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Vancomycin Resistance in Enterococci Due to Synthesis of Precursors
Terminating in D-Alanyl-D-Serine

Peter E. Reynolds'* and Patrice Courvalin®

Department of Biochemistry, University of Cambridge, Cambridge, United Kingdom," and Unité des Agents
Antibactériens, Institut Pasteur, Paris, France®

Resistance to glycopeptides was not reported for approxi-
mately 30 years after the introduction of vancomycin into clin-
ical practice, due partly to limited use of the antibiotic until the
mid-1970s. The lengthy period was also due to the difficulties
experienced by bacteria in developing mechanisms of resis-
tance to an antibiotic which binds to an essential substrate in a
biosynthetic pathway rather than to a protein or nucleic acid.
Following publication in 1988 of reports of the first vancomy-
cin-resistant enterococci (25, 39), it was predicted that resis-
tance might arise by one of four possible routes, including
inactivation of the antibiotic (not yet observed), sequestration
of the antibiotic in the outer cell wall layers by specific and
nonspecific binding (the probable mechanism by which low-
level resistance is achieved in staphylococci), by an increased
production of those intermediates to which vancomycin binds,
or by a change in the target site (33). It was later recognized
that the last mechanism would involve not only a new pathway
to achieve a change of target but also elimination of at least
part of the normal susceptible pathway (36).

In spite of the complexity of such a mechanism, the entero-
cocci have developed two similar strategies involving a change
of target. High-level resistance in Enterococcus faecium and
Enterococcus faecalis is characteristic of the VanA, VanB, and
VanD types, in which the acyl-p-Ala-D-Ala terminus of pepti-
doglycan precursors to which glycopeptides bind has been
replaced by acyl-p-Ala-p-lactate with the loss of a crucial hy-
drogen bond in the binding site. This results in a more-than-
1,000-fold lowering of the affinity of vancomycin for its target.
The substitution is achieved by the activity of two enzymes, a
D-lactate dehydrogenase and a ligase with specificity directed
towards synthesis of D-Ala-D-lactate(D-Lac) rather than p-Ala-
D-Ala (16). An essential aspect of the resistance mechanism is
the elimination of p-Ala-p-Ala by a pD-dipeptidase and/or of
precursors containing this moiety by a pp-carboxypeptidase
that removes the C-terminal p-Ala (8, 36). This mechanism has
been extensively reviewed (7, 12, 22, 34, 40, 41).

The second mechanism, which confers a low level of resis-
tance to vancomycin only, involves replacement of D-Ala-p-Ala
by a different dipeptide, D-Ala-D-Ser, rather than by the dep-
sipeptide D-Ala-p-Lac (14, 37). This mechanism is utilized by
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the intrinsically glycopeptide-resistant Enterococcus gallina-
rum, Enterococcus casseliflavus, and Enterococcus flavescens
(VanC type) and is present in the VanE and VanG types in
which E. faecalis has acquired the genes encoding vancomycin
resistance. Some of the enzymes implicated in this second
resistance mechanism are different from those involved in
high-level resistance, indicating a second route by which resis-
tance has evolved. The basis of resistance results from the
sixfold-lower affinity of vancomycin for acyl-p-Ala-p-Ser than
for acyl-p-Ala-p-Ala (13) because of the increased bulk of the
hydroxymethyl group of serine relative to the methyl group of
alanine.

