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Teichoic acids and acidic capsular polysaccharides are

major anionic cell wall polymers (APs) in many bacteria,

with various critical cell functions, including maintenance

of cell shape and structural integrity, charge and cation

homeostasis, and multiple aspects of pathogenesis. We

have identified the widespread LytR–Cps2A–Psr (LCP)

protein family, of previously unknown function, as novel

enzymes required for AP synthesis. Structural and bio-

chemical analysis of several LCP proteins suggest that they

carry out the final step of transferring APs from their

lipid-linked precursor to cell wall peptidoglycan (PG).

In Bacillus subtilis, LCP proteins are found in associ-

ation with the MreB cytoskeleton, suggesting that MreB

proteins coordinate the insertion of the major polymers,

PG and AP, into the cell wall.
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Introduction

The cell wall is crucial for maintaining the structural integrity

and the characteristic shape of a bacterial cell. In Gram-

positive bacteria, a group that contains many important

pathogens, the cell wall has two major components:

(i) peptidoglycan (PG), whose pathway is the target for

some of our most successful antibacterial compounds

(the b-lactams and glycopeptides) and (ii) the PG-attached

anionic cell wall polymers (APs), including wall teichoic

acids (WTAs) and acidic polysaccharides.

WTAs and their lipid-linked versions (lipoteichoic acids)

have a wide range of important cellular roles including

control of autolytic activity, antigenicity and innate immune

recognition, pathogenicity, biofilm formation, efficient release

of secreted proteins into the culture medium, cation homo-

eostasis, antibiotic resistance, and cell elongation and division

(summarized in Weidenmaier and Peschel, 2008).

In Bacillus subtilis, WTA is present in large quantities, roughly

equal to those of PG (Foster and Popham, 2002). Most steps in

the synthesis of WTA are now known, catalysed by a variety of

gene products with a tag prefix (Neuhaus and Baddiley, 2003;

Brown et al, 2008). The polymer is synthesized in the cyto-

plasm, translocated across the membrane by the ABC trans-

porter TagGH (Schirner et al, 2011), and is covalently attached

to PG outside the cell (Yokoyama et al, 1989). The physical

connection of major APs like WTA or capsular polysacchar-

ides to PG builds the final cell wall architecture and is

essential for proper cell wall functionality, but the enzyme

catalysing this important step remains to be identified.

Disruption of most of the tag genes of B. subtilis is lethal.

This lethality can be suppressed by deleting tagO or tagA

to block the earliest steps in the pathway, which presu-

mably prevents either the build up of a toxic intermediate

or the sequestration of an essential metabolite. Nevertheless,

tagO and tagA mutants are severely compromised in cell

growth and they lose the ability to elongate, becoming

rounded and swollen (D’Elia et al, 2006a, b, 2009). tagO

null mutants of the round Staphyloccocus aureus have no

significant growth defect but they are affected in spatial

control of PG synthesis, are hypersensitive to lysozyme,

and are badly impaired in virulence (Weidenmaier and

Peschel, 2008; Atilano et al, 2010).

In most rod-shaped bacteria, cell elongation is governed

largely by the prokaryotic actin homologue, MreB, which

assembles into patches or filaments at the inner surface

of the membrane (Graumann, 2009). MreB is essential for

viability in many bacteria, and its depletion induces severe

morphological defects (Jones et al, 2001; Figge et al, 2004;

Kruse et al, 2005; Slovak et al, 2005; Hu et al, 2007). Many

Gram-positive bacteria have more than one MreB isoform.

The B. subtilis MreB isoforms, MreB, Mbl, and MreBH

largely colocalize and have partially overlapping functions

(Carballido-Lopez et al, 2006; Kawai et al, 2009a). MreB and

Mbl are essential under normal growth conditions, although

the mutants are viable in high Mg2þ concentrations for

reasons that are not yet clear (Formstone and Errington,

2005; Schirner and Errington, 2009). Evidence from several

laboratories supports the idea that the MreB cytoskeleton

somehow spatially regulates the synthesis of PG and poten-

tially other cell wall components, thereby bringing about

controlled expansion of the wall, while retaining a defined

cell shape (Daniel and Errington, 2003; Vats et al, 2009;

Kawai et al, 2009b).

We have now obtained several lines of evidence supporting

the idea of a direct role for the MreB cytoskeleton in WTA

synthesis and cell wall attachment. By searching for MreB-

interacting proteins, we have identified a widely distri-
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buted family of proteins of previously unknown function, the

LytR–Cps2A–Psr (LCP) family, as having a role in the biogen-

esis of WTA and anionic polysaccharides (Hübscher et al,

2008). LCP proteins are present in virtually all gram-positive

bacteria, which characteristically contain PG-attached WTA

and/or APs. Our structural and biochemical data on several

LCP proteins provide strong evidence that this family of

proteins carry out the key step of attaching APs to the cell

wall PG. The LCP proteins present an important novel anti-

biotic target and may aid our understanding of assembly of

heteropolymeric cell walls in fungi and plants.

Results

A role for MreB proteins in WTA synthesis or assembly

B. subtilis mutants affected in genes for lateral wall PG

synthesis (mreC, mreD, rodA, and a double mutant of

pbpA and pbpH) have a common phenotype in which the

cells become spherical (Henriques et al, 1998; Wei et al,

2003; Leaver and Errington, 2005), and their growth requires

high concentrations of Mg2þ (Supplementary Figure S1A).

Mutants lacking all three mreB genes also adopt a spherical

shape (Schirner and Errington, 2009; Kawai et al, 2009a) but

they are not rescued by Mg2þ (Supplementary Figure S1A).

