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Abstract 

Initially discovered in 1996, Klebsiella pneumoniae Carbapenemase (KPC) encodes 

for an enzyme which can hydrolyze the entire β-lactam drug class. Predominantly found in K. 

pneumoniae and to a lesser extent other species of Gram-negative bacteria, KPC is typically 

encoded on a Tn-3 like transposon found on plasmids which harbor additional resistance 

genes. Infections with KPC producing bacteria are associated with increased morbidity and 

mortality due to difficulties in detection of organisms that produce KPC in addition to having 

few effective therapeutic agents to treat such infections. 

 The impact KPC-producing pathogens have on the outcome of antibiotic therapy and 

the ability to detect the enzyme in susceptibility assays relies in part on the levels of protein 

product produced by the organism. Two promoters have been identified upstream of the KPC 

structural gene. However, upstream regions capable of binding potential transcription factors 

have not been identified. In addition, eight different deletion isotypes have been described 

involving deletions within the KPC promoter ranging from no deletion to a 256 bp deletion. 

Previous research has shown that a 99 bp and a 188 bp deletion in the promoter lead to an 

increase in gene expression but the effects on the level KPC protein production have yet to be 

evaluated. In this study, we characterize the RNA and protein production of KPC in both K. 

pneumoniae and E. coli isolates with and without deletions in the KPC promoter.  

Additionally, we evaluated the KPC promoter region for possible DNA binding proteins 

using electrophoretic mobility shift assays and whole cell lysates from three different genera, 

K. pneumoniae, E. coli, and Enterobacter cloacae. 

 Sequence homology of the distal promoter to the σ70 sequence, suggest that the distal 

promoter was responsible for driving gene expression. Additionally, factors which regulate 
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initiation of transcription must bind upstream of the distal promoter of the KPC gene. 

Therefore, we hypothesized that the distal promoter was the dominant promoter driving KPC 

RNA and protein production in clinical isolates of K. pneumoniae, E. coli and E. cloacae. 

A series of eight clones with systematic deletions to the promoter region were utilized 

to determine which promoter was dominant. In addition, clinical isolates of K. pneumoniae 

and E. coli possessing the full-length or 99 base pair deletion in the promoter were evaluated 

and compared for RNA and protein production levels. The E. coli isolates were of various 

sequence types (ST) including ST131, ST964, ST2521, ST648, ST372, and ST404. 

Expression and protein analysis were measured by real-time reverse transcription PCR and 

western blot analysis. Carbapenem MICs were measured using Etest®, agar and microbroth 

dilutions. Gel-shift mobility assays were performed using whole cell lysates from K. 

pneumoniae, E. coli and E. cloacae and a 50 base pair (bp) fluorescently labeled probe with 

DNA sequence specific to a region located eight bp upstream of the distal promoter.  

The deletion clones identified the distal promoter as the only promoter responsible for 

RNA and protein production resulting in carbapenem MICs at or above the resistant 

breakpoint. Interestingly, when E. coli ST131 isolates were evaluated for RNA and protein 

production, these isolates had an increase in RNA expression that did not correspond to 

increased levels of KPC protein production compared to non-ST131 isolates. Comparisons of 

clinical isolates with a deletion of 99 bps in the promoter vs. isolates with the full-length 

promoter showed the RNA and protein levels varied regardless of the presence of the 99 bp 

deletion. Very little correlation was observed among the isolates with respect to KPC protein 

production and carbapenem MICs. Although some isolates had increased protein production 

that correlated with increased carbapenem MICs, many isolates had elevated carbapenem 
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MICs in the presence of very low levels of KPC protein production. These data suggest that 

additional resistance mechanisms contribute to the carbapenem MICs and would be of 

interest of further study. Finally, using whole cell lysates from three different genera, EMSA 

identified a single band in the presence of K. pneumoniae and E. cloacae protein lysates 

while the E. coli isolates resulted in two shifted bands. 

Taken together, the data presented in this thesis work shows that the distal promoter 

of the KPC gene is required to drive expression resulting in protein production that in the 

deletion clones correlates with carbapenem MICs that reflect a resistant phenotype. 

Additionally, regions within the upstream sequence of the distal promoter interact with DNA 

binding proteins. However, in clinical isolates the correlation is not clear with no decisive 

impact with respect to deletions within the full-length promoter or sequence type of the E. 

coli expressing the gene.  
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Introduction 

In 1920, the average age of death in the U.S. was 56.4 years old1. In contrast, the 

average age of death in 2015 was 78.8 years according to the CDC,2. While a multitude of 

factors play a role in the dramatic increase in life expectancy one could argue that the 

discovery of antibiotics has played one of the most vital roles. People infected with 

bacterial infections now have the ability to survive infections which used to kill people. 

In addition, antibiotics have allowed for the advancement of medical procedures such as 

open cardiac and abdominal surgeries as well as chemotherapy for cancer patients. While 

we often think of antibiotics as an invention of the 20th-century archeological evidence 

shows that ancient people understood that use of certain substances could cure people of 

illness. For example traces of tetracycline were found within skeletal remains from Nubia 

which date back to at least 2500 B.C. and again within skeletal remains from the late 

Roman period3. Another example of antimicrobial treatment was “eye salve” a mixture of 

onion, garlic, and cow bile used by the Anglo-Saxons to treat infections and was shown 

to be effective in treating Staphylococcal infections4. Progressing to the modern era Paul 

Erlich argued that chemical compounds could be synthesized to treat specific microbes 

and in 1909 discovered Salvarsan to treat patients suffering from syphilis5. In 1928 

Alexander Fleming discovered penicillin although the effects of Penicillium notatum on 

bacterial growth had been observed by Sir John Scott Burdon as early as 1870 6. The 

discovery of penicillin kick-started what was called the “Golden age” of antibiotic 

discovery during which most of the modern antibiotics were discovered. Table 1 shows a 

brief timeline of the discovery of antibiotics classes.  
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While we typically think of antibiotics being used in the human population the 

vast majority of antibiotics are used in agriculture. It is estimated that over 13 million 

kilograms of antibiotics are used in livestock for the purpose of preventing illness and 

promoting growth7. Streptomycin has been used in agriculture to prevent plant pathogens 

from destroying crops8. Additionally, the use of antibiotics in agriculture has led to the 

spread of antibiotics into the water supply allowing for antibiotics to interact with 

bacteria found within the environment as seen in Figure 1 

Unfortunately, with the increase usage of antibiotics bacteria have acquired 

several different mechanisms to combat the therapeutic effects of antibiotics leading to 

the antibiotic resistant crisis currently facing society. Interestingly, intrinsic and acquired 

resistance in bacteria was observed by Fleming and his team even before the widespread 

usage of penicillin. Fleming himself understood that certain strains of bacteria were 

resistant to penicillin and thereby could get rid of contaminants in his cultures by treating 

them with penicillin leaving only the resistant strains9. In 1940, Abraham and Chain 

discovered the production of hydrolytic enzymes by E. coli which could destroy 

pencillin9. Sure enough, by 1947 just five years after the introduction of pencillin G to the 

health field the majority of Staphylococcus isolates were resistant to penicillin9. The 

problem of antibiotic resistance has since grown with the increased use of antibiotics and 

unfortunately, we have entered an era where some bacterial infections cannot be treated 

with any available antibiotics due to the organism possessing multiple resistance 

mechanisms. 
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Table 1: Antibiotics Timeline. Table adopted form 10 

Principle antibiotics in use today 

Class   Year discovered 

Sulfonamides  1937 

Penicillins  1940 

Polymyxin   1947* 

Chloramphenicol  1949 

Tetracyclines  1953 

Cephalosporins (four generations)  1953 

Aminoglycosides  1957 

Vancomycin   1958* 

Clindamycin  1966 

Rifamycin  1971 

Trimethoprim/sulfamethoxazole  1973 

Carbapenems  1976 

Monobactams  1982 

Linezolid   1987* 

Daptomycin   1987* 

Synercid    1992* 

* Recently reintroduced   
 

Of interest for this study is the discovery of the ꞵ-lactam drug class. Specifically, 

penicillin (1942), the cephalosporins (1953 for the 1st generation), the carbapenems 

(1976) and the monobactams (1982) and their interaction with Gram-negative organisms, 

especially the family of Enterobacteriaceae. 
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Figure 1: Movement of antibiotics through the environment, figure adopted from 11

 

Enterobacteriaceae 

The family Enterobacteriaceae is comprised of 56 genera and over 176 species12. 

General characteristics of bacteria belonging to the Enterobacteriaceae family include 

short straight rods ranging in size from 1.0 X 6.0 μm, and motility, with the exception of 

Klebsiella spp., Shigella spp., and Tatumella spp.12,13. Most members of the 

Enterobactteriacae are facultative anaerobes, growing at 37˚C but some can grow at 

lower temperatures ranging from 25-30˚C. Most are catalase-positive, oxidase negative, 

and reduce nitrate to nitrite12. Found throughout nature, Enterobacteriaceae can cause a 
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variety of illnesses in both humans and animals. In addition, species belonging to the 

Enterobacteriaceae family can cause problems within the agriculture industry by rotting 

away crops. A subset of bacteria belonging to the Enterobacteriaceae family cause 

opportunistic infections in humans and belong to the following genera: Salmonella ssp., 

Shigella ssp., Klebsiella spp., Yersinia (pestis and enterocolitica), and E. coli (various 

serotypes)12. Common infections caused by these genera include urinary tract infections, 

surgical wound infections, gastrointestinal infections, lower respiratory infections, and 

bacteremia12. My thesis evaluated three bacterial species and the general characteristics 

of the organisms are described below.  

Klebsiella pneumoniae  

Klebsiella pneumoniae is a gram-negative, non-motile rod approximately 0.6 to 

6.0 μm in length. K. pneumoniae can be found in the mucosal surface of the 

gastrointestinal tract as well as the nasopharynx in humans where colonization can occur. 

K. pneumoniae can cause a variety of illnesses ranging from pneumonia (both community 

and hospital acquired), urinary tract infections (UTI’s), sepsis, bacteremia, meningitis, 

and liver abscesses14. Typically infecting immunocompromised individuals the largest 

risk factors for developing a Klebsiella spp. infection include diabetes, chronic liver 

disease, solid-organ transplantation, dialysis, malignancies, treatment with 

corticosteroids, chemotherapy, and alcoholism14. Hypervirulent stains of Klebsiella spp. 

can cause illness within healthy individuals and are associated with the development of 

liver abscesses. Hypervirulent strains have extra-thick capsules which allow them to 

escape phagocytosis14. The thickened capsule is due to the acquisition of a 200-220- kb 

plasmid which encodes for virulence factors14.  
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Klebsiella ssp. have four major virulence factors consisting of the capsule, 

lipopolysaccharide (LPS), siderophores, and fimbriae. The capsule, also known as the K 

antigen, coats the outside of the bacteria preventing the bacterial cell from being 

phagocytized. LPS is found in abundance and is comprised of three portions, the lipid A 

portion, the oligosaccharide core, and the O-antigen. LPS as a virulence factor is a two-

edged sword. On one hand, it protects the bacteria by binding C3b a key component in 

the complement system needed for activation. On the other hand, LPS can bind to Toll-

like receptors (TLR) activating the cellular immune response14. Additionally, the 

interplay between the capsule and LPS have been shown to lower its antigenic 

properties15. Klebsiella spp. have been shown to produce type 1 and type 3 fimbriae. 

Type 1 fimbriae have been shown to contribute to the development of urinary tract 

infections, while binding of type 3 fimbriae to biotic and abiotic components allows for 

the formation of bacterial biofilms14. The last virulence factor of interest is the production 

of siderophores which scavenge iron from the environment or have the ability to strip 

iron from host proteins14. Klebsiella spp. can produce multiple siderophores such as 

enterobactin, yersiniabactin, salmochelin, and aerobactin which all have unique 

properties to aid in either infection or colonization of the host14. Other virulence factors 

associated with Klebsiella spp. include outer membrane proteins, efflux pumps, iron 

transport systems such as the Kfu an ABC transporter, as well as allantoin metabolism 

which allow the bacteria to obtain carbon and nitrogen from the environment14. Besides 

these virulence factors, Klebsiella pneumoniae have several different resistant 

mechanisms to combat the influx of antibiotics such as porin mutations, efflux of the 

antibiotic in which the ArcAB efflux pump has been implicated, and the production of ꞵ-
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lactamases which will be discussed in more detail in the antibiotic resistance portion of 

the introduction14.  

Escherichia coli (E. coli) 

Found within the gastrointestinal (GI) tract E. coli are Gram-negative rods 

measuring 2.0-6.0 μm in length. Most species are motile having 5-10 flagella oriented 

around the cell12. Additionally, the outer membrane of the cell contains 

lipopolysaccharides (LPS), and most strains have fimbriae protruding from the cell. For 

cells which do not have fimbriae, some strains produce adhesins. Both of these structural 

components help with attachment to mucosal surfaces, abiotic surfaces, or different 

cellular components of the body12. While humans typically benefit from E. coli within the 

GI tract certain strains of E. coli can cause illness in and out of the GI tract. For the 

purpose of this study, we will be focusing on the extraintestinal pathogenic E. coli 

(ExPEC).  

E. coli is the leading cause of urinary tract infections and is estimated to be the 

causative agent in 75-85% of all UTI’s16. Other illnesses caused by E. coli include 

bacteremia, nosocomial pneumonia, inflammation of the gallbladder, peritonitis, 

cellulitis, osteomyelitis, infectious arthritis, as well as neonatal meningitis17. Common 

virulence factors found in ExPEC include fimbriae (type I), siderophores (yersiniabactin 

and aerobactin), LPS, and production of toxins12. Certain clonal groups have been 

associated with E. coli most notably, the pandemic clone ST131. ST131 E. coli have been 

associated with high level of fluoroquinolone resistance as well as the carriage of the 

extended-spectrum β-lactamase (ESBL) CTX-M-15 gene. A more in-depth look into the 
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different resistance genes found in E.coli will be described in the β-lactamase portion of 

the introduction 

Enterobacter spp. 

Measuring in size from 1.2 to 3 μm long Enterobacter ssp. are Gram-negative, 

motile rods with peritrichous distribution of flagella and are facultative anaerobes which 

do not form spores 12. Found naturally within the environment Enterobacter spp. can be 

found within the soil, sewage, water, and vegetables12. According to Peterson et al. in a 

surveillance study performed in 2003 of Enterobacter spp., Enterobacter cloacae, and 

Enterobacter aerogenes now known as Klebsiella aerogenes were the two most prevalent 

species of Enterobacter isolated in intra-abdominal infections worldwide18. Enterobacter 

cloacae belongs to the Enterobacter cloacae complex which is comprised of six species 

(Enterobacter cloacae, Enterobacter asburiae, Enterobacter hormaechei, Enterobacter 

kobei, Enterobacter ludwigii, and Enterobacter nimipressurali)19. Infections caused by 

Enterobacter spp. include cerebral abscesses, pneumonias, soft tissue and wound 

infections, meningitis, septicemia, urinary tract infections, endocarditis, osteomyelitis, as 

well as a variety of intestinal infections18,12.  

Common virulence factors found within Enterobacter include adhesins, type 1 

and type 3 fimbriae, LPS, siderophore production (enterochelin and aerobactin), and 

production of cytotoxins12. Besides these virulence factors, Enterobacter cloacae harbor 

chromosomally encoded AmpCs which will be described in further detail in the β-

lactamase section of the introduction. Additionally, Enterobacter spp. can harbor genes 
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which encode ESBLs and carbapenemases. In addition, porin mutations and increases in 

efflux can also be involved in a resistant phenotype20. 

Antibiotics to treat Gram-negative bacteria 

There are several classes of antibiotics to treat bacteria belonging to the family 

Enterobacteriaceae. The major classes include fluoroquinolones, aminoglycosides, and 

the β-lactams. The β-lactam antibiotics will be described in the following section. 

β-lactam antibiotics 

β-lactam antibiotics work by inhibiting the transpeptidation step in peptidoglycan 

synthesis. During transpeptidation, the terminal D-ala is removed and the cross-bridging 

event occurs between the adjacent glycan strands. The structure of β-lactam antibiotics 

mimic the D-ala-D-ala dipeptide, these residues bind the active site of the transpeptidases 

preventing the cleavage and cross-bridging between murein strands Fig. 29. By inhibting 

the process of peptidoglycan sythesis the cell wall progressively weakens eventually 

leading to lysis of the cell. The β-lactam drug class is comprised of five groups: the 

penicillins, the cephalosporins, the monobactams, the carbapenems and the ꞵ-lactam/ꞵ-

lactamase inhibitors. All ꞵ-lactams, regardless of the group, have a common feature of a 

four-membered nitrogen-containing ring at the center of their structure. A summary of 

each class will be featured below. 
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Figure 2: Mechanism of ꞵ-lactam antibiotics, figure adopted from 21 

 

Penicillins 

The penicillin molecule structure is comprised of a thiazolidine ring attached to a 

core ꞵ-lactam ring with a variety of side chains. Modifications made to the side chain can 

alter the spectrum of activity of the molecule as well as to protect the core structure of the 

molecule from enzymatic degradation. The penicillin class can be broken down into three 

groups, the natural penicillins, very-narrow spectrum penicillins, and the extended-
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spectrum penicillins. The natural penicillins have activity against Gram-positive and 

Gram-negative cocci and are comprised of four members: penicillin V and G, procaine 

penicillin, and benzathine penicillin22. In the modern-day era penicillin G can still be 

used to treat patients with susceptible Streptococcus pyognees, Streptococcus agalactiae, 

group C and G streptococci, and Listeria monocytogenes22. Members of this class can be 

seen in Table 2.  

Penicillinase-resistant penicillins are the second class of penicillins and only have 

activity against staphylococcal infections22. The first of these drugs to be developed was 

methicillin which had an extra side chain which protected the β-lactam ring from 

penicillinase produced by Staphylococcus 23. Other members that belong to this group 

include cloxacillin, dicloxacillin, nafcillin, and oxacillin which also have activity against 

susceptible staphylococcus infections22.  

Following the creation on penicillinase-resistant penicillins, ampicillin ushered in 

a new class of penicillins known as the extended-spectrum penicillins which had a wider 

range of activity against Gram-negative bacteria22. This group of extended-spectrum 

penicillins can be further broken down into four groups. The aminopencillins, the 

carboxypenicillins, the ureidopenicillins, and the amidinopenicillins.24Within the 

aminopenicillins belong ampicillin and amoxicillin which have the same activity as 

pencillin V plus increased activity against Gram-negatives. The carboxypencillins have 

two members carbenicillin and ticarcillin while the ureidopenicillins are comprised 

piperacillin and mezlocillin. Finally, the amidinopenicillins has a sole member 

mecillinam. The last three groups have the same activity as the aminopenicillin but can 
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also be used to treat infections caused by Klebsiella ssp., Pseudomonas spp. and 

Staphylococcus aureus which are ꞵ-lactamase negative23.  

β-lactamase inhibitors were added to the aminopenicillins which afforded the 

ability of these penicillins to be used against penicillinase-producing bacteria.  

ꞵ-lactamse inhibitors work by binding to the active site of the ꞵ-lactamse enzyme 

rendering them unable to bind to the actual antibiotic molicule.25 ꞵ-lactamases have an 

affinity for the the inhibitor due to the fact that these inhibitors have similar structure to 

ꞵ-lactam antibiotics but have modified side chains.26 Currently, two aminopenicillin/ β-

lactamase inhibitor combinations are available, amoxicillin/clavulanic acid and 

ampicillin/sulbactam. In addition, a carboxypencillin/β-lactamase inhibitor 

ticarcillin/clavulanic acid and an ureidopenicillin/β-lactamase inhibitor have been created 

using piperacillin/tazobactam 

Table 2: Classification of penicillins, figure adopted from taken from 23
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Cephalosporins 

Initially discovered by Giuseppe Brotzu in July of 1945, the cephalosporins were 

isolated from the fungus Cephalosporium acremonium22. The structure of cephalosporins 

is comprised of the β-lactam ring fused to a six-membered ring with a nitrogen and sulfur 

atom22. This class of β-lactam antibiotics can be broken down into five groups based on 

generations namely first, second, third, fourth, and fifth generation cephalosporins. Table 

3 lists these groups of cephalosporins. A general statement can be made that with each 

generation the spectrum of activity against Gram-negative bacteria increases.  

As highlighted by the Merck Manual, first generation cephalosporins are used to 

treat patients with skin and soft tissue infections from Gram-positive cocci and may be 

used for prophylaxis before varying types of surgery27. The second generation of 

cephalosporins have activity against Gram-positive cocci and susceptible Gram-negative 

rods such as Proteus mirabilis, Escherichia coli, and Klebsiella pneumoniae, 

Haemophilus influenzae, Enterobacter aerogenes, Moraxella catarrhalis and some 

species of Neisseria. Members of the third generation of cephalosporins include cefdnir, 

cefditoren, cefixime, cefotaxime, cefpodoxime, ceftazidime, ceftibuten, and ceftriaxone.28 

Third generation cephalosporins have reduced activity against Gram-positive cocci but 

have similar activity against Gram-negative bacteria but has activity against Providencia 

spp., Citrobacter spp., and Serratia spp in which is not covered by the second generation 

cephalosporins. ceftazidime and cefoperazone both members of the third generation 

cephalosporins have activity against Pseudomonas aerugnosa28,29. ceftriaxone, 

cefotaxime, ceftazidime, cefixime, and cefepime have the ability to penetrate the blood-

brain barrier and reach adequate concentrations in the central nervous system (CNS) to 
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treat patients suffering from bacterial meningitis 30. Fourth generation cephalosporins 

cefepime and cefpirome have enhanced activity against Gram-negative bacilli and have a 

zwitterionic charge which allows them to penetrate the outer membrane of the bacterial 

cell faster than the third generation cephalosporins. The fifth generation cephalosporins 

have similar activity as the third generation cephalosporins regarding Gram-negative 

bacilli and gram-positive cocci as well as Methicillin-resistant Staphylococcus aureus28. 

