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FmhA and FmhC of Staphylococcus aureus incorporate
serine residues into peptidoglycan cross-bridges
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Staphylococcal peptidoglycan is characterized by pentagly-
cine cross-bridges that are cross-linked between adjacent wall
peptides by penicillin-binding proteins to confer robustness
and flexibility. In Staphylococcus aureus, pentaglycine cross-
bridges are synthesized by three proteins: FemX adds the first
glycine, and the homodimers FemA and FemB sequentially add
two Gly-Gly dipeptides. Occasionally, serine residues are also
incorporated into the cross-bridges by enzymes that have here-
tofore not been identified. Here, we show that the FemA/FemB
homologues FmhA and FmhC pair with FemA and FemB to
incorporate Gly-Ser dipeptides into cross-bridges and to confer
resistance to lysostaphin, a secreted bacteriocin that cleaves the
pentaglycine cross-bridge. FmhA incorporates serine residues
at positions 3 and 5 of the cross-bridge. In contrast, FmhC
incorporates a single serine at position 5. Serine incorporation
also lowers resistance toward oxacillin, an antibiotic that targets
penicillin-binding proteins, in both methicillin-sensitive and
methicillin-resistant strains of S. aureus. FmhC is encoded by a
gene immediately adjacent to lytN, which specifies a hydrolase
that cleaves the bond between the fifth glycine of cross-bridges
and the alanine of the adjacent stem peptide. In this manner,
LytN facilitates the separation of daughter cells. Cell wall dam-
age induced upon lytN overexpression can be alleviated by over-
expression of fmhC. Together, these observations suggest that
FmhA and FmhC generate peptidoglycan cross-bridges with
unique serine patterns that provide protection from endoge-
nous murein hydrolases governing cell division and from bac-
teriocins produced by microbial competitors.

Peptidoglycan is a large macromolecule that surrounds bac-
teria to support cell integrity and shape (1-3). In Staphylococ-
cus aureus, the monomeric unit of peptidoglycan is the
disaccharide [4(N-acetylmuramic acid-B(1-4)-GIlcNAc-B)1],,
abbreviated to NAM-NAG, with the attached wall peptide
[L-Ala-D-iGIn-L-Lys-(NH,-Glys)-p-Ala-p-Ala] (4—8); the penta-
glycine cross-bridge (NH,-Glys) is linked to the € amino group
of L-Lys within the wall peptide (9). During the transpeptida-
tion reaction, penicillin-binding proteins (PBPs) cleave the am-
ide bond between p-Ala-p-Ala of wall peptides to form an acyl
enzyme intermediate that is resolved upon nucleophilic attack
from the amino group (NH,) of pentaglycine cross-bridges. In
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this manner, p-Ala at position 4 of wall peptides is linked to the
cross-bridges of adjacent wall peptides (10, 11).

Methicillin-resistant S. aureus (MRSA) uses penicillin-bind-
ing protein PBP2a, the product of the mecA gene, to synthesize
cross-linked peptidoglycan in the presence of 3-lactam antibi-
otics (12, 13). Berger-Bichi (14) isolated MRSA fern mutants
(factors essential for expression of methicillin resistance) with
insertional lesions that abrogate methicillin resistance. Strains
harboring mutations in femA or femB synthesize altered cell
wall cross-bridges with either one or three glycyl residues,
respectively, instead of five (15—19). Efforts to elucidate staphy-
lococcal cell wall synthesis in the late 1960s used S. aureus
crude enzyme preparations and demonstrated the transfer of
glycine from glycyl-tRNA to the peptidoglycan biosynthetic in-
termediate lipid II [Cs5-(PO,),-NAM(L-Ala-D-iGIn-1-Lys-D-
Ala-p-Ala)-NAG] (20-24). Edman degradation of these reac-
tion products revealed that the cross-bridge is synthesized by
the sequential addition of glycine from glycyl-tRNA to the €
amino group of L-Lys, demonstrating that peptidyl-transfer
occurs at the NH, terminus in a ribosome-independent man-
ner (25). Based on these data, it was concluded that femA and
femB must encode the factors that utilize tRNA-Gly for the
sequential addition of Gly, 3 and Gly,_s, respectively, thereby
generating mature lipid II product with the pentaglycine
cross-bridge [Css-(PO4)o-NAM(L-Ala-D-iGln-(NH,-Glys)L-
Lys-p-Ala-p-Ala)-NAG] (15-19). This mature product is the
preferred substrate for extracellular transglycosylation and
transpeptidation reactions (4, 25, 26). The new model also
implied that addition of Gly; to the € amino group of the stem
peptide lysine required a third peptidyltransferase dubbed
FemX (27). Homology searches of S. aureus genome sequence
identified three fermAB-like genes: fmhA, fmhB (femX), and
fmhC (28, 29). Unlike fimhB, deletion of finhA or finhC does
not affect S. aureus growth or methicillin resistance (30).
Genetic depletion of finhB causes the accumulation of wall
peptides lacking glycine, indicating that finhB encodes FemX,
the catalyst adding the first glycyl residue to the side chain of
lysine in the wall peptide (30).

The pentaglycine cross-bridge of S. aureus is the target of
bacteriocins, products of bacteria competing for the same repli-
cation niche (31). Staphylococcus simulans biovar staphylolyti-
cus secretes lysostaphin and Staphylococcus capitis EPK1
secretes Ale-1, which are endopeptidases that cleave pentagly-
cine cross-bridges to lyse S. aureus (31-33). To protect them-
selves from the lytic activity of lysostaphin and Ale-1, S.

SASBMB


https://orcid.org/0000-0001-6482-9633
https://orcid.org/0000-0001-6482-9633
mailto:dmissiak@bsd.uchicago.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.014371&domain=pdf&date_stamp=2020-8-5

simulans and S. capitis produce the immunity factors Lif (lysos-
taphin immunity factor) and Epr (endopeptidase resistance),
respectively (34-36), which exhibit sequence similarity with
FemA and FemB. When expressed in S. aureus, Lif and Epr
insert serine residues into peptidoglycan cross-bridges with the
structure Gly-Gly-Ser-Gly-Ser (36, 37). Serine-modified cross-
bridges are substrates for PBP-catalyzed transpeptidation reac-
tions and provide increased resistance to lysostaphin (36, 38).
Earlier work also described the relationship between lysosta-
phin resistance and serine content in peptidoglycan cross-
bridges of S. aureus and Staphylococcus epidermidis (39, 40). In
S. aureus, only 5% of peptidoglycan harbors serine residues;
however, the abundance of Gly,-Ser cross-bridges is dramati-
cally increased in a femAB promoter mutant (19, 27, 41).

In this study, we investigated whether FmhA and FmhC facil-
itate the incorporation of serine into the peptidoglycan of S.
aureus. fmhA is conserved across all staphylococcal genomes
analyzed to date. fimhC occurs in a more limited subset of
staphylococci and is located immediately adjacent to IytN,
whose product functions as a cysteine histidine-dependent
amidohydrolases/peptidase murein hydrolase with p-Ala-Gly
endopeptidase activity in cross-wall peptidoglycan (42). We
report that FmhA and FmhC function to incorporate serine
into peptidoglycan cross-bridges and interact with FemA and
FemB to generate heterodimers that are the likely catalysts for
serine incorporation into peptidoglycan, thereby affecting
staphylococcal resistance to lysostaphin, LytN, and B-lactam
antibiotics.

