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The non-pathogenic, non-glycopeptide-producing acti-
nomycete Streptomyces coelicolor carries a cluster of
seven genes (vanSRJKHAX) that confers inducible, high
level resistance to vancomycin. The vanK gene has no
counterpart in previously characterized vancomycin re-
sistance clusters, yet vanK is required for vancomycin
resistance in S. coelicolor. VanK belongs to the Fem family
of enzymes, which add the branch amino acid(s) to the
stem pentapeptide of peptidoglycan precursors. Upon ex-
posure to vancomycin, the VanRS two-component system
switches on expression of all seven van genes, and the
VanHAX enzymes reprogram the cell wall such that pre-
cursors terminate D-Ala-D-lactate (Lac) rather than D-Ala-
D-Ala, thus conferring resistance to vancomycin, which
only binds D-Ala-D-Ala-containing precursors. Here we
provide biochemical and genetic evidence that VanK is
required for vancomycin resistance because the constitu-
tively expressed FemX enzyme, encoded elsewhere on the
chromosome, cannot recognize D-Lac-containing precur-
sors as a substrate, whereas VanK can. Consistent with
this view, D-Lac-containing precursors carrying the Gly
branch are present in the wild type transiently exposed to
vancomycin but are undetectable in a vanK mutant
treated in the same way. Further, femX null mutants are
viable in the presence of vancomycin but die in its ab-
sence. Because only VanK can recognize D-Lac-containing
precursors, vancomycin-induced expression of VanHAX
in a vanK mutant is lethal, and so vanK is required for
vancomycin resistance.

The spread of vancomycin resistance among pathogenic bac-
teria is an important public health concern. Ever since vanco-
mycin-resistant strains of pathogenic Enterococcus faecalis and
Enterococcus faecium (VRE) first emerged in the late 1980s, the
intergeneric transfer of vancomycin resistance from these
strains to methicillin-resistant Staphylococcus aureus, a major
killer in hospital-acquired infections, has been widely antici-
pated. This recently became a reality with the first reports of
clinical isolates of vancomycin-resistant Staphylococcus aureus
(VRSA)1 from hospitals in the United States (1–4).

Vancomycin and other glycopeptide antibiotics inhibit cell

wall biosynthesis in Gram-positive bacteria but not in Gram-
negative bacteria because they cannot penetrate the outer
membrane permeability barrier. They bind the D-alanyl-D-ala-
nine (D-Ala-D-Ala) terminus of lipid-attached peptidoglycan
precursors on the outside of the cytoplasmic membrane (5, 6),
and this interaction blocks the formation of mature peptidogly-
can, principally by denying transpeptidase access to its sub-
strate, thus preventing formation of the peptide cross-links
between polysaccharide strands that give the cell wall its struc-
tural rigidity. Because of the distinctive mode of action of
vancomycin, mutations in transpeptidase cannot give rise to
drug resistance. For this reason, it was originally suggested
that pathogens might never acquire resistance to vancomycin
because it would require them to remodel the peptidoglycan
biosynthetic pathway itself. In the late 1980s, however, the
first clinical isolates of VRE appeared and were found to repro-
gram cell wall biosynthesis such that the pendant pentapeptide
of peptidoglycan precursors terminated in D-alanyl-D-lactate
(D-Ala-D-Lac), rather than in D-Ala-D-Ala (7–12). The affinity of
vancomycin for precursors terminating in D-Ala-D-Lac is
�1000-fold lower than for precursors terminating D-Ala-D-Ala
(7), rendering the modified bacteria resistant. This remodeling
of cell wall precursors requires three enzymes: VanH, which
converts pyruvate into D-lactate; VanA, a D-Ala-D-Lac ligase;
and VanX, a D-Ala-D-Ala dipeptidase that cleaves any residual
circulating D-Ala-D-Ala dipeptide, ensuring that peptidoglycan
precursors terminate uniformly in D-Ala-D-Lac.