VanC-TYPE RESISTANCE

Low-level intrinsic resistance to vancomycin (MIC, 2 to 32
mg/liter) and susceptibility to teicoplanin (MIC, 0.5 to 1.0
mg/liter) was first determined in E. gallinarum BM4174, which
expresses resistance constitutively (26); it was subsequently
detected in E. casseliflavus (VanC-2 type) and E. flavescens
(VanC-3 type) (29). Strains with this phenotype, both inducible
and constitutive for resistance (38), are present in the gastro-
intestinal tract and are considered to be clinically significant in
causing surgical infections. The vanC gene cluster, which is
chromosomally located, encodes five proteins (Fig. 1) (3). A
putative ligase gene, distinct from that encoding the host D-
Ala:p-Ala ligase, was identified by using degenerate oligode-
oxyribonucleotides corresponding to conserved amino acid
motifs in Escherichia coli p-Ala:p-Ala ligases as primers to
synthesize a probe that hybridized to a Pstl fragment of E.
gallinarum DNA, and the gene (vanC) was subsequently se-
quenced (18); the derived protein of 343 amino acids had
substantial identity with VanA and p-Ala:p-Ala ligases. Inser-
tional inactivation of vanC resulted in loss of vancomycin re-
sistance of the host strain and loss of the ability to synthesize
peptidoglycan precursors ending in acyl-p-Ala-p-Ser (37). The
corresponding purified protein (VanC-2) from E. casseliflavus
(73% identical to VanC) had p-Ala:p-Ser ligase activity, and
studies of its specificity by measurement of the k,,/K,, ratios
indicated a 400-fold selective advantage for the incorporation
of D-Ser over D-Ala in the C-terminal position (30). Mutation
of two residues, F250Y and R322M, resulted in a 6,000-fold
switch of substrate specificity towards the production of p-Ala-
D-Ala, mainly due to loss of D-Ala-D-Ser synthetic activity (24).
Sequencing of the DNA upstream from the vanC ligase gene
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vanC % G+C =] 45 42 >| 42 40 42 |
% aa identity with vanC vanXY_ vanT vanR. vanS. ddi2
VanC-2 73 81 65 91 81
PE
vanE - x4 36 32 34 33
% aa identity with vanE vanXY,  vanTg vanR. vanS.
VanC 53 45 47 60 41
PL’G
vanG 39 A 43 37 42 >—| 37 > 39 >| 37\ 36
% aa identity with:  yanU_vanR; vanS vanYg;  vanW; vanG vanX Yo vanT,
VanA o 57 42 33 - 44 - -
VanB - 31 16 56 49 46 - -
VanD - 73 55 23 - 44 - 2
VanC - 62 40 - - 42 41 37
VanE - 55 29 - - 41 39 37

FIG. 1. Organization of the VanC, VanE, and VanG glycopeptide resistance gene clusters and comparison of the degrees of amino acid (aa)
identity of the corresponding proteins. VanC-2 is E. casseliflavus ATCC 25788. Arrows represent coding sequences and indicate the direction of
transcription. The numbers in boldface indicate the highest percentage of identity with VanG-type proteins.

revealed no regulatory or sensor genes as found in VanA,
VanB, and VanD types or of any other gene that might be
involved in vancomycin resistance (3).

Destruction of susceptible precursors. Two open reading
frames were located immediately downstream from vanC, both of
which overlapped the previous gene by 1 bp (3). The gene adja-
cent to vanC encoded a cytoplasmic protein of 190 amino acids
which hydrolyzed p-Ala-p-Ala (Dp-dipeptidase activity) and re-
moved D-Ala from UDP-MurNAc-pentapeptide[Dp-Ala] (DD-car-
boxypeptidase activity) (35). This single protein (VanXY ) there-
fore replaced the cytoplasmic VanX-type pp-dipeptidase and the
membrane-bound VanY-type DD-carboxypeptidase (both are
present in VanA and VanB strains). In VanA-type strains in
which the vancomycin resistance genes are plasmid-borne, the
activity of VanX is sufficient to virtually eliminate p-Ala-D-Ala
and VanY is not essential for resistance (8, 9, 36). However,
analysis of peptidoglycan precursors in E. gallinarum BM4174
(75% tetrapeptide, 25% pentapeptide[D-Ser]| [37]) indicates that
D-Ala-p-Ala is not eliminated by VanXY. activity and that the
cytoplasmic DD-carboxypeptidase activity is essential to convert
residual pentapeptide[D-Ala] into tetrapeptide so that the lipid
intermediates into which these precursors are subsequently incor-
porated cannot bind vancomycin (34). The structure of the pep-
tidoglycan of E. gallinarum contains pentapeptides terminating in
D-Ser but not D-Ala, confirming the efficiency of VanXY in
removing precursors ending in acyl-p-Ala-p-Ala (23).

In VanA-type strains the specificity of VanX is directed
towards hydrolysis of DD-dipeptides; there is low activity
against the depsipeptide D-Ala-D-Lac and no activity against
N- or C-terminally substituted D-Ala-p-Ala. D-Ala-D-Ser is also
hydrolyzed, although at a lower rate than p-Ala-D-Ala (36, 42).
Although the active site of VanXY is similar to those of
VanX- and VanY-type enzymes (see below), the substrate
specificity in relation to its bp-dipeptidase activity is different.
The k., /K, ratio is ca. 25 to 30 times lower for D-Ala-D-Ser
than for p-Ala-D-Ala (32). It has even stricter specificity as a
pp-carboxypeptidase, having no activity against pentapep-
tide[D-Ser]. It does not have the specific binding sites for the N
or C termini of p-Ala-p-Ala that are present in VanX- but not
VanY-type enzymes, and it has a specific glutamine residue at
position 67 that is essential for activity of a VanY- but not a
VanX-type enzyme (35). The aspartic acid residue at position
59 that is vital in VanX (mutation to Ala or Ser results in an
enormous decrease in the catalytic efficiency [27]) is unimpor-
tant in VanXY, where mutation to Ala or Ser hardly affects
the k., /K, ratio (32). Other aspects of the amino acid se-
quence in close proximity to the active-site regions also suggest
that VanXY has evolved from a VanY-type enzyme rather
than from a strict pp-dipeptidase.

