
Chapter 14

*Corresponding Author: Mark J. Buttner—Department Molecular Microbiology,
John Innes Centre, Norwich Research Park, Colney, Norwich NR4 7UH, UK. 
Email: mark.buttner@bbsrc.ac.uk

Bacterial  Signal Transduction:  Networks and Drug Targets, edited by Ryutaro Utsumi. 
©2008 Landes Bioscience and Springer Science+Business Media.
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Two-Component Systems
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Abstract

 Vancomycin is a member of the  glycopeptide class of  antibiotics.   Vancomycin resis-
tance (van) gene clusters are found in human pathogens such as   Enterococcus faecalis, 
 Enterococcus faecium and  Staphylococcus aureus,  glycopeptide-producing  actinomycetes 

such as Amycolotopsis orientalis, Actinoplanes teichomyceticus and  Streptomyces toyocaensis and the 
nonglycopeptide producing  actinomycete  Streptomyces coelicolor. Expression of the van genes is 
activated by the  VanS/ VanR  two-component system in response to extracellular  glycopeptide 
 antibiotic. Two major types of inducible   vancomycin resistance are found in pathogenic  bacteria; 
VanA strains are resistant to  vancomycin itself and also to the lipidated  glycopeptide  teicoplanin, 
while VanB strains are resistant to  vancomycin but sensitive to  teicoplanin. Here we discuss the 
enzymes the van genes encode, the range of diff erent  VanS/ VanR  two-component systems, the 
biochemistry of  VanS/ VanR, the nature of the  eff ector ligand(s) recognised by  VanS and the 
 evolution of the van cluster.

Introduction
 Vancomycin is clinically important for treating enterococcal  infections arising aft er abdominal 

surgery and is vital as the only widely eff ective treatment for  infections caused by methicillin-resis-
tant  Staphylococcus aureus ( MRSA), a major killer in hospital-acquired  infections.  Vancomycin and 
other  glycopeptide  antibiotics inhibit  cell wall biosynthesis by binding to the D-alanyl-D-alanine 
(D-Ala-D-Ala) terminus of lipid-attached  peptidoglycan precursors on the outside of the cytoplas-
mic membrane (Fig. 1A).1,2 Th is interaction blocks formation of mature  peptidoglycan, principally 
by denying  transpeptidase access to its substrate, thereby preventing formation of the peptide 
crosslinks between polysaccharide strands that give the  cell wall its rigidity.

Th e fi rst clinical isolates of  vancomycin-resistant strains of pathogenic   Enterococcus faecalis 
and  Enterococcus faecium (VRE) appeared in the late 1980s and were shown to reprogramme  cell 
wall biosynthesis such that the ‘stem’ pentapeptide of  peptidoglycan precursors terminated in 
D-alanyl-D-lactate (D-Ala-D-Lac), rather than in D-Ala-D-Ala (Fig. 1B).3-6 Th e affi  nity of  vancomy-
cin for precursors terminating in D-Ala-D-Lac is ~1000-fold lower than for precursors terminating 
in D-Ala-D-Ala, rendering the modifi ed  bacteria resistant.3 Because  vancomycin is the front-line 
therapy for treating problematic  infections caused by  MRSA, the spread of   vancomycin resistance 
through bacterial populations is an acute public health issue, highlighted by the recent emergence 
of  vancomycin-resistant, methicillin-resistant  Staphylococcus aureus ( VRSA) in hospitals.7-10
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Figure 1.  Transpeptidase and the mode of action of  vancomycin. A)  Transpeptidase recognises 
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 the branch of a stem peptide from an ad-
jacent polysaccharide chain.  Vancomycin and other  glycopeptide  antibiotics inhibit  cell wall 
biosynthesis by binding to the D-Ala-D-Ala terminus of lipid-attached  peptidoglycan precur-
sors on the outside of the cytoplasmic membrane. This interaction blocks formation of mature 
 peptidoglycan, principally by denying  transpeptidase access to its substrate. B)  Vancomycin 
resistant  bacteria reprogramme  cell wall biosynthesis such that the stem pentapeptide ter-
minates in D-alanyl-D-lactate (D-Ala-D-Lac). The affi nity of  vancomycin for D-Ala-D-Lac is 
~1000-fold lower than for D-Ala-D-Ala, allowing transpeptidation to occur. Note that the 
 peptidoglycan precursor shown is the one present in  Streptomyces, but 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 stem pentapeptide and the branch is a single glycine.
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A Range of Diff erent  VanS/ VanR Systems
In the context of this book, the key point about the   vancomycin resistance (van) genes is that 

