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VanR LRKK-FSGVK ENVIVHSFVIN VNTHE|C Y L NEK STPTEFSI[TRIFICENKGNEV 176
R |VLRRQANELPPAPS IEIEIAIVITAFGKFKILGT EMFRE DEPEAPLLTSELKALVS[IP]REPL 180

PhS I S P-------.MAVEEEM M- [SP T RVMAGE PTEMPTEFKLLHFFMTHPE RY 174

ChbY IFEKLGM 129

VanR SSELLFHEI GDEYFS'KSNIN HIRHL EMNDTIDT KYIKITVWGVGKIEK 231

CaR StKILINILA GIRESAME-SIIDVI[SRLRMVE DP HPRYIQTVWGILIGYIV[VPDGSKA 239
PhoS ISREQLLNHLNH TNVYVEDR-T DVHIRRL.- AL PG IYR STRF 229

FIG. 4. Alignment of deduced amino acid sequences of VanR from E. faecium BM4147, OmpR (10, 36, 53) and PhoB (29) from E. coli,
and CheY from Salmonella typhimurium (48). Numbers at the right refer to the position of the last amino acid in the corresponding line.
Identical amino acids are boxed. Dashes indicate gaps introduced to optimize similarity. Residues in boldface lettering correspond to highly
conserved amino acids in the effector domains of other RR (49). Aspartic acid residue 57 of CheY is phosphorylated by the associated HPK
CheA (41).

Insertional inactivation of van genes. Kanamycin resistance
cassettes were inserted at five loci of the van gene cluster in
plasmid pAT80 (Fig. 1). Insertion in vanR suppressed resis-
tance to vancomycin and chloramphenicol (Tables 1 and 2),
indicating that VanR is a transcriptional activator necessary
for expression of vancomycin resistance genes. Inactivation
of vanS led to a twofold reduction in the chloramphenicol
MIC and a fourfold decrease in CAT specific activity, but the
MIC of vancomycin remained unchanged. Thus, VanS ap-
pears necessary for high-level transcription of vancomycin
resistance genes, although this is not required for phenotypic
resistance.

Derivatives of pAT80 carrying insertions in vanH
(pAT83), vanA (pAT84), or the 1.0-kb region downstream
from vanA (pAT85) conferred resistance to chloramphenicol
but not to vancomycin (Table 1). This dissociated phenotype
was expected in the case of inactivation of genes encoding
enzymes that synthesize the depsipeptide precursors neces-

sary for cell wall assembly in the presence of vancomycin.
Sequencing of the 1.0-kb region of pAT80 downstream from
vanA revealed the presence of a single large ORF that couid
code for a protein of 202 amino acids designated VanX (3).
The sequence of VanX deduced from that of the vanX gene
did not display significant similarity to sequences from the
NBRF protein data base. The function of VanX remains
unknown, although it appeared necessary for resistance as
shown by insertion inactivation of vanX in pAT85.

trans-activation of transcription of van genes. The integra-
tive plasmid pAT89 encoding VanR and VanS was intro-
duced into the chromosome of E. faecalis BM4138. Plasmid
pAT87 carrying the vanH, vanA, and vanX genes cloned
upstream from the promoterless cat gene of pAT78 con-
ferred vancomycin resistance to this strain (Table 2).
Expression of the cat gene of pAT87 was inducible by
vancomycin. In E. faecalis JH2-2, plasmid pAT87 did not
confer resistance to vancomycin and the cat gehe was

TABLE 2. Activation of transcription of cat and van genes by VanR and VanS

E. faecium strain Plasmid MIC of CAT sp act' Induction
(relevant characteristics) (relevant characteristics) vancomycin ratiob(pg/ml) Not induced Induced rto

JH2-2 pAT78 (cat) 1 228 62 286 122 1.3
BM4138::pAT89 (vanR vanS) pAT78 (cat) 1 352 122 208 173 0.6
JH2-2 pAT80 (vanR vanS vanH vanA vanX cat) 1,024 14,770 ± 2,396 21,726 + 1,734 1.5
JH2-2 pAT81 (vanRQaphA-1 vanS vanH vanA vanX cat) 1 458 ± 96 NDc ND
JH2-2 pAT82 (vanR vanSDaphA-1 vanH vanA vanX cat) 1,024 4,116 ±+1,417 4,784 ± 892 1.2
JH2-2 pAT87 (vanH vanA vanX cat) 1 226 +35 388 ± 144 1.7
BM4138::pAT89 (vanR vanS) pAT87 (vanH vanA vanX cat) 1,024 175 ± 116 6,664 + 1,799 38
JH2-2 pAT90 (vanS-vanH intergenic region cat) 1 149 ± 49 152 ± 22 1.0
BM4138::pAT89 (vanR vanS) pAT90 (vanS-vanH intergenic region cat) 1 171 ± 100 3,221 + 1,057 19
JH2-2 pAT381 (vanH' vanA vanX cat) 1 306 ± 81 331 ± 253 1.1
BM4138::pAT89 (vanR vanS) pAT381 (vanH' vanA vanXcat) 1 242 ± 203 203 ± 33 0.8

