

binds the C-terminal domain of the RNA polymerase a subunit and can increase 

transcription from a given promoter up to 326-fold (52, 184, 185). The consensus UP 

element sequence was determined by mutational analysis to be [nnAAA(A/T)(A/T)T 

(A/T)TTTTnnAAAAnnn] (52, 183). These elements are not found in all promoters 

(Figures 13 and 14).

The Plasmid-Encoded AmpC (3-laetamases

AmpC resistance can be mediated by a chromosomally- or plasmid-encoded gene. 

The reported plasmid-encoded ampC genes are listed in Table 5. Genetic evidence 

suggests that plasmid-encoded ampC genes were once located on the chromosome due to 

the high degree of similarity between chromosomal and plasmid genes of specific origin. 

The discovery of the AmpC P-lactamase, CMY-1 in 1989, was the first published report 

of a plasmid-encoded AmpC P-lactamase (14). Since then, over twenty unique plasmid- 

encoded AmpC P-lactamase sequences, mostly isoenzymes, have been reported in several 

genera of bacteria with different genetic backgrounds, such as Salmonella spp., P. 

mirabilis, K. pneumoniae, K. oxytoca (which lack a chromosomal ampC), E. coll (which 

encodes a chromosomal ampC), and E. aerogenes, (which encodes a chromosomal ampC 

and ampR).

The plasmid encoded ampC P-lactamases can be classified on the basis of 

similarity to the chromosomal ampC genes. Several enzymes have been described with



Table 5. Plasmid-Encoded AmpC P-Lactamases

Plasmid-Encoded
AmpCa

Year Isolated, 
Geographic Origin

Year Reported Chromosomal Origin Pi Organism of 
First Report

MIR-1 1988; U.S.A. 1990 Enterobacter spp. K. pneumoniae
BIL-1 (CMY-2) 1989; Pakistan 1990 Citrobacter freundii 8.8 E. coli
CMY-1 1989; South Korea 1996 - 8 K. pneumoniae
FOX-1 1989; Argentina 1994 Aeromonas caviae 6.8 or 7.2 K. pneumoniae
CMY-2 1990; Greece 1990 (ASM) Citrobacter freundii 9 K. pneumoniae
MOX-1 1991; Japan 1993 - 8.9 K. pneumoniae
DHA-1 1992; Saudi Arabia 1998 Morganella morganii 7.8 S.enteritidis
LAT-1 1997; Greece 1993 Citrobacter freundii 9.4 K. pneumoniae
FOX-2 1993; Guatamala 1997 Aeromonas caviae 6.7 E. coli
FOX-3 1994; Italy 1998 Aeromonas caviae 7.25 K. oxytoca
ACT-1 1994; U.S.A. 1997 Enterobacter absurbiae 9 K. pneumoniae & E. coli
LAT-2 (CMY-2) 1994; Greece 1996 Citrobacter freundii 8.9 K. pneumoniae, E. coli, E. aerogenes
CMY-4 1996; Tunisia 1998 Citrobacter freundii 9.2 P. mirabilis
ACC-1 1997; Germany 1999 Hafnia alvei 7.7 K. pneumoniae
LAT-3 (CMY-6) 1996; Greece 1998 Citrobacter freundii 8.9 E. coli
LAT-4 (LAT-1) 1996; Greece 1998 Citrobacter freundii 9.4 E. coli
MOX-2 1997; France 2002 73.1% Aeromonas sorbia 9.1 K. pneumoniae
CMY-5 1987; Sweden 1999 Citrobacter freundii 8.4 K. oxytoca

CMY-7 7; India 1999 (sequence only) Citrobacter freundii
FOX-4 1999; Spain 2000 Aeromonas caviae 6.4 E. coli

FOX-5 2000, U.S.A. 2001 Aeromonas caviae 7.2 K. pneumoniae
CMY-8 1993; Taiwan 2000 - 8.3 K. pneumoniae
CMY-9 1995; Japan 2002 78% Aeromonas hydrophila ~9.0 E. coli
DHA-2 1992; France 2002 Morganella morganii 7.8 K. pneumoniae
CMY-10 - E. aerogenes
CMY-11 1998; South Korea 2002 - 8 E. coli

aSee Text for References
ON-J
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Citrobacter freundii origin, including LAT-1-4, CMY-2, 4, 5, and 7, and BIL-1 (17, 48, 

58, 63, 64, 161, 205, 206, 212). Enzymes similar to FOX-1, include FOX-2-5, and are 

thought to have originated from the chromosomal ampC gene of Aeromonas caviae (19, 

27, 59, 67, 138, 176). The chromosomal origins of CMY-1, 8, 9-11 and MOX-1-2 have 

yet to be determined however, the sequences of these ampC genes show ~70% identity to 

the Aeromonas spp. chromosomal ampC (18, 88, 115, 116, 177). In addition, enzymes 

originating from Enterobacter spp., (ACT-1 of E. asburiae and MIR-1 of E. cloacae)(28, 

157, 186), Morganella morganii (DHA-1 and DHA-2) (11, 56), and Hafnia alvei (ACC- 

1 )(15) have also been described.

Plasmid-encoded ampC genes have been found in isolates from humans, 

agricultural animals, companion animals, dog food, and river water (165, 189, 215, 216). 

It has been reported that organisms that produce plasmid-encoded AmpCs are rare in the 

United States (153). This is most likely due to the lack of simple techniques to survey 

these types of organisms (202). Epidemiological studies have been performed that have 

determined the occurrence of plasmid-encoded ampC producers. A 1999 study of 824 

unique patient K. pneumoniae isolates from 15 New York hospitals by Quale et al. 

revealed that one-half of the strains were resistant to (3-lactam inhibitor combinations and 

nearly two-thirds were resistant to cefoxitin (175). Although some of the inhibitor 

resistant isolates did not encode a plasmid-encoded AmpC, many encoded blaact-i- A 

recent study by Moland et al. found plasmid-encoded ampC genes in K. pneumoniae 

isolates at 10 of 24 United States hospitals (144). Although most plasmid-encoded ampC 

genes, such as bla^cr-i, blacmy-2, 6/adha-i, and bla^ox-x have been reported at multiple 

sites, 7>/<2mir-i has never been found since it was detected at Miriam Hospital, in Rhode
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Island (140, 144). This may reflect good infection control measures at the time of the 

outbreak. Although these studies have revealed some insight into the occurrence of 

plasmid-encoded ampC, more inclusive surveillance studies are needed to determine the 

actual rate of occurrence of organisms producing these enzymes.

Although it is generally accepted that plasmid-encoded ampC genes originated 

from chromosomal ampC genes, it is unclear how changes in the nucleotide sequences 

occur. It is theorized that these genes first moved from the chromosome to extra- 

chromosomal DNA, followed by mutation within the gene while on the plasmid. Another 

theory is that these genes moved from several highly similar chromosomal ampC genes. 

These questions remain unanswered.

Expression of Plasmid-Encoded am pC  Genes

Although the general mechanism for high-level expression of inducible, 

chromosomal ampC genes is understood, the same cannot be said for the plasmid- 

encoded ampC genes (Figure 15)(75). Several factors could contribute to the increased 

expression of these genes. These factors include gene copy number, the genetic 

background of the organism, and the genetic organization or context of the genetic locus 

from which the genes are expressed (180). It has been stated in the literature that copy 

number and lack of AmpR regulation contribute to the high-level expression of plasmid- 

encoded ampC genes in the absence of AmpR. A recent review by Karen Bush stated 

that genes encoding AmpC enzymes, such as ACT-1, are now appearing on high-copy 

number plasmids resulting in high levels of cephalosporinase production. However, no 

data have been generated to support this statement (31).
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Figure 15. Expression from plasmid-encoded ampC (3-lactamases. The mechanisms of 
expression for most plasmid-encoded ampC genes are unknown. Furthermore the 
flanking sequences for many of these genes have not been identified. See figure legend 
above.
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Two studies have been carried out in vitro to determine the result of a lack of 

AmpR regulation on ampC expression by cloning ampC genes on vectors with and 

without an upstream ampR gene. The first study performed by Lindberg et al. in 1985 

utilized a clone of the C. freundii ampC-ampR region for comparison of ampC expression 

with a clone containing the ampC gene with a truncated ampR gene upstream (124, 168). 

These data revealed a 2.5-fold increase in ampC expression in the clone lacking ampR 

compared to the wild-type clone. Once the plasmid-encoded ampC genes were 

discovered, it was assumed that because these genes were not on the chromosome and 

associated with ampR, they would be expressed 2.5-fold above the chromosomal ampC 

gene expression.

In a more recent study by Poirel et al. the chromosomal ampC-ampR region of the 

Morganella morganii chromosome was cloned into the plasmid pACYC184 (168). A 

second clone was created with pACYC184 containing only the ampC region from the 

chromosome. A 5.8-fold increase in expression was observed from the clone lacking the 

ampR gene. Although these two studies claimed to measure expression, only 

cephalosporinase activity was measured. No RNA analyses were performed (168). 

Furthermore, the report by Poirel et al. stated that they inserted theampC fragments into 

an £coRV site in pACYC184. This site does not exist in pACYC184. The pACYC184 

EcoRl site was more than likely employed. With the correct orientation, the 

chloramphenicol resistance promoter found upstream of the EcoRl will drive expression 

from the EcoRl insert. This chloramphenicol promoter would have been more proximal 

to the ampC gene in the ampC only clone versus the ampC-ampR clone. The statements 

that increased activity in the absence of AmpR regulation combined with high copy
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numbers of the ampC gene are accepted by many investigators as the mechanisms by 

which high-level ampC expression occurs. No in vivo data has been generated to support 

these statements.

Until recently, all plasmid-encoded ampC genes were thought to be non-inducible 

due to the lack of a functional AmpR or AmpR binding site. However, in 1998, bla^HAA 

became the first described inducible plasmid-mediated ampC gene (11). The plasmid 

encoding bla^uA-x also encoded the ampR gene and the genetic organization of the 

intergenic ampdampR region was 98% similar to that of the M. morganii chromosomal 

ampC/ampR region (11, 168). In addition, a second plasmid-mediated ampC gene has 

been described as inducible. This gene, blaoHA-2, is also ofM  morganii origin and closely 

related in amino acid sequence to blauha-i (56). Although these were only recently 

reported, the organisms in which they were found were both isolated in 1992. Therefore, 

inducible plasmid-encoded AmpC (3-lactamases are not new mechanisms of resistance. 

bla\c\.\ has also been shown to be inducible and data supporting this will be described in

this dissertation (179).
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Introduction

The AmpCs are one of the most threatening (3-lactamases in Gram-negative 

bacteria due to their ability to mediate resistance to almost all classes of the P-lactam 

antibiotics. Organisms that express chromosomal ampC genes are determined by species 

identification in the clinical laboratory and warnings about possible resistance are noted 

for physicians. The plasmid-encoded AmpCs represent an even greater threat because 

most clinical laboratories do not screen for plasmid-encoded AmpC producers. Plasmid- 

encoded ampCs are carried and expressed by many organisms that do not encode a 

chromosomal ampC in their genome and thus, cannot be identified by bacterial genus 

characterization. The mechanism of expression for the chromosomal ampC genes has 

been characterized in many organisms, whereas expression mechanisms of the plasmid- 

encoded ampC have generally not been elucidated. For several years the accepted 

hypotheses for plasmid-encoded awz/?C-mediated resistance has been based on the in vitro 

studies described above for expression in the absence of AmpR and unsubstantiated 

statements made in the literature. However, to truly appreciate how plasmid-encoded 

ampC expression correlates with clinical resistance exhibited by AmpC producers, 

expression must be examined in clinical isolates.

The goal of these studies was to determine how plasmid-encoded ampC 

expression in various genetic contexts influences the susceptibility of those organisms to 

P-lactam antibiotics. It was hypothesized that increased levels of expression from 

plasmid-encoded ampC genes would lead to decreased susceptibilities and that these 

increased levels would be dependent upon factors (other than AmpR regulation) within 

the genetic context from which these genes are expressed. It was further hypothesized
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that the expression of the plasmid-encoded ampC genes would be not be significantly 

influenced by the copy number of the plasmid from which the gene is expressed. Lastly, 

it was hypothesized that the number of plasmid-encoded AmpC producing organisms are 

underestimated in the clinical and community environments due to the inability to easily 

differentiate these organisms from ESBL producers or organisms that overproduce 

chromosomal AmpC P-lactamases.

Data from the pilot study conducted in collaboration with the Clinical Laboratory 

at CUMC and data obtained from other surveillance studies indicate that the occurrence 

of plasmid-encoded AmpC producing bacteria is underestimated. Although plasmid- 

encoded AmpCs were first identified in the 1980s, prior to the studies discussed within 

this dissertation, the knowledge pertaining to expression of the plasmid-encoded ampC (3- 

lactamases and the influence of expression on P-lactam resistance was extremely limited. 

The data set forth in this dissertation demonstrate that the expression mechanisms of 

plasmid-encoded ampC genes are more complex than originally hypothesized.
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Materials and Methods 

Bacterial Strains and Plasmids

All bacterial strains and plasmids used in these studies are listed in Tables 6, 7, 

and 8. Plasmid maps are illustrated in Figures 16, 17, & 18.

Preparation of Total DNA Template

Total DNA template for PCR was prepared from each organism as previously 

described by Pitout et al. (166) Briefly, an isolated colony from a fresh overnight culture 

plate was used to inoculate a 5 ml LB broth culture and incubated overnight at 37° C, 

while shaking at 100 rpm on an orbital shaker. After incubation, cells were collected 

from 1.5 ml of the culture by centrifugation at 17,300 x g for 5 minutes at room 

temperature in a 1.5 ml microfuge tube. After removing the supernatant, the cell pellet 

was resuspended using 5 ml of sterile nanopure distilled water. The cells were then lysed 

by heating the suspension at 95° C for 10 minutes. The cellular debris was collected by 

centrifugation at 17,300 x g for 5 minutes. The supernatant was used as template.

Polymerase Chain Reaction (PCR)

PCR was utilized for several experiments in these studies. The final 

concentration of the polymerase chain reaction mixtures and amplification parameters 

were as follows unless otherwise specified: 1.25 mM dATP, dCTP, dGTP, and dTTP, 2 

mM MgCl2, PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KC1), 1.25 U Taq polymerase 

(Invitrogen, Carlsbad, CA, USA), 0.5 pmol of each primer, and 2 pi of total DNA



Table 6. Bacterial strains, clinical isolates, and plasmids used in the study of expression from a m p C genes of E n te ro b a c te r  origin.

Clinical Isolates am pC  Gene Abbreviation3 Location Induction Phenotype0 Induction Genotype Reference

Enterobacter cloacae 55 amp C WTampC Chromosome WT WT 179
Klebsiella pneumoniae 225 bla a c t -1 bla a c t -1 Plasmid WT WT 77, 178, 179
Klebsiella pneumoniae 96 D bid MIR-1 bla m ir -1 Plasmid Nl ampR' 157, 179
Enterobacter cloacae V204 amp C DRamp C Chromosome DR amp D' 179

Plasmids Characteristics Reference

pACYC184 tet, cat 39
pMDROOl pACYC184w/b/aACT.i &  amp R; tet, heat 179
pMDR002 pACYC184 wlbld m ir -1); tet, Acat 179

Strains Genotype am pD genotype Plasmid-Encoded am pCc Reference

E. coli Top10 (Invitrogen) See Belowd amp D+ NA 69
E. coli WTpACYC184 E. coli Top 10 w/ pACYC184 amp D+ NA 179
E. coli WTpACT-1 E. coli Top10 w/ pMDROOl amp D+ bla a c t -1 & amP R 179
E. coli WTpMIR-1 E. coli Top10 w/ pMDR002 amp D+ bla m ir -1 179
E. coli SNO302 (amp At, ampC8, pryB, recA, rpsL) ( amp DE ) amp D' NA 121
E coli JRG582 (Anad C-aro P) (amp D ) amp D NA 112
E. coli ADpACT-1 E. coli JRG582 w/ pMDROOl amp D' bla a c t -1 & amp R 179
E. coli ADpMIR-1 E. coli SNO302 w/ pMDR002 amp D' bla m ir -1 179

Abbreviation for each amp C gene used in the text 
b(WT) wild type, (Nl) non-inducible, (DR) derepressed 
C(NA) not applicable
d Genotype: Top 10 Cells [F- mcrA D(mrr-hsdRMS-mcrBC) f80/acZDM15 D/acX74 deoR recA1 araD139 D(ara-leu)7697 ga/U galK rpsL 
(sfrR) end A1 nup G]

-4
0



Table 7. Cloning Strains & Plasmids for Studies to Determine the Mechanism of Expression of b l a  Mir.i .
Strain Name0 Description0 ReferenceE. coli ToplO(lnvitrogen) See Reference 69
EcM1 A01 E. coli Top10 w/ pM1A01 This Study
EcM1 A02 E. coli Top10 w/ pM1A02 This Study
EcM1 A03 E. coli Top 10 w/ pM1A03 This Study
EcM1 A04 E. coli Top 10 w/ pM1A04 This Study
EcM1 A05 E. coli Top 10 w/ pM1A05 This Study
EcM1 A06 E. coli Top 10 w/ pM1A06 This Study
EcMIwt E. coli Top10 w/ pM1wt This Study

Plasmids
Plasmid Name Characteristics6 Size Reference
pACYC184 cm*, tet* 4245 bp 39
pMDR009 pACYC184 A103-515, cm', tet* 3833 bp This Study
pM1 A01 pMDR009 w/ EcoRI M1A01 insert 5373 bp This Study
pM1 A02 pMDR009 w/ EcoRI M1A02 insert 5339 bp This Study
pM1 A03 pMDR009 w/ EcoRI M1A03 insert 5297 bp This Study
pM1 A04 pMDR009 w/ EcoRI M1A04 insert 5320 bp This Study
pM1 A05 pMDR009 w/ EcoRI M1A05 insert 5339 bp This Study
pM1 A06 pMDR009 w/ EcoRI M1A06 insert 5363 bp This Study
pM1wt (pMDR002) pACYC184 w/ EcoRI M1wt insert 6151 bp 179

a amp C gene harbored by the strain 
b Designated abbreviation 
c Name of strain, Ec = E. coli Top 10 
d Strain encoding plasmids designated in this table 
ecm, chloramphenicol; tet, tetracycline

' joo



Table 8. Clinical Isolates, Cloning Strains, & Plasmids for Studies Involving the Expression of b l a CMY.2.

Clinical Isolates
Isolate Abbreviation AmpC References
K. pneumoniae P50 KpV50 CMY-2 144
K. pneumoniae 249 Kp249 CMY-2 This Study
E. coii B1 EcB1 CMY-2 (BIL-1) 161
E. coli L1 EcL1 CMY-2 (LAT-2) 63
Citrobacter freundii 21 Cf21 AmpC This Study
Citrobacter freundii 21M Cf21M AmpC This Study

Plasmids
Plasmid Name Characteristics References
pCR-XL-TOPO km+ Invitrogen
pACYC184 cm+, tet+ 39
pMDR009 PACYC184 A103-515, cm', tet+ This Study
pXTCMY2 pCR-XL-TOPO w/ CMY-2 (1830 bp fragment) w/ Up Element This Study
pXTCMY2NUP pCR-XL-TOPO w/ CMY-2 (1416 bp fragment) w/ No Up Element This Study
pCMY2 pMDR009 w/ EcoRI CMY-2 (1830 bp fragment) w/ Up Element This Study
PCMY2NUP pMDR009 w/ EcoRI CMY-2 (1416 bp fragment) No Up Element This Study

Cloning Strains
Strain Name Strain Transformed w/Plasmid References
E. coli Top 10 (Invitrogen) 69
E. coli CMY2 E. coli Top10 w/pCMY2 This Study
E. coli CMY2NUP E  coli Top 10 w/pCMY2NUP This StudyE. coli XCMY2 E  coli Top10 w/pXTCMY2 This Study
E. coii XCMY2NUP E  coli Top 10 w/pXTCMY2NUP This Study

-jvO
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Figure 16. Plasmids pCR-XL-TOPO, pCR-Blunt, and pCR-2.1 (Invitrogen, Carlsbad, 
CA, USA). These plasmids were employed to clone PCR products for subsequent 
subcloning into plasmids pACYC184(39) and pMDR009 (Figure 17). The EcoR\ sites 
were employed for restriction digestion of the cloned PCR product for subcloning into 
plasmids pACYC184 and pMDR009.



EcoR\ EcoR
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Figure 17. Cloning vector pACYC184 (39) and its derivative pMDR009. Nucleotides 
103-515 of pACYC184 were deleted by Pvull restriction to create pMDR009 which does 
not encode the chloramphenicol acetyl transferase (cat) promoter.
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Figure 18. Plasmids pMDROOl and pMDR002 encoding blaACT-\/ampR and blaMiR.\ and 
its upstream region respectively.
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template (1/250th) in a final volume of 50 pi. Amplicons generated for cloning and 

sequencing were generated using 1.25 U of Platinum Taq High Fidelity polymerase 

(Invitrogen, Carlsbad, CA, USA) instead of Taq DNA polymerase unless otherwise 

indicated. Positive controls were used when available. Two negative PCR controls were 

used when performing PCR. Nanopure water from the PCR hood and nanopure water 

from the template bench was used in place of total DNA template to ensure amplified 

product observed after electrophoresis was not the result of reagents. Amplification was 

carried out in a Perkin Elmer 4800 Thermocycler (Perkin Elmer Biosystems). The 

reactions were heated to 95° C for 5 minutes to allow for the denaturation of the template 

DNA. PCR amplification parameters were as follows: denaturation at 96° C for 30 

seconds, annealing at 50° C for 15 seconds, and extension at 72° C for 2 minutes. The 

cycle was repeated 25 times. PCR amplicons were separated by electrophoresis using 

agarose gel in IX TAE (40 mM Tris-acetate, 0.1 mM EDTA) at 60 to 70 volts for 2-4 

hours. The appropriate agarose concentration was used for each gel depending on the 

predicted size of the amplicon. For amplicons greater than 500 bp a 1.5% agarose gel 

was used. For amplicons less than 500 bp, a 2% agarose gel was used. DNA bands were 

visualized on an ultraviolet transilluminator, after staining the gel in a tank containing 10 

mg/ml ethidium bromide for 15 to 30 seconds followed by destaining in a tank of 

distilled water for 10 to 20 minutes.

am pC  Multiplex PCR

Detection of ampC genes in cefoxitin non-susceptible clinical isolates was carried 

out using the ampC multiplex PCR which was developed by Hanson and Perez-Perez
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(163). PCR was carried out using a master mix with a final concentration in a 50 pi 

reaction of 20 mM Tris-HCL (pH 8.4), 50 mM KC1, 0.2 mM of each dNTP, 1.5 mM 

MgCh, 1.25 U of Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA), 0.6 pM of 

primers MOXMF, MOXMR, CITMF, CITMR, DHAMF, and DHAMR; 0.5 pM of 

primers ACCMF, ACCMR, EBCMF, and EBCMR; 0.4 pM of primers FOXMF and 

FOXMR, and 2 pL of total DNA template prepared using the method described above 

(Primer sequences and positive control strains are listed in Table 9). Positive controls 

were clinical isolates carrying representative plasmid-encoded ampC genes from each 

chromosomal origin. Two negative PCR controls were used as described for the general 

PCR method above. After an initial denaturation at 95 °C for 5 minutes, the reactions 

were carried out for 25 cycles of amplification using the following parameters in a Perkin 

Elmer 4800 Thermocycler (Perkin Elmer Biosystems): Denaturation for 30 seconds at 

94° C, annealing for 30 seconds at 64 °C, and extension at 72 °C for 1 minute. Five 

microliters of each PCR reaction was loaded on a 2% agarose gel in IX TAE with 

positive and negative controls and 100 bp ladder (Invitrogen, Carlsbad, CA, USA) and 

electrophoresis was carried out at 70 volts for 2 hours. The bands were visualized with 

ethidium bromide staining as described above. Determination of the presence of a 

plasmid-encoded ampC gene was based on size comparison of bands present compared to 

the ampC positive controls.

