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ABSTRACT

The envelope of Staphylococcus aureus is comprised of peptidoglycan and its attached secondary polymers, teichoic acid, capsu-
lar polysaccharide, and protein. Peptidoglycan synthesis involves polymerization of lipid II precursors into glycan strands that
are cross-linked at wall peptides. It is not clear whether peptidoglycan structure is principally determined during polymerization
or whether processive enzymes affect cell wall structure and function, for example, by generating conduits for protein secretion.
We show here that S. aureus lacking SagB, a membrane-associated N-acetylglucosaminidase, displays growth and cell-morpho-
logical defects caused by the exaggerated length of peptidoglycan strands. SagB cleaves polymerized glycan strands to their phys-
iological length and modulates antibiotic resistance in methicillin-resistant S. aureus (MRSA). Deletion of sagB perturbs protein
trafficking into and across the envelope, conferring defects in cell wall anchoring and secretion, as well as aberrant excretion of

cytoplasmic proteins.

IMPORTANCE

Staphylococcus aureus is thought to secrete proteins across the plasma membrane via the Sec pathway; however, protein trans-
port across the cell wall envelope has heretofore not been studied. We report that S. aureus sagB mutants generate elongated
peptidoglycan strands and display defects in protein secretion as well as aberrant excretion of cytoplasmic proteins. These re-
sults suggest that the thick peptidoglycan layer of staphylococci presents a barrier for protein secretion and that SagB appears to

extend the Sec pathway across the cell wall envelope.

taphylococcus aureus, a Gram-positive bacterial pathogen, rep-

licates via septal assembly of membranes and peptidoglycan
into the cross wall compartment (1, 2). The peptidoglycan of the
cross wall is split by murein hydrolases, separating daughter cells
that assume a spherical shape (3). Earlier work identified three
murein hydrolases with cross-wall-splitting activities: Atl (autoly-
sin), Slel, and LytN (3-5). Atl and Slel are secreted into the ex-
tracellular milieu and subsequently cleave septal peptidoglycan at
the cross wall but not elsewhere as access is restricted by teichoic
acid modification of peptidoglycan (6-8). LytN, on the other
hand, is secreted into the cross wall compartment (5). S. aureus Atl
is synthesized as a preproenzyme with an N-terminal signal pep-
tide and prodomain (9, 10). Secreted pro-Atl is processed to gen-
erate Atl N-acetylmuramoyl-L-Ala-amidase (Atl,,,) and Atl N-
acetylglucosaminidase (Atlg, ), and each binds via GW domains to
lipoteichoic acids (10-12). Earlier work demonstrated that Atl
functions as an endo-fB-N-acetylglucosaminidase (12, 13). Al-
though initially designated autolysin (Atl), the S. aureus atl mu-
tant does not display an autolysis phenotype yet forms large clus-
ters of incompletely separated bacteria and is defective for
penicillin-induced killing (14). The LysM domains of Slel pro-
mote its binding to cross wall peptidoglycan, and slel mutants also
form clusters of incompletely separated bacteria (3, 7).

Murein sacculi are composed of peptidoglycan, a single
large macromolecule with glycan strands and cross-linked wall
peptides (15). In S. aureus, glycan strands are polymers of [-4(-
N-acetylmuramic acid-B(1-4)-N-acetylglucosamine-3)1-],, 4
to 6 N-acetylmuramyl (MurNAc)-GlcNAc disaccharides in
length (16, 17). Each MurNAc residue is tethered to wall peptide,
L-Ala-D-iGIn-(Gly;)-L-Lys-D-Ala, where the amino group of the
pentaglycine cross bridge (Glys) is amide linked to the carboxyl
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group of D-Ala within wall peptide from another glycan strand
(18-20). Peptidoglycan synthesis involves a bactoprenol-linked
intermediate, lipid II [Cs5-(PO,),-MurNAc(-L-Ala-D-iGln-
(NH,-Glys)-L-Lys-D-Ala-D-Ala)-B(1-4)-GlcNAc] (21, 22), that
is polymerized into glycan strands by penicillin binding protein 2
(PBP2), as well as the monofunctional glycosyltransferases MGT
and SgtA (23-25). Wall peptides of newly assembled glycan
strands are cross-linked by transpeptidases (26, 27), i.e., penicillin
binding proteins (PBP1, PBP2, and PBP4), and at low frequency
(<1%) are trimmed of their terminal D-Ala (28-31).

When analyzed by electron microscopy of thin-sectioned
staphylococci or isolated murein sacculi, the peptidoglycan layer
of S. aureus has a diameter of 20 to 40 nm (1). Boiling staphylo-
cocci in suspension with ionic detergent does not lead to cell lysis
or leakage of cytoplasmic protein, suggesting that staphylococcal
murein sacculi are impenetrable for proteins (32). Nevertheless,
during exponential growth, S. aureus secretes at least 59 proteins
processed from signal peptide-bearing precursors into the culture
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description” Reference(s) or source

Strains
S. aureus Newman Wild type, clinical isolate 42,75
atl mutant Aatl::Sp This work
sagB mutant AsagB::aphA This work
sagA mutant AsagA This work
scaH mutant scaH::erm This work
atl sagB mutant Aatl::Sp AsagB::aphA This work
atl sagA mutant Aatl::Sp AsagA This work
atl scaH mutant Aatl::Sp scaH::erm This work
sagAB mutant AsagB::aphA AsagA This work
sagB scaH mutant AsagB::aphA scaH::erm This work
sagA scaH mutant AsagA scaH::erm This work
atl sagAB mutant Aatl::Sp AsagB::aphA AsagA This work
atl sagB scaH mutant Aatl::Sp AsagB::aphA scaH::erm This work
atl sagA scaH mutant Aatl::Sp AsagA scaH::erm This work
sagAB scaH mutant AsagB::aphA AsagA scaH::erm This work
atl sagAB scaH mutant Aatl::Sp AsagB::aphA AsagA scaH::erm This work
atl sagAB scaH lytP2 lytP4 atl::erm AsagAB AscaH lytP2::Cm lytP4:Sp Lab collection

mutant

USA300 LAC Wild type, clinical MRSA isolate 55
USA300 sagB USA300 AsagB::aphA This work

Plasmids
pAatl:Sp pKOR1 with Aatl::Sp for allelic replacement This work
pAsagB::aphA pKOR1 with AsagB::aphA for allelic replacement This work
pAsagA pKOR1 with AsagA for allelic replacement This work
pOS1 E. coli/S. aureus shuttle vector 32
psagB sagB ORF and 852 bp upstream cloned into pOS1 This work
pET15b-Atlg atl;,05 3,7, cloned into the BamHI site of pET-15b" This work
pET15b-sagBy;_gs5 sagBs,_ss5 cloned into the Ndel and BamHI sites of pET-15b This work
PGEX-Atl, gst-atl,, fusion® 76
pGEX-Atl;, gst-atl,; fusion? 76

“ ORF, open reading frame.

Y atl;,5_3,71> atl gene encoding residues 3103 to 3771 of Atl.

“atl,p the atl gene encoding the Atl N-acetylmuramoyl-L-Ala-amidase.
@ atl,, the atl gene encoding Atl N-acetylglucosaminidase.

medium in addition to excreting 53 polypeptides that apparently
do not travel via the Sec pathway (33-35). S. aureus genes for cell
wall synthesis and peptidoglycan processing were heretofore not
reported to contribute to protein secretion.

By analyzing N-acetylglucosaminidases of S. aureus Newman,
we observed that mutations in sagB (Staphylococcus aureus gluco-
saminidase B) perturb protein secretion. Further, sagB mutants
display growth and cell-morphological defects that are caused by
the exaggerated lengths of peptidoglycan strands, and purified
SagB cleaves glycan strands to generate the physiological structure
of S. aureus cell wall. During the preparation of the manuscript,
Wheeler et al. reported on S. aureus SH1000 sagB mutants and
associated defects in bacterial growth and peptidoglycan structure
without analyzing protein secretion or antibiotic resistance (36).