We have shown previously that the non-pathogen Strepto-
myces coelicolor carries a gene cluster conferring inducible,
high-level resistance to vancomycin (13). S. coelicolor is the
model species of a genus of Gram-positive, mycelial soil bacte-
ria responsible for the production of two-thirds of the commer-
cially important antibiotics. S. coelicolor itself does not make a
glycopeptide, but all of the known glycopeptide antibiotics are
produced by actinomycetes, the family to which the streptomy-
cetes belong. Because most non-pathogenic actinomycetes live
in the soil, it seems likely that S. coelicolor encounters glyco-
peptide producers and that the van gene cluster therefore con-
fers a selective advantage. Further, it is widely believed that all
glycopeptide resistance genes are ultimately derived from ac-
tinomycete glycopeptide producers (14), which must carry
these genes to avoid autotoxicity. Consistent with this idea, the
S. coelicolor resistance genes are clearly associated with a
laterally acquired DNA element.2

The S. coelicolor cluster consists of seven genes, vanSR-
JKHAX (Fig. 1) (13). vanHAX are orthologous to the genes
found in VRE strains. vanR and vanS encode a two-component
signal transduction system that mediates transcriptional in-
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duction of the seven van genes in response to extracellular
vancomycin. vanJ and vanK are particularly interesting be-
cause they are novel genes with no counterpart in previously
characterized vancomycin-resistance clusters from pathogens.
vanJ, which encodes a predicted membrane protein, is not
required for vancomycin resistance, but vanK was found to be
essential for vancomycin resistance (13).

VanK is a member of the Fem family of enzymes, which are
non-ribosomal peptidyltransferases that add the branch amino
acid(s) to the stem pentapeptide of peptidoglycan precursors.
For example, S. aureus has a pentaglycine branch and three
Fem proteins, FemA, -B, and -X, are involved in its synthesis
(15–18). Rohrer et al. (19) showed that femX (also called fmhB)
is an essential gene in S. aureus and that controlled depletion
of its expression results in the disappearance of glycine-substi-
tuted peptidoglycan precursors. In contrast, femA, femB, and
femAB mutants are viable; disruption of femB leads to short-
ening of the staphylococcal branch from five to three glycines,
whereas loss of femA or femAB reduces the branch to a single
glycine. From these results it was deduced that FemX adds the
first glycine, FemA adds the second and third, and FemB adds
the fourth and fifth (17, 19–22). This has now been demon-
strated in a purified in vitro system, and staphylococcal FemX
has been shown to use lipid II exclusively as acceptor for the
first glycine (18). Interestingly, in Streptomyces the branch is a
single glycine (23–25), yet S. coelicolor has three fem genes:
vanK, SCO3904 (here designated femX), and SCO0602 (here
designated femY).

The importance of the peptidoglycan remodeling enzymes
VanHAX and the VanRS two-component signal transduction
system was expected. However, the discovery that VanK was
essential for resistance in S. coelicolor was surprising given
the absence of vanK homologues in the vancomycin-resis-
tance clusters of pathogens. Because VanK is a member of the
Fem family of proteins, we proposed two alternative hypoth-
eses to explain why vanK is required for vancomycin resist-
ance (13). One was that S. coelicolor needs to change the
nature of the peptidoglycan precursor branch to attain resist-
ance. Changes in the sequence of the branch have been shown
to result in increased levels of glycopeptide resistance in
Staphylococcus haemolyticus (26). The second hypothesis was
that the constitutive FemX activity of S. coelicolor can rec-
ognize only precursors that terminate D-Ala-D-Ala as a sub-
strate, and VanK might therefore be required for vancomycin