they are expressed only in the presence of extracellular  glycopeptides and that  signal transduction is 
mediated by a  two-component system consisting of a   sensor kinase ( VanS) and a  response regulator 
( VanR). Five diff erent  VanS/ VanR  two-component systems have been examined, albeit to very 
diff ering extents. Most eff ort has been concentrated on the  VanS/ VanR systems associated with 
the clinically important VanA (VanSA/VanRA) and VanB (VanSB/VanRB) enterococcal strains that 
fi rst appeared in hospitals in the late 1980s.11 More recently, there has been analysis of  VanS/ VanR 
systems found in  actinomycetes, the order of  bacteria that make all of the known  glycopeptides. 
In every case where it has been studied, the vanS/vanR genes are themselves under  VanS/ VanR 
control, creating an auto-amplifi cation loop in the presence of inducer (Fig. 2).

Enterococcal VanA and VanB Strains
Enterococcal VanA strains are resistant to  vancomycin itself and also to the lipidated  glyco-

peptide  teicoplanin (Fig. 3), while VanB strains are resistant to  vancomycin but sensitive to  te-
icoplanin. Th e van genes in VanA strains are carried on the transposon Tn1546 and there is very 
little sequence variation between the van genes in VanA isolates. Th e fi rst isolates of the new
 S. aureus hospital ‘superbug,’  VRSA, arose from intergeneric transfer of Tn1546 from a co-isolate 
of E. faecalis.7,10 Th e van genes in VanB strains are chromosomally encoded and are more diverse 
in sequence than their VanA equivalents.

In contrast to these VanA and VanB resistant strains, the comparatively rare VanC, VanE 
and VanG isolates of Enterococci have a D-alanyl-D-serine (D-Ala-D-Ser) ligase instead of a 
D-Ala-D-Lac ligase.6,12 Th e substitution of D-Ser for D-Ala results in a ~6-fold decrease in af-
fi nity for  vancomycin and therefore low-level resistance.13 Th e D-Ser-based systems will not be 
considered further here.

 Glycopeptide-Resistant  Actinomycetes
 Glycopeptide resistance has been explored in three diff erent  actinomycetes:  Streptomyces 

coelicolor, which does not make a  glycopeptide and  Streptomyces toyocaensis and Actinoplanes tei-
chomyceticus, which do make  glycopeptides.  Glycopeptide resistance has an additional signifi cance 

Figure 2. Organisation and regulation of the   vancomycin resistance (van) gene cluster of
S. coelicolor. The genes are organized into four transcription units, vanS/vanR, vanJ, vanK 
and vanHAX and these transcripts are induced by  vancomycin in a vanR-dependent manner. 
Reproduced with permission from reference 23.
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in  glycopeptide producers, where activation of the resistance genes by the endogenously produced 
 antibiotic prevents suicide (auto-toxicity).

S. coelicolor is genetically the model species of a genus of Gram-positive, mycelial soil  bacteria 
responsible for the production of two-thirds of the commercially important  antibiotics. Like 
most other nonpathogenic  actinomycetes, S. coelicolor lives in the soil and it seems likely that it 
encounters  glycopeptide producers such that the van gene cluster (Figs. 2 and 4) confers a selec-
tive advantage. Further, it is widely believed that all  glycopeptide resistance genes are ultimately 
derived from  actinomycete  glycopeptide producers.14 Consistent with this idea, the S. coelicolor 
resistance genes are clearly associated with a laterally acquired DNA element (G. Chandra and 
H.-J. Hong, unpublished).

S. toyocaensis is the producer of the ‘sugarless’  glycopeptide A47934 (Fig. 3) and the van re-
sistance genes in this organism (Fig. 4) are associated with the A47934 biosynthetic cluster.15 S. 
toyocaensis is resistant to A47934 but sensitive to both  vancomycin and  teicoplanin.