MATERIALS AND METHODS

Bacterial strains, bacterial growth, and reagents. Escherichia coli DH5a
was used for cloning. E. coli XL-1 Blue was used for expression and puri-
fication of glutathione S-transferase (GST) fusions, and E. coli BL21(DE3)
was used for the purification of histidine-tagged proteins. E. coli cultures
were grown in Luria broth (LB) or on LB agar supplemented with ampi-
cillin at a concentration of 100 pg/ml and with isopropyl 1-thio-f-p-
galactopyranoside (IPTG) when indicated. S. aureus strains were grown in
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tryptic soy broth (TSB) or on tryptic soy agar (TSA) supplemented with
appropriate antibiotics. Erythromycin and chloramphenicol were used at
a concentration of 10 pg/ml, kanamycin was used at 50 pg/ml, and spec-
tinomycin was used at 200 pg/ml. To examine the effect of the gluco-
saminidase gene deletions on bacterial growth, stationary-phase cultures
normalized to an Ag, of 3 were diluted (1:50) into 100 pl of fresh TSB,
and growth at 37°C was monitored every 15 min for 12 h in a Synergy HT
plate reader (BioTek) by measuring the optical density at 600 nm. Bacte-
rial strains and plasmids utilized in this study are listed in Table 1.
Deletion strains were created by amplifying 1 kb upstream and down-
stream of the gene of interest from S. aureus Newman chromosomal
DNA. Products were combined by spliced overlap extension (SOE)-PCR
and cloned into pKORI. Allelic replacement followed a previously de-
scribed protocol (37). The atl::Sp strain was generated by amplification of
the up- and downstream regions of atl using the upstream primer pair
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATTTTCATGG
GTATATGATGAAAATGGC-3" and 5'-CGAACGAAAATCGATCGC-
CATTCTATTTATTACTCCTAACATTTATTAATTATTAC-3" and the
downstream pair 5'-CCCTTGCATATAAGCAACATGAACATAGGATC
AAAAGTCATCC-3" and 5'-GGGGACCACTTTGTACAAGAAAGCTG
GGTGTATGGTTTATCAATATTTTTCGCGAAATAACC-3". The spec-
tinomycin resistance cassette was amplified using 5'-GTAA
TAAATAGAATGGCGATCGATTTTCGTTCGTGAATACATGTTA
T-3" and 5'-GTTCATGTTGCTTATATGCAAGGGTTTATTGTTTTCT
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AAAATCT-3' from pJRS312 (38). Similarly, sagB::aphA was generated
by amplification of sagB upstream regions using the primer pair 5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTGAGGATAAAGATT
GCTTGCTTGAGGG-3" and 5'-CCTCAAATGGTTCCATATCCACA
CCTCTTAGGTCATTG-3', and the downstream region was amplified
using 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTGTCCAAA
AATTACACCGATAGGCTCTT-3" and 5'-GGAATTTGTATCGCA
TTTGAATAAGTAATTTGATAAGCTACGAG-3'; the aphA kanamy-
cin resistance marker from pJK4 (39) was amplified using 5'-GGTGT
GGATATGGAACCATTTGAGGTGATAGGTAAG-3" and 5'-CTTAT
TCAAATGCGATACAAATTCCTCGTAGGC-3'. The sagA deletion
was generated by amplification of the upstream region of sagA using
the primer pair 5'-GGGGACAAGTTTGTACAAAAAAGCAGGC
TTTAAATAATGATGCGATGGAAAATGGAG-3' and 5'-C
ACACTCAGAATCACGATGAGTAATACAGCAAAAACAAC-3" and
the downstream pair 5'-GTTGTTTTTGCTTCCTTTAGCGCATTCT
GAGTGTG-3" and 5'-GGGGACCACTTTGTACAAGAAAGCTGGGT
CCCCATATTAGGCGTTGTCG-3'. The scaH:erm mutant was ob-
tained from the Phoenix transposon library and transduced by
bacteriophage ¢85 into Newman wild-type background (40). Combi-
natorial mutants of the glucosaminidase genes were generated by bac-
teriophage transduction and selection with the appropriate antibiotic.

The psagB complementation vector was generated by PCR amplifica-
tion of the sagB open reading frame using 5'-NNNGGATCCGTAATCG
GGAGGTAACAATGGATTACGCAC-3" and 5'-NNNGGATCCTTACT
TATTCAAATGTTTACTGTCATCTTTATAC-3', followed by BamHI
digestion and insertion into pOS1. pET15b-sagBy, 55 encoding the N-
terminally His,-tagged SagB glucosaminidase domain (residues 91 to
855), was generated by PCR amplification using the primer pair 5'-AAA
ACATATGTCCGATCAGATATTTTTCAAACA-3" and 5'-AAAAGGAT
CCTTACTTATTCAAATGTTTACTGTCAT-3’, followed by directional
cloning into pET-15b using the Ndel and BamHI restriction sites.
pET15b-Atlg;, encoding an N-terminal His,-tagged glucosaminidase do-
main of Atl, was PCR amplified using primers 5'-NNNGGATCCGGGT
TTACAATATAAACCACAAGTACAACGTG-3" and 5'-AAAAGGATCC
TTATTTATATTGTGGGATGT-3', cloned into the BamHI site of pET-
15b, and screened for directionality. All constructs and mutants were
verified by sequencing.

Protein and antibody production. Bacterial cultures were grown to
an Ay, 0f 0.6, and protein expression was induced with 1 mM IPTG for 4
h at 37°C for Hiss-tagged fusions or with 0.3 mM IPTG for 16 h at room
temperature for GST-Atl,,,. Bacterial cells were sedimented by centrifu-
gation (10,000 X g, 10 min) and suspended in phosphate-buffered saline
(PBS; pH 7) for the purification of GST fusions and in PBS (pH 7.4)
containing 20 mM imidazole for His,-tagged proteins. Cells were lysed by
two passages in a French pressure cell at 15,000 Ib/in®. Crude lysates were
cleared by centrifugation (100,000 X g, 30 min), and the supernatant was
loaded by gravity flow onto glutathione-Sepharose beads (GE Healthcare)
or nickel-nitrilotriacetic acid beads (Qiagen) preequilibrated in their re-
spective lysis buffers. Columns were washed with 20 volumes of lysis buf-
fer, and bound proteins were eluted with either 10 mM reduced glutathi-
one or 500 mM imidazole. Proteins in the eluates were dialyzed into PBS
(pH 7), quantified by bicinchoninic acid assay (Pierce), and stored at 4°C
for immediate use or stored frozen at —80°C.

For production of polyclonal antibodies, rabbits (6-month-old female
New Zealand White rabbits; Charles River Laboratories) were immunized
with purified recombinant SagB (rSagB) as described earlier (41). Poly-
clonal serum was stored at —80°C.

Lysostaphin susceptibility. Stationary-phase cultures of staphylo-
cocci were washed, suspended in ice-cold Tris-HCI (pH 7.5) to an Ay, of
6.0, and distributed in quadruplicate into a 96-well microtiter plate. Buf-
fer alone or 40 g of lysostaphin/ml of buffer was added to each well.
Turbidity of cells was monitored every 15 min for 3 h at 37°C with agita-
tionina Synergy HT plate reader (BioTek) by measuring the A, Relative
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turbidity was determined as the ratio of the average Ay, of lysostaphin
samples to that in buffer-only controls.