Gel Purification

Some PCR products were gel purified using agarose gel in tris-acetate EDTA 

buffer. DNA was extracted from the agarose using the Qiagen gel extraction kit (Qiagen,



Table 9. Primers and positive control strains used for amp C Multiplex PCR. (Table adapted from Tables 1 & 2 of reference 163)
________ * n  i ________ • _ i r -  '  i ■ H  -------------------------------------------------------------------------------------------------- --------------------------------------------- —  --------------------------------------------------------------------------------------------------------— - — —— ----------------------- ----------------------------------Target Plasmid-Encoded amp C Gene

Primer
Name

Primer Sequence 
(5' to 3', as Synthesised)

Expected Amplicon 
Size

Nucleotide
Positions

Gen Bank Accession No. 
Used for Primer Design

MOX-1-2, CMY-1,8-11 MOXMF
MOXMR

GCTGCT CAAGGAGCACAGGAT 
CACATTGACATAGGTGTGGTGC

520 bp 358-378
877-856

D13304

LAT-1-4, CMY-2-7, BIL-1 CITMF
CITMR

T GGCCAGAACTGACAGGCAAA 
TTTCTCCTGAACGTGGCTGGC

462 bp 478-498
939-919

X78117

DMA 1-2 DHAMF
DHAMR

AACTTTCGCAGGTGTGCTGGGT 
CCGT ACGCAT ACT GGCTTT GC

405 bp 1244-1265
1648-1628

Y16410

ACC-1 ACCMF
ACCMR

AACAGCCTCAGCAGCCGGTTA 
TTCGCCG CAAT CAT CCCT AGC

346 bp 861-881
1206-1186

AJ133121

MIR-1, ACT-1 EBCMF
EBCMR

TCGGTAAAGCCGATGTTGCGG 
CTT CCACTGCGGCTGCCAGTT

302 bp 1115-1135
1416-1396

M37839

FOX-1-5 FOXMF
FOXMR

AACATGGGGTATCAGGGAGATG
CAAAGCGCGTAACCGGATTGG

190 bp 1475-1496
1664-1644

X77455

Positive Control Strains Encoding Representative ampC Genes for ampC Multiplex PCR_____________________________________________________
Strain Name________O r g a n i s m _________ AmpC Present_____________________________________________________  Reference
Mi sc 340 K. pneumoniae FOX-1 163
Misc 341 K. pneumoniae LAT-1 63, 163
Misc 339 K. pneumoniae MOX-1 163
Misc 380 E. coli DHA-1 163
Kleb 225 K. pneumoniae ACT-1 163, 178, 179
JW3 H. alvei H. alvei Chromsomal AmpC - 93.4% Flomolgy to ACC-1 163

0000
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Valencia, CA) or the SNAP column method (Invitrogen, Carlsbad, CA, USA) according 

to the manufacturer’s protocols.

Automated Sequencing

The PCR products were prepared for sequencing either using gel purification or 

using ExoSap (USB) according to the manufacturer’s protocol. ExoSap is a reagent 

containing Exonuclease I and Shrimp Alkaline Phosphatase. Exonuclease 1 removes 

single stranded primers and any single stranded DNA produced by PCR while unwanted 

dNTPs are removed by Shrimp Alkaline Phosphatase. Purified PCR products were 

directly sequenced by automated PCR cycle sequencing with dye terminator chemistry' 

using a stretch sequencer from Applied Biosystems (Foster City, CA).

Alkaline Lysis Plasmid DNA Isolation

Isolation of plasmid DNA from clones was carried out by the alkaline lysis 

method which exploits differences between plasmid DNA and chromosomal DNA to 

separate the two. A single bacterial colony was used to inoculate a fresh 5ml LB broth 

culture which was incubated overnight at 37°C while shaking at 100 rpm. Cells from 1.5 

ml of the overnight culture were collected in a microfuge tube by centrifugation at 17,300 

x g for 5 minutes at room temperature. The supernatant was removed and the cells were 

resuspended in 100 pi of GTE (50mM glucose, 25 mM Tris-HCL, pH 8.0, 10 mM 

EDTA). EDTA is a chelater of divalent metals, such as magnesium and calcium. These 

cations are necessary for the function of many nucleases and also help to stabilize the cell

membrane. The addition of EDTA in this reaction acts to destabilize the cellular
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membranes and inhibit nucleases. After 5 minutes at room temperature, 200 pi of lysis 

buffer (0.2 N NaOH, 1% SDS) was added and the slurry was mixed by gentle inversion 

followed by a 5 minute incubation on ice. The SDS in the lysis solution acts as a 

detergent to solubilize the cellular membranes and further lyse the cells. The presence of 

the NaOH in the lysis buffer increases the pH of the solution. This rise in pH causes the 

double stranded chromosomal DNA to denature into single stranded DNA strands, 

whereas the highly supercoiled, double stranded plasmid DNA does not denature as 

rapidly. One-hundred fifty microliters of ice cold KoAC was added to neutralize the 

reaction, followed by with mixing by inversion and incubation on ice for 5 minutes. The 

addition of KoAC to the solution removes the SDS from the supernatant by forming 

KDS, which is insoluble. Addition of KoAC also causes a rapid decrease in pH. When 

this occurs, the single stranded chromosomal DNA is unable to correctly r&anneal and 

ultimately precipitates out of solution. The plasmid DNA is able to renature and stays in 

solution. The slurry was centrifuged at 17,300 x g for 5 minutes at room temperature to 

remove the insoluble materials. The supernatant was transferred to a clean microfuge 

tube and an equal volume of slightly basic (pH 7.9) phenol:chloroform:isoamyl alcohol 

(25:24:1) was added followed by vigorous shaking for 30 seconds and centrifugation at 

17,300 x g for 2 minutes at room temperature. Treatment with phenol causes residual 

proteins in solution to denature and precipitate. Phenol at a pH of 7.9 is used to prevent 

the DNA from being solubilized into the organic layer. The aqueous layer containing the 

plasmid DNA was then transferred to a clean microfuge tube. The DNA was precipitated 

for 15 minutes at room temperature with 100% ethanol. The DNA pellet was collected 

by 15 minutes of centrifugation at 17,300 x g at room temperature. The DNA pellet was
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washed with 70% ethanol and centrifuged to remove residual salts. The ethanol was 

removed and the pellets air dried for 10 minutes at room temperature. The final pellet 

was resuspended in IX TE and RNase A (Tris-HCL, EDTA, pH 8.0, 40 pg/ml RNase A) 

then incubated for 25 minutes at 37° C. RNase A is added to remove any RNA in the 

solution. Plasmid DNA was separated by 1% agarose gel electrophoresis and visualized 

on an ultraviolet transilluminator with ethidium bromide staining as described above. 

Plasmid size was approximated by the simultaneous loading of a supercoiled ladder 

(Invitrogen, Carlsbad, CA, USA) in an adjacent well.

Cloning

All genes cloned for these studies were produced by PCR and ligated into the 

multiple cloning region of plasmids pCR-2.1, pCR-Blunt, or pCR-TOPO-XL. 

Subcloning of these genes was performed by excising the genes from the plasmids using 

restriction endonucleases followed by ligation into linearized plasmids pACYC184 or 

pMDR009 using T4 DNA ligase and T4 DNA ligase buffer (Invitrogen, Carlsbad, CA, 

USA) according to the manufacturer’s protocol. Restriction endonucleases used for 

subcloning are indicated later for each experiment.

Transformation

Transformations were carried out using chemically competent £. coli Top 10 cells 

(Invitrogen, Carlsbad, CA, USA) as the recipient according to the manufacturer’s 

protocol. Briefly, 1 pi of plasmid DNA (10 pg/pl) was added to a vial containing 50 pi 

of chemical competent E. coli Top 10 cells and mixed with a pipette tip without pipetting.
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The cells were placed on ice for 30 minutes followed by 30 seconds of heat shock at 42° 

C. The cells were returned to ice for 2 minutes. One-hundred to 200 pi of S.O.C. 

medium was added to the cells followed by incubation at 37° C for 1 hour shaking at 225 

rpm on an orbital shaker. After incubation, cells were plated on selective agar depending 

on the vector used for cloning. Colonies were selected by reagents such as 

chloramphenicol, kanamycin, tetracycline, and X-gal. Colonies were screened for 

plasmids with the correct size insert using alkaline lysis to extract the plasmid as 

described above.

Electroporation

Electroporation was employed to transform plasmids into recipient strains other 

than E. coli Top 10 competent cells. The recipient strain was grown in overnight 5 ml 

LB broth cultures from a single isolated colony. One milliliter from the overnight culture 

was added to a fresh prewarmed 5 ml tube of LB broth and incubated at 37° C shaking at 

200 rpm for 3 hours. The culture was then chilled on ice. Cells were collected from 1.5 

ml of the culture by centrifugation at 17,300 x g for 1 minute. The supernatant was 

removed and the cells were washed three times with 1 ml of cold, sterile, nanopure dFLO. 

After the third wash, all but ~50 pi of the supernatant was decanted. The remaining 

supernatant was used to resuspend the cells. Two and one-half microliters of plasmid 

DNA (10 pg/pl) in nanopure dh^O was added to the cell suspension and mixed by gentle 

pipetting. The mixture was incubated on ice for 10 minutes. Four-hundred microliters of 

the cell suspension was added to a pre-chilled electroporation cuvette with a 0.2 cm gap. 

The cuvette was placed in the holder and the pulse was delivered from the electroporation
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unit which was set at 2.5 kV, 25 pF, and 400 Q. The cuvette was removed from the unit 

and 0.75 ml of room temperature S.O.C. media was added to the cells. The culture was 

transferred to a sterile tube and incubated at 37° C for 45 minutes while shaking at 200 

rpm on an orbital shaker. The cells were collected by a 1 minute centrifugation at 17,300 

x g. All but 200 pi of the supernatant was decanted. The remaining broth was used to 

resuspend the cells which were subsequently plated on selective media Colonies were 

screened for plasmids with the correct size insert by alkaline lysis plasmid isolation as 

described above.

(tm pC  Copy Number Determination

Comparative PCR was used to obtain a ratio of band intensities between a single 

copy chromosomal gene, in these studies, ampD, and the gene of interest, ampQ. ampD 

is a single copy gene, as verified by BLAST analysis of the if  coli and K. pneumoniae 

genomes. PCR reactions were performed as previously described above. Primers used 

for copy number determinations are indicated in Tables E and G. Ten-fold serial 

dilutions, ranging from 10° to 1 O'5, of total DNA prepared from each isolate served as 

template for PCR. The PCR products were separated on a 0.8% agarose gel, stained with 

vistra green (Amersham Pharmacia, USA), and visualized with a Storm Molecular 

Imager (Molecular Dynamics Inc., Sunny, CA, USA). Quantification of the bands was 

performed with ImageQuant software (Molecular Dynamics Inc., Sunny, CA, USA).

A ratio was determined by comparison of band intensities between the PCR 

products of the target gene, ampC and the single copy gene, ampD. These ratios were 

determined between band intensities obtained from PCR products amplified from the



94

same dilution of template (normally the 103 dilution) which was within the linear range

of the PCR cycle. The initial copy number was verified by diluting the PCR product
•>

from the diluted template (10' dilution) by the calculated ampC to ampD ratio. The 

diluted PCR product and the undiluted ampD PCR product from the original diluted (10" 

3) template were visualized using Vistra Green (Amersham Pharmacia) Staining 

according to the manufacturer’s protocol. Initial copy number was verified when the 

peak intensities for each band were equivalent between the diluted target ampC gene 

product and the undiluted single copy ampD product.

Growth Curve Determination

Normalization of RNA expression between cultures requires that RNA be isolated 

from an equivalent cell numbers as determined by growth curve analysis. To determine 

the bacterial populations present at specific optical densities, growth curves for organisms 

to be used in RNA expression studies were determined. A single colony was used to 

inoculate a 5 ml MHB broth culture which was incubated for six hours while shaking at 

100 rpm. Five milliliters of culture was then added to 95 ml of fresh, prewarmed MHB 

broth in a 250 ml Erlenmeyer flask which was then incubated at 37° C while shaking at 

100 rpm on an orbital shaker. A sample was taken at time zero and every hour for 4 hours 

to determine the optical density at A^o for the cell populations. Optical density was 

determined using the visible light setting on a Beckman DU-7 spectrophotometer. To 

determine the bacterial count present at each time point, 1 ml of each sample was added 

to 9 ml of sterile saline. Serial dilutions were performed and 1 ml from each dilution was 

plated with 9 ml of molten agar. After solidifying, the plates were incubated at 37° C.
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After 24 hours, the plates were counted. A growth curve was then constructed from these 

measurements.

P-Lactamase Induction in Broth

A single colony was used to inoculate a 12 ml MHB broth culture which was 

incubated for six hours while shaking at 100 rpm. Five milliliters of culture was then 

added to 95 ml of MFIB broth in each of two, 250 ml Erlenmeyer flasks to yield two cell 

suspensions with similar optical densities of 0.05 to 0.075 at A6oo- The cultures were 

incubated at 37° C while shaking at 100 rpm on an orbital shaker and grown to an optical 

density (OD) of 0.50 at an absorbency of 600 nm (Aeoo)- At an OD of 0.5 at Aftoo, 1 ml 

cefoxitin, at a concentration of l/4th the minimum inhibitory concentration (MIC) for the 

organism being studied, was added to one culture and 1 ml of nanopure df TO was added 

to the other culture as a control. After treatment, the cultures were incubated at 37° C for 

15 minutes, resulting in an OD at Asoo of -0.65. One milliliter of 1 mM 8-hydroxy 

quinoline was added to arrest protein synthesis in each culture. 8-hydroxy quinoline 

complexes with iron forming a chelate, making iron unavailable for bacterial growth. At 

this point a small amount < 5 ml of each culture was used for RNA isolation and the 

remaining culture in each flask was used for crude protein preparation for P-lactamase 

hydrolysis assays.

Preparation of Crude Protein for P-Lactamase Hydrolysis Assays*

Cultures prepared as described above for P-lactamase induction in broth were 

transferred to Nalgene centrifuge bottles and the cells were collected by centrifugation
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using the GSA rotor at 5900 x g at 6° C for 20 minutes. The supernatant was discarded 

and the pellet was resuspended in 10 ml of phosphate buffered saline (0.1 M potassium 

phosphate buffer, pH 7.0) (PBS). The cells were collected by centrifugation as described 

above. The supernatant was removed and the pellet was frozen overnight at -20 °C. The 

pellet was resuspended in 10 ml of PBS. The cells were lysed by 10 cycles of sonication 

consisting of 15 seconds on and 15 seconds off using a Soniprep 150 sonicator (MSE 

Scientific Instruments, Sussex, UK). The sonicates were transferred to 15 ml conical 

centrifuge tubes and were centrifuged as described above for 1 hour. The supernatant 

containing the crude protein was removed and stored at -70° C until use.

Determination of Crude Protein Concentration

The determination of protein concentration was carried out using the Bradford 

method from Bio-Rad. The Bio-Rad protein assay reagent contains Coomassie blue, 

which is a dye that binds to protein and can be detected spectrophotometrically at a 

wavelength of 595 nm. One volume of the Bio-Rad protein assay reagent was diluted 

with 4 volumes of dHiO and filtered through Whatman #1 paper using a vacuum funnel. 

A dilution series of a protein standard (bovine serum albumin) was made with PBS as the 

diluent in seven dispo-tubes. The first tube received no protein, and the next six received 

70 pi, 60pl, 50pl, 40 pi, 30 pi, and 20 pi of the protein standard respectively. PBS was 

added to each tube to bring the final volume to 100 pi. Five milliliters of the filtered Bio- 

Rad assay was added to each tube and the solutions were inverted several times to ensure 

mixing. The unknown protein samples were diluted 1:10 in PBS and 100 pi of each 

dilution was added to dispo-tubes with 5 ml of the BioRad assay reagent. The mixtures
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incubated for 5 minutes at room temperature. The absorbance of the standards were 

measured at 595 nm using a Beckman DU-7 spectrophotometer to generate a standard 

curve. The absorbance of proteins of unknown concentrations were then measured at 595 

nm. These values were plotted against the standard curve to determine the protein 

concentration. Concentrations were calculated by regression analysis using StatView1 V1 

SE+ software (Abacus Concepts, Inc. Berkeley, CA).

Hydrolysis Assays

Hydrolysis assays determine the activity of P-lactamases by 

spectrophotometrically measuring the rate of hydrolysis of a P-lactam substrate over time. 

Crude protein extracts were obtained as described above from a portion of cells from the 

same cultures used to isolate RNA (see below). Spectrophotometric hydrolysis assays 

were performed using 100 pM cephalothin in PBS as the substrate, both alone, and in the 

presence and absence of the p-lactamase inhibitors clavulanic acid and cloxacillin. The 

assays were performed using a Beckman DU-7 spectrophotometer with a 37° C 

circulating water bath to warm the cuvette block. The spectrophotometer was set to the 

ultraviolet light setting and programmed to monitor the absorbance at 265 nm (A265) (265 

nm is the wavelength of maximum absorbency for cephalothin -  the substrate used in 

these assays) over time in minutes. One-hundred microliters of the crude enzyme was 

added to a prewarmed cuvette containing 3 ml of the 100 pM solution of cephalothin in 

PBS. The cuvette was rapidly inverted and quickly placed into the block. The A265 of 

the mixture was monitored for 5 minutes and recorded. Dilutions of the enzyme were 

prepared to more accurately determine the rate of hydrolysis.



98

When an inhibitor was used, the (3-lactamase preparation (100 pi) was 

preincubated for 10 min at 37° C with 100 pi of one or both of the (1000 pM) inhibitors. 

In addition, when assays were performed in the presence of inhibitors, the volume of the 

reaction was kept constant at 3.3 ml for all samples. The units for the rate of hydrolysis 

are nanomoles of substrate hydrolyzed over minutes per milligram of protein. The rate 

was calculated by dividing the (change in nanomoles of substrate per minute per 

milliliter of crude protein} by the (protein concentration as determined by the Bradford 

method described above}. The change in nanomoles of substrate per minute per milliliter 

of crude protein was calculated by dividing {(0.1)(A26o / minute)} by the 

{(KhydroiysisXdilution factor)}. The Khydroiysis is a constant for the change in absorbance 

observed per micromolar concentration of the substrate. The Khydroiysis for cephalothin is 

0 .01.

Hot Phenol Total RNA Isolation

RNA isolation was performed in a RNA only work space to help prevent 

contamination by RNases. All solutions for RNA extraction were made with 

diethylpyrocarbonate distilled water (DEPC-dH20) in an attempt to inhibit RNases. 

RNAase A-type enzymes have histidine residues in their active sites that are responsible 

for catalytic activity. DEPC is a histidine-specific alkylating agent that inactivates these 

enzymes. All reactions were kept on ice when possible. Total cellular RNA from 

Klebsiella pneumoniae 225 was isolated by hot-phenol extraction for the determination of 

h/flACi-i inducibility. The following method of hot phenol RNA isolation was adapted 

from Chen et al. and developed by Steven D. Mahlen, Ph.D. during his graduate studies
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in our laboratory (40). A single colony was used to inoculate a 5 ml MHB broth culture 

which was incubated for six hours while shaking at 100 rpm. The culture was then added 

to 95 ml of MHB broth in a 250 ml Erlenmeyer flask to yield a cell suspension with an 

optical density at 600 nm of -0.05 to 0.075. The culture was incubated at 37° C while 

shaking at 100 rpm on an orbital shaker until the desired optical density at an absorbency 

of 600 nm was reached (or was grown to an OD at A6oo of 0.5 and induced as described 

above). One milliliter of 1 mM 8-hydroxy quinoline was added to inhibit bacterial 

growth. Four milliliters of the culture were transferred to a test tube containing lysis 

buffer (0.5 M sodium acetate, (pH 5.0), 5% SDS, 250 mM EDTA) pre-warmed to 95° C. 

After lysing the cells for 5 minutes at 95° C, the hot lysate was poured into a flask 

containing 5 ml of acidic phenol (pH 4.2) pre-warmed to 68° C and mixed vigorously for 

5 minutes in a shaker bath at 68° C. Acidic phenol is used in this step to remove the 

DNA and protein. DNA is soluble in even mildly acidic phenol, while RNA is not 

soluble and remains in the aqueous phase. The hot emulsion was then transferred to a 

pre-chilled tube and incubated on ice for 5 minutes followed by centrifugation in a 

Sorvall H1000B rotor at 1,900 x g for 10 minutes at 2° C. The aqueous layer containing 

the RNA was removed to a new pre-chilled 15 ml conical tube. The RNA was further 

purified by an additional extraction with an equal volume of acidic phenol (pH 4.2). The 

aqueous phase was separated from the organic phase by centrifugation in the same 

conditions as the first extraction. The aqueous layer was removed to a clean pre-chilled 

tube and an equal volume of acidic phenol:chloroform:isoamyl alcohol (25:24:1) was 

added for a final extraction. After centrifuging as described for the first reaction the 

aqueous phase was again removed to a clean pre-chilled, 15 ml, conical tube. The RNA
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was precipitated overnight at 4° C after the addition of one-fourth volume of 10 M 

lithium chloride, (LiCl). LiCl is employed to selectively precipitate RNA molecules 

greater than 200 nucleotides in length. LiCl does not precipitate DNA, carbohydrates, and 

proteins. Eighteen hours later, the samples were centrifuge under the same conditions 

described above. The supernatant was discarded and the pellets containing the RNA 

were washed with 2 M LiCl. After another centrifugation step as described above, the 

supernatant was removed and the pellets were dissolved in 400 pi of DEPC-dl-EO and 

transferred to an RNase free microfuge tube. The RNA was precipitated with sodium 

acetate, pH 5.0 (final concentration of 0.3 M) and 2.5 volumes of 100% ethanol for 30 

minutes in a dry ice-ethanol slurry. The precipitation reaction was centrifuged at 17,300 

x g for 15 minutes at 2° C. The resulting RNA pellet was washed with 70% ethanol to 

remove residual salts. The ethanol was removed after centrifugation as described above 

and the RNA was resuspended in 200 pi of TE and placed on ice. Absorbance of 

ultraviolet light at a wavelength of 260 nm (A26o) was measured using a Beckman DU-60 

spectrophotometer to determine the concentration of RNA. The calculation of RNA 

concentration was performed using the following formula with 40 pg/ml as the extinction 

coefficient of RNA:

(A26o)(dilution factor)(40 pg/ml) / 1000 = [RNA] in pg/pl

RNA purity was assessed by determination of the A260/A280 ratio. This ratio should 

remain between 1.8 and 2.0. A ratio lower than ~1.8 can indicate protein contamination 

due to residual phenol. This can be remedied by further extractions with equal volumes 

of acidic phenol:chloroform:isoamyl alcohol. RNA integrity was determined and the
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calculated concentration was approximated by visualizing the 23S and 16S rRNA bands 

separated by 1% agarose gel electrophoresis at 70 volts for 1.5 hours. One microgram of 

RNA was added to 2pl of RNA loading dye (0.4% bromophenol blue, 1 mM EDTA, pH 

8.0, 50% glycerol). The bands were visualized by ethidium bromide staining using a 

ultraviolet transilluminator. RNA of good integrity exhibits the 23S and 16S rRNA 

bands in a respective 2:1 ratio of intensity. Concentration was confirmed by comparing 

the relative band intensities between samples. RNA samples were stored at -80° C and 

thawed on ice before use.

Modified TRIzol Total RNA Isolation

RNA isolation for all other experiments was performed using a novel method 

developed by Ashfaque Hossain, Ph.D. in our laboratory. This technology is pending 

patent and is licensed to Invitrogen. It is marketed as TRIzol® Max™. Following the 

protocol, total RNA was isolated from cultures of each organism using TRIzol® Max™ 

(Invitrogen, Carlsbad, CA, USA). Six-hour cultures were diluted 1:20 in fresh pre

warmed broth as described above and allowed to grow to the desired optical density. 

Cells were collected in pre-chilled centrifuge tubes by centrifugation of 1.5 ml of culture 

at 17,300 x g for 2 minutes. The cells were resuspended in one milliliter of modified 

TRIzol® Max™ and incubated at 95° C for 4 minutes. The TRIzol® Max™ solution, 

containing phenol, guanidine isothiocyanate, and a third solution, disrupts cells and 

inhibits nucleases, while leaving the RNA in the aqueous phase. The samples were then 

centrifuged at 8000 rpm at 2° C for 15 minutes. The aqueous phase was removed and 

placed in a clean microfuge tube and kept at room temperature for 5 minutes. An
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additional extraction was carried out by adding 200 pi of ice cold chloroform followed by 

mixing by rapid shaking and centrifugation at 5220 x g for 15 minutes at 4° C. Four- 

hundred microliters of the aqueous phase was removed to a fresh tube by pipetting from 

the top down. An equal volume of ice cold isopropanol was added, the samples were 

mixed by inversion, and the RNA was allowed to precipitate at room temperature for 10 

minutes. The samples were centrifuged at 5220 x g for 10 minutes at 2° C. The 

supernatant was discarded and the pellet was washed with 1 ml of ice cold 75% ethanol. 

After centrifugation at 2040 x g for 5 minutes at 2° C, the ethanol was carefully removed 

and the pellets were allowed to air dry at room temperature for 5 minutes. Pellets were 

resuspended in 50 pi of RNAse free dH20  or lx TE buffer. The RNA concentration and 

integrity was determined as describe above.

