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ABSTRACT OF THE THESIS 

 

Exploration of Combinatorial Therapy for Gram Negative Bacteria such as 

Escherichia coli 

 

 

by 

 

Manzhu Kang 

 

Master of Science in Microbiology, Immunology and Molecular Genetics 

University of California, Los Angeles, 2014 

Professor Jeffrey H Miller, Chair 

 

 

 Antibiotic resistance is certainly a worldwide concern, which presents 

tremendous challenge and threat to public health management of infectious 

diseases. The development of new drugs has become a declining strategy to 

combat resistance, due to the protracted and circuitous nature of it, from the 

search of new antimicrobial agents to their approvals in clinical use. Therefore, 

many have turned to the rational approach of finding combinatorial therapies with 

existing drugs. In this thesis, I will explore combinatorial therapy for treatment of 

Gram-negative bacteria, such as Escherichia coli. We utilized a mutant strain, which 

lacks the enzyme of deoxycytidine deaminase, and showed its hypersensitivity to a 
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variety of compounds, from specific nucleotides to several antibiotics including 

vancomycin. We identified the synergistic interactions between vancomycin with 

cytidine, and with trimethoprim. The latter led us to the discovery of the striking 

potency of vancomycin and trimethoprim even in the wild-type strain. This result 

presents valuable implication of expanding the spectrum of a Gram-positive 

antibiotic to the treatment of Gram-negative infections. 
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Chapter 1 - A Review of Antibiotic Resistance and Combinatorial Treatment 

Strategy 

 

 Infectious diseases are one of the leading causes of death worldwide (1), 

despite of the extraordinary accomplishments with the development and usage of 

antimicrobial agents. The infamous statement from then Surgeon General William H 

Stewart “It is time to close the book on infectious diseases” back in the 1960s (2), 

was simply wrong. One of the reasons for infectious diseases to remain as a battle 

to fight is its continual evolution of emerging and reemerging (3) where multidrug-

resistant pathogens play a major role. In this chapter, I will review common 

mechanisms of antimicrobial resistance and strategies to combat. 

 

The threat we face  

 CDC estimated more than two million illnesses and at least 23,000 deaths as 

a result of antibiotic-resistant infections every year in the United States in their 

“Threat Report” of 2013. (4) The scope of the problem is certainly not statewide but 

worldwide, giving the remarkable speed resistance can spread across continents. 

Gram-negative infections, among all, are particularly catastrophic due to their 

resistant to nearly all readily usable drugs.  

 

Resistant Mechanisms  

 The development of resistance to antimicrobial agents has been in 

chronological parallel with the development and usage of drugs, as indicated in 
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Figure 1-1. (5, 6) In fact, the leading factor to resistance is the use and misuse of 

antibiotics. (7)  

  

 

FIG 1-1 Timeline of antimicrobial drug discovery against the development of drug resistance. (From 
(5)) 
 

 

 Resistance can be acquired through two different routes, in terms of its 

origin. First is the de novo, step-wise progression from low-level to high-level 

resistance through chromosomal mutations. (7, 8, 9) The second is acquisition of 

mobile resistant elements among taxonomically different bacteria by 

bacteriophages, plasmids, naked DNA or transposons (7,10). Common resistant 

mechanisms have been studied extensively and they generally fall into three 

different categories. First is targeting the antibiotic itself. A classic example is the 

production of β-lactamase enzyme, which breaks down the β-lactam ring and 

deactivates antibiotics such as penicillin, cephamycin, and carbapenem. (5, 11) 

Resistance through β-lactamase production has been increasingly worrisome with 

hundreds of different genes being specified within a single resistance mechanism. 
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(11) Secondly, bacteria can target the transport of drugs. An active efflux pump 

can move undesirable compounds, like toxic substances and antibiotics, out of cells. 

(12, 13) Although it exhibits natural physiological functions, the impact of it on 

antibiotic resistance cannot be overlooked. It accounts for most of the intrinsic 

resistance and more importantly the inducible aspect that can lead to higher 

expression of some efflux pumps upon antibiotic treatment. A third type of 

mechanisms involves the alterations of antibiotic intracellular target. The resistance 

to rifampicin, which targets RNA polymerase, can arise from a single base pair 

substitution in the gene that encodes RNA polymerase beta subunit (rpoB), which 

lead to the decreased affinity of rifampicin to the binding site on its target enzyme. 

(14) 

 

Combat Strategies 

 To combat resistance, the search for novel antimicrobial agents is an 

indisputable approach, but the cost-effectiveness of it has been controversial. 

Whether is screening natural compounds that present antimicrobial activity, or 

targeted drug design toward inhibition of essential genes, the speed resistance can 

emerge to any new compound outpaces our ability to deliver new therapeutic 

agents. In deed, resistant organism has been isolated even before the first clinical 

use of antibiotics. (11) The alternative strategy is to maintain and preserve 

currently available antibiotics, (15) through modification of existing drugs, 

screening for potentiators or “co-drug” or the application of combinatorial therapy 

with synergistic drugs. (16) 
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Combinatorial Therapy 

 The origin of combinatorial therapy can be traced back to the 1940s, before 

the term was even defined, when the demonstration that penicillin and 

sulphonamides reinforce each other’s action was made by Ungar. (17) Since then, 

the interactions between two or more antibiotics when used simultaneously has 

peaked new interests with the assumption that one type of interactions having the 

potential of reinforced efficacy between different drugs. In the review of Dr. 

Septhen D. Elek’s, 1956, he indicated the many benefits of using combinatorial 

therapy including lowering drug resistance incidence by mathematically 

demonstrating the odds of a single mutant resistant to both drugs is one in a 

million times a million, assuming the chance of mutant resistant to each drug is one 

in a million. (18) 

 Combinatorial therapy has been suggested favor many aspects including a 

broader spectrum activity, different spectra of activity, lower incidence in drug 

resistance, beneficial usage in polymicrobial infection, and decreased toxicity of 

individual agents when used in synergistic combination. (19) Numerous clinical 

studies have been published that showed outcomes of lower mortality rate with a 

few examples in the table (Table 1-1) presented below.  

