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ABSTRACT LyrA (SpdC), a homologue of eukaryotic CAAX proteases that act on
prenylated substrates, has been implicated in the assembly of several pathways of
the envelope of Staphylococcus aureus. We described earlier the lysostaphin resist-
ance (Lyr) and staphylococcal protein A display (Spd) phenotypes associated with
loss of the lyrA (spdC) gene. However, a direct contribution to the assembly of penta-
glycine cross bridges, the target of lysostaphin cleavage in S. aureus peptidoglycan
or of staphylococcal protein A attachment to peptidoglycan, could not be attributed
directly to LyrA (SpdC). These two processes are catalyzed by the Fem factors and
Sortase A, respectively. To gain insight into the function of LyrA (SpdC), here we use
affinity chromatography and LC-MS/MS analysis and report that LyrA interacts with
SagB. SagB cleaves glycan strands of peptidoglycan to achieve physiological length.
Similar to sagB peptidoglycan, lyrA peptidoglycan contains extended glycan strands.
Purified lyrA peptidoglycan can still be cleaved to physiological length by SagB in
vitro. LyrA does not modify or cleave peptidoglycan, and it also does not modify or
stabilize SagB. The membrane-bound domain of LyrA is sufficient to support SagB
activity, but predicted “CAAX enzyme” catalytic residues in this domain are dispensa-
ble. We speculate that LyrA exerts its effect on bacterial prenyl substrates, specifically
undecaprenol-bound peptidoglycan substrates of SagB, to help control glycan
length. Such an activity also explains the Lyr and Spd phenotypes observed earlier.

IMPORTANCE Peptidoglycan is assembled on the trans side of the plasma membrane
from lipid II precursors into glycan chains that are cross-linked at stem peptides. In
S. aureus, SagB, a membrane-associated N-acetylglucosaminidase, cleaves polymer-
ized glycan chains to their physiological length. Deletion of sagB is associated with
longer glycan strands in peptidoglycan, altered protein trafficking and secretion in
the envelope, and aberrant excretion of cytosolic proteins. It is not clear whether
SagB, with its single transmembrane segment, serves as the molecular ruler of gly-
can chains or whether other factors modulate its activity. Here, we show that LyrA
(SpdC), a protein of the CAAX type II prenyl endopeptidase family, modulates SagB
activity via interaction though its transmembrane domain.

KEYWORDS Staphylococcus aureus, undecaprenol, glycan strand, glucosaminidase,
CAAX-like protease, SagB, LyrA, SpdC, peptidoglycan

Peptidoglycan is a net-like molecule that surrounds bacteria, maintaining the inter-
nal turgor of the cell. This large macromolecule is comprised of glycan strands and

cross-linked wall peptides. In Staphylococcus aureus, the monomeric unit of the pepti-
doglycan is the disaccharide [-4(-N-acetylglucosamine-b(1-4)-N-acetylmuramic acid-b)
1-]n, abbreviated to GlcNAc-MurNAc, and a wall peptide, L-Ala-D-iGln-L-Lys(Gly5)-D-Ala,
that extends from the MurNAc sugar (1). The monomeric unit of peptidoglycan is first
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assembled in the cytoplasm and linked to the lipid carrier undecaprenyl phosphate,
also known as bactoprenol, to form the intermediate lipid II. Lipid II is flipped to the
outer face of the membrane, and the GlcNAc-MurNAc disaccharide is polymerized to
form glycan chains by penicillin binding protein 2 (PBP2), as well as the monofunc-
tional glycosyltransferases MGT and SgtA (2, 3). New glycans are then incorporated
into the peptidoglycan via transpeptidases (PBP1, PBP2, and PBP4) that cross-link the
amino group of the pentaglycine cross bridge (Gly5) to the carboxyl group of D-Ala
from an available stem peptide within the mature peptidoglycan (4). Glycan strand
length varies considerably across different species of bacteria, although the mecha-
nisms governing these lengths are not fully understood. In S. aureus, glycan strands are
on average 6 to 8 disaccharides in length (5). The membrane-bound glucosaminidase
SagB is a key determinant of glycan chain length (6, 7). A sagB mutant elaborates elon-
gated glycan strands, concomitant with a range of phenotypes including aberrations
in protein secretion and changes to antibiotic susceptibility, demonstrating the impor-
tance of glycan strand length to S. aureus physiology (6). SagB is also important in
relieving cell wall stiffness to facilitate cell enlargement (7).

In this study, we demonstrate that the membrane protein LyrA interacts with SagB.
This interaction is necessary for SagB activity. LyrA is classified as a member of the
CPBP (CAAX proteases and bacteriocin-processing enzymes) family of intramembrane
metalloproteases similar to CAAX type II prenyl endopeptidases of eukaryotes, which
proteolytically remove the C-terminal AAX residues of proteins with farnesyl and gera-
nyl modifications at the cysteine (C) of the CAAX motif (C, cysteine; A, aliphatic; X, any
amino acid) (8, 9). In eukaryotes, CAAX proteases are located in the membrane of the
endoplasmic reticulum and are critical for the membrane localization of proteins with
a CAAX motif (8, 10). However, prenylation of proteins is not known to occur in eubac-
teria. Here, we show that lyrA and sagB mutants closely phenocopy one another.
Importantly, we observe elongated glycan chains in the lyrA mutant, indicating
reduced SagB activity in this background. We confirm that LyrA does not affect produc-
tion or processing of SagB, nor does LyrA alter the peptidoglycan substrate of SagB.
We find that the transmembrane CPBP domain of LyrA is sufficient to support SagB ac-
tivity in vivo and discuss possible models for LyrA contribution to peptidoglycan
assembly.

