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Figure 1. Schematic of peptidoglycan biosynthesis in methicillin-resistant S. aureus. Three enzymes, 
FemXAB, attach five glycines to the lysine side chain of the peptidoglycan precursor Lipid II. FemX is 
essential but cells can survive without FemA or FemB. After export to the cell surface, Gly5-Lipid II is 
polymerized by peptidoglycan glycosyltransferases (PGTs) and the glycan strands are crosslinked by 

transpeptidases (TPs). PGT domains are found in bifunctional enzymes such as PBP2 (shown), which also 
contain transpeptidase domains, or in monofunctional enzymes. PBP2a crosslinks glycan strands when 

native TPs, e.g., as in PBP2, are inhibited by β-lactams.  
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Figure 2. Reconstitution of PBP2a activity and inhibition. (a)  Demonstration of PBP2a activity by LC/MS. 
Extracted ion chromatogram (EIC) for the wild type PBP2a (PBP2a wt) shows both hydrolysis and crosslinked 

products, but the catalytically inactive mutant (PBP2a S403A) or ceftaroline-treated PBP2a do not. (b) 

Western blot showing inhibition of PBP2a traspeptidation in the presence of different concentrations of 
ceftaroline and meropenem. Peptidoglycan fragments incorporate biotin-D-lysine unless PBP2a 

transpeptidase activity is inhibited (see Methods).  
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Figure 3. The ratio of crosslinking to hydrolysis for S. aureus PBPs depends on both the enzyme and the 
substrate. (a) Schematic of the Lipid II isolation procedure with removal of the lipid tail for LC/MS analysis. 
S. aureus wt. or mutant strains are treated with moenomycin A, which inhibits PGT activity, to accumulate 
Lipid II, which is then isolated by a two-step extraction procedure (see Methods). Acidic hydrolysis of the 
isolated Lipid II removes the undecaprenyl-phosphate chain for LC/MS analysis. (b) Chemical structure of 
Lipid II monophosphates after acid hydrolysis. (c) LC/MS analysis of delipidated Gly1- and Gly3-Lipid II 
monophosphates isolated from the ∆femA and ∆femB mutants, respectively (also see SI Fig. 4 and 5 for 
LC/MS/MS). (d) A bar graph showing ratios of crosslinking and hydrolysis activities for PBP2a, PBP2 and 

PBP4 with Gly5-, Gly3-, and Gly1-peptidoglycan (see Methods and SI Table 1).  
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Figure 4. In cells, Gly3-peptidoglycan undergoes hydrolysis by PBP4 yet can be crosslinked by PBP2a. (a) S. 

aureus sacculi were degraded and analyzed by LC/MS to determine the extent of D-Ala hydrolysis. The bar 
graph shows the percentage of hydrolyzed muropeptide compared to other depicted species. Deleting PBP4 

reduces hydrolysis. (b) Minimum inhibitory concentrations (MICs) for three different β-lactams against four 
S. aureus strains, with the targeted PBPs for each β-lactam shown in parentheses. The presence of mecA, 

encoding PBP2a, in the ∆femB background increases the MIC of piperacillin and cefoxitin, but not ceftaroline, 
consistent with the in vitro data that PBP2a can crosslink Gly3-peptidoglycan. In the ∆femA background, 

mecA does not confer resistance.  
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ABSTRACT: Methicillin-resistant Staphylococcus aureus 
(MRSA) infections are a global public health problem. 
MRSA strains have acquired a non-native penicillin-binding 
protein called PBP2a that crosslinks peptidoglycan when the 
native S. aureus PBPs are inhibited by β-lactams. It has been 
proposed that the native S. aureus PBPs can use cell wall pre-
cursors having different glycine branch lengths (penta-, tri-, 
or monoglycine), while PBP2a can only crosslink pepti-
doglycan strands bearing a complete pentaglycine branch. 
This hypothesis has never been tested because the necessary 
substrates have not been available. Here, we compared the 
ability of PBP2a and two native S. aureus transpeptidases to 
crosslink peptidoglycan strands bearing different glycine 
branches. We show that purified PBP2a can crosslink glycan 
strands bearing penta- and triglycine, but not monoglycine, 
and experiments in cells provide support for these findings. 
Because PBP2a cannot crosslink peptidoglycan containing 
monoglycine, this study implicates the enzyme (FemA) that 
extends the monoglycine branch to triglycine on Lipid II as 
an ideal target for small molecules that restore sensitivity of 
MRSA to beta-lactams. 