Production of p-serine. The availability of D-Ser results from
the activity of VanT, which is a serine racemase (4). Amino
acid racemases are normally cytoplasmic and have a conserved
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pyridoxal phosphate binding site close to the N terminus. VanT
is atypical in that it is a membrane-bound protein of 698 amino
acids, approximately twice the size of other bacterial amino
acid racemases, with 10 predicted transmembrane helices in
the N-terminal domain of the protein followed by a cytoplas-
mic domain containing a predicted pyridoxal binding site (4).
Modeling of this C-terminal domain indicates a close relation-
ship to alanine racemases. VanT also possesses alanine race-
mase activity as demonstrated by the ability of a plasmid car-
rying vanT to complement E. coli TKL-10 (a strain with a
temperature-sensitive alanine racemase) at the nonpermissive
temperature (6). The 3’ end of the gene has been cloned and
purified as a His-tagged protein which possesses both serine
and alanine racemase activities, the latter being 18% of that of
serine racemase (6). Modeling of the C-terminal domain by
using three-dimensional data obtained with the alanine race-
mase of Bacillus stearothermophilus indicates considerable ho-
mology between the two enzymes. Virtually all critical amino
acids in the active site of the alanine racemase of B. stearother-
mophilus are conserved in VanT, indicating that the C-termi-
nal domain of VanT probably has a three-dimensional struc-
ture similar to that of alanine racemase and that the protein
exists as a dimer (4). An asparagine residue (N683) close to the
C terminus has been postulated to play an important role in
substrate specificity: all the alanine racemases have a tyrosine
residue in the equivalent position, and mutation of this residue
to asparagine results in a 62-fold increase in serine racemase
activity with virtually no change in alanine racemase activity
(31). This increase in catalytic turnover of L-Ser could be an
important step in the evolution of VanT and would presumably
have been followed by a decrease in the K,,, for L-Ser (31).

It is probable that the N-terminal domain functions as an
L-Ser transporter. The rate of L-Ser transport in E. gallinarum
BM4175 (lacking serine racemase activity) is restored to the ca.
twofold-higher level in E. gallinarum BM4174 by the insertion
of the three genes vanC-vanXY-vanT (5). L-Ser is involved in
many important metabolic pathways, including protein synthe-
sis and one-carbon metabolism, and it is possible that VanT
ensures that sufficient L-Ser from the external medium is pre-
sented directly to the active site of the racemase for peptidogly-
can synthesis to proceed at a nonlimiting rate in the presence
of vancomycin (5).

Cloning of the three genes vanC-vanXY-vanT, but not of
any two of them, in E. faecalis JH2-2 confers low-level resis-
tance to vancomycin and results in a change of the peptidogly-
can biosynthetic pathway to that present in E. gallinarum, thus
confirming that all three genes are essential for resistance (3).

Regulation. The genes encoding two-component sensor
(VanS) and regulatory (VanR) systems are located down-
stream from the three genes essential for resistance (3). The
genes overlap by 8 bp, and VanS is initiated by a leucine
residue; both of these features are characteristic of the corre-
sponding two-component systems in the VanA and VanB types
(10, 11). The highest percent identities of VanR and VanS
are with VanR and VanS (50% and 40, respectively), and
VanR contains the same number of amino acids as VanR,
suggesting that the same type of regulatory system is present in
the different Van types (3). It seems possible that the VanC
phenotype has evolved by the fusion of a regulatory system
(from a VanA-, VanB-, or VanD-type strain) with the three
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genes essential for resistance that have been derived from
other sources. The basis of the constitutive phenotype in sev-
eral strains of E. gallinarum has not yet been elucidated, al-
though by analogy with several constitutively resistant strains
of the VanB type, mutations in the sensor are most likely to
prove significant.