Oligonucleotide 5’ End-Labeling for Primer Extension Analysis

The primers used for primer extension were resuspended to a working stock 

concentration of 10 pg/pl in nuclease free dH20. Each primer to be labeled was diluted 

1:100 to a final concentration of 0.1 pg/pl before the end-labeling reaction. Prior to the 

labeling reaction, the primers were boiled in a water bath for 3 minutes and then placed 

on ice to reduce intermolecular and intramolecular interactions. A 25 pi kinase mixture 

was prepared and consisted of: 12.5 pi DEPC-dH20, 2.5 pi 10X T4 polynucleotide 

kinase buffer (700 mM Tris-HCl, 100 Mm MgCl2, 50 mM dithiothreitol (DTT), pH 7.6), 

1 pi (0.1 pg) diluted primer, 1.0 pi T4 polynucleotide kinase (10 LI) (New England 

Biolabs), and 8 pi (80 pCi of 3000 Ci/mmol) [y-32P]-dATP. The kinase mixture was 

incubated at 37° C for 30 minutes followed by incubation at 65° C for 20 minutes to
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deactivate the T4 polynucleotide kinase. ProbeQuant™ G-50 Micro Columns 

(Amersham Pharmacia Biotech) were employed to purify the [y-32P]-dATP 5’ end- 

labeled primer from the kinase reaction mixture containing unincorporated [y-32P]-dATP. 

These columns are DNase and RNase free and contain Sephadex™ G-50 DNA Grade F 

pre-equilibrated in 150 mM STE buffer. They are designed to purify DNA molecules of 

at least 20 nucleotides in length from smaller DNA molecules and individual dNTPs. To 

purify the radiolabeled primers, 25 pi of DEPC-dFBO was added to the deactivated 

kinase reaction mixture and all 50 pi of the mixture was carefully added to the top center 

of the resin in a column that had been pre-centrifuged at 735 x g for one minute. The 

tube was capped and placed in a microfuge tube for collection. The column was 

centrifuged at 735 x g for 2 minutes. The [y-32P]-dATP 5’ end-labeled primer was 

collected in the microfuge tube. One microliter of the radiolabeled primer was added to 5 

ml of scintillation fluid and the radioactivity of the primer in counts per minute (CPM)/pl 

was determined using a 100 second Cemekov counting program on a scintillation 

counter.

Primer Extension Analysis

Total RNA for primer extension analysis was extracted using a hot-phenol 

method or the modified TRIZOL method. The desired concentration of RNA was 

prepared by overnight precipitation with sodium acetate (final concentration 0.3 M) and 

2.5 volumes of 100% ethanol followed by centrifugation at 17,300 x g for 15 minutes at 

2° C. The RNA pellet was washed with 75% ethanol and centrifuged as described for the 

previous step. All ethanol was carefully removed by pipetting and the pellet was
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resuspended in ice cold lx TE buffer, pH 8.0. A reaction mixture was set up consisting 

of 5 pi RNA, 2pl 5x annealing buffer (0.75M KC1, 0.25 M Tri^HCl, pH 8.3), 1 x 105 

CPM 22P-5’-end-labeled primer, and DEPC-dHaO to a final volume of 10 pi. The 

mixture was incubated at 95° C for 1 minute for denaturation of RNA secondary 

structure, followed by incubation at 50° C for 30 minutes then cooled in the heating block 

to 37° C to allow for primer annealing. The extension mixture (4pl of 4 mM dNTPs, 5 pi 

Moloney murine leukemia virus reverse transcriptase (MuLV-RT) buffer (250 mM Tris- 

HC1, pH 8.3, 375 mM KC1, 15 mM MgCk, 50 mM DTT), 1 pi RNasin, and 15 pi DEPC- 

dH20) was added to the annealing reaction mixture and the radiolabeled cDNA 

transcripts were produced using 100 U MuLV-RT (Perkin-Elmer, Norwalk, CT) while 

incubating at 42°C for 30 minutes. To remove unannealed RNA after the synthesis of the 

radiolabeled DNA, 1 pi of 1 mg/ml RNase A was added to the reaction followed by 

incubation at 37° C for 15 minutes. To purity the extended products, an equal volume, 

~80 pi, of phenol:chloroform:isoamyl alcohol 25:24:1 was added and mixed vigorously 

for 30 seconds followed by centrifugation at 13,000 x g for 15 minutes. The aqueous 

phase was transferred to a clean microfuge tube and the extended products were 

precipitated in a dry ice / ethanol slurry for 20 minutes with sodium acetate (final 

concentration 0.3M) and 2 volumes of 100% ethanol. The extended products were then 

collected by centrifugation at 13,000 x g for 15 minutes. The residual salts were removed 

by washing with 70% ethanol. After centrifugation the ethanol was carefully removed 

and the pellets were allowed to air dry for 5 minutes. The pellets were resuspended in 4 

pi of loading buffer (10 mM EDTA, pH 8.0, 1 mg/ml bromophenol blue, 1 mg/ml xylene 

cyanol, 100% deionized fonnamide) and heated at 95° C for 5 minutes followed by
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incubation on ice until loading. Products were separated using an 8 M urea, 8% 

polyacrylamide gel electrophoresed at 1500 V for 3 to 4 h. Sequencing ladders were 

produced using the same oligonucleotide used for primer extension with the gene of 

interest cloned into pCR-2.1, pCR-Blunt, or pCR-TOPO-XL. The ladders were 

generated manually using the Exo‘ Pfu DNA cycle sequencing kit (Stratagene, LaJolla, 

CA). Sequencing ladders run simultaneously with the extension products to determine 

the start site(s) of transcription. Extended products representing RNA transcripts were 

visualized by exposing the gel to a storage phosphor (Eastman Kodak Co., Rochester, 

NY) for 2 days and scanning the image using a Storm gel and blot imaging system 

(Molecular Dynamics Inc., Sunny, CA). Quantification was performed using ImageQuant 

software (Molecular Dynamics Inc., Sunny, CA). Normalization of the data was 

performed using the intensities of the 16S rRNA extension products.

Determination of (1-Lactani MICs by Agar Dilution

An agar dilution procedure was employed to determine the MICs for several (3- 

lactam antibiotics using the guidelines set forth by the NCCLS (197). The antimicrobial 

agents were obtained from different sources. Imipenem was obtained from Merck 

(Rahway, NJ); cefotaxime and piperacillin were obtained from Sigma Chemical Co. (St. 

Louis, MO); ceftazidime was obtained from GlaxoSmithKline (Collegeville, PA); 

cefpodoxime was from Pharmacia and Upjohn (Kalamazoo, MI); cefepime and 

aztreonam were from Bristol Meyers Squibb (Princeton, NJ); cefixime was from Wyeth- 

Ayerst Lederly (Bound Brook, NJ). The amount of drug to be weighed out was 

determined using the following calculation:
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(Desired Concentration)(Dilution FactorXDiluent Volume) 
____________ (Potency of Drug in pg/mg)____________

Doubling dilutions of the drug were performed to the desired concentration. One 

milliliter of the diluted drug was added to 9 ml of molten agar cooled to 50° Cin a water 

bath. The agar tube was inverted several times to ensure uniform distribution of the drug. 

The agar containing antibiotic was then poured into the Petri dishes. The overnight 

culture was diluted 1:100 in sterile saline and 650 pi of the diluted culture was added to 

the Steers Foltz replicator wells. The plates were then inoculated with 104 organisms 

using the Steers Foltz replicator. Quality control organisms recommended by the 

NCCLS were employed to ensure the accuracy of the method. These strains were E. coli 

ATCC 25922 and P. aeruginosa ATCC 27853.

Determination of |3-Lactam MICs by Epsilometer Testing Strips (E-Test)

(3-Lactam containing E-Test strips were purchased through AB Biodisk North 

American, Inc. These strips are plastic strips that are covered with a gradient of antibiotic 

concentrations on the under side and a scale indicative of the concentrations on the other 

side. Due to the antibiotic concentration gradient, when the strip is placed on an agar 

plate that has been inoculated with a lawn of bacteria, an elliptical zone of inhibition will 

form. The MIC is indicated on the scale where the zone of inhibition intersects he E-test 

strip.

This methodology was used to determine the antibiotic susceptibility phenotypes 

of some of the organisms used in these studies. Large MFIA agar plates were poured
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with a volume of 56 ml. An inoculum was set up that matched a McFarland standard of

0. 5. A cotton swab was employed to create a lawn of bacteria. The E-test strip(s) was 

placed on the plate with the scale side up. The plate was incubated overnight at 37° C 

and the MICs were read the following day.

Analysis of bla^cv-i Genetic Organization and Mechanism of Expression

To determine the genetic organization of the plasmid-encoded ampC gene bla,\cT-

1, PCR was carried out as described above with primer sets A and B, A and C, D and E, 

and C and E (Table 10) using total DNA as template from K. pneumoniae 225 (Table 6). 

A separate PCR reaction to amplify the entire bla\cr-i/ampR region for cloning was 

carried out with primers A and C using 2.5 U of the proofreading enzyme, pwo 

polymerase (Roche, Indianapolis, IN), and a final concentration of the following: 2 mM 

dATP, dCTP, dGTP, and dTTP, PCR buffer [10 mM Tris-HCl, 25 inM KC1, 5 mM 

(NFfr^SCU, 2 mM MgSCfr], 16.7 pmol of primers A and C, and 2 pi of template DNA 

(1/250th) in a final volume of 100 pi. PCR amplification parameters and visualization of 

the amplified product were carried out as described above. The resulting amplicon was 

agarose gel purified and extracted using the Quiagen gel purification kit. The fragment 

was ligated into the pCR-Blunt cloning vector (Invitrogen, Carlsbad, CA) and 

transformed into E. coli Top 10 cells (Invitrogen, Carlsbad, CA) using the Invitrogen



Table 10. Primers used to determine the genetic context and mechanisms of expression for b/aACt-i .
Primer Sequence3 Direction Position GenBank Acc # or Reference

A CG AACG AAT CATT ATT CAGCACCG F F 24-45 GenBank Acc # D44479
B CAGG AT AT GGCG AACT GGGT CAT G R 1163-1140 GenBank Acc # D44479
C CGGCAATGTTTACTACACAGCG R 1184-1165 28
D CCGT AAT AGCG AGT CAAGGG F 68-87 111, 178
E CTGACGGTCGTCACGTTGATTGC R 1143-1121 111, 178
F ATT CGT AT GCT GG AT CT CGCCA F 758 - 780 GenBank Acc # D44479
G ICGICTTATCIGGCCTAC Arbitrary Repetitive Extrragenic Palindromic
H GCCAATACCGAGCAGGAGGTG R 89-69 28
I CCAG ACATT ACT CACCCGT CC R 97-76 178, 179

J GCTGGTATTGTGTGCTGG F 1088- 1107 28
Kb GCAACGTTTTCTGCCTCTGACG F 38-59 80
Lb CCGT GACAGATGGCTCTGGC F 329 - 348 80
Mb CCT GGT AC AACTTT GTGTCC R 902 - 883 80

a Primer sequence 5' to 3'
b These primers were designed from sequence obtained by primer walking the 3' flanking region of blaACt - i

ooo
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pCR-Blunt Cloning Kit. Plasmid DNA was isolated by alkaline lysis and the insert was 

sequenced using automated sequencing as described above. All sequence data was 

verified by generating overlapping sequence or sequencing at least two separate times. 

Sequence alignments and analyses were perfonned on line using the BLAST program of 

the National Center for Biotechnology Information website (www.ncbi.nlm.nih.gov) (5). 

The GenBank accession number for the K. pneumoniae 225 ampR gene and 

bla\cT-\/ampR intergenic region is AF362955.

To determine the 3’ flanking region of bla\ci-\, PCR amplification with primers F 

and G (Table 10) was carried out as described above except the annealing temperature 

was 45°C. Primer G (ERIC) was designed to anneal to repetitive sequences found 

throughout genomes of enterobacterial species (213). The ideology of using this primer 

combined with, primer F, a primer designed to anneal within the bla\cr-\ structural gene, 

was to amplify a product which encoded the sequence of the 3’ flanking region of 

bla\c T - i .  This PCR product was ligated into the cloning vector pCR2.1 (Invitrogen, 

Carlsbad, CA) and transformed into E. coli Top 10 cells (Invitrogen, Carlsbad, CA). 

Plasmid DNA was isolated by alkaline lysis as described above. The cloned fragment 

was sequenced by automated cycle sequencing as described above using the universal T7 

forward and M13 reverse primers. In addition, internal sequence was generated manually 

using the Exo~ Pfu DNA cycle sequencing kit (Stratagene, LaJolla, CA) and primers J-M 

(Table 10).

RNA was isolated by hot phenol extraction from K. pneumoniae 225 cultures 

either treated or untreated with cefoxitin (128 pg/ml) (Sigma Chemical Company, St. 

Louis, MO) grown as described above for (3-lactamase induction in broth. Primer

http://www.ncbi.nlm.nih.gov
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extension was carried out as described above using primers H and I (Table 10) and 25 pg 

of RNA for each reaction.

Disk induction of the plasmid-encoded ampC in K. pneumoniae 225 was 

investigated using the disk approximation test and commercially available disks (Becton 

Dickinson BBL) of cefoxitin (30 pg) and cefotaxime (30 pg) placed 13 mm (center to 

center) on Mueller-Hinton agar plates inoculated in a lawn fashion with K. pneumoniae 

225. The plates were examined after overnight incubation at 37°C. A positive test for 

AmpC induction was determined by blunting of the zone around the cefotaxime disk 

adjacent to the cefoxitin disk.

Determination of in vivo Expression Levels and p-Lactamase Activity from the 
Chromosomal and Plasmid-Encoded am pC  Genes of E n terobacter  Origin

Total RNA was isolated using the TRIzol® Max™ solution as described above 

from K. pneumoniae 225, K. pneumoniae 96D, E. cloacae 55, and E. cloacae V204 

(Table 6). These organisms were grown for RNA isolation and hydrolysis assays as 

described in the P-lactamase induction section above. Primer extension analysis was 

carried out using primers ACT-1PE, MIR-1PE, ENTB55PE, and V204PE (Table 11), to 

determine levels of ampC expression from K. pneumoniae 225, K. pneumoniae 96D, E. 

cloacae 55, and E. cloacae V204. ampC expression from E. cloacae 55 and E. cloacae 

V204 was used as reference for comparison of plasmid-encoded ampC gene expression. 

E. cloacae\2QA is an AmpC hyperproducing strain. To determine if a mutation was 

present in its ampD gene, PCR with primers EcampD-E and EcampD-R (Table 11) was



T a b l e  1 1 .  P r im e r s  u s e d  in t h e  s t u d y  to  d e t e r m in e  th e  r e la t iv e  e x p re s s io n  a n d  c o p y  n u m b e rs  o f  p la s m id -e n c o d e d  amp C  g e n e s  o f  Enterobacter o r ig in .

Primer Name Sequence3 Amplicon Size6 Nucleotides3 Accession Number6 Reference3

Seauencina and Ctonina Primers
ACT-1 EndR CGGCAAT GTTT ACTACACAGCG 2263 bp 1169-1185 U58495 178, 179
K225AMPRR CCTTTT ATTT CT GCAT CTT CCC 005-26 AF362955 178, 179
EcUPF GCAACGAATGAATCATTCAGCACCG Sequencing 289-309 111
ACT-1 F CCTT GAACTGCTATT ACGG Sequencing 002-20 U58495 28, 178, 179
AmpRF CCGTAATAGCGAGTCAAGGG Sequencing 1061-1080 AF362955 178, 179
MIR-1F GGGAAGCAAACTGGT GT ACC 2382 bp 008-27 M37839 94
MIR-1R GCATCAAAAGGCGTGACGACG 2310-2390 M37839 94
MIR-1PE GCGAATGCAGAACTGGCGACG Sequencing 966-986 M37839 94
MIR-1FW CCTT GAACTGCTATT ACGG Sequencing 899-917 94
V204AmpDFSeq GGT ATT GCGAGCTT CAGT CG Sequencing 175
Primer Extension Primers
ACT-1 PE GCCAAT ACCGAGCAGGAGGT G na 69-89 U58495 28, 178, 179
MIR-1PE GCGAATGCAGAACTGGCGACG na 966-986 M37839 94
ENTB55PE GGCGAGAGCAGAGCAAGAGATGCC na 80-103 AY125471 179

V204PE GGCGAGAGCAGAGCAAGAAATGCC na 179
KP16SRNA CCCAGACATT ACT CACCCGT CC na 82-61 AF390084 178, 179
EC16SRNA CCCAGACATT ACT CACCCGTCC na 70-91 AJ415572 179

Coov Number Primers
Kp-ampDF GGAAACATGCTAACCT GAACG 695 bp AF531417 179
Kp-amp DR CGGCGAT AAGCACCAACAGC AF531417 179
Ec-ampDF GCTACTCTGAACCGAGTAACAGC 609 bp 109-131 Z14003 179
Ec-amp DR TCATGTTATCTCCTTATCTGACG 695-717 Z14003 179
V204-ampDF GGACTAGGCCTACGCCATAGC 909 bp 179
Ec-amp DR T CAT GTTATCT CCTT ATCTGACG 179
ACT-1 CNF GGAT GAGGT CAAGGATAACG 546 bp 456-475 U58495 28, 179
ACT-1 CNR GGTGGATTCACTTCTCTCGC 1001-982 U58495 18, 179
MIR-1CNF GGAT GAGGAC.ACGGAT ACCG 546 bp 1353-1372 M37839 94, 179
MIR-1CNR GGTGGATT CACTT CTGCCAC 1898-1879 M37839 94, 179
Ec-CNF GGAT GAGGT CACGGATAACG 546 bp 469-488 X07274 62, 179
Ec-CNR GGTGGATT CACTT CT GCCAC 995-1014 X07274 62, 179
aAII primers are written 5’ to 3' as synthesized bSize of the amplicon generated by the primer pair noted; na = not applicable
°Nuc!eotide numbers listed are determined from GenBank sequences from the accession number listed dGenBank accession number for the sequence used for primer design 
Reference from where the sequence was reported
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carried out and the resulting amplicon was analyzed by automated sequencing. Internal 

sequence analysis was carried out using primers V204aw/?DFSeq and V204-a/«pDF 

(Table 11), which were designed by primer walking. P-lactamase hydrolysis assays were 

carried out as described above. Enzyme was recovered from the same cultures used for 

RNA isolation.

The ampC copy number in K. pneumoniae 225, K. pneumoniae 96D, E. cloacae 

55, and E. cloacae V204 were determined as described above using the designated copy 

number primers listed in Table 11.

To determine the influence of AmpD on the expression of blaKCt-i and ^/umir-i, 

each gene was cloned into pACYC184 and electroporated into an AmpD" E. coli strains 

SNO302 (121) and JRG582 (112) (Table 6).

blau\K-\ and its upstream region was amplified by PCR as described above using 

Platinum Taq High Fidelity DNA polymerase (Invitrogen, Carlsbad, CA, USA). The 

primers used to amplify blay[\R-\ were MIR-1F and MIR-1R (Table 11). Amplicons were 

visualized on a 0.8% agarose gel with crystal violet staining to reduce the risk of DNA 

damage from ultraviolet light. Staining was carried out by adding crystal violet to the 

agarose gel and TAE running buffer at a concentration of 10 pg/ml. One-hundred fifty 

nanograms of DNA was loaded into the wells using a crystal violet loading buffer (2% 

Ficoll 400, 0.002% xylene cyanol) and electrophoresis was carried out for 90 minutes at 

cloacae 55, and E. cloacae V204 respectively. The DNA was extracted from the gel 

using a SNAP column (Invitrogen, Carlsbad, CA, USA) and ligated into the pCR-TOPO- 

XL cloning vector and transformed into E. coli ToplO competent cells (Invitrogen,
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Carlsbad, CA). The insert was subcloned into pACYCl 84 as an EcoRl fragment and the 

resulting construct was named pMDR002 (Table 6).

The bla\ci-\ insert from the clone described above was excised from pCR-Blunt 

and also ligated as an EcoRl fragment into pACYC184. This construct was named 

pMDROOl (Table 6). The resulting plasmids were isolated and electroporated into E. coli 

ToplO (Invitrogen, Carlsbad, CA, USA), and the ampD' E. coli strains SNO302 and E. 

coli JRG582 (Table 6). The resulting clones are listed in Table 6. The insert within the 

plasmid DNA from these clones was sequenced as described above using primers MIR- 

1F, MIR-1R, MIR-1 PE, MIR-1FW, ACT-lEndR, K225AMPRR, EcUPF, ACT-IF, and 

AmpRF (Table 11) to verify the insert sequences.

Primer extension was carried out using total RNA isolated with TRIzol® Max™ 

from E. coli WTACT-1, E. coli WTMIR-1, E. coli ADpACT-1, and E. coli ADpMIR-1 

(Table 6) and primers ACT-1PE and MIR-1PE (Table 11). Normalization of the data 

was carried out by comparing the 16S rRNA expression from each organism which was 

attained by primer extension with primers EC16SRNA and KP16SRNA (Table 11). Fifty 

micrograms of total RNA was used for each primer extension reaction for ampC 

transcripts, whereas 1 pg was used for the 16S rRNA reactions. The (3-lactam 

susceptibility phenotypes of these organisms were determined by agar dilution according 

to NCCLS specifications.
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Characterization of the b la Mir.j Promoter, prB

The primers used to PCR amplify each blamR-i deletion fragment are listed in 

Table 12. PCR was carried out as described above to create amplicons containing the 

entire blamR-\ structural gene and varying lengths of the 5’ upstream region including 

different components of prB and prA (Figure 35). Table 12 identifies the PCR amplified 

fragment lengths and the nucleotide positions present in each fragment and the resulting 

promoter changes. These changes are illustrated in Figure 35. The seven cDNA 

amplicons were cloned using the TOPO-XL cloning kit (Invitrogen, Carlsbad, CA, USA). 

Each fragment was subcloned as an EcoRl digestion fragment into plasmid pMDR009 

(Figure 17), a pACYC184 derivative that allows for EcoRl insertion without expression 

interference from the chloramphenicol resistance gene promoter. Top 10 E. coli 

competent cells (Table 6) were the recipient strains used in this study (Invitrogen, 

Carlsbad, CA, USA). The resulting inserts were manually sequenced from the plasmid 

using the Stratagene pfn polymerase sequencing kit as described by the manufacturer. 

The blamR-\ structural gene from each clone was amplified by PCR as described above 

using Platinum Taq FTigh Fidelity DNA polymerase. These amplicons were analyzed by 

automated sequencing as described above. The constructed plasmids are listed in Table 

7.

RNA isolation from the strains listed in Table 7 was carried out using TRIzol® 

Max™. Primer extension analyses were carried out as described above using 20 pg of 

RNA for experimental samples and 1 pg for the 16S rRNA control lanes. Primers used 

for primer extension are listed in Table 12.



Table 12. Primers used in the study for the analysis of the 5’ flanking region and expression of b/aMir-i  .

Primer Name Sequence3 Product Name / Sizeb,c Purposed Nucleotides6 Accession Number

MIRAUP GCCATACTTGGCCTCATGCG M1A01 S, C 786-805 M37983
MIR-1R GCAT CAAAAGGCGT GACGACG 1524 bp 2310-2290 M37839

MIRAM35 C C GTT AAT G CT AAATTT AAC C G M1A02 S, C 820-841 M37983
MIR-1R GCAT CAAAAGGCGT GACGACG 1490 bp 2310-2290 M37839

MIRAM35M10E35 CCAACAGACTACAGCGGTCTGACG M1A03 S, C 862-885 M37983
MIR-1R GCATCAAAAGGCGTGACGACG 1448 bp 2310-2290 M37839

MIRAM35M10 CGTTT GT CAGCCACAGT CAAAT CC M1A04 s, c 839-863 M37983
MIR-1R GCATCAAAAGGCGTGACGACG 1471 bp 2310-2290 M37839

M!RMUTE35f CCGTT AAT GCG AG AGTT AACCCTTT G M1A05 s, c
MIR-1R GCATCAAAAGGCGTGACGACG 1490 bp 2310-2290 M37839

MIRMUTM35f CCTCATGCGGCATTATTTCCTATCCG M1A06 s, c 797-822
MIR-1R GCATCAAAAGGCGTGACGACG 1513 bp 2310-2290 M37839

MIRUPF GGGAAGCAAACT GGT GT ACC M1wt s, c 008-27 M37983
MIR-1R GCATCAAAAGGCGTGACGACG 2302 bp 2310-2290 M37839

ENTB55PE GGCGAGAGCAGAGCAAGAGAT GCC PE 80-103 X07274
MIR-1PE GCGAATGCAGAACTGGCGACG PE 966-986 M37839
KpEc16SP.NA CCCAG ACATT ACT CACCCGTCC PE 82-61 AF390084

a - Primer sequence 5' - 3'
b - Size in base pairs of the PCR generated amplicon 
c - For promoter deletions and changes see corresponding name in Figure 2. 
d - Purpose for the primers. S, Sequencing; C, Cloning; PE, Primer extension, 
e - Nucleotide location of each primer with respect to the cited reference 
f  - Sequence that was mutated is shown in bold
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Susceptibility of these organisms to ceftazidime and cefotaxime was determined 

using E-test.