resistance because it is the only enzyme that can add the Gly
branch to precursors terminating D-Ala-D-Lac (production of
precursors lacking a branch is lethal in many bacteria be-
cause it prevents cross-linking of the peptidoglycan by
transpeptidase, leading to cell lysis). Here we describe exper-
iments that establish the second explanation.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, Oligonucleotides, and Growth Condi-
tions—Strains, plasmids, and oligonucleotides used are described in
Table I. For cell wall precursor analysis, S. coelicolor spores were
germinated by heat-shock treatment in 5 ml of TES buffer (0.05 M, pH
8) at 50 °C for 10 min and then diluted with an equal volume of
double-strength germination medium (1% (w/v) Difco yeast extract, 1%
(w/v) Difco casaminoacids, 0.01 M CaCl2) and incubated with shaking at
37 °C for 2–3 h (27). New minimal medium with phosphate (27) was
inoculated with germinated spores, and the cultures were grown to
mid-log phase (A450 of 0.3–0.6) at 30 °C. For the preparation of vanco-
mycin-induced peptidoglycan precursors, cultures were grown to mid-
log phase in NMMP and then exposed to vancomycin (50 �g/ml) for 3–4
h before harvesting. Other media and culture conditions for bacterial
growth were as described previously (13, 28).

Construction of femX, femY, and vanK Mutants—femX (SCO3904)
and femY (SCO0602) null mutants, in which the entire coding sequence
was replaced with a cassette carrying the apramycin resistance gene
(apr) and oriT of RK2, were constructed by PCR targeting of cosmids
H24 (femX) and F55 (femY) (29, 30). The appropriate cosmid was
introduced into Escherichia coli BW25113 (31) carrying pIJ790 (29),
and the target gene was disrupted by electroporation of the cells with
the PCR-amplified apr-oriT cassette generated using the primers femX
KO I and femX KO II for femX, and femY KO I and femY KO II for femY
(Table I). The resulting cosmids (H24�femX::apr and F55�femY::apr)
were introduced into E. coli ET12567 carrying pUZ8002 (32) and trans-
ferred into S. coelicolor M600 by conjugation, selecting for apramycin
resistance. In the case of femY, apramycin-resistant (AprR), kanamycin-
sensitive (KanS) exconjugants were identified and purified; the disrup-
tion was confirmed by PCR and Southern analysis, and a representative
femY mutant was designated J3131 (Table I). In the case of femX,
despite extensive screening, no AprR KanS colonies were detected on
medium containing apramycin alone, suggesting that disruption of
SCO3904 under these conditions was lethal. However, when spores
isolated from AprR KanR colonies were restreaked on medium contain-
ing vancomycin in addition to apramycin, AprR KanS colonies were
readily detected, and the successful disruption of femX was confirmed
by PCR and Southern blotting. A representative femX mutant was
designated J3130 (Table I). The vanK in-frame deletion mutant J3230
was derived from the �vanK::apr strain J3221 by the method of Gust
et al. (29).

Constitutive Expression of vanK in the femX Mutant—To drive con-
stitutive expression of vanK, the gene was cloned under the control of

FIG. 1. Organization and regulation of the vancomycin resistance (van) gene cluster of S. coelicolor. The van genes are organized into
four transcription units, vanRS, vanJ, vanK, and vanHAX, and these transcripts are induced by vancomycin in a vanR-dependent manner. vanJ
and vanK are novel genes with no counterpart in previously characterized vancomycin resistance clusters from pathogens. vanK is essential for
vancomycin resistance, and encodes a member of the Fem family of enzymes that add the branch amino acids to the stem pentapeptide of cell wall
precursors.
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the ermEp* promoter (33). A 330-bp KpnI-PstI fragment carrying er-
mEp*, a ribosome binding site and a multicloning site, was isolated
from pIJ8723,3 and cloned into pMS81 (34) cut with KpnI-NsiI to create
pIJ10257. vanK was amplified by PCR incorporating NdeI and BglII
sites upstream and downstream, respectively, of the gene and cloned
into pGEM-T easy (Promega) to create pIJ10250. vanK was isolated
from pIJ10250 as a 1.2-kb NdeI-SalI fragment and inserted into
pIJ10257 digested with NdeI-XhoI to create pIJ10267. pIJ10267 was
introduced into the femX mutant J3130 by conjugal transfer from E. coli
strain ET12567 (pUZ8002), and exconjugants were selected with
hygromycin.

