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Summary

Vancomycin is the front-line therapy for treating prob-
lematic infections caused by methicillin-resistant 

 

Sta-
phylococcus aureus

 

 (MRSA), and the spread of
vancomycin resistance is an acute problem. Vanco-
mycin blocks cross-linking between peptidoglycan
intermediates by binding to the 

 

D

 

-Ala-

 

D

 

-Ala termini of
bacterial cell wall precursors, which are the substrate
of transglycosylase/transpeptidase. We have charac-
terized a cluster of seven genes (

 

vanSRJKHAX

 

) in

 

Streptomyces coelicolor

 

 that confers inducible, high-
level vancomycin resistance. 

 

vanHAX

 

 are ortholo-
gous to genes found in vancomycin-resistant
enterococci that encode enzymes predicted to repro-
gramme peptidoglycan biosynthesis such that cell
wall precursors terminate in 

 

D

 

-Ala-

 

D

 

-Lac rather than

 

D

 

-Ala-

 

D

 

-Ala. 

 

vanR

 

 and 

 

vanS

 

 encode a two-component
signal transduction system that mediates transcrip-
tional induction of the seven 

 

van

 

 genes. 

 

vanJ

 

 and

 

vanK

 

 are novel genes that have no counterpart in
previously characterized vancomycin resistance clus-
ters from pathogens. VanK is a member of the Fem
family of enzymes that add the cross-bridge amino
acids to the stem pentapeptide of cell wall precursors,
and 

 

vanK

 

 is essential for vancomycin resistance. 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. To develop a sensitive bioassay for inducers

of the vancomycin resistance system, the promoter of

 

vanJ

 

 was fused to a reporter gene conferring resis-
tance to kanamycin. All the inducers identified were
glycopeptide antibiotics, but teicoplanin, a mem-
brane-anchored glycopeptide, failed to act as an
inducer. Analysis of mutants defective in the 

 

vanRS

 

and 

 

cseBC

 

 cell envelope signal transduction systems
revealed significant cross-talk between the two
pathways.

Introduction

 

Glycopeptide antibiotics such as vancomycin inhibit cell
wall biosynthesis in Gram-positive bacteria but not in
Gram-negative bacteria because they cannot penetrate
the outer membrane permeability barrier. Vancomycin is
clinically important for treating enterococcal infections
arising after abdominal surgery and is vital as the only
widely effective treatment for infections caused by methi-
cillin-resistant 

 

Staphylococcus aureus

 

 (MRSA), a major
killer in hospital-acquired infections and, increasingly, in
community-acquired infections. Ever since vancomycin-
resistant strains of 

 

Enterococcus faecalis

 

 and 

 

Enterococ-
cus faecium

 

 first emerged in 1987, transfer of the
vancomycin resistance genes from enterococci to MRSA
to create a vancomycin-resistant ‘superbug’ (VRSA) has
been widely anticipated. This spectre became a reality in
2002 with the first reports of clinical isolates of VRSA from
hospitals in Michigan and Pennsylvania (Pearson, 2002;
Chang 

 

et al

 

., 2003). Subsequent analysis showed these
isolates arose from intergeneric transfer of Tn

 

1546

 

 from
a co-isolate of 

 

E. faecalis

 

 (Weigel 

 

et al

 

., 2003; Tenover

 

et al

 

., 2004). In addition to its medical importance, vanco-
mycin is also academically important because of its very
unusual mode of action and the exceptional mechanism
that gives rise to vancomycin resistance.

Bacterial peptidoglycan (PG) is synthesized from a pre-
cursor consisting of a disaccharide unit with a pendant
pentapeptide, which in turn may carry a peptide side-
branch or ‘cross-bridge’ (Fig. 1). The exact nature of this
precursor varies from genus to genus: the 

 

Streptomyces

 

precursor,  shown  in  Fig. 1,  has  

 

LL

 

-diaminopimelic  acid
(

 

LL

 

-dpm) at position 3 of the pentapeptide, and the cross-
bridge is a single glycine (Leyh-Bouille 

 

et al

 

., 1970;



 

1108
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Schleifer and Kandler, 1972; Ruzin 

 

et al

 

., 2002; H.-J.
Hong, A. Severin, K. Tabei and M. J. Buttner, unpub-
lished). The cell wall is constructed from this building block
in two main extracellular steps (for a review, see Bugg,
1999). First, the disaccharide units are polymerized by a
transglycosylase to form long polysaccharide chains. Sec-
ondly, these long polysaccharide chains are cross-linked
through their peptide side-chains by a transpeptidase
(Fig. 1). The transpeptidase recognizes the sequence 

 

D

 

-
alanyl-

 

D

 

-alanine (

 

D

 

-Ala-

 

D

 

-Ala) at the end of the pentapep-
tide chain, cleaves off the terminal alanine and joins the
remainder to a cross-bridge peptide from an adjacent
polysaccharide chain (Fig. 1). This peptide cross-linking
provides the structural rigidity of mature PG required for
maintenance of cell shape and prevention of cell lysis. In
some bacteria, such as 

 

Escherichia coli

 

 and 

 

Bacillus sub-
tilis

 

, there is no cross-bridge and a direct 3–4 cross-link
is formed between pentapeptide side-chains.

 

b

 

-Lactam antibiotics (penicillins and cephalosporins)
directly inhibit transpeptidase by acylating the enzyme’s
active site (Spratt and Cromie, 1988; Walsh, 2000). In
contrast, vancomycin acts by binding to its substrate.
Vancomycin binds tightly, but non-covalently, to the 

 

D

 

-Ala-

 

D

 

-Ala terminus of lipid-attached PG precursors on the
outside of the cytoplasmic membrane, thereby blocking
transpeptidation and, more weakly and indirectly, transg-
lycosylation (Fig. 1; Williams 

 

et al

 

., 1983; Barna and Wil-
liams, 1984). Vancomycin first became a vital weapon
against 

 

S. aureus

 

 when MRSA emerged in the mid-1980s.
The molecular basis of the MRSA phenotype was a gene
fusion event that created 

 

mecA

 

, a gene that encodes a
transpeptidase (PBP2

 

b

 

) with very low affinity for all 

 

b

 

-

lactam antibiotics (Song 

 

et al

 

., 1987; Spratt, 1994; Chu

 

et al

 

., 1996). Once the mode of action of vancomycin was
understood, it became clear that, in contrast to methicillin,
mutations in transpeptidase could never give rise to van-
comycin resistance. For this reason, some suggested that
pathogens might never acquire vancomycin resistance,
because it would require remodelling of the cell wall itself.
However, the clinical isolates of vancomycin-resistant
enterococci (VRE) that first appeared in the late 1980s
were shown to do precisely that (Bugg 

 

et al

 

., 1991; Walsh

 

et al

 

., 1996; Williams and Bardsley, 1999; Healy 

 

et al

 

.,
2000; Walsh, 2000; Pootoolal 

 

et al

 

., 2002a). On exposure
to vancomycin, VRE isolates reprogramme PG biosynthe-
sis such that the pendant pentapeptide of the cell wall
precursors terminates in 

 

D

 

-alanyl-

 

D

 

-lactate (

 

D

 

-Ala-

 

D

 

-Lac),
rather than in 

 

D

 

-Ala-

 

D

 

-Ala. The affinity of vancomycin for
precursors terminating in 

 