Peptidoglycan extraction. Staphylococci from mid-exponential-
growth cultures (A4, of 0.6) were suspended in 4% sodium dodecyl sul-
fate (SDS) and boiled for 30 min. Cells were subsequently washed five
times in water to remove detergent and then broken in a bead-beating
instrument (MP Biomedicals). Cellular material was collected by centrif-
ugation (7,500 X g 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
digestion with amylase (100 pg/ml), DNase (10 pg/ml), and RNase (50
pg/ml) for 2 h at 37°C and then with trypsin (100 pg/ml) for 16 h at 37°C.
The cell wall material was sedimented by centrifugation (3,300 X g, 15
min), suspended in 1% SDS, boiled for 15 min to inactivate enzymes, and
then washed two times with water, once with 8 M LiCl, once with 100 mM
EDTA, two times with water, once with acetone, and two times with water.
Murein sacculi were suspended in water, normalized to an A, of 10, and
stored at —20°C until further use. Murein sacculi were further processed
to remove acetyl groups and phosphodiester-linked cell wall polymers,
first by drying samples under speed vacuum and then by suspension in
49% hydrofluoric acid (HF; 2.5 mg/ml) for 48 h at 4°C. Peptidoglycan was
recovered by centrifugation (33,000 X g for 45 min), washed two times
with water, once with 100 mM Tris-HCI (pH 7.5), and two times with
water. The pellet was then suspended in 100 mM (NH,),CO; and treated
with alkaline phosphatase (250 pg/ml) for 16 h at 37°C. The enzyme was
inactivated by boiling for 5 min, and peptidoglycan washed two times with
water. The purified material was suspended in water, normalized to an
Agoo 0f 10, and stored at —20°C.

Peptidoglycan digestion and high-pressure liquid chromatography
(HPLC) analysis. Peptidoglycan (Ag, of 10; 0.3 ml) was suspended in
12.5 mM sodium phosphate buffer (pH 7.4) and digested with lysostaphin
(0.1 mg/ml) for 16 h at 37°C. To assess recombinant glucosaminidase
protein activity, peptidoglycan (A, of 10; 0.3 ml) suspended in 100 mM
sodium phosphate buffer (pH 5.0) was treated with 0.5 mg/ml Atl;; or
rSagB and incubated for 6 h at 37°C. Thereafter, the reaction mixture was
adjusted to pH 7.0 with sodium hydroxide and subjected to digestion with
lysostaphin (0.1 mg/ml) alone or with Atl,, (50 wg/ml) and incubated for
12 h at 37°C. The digestion reaction was quenched by boiling the mixture
for 10 min at 95°C, and supernatants were collected after centrifugation
(10 min at 23,000 X g).

For purification and analysis of lysostaphin and Atl,,-cleaved glycan
chains, we used the procedure of Boneca et al. with minor modifications.
The muropeptide-containing supernatants were diluted to 10 ml with
water and adjusted to pH 2.0 with phosphoric acid. Glycan strands were
separated from stem peptides on a MonoS column (GE Healthcare). Sam-
ples were applied over the MonoS column, washed with 10 mM sodium
phosphate buffer, pH 2.0 (buffer A), at 0.7 ml/min, and eluted with 1 M
NaCl in buffer A. Sample detection was followed at 202 nm and 215 nm.
Glycan chains eluted in the void volume; the corresponding fractions were
lyophilized and then suspended to approximately 500 wl in water (17).
Muropeptides and/or glycan chains were reduced as previously described
by addition of 0.5 M sodium borate (pH 9) and NaBH,, (28).The reaction
was quenched by addition of 20% H,PO, to reduce the pH to 2. Precipi-
tate was sedimented by centrifugation (23,000 X g, 10 min). The reduced
material was collected and stored at —20°C until further analysis. Separa-
tion of muropeptides by reverse-phase high-pressure liquid chromatog-
raphy (RP-HPLC) was performed as previously described (28). Samples
were applied to a 250- by 4.6-mm reversed-phase C,4 column (ODS-
Hypersil, 3 wm; Thermo Scientific). The column was eluted at a flow rate
of 0.5 ml/min with a linear gradient starting 5 min after injection of 5%
(vol/vol) methanol in 100 mM NaH,P0,, (pH 2.5) to 30% (vol/vol) meth-
anol in 100 mM NaH,P0, (pH 2.8) in 150 min. Column temperature was
maintained at 52°C. The eluted compounds were detected by absorption
at 206 nm. Desalted muropeptides were dried under vacuum and sus-
pended in 20 pl of 30% acetonitrile, and 0.5 .l was cospotted with 0.5 .l
of matrix, a-cyano-4-hydroxycinnamic acid, at 10 mg/ml in 50% aceto-

jb.asm.org 1125


http://jb.asm.org

Chan et al.

nitrile—0.1% trifluoroacetic acid (TFA). Samples were subjected to ma-
trix-assisted laser desorption ionization—time of flight mass spectrometry
(MALDI-TOF MS) using an Autoflex Speed Bruker MALDI instrument.
TIons were detected in reflectron-positive mode.

Quantification of cell wall phosphate levels. The phosphate content
was determined by incubating 45 l of murein sacculus sample (A4, of
10) with 5 pl of trichloroacetic acid (TCA) at 80°C for 16 h. Inorganic
phosphate released by this treatment was quantified with a colorimetric
assay in which a mix composed of 6 N H,SO,, water, 2.5% ammonium
molybdate, 10% ascorbic acid (in the ratio 1:2:1:1) was added at 1:1 (vol/
vol) to TCA-treated preparations and incubated at 37°C for 90 min. Prod-
uct formation corresponding to free phosphate was measured in a spec-
trophotometer at 820 nm (Ag,,), and phosphate concentration in the
samples was calculated from NaH,PO, standards (concentration, 0 to
800 WM).

Transmission electron microscopy. For transmission electron mi-
croscopy, bacterial cells were washed twice with 50 mM Tris-HCl (pH
7.5)-150 mM NaCl, bathed in fixative (2% glutaraldehyde, 4% parafor-
maldehyde [PFA], 0.1 M sodium cacodylate buffer) overnight at 4°C, and
postfixed with 1% OsO, in 0.1 M sodium cacodylate buffer for 60 min.
Fixed samples were stained in 1% uranyl acetate in maleate buffer for 60
min, serially dehydrated with increasing concentrations of ethanol, em-
bedded in Spurr resin for 48 h at 60°C, thin sectioned (90 nm) using a
Reichert-Jung Ultracut device, and poststained in uranyl acetate and lead
citrate. The samples were imaged on an FEI Tecnai F30 with a Gatan
charge-coupled-device (CCD) digital micrograph. Quantification of cell
separation defects was done on cultures grown to an Ay, of 0.5. A sepa-
ration defect was defined as a dividing cell displaying more than one septal
plane. Three hundred to 500 dividing cells from at least 15 fields of images
were enumerated. Statistical significance was determined by one-way
analysis of variance (ANOVA), followed by Bonferroni’s multiple com-
parison to the wild type.

Antibiotic resistance. MICs of antibiotics for S. aureus strains were
determined by measuring their growth in 96-well plates. Experiments
were performed in duplicate and repeated at least three times. TSB (100 .l
with or without antibiotic) was inoculated 1:50 with stationary-phase
culture (2 pl) normalized to an A, of 3, plates were incubated at 37°C
with agitation for 16 h, and the A, was measured. MIC determinations
tested flavomycin (0.5 to 40 pg/ml), oxacillin (0.005 to 20 pg/ml), van-
comycin (0.078 to 10 pg/ml), bacitracin (3.125 to 400 pg/ml), and nisin
(0.97 to 125 pg/ml). Statistical significance was calculated by one-way
ANOVA followed by Dunnett’s test (S. aureus Newman) or with an un-
paired ¢ test (USA300 LAC).