 

Table 1-1 Published clinical studies on combination therapy in-hospitalized patients with community-
acquired pneumonia. (From (19)) 
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 With the high prevalence of antibiotic resistance and the decline in new drug 

development, combination therapy is the key to preserve the efficacy of current 

therapy, prevent new resistance, and is a rational applicable strategy that improves 

clinical outcome. In the following chapters, I will explore the hypersensitivity of a 

mutant strain, which lacks the enzyme of deoxycytidine deaminase, to specific 

nucleotides and a variety of antibiotics including vancomycin. Also the utilization of 

its phenotype to study pair-wise drug interactions of vancomycin in Gram-negative 

bacteria which lead to our discovery of the synergistic interaction between 

vancomycin and trimethoprim, that we’ve shown to have potent bactericidal 

efficacy on wild-type E. coli.  
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CHAPTER 2: Deoxycytidine Deaminase-deficient Escherichia coli Strains 

Display Acute Sensitivity to Cytidine, Adenosine, and Guanosine, and 

Increased Sensitivity to a Range of Antibiotics, Including Vancomycin 

 

SUMMARY 

 

We show here that deoxycytidine deaminase (DCD)-deficient mutants of 

Escherichia coli are hypersensitive to killing by exogenous cytidine, adenosine, or 

guanosine, whereas wild-type cells are not. The hypersensitivity is reversed by 

exogenous thymidine. The mechanism likely involves the allosteric regulation of 

ribonucleotide reductase and severe limitations of the dTTP pools, resulting in 

thymineless death.  We also report that DCD-deficient mutants of E. coli are more 

sensitive to a series of different antibiotics, including vancomycin, and show 

synergistic killing between vancomycin and cytidine.  One possibility is that a very 

low, subinhibitory amount of vancomycin gets into Gram-negative cells, and that 

this concentration is potentiated by chromosomal lesions resulting from the 

thymineless state.  A second possibility is that the metabolic imbalance resulting 

from DCD-deficiency affects assembly of the outer membrane that normally 

presents a barrier to drugs such as vancomycin.  We consider these findings with 

regard to ideas of rendering Gram negative bacteria sensitive to drugs such as 

vancomycin. 
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INTRODUCTION 

  

 A crucial step in the biosynthesis of thymidine, one of the components of 

DNA, is the deamination of one of the forms of deoxycytidine by the enzyme 

deoxycytidine deaminase, or DCD (1-5). In Escherichia coli and certain other Gram-

negative bacteria this enzyme operates at the triphosphate level (on dCTP), 

deaminating dCTP to dUTP, which is then hydrolyzed to dUMP, as shown in Figure 

2-1A (e.g.4, 5), whereas in most Gram-positive microorganisms, and in eukaryotes, 

this enzyme operates at the monophosphate level deaminating dCMP to dUMP 

(Figure 2-1B; 6,7; see 8). In both cases, the key intermediate is dUMP, since this is 

converted to dTMP by thymidylate syntase. Figure 2-1 also depicts a second route 

to the production of thymidine, namely from the conversion of UDP to dUDP by 

ribonucleotide reductase (RNR). The dUDP is either converted to dUTP and 

subsequently to dUMP, or to dUMP directly, depending on the organism (Figure 1-

1A or Figure 1-1B). The UDP pools are generated either by de novo synthesis, or 

from the degradation of RNA by polynucleotide phosphorylase (PNP; 9,10). Mutants 

lacking DCD have decreased levels of dTTP, and increased levels of dCTP (8,11-14), 

leading to increased mutation rates (8,11,13-15), and in yeast to greater sensitivity 

to some oxidative damage (8). A third pathway exists that can also provide dUMP 

(16-18), involving the deamination of dC to dU by cytidine deaminase (CDD). The 

dU is then kinased to dUMP. This pathway can apparently alleviate the thymidine 

limitation in DCD-deficient mammalian cell cultures (19), as DCD-deficient mutants 

are thymidine requiring only if they are also deficient for CDD (12). However, in E. 

coli the deoA gene encoded thymidine phosphorylase degrades dU, preventing this 
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pathway from supplying thymidine via dUMP generation (16, and ref. therein).  

Inactivation of the deoA gene is required to enable this third pathway (16).  

 

FIG 2-1 Metabolic pathway for thymidine production. a. Thymidine synthesis in Escherichia coli. b. 
Thymidine synthesis pathways in eukaryotes and Gram-positive bacteria. Note that In Escherichia coli 
the dcd-encoded deoxycytidine deaminase enzyme operates at the triphosphate level (on dCTP), 
whereas in most Gram-positive microorganisms, and in eukaryotes, this enzyme operates at the 
monophosphate level.  
 

In this chapter, we show that DCD-deficient mutants of E. coli are 

hypersensitive to killing by exogenous cytidine, adenosine, or guanosine, and that 

this hypersensitivity is reversed by exogenous thymidine. This is in contradistinction 

to earlier work with different mammalian cell lines that demonstrates that these 

lines can be sensitive to deoxyadenosine, deoxyguanosine, and thymidine, and this 

sensitivity can be relieved by exogenous cytidine or deoxycytidine (20). We discuss 

these distinctions in light of allosteric regulation of ribonucleotide reductase.  We 

also report here that DCD-deficient mutants of E. coli are more sensitive to a series 
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of different antibiotics, including vancomycin, and consider possible mechanisms for 

this increased susceptibility. 

 

MATERIALS AND METHODS 

 

E. coli strains.  The DCD-deficient strain used here is from the Keio collection, 

described in Baba et al. (21), made from the starting strain BW25113 (22).  This 

starting strain (lacIq rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78) is used as 

WT in the experiments reported here, unless otherwise stated.  The dcd mutant 

carries a complete deletion of the dcd gene, with a kan insert in place of the gene.  

Strain CAG12099 (23) is MG1655 zee-3129::Tn10. 

 

Media.  The following media (24) were used.  LB (10 g tryptone, 5 g yeast extract, 

10 gm NaCl per liter), minimal (minimal A; 10.5g K2HPO4, 4.5 g KH2PO4, 1 g 

(NH4)2SO4, 0.5 g sodium citrate⋅2H2O).  Minimal A is the buffer used for dilutions.  

For growth media, minimal A is supplemented with 10ml of 20% glucose, 1 ml of 1 

M MgSO4, and 0.5ml of 1% thiamin hydrochloride (vitamin B1), per liter.  Tryptone 

broth contains 10 g tryptone (1%) and 8 g NaCl per liter (24). The minimal medium 

A used here, when supplemented with tryptone, contains 1 g tryptone per liter 

(0.1%). 

 

E. coli genetic methods.  Unless otherwise stated, all genetic methods are as 

described by Miller (24).  The dcd mutant was purified from single colonies from the 

KEIO collection copy.  Experiments were started by inoculation from a fresh single 
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colony of the dcd mutant. For experiments in LB, both wild-type and the dcd 

mutant were grown from single colonies during the day as a seed culture in LB 

supplemented with 50 µg/ml thymidine to a density of 2-3 x 108 cells/ml.   

 

Determination of antibiotic sensitivity. Overnight cultures containing different 

concentrations of a given antibiotic were seeded with approximately 103 cells by 

inoculating 2 ml cultures with 50 µl of a 10-4 dilution of the over-day culture.  After 

18 hours incubation at 37oC on a rotor at 50 rpm, the OD600 was measured.  Graphs 

of these data display percent growth versus that in LB. 