D

 

-Ala-

 

D

 

-Lac is 

 

ª

 

1000-fold lower
than for precursors terminating in 

 

D

 

-Ala-

 

D

 

-Ala (Bugg 

 

et al

 

.,
1991), rendering the modified bacteria resistant. Three
enzymes were shown to be required for this remodelling:
VanH, which converts pyruvate into 

 

D

 

-lac; VanA, a 

 

D

 

-Ala-

 

D

 

-Lac ligase; and VanX, a ‘proof-reading’ 

 

D

 

-Ala-

 

D

 

-Ala
dipeptidase that cleaves any residual circulating 

 

D

 

-Ala-

 

D

 

-
Ala dipeptide, ensuring that peptidoglycan precursors ter-
minate uniformly in 

 

D

 

-Ala-

 

D

 

-Lac. The comparatively rare
VanC, VanE and VanG isolates of 

 

Enterococci

 

 have a 

 

D

 

-
alanyl-

 

D

 

-serine (

 

D

 

-Ala-

 

D

 

-Ser) ligase in place of the 

 

D

 

-Ala-

 

D

 

-Lac ligase (Reynolds 

 

et al

 

., 1994; Pootoolal 

 

et al

 

.,
2002a). The substitution of 

 

D

 

-Ser for 

 

D

 

-Ala results in an
approximately six-fold decrease in affinity for vancomycin
and low-level resistance (Billot-Klein 

 

et al

 

., 1994).
We have discovered that the non-pathogenic, non-

 

Fig. 1.

 

The key precursor in peptidoglycan (PG) biosynthesis in 

 

Streptomyces

 

 and the cross-linking reaction carried out by transpeptidase. Note 
that the exact nature of the precursor varies from genus to genus; in 

 

Streptomyces

 

, it has 

 

LL

 

-diaminopimelic acid (

 

LL

 

-dpm) at position 3 of the 
pentapeptide, and the cross-bridge is a single glycine. Transpeptidase recognizes the sequence 

 

D

 

-alanyl-

 

D

 

-alanine (

 

D

 

-Ala-

 

D

 

-Ala) at the end of 
the pentapeptide chain, cleaves off the terminal alanine and joins the remainder to a cross-bridge peptide from an adjacent polysaccharide chain. 
Vancomycin binds directly to the terminal 

 

D

 

-Ala-

 

D

 

-Ala of the pentapeptide and blocks the action of transpeptidase (Williams 

 

et al

 

., 1983; Barna 
and Williams, 1984).
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glycopeptide-producing actinomycete Streptomyces coeli-
color is highly resistant to vancomycin, and we have
identified and characterized a novel cluster of seven
genes that confers this resistance. We show that expres-
sion of these genes is induced via a two-component
regulatory system by several vancomycin-related glyco-
peptide antibiotics, but not by the glycopeptide teicopla-
nin. We also show that a novel resistance gene (vanK),
with no counterpart in previously characterized vancomy-
cin resistance clusters from pathogens and predicted to
encode an enzyme involved in synthesis of the peptide
cross-bridge, is required for vancomycin resistance.

Results

Identification of a vancomycin resistance gene cluster 
containing two novel genes in S. coelicolor

In the course of other work, we unexpectedly found S.
coelicolor to be highly resistant to vancomycin (Hong
et al., 2002). As a consequence, we used the sequences
of the VanH, VanA and VanX proteins of E. faecium to
search for homologues encoded in the S. coelicolor

genome sequence (http://www.sanger.ac.uk/Projects/
S_coelicolor; Bentley et al., 2002). In this way, we identi-
fied a putative vancomycin resistance cluster of seven
genes that we designated vanS (SCO3589), vanR
(SCO3590), vanJ (SCO3592), vanK (SCO3593), vanH
(SCO3594), vanA (SCO3595) and vanX (SCO3596)
(Fig. 2). In the genome sequence, a small open reading
frame (ORF; SCO3591) is annotated between vanR and
vanJ, potentially encoding a 41-amino-acid protein. This
potential coding sequence, suggested by FRAME analy-
sis (Bibb et al., 1984), reads in the same direction as
vanRS. If this ORF were a real gene, then the vanJ tran-
script (see below) would read partially through it on the
opposing strand. However, we believe that SCO3591 is
not a gene and that the FRAME plot simply reflects the
degenerate repetition of the hexameric sequence CTG-
GCG in this region. The van genes are not associated with
a glycopeptide biosynthetic cluster, and it is clear from
inspection of the genome sequence that S. coelicolor
does not have the genetic capacity to synthesize a glyco-
peptide antibiotic (Bentley et al., 2002). The van genes are
absent from the only other publicly available Streptomyces
genome sequence (Streptomyces avermitilis; http://aver-

Fig. 2. The vancomycin resistance gene cluster in S. coelicolor. The probes used for S1 nuclease protection assays are shown below the 
restriction map, with the labelled 5¢ end indicated by an asterisk. The 250 bp PCR fragment used to create the vanJp–neo fusion plasmid (pIJ6883) 
used in the bioassay, and the extent of the subclones used in complementation tests, are indicated above the restriction map by the solid lines. 
The deletions in the van mutant derivatives of M600 (J2174, J3220–3226) are indicated below.
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mitilis.ls.kitasato-u.ac.jp; Ikeda et al., 2003), but they are
present in Streptomyces lividans, a very close relative of
S. coelicolor (H.-J. Hong, unpublished).

The predicted products of the S. coelicolor vanH, vanA
and vanX genes each have high similarity to their coun-
terparts from vancomycin resistance clusters identified in
pathogens: VanH is 61% identical to E. faecium BM4147
VanH D-lactate dehydrogenase; VanA is 63% identical to
E. faecalis BM4382 VanB D-Ala-D-Lac ligase; and VanX is
64% identical to E. faecalis BM4382 VanXB D-Ala-D-Ala
dipeptidase. It therefore seems reasonable to predict that
expression of vanHAX in S. coelicolor will reprogramme
PG biosynthesis such that the pendant pentapeptide of
the cell wall precursors will terminate in D-Ala-D-Lac,
rather than in D-Ala-D-Ala.

vanR and vanS encode a response regulator and a
sensor histidine protein kinase, respectively, making up a
putative two-component regulatory system (Hackenbeck
and Stock, 1996; Egger et al., 1997). The predicted prod-
uct of vanR is 231 amino acids long and is a member of
the OmpR subfamily of response regulators. VanR has an
N-terminal receiver domain with conserved aspartate and
lysine residues known to form an acidic phosphorylation
pocket in other members of the family, including Asp-51,
the putative site of phosphorylation (Stock et al., 1989;
Egger et al., 1997). In common with other members of the
OmpR subfamily (Mizuno and Tanaka, 1997), VanR also
has a putative helix–loop–helix (HLH) DNA-binding motif
at its C-terminus. VanR is 31% identical to E. faecium
BM4147 VanR. VanS is predicted to be 364 amino acids
long, with the ª250-amino-acid C-terminal domain char-
acteristic of bacterial sensor histidine kinases, including
the histidine residue (H150) that is the site of autophos-
phorylation, conserved asparagine and phenylalanine
residues and two glycine-rich motifs (LXGXG and
GXGXG) that are important for ATP binding and phospho-
transfer catalysis. VanS is predicted to be a trans-
membrane protein, with two predicted membrane-span-
ning helices (residues 17–37 and 65–85) separated by a
putative extracytoplasmic domain of 27 amino acids. VanS
is 25% identical to E. faecium BM4147 VanS.