Cellular fractionation and immunoblotting. S. aureus Newman
strains were diluted from overnight cultures and grown to mid-exponen-
tial phase (Agq, 0£0.5). For comparative analyses of proteins using immu-
noblotting, bacteria from 2 ml of culture were sedimented, and the super-
natant (S) was collected and concentrated by TCA precipitation. The
sediment was suspended in 1 ml of TSM buffer (50 mM Tris-HCI [pH
7.5], 0.5 M sucrose, 10 mM MgCl,) supplemented with 10 pg/ml lyso-
staphin and incubated for 30 min at 37°C to generate protoplasts. Proto-
plasts were sedimented by centrifugation (23,000 X g, 5 min), and the
solubilized cell wall material (CW) in the supernatant was collected and
TCA precipitated. Protoplasts were lysed and separated into membrane
(M) and cytoplasm (C) fractions by repeated freeze-thaw cycles (four
times) in an ethanol-dry-ice bath and a 56°C heat block. Membranes were
sedimented and separated from cytoplasmic material by centrifugation
(23,000 X g, 60 min). Cytoplasmic fractions were concentrated by TCA
precipitation. All TCA-precipitated samples were reconstituted in 50 pl of
0.5 M Tris-HCI (pH 8.0)—4% SDS and heated at 90°C for 10 min. Proteins
were separated by 12% SDS-PAGE and transferred to polyvinylidene di-
fluoride membrane (Millipore) for immunoblot analysis with appropri-
ate rabbit polyclonal antibodies. Immunoreactive signals were revealed by
asecondary antibody conjugated to horseradish peroxidase and enhanced
chemiluminescent substrate.
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TABLE 2 Mass spectrometry identification of proteins with diminished
secretion in sagB mutant S. aureus

Total
Mass no.of %
Slice Protein Localization® (kDa) peptides coverage Intensity”
1 vWbp S 59.24 541 77.95 11.6:1
Coa S 71.67 324 75 6:1
NWMN_0401 S 56.51 288 86.5 16:1
2 PrsA ™ 35.62 170 75.94 1:6.6
PhdB C 35.22 86 77.3 1:7.4
GapA C 36.25 44 62.8 1:7.8
3 Ssl11 S 25.35 271 86.22 8.7:1
Ssl7nm S 26.15 194 74.46 104:1
Sslinm S 25.63 125 72.12 17:1
4 NWMN_2203 S 17.39 101 54.22 1:7.3
NWMN_0364 C 21.29 59 62.63 1:14.5
5 Fib ™ 18.75 345 78.18 5.5:1
Chp S 17.05 271 81.88 6.7:1
6 Scn S 13.06 213 61.21 1.25:1
NWMN_1066 S 12.59 165 65.14 2.2:1

“ Cellular localization was deduced by analysis of amino acid sequences using SignalP,
version 4.1, and TMHMM, version 2.0, servers. S, secreted; TM, transmembrane; C,
cytoplasmic.

b Data represent the ratio of values for the wild type to those for the sagB strain.

For MALDI-TOF mass spectrometry of secreted proteins, 100 ml of S.
aureus culture grown to mid-exponential phase (Ag,, of 0.5) was centri-
fuged to sediment bacteria. Supernatants were passed through a 0.2-pum-
pore-size filter and concentrated 1,000-fold by TCA precipitation, fol-
lowed by methanol-chloroform extraction and protein quantification via
a bicinchoninic acid (BCA) assay. Protein (3.5 pg) was resolved on a 12%
SDS-PAGE gel stained with Coomassie. Bands with different intensities
between the wild type and sagB mutant were excised for protein identifi-
cation and semiquantitative analysis at the Harvard University Taplin
Mass Spectrometry Facility. The identity of each band (Table 2) was pre-
dicted by assessment of the most abundant species (total peptides) in each
excised region; the top three candidates are shown for each. Protein spe-
cies identified by MALDI-TOF MS in wild-type and sagB supernatant
samples were compiled for pairwise comparison of sum intensity. Pro-
teins were grouped into those that displayed at least a 10-fold increase or
decrease in sum intensity in the sagB sample relative to that in the wild
type. Protein species fitting these threshold parameters were subsequently
analyzed using SignalP, version 4.1, and TMHMM, version 2.0, servers to
predict cellular localization.

Triton X-100-induced autolysis. S. aureus Newman and its variants
diluted from overnight cultures were grown to mid-exponential phase
(Ao 0f 0.5). Cells were washed in 50 mM sodium phosphate buffer (pH
7.5) and suspended in the same buffer with or without 0.05% Triton
X-100 to an A, of 6.0. Cells were aliquoted into a 96-well microtiter plate
in quadruplicate and incubated at 37°C for 3 h with agitation, with A4,
measurements taken at 15-min intervals. Percent autolysis was calculated
for each corresponding time point (#) as follows: (A4, in Triton X-100)/
(Agoo in buffer)/(Agqo at t = 0) X 100.

Membrane permeability measurements. Overnight cultures of S. au-
reus were diluted 1:100 into TSB and grown at 37°C to an A4, 0f 0.5. One
milliliter of culture was centrifuged, and bacteria were washed twice with
PBS and fixed for 20 min with 4% paraformaldehyde. Cells were labeled
for 15 min in PBS containing 5 uM SYTO 9 (Invitrogen), which stains
nucleic acids in live and in dead cells, and 1 pg/ml propidium iodide
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the prophage-encoded LytP2 and LytP4.

(Invitrogen), a nucleic acid dye that selectively permeates membrane-
compromised cells, and then washed twice and suspended in PBS for flow
cytometric analyses. Flow cytometric analyses were performed using a
BD-LSR-II cytometer. For analysis of membrane integrity, SYTO 9-posi-
tive cells captured under the fluorescein isothiocyanate (FITC) parameter
were analyzed for propidium iodide staining in the phycoerythrin (PE)
parameter. The parameters for negative propidium iodide staining were
determined using unstained controls.

RESULTS

N-Acetylglucosaminidases of Staphylococcus aureus Newman.
The endo-B-N-acetylglucosaminidase domain of S. aureus Atl,
Atlg, (residues 1096 to 1256), was used as a query for blastp
searches against the genome of S. aureus Newman (42). Six genes
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were identified: NWMN_0922 (Atl), NWMN_1667 (SagB),
NWMN_2207 (SagA), NWMN_2543 (ScaH), NWMN_1035
(LytP2), and NWMN_0309 (LytP4) (Fig. 1A). LytP2 and LytP4
are encoded by S. aureus Newman prophages $NM2 and $NM4,
respectively (43). Topology predictions using Psort and TMMH
suggested that ScaH is synthesized as a precursor protein with a
cleavable N-terminal signal peptide, whereas SagB and SagA were
predicted as type Il membrane proteins with their N termini in the
cytoplasm, followed by a transmembrane segment and the C-ter-
minal glucosaminidase domains outside the plasma membrane.
As expected, LytP2 and LytP4 were predicted not to harbor topo-
genic sequences (Fig. 1B). Four staphylococcal gene products
(SagB, SagA, LytP2, and LytP4) harbor lysozyme subfamily 2 do-

jb.asm.org 1127


http://jb.asm.org

Chan et al.

A B
—wr

—WT

— atl/sagB

— atl/sagA

— atl/scaH
— sagAB

— sagB/scaH
— sagA/scaH

-
o

o
°d

~

Relative Turbidity
o
»

o o
)

o
o

0 1 2 3
C —WwWT D
— atl/sagAB
1.0 atl/sagB/scaH 104
— atl/sagA/scaH — WT/pOS1
.:g 0.8{\\. — sagAB/scaH 0.8 —sagB (pOS1)
s \ — atl/sagAB/ — sagB (psagB)
206 .. scaH 0.6+
G>.)
g 0.4 0.4
[0}
xo.2 0.21
05— =2 3 "5 3 3
Time (hours) Time (hours)

FIG 2 S. aureus glucosaminidase mutants resistant to lysostaphin. Lyso-
staphin (40 pg/ml) or buffer alone was added to stationary-phase cultures of S.
aureus strains suspended in 50 mM Tris-HCI (pH 7.5). Turbidity at A, was
monitored over 3 h. Relative turbidity was calculated as the Ay, of lysostaph-
in-inoculated staphylococci compared to that of staphylococci in buffer alone
at each time point. Lysostaphin susceptibilities of the glucosaminidase single
(A), double (B), and triple and quadruple (C) mutants and of the sagB-com-
plemented strains (D) were compared to wild-type (WT) levels.

mains (LYZ2/COG4193) also found in Atl (Fig. 1A). ScaH harbors
an FlgJ-type muramidase domain (44), which in Listeria monocy-
togenes Auto and Lactococcus lactis AcmA displays N-acetylgluco-
saminidase activity (45, 46). Of note, the genome of S. aureus
Newman does not encode an N-acetylmuramidase, indicating
that all processing of glycan strands must be accomplished either
by Atl, SagA, SagB, or ScaH.