A. teichomyceticus is the producer of  teicoplanin (Fig. 3) and carries a van cluster (Fig. 4), 
including vanS/vanR, associated with the  teicoplanin biosynthetic genes.16,17 A. teichomyceticus is 
resistant to all  glycopeptides tested, but it now seems clear that this ‘pan- glycopeptide resistance’ 
does not arise from pan- glycopeptide induction of the van genes but rather because the van genes 
are expressed constitutively, even in the absence of  antibiotic.18 Th e cause of the constitutive ex-
pression of the van genes is unknown, but one possibility is that the  VanS   sensor kinase is locked 
in the ‘on’ state in this organism.

What Do the van Genes Encode?
Th e number of genes present in the van cluster varies (Fig. 4), but the ‘core’ cluster consists of fi ve 

genes—vanS/vanR, plus a vanHAX operon encoding the three enzymes required for remodelling 
 cell wall precursors: VanH, which converts pyruvate to D-lactate; VanA, a D-Ala-D-Lac ligase; 
and VanX, a D-Ala-D-Ala dipeptidase that cleaves any residual D-Ala-D-Ala dipeptide, ensuring 

Figure 3. Structures of the  glycopeptide  antibiotics  vancomycin,  teicoplanin and A47934 and 
the  cell wall-specifi c, nonglycopeptide  antibiotic,  moenomycin A.
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that  peptidoglycan precursors terminate uniformly in D-Ala-D-Lac. In addition to this minimal 
set, other genes are sometimes present. Th e VanA transposon Tn1546 encodes two accessory 
proteins, VanY and VanZ, which are not required for, but can contribute to, high level resistance 
to  vancomycin and  teicoplanin. VanY is a D,D-carboxypeptidase that can cleave the C-terminal 
D-Ala of  peptidoglycan precursors (but has no activity against free D-Ala-D-Ala dipeptide, the 
VanX substrate).19,20 VanZ confers low level  teicoplanin resistance in the absence of the other 
resistance proteins by an unknown mechanism.21

Th e S. coelicolor cluster consists of seven genes, vanSRJKHAX, divided into four transcription 
units and carries two genes, vanJ and vanK, not found in enterococcal VanA and VanB strains (Figs. 
2 and 4).22 vanJ, encoding a predicted membrane protein of unknown function, is not required for 
  vancomycin resistance, but vanK is  essential for resistance.22 VanK is a member of the Fem family of 
enzymes, which add the ‘branch’ amino acid(s) to the stem pentapeptide of  peptidoglycan precur-
sors. In S. coelicolor, the branch is a single glycine residue (Fig. 1) and, in the absence of  vancomycin, 
this residue is added by an enzyme called FemX.23 However, the constitutive FemX activity of 
S. coelicolor can recognise only precursors that terminate in D-Ala-D-Ala as a substrate. VanK is 
required for   vancomycin resistance because it is the only enzyme that can add the Gly branch to 
precursors terminating in D-Ala-D-Lac (production of precursors lacking the Gly branch is lethal 
in  Streptomyces because it prevents cross-linking of the  peptidoglycan by  transpeptidase, leading 
to cell lysis).23 Th e absence of orthologues of vanK in the  vancomycin-resistance gene clusters of 
pathogenic enterococci implies that FemX of enterococci can recognise precursors terminating 
in either D-Ala-D-Lac or D-Ala-D-Ala.

 VanS/ VanR Biochemistry
 VanS/ VanR systems from enterococci and S. coelicolor have been characterised in vitro. 

Wright et al24 demonstrated that a fusion protein consisting of maltose binding protein (MBP) 
and the cytosolic domain of enterococcal VanSA could catalyse both autophosphorylation and 
rapid phosphotransfer to purifi ed VanRA. Incubation of MBP-VanSA with phosphorylated 
VanRA (VanRA √ ~ P) increased its dephosphorylation approximately 6-fold, suggesting that  VanS 
can also act as a VanRA-specifi c phosphatase.24 Similar experiments showed that enterococcal 
VanSB also possesses both VanRB kinase and phosphatase activity.25 Further, Hutchings et al26 
showed that the cytosolic domain of S. coelicolor  VanS can autophosphorylate and catalyse 
both  phosphorylation and dephosphorylation of S. coelicolor  VanR in vitro. Th us, the in vitro 

Figure 4. Comparison of the van gene clusters from enterococcal VanA and VanB strains,
S. coelicolor, S. toyocaensis and A. teichomyceticus.
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biochemical evidence suggests that  VanS is a bifunctional protein that can switch between 
kinase and phosphatase activities.