Surprisingly, in E. gallinarum BM4174 a third ligase gene is
present immediately downstream from the regulatory genes
but reads in the opposite direction. The gene product has been
purified as a His-tagged protein and has been shown to possess
D-Ala:p-Ala ligase activity with no p-Ala:Dp-Ser ligase activity
(2). Insertion of the gene into a vancomycin-dependent strain
of E. faecalis with a defect in the gene encoding D-Ala:p-Ala
ligase restored vancomycin independence (growth in the ab-
sence of vancomycin), and wall precursors terminating in D-
Ala-p-Ala were present under such conditions (2). Therefore,
the enzyme is active both in vitro and in vivo, but its function
in E. gallinarum is unclear unless it is to act as a reserve enzyme
if the normal host ligase is inactive.

The extensive differences between two of the proteins (DD-
peptidase and serine racemase) encoded by the vanC gene
cluster and those encoded by the vanA, -B, and -D resistance
operons suggest that these two types of resistance mechanisms
evolved separately.

E. casseliflavus and E. flavescens. E. casseliflavus possesses
the same organization of the vancomycin resistance genes as E.
gallinarum, and the corresponding genes have a high degree of
identity (65 to 91% [Fig. 1]) (19). As with E. gallinarum, the
pD-carboxypeptidase is highly active as judged by direct
assays and by the presence of a high percentage of tetrapep-
tide in the cytoplasm compared with pentapeptide[D-Ser].
Serine racemase activity is low in comparison with that of
alanine racemase, and a shortage of Dp-serine is probably
responsible for the low rate of induction of resistance: it
takes 3 to 4 h in the presence of vancomycin before growth
resumes and precursors terminating in p-Ala-p-Ser are de-
tected in the cytoplasm (19). Insertion of additional copies
of VanT_, on a plasmid or the addition of 50 mM b-Ser to
the growth medium shortens the latent period before growth
resumes in the presence of vancomycin (19). The glycopep-
tide resistance genes of E. flavescens are virtually identical
to those of E. casseliflavus (97 to 100% identical), and the
lack of nucleotide divergence between the sequences casts
doubt on the validity of these enterococci being classed as
distinct species (20).

VanE-TYPE RESISTANCE

Synthesis of peptidoglycan precursors ending in D-Ala-D-Ser
has been detected in two other vancomycin-resistant types of
E. faecalis designated VanE (21) and VanG (17, 28). In both
instances, resistance is acquired and low level, and the genes
conferring resistance are chromosomal.

VanE-type resistance, which is not transferable by conjuga-
tion, is virtually identical to that in VanC strains apart from the
different relative activity of enzymes (21). Five genes are
involved: the three essential genes encoding a VanE ligase,
VanXYg DD-dipeptidase/pp-carboxypeptidase, and VanTg
serine racemase, with genes encoding a two-component regu-
latory system downstream from the essential genes (1, 15). The
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percent identities of the five deduced products with the corre-
sponding proteins in E. gallinarum vary from 41 to 60% (Fig.
1). The activity of the VanXYy DD-peptidase is much lower
than that of VanXY, whereas the activity of the serine race-
mase is at least 10-fold higher than that of VanT (21). This
results in a pentapeptide[Dp-Ser]/tetrapeptide ratio of ca. 8 in E.
faecalis BM4405, compared with 0.33 in E. gallinarum BM4174
or E. casseliflavus ATCC 25788. Although glycopeptide resis-
tance in the prototype strain E. faecalis BM4405 is inducible, a
stop codon at position 78 of VanSg would have resulted in
premature termination of the protein and an inactive sensor
(1). Cross talk with another two-component regulatory system
may have resulted in regulation of the operon. The five genes
are transcribed into a single mRNA of approximately 5,800
bases as determined by Northern analysis and confirmed by
reverse transcription-PCR (1). Primer extension experiments
also indicate the presence of a single transcription start up-
stream from vanE (1). This is different from the situation in
VanA- and VanB-type strains, in which two promoters are
present, one upstream from the regulatory genes and the other
between the regulatory genes and those encoding resistance
(12). A number of other VanE-type strains have been investi-
gated.

It is possible that VanE-type resistance was acquired from a
VanC-type strain, but if so it is unlikely to have occurred
recently in view of the percent identities of the five proteins
with those from E. gallinarum (41 to 60%) and the much lower
G/C ratios in all five genes (32 to 36%, compared with 40 to
45% in E. gallinarum [Fig. 1]). An open reading frame down-
stream from the vanE gene cluster in E. faecalis N00-410 has
homology to some integrase genes, suggesting that it may have
been involved in acquisition of the resistance gene cluster (15).