S. aureus sagB mutants synthesize peptidoglycan with elon-
gated glycan strands. We generated mutants in the atl, sagA, sagB,
and scaH genes of S. aureus Newman (see Fig. S1 in the supple-
mental material). Strains deficient in two (atl sagB, atl sagA, atl
scaH, sagAB, sagB scaH, or sagA scaH), three (atl sagAB, atl sagB
scaH, or atl sagA scaH), or all four (atl sagAB scaH) glucosamini-
dase genes were also constructed (see Fig. S1). We asked whether
the mutants displayed differences in peptidoglycan integrity and
measured susceptibility to lysostaphin-induced lysis. Lysostaphin
is a glycyl-glycyl endopeptidase that hydrolyzes staphylococcal
peptidoglycan at pentaglycine cross bridges (47, 48). S. aureus wall
peptides are 70 to 90% cross-linked (49), and, due to the small size
of glycan strands, lysostaphin cleavage rapidly degrades the cell
wall and causes bacterial lysis (17). Suspensions of S. aureus wild-
type and glucosaminidase variants were adjusted to the same op-
tical densities, treated with lysostaphin, and monitored for lysis by
measuring decreased turbidity at Aqy,. The atl and sagB mutant
strains, but not sagA and scaH mutants, displayed delayed lysis
relative to the wild type (Fig. 2A). Deletion of atl and sagB in
double and quadruple mutant strains generated increased lyso-
staphin resistance, whereas deletion of sagA and scaH had no effect
(Fig. 2B and C). Lysostaphin resistance of the sagB mutant was
complemented by transformation with psagB, for plasmid-borne
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expression of wild-type sagB, but not by the vector control (Fig.
2D, pOS1).

Peptidoglycan was isolated from mid-exponential-phase cul-
tures of wild-type and mutant strains, purified, digested with lys-
ostaphin, and analyzed by RP-HPLC on a C,g column (Fig. 3A).
Compared to the wild type (black trace), lysostaphin treatment
did not affect the elution profile of peptidoglycan cleavage
products from atl (blue), sagA (red), and scaH (purple) strains,
with the bulk of peptidoglycan chains eluting within 120 min.
In contrast, lysostaphin treatment of a sagB mutant peptidogly-
can (green) generated few muropeptides or short-chain pepti-
doglycan species (peaks eluting through 90 min), with the bulk
of peptidoglycan eluting after 130 min, indicative of elongated
peptidoglycan strands. These structural changes in the pepti-
doglycan of the sagB mutant were restored to wild-type levels by
psagB complementation but not by empty vector (Fig. 3B). A sim-
ilar analysis of the peptidoglycan chain length was performed with
the atl sagAB scaH variant lacking all four glucosaminidases (Fig.
3C). Similar to the sagB mutant, the atl sagAB scaH mutant also
displayed elongated peptidoglycan lengths that were comple-
mented by psagB.

Peptidoglycan from wild-type (pOS1), sagB(pOS1), and sag-
B(psagB) strains was digested with lysostaphin and Atl amidase
(Atl,y,), which cleaves the wall peptide off glycan strands. Peptide
cleavage products were separated from glycan strands by cation
exchange chromatography. Glycan strands were reduced and an-
alyzed by RP-HPLC (Fig. 3D). Approximately 90% of glycan
strands of wild-type S. aureus eluted within 100 min, whereas the
value for the sagB mutant was 55% (Fig. 3E). About 30% of glycan
strands from the sagB mutant eluted between 101 to 125 min,
compared to fewer than 10% from the wild type. The elongated-
strand phenotype of the sagB mutant was complemented by
psagB. These data demonstrate that expression of sagB but not of
the other staphylococcal glucosaminidases is necessary for con-
trolling the glycan chain length of S. aureus peptidoglycan.

Purified SagB cleaves elongated glycan strands. Atl gluco-
saminidase (Atlg;) and recombinant SagB (rSagB), truncated of
its N-terminal topogenic sequence, were expressed in E. coli and
purified (Fig. 4A). When incubated with purified peptidoglycan of
the sagB mutant strain together with lysostaphin and analyzed by
RP-HPLC, Atl;; generated predominantly disaccharides, in
agreement with earlier reports that Atlg; functions as an endo-3-
N-acetylglucosaminidase (9, 13) (Table 3; see also Fig. S2 in the
supplemental material). In contrast, rSagB did not yield disaccha-
ride products but reduced the length of sagB mutant glycan
strands (red trace) to a size similar to that observed in wild-type
peptidoglycan (gray trace) (Fig. 4B). Treatment of sagB pepti-
doglycan with higher concentrations of rSagB enzyme or for pro-
longed periods of time or switching the sequence of enzymatic
digestion with lysostaphin did not affect the muropeptide profile
on RP-HPLC. Of note, rSagB displayed optimal cleavage activity
at pH 5.0 and was inactive at pH 7.0 (data not shown). Taken
together, these data suggest that in contrast to Atlg;, rSagB cleaves
glycan strands intermittently at regular intervals, thereby generat-
ing the physiological length of wild-type peptidoglycan.

S. aureus sagB mutants display defects in growth and in an-
tibiotic susceptibility. Growth of S. aureus mutants defective for
sagA, sagB, scaH, or atl expression, either alone or as combinations
of two, three, and four mutations, was analyzed in liquid culture in
comparison with the wild type. For S. aureus variants with muta-
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tions in single genes, only the sagB mutant—not the sagA, scaH, or
atl mutant—exhibited delayed growth (Fig. 5A.) For S. aureus
variants with lesions in two, three, or four genes, only strains har-
boring the sagB mutation exhibited reduced growth. Further, de-
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FIG 4 rSagB cleaves the glycan strands in sagB mutant peptidoglycan to their
physiological sizes.(A) Coomassie-stained SDS-PAGE of purified Atl;; and
rSagB. (B) sagB peptidoglycan (PG) was incubated sequentially with buffer,
Atlg,;, or rSagB, followed by lysostaphin, and then separated on a C,3 RP-
HPLC column.
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letion of any one glucosaminidase gene (atl, sagA, and/or scaH) in
addition to sagB exacerbated the growth defect imparted by the
sagB mutation (Fig. 5B and C). The sagB phenotype was comple-
mented by plasmid-borne expression of sagB (Fig. 5D). These data
suggest that although Atl, SagA, and ScaH exhibit roles distinctive
from the role of SagB, further genetic loss of glucosaminidase
activity aggravates the sagB mutant phenotype. Of note, Wheeler
and colleagues, studying S. aureus SH1000, a laboratory strain,

TABLE 3 Mass spectrometry of Atlg; and lysostaphin-digested sagB
mutant peptidoglycan

HPLC elution

Peak time (min) Observed m/z Calculated m/z Proposed structure

1 21-24 1,009.5,004 1,009.471 MN-GN-AQKA-G,

2 25-28 1,066.561 1,066.4,925 MN-GN-AQKA-G;
1,123.5,883 1,123.514 MN-GN-AQKA-G,
1,180.647 1,180.5,355 MN-GN-AQKA-G4
1,237.693 1,237.557 MN-GN-AQKA-G4

3 29-34 1,080.5,666 1,080.5,081 MN-GN-AQKA(A)-G,
11375811 1,137.5296  MN-GN-AQKA(A)-G,
1,194.6,266 1,194.5,511 MN-GN-AQKA(A)-G,

Journal of Bacteriology

jb.asm.org 1129


http://jb.asm.org

Chan et al.