Results

fmhA and fmhC are dispensable for growth under laboratory
conditions

FemX, FemA, and FemB are involved in the synthesis of the
pentaglycine cross-bridge in S. aureus (15-19). FmhA and
FmhC are Fem-like factors and, as of yet, possess no assigned
activity or function. Lif and Epr have been shown to share
sequence similarity with FemA and FemB, albeit that these pro-
teins have been proposed to incorporate serine instead of gly-
cine in the peptidoglycan cross-bridges (36, 43). Sequence
alignments between Fem and Fmbh factors of S. aureus strain
Newman and Lif and Epr demonstrate that FmhA and FmhC
share greater sequence identity with Lif and Epr than FemA or
FemB and that FemX is distinct from the other six factors (Fig.
1A). Next, mutants lacking finhA, fimhC, or both genes were
generated. Unlike finhB encoding FemX and the fernAB op-
eron, fimhA and fimmhC are dispensable for growth in S. aureus
strain 8325 (28, 30, 44). In agreement with this notion, bursa
aurealis transposon insertions were tolerated in both the finhA
and fimhC genes of strain Newman (45). To generate a double
mutant, a deletion in the fmhC gene was obtained by allelic
replacement using plasmid pKORI1 (46). Strain ®NZ02665
with bursa aurealis insertion at nucleotide 554 of fimhA (45)
was used to generate a lysate with bacteriophage ¢85 for trans-
duction using the WT strain Newman and isogenic fimhC vari-
ant to yield single fimhA and double fimhA/fmhC mutants. The
growth rates of these strains monitored as absorbance of cul-
tures over time at 600 nm (Agoo) revealed no discernible differ-
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Figure 1. Phenotypic characterization of strain variants lacking fmhA
and fmhC. A, shared amino acid identities between Fem and Fmh factors of
S.aureus, S. simulans Lif, and S. capitis Epr. B, the growth rate of S. aureus New-
man (WT, WT) and isogenic variants fmhA, fmhC or fmhA/fmhC was moni-
tored by recording absorbance at Agoo over 16 h at 37°C. C, overnight
cultures of the S. aureus strains were treated with lysostaphin, and lysis was
measured as a decline in Agop Over time. Each curve represents the average of
three technical repeats (error bars were omitted) and is representative of
three biological repeats. D, peptidoglycan was prepared from S. aureus New-
man (WT), and isogenic variants fmhA and fmhC cultures were grown to Aggo
0.8-1.0 and treated with mutanolysin. Solubilized products were resolved by
HPLC over a C18 column by measuring absorbance at 206 nm over time.

ence between WT and fimhA, fmhC, or fmhA/fmhC mutants
(Fig. 1B). Differences in cross-bridge structure led to lysosta-
phin resistance, i.e. reduced rates of bacterial lysis. This can be
measured by monitoring the reduction in Agyo over time fol-
lowing addition of lysostaphin to bacterial cultures. Inactiva-
tion of fimhC but not fimhA results in a small increase in lysosta-
phin-mediated lysis (Fig. 1C). To further investigate differences
in the cell wall structure, murein sacculi of WT and mutant
strains were isolated and subjected to acid and enzymatic treat-
ments to remove teichoic acids, proteins, and polysaccharides.
Next, peptidoglycan preparations were treated with mutanolysin,
an N-acetylmuramidase that cleaves the glycan strands and leaves
cross-bridges intact. Such peptidoglycan fragments can be sepa-
rated by reverse-phase HPLC based on cross-linking: monomers
elute first, whereas highly cross-linked materials elute later (47).
The HPLC elution profiles of mutanolysin digests of peptidogly-
can preparations from strain Newman and isogenic variants
fimhA and fimhC reveal comparable degrees of low (eluting
between 20 and 40 min) and highly cross-linked materials (elut-
ing between 50 and 130 min) (Fig. 1D). In summary, loss of nei-
ther finhA nor finhC results in altered growth, but strains lacking
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Figure 2. Phenotypic characterization of strains overexpressing fmhA and fmhC. A, overnight cultures of WT strain Newman carrying control vector pitet,
pitet-fmhA, or pitet-fmhC were treated with lysostaphin, and lysis was recorded as a decline in Agqo Over time as described for Fig. 1C. B, peptidoglycan pre-
pared from the same strains grown to Aggo 0.8-1.0 was treated with mutanolysin, and products were resolved by HPLC as described for Fig. 1D. Peaks denoted
with Roman numerals (i-iv) were subjected to MALDI-TOF analysis and m/z values of the corresponding species are listed in Table 1. Shaded area under curves
between 110-130 min highlights higher order cross-linking of peptidoglycan fragments (47). C, MALDI-TOF spectra of species eluting in peak i shown in panel
C. D, Edman degradation profile of the major peptidoglycan fragment in peak i of the samples overexpressing fmhA and fmhC. The yield of released phenyl-

thiohydantoin (PT)-modified amino acids is shown for five cleavage cycles.

fimhC are more susceptible to lysostaphin. Loss of lysostaphin re-
sistance occurs through subtle change(s) in peptidoglycan struc-
ture that cannot be revealed through simple HPLC analysis.

FmhA and FmhC incorporate serine into the cross-bridge of
S. aureus peptidoglycan

Lif and Epr activities were previously characterized by over-
expressing the corresponding genes in heterologous hosts (36,
43, 48). In a similar approach, fimhA and finhC were cloned
under the anhydrotetracycline-inducible promoter of vector
PMF312, herein referred to as pitet (49). Next, normalized cul-
tures of strain Newman carrying plasmids pitet-finhA or pitet-
fmhC, or vector control pitet were incubated with lysostaphin.
Overexpression of either finhA or fimhC reduced the rate of
lysostaphin-mediated cell lysis relative to vector control (Fig.
2A). In the case of fimhC, resistance was observed even in the
absence of anhydrotetracycline inducer because of some leaky
expression from pitet (42). Murein sacculi were extracted from
cultures grown in the presence of anhydrotetracycline, and
peptidoglycan was purified and subjected to mutanolysin treat-
ment. Solubilized products were separated over a C18 column
using HPLC (Fig. 2B). Reduced cross-linking material was
observed for fimhA and fimhC overexpressing samples. Specifi-
cally, the abundance of di-, tri-, tetra-, and pentamer species
was reduced upon fimhA overexpression, and elution of these
species occurred ~2 min earlier as compared with the control
(Fig. 2B; dashed lines). Higher order cross-linking was reduced
upon fimhC overexpression, as suggested by the reduced ab-
sorbance of material eluting between 110 and 130 min (Fig.
2B). Measurement of the area under the curve between 110 and
130 min (indicated by the area shaded in gray) suggests that
material with higher cross-linking is reduced by ~10 and 30%
upon fmhA and fimhC overexpression, respectively, relative to
WT. A peak unique to pitet-fimhA was observed with a reten-
tion time of 29 min corresponding to peptidoglycan monomers
(Fig. 2B; red trace, peak ii). Fractions eluting between 26-32
min, containing peaks i—iv, were subjected to MALDI-TOF MS
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(Fig. 2C and Table 1). For the pitet-fimhC sample, peak i was
found to contain a major product with m/z value consistent
with a cross-bridge of four glycines and one serine; m/z values
for products containing more than one serine were not
observed (Table 1). This product was also found in peak i of the
pitet-fmhA sample (cross-bridge of four glycines and one ser-
ine), along with another product with an m/z value consistent
with a cross-bridge of two serines and three glycines (Fig. 2B
and Table 1). Peak ii of the pitet-fimhA sample contained heter-
ogenous fragments of truncated cross-bridges with up to two
serines. These truncated cross-bridges may have been incorpo-
rated into the mature peptidoglycan or may be the product
of cell wall hydrolytic activity during cell growth. The increased
heterogeneity of pitet-finhA peptidoglycan fragments is re-
flected by the broader peaks in the chromatogram relative to
pitet and pitet-finhC (Fig. 2B). All m/z values for the vector con-
trol sample corresponded to glycine-containing cross-bridges
(Table 1). To ascertain the amino acid sequence of cross-
bridges in the monomeric fragments (peak i, Fig. 2, B and C),
samples were subjected to Edman degradation (Fig. 2D). Con-
sistent with observed m1/z values, two phenylthiohydantoin-Ser
were released in cycles one and three of Edman degradation
of the pitet-finhA sample. One phenylthiohydantoin-Ser was
released in cycle one of Edman degradation of the pitet-finhC
sample. These results suggest that following finhA overexpres-
sion, the cross-bridges contain serine residues at positions 3
and 5 (position 1 being the most proximal to the stem peptide
lysine). Overexpression of finhC results in the formation of
cross-bridges with one serine at position 5 (Fig. 2D).