Using gel shift  assays and a DNA fragment carrying the vanHA promoter region, Holman 
et al27 showed that  phosphorylation of enterococcal VanRA results in a 500-fold increase in 
DNA-binding activity. Similarly, VanRB ~ P was found to bind target promoters more tightly than 
unphosphorylated VanRB and to be more effi  cient in promoting open complex formation by  RNA 
polymerase.28 DNaseI footprinting experiments suggested that  phosphorylation of VanRA resulted 
in oligomerisation of the protein at the vanHA promoter. Unphosphorylated VanRA, or a D53A 
variant which cannot be phosphorylated, exhibited lower  DNA binding-affi  nity and a smaller 
footprint at the vanHA promoter.27 Investigation of VanRB oligomerization using gel fi ltration 
suggests that enterococcal VanRB is converted from monomer to dimer on  phosphorylation.28 Th e 
intrinsic in vitro stability of phosphorylated  response regulators varies widely, perhaps refl ecting 
their physiological roles, with isolated proteins displaying half-lives ranging from 23 s for CheY ~ P, 
involved in chemotaxis, to 180 min for Spo0F ~ P, involved in Bacillus  sporulation.25 Th e half-life 
of VanRB ~ P is ~150 min.25

 VanS/ VanR and  Acetyl Phosphate
In many  two-component systems, loss of the   sensor kinase or loss of the  response regulator leads 

to the same phenotype—loss of expression of the target genes. However, in both S. coelicolor and 
enterococci, deletion of vanS results in constitutive expression of the   vancomycin resistance genes, 
suggesting that  VanS negatively regulates  VanR function in the absence of  antibiotic. In other words, 
 VanR ~ P can be generated in a  VanS-independent manner and  VanS acts as a  VanR ~ P phosphatase 
in the absence of  vancomycin. In S. coelicolor,  VanS-independent synthesis of  VanR ~ P appears to 
arise because  VanR can be activated in vivo by the small molecule phosphodonor  acetyl phosphate. 
Deletion of vanS in S. coelicolor results in constitutive expression of the van genes but a vanS pta 
ackA triple mutant, which should not be able to synthesise  acetyl phosphate, fails to express the van 
genes, whereas a pta ackA double mutant shows wild-type, regulated induction of the van genes.26 
Th ese results suggest that in the absence of  vancomycin,  acetyl phosphate phosphorylates  VanR and 
 VanS acts as a phosphatase to suppress the levels of  VanR~P. On exposure to  vancomycin,  VanS 
activity switches from a phosphatase to a kinase and   vancomycin resistance is induced (Fig. 5). It 
should be noted that transcription of the S. coelicolor vanS/vanR operon is itself under  VanS/ VanR 
control (Fig. 2)22 and so there will be very little  VanR or  VanS protein in S. coelicolor growing in the 
absence of  vancomycin. Th us, the ‘futile cycle’ of  VanR  phosphorylation and dephosphorylation 
shown to occur in the absence of  vancomycin in Fig. 5 will occur at a signifi cant level only aft er 
the organism has been transiently exposed to the  antibiotic. Similar results have been obtained in 
enterococcal VanA strains. Arthur et al29 showed that the van promoters of an E. faecium VanA 
strain were constitutively activated by VanRA in the absence of VanSA and concluded that VanSA 
negatively controls VanRA in the absence of  glycopeptide inducer, presumably by dephosphoryla-
tion. Further, Haldimann et al30 introduced a vanHA-lacZ fusion into an ackA strain of  E. coli, 
which overproduces  acetyl phosphate. Heterologous expression of enterococcal VanRA in this 
strain stimulated high levels of β-galactosidase production, suggesting that  acetyl phosphate could 
act as an in vivo phosphodonor to the E. faecium VanRA protein in  E. coli.