RESULTS
The membrane-bound glucosaminidase SagB copurifies with tagged LyrA.

Several phenotypes of lyrA have been reported in the literature, including increased re-
sistance to lysostaphin-mediated lysis (11), decreased display of surface protein A
(SpA) (12), and sensitivity to tunicamycin (13). However, the mechanism by which loss
of lyrA results in these phenotypes is unknown. To gain insight into the function of
LyrA, we devised a pulldown protocol to identify interacting partners. lyrA was cloned
with a C-terminal STREP tag for production in S. aureus. Two plasmids carrying
untagged and tagged lyrA were transformed into the lyrA mutant, yielding lyrA(plyrA)
and lyrA(plyrASTREP) strains, respectively. Both strains displayed lysostaphin susceptibil-
ity similar to that of the isogenic wild-type strain Newman, herein referred to as “wild
type” (not shown). Next, the two strains were used to purify proteins solubilized in 1%
(wt/vol) N-dodecyl b-D-maltoside (DDM) over Strep-Tactin resin. Proteins retained on
the column were eluted with desthiobiotin and separated by SDS-PAGE (Fig. 1A).
Coomassie staining of gels revealed several bands in the lyrA(plyrASTREP) sample that
were absent from the sample with untagged protein. Bands labeled a through e were
excised and analyzed after proteolysis by liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS). Bands labeled a and b were identified as LyrA (Fig. 1A).
Both these bands had the same peptide coverage; the higher molecular weight species
possibly represents dimerization upon oxidation of cysteine residue at position 52.
Band c was identified as the membrane-bound glucosaminidase SagB, with all pep-
tides identified by LC-MS/MS shown in bold in Fig. 1B. Band d was identified as a
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putative amino acid ABC transporter substrate-binding protein encoded by gene
nwmn_2313, and band e was identified as the membrane protein insertase YidC (Fig.
1A). A mutant with a transposon insertion in nwmn_2313 was identified from our
arranged transposon library (14), crossed back in the wild-type strain Newman, and
tested for lysostaphin resistance. The mutant strain exhibited neither Lyr nor Spd phe-
notypes (not shown), and nwmn_2313 was not further pursued. yidC is believed to be
essential to S. aureus and was not further pursued (15). Instead, we sought to validate
the SagB-LyrA interaction. The purification was repeated once more over Strep-Tactin
resin and aliquots of the flowthrough, wash, and desthiobiotin eluates were analyzed
by immunoblot using anti-STREP (aSTREP) and anti-SagB polyclonal serum (aSagB)
(Fig. 1C). This analysis revealed the clear enrichment of SagB with LyrASTREP but not
with untagged LyrA (Fig. 1C, lanes 3 and 4).

Membrane-bound LyrA copurifies with tagged SagB. To validate the LC-MS/MS
data obtained with tagged LyrA, we performed a similar experiment with SagB. First,

FIG 1 SagB copurifies with LyrA. (A) Coomassie stain of desthiobiotin eluates following affinity
purification over Strep-Tactin resin. Samples loaded on the column were enriched for membrane
proteins by DDM solubilization of bacterial extracts from lyrA(plyrA) and lyrA(plyrAstrep) cultures,
respectively. Arrowheads labeled a through e indicate bands excised for LC-MS/MS analysis. (B) The
amino acid sequence of SagB with peptides identified by LC-MS/MS shown in bold. (C) Strep-Tactin
purification of samples as described for panel A. The flowthrough, wash, and elution fractions (lanes
1 to 4) were analyzed by immunoblotting (aSagB and aStrep antibodies). (D) DDM fractions prepared
from S. aureus overproducing SagB or GFP-SagB were purified over GFP-trap agarose. Aliquots of
material loaded on the columns, flowthrough, wash, and eluates (lanes 1 to 5) were separated by
SDS-PAGE and stained with Coomassie or analyzed by immunoblotting (aSagB antibodies). (E)
Depiction of LyrA and SagB in the membrane. Numbers to the left of gels and blots indicate
molecular weight markers in kilodaltons.
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we asked whether tagged SagB could be purified from DDM extracts. SagB was transla-
tionally fused to the C terminus of green fluorescent protein (GFP) to yield GFP-SagB.
When expressed from a plasmid (pgfp-sagB), the hybrid rescued all phenotypes of the
sagB mutant (not shown). DDM extracts were prepared from strains sagB(pgfp-sagB)
and sagB(psagB) as a control, and proteins were purified using GFP-trap agarose (Fig.
1D). SDS-PAGE of eluted proteins revealed several Coomassie-stained bands in the
sagB(pgfp-sagB) sample that were absent from the sagB(psagB) purification (Fig. 1D).
Western blotting using the SagB polyclonal serum identified SagB in the load and flow-
through of the column loaded with the sagB(psagB) extracts, while the translational
hybrid with higher mobility was found in the eluate fraction (Fig. 1D). LC-MS/MS analy-
ses of eluates revealed the specific enrichment for several proteins, including FmhC,
LyrA, SecDF, SecA, FemA, and FemB (see Table S1 in the supplemental material). To
rule out the possible involvement of these proteins for a LyrA-SagB interaction, C-ter-
minally STREP-tagged LyrA and N-terminally His-tagged SagB (His-SagB) were pro-
duced using Escherichia coli BL21(DE3). His-SagB was purified from DDM-solubilized
membrane fractions over nickel-nitrilotriacetic acid (Ni-NTA), eluted, and dialyzed.
Next, a DDM-solubilized membrane fraction was generated from E. coli overproducing
LyrASTREP, split, and mixed with buffer or with purified His-SagB. These suspensions
were applied to Strep-Tactin resin via gravity flow. His-SagB preincubated with the
LyrAstrep lysate was retained on the Strep-Tactin resin (Fig. S1). As a control, His-SagB
alone or an E. coli DDM fraction was not retained on Strep-Tactin resin, suggesting that
SagB interacts directly with LyrA independently of any other staphylococcal factor (Fig.
S1).