Bacterial cells are encased in a peptidoglycan (PG) matrix 
that is required for their survival. β-lactam antibiotics target 
peptidoglycan biosynthesis and they are still widely used due 
to their broad spectrum and excellent safety profile. β-
lactams covalently inactivate the transpeptidase (TP) do-
mains of penicillin-binding proteins (PBPs) and prevent 
crosslinking of peptidoglycan strands (SI Figure 1).1 In most 
organisms, β-lactam resistance is due to expression of β-
lactamases that destroy β-lactams before they can inactivate 
their lethal targets. This form of resistance can be overcome 
by using a β-lactamase inhibitor in combination with a β-
lactam.1 However, resistance in methicillin-resistant S. aureus 
(MRSA) arises through acquisition of a gene cassette con-
taining mecA, which encodes an intrinsically resistant trans-
peptidase, PBP2a, that crosslinks peptidoglycan when other 
transpeptidases are inhibited by β-lactams.2 MRSA is respon-
sible for more than half of deaths due to antibiotic resistant 
infections in the United States.3 Strategies to overcome β-
lactam resistance in MRSA have focused on developing new 
β-lactams that inhibit PBP2a, such as ceftaroline and ceftobi-

prole, and on identifying β-lactam potentiators for use in 
combination with β-lactams.2a,4  

 

Figure 1. Schematic of peptidoglycan biosynthesis in methicil-
lin-resistant S. aureus. Three enzymes, FemXAB, attach five gly-
cines to the lysine side chain of the peptidoglycan precursor 
Lipid II. FemX is essential but cells can survive without FemA 
or FemB.5 After export to the cell surface, Gly5-Lipid II is pol-
ymerized by peptidoglycan glycosyltransferases (PGTs) and the 
glycan strands are crosslinked by transpeptidases (TPs). PGT 
domains are found in bifunctional enzymes such as PBP2 
(shown), which also contain transpeptidase domains, or in 
monofunctional enzymes. PBP2a crosslinks glycan strands 
when native TPs, e.g., as in PBP2, are inhibited by β-lactams. 

β-lactam potentiators are compounds that increase the 
susceptibility of MRSA strains to β-lactams.  Genetic studies 
have suggested over two dozen targets for β-lactam 
potentiators, including FemA and FemB, which are required 
for synthesis of the pentaglycine branch on S. aureus Lipid II, 
the peptidoglycan precursor (Figure 1).5 S. aureus Lipid II 
consists of a lipid-linked disaccharide containing a 
pentapeptide stem with a pentaglycine branch attached to 
the lysine of the stem peptide. FemA installs the second and 
third glycines of this branch, making Gly3-Lipid II, and FemB 
installs the fourth and fifth, making Gly5-Lipid II. Once 
assembled, Gly5-Lipid II is flipped to the extracellular surface 
of the membrane where it is polymerized and crosslinked 
(Figure 1). S. aureus strains lacking femA or femB are viable, 
implying that one or more of the native PBPs can crosslink 
peptidoglycan containing Gly1- and Gly3-peptidoglycan.5a,5b 
However, deletion of these genes increases susceptibility to 
β-lactams even when PBP2a is expressed. Therefore, it has 
been proposed that PBP2a can only crosslink Gly5-
peptidoglycan.6 
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The crosslinking preferences of S. aureus PBPs have not 
been characterized due to the major challenges involved in 
obtaining uncrosslinked peptidoglycan substrates bearing 
different glycine branches. We recently developed a method 
to obtain Gly5-Lipid II in large amounts from S. aureus, ena-
bling access to Gly5-peptidoglycan.7,8 Here we report that it is 
possible to obtain substantial quantities of Gly1- and Gly3-
Lipid II from appropriate S. aureus mutant strains, which has 
enabled us to examine the crosslinking preferences of native 
S. aureus PBPs as well as PBP2a. 