The vanJ and vanK genes are particularly interesting
because they have no counterparts in previously charac-
terized vancomycin resistance gene clusters from patho-
gens. VanJ is 330 amino acids long with three predicted
membrane-spanning domains at the N-terminus. VanJ is
similar to other unknowns, including two predicted
membrane-localized homologues encoded elsewhere in
the S. coelicolor genome: SCO7017 (51% identity) and
SCO2255 (55% identity).

VanK is 397 amino acids long and shows significant
similarity to the Fem family of proteins (Fig. 3). Fem pro-
teins are non-ribosomal peptidyltransferases that add the
cross-bridge amino acids to the stem pentapeptide of cell

wall precursors (Hegde and Shrader, 2001; Hegde and
Blanchard, 2003; Rohrer and Berger-Bächi, 2003) and are
absent from bacteria, such as Escherichia coli and Bacil-
lus subtilis, that make direct 3–4 linkages between stem
pentapeptides. For example, the pentaglycine cross-
bridge in S. aureus is built by the action of three homolo-
gous peptidyltransferases called FemA, FemB and FemX
(Rohrer and Berger-Bächi, 2003). In addition to VanK,
there are two more Fem homologues encoded elsewhere
on the S. coelicolor chromosome: SCO0602 and
SCO3904. An alignment of these three S. coelicolor pro-
teins and the FemABX proteins of S. aureus is shown in
Fig. 3. The three S. coelicolor proteins are more similar to
each other than to S. aureus FemABX and, in particular,
they lack an ª75-amino-acid region present in the S.
aureus proteins. The crystal structure of S. aureus FemA
has been solved and has two domains: a globular domain
that resembles histone acetyltransferases and a helical
‘arm’ domain (Benson et al., 2002). The 75 amino acids
absent from the S. coelicolor proteins correspond to this
arm domain. Benson et al. (2002) proposed that the arm
is involved in binding the aminoacyl-tRNA substrate, but
it has been shown that Lactobacillus viridescens FemX,
which also lacks this domain, can efficiently bind and
catalyse amino acid transfer from aminoacyl-tRNAs
(Hegde and Blanchard, 2003). Hegde and Blanchard
(2003) pointed out that L. viridescens FemX is a cytoplas-
mic enzyme while other known FemABX enzymes are
membrane associated and, on this basis, they suggested
that the arm domain might be involved in membrane asso-
ciation. In support of this view, addition of the cross-bridge
glycine has recently been shown to occur in the cytoplasm
in Streptomyces (Ruzin et al., 2002), suggesting that the
Streptomyces Fem proteins are also cytoplasmic.

Transcription analysis of vanSRJKHAX

Using high-resolution S1 nuclease protection analysis of
RNA isolated from a time course of S. coelicolor M600 (a
plasmid-free derivative of the wild type) grown in NMMP
plus glucose, initial attempts to detect van transcripts
failed. To see if expression of the van genes was inducible,
the experiment was repeated using RNA isolated from a
single time point of a culture that was exposed to a sub-
inhibitory concentration of vancomycin (10 mg ml-1)
throughout growth; under these conditions, van gene tran-
scription was readily detected, and we identified four sep-
arate promoters in front of the vanR, vanJ, vanK and vanH
genes (Fig. 4A). Unusually, the vanR, vanK and vanH
transcripts each start at the ‘A’ of the AUG translation
initiation codon (Fig. 4B), and these mRNAs must there-
fore be translated in the absence of a conventional 5¢
mRNA leader and ribosome binding site. Leaderless mes-
sages are rare in most bacteria, although a disproportion-
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ately large number of leaderless mRNAs have been
identified in Streptomyces, often encoding antibiotic resis-
tance proteins (e.g. Janssen et al., 1989; Bibb et al., 1994;
Wu and Janssen, 1997). Recent evidence suggests that
leaderless messages can be translated by the intact 70S
ribosome without its dissociation into subunits (O’Donnell
and Janssen, 2002; Udagawa et al., 2004). The transcrip-
tion start site of vanJ is 117 bp upstream from the most
highly predicted vanJ translation initiation codon (Fig. 4A
and B). However, the vanJ transcript also starts at the ‘A’
of an in frame AUG, leaving open the possibility that the
vanJ transcript is also a leaderless message (Fig. 4B).
The stop and start codons of vanH, vanA and vanX over-
lap, and the same is true of vanR and vanS, suggesting
that vanHAX and vanRS may be co-transcribed and trans-
lationally coupled (Fig. 4B).

To analyse the induction of the four van transcripts, we
grew S. coelicolor M600 to exponential phase in NMMP
plus glucose before adding 10 mg ml-1 vancomycin and
examined the levels of the four van transcripts at 10 min
intervals after vancomycin treatment. The transcripts were
undetectable at time 0, but all four mRNAs were readily
detectable after 10 min exposure to vancomycin and
peaked at 30–40 min before declining (Fig. 5A). Induction
of these four promoters was absolutely dependent on the
VanR response regulator, as shown by S1 nuclease pro-
tection analysis of RNA isolated from M145 (vanR+) and
a congenic vanR null mutant after treatment with

10 mg ml-1 vancomycin (Fig. 5B). vanR null mutants are
vancomycin sensitive (see below); to ensure that the
absence of signals in RNA isolated from the vanR mutant
was not due to vancomycin-induced cell death, we exam-
ined the expression of the sigE gene in the same RNA
time courses as a positive control. sigE is part of a signal
transduction system that senses and responds to cell
envelope stress in S. coelicolor, and the sigE promoter
(sigEp) is activated by vancomycin (Hong et al., 2002).
sigEp was strongly induced by vancomycin in the vanR
null mutant (Fig. 5B), confirming that induction of the four
van transcripts is vanR dependent.

Bioassay for inducers of the vancomycin 
resistance system

To develop a sensitive bioassay for inducers of the van
genes, a 0.25 kb HindIII–EcoRI fragment carrying the
vanJ promoter (vanJp) was cloned into the multicopy pro-
moter probe plasmid pIJ486 (Ward et al., 1986) such that
expression of the vector aminoglycoside phosphotrans-
ferase gene (neo), which confers resistance to both neo-
mycin and kanamycin, depended on vanJp. The resulting
plasmid, pIJ6883, conferred resistance to only 2–
3 mg ml-1 kanamycin in S. coelicolor M600, consistent
with the observed inactivity of vanJp in the absence of
vancomycin. To identify inducers of the vanJ promoter,
confluent lawns of spores of S. coelicolor M600 carrying

Fig. 3. Amino acid sequence alignment of VanK with the two other Fem homologues encoded elsewhere on the S. coelicolor chromosome, 
SCO0602 and SCO3904, and the FemA, FemB and FemX (= FmhB) proteins of Staphylococcus aureus. The ª75-amino-acid region absent from 
the S. coelicolor proteins corresponds to the ‘arm’ domain in the crystal structure of S. aureus FemA (Benson et al., 2002).