lyrA and sagB mutants phenocopy one another. In light of the interaction
between LyrA and SagB, a glucosaminidase that cleaves glycan chains, we wondered
whether loss of lyrA may also result in aberrant peptidoglycan. Peptidoglycans purified
from wild type, sagB(vector), lyrA(vector), and complemented lyrA(plyrA) strains were
solubilized with lysostaphin to cleave pentaglycine cross-links while still leaving the
glycan chains intact. Reverse-phase high-performance liquid chromatography (RP-
HPLC) was used to separate lysostaphin-digested products, and elution was recorded
by measuring absorbance at 206 nm. Chromatograms displayed in Fig. 2A show
increased amounts of later eluting material for the lyrA(vector) sample relative to those
for wild type, indicative of elongated glycan strands (larger and more hydrophobic
fragments of peptidoglycan). The elution pattern of lyrA(vector) was strikingly similar
to that of sagB(vector) (6, 7). Importantly, complementation of lyrA restored glycan
strand length to physiological length, confirming that the elongated glycan strands of
the lyrAmutant arise from lack of lyrA.

Loss of lyrA has previously been shown to cause increased resistance to lysostaphin
and reduced display of staphylococcal protein A (SpA) in the bacterial envelope (6, 11,
12). Resistance to lysostaphin was measured by monitoring the density of cell cultures
over time following addition of lysostaphin. As observed earlier, absorbance at 600 nm
dropped much more rapidly for wild-type and complement lyrA(plyrA) bacterial cul-
tures compared to that of cultures of the mutant lyrA(vector) (Fig. 2B). Loss of sagB
resulted in an even greater increase in resistance toward lysostaphin than did loss of
lyrA (Fig. 2B). To compare cell wall anchoring of SpA between these strains, bacterial
cultures were spun and washed cells were subjected to prolonged lysostaphin treat-
ment. This process solubilizes proteins, such as SpA, that are covalently anchored to
the pentaglycine cross bridges of peptidoglycan by the enzyme sortase A (16). The pro-
teins are released with cell wall fragments of various sizes, causing a banded smear
that can be visualized by Western blotting (Fig. 2C). Sample preparations from both
lyrA(vector) and sagB(vector) mutants displayed reduced amounts of SpA compared to
those of sample preparations from the wild type control. In fact, as with lysostaphin re-
sistance, the defect was exacerbated with the loss of sagB. Both phenotypes could be
complemented by plasmid-borne lyrA or sagB, as shown in Fig. 2B and C for lyrA and as
reported previously for sagB (6, 11, 17). We previously reported that sagB has a defect

Willing et al. Journal of Bacteriology

May 2021 Volume 203 Issue 9 e00014-21 jb.asm.org 4

https://jb.asm.org


in protein secretion that can be complemented with sagB on a plasmid (6). Analysis of
lyrA culture supernatant revealed a similar phenotype for lyrA(vector), which could be
restored to wild-type levels with a plasmid-borne copy of lyrA (Fig. 2D). lyrA has also
been found to confer synthetic lethality when the enzyme TagO is inhibited with the
inhibitor tunicamycin (13). An independent study linked lyrA to a defect in biofilm for-
mation (18). TagO encodes the first enzyme in the pathway for wall teichoic acid bio-
synthesis. Although sagB was not reported as a member of the tagO synthetic lethal
network (13), we asked whether sagB might share this phenotype with lyrA. Tenfold se-
rial dilutions of cultures prepared from wild type or lyrA and sagB mutants were spot-
ted on agar supplemented with tunicamycin or mock (dimethyl sulfoxide [DMSO]) (Fig.
2E). The sagB mutant displayed greater susceptibility to tunicamycin than lyrA; in both
instances, the growth defect could be reversed by providing the missing genes on a
plasmid (Fig. 2E). Next, biofilm formation was assessed in microtiter plates by growing
bacteria in tryptic soy broth (TSB) supplemented with 2% (wt/vol) glucose for 24 h.
Plates were washed and stained with crystal violet to measure biomass (Fig. 2F). Both

