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Genetic Basis for Vancomycin-Enhanced Cephalosporin Susceptibility
in Vancomycin-Resistant Enterococci Revealed Using Counterselection
with Dominant-Negative Thymidylate Synthase
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Antibiotic-resistant enterococci are major causes of hospital-acquired infections. All enterococci are intrinsically resistant to
most cephalosporins, antibiotics in the beta-lactam family that impair peptidoglycan synthesis by inactivating the transpepti-
dases responsible for cross-linking. In addition, clinical isolates of enterococci often possess acquired resistance to vancomycin,
a glycopeptide antibiotic that impairs peptidoglycan biosynthesis by a mechanism distinct from that of the beta-lactams,
namely, by binding to the p-Ala-p-Ala termini found in peptidoglycan precursors to prevent their utilization by biosynthetic
transglycosylases. Antimicrobial synergism between vancomycin and beta-lactams against vancomycin-resistant enterococci
was originally described decades ago, but the genetic basis for synergy has remained unknown. Because a complete understand-
ing of the mechanism underlying synergy between vancomycin and beta-lactams might suggest new targets or strategies for ther-
apeutic intervention against antibiotic-resistant enterococci, we explored the genetic basis for synergy between vancomycin and
cephalosporins in Enterococcus faecalis. To do so, we developed a counterselection strategy based on a dominant-negative mu-
tant of thymidylate synthase and implemented this approach to create a panel of mutants in vancomycin-resistant E. faecalis.
Our results confirm that vancomycin promotes synergy by inducing expression of the van resistance genes, as a mutant in which
the van genes are expressed in the absence of vancomycin exhibits susceptibility to cephalosporins. Further, we show that pepti-
doglycan precursors substituted with D-Ala-D-Lac are not required for vancomycin-enhanced cephalosporin sensitivity. Instead,

production of the p,D-carboxypeptidase VanYy, is both necessary and sufficient to dramatically sensitize E. faecalis to

cephalosporins.

Enterococci are ubiquitous inhabitants of the gastrointestinal
tract in most animals, including humans (1). However, anti-
biotic-resistant enterococci are also major causes of hospital-ac-
quired infections and therefore represent a serious public health
problem (2, 3). One well-known risk factor for the acquisition of
enterococcal hospital-acquired infections is prior therapy with
broad-spectrum cephalosporins (4), antibiotics that belong to the
B-lactam family and interfere with cell wall biosynthesis by inhib-
iting the transpeptidase function of penicillin-binding proteins
(PBPs) that cross-link peptidoglycan. Enterococci exhibit intrin-
sic resistance to cephalosporins, enabling them to proliferate and
achieve abnormally high densities in the gastrointestinal (GI) tract
of patients during cephalosporin therapy (5), thereby promoting
dissemination to other sites where they cause infection. This in-
trinsic cephalosporin resistance is a trait shared by essentially all
isolates of Enterococcus faecalis. Although the underlying basis for
cephalosporin resistance in enterococci is not fully understood,
one key factor that is required is a specialized “low-affinity” PBP,
known as Pbp5 (6-8). Pbp5 exhibits reduced affinity for beta-
lactam antibiotics relative to the other enterococcal PBPs, which
enables Pbp5 to carry out peptidoglycan cross-linking to mediate
growth in the presence of cephalosporins. In addition to the role of
cephalosporin resistance in promoting intestinal overgrowth and
hospital-acquired infections, cephalosporin resistance is also rel-
evant in clinical settings when antibiotic-resistant hospital lin-
eages of E. faecalis are responsible for infection in immunocom-
promised patients, as few therapeutic options exist to treat such
infections.

Vancomycin-resistant enterococci (VRE) are particularly trou-
blesome in this regard. Although not naturally resistant to therapeu-
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tic levels of vancomycin, E. faecalis can become resistant through
the acquisition of any of several mobile genetic elements carrying
a group of contiguous genes, referred to here as the “van gene
cluster” (reviewed in references 9, 10, 11, and 12). One of two
related clusters, the vanA cluster or the vanB cluster, is responsible
for resistance in most clinically relevant contexts; each of the clus-
ters enables the synthesis of altered peptidoglycan precursors con-
taining D-Ala-D-lactate termini in place of the D-Ala-D-Ala moiety
found in normal precursors. The D-Ala-D-Lac substitution pre-
vents binding of vancomycin (which normally recognizes the p-
Ala-p-Ala termini) but can still be used as a substrate for pepti-
doglycan synthesis by the biosynthetic transpeptidases (thereby
conferring vancomycin resistance). Each of the vanA and vanB
clusters encodes several common biological functions in 2 tran-
scriptional units. First, each encodes a vancomycin-responsive
two-component signaling system (composed of the VanS sensor
kinase and the VanR response regulator in the vanA cluster; by
convention, equivalent genes in the vanB cluster are denoted with
a subscript “B”) that is activated when vancomycin is present in
the environment and drives transcription of the signaling genes
themselves, as well as genes in the second transcriptional unit.
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This second unit encodes the biochemical functions required for
alteration of the peptidoglycan to provide vancomycin resistance:
the VanH dehydrogenase that reduces pyruvate to b-Lac; the Van
ligase (VanA or VanB, respectively) that catalyzes formation of an
ester bond between D-Ala and D-Lac to form a depsipeptide; the
VanX D,D-dipeptidase that cleaves naturally produced p-Ala-D-
Ala dipeptides to prevent their incorporation into peptidoglycan
precursors; and the VanY D,D-carboxypeptidase that cleaves D-
Ala-D-Ala moieties that escape the action of VanX and are incor-
porated into peptidoglycan precursors. Each cluster also encodes
an additional, cluster-specific protein often referred to as an “ac-
cessory” factor (VanZ or VanW, respectively) whose functions are
not clearly defined. A recent report indicated that some vanB clus-
ters encode an additional accessory protein, VanV, that does not
detectably contribute to vancomycin resistance and whose func-
tion is unknown (13).