fmhA and fmhC overexpression impacts oxacillin resistance

Oxacillin is a B-lactam that covalently inactivates sensitive
PBPs. As PBPs catalyze the transpeptidation reaction between
the N terminus of cross-bridges and stem peptide alanine, we
wondered what impact, if any, cell wall serine content would
have on oxacillin susceptibility. S. aureus Newman is an oxacil-
lin-sensitive strain that does not possess an oxacillin-resistant
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Table 1
MALDI-TOF mass spectrometry of mutanolysin-digested peptidoglycan fragments
m/z
Compound”’ Observed Calculated A (Observed and calculated) Predicted structure
pitet
iv 990.4475 990.0698 0.3777 (NAG-NAM)-AQKAA
iii 1033.4456 1033.1198 0.3258 (NAG-NAM)-AQK(G,)A
ii 1204.5112 1204.3298 0.1814 (NAG-NAM)-AQK(G)A
ii 1261.5270 1261.3998 0.1272 (NAG-NAM)-AQK(G5)A(G,)?
ii 1318.5313 1318.4698 0.0615 (NAG-NAM)-AQK(G5)A(Gs)?
ii 1375.5273 1375.5398 0.0125 (NAG-NAM)-AQK(Gs)A(Gs)®
ii 1432.5298 1432.6098 0.0800 (NAG-NAM)-AQK(G5)A(G,)?
i 1104.5363 1104.2098 0.3265 (NAG-NAM)-AQK(G,)AA
i 1161.5384 1161.2798 0.2586 (NAG-NAM)-AQK(G3)AA
i 1218.5429 1218.3498 0.1931 (NAG-NAM)-AQK(G,)AA
i 1275.5616 1275.4198 0.1418 (NAG-NAM)-AQK(Gs)AA
pitet-fmhA
ii 1005.5708 1006.0828 0.5120 (NAG-NAM)-AQKA(S,)?
ii 1047.5819 1047.1398 0.4421 (NAG-NAM)-AQK(G;)AA
ii 1062.5872 1063.1528 -0.5656 (NAG-NAM)-AQK(G,)A(S,)?
ii 1149.6054 1150.2558 -0.6504 (NAG-NAM)-AQKA(G,S,)’
ii 1191.6037 1191.3128 0.2909 (NAG-NAM)-AQK(G,S1)AA
i 1263.6192 1264.3896 -0.7704 (NAG-NAM)-AQK(G3S,)A
i 1293.6184 1294.4226 -0.8042 (NAG-NAM)-AQK(G,S2)*
i 1305.6181 1305.4528 0.1653 (NAG-NAM)-AQK(G,4S1)AA
i 1335.6164 1335.4831 0.1333 (NAG-NAM)-AQK(G3S,)AA
pitet-fmhC
i 1104.9077 1104.2098 0.6979 (NAG-NAM)-AQK(G,)AA
i 1161.8864 1161.2798 0.6066 (NAG-NAM)-AQK(G3)AA
i 1218.9403 1218.3498 0.5905 (NAG-NAM)-AQK(G,)AA
i 1305.9793 1305.4528 0.5265 (NAG-NAM)-AQK(G,S,)AA

fSee Fig. 2 for compounds, i.e. absorption peaks of reverse-phase HPLC of mutanolysin-treated S. aureus peptidoglycan.

2Observed and calculated 2/z values are for sodiated ions.

FThese structures include cross-bridges from two cross-linked disaccharide units; amino acids from a cross-linked unit are listed after the fourth residue of the stem peptide from

the first unit.

“#Unexpected structure with three serines that could result from aberrant finhA overexpression.
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Figure 3. Impact of fmhA and fmhB overexpression on oxacillin suscepti-
bility. Cultures of S. aureus Newman (A and B) and USA300 LAC* (C and D)
carrying control vector pitet, pitet-fmhA, or pitet-fmhC, were grown without
(A and C) or with (B and D) oxacillin. Growth was measured as increased Agpo
over time. The data are shown as an average of technical triplicates with error
bars indicating the standard deviation and are representative of three biolog-
ical replicates.

PBP. Newman strains carrying pitet, pitet-finhA, or pitet-finhC
were grown without addition of oxacillin to the culture medium
(Fig. 3A). Overexpression of finhA had little impact on growth,
causing only a small growth delay (Fig. 34). When grown in the
presence of a sub-inhibitory concentration of oxacillin, overex-
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pression of fimhA further exacerbated, the growth delay and the
culture failed to reach a density comparable with that of the
WT pitet control (Fig. 3B). fimhC overexpression did not affect
bacterial growth significantly (Fig. 3B). Thus, cross-linking ac-
tivity mediated by PBPs is more susceptible to oxacillin when
cross-bridges are enriched for serine at positions 3 and 5. We
wondered whether cross-bridge composition may have a similar
impact on MRSA. MRSA strains encode an additional PBP2,
PBP2a, which is insensitive to B-lactams and becomes active fol-
lowing B-lactam exposure to allow the cell to continue the trans-
peptidation reaction necessary for peptidoglycan biosynthesis.
The MRSA strain USA300 was transformed with pitet, pitet-
fmhA, or pitet-fimhC, and the corresponding bacterial cultures
were grown with and without the addition of oxacillin. All cul-
tures grew to the same absorbance over time in the absence of
oxacillin (Fig. 3C). In contrast to the methicillin-sensitive strain
Newman, addition of oxacillin to the growth medium altered the
replication of all three strains (Fig. 3D). Overexpression of finhA
delayed bacterial replication slightly, whereas overexpression of
fimhC resulted in a clear growth defect (Fig. 3D). These results
suggest that FmhA and FmhC products are poor substrates for
PBP2 and PBP2a; thus, the presence of serine in the cross-bridges
reduces the resistance toward oxacillin in both methicillin-sensi-
tive and methicillin-resistant strains of S. aureus.

FmhC facilitates daughter cell separation by functioning as a
LytN-immunity factor

fmhC is encoded directly downstream of [ytN. LytN cleaves
peptidoglycan between Glys of the cross-bridge and alanine of
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Figure 4. FmhC acts as an immunity factor for LytN. A, schematic of dividing daughter cells illustrating the location of the cell wall envelope, membrane
(black), and peptidoglycan (gray). The cross-wall structure has been expanded to show LytN cleaving peptidoglycan. The model postulates that FmhC synthe-
sizes peptidoglycan (shaded in green) that is resistant to LytN hydrolysis. The proposed structure of this cross-linked peptidoglycan is shown with sites cleaved
by LytN (black arrow) or refractory to LytN cleavage (green inhibition sign). Green and blue hexagons: GIcNAc and N-acetylmuramic acid, respectively. B, the
growth rate of S. aureus Newman pCL55 and Newman pCL55-lytN carrying pJK4, pJK4-fmhA, or pJK4-fmhC was interrogated by monitoring changes in Aggo
over 16 h at 37 °C. Cultures were grown in the presence of anhydrotetracycline and IPTG inducers. C, purified dimeric peptidoglycan fragments obtained from
Newman carrying control vector pitet or pitet-fmhC, as shown in Fig. 2B, were treated with buffer (insets a and b) or rLytN (insets c and d). Reaction products
were separated by HPLC. Peaks denoted with Roman numerals (i-iv) were subjected to MALDI-TOF analysis and the corresponding m/z values are listed in Ta-
ble 2. Predicted structures of peptidoglycan fragments i (panels a and b) and ii (panels c-d) are shown on the figure.