The transpeptidase activity of PBP2a has not been previ-
ously reconstituted. Therefore, we first developed conditions 
to monitor crosslinking of uncrosslinked glycan strands pro-
duced from the native cell wall precursor, Gly5-Lipid II. Gly5-
Lipid II was incubated with PBP2a and a mutant of PBP2 
(PBP2-TP*) that contains an active peptidoglycan glycosyl-
transferase (PGT) domain but a catalytically inactive trans-
peptidase domain. Reactions were quenched after 3 h and 
the polymeric products were treated with mutanolysin and 
NaBH4 to produce muropeptide fragments for LC/MS anal-
ysis (Figure 2a).9 We detected three major products: mono-
mer (pink peak), hydrolyzed monomer (monomer minus D-
Ala, blue peak), and dimer (orange peak). The hydrolyzed 
monomer and dimer peaks disappeared when PBP2a was 
genetically inactivated by mutating the active site serine to 
alanine (Figure 2a, PBP2a S403A; SI Figure 2), confirming 
that they result from PBP2a activity.10 Therefore, PBP2a can 
activate the terminal amide bond in the pentapeptide, result-
ing in crosslinking if the pentaglycine attacks the covalent 
intermediate or hydrolysis if water attacks (see SI Figure 1). 

We next examined the β-lactam susceptibility profile of 
PBP2a. Previous studies showed that PBP2a can be inacti-
vated by the fifth-generation cephalosporins, ceftaroline and 
ceftobiprole, and is weakly inhibited by meropenem, but not 
other β-lactams.2a,11 We found that incubation of PBP2a with 
ceftaroline prior to adding PBP2-TP* and Gly5-Lipid II abol-
ished formation of the dimer and hydrolyzed monomer 
peaks in the LC/MS assay (Figure 2a). We also used a 
PAGE-immunoblot assay to compare inhibitions of trans-
peptidase activity by these β-lactams (Figure 2b, SI Figure 
3).7 Meropenem inhibited PBP2a, but was about twenty-fold 
less potent than ceftaroline, consistent with results obtained 
from competition binding assays for these β-lactams.11a,12 

We next examined the substrate preferences of PBP2a and 
two other S. aureus PBPs, PBP2 and PBP4. PBP2 is the only 
PBP in S. aureus that contains both a peptidoglycan glycosyl-
transferase domain and a transpeptidase domain, and it is 
essential for survival.13 PBP4, which contains only a trans-
peptidase domain, is not essential for survival, but is known 
for installing additional crosslinks in peptidoglycan and has 
been implicated in β-lactam resistance in some MRSA 
strains.14 Using the method previously developed to obtain 
Gly5-Lipid II, we isolated Gly1- and Gly3-Lipid II from ∆femA 
and ∆femB S. aureus strains, respectively (Figure 3a-3c).7 To 

investigate crosslinking preferences, we incubated each sub-
strate with either (1) PBP2 TP* and PBP2a, (2) PBP2 wt, or 
(3) PBP2 TP* and PBP4. For each condition, we quantified 
the ratio of crosslinked muropeptide and hydrolyzed mono-
mer (minus D-Ala) using LC/MS (Figure 3d). The com-
bined crosslinking and hydrolysis activities were approxi-
mately constant across different substrates for each enzyme, 
showing that formation of the acyl-enzyme intermediate was 
not sensitive to the length of the glycine branch; however, the 
proportion of activity due to crosslinking versus hydrolysis 
varied greatly. PBP2a preferred Gly5- peptidoglycan, but also 
crosslinked Gly3-peptidoglycan; however, it hydrolyzed Gly1-
peptidoglycan. PBP2 crosslinked all three substrates. PBP4, 
the low-molecular weight PBP, showed the most dramatic 
switch in activity as the glycine branch was truncated. 
 

 
Figure 2. Reconstitution of PBP2a activity and inhibition. 
(a)  Demonstration of PBP2a activity by LC/MS. Extracted 
ion chromatogram (EIC) for the wild type PBP2a (PBP2a 
wt) shows both hydrolysis and crosslinked products, but the 
catalytically inactive mutant (PBP2a S403A) or ceftaroline-
treated PBP2a do not. (b) Western blot showing inhibition 
of PBP2a traspeptidation in the presence of different concen-
trations of ceftaroline and meropenem. Peptidoglycan frag-
ments incorporate biotin-D-lysine unless PBP2a transpepti-
dase activity is inhibited (see Methods). 
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Figure 3. The ratio of crosslinking to hydrolysis for S. aureus PBPs depends on both the enzyme and the substrate. (a) Schematic of the 
Lipid II isolation procedure with removal of the lipid tail for LC/MS analysis. S. aureus wt. or mutant strains are treated with moeno-
mycin A, which inhibits PGT activity, to accumulate Lipid II, which is then isolated by a two-step extraction procedure (see Methods). 
Acidic hydrolysis of the isolated Lipid II removes the undecaprenyl-phosphate chain for LC/MS analysis. (b) Chemical structure of 
Lipid II monophosphates after acid hydrolysis. (c) LC/MS analysis of delipidated Gly1- and Gly3-Lipid II monophosphates isolated 
from the DfemA and DfemB mutants, respectively (also see SI Fig. 4 and 5 for LC/MS/MS). (d) A bar graph showing ratios of cross-
linking and hydrolysis activities for PBP2a, PBP2 and PBP4 with Gly5-, Gly3-, and Gly1-peptidoglycan (see Methods, SI Table 1).  