sa-FemA     1 ~MKLINERQIGVMIMKFTNLTAKEFGAFTDSMPY.SHFTQTVGHYELKLAEGYETHLVGI.KNNNNEVIAA..CLLTAVPVMKVFKYFYSNRGPVIDYENQELVHFFFNELSKYVKKHRC  
sa-FemB     1 ~~~~~~~~~~~~~~MKFTELTVTEFDNFVQNPSLESHYFQVKENIVTRENDGFEVVLLGI.KDDNNKVIAA..SLFSKIPTMGSYVY.YSNRGPVMDFSDLGLVDYYLKELDKYLQQHQC 
sa-FemX     1 ~~~~~~~~~~~~~~MEKMHITNQEHDAFVKSHP.NGDLLQLTKWSETKKLTGWYARRIAVGRDGEVQGVAQ..LLFKKVPKL.PYTLCYISRGFVVDYSNKEALNALLDSAKEIAKAEKA 
sco0602     1 ~~~~~~~~~~~~MSCRLKPITREEHLRFVAARPSVSHL.QVPSWGDVK..PDWRAESLGWFDE.GGELVGAGLVLLRPLPRLKRY.LAYLPEGPVIDWSADG.LERWLEPMLAHLRGRGA 
sco3904     1 ~~~~~~~~~~~~MSLTLRTISREQHLAYIQSLPAASHM.QVPAWADVK..AEWRSENLGWFDDRTGELVGAGLVLYRQLPKIKRY.LAYLPEGPVINWFAPN.LQDWMEPMLAHLKQQGA 
sc-VanK     1 MAYSEPVRTTAPTRPTVRQISAAEHLAFVRAQRSVSFL.QTPAWGRVK..TEWRSESLGWFD..GGRLVGAGLVLHRPVPRLERFTLAYLPEGPVIDWTGD..IDAWLDPLAAYLKARGA 
  
  
sa-FemA   116 LYLHIDPYLPYQYLNHD..............GEITG...NAGNDWFFDKMSNLGFEHT..GFHKGFDPVLQIRYHSVLDLKDKTADDIIKNMDGLRKRNTKKVKKNGVKV.......... 
sa-FemB   103 LYVKLDPYWLYHLYDKD.............IVPFEG...REKNDALVNLFKSHGYEHH..GFTTEYDTSSQVRWMGVLNLEGKTPETLKKTFDSQRKRNINKAINYGVKV.......... 
sa-FemX   103 YAIKIDP.........................DVEV...DKGTDALQN.LKALGFKHK..GFKEGLSKDYIQPRMTMITPIDKNDDELLNSFERRNRSKVRLALKRGTTV.......... 
sco0602   103 FTVRMGPPVVARRWSAEAVKAAIADPGARRLGDVEATEHEPGADALAERLRRMGWRRTEPGGADGFA.AGQPRHVCQVPLAGRSLEQLQNGFNQQWRRNIKKADKAGVKVVRGD...... 
sco3904   104 FSVKMGPPVIIRRWDATSIKKGIQDPDVKRLRDIEADHIEPRAFEVADKLRRMGWQQGEDGGA.GFG.DVQPRYVFQVPLANRSLEEVHKNFNQLWRRNIKKAEKAGVEVVQGG...... 
sc-VanK   114 FAIRLGPPVCTDVWSADEIKEGIADPGTRRLTGLPTRWTDPVGAHVTDRLRDAGWLPQSP..EDGFG.VGHPQFKYEVPLAGRTEDDLLKGMNQLWRRNIRKAAKEGVEVTLGDATPGYA 
  
 
sa-FemA   207 ...RFLSEEELPIFRSFMEDTSESKAFADRDDKFYYNRLKYYKDRVLVPLAYINFD..EYIKELNEERDILNKDLNKALKDIE.KRPENKKAHNKRDNLQQQLDANEQKIEEGKRLQEEH 
sa-FemB   195 ...RFLERDEFNLFLDLYRETEERAGFVSKTDDYFYNFIDTYGDKVLVPLAYIDLD..EYVLKLQQE...LNDKENRRDQMMA.KENKSDKQMKKIAELDKQIDHDQHELLNASELSKTD 
sa-FemX   182 ...ERSDREGLKTFAELMKITGERDGFLTRDISYFENIYDALHEDGDAELFLVKLDPKENIAKVNQELNELHAEIAKWQQKMKTSEKQAKKAQNMINDAQNKIAKNEDLKRDLEALEKEH 
sco0602   216 .......QEDLPVFYELYVETARRDRFAPRPLAYFQRMWQALTAE..........DP......................................................DRMRLYLAH 
sco3904   216 .......YHDLEEWQRLYEITAVRDHFRPRPLSYFQRMWAALNNE..........DP......................................................NRMRLYFAR 
sc-VanK   231 AAGEAAVADDVKAFHDLYVHTAERDRFTPRPLRYFATMFAVLGAE..........DP......................................................ERIKLYLAR 
  
  
sa-FemA   321 GNELPISAGFFFINPFEVVYYAGGTSNAFRHFAGSYAVQWEMINYALNHGIDRYNFYGVSGKFTEDAEDAGVVKFKKGYNAEIIEYVGDFIKPINKPVYAAYTALKKVKDRIF~~~~~~~ 
sa-FemB   306 GPILNLASGVYFANAYEVNYFSGGSSEKYNQFMGPYMMHWFMINYCFDNGYDRYNFYGLSGDFTENSEDYGVYRFKRGFNVQIEELIGDFYKPIHKVKYWLFTTLDKLRKKLKK~~~~~~ 
sa-FemX   299 PEGIYLSGALLMFAGSKSYYLYGASSNEFRDFLPNHHMQYTMMKYAREHGATTYDFGGTDNDPDKDSEHYGLWAFKKVWGTYLSEKIGEFDYVLNQPLYQL...IEQVKPRLTKAKIKIS 
sco0602   265 HDGEVLAAATMLTVGEHVWYSYGASTGRRREVQPNNALQWRMMCDARELGAAVYDFRGITDTLDEDNHLLGLLRFKVGAGGKAVEYLGEWEYPLNRVLHKAVALYLARR~~~~~~~~~~~ 
sco3904   265 HNGVNLSAATMLVVGGHVWYSYGASDNIGREVRPSNAMQWAMLRDSYALGATVYDLRGISDSLDESDHLFGLIQFKVGTGGQAAEYLGEWDFPLNKLLHKALDIYMSRR~~~~~~~~~~~ 
sc-VanK   287 HRGDLVAATVMVRVGTHAVYAYGASSTGKREVRGSNACQWAMIRDALAADCDVYDLRGITPTLDADDPHVGLIKFKVGTGGRAVRYVGEWDLPLRPLVYRTFDLYMKRRGR~~~~~~~~~ 
  
  
sa-FemA   434 ~~~~~~ 
sa-FemB   420 ~~~~~~ 
sa-FemX   416 RKLKRK 
sco0602   374 ~~~~~~ 
sco3904   374 ~~~~~~ 
sc-VanK   398 ~~~~~~ 
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Fig. 4. A. High-resolution S1 nuclease mapping of the 5¢ ends of the vanR, vanJ, vanK and vanH transcripts using PCR-generated probes (Fig. 2: 
probes 1, 2, 3 and 4). The most likely transcription start points are indicated by the asterisks. Lanes A, C, G and T represent a dideoxy sequencing 
ladder generated using the same oligonucleotide that was used to make the S1 nuclease mapping probe.
B. Partial nucleotide sequence of the vancomycin resistance cluster. Open reading frames are represented by shaded arrows, and the promoters 
are marked by solid arrows on the nucleotide sequence. The start and stop codons of each gene are boxed with solid and dotted lines respectively. 
Inverted repeat sequences downstream of vanJ and vanK, which may function as factor-independent transcriptional terminators, are indicated 
as dashed arrows.
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pIJ6883 were spread on plates carrying a lethal concen-
tration of kanamycin (5 mg ml-1), and potential inducers
were applied on paper discs to the freshly spread plates.
Inducers of vanJp raised the level of expression of the
neo gene and hence induced a halo of kanamycin-
resistant growth around the disc (Fig. 6A). Only four of
the compounds tested induced vanJp: vancomycin, risto-
cetin, chloroeremomycin (data not shown) and A47934
(data not shown). These compounds are glycopeptide

antibiotics that have a similar peptide backbone structure
to vancomycin but differ in their glycosylation patterns. In
contrast, all the penicillins and cephalosporins tested
failed to act as inducers. We showed previously that the