Widespread occurrence of cooperative antimicrobial activity
between vancomycin and beta-lactam antibiotics against both
vanA and vanB vancomycin-resistant enterococci was described
soon after the emergence of vancomycin resistance in enterococci
(14-17), although, for reasons that are unclear, some clinical iso-
lates do not exhibit this trait (18-20). This phenomenon was re-
ferred to as “synergy” in the original publications, a convention
that is followed here. The mechanism of synergy has been inves-
tigated; for example, researchers who performed studies of Entero-
coccus faecium (16, 17) reported that beta-lactam antibiotics do
not interfere with the vancomycin-induced expression of vanco-
mycin-resistance determinants or with their enzymatic activities.
These findings led to a model in which Pbp5, the “low-affinity”
PBP that catalyzes cross-linking of peptidoglycan in the presence
of beta-lactams (and is therefore required for cephalosporin resis-
tance), is unable to use peptidoglycan precursors containing D-
Ala-p-Lac termini as substrates for cross-linking. In this model,
when vancomycin induces expression of van genes and the cells
produce precursors containing D-Ala-D-Lac, other PBPs must
carry out all peptidoglycan cross-linking functions. Because the
other PBPs exhibit relatively high affinity for beta-lactams com-
pared to Pbp5 (i.e., are readily inhibited by beta-lactams), the
bacteria are highly susceptible to beta-lactam agents in these cir-
cumstances (i.e., synergy is observed). However, these studies
were performed prior to the complete elucidation of the genetic
basis for vancomycin resistance in enterococci (i.e., delineation of
the organization and content of the van clusters and of the bio-
chemical functions of the van gene products), and this model for
synergy has therefore not been tested genetically.

Because a complete understanding of the mechanism un-
derlying synergy between vancomycin and beta-lactams may
suggest new targets or strategies for therapeutic intervention
against antibiotic-resistant enterococci, we explored the ge-
netic basis for synergy in E. faecalis, exploiting a new counterse-
lectable marker system for efficient genetic manipulation. Our
findings confirm that vancomycin itself is required only to activate
expression of the van gene cluster. Furthermore, we show that
production of peptidoglycan precursors substituted with p-Ala-D-
Lac is not required for vancomycin-enhanced cephalosporin sen-
sitivity. Instead, production of the D,D-carboxypeptidase VanYy is
both necessary and sufficient to dramatically sensitize E. faecalis to
cephalosporins.
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TABLE 1 Strains and plasmids used in this study

Source or
Strain or plasmid Relevant genotype or description® reference
Strains
E. coli LE392 Cloning host for pCJK245-based plasmids ~ Laboratory stock
E. coli DH5a Routine cloning host Laboratory stock

E. faecalis OG1
E. faecalis T1
(S5498)

Wild-type reference strain (MLST 1); Van® 33
Wild-type (MLST 21), CDC reference 42
strain; Van®

E. faecalis HIP11704  vanA-containing clinical isolate (MLST 4); 32, 43
Van"
E. faecalis V583 vanB-containing clinical isolate (MLST 6); 30
Van®
E. faecalis CK217 V583 AvanR2 This work
E. faecalis CK219 V583 AvanW2 This work
E. faecalis CK220 V583 AvanB2 This work
E. faecalis CK222 V583 AvanH 2 This work
E. faecalis CK223 V583 AvanYp2 This work
E. faecalis CK224 V583 AvanXy2 This work
E. faecalis CK225 V583 vanSy T237A This work
Plasmids
pCJK218 E. faecalis allelic exchange vector (Cm"); 25
pheS* counterselection
pCIK245 E. faecalis allelic exchange vector (Cm"); This work
thyA* counterselection
pCJK247 AvanRy2 (AL7-G213) in pCJK245 This work
pCIK249 AvanW2 (AT7-1270) in pCJK245 This work
pCJK250 AvanB2 (AE15-T337) in pCJK245 This work
pCJK256 AvanHyz2 (AQ14-R318) in pCJK245 This work
pCJK257 AvanYg2 (AY6-G257) in pCJK245 This work
pCJK258 AvanXp2 (AF5-Y192) in pCJK245 This work
pCIK259 vanSy T237A in pCJK245 This work
pBK2 cCF10-inducible expression vector (Cm") 24
pJLL98 vanYy in pBK2 This work
pJLL99 vanYp3 (AM1-V46) in pBK2 This work
pJLL107 vanYy D195A in pBK2 This work
pJLL108 vanYy E238A in pBK2 This work
pBK200 E. faecalis expression vector, constitutive Snyder et al. (44)
P,; promoter (Em")
pCJK237 thyA R177E C197W in pBK200 This work

“ MLST, multilocus sequence type; Van, vancomycin.

MATERIALS AND METHODS

Bacterial strains, growth media, and chemicals. Bacterial strains and
plasmids used in the study are listed in Table 1. E. faecalis strains were
grown in half-strength brain heart infusion (hBHI) for routine mainte-
nance or in Mueller-Hinton broth (MHB) for antimicrobial susceptibility
assays at 37°C. MM9YE medium (21) was used in specific cases as indi-
cated. Escherichia coli strains were grown in lysogeny broth (LB) during
selection for resistance to chloramphenicol (Cm) or hBHI during selec-
tion for resistance to erythromycin (Em). Concentrations of antibiotics
were as follows: chloramphenicol, 10 wg/ml (E. faecalis and E. coli); eryth-
romycin, 10 pg/ml (E. faecalis) or 100 pg/ml (E. coli). All antibiotics and
chemicals were obtained from Sigma-Aldrich unless stated otherwise.