Currently, there are three fifth-generation cephalosporins ceftobiprole, ceftaroline, and 

ceftolozane. Ceftobiprole has increased affinity for PBP2A and has been shown to be an 

effective treatment for both Methicillin and Vancomycin-resistant Staphylococcus aureus 

infections as well as treating patients with Pseudomonas sp. infections. Ceftaroline has 

been shown to have excellent activity against MRSA and methicillin-resistant coagulase-

negative staphylococci. 31 Ceftolozane can be combined with tazobactam one of the 

newer β-lactamase inhibitor combinations. This drug combination is indicated for use in 

complicated urinary tract infections, intraabdominal infections, as well as ventilator-

associated infections. In clinical trials, ceftolozane/tazobactam showed increased activity 

against extended-spectrum β-lactamase producing Enterobacteriaceae in comparison to 

older generations of cephalosporins.32 Ceftolozane/tazobactam also demonstrated better 

activity against susceptible strains of Pseudomonas aeruginosa compared to ceftazidime, 

piperacillin/tazobactam, and imipenem 32. 
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Table 3: Cephalosporin classifications, table is taken from 33  

 

Monobactams 

Monobactams, unlike other β-lactams, are comprised of a single monocyclic 

ring34. The first monobactam and sole member of the class still available for use today is 

Aztreonam. Aztreonam works like other β-lactam antibiotics and targets penicillin-

binding proteins with the highest affinity for PBP335. Monobactams have poor activity 

against Gram-positive and anaerobic bacteria but maintain good activity against Gram-

negative bacteria which do not produce an AmpC or extended-spectrum β-lactamases34. 

Additionally, aztreonam can be given to patients who are allergic to penicillin without 

inciting a hypersensitive reaction to the drug35.  

Carbapenems 

Carbapenems have the same backbone as penicillin molecules with the exception 

of a double bond between the C-2 and C-3 carbon molecules and a sulfur molecule at the 
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C-1 position 36. A key difference between the penicillin molecule and the carbapenem 

molecule is the hydroxyethyl side chain allowing for a greater range of activity against 

both Gram-positive and Gram-negative bacteria 36. Initially searching for new for β-

lactam/β-lactamase inhibitors, scientists discovered Thienamycin, the precursor to 

modern day carbapenems in Streptomyces cattleya36. What started out as a promising 

new drug with activity against Gram-positive, Gram-negative and anaerobic bacteria 

came to halt when it was discovered that thienamycin was not stable in aqueous 

solutions36. Further research ensued to find a more stable molecule which resulted in the 

discovery of imipenem. Imipenem was shown to be inactivated by dehydropeptidase I 

and necessitated the co-administration of the inhibitor cilastatin 36.  

In the modern-day era, four carbapenems are used clinically including: imipenem, 

meropenem, ertapenem, and doripenem. Imipenem has been shown to have greater 

activity against Gram-positive organisms in comparison to meropenem which has greater 

activity against the Gram-negative organism. Ertapenem was developed to have a longer 

half-life than both imipenem and doripenem. Differences in the range of activity against 

certain species can be explained by the different affinity for the penicillin-binding 

proteins (PBP). Imipenem has an affinity for PBP2 and 1a while meropenem and 

ertapenem prefer to bind PBP2 and PBP3. Doripenem, on the other hand, is species-

specific having different affinities for different PBP’s across different bacterial species37.  

Carbapenems are often reserved for the most serious infections or for treating 

patients with multi-drug resistant bacteria that produce an AmpC or ESBL. Carbapenems 

have been tested in several clinical trials and have been shown to be effective in treating 

complicated intra-abdominal infections, advanced appendicitis, acute pelvic infections, 
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complicated urinary tract infections, complicated skin and skin structure infections, 

diabetic foot infections, as well as community and hospital-acquired pneumonias37 It 

must be noted that for certain bacterial infections one carbapenem might be better 

indicated for use than another. For example, in treating meningitis, both meropenem and 

imipenem can enter the central nervous system (CNS), but it has been shown that 

imipenem can cause seizures in patients38. Other considerations are that doripenem is not 

approved for treatment of pneumonia38.  

Antibiotic resistance mechanisms 

 To combat the effects of antibiotics, bacteria have developed several resistance 

mechanisms. These resistance mechanisms can be broken down into four major 

subgroups: 1) Prevention of entry of the antibiotic molecule into the cell 2) efflux of the 

antibiotic molecules 3) enzymatic degradation or modification of the molecule 4) 

modifications of the antimicrobial target. These four topics will be discussed in more 

detail below.  
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Figure 3: Structure of various carbapenems . Figure taken from 36 
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Prevention of the antibiotic molecule into the cell 

Initially described by Nakae in 1976, porins are non-specific channel-forming 

proteins found embedded in the membrane that allow for nutrients and hydrophilic 

molecules to enter the bacterial cell39,40. Gram-negative bacterial porins are comprised of 

antiparallel ꞵ-sheets with hydrophobic amino acids facing outwardly and hydrophilic 

amino acids facing inwards to form ꞵ-barrels which are connected by a series of turns and 

extracellular loops41. Porins range in size due to the interaction between the loops and the 

ꞵ-sheets in addition to the amino acid composition both of which determine what can 

pass through the porin. Additionally, the total number of porins, the presence or absence 

of certain porins, mutations in the regulatory proteins, or alterations in the rate of 

permeation can all contribute to the selective nature of the porin.  

 For example, in K. pneumoniae OmpK35 and 36 are the major porins present in 

the outer membrane. In some clinical strains of K. pneumoniae the two major porins 

OmpK35 and OmpK36  are not expressed while OmpK37 which has a smaller diameter 

opening is expressed at normal levels.42 By decreasing the influx of the antibiotics into 

the cell it prevents the antibiotic from reaching its intended target. Combined with other 

resistance mechanisms this results in a synergistic effect for resistant phenotypes. For 

example, the decreased penetration of an antibiotic into the cell and the production of a ꞵ-

lactamase could give rise to a resistant phenotype that either mechanism alone could not 

achieve. Porins implicated in resistance for our three organisms of interests for this study 

include OmpK35, OmpK36. And PhoP in K. pneumoniae, OmpF, OmpC, and PhoE in E. 

coli and OmpF in E. cloacae. 
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Efflux of the antibiotic molecule: 

Found in both Gram-positive and Gram-negative bacteria efflux pumps work to 

remove toxic substances and cellular waste from within the cell. Five families of efflux 

pumps have been identified namely 1) ATP binding cassette (ABC) transporters, 2) major 

facilitator superfamily (MFS), 3) small multidrug resistance (SME), 4) multidrug and 

toxic compound extrusion (MATE), and 5) the resistance-nodulation-cell division 

(RND)43.Genes encoding these efflux pumps can be either chromosomally or plasmid-

encoded or located on mobile genetic elements41. With the exception of the RND family 

of efflux pumps the remaining four familes are found in both Gram-positive and Gram-

negative bacteria. These pumps are monomeric in structure and allow passage of 

antibiotics and biological metabolites across the inner membrane of the bacteria cell43. In 

contrast, RND pumps which are found in Gram-negative bacteria only have a trimeric 

structure involving an outer membrane channel, a periplasmic adaptor protein, and an 

inner membrane transporter43. This configuration allows for antibiotics or other 

biological metabolites from the cytoplasm or periplasmic space to be extruded from the 

cell.  

The AcrAB-TolC pump is a well characterized RND pump found within E. coli. 

As described by Murakami et al. the first step of efflux involves the antibiotic molecule 

entering into the pump through a vestibule site and into a binding pocket. The exit to the 

binding pocket is enclosed by a central helix inclined from the extrusion protomer44. 

Once the antibiotic is ready to be extruded the vestibule closes and the exit is opened and 

the drug is pushed out due to the binding pocket narrowing. This is coupled with proton 

translocation across the membrane44. Once the molecule has exited, it then flows through 
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the TolC domain and out of the cell. Mutations can play a role in the level of efflux pump 

activity. These mutations can increase the efficiency of the pump to extrude antibiotics 

from the cell but these mutations may also come at a fitness cost for the cell. Common 

efflux pumps found within Klebsiella include AcrAB-TolC, in E. coli AcrAB-TolC, 

AcrAC-TolC, MdtABC-TolC, and in Enterobacter cloacae AcrAB-TolC 

Altered Targets and Modification of the antibiotic molecule or target 

The effectiveness of an antibiotic can be modified by altering the affinity of the 

drug to the target molecule within the cell. Due to the different targets belonging to the 

different drug classes bacteria have developed several modifications to evade the 

detrimental effects of these antibiotics. In a paper published by Peter Lambert in 2005, 

Lambert discusses several modifications within bacterial cells which lead to resistant 

phenotypes. The following section will be a review of some of his key points found 

within his review.  

For the ꞵ-lactam drug class modifications to the penicillin-binding proteins have 

been described. One of the most notable examples occurs within Staphylococcus aureus 

due to the acquisition of the mecA gene. This gene encodes for PBP2a which has a lower 

affinity for ꞵ-lactam antibiotics than PBP2. Besides alterations in specific penicillin-

binding proteins, some bacteria have the ability to overproduce certain PBPs which have 

a lower affinity to ꞵ-lactam antibiotics. Changes in the composition of peptidoglycan 

precursors can also cause a decrease in the effectiveness of certain antibiotics. For 

example, in Enterococcus faecalis the acquisition of the VanA and VanB gene cluster 

changes the terminal D-alanine to a D-lactate reducing the affinity of glycopeptides. 

Mutations in GyrA and GyrB, lead to reduced fluoroquinolone affinity for DNA gyrase, 
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an essential enzyme for uncoiling the DNA ahead of the replication fork. Additionally, 

mutations in ParC and ParE can inhibit the action of Topoisomerase IV, which is 

involved in the separation of daughter chromosomes. Both of these mutations lead to 

resistance to the fluoroquinolones. Resistance to aminoglycosides is caused by mutations 

in the 16S rRNA gene and aminoglycoside modifying enzymes. Methylation of the 23S 

rRNA and/or alterations in the 50S ribosomal subunit causes resistance to macrolides  

Enzymatic degradation: 

The focus of this thesis work is on the ꞵ-lactamase, KPC. ꞵ-lactamases hydrolyze 

β-lactam drugs rendering them inactive. ꞵ-lactamases have evolved to inactivate a wide 

range of β-lactam antibiotics. Some ꞵ-lactamases can only hydrolyze the penicillin class 

while others can hydrolyze the entire ꞵ-lactams drug class. All ꞵ-lactamases work by 

cleaving the amide bond in the ꞵ-lactam ring rendering the drug ineffective. ꞵ-lactamases 

can be grouped two ways. The first is based on their biochemical and functional 

characteristics while the second is based on the molecular characteristics of the enzyme9.  

In brief, the molecular classification can be broken down into four groups A, B, 

C, and D more commonly called the Ambler classification. Class A, C, and D have a 

serine residue at their active site while class B require a metal ion to induce their activity. 

Class A ꞵ-lactamases are inhibited by clavulanic acid and other inhibitors. Class B also 

called metallo-β-lactamases have at least one active site in a which zinc atom can be 

found and are readily inhibited by metal iron chelators, such as EDTA. Class C was given 

its class name due to differences in the size of the serine enzymes; 360 amino acids for 

class C while class A and D enzymes have 310 amino acid or less45. Class C enzymes are 

not inhibited by the ꞵ-lactamase inhibitors clavulanate, tazobactam, or sulbactam. Class 
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D also known as the oxacillinases have a different amino acid composition than that of 

the class A and C ꞵ-lactamases and have the ability to hydrolyze cloxacillin and oxacillin 

at an increased rate although this is now up for debate46. Class D β-lactamases are 

typically not inhibited by ꞵ-lactamase inhibitors but rather by sodium chloride46. As 

stated above different ꞵ-lactamases have different hydrolytic abilities, for this study we 

will discuss the following groups 1) the penicillinases 2) AmpC or cephalosporinases 3) 

extended-spectrum β-lactamases (ESBLs), and 4) carbapenemases (Figure 5).  

Figure 4: Ambler classification of different ꞵ-lactamases, figure adopted from 47 

 

Flowchart displaying the different ambler classification of the ꞵ-lactamases described by 

hydrolytic ability, chromosomal or plasmid-encoded genes and whether the resistance is 

intrinsic or acquired.  
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Penicillinases: 

Penicillinases have limited hydrolyzing activity as they only work on the 

penicillin class of ꞵ-lactam antibiotics. Early on, Fleming noticed that some bacteria were 

not killed by the Penicillium mold. In 1940, two scientist Abraham and Chain published a 

paper in which they described the enzymatic degradation of penicillin by E. coli48. Today, 

many species of the Enterobacteriaceae family harbor genes that encode for the 

production of penicillinases. For example, in Klebsiella pneumoniae, SHV-1 is one of the 

most prevalent resistance genes housed on the chromosome that hydrolyzes the 

penicillins. 

Extended-Spectrum Beta-Lactamases (ESBLs) 

Extended-spectrum ꞵ-lactamases have activity against the penicillins, the 1st, 2nd, 

3rd, and 4th generation cephalosporins, and aztreonam but can be inhibited by the ꞵ-

lactam/ꞵ-lactamase inhibitors or the cephamycins. ESBLs can be found in a variety of 

Gram-negative organisms including E. coli, Klebsiella ssp., Proteus mirabilis, 

Citrobacter ssp., Enterobacter ssp., Morganella morganii, Providencia stuartii, 

Salmonella ssp., Serratia marcescens, Shigella spp. Pseudomonas aeruginosa, 

Acinetobacter baumannii, Aeromonas hydrophilia, and Burkholderia cepacia49. The 

majority of these enzymes are encoded on plasmids allowing for horizontal gene transfer 

and belong to the molecular class A group which is inhibited by clavulanic acid. 

Additionally, there are some class D ESBLs and most are found within P. aeruginosa and 

Acinetobacter spp. and limited members of the Enterobacteriaceae family50.  
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Originally the most common ESBLs were those belonging to the TEM and SHV 

family (with the exceptions of TEM-1, TEM-2, and SHV-1) but these have now been 

replaced by members of the CTX-M family.51 Of the CTX-M family, CTX-M-15 and 

CTX-M-14 are the most prevalent ESBLs in the world, being found on plasmids, 

transposons and having integrated successfully into the pandemic clone ST13152. E. coli 

ST131 isolates are troublesome due to the fact that they often have high fluoroquinolone 

MICs and can often encode different ESBLs. A study looking at the prevalence of ST131 

isolates across different U.S. Veteran Affair centers revealed that 78% of the ST131 

isolates demonstrated a resistant phenotype to the fluoroquinolones while 64% of isolates 

produced an ESBL53. The global distribution of ST131 isolates can be seen in Figure 6 

Detection of ESBLs can be challenging based on the species of the bacteria. 

Currently, the clinical lab standard Institute (CLSI) only has breakpoints to detect ESBLs 

established for three genera of bacteria, E. coli, Klebsiella ssp., and Proteus mirabilis54. 

Additionally, not all ESBLs have the same substrate preference making a phenotypic 

method test difficult. To increase the ability to detect organisms with ESBLs, 

commercially available phenotypic and molecular test have been developed. In addition, 

the CLSI has lowered the breakpoints of relavant of the antibiotics to help with the 

detection of ESBL producing isolates54. 

AmpC 

AmpCs have hydrolytic activity against the cephalosporins, cephamycin’s, 

monobactams, penicillins as well as ꞵ-lactam/ꞵ-lactamase inhibitors. AmpCs can be 

either chromosomally encoded or encoded on a plasmid. Chromosomally encoded 

AmpCs can be found in Enterobacter spp., Serratia spp., Citrobacter freundii, 
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Providencia spp., Morganella spp., Hafnia alvei, Pseudomonas aeruginosa, and Yersinia 

entercolitica54. 

Figure 5: Prevalence of E. coli ST131 isolates across the world, figure is taken from 

Nicolas-Chanoine et al. 55.  

 

 

Chromosomal AmpCs and some plasmid-encoded AmpCs are inducible 

(activated) by cephamycins and the carbapenem, imipenem. Resistance to most β-lactams 

except the carbapenems occurs through the overproduction of the AmpC enzyme. 
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Constitutive production of the AmpC enzyme (or derepression) results in 

resistance to all the β-lactam classes except the carbapenems. Plasmid-mediated AmpCs 

have been associated with multiple β-lactam phenotypes and can be inducible, but the 

majority are not54. Plasmid-encoded AmpCs can be found in bacterial genera including 

Klebsiella pneumoniae and K. oxytoca, E. coli, Salmonella spp., and Proteus mirabilis. 

Currently, there are over 222 plasmid-encoded AmpC variants with CMY, FOX, and 

DHA being the most prevalent54.Plasmid-encoded AmpCs pose a significant challenge in 

detection when produced in cells that also produce an ESBL. ESBLs can mask the 

presence of an AmpC when using phenotypic tests. Also, the interplay between resistance 

mechanisms can cause phenotypic results consistent with carbapenem resistance. 

Phenotypic testing cannot differentiate the difference between chromosomally or 

plasmid-encoded AmpC. The only way to differentiate these genes is by using a 

multiplex PCR56.  

Carbapenemases 

Carbapenemases have the ability to hydrolyze almost all classes of ꞵ-lactam 

antibiotics. However, carbapenem resistance does not mean that the isolate necessarily 

produces a carbapenemase enzyme. Rather the synergetic effect of multiple resistance 

mechanisms can lead to a carbapenem-resistant phenotype. For the purpose of this 

portion of the review, the focus will be on Enterobacteriaceae that produce 

carbapenemases. Carbapenemases belong to three of the four molecular classes (Class A, 

B, and D). Figure 7 demonstrates the distribution and prevalence of the five clinically 

relevant carbapenemases (KPC, IMP, NDM, VIM, OXA) . Genes encoding 

carbapenemases can be either chromosomally or plasmid encoded. Class A 
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carbapenemases are inhibited by clavulanate and tazobactam. The most prevalent class A 

carbapenemases is Klebsiella pneumoniae Carbapenemase (KPC) which will be 

discussed in further detail below. Other members of the class A carbapenemases group 

include Serratia marcescens enzyme (SME), imipenem-hydrolyzing β-lactamase (IMI) 

which are chromosomally encoded and Guiana extended-spectrum (GES) which is 

plasmid encoded.57 Class B carbapenemases IMP (active on imipenem), Verona integron-

encoded (VIM), and New Delhi metallo-β-lactamase (NDM) are inhibited by metal ion 

chelators, such as EDTA. The Class D carbapenemases include OXA-48 and OXA-181 

which are the most prevalent Class D carbapenemases.  

Detection of carbapenemase producing isolates is a challenge due to the different 

classes of carbapenemases as well as the possible interplay between multiple mechanisms 

in non-carbapenemase producing isolates. Some of the proposed phenotypic tests for 

detecting carbapenemase producing bacteria include the modified Hodge test, the 

carbapenem inactivation method (CIM), the Carba NP test, and the Rosco ꞵ-lactamase 

detection disks54 Depending on the suspected carbapenemase a variety of disk diffusion 

test have been developed to address the different classes of carbapenemases54. Molecular 

tests have also been developed, which allow for rapid identification of the presence of 

carbapenemase genes. Other technologies for the detection of carbapenemase producers 

include mass spectroscopy, whole genome sequencing, and spectrophotometric assays58. 
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Figure 6: Distribution of the five clinically relevant carbapenemases (IMP, KPC, NDM, 

OXA, VIM). Figure is taken from 59 
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Figure 7: Distribution of blaKPC through the world. Figure adopted from 60 
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Figure 8: Prevalence of blaKPC within the United States, figure adopted form 61 
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Klebsiella pneumoniae carbapenemases (KPC) 

Klebsiella pneumoniae carbapenemase is a Class A serine carbapenemase capable 

of hydrolyzing the entire ꞵ-lactam drug class. Predominantly found within Klebsiella 

pneumoniae, blaKPC can be found in other Gram-negative bacteria including Klebsiella 

oxytoca, Escherichia coli, Enterobacter cloacae, Citrobacter freundii, Acinetobacter 

baumanii, Pseudomonas aeruginosa, as well as Salmonella enterica. A total of 22 

different allelic variants have been described with KPC-2 and KPC-3 as the most 

prevalent. KPC genes are typically encoded on a 10-kb TN-3 like transposon as seen in 

Figure 13. This transposon is comprised of two inverted repeats each with 38 base pair 

(bp) imperfect repeats, transposase and resolvase genes, two insertion sequences (ISKpn6 

and ISKpn7) and the blaKPC structural gene. Additionally, blaKPC has integrated into 

different transposons such as the Tn5563 or Tn1721 transposons. These different 

transposons possess different truncations and/or insertions which lead to varying levels of 

expression as shown by Naas et al. looking at P. aeruginosa and A. baumanii isolates62. 

Studies have shown that that increases in expression and copy number did not directly 

correlate with susceptibility in P. aeruginosa and A. baumanii62,63. Predominantly, blaKPC 

is encoded on plasmids, predominantly on IncF and InCF11κ type plasmids. A recent 

study, published by Mathers et al. demonstrated that chromosomal integration of the 

blaKPC gene occurs but at a very low frequency. In their study Mathers looked at 281 

isolates to try and determine if the blaKPC gene had integrated into the chromosome of the 

bacteria. Of the 281 isolates a total of 123 (44%) of isolates were selected for further 

investigation based on de novo assemblies which showed homology to known 
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chromosomal sequences64. Using PacBio long read sequencing a total of 5 isolates were 

confirmed to have chromosomal integration of the blaKPC gene64.  