Fig. 5. Response of the vanR, vanJ, vanK and vanH promoters to 
vancomycin in (A) M600 and (B) M145 and M145vanR. The sigE 
promoter was used as a positive control to ensure that the absence 
of signals in the vancomycin-sensitive vanR null mutant was not due 
to cell death. Strains were grown to mid–late exponential phase in 
NMMP liquid medium exposed to 10 mg ml-1 vancomycin. RNA was 
extracted from samples taken immediately before the addition of 
vancomycin and at subsequent 10 or 30 min intervals and analysed 
by S1 nuclease protection assays.

B

A 0    10    20    30    40    50    60    90    min.

vanJp

vanKp 

vanHp 

vanRp

M145               vanR mutant

vanJp

vanKp 

vanRp

vanHp 

sigEp 

0    30    60    90     0    30    60    90 min.

Fig. 6. A. Response of the vanJp–neo fusion to cell envelope-specific 
antibiotics. Approximately 107 spores of S. coelicolor M600 carrying 
pIJ6883 were spread on 12 cm ¥ 12 cm plates containing 5 mg ml-1 
kanamycin. Antibiotics were applied on 6 mm paper discs to the 
freshly spread plate. Inducers of the vanJ promoter raised the level 
of expression of the neo gene and hence induced a halo of kanamycin-
resistant growth around the disc. Antibiotics that target the ribosome 
(thiostrepton, streptomycin) or DNA gyrase (novobiocin) served as 
negative controls. The amount of antibiotic in each disc is indicated.
B. Induction of the van genes by vancomycin confers resistance to 
teicoplanin. A vancomycin disc was placed close to a teicoplanin disc 
on a freshly spread lawn of S. coelicolor M600 on SFM agar and 
incubated for 4 days at 30∞C. Note the D-shaped zone of killing 
around the teicoplanin disc. Note also that vancomycin itself does not 
cause a zone of killing.

A

B

Penicillin G            Amoxycillin Ticarcillin
(30 mg) (25 mg)                  (75 mg)

Cephalexin Cefadroxil Cephradine
(30 mg) (30 mg) (30 mg)

Teicoplanin Ristocetin Vancomycin
(30 mg)                  (30 mg)               (30 mg)

Thiostrepton Streptomycin         Novobiocin
(50 mg) (10 mg) (50 mg)
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CseBC two-component cell envelope signal transduction
system in S. coelicolor is induced by the cell wall hydro-
lytic enzyme lysozyme, in addition to a broad range of
cell wall-specific antibiotics (Hong et al., 2002). However,
lysozyme failed to induce the vanJp–neo fusion (data not
shown).

Induction of the van cluster confers resistance 
to teicoplanin

Strikingly, the glycopeptide teicoplanin did not act as an
inducer of the van signal transduction system (Fig. 6A),
and further investigation showed that S. coelicolor is sen-
sitive to this antibiotic. To determine whether induction of
the van genes would confer resistance to teicoplanin, a
vancomycin disc was placed close to a teicoplanin disc
on a freshly spread lawn of S. coelicolor M600. A D-
shaped zone of killing was observed around the teicopla-
nin disc, with the flat side of the D closest to the vanco-
mycin disc, indicating that induction of the van genes by
vancomycin confers resistance to teicoplanin (Fig. 6B).
Thus, expression of the van genes confers resistance to
the glycopeptide teicoplanin, but S. coelicolor is sensitive
to teicoplanin in isolation because it is not an inducer of
the VanRS signal transduction system.

Construction and characterization of van gene null 
mutants – vanK is a novel gene required for vancomycin 
resistance

vanR, vanJ, vanK, vanH, vanA, vanX and vanHAX null
mutants (Fig. 2) of S. coelicolor M600 were constructed
and their structures confirmed as described in Experi-
mental procedures. In each case, the coding sequence
was replaced by an apramycin resistance cassette (apr),
leaving open the possibility of polar effects on down-
stream genes for disruption of vanR, vanH and vanA.
The minimum inhibitory concentration (MIC) of vanco-
mycin on MMCGT medium was determined for M600
and for each mutant in turn. M600 grew on MMCGT
plates carrying concentrations of vancomycin in excess
of 100 mg ml-1. The vanJ mutant showed slightly
increased sensitivity to vancomycin, growing on
50 mg ml-1, but failing to grow on 100 mg ml-1. In con-
trast, the vanK, vanR, vanH, vanA, vanX and vanHAX
mutants all failed to grow on 10 mg ml-1 vancomycin
(lower levels not tested). The importance of the pepti-
doglycan remodelling enzymes VanHAX and the positive
regulator VanR in vancomycin resistance was to be
expected. However, the discovery that the Fem homo-
logue VanK was essential for resistance was surprising
given the absence of vanK homologues in vancomycin
resistance clusters from pathogens. Although transcrip-

tional studies (see above) suggested that the vanK null
mutation should not be polar on the downstream van-
HAX operon, we confirmed this by complementation in
trans. pIJ6892 (Fig. 2), carrying vanK alone, restored
wild-type levels of vancomycin resistance to the vanK
null mutant, whereas the parental vector, pIJ82, had no
effect.

Cross-talk between the vancomyin resistance system and 
the sigE signal transduction system

In the analysis of the induction of sigEp, used as a positive
control in the data shown in Fig. 5B, there was an inter-
esting difference between the response in the wild type
and in the vanR mutant. In the wild type, induction peaked
at 30 min before declining, as seen previously (Hong
et al., 2002), but sigE transcripts were still at maximal
levels after 90 min in the vanR mutant, implying that
expression of the van gene cluster indirectly affected
induction of the sigE signal transduction system. To pur-
sue potential cross-talk between the van signal transduc-
tion system and the sigE signal transduction system, we
also examined the expression of sigEp in the vanR
mutant, and reciprocally examined the expression of the
van genes in a sigE null mutant.