Construction of plasmids. A derivative of the expression plasmid
pBK200 (pCJK237) carrying the dominant-negative allele of thyA (also
known as EF1576) from E. faecalis OG1RF was constructed by first using
a Bsal-based cloning scheme to seamlessly fuse two PCR amplicons en-
coding thyA with the R177E C197W substitutions. The resulting product
was introduced into pBK200 using primer-encoded BamHI and Sphl re-
striction sites.

To construct the markerless allelic exchange plasmid pCJK245 for
genetic manipulation of E. faecalis, we first used PCR to fuse the constitu-
tively expressed P,; promoter (22) to a synthetic thyA R177E C197W allele
(synthesized at IDT Technologies) containing synonymous substitutions
at the third position of most codons (to prevent recombination with thyA
encoded in the genome of E. faecalis). This P,5-thyA* fragment was intro-
duced into pCJK218 between the Sphl and Mfel sites by Gibson Assembly
(23), thereby replacing the P-pheS* counterselection cassette of pCJK218
in its entirety. The resulting plasmid is otherwise identical to pCJK218.

Derivatives of pCJK245 carrying mutant alleles for all genes of interest
were created by introducing PCR products into pCJK245 using Gibson
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Assembly (23). The AvanR 2 allele encodes a short VanRy-derived pep-
tide that retains 6 amino acids at the N-terminal end and 7 amino acids at
the C-terminal end (~94% of the open reading frame [ORF] is deleted),
which were retained in the mutant in an attempt to avoid perturbing the
expression of adjacent genes. Similarly, the AvanW2 allele encodes a short
VanW-derived peptide that retains 6 amino acids at the N-terminal end
and 5 amino acids at the C-terminal end (~96% of the ORF is deleted);
the AvanB2 allele encodes a short VanB-derived peptide that retains 14
amino acids at the N-terminal end and 5 amino acids at the C-terminal
end (~94% of the ORF is deleted); the AvanH2 allele encodes a short
VanHj,-derived peptide that retains 13 amino acids at the N-terminal end
and 5 amino acids at the C-terminal end (~94% of the ORF is deleted);
the AvanY,2 allele encodes a short VanYy-derived peptide that retains 5
amino acids at the N-terminal end and 11 amino acids at the C-terminal
end (~94% of the ORF is deleted); and the AvanX,2 allele encodes a short
VanXj-derived peptide that retains 4 amino acids at the N-terminal end
and 10 amino acids at the C-terminal end (~93% of the ORF is deleted).
V583 genomic DNA was used as the template for all PCRs to construct
deletion alleles.

Plasmid pBK2 contains the pheromone-responsive prgQ promoter
derived from the pCF10 enterococcal plasmid upstream of a promoterless
lacZ (24). Expression from pBK2 can be induced by addition of cCF10
peptide pheromone. Derivatives of pBK2 containing vanYy were con-
structed using Gibson assembly to replace the BamHI-EcoRI fragment
encoding lacZ with PCR-amplified vanYy alleles, generated from V583
genomic DNA.

Construction of E. faecalis mutants. Markerless allelic exchange with
pCJK245-based plasmids was used to construct mutant strains of E. faeca-
Iis. The deletion mutants were in frame, and all mutants were unmarked.
The procedure for mutant construction was identical to that used previ-
ously with pCJK218 (25), except that counterselection was performed by
plating dilutions of cell suspensions on MH agar (no thymine supple-
ment) at 30°C. The desired mutants were identified after counterselection
by PCR analysis. For each mutant constructed, two isolates that were
constructed completely independently from each other were analyzed and
found to exhibit identical phenotypes.

Antibiotic susceptibility. MICs for antibiotics were determined in
liquid cultures using a microtiter plate serial dilution method in a Bio-
screen C plate reader (Oy Growth Curves Ab, Ltd.). Two-fold dilutions of
antibiotics in the indicated growth medium were prepared in the wells of
a 100-well honeycomb microtiter plate. Where indicated, the medium
was supplemented with subinhibitory levels of vancomycin or with cCF10
peptide (for induction of expression from pBK2-based plasmids). Bacte-
ria from stationary-phase cultures were inoculated into each well to a cell
density of ~10°> CFU/m. Plates were incubated at 37°C for 24 h with brief
shaking, and measurement of the optical density at 600 nm (ODy,) was
performed at 15-min intervals. The lowest concentration of antibiotic that
prevented growth was recorded as the MIC. Time-kill assays were per-
formed by growing cells at 37°C to the exponential phase in MHB supple-
mented or not with vancomycin (0.25 pg/ml). The cultures were split, and
ceftriaxone or ceftazidime was added to reach a final concentration of
2,048 pg/ml. Control cultures received no cephalosporins. Samples were
removed immediately or after 24 h of incubation, and viable cells were
enumerated on MH agar plates. Checkerboard susceptibility assays to
assess combinations of antimicrobials were performed in MHB at 37°C as
previously described (26, 27), except in the wells of 100-well honeycomb
plates. The fractional inhibitory concentration (FIC) indices were calcu-
lated according to the following formula: FIC index = FICA + FICB,
where FICA = (MIC of drug A in combination)/(MIC of drug A alone)
and FICB = (MIC of drug B in combination)/(MIC of drug B alone).
Conservative interpretation of the FIC index has traditionally defined
synergism as an FIC index of =0.5.