A B —wr
1.5- 15, —atl/sagB
= 7| —atl/sagA
=
3
©1.04 1.01
3
s — atl/scaH
£0.54 0.51 —sagAB
2 — sagB/scaH
< —sagA/scaH
0.04 4
0 03 5 § 1
C —wr D —wr(pos1)
— atl/sagAB — sagB (pOS1)
1.59 — atl/sagB/scaH 1.59 --sagB (psagB)
B
c /
%1 0 1.01 p
3 /4
= //— atl/sagA/scaH /
© // /
£0.51 /)| — sagAB/scaH 0.5 /
§ — atl/sagAB/ /)
< g scaH — z
0.0 4
0 3 & 3 n 035 & 1

Time (hours) Time (hours)

FIG 5 Growth attributes of S. aureus glucosaminidase mutants. Growth
curves of S. aureus Newman (WT) and single (A), double (B), and triple and
quadruple glucosaminidase mutants (C) and the complemented single sagB
mutant (D). Overnight cultures were normalized to an Ag, of 3.0, diluted
1:50, and monitored by recording optical density over time.

reported that expression of glucosaminidase was essential for S.
aureus growth and that this requirement was mostly dependent on
sagB (36).

Changes in the structure of the cell envelope have been de-
scribed to affect bacterial susceptibility to antibiotics (50). For
example, mutations in E. coli mltG, which encodes a lytic transgly-
cosylase, gives rise to peptidoglycan with elongated glycan strands
and causes increased susceptibility to B-lactam antibiotics (51,
52). S. aureus glucosaminidase variants as well as the atl sagAB
scaH mutant strain were tested for susceptibility to flavomycin, a
glycosyltransferase inhibitor (53), and oxacillin, a B-lactamase-
resistant B-lactam antibiotic that, unlike the related antibiotic
methicillin, displays peroral drug activity (54). The sagB and atl
sagAB scaH mutants displayed modest increases in resistance to
flavomycin. The sagB mutant displayed diminished resistance to
oxacillin, whereas the atl sagAB scaH mutant exhibited increased
resistance to oxacillin (Table 4). USA300 LAC is a methicillin (ox-
acillin)-resistant S. aureus (MRSA) clone that is responsible for
the American epidemic of community-associated MRSA infec-
tions (55, 56). Compared to wild-type USA300 LAC, the isogenic
sagB variant exhibited increased resistance to flavomycin and di-
minished resistance to oxacillin (Table 4). Further, resistance to
nisin, an inhibitor of MurG, and vancomycin, an antibiotic that
binds lipid IT and is used for the therapy of USA300 infections, was
also increased in the sagB variant, while sensitivity to bacitracin
(bactoprenol recycling inhibitor) was not affected (Table 4). In S.
aureus Newman, the sagB mutation also increased the MIC for
vancomycin, whereas sensitivity was increased for bacitracin and
not altered for nisin (Table 4).

Mutations in atl or sagB affect cell separation but not WTA
synthesis. Mutations in genes for muralytic enzymes can cause
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morphological defects during the S. aureus cell cycle (3, 5, 57). For
example, atl mutants display both aberrant septum formation and
delayed cell separation, where cells initiate a second septum prior
to completion of cell division (57). To analyze the impact of mu-
tations in the other glucosaminidase genes, bacteria from mid-
exponential-phase cultures of the wild type and the atl, sagA, sagB,
or scaH mutant were fixed, thin sectioned, stained with uranyl
acetate, and analyzed by transmission electron microscopy (Fig.
6). As expected, wild-type staphylococci appeared round and uni-
form in size, and dividing cells manifested a single cross wall sep-
tum (Fig. 6B). The cell wall envelopes of wild-type staphylococci
also comprised distinct interior and exterior electron-dense re-
gions, an attribute of lipoteichoic acid and wall teichoic acid
(WTA), bordering the central peptidoglycan layer. For the atl mu-
tant, 4.4% of cells harboring a complete cross wall displayed either
a nascent septum or a second septal plane (Fig. 6). Further, cell
surfaces of atl mutant staphylococci exhibited a disordered struc-
ture, suggestive of sloughing of the wall material (Fig. 6A). The
sagB mutant also displayed cell cycle defects as 4.8% of cells with
completed cross wall compartments had either initiated or already
completed a second septal plane, whereas the cellular architecture
of sagA and scaH mutants appeared similar to that of the wild type
(Fig. 6; see also Fig. S3 in the supplemental material). Deletion of
both the atl and sagB genes caused an additive effect, with 9.6% of
cells committing to premature assembly of cross wall peptidogly-
can; this defect was increased to 20.5% in the atl sagAB scaH vari-
ant (Fig. 6).

Mutations in the synthesis pathway for wall teichoic acid
(WTA), polyribitol phosphate modified with Dp-alanyl and
N-acetylglucosaminyl and tethered via murein linkage units to
peptidoglycan (58), also cause defects in the premature assembly
of septal peptidoglycan (41, 59, 60). We asked whether S. aureus
mutants lacking glucosaminidase genes are defective for WTA as-
sembly. Murein sacculi isolated from wild-type and mutant
strains were subjected to acid hydrolysis, and extracts were ana-
lyzed for the release of phosphate (Fig. 7A). Mutants with single
gene deletions and the atl sagAB scaH variant all harbored similar
amounts of cell wall phosphates as wild-type staphylococci (Fig.
7A). WTA was also released by alkaline lysis and analyzed by alcian

TABLE 4 Antibiotic susceptibility of sagB mutant staphylococci
MIC (pg/ml)? of:

S. aureus strain ~ Flavomycin Oxacillin  Vancomycin Bacitracin Nisin

Newman strains

Wild type 6.250 0.2083  2.083 100.0 26.04
atl strain 8.125 0.5 2.188 166.7* 23.44
sagA strain 6.563 0.2083  1.875 100.0 23.44
sagB strain 13.75" 0.1042"  3.750* 50.00* 23.44
scaH strain 6.250 0.25 1.875 100.0 26.04
atl sagAB scaH 30.00* 0.4167%  3.750* 50.00* 23.44
strain
USA300 strains
Wild type 6.667 5.416 2.500 >1,000 11.72
sagB strain 8.611* 3.125% 4.583% >1,000 15.63"

“ The MIC of each antibiotic is the mean determined from at least three experiments
performed in duplicate. Statistical significance was calculated by one-way ANOVA
followed by Dunnett’s test (Newman) or unpaired ¢ test (USA300), as follows: , P <
0.05; §, P < 0.01;*, P < 0.001.
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FIG 6 Cell separation defects in S. aureus glucosaminidase mutants. (A) S. aureus Newman strains were fixed, thin sectioned, uranyl acetate stained, and viewed
by transmission electron microscopy. Images in the left-most column are representative low-magnification fields of cells for each corresponding frame. The three
columns to the right show high-magnification images of representative cell morphologies. Arrowheads identify aberrantly formed septa. Gray scale bars, 2 pm;
black scale bars, 0.2 wm. (B) Aberrant cell separation observed in the images shown in panel A was quantified. Approximately 300 to 500 dividing cells from at
least 15 fields of images were enumerated. Separation defects were determined as the average percentage of cells exhibiting more than one septum or plane of
division. Statistical significance was determined by one-way ANOVA, followed by Bonferroni’s multiple comparison test, and P values were recorded.

blue-silver-stained PAGE to demonstrate that wild-type and mu-
tant strains released polyribitol-phosphate from murein sacculi in
similar abundances and sizes (Fig. 7B). As a control, hydrofluoric
acid (HF) treatment of murein sacculi removed secondary cell
wall polymers, thereby abolishing the subsequent release of phos-
phate or WTA via acid and base treatment (Fig. 7). These data
indicate that mutations in S. aureus N-acetylglucosaminidase genes
do not impact WTA synthesis or attachment to peptidoglycan.