 

Drug interaction assay. Cell cultures were prepared with the same method used 

in the determination of antibiotic sensitivity; using LB media supplemented with an 

antibiotic (vancomycin) and cytidine (see also 25) at sub-inhibitory concentrations. 

For experiments in minimal medium, the over-day culture in LB was spun down, 

washed, and resuspended in minimal A buffer before diluting 10-4 and seeding 

overnight cultures.    

 

Time kill assay. An overnight culture of dcd mutant grown in minimal medium 

supplemented with 0.1% tryptone and 50 µg/ml thymidine was spun down, 

washed, and resuspended in minimal buffer. From this suspension, approximately 

103 cells were inoculated into media containing 25 µg/ml vancomycin, 5 µg/ml 

cytidine, the two combined, and a control with minimal media only. Aliquots of the 

culture were removed at six time intervals (0, 1, 2, 3, 4, 5, and 6 hour) of 

incubation on a rotor with 50 rpm, and dilutions were prepared as needed for 
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tittering. The numbers of viable cells were determined on LB plate after 24 h 

incubation at 37°C with colony counts. The assay was performed in triplicate 

cultures and was repeated for at least twice, with representation of ± standard 

deviation.  

 

Validation controls. We crossed out the kan/dcd insertion/replacement by P1 

transduction of a linked Tn10 marker from strain CAG12099 (23).  This restored the 

wild-type phenotype with respect to colony size and non-sensitivity to exogenous 

cytidine. We then transduced the kan/dcd from the KEIO strain into the starting 

strain, BW25113, using the linked Tn10 marker from, and screening the Tetr 

colonies for Kanr .  The Kanr colonies now had smaller colony size, poor growth in 

the absence of thymidine, and were sensitive to exogenous cytidine. 

 

Chemicals. Kanamycin, tetracycline, chloramphenicol, rifampicin, vancomycin, 

nitrofurantoin, ciprofloxacin, cephradine, erythromycin, adenosine, guanosine, 

uridine, thymidine, and cytidine were purchased from Sigma (St. Louis, MO).   

 

 

RESULTS 

 

Cytidine, adenosine, and guanosine sensitivity of DCD-deficient mutants in 

LB medium.  We found that dcd strains were strikingly sensitive to cytidine in LB 

medium, and also sensitive to adenosine and guanosine at higher concentrations, 

and that these sensitivities can be reversed by the addition of thymidine.  Figure 2-
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2 exemplifies this, showing overnight cultures inoculated with approximately 1,000 

cells in broth medium (LB; 24; see Materials and Methods for further details) 

containing either no additional supplements, 100 µg/ml cytidine, or 100 µg/ml 

cytidine plus 50 µg/ml thymidine.  (DCD-deficient mutants grow to somewhat less 

than full saturation in LB not supplemented with additional thymidine; see below).   

 

 

 

 

 

 

 

FIG 2-2 Growth inhibition of cytidine in dcd mutant and the rescue of killing by thymidine. dcd mutant 
was grown in LB medium, and with the exogenous addition of cytidine, and cytidine with thymidine, in 
the concentrations shown. Approximately 1,000 cells were inoculated and growth was monitored after 
18 hours.  
 

Concentrations of 20 µg/ml cytidine prevent any detectable growth, and 

concentrations as low as 10 µg/ml result in 97% growth inhibition (Table 2-1).  In 

contrast, wild-type E. coli can tolerate concentrations of 2,000 µg/ml (Table 2-2) 

without evident detrimental effects on growth. In fact, higher concentrations of 

cytidine give enhanced growth to wild-type strains. (Higher concentrations of 

thymidine, or uridine also give enhanced growth to both wild-type and DCD-

deificent strains, with the latter responding somewhat more to uridine than the 

wild-type).  DCD-deficient strains are also sensitive to exogenous adenosine and 

guanosine (Table 2-2), although in LB higher concentrations are needed to produce 

Cytidine 
Concentration 

(µg/mL) 

% Growth 
 

WT 
 

dcd  
0 100 100 
10 94.4 ± 8.0 2.8 ±1.0a 
20 99.6 ± 7.4 0.0 ± 0.0 
50 99.7 ± 4.1 0.0 ± 0.0 

 

TABLE 2-1 Growth effect of cytidine on wild-
type and dcd mutant in LB medium 

	  

a Standard deviation  
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TABLE 2-2 Growth effects of nucleosides on wild-type and dcd mutant in LB medium	  

the same effect as for cytidine.  For adenosine, 100 µg/ml is required for 90% 

inhibition of growth, and 200 µg/ml for 99% inhibition, and for guanosine 200 

µg/ml are required for 83% inhibition, and 500 µg/ml for 97% inhibition. The rescue 

by thymidine of cytidine inhibition occurs with as little as 0.15 – 0.25 µg/ml 

thymidine (Figure 2-3). The inhibition/cell killing by adenosine or guanosine is also 

reversed by exogenous thymidine (data not shown).   
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FIG 2-3 Thymidine rescues cytidine killing in dcd mutant.  The dcd mutant was grown in LB medium 
with 50 µg/mL of cytidine and with various amount of thymidine (µg/ml). % Growth is measured 
against a control in LB without added cytidine (or thymidine).  
 

Sensitivity of DCD-deficient mutants in minimal medium.  In minimal medium 

(see Materials and Methods) supplemented with 0.1% tryptone, DCD-deficient 

mutants grow poorly, but respond to very low levels of thymidine for improved 

growth.  Concentrations of 0.0025 and 0.005 µg/ml thymidine (10 nM and 20 nM, 

respectively) restore some growth as judged by saturation levels after 18 hours, 

and levels of 0.05 µg/ml restore levels near 80% of that of 50 µg/ml (Figure 2-4).  

Growth curves based on viable cell counts (data not shown; see Materials and 

Methods) validate these results, as the growth rates in 0.05 µg/ml thymidine are 

indistinguishable from those of 50 µg/ml (doubling time of 25 min), while the 

growth curves for no added thymidine are significantly lower (doubling time 44 

min).  Cytidine concentrations as low as 1 µg/ml prevent 95% growth (Table 2-3).  

This is easier to see when 0.005 µg/ml thymidine is added, as the growth levels 

before the addition of cytidine are higher.  While 0.005 µg/ml thymidine is sufficient 

to restore close to 50% or higher growth levels under the conditions of the 

experiments in the absence of cytidine, higher concentrations (0.15 – 0.25) µg/ml 

0	  
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80	  
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thymidine) are required to rescue the cells from cytidine-induced killing (e.g. Figure 

2-3).  Table 2-4 shows that adenosine and guanosine have roughly similar 

potencies to that of cytidine in minimal medium (with 0.1% tryptone broth), even 

though in LB neither nucleoside is as potent an inhibitor as cytidine (Table 2-2).  

Adenosine is slightly more potent than cytidine in this regard, and guanosine 

moderately less potent. 