We found that, whereas 1 mg ml-1 vancomycin induced
sigEp in the vanR mutant, this concentration was insuffi-
cient to induce sigEp in its congenic parent M600
(Fig. 7A). Among other possibilities, our favoured interpre-
tation of these data is as follows. Activation of the induc-
ible vancomycin resistance gene cluster causes the
progressive replacement of D-Ala-D-Ala with D-Ala-D-Lac,
rapidly leading to vancomycin insensitivity. As a conse-
quence, vancomycin rapidly fails to cause the accumula-
tion of the hypothetical intermediate in peptidoglycan
biosynthesis or degradation that we have previously pro-
posed to act as the direct molecular inducer of the sigE
sensor kinase, CseC (Hong et al., 2002). However, in the
vanR mutant, no such remodelling occurs, such that sigE
transcripts are still at maximal levels after 90 min in the
presence of 10 mg ml-1 vancomycin (Fig. 5B), and lower
concentrations of vancomycin are effective for induction
(Fig. 7A).

When, conversely, we examined the induction of vanJp
and vanKp in a sigE null mutant, we found that, although
the van promoters were still activated, induction was
clearly much weaker in the sigE mutant compared with
the wild type (Fig. 7B), and this result was confirmed
independently using microarray analysis (M. I. Hutchings,
unpublished data). Although we do not understand the
molecular connections underlying these observations,
they clearly illustrate that signal transduction systems con-
trolling different aspects of cell envelope homeostasis can
indirectly impinge on each other.
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Discussion

A model for the vanRS signal transduction system

We have identified and characterized a novel vancomycin
resistance cluster in the non-pathogenic, non-glycopep-
tide-producing actinomycete S. coelicolor. Based on the
work presented here, we propose a model for the regula-
tion of these genes. Expression of the seven van genes
is regulated at the level of transcription by the VanR/VanS
two-component signal transduction system. In response
to extracellular glycopeptide antibiotic, the sensor kinase,
VanS, becomes autophosphorylated at His-150 and, in
accordance with the known mechanism for other two-
component regulatory systems, this phosphate is then
transferred to Asp-51 in the response regulator, VanR.
Phospho-VanR then activates the vanR, vanJ, vanK and
vanH promoters, leading to expression of vancomycin
resistance.

The vanRS transcript is undetectable by S1 nuclease
protection in the wild type in the absence of induction
(Figs 5 and 7). Given that transcription of the van genes
is completely dependent on vanR (Fig. 5B), it presumably

follows that the vanRS operon must be transcribed at
some level (albeit too low to be detected) in the absence
of vancomycin, such that VanR and VanS are present to
mediate induction.

What is the ligand recognized by VanS?

We previously established a bioassay, analogous to the
one reported here, to study the induction of the cseBC–
sigE signal transduction system (Hong et al., 2002). Using
this bioassay, we showed that the CseBC two-component
system responded to a wide range of cell wall-specific
antibiotics with completely different structures and varied
targets in the cell envelope. All these compounds were
inhibitors of late steps in peptidoglycan biosynthesis. We
also showed that the cell wall hydrolytic enzyme lysozyme
acted as an inducer. From these data, we suggested that
CseC might be activated by an intermediate in peptidogly-
can biosynthesis or degradation that accumulates as a
consequence of the activities of the inducers (Hong et al.,
2002). In contrast, the only inducers of the van signal
transduction system that we detected using our vanJp–

Fig. 7. Cross-talk between the vancomycin resistance system and the sigE signal transduction system.
A. Vancomycin (1 mg ml-1) induces the sigE promoter in a vanR null mutant but not in a wild-type background.
B. Induction of the van promoters is impaired in a sigE null mutant. Strains were grown to mid–late exponential phase in NMMP liquid medium 
and exposed to 1 mg ml-1 (A) or 10 mg ml-1 (B) vancomycin. RNA was extracted from samples taken immediately before the addition of vancomycin 
and at subsequent 10 or 30 min intervals and analysed by S1 nuclease protection assays. The two vanJp panels are from the same autoradiograph 
and are therefore directly comparable, as are the two vanKe panels.
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neo bioassay were vancomycin, ristocetin, chloroeremo-
mycin and A47934, all structurally closely related glyco-
peptide antibiotics. Although these results do not rule out
the possibility that VanS responds to an intermediate in
PG biosynthesis or degradation that accumulates
uniquely in response to glycopeptide antibiotics, they are
consistent with VanS interacting directly with the drug;
validation of this hypothesis will require additional bio-
chemical analysis. The predicted extracytoplasmic sensor
domains of VanS and CseC are very different in size (27
and 104 amino acids respectively) and sequence.

Why does the glycopeptide teicoplanin fail to induce the 
van signal transduction system?

Teicoplanin is important as the only glycopeptide antibiotic
apart from vancomycin in current clinical use. The most
interesting result from the vanJp–neo bioassay was that
teicoplanin did not act as an inducer of the van signal
transduction system, whereas all the other glycopeptide
antibiotics tested did (Fig. 6A). If VanS is activated by
direct binding of glycopeptides to its extracytoplasmic sen-
sor domain, then our results would suggest that some
aspect of teicoplanin structure prevents it from interacting
with VanS. The most conspicuous difference between
teicoplanin and the other glycopeptides is a long fatty acid
chain attached to the vancosamine sugar of teicoplanin.
This hydrophobic moiety serves to anchor teicoplanin in
the membrane (Beauregard et al., 1995; Sharman et al.,
1997; Cooper and Williams, 1999), and it is possible that
membrane anchoring prevents teicoplanin from interact-
ing with the VanS sensor domain. Alternatively, most gly-
copeptide antibiotics such as vancomycin dimerize, but
teicoplanin does not (Beauregard et al., 1995; Cooper and
Williams, 1999). Thus, a further possibility is that glyco-
peptides have to interact with the S. coelicolor VanS sen-
sor domain as dimers, and teicoplanin therefore fails to
induce the VanRS signal transduction system. Such pos-
sibilities raise interesting questions about the evolution of
this antibiotic. Perhaps the salient features of teicoplanin
structure have been selected for during the evolution of
the producing organism, Actinoplanes teichomyceticus, in
part because they prevent competing soil bacteria (e.g. S.
coelicolor) from sensing the antibiotic and generating a
resistance response.

Although we favour direct interaction of the inducers
with VanS, until this is demonstrated biochemically, the
possibility that VanS is indirectly activated by glycopep-
tides through the accumulation of an intermediate in PG
biosynthesis cannot be excluded. If this were the case, it
would imply that teicoplanin and vancomycin cause differ-
ent sets of cell wall intermediates to accumulate. For this
to happen, the in vivo mode of action of teicoplanin would
have to be significantly different from that of vancomycin

and, in fact, there is now compelling evidence that mem-
brane-anchored glycopeptides interact with another target
in addition to D-Ala-D-Ala. Ge et al. (1999) showed that
synthetic vancomycin analogues carrying hydrophobic
substituents on the vancosamine sugar were active
against vancomycin-resistant strains even when an
essential portion of the D-Ala-D-Ala-binding pocket of the
antibiotic had been removed, and Chen et al. (2003)
showed that these hydrophobic derivatives can inhibit
transglycoslylase directly, without binding D-Ala-D-Ala.
Furthermore, Sinha Roy et al. (2001) showed that the
major transglycosylase of E. coli (PBP1b) is retained on
an affinity column carrying a synthetic vancomycin ana-
logue with a hydrophobic substituent. Thus, vancomycin
primarily inhibits the transpeptidation step, whereas mem-
brane-anchored glycopeptides primarily inhibit the trans-
glycosylation step (Ge et al., 1999).

Why is the novel gene vanK required for 
vancomycin resistance?