The success of KPC can be attributed in part to the integration of blaKPC gene into 

a successful clonal complex ST258. A study performed in 2009, by the CDC, evaluated 

K. pneumoniae isolates carrying blaKPC in the New York area and found that 70% of the 

blaKPC isolates belonged to K. pneumoniae ST258. It is thought that the ST258 clonal 

group is a hybrid due to a recombination event between ST11 and ST442 and an 

integrative conjugative element ICEKp258.2, which encodes type IV pili and the type II 

restriction-modification systems.65 ST258 clones have also been shown to have the 

propensity to encode multiple resistance genes resulting in resitance to carbapenems, 

fluoroquinolones, macrolides, select aminoglycosides, chloramphenicol, trimethoprim-

sulfonamide as well as colistin66. ST258 clones have also been shown to reduce the 

number of porin channels as well as encode for modifications to the capsule 

polysaccharide gene (cps) allowing for the evasion of the bacteria from host immune 

factors. Interesting new epidemiological data has shown a shift in the predominant 

sequence type in certain regions of the world. Mainly in Asia, ST11 in now the 

predominant sequence type and a shift from ST258 into ST307 is becoming a new threat 

for transmission of blaKPC
60.  

 Of grave concern is the movement of blaKPC into another successful pandemic 

clone ST131 E. coli. While the level of carriage of blaKPC in E. coli is relatively low 

compared to K. pneumoniae, a study by Pitout et al. showed a propensity for ST131 

isolates to acquire the blaKPC gene67. A table taken from the study can be seen in Table 3. 

Although NDM is the most prevalent carbapenemases found in the E. coli population, 
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when evaluating ST131 isolates alone, Pitout et al. found the prevalence of blaKPC 

accounted for over half (58%) of the carbapenemases genes found within the ST131 

isolates67.  

Table 4: Prevalence of carbapenemases in ST131 E. coli, table is taken from 57  

 

Epidemiology 

First identified in 1996, in a patient in North Carolina blaKPC has now spread 

across the world. Initially, blaKPC was predominantly found in the northeastern region of 

the United States but has since spread across the United States. According to SENTRY 

study which looked at the prevalence of blaKPC in K. pneumoniae over a two-year period 

(2007-2009) the mid-Atlantic states had the highest prevalence of blaKPC with an average 

of 28.6% of carbapenem-resistant isolates containing the blaKPC gene. This was followed 
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by the East North Central region (2.4%) and South Atlantic region (1.8%)68. The overall 

prevalence of blaKPC producing K. pneumoniae was 5.5% for the entire study with no 

other carbapenemase genes being found69. According to the CDC, as of December 2017, 

every state in the U.S has had at least one positive blaKPC isolate61. Looking globally, 

blaKPC is endemic to nine other countries including China, Taiwan, Italy, Greece, Poland, 

Israel, Brazil, Columbia, and Argentina and can be found sporadically in a multitude of 

countries worldwide.60  

Israel was the second country inundated with KPC producing K. pneumoniae, the 

incidence of blaKPC peaked in 2007-2008 with 65% of carbapenem-resistant K. 

pneumoniae isolates identified as harboring blaKPC
60. Although the overall prevalence of 

carbapenem-resistant K.pneumoniae has decreased in Israel the fraction of resistant 

isolates harboring blaKPC increased from 65% in 2008 to 85% in 2013.70 Taking a closer 

look at the prevalence of blaKPC in Europe, Italy and Greece have historically and are 

presently the hotspots for KPC producers. A study in Italy looking at the prevalence of 

carbapenemases producing isolates 89.5% (204/229) were identified as blaKPC producing 

isolates71. Greece has a notorious history of harboring carbapenem-resistant 

Enterobacteriaceae, taking a closer look at the prevalence of blaKPC a study performed by 

Tsakris et al. found the prevalence of blaKPC producing K. pneumoniae roses from 0% in 

2007 to 38.3% in 2010 72. 

Bacterial Transcription 

Transcription of genes on the chromosome or on the plasmid is completed using 

the enzyme RNA polymerase; this enzyme is comprised of five subunits ꞵ,ꞵ’,α2, ω and 
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requires different sigma (σ) factors to recognizes the promoter. The promoter is 

comprised of two segments of DNA called the -10 and -35 elements each consisting of 

roughly six nucleotides. To bind the promoter RNA polymerase requires a sigma factor 

which binds to the enzyme to guide the polymerase to the DNA, opens the double 

stranded DNA at the -10 region of the promoter allowing for transcription to begin.73 The 

number of sigma factors can vary between bacterial species. For example, E. coli have a 

total of seven sigma factors while Bacillus subtilis have 18 σ factors.74 In addition to 

sigma factors, DNA binding proteins can influence gene expression in both a positive or 

negative way depending on the factor bound and the need for that gene product by the 

cell. 

blaKPC Promoter  

Initial studies performed by Yiget et al. and Gootz et al. tried to determine the 

promoter region of the blaKPC gene75,76. Yiget et al. showed a relatively conserved -10 

sequence in relation to a traditional σ70 sequence mapping the transcriptional start site to 

39 base pairs upstream of the start codon.75 Unfortunately, while looking for a -35 start 

site no good conserved sequence could be determined, so a 17 base pair spacer was 

placed between the -10 and what was designated as the -35 sequence75. A study published 

by Hanson et al. in 2011 identified that the blaKPC promoter is comprised of a distal and 

proximal promoter.63 As described Hanson et al, using 5` RACE the distal transcriptional 

start site was mapped to an adenine residue 286 base pairs upstream of the translational 

start codon. The proximal transcriptional start site was mapped to a thymine residue 140 

base pairs upstream of the translation start codon. Discovery of the distal promoter was 

newly described and had an almost perfect sigma 70 sequence. Interestingly the location 
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of the proximal promoter was mapped to a different location than originally proposed by 

Yiget and Gootz in which the proximal transcriptional start site was shifted 55 base pairs 

upstream. In 2012, Naas et al. used 5` RACE and determined that the blaKPC promoter is 

comprised of the three promoters.77 The location of the distal promoter was in 

concordance with the previously mapped site by Hanson et al.. Naas mapped two 

additional promoters, in which Nass agreed with Yiget et al. on the location of the most 

proximal promoter with the exception that Naas determined that the location of the -35 

and -10 sequences was shifted two nucleotides upstream but maintained the same 17 base 

pair spacers77. This proximal promoter is notated P1 in Naas’s paper. During Hansons 

research, this promoter was not mapped and is not the location of proximal promoter. 

Finally, Naas found a third promoter located in between the distal and proximal promoter 

(notated as P3). This promoter corresponds to the proximal promoter Hanson et al. had 

mapped with the exception that Naas’s group reported the promoter was located 11 base 

pairs upstream of where Hanson et al. had mapped it. A figure from Naas’s paper 

illustrates the location of the promoters as proposed by Naas. 

 Further studies performed by Naas determine that the P3 promoter (the proximal 

promoter in Hanson et al.) was not a functioning promoter by creating a clone in which 

the P3 promoter was placed directly in front of the structural blaKPC gene. Little 

expression was observed and was equal to constructs that did not have a promoter at all77. 

It must be noted that neither the P1 promoter nor the P3 promoter described by Naas has 

good sequence homology to the traditional sigma seventy sequence found within E. coli. 

Continuing on the Mathers group evaluated the role of the P1 and P2 promoter by 

creating a series of lacZ constructs comprised of the individual promoter sequences and 
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evaluating the enzymatic activity of β-galactosidase. The P1 promoter did not have any 

enzymatic activity while the P2 promoter did show elevated levels of ß-gal production. 

Interestingly, when Mathers included the P2 sequence plus the intervening sequence 

between the P2 and P1 promoter the highest level of enzymatic activity was observed78. 

Deletions to the promoter region of the blaKPC gene have been observed. 

Currently, eight different promoter isotypes have been described for blaKPC and can be 

seen in Figure 1178.  

In a study performed by Mathers et al. two different promoter isotypes Tn4401a 

and Tn4401h which harbor a 99 and 118 bp deletion were evaluated against the no 

deletion isotype Tn4401b using real-time reverse transcription PCR (qRT-PCR) and a 

series of lacZ fusions78. Plasmids which harbored the three different promoter isotypes 

were isolated from clinical isolates before being transformed into DH10B E. coli cell. 

Quantitative real-time PCR (qRT-PCR) results indicated that the E. coli transformant 

which harbored the 99 bp deletion had a 23-fold increase in expression while the 188 bp 

deletion transformant had a four-fold increase in expression in comparison to the no 

deletion transformant. Additionally, Mathers created a series of lacZ constructs by 

cloning the different promotor structures in front of the lacZ gene and measuring the level 

of β-gal activity within the same bacterial background. The lacZ fusion clones showed 

the same result as the gene expression data with the 99 base pair deletion having the 

highest enzymatic level followed by the 188 base pair deletion and the no deletion clone 

having the lowest level of enzymatic activity78. Mathers also performed susceptibility 

testing on the parent strains as well as the transformants. For the parent strains all three 

isolates had a meropenem MIC of ≥16 μg/mL using the Vitek 2. In addition to the Vitek2 
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a series of broth microdilutions were set up to determine the actual MIC of each isolate. 

Both isolates harbored with the 99bp and 188 bp deletion had a meropenem MIC of 1024 

μg/mL while the full-length clone had an meropenem MIC of 256 μg/mL. Looking at the 

transformants both the 99 bp and 188 bp transformant had a meropenem MIC of ≥16 

μg/mL while the no deletion transformant had a meropenem MIC of 0.5 μg/mL. Again, 

broth microdilutions were set up, the 99 bp transformant had a meropenem MIC of 16 

μg/mL while the 188 bp transformant had a meropenem MIC of 4 μg/mL and lastly the 

no deletion transformant had a meropenem MIC of 1 μg/mL. 

While the use of lab strains allows for easy alterations and manipulation of 

bacterial genomes they are not clinical isolates which have their own unique genomes 

that may impact the regulation of the gene of interest. This study looks to first, elucidate 

the role these promoters play in relation to gene expression and protein production within 

a Klebsiella pneumoniae background. Second, this study evaluates levels of gene 

expression and protein production between E. coli ST131 and non-ST131 isolates. Third, 

this study evaluates how deletions within the blaKPC promoter effect levels of gene 

expression and protein production within an E. coli and K. pnuemoniae background. 

Finally, this study evaluates the upstream region of the blaKPC gene to determine 

interaction between DNA binding proteins and the promoter region of the blaKPC gene. 

From the previous data in the literature we hypothesize that the distal promoter is 

responsible for driving gene expression and protein production and that certain specific 

DNA binding proteins are involved in initiating the expression of blaKPC from the distal 

promoter. 

 



40 
 

Figure 9: Map of possible promoters for the blaKPC, Figure adopted from Naas et al.77  

 

Figure 10: Different KPC promoter isotypes, figure adopted from 78 
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Figure displays the eight different promoter isotypes found within the blaKPC gene. Of 

interest to this study is Tn4401a and Tn4401b. Tn4401a has a 99 base pair deletion 

which was observed in some of the clinical isolates tested in this study. Previous research 

shows this deletion lead to increased gene expression and increased MIC.78,79 

Materials and Methods 

Bacterial strains used in this study 

 Strains for this study are shown in Table 4. Eight deletion clones (A-G) of the KP-

23 w/ KPC-2-pMP220 were created by Dr. Amanda Roth which have systematic 

deletions to the promoter regions. These deletions clones were made by PCR amplifying 

the promoter region of the blaKPC-2 promoter region and cloning them into pCR2.1 

(Invitrogen) before being subcloned into pMP220.80 Finally, the KPC-2-pMP220 

construct was transformed into KP-23 an isolate from 1973 before the creation of 3rd, 4th 

generation cephalosporins, as well as the carbapenems. Due to its origin, the KP-23 

isolate does not have any ꞵ-lactamase gene hydrolyzing 3rd, and 4th generation 

cephalosporins or the carbapenems. A total of 44 isolates were used in this study. Of the 

44, 19 were E. coli with 12 were positive for KPC. A total of 19 isolates were Klebsiella 

pneumoniae with 8 clinical isolates and the eight deletion clones positive for KPC. 

Finally, eight Enterobacter cloacae were used and four were positive for the presence of 

the KPC gene. 
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Table 5:Strains used in this study: 

Organism Strain ß-lactamase enzyme Study Involvement 

K. pneumoniae KP-23 No ꞵ-lactamase enzyme described B/D 

K. pneumoniae 
KP-23 w/KPC-2-Pmp220 

Clone A-G 
KPC-2 A/B/D 

K. pneumoniae UMM3 KPC-2 A/B/D 

K. pneumoniae Cal 45 KPC-2 D 

K. pneumoniae Cal 50 CTX-M-14 D 

K. pneumoniae Cal 51 CTX-M-14 D 

K. pneumoniae Cal 118 CTX-M-15 D 

K. pneumoniae Cal 119 CTX-M-15 D 

K. pneumoniae GEI 8 KPC A/B 

K. pneumoniae GEI 80 KPC A/B 

K. pneumoniae UMMC 388 CTX-M-15-like D 

K. pneumoniae UMMC 247 CTX-M-15-like D 

K. pneumoniae Kleb 378 CTX-M-14, OXA-48 D 

E. coli Doi 001 KPC-2, TEM-1 C/D/E 

E. coli Doi 003 KPC-2, TEM C/D/E 

E. coli Doi 004 KPC-2, TEM-1 C/D/E 

E. coli Doi 005 KPC-2, SHV-12, TEM-1 C/D/E 

E. coli Doi 006 KPC-3, TEM-1 C/D/E 

E. coli Doi 008 KPC-3, CMY-44,TEM-1 C/D/E 

E. coli Doi 009 KPC-2, TEM-1 C/D/E 

E. coli Doi 011 KPC,-3, TEM-1 C/D/E 

E. coli Doi 012 KPC-3 C/D/E 

E. coli Doi 013 KPC-2. TEM-1 C/D/E 

E. coli Doi 014 KPC-2, TEM-1 C/D/E 

E. coli Doi 018 KPC-3, SHV-7, TEM-1 C/D/E 

E. coli CUMC 247 CTX-M-15 D 

E. coli R5059 CTX-M-14 D 

E. coli JJ2244 CTX-M-15 D 

E. coli FHM 16 N/A D 

E. coli F010 CTX-M-15 D 

E.coli FS-ESBL-013 CTX-M-14 D 

E.coli ATCC 25922 No ꞵ-lactamase enzyme described E 

Enterobacter cloacae ENT 341 No ꞵ-lactamase enzyme described D 

Enterobacter cloacae ENT 345 No ꞵ-lactamase enzyme described D 

Enterobacter cloacae ENT 346 No ꞵ-lactamase enzyme described D 

Enterobacter cloacae ENT 295 KPC D 

Enterobacter cloacae ENT 268 KPC D 

Enterobacter cloacae ENT 305 KPC D 

Enterobacter cloacae ENT 312 KPC D 

Enterobacter cloacae E13047 No ꞵ-lactamase enzyme described D 

Key for study designation: A: Gene Expression, B: Protein Production, C: Doi Study, 

D:EMSA, E: Disk diffusion/E-test 
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Susceptibility testing 

Disk Diffusion and ETEST® were performed according to the Clinical 

Laboratory Standards Institute (CLSI) guidelines. Mueller Hinton Agar (MHA) was used 

for disk diffusion and ETEST® as recommended by the CLSI due to its reproducibility, 

low inhibition of select antibiotics, as well as allowing for adequate growth 81. MHA was 

prepared according to manufacturer’s instructions and autoclaved for sterilization. Media 

was allowed to be cooled to 50˚C before being poured to a 4 mm thickness. Isolates to be 

tested were plated on blood agar plates, and from the overnight culture a 0.5 McFarland 

standard was prepared. Plates were inoculated using a sterile swab rotating the plate 

approximately 60˚ a total of three times to ensure a lawn growth. Depending on the 

question being asked an antimicrobial disk was placed to determine the susceptibility of 

an isolate or an ETEST® was used to determine a minimum inhibitory concentration 

(MIC). Once a disk or ETEST® was placed onto the MHA plate it was incubated for 16-

22 hours at 37˚C before being read. For each isolate being tested, a control strain (ATCC 

25922) was used to ensure that results were accurate. 

DNA Methods: 

DNA Prep by Heat 

Desired colonies were grown overnight on blood agar plates. A single colony was 

picked from the agar plate and placed into a 5 milliliter (mL) of Mueller-Hinton Broth 

(MHB). Once the tube was inoculated the culture was allowed to grow for 3 hours to 

allow for sufficient growth to isolate DNA. Once sufficient growth has been achieved a 

1.5 mL microfuge tube was filled with 1500 microliters (uL) of culture and spun at 
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13,000 rpm for 5 min. Once centrifugation was complete the supernatant was pipetted off 

and replaced with 400 uL of sterile water resuspending the pellet in the process. The 1.5 

mL tube was placed in a heating block set at 95˚C for five minutes. Following the five 

minute incubation, the tube was spun in the microfuge at 13000 x g for 5 min. 300 uL of 

the supernatant was collected and placed into a new sterile microfuge tube and stored at -

20˚C.  

Endpoint PCR 

Endpoint PCR was performed for a variety of purposes such as validating primers, 

creating amplicons for sequencing, and validation of the KPC gene within frozen stock and 

clinical isolates. For each reaction, two negative controls were run which lacked any DNA 

template to ensure none of the PCR reagents were contaminated. If needed, positive 

controls were run alongside tests to ensure the accuracy of results. All endpoint reactions 

were run on the C1000 Touch™ Thermocycler (Bio-Rad). For testing new primers as well 

as screening stocks and isolates, a 25 μL reaction with Taq polymerase (Fisher) was 

utilized. A PCR master mix was used to assemble and distribute the PCR reagents, The 

master mix contained the following reagents 16.25 μl of dH20, 2.5 μl of 10 X PCR buffer, 

1.5-2 μL of 25 mM MgCl2, 0.5 μL of 10 mM dNTP, 1.3 μL of both forward and reverse 

primers at a concentration of 10 μM.  

For endpoint PCR a total of 1 μL of DNA was used as a template for amplification. 

For testing new primers and detecting genes of interest within a bacterial population the 

DNA template was obtained by boil prep. For sequencing, the DNA template was prepared 

using the DNeasy Blood and Tissue (Qiagen) kit following the manufacturers instructions. 

Cycling conditions consisted of an initial denaturation phase of 5 min at 94˚C followed by 
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40 cycles consisting of 30 seconds at 94˚C for denaturation of the template followed by 30 

seconds at a variety of annealing temperatures ranging from 48-67˚C, (typically 51˚C for 

analysis using KPC primers) and 30 seconds at 72˚C for extension (Table 5). Following 

the 40 cycles, samples were held at 4˚C until samples were run on an agarose gel for 

visualizing results. Samples needing to be sequenced required a reaction volume of 50 μL, 

and Q5 (NEB) was used as the polymerase due to its high fidelity instead of Taq. Master 

mix components were prepared as follows: 10 μL of 5X Q5 Reaction buffer, 1 μL 10 mM 

dNTP’s, 2.5 μL of 10 μM forward and reverse primers, 0.5 μL (0.02U of Q5 High-Fidelity 

DNA polymerase), and finally 32.5 uL of PCR grade water. A total volume of 1 uL of 

DNA was added to serve as a template for amplification. Cycling conditions consisted of 

an initial denaturation phase of 30 seconds at 98˚C followed by 40 cycles consisting of 10 

seconds at 98˚C followed by 30 seconds at a variety of temperature ranging from 55-67˚C 

depending on the product, and 30 seconds at 72˚C. A total of 40 cycles was used due to the 

fact that this was the number of cycles used during real-time analysis. The desire to keep 

the processes consistent between the two molecular tests was the rationale for using 40 

cycles for amplification. A final extension step consisted of 2 minutes at 72˚C before being 

held at 4˚C before samples were run out on an agarose gel for analysis. 

PCR Product Purification 

 PCR products were purified using the Millipore Amicon ® Ultra 50K– 0.5 mL 

Centrifugal Filters (Burlington, NH). In short, 45 μL of PCR product was added to the 

Amicon ® Ultra 50K– 0.5 filters and inserted into the provided microcentrifuge tube. A 

total of 450 uL of sterile nanopure water was added to the filter unit. PCR products were 

purified by centrifugation by spinning the filter/tube at 13,000 X g for 7 min. After seven 
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minutes, the flow through within the tube was discarded and the filter unit was inverted 

into a new microfuge tube and centrifuged at 6,000 X g for three minutes to elute the 

DNA. Post centrifugation, the filter unit was discarded and the purified product 

quantified using spectroscopy. 