Investigation of Inter-Strain MIC Variation in Isolates Expressing A / « c m y -2

Bacterial strains used in this study are listed in Table 8. The blacu\-2  structural 

gene and 5’ flanking region from KpV50 was amplified by PCR using Precision Taq 

DNA polymerase (Stratagene) as described above using the upstream forward primer 

CMY-1238F with the reverse primer CMY-R (Table 13). The resulting amplicon was 

visualized on a 0.8% agarose gel with crystal violet staining as described above. DNA 

was extracted from the gel using a SNAP column (Invitrogen, Carlsbad, CA, USA) and 

ligated into the pCR-TOPO-XL cloning vector and transformed into E. coli ToplO 

competent cells (Invitrogen, Carlsbad, CA, USA) creating E. coli XCMY-2. The 

amplicon was subcloned into pMDR009 as an EcoRI fragment. The resulting plasmids 

were isolated as described above and sequenced to verify both the promoter region and 

structural gene by automated sequencing as described above using primers listed in Table 

13. The clone containing blacuY-i on the pMDR009 vector was called E. coli MDR- 

CMY-2 (Table 8).

E-Test MICs for cefoxitin (FOX), ceftazidime (CAZ), aztreonam (AZT), 

cefepime (FEP), cefotaxime (CTX), and cefpodoxime (CPX) were performed according 

to NCCLS methodology as described above for EcLl, EcBl, Kp249, and KpPV50, and 

the clones E. coli XCMY2 and E. coli CMY2 (Table 8) (197).



Table 13. Primers used in the study of b /aCMY.2 gene expression.

Primer Name Sequence3 Function0 Nucleotides0 Ref or Acc #a

CMY-2NOUP GATTGAAAGGTGGTTGTAAATAATG CL 1708-1732 X91840
CMY1338F CCAAATACGACATGGCGGTGG S, CL 1338-1358 X91840
CMY25F1 CAAT GT GT GAGAAGCAGTC S 1736-1754 X91840
CMY-2R CGCATGGGATTTTCCTTGCTG S, CL 3167-3147 X91840
CMYCNF CGTTATGCTGCGCTCTGCTG CN 1937-1956 X91840
CMYCNR CTGCGGAACCGTAATCCAGG CN 2561-2543 X91840
KpAmpDF GGAAACATGCTAACCTGAACG CN See Table 11 179
KpAmpDR CGGGCGATAAGCACCAACAGC CN See Table 11 179
EcAmpDF G CT ACTCTG AACCG G GT ATTAGC CN See Table 11 179
EcAmpDR CGATGATCAAGCTGCCAGTGC CN See Table 11 179
CMY2PE GGAGAAAGAGGCTGTCAGCAGC PE 1974-1953 X91840
KPEC16SrRNA CCCAG ACATT ACT CACCCGT CC PE See Table 11 179

a Nucleotide Sequence, 5' to 3'
b Function of the Primer: CL, cloning; S, sequencing; CN, copy number determination; PE, primer exteristion analysis 
c Nucleotide positions according to GenBank nucleotide file 
0 GenBank Accession Number or Reference
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RNA was isolated using the TRIzol® Max™ procedure from cultures allowed to 

grow to an OD6oo of 0.65. Primer extension was performed as described above using 

20pg RNA for blacwt-2 expression and 1 pg for 16S rRNA normalization control. 

Primers used for primer extension are listed in Table 13.

The relative copy number was determined as described above using the primers 

listed in Table 13.

Cloning of blacM \-i for Analysis of the Promoter Region

Using total DNA isolated from K. pneumoniae PV50 as template, PCR was 

performed with primers CMY1338F and CMY-2R (Table 13) and Platinum Taq DNA 

High Fidelity polymerase (Invitrogen, Carlsbad, CA, USA) as described above to 

produce an amplicon of 1830 bp that encoded the blacuY-2 structural gene, upstream 

promoter and 372 bp of sequence upstream. A second PCR was carried out in the same 

manner with primers CMY-2NOUP and CMY-2R (Table 13) to produce an amplicon of 

1416 bp that encoded only blacuY-2 and its primary promoter. These amplicons were 

cloned into plasmid pCR-TOPO-XL and transformed into E. coli Top 10 (69) chemically 

competent cells using the TOPO Cloning Kit (Invitrogen, Carlsbad, CA, USA) according 

to the manufacturer’s protocol. The inserts within these plasmids were analyzed by 

automated sequencing as described. The inserts were subcloned into pMDR009 (Table 

7) as EcoRl fragments and transformed into E. coli Top 10 chemically competent cells 

(Table 8) (Invitrogen, Carlsbad, CA, USA). The resulting plasmids are shown in Table 8.

Primer extension analysis was performed as described above using primers CMY- 

2PE and KpEC16SrRNA (Table 13) and 10 pg of total RNA isolated from organisms
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expressing encoding plasmids pCMY2 and pCMYNUP (Table 8). P-lactam 

susceptibility testing was performed by E-test MIC analysis as described above.

Survey of Cefoxitin Non-Susceptible E. coli Urine Isolates Received in the Clinical 
Microbiology Laboratory at Creighton University Medical Center (CUMC)

A survey of clinical isolates from urine cultures analyzed at CUMC was initiated 

after two E. coli urine isolates were discovered to be cefoxitin resistant, due to the 

presence of a CMY-type plasmid-encoded ampC gene as determined by ampC multiplex 

PCR as described above. This survey was performed in collaboration with Dr. Stephen 

Cavalieri, Director of Clinical Microbiology at CUMC.

Forty-nine cefoxitin non-susceptible E. coli strains isolated from urine were 

randomly collected over 10 months from 47 patients, (28 isolates from area nursing home 

residents, 5 from patients who were hospitalized, 12 collected from patients who were 

treated at outpatient clinics, and 2 from an unknown source). The Kirby Bauer disk 

diffusion procedure was used to screen for cefoxitin susceptibility in the clinical 

microbiology laboratory at CUMC. Cefoxitin non-susceptible strains underwent further 

analysis. Plasmid-profiles and pulse field gel-electrophoresis (PFGE) was used to 

determine strain relatedness. Plasmid-isolation was performed by alkaline lysis as 

described above with 1% SLS replacing the 1% SDS in the lysis solution. Pulse-field gel 

electrophoresis was carried out by Dr. Richard Goering. Isolates were screened for 

plasmid-encoded ampC genes by ampC multiplex PCR as described above. Clinical 

information was obtained from medical charts by Dr. H. A. Hashish of the Department of 

Pathology at CUMC.
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Results

The am pC  P-lactamase Gene of K lebsiella  pn eu m on iae  225

In a previous study from this laboratory, a plasmid-mediated ampC gene was 

detected in K. pneumoniae 225 using isoelectric focusing and PCR with primers designed 

to amplify an E. cloacae chromosomal ampC gene. However the identity of the gene was 

not determined (77). PCR amplification of the ampC gene of K. pneumoniae 225 using 

primers A and B (Table 10) produced a 1093 bp fragment. BLAST analysis revealed a 5’ 

partial sequence of the plasmid-mediated ampC P-lactamase structural gene, blaAct - i , and 

a putative promoter region which was almost identical to the promoter region of the 

chromosomal ampC gene of Enterobacter cloacae (28, 86). The reverse primer C (Table 

10), designed to flank the 3’ end of the blaAci-\structural gene, was used in combination 

with primer A to PCR amplify a 1518 bp product (Figure 19-a lane 1, Figure 20-c). This 

PCR fragment was cloned and sequenced, and the entire 6/aACT-isttuctura! gene was 

identified (28).

Regulatory Sequence of bla .\ct-i

Sequencing of the upstream region of the blaAct-i gene revealed ampR -10 and -  

35 promoter elements, an ampC -35 promoter element, and an AmpR binding site, both 

of which were 100% identical to sequences of the respective elements in the E. cloacae 

inducible chromosomal ampC genes (86). The -10 promoter element for blaAcj.\ 

revealed one mismatch, a cytosine to thymine transition, 59 bases upstream of the ATG 

start codon of bla Aqj.\ (Figure 19-b and 20-f). An AmpR binding site suggested that the
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Figure 19. Structural organization of the plasmid-encoded ampC (3-lactamases gene, 
blaACj-\ (178). (a) bIaAct - i , the intergenic region and the 5’ portion of the ampR
structural gene were amplified with primers A and C from Table 10, resulting in a 1518 
bp amplicon (lane 1); ampR and the intergenic region were amplified using primers D 
and E from Table 10 (lane 2); primers C and E from Table 10 were used to amplify the 
entire 2263 bp blaAcT-i/ampR fragment (lane 3). The 100 bp and 1 kb ladders are from 
Gibco BRL (Rockville, MD, USA), (b) Sequence of the overlapping blaa c t - i and ampR 
divergent promoter regions. The AmpR binding site is shaded. The -10 and -35 
promoter elements are indicated in bold. The C to T transition in the 6 / « a c t - i -10 
promoter element is indicated in bold type. The bent arrow indicated the start site of 
transcription for bIaAct-i as determined by primer extension analysis (Figure 22). The 
ATG start codons are enclosed in boxes.
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Figure 20. Structural organization of the plasmid-encoded ampC p-lactamase gene, 
bla\Qj.\, as determined by PCR mapping and sequencing. (A) Structural organization of 
the chromosomal inducible ampC p-lactamase gene of E. cloacae. (B) 1518 bp PCR 
fragment containing 6/aACT-iwith promoter and partial ampR sequences. (C) 1076 bp 
PCR fragment containing ampR with promoter sequence. (D) PCR fragment containing 
partial sequence of 3’ end of 6/aAcr-iand partial sequence of the tnpA gene of the Tn3 
transposon. (E) Structural plasmid organization of 6/aAc t - i , ampR and tnpA. (F) 
Sequence of the overlapping divergent promoter regions of 6/aAcr-iand ampR promoter 
sequences. The AmpR binding site is underlined. -10 and -35 promoter sequences are 
indicated in bold. The C to T mutation in the/?/aAcT-i -10 promoter element is indicated 
in larger font. The start site of transcription for bla^ct-i as determined by primer 
extension analysis is indicated by the large arrow.
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entire ampR gene was encoded by the plasmid found in K. pneumoniae 225. Therefore, 

to identify the gene, PCR using primers D and E (Table 10) was performed that generated 

a 1075 bp fragment (Figure 19-a lane 2, and 20-d). Direct sequencing of the PCR 

product revealed an ampR gene from which a 293 amino acid open reading frame was 

identified. The ampR gene (Figure 21) was 83% similar to the E. cloacae ampR gene 

described by Kuga et al. (111). BLAST analysis showed a 90% amino acid identity to 

the E. cloacae AmpR protein (86). As depicted in Figure 20, the sequence of PCR 

product B overlapped with the sequence of product D by 330 bp and the sequences of 

PCR products B and C also overlapped. These data suggested that the arrangement of 

bla^cjA and the ampR gene was consistent with the E. cloacae ampC chromosomal gene 

(86). The predicted size of the PCR product which would represent the entire 

ampRJampC region is 2263 bp. Therefore, to confirm the genetic arrangement of the 

bla\cj-\ /ampR genes, PCR amplification was performed using primers C and E (Table 

10). The amplified product from this PCR reaction was approximately 2200 bp 

confirming the organization of genes bla\ci-\ and ampR on the plasmid in K. pneumoniae 

225 were identical to the chromosomal ampR/ampC region of E. cloacae (Figures 19 & 

20).

6/aact-i mRNA Expression Studies

The presence of the ampR gene and AmpR binding site associated with bla acta 

suggested bla^cTA gene expression was inducible. Traditionally, induction of p~ 

lactamases is examined by assaying the level of p-lactamase activity in the presence or 

absence of a good inducer, such as imipenem or cefoxitin. However, in organisms
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Figure 21. Sequence of the ampR regulatory gene for bla\ci-\ from Klebsiella 
pneumoniae 225. The -35 (green type) and -10 (red type) promoter elements are 
italicized and bold. The ATG translational start codon and TAA translational termination 
codon are underlined and bold. GenBank accession number AF362955.



TTGACTATGG CTGACAAACG 
GACCATGACG CGCAGCTATC 
GCATCTCAGT TTTACTCATG 
GCACGTCAAG GCGCTGGAAC 
GCTGATGTTG ACCACCGAAG 
CATCGCCGGA ATGCTGGATC 
TGTGGTAGGG ACTTTTGCCA 
CTATCCGCAT ATTGATCTTC 
AGGGCTTGAT TACATTATTC 
CCTTTGCCCT GCGCCGCTGT 
CCCGGCAGAT ATCCTGAAGT 
GTGGATGCAG GCAGCGGGCG 
TTGGTCCGTG ACCATGCTGG 
CGACATGTTT ACCCATTTAC 
TGATCTCGGC AGCTACTGGC 
AATGCGCGAA TTTGCCCAGT

GT TAAATTTA GCATTAGCTG
TCCCTCTTAA TTCCCTGCGG 
CCGCTATCGA GTTGAATGTC 
AGCACCTTAA TTGCCAGCTG 
GCGAGAATTT GCTGCCGGTG 
GTTTTGCCAG CCAGCGCGCT 
CGGGTGTTTT ATTCTCGCTG 
AGCTTTCCAC CCATAACAAT 
GCTACGGTGG CGGCGCGTGG 
TTCCGTTCTG TACACCCGAG 
TTACCCTGCT GCGCTCCTAC 
AACATTCTCC TTCGCCGACG 
AAGCCGCGCA GGCAGGCGTA 
TCAGCAGCGA GCGCATCGTG 
TGACAAGGCT ACAGTCACGG 
GGCTGGTGGG GAAGATGCAG

TTAATTTTTC TAACGGACGA
GCGTTTGAAG CAGCCGCCAG 
ACCCATTCCG CGATTAGCCA 
TTTGTCCGCG TTTCGCGAGG 
CTGAATGACT CGTTCGATCG 
CAGGAGAAGC TCAAAATAGG 
CTCGCGGACT TTCGCCGCTG 
CGCGTCGATC CAGCGGCCGA 
CATGGAACCG ATGCTGAATT 
ATTGCCTCAG TTTTCAAAAG 
CGGCGCGACG AGTGGGCTGC 
CACCGGGTGA TGGTGTTTGA 
GGGATTGCCA TTGCGCCTGT 
CAGCCGTTTG CAACGCAGAT 
TCACGGTCAG AAACGCCCGC 
AAATAA



128

expressing multiple P-lactamases, such as K. pneumoniae 225, the demonstration of 

inducible [5-lactamase activity can be technically difficult. In spectrophotometric 

hydrolysis assays, other P-lactamases may also contribute to degradation of substrate and 

prevent accurate quantitation of the activity of the enzyme of interest.

In an attempt to more accurately measure ACT-1 P-lactamase activity, repeated 

hydrolysis assays were performed using cephalothin as the substrate, in the presence and 

absence of clavulanic acid. Preincubation of induced and uninduced p-lactamase 

preparations with clavulanic acid exhibited a 1.3-fold (1016 nmoles/[min/mg] uninduced 

preparation vs. 1330 nmoles/[min/mg] induced preparation) increase in enzyme activity 

in the induced preparation compared to the untreated preparation. In order to determine 

the specific level of induction of blaa c t - i gene expression in the presence of cefoxitin, 

primer extension analysis was employed. In the presence of cefoxitin, b/aAcr-i RNA 

levels were induced 5-fold (Figure 22). In order to compare the levels of h/uACi-i RNA 

between untreated and treated cultures detection of 16S rRNA was performed using RNA 

isolated from the same cultures of K. pneumoniae 225. Treatment of the K. pneumoniae 

225 cultures with cefoxitin should not influence the levels of 16S rRNA transcription. As 

indicated in Figure 22, the levels of 16S rRNA did not change. Thus, the amount of RNA 

examined from untreated cells was not under represented. In addition to analysis of fold- 

induction, primer extension was also used to map the start site of transcription for 

b/uAcT-i- The primary start site of b/aAct-i transcription was mapped to the guanosine 50 

bases upstream of the ATG start codon (Figures 19, 20, and 22).
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Figure 22. Primer extension analysis of £>/<3act-i gene expression (178). Total RNA was 
isolated from K. pneumoniae 225 cells untreated and treated with 128 pg/ml cefoxitin 
(1/4 X MIC). The sequencing ladder was generated from bla act-\ sequence. The bla&ct-i 
transcript was mapped using 25 pg of total RNA and primer H (Table 10). The extension 
product is indicated with the arrow marked bla^ci-x. The 16S rRNA-specific extension 
products is marked with an arrow and was obtained using 25 pg of total RNA using 
primer I (Table 10)(accession number Y17669). These data are representative of three 
independent experiments from which the average induction was five-fold.
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Disk Induction

The induction of RNA transcript should correspond to induction of p-lactamase 

activity. As discussed above, induction of p-lactamase activity is difficult to measure 

accurately in spectrophotometric hydrolysis assays using crude enzyme preparations from 

organisms expressing multiple p-lactamases. However, a method for examining the 

induction of P-lactamases in vivo is the disk approximation test. A positive test for P- 

lactamase induction is indicated by a blunting of the perimeter of the zone of inhibition 

around the indicator drug, cefotaxime. This test was used to correlate the induction of 

transcription with inducible P-lactamase activity. Figure 23 demonstrates the induction 

of ACT-1 in K. pneumoniae 225 in the presence of a disk containing the inducing drug, 

cefoxitin. The blunting of the zone of inhibition for cefotaxime is indicated by the arrow 

(Figure 23).

Sequencing the 3’ Flanking Region of b la \c i- \

To analyze the sequences downstream of bla\ct-i, a 2 kb fragment was amplified 

from K. pneumoniae 225 using PCR with the combination of an anchored and an 

arbitrary primer set (Table 10, Figure 20). The arbitrary primer G was used to anneal 

outside of the gene of interest in the unknown region while the specificity for the gene of 

interest is achieved with the anchored primer (in this case, specific for bla\cv-\)- The 

arbitrary primer was designed to anneal to sequences that are present at several loci on 

the chromosomes of many enterobacterial species (ERIC primer) (213). By using the 

arbitrary primer with a primer designed to anneal within the act-i structural gene,



132

Figure 23. Disk approximation test with K. pneumoniae 225. The zone of inhibition of 
the cefotaxime (CTX) disk on the right is blunted, indicating induction of the ACT-1 P- 
lactamase in the presence of cefoxitin (FOX).
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amplification of the 3’ flanking region was accomplished. Using this approach, 1193 

base pairs of unknown sequence downstream of the bla\ci-\ gene was amplified from K. 

pneumoniae 225 total DNA. The amplified fragment was cloned and sequenced. BLAST 

analysis of the 3’ flanking region confirmed the presence of bla\cj-\, and revealed 1035 

nucleotides of the tnpA gene of the E. coli Tn3 transposon (80). The plasmid 

organization of the blaAct-i gene is diagramed in Figure 20.

RNA Expression from the Plasmid-Encoded am pC  Genes of E n terobacter  Origin

To determine if factors such as copy number and lack of AmpR regulation 

influence plasmid-encoded ampC gene expression and P-lactam resistance in Gram

negative organisms, the RNA expression levels of blaAct-i and blaM\K-\ were measured by 

primer extension analysis. Primer extension using the primers listed in Table 11, along 

with hydrolysis data confirmed the induction phenotypes of E. cloacae 55, K. 

pneumoniae 225, K. pneumoniae 96D, and E. cloacae V204 (77, 157). These four 

isolates represent ampC P-lactamase gene expression of Enterobacter origin in different 

genetic backgrounds (Table 6). In addition, primer extension analysis was performed to 

determine the relative amounts of steady state ampC RNA expressed from each clinical 

isolate tested from cultures grown to an OD A6oo of 0.65 (Figure 24). As previously 

determined by primer extension analysis, 7>/<3ac:t-i was induced five-fold over constitutive 

levels when RNA expression was analyzed 15 minutes post induction, while P-lactamase 

hydrolysis assays indicated a 1.3-fold induction (Figure 25). P-lactamase hydrolysis
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Figure 24. Growth curves for E. cloacae 55, E. cloacae V204, K. pneumoniae 96D, and 
K. pneumoniae 225. The values on the X axis represent the OD at A6oo and the values on 
the Y axis represent log(CFU/ml). Organisms are indicated by the different colored lines 
found in the legend.
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Figure 25. Cephalothin hydrolysis assays (179). AmpC activity from crude protein 
preparations of each strain was measured spectrophotometrically. Hydrolysis activity 
from preparations of either untreated (white bars) or cefoxitin (0.25 x MIC of specific 
strain) treated (shaded bars) cultures are represented relative to AmpC activity from E. 
cloacae 55 (WTampC). Each value represents the mean of 3 experiments. Error bars 
represent the standard deviation.
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Figure 26. Primer extension analyses to determine induction phenotypes (179). Bands 
represent ampQ specific mRNA present for each strain in the presence or absence of 
cefoxitin.
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Figure 27. Primer extension analysis of Enterobacter spp. derived ampC expression 
(179). A) The primary start sites of transcription are indicated by the arrow. The 
intensities of the bands were quantified using a stonn molecular imager with ImageQuant 
software and normalization of data was performed using the 16SrRNA bands. The 
bla\ci-\ and blamK-\ sequencing ladders are represented on the left and right sides, 
respectively. The bands used to map the start site of transcription represent the amount of 
ampC RNA expression from each strain. These bands were quantified and normalized 
using the 16S rRNA bands. B) A bar graph representing constitutive ampC expression of 
bla\ci-\, blau\K-\, and DRampC relative to WTampC. Each value represents the mean of 
3 experiments. Error bars represent the standard deviation.



A)

^ aACT-1
A C G T

blaMIR-1

A C G T

16S rRNA K>



B)
ampC RNA expression Relative to WTcampC

120

100

Co
'(n </> 
CD
Q.
X

L ii
2
o

80

60

1  40
occ

20

\NTampC bla!ACT-1 bla,MIR-1 DRampC

a m p C  gene



144

assays showed the wild-type (WT) E. cloacae AmpC was also induced, whereas both 

MIR-1 and E. cloacae V204 (derepressed mutant) AmpC were uninducible (Figure 25). 

These induction phenotypes were also reflected at the RNA level (Figure 26). However, 

when basal (non-induced) level RNA expression between these four strains was 

examined, there was a 33-, 95-, and 75-fold difference between the ampC of E. cloacae 

55 (WTampC) and bla^ci-x, blau\K-\. and the ampC of E. cloacae V204 (DRampC), 

respectively (Figure 27 a & b).

AmpD of E. cloacae V204

To investigate the mechanism for high-level ampC expression in E. cloacae 

V204, sequence analysis of the ampD gene was carried out. PCR amplification of the 

ampD gene of E. cloacae V204 with primers EcampD-F and EcampD-R (Table 11) 

yielded a ~2.0 kb amplicon (from which 1962 bp of sequence was obtained). The 

expected size for this amplicon was 609 bp. Automated sequencing using primers 

EcampD-F and EcampD-R (Table 11) was employed to sequence the 5’ and 3’ ends of 

this product. Subsequent sequence data was employed to create new primers to further 

sequence this amplicon. This strategy is known as primer walking. Sequence analysis 

revealed 38 bp of ampD structural gene sequence on the 5’ end and 526 bp of ampD 

structural gene sequence on the 3’ end separated by a 1329 bp insert flanked on both ends 

by the target sequence 5’-{CGCGCGGCA}-3’ which exhibited 78% sequence identity to 

the consensus target sequence 5’-{NGCTNAGCN}-3’ for TnlO transposons (74, 103, 

173). Sequence data is shown in Figure 28. Inverted terminal repeats 23 bp in length were 

found on the flanking regions of the insert (214). This flanking sequence is found within
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Figure 28. Sequence of the ampD gene from E. cloacae V204. A 1329 bp insert, 
encoding a sequence 100% identical to TnlO 3’ end transposase, inserted into the ampD 
gene 35 base pairs downstream of the ATG start codon for translation for AmpD. The 
sequence targeted for insertion is shown in red and bold. The insert is in blue and bold. 
The inverted terminal repeats are italicized. The ATG start site of translation and the 
TGA termination codon for the transposase are indicated in green. The ATG start site of 
translation and the TGA termination codon for the AmpD enzyme are indicated in bold 
black type.