For Gly5-peptidoglycan, PBP4 performed almost exclusive-
ly crosslinking, whereas 90% of products were due to hy-
drolysis with Gly3-peptidoglycan. With Gly1-peptidoglycan, 
PBP4 acted only as a carboxypeptidase. 

To assess the relevance of the in vitro findings on PBP4, 
we quantified the percentage of hydrolyzed monomer 
compared to other muropeptides in cell wall isolated from 
∆femB strains with or without pbp4 (Figure 4a).14a In 
wildtype S. aureus, hydrolyzed muropeptide makes up 
about 10% of the total muropeptide products and this in-
creases to 20% in the ∆femB mutant. When pbp4 is deleted 
in the ∆femB background, hydrolyzed muropeptide de-
creases to wildtype levels. Complementation of 
∆pbp4∆femB with pbp4 doubles the amount of hydrolyzed 
muropeptide. We concluded that PBP4 has substantial car-
boxypeptidase activity in cells producing Gly3-
peptidoglycan, consistent with in vitro findings.  

Determining whether PBP2a can crosslink Gly3-
peptidoglycan in vivo was more challenging than probing 
PBP4’s role. We compared the minimum inhibitory con-
centrations (MIC) of three β-lactams, ceftaroline, piperacil-
lin, and cefoxitin, against four S. aureus strains, wildtype, 
∆femB, mecA∆femB, and mecA∆femA (Figure 4b).15 The 
mecA strains contain a cassette that expresses PBP2a. Delet-
ing femB had only a modest effect on the MICs of the three 
drugs. Introducing mecA into the ∆femB background, how-
ever, increased the MICs of piperacillin and cefoxitin by 8-
fold and 16-fold, respectively, but did not significantly af-
fect the MIC of ceftaroline. These findings are consistent 

with the in vitro data showing that PBP2a can crosslink 
Gly3-peptidoglycan when the native PBPs are inhibited. In 
contrast, the mecA∆femA strain remained susceptible to all 
three β-lactams, confirming the in vitro results that PBP2a 
preferentially hydrolyzes Gly1-peptidoglycan.16 

We have found that three S. aureus PBPs in MRSA show 
substantial differences in crosslinking versus hydrolysis 
behavior as the glycine branch on Lipid II is shortened. 
Based on our results, we draw the following conclusions. 
First, PBP4, although noted for its ability to make highly 
crosslinked peptidoglycan, primarily acts as a carboxypep-
tidase when there are fewer than five glycines in the branch 
peptide. Second, because the transpeptidase activity of S. 
aureus PBP2 is relatively insensitive to glycine branch 
length, this PBP must play a major role in crosslinking Gly1-
peptidoglycan to allow survival of strains lacking femA. Fi-
nally, PBP2a unexpectedly crosslinks Gly3-peptidoglycan. 
These findings have important implications for strategies to 
treat MRSA infections because they imply that FemA is a 
better target than FemB for potentiators designed to restore 
susceptibility to β-lactams.17  

ASSOCIATED CONTENT  

Supporting Information.  
Experimental procedures, protein purification protocol, 
LC/MS analysis, and Western blot analysis. This material is 
available free of charge via the Internet at http://pubs.acs.org 
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Figure 4. In cells, Gly3-peptidoglycan undergoes hydrolysis by 
PBP4 yet can be crosslinked by PBP2a. (a) S. aureus sacculi 
were degraded and analyzed by LC/MS to determine the ex-
tent of D-Ala hydrolysis. The bar graph shows the percentage 
of hydrolyzed muropeptide compared to other depicted spe-
cies. Deleting PBP4 reduces hydrolysis. (b) Minimum inhibi-
tory concentrations (MICs) for three different β-lactams 
against four S. aureus strains, with the targeted PBPs for each 
β-lactam shown in parentheses. The presence of mecA, encod-
ing PBP2a, in the ∆femB background increases the MIC of 
piperacillin and cefoxitin, but not ceftaroline, consistent with 
the in vitro data that PBP2a can crosslink Gly3-peptidoglycan. 
In the ∆femA background, mecA does not confer resistance. 
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