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The culture supernatant fraction of an Enterococcus faecalis gelE mutant of strain OG1RF contained elevated levels of the se-
creted antigen SalB. Using differential fluorescence gel electrophoresis (DIGE) the salB mutant was shown to possess a unique
complement of exoproteins. Differentially abundant exoproteins were identified using matrix-assisted laser desorption ioniza-
tion–time of flight (MALDI-TOF) mass spectrometry. Stress-related proteins including DnaK, Dps family protein, SOD, and
NADH peroxidase were present in greater quantity in the OG1RF salB mutant culture supernatant. Moreover, several proteins
involved in cell wall synthesis and cell division, including D-Ala-D-Lac ligase and EzrA, were present in reduced quantity in
OG1RF salB relative to the parent strain. The salB mutant displayed reduced viability and anomalous cell division, and these
phenotypes were exacerbated in a gelE salB double mutant. An epistatic relationship between gelE and salB was not identified
with respect to increased autolysis and cell morphological changes observed in the salB mutant. SalB was purified as a six-histi-
dine-tagged protein to investigate peptidoglycan hydrolytic activity; however, activity was not evident. High-pressure liquid
chromatography (HPLC) analysis of reduced muropeptides from peptidoglycan digested with mutanolysin revealed that the
salB mutant and OG1RF were indistinguishable.

Enterococci are commensals of the animal gut, and several spe-
cies cause disease in humans, including wound and urinary

tract infections, endocarditis, and bacteremia. Enterococcus faeca-
lis and Enterococcus faecium have become increasingly problem-
atic due to rising rates of infection, combined with accumulated
resistance to antibiotics (4, 27). E. faecalis is the most virulent
species in the genus and the cause of approximately 80% of all
enterococcal infections, with virulence factors that include ad-
hesins, proteases, and cytolysin (10, 11, 33). The accumulation
of resistance genes is important medically, since intergeneric
horizontal transfer of antibiotic resistance genes involving
Staphylococcus aureus and Listeria species has been reported (3,
16, 20, 30, 38).

E. faecalis strains with an intact Fsr quorum sensing system
temporally express metalloprotease (GelE) and serine protease
(SprE) (19), and these are the two most abundant exoproteins in
post-exponential-growth-phase cultures (21, 29). GelE, a member
of the peptidase M4 family, proteolytically activates the major cell
wall N-acetylglucosaminidase, AtlA (35), which contributes to cell
separation after cell division (1, 15). The E. faecalis exoprotein
SalB is a paralogue of the essential E. faecium cell wall-associated
SagA (34) and streptococcal PcsB proteins (23, 24). The enzymatic
activity of these proteins has not been unambiguously deter-
mined, but bioinformatic analysis supports peptidoglycan hydro-
lase activity and PcsB was reported to interact with the essential
cell division protein, FtsX (28). The genes encoding SalA/SagA/
PcsB have a conserved location in each species downstream of
genes encoding the cell shape-determining proteins MreC and
MreD (13, 23). E. faecalis SalB shares �40% primary amino acid
sequence identity (�70% similarity) with streptococcal PcsB.

E. faecalis SalB is not essential for growth. Inactivation of salB
increased the capability of the bacterium to bind the extracellular
matrix (ECM) molecules fibronectin and collagen type I and en-
hanced biofilm production when grown with serum, relative to
the wild type (17). A lack of SalB activity results in reduced resis-
tance to a range of stressors, including bile salts, detergent, etha-

nol, peroxide, heat, and low pH (25). Morphological changes in-
cluding septation anomalies and increased numbers of spherical
cells were identified in a salB mutant of E. faecalis strain JH2-2, and
the mutant had a growth defect in complex medium relative to its
isogenic parent (5). SalB expression is induced by extracellular
stress via the two-component signal transduction system CroRS in
strain JH2-2 (18).

In this study, SalB was found at elevated levels in the culture
supernatant of strain TX5264 (OG1RF gelE). To investigate a po-
tential epistatic relationship between GelE and SalB, double mu-
tant strains Liv1016 (OG1RF gelE salB) and Liv1013 (OG1RF fsrB
salB) were constructed and compared with strain Liv729 (OG1RF
salB) and the wild-type parent OG1RF strain. Strain Liv729
(OG1RF salB) expresses a distinct set of exoproteins compared
with its isogenic parent, potentially indicating a cellular role for
SalB.