Mutants affected in WTA synthesis are also spherical

(Lazarevic and Karamata, 1995; Soldo et al, 2002; Bhavsar

et al, 2004). We noticed that tagG and tagH mutants were, like

the mreB triple mutant, unresponsive to Mg2þ (Supple-

mentary Figure S1B). We hypothesized that the mreB triple

mutant might be Mg2þ -unresponsive because the MreB

cytoskeleton does not only control the Mg2þ -responsive

PG synthesis, but additionally the Mg2þ -unresponsive WTA

synthesis. To test this hypothesis, we made use of the unique

feature of mutants affected in the later steps of WTA synthe-

sis, which can be rescued by disruption of the tagO gene

(D’Elia et al, 2006a, b). If this was correct, mutation of tagO

might also suppress the lethality of triple mreB mutation.

Figure 1A shows that disruption of tagO suppresses lethality

in a conditional mutant in which the one remaining mreB

homologue is under IPTG control, supporting the idea that

the MreB proteins are required for one or more late steps in

WTA synthesis.

The MreB cytoskeleton associates with known and

novel components of the WTA biosynthetic machinery

We used in vivo cross-linking, followed by IMAC affinity

copurification of oligohistidine-tagged MreB, Mbl, or

MreBH, and liquid chromatography tandem mass spectro-

metry analysis (LC–MS/MS) to identify proteins associated

with the MreB cytoskeleton. The list of proteins that pulled

down with the cytoskeleton (summarized in Figure 2A, with

full data for each of the isoforms in Supplementary Table SI)

included various proteins already known to associate with

MreB, such as PBP1, PBP2A, PBP4, PBPH, and MreC (Kawai

et al, 2009a, b). Importantly, the list also included several

proteins of the WTA pathway: TagD, TagE, TagF, and TagH,

indicative of a role for the cytoskeleton in the synthesis or the

assembly of WTA.

The WTA synthetic pathway of B. subtilis is the best

characterized of any organism. However, although WTA

polymer is known to be covalently linked to PG (Yokoyama

et al, 1989), the transferase required for this reaction has not

been identified. If the MreB protein was responsible for

spatial organization of WTA, this factor should also be

present in the MreB complexes. We analysed the list of

candidates focusing on three key parameters: transmembrane

(TM) topology, with a major (likely catalytic) domain pre-

dicted to be located outside the cytoplasm; gene location in

proximity to known WTA synthetic loci (because WTA sys-

tems are variable and can be exchanged en bloc by genetic

transformation) (Young et al, 1989); and phylogenetic dis-

tribution largely matching that of WTA. This analysis high-

lighted three members of the poorly characterized LCP family

of genes and proteins (Figure 2). All three B. subtilis members

of this gene family (lytR, ywtF, and yvhJ) are located within a

50-kbp segment of DNA that contains virtually all of the

known WTA genes (Figure 2B). The three genes were re-

named tagT (ywtF), tagU (lytR), and tagV (yvhJ).

Bacterial two-hybrid analysis revealed strong interactions

between MreB and the TagT and TagU proteins (Supple-

mentary Figure S2A). GFP fusions were made to each protein

and expressed from the amyE locus under the control of a

xylose-inducible promoter. GFP-TagU at least was functional

based on a complementation tests (see below). Localization

patterns of GFP-TagT and -TagU were reminiscent of those of

MreB proteins, with patterns of distributed dots and tilted

bands. These patterns were disrupted by double mutation of

mreB and mbl, and by dissolution of the membrane potential,

which Strahl and Hamoen (2010) recently showed was re-

quired for localization of MreB and associated proteins

(Supplementary Figure S2C). GFP-TagV gave a less clear-cut

pattern and the localization was not affected by mreB muta-

tion or treatment with CCCP (Supplementary Figure S2C).

These observations again support the idea that TagT and

TagU, at least, are associated with the MreB cytoskeleton.

Triple disruption of the tagTUV genes causes loss of rod

shape and is lethal under normal growth conditions

Single mutants of tagT, tagU, or tagV had no discernible

effect on cell growth or morphology under normal growth

conditions. To test for possible functional redundancy, all

combinations of double mutants were then generated and

confirmed to be viable. DtagTU and DtagUV mutants did not

differ noticeably from the wild type (Figure 1B–D). However,

the DtagTV mutant grew more slowly than the wild type and

the cells were generally wider and often showed abnormal

bulging (Figure 1E). A triple disruption of the tagTUV genes

was apparently not viable. To investigate the phenotype

of a triple mutant, tagV was placed under the control of the

IPTG-inducible Pspac promoter in a DtagTU double mutant

background. The resultant strain grew as normal rod-shaped

cells in the presence of IPTG (Figure 1I). However, when IPTG

was removed, growth was arrested and the morphology of

the cells changed, becoming shorter and wider with notice-

able abnormal bulging (Figure 1G), eventually becoming

almost round (Figure 1H). Thus, at least one functional

TagT, TagU, or TagV protein is required for viability and

normal cell morphogenesis.