FIG 2 The lyrA and sagB mutants phenocopy one another. (A) Peptidoglycan purified from indicated strains was digested with
lysostaphin and analyzed by RP-HPLC using a C18 column. (B) Lysostaphin resistance was determined by measuring percentage drop
in absorbance of 600 nm over time following addition of lysostaphin. The graph displays the average of three technical repeats per
strain and is representative of at least three biological repeats. Error bars have been omitted for clarity. (C) Cell lysates of indicated
strains were subjected to immunoblotting with aSpA and aSrtA antibodies. (D) Proteins secreted into the culture medium were
concentrated by TCA precipitation, separated by SDS-PAGE. A Coomassie stain of a representative gel is shown. (E) A serial dilution
series (21 through 28) of the strains indicated was plated on tryptic soy agar supplemented with tunicamycin or vehicle only
(DMSO) as indicated. The experiment was performed in technical and biological triplicate; a representative image is shown. (F)
Biofilm formation after 24 h static growth was measured using a microtiter plate crystal violet assay. Columns represent the mean
from 6 technical replicates, and the error bars are the standard deviation. Ordinary one-way ANOVA was used to compare the results
with one another. Each comparison was statistically significant, except for lyrA(vector) versus sagB(vector). Statistical significance for
lyrA(vector) or sagB(vector) compared to wild type are indicated on the graph: ****, P, 0.0001; **, P, 0.005. Result is representative
of 3 biological repeats.
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lyrA and sagB cultures produced smaller biofilms as judged by reduced absorbance of
crystal violet at 550 nm. In both cases, the defect could be complemented by the
expression of the respective gene from a plasmid.

LyrA neither modifies peptidoglycan nor perturbs SagB sedimentation with
membranes. Since eukaryotic CAAX proteases mediate membrane targeting through
posttranslational modifications of proteins bearing C-terminal CAAX motif (10), we
wondered if SagB insertion in the membrane might be impaired in the lyrA mutant.
Washed bacterial cells were lysed and subjected to ultracentrifugation to yield insolu-
ble and soluble fractions enriched for membrane and cytosolic proteins, respectively.
Extracts separated by SDS-PAGE for immunoblot revealed the presence of SagB in all
insoluble fractions (Fig. 3A). Neither the mobility on SDS-PAGE nor the total amount of
SagB was changed in extracts of the lyrA mutant compared to those in extracts of com-
plemented and wild-type strains (Fig. 3A).

Next, we asked if LyrA may modify glycan repeats for preferential cleavage by SagB.
We reasoned that if this were the case, purified peptidoglycan of the lyrA mutant with
its extended glycan length would be a poor substrate for recombinant SagB (rSagB).
To examine this possibility, purified lyrA peptidoglycan was incubated with rSagB
or mock for 8 h followed by lysostaphin overnight to break cross bridges. Purified
peptidoglycan from the sagB strain was included as a control since rSagB is active on
this substrate (6). Solubilized peptidoglycan samples were separated by RP-HPLC.
Chromatograms in Fig. 3B clearly show that rSagB is able to cleave the glycan chains of
both lyrA and sagB peptidoglycan as observed by the conversion of fragments with
longer to shorter retention times. We conclude that it is unlikely that LyrA modifies the
peptidoglycan in a manner that would be necessary for SagB cleavage.

The transmembrane domain but not the three conserved type II CAAX motifs
of LyrA is required for optimal SagB activity. LyrA is a member of the CPBP family of
intramembrane metalloproteases (8, 9). Mutational analysis of the yeast CAAX protease
Rce1p (19, 20) and biochemical and crystallographic studies of Rce1 from the archaea
Methanococcus maripaludis (10) corroborate the notion that the catalytic site of type II
CAAX proteases encompasses three conserved motifs: EEXXXR, FXXXH, and HXXXB,
where X represents any amino acid and B represents asparagine or aspartate (Fig. S2A)
(8, 9). Mutations in any of the underlined residues have been shown to impair the
cleavage of a prenylated peptide in vitro (10). In strain Newman, LyrA is 419 amino
acids long (Fig. S2B). The N-terminal domain of LyrA (amino acids 1 to 258), consisting
of eight transmembrane segments, carries sequences reminiscent of the three motifs:
VE135FGFR139, Y163SVFS, and H210ASMT (Fig. S2A and B). These motifs are located
between transmembrane segments 4 and 7 of LyrA/SpdC (Fig. S2B). The motifs are

FIG 3 LyrA does not process SagB or modify peptidoglycan in a manner necessary for cleavage by
rSagB. (A) Indicated strains were grown to mid-log phase, and cells were sedimented, lysed, and
fractionated into soluble or insoluble fractions and analyzed by immunoblotting with aSagB or aSrtA
antibodies. (B) Peptidoglycan isolated either from the lyrA (top) or sagB (bottom) mutant was
digested either with lysostaphin alone or lysostaphin and purified recombinant SagB (rSagB).
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better conserved in the related SpdA and SpdB proteins of S. aureus (Fig. S2A). What
makes LyrA unique among other CPBP family members is the additional cytosolic do-
main (amino acids 259 to 419) (Fig. S2C) (12). When aligned with LyrA sequences from
a range of staphylococcal species, this C-terminal region varies in both length and
sequence (Fig. S2C).

