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Abstract

Sacculus is a peptidoglycan matrix that protects bacteria from osmotic lysis. In Gram-positive 

organisms, the sacculus is densely functionalized with glycopolymers important for survival, but 

how assembly occurs is not known. In Staphylococcus aureus, three LCP family members have 

been implicated in attaching the major glycopolymer wall teichoic acid (WTA) to peptidoglycan, 

but ligase activity has not been demonstrated for these or any other LCP proteins. Using WTA and 

peptidoglycan substrates produced chemoenzymatically, we show that all three proteins can 

transfer WTA precursors to nascent peptidoglycan, establishing that LCP proteins are 

peptidoglycan-glycopolymer ligases. Although all S. aureus LCP proteins have the capacity to 

attach WTA to PG, we show that their cellular functions are not redundant. Strains lacking lcpA 
have phenotypes similar to WTA null strains, indicating that this is the most important WTA 

ligase. This work provides a foundation for studying how LCP enzymes participate in cell wall 

assembly.

Introduction

The bacterial sacculus, also known as the cell wall, is a complex macromolecular structure 

that is required for survival1,2. In Gram-positive organisms, peptidoglycan (PG), the 

biosynthesis of which is targeted by many clinically used antibiotics, makes up only about 

fifty percent of the sacculus by mass3. The other fifty percent of the mass largely comprises 

glycopolymers that are covalently bound to peptidoglycan4. In Staphylococcus aureus (S. 
aureus), WTA is the most abundant glycopolymer attached to peptidoglycan and it plays 

crucial roles in the physiology and pathogenesis of this organism5. Strains lacking WTA 
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have major cell division defects, key autolysins are dysregulated, and peptidoglycan 

synthesis machinery is mislocalized6,7. These strains are unable to colonize nasal epithelial 

cells and are highly attenuated in vivo8,9. In addition, methicillin-resistant S. aureus 
(MRSA) strains become sensitive to beta lactam antibiotics when WTA synthesis is 

prevented7,10,11. In order to complete cell wall assembly, the pathways for peptidoglycan 

and WTA biosynthesis must converge (Fig. 1). How this is accomplished has largely 

remained a mystery because key questions about the process can only be answered through 

reconstitution, and there are major challenges involved in reconstituting the coupling of two 

non-protein polymers.

Peptidoglycan and WTA precursors are assembled intracellularly on a carrier lipid, 

undecaprenyl phosphate (Und-P), and are then exported through dedicated transporters (Fig. 

1)9,12–14. The final steps of cell wall assembly, which occur on the extracytoplasmic face of 

the membrane, involve forming nascent (uncrosslinked) peptidoglycan polymers, 

crosslinking these polymers to one another, and coupling WTA to peptidoglycan (Fig. 1). 

While it has long been known that WTA is coupled to peptidoglycan via a phosphodiester 

bond to the C6 hydroxyl of intermittent N-acetyl muramic acid (MurNAc) units in the PG 

backbone15,16, it was not known whether coupling occurred to Lipid II or peptidoglycan 

polymer17,18, and until recently there were not even any proposed candidates for the 

enzymes that catalyze the reaction (Fig. 1).

In 2011, a study in Bacillus subtilis (B. subtilis) implicated three similar genes in the 

attachment of WTA to peptidoglycan18. These genes, encoding proteins belonging to the 

LCP (LytR-CpsA-Psr) family, were identified by their co-purification with a tagged variant 

of MreB. Their close proximity to known WTA biosynthetic genes in the chromosome 

prompted studies to assess their roles in WTA biosynthesis, and it was found that deletion of 

lcp genes resulted in loss of WTA from the sacculus18. It was proposed that LCPs are 

enzymes with ligase activity, but it was not possible to demonstrate that LCPs transfer 

glycopolymers to PG due to the challenges involved in reconstitution18. It was reported, 

however, that one of the B. subtilis LCP proteins hydrolyzed a polyprenyl pyrophosphate, 

and this activity provided the only biochemical support that LCP proteins are directly 

involved in attaching glycopolymers to peptidoglycan. Since then, LCP genes have been 

linked to glycopolymer biosynthesis in other organisms, and while some suggestive 

biochemical results have been reported, conclusive evidence that LCP proteins have ligase 

activity is still lacking19–23. Staphylococcus aureus, like B. subtilis, contains three lcp genes, 

now called lcpA, lcpB, and lcpC20,24. Deleting lcpA or lcpB was shown to reduce WTA 

levels, but complete loss of WTA only occurred when all three lcp genes were deleted, and it 

has thus been suggested that these genes play redundant roles in WTA biosynthesis19,20.