Sequencing 

ST131 and non-ST131 E. coli isolates (Doi isolates) were sent off for sequencing 

due to suspected deletion in the promoter region of 5 isolates. Purified PCR products 

amplified using DNA isolated from the Doi isolates were diluted to a concentration of 50 

ng/μL in a volume of 10 μL per the request of the Functional BioSciences (Madison, WI) 

where samples were analyzed. Along with the purified PCR products forward and reverse 

primers (at a1.3 μL per reaction at a concentration of 10 μM primer) were sent with enough 

volume to run each reaction. Results were sent back in an electronic format AB1 files. ApE 

was used to align DNA sequences obtained from the Doi isolates and compared to the 

reference sequence EU176012.1.80,82 

RNA Methods: 

RNA Isolation 

RNA was isolated from bacteria using the acid guanidium thiocyanate-phenol-

chloroform-extraction method. For RNA isolation the TRIzol™ Max™ Bacterial RNA 

Isolation Kit (Thermo) was used and is comprised of acidic phenol, guanidine 

isothiocyanate, as well as ammonium thiocyanate. Guanidium thiocyanate is a chaotropic 

agent that helps dissociate DNA and RNA from proteins while deactivating both DNases 

and RNases 83. Acidic phenol (pH~4) mixed with chloroform helps retain the RNA in the 
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aqueous phase of the reaction while helping to denature proteins. In addition to 

denaturing of proteins chloroform helps pull excess phenol down into the organic phase 

with the assistance of centrifugation resulting in an aqueous layer containing the RNA 

and an organic phase of cellular debris, proteins, and DNA 84. Solutions used for isolation 

were prepared with diethylpyrocarbonate (DEPC) water to inactivate RNases by 

ethoxyformylatoin of the histidyl group of the RNase enzyme 85.  

Isolates were grown on blood agar plates overnight for 18-22 hours. Sidearm 

flasks containing 95 mL of MHB were inoculated to an O.D.600 of 0.100 and placed in an 

orbital shaker set to 37˚C and 155 rotations per minute (rpm). Cultures were allowed to 

grow to a mid-log phase (O.D.600 0.500) which was measured by spectroscopy. When in 

mid-log phase, 1.5 mL of culture was placed into a sterile microfuge tube and centrifuged 

at 17,300 x g at 4˚C for two minutes to pellet the cells. Following centrifugation, the 

supernatant was pipetted off and replaced with 800 μL TRIzol™ resuspending the pellet 

completely during this process. After the pellet had been resuspended 200 μL of pre-

heated cell lysis buffer (final concentrations: 0.5 M sodium acetate, 5% SDS, DEPC 

water) was added to the tubes. Tubes were closed and inverted a total of 5 times before 

being placed into a 95˚C hot water bath and incubated for four minutes. Following the 

four-minute incubation the tubes were taken out and allowed to cool for 5 minutes at 

room temperature. Next, 200 μL of ice-cold chloroform was added to tubes and shaken 

for 30 seconds to allow for the denaturation of proteins, removal of phenol from the 

aqueous phase as well as the formation of two distinct phases. Tubes were centrifuged at 

8,000 x g for 15 minutes. Upon completion of centrifugation three distinct layers could be 

observed, a pink liquid layer which holds the polysaccharides, phenol, and chloroform, a 
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white layer which has protein and cellular debris, and finally a clear aqueous layer which 

contained the RNA. 400 μL of the upper aqueous phase was removed and placed into a 

new 1.5 microfuge before an equal volume of ice-cold isopropanol was added to the 

tubes and mixed by inversion. Tubes were incubated at room temp for 10 minutes before 

being centrifuged at 8,000 x g for 10 minutes. Following centrifugation, the supernatant 

was taken off and 1 mL of 75% ethanol was added. Tubes underwent centrifugation for 5 

minutes at 5,000 rpm before the supernatant was removed and tubes were allowed to air 

dry for five minutes. Finally, 50 μL of TE was added to each tube and samples were 

analyzed by spectroscopy (BioTek Eon) to determine the 260/280 ratio as well as the 

amount of RNA per microliter. To ensure samples had not been degraded a 1% agarose 

gel was run and stained using ethidium bromide before being imaged using the Gel Doc 

EZ Imager (Bio-rad, Hercules,CA). While imaging a 2:1 ratio between the 23S and 16S 

rRNA subunits was desired, a perfect 2:1 ratio was not always observed for some of the 

clinical isolates.  

DNase treatment. 

RNA samples underwent further purification to remove DNA and protein 

contamination to ensure the highest quality of RNA was used for real-time analysis. RNA 

samples were analyzed by spectroscopy in order to quantitate the amount of RNA and 

determine how many microliters of sample was needed for DNase treatment of 8 μg of 

total RNA. RNA was pipetted into a 1.5 microfuge tube containing 10 μL of 10X RQ1 

buffer, 8 μL of RQ1 DNase (1 U/ug RNA), and enough DEPC water for a total reaction 

volume of 100 μL. Tubes were placed in a heat block set at 37˚C and incubated for 30 

minutes. Following the 30 minute incubation, a total of 100 μL of TE was added to the 
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tubes to bring the total volume to 200 μL before an additional 200 μL of 125:24:1 phenol: 

chloroform: isoamyl alcohol (pH 4.5) was added. Tubes were shaken for 30 seconds 

before undergoing centrifugation at 17,300 x g for 15 minutes. Following centrifugation 

100 uL of the supernatant was placed into a new 1.5 μL microfuge tube, 10 μL of 3 M 

sodium acetate was added to the samples followed by 275 μL of 100% ethanol. Samples 

were then placed in the  -80 F freezer to allow the RNA to precipitate for 24-48 hours. 

Following precipitation, samples were thawed and centrifuged at 17,300 x g for 10 

minutes, the supernatant was removed and 500 μL of 75% ethanol was added to wash the 

pellet by centrifugation at 17,300 x g for 5 minutes. Upon completion of centrifugation 

the supernatant was removed and, samples were allowed to air dry for 5 minutes before 

resuspending the RNA pellet in 50 μL of TE. Quantification of the RNA samples was 

carried out by spectroscopy (BioTek Eon). In addition, 260/280 ratios were determined to 

assess the purity of the RNA. To assess the quality of the RNA 1 μg was evaluated by 

agarose gel electrophoresis. A 2:1 ratio of ribosomal RNA was used to determine the 

quality of the RNA samples. In some cases a 1:1 ratio was used which was required for 

some of the clinical isolates used.  

PCR Methods 

Primer Design 

  Primers were designed for both endpoint and real-time PCR. The following 

guidelines were generally used for the design of primers: primer length of 18-22 

nucleotides with a GC content close to 50%. If possible, a GC clamp was included at the 

3’ end and no more than three repeating nucleotides were allowed in the sequence. The 

melting temperature of the primers was less than 55˚C and the annealing temperature 
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between the primer pairs was less than or equal to a 5˚C difference. Using the IDT 

OligoAnalyzer 3.1 program (https://www.idtdna.com/calc/analyzer) primers were 

evaluated for secondary structure, homo- and heterodimer formation. Primers for 

endpoint and real-time PCR were ordered at a 10 mM concentration and resuspended in 

TE before being stored at -20˚C. All primers were used with a known positive control for 

the target to ensure primers were capable of amplifying the desired gene target. 

Table 6: List of primers used in this study 

      

Primer Name Sequence (5' to 3'') Nucleotides 

Accession 

Number 

Annealing 

Temp (˚C) Purpose 

istb F2 CGACAAGGGCGGCTGAAGG 7122-7142 EU176012.1 51, 58 for seq A,C 

KPC FF1 GGTGATTCAGGGGTAAAGTGG 7845-7505 EU176012.1 51, 55 for seq A 

KPC dc 1 CGGCGTACCCTCGGTGC 7531-7547 EU176012.1 51, 55 for seq A 

KPC dc 2 CGCCCCAATAGTCGG 7556-7570 EU176012.1 51, 55 for seq A 

KPC dc 3 GCCGACCCATGAACGCC 7630-7646 EU176012.1 51, 55 for seq A 

KPC dc 4 CGTTGTGGTGCCAGGG 7676-7691 EU176012.1 51, 55 for seq A 

KPC dc 5 CGATGTGTGCCCATCCG 7703-7719 EU176012.1 51, 55 for seq A 

KPC dc 6 CCTAGCTCCACCTTCAAACAAGG 7758-7779 EU176012.1 51, 55 for seq A 

KPC R1 GACAGTGGTTGGTAATCCATGC 8798-8777 EU176012.1 51, 55 for seq A 

KPC F2 GTATCGCCGTCTAGTTCTGC 7856-7856 EU176012.1 51, 55 for seq A/B 

KPC R6 CCACTGTGCAGCTCATTCAACC 8064-8043 EU176012.1 51, 58 for seq A/B/C 

ampD Kleb F1 TGCCGAGATTGCTCATCTGC 

130,748-

130,768 
 NC_009648 

51 B 

ampD Kleb R1 GCTCTATGCCGATGGAAAAGTCAT 
130,906-
130,881 

 NC_009648 

51 B 

E. coli ampD 

RTF CCTCACCACATTACGATTGC 

118,787-

118,807 NC_000913.3 51 B 

E. coli ampD 
RTR GGAACTATTGATCCGCAGG 

118,911-
118,892 NC_000913.3 51 B 

*Purpose guide- A=Endpoint, B= Realtime PCR, C=Sequencing 

Real-Time PCR 

Real-time reverse transcription PCR (rtRTPCR) was used to evaluate levels of 

gene expression within the KP-23-pMP-220 deletion clones that were previously created 

by Amanda Roth Ph.D.. All amplifications were run using the Rotar-Gene Q (Qiagen) 

and the QuantiNova SYBR Green PCR Kit (Qiagen). The one-step reaction consisted of 

10μ 2X QuantiNova SYBR Green RT-PCR Mix, 1 μL of forward and reverse primer at a 

https://www.idtdna.com/calc/analyzer
https://www.ncbi.nlm.nih.gov/nuccore/NC_009648
https://www.ncbi.nlm.nih.gov/nuccore/NC_009648
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concentration of 10 pMol, 2.8 μL of RNase free water, 0.2 μL of QN SYBR Green RT-

Mix and 5 μL of RNA at a final concentrataion of 150 ng/uL. The total reaction volume 

was 20 μL. Samples were placed into the Rotor-Gene-Q (Qiagen) using the 36 well rotor 

and the following cycling conditions were used: 10 minutes at 50˚C, 2 minutes at 95˚C, 

followed by 40 cycles of a 5-second denaturation at 95˚C and 10-second 

annealing/extension phase in which the signal was acquired. A melt curve analysis was 

added to end of each run to ensure a single amplicon was achieved and DNA 

contamination was not present within the samples. The housekeeping gene ampD was 

used as an internal control along with a no reverse transcription control. A threshold of 

0.1 was used to determine the cycle threshold (CT) value. Relative gene expression levels 

were determined using the 2-ΔΔCT method. Primers used during RT analysis are listed on 

Table 5 

Protein Methods 

Western Blots 

Western blot analysis was employed to determine the relative amount of blaKPC 

protein produced in an isolate relative to a comparator strain. The comparator strain was 

determined based on the question being asked. For a list of strains tested please refer to 

Table 4 

Growth and Preparation of strains 

 Strains were grown on blood agar plates overnight before a side arm flask filled 

with 95 mL of MHB was inoculated to an O.D.600 of 0.100. Cultures were allowed to 

grow to mid-log phase (O.D.600 of 0.500) before 95 mL of culture were placed in 250 mL 

Nalgene containers and centrifuged at 8,300 x g in an RC2-B centrifuge for 20 minutes at 
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4 ˚C. Following centrifugation, the supernatant was replaced with 5 mL of ice-cold 1X 

phosphate buffer saline (PBS) resuspending the pellet in the process. Resuspended 

cultures were placed into a 15 mL conical tube and placed on ice for 5 minutes before 

undergoing centrifugation at 8,300 x g for 20 minutes at 4˚C. Cultures were washed three 

more times with 5 mL of fresh PBS before the addition of 2 mL of sonication buffer. The 

final sonication buffer consisted of 0.01 M Potassium Phosphate, 0.05 M Potassium 

Chloride, 0.02 EDTA, 10% glycerol (v/v). This solution was made up prior to the 

addition of DTT. To complete the sonication buffer 0.007 g of DTT was added to 2.5 mL 

of DMSO and vortexed before being adding it into 47.5 mL of the premade sonication.  

Cellular disruption using sonication 

 For the clones 20 μL of HALT protease inhibitor cocktail, EDTA-Free (Thermo 

product #87785) was added to each sample tube. Tubes were placed into the Soniprep 

150 Plus Digital Ultrasonic Disintegrator (240V) for cellular disruption via sonication. To 

lyse the cells samples underwent 15 rounds of sonication consisting of 15 seconds of 

active sonication followed by 15 seconds of rest. Samples were placed on ice while being 

sonicated to ensure samples were not degraded by overheating. Following sonication 1 

mL of sonication buffer was added to increase the volume in the tube. Following cellular 

disruption, the tubes were spun at 13,700 x g for 20 minutes in the RC2-B centrifuge to 

pellet cellular debris. The supernatant was collected and placed in a sterile 2 mL cryovial 

tube and stored at -80˚C. 
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Bradford Assay 

The Bradford assay was used to quantify total protein within whole cell lysates 

for western blot analysis. The Bradford assay uses Coomassie G-250 dye which binds to 

basic amino acids in an acidic environment 86. A color change from red/brown to a blue 

color can be observed and is quantified using spectrophotometry at a 595 nm wavelength. 

The Bio-rad Quick Start ™ Bradford Protein Assay (Bio-Rad, Hercules, CA) was used to 

quantitate the amount of total protein per sample. Following the 96-well protocol, the 

appropriate amount of 1X dye was removed from the kit and allowed to warm to room 

temperature. Standards were prepared as shown in Table 6 using QuickStart™ Bovine 

Serum Albumin (BSA) 2.0 mg/mL as the protein source. Deletion clone protein samples 

were thawed on ice before a 1:10 dilution was prepared using PBS as the diluent. A total 

of 5 μL of either standard or sample was loaded into the corresponding well before 250 

μL of the 1X dye was added. The plate was incubated for 10 minutes at room temp before 

being loaded into the BioTek Eon™ and shaken in an orbital fashion for 1 minute before 

being read at 595 nm. A standard curve was generated which plotted the absorbance vs 

the concentration. Only samples with an R2 value of greater than 0.95 were used for 

western blot analysis. Levels of protein in each sample were compared against the 

standard curve and protein concentration was determined using linear regression analysis. 

Each standard and samples was run in duplicate and the average was used to determine 

the amount of protein used for western blot analysis.  
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Table 7 Bradford Assay Standards 

Bradford Standards 

Standard 
Standard Volume 

(μL) 
Volume of BSA 

(μL) 
Volume of Diluent 

(μL) 
Final Concentration 

(mg/mL) 

1 20  2.0 mg/ml BSA 0 2 

2 30  2.0 mg/ml BSA 10 1.5 

3 20  2.0 mg/ml BSA 20 1 

4 20 Tube 2 20 0.75 

5 20 Tube 3 20 0.5 

6 20 Tube 5 20 0.25 

7 20 Tube 6 20 0.125 

 

Western Blot Analysis 

Western blot analysis was used to measure the relative amount of KPC protein 

production. Validation of antibodies was performed by former student Amanda L Roth 

Ph.D. The following information was provided from Dr. Roth’s dissertation describing 

the creation of the anti-KPC antibodies 80. Polyclonal antibodies were generated by 

GenScript (Piscataway, NJ) in rabbits against a KPC peptide 80. The peptide sequence in 

which the antibodies were generated was: CTRAPNKDDKHSEAV. For records purpose 

the anti-KPC antibody came from rabbit #6609, upon arrival the antibodies were 

reconstituted to a concentration of 1 milligram per milliliter in sterile distilled water and 

aliquoted and stored at -20˚C. Antibodies were tested against pre-immune serum and free 

peptides using ELISA80. The secondary antibody was generated in a goat against the 

rabbit anti-KPC primary antibody.  

In order to determine relative KPC production stain-free technology was utilized. 

This technology uses a 58 Da trihalo compound that binds to tryptophan residues when 

exposed to UV light 87. To quantify protein levels the total density of a lane is acquired 
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from each sample lane. Using the computer software, the background of the blot is 

subtracted from the total density of the lane to ensure accurate measurements of density. 

The total density of the lane is then compared to the total density of the comparator by 

dividing the lane of interest total density by the total density of the comparator which will 

yield a decimal value used to normalize from the data. Next, the density from the band of 

interest is multiplied by the decimal value previously calculated to give the adjusted 

density value which is then divided by the adjusted value of the comparator to yield the 

fold change in protein production. The table below demonstrates how to perform the 

calculation listed above. 

Table 8: Example of calculation for determining changes in protein production 

Example of Calculation for determining changes in protein production 

Box 

Identifier Comparator   

Box 

Identifier Lane of Interest 

1 Total Density of lane   A Total Density of lane 

2 Box 1 / Box 1   B Box A/ Box 1 

3 The density of band of interest   C The density of band of interest 

4 Box 3 * Box 2   D Box C * Box B 

5 

Box 4 / Box 4 yield comparator 

value    E 

Box D / Box 4 to get fold 

difference 

 

Preparation of polyacrylamide gels 

The TGX Stainfree™ FastCast™ acrylamide kit was utilized to pour 

polyacrylamide gels. Briefly 3 ml of resolving solution A was mixed with 3 mL of 

resolving solution B. Once mixed a total of 100 μL of 10% APS and 50 μL of TEMED 

were added to the acrylamide solution. The prepared solution was poured between 8.5 x 

10 cm plates with a thickness of 1 mm. Enough butanol was added to the top of the 

resolving gel to ensure a flat and even surface was achieved. Once polymerized the 
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stacking gel was prepared as follows: 2 mL of stacking solution A followed by 2 mL of 

stacking solution B with the addition of 50 μL of 10% APS and 3 μL of TEMED. A 1 

mm comb was placed into the gel and allowed to polymerize. 

Western Blot Protocol 

Protein samples were diluted to 20 μg/mL in a volume of 12.5 μl of PBS before 

the addition 12.5 μl of Laemmli solution (Bio-Rad) for a total volume 25 μL. A total 

volume of 20 μl was loaded into freshly prepared TGX Stainfree™ FastCast™ 

polyacrylamide gel (BioRad) in 1X Tris-Glycine buffer and run at 200 V for 45 minutes 

or until the dye front was at the bottom of the gel. Following electrophoresis, the gel was 

imaged using the ChemiDoc. The purpose of imaging the gels was to ensure the amount 

of protein was equal between tested isolates. Next the protein was transferred from the 

gel to a PVDF membrane which had been activated by soaking the membrane in 100% 

methanol for 30 seconds then rinsed using 25 mL of 1X transfer buffer. Protein was 

transferred from the gel to the membrane using the Trans-Blot® Turbo™ using the mixed 

molecular weight setting. After transfer the membrane and gel were imaged to ensure the 

banding pattern was clear, equal, and all lanes were present on the membrane and that all 

the protein had been transferred from the gel. The membrane was placed in 5% blocking 

buffer in (1.5 g of nonfat dried milk in 30 mL of Tris Buffered Saline with Tween 20 

(TTBS) and underwent agitation using (Benchmark BenchWaver™) at 55 rotations per 

minute for one hour at room temperature. Following the hour-long agitation, the primary 

anti-KPC antibody was added using a 1:30,000 concentration and incubated overnight at 

4˚C with shaking. The next day the membrane was washed with TTBS while being 

agitated at 55 rpm for a total of 25 minutes ensuring to replace the buffer with fresh 
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TTBS every five minutes. After washing, the secondary antibody was added at a 

concentration of 1:15,000 and incubated at 4˚C for one hour. Following the one-hour 

incubation, the membrane was washed with TTBS while being agitated at 55 rpm for a 

total of 25 minutes ensuring to replace the buffer with fresh TTBS every five minutes. 

Following the secondary wash the membrane was ready for visualization. In order to 

visualize the protein on the membrane, the Thermo Scientific™ SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate was employed. This system uses a horseradish 

peroxidase substrate to allow for visualization. In order to capture the enzymatic reaction 

the ChemiDoc MP was used for visualization using following parameters (Protein->Blot-

> Chemi->1st image 1 second-> last image 120 seconds-> total image 60). For analysis, 

the image collected at 59.5s was used to quantitate the level of protein for all blots. 

Electrophoretic Mobility Shift Assay (EMSA) 

EMSA analysis is a method to test for proteins that bind to a specific region of a 

nucleic acid or protein. This method can be used to test DNA, RNA or even protein-

protein interactions. The fundamental principle behind EMSA analysis is that bound 

oligos or protein will have a reduced rate of migration in comparison to unbound labeled 

nucleic acid oligos or protein when run on a non-denaturing polyacrylamide gel. EMSA 

analyses were employed in this work to determine if regions within the upstream 

sequence of the distal promoter of the KPC gene bound proteins found in E. coli, 

Klebsiella pneumoniae, and Enterobacter cloacae. The DNA oligos were end labeled on 

the 5` end with an IR700 fluorescent dye. Double stranded oligoes that were not labeled 

were used as competitors to identify specific from non-specific binding of protein.  
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in silico search for transcription factors 

To determine the best upstream sequence within the KPC distal promoter to create 

fluorescently labeled oligos an in silico search was performed using the computer 

software program TomTom (http://meme-suite.org/tools/tomtom). Different 50 base pair 

sections of the non-coding region upstream of the distal promoter were entered into the 

program and evaluated using the Swiss Regulon E. coli database. The complete list of 

possible transcription factors was presented by displaying the number of base pairs 

overlapping the sequence, as well as the p-, E- and q- value. The p-value describes the 

chance that the binding of the protein to the DNA sequence was a random event or not. 

The E-value depicts the number of false positives that is expected to occur using the 

sequence while the q-value shoes the expected number of false discoveries expected 

using the software. The orientation was stated as either “normal” (binding in the 5’ to 3’ 

direction) or in the “reverse complement” binding to the negative strand of DNA. The 

DNA sequence of interest can be seen as a DNA logo which displays the sequence of 

interest on the bottom while the nucleotides involved in possible binding to the sequence 

of interest was seen above the sequence.  