We asked whether the CAAX-like motifs embedded in the N-terminal transmem-
brane region of LyrA are required for SagB activity in vivo. Alanine substitutions of the
nondegenerate amino acids E135, R139, and H210, or residue R196 that is conserved in
staphylococcal LyrA sequences, were generated earlier by cloning lyrA variants on a
plasmid (11). When transformed in the lyrA mutant, all these plasmids restored suscep-
tibility to lysostaphin, corroborating our earlier findings (Fig. 4A) (11). Similarly, these
substitutions did not compromise the activity of LyrA toward SpA production and did
not affect the length of glycan strands (Fig. 4B and C), with the exception perhaps of
the R196A substitution, which displayed an intermediate phenotype when assessing
length of glycan strains (Fig. 4C).

To determine whether the C terminus of LyrA was necessary for function, a lyrA vari-
ant, lyrA-TM, was generated with a stop codon at residue T259 after the eighth trans-
membrane segment (Fig. S2C). lyrA-TM and full-length lyrA were cloned under the con-
stitutive hprK promoter of plasmid pWWW412 (21). When transformed in the lyrA
mutant strain, both plasmids, plyrA-TM and plyrA, restored all major phenotypes associ-
ated with loss of lyrA: lysostaphin resistance, SpA display, and glycan strand length
(Fig. 4D to F). Therefore, we conclude that the C terminus of LyrA is not necessary for
its function. Taken together, these results rule out the contribution of the C-terminal
domain as well as the conserved CAAX protease motifs for LyrA function. The results
suggest that LyrA is unlikely to contribute a catalytic activity in the SagB-LyrA

FIG 4 Neither the CAAX motifs nor the C-terminal domain is required for LyrA function. (A to C) The contribution of the three conserved
CAAX protease motif residues (E135, R139, and H210) and the conserved non-CaaX protease R196 residue was tested by expressing alanine
(A) substitution variants from a plasmid in the lyrA mutant. The new strains were analyzed for lysostaphin resistance (A), SpA production (B),
and length of glycan strands (C). (D to F) The contribution of the C-terminal domain of LyrA was tested by expressing a variant
encompassing only the 8 transmembrane segments (lyrA-TM) from a plasmid in the lyrA mutant. The new strains were analyzed for
lysostaphin resistance (D), SpA production (E), and length of glycan strands (F).
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interaction, yet the membrane-embedded N-terminal domain is sufficient to support
SagB activity in vivo.

Overexpression of sagB partially compensates for loss of lyrA. The data so far
suggest that LyrA and SagB interact in the cell membrane and that this interaction is
necessary for optimum SagB activity. To further explore the dependency of SagB on
LyrA, we asked whether the overproduction of SagB could compensate for lack of LyrA
and vice versa. Overexpression of lyrA in the sagB mutant reduced lysostaphin resist-
ance only marginally, while overexpression of sagB in the lyrA mutant restored lysosta-
phin resistance to that of wild-type bacteria (Fig. 5A). Sensitivity toward tunicamycin,
defective protein secretion in the growth medium, and reduced SpA production
observed in the lyrA background were fully restored upon overexpression of sagB, but
the inverse was not observed (Fig. 5B to D). Specifically, overexpression of lyrA in the
sagB background did not restore any of these defects, demonstrating that these phe-
notypes ultimately arise from a lack of SagB activity. As glycan strand length is the
direct result of SagB activity, peptidoglycan from these strains was also purified and
analyzed following lysostaphin digest and RP-HPLC (Fig. 5E). Overexpression of sagB in
the lyrA background resulted in a partial restoration of glycan strand lengths, while
overexpression of lyrA in the sagBmutant did not rescue the defect (Fig. 5E).

DISCUSSION

Of the six glucosaminidases in S. aureus strain Newman, SagB is one of only two
that are membrane bound, the second being SagA (6). This is in line with the “inside-
to-outside” model of Gram-positive bacterial growth (22). This model posits that

FIG 5 sagB overexpression partially compensates for lack of LyrA. The lyrA mutant was transformed with psagB,
and the sagB mutant was transformed with plyrA. Strains were analyzed for lysostaphin resistance (A),
tunicamycin susceptibility (B), protein secretion (C), SpA production (D), and length of glycan strands (F).
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peptidoglycan is synthesized close to the cell membrane and incorporated into the
peptidoglycan macromolecule by cross-linking in a loose conformation. As these
strands move outwards from the cell during growth, they become extended and taut,
lowering the energy of activation for their hydrolysis (22). Limited hydrolysis of mem-
brane-proximal peptidoglycan minimizes the risk of a deleterious breach of cell wall in-
tegrity. As such, it is likely that SagB activity is closely regulated. However, regulatory
mechanisms for peptidoglycan assembly are not well understood, especially in Gram-
positive bacteria.

lyrA was first identified in a screen for mutants resistant to lysostaphin, an endopep-
tidase that cleaves the pentaglycine cross bridge that cross-links S. aureus peptidogly-
can (11). Pentaglycine cross bridges are synthesized on the cis side of the plasma mem-
brane by the Fem factors and LyrA does not play a direct role in this process (11,
23–26). lyrA was later found in a screen for mutants deficient in surface display of SpA,
an abundant substrate of sortase A that is covalently attached to pentaglycine cross
bridges; the gene was dubbed spdC (12). lyrA/spdC also belongs to a network of genes
rendered essential when the first enzyme in the biosynthesis of wall teichoic acids,
TagO, is inhibited by tunicamycin treatment (13). These studies all connect LyrA to cell
wall processes but via unknown means. More recently, it has been suggested that LyrA
interacts with the histidine kinases of 10 two-component systems of S. aureus, includ-
ing WalK, which is involved in controlling cell wall metabolism, leading to the sugges-
tion that LyrA is a global regulator of two-component system activity (18). Another S.
aureus CAAX protease, MroQ, was reported to be a regulator of the Agr quorum sens-
ing system, potentially via interaction with AgrC histidine kinase (27, 28). The related
CAAX protease homologue from group B streptococcus, Abx1, has been shown to
interact with and regulate the two-component system CovRS (17).