Disruption of the tagTUV genes can be suppressed by

tagO mutation but not Mg2þ

If the tagTUV triple mutant was defective in WTA synthesis or

assembly, it should be rescued by deletion of tagO but not by

high Mg2þ concentration. As anticipated, growth of the triple

Bacterial cell wall assembly proteins
Y Kawai et al
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Figure 1 Lethal phenotype of a triple mutant of mreB paralogues and tagTUV, and rescue by disruption of tagO. (A) Growth of strains 168
(wild-type), YK992 (DtagO), YK1190 (amyEHPspacHY-mbl DmreB Dmbl DmreBH DtagO), and YK1119 (amyEHPspacHY-mbl DmreB Dmbl DmreBH)
on NA plates with or without 0.1 mM IPTG. (B–E) Cell morphologies of typical fields of strains 168 (wild-type, B), RE204 (DtagTU, C), YK915
(DtagUV, D), and YK917 (DtagTV, E). The cell membranes were stained with Nile Red. Scale bar represents 5 mm. (F–H) Cell morphologies of
typical fields of strain YK914 (DtagTU Pspac-tagV) cultured in the presence (F) or absence (G, H) of 0.5 mM IPTG. Images were taken at 180 (G)
and 240 (H) min after removal of IPTG. The cell membranes were stained with Nile Red. Scale bar represents 5mm. (I) Growth of strains
YK1031 (DtagTU Pspac-tagV pMAP65), YK1030 (DtagTU Pspac-tagV DtagO), YK1033 (DtagTUV DtagO), and YK1163 (DtagO) on LB plates with or
without 0.5 mM IPTG. (J, K) Cell morphologies of typical fields of strains YK1163 (DtagO, J) and YK1033 (DtagTUV DtagO, K). The cell
membranes were stained with Nile Red (right). Scale bar represents 5mm.
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tagTUV mutant was not rescued by culture in the presence of

various concentrations of Mg2þ up to 25 mM (Supplementary

Figure S1C). We then took a null mutation of tagO and

combined this with disruptions of the tagT U and V genes

and Pspac-tagV. The resulting strain grew even in the absence

of IPTG (Figure 1I), suggesting that disruption of tagO

suppresses the lethality of tagTUV triple disruption. To con-

firm this, we were able to construct the quadruple mutant

directly, taking advantage of the proximity of the tagV and

tagO genes (see Supplementary data). The resulting strain

was viable, and its morphological phenotype was indistin-

guishable from that of a tagO single mutant (Figure 1J and K).

TagTUV proteins are required for WTA synthesis or

assembly

To test directly for a WTA defect, cell wall material (the

insoluble PG–WTA complex) was isolated from various

strains and acid treated to solubilize the WTA polymers,

which were subsequently separated by PAGE and visua-

lized by alcian blue-silver staining (Wolters et al, 1990)

(Figure 3A). Extracts of the wild-type strain revealed the

expected ladder-like pattern, representing partially hydro-

lysed WTA polymers with a range of distinct chain lengths

(lanes 1 and 6). WTA material was completely absent from

cells of the tagO mutant, in which the first step in the

WTA pathway is blocked (lane 5). The staining pattern for

the single tagU mutant was indistinguishable from that of

the wild type (lane 2). When the triple tagTUV mutant

containing the Pspac-tagV construct was grown in the pre-

sence or absence of IPTG, the amount of WTA polymer was

greatly reduced in the absence of IPTG (lane 4) compared

with its presence (lane 3), consistent with tagV being

required for WTA accumulation in the wall. Residual WTA

present in lane 4 is probably due to incomplete repression of

the Pspac promoter in the samples.

Cell wall phosphate, which is present only in WTA and is

not found in PG, was also quantified in the various mutants

(Figure 3B). Consistent with a previous report (Soldo et al,

2002; D’Elia et al, 2009), the wall phosphate content of the

tagO null mutant was greatly reduced compared with wild-

type cells. By contrast, the wall phosphate content of the tagU

single mutant or the tagTUV triple mutant containing the

Figure 2 The WTA biosynthetic machinery and LCP family of proteins associated with the MreB cytoskeleton. (A) Summary of proteins
associated with MreB cytoskeleton (see also full data in Supplementary Table SI). WTA synthetic and LCP proteins are indicated in blue and
red, respectively. (B) Genetic organization of three AP systems in B. subtilis, the WTA biosynthetic genes (blue), the teichuronic acid (TU)
biosynthetic genes (green), and the minor TA biosynthetic genes (yellow). lytR homologues, tagT, U, and V, were indicated in red. Numbers
show the position on the B. subtilis chromosome.

Figure 3 Effects of tagTUV mutants on WTA synthesis or assembly.
(A, B) Cells of 168 (wild-type, lanes 1 and 6), RE201 (DtagU, lane 2),
YK914 (DtagTU Pspac-tagV, lanes 3 and 4), and YK992 (DtagO, lane 5)
were cultured with (lane 3) or without (lanes 1, 2 and 4–6) IPTG.
Purified WTA samples were separated and visualized as described
in the Materials and methods (A). Phosphate content of cell wall
was assayed as described in the Materials and methods (B).
White numbers indicate standard deviation from three independent
experiments.
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Pspac-tagV construct grown in the presence of IPTG had

almost wild-type cell wall phosphate contents. However, in

the absence of IPTG, wall phosphate was greatly reduced,

almost to the levels found in the tagO mutant. We therefore

concluded that TagTUV proteins have a critical function in

the formation of a WTA-loaded cell wall.

The structure of DTM-Cps2A from Streptococcus

pneumoniae

Attempts to develop direct biochemical assays for TagTUV

activity, using mimics of the complex lipid-linked techoic acid

substrate, were not successful in the first instance. To obtain

molecular insights into the LCP family of proteins, and their

likely enzymatic function, we screened a number of LCP

proteins lacking the N-terminal, TM spanning region (DTM-)

for crystallization. We solved the structure of the DTM

version of the capsule synthesis protein CpsA from serotype 2

S. pneumoniae D39 (named DTM-Cps2A from here on) by

selenomethionine SAD and refined the subsequent atomic

model at 1.69 Å resolution (Supplementary Table SII).