the adjacent stem peptide (50). LytN harbors a signal sequence
with the conserved amino acid motif YSIRK-G/S for secretion
at the cross-wall, the site of peptidoglycan biosynthesis during
cell division (Fig. 4A4) (51). Because of this localization, LytN
has been proposed to cleave the newly synthesized cross-wall,
thereby disrupting cross-linking and facilitating daughter cell
separation (Fig. 44) (42). It has been surmised that this activity
is subject to regulation because both plasmid-driven overex-
pression and genetic inactivation of lytN precipitate damage to
the cross-wall (42). We wondered whether FmhC might regu-
late LytN activity by generating LytN-resistant substrates. To
test this hypothesis, we first used a genetic approach. The inte-
grative plasmid pCL55 (52) was used to recombine /ytN placed
under the anhydrotetracycline-inducible promotor at the gek
locus on the chromosome of strain Newman (pCL55-ytN). As
reported before, this additional copy of lytN conferred a growth
defect relative to the control (Fig. 4B; compare black and blue
growth curves) (42). To examine whether overexpression of
fmhA or fimhC would reverse this growth defect, the genes were
cloned on the compatible replicative plasmid pJK4 (53). Plas-
mid expression of fmhC but not fimhA compensated for lytN
overexpression (Fig. 4B). In fact, when compared with the con-
trol strain (pCL55-IytN pJK4), fimhC overexpression (pCL55-
lytN pJK4-fimhC) appeared to accelerate entry into the expo-
nential phase of growth (Fig. 4B). These results suggest that
FmhC-mediated cross-linking of peptidoglycan slows down
degradation by LytN. To test this possibility directly, HPLC di-
meric fragments obtained from pitet and pitet-finhC samples as
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described in Fig. 2B were incubated with either buffer or
recombinant LytN (rLytN). When incubated with buffer,
dimers eluted as a single peak (peak i) with the expected reten-
tion time of ~65 min on HPLC. MALDI-TOF analysis of these
peaks revealed m1/z values for the expected dimers containing
pentaglycine cross-bridges for the WT sample carrying pitet
(Table 2 and Fig. 4Ca). For the pitet-finhC sample, two dimeric
fragments were observed; the predominant fragment was
consistent with the presence of two Gly,-Ser; cross-bridges,
whereas the additional fragment was consistent with the pres-
ence of one Gly,-Ser; cross-bridge and one pentaglycine cross-
bridge (Table 2 and Fig. 4Cb). The presence of some pentagly-
cine cross-bridges in the pitet-fimhC peptidoglycan is not
unexpected, because FemA and FemB are produced in this
background. When dimers were incubated with rLytN and sep-
arated once more by HPLC, new peaks (peaks ii—iv) were eluted
at ~30-35 min (Fig. 4, Cc and Cd). MALDI-TOF analysis of
peaks ii revealed an m/z value of 1,275, corresponding to mono-
meric peptidoglycan with a pentaglycine cross-bridge (Table 2
and Fig. 4, Cc and Cd). This is in agreement with the reported
endopeptidase activity of LytN (Fig. 44) (42). The other major
product (peaks iii) corresponds to a monomeric fragment with
a pentaglycine cross-bridge and a tetrapeptide stem lacking the
terminal p-alanine (Table 2 and Fig. 4, Cc and Cd). Minor peak
iv was only observed for the WT sample (pitet) and corre-
sponded to a fragment with a truncated cross-bridge and a frag-
ment lacking NAG, presumably from the action of endogenous
glucosaminidases (Table 2 and Fig. 4Cc). A second fragment
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Table 2
MALDI-TOF mass spectrometry of rLytN-digested dimeric peptidoglycan fragments
m/z
Compound”’ Observed Calculated A (observed and calculated) Predicted structure
pitet + Buffer
i 2416.57" 2415.67 0.90 (NAG-NAM)-AQK(Gs)A-(NAG-NAM)-AQK(Gs)AA
pitet-fmhC + Buffer
i 2446.53" 2445.70 0.83 (NAG-NAM)-AQK(G5)A-(NAG-NAM)-AQK(G4S;)AA
i 2476.55" 2475.74 0.81 (NAG-NAM)-AQK(G,S;)A-(NAG-NAM)-AQK(G,S,)AA
pitet + rLytN
ii 1275.50 1275.42 0.08 (NAG-NAM)-AQK(Gs)AA
i 1233.49 1234.42 0.07 (NAG-NAM)-AQK(G,S1)A
iii 1204.49 1204.33 0.16 (NAG-NAM)-AQK(G)A
iii 1162.48 1161.28 1.20 (NAG-NAM)-AQK(G3)AA
iv 1261.51 1261.40 0.11 (NAG-NAM)-AQK(G5)A(G))
iv 1001.45 1001.12 0.33 (NAM)-AQK(Gs)A
pitet-fmhC + rLytN
ii 1275.50 1275.42 0.08 (NAG-NAM)-AQK(G5)AA
iii 1234.50 1234.42 0.08 (NAG-NAM)-AQK(G,S,)A
iii 1204.49 1204.33 0.16 (NAG-NAM)-AQK(Gs)A

‘See Fig. 3C for compounds i.e. absorption peaks of reverse-phase HPLC of mutanolysin-treated S. aureus peptidoglycan.
“Observed and calculated m1/z values are for sodiated ions recorded in reflectron-positive mode, with the exception of + which were analyzed reflectron negative mode and there-

fore are [—H™].

with a truncated cross-bridge was also found in fraction iii of
WT. Additionally, a small peak interpreted as containing a
Gly,-Ser; cross-bridge was found in fraction ii of WT. Presum-
ably, the abundance of these fragments was too low to be
detected prior to digestion with rLytN and re-purification by
HPLC. Importantly, dimeric substrates from the pitet sample
were much better substrates for rLytN than dimers prepared
from pitet-fimhC (compare intensities of peak i in Fig. 4, Cc and
Cd). Consequently, products ii and iii were much more abun-
dant when dimers from the pitet sample were incubated with
rLytN (Fig. 4, Cc and Cd). Thus, the presence of Sers in the
cross-bridge provides resistance to cleavage by LytN in vivo
and in vitro, indicating that FmhC functions to protect the pep-
tidoglycan from digestion by LytN during daughter cell separa-
tion (Fig. 4A).

FmhA mediates the insertion of serine into the peptidoglycan
cross-bridge of strain BB308

We previously reported that S. aureus strain BB308, which
carries a transposon insertion in the promotor region of the
femAB operon, elaborates tetraglycyl-monoseryl cross-bridges
(41, 54). We reasoned that this could be exploited to identify
the genetic factor(s) responsible for the enrichment of serine in
the cross-bridges because WT strains such as Newman do not
accumulate sufficient amounts of serine in their envelope to
determine the contribution of the fimhA and fimhC genes.
Phage-mediated transduction was used to transfer the erythro-
mycin transposon of strain BB308 into strain Newman lacking
either fimhA or fmhC to generate mutants fernAB:308 fimhA
and femAB::308 fimhC, respectively. Next, mutant strains were
transformed with plasmid pHTT4, which encodes the protein
hybrid SEB-MH,-CWS composed of staphylococcal entero-
toxin B (SEB) carrying an N-terminal signal peptide and C-ter-
minally fused cell-wall sorting signal (CWS) of staphylococcal
protein A; a methionine followed by six histidines (MHg) is
inserted at the fusion site between SEB and CWS (41). When
produced in S. aureus, this protein hybrid is secreted and linked
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Figure 5. fmhA mediates serine insertion in a femAB depleted back-
ground. A, the peptidoglycan of femAB pHTT4, femAB fmhA pHTT4, or femAB
fmhC pHTT4 was isolated and treated with mutanolysin, ¢11 hydrolase, and
cyanogen bromide (CnBr. B, MALDI-TOF spectra of purified Hg-CWS anchor
peptides. C, the major m/z values are listed; see Table 3 for detailed m/z. D,
diagrams of the assigned structures for peak i and peak iv. Of note, S;G, in
structure iv depicts the ratio between glycyl and seryl residues; the linkage
unit (N to C terminus) could be GGSGG or SGGGG.

to peptidoglycan (41). After peptidoglycan solubilization with
mutanolysin and ¢11 hydrolase, SEB-MH¢-CWS was purified
over nickel-charged (Ni-NTA) affinity resin and cleaved at
methionyl with cyanogen bromide (Fig. 5A4). The resulting
C-terminal anchor peptide was purified once more over Ni-
NTA resin, desalted, and analyzed by MALDI-TOF spectrome-
try (Fig. 5B). The mass spectra for strains fermAB:308 and
femAB::308 fimhC showed similar profiles and ions with m/z
2,235, 2,257, 2,262, and 2,315 (Fig. 5, A and B). The presence of
ions with m/z 2,235 and 2,315 is consistent with the calculated
mass of anchor peptides harboring pentaglycine and tetra-
glycyl-monoseryl cross-bridges, respectively (Fig. 5, C and D).
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Table 3