‘Crosstalk’ with Other Two-Component Systems
In an elegant study using fl ow cytometry, Baptista et al31 took advantage of a vanYB-gfp tran-

scriptional fusion to examine induction of van  gene expression in single cells of an enterococcal 
VanB strain. In enterococcal VanB strains, null mutations in vanSB lead to a phenotype termed 
‘heterogeneous,’ in which, in the absence of  antibiotic, only a minority of the  bacteria express the van 
genes.31 Further, addition of  antibiotic leads to uniform induction of the whole population, rather 
than selection of the subpopulation initially expressing resistance under non-inducing conditions. 
Th ey concluded that a heterologous kinase activated VanRB in the absence of VanSB. Interestingly, 
this putative kinase was stimulated by  vancomycin,  teicoplanin and the nonglycopeptide  cell wall 
inhibitor moenomycin (Fig. 3), suggesting that it might respond to the same indirect signal as 
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VanSA from VanA-type enterococci (see below). Presumably, in wild-type enterococcal VanB strains, 
the phosphatase activity of VanSB keeps VanRB in the unphosphorylated state in the presence of 
 teicoplanin and moenomycin, preventing the putative heterologous kinase from activating van 
 gene expression. Th e putative heterologous kinase has not been identifi ed but a possible candi-
date is CroS, since it is known to be induced by  vancomycin,  teicoplanin and  moenomycin A.32 
CroS is required for intrinsic β-lactam resistance in E. faecalis but the target genes of the CroRS 
 two-component system involved in this resistance have not been identifi ed.32

Relationships Between  VanS Proteins of Diff erent Origin
In considering the nature of the  eff ector ligand(s) that activate  VanS, it is important to keep in 

mind the relationships between  VanS proteins of diff erent origin. First, the diff erences in the sizes of 
the extracytoplasmic   sensor domains are striking. Th e putative extracytoplasmic   sensor domain of 
VanSA is 103 amino acids long, the equivalent domain of VanSB consists of 37 amino acids, whereas 
the putative extracytoplasmic   sensor domains of the three  actinomycete  VanS proteins contain 
only 26-27 amino acids. Th ese   sensor domains are suffi  ciently small for the  actinomycete  VanS 
proteins to have been included in a review of ‘intramembrane-sensing’   sensor kinases.33 Th e  VanS 
proteins from enterococcal VanA and VanB strains are only distantly related (16% overall identity) 
and the putative VanSA and VanSB   sensor domains are not related in amino acid sequence. Th e 
enterococcal VanSA and VanSB proteins are also very diverged from their  actinomycete equivalents 
(~15% overall identity in pairwise comparisons). In contrast, the  VanS proteins from the three 
 actinomycetes strongly resemble each other (65-77% overall identity in pairwise comparisons). 
However, in comparing  VanS from S. coelicolor and S. toyocaensis, it is clear that this high similar-
ity breaks down in the 26-27-residue stretch between the two predicted transmembrane helices, 
corresponding to the putative  VanS   sensor domain (Fig. 6). It now seems clear that the van genes 

Figure 5. A model for the function of the   vancomycin resistance  VanS/ VanR  two-component 
 signal transduction system in S. coelicolor. In the absence of  antibiotic,  acetyl phosphate 
phosphorylates D51 of  VanR and  VanS acts as a phosphatase to suppress the levels of  VanR ~ P. 
In the presence of  antibiotic,  VanS is converted from a phosphatase into a kinase, leading to 
the accumulation of  VanR ~ P and activation of the four promoters of the van gene cluster. 
Transcription of the vanS/vanR operon is itself under  VanS/ VanR control and so there will 
be very little  VanR or  VanS protein in S. coelicolor growing in the absence of  vancomycin. 
Thus, the ‘futile cycle’ of  VanR  phosphorylation and dephosphorylation shown in the absence 
of  vancomycin will occur at a signifi cant level only after the organism has been transiently 
exposed to the  antibiotic.
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of A. teichomyceticus are not inducible but constitutively active,18 and so it is hard to know if A. 
teichomyceticus  VanS binds  eff ector molecule(s). Nevertheless, it is interesting to note that the 
putative 26-residue extracytoplasmic   sensor domain of A. teichomyceticus  VanS diff ers from that 
of S. toyocaensis at only 4 residues.