We and others have previously demonstrated that SagB is the key determinant of
glycan chain length in S. aureus (6, 7). In this study, we show that LyrA, a member of
the CPBP (CAAX proteases and bacteriocin-processing) family, is necessary for SagB ac-
tivity in vivo. lyrA is conserved across staphylococcal species and correlates with the
presence of sagB. Our pulldown experiments using tagged LyrA did not identify WalK
or other two-component histidine kinases (18). It is possible that these interactions are
not maintained in our experimental conditions. Conversely, SagB pulldown experi-
ments identified LyrA as well as FemA, FemB, FmhC, SecDF, and SecA. FemA and FemB
form homodimers that sequentially add two Gly-Gly dipeptides to the peptidoglycan
cross bridge, whereas FmhC pairs with FemB to incorporate Gly-Ser dipeptides into
cross bridges (23–26). These proteins are enriched at the septum, the site of peptido-
glycan assembly. A large amount of SecA/SecDF is also directed to the septum for the
secretion of proteins with a YSIRK signal sequence such as SpA (29). LyrA has also been
found to localize to the septum (18). The possibility that LyrA interaction with SagB
involves additional partners was ruled out by demonstrating the sufficiency of LyrA
and SagB interaction in E. coli. This interaction has been corroborated in a recent report
that describes the atomic structure of SagB in complex with SpdC (LyrA) lacking its
cytoplasmic domain (30). In this study, Schaefer et al. investigated an interaction
between SagB and LyrA when transposon reads in the corresponding genes were
found to be similarly represented following growth of S. aureus mutant libraries in the
presence of cefoxitin, oxacillin, or amdinocillin (30).

While investigating the modulation of SagB activity by LyrA, we did not find a role
for LyrA in the synthesis or processing of SagB; this is consistent with both the lack of a
CAAX motif in SagB (and bacterial proteins in general) and the fact that predicted cata-
lytic residues of CPBP family proteins are not needed for LyrA to promote SagB activity.
Although we cannot exclude the possibility that LyrA acts to hydrolyze an unidentified
SagB inhibitor, these findings argue against a catalytic role for LyrA. CAAX protease
motifs have been reported to be variably necessary for function in bacterial CPBP pro-
teins (17, 27, 28, 31, 32).

By incubating purified peptidoglycan of a lyrA mutant and recombinant SagB, we
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determined that LyrA does not modify peptidoglycan for cleavage by SagB, ruling out
a possible catalytic activity of LyrA on peptidoglycan. In vitro, recombinant SagB with-
out its transmembrane domain is still able to cleave the glycan chains of lyrA and sagB
peptidoglycan preparations to their physiological lengths. While not included here, we
failed to observe any enhanced activity with these substrates when using full-length
SagB in the presence or absence of full-length LyrA. Nonetheless, when using radiola-
beled lipid II bound to non-cross-linked peptidoglycan as a substrate, Schaefer et al.
observed that the hydrolase activity of SagB is slightly enhanced when in complex
with SpdC (LyrA) (30). However, in vivo we find that the overproduction of SagB com-
pensated partly for lack of lyrA, illustrating that newly polymerized glycan chains
remain a substrate of SagB in the absence of LyrA. Based on the data presented here,
we can postulate that LyrA influences a rate-limiting step for glycan chain cleavage
through direct protein interaction with SagB. Both open and closed structures have
been obtained for SagB by X-ray crystallography, suggesting that the enzyme under-
goes an active transition to accommodate its substrate (33). The new crystal structure
of the SagB-SpdC complex suggests that SpdC could help orient the active site of SagB
for cleavage of glycan strands (30). The substrate of SagB is the product of glycosyl-
transferases, i.e., the extending glycan chain tethered to undecaprenol-PP (Fig. 6)
(34–36). Eukaryotic CAAX proteases recognize isoprene modifications on proteins (10).
Undecaprenol is an isoprenoid chain. LyrA could bind and present undecaprenol-teth-
ered products of glycosyltransferases to the SagB hydrolase (Fig. 6).