Analysis of growth kinetics. Generation times for exponentially
growing cells were determined from growth curves performed in static
MHB cultures at 37°C using a Bioscreen C plate reader.
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qRTPCR analysis of gene expression. Overnight cultures were di-
luted to ODyg,, = 0.01 in MHB supplemented or not with a subinhibitory
concentration of vancomycin (0.25 pg/ml) and incubated at 37°C until
the exponential phase was reached. Quantitative reverse transcription-
PCR (qRTPCR) was performed on RNA extracted from exponentially
growing cultures and subjected to cDNA synthesis using random hexamer
primers. Calculations of fold change in gene expression used the Pfaffl
method and gyrB as a reference gene.

RESULTS

Counterselection based on dominant-negative thymidylate
synthase (TS). To perform allelic exchange in E. faecalis, we and
others have used a counterselection scheme based on a mutant
allele of a phenylalanyl tRNA synthetase subunit (encoded by
pheS) exhibiting relaxed substrate specificity (21, 28). The mutant
synthetase aminoacylates tRNA™ with the nonnative substrate,
p-Cl-Phe, leading to incorporation of p-Cl-Phe into protein and
inhibition of growth. To implement pheS-mediated counterselec-
tion in E. faecalis, bacteria must be grown on a specific semide-
fined medium (MMO9YE) lacking significant amounts of phenyl-
alanine but supplemented with high concentrations of p-Cl-Phe
(10 mM). Although we have generally experienced success with
this counterselection strategy, in some cases we were unable to
isolate recombinants carrying the desired mutation on counterse-
lection medium containing p-Cl-Phe (C. J. Kristich; data not
shown), even though we knew from other studies that such mu-
tants should be viable. Prompted by concern that some mutants of
interest might be unable to grow on p-Cl-Phe counterselection
medium, we sought an alternative strategy for counterselection
that might be more flexible, with the potential to be widely appli-
cable. We hypothesized that dominant-negative mutants of con-
ditionally essential gene products would be well suited for use in
counterselection schemes.

West and coworkers previously described a dominant-negative
mutant of thymidylate synthase (TS) from Escherichia coli (29). TS
is enzymatically active as a homodimer, whose subunits undergo
exchange in solution. One product of TS activity, dTMP, is re-
quired for synthesis of DNA; thus, TS is essential for viability
unless thymine is available for uptake in the environment. West
(29) identified a catalytically inactive mutant TS bearing 2 substi-
tutions (R126E C146W) that poisons the function of wild-type TS
subunits upon coexpression in E. coli, rendering the cells unable to
grow without thymine supplements. We therefore reasoned that
dominant-negative TS could form the basis of an effective coun-
terselection strategy, because only recombinants lacking domi-
nant-negative TS should be able to grow on medium devoid of
thymine.

Alignment of the amino acid sequence of E. faecalis TS
(EF1576; encoded by thyA) with that of E. coli revealed that the E.
faecalis enzyme possesses residues equivalent to R126 and C146 of
the E. coli enzyme (R177 and C197, respectively). To test if an
analogous double-mutant TS would function as a dominant neg-
ative in E. faecalis, we constructed the E. faecalis thyA R177E
CI197W double mutant. Expression of thyA R177E C197W in 2
distinct lineages of otherwise wild-type E. faecalis substantially
inhibited growth on 2 types of nutrient media in the absence of
exogenous thymine (Fig. 1), indicating that the E. faecalis R177E
C197W double-mutant TS is fully capable of exerting a dominant-
negative effect on wild-type TS. Although inoculation at high cell
density yields some residual growth on media lacking thymine, the
efficiency of plating is reduced by 4 orders of magnitude in cells
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FIG 1 TheE. faecalis thymidylate synthase R177E C197W double mutant functions as a dominant negative. Wild-type E. faecalis strains carrying either an empty
expression vector or the expression vector with thyA R177E C197W were subjected to 10-fold serial dilutions and inoculated on MH agar (A) or the semidefined
MMOYE agar (B) that had been supplemented with Em and thymine where indicated, followed by incubation at 37°C for ~16 h. Wild-type E. faecalis does not
require thymine for growth (top) due to the activity of TS. Expression of thyA R177E C197W impairs the function of wild-type TS, thereby preventing growth
unless exogenous thymine is provided. The E. faecalis host strains were OG1 and T1. The plasmids were as follows: vector, pBK200; thyA-DN, pCJK237 carrying

thyA R177E C197W.

expressing the double-mutant TS (Fig. 1). Thus, to exploit this
property as a counterselectable marker for genetic manipulation,
one need only plate a series of serial dilutions to isolate colonies
lacking dominant-negative TS. To implement this approach, we
constructed a modified version of our previous allelic exchange
plasmid (pCJK218) in which the pheS* counterselectable marker
found in pCJK218 has been replaced with the dominant-negative
thyA R177E C197W double mutant (yielding pCJK245). This new
allelic exchange plasmid was used to explore the genetic basis for
the potent synergy between vancomycin and cephalosporins in
vancomycin-resistant E. faecalis. An overview of the genetic ex-
change strategy used is depicted in Fig. 2.