Liquid Chromatography-MS Analysis of Peptidoglycan Precursors—
Cytoplasmic UDP-linked peptidoglycan precursors were extracted us-
ing a modification of the method of Ruzin et al. (24). Mycelium was
harvested by centrifugation at 4 °C and washed in 0.9% NaCl. The
centrifuged mycelial pellet was extracted with 5% ice-cold trichloroace-
tic acid for 30 min at 4 °C, and the extract was desalted on a Sephadex
G-25 column (PD-10 Columns, Amersham Biosciences). The desalted
extract was concentrated by rotary evaporation and resuspended in a
small volume of HPLC-grade deionized water. Precursors were sepa-
rated by reverse-phase chromatography on a 100 � 2 mm 3 � Luna C18

(2) column (Phenomenex) using a gradient (5–40%: buffer A, 0.1%
formic acid in water; buffer B, 0.1% formic acid in methanol), and the
elution of precursors was monitored at 254 nm and by selected reaction
monitoring in a Thermo Finnigan LCQ DecaXPplus ion trap liquid
chromatography-MS system.

Precursors terminating in D-Ala-D-Ala separated from those termi-
nating D-Ala-D-Lac, but the addition of a glycine side chain caused little
change in retention time. Therefore precursors with and without the
side chain were detected by trapping ions of masses 1194.1, 1195.1,
1251.1, and 1252.1 (isolation width 4 atomic mass units) at appropriate
retention times, and observing the major fragment, a loss of 404 atomic
mass units (collision energy 35%). Because isotopic standards were not
available, we carried out mixing experiments in which samples known
to contain particular precursors were mixed prior to analysis with those
that apparently did not. If the apparent absence of a precursor had been
an artifact caused by the suppression of its ion by another metabolite,
mixtures would also have shown a reduced signal. In fact, the mixtures
gave signals within 15% of that expected, indicating that this method,
which is highly specific, is also sufficient for the approximate relative
quantification of the four targeted precursors.

RESULTS

The Stem Peptide Branch Does Not Change in Response to
Vancomycin—To test the effect of vancomycin on the stem
peptide branch, peptidoglycan was isolated from S. coelicolor
grown in the presence or absence of vancomycin, and the 25
most abundant muropeptides derived from each of these two
samples were separated by HPLC and characterized by mass
spectrometry. The branch associated with each muropepetide
was a single glycine in all cases, both before and after exposure
to vancomycin.4 Therefore VanK does not change the stem
peptide branch.

Precursor Analysis Suggests that VanK Is Required to Add
the Gly Branch to Stem Peptides Terminating D-Ala-D-Lac—
Because the �vanK mutant is sensitive to vancomycin, it was
not possible to examine the effect of vancomycin induction on
its cell wall structure. However, because cytoplasmic cell wall
precursor pools change rapidly in response to vancomycin (35),
it was possible to examine the effect of vancomycin induction on
these precursor pools in the �vanK mutant.

Wild-type S. coelicolor and the congenic �vanK mutant were
grown to mid-log phase in NMMP medium (27). For the prep-
aration of vancomycin-induced peptidoglycan precursors, cul-
tures were then exposed to vancomycin (50 �g/ml) for 3–4 h
before harvesting. Peptidoglycan precursors were extracted,
separated by HPLC, and analyzed by mass spectrometry (Fig.
2). The structures of the four relevant molecules are given in
Fig. 3. As expected, in the absence of vancomycin, when the van
genes were not expressed, no significant differences were seen
between the wild-type and the �vanK mutant (Fig. 2A). Under
the conditions used, precursors with and without the glycine
branch co-eluted. Thus, peak 1, with a retention time of 13.5
min, contained two molecules: a 1194-Da species that matched
the predicted mass of Molecule I, and a second species of 1251
Da that matched the predicted mass of Molecule III (Figs. 2 and