Here we use WTA and peptidoglycan substrates prepared chemoenzymatically to show that 

all three S. aureus LCP proteins act as phosphosugar transferases that can attach WTA 

precursors to nascent peptidoglycan. In addition to establishing LCPs as enzymes that 

directly ligate cell wall glycopolymers to peptidoglycan, these studies provide insights into 

the structural features required in both substrates for transfer to occur. We have also 

addressed the cellular functions of the S. aureus LCPs. By comparing phenotypes of lcp 
knockouts to WTA null strains that lack a functional copy of tarO, the first gene in the WTA 
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pathway, we have established that the three LCP proteins do not have redundant cellular 

functions even though they all have the capacity to attach WTAs to peptidoglycan. LcpA is 

the most important glycopolymer ligase for WTA-related functions and LcpC is the least 

important. Our studies lay the groundwork for characterizing LCP enzymes as antibiotic 

targets and for investigating how cells use these related enzymes for different cellular 

functions.

Results

LCP proteins attach radiolabeled WTA to peptidoglycan

To establish whether LCP proteins play a direct enzymatic role in attaching glycopolymers 

to peptidoglycan, we sought to reconstitute WTA ligation to peptidoglycan. WTA precursors 

comprise a disaccharide linked at the reducing end to undecaprenyl pyrophosphate (Und-PP) 

and at the non-reducing end to two glycerol phosphate units and up to forty ribitol phosphate 

units (Fig. 1)9. We previously developed methods to make the full WTA precursor on a 

model carrier lipid11,25,26, but it did not seem likely that the full polymer would be required 

to reconstitute ligation because the reaction takes place on the reducing end of the WTA 

molecule. Therefore, we prepared two short WTA precursors, LIIA
WTA and LIIB

WTA, 

attached to a hexaprenyl lipid chain (Fig. 2a). The hexaprenyl chain length was chosen to 

balance substrate solubility with the likelihood that the lipid chain forms extensive 

interactions with the protein, as suggested by crystal structures18. LIWTA was synthesized in 

six chemical steps and we converted this monosaccharide precursor enzymatically to the 

corresponding disaccharide, LIIA
WTA, using the UDP-ManNAc transferase TagA, UDP-

GlcNAc, and the UDP-GlcNAc 2-epimerase, MnaA (Fig. 2a)27,28. A radiolabel was 

optionally incorporated using UDP-[14C]-GlcNAc. To obtain LIIB
WTA, which contains a 

glycerol phosphate at the C4 position of ManNAc, purified LIIA
WTA was incubated with 

CDP-glycerol and TagB (Fig. 2a)26,29. A radiolabel was optionally incorporated into this 

substrate using CDP-[14C]-glycerol30.

We purified a soluble S. aureus LcpA construct lacking the predicted transmembrane helix 

and tested whether it would transfer radiolabeled LIIA
WTA or LIIB

WTA to a chemically 

synthesized Lipid II precursor (Lipid II, Fig. 2b)31,32. We did not detect a shifted band via 

polyacrylamide gel electrophoresis (PAGE), as would have been expected for a ligation 

product. There could have been many explanations for this outcome. For example, others 

have suggested that LCP proteins might require some form of energy, additional proteins, or 

a membrane interface in order to function18. We decided to first explore the possibility that 

LcpA might only transfer WTA substrates to larger peptidoglycan substrates17,18. Therefore, 

we tested whether LcpA would incorporate the short radiolabeled WTA substrates into S. 
aureus sacculi isolated from a WTA null strain (ΔtarO), but did not detect the radiolabel in 

sacculi after incubation with LcpA.

We decided that in order to properly evaluate ligase activity, we would need peptidoglycan 

oligomers of short, defined lengths because only these would permit unambiguous product 

characterization. To obtain short peptidoglycan oligomers, we incubated synthetic Lipid II 

with a mutant form of S. aureus SgtB, a monofunctional peptidoglycan glycosyltransferase 

that polymerizes Lipid II. The mutant, SgtB*, contains a Y181D amino acid substitution in 
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the active site cleft where the elongating polymer binds33, and as a result products are 

released prematurely (Fig. 2b). Using radiolabeled Lipid II, we developed conditions to 

obtain products containing 1 to 7 disaccharide repeats, which can be visualized as a discrete 

ladder after gel electrophoresis (Fig. 2c). A similar distribution of non-radiolabeled 

peptidoglycan oligomers was prepared from cold Lipid II for the LCP reactions, and SgtB* 

was removed by precipitation. The cold peptidoglycan oligomers and radiolabeled LIIB
WTA 

were then incubated in the presence and absence of LcpA, and reactions were analyzed by 

PAGE autoradiography (Fig. 2c). In the presence of LcpA, a ladder of radiolabeled products 

was visible. Similar results were obtained using the shorter WTA substrate, radiolabeled 

LIIA
WTA (Fig. 2c). These ladders were only observed when both LcpA and peptidoglycan 

oligomers were included in the reaction, consistent with transfer of radiolabeled WTA 

precursors to the cold peptidoglycan oligomers (Fig. 2c; Supplementary Results, 

Supplementary Fig. 1). As the peptidoglycan oligomers used in this reconstitution lack the 

carboxamide modification and pentaglycine branch found in the stem pentapeptide of native 

S. aureus peptidoglycan34, we have concluded that ligase activity does not depend on these 

features.