Synergy between vancomycin and cephalosporins requires
expression of genes in the van gene cluster. Previous studies de-
scribing synergy between vancomycin and beta-lactams in clinical
isolates of enterococci reported a correlation between synergy and
vancomycin resistance of the strain and suggested that synergy
occurs only if vancomycin resistance genes are expressed (14, 16).
We examined 3 strains of E. faecalis for synergy between subin-
hibitory levels of vancomycin and ceftriaxone, a broad-spectrum
cephalosporin: V583, a vancomycin-resistant clinical isolate whose
genome contains a vanB cluster (30, 31); HIP11704, a vancomy-
cin-resistant clinical isolate whose genome contains a vanA cluster
(32); and OG1, a vancomycin-susceptible strain whose genome
lacks a van gene cluster (33). Indeed, subinhibitory levels of van-
comycin led to a drastic reduction in ceftriaxone resistance for
both V583 and HIP11704 (Table 2), demonstrating synergism in
accordance with previous studies on vancomycin-resistant en-
terococci. For V583, the extent of reduction in ceftriaxone resis-
tance correlated in a dose-dependent manner with the amount of
vancomycin present. This synergism was also apparent when eval-
uated with checkerboard susceptibility assays, in which both V583
and HIP11704 exhibited fractional inhibitory concentration
(FIC) indices of =0.25, well below the conservative cutoff value of
0.5 that typically defines synergism. Synergism was also observed
for V583 against ceftazidime, another broad-spectrum cephalo-
sporin, but not for an antibiotic (chloramphenicol) with a distinct
cellular target, indicating that the synergism is not the result of a
nonspecific general stress response. Time-kill studies were per-
formed to determine if either ceftriaxone or ceftazidime at 2,048
pg/ml was bactericidal to V583 cells treated with vancomycin at a
concentration (0.25 pg/ml) sufficient to substantially reduce the
MIC (Table 2), but no killing was observed whether or not van-
comycin was present (not shown). Thus, vancomycin does not
promote bactericidal activity of the cephalosporins but instead
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chromosome vanRy
Homologous recombination
Step 1: Select CmR (42 °C)
Screen lacZ*
” ”
AvanRp P-thyA* cat  lacZ vanRy
AvanRp
DN [WT
TS | TS
‘//,,—7 Thy
lacZ cat -thyA*
Step 2: 4 %
A B Thy*

| — @@
T — AvanRy

vanRy
Select on media lacking thymine/screen CmS, lacZ

FIG 2 Schematic of dominant-negative TS-mediated genetic exchange. A de-
rivative of pCJK245 carrying an allele of interest (e.g., pCJK247) is introduced
into the target strain at a permissive temperature (30°C). Selection for resis-
tance to Cm at a nonpermissive temperature (42°C) yields recombinants in
which the plasmid has integrated into the chromosome via a region of cloned
chromosomal DNA (step 1). Production of dominant-negative TS (DN TS)
renders the cells Thy negative (Thy ™) by interfering with wild-type TS (WT
TS) activity. Plasmid excision (step 2) leaves either the wild-type allele (A) or
the mutant allele (B) on the chromosome and renders the cells Thy™ (capable
of robust growth on medium lacking thymine). An equivalent sequence of
events can be drawn for plasmid integration at either the upstream or down-
stream fragment.
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TABLE 2 Median MICs for various antibiotics in the presence of
subinhibitory vancomycin levels

MIC (pg/ml)”

No + Van + Van + Van + Van

Strain or antibiotic Van (0.25 pg/ml) (0.5 pg/ml) (1 ug/ml) (2 wg/ml)
V583

Ceftriaxone 512 8 2 1 0.5

Ceftazidime 1,024 32 16 4 2

Chloramphenicol 8 8 8 8 8
HIP11704

Ceftriaxone 512 ND ND ND 2
OG1

Ceftriaxone 32 128 256 ND ND

“ MICs were determined in MHB after 24 h at 37°C from a minimum of 3 independent
experiments. Vancomycin (Van) MICs were as follows: for V583, 16; for HIP11704,
512; and for OGI, 2. ND, not determined.

acts to prevent growth at substantially lower cephalosporin con-
centrations than in its absence. In contrast to the strains contain-
ing van clusters, subinhibitory levels of vancomycin did not ex-
hibit synergy with ceftriaxone toward E. faecalis OG1; instead, it
led to a substantial increase in cephalosporin resistance by an as-
yet-unknown mechanism. Thus, these results are consistent with a
model in which expression of one or more genes in the van cluster
is required for synergy with cephalosporins.

To test this hypothesis, we constructed a mutant of E. faecalis
V583 lacking the VanRg response regulator. VanRy is the DNA-
binding transcription factor that drives expression of the vanco-
mycin resistance genes in the vanB cluster (34); thus, mutants
lacking VanRy are unable to express any of the cluster genes. We
confirmed these previous observations by qRTPCR analysis of a
distal gene in the van cluster (vanXy), which was chosen as an
indicator of expression for the vanY;WHBX operon, revealing
that essentially no induction of van expression occurred in our
AvanR; mutant upon treatment with vancomycin (Table 3). As
expected from previous studies (35), loss of VanR; rendered V583
susceptible to vancomycin (Table 4). Furthermore, and in con-
trast to wild-type V583, inclusion of a subinhibitory level of van-
comycin did not yield synergy with ceftriaxone for the AvanRy
mutant (Table 4), indicating that VanRg-mediated van gene ex-
pression is necessary for synergism.

al-Obeid and coworkers (17) previously studied a strain of En-
terococcus faecium with an unknown mutation that constitutively
expresses vancomycin resistance proteins (i.e., in the absence of
vancomycin). This mutant was hypersusceptible to beta-lactams,
suggesting that expression of the van gene cluster is sufficient for

TABLE 3 qRTPCR analysis of vanX; gene expression in van mutants

Fold change (=SE)*
E. faecalis strain” Uninduced Induced (+ Van [0.25 pg/ml])
AvanRy 0.78 (£0.15) 0.02 (£0.0005)
vanSy T237A 105.24 (£3.65) 14.85 (+3.54)
AvanY, 1.32 (£0.03) 0.56 (£0.13)
AvanB 0.76 (£0.1) 1.44 (£0.39)