a CAT specific activity is expressed in nanomoles per minute per milligram of protein. Values are the means and standard deviations from three to five
independent experiments. Induction of vancomycin-resistant and -susceptible strains was performed with 50 and 1 p.g of vancomycin per ml, respectively.

b The induction ratio is the induced/noninduced specific activity ratio.
ND, not determined.
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expressed at a low level that was not increased by the
presence of vancomycin. These results suggest that in
BM4138::pAT89/pAT87, chromosomally encoded VafR and
VanS trans-activate the transcription of vanH, vanA, and
vanX in the presence of vancomycin, leading to resistance to
this antibiotic.

Localization of the promoter for transcription of the vanH,
vanA, and vanX genes. Si nuclease and primer extension
mapping of RNA were performed to localize putative tran-
scriptional start sites in the vanS-vanH intergenic region. Si
nuclease protection was performed with the 847-bp A probe,
which comprises the entire intergenic region (from positions
1648 to 2494 in Fig. 2). The most intense signal detected with
RNA isolated from induced cultures of BM4147 and JH2-2/
pAT80 (vanR vanS vanH vanA vanX) corresponds to a
protected DNA fragment of 126 bases (Fig. SA). This would
place the apparent 5' mRNA end at nucleotide C (position
2369 in Fig. 2). No protected fragment was detected with
RNA extracted from JH2-2/pAT81 (vanRQaphA-1 vanS
vanH vanA vanX) or BM4147-1, a vancomycin-susceptible
derivative of BM4147 that had lost pIP816 (25). Reverse
transcription of RNA isolated from an induced culture of
BM4147 by using oligonucleotide C as a primer led to DNA
fragments of 89 and 90 bases (Fig. 5B). The largest fragment
would place the apparent 5' mRNA end at the same position,
2369, as that detected by the Si nuclease protection assay.
The 505-bp EcoRI-BsmI fragment that carries the pro-

moter detected by RNA mapping was cloned into the pro-
moter-probing vector pAT78, and the resulting plasmid,
pAT90, was introduced into JH2-2 and BM4138: :pAT89
(vanR vanS). As with the cat gene located downstream from
vanXin pAT87 (vanHvanA vanXcat), high-level production
of CAT encoded by pAT90 depended upon both the pres-
ence of vanR and vanS and induction by vancomycin (Table
2). The 505-bp EcoRI-BsmI fragment carrying the vanS-
vanH intergenic region was deleted from pAT87, (vanH
vanA vanX cat), generating pAT381. Expression of the cat
gene of pAT381 was low in JH2-2 and BM4138::pAT89
(vanR vanS) both in the presence and in the absence of
vancomycin. Thus, transcription did not originate at a sig-
nificant level in vanH, vanA, or vanX or downstream from
vanX, indicating that these three genes are cotranscribed in
BM4138::pAT89 (vanR vanS)/pAT87 (vanH vanA vanX cat).

DISCUSSION

A study of E. faecium BM4147 indicated that enterococci
resistant to glycopeptides can produce two types of pepti-
doglycan precursors. Chromosomally encoded enzymes
synthesize UDP-muramyl pentapeptide, whereas the plas-
mid-mediated VanA ligase and VanH dehydrogenase syn-
thesize D-Ala-D-hydroxycarboxylic acids that can be added
to UDP-muramyl tripeptide (8). Vancomycin resistance is
likely to depend upon preferential synthesis of the resulting
depsipeptide-containing precursors that bind the antibiotic
with reduced affinity (8). As judged by expression of high-
level resistance to vancomycin in a susceptible host, we
have identified a 5.5-kb region of pIP816, the vancomycin
resistance plasmid in BM4147, which encodes the functions
necessary for synthesis and efficient incorporation of dep-
sipeptide precursors in the cell wall. Insertional inactivation
in the van gene cluster of pAT80 (Fig. 1; Table 1) identified
two regulatory proteins, VanR and VanS, that control the
production of three proteins necessary for vancomycin re-
sistance: VanH dehydrogenase (4), VanA ligase (14), and a
third polypeptide of unknown function designated VanX (3).