MALDI-TOF mass spectrometry of SEB-purified peptidoglycan fragments

m/z observed’ A (observed and calculated)
femAB::308  femAB::308 m/z femAB:308  femAB::308
femAB::308 fmhA SfmhC calculated  femAB::308 fmhA SfmhC Predicted structure”
2234.88 2234.59 2234.87 2236.35 1.47 1.76 1.48 [NH,-AQK-(NH,-HsAQALPET-Gs5)-A-COOH] H*
2257.20 2256.97 2257.20 2258.34 1.14 1.37 1.14 2236.35
2262.78 2263.12 2262.65 2264.34 1.56 1.22 1.69 2236.35
2278.34 2278.32 2280.44 2.10 2.12 [NH,- AQK-(NH,-HsAQALPET-G5S,;)-AA-COOH] H*
2284.82 2285.62 2285.10 2286.33 1.51 0.71 1.23 2258.34 formylated
2300.70 2300.0032 2302.42 1.72 2.42 2280.44 sodiated
2306.39 2307.28021 2305.776 2307.44 1.05 0.16 1.66 [NH,-AQK-(NH,-HsAQALPET-Gs)-A A-COOH] H™*
2316.26 2315.9331 2316.42 0.16 0.49 [NH,-AQK-(NH,-HeAQALPET-G,S;)-A-COOH] Na*
formylated
2341.44 2341.06 2343.42 1.99 2.37 [NH,-AQK-(NH,-H¢AQALPET-Gs)-Ala-[G;]-COOH]
Na* formylated
’See Fig. 5 for the corresponding mass spectra.
?Adventitious formylation of peptides in the presence of TFA has been previously noted.
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Figure 6. Spontaneous refolding and heterodimer formation of Fem and Fmh proteins. A, purification over Ni-NTA following refolding of denatured pro-
teins. Recombinant FemAy;,, FemBys, FmhAgTrep, and GST-FmhC were extracted from E. coli in the presence of 6 m guanidine hydrochloride. Protein prepara-
tions were diluted 10-fold in column buffer, spun at 100,000 X g to remove insoluble precipitates, and purified by gravity flow over Ni-NTA. B, heterodimer
formation. Recombinant FmhAgrgep and GST-FmhC prepared in 6 M guanidine hydrochloride were mixed in a pairwise fashion with either FemAys or FemBys
prior to renaturation and purification over Ni-NTA as described above. Aliquots of the load (L), flow-through (F), wash (W) and eluates (E) collected during Ni-
NTA purification were separated by SDS-PAGE and gels were stained with Coomassie Brilliant Blue or transferred to membranes forimmunoblot analyses with
a-STREP or a-GST antibodies. Numbers to the left of gels and blot indicate the position of the 56 kDa molecular weight (MW) marker.

This result is in agreement with data reported for strain BB308
(41), suggesting that the phenotype observed in strain Newman
femAB::308 is fully recapitulated and the increased serine con-
tent is caused by transposon insertion in the fermAB promoter
region. Additional ions were also observed; ions with m1/z 2278
and sodiated adduct #1/z 2,300 were consistent with the calcu-
lated mass of anchor peptide harboring a Glyz_Ser; cross-bridge
(Table 3). Serine-containing cross-bridge fragments were not
observed in the femAB:308 finhA sample (Fig. 5 and Table 3).
Therefore, these data implicate FmhA as the catalyst of serine
insertion in strains that carry a transposon insertion in the
femAB promoter and corroborate our findings using strains
that overexpress finhA.

FmhA and FmhC purify with FemA and FemB

Using a bacterial two-hybrid system, Rohrer and Berger-
Biachi (55) observed that S. aureus FemA, FemB, and FemX
form homodimers and one heterodimer composed of FemA-
FemB. These interactions were confirmed using protein pull-
down assays and size exclusion chromatography (55). Genetic
experiments supported a model whereby Lif and Epr heterodi-
merize with FemA and FemB, because production of neither

13670 J. Biol. Chem. (2020) 295(39) 13664-13676

Lif nor Epr alone is sufficient to restore the length of the short-
ened cross-bridges of fermAB::308 mutants (48). We wondered
whether FmhA and FmhC may interact with FemA and FemB.
Recombinant FemA and FemB with a C-terminal six-histidine
tag (FemAy,, FemByy;s) were purified from E. coli extracts using
Ni-NTA resin. As previously reported, both proteins were
highly soluble (55). A STREP tag was appended at the C-termi-
nal of FmhA, FmhAgrrep, whereas FmhC was produced as a
translational hybrid fused to GSH S-transferase, GST-FmhC.
Both proteins were found to sediment following centrifugation
at 100,000 X g, suggesting the formation of aggregates. To
examine whether these proteins could refold spontaneously
with or without Fem factors, materials in these sediments were
suspended in 6 M guanidine hydrochloride (GdnHCI) and
cleared once more by centrifugation at 100,000 X g Similarly,
purified FemAy;; and FemByy;s were also incubated with 6 M
GdnHCI to disrupt existing homodimers and assess the ability
of these factors to refold spontaneously. Refolding was initiated
by 10-fold dilution in buffer lacking GdnHCI for each individ-
ual protein (Fig. 6A) or for pairwise combinations of Fem/Fmh
proteins (Fig. 6B). Insoluble materials were removed by centrif-
ugation at 100,000 X g, and soluble fractions were loaded over
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Ni-NTA (Fig. 6). Aliquots of proteins in loaded, flow-through,
wash, and imidazole eluate were separated on SDS-PAGE for
visualization using Coomassie Brilliant Blue or Western blot-
ting (Fig. 6). FemAy;s and FemByy;, proteins were clearly visible
in eluate fractions, suggesting that both proteins could refold
spontaneously and interacted with Ni-NTA (because of the large
dilution during renaturation, proteins could not be detected
in loaded fractions). Anti-STREP antibodies (a-STREP) failed
to detect FmhAgrrep in the loaded fraction, indicating that
FmhAgrgep is prone to aggregation following dilution in buffer
and cannot refold spontaneously (Fig. 6A4). Anti-GST antibodies
(a-GST) identified GST-FmhC in the loaded and flow-through
fractions, indicating that the protein can refold spontaneously
and does not bind to Ni-NTA resin in a nonspecific manner
(Fig. 6A). When FmhAgyrep was refolded in the presence of
FemA ;s or FemByy;,, the protein formed a soluble complex that
could be co-purified over Ni-NTA (Fig. 6B). A greater FmhAg_
trep Yield was observed upon incubation with FemByy;,, as docu-
mented by the increased intensity of the STREP immune signal
(Fig. 6B). Similarly, a small amount of GST-FmhC was found to
remain bound to FemAy;s or FemBy, (Fig. 6B). In summary,
FmhA and FmhC are insoluble when produced in E. coli.
Refolding with FemA or FemB increases their solubility, dra-
matically so in the case of FmhA, and demonstrates heterodime-
rization between Fmh and Fem factors.

Discussion

The cross-bridge of S. aureus peptidoglycan is composed of
glycine residues with the infrequent occurrence of serine and
alanine residues (9, 39). FemX, FemA, and FemB are responsi-
ble for the sequential addition of glycine residues and are essen-
tial for growth (30, 44). The genetic determinants of nonglycine
amino acid insertion into cross-bridges of S. aureus have here-
tofore not been ascertained. Fem-like factors Lif and Epr of S.
simulans and S. capitis incorporate serine residues in cross-
bridges for protection against endogenous secreted glycylgly-
cine endopeptidases. Lif and Epr share sequence homology
with S. aureus FmhA and FmhC. We report here that the cross-
bridge of S. aureus peptidoglycan is enriched in serine residues
upon overproduction of either FmhA or FmhC. Specifically,
FmhA mediates serine incorporation in positions 3 and 5 of
cross-bridges whereas FmhC mediates serine incorporation in
position 5 exclusively. The observed m/z values of peptidogly-
can fragments extracted from FmhA-overproducing staphylo-
cocci indicate that cross-bridges may contain one or two serine
residues, the former presumably with sequences Gly;_,-Sers-
Gly, 5 or Gly; 4-Sers. Truncated cross-bridges with m1/z values
consistent with sequence Gly; ,-Ser; were also observed and
may account for the increased oxacillin susceptibility of the
methicillin-sensitive strain Newman upon fimhA overexpres-
sion. In USA300, a methicillin-resistant strain that encodes the
oxacillin-resistant PBP2a, overexpression of finhC reduced the
resistance toward oxacillin. This may reflect a difference in sub-
strate recognition between PBP2 and PBP2a, with PBP2a being
less likely to use Gly; 4-Sers as a substrate. Alternatively,
although overexpression was achieved using the same plasmids,
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we cannot rule out that FmhA and FmhC were not produced to
similar extent in the two strains.