While SagB and LyrA are not essential for growth, the loss of these proteins could
impede undecaprenol recycling through the transient accumulation of lipid-linked gly-
can strands at the membrane. This could indirectly affect the catalytic activity of other
enzymes with undecaprenol-bound substrates that are involved in the assembly of
peptidoglycan, capsule, wall teichoic acid, or cell wall anchored proteins (37–41).
Peptidoglycan with extended glycan strands is also a poor substrate for the incorpora-
tion of proteins anchored by sortase A (reduced SpA display) and for lysostaphin
(increased lysostaphin resistance). In summary, we have provided a rationale for the
previously unexplained phenotypes of lyrA, demonstrating that they are mediated by
the lack of SagB activity. We have found that LyrA interacts directly with SagB and is

FIG 6 Model for glycan chain elongation and cleavage in S. aureus. Glycan chain elongation is catalyzed by
glycosyltransferase (GT) on the trans side of the plasma membrane. GT initiates the deprotonation of the GlcNAc 4-OH
of lipid II via its active site residue. The activated nucleophile attacks the lipid-linked MurNAc carbon C-1 of the
growing glycan chain, leading to the formation of a new b-1,4 glycosidic bond and the elongation of the glycan
chain (34–36). Cleavage of the extended chain by SagB releases a glycan product that may be incorporated in cell
wall peptidoglycan by transpeptidases (6). The second SagB product remains lipid-bound and may serve once more as
a GT substrate. In this model, LyrA may help align the substrate into the active site of SagB by binding the lipid
moiety of the glycan chain. R: stem peptide with pentaglycine cross bridge. GlcNAc and MurNAc are depicted as blue
and red squares or blue and red chemical structures, respectively.
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required for SagB activity in vivo, positioning LyrA as a novel regulator of S. aureus pep-
tidoglycan processing by SagB.

MATERIALS ANDMETHODS
Bacterial strains, bacterial growth, and reagents. S. aureus strains were grown in tryptic soy broth

(TSB) or on tryptic soy agar (TSA) supplemented with chloramphenicol 10mg/ml or kanamycin 50mg/ml
where appropriate. Bacterial strains and plasmids used in this study are listed in Table S2 in the supple-
mental material, and primers are listed in Table S3. Transduction was performed as described earlier
(37). E. coli DH5a was used for cloning. E. coli BL21(DE3) was used for purification of rSagB (a variant that
lacks the transmembrane segment) (6), as well as for the purification of full-length His-SagB with an N-
terminal six-histidine tag and LyrASTREP with a C-terminal STREP tag (this study). Bacterial cultures were
grown to absorbance of 0.6 at 600 nm with 100mg ampicillin/ml Terrific broth at 37°C, and protein pro-
duction was induced with 1mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) for 4 h at 37°C.
Tunicamycin suspended in DMSO was used at 1 mg/ml.

Preparation of DDM extracts. DDM was used to enrich for membrane proteins produced in either
S. aureus or E. coli. Cultures (2 liters) were grown at 37°C for approximately 4 h before cells were sedi-
mented by centrifugation (10,000� g, 10min). Cells were then resuspended in 25ml 100mM Tris-HCl
(pH 8.0), 150mM NaCl (buffer A). For staphylococcal preparations, cells were mixed in approximately 1:1
volume to volume with 0.1mm glass beads (BioSpec) and subjected to lysis by bead beating while
encased in an ice-water chamber (BioSpec). For E. coli preparations, cells were lysed by two passages in
a French pressure cell at 15,000 lb/in2. All resulting lysates were subjected to ultracentrifugation at
100,000� g for 1 h. The supernatants were discarded and the pellets were resuspended in 10ml 100mM
Tris-HCl (pH 8.0), 150mM NaCl with 1% DDM. The resuspended pellets were left to rotate at room tem-
perature for 1 h. Insoluble material was removed by ultracentrifugation at 100,000� g for 1 h. The super-
natant enriched in membrane proteins was used for further purification.

Purification of proteins. rSagB was purified as described (6). For purification of membrane proteins,
DDM extracts obtained as described above were diluted two times with 100mM Tris (pH 8.0), 150mM
NaCl and loaded by gravity flow onto 1ml of preequilibrated Strep-Tactin resin (IBA Lifesciences),
Ni-NTA (Qiagen), or GFP-trap agarose (Chromotek). Strep-Tactin resin and Ni-NTA were washed with
20 column volumes of low stringency buffer and eluted with desthiobiotin (2.5mM) or step gradients of
imidazole as previously described (6); purification and elution using GFP-trap agarose were performed
according to manufacturer’s recommendations. For identification of proteins, samples were run on
SDS-PAGE and gel slices were submitted to the Harvard University Taplin Mass Spectrometry Facility for
LC-MS/MS analysis.

Lysostaphin resistance assay. Cell were washed with 50mM Tris (pH 7.5) and resuspended in
650ml 50mM Tris (pH 7.5). Ninetymicroliters cells was aliquoted in 2� technical triplicate for each strain
into a 96-well plate. To one set of three, 10ml buffer only was added; to the other, 10ml of lysostaphin
20mg/ml was added. Absorbance at 600 nm was monitored every 5 min at 37°C with agitation in a
Synergy HT plate reader (BioTek). The change in cell density, expressed as a percentage of the input for
each well, was normalized to the negative control and plotted over time. Graphs shown in figures dis-
play the average from 3 technical repeats per strain and are representative of at least 3 biological
repeats. Error bars were omitted for clarity.