A
1 2 3 4 56 7 8 9
A C G T

B
1 2 3 4 5
A C G T

FIG. 5. Mapping of the 5' terminus of mRNAs. (A) Si nuclease
protection. Lanes 1 to 4 correspond to the sequencing pattern of the
vanS-vanH intergenic region obtained by the dideoxy-chain termi-
nation method (42) with primer Bi. RNA (50 p,g) extracted from
cells of JH2-2/pAT80 (lane 5), JH2-2/pAT81 (lane 6), BM4147 (lane
7), and BM4147-1 (lane 8) grown in the presence of vancomycin
were hybridized to the A probe and treated with S1 nuclease as
described in Materials and Methods. The 5'-labeled end of the A
probe corresponds to the 5' end of primer Bi. Lane 9 contains
undigested A probe. (B) Primer extension. RNA (50 p,g) isolated
from BM4147 grown in the presence of vancomycin was hybridized
to primer C, and extension was performed with avian myeloblastosis
virus reverse transcriptase (lane 1). Nucleotide sequence reactions
were performed with primer C (lanes 2 to 5). The sequence of a
portion of the vanS-vanH intergenic region is shown between panels
A and B. The DNA strand on the left corresponds to the sequence
shown in panels A and B. The complementary strand on the right
corresponds to the sequence from positions 2345 to 2378 as dis-
played in Fig. 2. The positions of the putative 5' mRNA extremities
are indicated.

Structural homology indicated that VanS and VanR could
function as a signal-transducing system similar to the EnvZ-
OmpR two-component regulatory system (21, 22, 49). The
C-terminal portions of VanS and EnvZ contain the con-
served amino acid motifs specifically found in the kinase
domain of HPK (Fig. 3) (49). The N-terminal portions of
VanS and EnvZ did not display significant homology, al-
though two clusters of hydrophobic amino acids were
present at similar locations, indicating that the two proteins
may have analogous membrane topologies (15). VanR was
related to response regulators belonging to the OmpR sub-
class, in both the effector and DNA-binding domains (Fig.
4).
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The function of VanS and VanR in two expression sys-
tems was studied. In BM4138::pAT89, VanS and VanR
encoded by the chromosomal copy of pAT89 act in trans on
DNA fragments of the van gene cluster cloned into the
promoter-probing vector pAT78 (Table 2). In JH2-2, VanS
and VanR encoded by pAT80 act in cis. The cat gene of
pAT78 (cat) and of pAT87 (vanH vanA vanX cat) was
expressed at similar low levels in JH2-2 (Table 2). Thus,
transcription originating within the insert of pAT87 was not
detectable in this host. In BM4138::pAT89 (vanR vanS), the
cat gene of pAT87 was expressed at a high level in the
presence of vancomycin whereas promoter activity was not
detected in the absence of the antibiotic. These results
indicate that the VanS-VanR two-component regulatory
system controls gene expression at the transcriptional level
in response to the presence of vancomycin in the culture
medium. Plasmids pAT79 (P2, cat) and pAT86 (P2, vanH
vanA vanX' cat) conferred similar levels of chloramphenicol
resistance (Table 1), indicating that the insert of pAT86 does
not contain a strong transcription terminator. It therefore
appears that control of transcription by VanS and VanR
involves promoter activation rather than antitermination.
The vanH and vanA genes overlap for 5 bp, whereas vanA

is separated from vanX by 8 bp, suggesting that the three
genes could be cotranscribed from a promoter located up-
stream from vanH. To identify this putative promoter, Si
nuclease protection and primer extension mapping of RNA
were performed in the vanS-vanH intergenic region (Fig. 5).
The major signal detected by the Si nuclease protection
assay would place the putative 5' extremity of mRNA
isolated from BM4147 and JH2-2/pAT80 (vanR vanS vanH
vanA vanX cat) at the C at position 2369 (Fig. 2). Weaker
signals corresponding to smaller protected fragments were
less likely to correspond to authentic 5' mRNA ends since
primer extension analysis performed with RNA extracted
from BM4147 identified positions 2368 and 2369 as only
potential transcription start sites. Therefore, the results
obtained by the two techniques strongly suggest that the
main transcriptional start site within the vanS-vanH inter-
genic region is located at or near position 2369. Two hexa-
nucleotides, IIAAGA and TAGACI, that respectively
match four (underlined) of the six bases in the -35
(TTGACA) and -10 (TATAAT) consensus promoter se-
quences were located with appropriate spacings upstream
from the putative transcriptional start site at position 2369.
This putative promoter region overlaps the 17-bp sequence
that is repeated in the opposite orientation immediately
upstream from position 2369 (Fig. 2).