With conditions developed to reconstitute LcpA in vitro, we tested the other two S. aureus 
LCP proteins, LcpB and LcpC, for WTA ligase activity. For both proteins, we detected a 

ladder of radiolabeled products in reactions containing peptidoglycan oligomers, 

radiolabeled WTA substrate, and active enzyme (Supplementary Fig. 2). These results 

establish that all three LCP proteins have the capacity to act directly as WTA ligases. 

Furthermore, they can transfer WTA precursors as small as a disaccharide to peptidoglycan 

oligomers. Because the peptidoglycan precursor Lipid II is also a disaccharide attached to a 

polyprenyl chain through a pyrophosphate linkage, it closely resembles the WTA substrates 

used in our reconstitution. This structural similarity prompted us to test whether LcpA 

would transfer radiolabeled Lipid II to cold PG oligomers, but we did not observe a ladder of 

radiolabeled products. Therefore, LcpA can use a WTA disaccharide as the electrophile in 

the ligation reaction, but it cannot use Lipid II even though large portions of the molecules 

are identical. It is possible that the lactoyl-pentapeptide on the C3 position of Lipid II 

impedes productive binding.

Mass spectrometry provides chemical proof of ligation

While PAGE analysis provided convincing evidence that radiolabeled WTA substrates were 

transferred to peptidoglycan, it did not provide any information about the chemical structure 

of the products. To confirm the formation of phosphodiester-linked products, we used high-

resolution mass spectrometry. MS analysis of lipid-linked peptidoglycan oligomers is 

challenging because the molecules ionize poorly; however, we previously found that 

peptidoglycan oligomers prepared from synthetic Lipid II containing a short lipid chain 

(tetraprenyl, i.e., C20) ionize well enough to enable LC/MS analysis35. Therefore, we 

prepared peptidoglycan oligomers from C20-Lipid II, verified by autoradiography that LcpA 

could transfer radiolabeled LIIA
WTA to these C20-linked oligomers (Supplementary Fig. 3), 

and then repeated the reaction using non-radiolabeled substrates exclusively (Fig. 3). In the 

absence of LcpA, we detected masses for C20-Lipid II, peptidoglycan oligomers containing 

up to four disaccharides, and LIIA
WTA (Supplementary Table 1). In the presence of LcpA, 
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we detected these as well as new species with exact masses corresponding to ligation 

products consisting of a peptidoglycan oligomer coupled via a phosphodiester bond to a 

single WTA disaccharide. WTA ligation products were observed for Lipid IV, Lipid VI, and 

Lipid VIII (Fig. 3; see also Supplementary Table 2 and Supplementary Fig. 4), but not Lipid 

II even though the latter species was a major component of the starting material 

(Supplementary Fig. 3). Because C20-Lipid II ionizes better than corresponding 

peptidoglycan oligomers, and we would expect the C20-Lipid II ligation product to ionize 

better than the larger peptidoglycan ligation products that were actually observed, we have 

concluded that Lipid II is not a substrate for ligation. Transfer takes place only to 

peptidoglycan oligomers.

We also assessed whether LCP-dependent hydrolysis of LIIA
WTA occurred under the 

reaction conditions, but in the absence of peptidoglycan acceptor. We did not detect any 

enzymatic hydrolysis, despite reports from other labs that some LCP proteins will hydrolyze 

pyrophosphoryl lipid substrates18,36. Notably, the conditions we developed for WTA transfer 

to peptidoglycan oligomers are milder than those that have been used to achieve hydrolysis 

of pyrophosphoryl lipids.

S. aureus LCP proteins play non-redundant cellular roles

We have shown that all three S. aureus LCP proteins have the capacity to attach WTA to 

peptidoglycan oligomers in vitro. Others have shown that overexpression of any S. aureus 

lcp gene from a high copy number plasmid in a strain lacking all three genes partially 

restores WTA levels. The overexpression results have been taken as evidence that LCP 

proteins have redundant cellular functions, but other evidence suggests that they play 

different roles in glycopolymer attachment21,24. We decided to employ chemical probes that 

inhibit the growth of WTA-deficient strains to compare the roles of LcpA, LcpB, and LcpC 

in WTA biosynthesis. One compound, amsacrine, inhibits DltB37, a core component of the 

teichoic acid D-alanylation machinery. S. aureus contains two types of teichoic acids, wall 

teichoic acids and membrane-anchored lipoteichoic acids (LTA; Supplementary Fig. 5), and 

both are modified with positively charged D-alanyl ester groups, installed by the Dlt 

pathway4,38. Neither D-alanylation nor the presence of WTA is essential for viability in 
vitro39, but removal of both WTA and the D-alanyl ester modifications on LTA is lethal 

(Supplementary Fig. 5)40. Therefore, strains lacking tarO, the first gene in the WTA 

biosynthetic pathway, cannot grow on the DltB inhibitor amsacrine37. By probing a S. 
aureus transposon mutant library with amsacrine to identify genes that are synthetically 

lethal with depletion of teichoic acid D-alanyl esters, we observed that insertions mapping to 

lcpA were dramatically depleted (>10-fold; Fig. 4a and Supplementary Fig. 6). In contrast, 

there was no statistically significant difference in the reads mapping to lcpB and lcpC in 

inhibitor-treated and untreated samples. The transposon sequencing results indicated that 

lcpA, like tarO, becomes essential when D-alanylation is inhibited, while lcpB and lcpC are 

unaffected.