3 M. J. Butler, personal communication.

4 H.-J. Hong, A. Severin, K. Tabei, and M. J. Buttner, unpublished
data.

TABLE I
Bacterial strains, plasmids, and primers used in this study

Relevant genotype/comments Source/reference

Strains
S. coelicolor A3(2)

M600 SCP1� SCP2� 27
J3221 �vanK::apr SCP1� SCP2� 13
J3230 �vanK SCP1� SCP2� This study
J3130 �femX::apr SCP1� SCP2� This study
J3131 �femY::apr SCP1� SCP2� This study

E. coli
ET12567(pUZ8002) ET12567 containing helper plasmid pUZ8002 32
BT340 Temperature-sensitive FLP recombination plasmid 31

Plasmids
pIJ773 pBluescript KS (�) containing the apramycin resistance gene apr and the oriT of

plasmid RP4, flanked by FRT sites
29

pIJ790 Modified � RED recombination plasmid pKD20 29
pIJ8723 Derivative of pSET152 containing ermEp* and a synthetic polylinker M. J. Butler
pIJ10250 pGEM T carrying a 1.2-kb vanK PCR product (NdeI-BglII) This study
pIJ10257 330-bp ermEp* (KpnI-PstI) with ribosome binding site and multicloning site

from pIJ8723 cloned into pMS81 cut with KpnI-NsiI
This study

pIJ10267 vanK cloned in pIJ10257 under ermEp* control This study
pMS81 �BT1 attP-int derived integration vector for the conjugal transfer of DNA from

E. coli to Streptomyces spp. (HygR)
34

Primers
femX KO I ACCCATGGGGACACACCAGCCCGAGGAGCGCCCCGAATGATTCCGGGGATCCGTCGACC
femX KO II GCTGTCAGAGGTGCGGATCGGGGATGGGCGGTGCGGTCATGTAGGCTGGAGCTGCTTC
femY KO I CCGTCGCACCGTCGAACGAAGCGAACAGAGGGACACCCCATTCCGGGGATCCGTCGACC
femY KO II ACCCCGCCTCACCTCGTCCGGACCCGGCGTCGCGCCGGCTGTAGGCTGGAGCTGCTTC
femX test I CCCGAGGAGCGCCCCGAATG
femX test II GGGGATGGGCGGTGCGGTCA
femY test I TGTTCCCCTGTGAGGTGTGCG
femY test II GCGGTCAGCCAGTCACCGAA
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3). The identity of Molecule I was confirmed by its MS/MS
fragmentation pattern (Fig. 4).

Exposure to vancomycin changed the precursor profiles of
both the wild-type and the �vanK mutant. Peak 1 decreased in
abundance, and a new peak (peak 2) appeared with a retention
time of 21 min (Fig. 2B). In both the wild-type and the �vanK
mutant, peak 2 contained a 1195-Da species corresponding to
Molecule II (Figs. 2 and 3). In the wild type, peak 2 also
contained a second species of 1252 Da, corresponding to Mole-
cule IV (Figs. 2 and 3). Importantly, however, Molecule IV, the
D-Lac-containing precursor with the Gly branch, was not de-
tectable in the vancomycin-treated �vanK mutant (Fig. 2B).
The identity of Molecule II was confirmed by its MS/MS frag-
mentation pattern (Fig. 4).