“ Data represent fold change in vanX transcript levels expressed relative to wild-type
V583 * standard error. Data represent the averages of the results of 2 independent
experiments, each performed in triplicate.

b Strains were as follows: AvanRy E. faecalis CK217; vanSy T237A, E. faecalis CK225;
AvanYy E. faecalis CK223; AvanB, E. faecalis CK220.
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TABLE 4 Median MICs for van mutants
MIC (pg/ml)*

Ceftriaxone

E. faecalis strain” Vancomycin Ceftriaxone (+ Van [0.25 pg/ml])
V583 16 512 8

AvanRy 1 512 512

vanSy T237A 128 4 ND

AvanYy 2 512 512

AvanW 16 512 4

AvanHy 2 512 4

AvanB 2 512 2

AvanXy 4 512 4

“ MICs were determined in MHB after 24 h at 37°C from a minimum of 3 independent
experiments. ND, not determined.

b Strains were as follows: AvanRy E. faecalis CK217; vanSy T237A, E. faecalis CK225;
AvanYy E. faecalis CK223; AvanW, E. faecalis CK219; AvanHy, E. faecalis CK222;
AvanB, E. faecalis CK220; AvanXy E. faecalis CK224.

synergism and that vancomycin itself is required for synergy only
to induce expression of the van gene cluster. However, the muta-
tion conferring constitutive vancomycin resistance in this strain
was not identified, and thus some question remained about the
effect of the mutation on susceptibility to beta-lactams. To di-
rectly test if van gene expression is sufficient for synergism, we
took advantage of previous findings (36) showing that mutations
at Thr237 of the VanSy sensor kinase led to constitutive activation
of the VanRg response regulator, even in the absence of vancomy-
cin. We constructed an E. faecalis mutant that encodes a VanSy
T237A mutant at its native location in the vanB cluster. qRTPCR
analysis revealed that the mutant exhibited high levels of van gene
expression in the absence of vancomycin, as expected (Table 3).
Furthermore, induction by vancomycin led to levels of van expres-
sion that were ~15-fold higher than those observed in wild-type
V583. Susceptibility analyses (Table 4) revealed that the mutant
exhibited elevated levels of resistance to vancomycin, presumably
as a result of the unusually high-level expression of the van genes.
However, resistance to ceftriaxone was substantially diminished
in the vanS; T237A mutant (in the absence of vancomycin), which
is consistent with the hypothesis that van gene expression—but
not vancomycin per se—is necessary and sufficient for synergy
with cephalosporins.

Synergy requires VanYy but not production of peptidogly-
can precursors containing D-Ala-p-Lac. To define which of the
genes in the vanB cluster promote synergism between vancomycin
and cephalosporins, we constructed a series of additional in-frame
deletion mutants in E. faecalis, each lacking one of the van genes.
Deletion of the vanW accessory factor had no effect on resistance
to either vancomycin or ceftriaxone, and the function of VanW
remains unknown. As expected, mutations in the genes known to
be important for vancomycin resistance (vanYy, vanHy, vanB,
vanXp) all led to substantial reductions in the MIC for vancomy-
cin but did not affect resistance toward ceftriaxone (in the absence
of vancomycin; Table 4). We confirmed by qRTPCR that in-frame
deletions of several of the van genes in the vanY;WHBXj; tran-
scriptional unit did not significantly perturb expression of the van
locus (vanX, expression was within a factor of 2 of that of wild-
type V583 for both the vanYy and vanB mutants; Table 3). Muta-
tions in most of the genes in the vanY;WHyBXj transcriptional
unit, including those genes required for production of peptidogly-
can precursors containing bD-Ala-p-Lac (vanHg and vanB), did not
impair vancomycin-ceftriaxone synergy, as the mutants exhibited
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TABLE 5 Median MICs for plasmid-bearing strains versus ceftriaxone

MIC (p.g/ml)*
Strain/plasmid” — cCF10 + c¢CF10°
OG1/vector 32 16
OGl/vanYy 32 4
V583/vector 512 256
V583/vanYy 512 4
V583/vanYy Al-46 512 512
V583/vanYy D195A 512 512
V583/vanYy E238A 512 512

“ MICs were determined in MHB supplemented with Cm (no vancomycin) after 24 h at
37°C from a minimum of 3 independent experiments.

b The plasmids used were as follows: vector, pBK2; vanYy, pJLL98; vanYy; A-46, pJLL99;
vanYy D195A, pJLL107; vanYy E238A, pJLL108.

€ cCF10 was used to induce plasmid-borne gene expression at 10 ng/ml for OG1 host
strains or at 0.5 ng/ml for V583 host strains.

robust synergism between subinhibitory levels of vancomycin and
ceftriaxone (Table 4). Thus, production of precursors containing
D-Ala-D-Lac is not required for synergy, and neither are the func-
tions of VanXy and VanW. In contrast, subinhibitory levels of
vancomycin no longer promoted susceptibility to ceftriaxone in a
mutant lacking VanYy, defining vanYj; as the key determinant in
the vanB locus mediating synergy between vancomycin and ceph-
alosporins.