We confirmed the transposon results by plating single and double lcp deletion strains on 

amsacrine (Fig. 4b). As expected, the wildtype strain grew at all dilutions whereas the ΔtarO 
strain did not grow at any37. The ΔlcpB and ΔlcpC strains grew similarly to the wildtype 
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strain whereas the ΔlcpA strain behaved like the ΔtarO strain. Even strains lacking both lcpB 
and lcpC were fully viable on amsacrine (Fig. 4b). To confirm the plating phenotypes, we 

measured the minimum inhibitory concentration (MIC) of amsacrine and a related DltB 

inhibitor, O-amsa37, against wildtype, ΔtarO, ΔlcpA, ΔlcpB, ΔlcpC, and all double mutant 

combinations (Supplementary Table 3), and found that only strains lacking lcpA were 

sensitive to DltB inhibition. Finally, we addressed whether the sensitivity of lcpA mutants to 

amsacrine was a strain-dependent phenomenon. We constructed ΔlcpA mutants in several 

additional S. aureus strains and found that all mutants were sensitive to amsacrine 

(Supplementary Fig. 7). Complementation of a ΔlcpA strain with a single copy of lcpA that 

integrates into an ectopic locus in the chromosome restored growth on amsacrine, 

confirming that the lethal phenotype was due solely to the absence of lcpA (Supplementary 

Fig. 8).

Other small molecules, including the azo dye Congo red and beta lactams such as oxacillin, 

have also been shown to inhibit growth of ΔtarO strains7,10,11,41. Although the target of 

Congo red has not been established, ΔtarO strains are 1000-fold more susceptible than 

wildtype strains to this compound41. A ΔlcpA strain (known then as ΔmsrR) was also 

reported to be susceptible to Congo red42, but it was not compared to ΔtarO or to other lcp 
mutants. We compared the Congo red sensitivity of all lcp single and double knockouts to 

the corresponding ΔtarO and wildtype strains using a spot dilution assay. The ΔlcpA strain 

was sensitive to Congo red, although slightly less so than the ΔtarO strain (Fig. 4b), whereas 

the other lcp single mutants grew comparably to wildtype on Congo red. The ΔlcpAB 
double mutant, however, was just as sensitive to Congo red as the ΔtarO strain. Thus, the 

growth phenotypes of the double mutants confirmed that lcpA is critical for preventing 

lethality on Congo red, and also revealed a role for lcpB in Congo red resistance. As deletion 

of lcpC did not affect growth phenotypes on either Congo red or amsacrine, we have 

concluded that it is less important than lcpA or lcpB with respect to WTA biosynthesis. 

Notably, LcpC has been identified as the key LCP protein for capsular polysaccharide 

biosynthesis in S. aureus21.

We next tested the importance of lcpA and lcpB for oxacillin resistance in MRSA. MRSA 

strains have acquired a gene, mecA, encoding an intrinsically resistant penicillin binding 

protein (PBP), PBP2a, which can crosslink peptidoglycan when other PBPs are inhibited by 

beta lactams43,44. While mecA is necessary for beta lactam resistance, it is not sufficient: 

other genes are also involved in the resistant phenotype, including tarO7. While the role of 

wall teichoic acids in protecting MRSA strains from beta lactams is not fully understood, it 

has been proposed that these cell wall glycopolymers scaffold proteins involved in 

peptidoglycan biosynthesis10,11. Consistent with this, WTA deletion results in 

mislocalization of PBP46. We deleted lcpA and lcpB from two different MRSA strains and 

plated them on oxacillin. The ΔlcpA strains were highly sensitive to oxacillin like the tarO 
null strains, but the ΔlcpB mutants grew at all dilutions like the wildtype strain (Fig. 4b; 

Supplementary Fig. 9). As the plating experiments were done at a single beta lactam 

concentration, we also measured the MICs of oxacillin as well as another beta lactam, 

cefaclor, against the mutant strains. The MICs confirmed that deleting lcpA has a greater 

impact on beta lactam susceptibility than deleting lcpB, although the fold-change in MICs 

depend on both the strain background and the beta lactam (Supplementary Table 4).
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Discussion

Here we have reported the first conclusive demonstration that LCP proteins catalyze 

glycopolymer attachment to peptidoglycan. Through an in vitro reconstitution, we have 

shown that all three LCP proteins in Staphylococcus aureus can catalyze the transfer of 

WTA precursors to peptidoglycan. Notably LCP enzymes recognize these two large cell wall 

polymers without requiring the presence of other proteins as previously suggested18. 

However, we have also shown that these proteins are non-redundant in cells, with one of 

them, LcpA, being more important than the others for WTA-related functions.