DTM-Cps2A comprises two distinct domains: domain 1

(the accessory domain) comprises residues 111–213 and

domain 2 (the LCP domain) spans residues 214–481

(Figure 4). The structure of the accessory domain, the

sequence (and indeed the presence) of which is not con-

served in the wider LCP family of proteins, is depicted in

Figure 4A and B, and described in detail in Supplementary

Figure S3. The LCP domain of DTM-Cps2A, which shares

B30% sequence identities with the equivalent domains from

the three B. subtilis LCP proteins, is described below.

The LCP domain binds phosphorylated polyisoprenoid

lipids

The LCP domain has an a–b–a architecture with a five-

stranded b-sheet forming the core of the protein and a-helices

surrounding the sheet on both faces (Figure 4). Two pairs of

b-strands (b4/b5 and b12/b13) extend away from the protein

core to form the interface between the two domains of DTM-

Cps2A, burying some 570 Å2 of surface area in the process.

Crucially, a polyisoprenoid phosphate lipid was found in a

hydrophobic pocket between the main b-sheet and a-helices

a3–a7 (Figure 4). Presumably, DTM-Cps2A had bound the

lipid when heterologously expressed in the Escherichia coli

host, consistent with its affinity for a lipid-linked capsule

precursor in S. pneumoniae. The lipid was built as mono-

trans, octa-cis decaprenyl-phosphate (dpr-P).

We were subsequently able to solve the structure of DTM-

Cps2A by molecular replacement in the presence of all cis

octaprenyl-pyrophosphate (opr-PP) bound in the lipid-bind-

ing site. Again, no effort was made to load the protein with

lipid prior to crystallization. The variation in lipid content

between preparations of DTM-Cps2A probably represents a

difference in the lipid composition of the two E. coli strains

used: BL21 (DE3) leads to opr-PP being bound whereas B834

(DE3) results in dpr-P being bound. In both cases, the identity

of the bound lipid was determined by electrospray mass

spectroscopy of protein:lipid complexes. Mass differences

between free proteins and lipid-bound proteins were 774

and 724 Da (Supplementary Figure S4A and B), correspond-

ing to dpr-P and opr-PP (equivalent molecular masses 777

and 723 Da, respectively). The electron density maps prior to

the building of the bound lipids, and during refinement, are

consistent with the presence of dpr-P in one structure and

opr-PP in the other. Both lipids are found naturally in bacteria

(Bouhss et al, 2008).

The polyisoprenoid-binding pocket is lined with hydro-

phobic side chains (Figures 4 and 5A and C) from residues

that, although not strictly identical, are completely conserved

in hydrophobic character across the entire LCP family of

proteins. The cavity for the lipid increases in diameter beyond

the sixth isoprenoid, so much so that the lipid is folded back

upon itself where the cavity for lipid binding is at its widest,

and there are fewer interactions with the protein (Figure 5A

and C). Consequently, the electron density in the region of the

sixth prenoid moiety in both the dpr-P and opr-PP complexes

is relatively poor, as is the electron density for the terminal

prenoid group in the dpr-P structure. The key interactions

between lipid and protein are, however, maintained in both

structures (Figure 5A and C).

The phosphate headgroup of the dpr-P lipid is held in place

by a number of conserved, charged residues. The invariant

R267, R362, and R374 form key interactions with all the

phosphate oxygens to form a positively charged pocket in the

protein surface (Figure 5B). The conserved D371 and Q378

are in contact with these arginine residues to stabilize further

their conformations.

The lipid-proximal phosphate in the opr-PP-bound struc-

ture is shifted slightly and now makes contacts to D234,

Figure 4 The structure of DTM-Cps2A. (A, B) Orthogonal views of
the extracellular portion of Cps2A, shown as a cartoon, with the
accessory domain coloured red and the LCP domain coloured green.
The decaprenyl-phosphate present in the active site is shown as a
stick model, with carbon atoms coloured yellow, phosphorous in
orange, and oxygen in red. Secondary structure elements in both
domains are labelled from N- to C-termini of each domain.

Bacterial cell wall assembly proteins
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R244, and R362, whereas the lipid-distal phosphate contacts

the invariant arginines, R244, R267, R364, and R374, fixing

the position and orientation of the pyrophosphate

(Figure 5D). In the dpr-P structure, R267 is built in two

conformations, only one of which interacts with the phos-

phate. Similarly, in the dpr-P structure, R244 and R364 point

into solvent, but, as with R267, readjust their conformations

in the presence of a pyrophosphate lipid headgroup.

Since the structure solution of DTM-Cps2A, seven unpub-

lished outputs from the Northeast Structural Genomics

Consortium have been deposited in the PDB that likely

represent structures of other LCP proteins. None of these

entries have been characterized biochemically or genetically.

These structures (PDBids: 3PE5 (from Clostridium leptum,

UNIPROTcode A7VV38); 3QFI (Enterococcus faecalis, Q838I2);

3OWQ (Listeria innocua, Q92CZ6); 3NXH (B. subtilis,

P96499); 3NRO (Listeria monocytogenes, Q8Y889); 3OKZ

(Streptococcus algalactiae, Q8E703), and 3MEJ (B. subtilis,

Q7WY78)) are the only meaningful homologues to DTM-

Cps2A that can be found in the PDB by either secondary

structure matching or amino-acid sequence searches and they

are mostly, and apparently incorrectly, annotated as tran-

scriptional regulators, whereas there is no significant struc-

tural homology of these structures, or of DTM-Cps2A, to

known transcription factors in the PDB. The range of se-

quence identities of the seven hits, in comparison to the

catalytic domain of Cps2A, is between 29 and 32% with

BLAST E-values between 5�23 and 8–16. All but one (3PE5)

can be superimposed on DTM-Cps2A with r.m.s.d.s of

1.8–2.2 Å on 200–230 matched Ca atoms of the catalytic

domain (for 3PE5, the r.m.s.d. is 2.8 Å on 224 matched

Cas). None of these seven PDBs contain bound lipid, despite

the close sequence and structural homology in global terms,

and in the regions of the proteins that bind the lipid. The

hydrophobic residues in DTM-Cps2A that are within van der

Waals’ contact of the bound isoprenoid lipids have hydro-

phobic amino acids in the equivalent positions in the other

available structures. The charged amino acids in DTM-Cps2A

in the vicinity of the pyrophosphate headgroup are almost

completely invariant in the other structures (Supplementary

Figure S5). Consequently, it is not evident why DTM-Cps2A

should purify from E. coli with lipids bound, whereas the

other LCP proteins do not.