VanYj, is sufficient to render E. faecalis susceptible to ceph-
alosporins. The results presented above indicate that VanYy is
necessary for synergy between vancomycin and cephalosporins.
To test whether VanYjy, is sufficient for synergy, we cloned vanYy
into an expression plasmid containing an inducible promoter and
introduced the recombinant plasmid into E. faecalis. Induction of
VanYj, production restored vancomycin resistance to the AvanYy
mutant (the MIC for vancomycin was 8 pg/ml upon induction,
compared with 1 pg/ml under uninduced conditions), indicating
that the expression plasmid is functional and that the AvanYy
mutation is not polar on downstream genes. In both E. faecalis
V583 and OG1 hosts, production of VanYy led to a substantial
decrease in resistance to ceftriaxone (in the absence of vancomy-
cin) that did not occur in the absence of inducer or in strains
carrying an empty vector (Table 5). Thus, vancomycin-mediated
induction of VanYy is both necessary and sufficient for the synergy
observed between vancomycin and cephalosporins in vanB-con-
taining E. faecalis, and indeed, VanYy production alone is capable
of significantly impairing the intrinsic ability of even vancomycin-
susceptible E. faecalis to resist cephalosporins.

Arthur and coworkers previously described a mutant form of
VanY (VanY A1-45) lacking a predicted N-terminal membrane
anchor (37). VanY A1-45 retains normal levels of D,D-carboxy-
peptidase activity but is unable to localize properly to the mem-
brane. To test if membrane localization is required for the ability
of VanYj, to sensitize E. faecalis to cephalosporins, we constructed
an analogous mutant lacking the N-terminal membrane anchor of
VanYy (VanYy Al-46). Expression of VanYy Al-46 in the
AvanYymutant failed to restore resistance to vancomycin (MIC of
1 pg/ml after induction), indicating that proper membrane local-
ization of VanYy is required for vanB-mediated vancomycin re-
sistance. Unlike wild-type VanYy, production of VanYy Al-46
did not enhance ceftriaxone susceptibility (Table 5), indicating
that proper membrane localization is also required for VanYy to
promote synergy with cephalosporins.

March 2014 Volume 58 Number 3

VanY; Mediates Vancomycin-Cephalosporin Synergy

To test if the D,D-carboxypeptidase activity of VanYy is re-
quired for its role in sensitizing E. faecalis to cephalosporins, we
sought to construct VanYy point mutants that lacked catalytic
activity. To our knowledge, site-directed mutagenesis has not
been used to probe for specific amino acids required for catalysis
by VanYy; however, VanYy; contains consensus sequence motifs
that are known to be critical for catalytic activity of the dipeptidase
VanX, and these motifs in VanYy have been predicted to be essen-
tial for the divalent cation-dependent D,D-carboxypeptidase activ-
ity of VanYy (38, 39). We therefore constructed 2 full-length
VanY mutants with single alanine substitutions either at D195
(predicted to be essential for coordination of the divalent metal
cofactor) or at E238 (predicted to act as the catalytic base during
hydrolysis) and expressed them in E. faecalis. Unfortunately, an
antibody specific for VanYy is not available to confirm that the
mutants were stably expressed, but given the relatively benign na-
ture of the mutations introduced and the fact that 2 independent
mutants with lesions at different sites behave in the same manner,
we anticipate that the VanYy mutants are indeed stably expressed.
As expected, these VanYy mutants were unable to restore vanco-
mycin resistance to the AvanY, mutant (the MIC for vancomycin
was 1 pg/ml upon induction), consistent with the prediction that
they are catalytically inactive. In contrast to wild-type VanYy, pro-
duction of the VanYy point mutants did not enhance ceftriaxone
susceptibility (Table 5). Thus, the acidic residues D195 and E238
in VanYy are required for the ability of VanYy to promote synergy
with cephalosporins, likely reflecting a critical role for VanYy en-
zymatic activity in this process.

Compared to other PBPs, growth mediated by Pbp5 is more
sensitive to the activity of VanYy. The results presented above are
consistent with a model in which Pbp5 cannot perform cross-
linking (and therefore cannot mediate growth) upon depletion of
peptidoglycan precursors containing D-Ala-D-Ala termini by the
carboxypeptidase activity of VanYy. To examine whether deple-
tion of peptidoglycan precursors containing b-Ala-D-Ala termini
by VanYy, also adversely affected growth mediated by other PBPs,
we measured growth rates for exponentially growing cells of the
AvanB mutant in the presence and absence of subinhibitory levels
of vancomycin (0.25 pg/ml). This mutant was chosen for analysis
to ensure that all peptidoglycan synthesis was completely depen-
dent on normal precursors (i.e., the mutant cannot make precur-
sors containing D-Ala-p-Lac). Importantly, we note that 0.25
pg/ml of vancomycin is fully capable of inducing VanYy, synthesis
in the mutant to levels that are sufficient to prevent Pbp5-medi-
ated growth, as the AvanB mutant exhibits marked synergy with
ceftriaxone under the same conditions (Table 4). We found that
the generation times for the mutant were nearly identical regard-
less of the presence of vancomycin: 86 * 1 min (average = stan-
dard deviation) in the absence of vancomycin compared to 88 * 2
min in its presence. Furthermore, microscopic examination of
wild-type or AvanB mutant cells, cultured in either the presence or
the absence of vancomycin (0.25 pg/ml), revealed no apparent
differences in cellular morphology or organization (not shown).
We infer that depletion of precursors containing D-Ala-D-Ala by
VanYy, preferentially impairs Pbp5-mediated growth but is not
sufficient to impair growth mediated by other transpeptidases.