What Is the  Eff ector Ligand Recognised by  VanS?
Th e nature of the direct molecular ligand that activates  VanS has not been determined for any 

 VanS/ VanR  signal transduction system. Two distinct models exist: direct induction, in which 
the   sensor kinase is activated by direct binding of  antibiotic to the   sensor domain and indirect 
induction, in which the   sensor kinase is activated by binding an intermediate in  cell wall biosyn-
thesis or degradation that accumulates as a result of  antibiotic action. Th ese two models are not 
mutually exclusively, since a further possibility is that the  VanS inducer is the  antibiotic bound to 
a D-Ala-D-Ala-containing  cell wall precursor, such as lipid II. Given that the   sensor domains of 
 VanS proteins are not homologous, it is possible or even likely that some  VanS proteins respond 
directly to the  antibiotic while others respond indirectly. A summary of the genetic evidence that 
addresses this question is presented below, but it seems unlikely that genetics alone can identify the 
nature of the inducer and that biochemical (in vitro reconstitution studies; in vivo cross-linking) 
or structural studies will be required to provide a defi nitive answer.

Induction in Enterococcal VanA Strains
Screens for inducers of VanSA have been established by coupling a promoter under the control 

of  VanS/ VanR to suitable reporter genes,34-38 by assaying VanX activity in cell extracts,39 by moni-
toring induction of Lac-containing precursors,40 or by looking for induced   vancomycin resistance 
in pretreated cultures.40,41 All these reports agree that VanA strains are induced by  vancomycin 
and  teicoplanin. However, the most interesting results from these papers concern the potential 
for nonglycopeptide  cell wall-specifi c  antibiotics to induce  VanS. All reports agree that VanA 
strains are inducible by the nonglycopeptide  moenomycin A.36-41 Th e experiments of Baptista et 
al39 are particularly compelling since they assayed induction of VanX enzymatic activity in cell 
extracts and did not rely on multicopy plasmids or reporter genes. Since  moenomycin A is not 
structurally related to  glycopeptides it seems unlikely that the   sensor domain of VanSA could 
bind both  glycopeptides and moenomycin directly. Th e general conclusion has therefore been 
that VanSA must be activated by an intermediate in  cell wall biosynthesis that accumulates in 
response to both  glycopeptides and  moenomycin A. Because  moenomycin A inhibits  transgly-
cosylase,42,43 both  glycopeptides and  moenomycin A are likely to lead to accumulation of lipid 
II (a lipid-anchored  cell wall precursor) on the external face of the cytoplasmic membrane and 
it has been speculated that lipid II might be the direct  eff ector ligand of VanSA.31

Induction in Enterococcal VanB Strains
Induction of VanB strains has been also been addressed.31,39,44 In contrast to VanA strains, all the 

nonglycopeptides tested, including  moenomycin A, failed to induce VanSB. Since all VanSB inducers 
identifi ed are structurally related  glycopeptides, the simplest interpretation of the data is that VanSB 
is likely to be induced directly by the drug itself.31 VanB strains are sensitive to the lipidated  antibiotic 
 teicoplanin because the VanSB/VanRB  signal transduction system is not induced by  teicoplanin.31,39,44 
In further experiments, Baptista et al31,39,44

 isolated  teicoplanin-resistant mutants of VanB strains, 
six of which showed induction of the van genes by  teicoplanin (but not by the nonglycopeptide 
 moenomycin A). Th ese six mutants all carried single amino acid substitutions in the N-terminal half 
of VanSB. How to interpret these gain-of-function mutations is not clear. Two were in the predicted 
extracytoplasmic   sensor domain where they could potentially directly improve interaction with 
an extracellular ligand, such as  teicoplanin. However, the remaining four were in the cytoplasmic 
linker domain that connects the  sensor and kinase domains. It is possible that wild-type VanSB binds 
 teicoplanin unproductively and that these four amino acid substitutions aff ect propagation of the 
induction signal through the membrane such that  signal transduction now occurs. However, it 
should be noted that in the case examined in detail (an A167S substitution in the linker domain), 
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the substitution conferring  teicoplanin inducibility also conferred hyper-inducibility by  vancomycin. 
Again, it is possible that wild-type VanSB binds  teicoplanin unproductively and that the A167S 
mutation makes VanSB hypersensitive to inducers. Th us, the  teicoplanin-inducible VanSB mutations 
may be qualitative and involve a change in induction specifi city, or they may be quantitative and 
involve an increase in the sensitivity of the protein to inducers.31,39,44