We have shown that a novel resistance gene, vanK, which
has no counterpart in previously characterized vancomy-
cin resistance clusters from pathogens, is required for
vancomycin resistance in S. coelicolor. VanK is a member
of the Fem family of proteins, which are non-ribosomal
peptidyltransferases that add the cross-bridge amino
acid(s) to PG precursors (Hegde and Shrader, 2001;
Hegde and Blanchard, 2003; Rohrer and Berger-Bächi,
2003). For example, in S. aureus, which has a pentagly-
cine cross-bridge, three Fem proteins (FemA, FemB and
FemX) are involved. Rohrer et al. (1999) 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-substituted PG precursors.
In contrast, femA, femB and femAB mutants can be con-
structed, although they have to acquire compensatory
suppressor mutations to survive. Disruption of femB leads
to shortening of the staphylococcal cross-bridge from five
to three glycines, whereas loss of femA or femAB reduces
the cross-bridge to a single glycine. From these results, it
was deduced that FemX adds the first glycine, FemA adds
the second and third glycine, and FemB adds the fourth
and fifth glycine (Henze et al., 1993; Kopp et al., 1996;
Ehlert et al., 1997; Strandén et al., 1997; Rohrer et al.,
1999; Rohrer and Berger-Bächi, 2003). In Streptomyces,
the cross-bridge is a single glycine, yet S. coelicolor has
three fem genes: vanK, SCO0602 and SCO3904 (Fig. 3).

Why is a Fem protein encoded within the van gene
cluster in S. coelicolor and why is vanK required for van-
comycin resistance? One possibility is that, in order to
attain resistance, S. coelicolor must both (i) convert D-Ala-
D-Ala to D-Ala-D-Lac through the action of VanHAX; and
(ii) change the cross-bridge through the action of VanK.



Vancomycin resistance in S. coelicolor 1117

© 2004 Blackwell Publishing Ltd, Molecular Microbiology, 52, 1107–1121

Changes in the sequence of the cross-bridge have been
shown to result in increased levels of resistance to van-
comycin and teicoplanin in Staphylococcus haemolyticus
(Billot-Klein et al., 1996), suggesting that glycopeptide
resistance is multifactorial in this organism. Billot-Klein
et al. (1996) suggested that changes in the sequence of
the cross-bridge might interfere with the co-operativity of
binding of glycopeptide dimers in situ. A second possibility
is that the constitutive FemX activity of S. coelicolor (pre-
sumably either SCO0602 or SCO3904) might recognize
only precursors that terminate in D-Ala-D-Ala as a sub-
strate, and VanK would therefore be required for vanco-
mycin resistance because it would be the only enzyme
that could add the Gly cross-bridge to precursors termi-
nating in D-Ala-D-Lac. Production of precursors lacking a
cross-bridge would be lethal because it would prevent
cross-linking of the peptidoglycan by transpeptidase, lead-
ing to cell lysis. We are currently pursuing experiments
designed to distinguish between these two possibilities.

Circumstantial evidence that a VanK enzyme is impor-
tant for glycopeptide resistance not just in S. coelicolor but
in the genus Streptomyces in general comes from Strep-
tomyces toyocaensis, the producer of the glycopeptide
antibiotic A47934. The nucleotide sequence of the entire
A47934 biosynthetic cluster, including the associated
resistance genes, has recently been published (Pootoolal
et al., 2002b) and, significantly, an orthologue of S. coeli-

color vanK is present in the A47934 resistance gene clus-
ter, as is an orthologue of S. coelicolor vanJ.

Experimental procedures

Strains, plasmids, media, growth conditions and conjugal 
plasmid transfer from E. coli to Streptomyces spp.

Bacterial strains and plasmids used are described in
Table 1. Except where described below, media and culture
conditions were as given previously (Kieser et al., 2000;
Hong et al., 2002). MMCGT is agar minimal medium (MM;
Kieser et al., 2000) supplemented with 0.6% (w/v) Difco
casamino acids, 0.75% (v/v) Tiger milk (Kieser et al., 2000),
0.5% (w/v) glucose. To bypass the methyl-specific restriction
system of S. coelicolor, pIJ82 and its derivatives were intro-
duced by transformation into the dam dcm hsdS E. coli
strain ET12567 containing the driver plasmid pUZ8002.
Conjugal transfer of unmethylated plasmids between E. coli
ET12567 and S. coelicolor was carried out essentially as
described by Kieser et al. (2000). All polymerase chain reac-
tion (PCR) products were initially cloned into the vector
pGEM-T (Promega) and, where relevant, sequenced before
restriction digestion.

RNA preparation and transcriptional analysis

For RNA preparation, spores of S. coelicolor strains (equiv-
alent to an initial OD450 of ª0.025 in the final NMMP culture)

Table 1. Bacterial strains and plasmids used in this study.

Strain/plasmid Relevant genotype/comments Source/reference

S. coelicolor A3(2)
M145 SCP1– SCP2– Kieser et al. (2000)
M600 SCP1– SCP2– Kieser et al. (2000)
J2174 DvanR::apr SCP1– SCP2– This study
J3220 DvanJ::apr SCP1– SCP2– This study
J3221 DvanK::apr SCP1– SCP2– This study
J3223 DvanH::apr SCP1– SCP2– This study
J3224 DvanA::apr SCP1– SCP2– This study
J3225 DvanX::apr SCP1– SCP2– This study
J3226 DvanHAX::apr SCP1– SCP2– This study

E. coli
ET12567(pUZ8002) ET12567 containing helper plasmid pUZ8002 Paget et al. (1999)
BT340 Temperature-sensitive FLP recombination plasmid Datsenko and Wanner (2000)

Plasmids
pIJ82 Plasmid cloning vector for the conjugal transfer of DNA from H. Kieser (unpublished)

E. coli to Streptomyces spp. Integrates site-specifically at the
FC31 attachment site (HygR)

pIJ486 Multicopy Streptomyces promoter probe plasmid containing Ward et al. (1986)
neo as reporter gene (ThioR)

pIJ773 pBluescript KS+ containing the apramycin resistance gene Gust et al. (2003)
apr and the oriT of plasmid RP4, flanked by FRT sites

pIJ790 Modified l RED recombination plasmid pKD20 Gust et al. (2003)
pIJ6882 0.25 kb vanJ promoter PCR product in pGEM T vector This study
pIJ6883 0.25 kb vanJ promoter region (HindIII–EcoRI) in pIJ486 This study

(HindIII–EcoRI)
pIJ6889 pIJ82 with a 5.4 kb BamHI fragment from cosmid SCH66 This study
pIJ6890 pIJ82 with a 3.6 kb BamHI–EcoRV fragment from cosmid SCH66 This study
pIJ6891 pIJ82 with a 2.18 kb BamHI–PvuII fragment from cosmid SCH66 This study
pIJ6892 pIJ82 with a 1.35 kb PvuII–EcoRV fragment from cosmid SCH66 This study
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were germinated by heat shock treatment in 5 ml of TES
buffer (0.05 M, pH 8) at 50∞C for 10 min, then diluted with an
equal volume of double-strength germination medium [1%
(w/v) Difco yeast extract, 1% (w/v) Difco casamino acids,
0.01 M CaCl2] and incubated with shaking at 37∞C for 2–3 h
(Kieser et al., 2000). Germinated spores were inoculated into
NMMP (Kieser et al., 2000) and grown to an OD450 of 0.3–
0.6 (10–12 h) at 30∞C before treatment with vancomycin.
RNA was prepared as described by Hong et al. (2002).
Probes for S1 nuclease protection analysis were generated
by PCR from S. coelicolor M600 chromosomal DNA using a
5¢ end-labelled oligonucleotide internal to the ORF and an
unlabelled upstream primer (Table 2). For high-resolution
mapping of the 5¢ end of the van transcripts, sequencing
ladders were generated with the Taq Track kit (Promega),
using PCR products cloned into the vector pGEM-T
(Promega) as template DNA and the same radiolabelled
downstream oligonucleotide primer that was used to gener-
ate the S1 nuclease mapping probe.