The LCP proteins likely catalyse a missing step in cell

wall synthesis

Anionic (or acidic) polymers, for instance teichoic acids or

capsular polysaccharides, are synthesized inside the cell, and

are attached to a carrier lipid, undecaprenyl phosphate for

translocation (‘flipping’) to the outside of the cell. In the final

stage of the biosynthesis of the cell wall of bacteria, teichoic

acids are covalently attached to PG, whereby the structure of

the acceptor (PG precursor, nascent PG chain, or cross-linked

PG) is not known. This phosphotransfer reaction links the

phospho-teichoic acid chain to PG MurNAc residues releasing

undecaprenyl phosphate PG whereby. Our structural and

genetic data suggest that the LCP proteins catalyse this step.

The observation of polyisoprenyl (pyro)phosphate lipids

bound to DTM-Cps2A identified the active site for the entire

LCP family (Supplementary Table SIII). The roles of key,

conserved amino acids in the lipid-binding pocket were

confirmed by mutagenesis of the B. subtilis tagU gene (see

below and Figure 6A).

LCP proteins are magnesium-dependent

phosphotransferases

The importance of the two aspartic acids was clarified by our

discovery that D234 and D246 coordinate a magnesium ion

Figure 5 Lipid binding by the LCP domain of DTM-Cps2A. (A, B) decaprenyl-phosphate binding to DTM-Cps2A and (C, D) octaprenyl-
pyrophosphate bound DTM-Cps2A. Protein residues within 4 Å of the lipid are shown as stick models, with final, sA-type 2mFobs–DFcalc

electron density maps shown as blue transparent surfaces and contoured in both cases at 1.0s.
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that is situated between the two phosphate groups of opr-PP

in a further structure of DTM-Cps2A (Figure 6B). The pre-

sence of opr-PP in the sample was confirmed by mass

spectrometry. The assignment of magnesium in the struc-

ture was confirmed by a separate structure determination of

DTM-Cps2A–R267A–opr-PP with manganese bound, where

the position of the bound metal ion was verified in an

anomalous difference Fourier (Figure 6B, and the identity

of the bound lipid by mass spectrometry; Supplementary

Figure S4C). The bound Mg2þ obeys near perfect octa-

hedral geometry, with one ligand each from D234, D246

and oxygens from both phosphates (Figure 6B). The other

two coordination positions are filled by water molecules. The

side chain of R244 is displaced by the binding of divalent

cations, and no longer interacts with the pyrophosphate

headgroup. Otherwise, the interactions with the opr-PP lipid

are the same as in the absence of the metal, including the

abuttal of the distal phosphate by the side chain of R267

(Figure 5D), which presumably aids catalysis by stabilizing

the transition state.

The role of magnesium in catalysis was investigated with a

colourimetric assay to measure the liberation of free phos-

phate from DTM-Cps2A that had been purified with opr-PP

bound, to demonstrate the capacity of DTM-Cps2A to cleave

the phosphoester bond in pyrophosphate-containing lipids.

In this assay, the absence of Mg2þ ions from the reaction, or

the presence of EDTA, produced significantly less Pi in an end

point assay than when Mg2þ ions were present (Figure 6C).

Similarly, removal of one of the key Mg2þ coordination

partners, D234, by its mutation to alanine produced signifi-

cantly less free Pi when incubated in the presence of Mg2þ

(Figure 6C). The key role for the Mg2þ coordination by D234

is consistent with our observation that a B. subtilis TagU

carrying the equivalent mutation, D75A, is not functional

in vivo (Figure 6A; Supplementary Table SIII).

In contrast to DTM-Cps2A, purified preparations of B. sub-

tilis DTM-TagT were not loaded with an E. coli lipid, as

confirmed by X-ray crystallography, and catalysed the hydro-

lysis of the pyrophosphate phosphoester bond in an exogen-

ously added lipid, geranyl pyrophosphate (ger-PP), in a

magnesium-dependent manner (Figure 6D). The addition of

high molecular weight PG, or of a small PG fragment, N-

acetylmuramyl dipeptide, did not stimulate the transfer of the

terminal phosphoryl group to the possible acceptor. Most

likely, the reaction catalysed by the LCP proteins favours

phosphotransfer from AP-loaded substrates (which are not

commercially available), over that from the unloaded dipho-

sphoryl lipid substrate present in our reaction. Nonetheless,

our in vivo and in vitro data strongly suggest that the LCP

family of proteins is the missing enzyme that catalyse the

linkage of teichoic acids and other acidic/APs to PG.