S. epidermidis and other coagulase-negative species incorpo-
rate serine in positions 3 and 5 of peptidoglycan much more
frequently than S. aureus (9, 56). Although the genetic require-
ment for cross-bridge synthesis has not been examined in S.
epidermidis, we note the presence of conserved genes coding
for FemA, FemB, FemX, and FmhA in S. epidermidis ATCC
12228 but not FmhC. Thus, we can postulate that FmhA is
solely responsible for the incorporation of serine residues in the
cross-bridge. The reason for the lower serine content in S. aur-
eus is thus unclear. The pool of seryl-tRNA may be limited in S.
aureus, or fimhA may be transcribed at a very low level. It has
been noted that fmhA transcripts are down-regulated in
response to stress, biofilm formation (57), and following inacti-
vation of the cell wall stress regulator NsaRS (58), suggesting
that a basal level of transcription does occur. Nonetheless, our
data indicate that FmhA is responsible for the increased occur-
rence of serine in peptidoglycan cross-bridges when expression
of femAB becomes limiting, such as in the BB308 strain. Only
one serine was observed in these cross-bridges. This could be
because depletion of femAB hinders the formation of FmhA
heterodimers with FemA or FemB and thus impairs the cataly-
sis of cross-bridge serine insertion. Alternatively, because pep-
tidoglycan analysis was performed using SEB fused to a cell wall
sorting signal, the data may indicate that cross-bridges with
more than one serine cannot serve as nucleophiles for sortase-
mediated anchoring.

In S. aureus, fmhC is encoded immediately downstream of
lytN, a hydrolase that is secreted at the cross-wall of dividing
cells and cleaves the bond between Glys of the cross-bridge and
alanine of the stem peptide. Of note, S. epidermidis ATCC
12228 lacks both the finhC and IytN genes. We show that finhC
overexpression leads to increased incorporation of Sers in the
cross-bridges and increased resistance toward lysostaphin. Fur-
ther, the corresponding peptidoglycan preparations are no lon-
ger substrates of LytN activity in vitro. In agreement with the
notion that FmhC protects cells from LytN-mediated lysis,
overexpression of finhC, but not fimhA, mitigates the toxicity
associated with [ytN overexpression. There are several possibil-
ities regarding the inability of FmhA to afford protection to
LytN-mediated toxicity in this assay. First, overproduction of
FmhA results in the accumulation of truncated cross-bridges,
which might negate any LytN-resistance effect. Second, FmhA
products include cross-bridges with a single serine at position
3, which presumably remain sensitive to LytN cleavage. Third,
FmhA may be excluded from septal locations. Although our
experiments cannot completely exclude FmhA, we favor a
model whereby FmhC acts to safeguard the cell wall integrity of
recently separated daughter cells from LytN.

The proposed activity of Fem/Fmbh factors is based on com-
parative analyses of peptidoglycan composition using isogenic
strains lacking or overexpressing candidate fem-like genes. The
model for cross-bridge assembly is based on observing labeled
glycine incorporation using crude enzyme and lipid prepara-
tions from S. aureus and precedes the identification of Fem/
Fmh factors by two decades (20-24). Following the identifica-
tion of FemA, FemB, and FemX, Schneider et al. (26)
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reexamined the model for single-step addition of glycine resi-
dues using histidine-tagged FemA, FemB, and FemX, purified
staphylococcal tRNAs, and Gly-tRNA-synthetase. The use of
purified components allowed these authors to establish that
lipid II (not lipid I or soluble cell wall substrates) serves as a sub-
strate for FemX and to demonstrate that nonproteinogenic
Gly-tRNAs serve as glycine donors, resolving earlier conflicting
reports (21, 25). S. aureus encodes distinct Gly-tRNAs for pro-
tein synthesis (proteinogenic) and peptidoglycan synthesis
(nonproteinogenic), a concept that has led to the untested hy-
pothesis that each Fem factor may use a cognate Gly-tRNA (26,
59). Schneider and colleagues (26) could also show that addi-
tion of FemX alone leads to the rapid formation of lipid II-Gly
whereas addition of FemX and FemA together yields the lipid
1I-Glys product; lipid II charged with two glycines was not
observed. A plausible model postulates that FemA homodimers
add two glycines per cycle without releasing the lipid II inter-
mediate. This notion is supported by bacterial two-hybrid stud-
ies suggesting that FemA is a homodimer whereas FemX
behaves as a monomer. Here, we find that recombinant FmhA
and FmhC form protein aggregates in E. coli but can be refolded
in the presence of FemA and FemB. Aggregation likely results
from high copy number, plasmid-borne overexpression of
fmhA and fmhC genes, and the lack of binding partner in E. coli.
In S. aureus, plasmid expression of fimhA and fimhC does not
offset this fine balance, as manifested by the formation of ser-
ine-containing cross-bridges. As expected, FemA and FemB,
which form homodimers, were found to be soluble in E. coli.
We propose a model whereby FmhA incorporates Ser; and
Sers after heterodimeric association with FemA and FemB,
respectively, whereas FmhC interacts solely with FemB in vivo,
thereby providing a mechanism for the selective insertion of
serine at position 5 of cross-bridges. Although a weak interac-
tion was observed between GST-FmhC and FemAy;s upon
refolding of denatured monomers, it is reasonable to assume
that in vivo the FemA homodimer is extremely stable and is not
displaced by FmhC. In summary, this study defines a function
for two previously uncharacterized staphylococcal factors,
FmhA and FmhC. Although FmhA may act minimally in S. aur-
eus, FmhC appears to act as the LytN-immunity factor, facili-
tating safe daughter cell separation during bacterial growth.

Experimental procedures
Bacterial growth and reagents

Strains of S. aureus were grown in tryptic soy broth or on
tryptic soy agar plates supplemented with appropriate antibiot-
ics. Erythromycin, kanamycin, and chloramphenicol were used
at a concentration of 10 pg/ml. Oxacillin was used at 0.3 and
3.75 pg/ml for strains Newman and USA300 LAC* (a variant of
the original clone of the epidemic community-acquired MRSA
USA LAC strain (60) that has lost plasmid pUSA03 encoding
ermC (61)), respectively. Strains of E. coli were grown in Lysog-
eny (62) or Terrific (pdb.rec085894, Cold Spring Harbor Proto-
cols) broths or on Luria broth agar plates supplemented with
either ampicillin (100 wg/ml) or kanamycin (50 pg/ml). When
indicated, the inducers anhydrotetracycline and isopropyl 8-D-
thiogalactopyranoside (IPTG) were used at concentrations of

13672 J Biol. Chem. (2020) 295(39) 13664-13676

200 ng/ml and 1 mwm, respectively. Lysostaphin was purchased
from AMBI Products (AMBI Products, Lawrence, NY) and
mutanolysin from Sigma-Aldrich. The stock solution of muta-
nolysin was treated with 1 mm PMSF to remove residual prote-
ase contamination. Most other chemicals used were purchased
from either Sigma-Aldrich or Thermo Fisher Scientific.