ATAGATAAGGATCCAGCATGTTGTTAGAAAACGGATGGCTGGTGGACGCGCGGCACTGArGAATCCCCTAflTGArTTTGGTAAA
AATCATTAAGTTAAGGTGGATACACATCTTGTCATATGATCAAATGGTTTCGCGAAAAATCAATAATCAGACAACAAGATGTGC
GAACTCGATATTTTACACGACTCTCTTTACCAATTCTGCCCCGAATTACACTTAAAACGACTCAACAGCTTAACGTTGGCTTGC
CACGCATTACTTGACTGTAAAACTCTCACTCTTACCGAACTTGGCCGTAACCTGCCAACCAAAGCGAGAACAAAACATAACATC
AAACGAATCGACCGATTGTTAGGTAATCGTCACCTCCACAAAGAGCGACTCGCTGTATACCGTTGGCATGCTAGCTTTATCTGT
TCGGGCAATACGATGCCCATTGTACTTGTTGACTGGTCTGATATTCGTGAGCAAAAACGACTTATGGTATTGCGAGCTTCAGTC
GCACTACACGGTCGTTCTGTTACTCTTTATGAGAAAGCGTTCCCGCTTTCAGAGCAATGTTCAAAGAAAGCTCATGACCAATTT
CTAGCCGACCTTGCGAGCATTCTACCGAGTAACACCACACCGCTCATTGTCAGTGATGCTGGCTTTAAAGTGCCATGGTATAAA
TCCGTTGAGAAGCTGGGTTGGTACTGGTTAAGTCGAGTAAGAGGAAAAGTACAATATGCAGACCTAGGAGCGGAAAACTGGAAA
CCTATCAGCAACTTACATGATATGTCATCTAGTCACTCAAAGACTTTAGGCTATAAGAGGCTGACTAAAAGCAATCCAATCTCA
TGCCAAATTCTATTGTATAAATCTCGCTCTAAAGGCCGAAAAAATCAGCGCTCGACACGGACTCATTGTCACCACCCGTCACCT
AAAATCTACTCAGCGTCGGCAAAGGAGCCATGGGTTCTAGCAACTAACTTACCTGTTGAAATTCGAACACCCAAACAACTTGTT
AATATCTATTCGAAGCGAATGCAGATTGAAGAAACCTTCCGAGACTTGAAAAGTCCTGCCTACGGACTAGGCCTACGCCATAGC
CGAACGAGCAGCTCAGAGCGTTTTGATATCATGCTGCTAATCGCCCTGATGCTTCAACTAACATGTTGGCTTGCGGGCGTTCAT
GCTCAGAAACAAGGTTGGGACAAGCACTTCCAGGCTAACACAGTCAGAAATCGAAACGTACTCTCAACAGTTCGCTTAGGCATG
GAAGTTTTGCGGCATTCTGGCTACACAATAACAAGGGAAGACTTACTCGTGGCTGCAACCCTACTAGCTCAAAATTTATTCACA
CATGGTTACGCTTTGGGGAAflrrATGAGGGGATCTCTCAGCGCGCGGCATGTACCGTCGCCGCACCACGACTGCCGCCCGGACC
ATGAAAAGCCCACACTGCTGGTGGTTCACAATATTAGTCTCCCGCCGGGTGAGTTTGGCGGTCCGTGGATCGATGCGTTATTCA
CTGGAACGATAGATCCCGATGTCCACCCCTTCTTTGCTGAGATTGCGCATCTGCGCGTATCGGCGCACTGTCTGATCCGTCGTG
AATGGCGAATGGTTCAGTATGTTCCTTTTGATAAGCGAGCCTGGCATGCCGGCGTGTCGATGTATCAGGGGCGCGAGCGGTGCA
ATGATTTCTCCATTGGAATTGAACTGGAAGGAACGGACACCACGCCTTACACCGATGCGCAATATGAGAAACTGGTTGCTGTAA
CGCAAACGTTAATCGGGCGCTATCCCGCCATTGCAGACAATATTACAGGGCACAGCGACATCGCCCCCGAAAGAAAAACCGACC
CCGGCCCGGCGTTTGACTGGTCCCGGTTTCACGCCATGCTTACCACGTCGTCAGATAAGGAGATAACATGACG TTGTTTACCAT
GCTGCTGTTATGATCGCTGAACGCCTTTTA
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other ampD genes of E. cloacae (GenBank Accession Numbers: AY029326 for E. 

cloacae Eel 18 and AY029326 for E. cloacae Eel 19). Blast analysis revealed 100% 

identity with a TnlO 3’ end transposon sequence (Gen Bank Accession Number J01829) 

from E. coli. The ampC and ampR genes of E. cloacae V204 were previously analyzed 

and determined to be wild-type sequence (134).

Copy Number of 6/<zmir-i, ̂ Z act-i* DRampC and WTampC

In contrast to the predicted 2.5 -  5.8-fold increase in the absence of ampR for 

plasmid-encoded ampC genes, differences of 33- (ampR present) and 95-fold increases 

{ampR absent) over chromosomal ampC expression were observed (Figure 27 a & b). 

However, the constitutive level of RNA expression between the two plasmid-encoded 

ampC genes, 7 > / a A C T - i  and blau\K-\ was only 3-fold. These data indicated a difference in 

the regulation of constitutive expression between these plasmid-encoded ampC P- 

lactamase genes compared to each other and 'WTampC. One explanation for the large 

increase in overall RNA expression from the plasmid-encoded genes could be gene copy 

number. Therefore, the copy number of each of these genes was determined by a 

comparative analysis using PCR. A ratio was determined between amplified products of 

the ampC gene in question and the single copy chromosomal gene, ampD (Figure 29). 

PCR amplification of each ampC gene and the respective ampD gene for each organism 

(K. pneumoniae or E. cloacae) was performed using 10-fold serial dilutions of template 

DNA (10° to 10'5) from each bacterial strain (Figures 29 a & c). The band intensities of 

the ampC and ampD amplified products from the 103 template dilutions (Figures 29 a & 

c) are represented by the graphs in Figure 29 b & d. The area under the curve for each
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Figure 29. Gene copy number determination of bla\ciA (A, B, & E) and blamR.\ (C, D, 
& F) by comparative PCR (179). PCR amplicons from the 10~3 dilution in A, C, E, and F 
were quantified using vistra green staining and a Storm Molecular Imager with 
ImageQuant Software (Molecular Dynamics). The area under the curve from the ampQ 
and ampD amplicons from the 1 O'3 lane of A & C are represented in graphs B & D 
(ampC -  solid lines, ampD -  dotted lines). The ratio was confirmed using dilutions of the 
original PCR products yielding equal areas under the curve (E & F). Graph in E 
represents the comparison of area under the curve determined from lane 1:2 of 6/aACT-i 
(solid line) to the area under the curve determined from the 103 ampD amplicons (dotted 
line). Graph F represents the comparison of the area under the curve determined from the 
band in lane 1:12 of blaMir-i (solid line) to the area under the curve determined from the 
10‘3 ampD amplicons (dotted line).
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peak was used to determine the ratio of amplified products of bla\ci-\ to ampD (Figure 

29b) and Wumir-i to ampD (Figure 29d). The amount of blaAct-i and blam&-\ products 

with respect to the ampD genes revealed a ratio of 2 (Figure 29 a & b) and 12 (Figure 29 

c & d), respectively. Verification of these numbers was obtained by diluting the blaAcj-i 

and blaM\R-\ PCR products from the 10' reaction (Figures 29a for blaAct-i and 29C for 

blaM[R-\) by factors of 2 and 12 respectively, and measuring the amount of the diluted 

ampQ products (Figure 29 e & f) compared to the undiluted ampD products for each 

strain. The areas under the curve in Figures 29 e & f represent the intensities of the band 

obtained from the blaAci-\ PCR amplicons diluted 1:2, and the undiluted ampD amplicon. 

As shown in Figure 29 e, the 1:2 diluted band intensity was now equivalent to the area 

under the curve detected for the ampD product.

Similarly, comparing the band intensities for the 1:12 dilution of theWaMiR.i 10'3 

PCR product and the undiluted 10~3 ampD product, the area under the curve was 

equivalent (Figure 29 f). Therefore, the copy number of the inducible plasmid-encoded 

bIaAct-i is 2, while the copy number of the non-inducible plasmid-encoded 6/umir-i is 12. 

This method was also used to verify the copy numbers of the chromosomal ampC genes 

from E. cloacae 55 and V204, which were both one (Figure 30). As a control for the 

technique blaAcj.\ and h/̂ MiR-i were cloned into the vector pACYC184, which has a 

copy-number of 10 to 12 (Figure 17) (39). The copy number of both blaAci-\ and blau\R-\ 

cloned into pACYC184 was determined to be 11 for each gene (Figure 31). These data 

indicate that the copy-number protocol designed in this study is an accurate method for 

determining relative gene copy-number.
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Figure 30. Gene copy number determination of the ampC genes of E. cloacae 55 and 
V204 by comparative PCR. PCR amplicons from the Iff3 dilution for ampC and ampD 
from both strains were quantified using vistra green staining and a Storm Molecular 
Imager with ImageQuant Software (Molecular Dynamics). The area under the curve 
from the ampC and ampD amplicons from the Iff3 lane and are represented in graphs 
below each (ampC -  solid lines, ampD -  dotted lines).



152

E. cloacae 55 E. cloacae V204

10° 10-1 10’2 10'3 10 4 1 o 5
10° 10-1 10-2 10'3 o p

ampC - ampC — - •

ampD

11

ampD

10° 10'1 10 2 10'3 10'4 10'5 10° 10-1 10-2 10‘3 1 0 4 1 0 5

Area under the curve ampC: 1 
ampD: 1



153

Figure 31. Gene copy number detennination of the bla\ci-\ and blaMi r - i genes from E. 
coli clones encoding these genes on pMDROOl and pMDR002 respectively (Table 6) by 
comparative PCR. PCR amplicons from the 10' dilution for blauiR-i and ampD from E. 
coli pMDR002 (Table 6) were quantified using vistra green staining and a Storm 
Molecular Imager with ImageQuant Software (Molecular Dynamics). The area under the 
curve from the blau\R-\ and ampD amplicons from the 10'3 lane and are represented in 
CTaph below (ampC -  solid lines, ampD -  dotted lines). The PCR amplicons from the 1 O' 

dilution for bla\ci-\ and ampD from E. coli pMDROOl were quantified by vistra green 
staining using a Bio-Rad imager gel docking system. The band intensities are presented 
under the gel.
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Figure 32. The upstream regions of bla^ciA, 6/omir-i, and both E. cloacae ampC (Ec 
ampC) genes (179). The -10 promoter elements are shadowed in black with white letters, 
-35 promoter elements are shadowed in gray with black letters, and the start sites of 
transcription are indicated with gray shading and white letters. The AmpR binding site 
sequence is shaded with striped lines.
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Table 14. MICs of selected ft-Lactam antibiotics for clinical isolates and bacterial strains.3’*3
________________________________ MIC (mg/L) for:____________________________

P-Lactam Antibiotic E. coli 
WTpACT-1

E. coli 
ADpACT-1

E. coli 
WTpMIR-1

E. coli 
ADpMIR-1

£. coli 
JRG582

E. coli 
SNO302

E. coli
WTpACYC184

K. pneumoniae 
225

K. pneumoniae 
96 D

E. cloacae 
55

E. cloacae 
V204

Cefixime 256 2048 256 256 0.06 0.03 0.06 256 512 2 1024
Cefpodoxime 256 1024 256 256 0.25 0.25 0.5 64 512 2 1024
Piperacillin 32 256 32 32 2 1 2 >2048 >2048 2 256
Aztreonam 8 64 8 8 0.06 0.03 0.06 256 32 0.03 16
Ceftazidime 16 256 8 8 0.12 0.06 0.12 128 32 0.25 32
Cefotaxime 8 64 8 8 0.007 0.007 0.015 16 32 0.12 128
Cefepime 0.06 0.5 0.06 0.06 ?fi.004 ;0.004 4).004 2 0.25 0.25 1
Imipenem 1 2 0.5 1 0.06 0.06 0.12 1 0.5 0.5 0.12

a Organisms used for quality control were E. coli ATCC 25922 and P. aeruginosa ATCC 27853 
b Clinical isolates and bacterial strains are described in table A.
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Promoter Sequence Comparisons

Primer extension data was used to map the transcriptional start sites for the 

mRNA transcript of each gene studied (Figure 27A & 32). As expected, the bla^c t - i 

mapped to the Guanosine at position +1 (Figure 32), 50 bp upstream of the ATG start 

codon (179). The start site of transcription for the E. cloacae chromosomal ampC genes, 

WTam/?C and DR ampC, was a cytosine at the position identical to the bla\cj-\ 

transcriptional start site. Surprisingly, the transcriptional start site of6/aMiR-i mapped to 

the cytosine at position-36 (Figure 32), 89 bp upstream of the ATG start codon. Putative 

-10, TAaAtT, and -35, TTGAat, promoter elements having similarity to the E. coli a70 

promoter consensus sequences -10, TATAAT and -35, TTGACA (Figure 14) were 

identified (79). The spacing between these putative sites was 17 bp, the optimal distance 

between these two elements for maximal expression as described for E. coli (79).

Correlation of Gene Expression and MIC Levels

Derepression of the WT chromosomal ampC gene of E. cloacae V204 led to a 75- 

fold increase in expression and significant increases in P-lactam MICs (Figure 27 and 

Table 14). In contrast, the WT strain, E. cloacae 55, expressing an inducible 

chromosomal ampC gene does not exhibit high P-lactam MICs. However, the 

susceptibility profile of an organism expressing an inducible plasmid-encoded ampC 

gene in an AmpD’ background is unknown. Therefore, bla^cT-i was expressed in an 

AmpD" background to correlate RNA expression levels with a susceptibility profile. 

Comparisons of RNA expression in the presence or absence of cefoxitin from bla\ci-\ in 

an AmpD" E. coli (E. coli ADpACT-1) and blau\K-\ in AmpD’ E. coli (E. coli ADpMIR-
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Figure 33. Primer extension analysis of ampC expression in AmpD backgrounds. A bar 
graph representing primer extension data of ampC expression from 6/oact-i and blawiiR-i 
from WT and AmpD" E. coli (striped bars) relative to bla^cv-\ expression in WT E. coli 
(black bars). C = control, I = induced.
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Figure 34. Comparison between RNA expression and MICs of AmpD+ and AmpD' E. 
coli strains expressing W u Ac t - i and Mjmir-i- MICs of the different P-lactam drugs in pg/ 
ml are indicated by the line (values on right side Y axis). Fold ampC expression relative 
to bla\cT-i from E. coli WTpACT-1 is represented by the bars (values on left side Y 
axis). The bars from left to right represent bla.\ci-\ and blaMi r - i  expression in E. coli 
WTpACT-1 and E. coli ADpACT-1 and E. coli WTpMIR-1 and E. coli ADpMIR-1.
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1), was performed using primer extension analysis (Figure 33). In the absence of a 

functional AmpD enzyme, constitutive blaAct-i expression increased 12.5-fold over 

constitutive blaAc t - i expression compared to the isogenic WT E. coli strain, E. coli 

WTpACT-1, and was not inducible (Figure 33). This level of expression was 1.6-fold 

higher than inducible blaAct-i expression. RNA expression from h/«MiR-i was identical in 

both E. coli WTpMIR-1 and E. coli ADpMIR-1. Parallel with the increase in blaAct-i 

RNA expression in E. coli ADpACT-1, the (3-lactam MICs increased 2 to 16-fold, while 

the (3-lactam MICs of E. coli ADpMIR-1 did not change compared to E. coli WTpMIR-1 

for any drug tested (Table 14 and Figure 33 ). RNA expression and (3-lactam MIC values 

are plotted in Figure 34. Regardless of the drug or gene tested, fluctuations in RNA 

expression levels mimicked the fluctuations in MICs. As indicated in Table 14, the p- 

lactam MICs observed for E. coli WTpACT-1 were within one dilution of both E. coli 

WTpMIR-1 and E. coli ADpMIR-1.

Promoter Analysis

The sequence of the promoter region from blamR.\ revealed the possibility of 2 

functional promoter sequences termed prA and prB (Figure 35) To determine if the 

promoters were required for full-level blau\K-\ expression and a P-lactam resistant 

phenotype, deletional analysis was performed. Deletion clones created by PCR 

amplification of the blau\K-\ structural gene with different 5’ Ranking regions (Figure 36) 

were used to analyze the contribution of each promoter element in the expression of 

blamK-\- Expression of promoter clones was compared relative to the uninduced ampC 

expression from E. cloacae 55. ampC expression from clone ECM1A01 is driven by
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Figure 35. Genetic organization of the chromosomal ampC gene of Enterobacter 
cloacae, and the plasmid-encoded ampC genes, bla\c t - i , and blaM\R-\- blaa c.t -\ is 
inducible due to the presence of ampR. bla^iRA is not under the control of AmpR, 
however prA remains intact upstream of the structural gene.
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Figure 36. 5’ flanking regions of 6/amir-i structural gene in each cDNA fragment created 
for deletional analysis. Solid lines indicate wild-type sequence. Slashed lines indicated 
cloning vector sequence. Deletions of both prA and prB components were generated to 
assess the contributory affects of these elements on transcription. Mutations which 
destroyed the -35 and -10 prB elements, but kept the same number of nucleotides, were 
created to ensure that the any changes in the observed transcript levels were not a result 
of differences in the promoter topography. prA is the “vestigial” promoter, which is a 
remnant of the chromosomal ampC gene of Enterobacter origin. prB is the hybrid 
promoter composed of the insertion element and remnant portions of the 5’ flanking 
region of the chromosomal ampC gene.
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Figure 37. A) Primer extension analysis of deletion clones, wild-type clones, and the 
clinical isolates, K96D and Ec55. Arrows indicate the start site of transcription. The key 
below indicates the presence or absence of each promoter element. B) Partial sequence 
of the upstream region of W cim ir - i . The start sites of transcription are shown in the 
sequence map below indicated by G for prA and by C for prB. prB is bold and prA is 
italicized and underlined.



169
ro

o> <1 <  <3 + + 

00 + + + + +

h- + + + + + 

i—
to <  <  g  + +

h-
Lf) <1 =  + + +

<  <  + + +

00 <] + + + +

CM <  <  <  <  +

i -  <  <1 <1 + +

<u
E<D

.2 oo m <  <+-* i .  1 . i .
CD J jj Q _ Q _  Q _ Q _
E «  m  o  in  o
J  £  9  T  7  V

CD in
< '..

.t
t

g
g

c
c

t
c

a
t

g
c

g
g

t
t

g
a

a
t

t
t

c
c

t
a

t
c

c
g

t
t

a
a

t
g

c
t

a
a

a
t

t
t

a
a

C
c

g
t

t
t

g
t

c
a

g
c

c
a

c
a

g
t

c
a

a
a

t
c

c
a

a
c

a
g

a
c

t
a

c
a

G
c

g
g

t
c

...
+

 1 
+3
6



170

prA, which encodes -10 and -35 elements identical to those found in the wild-type E. 

cloacae 55 promoter (Figure 35 & 37). As shown in figures 37 and 38, expression from 

these two strains was comparable. In addition, the start sites for ampC transcription 

mapped to position +36 (Figure 37) in each clone. As the upstream sequence was 

extended to include nucleotides which represented the -10 and -35 elements of prA and 

the -10 element of prB, ampC expression increased from the prA promoter 11-fold 

compared to expression from ECM1A01 and E. cloacae 55. In addition, expression was 

also seen from the prB -10 element as was evident by 2 ampC transcriptional start sites 

located at positions +1 for prB and +36 for prA (Figure 37). However, the expression 

from each promoter only varied by 1.5-fold (11-fold from prA and 7-fold from 

prB)(Figure 38).

In c lu s io n  o f  th e  -35 e le m e n t  in  p rB , r e p re s e n te d  b y  c lo n e  ECM1A03, re s to re d  fu ll 

lev e l 6 /< 2 M i r - i  e x p re s s io n  as c o m p a re d  to  e x p re s s io n  f ro m  th e  c lin ic a l  is o la te  K. 

pneumoniae 96D a n d  th e  fu ll le n g th  c lo n e  ECM1WT (F ig u re s  37 & 38). In te re s t in g ly , 

s e q u e n c e  e le m e n ts  o th e r  th a n  th e  -35 p ro m o te r  e le m e n t o f  p rB , u p s tre a m  w ith in  th e  

in se r tio n  se q u e n c e  (ECM1WT) d id  n o t in f lu e n c e  6 /aM iR -iexp ression . T o  e n s u re  th a t 

p o s it io n a l  e ffe c ts  d u e  to  d e le t io n s  o f  s e q u e n c e  d id  n o t in f lu e n c e  th e  le v e l o f  e x p re s s io n  

o b s e rv e d  f ro m  c lo n e  ECM1A01 a n d  ECM1A04, c lo n e  ECM1A06 a n d  ECM1A05 w e re  

c o n s tru c te d  w h ic h  in c lu d e d  n o n s e n s e  s e q u e n c e  in  p la c e  o f  th e  d e le te d  -10 a n d  -35 

e le m e n ts  o f  p rB  re s p e c tiv e ly . N o  d if fe re n c e  w a s  o b s e rv e d  b e tw e e n  th e  6 /o m ir- i 

e x p re s s io n  f ro m  ECM1A01 a n d  ECM1A06 o r  ECM1A04 a n d  ECM1A05. F u r th e rm o re , 

n o  e x p re s s io n  w a s  o b s e rv e d  f ro m  ECM1A02, w h ic h  e n c o d e d  o n ly  th e  -10 e le m e n t o f  p rA

(Figures 37 and 38).
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Figure 38. Transcription levels relative to the expression observed from prA in 
EcMlA06. Solid bars in front represent expression from prA, striped bars in back 
represent expression from prB. The key below indicates the presence(+), deletion (A), or 
mutation (MUT) of the promoter elements listed at the left.
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Table 15. p-Lactam MICs determined by E-test for clinical isolates and bacterial transformants. a,b

MIC (mg/L) for:
P-Lactam Antibiotif E. coli E. coli E. coli E. coli E. coli E. coli E. coli K. pneumoniae E. cloacae E. coli

1 2 3 4 5 6 wt 96D 55 PMDR009

Ceftazidime 0.75 0.125 16 0.75 0.75 0.75 24 32 0.38 0.125
Cefotaxime 0.125 0.016 8 0.094 0.125 0.094 8 32 0.25 0.016

a Organisms used for quality control were E. coli ATCC 25922 and P. aeruginosa ATCC 27853 
b Clinical isolates and bacterial strains are described in table 1.
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The influence of these promoter mutations on P-lactam susceptibility phenotype 

was examined using ceftazidime and ceftriaxone E-test strips (Table 15). E-test analysis 

revealed ceftazidime MICs of 16 pg/ml and 24 pg/ml for clones ECM1A03 and 

ECM1WT respectively, which both expressed blaMi r - i from prB. A significantly lower 

ceftazidime MIC of 0.75 pg/ml was observed for clones ECM1A01 and ECM1A06, both 

of which expressed blamR-i from only the prA promoter. A cefotaxime MIC of 8 pg/ml 

observed for the ECM103 and ECM1WT clones were also significantly higher than MICs 

for ECM101 and ECMA06, which were 0.125 pg/ml and 0.094 pg/ml respectively (Table 

15).

In addition, even though bIaMir-i expression from clone ECM1A04 and ECM105 

showed an ~11-fold increase over ECM1A01 and E. cloacae 55 expression, no 

significant increase in cefotaxime MICs were observed.

P-Lactam MICs for Isolates Carrying 6 / « c m y -2

Data compiled in a recent review by Philippon et al. demonstrated that E. coli 

transconjugants or transformants expressing similar or even the same plasmid-encoded 

AmpC enzyme(s) exhibited significant changes in MICs that were greater than could be 

explained by experimental error (164). To evaluate factors responsible for significant 

differences in P-laetam MICs, three clinical isolates and one transconjugant EcLl 

expressing a CMY-like plasmid-encoded AmpC were studied to determine what factors 

lead to the differences in MICs observed in these strains. Four isolates (Table 8) carrying 

plasmid-encoded ampC genes of Citrobacter origin were examined. To determine which



Table 16. E-Test MICs for b la c m -2 producing isolates and clones.

Strain Cefoxitin Ceftazidime Aztreonam Cefepime Cefotaxime Cefpodoxime

E. co li CMY2 >256 >256 12 0.75 16 >256
E. co li CMY2NUP 128 96 6 0.5 12 >256
E. co li XCMY2 >256 >256 96 2 >256 >256
E. co li XCMY2NUP >256 >256 64 0.75 128 >256

Kp249 256 48 8 0.38 16 >256
EcB1 256 64 12 0.5 24 >256
EcL1 >256 >256 16 0.75 48 >256
KpV50 >256 >256 32 1.5 64 >256
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plasmid-encoded ampC gene was present, each structural gene and its upstream region 

was amplified by PCR using a High-Fidelity Platinum Taq DNA polymerase and primers 

CMY-UP and CMY-R (Table 13). Direct sequencing of these amplicons revealed that all 

four clinical isolates encoded blacm y -2. Susceptibility testing of these isolates revealed a 

greater than two-fold difference in MICs (Table 16) for all drugs tested in which the 

MICs fell within the range of the E-test scale. The ceftazidime MICs showed the greatest 

diversity, resulting in an MIC of >256 pg/ml in KpV50 and EcLl, 64 pg/ml for EcBl, 

and 48 pg/ml for Kp249. Differences in the cefotaxime MICs were also noted with 64 

pg/ml for KpV50 and 48 pg/ml for EcBl, 24 pg/ml for EcLl, and 16 pg/ml for Kp249 

(Table 16).