Figure 11: Representative image of TomTom program output88 

 

http://meme-suite.org/tools/tomtom
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Oligo design 

 Fifty base pair positive and negative strand oligos were ordered from IDT based 

on in silico results. The exact DNA sequence can be seen in Figure 13. Both the positive 

and negative strands were end labeled with IR700 dye on the 5’ end of the oligo. All 

oligos were ordered at 100 nmol concentrations and purified by IDT using HPLC. 

Figure 12: Representative image of Tn4401 transposon and mapping of oligo 

 

 

 

 

 

 

 

 

 

 

Figure represents the Tn4401 transposons. Orange triangles represent inverted repeats found 

on the left and right side of the transposon. Two transposes tnpR and tnpA are found upstream of 

the insertion sequence ISKpn7 in green. The blaKPC structural gene is found in red directly 

upstream of the second insertion sequence ISKpn6 in dark blue. Small triangles in yellow 

represent the inverted repeats of the insertion sequences.  
 
 

REGION ON INTERST: 

 

INTERGENICREGION:TCCAGGTGGGTCAGTATTACTTTGGTGATTCAGGGGTAAAGTGGGTC

AGTTTTCAGTTGGTGTTGACACCGGCGTACCCTCGGTGCTATCTTCGCGCCCCAATAGTCGGG

GCTTGGCCAGGACTTCCTGAGGCCGTCCGTAACGTGGATGCCGAGGTCAGGCGAGGTGGCCG

ACCCATGAACGCCGACCTGATTCGTTTTTCAATAGCGCTGGACGTTGTGGTGCCAGGGACTTA

CCAACCCGATGTGTGCCCATCCGGGGCAGTTACAGCCGTTACAGCCTCTGGAGAGGGAGCGG

CTTGCCGCTCGGTGATAATCCCAGCTGTAGCGGCCTGATTACATCCGGCCGCTACACCTAGCT

CCACCTTCAAACAAGGAATATCGTTG 

 

Oligo 1-1 Sequence: 

 

Positive Strand: GGTGGGTCAGTATTACTTTGGTGATTCAGGGGTAAAGTGGGTCAGTTTTC 

 
Negative Strand: GAAAACTGACCCACTTTACCCCTGAATCACCAAAGTAATACTGACCCACC 

 
Sequence of the region of interest: The sequence of interest is found in-between the istB and 
the blaKPC structural gene. The probe sequence is found in blue and the -35 and -10 promoter 
elements of the distal and proximal promoter are highlighted in yellow. Below the nucleotide 
sequence of the positive and negative probe.  

 

 

tnpR

  

tnpA IstA IstB blaKPC tnpA 

ISKpn7 ISKpn6 
Region of 

interest 
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Oligo Annealing 

Oligos were first centrifuged using a minicentrifuge to ensure all of the oligos 

were concentrated at the bottom of the tube. Oligos were initially resuspended in 1X Tris-

EDTA to a starting concentration of 100 nmol and placed on ice for 20 minutes. 

Following the 20 minutes, the tubes were vortexed for 15 seconds and placed back on ice. 

The mixing by vortex and incubation on ice was repeated three times. Following the 

resuspension process, 2 μL of oligo was placed in a sterile 0.6 mL microfuge tube 

containing 8 μL of duplex buffer (100 mM potassium acetate; 30 mM HEPES, pH 7.5) 

resulting in a final concentration of concentration of 20 pmol/μL. To anneal the forward 

and reverse oligos 5 μL of each oligo was placed into a sterile 0.6 mL microfuge tube and 

placed into a heat block set at 95˚C for 3 minutes before being removed and allowed to 

cool to room temperature. Upon completion of annealing reaction the double-stranded 

oligos were stored at -20˚C. 

Determining the working concentration of the oligo 

To determine the working concentration of oligo required for the EMSA, dilutions 

of the 20 pmol/ μL stock can be seen in Table 9, duplex buffer was used as the source for 

the diluent. For analysis 1 μL of each dilution was added to 19 μL of duplex buffer for a 

final volume of 20 μL. Prior to loading samples 2 μL of 1X orange loading dye (LICOR, 

Lincoln, NE) was added to each tube. Samples underwent electrophoresis using the 

conditions listed above.  
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Table 9: Initial oligo dilution 

Oligo Diluent Ratio Concentration (fmol/μL) 

1 9 1 in 10 2000 

1 49 1 in 50 400 

1 99 1 in 100 200 

1 199 1 in 200 100 

1 499 1 in 500 40 

 

Growth and Preparation of strains for protein isolation 

Strains were grown as described for the western analysis except for one 

modification in which the cells were lysed using bead beating instead of sonication. 

Starting at the steps directly before bead beating 20 μL of HALT protease inhibitor 

EDTA Free (Thermo product # 87785) was added to each culture. Directly after the 

addition the protease cocktail 1 mL of culture was placed into a 1.5 mL cryovial tube 

containing 0.5 g of 0.1 mM Zirconia/Silica (BioSpec Products) micron beads. Samples 

underwent four rounds of 40-second cellular disruption, after each cycle the tubes were 

placed on ice for 2 minutes to prevent overheating. Following the four rounds of cellular 

disruption, the tubes were spun 8,200 x g for 10 minutes to pellet cellular debris. The 

supernatant was collected and placed in a sterile 2 mL cryovial and stored at -80˚C 

freezer 

Bicinchoninic acid (BCA) assay  

The BCA assay was used to quantify the amount of total protein obtained from 

whole cell lysates used in electrophoretic mobility shift assay. In short, the BCA assay 

works by the reduction of copper (II) to copper (I) which is proportional to the amount of 

protein in the sample 89. The reduction of copper (II) to copper (I) causes a blue color 
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formation. Next two molecules of bicinchoninic acid chelate the copper (I) ions forming a 

purple color which can be read at 562 nm to quantify the amount of total protein in a 

sample when compared with a set of standards 89. Color formation is mostly due to three 

residues cystine, tyrosine, and tryptophan but unlike other methods, the peptide backbone 

also contributes to color formation.89 The BCA assay has the added advantage of being 

less sensitive to detergents and for this reason the was used in replacement of the 

Bradford assay for determining total protein. For completion of this assay, the Pierce™ 

BCA Protein Assay Kit was used to quantify total protein. This kit has a linear range of 

detection of (20-2000 μg/mL), a 2.0 mg/mL standards of bovine serum albumin (BSA) 

were used as the source of protein to create standards. The following steps were used to 

complete the assay as listed by the protocol in the kit. First, whole cell lysates were 

thawed on ice, once thawed a 1:10 dilution was prepared for each isolate using 

phosphate-buffered saline (PBS) as the diluent. Next, protein standards were created as 

listed in the Table 10 using a 2.0 mg/mL stock of BSA (Bio-Rad, Hercules, CA) as the 

protein source for the standards. To determine the total volume of working reagent (WR) 

required to run the assay the following equation was used:  

(# of standards + # of unknowns) X (# of unknowns) X (Volume of WR per 

sample (200 μl for 96 well assay) = total volume of working reagent required (WR). 

The total volume of working reagent was created by mixing a 50:1 ratio of 

reagent A to reagent B causing an apple green color to form. Following completion of 

WR preparation, 25 μL of standard or sample was pipetted into each well before the 

addition of 200 μL of working reagent. A real-time PCR film (MidSci) was placed on top 

of the 96-well plate before being placed into the pre-warmed spectrophotometer (BioTek 
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Eon™) set to 37˚C and incubated 30 minutes. After 30 minutes, the plate was set to shake 

within the spectrophotometer in an orbital manner for 1 minute before being read at 562 

nm. A standard curve of the standards was generated and only runs with an R2 value of 

greater than 0.95 were accepted. The intensity of the purple color at 562 nm for each 

sample was compared against the standard curve and the total protein concentration was 

determined using linear regression analysis. 

Table 10: List of BCA standards 

BCA Standards 

Standard Volume of diluent (μL) Volume of BSA (μL) Final Concentration 

A 0 60 of 2.0 mg.ml BSA 2000 

B 22.5 67.5 of 2.0 mg.ml BSA 1500 

C 57 57 of 2.0 mg.ml BSA 1000 

D 30 30 of vial B 750 

E 54 54 of vial C 500 

F 48 48 of Vial E 250 

G 36 36 of Vial F 125 

H 48 12 od Vial G 25 

I 60 0 0 

 

 β-Galactosidase Enzyme Assay 

ꞵ-galactosidase is responsible for the breakdown of lactose into glucose and 

galactose within bacteria and other forms of microbial life 90. Due to the varied substrate 

specificity of ꞵ-galactosidase, the enzyme also cleaves other enzymes which have a ꞵ-D-

galactopyranoside moieties such as o-nitrophenol-ꞵ-D-galactosidase (ONPG) which 

results in two products galactose and o-nitrophenol 91. O-nitrophenol forms a yellow 
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color which can be read at 420 nm allowing for measurement of ꞵ-galactosidase activity. 

The purpose of using this assay was to ensure cytoplasmic protein was present within 

whole cell lysates ensuring that the cells have been completely lysed. The β-

Galactosidase Enzyme Assay System with Reporter Lysis Buffer (Madison, WI) was 

used to perform the analysis. The assay was performed in 96-well plates and each sample 

and standard was performed in duplicate. Protein samples were thawed on ice before 

being diluted 1:10 in PBS with a final volume of 100 μL. To create a stock solution from 

which the standards were created, 10 μL of the 1u/μL of ß-galactosidase was placed into 

990 μL of PBS. From this dilution, 10 μL was taken and placed into another 990 μL of 

PBS to create 1:10,000 stock solution from which the standards were created. 50 μL of 

each standard/sample was pipetted into the corresponding well before 50 μL 2X assay 

buffer was added, pipetting up and down to ensure sufficient mixing before adhesive 

PCR plate seal was placed on top of the 96 well plate. The plate was incubated at 37˚C 

for 30 minutes before 150 μL of 1 M sodium carbonate was added to the wells to stop the 

reaction. The plate was then inserted into BioTek Eon and read at 420 nm, a standard 

curve was generated in milliunits of ß-galactosidase, only assays with an R2 of greater 

than 0.95 were used. 

Protein dilution 

 A protein dilution series was needed to determine the correct concentration of 

protein to be used in the EMSA analysis. To do this UMM3 was selected as the protein 

source for the analysis, the dilution scheme is listed in Table 11. The dilutions were 

prepared in o.6 mL microfuge tubes. Each tube consisted of 2 μL of 10X binding buffer 

(100 mMTris, 500 mM KCl, 10 mM DTT; pH 7.5), 1 μL of Poly(di●dC) 1 ug/uL in (10 
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mM Tris, 1 mM EDTA; ph 7.5), 2 μL of 25 mM DTT/2.5% Tween® 20, 13 μL of 

molecular grade PCR water, 1 μL of 1-1 oligo at a concentration of 40 fmol/μL, and 

finally 1 μL of UMM3 at the differing concentrations to be analyzed. Once all reagents in 

the binding reaction buffer were added, the tubes they were incubated in a dark drawer 

for 25 minutes at room temperature before     2 μL of 10X orange loading dye was added. 

A total volume of 18 μL of the DNA/Protein mixture was loaded into each well and run 

at 160V for 1.5 hours. Upon completion of electrophoresis, the glass plates were dried 

and imaged as listed below. 

Table 11: Initial protein dilution for determination of optimal protein concentration  

Isolate 
Protein Concentration 

(µg/mL) 
1:10 

Volume PBS 
Needed for 12.5 µL 

Volume 
Needed 

for 
gradient 

Protein 
conc 

(ug/ml) 

UMM3 675.238 67.52 11.8 0.7 5 

UMM3 675.238 67.52 11.0 1.5 10 

UMM3 675.238 67.52 10.3 2.2 15 

UMM3 675.238 67.52 9.5 3.0 20 

UMM3 675.238 67.52 8.8 3.7 25 

UMM3 675.238 67.52 8.1 4.4 30 

UMM3 675.238 67.52 7.3 5.2 35 

UMM3 675.238 67.52 6.6 5.9 40 

UMM3 675.238 67.52 5.8 6.7 45 

Polyacrylamide preparation 

Non-denaturing 8% polyacrylamide gels were used to separate the unbound probe 

from the bound probe. The 30% Acrylamide: Bisacrylamide (29:1) stock comprised of a 

0.006 M (49.3 g) acrylamide was mixed with 0.011 M (1.7 g) solution of N,N’-methylene 

bisacrylamide in 170 mL of deionized water. The solution was then filter sterilized using 
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a .22 micron filter and the Precision™ vacuum pump. Upon completion of filtration, the 

storage container was wrapped in foil and stored at 4˚C for up to one month. 

Polyacrylamide gel electrophoresis conditions 

For all EMSA experiments an 8% polyacrylamide gel was cast in 20 x 16 glass 

plates with 1 mm spacers. Once polymerized gels were pre-run for 30 minutes at 160V 

(or 10 V/cm) in 0.5X TGE buffer in the Protean® II xi Cell (Bio-rad) attached to a Lab 

Companion Model RW-0525G 5 Liter Refrigerated and Heating Circulator set to 4˚C. 

This was done to reduce the amount of unpolymerized ammonium persulfate ions. 

EMSA analysis using clinical isolates: 

Three different genera of bacteria were used in this study and are listed in Table 5. 

Clinical isolates underwent a binding reaction in 0.6 mL microfuge tubes. Each tube 

contained: 2 μL of 10X binding buffer (100 mMTris, 500 mM KCl, 10 mM DTT; pH 

7.5), 1 μL of Poly(di●dC) (1 ug/uL in 10 mM Tris, 1 mM EDTA; pH 7.5), 2 μL of 25 

mM DTT/2.5% Tween® 20, 13 μL of molecular grade PCR water, 1 μL of 1-1 oligo at a 

concentration of 28 fmol/μL, and finally 1 μL of the prepared protein at a concentration 

of 1 μL/μL as shown in Table 12. The tubes were incubated for 25 minutes in a dark 

drawer before 2 μl of 10X orange loading dye was added to the tube bringing the total 

volume up to 18 uL. A total volume of 15 μL of the DNA/Protein mixture was loaded 

into each well and ran at 160V for 1 hour and 30 minutes. Upon completion of 

electrophoresis, the gel plates were dried and the gel was imaged using the Li-cor 

odyssey imager. 
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Table 12: Composition of binding reaction for EMSA analysis 

Competitive oligo assay  

Competitive EMSA assay was employed to ensure the observed binding was 

specific to the oligo being used. Two different concentrations (1 pol/μl and 50 pol/μl ) of 

cold unlabeled probe were tested to determine the proper concentration of competitor 

probe needed for running EMSA analysis. Once it was determined that 50 pmol/μl was 

the correct concentration of competitor probe needed two isolates from each of the three 

genera were tested using the same conditions as listed above with the addition of the 

competitor probe. Table 13 shows the components of the binding reaction: 

Table 13: Composition of binding reaction for EMSA analysis with competitor probe 

Binding Reaction 

Volume (μL) Reagent 

2  Binding Buffer (100 mM Tris Base, 500 mM KCl, 10 mM DTT) 

1 Poly [d(I-C) 

2 25 mM DTT/2.5% Tween 30 

12 Sterile Water 

1 Oligo 1-1 (50 pmol/μL) Unlabeled competitor probe 

1 Oligo 1-1 (28 fmol/μL) Labeled probe 

1 Protein lysate (20 μL/mL) 

 

 

Binding Reaction 

Volume (μL) Reagent 

2  Binding Buffer (100 mM Tris Base, 500 mM KCl, 10 mM DTT) 

1 Poly [d(I-C) 

2 25 mM DTT/2.5% Tween 30 

13 Sterile Water 

1 Oligo 1-1 (28 fmol/μL) 

1 Protein lysate (1 μL/μL) 
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Imaging 

The LICOR Odyssey classic was used to image the EMSA gels. The gel was removed 

from the glass plates and placed directly on the glass surface of the scanner. The image 

was obtained using the following parameters were used: the offset was adjusted to 0.5 to 

and an intensity of 7.5. Using the software, the imaging field was entered in by a grid 

system to scan the region of interest on the gel. 

Results 

Relative gene expression of KP-23 pMP220-KPC-2 deletion clones 

As previously described the KPC promoter is comprised of a distal and proximal 

promoter. A series of eight deletion clones with systematic deletions to the promoter 

region were used to evaluate which promoter was responsible for driving gene expression 

and protein production Table 14. KP-23 pMP220-KPC-2 deletion clones A-F were 

evaluated to determine the relative level of blaKPC gene expression among the clones 

constructed using real-time reverse transcription PCR. UMM3 a clinical isolate was used 

as the comparator for this study and ampD was used as an endogenous control. Results 

showed a three-fold increase in the amount of gene expression for clone A in comparison 

to UMM3. Both UMM3 and Clone A have the same upstream promoter but a variation in 

copy number which may play a role in the differences observed between the two strains. 

UMM3 has a single copy of KPC versus 26 copies identified in clone A63. Deletion of the 

-35 element of the distal promoter resulted in a 32-fold decrease in the amount of 

expression in comparison to UMM3. Further deletions to the promoter region resulted in 

decreased expression greater than 75-fold. (Table 14) 
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Table 14:  Diagram of KP-23 pMP220 deletion clones with accompanied levels of gene 

expression, protein production, and MICs 

 

Summary of gene expression, protein production, and susceptibility testing. Gene 

expression data was generated using real-time reverse transcription PCR, protein 

production was obtained using western blot analysis. For both gene expression and 

protein production UMM3 served as the comparator. Susceptibility testing was 

performed by former student Amanda Roth Ph.D. by either agar dilution or microbroth 

dilutions. 

Western blot analysis of KP-23 pMP220-KPC-2 deletion clones 

It is important to compare the level of RNA expression with the amount of protein 

produced to determine if there are any possible post-transcriptional mechanism involved 

in the regulation of KPC production. KP-23 pMP220-KPC-2 deletion clones A, C-G were 
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used to evaluate the levels of KPC protein being generated by the different promoter 

constructs. KP-23 served as negative control for KPC production in order to identify the 

band of interest when using the peptide polyclonal antibody.  

Clone A had a three-fold increase in the level of KPC protein production in 

comparison to UMM3 (Table 14). Deletion of the distal promoter (Clone C) resulted in 

no detectable amount of protein. Without the distal promoter no KPC protein was 

observed for the remaining clones. A representative image of the western blot can be seen 

in Figure 13 (C).  

Susceptibility testing of the deletion clones 

In order to determine the impact of deletions within the promoter on carbapenem 

susceptibility, agar or microbroth dilutions MICs were performed on the deletion clones 

by Amanda Roth, Ph.D. (Table 14). Deletion of the distal promoter resulted in a decrease 

in the carbapenem MICs for both imipenem and ertapenem resulting in a 32-fold 

decrease for imipenem and a 267-fold decrease for ertapenem between clone A and 

Clone B. 
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Figure 13: Representative images of Western blot  

 

 

 

 

 

Evaluation of KPC Production in ST131 vs Non-ST131 E. coli isolates 

ST131 isolates are a pandemic clonal group associated with increased rates of 

fluoroquinolone resistance and the carriage of the ESBL CTX-M-15 in E. coli55. Of 

KP-23 CLN A CLN C UMM3 CLN E CLN D CLN F 

A 

B 

C 

A)Representative image of gel after electrophoresis. Gels were checked to 

ensure equal levels of protein were present. B) Image of membrane post 

transfer C) Representative image of western blot. Isolates starting from the 

left KP-23, UMM3, CLN A, CLN C, CLN D, CLN E, CLN F, CLN G. CLN 

A had an average 3-fold increase in protein production in comparison to 

UMM3. No detectable KPC protein was observed for clones C-G 
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concern is the acquisition of blaKPC into this pandemic group of bacteria. While previous 

research has shown that NDM is the predominant ꞵ-lactamase gene in E. coli. Pitout et al. 

found that KPC is the predominant carbapenemase gene in ST131 isolates67. The purpose 

of this study was to evaluate levels of gene expression and protein production in ST131 

isolates verses non-ST131 isolates.  

A total of thirteen KPC positive clinical isolates were evaluated to determine if E. 

coli ST131 isolates differed in their levels of blaKPC expression compared to non-ST131 

sequence types in E. coli. All isolates were collected and initially characterized at the 

University of Pittsburgh Medical Center92. Theses isolates were evaluated for antibiotic 

susceptibility, β-lactamase genes, sequence type, and plasmid type.92 In total, seven out 

of the thirteen isolates were determined to belong to the 131 clonal group. Of the ST131 

isolates, four out of the seven produced the KPC-2 isoenzyme and three produced the 

KPC3 isoenzyme. Of the non-ST131 isolates the following sequence types were 

identified: ST964, ST 2521, ST648, ST372, and ST404.  

Of the six non-ST131 isolates, two isolates Doi 4 and Doi 5 belonging to ST 404 

and 648 respectively, produced to the KPC-2 isoenzyme. Doi isolates 7,8,12, and 18 

belonged to STs 2521,964, 372, and 648 and produced the KPC-3 isoenzyme. 

Comparisons of the KPC gene expression among the different sequence types was 

normalized using ampD as the endogenous control. Doi 1 was selected as the comparator 

for this study due to previously generated data collected by Lucas Harrison which 

showed Doi 1 to be the lowest producer of the KPC protein among the isolates. 

Unfortunately, no RNA or DNA from E. coli Doi isolate 7 could be isolated therefore the 
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isolate was excluded from study. Table 15 shows the CT values, statistical analysis, and 

gene expression values.  