Cellular fractionation and immunoblotting. S. aureus Newman strains were diluted from overnight
cultures and grown to absorbance at 600 nm of 1.0. For analyses of proteins by immunoblotting, bacte-
ria from 2ml of culture were sedimented, and the supernatant was collected and concentrated by tri-
chloroacetic acid (TCA) precipitation. The sediment was washed with 1ml Tris-buffered saline (TBS;
50mM Tris [pH 7.5], 150mM NaCl), resuspended in the same buffer with 25mg/ml lysostaphin, and incu-
bated for 30min at 37°C. To ensure efficient lysis, cells were then exposed to 4� snap-freeze/thaw cycles
using a dry ice-ethanol bath and a 60°C water bath. To isolate the insoluble and soluble fractions, lysates
were subjected to ultracentrifugation (100,000 � g, 1 h). A total of 800ml of the resulting supernatant
was removed and TCA was precipitated, forming the soluble fraction. The remaining 200ml was dis-
carded. The pellet was washed with 1ml TSB and then resuspended in TSB and TCA precipitated, form-
ing the insoluble fraction. TCA-precipitated samples were reconstituted in 50ml of 0.5 M Tris-HCl (pH
8.0)-4% SDS and heated at 90°C for 10min. Proteins were separated by SDS-PAGE and transferred to pol-
yvinylidene difluoride membrane (Millipore) for immunoblot analysis with the relevant rabbit polyclonal
antibody. Immunoreactive signals were revealed by horseradish peroxidase-conjugated anti-rabbit anti-
body and enhanced chemiluminescent substrate (Pierce).

Biofilm assay. Overnight cultures were standardized to an optical density at 600 nm (OD600) of 3.0
and diluted 1:50 into fresh TSB supplemented with 2% wt/vol glucose into a tissue-culture treated 96-
well plate (final volume: 150ml/well). Six wells were used per strain. The plate was left at 37°C without
shaking for 24 h. After 24 h, cultures were tapped out of the wells and the plate was washed by sub-
merging in 1� phosphate-buffered saline (PBS) and discarding the well contents twice. A total of 180ml
of 0.1% (wt/vol) crystal violet was added to each well, and the plate was left at room temperature for 15
min. The crystal violet solution was then discarded, and the plate was washed by submerging the plate
in PBS three times. Excess dye was removed with a final vigorous tap of the plate onto a stack of napkin
paper. The plate was then left to dry overnight. The dried crystal violet was then resuspended in 180ml
30% acetic acid and transferred to a new 96-well plate. Absorbance at 550 nm was measured using a
Synergy HT plate reader (BioTek). The data were analyzed by ordinary one-way analysis of variance
(ANOVA) for statistical significance.
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Peptidoglycan purification. Staphylococci from cultures grown to absorbance at 600 nm between
0.8 and 1.0 were suspended in 50ml 4% sodium dodecyl sulfate (SDS) buffered with 100mM Tris (pH
6.8) and boiled for 30min. Cells were subsequently washed five times in water to remove the detergent
and lysed via bead beating (MP Biomedicals). Cellular material was collected by centrifugation
(7,500� g, 10min), washed two times with water, and suspended in 50mM Tris-HCl (pH 7.5), 10mM
CaCl2, and 20mM MgCl2 for digestion with DNase (10mg/ml) and RNase (50mg/ml) for 2 h at 37°C and
then with trypsin (100mg/ml) for 16 h at 37°C. The cell wall material was sedimented by centrifugation
(3,300� g, 15min), suspended in 1% SDS in 100mM Tris, pH 6.8, boiled for 10min to inactivate enzymes,
and then washed twice with water, once with 8 M LiCl, once with 100mM EDTA, twice with water, once
with acetone, and finally two times with water. Sacculi were suspended in 5ml 47% hydrofluoric acid for
48 h at 4°C. Peptidoglycan was recovered by centrifugation (33,000� g for 45min) and washed twice
with water, twice with 100mM Tris-HCl (pH 7.5), and two further times with water. Sacculi were dried
under vacuum, the dry weight was recorded, and they were resuspended to 50mg/ml with sterile water
and stored at220°C.

Peptidoglycan digestion. For experiments involving digestion only with lysostaphin, 5mg of pepti-
doglycan was resuspended in 1ml 50mM Tris (pH 7.5) with 100mg/ml lysostaphin and left at 37°C over-
night. For digestion with rSagB, peptidoglycan was resuspended in 1ml 20mM sodium phosphate
buffer (pH 5.0) with or without 0.5mg/ml rSagB, as appropriate. After 8 h of incubation, the pH of the
reaction mixture was adjusted to 7 with 1 M NaOH and 100mg/ml lysostaphin added for overnight
digestion. The digestion reaction was ended by heat treatment (95°C, 10 min). Insoluble material was
removed by centrifugation at 16,000� g and the solubilized material was dried under vacuum. The dried
fragments were resuspended in 50ml water and 50ml 0.5 M sodium borate (pH 9.0), to which 5mg
NaBH4 was added to reduce the peptidoglycan. The reaction was quenched after 15min with 20%
H2PO4. The sample was centrifuged to remove any precipitates before injection onto an HPLC system.

RP-HPLC. Separation of peptidoglycan digested products by reverse-phase high-pressure liquid
chromatography (RP-HPLC) was performed using a Waters 2695 Alliance system. A total of 100ml of
sample was applied to a 250 by 4.6-mm reversed-phase C18 column (ODS-Hypersil, 3mm; Thermo
Scientific) via automated injection. The column was eluted at a flow rate of 0.5ml/min with a linear gra-
dient starting 5min after injection of 5% (vol/vol) methanol in 100mM NaH2P04, (pH 2.5) to 30% (vol/
vol) methanol in 100mM NaH2P04 (pH 2.8) in 150min. Column temperature was maintained at 52°C. The
eluted compounds were detected by absorption at 206 nm.
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