 

 

TABLE 2-3 Growth inhibition of cytidine in minimal medium with added thymidine on wild-type and 
dcd mutant 

 
Nucleoside concentration (µg/mL) % Growth 

Cytidine Thymidine dcd mutant 
0 0.005 80.1 ± 3.7 

0.5 0.005 5.1 ± 0.7 
1 0.005 3.8 ± 0.5 
3 0.005 3.5 ± 0.4 
0 50 100 

 
 
 
 
 

TABLE 2-4 Growth effect of purines on wild-type and dcd mutant in minimal medium with the 
addition of thymidinea 

 

 
Purine Concentration 

(µg/mL) 

% Growth 
Adenosine Guanosine 

  

WT dcd WT dcd 
0 100 100 100 100 

0.1 − 98.2 ± 9.8 − − 
0.5 − 4.0 ± 0.4 − − 
1 − 2.5 ± 1.0 − 17.9 ± 1.9 
5 95.6 ± 1.3 4.5 ± 1.3 − − 
10 91.6 ± 3.5 2.5 ± 0.5 83.6 ± 4.2 3.3 ± 0.7 
50 − 0.6 ± 0.7 94.5 ± 3.8 2.1 ± 1.0 

 

 a A total of  0.005 µg/mL of thymidine was added to the medium in order to supplement growth.  
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FIG 2-4 The growth potentiation by thymidine on dcd mutant in minimal medium. Growth restoration 
of different low concentrations of thymidine after 18 hours growth (see Materials and Methods), 
measured as % growth of the culture with 50 µg/ml thymidine. 
 
 
 
 
Cytidine addition to DCD-deficient strains causes cell killing by thymineless 

death.  In minimal medium with 0.1% tryptone, viable cell plots show that the 

addition of cytidine does result in cell death, as there is a loss of viability after two 

hours (Figure 2-5). This is not as severe as the rapid death that results in thyA 

strains (e.g. 26), but represents cell death nonetheless.   

 

FIG 2-5 Loss of viability of dcd mutant in minimal medium with 50 µg/ml of cytidine.  Approximately 
103 cells were inoculated into different media (see Materials and Methods) and samples were removed 
at different times and directly plated onto LB medium for viable plate counts.   
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DCD-deficient strains show increased sensitivities to a series of antibiotics.  

We tested a series of antibiotics, representing different categories of antibiotics, at 

a range of concentrations in both the wild-type and dcd strain backgrounds.  DCD-

deficient strains are more sensitive to varying degrees to each of the antibiotics 

tested, ciprofloxacin (CPR), chloramphenicol (CAM), tetracycline (TET), rifampicin 

(RIF), cephradine (CEP), erythromycin (ERY), nitrofurantoin (NIT), and vancomycin 

(VAN).  The concentration giving the largest difference between wild-type and the 

DCD-deficient derivative is displayed in Figure 2-6, and a set of concentrations for 

vancomycin is shown in Figure 2-7.  

 

FIG 2-6 Increased sensitivity of dcd mutant to various antibiotics.  Overnight cultures of wild-type 
and the dcd mutant containing different concentrations a given antibiotic were seeded with 
approximately 103 cells, and after 18 hours incubation at 37oC the OD600 was measured (see Materials 
and Methods).  % Growth is versus the respective strain in LB with no antibiotic.  
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FIG 2-7 Increased sensitivity of dcd mutant to vancomycin (µg/ml).  Cells are grown in different 
concentrations of vancomycin (see Legend to Figure 1-6).  % growth is that compared to growth in LB 
alone for each individual strain.  
 

The largest increases in sensitivity are seen for cephradine, nitrofurantoin, and 

vancomycin.  The increased susceptibility to vancomycin is striking.  Vancomycin 

cannot penetrate the outer membrane of Gram negative bacteria (27), resulting in 

a minimum inhibitory concentration (MIC of 400 µg/ml (28; data not shown).  Many 

of the mutants that increase this sensitivity have defects in cell wall or outer 

membrane synthesis, although some (e.g. recA mutants) have defects in DNA 

recombination or repair functions (29,30).  The fact that dcd mutants have an MIC 

for vancomycin of close to 50 µg/ml (Figure 2-7) is noteworthy, and we consider 

this in the discussion. Interestingly, the addition of thymidine eliminated the 

increased sensitivity to vancomycin (data not shown).  

 

Cytidine-mediated killing shows synergy with vancomycin in DCD-deficient 

strains.  Cytidine-induced killing of dcd strains has a synergistic effect with 
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vancomycin (Figure 2-8), as the combination of the two treatments gives killing 

significantly greater than the additive effect of each treatment alone (e.g. 25). 

 

FIG 2-8 Synergistic effect of vancomycin with cytidine on dcd mutant.  Cells are grown in LB, LB 
supplemented with vancomycin (25 µg/ml), cytidine (5 µg/ml), or vancomycin + cytidine).  % Growth 
is compared to growth in LB alone.  
 

 

Discussion 

 

 The size and balance of the deoxynucleotide triphosphate (dNTP) pools are 

important for replication fidelity (see review by Kunz et al. 31). Not only do 

unbalanced pools provoke an increase in mutagenesis (8,13-15,31-35), but an 

increase in the total pools of all four dNTPs also leads to increased mutations 

(36,37), and a decrease leads to reduced mutagenesis (38,39).  It is not surprising, 

therefore, that cells have evolved intricate mechanisms to control the size and 

balance of dNTP pools. These control mechanisms center around ribonucleotide 

reductase (RNR), the essential enzyme that generates dNDP’s from NDP’s (see 

review, 40).  E. coli has 3 different RNRs, each comprised of two different monomer 

subunits.  The principal RNR used during aerobic growth is encoded by the nrdA and 
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nrdB genes (40, and references therein). The enzyme has a catalytic site and two 

separate binding sites for allosteric effectors. One effector binding site modulates 

the reduction of specific NDPs in response to levels of dGTP, dTTP, and dATP, and to 

the ratio of ATP:dATP). The second site serves as an on off switch for overall 

activity of the enzyme, the binding of dATP resulting in inhibition of the total 

activity. Here, a high ratio of dNTPs:ATP inhibits enzyme activity, where dNTP = 

dATP, dTTP or dGTP. (e.g. 40). In E. coli, this scheme apparently breaks down, 

when DCD is deficient, since the primary route to dTTP is eliminated (see Figure 2-

1, and below), and the cell must rely on the UDP -> dUDP conversion by RNR to 

ultimately furnish dTTP (Figure 2-1A), yet RNR is now partly shut down.   