A femX Mutant Is Vancomycin-dependent—Given that Mol-
ecule IV (Fig. 3) was present in the wild type exposed to
vancomycin but was undetectable in the �vanK mutant treated
in the same way, we reasoned that the role of VanK might be to
add the Gly branch to D-Lac-containing precursors and that the
constitutively expressed FemX enzyme probably cannot recog-
nize these precursors as a substrate. Because the Gly branch is
likely to be essential for peptidoglycan cross-linking, and hence
cell viability, VanK would therefore be required for vancomycin
resistance. If this hypothesis is true, it follows that femX, an
essential gene in S. aureus (19), would instead be conditionally
essential in S. coelicolor. In other words, if VanK substitutes
for FemX when the cell accumulates D-Ala-D-Lac-containing
precursors, FemX would be redundant when expression of the
van genes is activated by vancomycin (Fig. 5A). To test this
hypothesis, we attempted to disrupt femX (SCO3904) in the
presence and absence of vancomycin, using the PCR-directed
approach of Gust et al. (29). In the first step of this method,
S. coelicolor genes carried on cosmids in E. coli are replaced
with a selectable marker generated by PCR. For our purposes,
this method had the advantage that it permits the ready anal-
ysis of essential genes because the initial gene disruption is
performed in E. coli, rather than in S. coelicolor.

A cosmid carrying a �femX::apr gene replacement in the
insert and a kanamycin resistance (KanR) gene in the vector
was introduced into S. coelicolor by conjugation, selecting for
apramycin resistance (AprR). All the AprR primary exconju-
gants were KanR, and despite extensive screening, no AprR

FIG. 2. HPLC separation of cytoplasmic peptidoglycan nucleotide precursors isolated from wild-type S. coelicolor M600 and a
congenic �vanK mutant with (B) or without (A) exposure to vancomycin. For the preparation of vancomycin-induced peptidoglycan
precursors, cells were grown to mid-log phase and then exposed to vancomycin (50 �g/ml) for 3–4 h before harvesting. UV traces (Abs254) are shown
above the selected ion chromatograms for masses 1194, 1195, 1251, and 1252 (corresponding to Molecules I, II, III, and IV in Fig. 3). The two
vertical arrows above the UV traces indicate peaks corresponding to vancomycin itself. Note that the masses of the observed ions are 1 Da greater
than those of the neutral structures because of the addition of H�.

FIG. 3. Structures of cell wall precursors. Molecule I (the linear
pentapeptide precursor; mass 1194), Molecule II (the linear pentadep-
sipeptide precursor; mass 1195), Molecule III (the branched hexapeptide
precursor; mass 1251), and Molecule IV (the branched hexadepsipeptide
precursor; mass 1252). Masses are those of the observed ions, 1 Da greater
than those of the neutral structures because of the addition of H�.
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KanS isolates were detected on subculture, implying that femX
might be essential under these conditions. However, when van-
comycin was added to the plates, AprR KanS colonies (double
crossovers) were readily isolated, and these were confirmed as
femX mutants by PCR and Southern blot analyses. Signifi-
cantly, when the femX mutants were plated back on medium
lacking vancomycin, they failed to grow, confirming that femX
is essential in the absence of vancomycin but dispensable in its
presence (Fig. 5B).

femY, a Third fem Gene in S. coelicolor—In addition to vanK
and femX, there is a third fem gene (SCO0602) elsewhere on
the S. coelicolor chromosome, which we have designated femY.
We could detect no femY transcript by S1 nuclease protection
assay (in either the presence or absence of vancomycin), and
disruption of the gene had no obvious phenotypic consequences.
Perhaps significantly, femY lies in one of the arms of the linear
chromosome, regions that can be lost without affecting viability
under laboratory conditions and that contain a preponderance
of conditionally adaptive genes (36), whereas vanK and femX
lie in the core of the chromosome.

VanK Can Recognize Precursors Terminating D-Ala-D-
Ala—We also wanted to determine whether VanK could recog-
nize D-Ala-D-Ala-containing precursors as substrates. The van
genes are not expressed in the absence of vancomycin (13).
Thus, VanK is not normally exposed to D-Ala-D-Ala-containing
precursors because vancomycin induces expression of VanHAX
at the same time as VanK, switching precursor pools from
D-Ala-D-Ala- to D-Ala-D-Lac-terminating stem peptides as VanK
activity appears. To express vanK in the absence of vanHAX
expression, we constructed a plasmid in which vanK was cloned
under the control of the constitutive ermEp* promoter and
introduced it into the vancomycin-dependent femX null mu-
tant. Constitutive expression of vanK allowed the femX null
mutant to grow readily in the absence of vancomycin (Fig. 6A),
suggesting that VanK can recognize precursors terminating
D-Ala-D-Ala as substrate. To confirm this interpretation, we