To examine bacterial growth, overnight cultures were nor-
malized to absorbance 3 at 600 nm (A¢oo = 3) and diluted 1:50
into 200 pl of fresh medium in 96-well plates. To assess oxacil-
lin susceptibility, overnight cultures were diluted 1:1,000 into
medium containing or lacking oxacillin. Next, plates were incu-
bated with shaking at 37 °C in a Synergy HT plate reader (Bio-
Tek). Growth was monitored by recording Aggo every 30 min
for up to 16 h. Growth curves were recorded in triplicates and
each experiment was reproduced three times. To assess the rel-
ative resistance toward lysostaphin, overnight cultures (1 ml)
were washed twice with 50 mm Tris-HCI, pH 7.5, and cells were
suspended in 650 ul of the same buffer. 90 ul of this suspension
was aliquoted in two technical triplicates for each strain into a
96-well plate. One set received 10 ul of buffer (50 mm Tris, pH
8.0; control) and the second, 10 ul of lysostaphin (20 wg/ml).
Decline in Agyy was monitored every 5 min at 37 °C with agita-
tion using the Synergy HT plate reader (BioTek). The change in
cell density, expressed as a percentage of the input for each well,
was normalized to the control samples for each time point.

Strains, vectors, and plasmids

S. aureus parent strains RN4220 (63), Newman (64), BB308
(54), and USA300 LAC* were used for this study. S. aureus
Newman variant carrying a bursa aurealis insertion in finhA
was obtained from the Phoenix library (45). Allelic recombina-
tion with plasmid pKOR1 was used to delete the finhC gene as
described (46). For cloning into pKOR1, two 1-kb DNA frag-
ments upstream and downstream of the fin/C gene were ampli-
fied from the chromosome of strain Newman with primers
SW169/SW170 (5'-GGGGACAAGTTTGTACAAAAAAGC-
AGGCTATGTATTCGCGAAATCAG-3'/5'-CATACTTTA-
TAATTAAACCTTAGTTGAAAATTTCATATTTCAATG-
TCC-3") and primers SW171/SW172 (5'-TGAAATAT-
GAAATTTTCAACTAAGGTTTAATTATAAAGTATGTTGG-
3'/5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTCTT-
GGATACGTAATAAATTACC-3’), respectively. The two
flanking regions were fused in a subsequent PCR, and the
final PCR product was cloned into pKOR1 using the BP Clo-
nase II kit (Invitrogen) and recombined on the chromosome
of S. aureus as described (46). Allelic replacement of the
fmhC gene on the chromosome was verified by DNA
sequencing of PCR amplified products using genomic DNA
of candidate strains and primer pair SW185/SW186 (5'-
AACACGTTTAGTTGGTCCGAACTGTC-3'/5'-AATGACT-
AAATTATCTGCCAATGTCATTTCC-3'). Strains Newman
fimhA and finhA/fimhC were generated by transducing the finhA::
erm allele using bacteriophage ¢85 from strain ®NZ02665 (45).
Successful transduction was confirmed by DNA sequencing of
PCR amplified products using genomic DNA of candidate strains
and primer pair SW187/SW188 (5'-TAAATCTAAATAGT-
GAACAACAACATGCG-3'/5'-ATAAGTGCCTTTAAATTC-
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TGTCGAGC-3’). Deletion of fimhA in the femAB::308 strain
was performed using the pKOR1 allelic recombination system
as described above for finhC. Fragments upstream and down-
stream of finhA were amplified using primers SW165/SW166
(5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTTT-
TGTTAACCATTCTTTATTTTC-3'/5'-CAT-AATCTTGG-
AGCGATATTTTTATCCCATCCCTCTCTG3' and SW167/
SW168 (5-GAGAGGGATGGGATAAAAATATCGCTC-
CAAGATTATGAC-3'/5'-GGGGACCACTTTGTACAAGA-
AAGCTGGGTTAGGATTTATTTTAGTGGCTG-3'). For
overexpression studies in S. aureus, the fmhA and fmhC
genes were cloned in the replicative vectors, pMF312 and
JK4 (49, 53). pMF312 is a modified pOS1 plasmid (pEC194-
based) carrying the anhydrotetracycline-inducible promoter
(itet) and chloramphenicol resistance (49). pJK4 carries the
IPTG inducible spac promoter and kanamycin resistance
(36). For cloning in pMF312, the finhA and finhC genes were
amplified with primers SW159/SW160 (5'-GGCCTAGGAG-
GAGGACAGCTATGAACTTTGTAACGTTGACTTC-3'/5'-
GATCCCGCGGTTAACGACGTTTATGATTTAAGTACG-
3') for fimhA and primers fmhCF/fmhCR (5'-GGCCTAGGAG-
GAGGACAGCTATGAAATTTTCAACTTTAAGTGAAGAA-
GAAT-3'/5'-GATCCCGCGGTTAAACCTTATAAATAAGT-
TTTGCAAATTTATATAGAA-3') for finhC. For cloning in
pJK4, the finhA and finhC genes were amplified with primer pairs
SW206/SW207 (5'-GATCTCTAGAATGAACTTTGTAACG-
TTGAC-3'/5'-GATCGGTACCTTAACGACGTTTATGATT-
TAAG-3') for finhA and primers SW208/SW209 (5'-GATCTC-
TAGAATGAAATTTTCAACTTTAAG-3'/5'-GATCGGTAC-
CTTAAACCTTATAAATAAGTTTTG-3') for fmhC. Chro-
mosomal induction of the /ytN gene was achieved by taking
advantage of the integrative vector pCL55 (52) modified
with the itet promoter (65). [ytN was amplified using pri-
mers lytNf/lytNR (5'-GGCCTAGGAGGAGGACAGCTAT-
GTTTTTATATTATTGTAAGGAGTGTTTCATC-3'/5'-GAT-
CCCGCGGTTATGCTTTTTTAAATGGTCTAATAAAAATC-
3"). The PCR product and vector were cut with AvrIl and Sacll
for ligation. The resulting plasmid was integrated into the geh
lipase gene of strain Newman as described (52), yielding the
strain referred to as pCL55-/ytN. For a control, pCL55 without
insert was also integrated in the genome of strain Newman,
yielding the strain referred to as pCL55. All plasmids carried the
E. coli ColEl replicon for cloning purposes. All clones were
sequenced to confirm error-free constructs. Plasmids extracted
from E. coli were first transformed in S. aureus RN4220, fol-
lowed by electroporation into WT S. aureus Newman, USA300
LAC*, and isogenic variants.

Escherichia coli K12, DH5¢, and BL21 were used for cloning
and production of recombinant proteins. E. coli recombinant
clones used for the purification of proteins were generated as
follows. The fermA and femB genes were amplified by PCR using
primers SW210/SW211 (5'-GATCGCTAGCATGAAGTTTA-
CAAATTTAAC-3'/5'"-GATCCTCGAGAAAAATTCTGTC-
TTTAAC-3') for femA and primers SW212/SW213 (5'-
GATCGCTAGCATGAAATTTACAGAGTTAACTG-3'/5'-
GATCCTCGAGTTTCTTTAATTTTTTACGTAATTTATC-
3') for femB and cloned into the pET24b vector thus generating
C-terminal histidyl-6—tagged proteins, FemA;;; and FemByy;s,
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for affinity chromatography over Ni-NTA. For purification
of recombinant FmhA, the corresponding gene was ampli-
fied by PCR using primers 5'-GATCCCATGGCGAACTT-
TGTAACG-3'/5"-GATCGGATCCTTATTTTTCGAATTG-
AGGATGTGACCAACGACGTTTATGATTTAAGTACGT-
TTG-3" into pET15b vector to generate FmhA with a C-ter-
minal STREP tag, FmhAgtrep. frmhC was cloned into the
pGEX-2TK vector to generate a translational hybrid with
the N-terminal GSH S-transferase (GST-FmhC). Primers
SW240/SW241 (5'-CCGGATCCATGAAATTTTCAACT-
TTAAGTGAAGAAGAAT-3'/5'-CCGAATTCTTAAACCTT-
ATAAATAAGTTTTGCAAATTTATATAG-3’) were used to
generate this clone. rLytN was produced from a clone lacking
the signal peptide as previously described (42). All plasmids
were analyzed by DNA sequencing and transformed into E. coli
BL21(DE3) for production of recombinant proteins.