Based on the raw data, fold differences in gene expression among the isolates was 

determined. (Figure 14) The range of KPC RNA expression for individual isolates of 

ST131 ranged from a 2.6-fold increase to a 4.1-fold decrease. The non-ST131 isolates 

had a range of -2.8 to -41-fold decrease in gene expression. In order to understand the 

overall tendency of KPC expression among ST131 and non-ST131 E. coli the data were 

evaluated using the geometric mean. The geometric mean of ST131 E. coli had an 

average decrease in KPC RNA expression of 1.5-fold in comparison to Doi 1. For the 

non-ST131 isolates the geometric mean showed an average decrease in KPC RNA 

expression of 8.3-fold in comparison to Doi 1. This type of analysis indicates that ST131 

E. coli isolates express more KPC RNA than non-131 E. coli. 
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Table 15: Raw CT values and statistical analysis for blaKPC and ampD gene expression 

KPC CT Values 

 Isolate Run 1 Run 2 Run 3 Average Std. Dev. C.O.V. 

 Doi 1 15.22 16.08 14.43 15.24 0.67 0.04 

 Doi 3 15.49 15.87 15.87 15.74 0.18 0.01 

ST131 Doi 6 14.7 16.56 15.14 15.46 0.79 0.05 

Isolates Doi 9 19.68 20.12 17.3 19.03 1.24 0.07 

 Doi 11 16.78 17.13 16.01 16.64 0.47 0.03 

 Doi 13 17.82 20.39 18.29 18.83 1.12 0.06 

 Doi 14 19.01 21.56 18.08 19.55 1.47 0.08 

 Doi 4 15.99 17.03 16.02 16.34 0.48 0.03 

Non-ST131 Doi 5 19.11 21.25 20.01 20.12 0.87 0.04 

Isolates Doi 8 18.61 19.12 17.2 18.31 0.81 0.04 

 Doi 12 16.28 18.29 17.5 17.35 0.82 0.05 

 Doi 18 16.22 18.9 15.84 16.98 1.36 0.08 

 

ampD CT values 
 Isolate Run 1 Run 2 Run 3 Average Std. Dev. C.O.V. 
 Doi 1 24.8 24.92 22.87 24.20 0.94 0.04 
 Doi 3 23.74 24.64 24.5 24.29 0.40 0.02 

ST131 Doi 6 24.45 26.11 25.92 25.49 0.74 0.03 

Isolates Doi 9 24.23 26.59 24.75 25.19 1.01 0.04 
 Doi 11 25 25.19 24.86 25.02 0.14 0.01 
 Doi 13 24.04 25.04 27.03 25.37 1.24 0.05 
 Doi 14 22.9 24.9 26.66 24.82 1.54 0.06 
 Doi 4 22.29 24.76 23.45 23.50 1.01 0.04 

Non-ST131 Doi 5 21.12 24.19 24.16 23.16 1.44 0.06 

Isolates Doi 8 22.56 25.2 23.23 23.66 1.12 0.05 
 Doi 12 21.71 24.14 24.13 23.33 1.14 0.05 
 Doi 18 21.89 22.69 22.88 22.49 0.43 0.02 
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Figure 14: Gene expression levels between ST131 vs non-ST131 E. coli isolates. 

 

Comparison of gene expression between ST131 and non-ST131 E. coli isolates using real-time 

reverse transcription PCR. ST131 are represented by green diagonal bars while non-ST131 

isolates are shown in sold blue lines.  
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Gene expression levels between ST131 vs non-ST131 E. coli isolates. 

  Identifier Fold Change Geometric Mean 

ST131* 

Doi 1 1.0 

-1.5 

Doi 3 -1.2 

Doi 6 2.6 

Doi 9 -4.1 

Doi 13 -2.2 

Doi 11 -1.3 

Doi 14  -2.6 

Non-ST131  

Doi 4 -2.8 

-8.3 

Doi 5 -41.0 

Doi 8 -8.4 

Doi 12 -6.4 

Doi 18 -6.3 

* Bold Isolates belong to the ST131 clonal group 

Fold changes are the average of three biological replicates, all CT values used in the calculation 

had a coefficient of variance of less than 10% 
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Composition of the promoter region in the ST131 and non-ST131 E. coli isolates 

 Differences in gene expression can be the result of promoter mutations. Sequence 

analysis was performed to determine whether mutations were present in the promoter 

region of the Doi isolates. Five out of the twelve isolates demonstrated a deletion within 

the promoter of the KPC gene (Fig. 15). Doi isolates 1,3,4,9, and 13 all demonstrated the 

same 99 base pair deletion. This deletion encompassed the proximal promoter of the 

blaKPC gene and was seen in both ST131 isolates and non-ST131 isolates (Fig. 15). 

Specifically, 66.6% (4/6) of the ST131 isolates harbored the 99 base pair deletion in 

contrast to a single ST404 isolate having the deletion (Doi 4) representing 14% of the 

non-ST131. 

Figure 15: Results of endpoint PCR to determine if deletions occur within the KPC 

promoter of ST131 and non-ST131 isolates  

 

 

 

 

 

 

Gel depicting the isolates with and without the 99 bp deletion. The expected amplicon 

size 942 base pairs. DOI isolates 1,3,4,9,and 13 all have deletions within the promoter 

region of the KPC gene. Both ST131 and non-ST131 isolates had deletions within the 
promoter region 
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Effect of 99 bp Deletion within the promoter 

Effect of 99 bp deletion on blaKPC gene expression  

Previous reports have shown that deletions within the KPC promoter region 

resulted in an increase in blaKPC gene expression 77,78. Those data were obtained by 

cloning the KPC gene in front of lacZ reporter gene to evaluate promoter expression. To 

examine the effect of the 99 base pair deletions in clinical isolates of E. coli, real time 

reverse transcription PCR was employed. CT values and statistical analysis for these 

expression studies are listed in Table 16. Isolates that possessed the 99 base pair deletion 

in the KPC promoter had a decrease in expression ranging from no change to a 6.4-fold 

decrease. When isolates possessed the full-length promoter, the expression levels ranged 

from an increase of 2.6-fold to a 41.0-fold decrease. The average decrease in isolates 

with the 99 base pair deletion was 2.5- fold when compared to isolate Doi 1. In contrast, 

isolates containing the full-length promoter had an average decrease in gene expression 

of 4.1-fold in comparison to isolate Doi 1 as seen in Figure 17. 

Figure 16: Schematic representation of the deleted region found within the ST131 and 

non-ST131 E. coli isolates.  

 

 

BIntergenic region: 

tccaggtgggtcagtattactttggtgattcaggggtaaagtgggtcagttttcagttggtgttgacaccggcgtaccctcggtgctatcttc

gcgccccaatagtcggggcttggccaggacttcctgaggccgtccgtaacgtggatgccgaggtcaggcgaggtggccgacccatgaac

gccgacctgattcgtttttcaatagcgctggacgttgtggtgccagggacttaccaacccgatgtgtgcccatccggggcagttacagccgt

tacagcctctggagagggagcggcttgccgctcggtgataatcccagctgtagcggcctgattacatccggccgctacacctagctccacc

ttcaaacaaggaatatcgttg 

 

Lee Chang-Ro, Lee Jung Hun, Park Kwang Seung, Kim Young Bae, Jeong Byeong Chul, Lee Sang Hee, Global Dissemination of 

Carbapenemase-Producing Klebsiella pneumoniae: Epidemiology, Genetic Context, Treatment Options, and Detection 

Methods ,Frontiers in Microbiology,VOL.7, 2016,895, URL=https://www.frontiersin.org/article/10.3389/fmicb.2016.00895, 

DOI=10.3389/fmicb.2016.00895 
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Table 16: Raw CT values and statistical analysis for blaKPC and ampD gene expression 

KPC- Doi 

  Isolate Run 1 Run 2 Run 3 Average CT St.dev 
COV 
(%) 

Isolates  
with the 

99 bp 
deletion 

  

Doi 1 15.22 16.08 14.43 15.24 0.67 0.04 

Doi 3 15.49 15.87 15.87 15.74 0.18 0.01 

Doi 4 15.99 17.03 16.02 16.35 0.48 0.03 

Doi 9 19.68 20.12 17.30 19.03 1.24 0.07 

Doi 13 17.82 20.39 18.29 18.83 1.12 0.06 

  
Isolates 
with no 
Deletion 

  
  
  

Doi 5 19.11 21.25 20.01 20.12 0.88 0.04 

Doi 6 14.70 16.56 15.14 15.47 0.79 0.05 

Doi 8 18.61 19.12 17.20 18.31 0.81 0.04 

Doi 11 16.78 17.13 16.01 16.64 0.47 0.03 

Doi 12 16.28 18.29 17.50 17.36 0.83 0.05 

Doi 14  19.01 21.56 18.08 19.55 1.47 0.08 

Doi 18 16.22 18.90 15.84 16.99 1.36 0.08 

        

ampD CT Values and Statistical analysis 

  Isolate Run 1 Run 2 Run 3 Average CT Std.Dev COV 

Isolates  
with the 

99 bp 
deletion 

  

Doi 1 24.80 24.92 22.87 24.20 0.94 0.04 

Doi 3 23.74 24.64 24.50 24.29 0.40 0.02 

DOI 4 22.29 24.76 23.45 23.50 1.01 0.04 

Doi 9 24.23 26.59 24.75 25.19 1.01 0.04 

Doi 13 24.04 25.04 27.03 25.37 1.24 0.05 

  
Isolates 
with no 
Deletion 

  
  
  

Doi 5 21.12 24.19 24.16 23.16 1.44 0.06 

Doi 6 24.45 26.11 25.92 25.49 0.74 0.03 

Doi 8 22.56 25.20 23.23 23.66 1.12 0.05 

Doi 11 25.00 25.19 24.86 25.02 0.14 0.01 

Doi 12 21.71 24.14 24.13 23.33 1.14 0.05 

Doi 14  22.90 24.90 26.66 24.82 1.54 0.06 

Doi 18 21.89 22.69 22.88 22.49 0.43 0.02 

        
*Tables identify the isolates with and without the 99 base pair deletions (grey shaded 
regions). Isolates that belong the ST131 isolates are in BOLD font.  

 

 

Deleted portion of the KPC promoter are underlined and in red. The distal promoter is in green bold 

font. The proximal promoter is in blue bold text (B). The schematic (A) above of the Tn4401b 

transposon with the arrow showing the region of interest and is adopted from Lee et al. 60. 
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Figure 17: Gene expression levels between E. coli isolates with and without the 99 base 

pair deletion within the promoter region of the blaKPC gene. 

 

Gene expression levels between blaKPC gene expression was evaluated using RTrtPCR. Isolates 

with a 99 base pair deletion are represented by orange diagonal bars while isolates with the full-

length promoter are shown in sold blue lines.  

99 bp Deletion vs Non-Deletion 

  Identifier Fold Change Geometric Mean 

Isolates  

with the 

99 bp 

deletion 

  

Doi 1 1.0 

-2.5 

Doi 3 -1.2 

Doi 4 -2.8 

Doi 9 -4.1 

Doi 13 -2.2 

  

Isolates 

with full-length 

promoter 

  

  

  

  

Doi 5 -41.0 

-4.1 

Doi 6 2.6 

Doi 8 -8.4 

Doi 11 -1.3 

Doi 12 -6.4 

Doi 14  -2.6 

Doi 18 -6.3 

Fold changes are the average of three biological replicates, all CT values used in the 

calculation had a coefficient of variance of less than 10% 
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Evaluation of sequence type and the effect of deletions within the KPC promoter in an E. 

coli background  

Next, attention was focused on whether sequence type and the presence or abscess 

of the 99 base pair deletion had any effect on KPC RNA expression levels. ST131 

isolates with the 99 base pair deletion had a range of KPC expression from no change to 

a 4.1-fold decrease. In comparison, a single non-ST131 isolate with the 99 bp deletion 

had a 2.8-fold decrease in comparison to Doi 1. ST131 isolates with the full-length 

promoter had KPC expression that ranged from a 2.6 increase to a 2.6-fold decrease 

while non-ST131 isolates had KPC expression that ranged from -6.3 to a 41-fold 

decrease. In an effort to try and find the overall trend between these four groups the 

geometric mean was used. ST131 isolates with the 99 base pair deletion had an average 

1.7-fold decrease in comparison to isolate Doi 1. The sole non-ST131with the 99 base 

pair deletion had an average decrease in expression of 2.8-fold. ST131 isolates with the 

full-length promoter did not show any decrease in KPC expression when evaluated using 

the geometric mean. Interestingly, non-ST131 isolates with the full-length promoter had 

a 10.9-fold decrease in the average level of KPC gene expression in comparison to Doi 1 

(Fig. 18) 
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Figure 18: Gene expression levels between isolates with and without the 99 base pair 

deletion in addition to sequence type 

 

ST131 isolates with a 99 base pair deletion are represented by red bars while non-ST131 isolates 

are shown in gold diamond pattern. ST131 isolates with the full-length promoter are shown in 

green diagonal bars and non-ST131 isolates are shown in blue checkered bars. Geometric means 

of each group are shown below. 
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Comparison between isolates with and without the 99 base pair deletion in relation to 

sequence type 

Identifier Isolate 
Fold 

Change 

Sequence 

type 
Geometric mean 

  

ST131 

with deletion 

  

Doi 1 1.0 131 

-1.7 
Doi 3 -1.2 131 

Doi 9 -4.1 131 

Doi 13 -2.2 131 

NON-ST131 with 

deletion 
Doi 4 -2.8 404 -2.8 

ST131 

with full-length 

promoter 

 

 

Doi 6 2.6 131 

-1.1 
Doi 11 -1.3 131 

Doi 14  -2.6 131 

  

NON-ST131 with full-

length promoter 

  

  

Doi 5 -41.0 648 

-10.9 
Doi 8 -8.4 964 

Doi 12 -6.4 372 

Doi 18 -6.3 648 
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Western blot analysis to determine the effect of the 99 base pair deletion within an E. coli 

background 

RNA expression levels do not always correlate with protein levels produced in the 

cell.93 Therefore, it was of interest to determine the level of KPC protein production in 

the E. coli isolates. These unpublished data were generated by Lucas Harrison. Isolates 

that harbored the 99 base pair deletion had varying levels of production ranging from no 

change to a 31-fold increase. For isolates with a full-length promoter the KPC protein 

levels ranged from no change (1.31) to a 77-fold increase. The data generated by 

Harrison showed isolates with the 99 base pair deletion had an average fold increase in 

KPC protein levels of 8.6-fold in comparison to Doi 1. In contrast, isolates having the 

full-length promoter had an average fold increase in KPC protein production of 19.4-fold 

in comparison to Doi 1. (Fig. 20). Doi 13, a ST131, isolate was not evaluated during 

Harrison’s study. 

Next, the study was directed towards evaluating KPC expression and production 

with regards to the 99 base pair deletion and sequence type. For ST131 isolates with the 

99 bp deletion, the level of protein production ranged from no change to a 31-fold 

increase when compared to the production of Doi 1. Doi 4, a non-ST131 isolate with the 

99 base pair promoter deletion had a 29.6-fold increase in KPC production compared to 

Doi 1. For the ST131 isolates possessing the full-length promoter, the level of KPC 

protein production ranged from no change (1.5) to a 54-fold increase while KPC protein 

production in the non-ST131 isolates with the full promoter ranged from an 8.4-fold 

increase to a 77.4-fold increase in KPC levels. The geometric mean of ST131 isolates 

with a 99 base deletion had an average increase of 5.7-fold in comparison to Doi 1. The 
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only non-ST131isolate (Doi 4) with a 99 base pair deletion had 29.6-fold increase in KPC 

production. KPC protein levels for ST131 isolates with the full-length promoter had an 

average increase of 12.1-fold while non-ST131 isolates had an average increase of 31.6-

fold (Fig. 21) 

 

Figure 19: Representative image of western blot performed by Lucas Harrison. 

 

 

Isolates are listed in the table above. (a) Doi isolate identifier, (b) Identification of ST131 

versus non-ST131 isolates, (c) Isolates with 99 base pair deletion are shown with (+), 

isolates with the full-length promoter are shown as (-) 

 

 

 

Lane 1 2 3 4 5 6 7 8 9 10 11 

Isolate a Doi  
2 

Doi  
3 

Doi  
6 

Doi  
7 

Doi  
8 

Doi  
11 

Doi  
1 

Doi  
5 

Doi  
9 

Doi  
12 

Doi  
13 

ST131 or 
non-

ST131 b 

ST131 ST131 ST131 ST131 
NON- 
ST131 

ST131 ST131 
NON-
ST131 

ST131 
NON-
ST131 

ST131 

Deletion c - + - - - - + - +  - 
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Figure 20: Protein production levels among isolates with and without the 99 base pair KPC 

promoter deletion. 

 

Harrison, (unpublished data). Isolates with a 99 base pair deletion are represented by green 

checkered bars while isolates with the full-length promoter are shown in sold blue lines.  
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Protein production levels among isolates with and without the 99 base pair KPC promoter 

deletion 

  
Identifier Avg Production 

Geometric 

Mean 

  

99 base pair  

deletion 

  

Doi 1 1 

8.6 
Doi 3 5.8 

Doi 4 29.6 

Doi 9 31.1 

  

  

No  

Deletion 

  

  

  

Doi 5 29.2 

19.4 

Doi 6 13.0 

Doi 8 8.4 

Doi 11 54.5 

Doi 12 52.0 

Doi 14 1.5 

Doi 18 77.4 
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Figure 21: Comparison between E. coli isolates with and without the 99 base pair deletion in 

relation to sequence type 

 

ST131 and non-ST131 isolates with a 99 base pair deletion are represented by red and gold 

diamond bars respectively. ST131 isolates having the full-length promoters are shown in green 

diagonal bars while non-ST131 isolates are shown in blue checkered bars. Geometric means of 

each group are shown below. 
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Comparison between isolates with and without the 99 base pair deletion in relation to sequence type 

Identifier Isolate 
Sequence 

type 

blaKPC 

Expression 

Geometric 

mean of 

Expression 

blaKPC Protein 

production 

Geometric 

mean of 

production 

  

ST131 

with deletion 

  

Doi 1 131 1.0 

-1.7 

1.0 

5.7 
Doi 3 131 -1.2 5.8 

Doi 9 131 -4.1 31.1 

Doi 13 131 -2.2 Not Tested 

NON-ST131 with 

deletion 
Doi 4 404 -2.8 -2.8 29.6 29.6 

ST131  

with full-length 

promoter 

  

Doi 6 131 -2.6 

-1.1 

12.9 

12.1 Doi 11 131 -1.3 54.5 

Doi 14  131 -2.6 1.5 

  

NON-ST131 with 

full-length promoter 

  

Doi 5 648 -41.0 

-10.9 

29.2 

31.6 
Doi 8 964 -8.4 8.4 

Doi 12 372 -6.4 52.0 

Doi 18 648 -6.3 77.4 
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Table 17: Gene expression, protein production, and susceptibility of E. coli data  

Gene expression was generated in this study using real-time reverse transcription PCR. Protein 

production was generated by western blot analysis and performed by Lucas Harrison. 

Antimicrobial susceptibility testing was taken from Doi et al.92 

Evaluation of the impact of the 99 bp deletion on gene expression in K. pneumonia vs. E. 

coli  

 While KPC has been described in E. coli the KPC gene is predominantly found 

within K. pneumoniae. We were interested in seeing if the deletions within the promoter 

regions of the KPC gene had a similar effect in K. pneumoniae as observed for E. coli. In 

order to compare the effects of the 99 bp deletion within the promoter regions of these 

genera, 104 K. pneumoniae isolates were screened to identify isolates that harbored the 

99 base pair deletion. A total of 2/104, namely isolates GEI 8 and GEI 80 were positive 

for the deletion. Three additional K. pneumoniae isolates with the full-length promoters 

(HUH 6, HUH40, and V110984) were added to the study for comparative analysis.  
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Gene expression differs between K. pneumoniae and E. coli isolates 

Using lacZ clones, the Mathers group showed that isolates with the 99 base pair 

deletion had higher levels of KPC gene expression compared to those with the full-length 

promoter. However, evaluating the E. coli clinical isolates in this study no difference was 

found in the average expression between groups of isolates only among the individual 

isolates. In order to determine the impact of the 99 bp deletion on clinical isolates of K. 

pneumoniae a total of six K. pneumoniae isolates were evaluated and compared to the 

KPC expression of the twelve Doi E. coli isolates. Doi 5 was selected as the comparator 

for this portion of the study due to differences in the KPC protein production observed by 

unpublished data generated by Lucas Harrison (unpublished data) and this study. 

Harrison showed a decrease in KPC protein while this study showed no difference in 

production in comparison to Doi 5.  

Evaluation of the K. pneumoniae isolates with the full-length promoter identified 

a range of KPC gene expression levels from no change (1.0 for HUH 6) to a 37.5-fold 

increase for isolate UMM3. For the two K. pneumoniae isolates which harbored the 99 

base pair deletion the range of increased expression was between 4.1 and 5.8-fold in 

comparison to Doi 5. The KPC gene expression in the E. coli isolates with the full-length 

promoter ranged from no change to a 136.9-fold increase. While E. coli isolates with the 

99 base pair deletion had KPC expression levels that ranged from a 4.3-fold increase to a 

51.6-fold increase in comparison to Doi 5. The geometric mean was used to determine 

the overall trend of KPC expression in K. pneumoniae and E. coli. The geometric mean 

showed essentially no difference in the level of gene expression between K. pneumoniae 

isolates with the full-length promoter (average 5.47-fold increase) compared to isolates 
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with the 99 bp deletion (4.91-fold increase).  