grew the femX null mutant carrying the ermEp*-vanK con-
struct in the absence of vancomycin, extracted peptidoglycan
precursors, separated them by HPLC, and analyzed them by
mass spectrometry (Fig. 6B). As expected, a peak with a reten-
tion time of 13.5 min (equivalent to peak 1 in Fig. 2) was
observed, containing Molecule I and Molecule III (Figs. 3 and
6B), showing that VanK can add the glycine branch to D-Ala-
D-Ala-containing precursors.

DISCUSSION

Our interpretation of the data given in this paper is as
follows. FemX adds the single branch glycine to the stem pen-
tapeptide of S. coelicolor cell wall precursors terminating D-
Ala-D-Ala (Fig. 7). Because transpeptidation of this branch is
essential for mature cell wall formation, FemX is essential
under “normal” conditions. However, induction of the vanHAX
genes remodels cell wall precursors such that the stem pen-
tapeptide terminates D-Ala-D-Lac instead of D-Ala-D-Ala, and
FemX cannot recognize D-Lac-containing precursors. Instead,
the FemX homologue, VanK, recognizes D-Lac-containing pre-
cursors (Fig. 7). The femX gene is therefore non-essential pro-
vided the van genes are expressed. As a consequence, femX null
mutants are viable in the presence of vancomycin but die in its
absence. Because only VanK can recognize D-Lac-containing
precursors, expression of VanHAX in a vanK mutant is lethal,
and so vanK is required for vancomycin resistance.

It is likely that a VanK-like enzyme is important for glyco-
peptide resistance not just in S. coelicolor but more widely in
the genus Streptomyces; significantly, an orthologue of S. coeli-
color vanK is present in the resistance gene set associated with
the biosynthetic cluster for the glycopeptide antibiotic A47934
in Streptomyces toyocaensis (37).

Available evidence suggests that FemX of enterococci can
efficiently recognize D-Lac-containing substrates (38). How-
ever, analysis of the cell walls of the recently identified VRSA
strains suggests that the substrate specificity of FemX in

FIG. 4. Characterization by electrospray inonization/MS/MS fragmentation of (A) Molecule I and (B) Molecule II. Each molecule was
trapped in a DecaXPplus ion trap with an isolation width of 4.0 atomic mass units and fragmented at 40% collision energy to produce an MS2

spectrum. The predominant products, with a loss of 404 atomic mass units, were trapped and fragmented further under the same conditions to yield
MS3 spectra. The probable identity of fragments found is shown below; as expected, most are breakages of peptide bonds. Note that breakage of
the D-Ala-D-Ala peptide bond in Molecule I is observed but that breakage of the D-Ala-D-Lac ester bond in Molecule II is not detected. The masses
of the observed fragment ions are 1 Da greater than those of the neutral structures because of the addition of H�.
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staphylococci may lie somewhere between the two extremes
represented by the enterococcal and the streptomycete en-
zymes. When VRSA strains were grown in the absence of
vancomycin, they made the typical pentaglycine branch char-
acteristic of staphylococci (35). However, muropeptides isolated
from the same strains grown in the presence of vancomycin
frequently had shorter branches or lacked a branch altogether
(35). These results strongly suggest that D-Lac-containing pre-
cursors are poor substrates for FemX, FemA, and FemB, the
three enzymes that build the pentaglycine branch in S. aureus,
but not so poor as to block the synthesis of a branch altogether,
and hence cause the death of the cell. Thus, enterococci, staph-
ylococci, and streptomycetes seem to present a spectrum of
FemX substrate specificities in which enterococcal FemX can
recognize D-Lac-containing precursors efficiently, streptomy-
cete FemX cannot (necessitating the presence of vanK under
VanRS control), with the staphylococcal enzyme lying some-
where in between, able to contribute to the production of a
viable cell wall, but one that is significantly defective in com-
parison to the wall produced in the absence of vancomycin. The
VRSA isolates arose from intergeneric transfer of the vanco-
mycin-resistance transposon Tn1546 from E. faecalis (3, 4).
Our results and those of Severin et al. (35) suggest that the
acquisition of a VanK-like activity by VRSA strains might lead
to isolates yet more robustly resistant to vancomycin.