DISCUSSION

A dominant-negative mutant as a counterselectable marker. We
describe here the first example, to our knowledge, of using a dom-
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inant-negative mutant of a conditionally essential enzyme as part
of a counterselection strategy for genetic manipulation. We used
thymidylate synthase as the dominant-negative enzyme in our
counterselection scheme, although in principle such a strategy can
be adapted to essentially any enzyme for which dominant-nega-
tive mutants can be obtained. The key requirement for counter-
selection is that the growth conditions must be identified under
which the chosen enzyme is conditionally essential. For E. faecalis
(Fig. 1), for E. coli (29), and likely for many other microbes as well,
TS satisfies that requirement easily: supplementation of growth
medium with thymine enables cells to synthesize nucleotides for
DNA replication, thereby rendering TS dispensable. The availabil-
ity of a characterized TS mutant allele that is now shown to behave
as a dominant negative in phylogenetically diverse organisms sug-
gests that TS is an attractive choice for the development of new
counterselectable markers in other bacteria as well. One poten-
tially significant benefit of counterselection mediated by dom-
inant-negative TS is the flexibility in the composition of growth
media it provides. Namely, counterselection can be performed
on a wide variety of nutrient growth media (dictated by the
nutritional requirements of a particular bacterial host or by
other specific experimental constraints), as long as the chosen
medium lacks thymine. Furthermore, counterselection does
not require the addition of potentially toxic or inhibitory
chemicals to the medium that might impair the growth of mu-
tants of interest.

VanYy confers susceptibility to cephalosporins. Although
synergy between glycopeptides and beta-lactam antibiotics
against vancomycin-resistant enterococci has been known for de-
cades (14-17), the genetic basis for synergy has remained un-
known. Early studies to explore the mechanism of synergy (16, 17)
produced a model in which the low-affinity Pbp5, normally re-
sponsible for peptidoglycan cross-linking in the presence of ceph-
alosporins, is unable to use peptidoglycan precursors containing
D-Ala-D-Lac termini as substrates following induction of van re-
sistance genes by vancomycin. Consequently, growth is inhibited
as the other PBPs become inactivated at relatively low concentra-
tions of cephalosporins and unable to mediate cross-linking. Our
results are consistent with the hypothesis that Pbp5 cannot use
precursors containing D-Ala-D-Lac as substrates for cross-linking.
However, production of precursors containing D-Ala-D-Lac is not
required for synergy with cephalosporins, as revealed by analysis
of the AvanB and AvanH,; mutants (Table 4) and the studies em-
ploying inducible expression of VanYy in the absence of vanco-
mycin (Table 5). Instead, our results are consistent with a model in
which removal of the normal pD-Ala-D-Ala termini from pepti-
doglycan precursors by VanYy-mediated hydrolysis is a critical
factor that renders E. faecalis especially susceptible to cephalospo-
rins, presumably because Pbp5 is inactive under these conditions.

Strikingly, our results suggest that precursor hydrolysis by
VanYy preferentially impairs peptidoglycan synthesis by Pbp5
without significantly affecting synthesis by other PBPs. Treatment
of the AvanB mutant with subinhibitory levels of vancomycin
resulted in marked susceptibility to ceftriaxone (MIC of 2 pg/ml;
Table 4) that nearly equals the level observed for an E. faecalis
mutant lacking Pbp5 completely (MIC of 1 ug/ml [8]), suggesting
that Pbp5 is almost completely inactive under these conditions. In
contrast, in the absence of cephalosporins, the mutant is capable
of growth at nearly identical rates whether or not vancomycin is
present to induce VanYy, and no differences in cellular morphol-
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ogy or organization were observed upon induction of VanYjp,.
These results argue that the other PBPs are fully active and capable
of carrying out transpeptidation even when VanYy is actively de-
pleting the normal precursor pool. One possibility to account for
these observations could be that Pbp5 exhibits reduced affinity,
relative to the affinity of other PBPs, for binding of normal free
D-Ala-D-Ala termini. In this scenario, the other PBPs would carry
out cross-linking under normal growth circumstances, and Pbp5
would become active in transpeptidation only if uncrosslinked
D-Ala-D-Ala termini accumulate to a sufficiently high level (after
inhibition of other PBPs by beta-lactam antibiotics). In this con-
text, hydrolysis of D-Ala-p-Ala termini by VanY would be pre-
dicted to reduce the concentration of free D-Ala-D-Ala termini
sufficiently that Pbp5 cannot bind them efficiently enough to per-
form cross-linking and mediate growth. This defect would be ap-
parent only if the other PBPs were inhibited by beta-lactams;
hence, the defect in Pbp5 activity manifests as substantially en-
hanced susceptibility to cephalosporins upon VanYy production.
In the absence of cephalosporins, the other PBPs would be fully
capable of efficiently using the remaining (reduced) pool of D-Ala-
D-Ala termini for cross-linking by virtue of their higher binding
affinity, thereby enabling nearly wild-type growth kinetics despite
expression of VanYj,.

An alternative possibility might be that VanYy production re-
duces the concentration of free D-Ala-p-Ala termini sufficiently
that none of the PBPs can mediate efficient cross-linking but that
an alternative transpeptidase assumes responsibility for cross-
linking under these conditions. For example, Mainardi and
coworkers previously identified a beta-lactam-insensitive L,D-
transpeptidase that carries out peptidoglycan cross-linking un-
der certain conditions in Enterococcus faecium (40) and described
ahomologencoded in E. faecalis (40, 41) that could conceivably be
responsible for cross-linking upon production of VanYy. How-
ever, in this model such an alternative transpeptidase would have
to be sufficiently robust to promote growth at a rate matching that
provided by the normal repertoire of b,d-transpeptidases (i.e., the
PBPs), which seems unlikely. More sophisticated and focused
studies to characterize the composition of peptidoglycan pro-
duced under these conditions will be required to begin under-
standing the detailed molecular basis for these phenomena.
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