DCD carries out the first step, a deamination, in converting phosphorylated 

derivatives of deoxycytidine ultimately to deoxythymidine (1-5; see Figure 2-1).  In 

E. coli, and in other gamma proteobacteria, this step occurs at the triphosphate 

level (e.g. 4,5), whereas in most Gram-positive bacteria, and in yeast and higher 

cells, this step occurs at the monophosphate level (6,7). The direct effect of 

deleting the dcd gene is the buildup of dCTP pools, and the lowering of dTTP pools 

(5,8,11-14). As a result, this leads to increased mutagenesis in cell culture (15) 

yeast (8,11), and E. coli (13), to reduced growth rates (e.g. 16), and in yeast to 

moderately increased sensitivity to DNA damaging agents (8). The increased 

mutagenesis is reduced or eliminated by the addition of thymidine (15; data not 

shown). Here, we show that E. coli dcd mutants are extremely sensitive to 

exogenous adenosine, guanosine, or cytidine, in contradistinction to wild-type E. 

coli. The dcd mutants grow slowly in the absence of thymidine, because the primary 

pathway for thymidine synthesis involves the DCD catalyzed deamination of dCTP, 
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which is now blocked (see Figure 2-1A.) The second route, via RNR reduction of 

UDP -> dUDP provides only 20% of the normal amount of thymidine in E. coli (41, 

and references therein). Adding even very low levels of thymidine improves growth 

to near normal levels (Figure 2-4). However, as Tables 2-4 shows, the addition of 

cytidine, adenosine, or guanosine kills dcd cells. Thus, it would appear that 

exogenous cytidine, adenosine, or guanosine (rC, rA, or rG) is converted to enough 

dCTP, dATP, or dGTP to sufficiently shut down RNR to the point that an insufficient 

level of thymidine is provided via the UDP -> dUDP pathway. Moreover, Buttin and 

coworkers have shown that CTP strongly inhibits UDP reduction by RNR from 

Chinese hamster cells (12). This shutting down of RNR in a DCD-deficient 

background leads the cell into thymineless death (Figure 2-5), the latter being a 

well-studied phenomenon (e.g. 26,42,43). A potential third pathway, involving 

deamination of deoxycytidine (dC) to deoxyuracil (dU) by cytosine deaminase 

(CDD) is not available in E. coli unless the deoA gene is inactivated (16,18), as the 

deoA-encoded enzyme is a deoxycytidine phosphorylase that normally degrades dC 

and dU (18). In mammalian cell lines, this third pathway is active, so that cell lines 

such as human B lymphoblasts (Raji) that carry a dcd mutation are not sensitive to 

cytosine (19), as they are in E. coli, unless they are also deficient in CDD, as is the 

case with Chinese hamster cell lines (12).  

 Wild-type E. coli is not sensitive to any of the exogenous nucleosides (see 

e.g. Table 2-2) in concentrations as high as 2-4 x 10-3 M. In cultured cells, the 

expansion of the dATP, dGTP, or dTTP pools results in specific feedback inhibition of 

RNR (e.g. 40), ultimately resulting in lowered levels of dCTP (20). (This is the 

inverse of the findings here for dcd mutants, in which expansion of the other dNTP 
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pools limits the dTTP pool). Thus, different mammalian cell lines have been shown 

to be sensitive to levels of 10-5 M -> 10-4 M of exogenous adenosine, 

deoxyadenosine, deoxyguanosine, or thymidine (20, 44, and references therein), 

and this toxicity can be relieved by exogenous cytidine or deoxycytidine (20).  

Some mammalian cell culture mutants resistant to deoxyadenosine or 

deoxyguanosine were shown to have altered allosteric regulation of RNR 

(34,45,46), with RNR now responding less to, e.g. dGTP. Other resistant mutants 

had increased levels of RNR (47), and some mutants resistant to adenosine had 

hyperactive adenosine-deaminase (44), an enzyme that normally reduces the toxic 

level of adenosine. Certain autoimmune diseases result from the inherited lack of 

this enzyme (see 45). 

The increased sensitivity to antibiotics (Figures 2-6, 2-7) is highlighted by the 

greatly increased sensitivity to vancomycin, a glycopeptide that cannot normally 

penetrate the outer membrane of Gram-negative bacteria (27,48), precluding its 

use against Gram-negative infections. It is noteworthy that vancomycin acts 

synergistically with cytidine (Figure 2-8).  The increased sensitivity to vancomycin 

is eliminated by the addition of thymidine (data not shown).  How can the excess of 

dCTP and the decrease in the dTTP pools result in increased sensitivity to 

vancomycin?  One possibility is that in the partial thymineless state, or (in the 

presence of exogenous cytidine) full thymineless state, there is a buildup of 

irreparable chromosomal lesions (43) that act synergistically by potentiating a very 

small and subinhibitory concentration of vancomycin that does get into the cell and 

that itself results in DNA damage. Collins and coworkers have proposed and 

presented evidence for the idea that all bactericidal antibiotics generate hydroxyl 
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radicals that kill the cell by causing DNA damage (49), and that the oxidation of 

guanine to 8-oxodGuanine in the nucleotide pools is a key mechanism by which this 

occurs (50). An expanded examination of synergistic effects of vancomycin and 

other antibiotics in a DCD-deficient background might shed light on this model.  A 

second possibility is that the excess of dCTP or the decrease in the dTTP pools in a 

DCD-deficient mutant triggers a metabolic imbalance that in some way affects outer 

membrane assembly. The phenotype of DCD-deficient mutants with respect to 

antibiotics is similar to, although less severe than, that seen for SurA-deficient 

mutants that are greatly affected in outer membrane assembly. SurA is a crucial 

folding factor/chaperone for beta-barrel proteins (29). If outer membrane assembly 

is aberrant, then proteins such as OmpA, OmpF, LamB, OmpC, and LptD are 

incorrectly folded and rapidly degraded, which can be tested with antibodies to 

these proteins using Western Blots.  Interestingly, a survey of the KEIO collection of 

gene knockouts in E. coli found that of the few mutants showing increased 

susceptibility to vancomycin, some involved defects in DNA repair or recombination 

(e.g. recA mutants), and others in outer membrane synthesis (28,30). 

Combinatorial strategies for antibiotic use offer an expanded repertoire of 

drug therapies (51). Of particular interest are potentiators of existing antibiotics, or 

“codrugs”, a number of which have been used in both laboratory (52,53), and 

clinical (54-56) settings. Also, Collins and coworkers have demonstrated that 

specific metabolites can potentiate aminoglycosides acting on E. coli and 

Staphylociccus aureus biofilms (57). One desired potentiator would sensitize Gram-

negative bacteria to vancomycin. The dcd mutants described here have a MIC of 50 

µg/ml for vancomycin, suggesting that small molecule inhibitors of DCD would have 
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the same effect and would be useful potentiators. The 3D structure of E. coli DCD is 

known (41,58), facilitating drug design. The E. coli DCD enzyme shares extensive 

homology among Gram-negative bacteria. Figure 2-9 compares the DCD sequence 

among a set of enzymes from different gamma protebacteria that are pathogens. 