The reconstitution results, in addition to demonstrating ligase activity, have provided insight 

into the structural features that make a competent WTA or peptidoglycan substrate. The 

WTA substrate need only contain two saccharides, and the native undecaprenyl lipid can be 

truncated to a hexaprenyl chain, which is approximately the length found to fit within the 

hydrophobic channel observed in a LCP crystal structure18,36. It is possible that even smaller 

WTA analogs would be transferred, but the substrates identified here are small enough to be 

tractable and may enable a wide range of biochemical and biophysical studies to better 

understand LCP function.

Another key finding was that WTA precursors were only transferred to peptidoglycan 

polymers. Lipid II was not a substrate under the reconstitution conditions even when present 

in large amounts relative to oligomeric species that were good substrates. How the LCP 

proteins discriminate against Lipid II is unclear as there is no information yet about where in 

these enzymes the PG polymer binds. However, there are two possibilities, which are not 

mutually exclusive. First, the pyrophosphoryl lipid on the anomeric position of Lipid II 

could act as a steric barrier to productive binding of the MurNAc sugar near the 

pyrophosphate of the WTA precursor. Second, the binding site may require that the MurNAc 

sugar be located between flanking GlcNAcs. Although our results were obtained using 

soluble LCP constructs and substrates that have shorter lipids than the native substrates, it 

seems likely that similar discrimination against Lipid II occurs in cells. We draw this 

conclusion based on structures of peptidoglycan glycosyltransferases, including one with a 

Lipid II substrate bound in the active site cleft.45 The C6 hydroxyl of the N-acetyl muramic 

acid sugar of Lipid II points directly into the active site and the presence of a large 

glycopolymer at this position would prevent substrate binding and thus block formation of 

peptidoglycan polymer (Supplementary Fig. 10). For a similar reason, we suspect that Lipid 

IV, which is a competent peptidoglycan substrate for WTA transfer in vitro, is not a 

physiologically relevant substrate: the active site clefts of peptidoglycan glycosyltransferases 

are long and a MurNAc C6 hydroxyl would not be exposed until at least Lipid VI has 

formed. Whether WTA precursors can only be transferred to uncrosslinked peptidoglycan 

oligomers, i.e., at an early stage of cell wall synthesis, or are also transferred to crosslinked 

cell wall is unclear at this point. We cannot exclude crosslinked peptidoglycan as a substrate 

based on the negative results obtained for isolated sacculi, but we note that methods to make 

crosslinked peptidoglycan of defined composition should allow this issue to be resolved.

In this paper we have also addressed whether the three LCP proteins in S. aureus play 

equivalent roles in WTA biosynthesis because previous studies have made conflicting 
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claims. Some concluded that these three proteins have redundant functions; the evidence for 

redundancy was that all three proteins must be deleted to achieve complete loss of WTA 

from sacculi and that each of the three proteins, when overexpressed from a high copy 

number plasmid, substantially restored WTA levels. Although overexpression-based 

complementation studies can reveal that proteins share a similar functional capability, they 

do not demonstrate equivalent cellular functions. Therefore, to probe the functional roles of 

the LCP proteins, we compared the chemical sensitivities of lcp knockout strains to the 

corresponding tarO knockout strains. Several compounds with different mechanisms had 

previously been found to inhibit the growth of strains lacking tarO, and we used three 

distinct compound classes in this study. The results showed that lcpA knockouts most 

closely phenocopy strains lacking tarO. Other studies have found that ΔlcpA strains, but not 

ΔlcpB or ΔlcpC strains, have misplaced and thickened septa, display reduced colony 

spreading compared with wildtype, and have a cell clumping phenotype24,42. Notably, these 

characteristics are also observed in ΔtarO strains7,46. We also found evidence that lcpB 
contributes to WTA-related functions, but found no role for lcpC. In this regard, deleting 

lcpC was previously shown to have no effect on wall teichoic acid levels in the cell wall, 

whereas deleting either lcpA or lcpB reduced these levels19,20. We speculate that factors 

such as differential localization and regulation may explain the greater importance of LcpA 

compared with LcpB in WTA synthesis19. Although further studies are required to elucidate 

the different functions of LCP proteins in cells, the reconstitution reported here lays the 

groundwork for discovering and characterizing LCP inhibitors. As knockouts of lcpA are 

sensitive to several families of chemical inhibitors, including beta lactams, LcpA is an 

appealing target for new therapeutics.

Online Methods

Reagents and general methods

Strains are listed in Supplementary Table 5. S. aureus was grown in tryptic soy broth (TSB) 

or on TSB with 1.5% agar at 30 and 37 °C. Phage 80alpha was used for transductions and 

the methods for transduction were described previously40. All constructed LCP-pET28-

plasmids were transformed into NovaBlue(DE3) E. Coli, and LCP proteins were 

overexpressed in BL21(DE3) E. Coli grown in lysis broth (LB). Antibiotics were used at the 

following concentrations: 10 µg ml−1 chloramphenicol, 10 µg ml−1 erthromycin, 50 µg ml−1 

kanamycin, 50 µg ml−1 neomycin, 50 µg ml−1 carbenicillin. L-[14C]-Glycerol-3-phosphate 

was purchased from Person-Elmer. UDP-[14C]-GlcNAc was purchased from American 

Radiolabeled Chemicals, Inc (ARC). Amsacrine was purchased from Abcam (ab142742).