Upstream Sequencing

Upstream sequence analysis of 528 bp flanking the blacuy-2 genes showed 

similarity to the published blac m y -2 upstream sequence and to ISEftpi-like sequences 

associated with several p-lactamase genes, including plasmid-encoded ampC P-lactamase 

genes: b/acMY-4, blacuy-s, M zAc c - i , and 6/aLAT-i(15, 17, 18, 205, 212); and CTX-M genes: 

blact x -m -1, blact x -m -3, blacvx-u-s, blact x -m - i i , b/acrx-M-14, blacvx-u-\s, blacjx-M-n, blact x -m - 

23, and blact x -m -25 (ft 16, 29, 33, 217). The flanking sequence for the blacuy-2 gene in 

EcLl was 100% identical to the published blacuy-2 sequence (GenBank Accession 

Number X91840). However, a 6 bp insert, AAAAAC, was present at position +67 to +72 

(Figure 39) located at the junction of the right terminal repeat sequence of ISEcpl for 

blacuy-2 in strains KpV50, Kp249, and EcBl.



177

Figure 39. A) blacuy-i upstream sequence in EcLl. The only difference observed 
between EcLl, and the other three strains in this study was an AAAAAC insert in the 
upstream sequence of blacuy-2 in KpV50, EcBl, and Kp249 located at position +66, 
indicated by the red arrow. The -35 and -10 promoter elements for blacuy-2 are striped. 
Start site of transcription for blacwiY-2 is shaded at position +1. Vestigial promoter 
elements remaining from the mobilization events from the chromosomal ampC genes are 
shaded. The putative UP element sequence is underlined with shading of the areas that 
match the UP element consensus sequence. The right terminal repeat of ISZsc/fr-like 
element is underlined from +42 to +65.
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Cene Expression and Mapping the Start of Transcription

Primer extension analysis of the four blacuY-2 genes used in this study revealed a 

start site of transcription located upstream within the ISEcpl-like insertion element at 

position +1 (Figure 39), 181 bp upstream of the start codon for translation in EcBl, 

Kp249, KpV50 and position +1 (Figure 39), 175 bp upstream of the start codon for 

translation in EcLl. The AAAAAAC insert located at position +74 in Figure 39, revealed 

by sequence analysis explains the difference in the length of the EcLl b la c u Y -2  primer 

extension product. The start sites of transcription for the blacuY-2 genes did not match the 

start site of transcription observed for the chromosomal ampC genes expressed by 

CfZland Cf21M, which was, as predicted, 48 bp upstream of the ATG start site of 

translation. These data indicated a putative primary blacuY-i promoter located within the 

insertion element at positions (-10 element) -9 to -14 [TTACAA] and (-35 element) -33 

to -38 [TTG A A A] (Figure 39). One secondary start site and 3 tertiary start sites of 

transcription were also observed upstream. These results were from cultures taken at an 

OD A 6oo of 0.65 representing late log-phase to early lag phase growth. Results from the 

growth curves for these organisms are shown in Figure 40.

In addition to the putative -35 and -10 promoter elements, a putative UP element 

was identified in nucleotides -61 to -40: [aaTCAATGATTTAtcAAAAatg] (Figure 39) 

that exhibited 91% identity with the consensus UP element sequence shown in Figure 14, 

published by Estrem et al. (52).

blacuY-2 steady state RNA expression levels from each isolate were determined 

by primer extension and compared to C. freundii chromosomal ampC expression from a 

wild-type isolate, Cf21, and a derepressed mutant, CfZIM. Relative expression levels of
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Figure 40. Growth curves for E. coli Bl, E. coli LI, K. pneumoniae PV50, and K. 
pneumoniae 249. The values on the X axis represent the OD at Â oo and the values on 
the Y axis represent log(CFU/ml). Organisms are indicated by the different colored lines 
found in the legend.
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Table 17. Comparative expression levels of blacm y -2 relative to Cf21 ampC expression.

Strain Chrom osom al am p  C Start Site 1° Start Site 2° Start Site Overall Fold- Expression

KpV50 192 103 295
Kp249 - 46 2 48
B1 - 63 11 74
L1 - 136 29 165
Cf21 1 - - 1
Cf21M 117 - - 117
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Figure 41. A) Primer extension analysis of blacuY-2 (lanes 1-4) and C. freundii 
chromosomal ampQ (lanes 5 & 6). Lanes: 1. KpV50, 2. Kp249, 3. EcBl, 4. EcLl, 5. 
Cf21, 6. Cf21M B) Fold-Expression from the blaa*y-2 primary start sites, secondary 
start sites, and accumulative expression relative to ampQ expression from Cf2\ampC 
expression.
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Figure 42. Relative accumulative fold expression from primary and secondary blacm y -2 

start sites of transcription. Shaded bars indicate fold expression from the primary start 
site of transcription. Striped bars indicate fold-expression from the secondary start site of 
transcription. Black bars indicate the overall fold expression from both start sites. White 
bars indicate expression from the chromosomal ampC start site of transcription.
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blacmy-2 and ampC expression are listed in Table 17 and shown in Figures 41 and 42. 

6/ocmy-2 expression levels from the primary start site of transcription from PV50, Kp249, 

EcBl, EcLl, and Cf21M (the derepressed chromosomal ampC) were —192-, ~46-, ~63-, 

—136-, and ~117-fold higher than expression from the wild-type C. freundii chromosomal 

ampC. Expression from the tertiary start sites of transcription followed the same 

expression trends observed for each primary start site. However, the secondary start sites 

exhibited a different trend in band intensities. The intensities of these bands for 

secondary start sites were —102-, 2-, 11-, and 29-fold higher than ampC expression from 

Cf21for KpV50, K249, EcBl, and EcLl respectively. Therefore the accumulative 

blac my-2 expression levels from Kpv50, Kp249, EcBl and EcLl were ~295-, ~48-, ~74-, 

and ~165-fold higher, respectively, than ampC expression from Cf21. (Figures 41 and 42, 

Table 17)

To determine if the putative UP element influenced transcription from the primary 

bla cM Y -2  promoter, 6/«cmy-2 clones (Table 8) were constructed in vector pMDR009. One 

clone consisted of the UP element plus 372 bp of upstream sequence (E. coli CMY2) and 

the other clone encoded blacwY-i and the primary promoter in the absence of the UP 

element (E. coli CMY2NUP). blac my-2 specific RNA expression from these clones was 

analyzed by primer extension analysis. These studies revealed equal amounts of 

expression from both clones at the primary start site of transcription for blacMY-2 (Figure 

43) The secondary start site and tertiary start sites of transcription were not observed in 

the blac my-2 transcripts from E. coli CMY2NUP. Only the tertiary start sites of 

transcription were observed in E. coli CMY2.
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Figure 43. Primer extension analysis of blacm y -2 expression from clones E. coli CMY2 
and E. coli CMY2NUP.
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P-lactam MIC testing of the E. coli CMY2 and E. coli CMY2NUP clones by E- 

test revealed that the MICs of several p-lactam antibiotics were only slightly increased 

for E. coli CMY2 compared to the MICs for E. coli CMY2NUP (Table 16). In E. coli 

CMY2, MICs of cefepime and cefotaxime were only increased by 0.25 pg/ml and 4 

gg/ml respectively over the MICs for E. coli CMY2NUP. The MICs of aztreonam 

doubled from 6  pg/ml, in E. coli CMY2NUP, to 12 pg/ml, in E. coli CMY2. In addition, 

the MICs of cefoxitin and ceftazidime E. coli CMY2 were more than 2 times higher than 

those observed for E. coli CMY2NUP. It could not be determined if these changes were 

significant because the upper limit of the E-test strip is >256 pg/ml. However, a 2.6-fold 

increase in cefepime MICs was observed when the inserts from these clones were 

expressed from pCR-TOPO-XL in clones E. coli XCMY2 and E. coli XCMY2NUP 

(Table 8 ).

Copy Number Determination

Variation in b la c u Y -2 expression in the different isolates was not predicted based 

on primary promoter sequence analysis. To determine if significant differences in the 

copy number of 6 /«cmy-2 existed between these organisms, the relative copy number for 

blacMY-2 in KpV50, Kp249, EcBl, and EcLl was determined by comparative PCR 

(Figure 44). The ratio of the area under the peaks was analyzed for blacuY-2 using ampD 

as a single copy reference. The ratio between b la c u Y -2 and ampD were 4:1 for PV50 and 

EcLl and 2:1 for EcBl and Kp249. Thus, the copy number of blacMY-2 in PV50 and 

EcLl was 4 while the copy number of b la c m y -2 in EcBl and K249 was 2 (Figure 44).
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Figure 44, h/acMY-2 gene copy number in KpV50, K249, EcLl, and EcBl. For each 
isolate the 103 dilution of template was used to determine the ratio of blacm y -2 PCR 
product to the single copy gene ampD within each isolate. The relative blacuY-2 copy 
number in KpV50 and EcLl was 4 whereas, the copy number for the same gene in 
Kp249 and EcB 1 was 2.
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Influence of Increasing Copy Numbers on MICs

To determine if the copy number of the b/acMY-2 gene influenced MICs in the 

organisms from which the gene is expressed, clones of the bluem y -2 gene were generated 

with the same amplicon expressed on a high (>200 copies) copy number plasmid pCR- 

TOPO-XL (Figure 16). MICs results are shown in Table 16. The is. coli XCMY2 (>200 

copies) showed significant increases in [3-lactam MICs of ceftazidime, cefepime, 

aztreonam, cefoxitin, and cefotaxime compared to the MICs observed for the isolates 

used in this study and E. coli CMY2 which expressed blacm y -2 from a plasmid with a 

copy number of 11. The MICs observed for E. coli CMY2 did not exhibit the same 

patterns. While MICs of cefoxitin, ceftazidime, aztreonam, and cefepime for E. coli 

CMY2 were higher compared to those observed for K. pneumoniae 249, the susceptibility 

pattern exhibited by this organism was similar to those patterns exhibited by the other 

isolates to which is was compared (Table 16). This was likely due to the fact that the 

clone did not encoded the promoter which leads to expression from the secondary start

site of transcription.
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Survey of Cefoxitin Non-Susceptibleii. coli Urine Isolates

Occurrence of plasmid-encoded ampC genes amongst Gram-negative bacteria is 

most likely underestimated due to the difficulty in identifying organisms that express 

plasmid-encoded AmpCs and the limited reports in the literature examining this problem. 

Data pertaining to resistance caused by ampC P-lactamases imported into E. coli, K. 

pneumoniae, Salmonella spp. and other organisms would allow hospitals to better survey
j

the types of mechanisms responsible for (3-lactam resistance, especially 3 generation 

cephalosporins and aztreonam resistance. Information on patients infected with plasmid- 

encoded AmpC producing organisms would aid in the use of appropriate therapy and 

reduce the emergence of organisms resistant to carbapenems, which could result from the 

administration of inappropriate therapy by physicians (156).

In order to identify the possible occurrence of plasmid-encoded ampC genes in 

patients referred to CUMC clinical laboratories, a study was designed to examine 

cefoxitin non-susceptible E. coli urine isolates for plasmid-encoded ampC genes. 

Cefoxitin non-susceptible E. coli isolated from urine were identified by Kirby Bauer Disk 

diffusion at the CUMC Clinical Microbiology Laboratory. These isolates were screened 

for the presence of a plasmid-encoded ampC using ampC multiplex PCR (163). Two 

additional PCR reactions were used to characterize the structural genes and 5’ flanking 

regions of the identified plasmid-encoded ampC genes. Isolates that were found to 

encode plasmid-encoded ampC genes were analyzed for genetic relatedness by PFGE 

using Xbal restriction analysis by Dr. Richard Goering. In addition, plasmids from these 

organisms were isolated by a modified alkaline lysis using SLS. The identity of the 

organisms was confirmed by API strip testing (Bio Merieux). Clinical data on the



Table 18. Results from Kirby Bauer Disk Diffusion assays performed on the organisms harboring plasmid- 
encoded ampC genes. R, resistant; I, intermediate resistance; S, susceptible.

CUMC Isolate Number:
Drug 1 2 4 7 16 17 18 19 25 29 30 33 37
Ampicillin R R R R R R R R R R R R R
Sulbactam Ampicillin R R R R R R R R R R R R R
Cefpodoxime R R R R R R R R R R R R R
Cephalothin R R R R R R R R R R R R R
Ceftriaxone R R R I R R R R R R R R R
Cefoxitin R R R R R R R R R R R R R
Cefepime S S S S S S S S S S S S S
Piperacillin Tazobactam I I I S S S I I I S R R i
Trimethoprim/ Sulfamethoxazole R R R R R R R R R R R R Is
Nitrofurantoin S S R S R S S S S R S S R
Gentamicin S S S S S R S S S S S S S
Levofloxacin R R R R R R R R R R R R R
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patients from which these organisms were isolated were gathered from available medical 

records.

A total of 49 isolates was examined within a 10 month period. Multiplex PCR 

revealed that 55% (18/33) of cefoxitin resistant and no (0/16) cefoxitin intermediate E. 

coli urine isolates harbored a CMY-type plasmid-encoded ampC.

The p-lactam susceptibilities, as determined by Kirby Bauer disk diffusion testing 

are shown in Table 18 for organisms producing a plasmid-encoded ampC gene. Data 

from these tests were available for isolates, CUMC 1, 2, 4, 7, 16, 17, 18, 19, 25, 29, 30, 

33, and 37. All isolates that produced a plasmid-encoded ampC gene were resistant to 

ampicillin, ampicillin sulbactam, cefpodoxime, cephalothin, and cefoxitin. Most of these 

isolates (13/14) were resistant to cefotaxime, with the exception of CUMC 7, which was 

intermediately resistant. All isolates tested were susceptible to cefepime. Many isolates 

also displayed zone sizes that fell within the susceptible range for piperacillin / 

tazobactam. One-hundred percent of the isolates producing a plasmid-encoded AmpC p- 

lactamases were also resistant to levofloxacin. In addition, all isolates, with the exception 

of CUMC 37 displayed resistance to trimethoprim sulfamethoxazole (Table 18).

Species Identification

To confirm that the isolates were E. coli, identification was carried out using API 

20 E strips (Bio Merieux) according to the manufacturer’s protocol. All isolates 

encoding a CMY-like gene, with the exceptions of 17a and 17b were identified asii. coli 

at a 99.8% confidence level ( API Code: 5044552). Fori 7a and 17b, the API code was 

1044573 which coded for an unreliable identification. These organisms were
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subsequently tested using the BD Phoenix Expert System. The system was unable to 

identify CUMC 17a, while 17b was identified as E. coli.

Genetic Relatedness of Cefoxitin Resistant E. co li Harboring blacM \-i

Isolates from several different institutions were sent to the Clinical Microbiology 

Laboratory at CUMC for identification and work up over a period from July 2002 and 

March 2003. Of the E. coli isolates encoding plasmid-encoded ampCs, 67% (12/18) were 

from 11 patients in 7 different nursing homes, 11% (2/18) were from 2 hospitalized 

patients at CUMC, 11% (2/18) were isolated from a mixed culture obtained on a single 

date from a single patient from an outpatient clinic, and for the remaining 11% (2/18), the 

geographic location of isolation is unknown (Table 19).

PFGE using Xba\ and plasmid-profiles were employed for genetic relatedness 

studies (Figures 45 & 46). The data obtained from PFGE suggested that these isolates 

could be differentiated into 11 different clonal groups, labeled A-J (Table 19). The 

criteria for group differentiation was a greater than one band variation as described for 

PFGE analysis ofii. coli 01H57 isolates (147).

Group A contained six different isolates. Three of these isolates (CUMC 4, CUMC 19 

and CUMC 30) were from patients at 2 different nursing homes (NH A & NH B). Two of 

these strains, CUMC 19, and CUMC 30 were isolated from the same patient from nursing 

home B, but the second isolate, CUMC 30, was isolated from the patient during a hospital 

stay at CUMC. Strain CUMC 41, which also belonged to Group A, was isolated from a 

patient hospitalized at CUMC 3 months after CUMC 30 was isolated from the 

hospitalized nursing home resident The institutions) from which the



Table 19. Epidemiological Groupings Based on PFGE and Geographic Location

Institution Group A Group B Group C Group D Group E Group F Group G Group H Group I Group J Group K
NH A CUMC4 CUMC 16

CUMC 48

NH B
CUMC 19* 
CMUC 30* CUMC 18 CUMC 25

NH C
CUMC 29

NH D CUMC 33

NH E CUMC 37

NH F CUMC 38

NH G CUMC 45

Clinic Patients CUMC 17A 
CUMC 17B

Hospital Patient CUMC 41 CUMC 7

Unknown
CUMC 1 
CUMC 2

vO
00
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Figure 45. Pulse field gel electrophoresis of E. coli strains producing CMY-like 
plasmid-encoded ampC p-lactamases to determine strain relatedness. PCR fragments 
were restricted by Xbal. The numbers at the top of the gel indicated the CUMC E. coli 
strain numbers for each lane. PFGE was performed by Richard Goering, Ph.D.
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Figure 46. Plasmid analysis of CUMC cefoxitin non-susceptible isolates. Arrows 
indicate chromosomal DNA, and molecular weight of the bands of the super-coiled (SC) 
ladder.
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two other Group A strains originated are unknown. All of the other isolates studied using 

PFGE were genetically unrelated to each other based on the one band rule. Two isolates, 

CUMC 17a (rough colony morphology) and CUMC 17b (smooth colony morphology) 

were nuclease producers and comprised Group K. These isolates were obtained from the 

same patient, but represented a mixed culture.

Analysis of the plasmids from these organisms revealed the presence of high 

molecular weight plasmids in all of the plasmid-encoded AmpC producing isolates. 

However, a plasmid of the same molecular weight was not found in all of these isolates. 

A common high-molecular weight plasmid was not found in all isolates examines 

suggesting the ampC gene was not carried on identical plasmids.

Amplification of CMY-Like Structural Genes

To determine if these organisms encoded plasmid-encoded CMY-like genes with 

5’ flanking sequence similar to the flanking sequences described above for the isolates 

expressing blacuY-2, PCR was performed to amplify the CMY-like structural genes and 5’ 

flanking regions from plasmid-encoded ampC positive isolates using two different sets of 

primers with the same total DNA template used for ampC multiplex PCR. The first 

primer set, CMYNUP & CMYR, was employed to amplify the blacuY-2 structural gene 

and the primary promoter. The second primer set, CMY1338F & CMYR, was used to 

amplify these elements, and an additional 398 nucleotides further upstream.

The results of the PCR with primer set, CMY1338F & CMYR, are shown 

in Figure 47. The only amplicon of the predicted size of 1829 bp produced was from
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Figure 47. PCR amplification of the blacm y -2 gene and its upstream sequences. Only 
template from the CUMC 17 mixed culture contained a plasmid-encoded CMY-like gene 
that exhibited the same results from this PCR as was seen for the isolates from the CMY- 
2 expression studies. 1 kb = 1 kb ladder (Invitrogen, Carlsbad, CA, USA), KpV50 = 
positive control K. pneumoniae PV50 expressing blacuY-i.
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the CUMC 17 mixed culture. PCR with primer pair, CMYNUP & CMYR produced 

amplicons of the predicted size, 1459 bp, from all CMY-like gene producing isolates 

tested. Sequence analysis of the structural gene of CUMC 1, revealed the blacu\-i gene. 

The amplicons from the other isolates were not sequenced.

Clinical Information from Patient Medical Records

Clinical information was available from 12 of 17 patients. One of the 12 received 

a cephalosporin alone for urinary tract infection and failed therapy. Of the 31 non

plasmid-encoded AmpC producing cefoxitin resistant isolates from 31 patients, clinical 

information was available for 23 patients. Five of the 23 received a B-lactam alone (2 

amoxicillin, 2 amoxicillin/clavulanate, and 1 ceftriaxone) for urinary tract infections and 

the one receiving ceftriaxone failed therapy.
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Discussion

The determination of the mechanism of expression for [3-lactamase genes is 

important in understanding the overall mechanism of [3-lactam resistance. In the field of 

antibiotic resistance, (3-lactamase hydrolysis data is often inappropriately presented as (3- 

lactamase gene expression data. The study of [3-lactamase gene expression cannot be 

performed by measuring (3-lactamase activity, however, most references to P-lactamase 

gene expression studies in the published literature are actually based on studies of (3- 

lactamase hydrolysis assays. The synonymous use of these terms is inappropriate 

because p-lactamase activity is a measure of the hydrolytic properties of an enzyme and 

is not a measure of the amount of expression of the P-lactamase gene product.

In addition to the inappropriate use of activity data to explain levels of ampC gene 

expression, most of the accepted hypotheses regarding factors that influence plasmid- 

encoded ampC-mediated resistance were bom from unsubstantiated statements made in 

the literature on the topic of antibiotic resistance (31). Other explanations on plasmid- 

encoded ampC “gene expression” evolved from in vitro studies based on P-lactamase 

hydrolysis data obtained from laboratory clones that expressed constructs that do not 

represent what is actually observed in nature (86, 168). These studies were never 

authenticated by in vivo data (from studies of original clinical isolates).

Much of the data presented in the “results” section of this dissertation are from the 

first published studies performed that actually investigated plasmid-encoded ampC gene 

expression and the factors that influence this expression (179, 180). These studies 

correlated gene expression with activity and susceptibility patterns. In addition, factors 

that influence the overall expression of plasmid-encoded ampC genes were also
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investigated. These studies dismiss some of the unsubstantiated statements made in the 

literature about the role of plasmid copy number and a lack of AmpR regulation in 

plasmid-encoded ampC gene expression and present scientific evidence for the 

mechanisms responsible for high-level expression of plasmid-encoded ampC genes. 

blazer-\ was shown to remain under AmpR control, but an increase in constitutive 

expression was observed due to a mutation in the -10 promoter element. blau\K-\ was 

shown to be expressed from a hybrid promoter on a moderate copy number plasmid. 

High-level b/acMY-2 expression was shown to be mediated from a primary start site of 

transcription located in an upstream insertion element. A secondary start site of 

transcription was observed several hundred nucleotides upstream and is hypothesized to 

be the result of expression from the cyclic AMP regulated promoter located upstream of 

genes that encode the PTS subunits implicated in mannitol utilization.

The results of these studies show that plasmid-encoded ampC genes are expressed 

at high levels by mechanisms which are unique to the gene. Organisms which express 

high levels of AmpC p-lactamases are often resistant to penicillins, cephalosporins other 

than the dipolar ionic methoxyiminocephalosporins, P-lactam drug/p-lactamase inhibitor 

combinations, and monobactams (191). This type of resistance is seen whether high-level 

AmpC expression is plasmid-encoded or due to derepression of the chromosomal gene. 

Questions that arise with the discovery of these mechanisms of expression for plasmid- 

encoded AmpC P-lactamases are: 1) What will the consequence of an inducible plasmid- 

encoded ampC gene be in an E. coli or K. pneumoniae with a dysfunctional AmpD 

enzyme? 2) What p-lactam treatment options will be left, if any? 3) What factors 

influence the overall levels of plasmid-encoded ampC expression? 4) What is the
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prevalence of organisms expressing plasmid-encoded AmpC (3-lactamases, inducible or 

not? And finally, 5) How will clinical laboratories detect these organisms (when multiple 

(3-lactam resistance is on the rise)? These questions will be addressed in the remaining 

pages.

Mechanisms of Plasmid-Encoded am pC  Expression

Prior to the reports from work presented in this dissertation, very little was known 

about the mechanisms of plasmid-encoded ampC-mediated resistance. The only genes in 

which mechanisms of expression had been studied were 6/aoHA-i and 6 /<2 d h a -2 (11, 56). In 

the reports from these studies, only phenotypic assays and (3-lactamase activity were used 

to demonstrate induction. From the data presented in this dissertation, parts of which are 

published, mechanisms of gene expression were elucidated at the RNA level for 6/aAc r-i, 

blauiR-\, and blacm y -2, and correlations were made between levels of ampC expression 

and P-lactam antibiotic resistance.

In 1999, a brief report by Hanson et al. described a multiply resistant strain of K. 

pneumoniae that was isolated form a head wound of a construction worker who sustained 

his injury while working in a New York City sewage canal. This organism expressed 5 

P-lactamase genes, including a plasmid-encoded ampC P-lactamase (77). In the studies 

presented here, the plasmid-encoded ampC P-lactamase gene present in K. pneumoniae 

225 was determined to be b/aa c t - i (179).