Induction in  Actinomycete Species
Inducers of  VanS in S. coelicolor were identifi ed using a bioassay. S. coelicolor femX null mutants 

are viable only in the presence of compounds that activate the  VanS/ VanR  signal transduction 
system, because they rely on expression of VanK for survival. Hutchings et al26 took advantage 
of this  antibiotic-dependent phenotype to create a simple bioassay for inducers of the van genes 
in S. coelicolor. Th e structurally closely related  glycopeptide  antibiotics  vancomycin, ristocetin, 
chloroeremomycin and A47934 all acted as inducers of the  VanS/ VanR system, but the lipidated 
 glycopeptide  teicoplanin and the nonglycopeptide  moenomycin A did not.

To address the  eff ector ligand issue further, Hutchings et al26 carried out a “ VanS/ VanR swap” 
experiment between two  glycopeptide-resistant  Streptomyces species with diff ering spectra of 
inducer molecules, to see if inducer specifi city was determined by  VanS/ VanR itself or by the 
host background. In S. coelicolor, the van genes are induced by both A47934 and  vancomycin, 
while in S. toyocaensis, resistance is induced by A47934 but not by  vancomycin.45 Introduction 
of the S. toyocaensis  VanS/ VanR  signal transduction system into an S. coelicolor vanS/vanR null 
mutant switched inducer specifi city to that of S. toyocaensis. Th us, inducer specifi city is deter-
mined by the origin of  VanS/ VanR. Th ere are two potential explanations for this observation. 
If  Streptomyces  VanS is activated by accumulation of a  cell wall intermediate,  vancomycin must 
induce a radically diff erent spectrum of  cell wall intermediates in S. coelicolor and S. toyocaensis, 
which seems unlikely. Th e more likely alternative is that  Streptomyces  VanS is directly activated 
by binding  antibiotic (or possibly  antibiotic bound to D-Ala-D-Ala-containing  cell wall precur-
sors, such as lipid II) and that S. toyocaensis  VanS interacts productively with A47934 but not 
with  vancomycin, whereas S. coelicolor  VanS interacts productively with both  antibiotics. Th is 
would also be consistent with the fact that the nonglycopeptide moenomycin is not an inducer 
of  VanS in  Streptomyces.

Whether the  Streptomyces  VanS  eff ector ligand is a  cell wall intermediate or the  antibiotic itself, 
the ability to respond diff erentially to  vancomycin and A47934 must reside in diff erences between 
the   sensor domains of the S. toyocaensis and S. coelicolor  VanS proteins. Th e  VanS proteins from 
these two species are very similar, with 65% identity overall (Fig. 6). However, as noted above, it 
is striking that this high level of identity breaks down in the 26-27-residue putative   sensor domain 
lying between the two predicted transmembrane helices (Fig. 6).

Functional Diff erences between  Vancomycin and  Teicoplanin
Enterococcal VanA strains are resistant to  teicoplanin, whereas VanB strains are sensitive because 

teioplanin fails to induce VanSB.  Vancomycin and  teicoplanin (Fig. 3) diff er in the structure of 
the aglycone (the peptide part of the molecule), the glycosylation pattern and in the presence of a 
fatty-acid chain attached to  teicoplanin that is absent in  vancomycin. Th rough the chemo-enzymatic 
synthesis of a spectrum of  vancomycin and  teicoplanin deriviatives, Kahne and colleagues showed 
defi nitively that the key functional diff erence between these two  antibiotics is the presence or ab-
sence of the lipid: removal of the lipid from  teicoplanin prevents it from killing VanB strains and 
addition of a lipid to  vancomycin makes it an eff ective  antibiotic against VanB strains.46 Taking 
this a stage further, using the same range of  vancomycin and  teicoplanin derivatives, it has been 
shown that it is the presence or absence of the lipid and not the diff erences in aglycone structure 
or glycosylation pattern, that is the key diff erence between the two  antibiotics in determining 
van gene inducer activity in S. coelicolor (M. Oberthür, H.-J. Hong, C. Leimkuhler, B. Falcone, 
C. Walsh, M. Buttner and D. Kahne unpublished). Th ese observations raise interesting questions 
about the  evolution of  teicoplanin. Perhaps addition of the lipid was selected during  evolution 
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of the producing organism, A. teichomyceticus, at least in part because it prevents competing soil 
 bacteria like S. coelicolor from sensing the  antibiotic and generating a resistance response.