VanG-TYPE RESISTANCE

In common with VanC and VanE types, strains of E. faecalis
of the VanG type synthesize peptidoglycan precursors termi-
nating in D-Ala-D-Ser (17). In several respects VanG strains
differ from VanC and VanE isolates. The vanG cluster is com-
posed of eight genes (Fig. 1), which are likely to have been
recruited from at least three van operons (17, 28). The two
regulatory genes (vanR; and vanS;) encode proteins with 73
and 55% identity to VanR, and VanSp,, respectively, and are
upstream from the resistance genes (as in VanA-, VanB-, and
VanD-type strains but unlike the organization in VanC- and
VanE-type strains); they are preceded by a third gene (vanUy;)
not present in any other van operon, which encodes a protein
of 75 amino acids with homology to transcriptional activators
(17). This three-gene component of the operon encoding a
putative regulatory system is cotranscribed constitutively from
the P, promoter, whereas transcription of the remaining
genes of the operon is inducible and controlled by the Py
promoter located between vanS; and vanY; as in VanB strains
(17). The remainder of the operon contains a mosaic of genes
which appear to have been derived from VanB-type and VanC/
E-type strains. The 5’ end encodes VanYs and VanWg (a
protein whose function is unknown and which previously has
been detected only in VanB-type strains), which have 56 and
49% identity, respectively, with VanYy and VanW (28). These
genes are followed by vanG, vanXY, and vanT, which en-
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code proteins involved in synthesis of D-Ala-p-Ser and poten-
tially in the elimination of pentapeptide[p-Ala]. The assembly
of such an array of genes from different sources represents an
impressive achievement. Studies of the enzyme activities in
vitro of strains induced to resistance indicate a relatively low
membrane-bound serine racemase activity and barely detect-
able cytoplasmic pDD-peptidase activity (17). Furthermore, the
vanY; gene contains a frameshift mutation leading to prema-
ture termination of VanYy after amino acid 121 and a conse-
quent absence of activity (17). Analysis of the peptidoglycan
precursors is consistent with measurement of the enzyme ac-
tivities: virtually no tetrapeptide was detected, and in cultures
fully induced for resistance between 30 and 50% of the pre-
cursors were pentapeptide[D-Ala], with pentapeptide[D-Ser|
accounting for 46 to 66%. Surprisingly, a vancomycin-induc-
ible, membrane-bound pD-carboxypeptidase activity was de-
tected in BM4518 and WCH9; presumably the active site of
this protein is external to the cytoplasmic membrane, as D-Ala
is not removed from cytoplasmic pentapeptide[pD-Ala] (17).
This leaves unanswered questions as to how VanG-type strains
are as resistant to vancomycin as VanC- or VanE-type isolates,
in which all the susceptible precursors have been eliminated. It
would be interesting to examine the peptidoglycan structure of
VanG strains to determine whether un-cross-linked peptide
substituents consist of tetrapeptides or only pentapeptides and
whether the pentapeptides have C-terminal pD-Ala, D-Ser, or
both. It is also surprising that in strain WCH9, uninduced to
resistance, the percentage of pentapeptide[D-Ser] reached
30% of the total precursors in spite of the relatively low level
of serine racemase activity (17). Transfer of VanG resistance
to susceptible strains of E. faecalis results from the movement
of large, ca. 240-kb, genetic elements from chromosome to
chromosome (17).

SUMMARY

Although the MICs of vancomycin for VanC-, VanE-, and
VanG-type strains are similar, the strategy of achieving resis-
tance varies. VanC strains rely on an active cytoplasmic DD-
carboxypeptidase to eliminate pentapeptide[p-Ala], VanE
strains have a powerful serine racemase and presumably a very
active D-Ala:D-Ser ligase to ensure that the bulk of cytoplasmic
precursors produced are pentapeptide[D-Ser]|, whereas VanG
strains have a weakly active VanT serine racemase and an
almost inactive VanXY 5 DD-peptidase. It is tempting to spec-
ulate that the vancomycin-inducible, membrane-bound pp-car-
boxypeptidase, which is unlikely to be encoded by VanY (17),
removes D-Ala from lipid intermediates containing acyl-pD-Ala-
D-Ala as they emerge through the membrane, thus ensuring
that only intermediates containing acyl-p-Ala-p-Ser come into
contact with vancomycin on the external face of the membrane
of VanG strains.
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