Through a series of PCR and sequence analyses, the genetic organization of the 

bla\cj-\ gene of K. pneumoniae 225 was found to be identical to chromosomally 

encoded inducible ampC genes (Figures 19 & 20) (86). Of the cA-acting elements
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responsible for transcriptional initiation, only the-10 region for bla\ci-\ was mutated 

(Figures 19 & 20). The -10 region of prokaryotic promoters is critical for the correct 

initiation of RNA polymerase (79). The transition mutation identified in the-10 region of 

the Wuact-i promoter makes it more like the E. coli consensus sequence. This transition 

was predicted to make the bla\ci-\ promoter stronger than the chromosomal ampC 

promoter and will be discussed later. Other mutations of this type have been observed in 

P-lactamase genes that have shown to increase promoter strength. A guanine to thymine 

transition in the first base of the -10 element of h/uoxy-i was shown to increase 

chloramphenicol acetyl transferase activity ~20-fold in E. coli. This same mutation 

increased TEM P-lactamase activity ~30-fold in K. oxytoca (60).

The organization of the 6/uact-i and ampR was suggestive of inducibility. The 

use of hydrolysis assays under these circumstances was unable to demonstrate induction 

with certainty. Identification of an inducible P-lactamase in the presence of several 

different p-lactamases is difficult due to interference by the other enzymes. Further 

evidence for induction was performed by primer extension analysis. Primer extension 

analysis clearly demonstrated that the bla\ci-\ P-lactamase gene was induced 5-fold in 

cells treated with cefoxitin compared to untreated cells (Figure 22). Disk induction 

analysis verified that the induction observed at the level of transcription represented 

induction of the P-lactamase (Figure 23). The disk induction assay, if performed and 

analyzed correctly is a powerful tool in the determination of inducible plasmid-encoded 

ampC genes. The mechanism of expression for 6/uact-i is depicted in Figure 48.

This was the first report of an inducible plasmid-encoded AmpC p-lactamase 

originating from E. asburiae, the first report of an inducible plasmid-encoded ampC in
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Outer Membrane Porin

1 UDP-MurNAc-pentapeptide

> AnhMurNAc-tripeptide

Figure 48. Mechanism of expression for the inducible plasmid-encoded gene
blaAcT-\ ACT-1 is produced through the same induction pathway outlined in Figure 10. 
In addition, a C to T mutation in the first position of the -10 promoter element results in 
increased promoter strength, and therefore, increased blaAci-i transcription. See figure 
legend above.
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North America, and only the third report overall of an inducible plasmid-encoded AmpC 

P-lactamase (11, 56). Since P-lactamases have been a topic of study, the standard for 

measuring induction has been the use of p-lactamase hydrolysis assays to determine 

changes in activity. It is becoming common for organisms to express multiple P- 

lactamases (202). With this occurrence, the hydrolysis assay needs to be replaced by 

more sensitive molecular techniques that measure changes in gene expression. This study 

demonstrates the effectiveness of using molecular techniques evaluating RNA expression 

rather than the standard p-lactamase hydrolysis assay. Techniques that measure RNA 

expression are more sensitive and specific for measuring the expression of specific p- 

lactamase genes. Phenotypic tests, such as the disk induction assay, should be performed 

to phenotypically confirm the expression observed at the RNA level.

Increasing the promoter strength through mutation of the existing promoter only 

increases the constitutive expression of the blaAcT-\ gene. As will be discussed later, the 

potential for further increases in expression due to “derepression” still exists in the 

blaAcv-\ expression system. Expression systems similar to the 6/<3act-i system have also 

been identified in the plasmid-encoded bla^uK-x and 6 /«dha-2 genes (11, 56). No 

mutations were observed in the promoter elements for these genes. Furthermore, RNA 

expression studies have not been reported for WaoHA-i and bla^ha-2-

The occurrence of blaAct-i was first reported by Bradford et al. in 1996, in K. 

pneumoniae strains, some of which exhibited fluctuating levels of susceptibility to 

imipenem determined by MICs ranging from <0.5 pg/ml to 16 pg/ml which were 

attributed to outer membrane porin mutations and ACT-1 expression (28). This initial 

study of WaACT-i failed to determine the mechanism of expression for this gene. Data
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from the expression studies for bla\ci-\ suggest that porin mutations, which impede the 

penetration of imipenem, could result in a further increase of ACT-1 production due to 

induction of the gene by low concentrations of this potent inducing agent The isolates 

studied by Bradford et al. could also encode other mutations within AmpD or AmpR that 

could increase the expression of &/<2a c t - i , leading to increased imipenem MICs for these 

organisms.

blamR-i is the other plasmid encoded ampC gene of Enterobacter origin. bIamR-\ 

was first reported in 1990 by Papanicolaou et al. in K. pneumoniae isolates from eleven 

patients at Miriam Hospital in Providence, Rhode Island (157). Since this report, no 

other isolates have been reported that encode this gene. The mechanism of expression for 

h/«MiR-i was also identified in this dissertation. Primer extension analysis was carried out 

on RNA isolated from one of the Miriam Hospital isolates, K. pneumoniae 96D, which 

expressed blau\R -\ (157) These studies indicated a start site of transcription that was 

further upstream than that of b la a c t - i . Sequence characterization of the blau\R -\ promoter 

noted the possibility of two different promoters, prB (upstream) and prA 

(downstream)(Figure 49). Sequencing of the upstream region of blau\R -\ by Jacoby et al. 

indicated that ampR was not present in the immediate 5’ flanking region of blamR-i (94) 

In addition, these authors went on to show that induction of blau\R -\ could not be 

demonstrated in the presence of AmpR due to the lack of a functional AmpR binding site. 

In the absence of the AmpR regulatory protein, model systems have shown that 

constitutive ampC expression (activity) increased 2.5- to 5.8-fold (86, 168). However, 

the data presented from the investigation of the 6/umir-i promoter show that in the 

presence of a stronger promoter prB, the -35 and -10 elements of the vestigial ampC
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Figure 49. Mechanism of expression for the plasmid-encoded ampC gene 
WaMiR-i is expressed from prB, a hybrid promoter located in the 5’ flanking region of the 
structural gene. prB is a stronger promoter than the chromosomal ampC promoter, prA. 
In addition, blamR-\ was located on a plasmid with a copy number of 12. See figure 
legend above.



Cytoplasmic Membrane

Cytoplasm

AmpD

Increased
P rom oter
S^ngth

RNApo

prB

c

AmpG

-«©►

■ ilEMililb.
bla„ P .  ̂ Relative copy number of the gene: 12

# •

-*©►

«©►

vV<©►



217

promoter, prA, do not increase above a constitutive level observed from a wild-type 

strain of E. cloacae. This observation was not predicted from data using reporter gene 

constructs comparing expression between clones with or without the ampR gene. This 

observation suggests that data from the use of artificial systems needs to be interpreted 

carefully.

It is possible that because prB expression is so much stronger than prA 

expression, quenching could play a role in promoter usage. Quenching of promoter 

usage occurs when a strong promoter out competes a weaker promoter for RNA 

polymerase recruitment (70, 196). The lack of blaMir.i expression in the absence of the 

upstream promoter, prB, indicated that quenching was not responsible for limited 

expression from the vestigial promoter, prA.

Although the formation of new promoters that constitutively express high levels 

of ampC transcript was identified for 6/umir-i and is probable in other situations, other 

means of increasing the expression cannot be ruled out. The ~11-fold increase in 

expression from prA in EcMlA04 and EcMl A05 compared to expression from prA alone 

in EcMl A06 was likely a result of the prB -10 element attracting the RNA polymerase to 

the region. This increase in expression did not result in a significant change in the 

observed MICs, however, an element with a greater ability to recruit RNA polymerase 

may enhance the expression of a weak promoter.

The ceftazidime and cefotaxime MICs observed for ECM1AWT and K. 

pneumoniae 96D were comparable because the copy-number of the vector did not result 

in a difference in the copy number between the two plasmid-encoded systems. 6/ u Mir- i is
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encoded on plasmids with copy numbers of 12 and 11 in if. pneumoniae 96D and 

ECM1AWT, respectively.

These data on the blaMi r . ( promoter have provided some insight as to how non

inducible plasmid-encoded ampC genes are expressed. An ampC gene that mobilizes 

from the chromosome to a plasmid and leaves behind the genetic elements that control 

inducible expression must evolve some other means of high-level, constitutive expression 

to replace the expression potential lost from its original promoter system As is shown in 

this study, it is inappropriate to identify putative -10 and -35 elements of plasmid- 

encoded ampC genes based on the location of wild-type promoter elements in the gene of 

origin. It is likely that the formation of new promoters or the acquisition of strong 

promoters located within upstream insertion elements is necessary in order for P-lactam 

resistance to result in an organism that expresses a plasmid-encoded ampC gene in the 

absence of AmpR.

The plasmid-encoded ampC genes of Enterobacter origin as a group are 

distinctive in that the mechanisms driving expression are unique to each gene, bla\ci-\ or 

blau\K-\. The genetic context of the bla\cv-\ promoter is similar to what is observed for 

the promoter, prA, of Enterobacter spp. chromosomal ampC genes, whereas blamRA is 

expressed constitutively from the novel hybrid promoter, prB. Although prB and prA 

both exhibit 67% percent identity to the E. coli consensus promoter sequence, the 

observed expression from prB is higher than the weak expression observed from prA 

(79). This may be attributed to the prB promoter elements being more similar than prA 

elements at positions in the E. coli consensus sequence that have been shown to 

dramatically increase expression.
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The events that mobilized blau\K-\ from the chromosome to the plasmid resulted 

in the formation of a hybrid promoter, prB, which is responsible for high-level MIR-1 

expression and P-lactam resistance. In the process, the utility of the chromosomal 

promoter, prA, was rendered ineffective, as the upstream regulatory elements were not 

mobilized with the structural gene onto the plasmid. Therefore prA represents a vestigial 

promoter associated with bla^ii r - i  as a remnant of the chromosomal ampC expression 

system. The data from the £>/<2M i r - i  promoter study indicate that prB is solely responsible 

for the high-levels of expression required for ceftazidime and cefotaxime resistance. 

Removal of prB from the upstream flanking region of blaMi r - i  did not aid in the ability of 

prA to express levels of £>/aMiR-i sufficient to confer P-lactam resistance. These data 

suggest that even in the presence of prA, resistance to P-lactams requires the formation of 

a novel promoter, such as prB, to drive high-level expression. These data substantiate 

that AmpR is necessary for functional expression to occur from wild-type prA-like 

promoters.

The formation of hybrid promoters for expression levels high enough to mediate 

resistance, as is the case for 6/omir-i, might be an infrequent event due to the accuracy of 

the spacing between the promoter elements required for optimal expression. This may be 

an explanation to the limited occurrence of plasmid-encoded AmpC enzymes in 

comparison to the occurrence of ESBLs.

The mechanisms driving the overall expression levels of blacm y -2 were also 

elucidated. Four isolates that expressed blacu\-i were found to exhibit variable P-lactam 

susceptibility phenotypes. The mechanisms by which the blac m y -2 genes influenced the 

P-lactam susceptibility phenotypes of these organisms were investigated. It was found
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that expression of blacuY-i was more complex than originally predicted. The sequence of 

the upstream region of blacuY-2 in GenBank submitted by Bauemfeind et al. (Accession 

Number X91840) located the putative -35 and -10 signal at the same location described 

for the chromosomal ampC genes of C. freundii. Figure 39 represents the upstream 

promoter region for the blacuY-i genes in this study. Positions +92-97 (-35) and +115- 

121 (-10) represent the original -10 and -35 elements for the chromosomal ampC gene of 

C. freundii. These sequences for the predicted promoter elements, similar to prA of 

h/aMiR-i, exhibit a 67% identity to the promoter consensus motifs recognized by the E. 

coli RNA polymerase a 70 factor (79). The chromosomal ampC gene of C. freundii is 

controlled by the transcriptional regulator AmpR, whereas the upstream sequence for 

b/acMY-2 similar t0 blamum, in that it lacks an ampR gene and an intact AmpR binding 

site.

Primer extension analysis revealed that the primary start site of transcription for 

blacm y -2 was further upstream than predicted by Bauemfeind et al. The putative primary 

-35 (TTGAAA) and -10 (TACAAT) elements of blacuY-2 identified in this dissertation 

were separated by 18 bp and were located within the upstream sequence for insertion 

element ISEcpl (Figure 39). These putative promoter elements showed 83% similarity to 

the consensus motifs for the E. coli RNA polymerase a 70 factor (79). This finding 

supports the prediction by Cao et al. that b/acMY-2 is driven by the same promoter as 

b/acrx-M-17 an<3 that this promoter is responsible for transcription from several plasmid- 

encoded P-lactamase genes flanked by the upstream IS£cp/-like element (33). These 

data, in addition to the lack of extended product observed during primer extension from 

the promoter identical to the -10 and -35 of the chromosomal ampC gene of Citrobacter
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freundii, indicate that the original promoter is vestigial and does not contribute to the 

high-level expression of blacuY-2 required for resistance. This expression mechanism is 

similar to that of 6/umir-i in that a vestigial promoter was found similar to prA, and 

transcription was directed from an upstream promoter. The difference is that the primary 

promoter driving blacm-i expression was entirely encoded within the sequence of the 

ISEc/?7 element upstream. It was not a hybrid promoter as determined for prB of 

blciMiR-i-

Secondary and tertiary start sites of transcription were also observed in the 

expression of blacm y -2 indicating that the overall expression of £>/u c m y -2 is a result of 

several genetic elements. A putative UP element was identified upstream of the putative 

-35 element of the primary promoter which exhibited 90% identity to the UP element 

consensus sequence (52). Two constructs were created to analyze the contribution of the 

UP element. One construct encoded the primary promoter, UP element, and 398 bp of 

additional upstream sequence (E. coli CMY2), and a second construct deleted the UP 

element and the extra 398 bp, but encoded all promoter elements up to and including the - 

35 element of the primary promoter (E. coli CMY2NUP). Primer extension analysis 

revealed that the putative UP element did not contribute significantly to the expression of 

blacMY-2 from the primary promoter in E. coli. However these studies did provide insight 

on the contributions of the promoter elements that expressed transcripts from secondary 

and tertiary start sites. Slight increase in (3-lactam MICs were consistently observed from 

E. coli CMY2 compared to MICs observed for E. coli CMY2NUP. These slight 

increases in MICs were attributed to three tertiary start sites of transcription located 

within the 398 bp of sequence located upstream of the primary promoter in the construct
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expressed from E. coli CMY2. The band intensities of these tertiary start sites were weak 

indicating a weak increase of expression that correlated to the slightly increased MICs 

from E. coli CMY2. Transcripts from these tertiary start sites were likely the result of 

RNA polymerase recognition of putative weak promoter sequences found within the 398 

bp upstream region of the primary promoter.

The secondary start site of transcription was located several hundred bases 

upstream of the primary promoter. A putative secondary promoter has not been 

identified due to a lack of sequence data that extends into the region where this start site 

originates. The GenBank file for blacuY-2 (Accession Number X91840) contains 3202 bp 

of sequence. The sequence data obtained from the blacuY-2 genes from isolates in this 

study show 100% identity, (with the exception of the AAAAAC insert) to nucleotides 

1338 to 3200 from the blacuy-i GenBank sequence. Assuming that sequencing further 

upstream of nucleotide 1338 is likely to produce the sequence identical to that found in 

the GenBank sequence, analyses of nucleotides 1 to 1338 of the blacuY-i GenBank 

sequence, accession number X91840 was performed. These analyses indicated the 

presence of 2 ORFs, the first spanning nucleotides 478 to 921 and the second spanning 

nucleotides 949 to 1281. A protein BLAST of the first ORF sequence resulted in 100% 

identity to enzyme IIA of the mannitol-specific phospho-enol pyruvate (PEP) 

phosphotransferase (PTS) system (GenBank Accession Number for gene cmtB - 

AE16766). The second ORF was truncated after 90 codons, but the amino acid sequence 

present was 100% identical to enzyme IIBC of the mannitol-specific PEP PTS (GenBank 

Accession Number for gene cmtA- AE01766). Analysis of the nucleotide sequence
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Figure 50. Hypothesized mechanism of expression for the plasmid-encoded ampC gene 
blacm y -2. Significant blacm y -2 expression is observed from both a primary and secondary 
start site of transcription. The primary promoter is proximal to the gene and is located in 
an ISisc/71 -like element. Based on GenBank sequence data for the flanking region of 
b/acMY-2, two ORFs exist several hundred bp upstream. These ORFs encode the EIIA and 
EI1BC subunits of the mannitol PTS. It is hypothesized that the promoter driving the 
expression of the mannitol PTS system is also driving the expression observed from the 
secondary start site of transcription. The promoters of such operons have been shown to 
be regulated by cyclic AMP. See text for further explanation.
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identified a stop codon, TGA, 270 nucleotides into the structural gene of the second ORF, 

this stop codon was located 640 nucleotides upstream of the ATG start codon for 

b la c m y -2. In addition to these ORFs, a sequence motif search revealed several putative 

CRP binding sites located within this upstream region (Figure 50). The genes located in 

the upstream sequence of the plasmid-encoded b la c u Y -2 (GenBank Accession Number 

X91840) are similar to genes for other PTS systems which have been shown to be 

involved in the utilization of alternative source compounds as an energy source when 

glucose is scarce (117). Although the expression of these genes has not been 

characterized in the literature, the expression from several other metabolic related PTS 

systems have been determined and are expressed from operons regulated by cyclic AMP 

(23, 61, 85, 187). When a carbon source depletion occurs, levels of cyclic AMP increase 

and bind to CRP. The cyclic AMP-CRP complex activates transcriptioa Genes for 

mannitol utilization have previously been reported to be encoded on plasmids. Hybrid 

ColEl plasmids were found to encode the mannitol operon. Synthesis of the two 

mannitol utilization proteins was shown to increase 5-fold when the plasmid was 

introduced into E. c o li  minicells in the presence of cyclic AMP and mannitol (113). 

Genes expressing homologous components within other PTS operons have been shown to 

express large multicistronic transcripts (>2 kb) from cyclic AMP regulated promoters 

(200).

Further sequencing of the upstream region of the blacuy-i gene evaluated in this 

dissertation should be performed to determine if these genes and regulatory components 

are present on the plasmids contained in the isolates studied The potential for the 

presence of these regulatory elements upstream of the blacuY-i genes in this study could
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indicate possible cyclic AMP-mediated control of blacwY-2 expression. Due to the 

truncation of the EIIA producing gene upstream in the blacuY-i sequence it is possible 

that such elements could be responsible for producing a large (>2000 nucleotides) 

transcript that encoded the blacm y -2 mRNA. Furthermore it is possible that the transcript 

levels observed at the secondary start site of transcription for blacuY-i are regulated by 

cyclic AMP.

The intensities of the bands representing transcript derived from the secondary 

start site for blaa* \-2  in each organism did not follow the same trend observed for the 

intensities of the bands observed from the primary start sites. The band intensities of the 

secondary start sites for blacm y -2 in KpV50, Kp249, EcBl, and EcLl were consistently 

47%, 4%, 17% and 21% of the band intensities observed for the primary start sites. It 

was determined by isoelectric focusing that Kp249 and KpV50 each produced three [)- 

lactamases (E. S. Moland, unpublished data). The p-lactamases in Kp249 focused at pis 

of 5.4, 7.6, and 9.1. The SHV-1 enzyme at a pi of 7.6 was the heaviest of the three, but 

was not strong enough to hydrolyze cefotaxime on the IEF gel. The pi of 5.4 in Kp249 

was likely TEM-1, and the pi of 9.5 was indicative of CMY-2. The enzymes observed 

from the IEF gel for KpV50 focused at 5.4, 7.6, and 9.5. In KpV50, the enzyme at a pi of 

9.5 for CMY-2 was the heaviest band. Also present in KpV50 were enzymes at pi of 5.4 

and 7.6, most likely for TEM-1 and SHV-1, respectively, neither of which were 

hyperproduced. These data indicated that the overall expression observed from the 

primary and secondary start sites of transcription for blac m y -2 correlate with trends 

observed in the P-lactam MICs independent of any other P-lactamase resistance
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mechanisms. However, mechanisms of resistance such as membrane impermeability 

cannot be ruled out, but would seem to have minimal impact.

Expression Comparisons

The studies in this dissertation demonstrate three different mechanisms of 

expression for three different plasmid-encoded ampC genes, yet all resulted in high-level 

expression. To determine how the expression levels observed from the plasmid-encoded 

ampC genes occurred, expression was measured at the RNA level and these levels were 

compared to expression from a wild-type and “derepressed” chromosomal ampC gene. A 

derepressed mutant was used to address what levels of RNA expression were necessary 

in an organism to confer resistance to the 3rd generation cephalosporins. These values 

were unknown at the start of theses studies. The promoters of the wild-type and 

derepressed chromosomal ampC genes were identical for both the E. cloacae and C. 

freundii strains investigated in these studies. Therefore, the differences in expression 

between the wild-type and derepressed chromosomal ampCs were not due to promoter 

mutations, unlike the mechanisms of expression observed for the plasmid-encoded ampC 

genes. As mentioned above, in studies using cloned ampC/ ampR constructs expressed in 

E. coli, in the absence of AmpR, ampC expression was shown to increase 2.5 to 5.8-fold 

(86, 168). Until recently, no plasmid-encoded ampC genes described in the literature 

were associated with an ampR gene. Therefore, it was predicted that expression from a 

plasmid-encoded ampC gene, in the absence of AmpR, would increase 2.5 to 5.8-fold. 

These predictions were proven wrong by the data obtained for this dissertation
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Using primer extension, it was demonstrated that blamR-\, a plasmid-encoded 

ampC gene expressed in the absence of AmpR, exhibited a 95-fold increase in expression 

relative to expression from a wild-type chromosomal ampC gene. These expression 

levels are 16- to 38-fold higher than the amount of expression previously reported using 

reporter gene assays in E. coli or cloning these genes into vectors such as pACYC184 

(86, 168). These data indicate that the level of plasmid-encoded ampC expression in 

clinical isolates lacking AmpR is not simply due to a release from repression by AmpR. 

Furthermore, for constitutive bla\ci-\ expression, a 33-fold increase in expression was 

observed (Figure 51). This level of expression was in contrast to what might be predicted 

based on the genetic arrangement of the plasmid and its correlation with chromosomal 

ampC genes.

The expression of blacuY-2 from four isolates was also compared with expression 

from ampC genes of wild-type and high-level (derepressed) AmpC producing C.freundii 

strains. Transcription from b/acMY-2 was determined by primer extension analysis to 

determine its contributory affects on (3-lactam susceptibility phenotypes in the four 

isolates. Compared to transcription levels from the C. freundii chromosomal ampC, 

cumulative levels of Wocmy-2 transcription was increased ~295-fold in KpV50, and -165- 

fold in EcLl. At least 2-fold lower levels were observed in EcBl and Kp249, for which 

transcription levels were increased -74 and ~48-fold, respectively, compared to 

chromosomal ampC expression from C. freundii. These differences in cumulative 

expression between isolates indicate that the changes in the (3-lactam susceptibility 

phenotypes for these organisms is accounted for by cumulative b/acMY-2 expression

levels.
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Role of Genetic Background on Plasmid-Encoded AmpC Expression

In addition to correlating P-lactam MICs with ampC expression, these studies 

aimed to determine what factors influence high-level expression of plasmid-encoded 

ampC genes by correlating in vivo constitutive ampC expression levels with genetic 

characteristics such as the presence or absence of functional AmpD.

AmpD functions in the cell wall recycling pathway making it a necessary 

component of other Gram-negative organisms. However, AmpD mutants in clinical 

isolates of E. coli, K. pneumoniae, Salmonella spp. and other bacterial strains have not 

been documented because no phenotype can differentiate these mutants from wild-type 

cells due to the lack of an inducible chromosomal ampC gene. Furthermore it is not 

known if the majority of Gram-negative organisms encode ampD (75). Data presented in 

this dissertation have demonstrated that bla^ciA gene expression increases 12-fold when 

expressed in an AmpD’ background with a concomitant increase in P-lactam MICs of 2- 

to 16-fold. This effect was not observed for the non-inducible plasmid-encoded ampC 

gene, blau\K-\■ AmpD mutations and other mutations in the induction pathway are 

examples by which bla\cj-\ gene expression can be further increased from its constitutive 

expression levels, which have already been shown to mediate resistance at the 

constitutive level. Clinical laboratories should be aware of the possibility of 

“derepressed” E. coli, K. pneumoniae, Salmonella spp., and other Gram-negative strains 

expressing inducible plasmid-encoded AmpC P-lactamases and the concomitant increase 

in P-lactam MICs associated with this genotype. Other classes of antibiotics as 

therapeutic options should be considered before treating with the remaining P-lactam
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antibiotic options (cefepime, cefpirome, and the carbapenems). Elevated MICs that result 

from high-level AmpC expression could be even further increased with the selection of 

an outer membrane porin mutation, resulting in carbapenem resistance in addition to the 

extended spectrum cephalosporins.