The E. coli enzyme is 96% identical to individual members of this group, such as 

Klebsiella pneumoniae, with the group as a whole sharing 80% identity. It appears 

likely that an inhibitor of the E. coli enzyme would also inhibit, for instance, the 

DCD enzyme from K. pneumoniae, the leading cause of nosocomial infection among 

patients in intensive care units (59). Such a potentiator would have a narrow 

spectrum of action, since DCD from Gram-positive bacteria and from humans has a 

different substrate (dCMP instead of dCTP), and the enzymes from Bacillus subtilis 

and from humans share only weak homology (25% and 26% identity, respectively) 

to the E. coli enzyme. It is highly unlikely that an inhibitor of the E. coli enzyme 

would affect either the Gram-positive population or human cells.  It is not clear how 

many other Gram negative bacteria outside of the gamma proteobacteria use DCD 

at the triphosphate level and how many use DCD at the monophosphate level, since 

an examination of the homologies to each of these enzymes from members of 

different classes of Gram-negative bacteria give ambiguous results (data not 

shown). Biochemical experiments are needed to answer this question. Other 

mutants shown to increase the sensitivity of E. coli to vancomycin (surA, 29; smpA, 

28) suggest targets as well.  Also, recently, Collins and coworkers have shown that 

silver sensitizes E. coli to a series of antibiotics, including vancomycin (60), and 

Wink and coworkers have reported that EDTA potentiates the combination of 

vancomycin plus thymidine (61). 
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Escherichia coli     MRLCDRDIEAWLDEGRLSINPRPPVERINGATVDVRLGNKFRTFRGHTAAFIDLSGPKDEVSAALDRVMSDEIVLDEGEAFYLHPGELALAVTLESVTLPADLVGWLDGRSS 
Shigella flexneri    MRLCDRDIEAWLDEGRLSINPRPPVERINGATVDVRLGNKFRTFRGHTAAFIDLSGPKDEVSAALDRVMSDEIVLDEGEAFYLHPGELALAVTLESVTLPADLVGWLDGRSS 
Citrobacter koseri   MRLCDRDIEAWLDEGRLSINPRPPVERINGATVDVRLGNKFRTFRGHTAAFIDLSGPKDEVSAALDRVMSDEIVLDEGDAFYLHPGELALAVTFESVTLPPDLVGWLDGRSS 
Salmonella enterica    MRLCDRDIEAWLDEGRLSITPRPPVERINGATVDVRLGNKFRTFRGHTAAFIDLSGPKDEVSAALDRVMSDEIVLPDGEAFYLHPGELALAVTFESVTLPPDLVGWLDGRSS 
Cronobacter turicensis MRLCDRDIEAWLDEGRLAITPRPPVERINGATVDVRLGNKFRTFRGHTAAFIDLSGPKDEVSAALDRVMSDEIVLNDGEAFYLHPGELALAVTYESVTLPADLVGWLDGRSS 
Klebsiella pneumoniae MRLCDRDIEAWLDEGRLAINPRPPVERINGATVDVRLGNKFRTFRGHTAPFIDLSGPKAEVSAALDRVMSEEIVLSEGEAFFLHPGELALAVTYESVTLPADLVGWLDGRSS 
Enterobacter aerogenes MRLCDRDIEAWLDEGRLAISPRPPVDRINGATVDVRLGNKFRTFRGHTAPFIDLSGPKAEVSAALDRVMSEEIVLPEGEAFYLHPGELALAVTYESVTLPADLVGWLDGRSS 
Pantoea agglomerans MRLCDRDIEAWLDNGKLAIEPRPPVERINGATVDVRLGNQFRTFSGHTAAFIDLSGPKHEVSAALDRVMSDEIVLPDGEAFFLHPGELALAVTLESVTLPDDLVGWLDGRSS 
 
 
Escherichia coli  LARLGLMVHVTAHRIDPGWSGCIVLEFYNSGKLPLALRPGMLIGALSFEPLSGPAVRPYNRREDAKYRNQQGAVASRIDKD 
Shigella flexneri LARLGLMVHVTAHRIDPGWSGCIVLEFYNSGKLPLALRPGMLIGALSFEPLSGPAARPYNRREDAKYRNQQGAVASRIDKD 
Citrobacter koseri  LARLGLMVHVTAHRIDPGWSGCIVLEFYNSGKLPLALRPGMLIGALSFEPLSGPAARPYNRRQDAKYRDQQGAVASRIDKD 
Salmonella enterica    LARLGLMVHVTAHRIDPGWSGCIVLEFYNSGKLPLALRPGMLIGALSFEPLSGPAARPYNRRQDAKYRDQQGAVASRIDKD 
Cronobacter turicensis LARLGLMVHVTAHRIDPGWQGCIVLEFYNSGKLPLALRPGMLIGALSFEPLSGPAERPYNRRQDAKYRDQQGAVASRIDKD 
Klebsiella pneumoniae  LARLGLMVHVTAHRIDPGWSGCIVLEFYNSGKLPLALRPGMPIGALSFEPLSGPAARPYNRREDAKYRDQQGAVASRIDKD 
Enterobacter aerogenes LARLGLMVHVTAHRIDPGWSGCIVLEFYNSGKLPLALRPGMPIGALSFEPLSGPAARPYNRREDAKYRDQQGAVASRIDKD 
Pantoea agglomerans LARLGLMVHVTAHRIDPGWQGRIVLEFYNSGKLPLALRPGMLIGALSFEPLSGPAARPYNRREDAKYRGQQGADASRIDKD 
 
 
 
 
FIG 8 Homologous alignment of DCD among different bacterial species 
 

FIG 2-9 Homologous alignment of DCD among 
different γ-proteobacteria. . 
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CHAPTER 3: Identification of Synergistic Interaction between Vancomycin 

and Trimethoprim and Its Potency In Wild-type Escherichia coli.  

 

Summary 

 

 The increased sensitivity to vancomycin (VAN) of dcd mutant led us to the 

exploration for potential synergistic antibiotics in a pair-wise combination with VAN, 

which is normally limited to the use on Gram-positive bacteria, due to permeation 

barrier from an outer membrane of Gram-negative bacteria. In this chapter, we 

show the study of ten different antibiotics, representing six different functional 

categories, of their interactions with VAN. Among those, trimethoprim (TMP) 

presents a striking synergy with VAN, which activates bactericidal efficacy together 

with VAN as low as 6.25 µg/ml on a wild-type strain. This intriguing effect exhibits a 

valuable combinatorial therapy of VAN and TMP on wild-type E.coli or other Gram-

negative bacteria. 

 

Introduction 

 Vancomycin (VAN) has been proved to be an effective antibiotic against 

certain multi-drug resistant Gram-positive pathogens, such as MRSA (methicillin-

resistant Stapylococcus aureus). However, the large size of this glycopeptide 

precludes it from being useful against Gram-negative infections, since the outer 

membrane of Gram-negative bacteria acts as a barrier to its entry into the cell (1). 