SagB is located in the membrane. S. aureus wild type (pOS1)
and a sagB(pOS1) or sagB(psagB) mutant strain were cultured to
mid-exponential phase and fractionated into culture supernatant
(S), cell wall (CW), membrane (M), and cytoplasm (C) (Fig. 8).
Proteins in each fraction were analyzed by immunoblotting. SagB
was found in the membrane (Fig. 8). As controls, immunoblotting
of coagulase (Coa; supernatant), clumping factor A (CIfA; cell
wall), sortase A (SrtA; membrane), and 50S ribosomal subunit L6
(L6; membrane and cytoplasm) showed that these proteins frac-
tionated in their expected subcellular locations (Fig. 8). SagB im-
munoreactive signals were not detected in the sagB mutant strain;
however, SagB expression and membrane localization were re-
stored to wild-type levels when the mutant was transformed with
psagB (Fig. 8).
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The sagB mutant exhibits diminished secretion and in-
creased release of cytoplasmic proteins. Protein secretion was
analyzed in the S. aureus wild-type strain and the 15 glucosamini-
dase mutants by separating proteins in culture medium on Coo-
massie-stained PAGE gels. Culture media of strains harboring the
sagB deletion displayed discrete defects in protein secretion (see
Fig. S4 in the supplemental material), which were restored to wild-
type levels following plasmid complementation (Fig. 9A). SDS-
PAGE slices for proteins whose secretion was affected by the sagB
mutation were analyzed by trypsin digestion, mass spectrometric
analysis, and database identification of tryptic peptides (Table 2).
S. aureus secretion of Coa, von Willebrand factor binding pro-
tein (vWbp), staphylococcal complement inhibitor (SCIN),
chemotaxis inhibitory protein of S. aureus (CHIPS), staphylo-
coccal superantigen-like 1 (SSL1), SSL7, and SSL11 was re-
duced by the sagB mutant, whereas excretion of PhdB, GapA,
and NWMN_0364 was increased (Fig. 9).

To investigate the secretion defect of the sagB mutant, proteins
detected in the excised gel slices were analyzed. A pairwise com-
parison of proteins identified between the wild-type and sagB
strains was made, and the sum of their respective intensities was
calculated. Protein species were categorized according to their en-
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FIG 7 Wall teichoic acids of S. aureus glucosaminidase mutants. Murein sac-
culi of S. aureus Newman and its variants were isolated from mid-exponential-
growth cultures (A4, of 0.6). (A) Cell wall phosphates were acid hydrolyzed
from murein sacculi and quantified by colorimetric assay. Statistical signifi-
cance of phosphate levels from at least three independent murein sacculus
isolations was determined by one-way ANOVA, followed by Bonferroni’s
multiple-comparison test to wild-type levels (***, P < 0.001). (B) Wall
teichoic acid was released from murein sacculi by 0.1 M NaOH treatment,
separated by PAGE, and visualized with alcian blue-silver staining.

richment or reduction in supernatants from the sagB mutant
compared to the level for the wild type, using a threshold of 10-
fold or greater. These species were subsequently analyzed for pre-
dicted cellular localization (see Tables S2 and S3 in the supple-
mental material). Compared to wild-type levels, 251 proteins
meeting these criteria were enriched in sagB culture supernatants,
of which 90.5% were predicted to be cytoplasmic (Fig. 9B). In
contrast, 36 protein species were reduced in the sagB supernatants,
72.2% of which were predicted to be secreted or membrane local-
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FIG 8 SagB localizes to the staphylococcal membrane. Cellular localization of
SagB in fractionated cultures of the S. aureus wild-type (pOS1) and sagB-
(pOS1) strains and the complemented sagB(psagB) strain. Cultures were cen-
trifuged to separate supernatant (S) from bacterial sediment. Staphylococci
were treated with lysostaphin to generate protoplasts and solubilize cell wall-
anchored proteins (CW). Protoplasts were lysed by repeated freeze-thaw cy-
cles, and membrane (M) was separated from cytoplasmic (C) fractions. Frac-
tionation controls for the blots include coagulase (Coa) for the supernatant,
clumping factor A (CIfA) for the cell wall, sortase A (SrtA) for the membrane,
and the ribosomal L6 subunit for the cytoplasm. Data shown are representative
of three independent experiments.

1132 jb.asm.org

Journal of Bacteriology

A - @ B Increased in sagB C Reduced in sagB
3 g 3.6% = oo
828 5.9%
C3e
=38 L 27.8% \
1701 o
185—_ S cytoplasmic ‘
& o
72w =— =| 4 90.5% Cie
55 )
43+ -
ransmembrane
344 —2 Secreted
26 . Cytoplasmic
—3
WT sagB sagB
174 L4 E _(pos1) (pOS1) (psagB)
=5 TSPTSPTSP
104 = = 6 1§§ o a-CIfB
95-
D Sup 72_-——-»-—‘--- a-Coa
[
=9 72{ o o o g™ e | 0-VWbp
n o O
o c e
Q
= o Q an -— .
E ?, § 55| = =0 e= o-Atl,,
951 ‘
72 - a-Coa 72 a-SpA
‘ 551 - - - [
72{wm » a-vWbp - —— -
e Waw W | o-lcpB
55- == [a-Atly, 434 - niaad
4] - |o-LcpB 34 - = e | olcepC
y = ] = = e a- a-LytV

34
. -_ —_ a-SagB
ZB‘I:I a-SrtA 26| " EBes «=E @ SrA

a-L6 - e s o

a-L6

174

FIG 9 Mutations in the sagB mutant perturb protein secretion in S. aureus.
(A) Supernatants of S. aureus wild-type, mutant, and complemented strains
cultured to mid-exponential phase (A4, of 0.5) were analyzed for secreted
protein on Coomassie-stained SDS-PAGE gels. Regions of difference in pro-
tein abundances in the gel, as indicated by the numbers on the right, were
excised for the wild-type (pOS1) and sagB(pOS1) strains for analysis and pro-
tein identification by mass spectrometry (Table 2). Protein species in the sag-
B(pOS1) strain extract displaying at least a 10-fold increase (B) or decrease (C)
relative to that of wild type (pOS1) were analyzed for predicted cellular local-
ization using SignalP, version 4.1, and TMHMM,, version 2.0, servers. (D)
Immunoblots of supernatant samples prepared in the experiment shown in
panel A for MALDI-TOF MS. Representative protein species (Coa, vVWbp, Atl,
LepB, LepC, and LytM) were determined by MS to exhibit a difference in
abundances in the sagB mutant versus the wild type. Sortase A and ribosomal
L6 blots serve as indicators of cell lysis. (E) One milliliter of mid-exponential-
phase cultures (A, of 0.5) was fractionated into total culture (T), supernatant
(S), and cell pellet (P) and analyzed for protein content by immunoblotting.
The asterisk in the a-SpA panel identifies Sbi.

ized (Fig. 9C). These data suggest that the sagB mutant not only
fails to secrete many signal peptide-bearing precursor proteins but
also excretes cytoplasmic proteins into culture supernatants. To
validate these claims, some of the proteins detected by mass spec-
trometry were analyzed by immunoblot analysis. As predicted,
Coa and vWbp secretion was decreased in the sagB mutant,
whereas Atl, LcpB, LepC, and LytM were secreted in greater abun-
dance (Fig. 9C and D). Cell wall-anchored protein clumping fac-
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FIG 10 Autolysis and membrane permeability in S. aureus glucosaminidase mutants. Triton X-100 (0.05%) or buffer alone was added to mid-exponential-phase
cultures (Agg, of 0.5) of S. aureus suspended in 50 mM phosphate buffer (pH 7.5). Turbidity at Ag,, was monitored over 3 h and plotted as the A, of
lysostaphin-inoculated staphylococci of buffer alone at each time point. Autolysis, as determined by reduction of turbidity, was compared between the wild-type,
atl, and sagB strains (A). (B) Autolysis in 0.05% Triton X-100 was assessed in the wild-type (pOS1), sagB(pOS1), and sagB(psagB) strains. (C) Propidium iodide
staining of bacteria was used to assess membrane permeability. One milliliter of culture (A4, of 0.5) was fixed with paraformaldehyde and subsequently stained
with SYTO 9 for total cells and with propidium iodide to assess membrane integrity. SYTO 9-positive cells were analyzed for propidium iodide positivity using
flow cytometry. Data from triplicate samples of 10,000 cells are presented. Statistical significance was assessed by one-way ANOVA with Bonferroni’s multiple

comparison test. ns, not significant.

tor B (ClfB) and protein A (SpA) were also diminished in the sagB
mutant (Fig. 9E). SrtA, a membrane protein, and ribosomal sub-
unit L6 were used as controls to assess cell lysis of wild-type and
mutant strains.