In addition to the role of AmpD on plasmid-encoded expression, these studies 

revealed a novel AmpD mutation in the high-level chromosomal AmpC producing E. 

cloacae V204. Several different AmpD mutations have been associated with high-level 

chromosomal ampC expression and increases in cephalosporin MICs for organisms 

encoding inducible chromosomal ampC P-lactamase genes (8, 51, 76, 84, 107, 109, 114, 

121, 151, 198). These mutations can occur spontaneously in every lfr to 10 bacterial 

cells (45, 110). The analysis of the sequence of the ampD gene from the derepressed 

mutant, E. cloacae V204, revealed a novel ampD mutation caused by the insertion of a 

1329 bp of a TnlO transposase gene into the ampD gene. The sequence data indicated a 

fully functional transposase gene. In addition to decreased susceptibilities to P- 

lactamases, the presence of this TnlO sequence in this organism could possibly indicate 

the presence of the tetracycline resistance gene (tet) in this organism (98). This could 

explain the tetracycline resistant phenotype observed for this organism. Insertional 

inactivation of ampD has only been previously reported in the ampD gene of two isolates 

of P. aeruginosa, but the inserted sequences were not TnlO related (8). The presence of 

this insertion is yet another means by which mobile genetic elements can contribute to

antibiotic resistance.



231

Figure 51. Data summary and expression per copy number ratio for the ampC genes of 
Enterobacter origin (179). The first column represents the genetic organization of each 
gene and the genetic make-up of each organism with respect to the inducibility of the 
ampC gene. The presence of AmpD represents a WT amidase in these cases. Column 
two represents the copy-number of the ampC gene as described in the text. The third 
column represents the relative constitutive expression of each ampC gene compared to 
constitutive expression of the WT chromosomal gene. The fourth column represents the 
expression to copy-number ratio when compared to a single-copy WT chromosomal 
ampC gene as described in the text.
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Role of Gene Copy Number on Overall Plasmid-Encoded AmpC Expression

The differences observed in the relative amounts of RNA expression between 

bla\ci-\ and Wumir-i, and between the blacuy-i genes expressed in different isolates, 

suggested that other factors played a role in the overall expression of these genes. It has 

been suggested that high-level plasmid-encoded ampC P-lactamase gene expression 

results from the gene being encoded on high copy number plasmids (31). However, no 

evidence has been published to substantiate or refute this hypothesis. To determine the 

gene copy numbers, a novel comparative PCR technique was developed.

Using the comparative PCR technique, the copy number of bla^ci-x was 

determined to be 2. This finding demonstrated that high-level expression of plasmid- 

encoded ampC genes does not need to be mediated by high copy number plasmids. 

However, a moderate copy number (12) of the plasmid encoding blamK-\ was present in 

the clinical isolate K. pneumoniae 96D (157). These data suggested that multiple 

mechanisms are involved in the high-level expression of plasmid-encoded ampC genes.

Contribution of copy number to overall gene expression was analyzed in the four 

clinical isolates expressing ampC genes of Enterobacter origin by comparing the ratio of 

constitutive expression to gene copy number (Figure 51). The expression per copy 

number ratio for 6/umir-i is 8, while bla^ci-x is 17. The similarities between the genetic 

context of bla,\cj-\ and the wild-type chromosomal ampC would predict that the copy 

number for bla\cr-\ would be the same as the relative fold increase in expression, i.e. 33- 

fold. This was not the case as the copy number of bla\cr-\ is two, yielding an expression 

per copy number ratio of 17. These data indicate that copy number does not account for 

the total difference observed in mRNA expression levels. As stated above, when the
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promoter regions of bla act-\ and the wild-type chromosomal ampC were compared, only 

three mutations were observed. The most significant mutation occurred in the putative - 

10 promoter element o f blaacta. This mutation was located at position -9 and resulted in 

a C to T transition, which increased the similarity of the blaAc t - i promoter to the E. coli -  

10 consensus sequence TATAAT (Figures 14,19, and 20) (79). This same substitution in 

E. coli ampC promoters has been shown to increase expression up to ~30-fold (60). Thus, 

the point mutation in the bla ac\-\ promoter contributes to the increased expression 

observed for blaAc t - i transcription compared to wild-type expression.

The expression to copy number ratio of blau\K-\ of 8 was also surprising. This 

ratio indicated that not all the copies of the gene may participate equally in the overall 

expression levels of 6/ « m ir - i or that the blau\K-\ promoter is weaker than the Mciacja 

promoter (expression to copy number ratio of 17).

These data demonstrate that gene copy number can influence the overall 

expression of a given gene. When the role of gene copy number on the overall 

accumulation of blacuY-i specific RNA transcripts was assessed, hlacu\-2  was found in 2 

copies in isolates Kp249 and EcBl, whereas 4 copies of the gene were present in both 

KpV50 and EcLl isolates. It was not determined from this method however, whether 2 

copies of the plasmid were present or if the gene was duplicated on one plasmid. 

Nevertheless, these differences in gene copy number could contribute to the overall gene 

expression and resulting P-lactam MICs in the four strains.

To demonstrate the contribution of increased copy number to plasmid-encoded 

AmpC-mediated P-lactam resistance, P-lactam MICs were compared between the clone
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E. coli XCMY2 (>200 copies), E. coli CMY2 (11 copies), and those of the clinical 

isolates. When MIC data from these clones were compared to the other isolates in this 

study which exhibited copy numbers of either 2 or 4, the P-lactam MICs observed for E. 

coli XCMY2 were higher than those observed for all other organisms in the study. 

However, this was not observed for the MICs for E. coli CMY2 (11 copies). All isolates 

except Kp249, showed higher P-lactam MICs than the E. coli CMY2 clone which had 11 

copies of the plasmid carrying blacm y -2- This phenomenon was perplexing until the 

expression data from the secondary start sited was considered. The is. coli CMY2 clone 

lacked the upstream sequence which would increase the overall expression level of each 

clone. If the secondary start site was included, it was hypothesized that the MICs would 

increase to concentrations above those observed for the isolates. These data lend support 

to the contribution of the secondary start site on expression.

The fluctuation in the cephalosporin MICs and blacuY-i transcript expression 

levels correlated with EcLl and KpV50 expressing increased levels (~165- and ~295-fold 

relative to C fl\ ampC) of blacuY-i transcript and exhibiting higher MICs than what were 

observed for isolates EcBl and Kp249. The susceptibility testing performed on KpV50, 

Kp249, EcBl, and EcLl to a range of representative P-lactam antibiotics, revealed MIC 

differences which could not be explained by variability in the enzymatic activity. In 

general, the lowest MICs were those observed for Kp249, the strain exhibiting the lowest 

overall expression level. EcBl exhibited higher MICs than Kp249 and lower MICs than 

EcLl. The MICs for KpV50 were higher than those observed for EcLl when the MICs 

remained within the scale of the E-test strips. The ceftazidime MICs showed the greatest 

variability, resulting in an MIC of >256 pg/ml for KpV50 and EcLl, 64 pg/ml for
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Kp249, and 48 pg/ml for Kp249. Differences in the cefotaxime MICs were also noted 

with 64 pg/ml for KpV50, 48 pg/ml for EcLl, 24 pg/ml for EcBl, and 16 pg/ml for 

Kp249 (Table 16).

Differences in the susceptibility of these organisms to expanded spectrum p- 

lactam antibiotics were not the result of altered enzyme structure as detennined by 

sequence analysis. Taken together, the correlation of copy number, expression and MIC 

data suggests that the contribution from any other mechanism, such as membrane 

permeability in these isolates, would be minimal. In addition, these data lend credence to 

the hypothesis that other factors promote transcription from the secondary- start sites and 

could contribute significantly to the expression of blacux-2 in these organisms.

Mobilization Elements and Plasmid-Encoded am pC  Genes

Another factor that influences expression of plasmid-encoded ampC genes is the 

means by which the genes are mobilized from the chromosome to the plasmid. Due to 

identity of nucleotide sequences, it has been hypothesized that the plasmid-encoded 

ampC genes originated by movement of the chromosomally encoded genes to plasmids. 

These events indirectly resulted in changes in gene expression by altering the genetic 

regulatory elements of the original promoter elements or by replacing these elements with 

more powerful promoter elements. Movement of resistance genes to plasmids occurs via 

mobile genetic elements.

The prevalence of plasmid-mediated ampC genes in pathogens of both humans 

and agricultural livestock is under investigation (215, 216). However, the identification of 

the structural gene alone can only indicate what types of plasmid-mediated ampC genes
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are present. In order to determine if plasmid-encoded ampC genes are moving from host 

to host on the same plasmid or being generated “de novo”, sequences that flank these 

genes within the plasmid must be identified. In order to determine sequences which flank 

blaAcT-i , an anchored/arbitrary PCR product of 1942 bp was generated, cloned, and 

sequenced (Figure 20). Sequence analysis of the region immediately flanking the 3’ end 

of blaa c t - i identified a partial sequence of a tnpA gene of the E. coli Tn3 transposon. 

This sequence contained a three codon deletion corresponding to nucleotides 861-869 of 

the published tnpA sequence of Heffron and McCarthy (80). In addition, these sequences 

encoded a rearrangement of a Pst\ fragment within the tnpA gene representing 

nucleotides 990-1041. These mutations within the tnpA gene suggest that the encoded 

transposase was nonfunctional. Therefore, it is highly unlikely that the blaAcr-i gene is 

capable of movement by transposition from this element. The Tn3 transposon may have 

been used to mobilize blaAct-i from the chromosome to the plasmid initially. However, 

these data indicate that further mobilization of the bla\c\-\ from this plasmid by the 

transposase encoded within the adjacent sequence would not be possible. To determine 

other possible routes of mobilization, the 5’ flanking region of bla a c t - i and ampR should 

be evaluated.

The other plasmid-encoded ampC genes in this dissertation, blamR-i and h/acMY-2, 

were flanked on the 5’ ends with transposase or insertion element sequence. These 

elements have been shown to be involved in the movement of genes to plasmids. As 

mentioned above, these elements also significantly contributed to the expression of the 

gene that they preceded. These studies indicate that mobile elements are important not 

only in the mobilization of these genes, but also for expression of these genes.
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The means by which plasmid-encoded ampC genes are mobilized are proving to 

be an important factor in how these genes are expressed. 6 /<2a c t - i was mobilized 

differently than 6 /o m ir - i , and although their gene products are very similar, different 

susceptibility phenotypes are observed due to differences in expression that result from 

the means by which these genes were mobilized. bla\cx-\ is expressed in much the same 

way as a chromosomal ampC gene, because ampR was mobilized along with bla^cx-x. 

The mobilization events for blciM\R-\ were different. These events resulted in the 

displacement of ampR from the 5’ flanking region and the formation of a hybrid 

promoter. Yet, a different event was responsible for the mobilization of blacMY-2, but still 

resulted in the dissociation of ampR. However, expression was driven by a primary 

promoter found within an IS/fc/z 1 -like element upstream of the blacm y -2 structural gene. 

Data from the blacwY-2 also demonstrated that the genetic context of the plasmid in 

relation to the ampC structural gene was important. This was evident as expression from 

an unidentified upstream element seemed to contribute to the expression levels of these 

genes. The data presented on plasmid-encoded ampC expression in this dissertation 

demonstrate that mobilization events directly affect the resistance observed from the 

genes with which they are associated.

In summary, these studies determined three different mechanisms of expression 

for three different plasmid-encoded ampC genes. The mechanism of plasmid-encoded 

AmpC (3-lactamase resistance is multifaceted and has been shown in these studies to 

fluctuate depending on the genetic organization and background in which these genes are 

expressed. This was exemplified by the observations for resistance mediated by CMY-2 

in the clinical strains KpV50, Kp249, EcBl, and the transconjugant, EcLl. These data
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indicate that “predicting” the (3-lactam MIC values for a particular plasmid-encoded 

AmpC (3-lactamase will be somewhat “unpredictable” and incredibly challenging.

Clinical Impact

The variable P-lactam susceptibility phenotypes that can arise in these organisms 

due to fluctuations in plasmid-encoded ampC expression makes it problematic to discern 

between AmpC-mediated and ESBL-mediated resistance. One method to differentiate 

between ESBL and AmpC producers is to survey organisms for cefoxitin resistance. 

However, cefoxitin resistance does not necessarily indicate that a plasmid-encoded 

AmpC is present as E. coli can hyperproduce chromosomal AmpC and exhibit the same 

phenotype. Furthermore, many clinical laboratories do not include cefoxitin in their 

susceptibility screening.

Although it not yet recommended by the NCCLS, the surveillance of plasmid- 

encoded ampC genes is warranted (202). The number of infections resulting from 

plasmid-encoded AmpC producers is increasing (43). Surveillance studies are one way 

by which the p-lactam susceptibility phenotypes of plasmid-encoded AmpC producers 

can be better understood. First and foremost, surveillance of plasmid-encoded ampC 

genes will help to identify organisms with this type of resistance to avoid the likelihood 

of generating the next step mutation resulting in the loss of all P-lactam antibiotic use and 

potential therapeutic failure. In addition, surveillance of plasmid-encoded ampC genes 

may aid in the understanding of the epidemiological sources of these resistance 

mechanisms. Surveillance of these genes will promote the understanding of the 

occurrence and perhaps the generation of plasmid-encoded AmpC producing organisms
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either through the spread of the organism, the plasmid, or de novo generation of imported 

plasmid-encoded ampC genes from environmental sources. Furthermore, accurate 

surveillance data with concomitant collection of patient data will allow the correlation of 

antibiotic treatment with that of patient outcomes.
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Surveillance Study to Determine Occurrence of Plasmid-Encoded AmpCs

The pilot study to examine the occurrence of plasmid-encoded AmpC producers 

in the CUMC community identified a high percentage (18/33 - 55%) of plasmid-encoded 

ampC genes in cefoxitin resistant E. coli from the urine of non-hospitalized patients. In 

addition, the percentage of cefoxitin non-susceptible plasmid-encoded ampC producing 

E. coli analyzed to be 37% (18/49). These percentages were similar to those of E. coli 

producing plasmid-encoded ampC genes determined over a two month period in Calgary, 

Canada (Johann Pitout MD, unpublished data).

Another study performed by the Center for Research in Anti-Infectives and 

Biotechnology that investigated the occurrence of plasmid-encoded AmpC producing K. 

pneumoniae isolates from around the United States was able to detect 46 (28.8%) 

plasmid-encoded AmpC producers out of 160 cefoxitin “screening positive” (cefoxitin 

MIC > 16 pg/ml) phenotypically determined (3-lactamase producers (144). This study 

also reiterated the fact that cefoxitin MICs alone cannot determine the presence of a 

plasmid-encoded ampC. In this case it was likely a high incidence of porin mutations 

that resulted in the increased cefoxitin MICs. This was evident as 114 of the cefoxitin 

resistant K. pneumoniae strains did not encode a plasmid-encoded ampC.

After determining which CUMC strains encoded a plasmid-encoded ampC by 

ampC multiplex PCR, epidemiology studies were performed in an attempt to better 

understand the origin of these isolates. Using PFGE the isolates were characterized into 

eleven clonal groups (Groups A-K). Interestingly, 12 of the 18 isolates were from 

patients in long-term care facilities. Only 2 were from hospitalized patients, but these 

isolates belonged to a different clonal group indicating that the occurrence of these
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isolates was not the result of nosocomial spread at CUMC. Isolates from patients at 2 

different nursing homes and one patient from the nursing home hospitalized at CUMC 

comprised Group A. All other isolates in this study were genetically unrelated. Group K 

was comprised of 2 isolates obtained from a mixed culture from the same patient. One of 

the isolates was identified as E. coli, but the other isolate has not yet been identified. 

Both were nuclease producers, and therefore a profile by PFGE was unobtainable.

Two strains, CUMC 19 and CUMC 30, from one patient were isolated 21 days 

apart. CUMC 30 was isolated when the nursing home patient was hospitalized. Both 

isolates were from Group A. Interestingly, all of the antibiotic susceptibility profiles were 

the same with the exception of piperacillin-tazobactam, which went from intermediate in 

CUMC 19 to resistant in CUMC 30. However, due to a lack of clinical data, it is 

unknown if the patient was treated with a cephalosporin after the first strain was isolated.

The preliminary results of these epidemiological studies indicated that the same 

clonal strain of E. coli infected residents at 2 different nursing homes and a hospital 

patient. Three possible hypotheses can explain these data. First, these isolates may have 

been spread by temporary staff or staff employed by both nursing homes A and B. 

Second, these nursing homes could have a common supplier of contaminated food, such 

as fresh vegetables. Many elderly patients are prescribed antacids. These medications 

may help E. coli travel through the stomach to colonize the gut, which could 

subsequently lead to urinary tract infections due to fecal-urethral contamination. The 

final hypothesis is that these strains may be different, but PFGE is not sensitive enough to 

characterize these differences. Other molecular typing methods, such as multi-locus 

sequence testing (MLST), could be employed to determine if this was the case (147).
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Data from the CUMC study regarding the patient age group are in accordance 

with recently published data on the occurrence of cefotaxime resistant organisms 

colonizing elderly patients admitted to an acute care hospital. Bonomo el al. determined 

that 43% (6 of 14) of non-Pseudomonas cefotaxime resistant organisms were blacuY-2 

carriers, which were isolated from older people living in the community or in long term 

care facilities (24). The CUMC study also demonstrated the potential for elderly patients 

colonized with plasmid-encoded AmpC producers to be a potential route of entrance for 

these organisms into an acute care hospital. This was demonstrated from medical records 

on the patient from which the CMY-like producing E. coli was isolated on two separate 

occasions. The first plasmid-encoded ampC positive culture was determined while the 

patient was residing in the nursing home. Two weeks later another culture from the same 

patient was determined to be plasmid-encoded ampC positive, however on this occasion 

the culture was obtained while the patient was hospitalized at CUMC. Two-months later 

a plasmid-encoded AmpC producing E. coli belonging to PFGE Group A was isolated 

from a culture obtained from a hospitalized patient at CUMC. These data could indicate 

older patients as a potential reservoir for plasmid- encoded AmpC producers and a 

possible source for entry of these organisms into the hospital setting. However, more 

analyses on larger populations of patients are needed for confirmation.

Another question raised by this study is why were only blacMY-like genes 

observed in the plasmid-encoded AmpC producing strains isolated from urinary tract 

infections? This may be due to the agricultural setting surrounding Omaha. Several 

reports have associated blacw iY-2 with agricultural livestock. It is possible that these 

isolates originated from an agricultural setting.
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The data from additional PCR experiments which amplified the structural gene 

and upstream region of the majority of the WaoviY-like genes in this study indicated that 

the genes from this study may have a different mechanism of expression than that 

observed from the blacuY-2 genes discussed above. The primer sets which could amplify 

upstream sequence from the CMY-producers above, could not amplify the upstream 

sequence of these E. coli urine isolates. However, further analyses of these genes and 

their upstream regions need to be performed to ensure the differences observed were not 

the result of a mutation in the sequence where the primer anneals.

If the PTS - cyclic AMP-mediated blacuy-2 expression hypothesis is supported 

through experimentation, then urinary tract pathogens expressing blacm y -2 may have an 

added advantage in surviving treatment by (3-lactam antibiotics. The hypothesized cyclic 

AMP mediated-expression mechanism for blacuY-2 would be fitting for this gene that has 

been found in organisms infecting the urinary tract, which is a low to no glucose reservoir 

for non-diabetic patients. In the urine, the added expression from the hypothesized cyclic 

AMP-mediated promoter induced by a lack of glucose, would play a role in further 

protecting plasmid-encoded CMY-2 producing bacteria from increased concentrations of 

P-lactams that are pharmacologically achievable in the urine.

Data from this study indicated that plasmid-encoded ampC producers make up a 

significant percentage of cefoxitin resistant E. coli isolated from patients in institutions 

within the extended Omaha metropolitan area. Physicians should be cautious when 

prescribing antibiotics for urinary tract infections. Therapeutic failure with cephalosporin 

treatment could indicate that physicians should avoid prescribing from this drug class 

when treating urinary tract infections due to cefoxitin non-susceptible E. coli. In this
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study, out of 156 drug choices tested for the 13 isolates in Table 18, only 25% (39/156) 

could be utilized according to the susceptibility profdes. Some of these antibiotic 

susceptibility profdes indicated that the organisms were sensitive to cefepime and 

piperacillin-tazobactam. However, these profdes are the results of tests that use a 

bacterial inoculum of 104 cfu/ml. Past studies have shown that piperacillin-tazobactam 

MICs for organisms expressing ESBLs and AmpC P-lactamases can increase 

significantly when inocula change from 104 to 107 cfu/ml (203). Further studies with 

more complete patient histories and outcomes will be necessary to determine therapeutic 

outcomes associated with utilizing the P-lactams (carbapenems, cefpirome, cefepime) 

that remain as therapeutic options when these organisms are identified. Until such 

studies are completed, other antibiotic drug classes should be considered first if the 

isolate is susceptible, prior to using the carbapenems and cefepime for the treatment of 

cefoxitin resistant E. coli.

The findings from the CUMC surveillance study suggest that future surveillance 

studies on the prevalence of plasmid-encoded ampC genes in E. coli and other organisms 

are warranted, but using larger populations of patients in geographically distinct regions

of the world.
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Future Directions

The work presented in this dissertation has begun to unravel the mechanisms that 

drive plasmid-encoded AmpC-mediated resistance. However, the results of these studies 

have led to numerous additional avenues of investigatioa

The inducible plasmid-encoded blaAcv-\ has been shown in this dissertation 

through in vitro studies to increase expression levels in an AmpD" genetic background. 

This phenomenon is yet to be observed in clinical isolates expressing blaAcT-\ or the other 

inducible plasmid-encoded ampC genes, blaoHA.\ and bla^h a -2, and is likely due to the 

lack of an observable phenotype for AmpD" strains in addition to the lack of plasmid- 

encoded ampC detection in the clinical laboratory. A surveillance study for organisms 

expressing plasmid-encoded ampC genes, on a scale much larger than the CUMC pilot 

study, could increase the likelihood of detecting these “derepressed” plasmid-encoded 

ampC P-lactamases. Such a study, complete with patient records, could give insight to 

the conditions that selected mutations that lead to high-level constitutive expression of 

these genes.

In addition to providing insight on how to identify plasmid-encoded AmpC 

producers, a surveillance study would also provide a diverse collection of organisms from 

which to study the mechanisms of plasmid-encoded ampC gene expression. Due to the 

nature of plasmid genetics, the mechanisms of expression from plasmid-encoded ampC 

genes may vary from isolate to isolate even though the same gene is being expressed. 

For this reason, expression studies from large groups of isolates from a diverse 

background are warranted. The expression of the blacMY-like gene in the CUMC isolates
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could be different from the expression observed from the KpV50 and the other isolates 

investigated.

Further studies are also warranted on the promoter driving the secondary start site 

of transcription several hundred nucleotides upstream of the b/acMY-2 structural gene. 

Additional sequence analyses of the upstream region of the b/acMY-2 genes within these 

isolates should be performed. Expression studies from cultures grown in the presence 

and absence of factors that affect global regulation of metabolism, such as glucose, 

should be carried out.

Other studies involving the “overall expression” of plasmid-encoded ampC 

should also be performed. Due to the extended nature of the 5’ UTR of transcripts 

expressed from plasmid-encoded ampC genes with upstream promoter elements, such as 

blay\\R-\ and b/acMY-2, the role of transcript stability should be evaluated using 

transcriptional half-life studies. Additional studies on the copy numbers of plasmid- 

encoded ampC genes are also warranted. Although the same gene may be expressed in 

different organisms from the same plasmid, the regulation of the plasmid copy number 

may differ between genes and influence the overall expression.

Additional studies to detennine the mechanisms of expression of other plasmid- 

encoded ampC p-lactamase genes are also necessary. Simply identifying the vestigial 

promoter by comparison with the chromosomal sequence can be inaccurate. These genes 

seem to be expressed from strong promoters located within upstream insertion elements. 

Thus, the genetic events that allow for the implantation of theses elements upstream of 

the plasmid-encoded ampC structural gene seems to be necessary in order for p-lactam 

resistance to result in an organism that has left its regulatory elements behind on the
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chromosome. Since inducible expression has been replaced by constitutive high-level 

expression for these P-lactamases, one genetic event, such as the selection of a porin 

mutation in organisms expressing high levels of AmpC p-lactamase, or a deletion in the 

structural gene, could result in resistance to cefepime and imipenem. Therefore, studies 

to determine how these selection processes occur in vivo are also warranted.
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