Discussion

LCP proteins are phosphotransferases

Studying the final step of bacterial cell wall synthesis, the

attachment of TA to PG, has been proven very challenging to

multiple laboratories for several reasons: (i) the substrates

have highly complex, heterogeneous structures that are not

commercially available, (ii) the precise identity of the PG

acceptor (precursor, nascent chain, or cross-linked polymer)

is not known, and (iii) the reaction is catalysed at the

Figure 6 The biochemical properties of LCP proteins. (A) Growth
of strains YK1254 (wild-type GFP-TagU), YK1365 (D75A), YK1366
(R83A), YK1367 (D85A), YK1368 (T86F), and YK1369 (T197F) on
NA plates with 0.5 mM IPTG or 0.5% xylose. Western blot analysis
of GFP-TagU levels in strain expressing wild-type and various mutant
GFP-TagU fusions with or without (No) 0.5% xylose indicate correct
accumulation of the proteins and consequently mutations D75A,
R83A, D85A, T86F, and T197F in TagU are unable to sustain growth
in the absence of wild-type copy of tagT, tagU, and tagV. (B) Metal
binding by DTM-Cps2A. Crystals of Cps2A soaked in manganese
show a clear peak in an anomalous difference map calculated
for data collected at the manganese K-edge (orange mesh). Metal
coordinating residues are shown as ball and stick representations,
with the position of R267A shown with blue carbons. (C) Incubation
of DTM-CPS2A–octaprenyl-pyrophosphate complex with magnesium
releases inorganic phosphate. Addition of EDTA, or mutation to alanine
of aspartate 234, which coordinates the catalytic magnesium ion, both
suppress release of inorganic phosphate. Bar length is proportional to
the wild-type experiment with Mg2þ present (76.31±2.9mM released
with Mg2þ present versus 20.60±1.26mM released with EDTA present;
3.38±0.68 released by D234A). (D) Pyrophosphatase activity of
DTM-TagT. A purified DTM-TagT protein catalyses hydrolysis of the
pyrophosphate bond in exogenously added geranyl pyrophosphate
(ger-PP) to generate geranyl monophosphate (ger-P), monitored by
thin layer chromatography. Parallel incubations with the unrelated
protein, EzrA (purified using the same procedures as the LCP
proteins herein) and DTM-Cps2A reveal no pyrophosphatase activ-
ity towards exogenous ger-PP; in the latter case, this can be
attributed to the blockage of the active site by endogenous opr-PP
lipid. Hydrolysis is magnesium dependent, but is not affected by
the addition of the PG fragment, N-acetylmuramyl dipeptide (MDP).
(E) Electrostatic protein surface of the LCP domain of DTM-Cps2A,
with bound octaprenyl-pyrophosphate ligand. The scissile bond in
the phosphotransferase reaction catalysed by this enzyme class
is shown with an arrow. The potential pathway for AP binding is
highlighted in blue, semi-transparent rod (labelled AP), and the
likely position of PG, to which the phosphorylated AP will be
transferred, is shown with the green rod (labelled PG).
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cytoplasmic membrane by integral membrane proteins and

is likely linked to membrane transport of the precursors.

Although we could not reconstitute this complex system

in vitro, in this paper, we present data that, in combination,

strongly suggest that members of the LCP family of proteins

are the long searched for enzymes that attach APs to cell wall

PG. This conclusion is based on the following observations:

(i) the TagTUV paralogues have a role in a late step WTA

synthesis in B. subtilis as shown by genetics and by measure-

ments of the WTA content of a triple mutant strain; (ii) the

cocrystal structures of S. pneumoniae Cps2A containing

bound substrate and product analogues that are consistent

with the missing enzymatic step; (iii) our demonstration that

TagT and Cps2A can both produce a monophosphorylated

lipid from a diphosphorylated substrate in a Mg2þ -dependent

fashion; (iv) the observation of a Mg2þ ion in a location

indicating a role in phosphorolysis; and (v) mutation of key

amino acids in lipid and Mg2þ binding blocks the in vitro

phosphorolysis and abolishes function in vivo. Consistent

with this conclusion, LCP genes found in AP-containing

Gram-positive bacteria are always located in close proximity,

often in the same operon, to genes required for AP synthesis.

Furthermore, mutants lacking members of the LCP family

have been isolated in a number of different bacteria, and in

many cases, these mutants have altered cell wall structures,

autolysin activities, lower antibiotic resistance levels and/or

reduced virulence (Hübscher et al, 2008, 2009). Because of

these pleiotropic effects, some members of the family were

suggested to have a regulatory role in cell wall growth, and

the situation is complicated further by the presence in

S. aureus of a transcriptional activator named LytR that shows

no sequence similarity to LCP proteins (Brunskill and Bayles,

1996). The short cytoplasmic regions of a Cps2A homologue

from Streptococcus iniae were shown to bind DNA in vitro

(Hanson et al, 2011). In addition, early work on the B. subtilis

lytR gene suggested a role in transcriptional regulation be-

cause disruption of lytR resulted in increased transcription of

both lytR and the adjacent lytABC operon (Lazarevic et al,

1992). However, our work does not support a regulatory role

for the LCP proteins. Presumably, many of the published

phenotypes of LCP mutant strains of the various species

studied are indirect consequences of major cell wall altera-

tions and the resulting stress response due to failure of the

attachment of APs to PG.

We were unable to detect free APs in the supernatant of the

triple tagTUV depletion strain (RAD, unpublished data).

Indeed, several previous reports have documented a reduc-

tion of cell wall-attached APs in LCP mutants of various

bacterial species (Massidda et al, 1996; Cieslewicz et al, 2001;

Morona et al, 2006; Hübscher et al, 2009). It seems possible

that feedback regulation blocks the synthesis and or export of

APs when the attachment to PG is impaired.