Our recent study in deoxycytidine deaminase deficient (DCD) mutant, which 

presents an increased sensitivity to VAN, led us to the rational of the utilization of 



39 
	  

	  

dcd mutant to exlopre potential drug combinations with VAN. We detected strong 

synergies between VAN and TMP, in not only the mutant strain, but also the wild-

type E. coli strain. This result exhibits particular value in the possible implications of 

new therapeutic remedy of treating resistant Gram-negative bacteria, such as 

carbapenem-resistant Klebsiella pneumoniae, a leading cause of hospital-acquired 

pneumonia in the US (2). 

 

Materials and Methods 

 

E. coli strains.  The DCD-deficient strain used here is from the Keio collection, 

described in Baba et al. (3), made from the starting strain BW25113 (4). This 

starting strain (lacIq rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78) is used as 

wild-type (WT) in the experiments reported here, unless otherwise stated.  

BW25113, as closely related to MG1655, as both are derived from the strain 

background W1485 (3).  The dcd mutant carries a complete deletion of the dcd 

gene, with a kan insert in place of the gene. 

 

Media.  The following media (5) were used.  LB (10 g tryptone, 5 g yeast extract, 

10 gm NaCl per liter).  

 

E. coli genetic methods.  Unless otherwise stated, all genetic methods are as 

described by Miller (5). The dcd mutant was purified from single colonies from the 

KEIO collection copy.  Experiments were started by inoculating from a culture made 

from a single colony and stored in glycerol (5) at -80°C. A sample of the frozen 
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glycerol culture was inoculated into LB medium and grown for 6 hours in a water 

bath at 37º before being used to seed overnight cultures with approximately 103 

cells. This was achieved by inoculating 2 ml cultures with 50 µl of a 10-4 dilution of 

the over-day culture.  After 18 hours incubation at 37oC on a rotor at 50 rpm, the 

OD600 was measured.  Graphs of these data display percent growth versus that in 

LB.  

Determination of single-drug concentrations. Ten different antibiotics were 

selected as representations of six functional groups in terms of their killing 

mechanisms, as previously defined by Yeh, Tchumi and Kishony (6). Overnight 

cultures containing a range of concentrations of a given antibiotic (usually from the 

reported MIC with twofold intervals) were seeded with approximately 103 cells by 

inoculating 2 ml cultures with 50 µl of a 10-4 dilution of the over-day culture.  After 

18 hours incubation at 37oC on a rotor at 50 rpm, the OD600 was measured. Sub-

inhibitory concentrations were chosen at typically 60% to 80% reduction in growth 

compared to the growth in controls with only LB. For the experiment of variable 

aeration and cell density, the inoculation was made with 50 µl of a 10-4, a 10-3, a 

10-2, and a 10-1 dilution of the over-day culture; followed by 18 hours incubation at 

37oC either on a rotor at 50 rpm or the incubator (without aeration). 

 

Drug interaction assay. Cell cultures were prepared with the same method used 

in the determination of single drug concentration; using LB media supplemented 

with vancomycin and a second antibiotic at sub-inhibitory concentrations. Bar 

graphs were used to compare the effects of the paired drugs with those of the 

corresponding single drugs at the same dose, and the controlled growth in LB only. 
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Time kill assay. Wild-type E. coli cultures were inoculated with approximately 

1x104 CFU/ml, from a resuspension in MC buffer stored at 4°C, into LB media 

containing 100 µg/ml of vancomycin, 0.15 µg/ml of trimethoprim, the two drugs 

combined, and a control with LB media only. Aliquots of the culture were removed 

at five time intervals (0, 2, 4, 6, and 8 hour) of incubation on a rotor with 50 rpm, 

and dilutions were prepared as needed for tittering. The numbers of viable cells 

were determined on LB plate after 24 h incubation at 37°C with colony counts. The 

assay was performed in triplicate cultures and was repeated for at least twice, with 

representation of ± standard deviation.  

 

Classification of Drug Interactions. Additivity is defined as 𝑊!" =   𝑊!𝑊! where 

𝑊!   is the growth rate of drug X , 𝑊! is the growth rate of drug Y, and 𝑊!"  is the 

growth rate of the drugs combined. Deviation from addivitity is defined by ε, which 

is calculated from the formulas below. When ẽ falls within the range of -1 to -0.5, 

we classify it as synergistic; when ε is between -0.5 and 0.5, we classify it as 

additive; when ε falls between 0.5 and 2, we classify it as antagonistic.  

 

ε =  
𝑊!"  –   𝑊!𝑊!

𝑊!" −   𝑊!𝑊!
 

 

𝑊!"  = min [𝑊! , 𝑊!] for 𝑊!" > 𝑊!𝑊!, and is 0 otherwise  

 

If 𝑊!"   > min [𝑊! , 𝑊!], then  
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ε = 
(𝑊!" −min  [𝑊! , 𝑊!])

(1 −min   𝑊! , 𝑊! )
+ 1 

 

Chemicals.  Kanamycin, tetracycline, chloramphenicol, rifampicin, vancomycin, 

nitrofurantoin, ciprofloxacin, cefoxidine, erythromycin, trimethoprim, and 

clindomycin were purchased from Sigma (St. Louis, MO). 

 

Results 

 

Pair-wise drug combinations.  We initially tested a set of 10 antibiotics against a 

subinhibitory concentration of VAN in dcd mutant. Whereas the MIC (minimum 

inhibitory concentration) for VAN for the wild-type is 400 µg/ml (data not shown) 

under the conditions of the experiment (see Materials and Methods), the MIC for 

the dcd mutant is 50 µg/ml, and 25 µg/ml was used as a subinhibitory 

concentration.  

 

Table 3-1 List of antibiotics used in the study with dosage and primary targets 

Antibiotic Abbreviation Dosage  
(µg/ml) 

Primary Target 

Cefoxitin FOX 1 Cell wall synthesis 

Chloramphenicol CHL 0.25 Protein synthesis, 50S 

Ciprofloxacin CPR 0.01 DNA gyrase 

Clindamycin CLI 8 Protein synthesis, 50S 

Erythromycin ERY 5 Protein synthesis, 50S 

Nitrofurantoin NIT 0.5 DNA 

Streptomycin STR 0.6 Protein synthesis, 30S 
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Tetracycline TET 0.075 Protein synthesis, 30S 

Tobramycin TOB 2 Protein synthesis, 30S 

Trimethoprim TMP 0.15 Folic acid biosynthesis 

Vancomycin VAN 25 Cell wall synthesis  

 

 Table 3-1 lists the antibiotics used in this study, and the concentrations used 

in the initial tests for synergy.  Figure 2-1 and displays the results in the format 

employed by Yeh, Kishony and coworkers (6). This latter study characterized the 

interactions as additive, suppressive, antagonistic, and synergistic (see Materials 

and Methods for a fuller explanation).  Here, percent residual growth versus growth 

in LB without antibiotic is plotted for each single antibiotic, and for the pair of 

antibiotics.  Synergistic effects are those that are significantly greater than simple 

additive effects.  From Figure 3-1, we assign merely additive effects (no synergy) to 

the combinations of VAN with CLI, TOB, TET and STR; weak synergies with VAN and 

CPR, CHL ERY and FOX; and very strong synergies with VAN and either NIT or TMP.   
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FIG 3-1. Interactions of different drug combinations with vancomycin in dcd mutant. Comparison 
graphs were plotted with bars from left to right as (LB) no drug, VAN, the second drug, and the 
combination of two drugs against growth percentage on the y-axis. Refer to Table 2-1 for the 
concentrations used. 
 