Excretion of proteins without signal peptides is not attribut-
able to autolysis or membrane leakage. Studying S. aureus isolate
SA113, Pasztor et al. reported that at/ mutation caused defects in
the excretion of 22 cytoplasmic proteins (61). We note that in S.
aureus Newman, the sagB mutation causes increased expression of
Atl (Fig. 9D and E). However, increased expression of atl was not
associated with increased bacterial lysis as treatment of staphylo-
cocci with 0.05% Triton X-100, a known inducer of staphylococ-
cal autolysis (62), did not trigger increased lysis of sagB mutant
cells compared to levels of wild-type cells (Fig. 10A and B). To
determine whether the observed excretion of cytoplasmic proteins
in the sagB strain is attributable to defects in membrane integrity,
staphylococci were stained with propidium iodide, a nucleic acid
dye that requires ruptured membranes for penetrance into staph-
ylococci. Flow cytometry of propidium iodide-stained staphylo-
cocci did not reveal significant differences in membrane rupture
between sagB mutant and wild-type staphylococci (Fig. 10C).

DISCUSSION

During peptidoglycan synthesis, glycan strands are polymerized
from lipid II precursors through the processive activity of pepti-
doglycan glycosyltransferases (PGTs) (25, 63). Studying purified
PGTs from E. coli (PBP1A), S. aureus (PBP2), and Enterococcus
faecalis, Wang et al. observed that each PGT generated polymers
with characteristic lengths, independently of enzyme/substrate ra-
tios, and proposed that PGTs may rely on an intrinsic mechanism
for controlling product length (64). Mutations in the structural
gene for mltG, encoding a lytic transglycosylase of the YceG family
(Pfam02618) in E. coli, increase the length of glycan strands in the
peptidoglycan (52). As MItG is thought to associate with PBP1B,
an E. coli PGT, Yunck and colleagues proposed an alternative
model, namely, that lytic transglycosylases of the YceG family may
terminate glycan chain polymerization during peptidoglycan syn-
thesis (52). The genome of S. aureus does not encode lytic YceG-
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type transglycosylases, suggesting that S. aureus must have evolved
another mechanism to generate the characteristically short glycan
strands of its peptidoglycan layer (17). We show here that SagB
cleaves the glycan strands of S. aureus peptidoglycan to its physi-
ological length and that sagB mutant staphylococci assemble
murein sacculi comprised of elongated glycan strands. The possi-
bility that SagB associates with PBP2, MGT, or SgtA transglycosi-
dases either in vitro or in vivo was also examined; however, phys-
ical associations between these polypeptides and SagB could not
be detected (data not shown). We therefore propose that, follow-
ing PBP2-mediated peptidoglycan synthesis, SagB alone may be
responsible for cleaving staphylococcal glycan strands to their fi-
nal sizes.

Earlier work used genetic approaches to identify the genetic
determinants for methicillin resistance in S. aureus, for example,
by focusing on mutations that confer both lysostaphin resistance
and increased susceptibility to methicillin (oxacillin) (65-67).
These studies identified several genes and biochemical reactions of
peptidoglycan assembly, specifically, the catalysts for pentaglycine
cross bridge synthesis (FemA, FemB, and FmhB) (68). Although
not identified in screens for factors essential for methicillin resis-
tance (fem), we note that sagB meets the criteria established by
Berger-Bichi and Labischinski and colleagues for genes that con-
tribute to B-lactam resistance in staphylococci (69, 70). The in-
creased lengths of S. aureus glycan chains likely represent the un-
derlying mechanism for lysostaphin resistance, as cleavage of
pentaglycine cross bridges in the cell wall of sagB mutants, unlike
cleavage of wild-type peptidoglycan, does not trigger rapid lysis of
bacterial cells. A related mechanism likely underwrites the in-
creased susceptibility of the sagB mutant USA300 LAC toward
oxacillin. In the presence of B-lactam antibiotics, PBP2a, the
methicillin resistance determinant (71), catalyzes the transpepti-
dation reaction of cell wall synthesis yet relies on PBP2, a bifunc-
tional enzyme with PGT and B-lactam-sensitive transpeptidase
activity, to polymerize glycan strands (23, 72). Alteration of pep-
tidoglycan substrate, i.e., the exaggerated length of glycan chains
in sagB mutant staphylococci, likely perturbs PBP2a substrate rec-
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ognition and transpeptidation to generate cross-linked cell wall,
thereby increasing the susceptibility of sagB mutant MRSA toward
oxacillin. Of note, the sagB mutation also caused a modest in-
crease in resistance of USA300 to vancomycin, an antibiotic fre-
quently used for the therapy of MRSA infections. Because of asso-
ciated toxicity, tissue concentration of vancomycin must be
maintained at low levels, and MRSA strains with moderate in-
creases in resistance (vancomycin-intermediate S. aureus [VISA])
cause therapeutic failures (73).

S. aureus Newman variants lacking four glucosaminidase genes—
atl, sagAB, and scaH—are viable and, compared to the wild type,
replicate at a slightly reduced rate. In contrast, the S. aureus SH1000
atl sagA scaH mutant cannot replicate without sagB expression
(36). Unlike SH1000, a laboratory strain that has been cured of
bacteriophages (36), S. aureus Newman is lysogenized by four
different phages, two of which encode muralytic enzymes with
predicted N-acetylglucosaminidase activity (Fig. 1A) (43). These
enzymes, designated LytP2 and LytP4, are, however, also dispens-
able for growth as S. aureus Newman lacking all six glucosamini-
dase genes remained viable (Fig. 6). As expected, the atl sagAB
scaH lytP2 lytPG4 mutant displayed cell cycle defects with prema-
ture assembly of cross walls in bacteria that had not yet completed
cell division (Fig. 6). The genetic requirements for staphylococcal
replication are known to vary among different strains, which was
previously observed for LytR-CpsA-Psr (LCP) enzymes immobi-
lizing secondary cell polymers via murein linkage units to bacterial
peptidoglycan (41, 74). Thus, N-acetylglucosaminidase enzymes
may represent yet another example for genetic heterogeneity in S.
aureus.

We posit that the peptidoglycan layer of S. aureus is impene-
trable for proteins destined to travel across the cell wall envelope.
Mutations that perturb protein secretion across the staphylococ-
cal cell wall envelope have heretofore not been identified. We
demonstrate that sagB mutations diminish the secretion of signal
peptide-bearing precursors across the staphylococcal cell wall en-
velope while simultaneously increasing the excretion of cytoplas-
mic proteins, a class of proteins first described by Pasztor and
colleagues (61). The mechanisms underlying these phenotypes are
not yet understood, and we propose two models that may be use-
ful for future experimental testing. First, SagB-mediated trunca-
tion of glycan strands may introduce perforations in the pepti-
doglycan structure, thereby enabling passive diffusion of proteins
destined for secretion across the cell wall envelope. Second, SagB-
mediated processing of peptidoglycan may enable the assembly of
conduits that extend the Sec pathway for the catalyzed secretion of
signal peptide-bearing precursors across the cell wall envelope.
Whatever the mode of protein trafficking across the cell wall en-
velope, the identification of a protein secretion phenotype in sagB
mutant staphylococci provides new opportunities for experimen-
tal exploration of its underlying mechanisms.
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