Implications for the phosphotransferase mechanism

catalysed by LCP proteins

The LCP proteins presumably attach teichoic acid, teichuro-

nic acid, or acidic capsular polysaccharide to cell wall PG via

phosphodiester linkage to N-acteylmuramic acid. Our data on

the three B. subtilis homologues indicate that the enzymes

are not absolutely specific for the type of AP, teichoic acid, or

teichuronic acid they attach, because a major phenotype does

not emerge until all three genes are inactivated. This is

supported by our crystal structures of Cps2A in complex

with reaction product and substrate mimics, which indicate

that the enzymes interact strongly with the pyrophosphoryl-

lipid component of the AP precursor. There is space in the

crystal structure beyond the terminal phosphate of the bound

opr-PP to accommodate the oligosaccharide moiety that links

the lipid to the acidic/AP component. Important interactions

with the sugar that is linked directly to the pyrophosphate

might occur from the conserved arginine pair, Arg362 and

Arg244 of Cps2A. The first two carbohydrate residues of the

AP, called the linkage unit, would project into a cleft on the

surface of DTM-Cps2A (Figure 6E) and the rest of the poly-

meric, main chain component of the AP precursor is unlikely

to interact with the protein. Thus, teichoic/teichuronic acid-

attaching enzymes would only recognize the linkage unit of

the precursor and not the main chain explaining the lack of

specificity of the Bacillus enzymes. The PG polymer could be

accommodated in the groove above b-strands 18 and 19

(Figure 6E). While we have been able to demonstrate the

phosphorolysis of the scissile bond in a substrate mimic, we

have not been able to detect phosphotransfer to a PG accep-

tor. Perhaps, the carbohydrate linkage unit participates in

catalysis, by interacting with conserved arginines. If interac-

tions between the linkage unit of AP and protein atoms of the

LCP enzyme are crucial to the biochemical reaction, it would

help to explain why phosphotransfer efficiency is poor with

just a phosphate anion as a leaving group; after all, the

reaction trajectories for phosphate monoesters differ funda-

mentally from those of phosphate di- and tri-esters (Cleland

and Hengge, 2006).

The crystal structures provide several clues towards the

likely catalytic mechanism. First, Mg2þ appears to be an

essential catalytic requirement. The divalent cation and the

presence of several conserved arginines (e.g. Arg244, Arg267,

and Arg362; Figure 5) may contribute to catalysis by stabiliz-

ing the transition state by the neutralization of the developing

negative charge. Second, there is no obvious amino acid to

act as a base in the activation of the incoming nucleophile.

There are two acidic groups close to the scissile bond, but

both these, Asp234 and Asp246, coordinate the bound mag-

nesium. The coordination of the cation by these two acidic

amino acids, and the interaction of phosphate groups with

neighbouring positively charged amino acids, is reminiscent

of the reaction scheme catalysed by acyl carrier protein (ACP)

synthase (Bunkoczi et al, 2007). That residues Glu181 and

Lys185 participate in general acid and base catalysis in ACP

synthase were confirmed by mutagenesis. Possible functional

equivalents in Cps2A are Asp234, demonstrated herein to be

a crucial amino acid for LCP function, and Arg362, one of

several conserved positively charged residues coordinating

the pyrophosphate. An alternative candidate to act as the

catalytic base is the conserved Asp268, but this is about 5 Å

away from the likely position of the incoming nucleophile.

Significant conformational changes would be needed to

locate this amino acid in a position to extract a proton from

phosphotransfer acceptor. Other phosphotransfer reactions

do, however, take place without the need for a classic general

acid/base pair (Cleland and Hengge, 2006). Finally, the metal

ion itself may activate the nucleophilic hydroxyl moiety

(Lassila et al, 2011) as the phosphoacceptor approaches the

active site in order to provide the necessary rate enhancement

expected of an enzyme.
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We have been unable to visualize the interactions of PG

and AP building blocks with the protein, primarily because of

the unavailability of some complex substrate components,

but also because the active site of Cps2A is already blocked

with lipids. It remains to be shown how the lipid is loaded

and released from the protein in vivo. Perhaps, the phospho-

lipids of the cell membrane can passively empty the enzyme

active site without recourse to another protein. Alternatively,

the product of the transfer reaction, a monophosphorylated

polyisoprenoid lipid might be actively removed from the

active site, by an as yet unidentified protein, to be ‘flipped’

back across the membrane to its inner face so that the

phospholipid can be recharged by the cytoplasmic Tag path-

way for the enzyme to perform another round of phospho-

transfer.

Fungi and plants also covalently attach polysaccharides

and other polymers to the primary cell wall but the enzymes

catalysing the attachment are not yet known, nor are the

mechanisms of spatiotemporal regulation of these processes

understood (McNeil et al, 1984; Latge, 2007). Thus, our work

could stimulate further studies of the assembly of complex

cell walls in other organisms.

Global role of the MreB cytoskeleton in coordinating

synthesis and assembly of a range of different cell wall

polymers

Synthesis of both PG and WTA is concentrated at a central

growth zone in S. pnuemoniae (Tomasz et al, 1975), a

bacterium that does not contain an MreB cytoskeleton. The

discovery of the TagTUV proteins, other WTA proteins, and

PG synthetic enzymes in association with the three MreB

proteins reinforces the idea that in rod-shaped bacteria, the

cytoskeleton orchestrates the activity of not just the PG-

synthesizing machinery but also a range of other cell wall

components. In support of this idea, several enzymes of both

the PG and WTA synthetic machineries have a pattern of

localization that appears similar to that of the MreB proteins

(Scheffers et al, 2004; Claessen et al, 2008; Formstone et al,

2008) (Supplementary Figure S2). Close association of the

PG- and WTA-synthesizing machineries with the MreB

proteins could provide a means of coordinating the insertion

of WTA with the deposition of PG. Therefore, these results

lend strong support to the emerging picture that the MreB

cytoskeleton plays a pivotal role in organizing and coordi-

nating the different elements of cell envelope morphogenesis

in bacteria.