 

Synergy in the wild-type background.  The strength of the synergies with VAN 

and TMP suggests that the effect might be strong enough to be potent in the wild-

type background. This is indeed the case, as Figures 3-2 demonstrates. The 

combination of VAN and TMP shows effects with concentrations as low as 6.25 

µg/ml VAN (Figure 3-2) 
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FIG 3-2. The synergistic interaction between vancomycin (µg/ml) and trimethoprim (µg/ml) in WT.  
E. coli was grown up in vancomycin, trimethoprim, and the two drugs combined. Growth percentages 
at each concentration were calculated against the growth in LB medium. (See Materials and Methods) 
 
 
Aeration and cell density. Oxidative damage or the accumulation of free radicals 

was believed to contribute antimicrobial activity to certain degrees (7). Cell density 

can also be a limiting factor with regard to potency. Considering the experimental 

design of the synergy experiment, in terms of the aeration given and starting 

number of cells, we examined and showed that the efficacy of synergy between 

VAN and TMP, with the concentration reported before, was not limited or dependent 

on aeration or cell density. Figure 3-3 demonstrates the consistency of synergy 

when various inoculations were made with a range from approximately 103 to 106 

cells/ml, with or without aeration (See Materials and Methods). 
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FIG 3-3. The effects of aeration and cell density on the potency of the synergy between VAN and 
TMP. Concentrations used here for VAN was 25 µg/ml and 0.2 µg/ml for TMP. (A.) The experiment was 
conducted with the incubation on a rotor at the speed of 50 rmp. (B.) Demonstrate a duplication of 
the same experiment with the incubation in the incubator (no aeration given). Red line: growth 
percentages for the two drug combined culture calculated against LB control, as compared to the 
expected growth rate for an additive effect (shown in purple). Black line with squares is used for VAN 
only, black line with triangles is used for TMP only, black line with diamonds is control of LB only. The 
x-axis is used to plot the variable of cell density.  
 
 

The killing effect of the synergy in wild-type E. coli. A time kill kinetic assay of 

VAN and TMP was used to demonstrate killing, with the reduction of viable cell 

counts of greater than 3 logs for duration of 8 hours. (Figure 3-4) VAN at 100 µg/ml 

on a wild-type strain essentially has no effect compared to the control grown up in 

LB alone. TMP at 0.15 µg/ml exhibited bacteriostatic effect for the first 4 hours, but 

was not sufficient to limit the growth later on. The combination showed a 

distinctively different kinetic where a significant reduction in viable cell counts was 

observed.  
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FIG 3-4. Time kill kinetics of vancomycin (100 µg/ml), trimethoprim (0.15 µg/ml), and the two drugs 
combined in wild-type E. coli, compared to a no drug control of LB only. Cultures were started with an 
inoculation of 1x104 cells/ml and viable cells were measured by plating every two hours for eight 
hours. Viable cell counts were plotted against time durations in a semi-logarithmic graph.  

 

 

DISCUSSION 

 

The proliferation of multi-drug resistant bacteria is a major problem in public 

health.  The challenge is to find new approaches to overcome antibiotic resistance, 

and particularly antibiotic resistant Gram-negative bacteria, whose outer membrane 

already precludes the use of many drugs that are effective against Gram-positive 

pathogens.  Thus, some investigators are focusing on natural products derived from 

nonconventional sources, such as plants (8, 9), marine microorganisms (10), and 

insects (11). Another strategy involves making new chemical derivatives of existing 

antibiotics, based on rational design of the compounds using information such as 
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the 3D structure of the antibiotic (12, 13), or linking drugs to peptides that can 

pass through membranes to facilitate their entry into the cell (14).   

Combinatorial strategies for antibiotic use offer an expanded repertoire of 

drug therapies (15).  Of particular interest are potentiators of existing antibiotics, 

or “codrugs”, a number of which have been used in both laboratory (16-21), and 

clinical (22-24) settings. Also, Collins and coworkers have demonstrated that 

specific metabolites can potentiate aminoglycosides acting on E. coli and 

Staphylociccus aureus biofilms (25).  One desired potentiator would sensitize Gram-

negative bacteria to vancomycin (VAN), a glycopeptide antibiotic that blocks 

peptidoglycan polymerization by binding to the peptidyl-D-alanyl-alanine termini of 

peptidoglycan precursors (26), but that cannot penetrate the outer membrane 

(1,27).  In this regard, Collins and coworkers have shown that silver sensitizes E. 

coli to a series of antibiotics, including VAN (28), and Wink and coworkers have 

reported that EDTA potentiates the combination of VAN plus thymol (29). In the 

work reported here we utilized mutant E. coli strain (dcd) that have increased 

sensitivity to VAN to study pairwise synergies between VAN and a set of antibiotics 

(see Table 3s-1). Despite the uncertainty of exact mechanism of the synergy, there 

are a few suggestions can be made as contributing factors to the killing. One 

possibility is that a very small percentage of exogenous VAN does enter the cell, 

and this can act synergistically with certain other processes, such of the deprivation 

of thymidine and its result in “thymineless death” (30), which the situation can be 

exacerbated in DCD-deficient cells by the addition of cytidine (31). Collins and 

coworkers have postulated that bactericidal antibiotics ultimately generate hydroxyl 

radicals that damage DNA, resulting in cell killing (7). Thus, if small amounts of 
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VAN generate some DNA damage, that may be synergistic with the DNA damage 

caused by the partial thymineless state of DCD-deficient cells. This predicts that 

agents that directly damage DNA will show strong synergy with VAN, as well as 

agents that starve the cell of thymidine, such as trimethoprim (TMP). In deed, the 

synergy between VAN and TMP is strong enough for killing even in wild-type E. coli. 

The implication of the two approved drugs that are already in use does offer some 

advantages over screening for new treatment remedy, as the former can be applied 

in a clinical setting with far less delays. 
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