Analysis of transcriptional fusions indicated that the
505-bp EcoRI-BsmI fragment spanning the vanS-vanH re-
gion contains a functional promoter that can be trans-
activated by the VanS-VanR two-component regulatory
system in the presence of vancomycin (pAT90 in Table 2).
Deletion of this fragment from the insert of pAT87 (vanH
vanA vanX cat) abolished vancomycin-inducible production
of CAT (pAT381 in Table 2). Taken together, these results
indicate that in BM4138::pAT89 (vanR-vanS)IpAT87 (vanH
vanA vanX cat), trans-activation of the promoter detected in
the vanS-vanH intergenic region by RNA mapping leads to
cotranscription of vanH, vanA, and vanX. It could be argued
that an additional promoter is located in the vicinity of the
BsmI site used to construct pAT90 and pAT381. However,
this does not seem to be the case since deletion of the
promoter region of pAT87 (vanH vanA vanX cat) from the
EcoRI site in vanS to the AccI site that overlaps the putative

-10 consensus promoter sequence abolished expression of
the cat gene in BM4138::pAT89 (vanR-vanS).

cis-activation of the cat gene of pAT80 (vanR vanS vanH
vanA vanX cat) in the absence of vancomycin led to high-
level production of CAT. Expression of the reporter gene
was only marginally increased by the presence of vancomy-
cin (Table 2). By contrast, trans-activation of expression of
the cat gene of pAT78 (vanH vanA vanX cat) or of pAT90
(vanS-vanH integenic region cat) was detectable only in the
presence of vancomycin. This discrepancy could be due to
the difference in copy number of pAT80 and pIP816, result-
ing in overexpression of VanR in JH2-2/pAT80. Of note,
small amounts of the VanA protein were detected in mem-
brane extracts of BM4147 in the absence of induction (14),
suggesting that regulation of vancomycin resistance genes
carried by the natural plasmid pIP816 may not be tight.

Insertional inactivation of vanR of pAT80 (vanR vanS
vanH vanA vanX cat) abolished both transcription of the cat
reporter gene (pAT81 in Table 2) and transcriptional initia-
tion in the vanS vanR intergenic region (Fig. 5); this confirms
that VanR is a transcriptional activator necessary for tran-
scription of the vanH, vanA, and vanX genes. Inactivation of
vanS in this cluster reduced the expression of the cat gene
(pAT82 in Table 2). These observations establish a func-
tional link between VanS and VanR and suggest that VanS
stimulates VanR activity. Cross-reactivity (cross talk) be-
tween HPK and RR of various two-component regulatory
systems has been documented despite substantial amino acid
sequence diversity (49). In the EnvZ-OmpR system, OmpR
can be phosphorylated by different HPK, leading to tran-
scription of ompC in the absence of EnvZ (16, 17, 22).
Therefore VanR-dependent transcription of the cat gene in
the absence of VanS observed in JH2-2(pAT82) may involve
regulatory interactions with two-component regulatory sys-
tems encoded by the host chromosome.
The VanS-VanR two-component regulatory system prob-

ably transduces a signal triggered by vancomycin in the
periplasm, although this has not been established directly.
Production of pentapeptide precursors is associated with
susceptibility to vancomycin, whereas production of dep-
sipeptide-containing precursors is associated with resistance
to vancomycin but increased susceptibility to 13-lactams and
slow growth (24, 45; data not shown). Therefore the ability
to turn on and off the expression of the van gene cluster may
be of selective advantage.

In E. faecium BM4147, vancomycin represses the synthe-
sis of chromosomally encoded D-Ala-D-Ala ligase activity (8)
and induces the synthesis of a D,D-carboxypeptidase (1, 14).
D-Ala-D-Ala and the depsipeptides synthesized by VanA are
competitive substrates for the adding enzyme (8), and the
terminal D-Ala residue of pentapeptide precursors is cleaved
by the D,D-carboxypeptidase (1). Therefore both low ligase
and high carboxypeptidase activities are likely to result in
scarcity of D-Ala-D-Ala-containing precursors and to con-
tribute to vancomycin resistance. It remains to be estab-
lished whether VanR and VanS regulate production of the
D,D-carboxypeptidase and of chromosomally encoded
D-Ala-D-Ala ligases either directly or through interactions
with other two-component regulatory systems.
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tion to the sequence similarity between the carboxy termini of VanS
and HPK.
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