The contribution of the 99 bp deletion was unclear in individual isolates. For 

example, 4 isolates all having the full-length promoter had increases of KPC expression 

of 37.5-fold (UMM3) and 11.9-fold (V110984) while K. pneumoniae isolates (HUH6 and 

HUH40) which showed no increase in KPC expression compared to isolate Doi 5. 

However, K. pneumoniae isolates GEI 8 and GEI 80 which had the 99 base pair deletion 

had only slightly elevated levels of expression (4.1 and 5.8-fold respectively). Therefore, 

using E. coli Doi 5 as the comparator did not change the trend observed in the RNA 

expression levels of KPC with and without the 99 bp deletion.  

Evaluating the E. coli isolates that had the full-length promoter, the range of KPC 

RNA expression varied from no change to a 136.8-fold. E. coli isolates with the 99 base 

pair promoter deletion had expressions levels that varied from a 4.3-fold to a 51.6-fold 

increase. The geometric mean for isolates with the full promoter was 10.5-fold in 

comparison to a 17.1-fold increase for isolates with the 99 base pair deletion. Both groups 

had isolates that showed a wide range of KPC expression (Fig. 22)  
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Figure 22: Gene expression levels among clinical isolates of K. pneumoniae and E. coli isolates 

harboring either the full-length or 99 base pair deletion within the KPC  

 

K. pneumoniae isolates with the full-length promoter are highlighted in blue. K. pneumoniae with 

the 99 bp deletion are shown in diagonal red lines. E. coli isolates with the full-length promoter 

are seen in green while those with the 99 base pair deletion are see in gold checkered boxes. 

Individual levels of gene expression as well as the geometric mean of the different groups can be 

seen in the table below.  

  Identifier Fold Change Geometric mean 
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Comparator Doi 5 1.0 N/A 

Full-length 

promoter 

UMM3 37.5 

5.5 
HUH 6 1.0 

HUH 40 2.0 

V110984 11.9 

99 bp deletion 
GEI 8 4.1 

4.9 
GEI 80 5.8 

E
. co

li 

Full-length 

promoter 

Doi 5 1.0 

10.5 

Doi 6 136.8 

Doi 8 4.0 

Doi 11 44.9 

Doi 12 5.9 

Doi 14 10.0 

Doi 18 9.8 

99 bp deletion 

Doi 1 21.9 

17.1 

Doi 3 51.6 

Doi 4 19.9 

Doi 9 4.3 

Doi 13 15.3 

Data generated are the average of three biological replicates. CT's had a coefficient of variance of less than 10% 
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Examining KPC protein production between isolates with and without a 99 base pair 

deletion  

 Western blot analysis was performed on K. pneumoniae and E. coli isolates with 

and without the 99 base pair deletions (Fig. 23). Both Klebsiella and E. coli isolates were 

run on the same gel and for the analysis, Doi 5 was the comparator. Two of the Klebsiella 

isolates (HUH 6 and HUH 40) did not produce any protein and therefore were not 

included in the analysis. A total of four isolates, two with the 99 base pair deletion (GEI 8 

and GEI 80) and two with the full-length promoter (UMM3 and V110984) were 

analyzed. The geometric mean of the isolates with the full-length promoter was a 1.5-fold 

increase in comparison to 4.1-fold increase for isolates with the deletion. GEI 80 

produced the greatest amount of protein with a 7.6-fold increase in protein. V110984 

(full-length promoter) and GEI 8 (99 bp deletion) expressed the KPC protein at the same 

level, namely 2-fold above the level expressed by Doi 5. UMM3 a K. pneumoniae isolate 

with the full-length promoter had no change in production when compared to KPC levels 

for Doi 5. 

The previously generated protein data for the Doi E.coli isolates was used to 

evaluate the level of protein production. The E. coli isolate Doi 5 served as the 

comparator so that these data could be compared to the data obtained for the K. 

pneumoniae isolates. Seven K. pneumoniae isolates that had the full-length promoter and 

three E. coli isolates with the 99 base pair deletion had no change in the average 

production when compared to Doi 5. The KPC promoter with the 99 bp deletion in E. coli 

isolate Doi 4 was the highest producing isolate with a 3.3-fold increase in KPC protein 

levels. E. coli Doi isolates 18,11,12,5,8, and 6 all possessing the full-length promoter and 
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Doi 9 having the 99 bp deletion had approximately the same level of expression (1.7-2.7-

fold increase). However, isolate Doi 3 harbored the 99 bp deletion had a 5-fold decrease 

in production while isolate Doi 14 which possessed the full-length promoter had a 19.8-

fold decrease in KPC protein level compares to Doi 5.  

Figure 23: KPC protein levels among K. pneumoniae and E. coli isolates harboring either the 

full-length or 99 base pair deletion within the KPC promoter 

  

K. pneumoniae isolates with the full-length promoter are shown in blue, K. pneumoniae isolates 

with a 99 base pair deletion are represented by red bars with diagonal strips. E. coli isolates with 

the full-length promoter are represented in solid green E. coli isolates harboring the 99 base 

deletion are shown in gold bars with a checkered pattern. Geometric means of each group are 

shown in the table below. 

 Identifier Fold Change Geometric mean 

Comparator Doi 5 1.0 N/A 
K

. p
n

e
u

m
o

n
ia

e 

No Deletion 

UMM3 1.0 

1.5 
HUH 6 No Protein Detected 
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V110984 2.2 
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4.1 
GEI 80 7.6 
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Doi 4 3.3 

Doi 9 1.7 

Doi 13 Not Tested 
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Table 18: Gene expression, protein production, and susceptibility looking at the effect of a 99 bp 

deletion in two genera of bacteria 

 

 

Gene Expression Protein Production Susceptibility 

Identifier 
Fold 

Change 

Geometric 

mean 
Identifier Fold Change 

Geometric 

mean 

ꞵ-lactam 

MIC in 

μg/mLa 

Comparator DOI 5 1.0 N/A DOI 5 1.0 N/A 

MIC 

to 

IMP 

MIC 

to 

ERT 

K
. p

n
eu

m
o

n
ia

e
 

Full-

length 

Promoter 

UMM3 37.5 

5.8 

UMM3 1.0 

1.5 

2 (I) 4 (R) 

HUH 6 1.0 HUH 6 
No Protein 

detected 

0.5 

(S) 
4 (R) 

HUH 40 2.0 HUH 40 
No Protein 

Detected 

0.5 

(S) 
4 (R) 

V110984 11.9 V110984 2.2 1 (S) 8 (R) 

99 bp 

Deletion 

GEI 8 4.1 

4.9 

GEI 8 2.2 

4.1 

≥32 

(R) 

≥32 

(R) 

GEI 80 5.8 GEI 80 7.6 
≥32 

(R) 

≥32 

(R) 

E
. co

li 

Full-

length 

Promoter 

Doi 5 1.0 

10.5 

Doi 5 1.0 

-1.4 

2 (I) 4 (R) 

Doi 6 136.8 Doi 6 -2.3 8 (R) 8 (R) 

Doi 8 4.0 Doi 8 -1.9 2 (I) 
≥32 

(R) 

Doi 11 44.9 Doi 11 1.9 4 (R) 4 (R) 

Doi 12 5.9 Doi 12 1.6 2 (I) 2 (R) 

Doi 14 10.0 Doi 14 -19.8 4 (R) 4 (R) 

Doi 18 9.8 Doi 18 2.6 3 (I) 4 (R) 

99 bp 

Deletion 

Doi 1 21.9 

17.1 

Doi 1 

Thrown out 

due to 

discrepancies 

-1.0 

1 (S) 
0.5 

(S) 

Doi 3 51.6 Doi 3 -5.0 4 (R) 
16 

(R) 

Doi 4 19.9 Doi 4 3.3 4 (R) 8 (R) 

Doi 9 4.3 Doi 9 1.7 1 (S) 
16 

(R) 

Doi 13 15.3 Doi 13 Not tested 2 (I) 1 (I) 
a IMP: imipenem, ERT, ertapenem 

 

Gene expression was generated in this study using real-time reverse transcription PCR. Protein 

production was generated by western blot analysis and performed by Lucas Harrison. 

Antimicrobial susceptibility testing was taken from Doi et al.92, Roth63, and this study. 
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Electrophoretic Mobility Shift Assays: 

Electrophoretic mobility shift assays were employed to determine possible upstream 

regions of the KPC promoter that interact with DNA binding protein(s). The upstream 

region targeted the intergenic region between the end of the structural gene istB and the 

distal promoter. An in silico search was performed and resulted in a total of nine possible 

DNA binding proteins. The FIS binding protein bound to the upstream non-coding strand 

and had the most significant overlap for a possible binding site encompassing a total of 

26 nucleotides. AraC also had a nucleotide overlap of 19 nucleotides but bound on the 

coding strand and thus was unlikely to interact with RNA polymerase in the expression of 

blaKPC. Other possible binding proteins included FruR, LRP, Nac, Nor R, NarP, NarL 

with an 18, 17,16,11,9,8 nucleotide overlap respectively. Data generated from the in 

silico search was used to determine the most likely region of DNA upstream of the KPC 

promoter that would interact with a DNA binding protein.  

Determining the limit of detection of probe: 

Single stranded oligos were ordered from IDT with the 5ˊ-end labeled with the 

IR700 fluorescent dye attached and were annealed as described in the methods section. 

To determine the limit of detection and the proper probe concentration to use for the 

analysis a series of dilutions were performed. Initial dilutions ranged from a 

concentration of 2000 fmol/μL to 40 fmol/μL. (Fig. 24) The probe concentration was 

later adjusted to 28 fmols/μL to decrease the possibility of non-specific binding. Initial 

results showed a concentration of 40 fmol/μL of probe would serve as a good starting 

concentration but did not establish the limit of detection. Another set of probe dilutions 

were generated ranging in concentration from 20 fmol/μL to 1 fmols/μL. Results 
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generated from the second dilution set established the limit of detection at 2.5 fmols/μL. 

(Fig. 24)  

Figure 24: Determination of probe concentration and limit of detection. 

 

 

 

 

 

Panel A depicts the original dilution of the double stranded probe starting with a 

concentration range of 400 fmol/μL down to concentration of 40 fmol/ μL. Panel B 

shows the second set of probe dilutions (20-1 fmol/μL) to determine the limit of detection 

of the fluorescently labeled probe.  

Protein dilution for determining the optimal concentration  

To determine the optimal amount of protein needed to perform the electrophoretic 

mobility shift assay a dilution series was performed ranging from 0 μg/ mL of protein 

extract (no protein control) up to 45 μg/mL of protein extract. Initial results showed that a 

concentration of 20 μg/ mL of protein extract would provide enough protein to form a 

Oligo Dilution Concentration (fmol/μL) 

A 

B 

400 200 100 80 40 

Oligo Dilution Concentration (fmol/μL) 

20 15 10 5 2.5 1 
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shift but not so much as to cause non-specific binding of the probe. However, using a 

concentration of 20 μg/ mL of total protein, inconsistencies in binding between runs was 

observed. To determine the reason for the inconsistences in binding a variety of different 

parameters were tested including different binding buffers, isolation of fresh protein, and 

the use of UV crosslinking. These experiments determined that the amount of protein 

being used for the assay was too low and therefore it was adjusted to a concentration of 1 

μg/ μL (instead of μg/mL) (Fig. 25). Increasing the concentration to 1 μg/ uL resulted in 

consistent binding and more intense bands.  

Figure 25: Protein dilutions to determine the optimal concentration of protein to use in EMSA 

 

 

 

 

 

 

A) Concentration of protein 0-45μg/mL are indicated. B) Protein dilutions to determine the 

optimal protein concertation for binding ranging from .125 μg/μl to 5 μg/μL. 
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Electrophoretic Mobility Shift Assays (EMSA) in three distinct genera 

 Electrophoretic mobility shifts assay were employed using whole cell lysates from 

three genera of Enterobacteriaceae: Klebsiella pneumoniae, Escherichia coli, and 

Enterobacter cloacae.  

EMSA results using whole cell lysates from Klebsiella pneumoniae 

EMSA results using total protein isolated from K. pneumoniae yielded a single 

band. (Fig__) The single band in K. pneumoniae EMSA had a similar migration pattern 

as that observed from both E. coli and E. cloacae. The banding pattern was observed in 

isolates which were positive and negative for the presence of the blaKPC gene. 

Interestingly, a single K. pneumoniae isolate (Cal 50) produced a similar banding pattern 

as observed in E. coli lysates with the presence of two shifted bands. Cal 50 harbored a 

CTX-M-14 like ꞵ-lactamase gene. Other K. pneumoniae harbored other ꞵ-lactamase 

genes such as TEM-1, SHV-7, OXA-48 and CTX-M-15 but these lysates did not result in 

a second band 

EMSA results using whole cell lysates from Escherichia coli 

EMSA analysis with E. coli resulted in two distinct shifted bands as shown in 

Figure 26. Interestingly, a single K. pneumoniae isolate produced a similar banding 

pattern as observed in E. coli lysates with the presence of two shifted bands. This isolate 

harbored a CTX-M-14 like ꞵ-lactamase gene. Other K. pneumoniae harbored other ꞵ-

lactamase genes such as TEM-1, SHV-7, OXA-48 and CTX-M-15 but these lysates did 

not result in a second band.. The E.coli lysates also had varying ꞵ-lactamases produced as 

indicated by amplification of PCR products representing genes such as TEM-1, SHV-7, 
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CTX-M-14 and CTX-M-15. As seen in Figure 27, no matter the ꞵ-lactamase present in 

the E. coli cell lysate two shifted bands were observed.  

EMSA results using whole cell lysates from Enterobacter cloacae 

EMSA results using E. cloacae total protein lysates yielded a single shifted band similar 

to the results observed for K. pneumoniae lysates. (Fig. 28) This migration pattern of this 

single band matched the migration pattern observed for the single band observed for both 

E. coli and K. pneumoniae lysates. Isolates with and without the blaKPC gene were able to 

bind the same protein to the probe. 
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Figure 26: Electrophoretic mobility shift assay (EMSA) using whole cell lysates from 

clinical isolates K. pneumoniae 

 

 

 

 

  

 

 

 

 

Concentration of the probe is 28 fmol/μL and the protein concentration of the lysate was 1 μg/μL. 

 

  

Klebsiella pneumoniae 

Lane Isolate β-lactamase gene Lane Isolate β-lactamase gene 

1 No Protein Control 8 CAL 118 CTX-M-15 

2 UMM3 KPC-2 9 CAL 119 CTX-M-15 

3 KP-23 
No β-lactamases 

described 
10 GEI 128 CTX-M-15 

4 CLN A KPC-2 11 UMMC 388 CTX-M-15 

5 CAL 45 KPC-2 12 UMMC 247 CTX-M-15 

6 CAL 50 CTX-M-14 13 Kleb 378 CTX-M-14, OXA-48 

7 CAL 51 CTX-M-14    

Klebsiella pneumoniae 



99 
 

Figure 27: Electrophoretic mobility shift assay (EMSA) using whole cell lysates from 

clinical isolates E. coli 

 

 

 

 

 

 

 

 

 

 

E.coli 

Lane Isolate β-lactamase gene Lane Isolate β-lactamase gene 

1 No Protein Control 8 CUMC 247 CTX-M-15 

2 Doi 1 KPC-2, TEM-1 9 RS059 CTX-M-14 

3 Doi 3 KPC-2, TEM-1 10 JJ2244 CTX-M-15 

4 Doi 4 KPC-2, TEM-1 11 FHM 16 N/A 

5 Doi 13 KPC-2, TEM-1 12 F010 CTX-M-15 

6 Doi 14 KPC-2, TEM-1 13 

FS-ESBL-

013 CTX-M-14 

7 Doi 18 KPC-3, TEM-1, SHV-7   

Concentration of the probe is 28 fmol/μL and the protein concentration of the lysate was 1 μg/μL.  

 

Escherichia coli 
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Figure 28: Electrophoretic mobility shift assay (EMSA) using whole cell lysates from 

clinical isolates E. cloacae. 

 

 

 

 

 

 

 

 

 

Concentration of the probe is 28 fmol/μL and the protein concentration of the lysate was 1 μg/μL.  

 

 

Enterobacter cloacae 

Lane Isolate β-lactamase gene Lane Isolate β-lactamase gene 

1 No Protein Control 6 

ENTB 

268 KPC-2 

2 E13047 No β-lactamases described 7 

ENTB 

295 KPC-2 

3 

ENTB 

312 KPC-2 8 

ENTB 

341 No β-lactamases described 

4 

ENTB 

346   No β-lactamases described 9 

ENTB 

305 KPC-2 

5 

ENTB 

345 No β-lactamases described    

Enterobacter cloacae 



101 
 

Competitive binding assays: 

Competitive binding assays were run to determine if the binding of the probe was 

specific to the DNA sequence or not. The competitor probe used for these analyses was 

the same sequence used for the probe but was not labeled with a fluorophore.  

Determining the concertation of specific competitor to use 

To determine the amount of cold-unlabeled probe needed to demonstrate 

specificity of binding, an initial experiment was performed with a concertation of 1 pmol 

of unlabeled probe. (Fig. 29) Results indicated a reduction in the signal of the bound 

probe but it was not enough to outcompete the labeled probe. Therefore, the concertation 

of the unlabeled probe was adjusted to a concentration of 50 pmol/μL. By increasing the 

amount of competitor probe to 50 pmol/μL the single band of interest for the K. 

pneumoniae and E. cloacae lysates as well as the two bands in E. coli. were outcompeted 

demonstrating the specificity of the binding of the protein to the probe. (Fig. 30)  
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Figure 29: Electrophoretic mobility shift assay (EMSA) with competitive probe to 

determine specificity (1 pmol/μL) 

 

1   2 3 4 5 6 7 8 9 10 11 12 13 

 

EMSA gel shift of different clinical isolates as seen in the table above. The probe is at a 

concentration of 28 fmol/μL and a protein concentration of 1 μg/μL the competitive 

probe was added at a concentration of 1 pmol/μL. The competitive probe was not able to 

completely compete off the bands of interest in all three genera 
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Figure 30: Electrophoretic mobility shift assay (EMSA) with competitive probe to 

determine (5 pmol/μL) 

 

Concentration of the probe 28 fmol/μL and the protein concentration of the lysate was 1 

μg/μL. The unlabeled probe was at a concentration of 50 pmol/μL.  
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Discussion 

Since the discovery of the blaKPC gene in 1996, scientists have been trying to 

understand what drives the expression and production of the KPC enzyme. So far, a few 

studies have looked at the copy number and have shown that the copy number cannot be 

directly linked to the susceptibility of an isolate62,94. Three promoters have been 

identified, however, our current understanding of the literature suggests that the blaKPC 

gene has only two promoters64,77. Deletions in the promoter either by laboratory 

manipulation or naturally observed in clinical isolates have resulted in increased gene 

expression but the level of protein production was not evaluated until now.78 I 

hypothesized that the distal promoter binds specific DNA binding proteins allowing the 

promoter to play a critical role in driving gene expression resulting in a level of protein 

production required for a carbapenem resistant phenotype. The aims of this study were to 

characterize the blaKPC promoter, the effect deletions in the promoter had on gene 

expression and protein production, and to determine the region of the promoter that 

would bind potential regulatory proteins.  

Promoter characterization  

 Primer extension was used to establish the location of a probable promoter(s) that 

could drive the expression of blaKPC. The first paper describing a KPC gene identified the 

most proximal (P1) promoter which had a transcriptional start site located 38 base pairs 

upstream of the start codon in the blaKPC gene. 75,77 Roth et al. identified two promoters 

for the blaKPC gene while Naas et al. identified three promoters.77,94
 The Roth and Naas 

studies agreed on the location and sequence of the distal promoter (P2) but differed on 

the location of the more proximal promoter (noted at P3’ in the Naas publication, P1 for 
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Roth et al.) Naas et al. points out the sequence found within the distal promoter has an 

almost perfect consensus sequence for the sigma-70 found within E. coli with only two 

variations in the nucleotide composition in the -10 element of the distal promoter77. In 

comparison, the other promoters have very poor sequence identity to a traditional sigma-

70 promoter sequence.  

To characterize the KPC promoter Amanda Roth Ph.D. created a series of 

deletion clones which had systematic deletions of the promoter. (Table 14) The deletion 

clone constructs were transformed into KP-23 a clinical isolate from 1972. This isolate 

was used as the control isolate as it was collected before the use of third and fourth 

generation cephalosporins and carbapenems. UMM3, a clinical isolate with no deletions 

in the promoter region was used as a comparator for the study. Gene expression data 

showed a 3.3-fold increase in expression for clone A compared to UMM3. While the 

structure of the promoter was identical between UMM3 and clone A the difference in 

expression could be explained by a variation in copy number. Previous experiments 

performed by Roth et al. showed that KP-23 pMP-220- blaKPC-2 clone A construct had a 

copy number of 26 in comparison to UMM3 which had a copy number of 1.94  

Evaluation of the expression data for the deletion clones showed that deletion of 

the distal promoter led to a dramatic decrease in gene expression and was reflected in the 

susceptibility to imipenem and ertapenem. Clone A had an imipenem MIC of 8 μg/mL 

and an ertapenem MIC of 4 μg/mL, deletion of -35 and -10 elements of the distal 

promoter (clone C) reduced the imipenem MIC to 0.25 μg/mL and the ertapenem MIC to 

0.15 μg/mL. (Table 14__) This decrease in the level of gene expression was conserved 

throughout the remaining deletion clones. By evaluating clones D and F our laboratory 
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was able to determine that the P3 promoter and the P1 promoters identified by Naas and 

Yigit did not drive gene expression. The presence of these promoters in deletion clones D 

and F did not result in any blaKPC gene expression indicated by the -76.2-fold decrease 

and -476.2-fold decrease in expression.  