Cloning pET28(b)_lcpA, pET28(b)_lcpB, pET28(b)_lcpC, plcpA, pKFC_lcpB

Soluble LCP constructs (LcpA (58–327 aa), LcpB (31–405 aa), and LcpC (30–307)) with a 

N-terminal His8 tag were prepared by cloning lcp genes into pET28(b)(−). Using S. aureus 
NCTC8325 DNA, lcp genes (lcpA (SAOUHSC_01361), lcpB (SAOUHSC_00997), lcpC 
(SAOUHSC_02583)) were PCR amplified using primer sets (F’lcp(A,B, or C) and 

R’lcp(A,B, or C)). The plasmid backbone was amplified using pET28(b)(−) (Novagen) as 

template DNA and primer sets (F’pET28_lcp(A,B, or C) and R’pET28_lcp(A,B, or C)). The 

complementary plasmid plcpA was constructed for integrating a single copy of lcpA into an 
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ectopic locus of the S. aureus chromosome. The lcpA gene was amplified using S. aureus 
NCTC8325 DNA and primer sets (F’pTP63_lcpA and R’pTP63_lcpA), and the pTP63 

plasmid was amplified using the primer sets (F’pTP63 and R’pTP63) amplified from pTP63 

template. A kanamycin-marked deletion of lcpB was constructed using the E. coli-S. aureus 
shuttle vector pKFC47. Nucleotides upstream and downstream lcpB, and a kanamycin 

resistance gene (aphA-3) were amplified using primer sets (F’+1000_lcpB, R’+1000_lcpB, 

F’-1000_lcpB, R’-1000_lcpB, F’kan_lcpB, R’kan_lcpB). Using the pKFC plasmid as a 

template, pKFC was amplified with primer sets (F’pKFC and R’pKFC). All primer sets are 

listed in Supplementary Table 6. Plasmids were assembled using the Gibson assembly kit 

(NEB).

Protein overexpression and purification

Proteins used for the chemoenzymatic preparation of WTA precursors (TagA, TagB, TagD, 

MnaA)26,27,29,30 were described previously. The mutant SgtB* used to prepared 

peptidoglycan oligomers, was also overexpressed using the previously reported 

purification33. For overexpression of ΔTM-LCP proteins, 1.5 liters of LB media with 

BL21(DE3) E. coli containing the plasmid pET28b(−)_lcpA, pET28b(−)_lcpB, or 

pET28b(−)_lcpC were grown at 37 °C until OD600=0.6, and then protein expression was 

induced with 1 mM IPTG. The temperature of the culture was reduced to 16 °C and grown 

for 18 hours before cells were pelleted by centrifugation at 4,200 x g at 4 °C. Using a cell 

disruptor, cells were lysed in 30 ml of lysis buffer (100 mM Tris-HCl (pH 8), 500 mM NaCl, 

0.6% CHAPS, 0.5% Triton X-100 reduced, lysozyme, and PMSF). Clarified lysate was 

purified by nickel affinity chromatography. The equilibrated nickel resin was washed with 

20 mM imidazole in buffer B (100 mM Tris-HCl (pH 8), 500 mM NaCl, 10% glycerol), 40 

mM imidazole in buffer B, and then eluted with 250 mM imidazole in buffer B. Elution 

fractions were purified further using size exclusion chromatography on the Superdex 75 

10/300 GL (Äkta Pure), pre-equilibrated with buffer C (50 mM Tris (pH 8), 500 mM NaCl, 

20% glycerol). ΔTM- LcpA, LcpB, and LcpC were collected and the concentrations were 

calculated by a Bradford assay using bovine serum albumin (BSA) as the standard and 

absorption at 280 nm as measured by the Nanodrop 2000. SDS-PAGE confirmed the purity 

of ΔTM- LcpA, LcpB, and LcpC.

Preparation of WTA and PG substrates

LIWTA, hexaprenyl-pyrophospho-GlcNAc, was prepared previously from published 

chemical routes28,29. In the preparation of cold LIIA
WTA, LIWTA (100 µM) was incubated 

with TagA (15 µM), UDP-GlcNAc (300 µM), and MnaA (3 µM) in previously described 

conditions27. For PAGE autoradiography experiments, radiolabeled LIIA
WTA was prepared 

with UDP-[14C]-GlcNAc (specific activity= 300 nCi nmol−1). These Lipid IIA
WTA products 

were purified using a Bakerbond™ spe Octadecyl (C18) disposable column (Catalog 

number # 7020–01). The C18 column was equilibrated with 2× 750 µl MeOH/0.1% NH4OH 

and 2× 750 µl H20/0.1% NH4OH. The column was washed 4× with 500 µl H2O/0.1% 

NH4OH and eluted with 3× 500 µl MeOH/0.1% NH4OH. Product yield was obtained by 

measuring [14C] counts using a liquid scintillation counter, and using a standard curve of the 