Protein purification

Recombinant proteins were purified from E. coli BL21(DE3)
with the exception of the ¢11 hydrolase, which was purified
from E. coli BL21(DE3) harboring pHTT2 and pLysS as previ-
ously described (66). Purified ¢11 hydrolase was dialyzed
against 50% glycerol, 50 mMm sodium phosphate, 10 mm MgCl,,
and 2 mm DTT, pH 6.8. For purification of Fem and Fmh fac-
tors, following IPTG induction of cultures, cells were sedimen-
ted (10,000 X g, 10 min), washed, and suspended in 15 ml of
buffer A (100 mm Tris-HCI, pH 8.0, and 150 mm NaCl) and
lysed by three passages in a French press at 14,000 lb/in’
Unbroken cells were removed by centrifugation (5,000 X g for
15 min) and crude lysates were subjected to ultracentrifugation
(100,000 X g for 1 h at 4°C). Soluble recombinant proteins
FemAyy;; and FemByy;; were subjected via gravity flow to chro-
matography on Ni-NTA resin (Qiagen) with a packed volume
of 1 ml pre-equilibrated with buffer A containing 20 mm imid-
azole. Columns were washed with 20-bed volumes of buffer A
and eluted with a step gradient of imidazole (20-500 mm) in
buffer containing or lacking 6 M guanidine hydrochloride.
FmhAgrgrep and GST-FmhC were found in the pellet fraction
following ultracentrifugation at 100,000 X g. Pellets were sus-
pended in buffer A containing 6 M guanidine hydrochloride at
room temperature for 60 min. The samples were subjected to
ultracentrifugation (100,000 X g for 1 h at 4°C). 1 ml of soluble
sample was mixed with 1 ml of either buffer A containing 6 M
guanidine hydrochloride, or with FmhAgtgrep or GST-FmhC
suspended in the same buffer. All samples were diluted 10-fold
in buffer A containing 20 mm imidazole and spun at 100,000 X
gfor1hat4°Ctoremove insoluble proteins before purification
over Ni-NTA as described above. Purification of rLytN was
performed as described previously (42). Concentration of pro-
teins was determined with the bicinchoninic acid assay (Pierce).
Aliquots of samples loaded on the column, flow-through, wash,
and eluted fractions were mixed with an equal volume of sam-
ple buffer and separated on 12 or 15% SDS-PAGE. Proteins in
gels were visualized by staining with Coomassie Brilliant Blue
or electro-transferred to a polyvinylidene difluoride membrane
(Millipore). All antibody dilutions were performed in PBS with
5% milk. The mAb against the STREP tag (a-STREP) was
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obtained from IBA Lifesciences and used at a dilution of
1:5,000 with HRP-conjugated anti-mouse antibody used at a
dilution of 1:10,000. Polyclonal antibodies against GST
(a-GST, Abcam) and HRP-conjugated anti-rabbit antibody
were used at dilutions of 1:10,000.

Peptidoglycan purification

Staphylococci from cultures grown to Aggo between 0.8-1.0
were suspended in 50 ml 4% SDS buffered with 100 mm Tris-
HCI, pH 6.8, and boiled for 30 min. Cells were washed five
times in water and lysed via bead-beating (MP Biomedicals).
Cellular material was collected by centrifugation (7,500 X g for
10 min), washed two times with water, and suspended in 50 mm
Tris-HCI (pH 7.5), 10 mm CaCl,, and 20 mm MgCl, for diges-
tion with DNase (10 pg/ml), and RNase (50 wg/ml) for 2 h at
37°C and then with trypsin (100 ug/ml) for 16 h at 37°C. The
cell wall material was sedimented (3,300 X g for 15 min), sus-
pended in 100 mm Tris-HCL, pH 6.8, containing 1% SDS,
boiled for 10 min to inactivate enzymes, and then washed twice
with water, once with 8 M LiCl, once with 100 mm EDTA, twice
with water, once with acetone, and twice with water. Sacculi
were suspended in 5 ml of 47% hydrofluoric acid for 48 h at
4°C. Peptidoglycan was recovered by centrifugation (33,000 X g
for 45 min) and washed twice with water, twice with 100 mm
Tris-HCI (pH 7.5), and twice with water. Sacculi were dried
under vacuum, the dry weight was recorded, and the sam-
ples were suspended to 50 mg/ml with sterile water and
stored at —20°C.

Biochemical characterization of peptidoglycan preparations

Peptidoglycan (5 mg) was incubated for 16 h at 37 °C with 10
ul of enzyme: mutanolysin (0.5 unit) or rLytN (300 ug/ml).
Peptidoglycan samples were incubated in 12.5 mm and 50 mm
phosphate buffer, pH 5.5, respectively. Enzymatic reactions
were ended by heat treatment (95°C, 10 min) and insoluble
materials were removed by centrifugation. The solubilized
materials were dried under vacuum and reduced via the addi-
tion of 0.5 M sodium borate (100 wl) and 3-5 mg of sodium bor-
ohydride. After 15 min of incubation, reactions were inacti-
vated by the addition of 20% phosphoric acid to reach pH <
4.0. Samples were centrifuged (23,000 X g for 10 min) to
remove any precipitates before separation onto reverse-phase
HPLC using a Waters 2695 Alliance system. 100 ul of sample
was applied to a 250 X 4.6-mm reverse-phase C18 column
(ODS-Hypersil, 3 um; Thermo Fisher Scientific) via automated
injection. The column was eluted at a flow rate of 0.5 ml/min
with a linear gradient starting 5 min after injection of 5% (v/v)
methanol in 100 mm NaH,PO,, (pH 2.5) to 30% (v/v) methanol
in 100 mm NaH,PO, (pH 2.8) for 150 min. Column tempera-
ture was maintained at 52°C. The eluted compounds were
detected by absorption at 206 nm (A,gs). Where indicated, area
under the curves was determined with Image] for a rough esti-
mate of muropeptide amounts. For MALDI-TOF MS, selected
HPLC fractions were dried under vacuum, suspended in 50 ul
of 0.1% TFA, and desalted into 30% acetonitrile 0.1% TFA using
ZipTips (Millipore) according to the manufacturer’s instruc-
tions. 0.5 ul of desalted fraction was spotted with 0.5 ul of ma-
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trix, a-cyano-4-hydroxycinnamic acid, at 10 mg/ml in 50% ace-
tonitrile—0.1% TFA. The samples were subjected to MALDI-
TOF MS using an Autoflex Speed Bruker MALDI instrument.
The ions were detected in reflectron-positive mode unless oth-
erwise stated. For automated Edman degradation analysis,
desalted fractions were sent to the Protein Structure Core Facil-
ity at the University of Nebraska, where they were analyzed
using a Shimadzu PPSQ-33A system.

Purification of anchor peptides

Overnight cultures (40 ml) of Newman variants fernAB::308,
femAB:308 fimhA, and femAB:308 finhC harboring pHTT4
were used to inoculate 2 liters of tryptic soy broth supple-
mented with 10 pg/ml chloramphenicol. The cultures were
grown with shaking for 5 h. The cells were collected by centrif-
ugation, washed, suspended in 100 ml of water, extracted with
100 ml of ethanol-acetone (1:1), and incubated for 30 min on
ice. The cells were collected by centrifugation, washed with 300
ml of ice-cold water, and suspended in 30 ml of 0.1 m Tris-HCI,
pH 7.5, for incubation with mutanolysin (333 units/ml) for 16
h, followed by incubation with ¢11 hydrolase (250 pg) for 16 h
with rotation at 37°C. Digested samples were centrifuged at
40,000 X g for 30 min, and the supernatant was subjected to
Ni-NTA affinity chromatography as described for recombinant
proteins above. Purified SEB-MHg-CWS was incubated in the
dark overnight with a crystal of cyanogen bromide and re-puri-
fied by Ni-NTA affinity chromatography as described (41). Elu-
ate was desalted using a C18 matrix cartridge (Waters) (Waters
Corporation, Milford, MA) and dried under vacuum, as de-
scribed (41). Dried peptides were resuspended in 20 ul of 50%
CH3CN 0.1% TFA. 1 ul of sample was co-spotted with 1 ul of
a-cyano-4-hydroxycinnamic acid (10 mg/ml in 50% CH3;CN
0.1% TFA) and allowed to dry before analysis on a MALDI-
TOF instrument (Bruker) in linear positive mode.

Data availability

All data described in the article are contained within the arti-
cle. Strains and plasmids described in this manuscript are avail-
able upon request to the corresponding author.
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