A novel antibiotic target

Several authors have speculated about the WTA biosynthetic

pathway as a potential antibiotic target (for a review, see

Swoboda et al, 2010). Indeed, Swoboda et al (2009) have

used a cell-based screen to identify a specific inhibitor of

the WTA pathway in S. aureus, which was shown to work

on the ABC transporter orthologous to TarG in B. subtilis.

Since the active site of the putative transferase lies

outside the cytoplasmic membrane, potential antibiotics

targeted on this enzyme would have the advantage of not

needing to cross the cytoplasmic membrane. This external

location is one of the reasons why b-lactams, targeting

the penicillin-binding proteins, have been so successful.

Our discovery of the transferase responsible for transfer of

nascent WTA to the PG, together with structural information

on the substrate and clues to the likely catalytic mechanism,

provides a highly attractive new target for drug discovery

programmes.

Materials and methods

Complete details of all the materials and methods used are provided
in the Supplementary data.

Bacterial strains, plasmids, and primers
Strains and plasmids used in this study are listed in Supplementary
Table SIV and primers are listed in Supplementary Table SV. The
construction of plasmids is described in the Supplementary data.

Media
Cultures of Bacillus strains were grown in Luria–Bertani (LB) or
Difco antibiotic medium 3 (PAB) liquid at 30 or 37 1C, or on LB or
nutrient agar (Oxoid) plates at 37 1C, with appropriate supplements
when necessary.

Microscopic imaging
For fluorescence microscopy, cells from overnight cultures were
diluted into fresh PAB medium and grown to mid-exponential phase
at 30 1C. For live cell imaging, cells were mounted on microscope
slides covered with a thin film of 1.2% agarose in water, essentially
as described previously (Glaser et al, 1997). Images were acquired
with a Sony Cool-Snap HQ cooled CCD camera attached to a Zeiss
Axiovert 200 M microscope. The images were acquired and
analysed with METAMORPH version 6 (Molecular Devices).

Purification of protein complexes
Proteins that copurified from liquid cultures of B. subtilis expressing
MreB-, Mbl-, or MreBH-His were purified as described previously
(Ishikawa et al, 2006; Kawai et al, 2009b). After separation by
electrophoresis, polyacrylamide gels were divided into slices, and
the presence of proteins confirmed by peptide-mass fingerprinting
as described previously (Kuwana et al, 2002). As a negative control,
cells expressing His-tagged Noc, a chromosome-associated negative
regulator of cell division (Wu et al, 2009), were also analysed.
Several proteins were simultaneously identified in both MreB and
Noc complexes (e.g. TufA and ribosomal proteins), suggesting that
they represent a non-specific background.

Extraction of cell wall material
B. subtilis cell cultures were grown in LB to late exponential
phase (OD600¼ 0.7). The cells were harvested, suspended in
water, and then immediately added to 10 volumes of 4% SDS at
100 1C. After 20 min incubation, the cell wall material was washed
with water 10 times, to remove the SDS. The resultant crude prepa-
ration was then suspended in 0.5% NaCl and broken using a bead
beater (Bio101 unit at max power for 30 s). After removing the
glass beads, the suspension was sedimented by centrifugation,
and then washed with water 10 times. The cell wall material was
freeze dried in preweighed tubes and to each tube an appropriate
amount of water was added to equalize the concentration in each
sample. Organic phosphorous was assayed as described previously
(Harwood et al, 1990).

Electrophoresis of teichoic acids
Purified cell wall samples were treated with 1 M HCl for 20 min at
65 1C and then neutralized with NaOH. Glycerol was added to each
hydrolysed sample to give a final concentration of 5%, along with
bromophenol blue (0.001% final concentration). Samples were
electrophoresed at 10 V/cm on a 12% polyacrylamide gel made in
1.2� TBE buffer. The gel was stained with Alcian Blue, followed by
silver staining, as described previously (Wolters et al, 1990).

Protein expression and purification for crystallization
Recombinant DTM-Cps2A (residues 98–481, with a C-terminal
hexahistidine tag) was produced in the methionine auxotroph B834
(DE3) strain of E. coli. Cells were grown in LB media to an OD600 of
0.4 and induced with 1 mM IPTG for 18 h at 16 1C for native protein,
or in minimal medium supplemented with selenomethionine for the
seleno-labelled protein. Recombinant protein was purified as
described in the Supplementary data.
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Crystallization, structure determination, and refinement of
DTM-Cps2A
Crystals of DTM-Cps2A were obtained by sparse-matrix screening
from purified protein at 28 mg/ml. Diffraction data, collected at the
Diamond Light Source were processed with MOSFLM (Leslie, 2006)
and scaled with SCALA (Evans, 2006). The structure was solved
using SHELX (Sheldrick, 2010) within HKL2MAP (Pape and
Schneider, 2004); initial model building was performed using
ARP/wARP (Langer et al, 2008). Refinement proceeded with cycles
of automated refinement in PHENIX (Adams et al, 2010) and
manual rebuilding in COOT (Emsley et al, 2010). Details of the
diffraction data and refined models are reported in Supplementary
Table SII.

Mass spectroscopy of DTM-Cps2A
Mass spectroscopy of DTM-Cps2A was performed on a Waters LCT
Premier XE, using electrospray ionization in both native and
denatured states.

Accession codes
Atomic co-ordinates and native structure factors have been
deposited at the PDB for the wild type complexes with dpr-P, opr-
PP and opr-PP/magnesium and for the R267A mutant of DTM-
Cps2A in complex with opr-PP and manganese with respective
accession codes 2xxp, 3tfl, 3tep and 3tel.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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