UDP-[14C]-GlcNAc to assess product conversion. Side-by-side cold LIIA
WTA and 

radiolabeled LIIA
WTA were prepared to approximate similar yield for cold LIIA

WTA. Cold 
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reactions were analyzed by LC/MS to confirm the formation of product as described 

previously26. To prepare LIIB
WTA, cold UDP-GlcNAc was used under the same conditions 

for LIIA
WTA preparation. Radiolabeled LIIB

WTA was prepared using CDP-[14C]-glycerol 

(500 µM; prepared from TarD and [14C]-glycerol-3-phosphate, specific activity= 150 nCi 

nmol−1, as previously reported30) and TagB in previously described conditions26. These 

products were purified on a Bakerbond™ spe octadecyl (C18) disposable column under 

similar wash and elution conditions used to prepare LIIA
WTA. Product yield was obtained by 

measuring [14C] counts using a liquid scintillation counter, and a standard curve of [14C]-

glycerol-3-phosphate was made to assess product conversion. LC/MS was used to confirm 

cold LIIB
WTA product formation26.

To prepare peptidoglycan oligomers either synthetic tetraprenyl (C20)- or heptaprenyl 

(C35)-Lipid II was used as indicated31,48,49. Radiolabeled C20- and C35- Lipid II was 

prepared following previously published routes31,50. C35-linked peptidoglycan oligomers 

were prepared from incubating SgtB* (800 nM), 20% DMSO, 32 µM C35-Lipid II, reaction 

buffer (12.5 mM HEPES (pH 8), 2 mM MnCl2, 0.25 mM Tween-80) at room temperature 

for 20 minutes. Reaction mixtures were quenched with equal volume (10 µl) of methanol, 

and SgtB* was removed by collecting the supernatant which was dried in vacuo. C20-

peptidoglycan oligomers were prepared by incubating SgtB* (5 µM), 20% DMSO, 32 µM 

C20-Lipid II, reaction buffer (12.5 mM HEPES (pH 8), 2 mM MnCl2, 0.25 mM Tween-80) 

for 2 hours at room temperature, quenched with equal volume of methanol, and the 

supernatant was collected and dried in vacuo.

Assays for LcpA, LcpB, and LcpC activity

For gel electrophoresis analysis, peptidoglycan oligomers (dried following precipitation of 

SgtB*; prepared from 32 µM or C35- or C20-Lipid II) were resuspended in H2O and 

sonicated for approximately five minutes. LcpA reaction buffer (12.5 mM HEPES (pH 8), 2 

mM MnCl2, 0.25 mM Tween-80), [14C]-LIIA
WTA or [14C]-LIIB

WTA (8 µM; DMSO), and 

active LCP protein (LcpA, LcpB, or LcpC; 2 µM) was added and the reaction proceeded for 

6 hours at room temperature. Similar reactions lacking LCP protein were similarly set up. 

Reactions were quenched with 10 µl MeOH prior to drying in vacuo. For LC/MS analysis, 

peptidoglycan oligomers (dried; prepared from 32 µM C20-Lipid II) were resuspended in 

H2O and sonicated for approximately five minutes. LcpA reaction buffer, LIIA
WTA (8 µM; 

DMSO), and LcpA (2 µM) were added and reactions proceeded at room temperature for 6 

hours. Reactions were quenched with equal reaction volume of MeOH (10 µl).

PAGE analysis of the LcpA, LcpB, and LcpC

The acrylamide gels used were similar to those described previously51. Gels (20 cm × 16 cm 

(H × W); 1.0 mM thickness) were constructed with 10% acrylamide/Tris51. LcpA, LcpB, 

and LcpC reactions were quenched directly with 10 µl MeOH and dried down in vacuo. 

Reactions were resuspended in 10 µL of 2× SDS loading buffer and loaded onto the gel. The 

gels were electrophoresed with anode and cathode buffer as previously described51,52. The 

anode buffer consisted of 100 mM Tris (pH 8.8), and the cathode buffer consisted of 100 

mM Tris (pH 8.25), 100 mM Tricine, and 0.1% SDS. At a 30 mA voltage, gels ran for 

approximately 5 hours. The gels were dried with a gel dryer (Labconco, Catalog #4330100). 
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Dried gels were exposed to a general purpose storage phosphor screen for approximately 

12–24 hours. An autoradiograph was imaged using a Typhoon 9400 imager and analyzed 

using the software ImageQuant TL.

Mass spectrometry methods for analyzing LCP reactions

C20-PG oligomer mixtures, reaction mixtures lacking LcpA, and LcpA reaction mixtures 

were resuspended in 1:1 H2O/MeOH. High-resolution mass spectrometry (Q-ExactiveTm 

Hybrid Quadrupole-Orbitrap Mass Spectrometer) was used to separate peptidoglycan 

oligomers. With a 10 µl injection volume, samples were separated on a C18 (50×20 mm; 

Gemini-NX 5 µ 110 Å, Phenomenex). Products were eluted with 100% Solvent A (95:5 

Water:Methanol/0.1% NH4OH) over 9.5 minutes with a flow rate of 0.4 ml min−1. Mass 

spectra were analyzed using the Exactive series 2.5, XCalibur 3.0 (Thermo Scientific).