 Using Western blot analysis to evaluate levels of KPC protein production, the 

level of production correlated well with the expression data in which a three-fold increase 

in protein production was observed for clone A in comparison to UMM3. No measurable 

amounts of protein could be detected once the distal promoter was deleted using western 

blot analysis. These data also correlated well with previous data published by Mather’s 

group where they demonstrated using a series of lacZ constructs which possessed the 

individual promoter elements alone, that the distal promoter led to an increased 

enzymatic activity while the P1 promoter had no increased activity compared to the 

empty vector used as a control.78  

Levels of KPC expression in ST131 E. coli isolates 

While KPC is predominantly found within K. pneumoniae it has been found in 

other genera including E. coli. Of concern is the movement of KPC into the pandemic 

clonal group ST131 of E. coli. ST131 E. coli isolates have been shown to have elevated 

levels of fluoroquinolone resistance and a propensity to carry the CTX-M-15 ꞵ-lactamase 

gene. Few studies have been performed looking at the carriage of KPC within ST131 E. 

coli isolates. Of the studies which have evaluated carriage of the blaKPC in E. coli ST131 

isolates the results have shown an increased rate of carriage of the blaKPC gene in 

comparison to other ꞵ-lactamase genes57.  
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Previous experiments by Hanson et al have shown that expression levels of the 

CTX-M-14 and CTX-M-15 in ST131 and non-ST131 E. coli isolates varied among 

sequence types with the mRNA half-life of the transcripts influenced by factors encoded 

on the respective plasmids93. In addition, porin production in E. coli also seems to be 

influenced by sequence type (Suelter and Hanson, unpublished data). To understand how 

expression of the KPC gene may be influenced by the genomic background thirteen E. 

coli clinical isolates consisting of ST131 and non-ST131 isolates were evaluated. Using 

seven ST131 E. coli and five non-ST131 isolates RNA expression data demonstrated that 

ST131 isolates had elevated levels of expression in comparison of the non-ST131 

isolates. The geometric mean for blaKPC for both groups of isolates showed a general 

decrease in blaKPC expression. However, the ST131 isolates showed a general decrease (-

1.5-fold) in blaKPC RNA expression to a much lesser extent than non-ST131 isolates 

which had an average decrease of 8.3-fold. (Fig 14) 

Data generated by Lucas Harrison was used to evaluate the level of protein 

productions among ST131 and non-ST131 E. coli isolates. While overall blaKPC gene 

expression was higher in ST131 isolates, the level of protein production did not show the 

same difference. For example, the RNA expression level of Doi 18, a non-ST131 E. coli 

isolate, had a 6.3-fold decrease in gene expression in comparison to Doi 1 but produced a 

77.4-fold increase in protein compared to Doi 1. Additionally, there was no clear trend 

between ST131 isolates and non-ST131 isolates as both groups had strains that produced 

varied amounts of protein which ranged from no change to a 54.5-fold increase in 

production for ST131 E. coli isolates compared to an 8.4-fold to a 77.4-fold increase in 

production for non-ST131 isolates compared to Doi 1 (Fig. 17). Regarding the non-
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ST131 isolates a correlation between sequence type and protein production could not be 

identified as only two isolates (Doi 5&18) had the same sequence type (ST 648). 

However, both of these isolates had large increases in KPC protein production compared 

to Doi 1 (ST131). The remaining non-ST131isolates had KPC production levels that 

ranged from 8.4 to 52-fold. 

The next question to address was why the level of gene expression in E. coli 

ST131 isolates was increased compared to non-ST131 isolates. To evaluate this, the 

promoter region of each isolate was sequenced. Through sequence analysis it was 

determined that five out of the twelve isolates had a 99 base pair deletion in the promoter 

region. Previous work performed by the Mather’s group. showed that deletions within the 

promoter led to increased gene expression in comparison to isolates with no deletions78. 

These data were collected by isolating plasmids from clinical isolates and transforming 

them into a lab strain (DH10B E. coli cells) as well as creating lacZ fusion clones with 

the different promoters isolated to evaluate levels of enzymatic activity. While 

recognizing the utility of performing these experiments in an easy to manipulate 

background, these cells are not clinical isolates and the gene being evaluated in this case 

was lacZ not blaKPC. Cloning the promoter upstream of lacZ does not take into account 

the length or structure of the blaKPC 5ˊUTR. Given the limitations of the experiments 

described in the literature, we were interested in testing if the same trends found in the 

Mather’s study could be observed in clinical isolates. 

 To evaluate this question, E. coli Doi isolates which harbored the same 99 base 

pair deletion as tested in the Mather’s paper were used. Using the same data set as what 

was described for evaluating KPC production in different sequence types, differences in 
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gene expression and protein production among isolates with and without the 99 base pair 

deletion were evaluated. The overall expression ranged from a -41.0-fold decrease to a 

2.6-fold increase. The E. coli Doi isolates were divided into four groups: ST131 isolates 

with the 99 base pair deletion, non-ST131 isolates with a deletion, ST131 isolates with 

the full-length promoter and non-ST131 isolates with the full-length promoter. Using the 

geometric mean the data showed that no real difference in expression was observed 

among ST131 and non-ST131 isolates with the 99 base pair deletion (average fold 

change was -1.7 and -2.8 respectively). In contrast, a difference in expression was 

observed for the ST131 isolates and non-ST131 isolates with the full-length promoter in 

which the ST131 isolates had no change in expression compared to Doi 1 and the non-

ST131 isolates averaged a 10.9-fold decrease.  

99 base pair effect on gene expression and protein levels 

Evaluation of the protein production of E. coli strains with and without the 99 

base pair deletion showed the level of KPC protein varied between individual isolates. 

Using the same four categories described above a wide variation in protein production 

was also observed. For example, the geometric mean of KPC protein levels among the E. 

coli ST131 and non-ST131 isolates harboring the 99 base pair deletion increased on 

average 5.7-fold and 29.6-fold, respectively when compared to isolate Doi 1. Within the 

ST131 group Doi 9 had a 31.1-fold increase in KPC protein production, while Doi 3 only 

had a 5.8-fold increase in comparison to Doi 1. The non-ST131 isolate Doi 4 had a 29.6-

fold-increase in protein but was the only isolate in this group. Among isolates with the 

full-length promoter, ST131 isolates had an average 12-fold increase in KPC production 

compared to a 31.6-fold increase for the non-ST131 isolates. Increases in KPC protein 
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levels varied between a 1.5-fold and 54.5-fold for the ST131 isolates while the non-

ST131 isolates had levels of KPC proteins that ranged between 8.4 to 77.4-fold. 

These data suggest that the 99 base pair deletion in the promoters alone was not 

responsible for the altered levels of KPC RNA and protein production but other factors 

contribute to the variation observed. Since KPC is predominantly found within K. 

pneumoniae it was important to try and determine if the 99 base pair deletion within the 

KPC promoter would alter KPC RNA and protein levels in K. pneumoniae. 

Effect of 99 base pair deletion between bacterial species 

After screening 104 isolates a total of two K. pneumoniae isolates were found 

with the same 99 base pair deletion in the promoter as previously described. KPC gene 

expression and protein levels were compared between K. pneumoniae isolates with and 

without the 99 base pair deletion. Four additional K. pneumoniae isolates (UMM3, 

HUH6, HUH40, and V1109484) with the full-length promoter were selected for 

comparison. 

To make direct comparisons between K. pneumoniae and E. coli isolates, the E. 

coli Doi isolates 1,4,5,8,9,12 were evaluated for KPC RNA and protein production and 

all isolates were evaluated using the comparator strain, Doi 5.  

Expression levels between isolates with and without the 99 base pair deletion 

failed to yield any clear trend. Out of the six K. pneumoniae isolates tested, the two 

isolates with the 99 base pair deletion (GEI 8 and 80) expressed KPC RNA levels at a 4.1 

and 5.8-fold increase when compared to Doi 5. Four K. pneumoniae isolates possessed 

the full-length promoter; however, two of those isolates (UMM3 and V110984) had 
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increases in the RNA expression of 37.5 and 11.9-fold whereas isolate’s HUH6 and 

HUH40 had ≤2-fold increase in RNA expression. Taken together, these data 

demonstrated that deletions in the promoter do not always result in higher levels of 

expression compared to KPC promoters without the deletion, regardless of whether the 

expression occurs in K. pneumoniae or E. coli  

The correlation, or lack thereof between KPC RNA and protein levels was strain-

specific regardless of the presence or absence of the 99 base pair deletion. This lack of 

correlation for protein levels was also seen for the E. coli isolates. Examples of the strain-

specific nature of RNA and protein level were evident in strains GEI 80 and UMM3. GEI 

showed an increase of RNA expression of 5.8-fold with approximately the same fold 

increase in protein levels (7.6-fold). UMM3 KPC RNA levels showed a 37.5-fold 

increase while the KPC protein levels did not change in comparison to Doi 5. 

V110984 (possessing the full-length promoter) and isolate GEI 8 (99 bp deletion) 

produced equal amounts of protein. Comparable to E. coli, it appears that the 99 base pair 

deletion in the KPC promoter of K. pneumoniae does not correlate with increased 

expression or protein production.  

Contrary to previously published literature these data would suggest that the 

deletions in the promoter are not directly correlated with increased KPC expression or 

protein production, but rather other mechanisms are involved in the expression levels of 

the KPC gene. The data also suggest that post-transcriptional regulation is occurring in 

the cell as levels of protein production did not correlate with the level of gene expression 

in most of the isolates evaluated.  
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Susceptibility is based on the ability of the organism to produce the resistance 

mechanism. Therefore, MIC data were evaluated in relation to the production levels of 

KPC protein observed for isolates with and without the 99 base pair deletion in the 

promoter. 

Interestingly, 2 isolates of K. pneumoniae (HUH 6 and HUH 40) expressed KPC 

RNA but no protein was detected during Western blot analysis. The imipenem MICs 

reflected the lack of protein production but these isolates had ertapenem MICs of 4, 

suggesting involvement of other resistance mechanisms such as porin down regulation or 

the production of multiple ꞵ-lactamases. Previous characterization of the ꞵ-lactamases 

produced by these isolates indicated an SHV-type ESBL. Several examples of both K. 

pneumoniae and E. coli are listed in Table 18 where the KPC protein levels do not 

correlate with the imipenem and/or ertapenem MIC. For example, K. pneumoniae 

isolates, GEI 8 had an imipenem and ertapenem MIC’s of ≥32 μg/μL but the production 

of the KPC protein was similar to UMM3 levels while the imipenem and ertapenem 

MICs were 2 μg/μL and 4 μg/μL, respectively. Discrepancies are also evident in the MIC 

data itself. For example, isolate V110984 had similar levels of KPC protein production as 

UMM3 and GEI 8 yet had an imipenem MIC of 1 μg/mL and ertapenem MIC of 8 

μg/mL. These data suggest that different mechanisms of resistance are at play for 

imipenem than for ertapenem.  In addition, Livermore et al has shown that ertapenem is 

less stable in the presence of the ꞵ-lactamase enzyme than imipenem and meropenem 

which could explain the difference in MIC.95 Regarding E. coli isolates, Doi 14 had 

protein levels 20-fold less than Doi 5 and yet the MICs for both organism were 

equivalent at 2-4 μg/μL for imipenem and ertapenem, respectively. Addition of other β-
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lactamase genes was not sufficient to increase MICs. For example, Doi 18 has an 

additional ampC and a penicillinase β-lactamase and had an imipenem MIC of 2 μg/mL 

and an ertapenem MIC of 4 μg/mL. In contrast, Doi 9 which produced roughly equal 

amounts of KPC protein harbored only a TEM-1 β-lactamase gene and had an imipenem 

MIC of 1 but had an ertapenem MIC of 16. These results would indicate that additional 

resistance mechanisms are responsible for the susceptibility pattern for Doi 9 and that a 

gene that encode for β-lactamase with a greater hydrolytic profile does not necessarily 

lead to increased MICs without the influence of additional resistance mechanisms.  

In order to evaluate the potential contribution of porin production to MIC values 

western blot analysis for these porins is required. Although OmpK35 and OmpK36 in K. 

pneumoniae and OmpC and OmpF in E. coli are the porins most evaluated in carbapenem 

resistant isolates using Coomassie blue staining of OMP gels, these porins may not be the 

only porins involved in increased carbapenem MICs observed for clinical isolates. Gootz 

et al. showed that the porin PhoE, could play a role in the carbapenem resistance in KPC-

producing isolates76. However, that publication is the only publication on PhoE 

involvement and western blot analysis was not performed. Given that the kilodalton (kD) 

sizes of these porins only differ by ≤ 1 kD it is difficult to determine the identity of the 

exact porin using Coomassie blue staining. Overproduced efflux pumps and other 

unidentified ꞵ-lactamases could play a role in the susceptibility patterns observed for 

these isolates as well. 

In a timely publication by Yoon et al. a total of 362 KPC positive producing 

Enterobacteriaceae were evaluated examining the different Tn4401 isoforms a,b,and c 

and there susceptibility patterns. From the study 92.2% of isolates were K. pneumoniae, 
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4.7% were E.coli, 1.4% were Enterobacter spp. followed by very low percentages of 

Citrobacter spp..K. oxytoca, Serratia marscesans and Hafnia alvei. The KPC-2 allele 

was the most prevalent followed by KPC-3 and KPC-4. Surprisingly, 72% of the isolates 

were the Tn4401a (99 bp deletion) isotype, 9.9% had the Tn4401b (no deletion), and 

6.6% were Tn4401c (215 bp deletion). 11.3% of the isolates had non-typable 

transposons. Looking at the susceptibility pattern of the different isotypes Yoon states: 

“The KPC producers carrying Tn4401a had one- or two-dilution higher 

MIC50 values of the carbapenemase than KPC producers carrying Tn4401b, 

whereas those carrying Tn4401c had the same MIC50values as KPC producers 

carrying Tn4401a.” 

Figure 31: shows the distribution of MIC’s from each isotype, KPC subtype, and 

bacterial host. Previous data by the Mather’s and Naas’s laboratories have shown that 

KPC expression is higher in Tn4401a than in Tn4401b62. One would suspect that this 

would lead to an increase in KPC production leading to higher carbapenem MICs. The 

data generated by Yoon shows that meropenem susceptibilities have a larger range (0.25-

128 mg/L) for the Tn4401b isotypes. While levels of gene expression, protein production, 

and porin mutations were not evaluated in the Yoon study, the MIC data would seem to 

show that isolates have varying levels of susceptibilities regardless of the deletions in the 

promoter. Also, of interest were the dominant K. pneumoniae sequence types, ST307 and 

ST11. Traditionally, the global sequence types have been ST258 and ST11. In addition, 

over half of the Tn4401a isolates harbored at least one CTX-M gene in comparison to 

25% of isolates harboring the Tn4401b isotype. The presence of CTX-M could contribute 

to the carbapenem MIC values.  



115 
 

Figure 31: Susceptibility pattern across Tn4401 isotype, KPC allele, and bacterial host to 

imipenem and meropenem, figure adopted form 79 

 

MICs of imipenem (A) and meropenem (B). Boxplots present MIC50, MIC10, and MIC90 values, while 

whiskers showing the maximum and minimum MIC of the group79 

Evaluation of protein binding upstream of the distal promoter 

We have shown that the distal promoter is key in driving gene expression and 

protein production and is in agreement with previously published studies by Naas and 

Mathers77,78. The first step in understanding what may be driving the expression of the 

KPC gene from the distal promoter is to determine if any proteins are capable of binding 

this region of the DNA. Using an in silico program looking at DNA motifs and possible 

binding of transcription factors a 50mer DNA oligo was synthesized and end-labeled with 

IR700 dye. Using whole cell lysates from three different genera (K. pneumoniae, E. coli, 



116 
 

and E. cloacae) electrophoretic mobility shift assays were performed. The results showed 

differential binding of the probe as both K. pneumoniae and E. cloacae isolates 

demonstrated a single band being detected while the E. coli lysates showed the presence 

of two bands. The lower band in all three genera demonstrated a more prominent signal, 

possibly indicating that the factor binding, is produced at a higher concentration in the 

cell or possibly has a greater affinity for the probe than the top fainter band in the E. coli 

lysates. Migration rate was also observed in which the lower band could possibly bind a 

protein with a lower molecular weight compared to the higher band in the E. coli lysates. 

Interestingly, Cal 50 one of the K. pneumoniae isolates which harbored a CTX-M-14 

gene demonstrated the same banding pattern as the E. coli isolates suggesting the plasmid 

encoding CTX-M might encode a factor that interacts with the KPC gene. Using a cold 

unlabeled probe at a concentration of 50 pmol/μL the single band in K. pneumoniae and 

E. cloacae along with the higher and lower band in E. coli were shown to be specific. 

Binding of the probe by the lower molecular weight proteins occurred in isolates with and 

without the presence of the blaKPC gene indicating that the factor is most likely 

chromosomally encoded and not plasmid-encoded. It is also possible that the higher band 

in E. coli is due to binding of a plasmid encoded factor due to the fact that it only appears 

to be present in isolates harboring a CTX-M gene which is known to be plasmid 

encoded96. F 

 Unfortunately, due to time restraints, the identity of the proteins bound to the 

DNA sequence was not determined. Based on the in silico results it is speculated that the 

protein which was binding to the probe is the nucleoid associated factor FIS. This protein 

has been implicated in several different processes within the cell including activating 
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transcription of multiple genes, ribosomal transcription, and alterations DNA topology. 

97–99 According to Travers et al. FIS can affect chromosomal replication, DNA inversion, 

phage integration/excision, DNA transposition and illegitimate recombination.99 

Additionally, Travers points out that FIS interacts with topoisomerase I and can either 

repress or increase the level of gene expression in both chromosomal and plasmid DNA. 

Conversely FIS has been shown to be a repressor of the mom gene which encodes for a  

protein to help phage DNA be resistant to bacterial restriction systems.100 A study by 

Nagaraja et al determined that FIS was able to prevent RNA polymerase from binding to 

the promoter due to the fact that the FIS binding site overlapped the RNA polymerase 

binding region. Nagaraja proposed that by FIS binding this region sterically prevented 

RNA polymerase from being able to bind.100 Interestingly, when the activator protein 

levels (in this study it was activator C) were increased using in vitro transcription 

experiments transcription was restored to the gene   

When performing another in silico analysis using TomTom which included the     

-35 and -10 elements of the distal promoter, FIS binding was shown to overlap the -35 

element of the distal promoter. Based on the Nagaraja studies it is possible that the 

binding of FIS to the -35 element prevents RNA polymerase from binding to the gene 

therefore preventing transcription. But when the cell senses environmental stress the level 

of an unknown activator in the cell increases and restores the ability of RNA polymerase 

to bind to the gene allowing for transcription of the KPC gene. 

In order to determine if the identity of the binding protein for the EMSA was FIS, 

the band of interest would need to undergo mass spectroscopy. If FIS is the protein that 

was identified using mass spectroscopy analysis, a plasmid construct with the FIS gene 
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encoded along with a flag tag could be used to increase the amount of protein within the 

cell. Using an affinity column, the tagged protein could be purified in order to run an 

EMSA using purified protein. Using a mutagenized probe one could test the location 

within the promoter region for FIS binding, in this case FIS binding would be lost. 

Additionally, one could create an antibody for the FIS protein and perform a super shift 

EMSA in which the antibody bound to FIS the rate of migration would be further 

retarded than the bound probe alone. In addition, the location of FIS binding to the KPC 

promoter could be determined using DNA footprinting assay where the expected result 

would be that FIS would protect the DNA from degradation. 

  The major limitations of this study was the number of isolates used when 

evaluating E. coli ST131 vs non-ST131 isolates; a total of 12 isolates were evaluated. By 

increasing the number of isolates between the two groups the study could have more 

statistical power and give a better representative view between the two groups. 

Additionally, when evaluating E. coli and Klebsiella isolates with or without the 99 base 

pair deletion, only a single non-ST131 E. coli and two Klebsiella isolates with the 99 bp 

deletion were evaluated. A minor limitation of this study was to determine the overall 

contribution different genetic backgrounds and modifications in the KPC promoter have 

on carbapenem susceptibilities. Evaluation of additional mechanisms of resistance such 

as decreases in porin production or increases in efflux of a drug would need to be 

explored, The limitations of those types of studies however are the lack of understanding 

of all the mechanism regarding drug accumulation in the cell. Gram-negative bacteria 

have many more porins identified in the genomes than what have been analyzed and 
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regarded as mechanisms of resistance. The real question is do we have all the 

mechanisms of resistance truly identified? 

 Infection with KPC producing organisms has been associated with increased 

morbidity and mortality63. Currently there are only a few select antibiotics that have been 

used to treat patients harboring KPC producing bacteria. The newest antibiotic treatment 

is a novel ꞵ-lactamase inhibitor (avibactam) paired with the 3rd generation cephalosporin, 

ceftazidime. This drug has excellent activity against KPC producers, however resistance 

has been noted for K. pneumoniae producing KPC-3101. While the CLSI has lowered 

breakpoints and new diagnostics have helped identify isolates harboring the blaKPC gene 

more work must be done to understand the mechanism used by the pathogens to mobilize 

and express the KPC gene. By characterizing these mechanisms, the potential for the 

development of novel therapeutics to inhibit the production of the KPC protein can occur 

instead of relying only on drugs that inhibit its enzymatic activity.  
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