There is circumstantial evidence that the need to cope with
D-Lac-containing substrates may present problems for mem-
bers of other genera in addition to Streptomyces and Staphylo-
coccus. Actinoplanes teicomyceticus, an actinomycete relative of

S. coelicolor, produces the glycopeptide teicoplanin. The chro-
mosome of A. teicomyceticus encodes (at least) two MurF pro-
teins, one of them (MurF2) associated with the teicoplanin
resistance genes and a second (MurF1) encoded elsewhere on

FIG. 5. A, rationale for the attempted disruption of femX. femX is
constitutively expressed, but vanK expression is induced by vancomy-
cin. FemX adds the single branch glycine to the stem pentapeptide of
S. coelicolor cell wall precursors terminating D-Ala-D-Ala (Fig. 7). Be-
cause transpeptidation of this branch is essential for cell wall forma-
tion, femX is an essential gene under normal conditions. However, the
van cluster encodes a FemX homologue, VanK, which can recognize
precursors terminating D-Ala-D-Lac as a substrate (Fig. 7). As a conse-
quence, femX is non-essential provided that the van genes are ex-
pressed. Therefore, femX null mutants are viable in the presence of
vancomycin but die in its absence. B, vancomycin-dependent growth of
the �femX mutant. Wild type (M600) and �vanR and �femX mutant
derivatives of M600 were streaked on soy flour mannitol agar in the
absence (left) or presence (right) of vancomycin (10 �g/ml). Plates were
photographed after incubation at 30 °C for 4 days.

FIG. 6. A, constitutive expression of vanK rescues the vancomycin-
dependent phenotype of a femX null mutant. The femX null mutant
carrying the vector pIJ10257 dies in the absence of vancomycin (left),
but the same strain carrying the vector with an ermEp*-vanK insert is
viable in the absence of the drug (right). B, HPLC separation of cyto-
plasmic peptidoglycan nucleotide precursors isolated from the femX
null mutant carrying the ermEp*-vanK construct grown in the absence
of vancomycin. The UV trace is shown above the selected ion chromato-
grams for masses 1194, 1195, 1251, and 1252 (corresponding to Mole-
cules I, II, II, and IV, respectively, in Fig. 3). Note that the masses of the
observed ions are 1 Da greater than those of the neutral structures
because of the addition of H�.

FIG. 7. The role of VanK in vancomycin resistance in S. coeli-
color. VanK adds the Gly branch to cell wall precursors terminating
D-Ala-D-Lac. In contrast, FemX catalyzes the incorporation of the Gly
branch to precursors terminating D-Ala-D-Ala but cannot recognize
precursors terminating D-Ala-D-Lac as a substrate. vanK is therefore
required for vancomycin resistance in S. coelicolor.
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the chromosome (39). MurF catalyzes condensation of the
dipeptide D-Ala-D-Ala with UDP-MurNAc-tripeptide to form
the UDP-MurNAc-pentapeptide (40). By analogy with FemX/
VanK in S. coelicolor, one possible explanation for the presence
of murF2 in the teicoplanin resistance gene cluster is that
MurF1 cannot efficiently recognize D-Ala-D-Lac as a substrate.
Unfortunately, A. teicomyceticus is not currently genetically
tractable, and so murF2 cannot be disrupted to see if it is
required for teicoplanin resistance (39).
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