Transposon Sequencing

Transposon sequencing was performed as described previously53. Briefly, a pooled 

transposon library was grown in the presence and absence of 10 µg ml−1 of amsacrine at 

30°C until an OD600=1.0. Genomic DNA was prepared and sent for Illumina sequencing. 

Data was processed using the Tufts University Genomics Core Facility Galaxy server54–56 

and mapped to S. aureus NCTC8325 using Bowtie57. The Mann-Whitney U test was used to 

identify genes with depleted reads, and genes that had more than a tenfold change in the 

number of reads between the untreated control and treated were considered depleted. The 

threshold for significance was set to P < 0.05 after correcting for false discovery with the 

Benjamini-Hochberg procedure. Six genes, one of which is lcpA, contained depleted reads 

between all samples.

Spot dilutions of S. aureus strains on amsacrine, Congo red, and oxacillin plates

S. aureus cultures were grown overnight to stationary phase and diluted 1:100 in fresh TSB, 

shaking at 37°C. Cultures were re-grown for approximately four hours, and normalized to 

OD600=1.0. Each culture was diluted in a series of tenfold dilutions and plated on TSA 

containing amsacrine (10 µg ml−1), Congo red (100 µg ml−1), or oxacillin (0.625 or 0.125 µg 

ml−1). Plates were incubated at 30 or 37 °C overnight.

MICs against S. aureus strains

S. aureus strains were grown overnight in TSB, and diluted 1:100 in TSB the following 

morning. At OD600=1.0, strains were diluted 1/1000 in 150 µl of TSB with 1.5 µl of 

compound (amsa, O-amsa, oxacillin, cefaclor) in 96-well plates and incubated at 30 °C. 

OD600 values were measured to determine MIC values after 16–18 hours.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic depicting the two major biosynthetic pathways that converge to assemble 
the cell wall of S. aureus
Peptidoglycan (green arrows) and wall teichoic acid precursors (purple arrows) are 

biosynthesized intracellularly on a shared phospholipid carrier, Und-P, and then flipped 

outside the cell. How these two pathways come together has not been established.
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Figure 2. Reconstitution using purified protein and defined cell wall substrates shows that LcpA 
is a WTA transferase
(a) Scheme for enzymatic synthesis of WTA precursors LIIA

WTA and LIIB
WTA from 

synthetic Lipid IWTA. Radiolabels were optionally incorporated using UDP-[14C]-GlcNAc 

for LIIA
WTA and CDP-[14C]-glycerol for LIIB

WTA. (b) Scheme for enzymatic synthesis of 

peptidoglycan oligomers from synthetic Lipid II, which optionally contained [14C]-GlcNAc. 

SgtB* contains a Y181D substitution and produces short peptidoglycan oligomers (n=1–7 

disaccharide repeats). (c) An autoradiograph showing that LcpA transfers [14C]-WTA 

precursors to cold peptidoglycan oligomers (lanes 2 and 4). Control lanes 5 and 6 contain 

[14C]-Lipid II and [14C]-peptidoglycan oligomers, respectively.
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Figure 3. High-resolution mass spectrometry shows that LcpA couples WTA precursors to 
nascent peptidoglycan, but not to Lipid II
(a) LcpA was incubated with LIIA

WTA and peptidoglycan oligomers prepared from C20-

Lipid II to produce coupled products (see also Supplementary Fig. 3). (b) The control 

reaction (no LcpA) and the LcpA reaction were analyzed using a Q™-exactive LC-MS (see 

also Supplementary Table 1 and 2). Extracted ion chromatograms for coupled products are 

shown. A single WTA-disaccharide was attached via a phosphodiester to a peptidoglycan 

tetrasaccharide (Lipid IV), hexasaccharide (Lipid VI), and octasaccharide (Lipid VIII), 

respectively. (c) A schematic depicting a WTA disaccharide attached to Lipid IV is shown. 

Because WTA is not transferred to Lipid II, we conclude that the WTA disaccharide on 

Lipid IV must be attached to the MurNAc flanked by GlcNAc sugars. (d) The experimental 

isotope pattern (z=−2) for WTA-Lipid IV is consistent with the theoretical isotope pattern. 

See Supplementary Figure 4 for additional product isotope patterns.
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Figure 4. LcpA is the major LCP protein involved in S. aureus WTA biosynthesis
(a) Treating a HG003 transposon library with a D-alanylation inhibitor (amsacrine) resulted 

in depletion of tn::lcpA mutants. Tn::lcpB and tn::lcpC mutants were abundant in presence 

of amsacrine, as indicated by the large number of transposon insertions. (b) Spot dilutions 

show that ΔlcpA strains are susceptible to three chemical probes (amsacrine, Congo red, 

oxacillin) known to inhibit the growth of ΔtarO strains, which lack wall teichoic acids (see 

Fig. 1). Growth of wildtype, ΔlcpB, and ΔlcpC strains is unaffected by the probes.
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