Construction of a vanJp::neo reporter fusion system

A 0.25 kb DNA fragment carrying the vanJ promoter (vanJp)
region was amplified from S. coelicolor M600 chromosomal
DNA by PCR using one primer that incorporated a HindIII
site (vanPAI; 5¢-CCCCAAGCTTACACTCAGCAGCTC
CAACGCGGT-3¢)  and  one  primer  that  incorporated  an
EcoRI site (vanPAII; 5¢-CCCCGAATTCTGGTGGCGTTG
GCAGCGCTGGTG-3¢). The PCR product was cloned into
the vector pGEM-T (Promega) to create pIJ6882, and the
insert was sequenced. The 0.25 kb HindIII–EcoRI insert from
pIJ6882 was cloned into the multicopy promoter probe plas-
mid pIJ486 (Ward et al., 1986) cut with the same enzymes,
such that expression of the vector aminoglycoside phospho-
transferase gene (neo) depended on vanJp. The resulting
plasmid, pIJ6883, was introduced into S. coelicolor M600 by
protoplast transformation (Kieser et al., 2000).

Bioassay for inducers of the vanJ signal transduction 
system

Bioassay experiments were performed on MMCGT contain-
ing 5 mg ml-1 kanamycin. Approximately 107 spores of S.
coelicolor M600 carrying pIJ6883 were spread on each
12 cm ¥ 12 cm plate, and potential inducers carried on 6 mm
paper discs were applied to the freshly spread plates. Plates

were scored after incubation at 30∞C for 4 days. Chloroere-
momycin was a kind gift from Professor Dudley Williams.
Other antibiotics and preformed antibiotic test discs were
purchased from Sigma and Oxoid, respectively, and 6 mm
paper discs were purchased from Whatman.

Construction of a vanR mutant of M145

A 2.5 kb DNA fragment carrying vanR was amplified by PCR,
cloned into pSTBlue (Novagen), and a 1 kb apramycin resis-
tance cassette (apr) was inserted into the unique PstI site
internal to vanR. This construct was introduced into M145 by
protoplast transformation, and transformants were selected
with apramycin. After selective growth on apramycin-contain-
ing plates, a vanR null mutant derivative of M145, generated
by double crossing over, was identified by its apramycin-
resistant, kanamycin-sensitive phenotype, and its structure
was confirmed by Southern hybridization.

Construction of van gene mutants of M600

van mutant derivatives of S. coelicolor M600, in which each
van gene coding sequence was precisely replaced by apr
(conferring resistance to apramycin), were constructed by the
PCR-targeting method of Gust et al. (2003). In this method,
S. coelicolor genes carried on cosmids in E. coli are replaced
with a selectable marker generated by PCR using primers
with 39 nucleotide gene-specific extensions. The selectable
marker cassette also includes oriT, which permits the direct
transfer of the mutagenized cosmid into S. coelicolor by con-
jugation (Gust et al., 2003). Cosmid H66, which carries the
entire vancomycin resistance cluster, was introduced into E.
coli BW25113 (Datsenko and Wanner, 2000) containing
pIJ790 (carrying the l RED recombination genes, gam, bet
and exo). Each van disruption was created separately by
electroporation with an oriT/apr cassette that had been ampli-
fied using the oligonucleotides shown in Table 2, which car-
ried specific extensions for each van gene in turn. Gene
disruptions were confirmed by restriction and PCR analyses
of isolated cosmid DNA. The resulting cosmids carrying the
disruption cassette in place of each gene were individually
introduced by electroporation into the methylation-deficient E.
coli strain ET12567 carrying the helper plasmid pUZ8002,
and then transferred to S. coelicolor M600 by conjugation,
and exconjugants were selected with apramycin. The result-
ing colonies were replica plated onto SFM containing

Table 2.  Oligonucleotides used in this study.

vanR KO I TGCCGACGATATGTGGCGACTCGTAATCTCGACACCATGATTCCGGGGATCCGTCGACC
vanR KO II AGCTTGAGGCGGACGCTCAGACCGGGGCGCCTATCCACCTGTAGGCTGGAGCTGCTTC
vanJ KO I GCACCGGCGCCAGCACCGGCTCGGAGACGGCTGTCACGGATTCCGGGGATCCGTCGACC
vanJ KO II CTGGGTCGGACCGGACCGACCGCACCCTGCCCGTCGGGCTGTAGGCTGGAGCTGCTTC
vanK KO I CATACGCGTCGGCAACGTCCCGCCGCCTTGACTGGGGGCATTCCGGGGATCCGTCGACC
vanK KO II GACGATATATTACCTATCAGTAATGTCGTGGGTGGCGGCTGTAGGCTGGAGCTGCTTC
vanH KO I ACGGGACGGCAACACCGAGGCGCCTTGAATAGAGGCATGATTCCGGGGATCCGTCGACC
vanH KO II CCGACCTTCAACCTGGCCAACTTGTCCGACTCAGCCATGTGTAGGCTGGAGCTGCTTC
vanA KO I AACTGCCTTAATTTCGGAAGCAGGAAACAGCATGGCTGAATTCCGGGGATCCGTCGACC
vanA KO II GGACACCAGCTCGTCCACGAAGGCGAAGTCCCCGGTCATTGTAGGCTGGAGCTGCTTC
vanX KO I CGGACGCTGTCCCTGGCGTTGACGGGGAAGCTCCGATGAATTCCGGGGATCCGTCGACC
vanX KO II CTCGGCCCGGCTGCTCGGCTGCTCGGCTGCACGCCTACGTGTAGGCTGGAGCTGCTTC
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50 mg ml-1 apramycin and onto SFM containing 20 mg ml-1

kanamycin. van null mutant derivatives of M600, generated
by double crossing over, were identified by their apramycin-
resistant, kanamycin-sensitive phenotypes, their structures
were confirmed by PCR analysis and Southern hybridization,
and representative van gene null mutants were designated
as indicated in Table 1 and Fig. 2.

Complementation of the vanK null mutant

A 5.4 kb BamHI fragment, carrying vanRJKH, was isolated
from cosmid H66 and cloned into pIJ82 digested with the
same enzyme to create pIJ6889. pIJ6889 was cut with
EcoRV and self-ligated to create pIJ6890, which carries a
3.6 kb insert containing vanRJK. Finally, a 1.35 kb PvuII–
EcoRV fragment carrying vanK was isolated from pIJ6890
and cloned into pIJ82 cut with EcoRV to create pIJ6892.
Plasmids were introduced into the vanK mutant by conjugal
transfer from E. coli strain ET12567(pUZ8002), and exconju-
gants were selected with hygromycin.
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