Th e lipid moiety can serve to anchor  teicoplanin in the membrane,47-49 and advocates of direct 
induction of VanSB have proposed that membrane anchoring prevents  teicoplanin from interacting 
productively with the VanSB   sensor domain. However, it should be noted that this lipid moiety is 
relatively short and that  teicoplanin is water soluble, implying that capture of  teicoplanin by the 
membrane would not be as complete as for other molecules carrying longer lipid tails such as, for 
example, lipoproteins. A further issue concerns the mode of action of these drugs. Both  teicoplanin 
and  vancomycin bind to D-Ala-D-Ala and inhibit both transpeptidation and transglycosylation. 
However,  vancomycin exerts its major eff ect on transpeptidation whereas lipidated  glycopeptides 
inhibit transglycoslylation more strongly.43,50-52 Th ese observations suggest that the actions of 
 vancomycin and  teicoplanin will lead to the accumulation of somewhat diff erent spectra of  cell 
wall intermediates, leaving open the possibility that the enterococcal VanB phenotype could be 
accounted for through an indirect induction mechanism.

 Evolution of the van Cluster
An important unanswered question is whether there is selective pressure against the  evolu-

tion of constitutive expression of the van genes. Such pressure might arise from the relative 
thermodynamic instability of the D-Ala-D-Lac ester linkage. Th e D-Ala-D-Ala peptide bond is 
more stable than the D-Ala-D-Lac ester linkage and spontaneous hydrolysis of lactate from  cell 
wall precursors would yield molecules incapable of supporting  cell wall crosslinking (because 
the D-Ala-D-Lac or D-Ala-D-Ala bond is cleaved during transpeptidation and the energy of 
the bond is conserved to form the peptide crosslink with the pendant peptide of an adjacent 
polysaccharide chain; Fig. 1). Potentially consistent with this logic, vanS null mutants of S. 
coelicolor, which express D-Ala-D-Lac precursors constitutively, suff er, for unknown reasons, a 
growth rate disadvantage relative to the wild type expressing D-Ala-D-Ala precursors (Hong, 
Hutchings and Buttner, unpublished). However, constitutive expression of D-Ala-D-Lac pre-
cursors does not seem to cause a growth rate disadvantage in enterococci (Michel Arthur, pers. 
comm.) and, most importantly, members of the genera Leuconostoc, Lactobacillus and Pediococcus 
are all naturally resistant to  vancomycin because they constitutively express  cell wall precursors 
terminating in D-Ala-D-Lac.53-56

Finally, it should be noted that expression of   vancomycin resistance can bring into play other 
selective pressures that have very important clinical consequences. For example, enterococcal 
strains expressing   vancomycin resistance become sensitive to third generation cephalosporins, 
like ceft riaxone, because the ceft riaxone-resistant penicillin-binding protein (called PBP5) 
cannot recognise  cell wall precursors terminating in D-Ala-D-Lac as substrates.57 Likewise, 
the recent intergeneric transfer of Tn1546 from enterococci into  S. aureus to create  VRSA 
strains has similar interesting consequences:  VRSA strains expressing   vancomycin resistance 
become sensitive to β-lactams, because PBP2A (encoded by mecA), which confers β-lactam 
resistance, cannot recognise  cell wall precursors terminating in D-Ala-D-Lac as substrates.58 
Th us, while  VRSA strains are highly resistant to  vancomycin (MIC = 512 μg/ml) or β-lactams 
such oxacillin (MIC = 800 μg/ml) when applied individually, they are very eff ectively killed 
by low concentrations of these two drugs in combination (for example 40 μg/ml oxacillin with 
12 μg/ml  vancomycin is lethal).58,59
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