MATERIALS AND METHODS
Strains and culture conditions. E. faecalis strains were routinely cultured
in brain heart infusion (BHI) broth (Lab M) or BHI solidified with 1.5%
(wt/vol) agar (Table 1). Escherichia coli strains were cultured using Luria-
Bertani (LB) medium. Antibiotics were added at selective concentrations
for the maintenance of plasmids, prior to comparative analyses (Table 1).
Culture conditions for E. faecalis were 50 ml BHI in a 250-ml conical flask
incubated with shaking at 37°C and with growth monitored at 600 nm.
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Molecular cloning. For insertional inactivation of the salB gene, a
587-bp internal gene fragment was amplified by PCR from the chromo-
some of E. faecalis OG1RF using primers SalBKO_BamHI (5=-AAGGAT
CCTCTAAGCCAGCTTTAGAAC) and SalBKO_EcoRI (5=-CCGAATTC
CGCTATCAGCAATTGCTAC) (where underlining indicates the
restriction enzyme sequence), digested with BamHI/EcoRI, and ligated
(11) to digested suicide plasmid pTEX4577 (36) to create pRGW1. The
latter plasmid was used to transform OG1RF, TX5264 (OG1RF gelE), and
TX5266 (OG1RF fsrB) to create the isogenic mutants Liv729 (OG1RF
salB), Liv1016 (OG1RF gelE salB), and Liv1013 (OG1RF fsrB salB). A salB
complementation plasmid was made by ligating the BamHI/EcoRI-di-
gested 1,645-bp salB operon of E. faecalis OG1RF, which was amplified by
PCR using primers SalBcBamHI (5=-CCACGGATCCGTGAAAACCAGT
CGTGAC) and SalBcEcoRI (5=-ACATGAATTCTTAGAATACCACGTT
TAGC) to digested plasmid pAT18 (31), producing pJAY2. Strain Liv729
(OG1RF salB) was transformed to create strain Liv883 (OG1RF salB
pAT18::salB).

To obtain the six-histidine-tagged enzyme, the salB gene was ampli-
fied and digested to produce a 1,265-bp NcoI/XhoI product using primers
SalBOexF(5=-GTACCCATGGACAATGTTGATAAAAAA)andSalBOexR
(5=-GTACCTCGAGGGCTGAGTGTCCTACGATTG). This product was
ligated to digested pET24d� (Novagen) to create plasmid pJAY1. The
fidelity of the cloned salB gene was confirmed by DNA sequencing (GATC
Biotech). The six-histidine-tagged SalB was expressed in strain E. coli
BL21 (�DE3) pLysS following induction of log-phase cells in LB contain-
ing 0.5 M glucose with 1 mM IPTG (isopropyl-�-D-thiogalactopyrano-
side). Cells were lysed using sonication, and the protein was purified un-
der native conditions using Probond chelate resin (Invitrogen) according
to the manufacturer’s instructions.

Exoprotein analysis. Separation of proteins using one-dimensional
(1D) SDS-PAGE was performed after precipitation of cell culture super-
natant proteins with 10% (wt/vol) trichloroacetic acid (TCA). Exoprotein
purification for 2D SDS-PAGE used a previously described method (6).
Exoproteins (500 �g) were focused using a pH 4 to 7 strip (Bio-Rad) and
then separated in the second dimension using a 12% (wt/vol), 20 cm by 20
cm polyacrylamide gel. Gels were stained using colloidal Coomassie,

scanned using a Gel Imager, and analyzed by using SameSpots software
(Progenesis). For comparative proteomics of strains OG1RF and Liv729
(OG1RF salB), 80 �g exoprotein from each was labeled with the Cy dyes
(GE Healthcare) Cy3 and Cy5, respectively, according to the manufactur-
er’s instructions, before focusing and separation as for the 2D SDS-PAGE
protocol. Dye swap controls were performed to confirm labeling effi-
ciency. As an internal control, 40 �g exoprotein from each strain was
pooled and stained with Cy2 dye and separated with the samples. Gel
images were captured using a Typhoon gel imager and compiled using
Adobe Photoshop software. The cutoff criteria for differential quantifica-
tion (1.5-fold) were used based upon the manufacturer’s literature.

Protein spots of interest were excised from the gels and digested over-
night with digest buffer containing Trypsin Gold (20 ng �l�1), mass spec-
trometry (MS) grade (Promega). The peptide mass fingerprints were de-
rived by matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) analysis of tryptic fragments using a Voyager DE Pro (Ap-
plied Biosystems). Mass lists were transferred to the Mascot peptide mass
fingerprint database (Matrix Science, Ltd.), where they were used to
search for matches within the Firmicutes. A peptide tolerance of �0.5 Da
and up to one missed peptide cleavage was allowed. Fixed carboxymethyl
modifications and variable oxidation modifications were allowed.

Peptidoglycan hydrolase zymograms. Peptidoglycan hydrolase ac-
tivity was visualized after proteins were separated by SDS-PAGE, supple-
menting the resolving gel with 10 optical density at 600 nm (OD600) units
of purified peptidoglycan isolated from the cell walls of E. faecalis or Mi-
crococcus luteus (26, 32). After separation, gels were washed for 30 min in
distilled water and then renaturing buffer (10 mM MgCl2, 25 mM Tris-
HCl, 10% [vol/vol] Triton X-100). Gels were incubated overnight at 37°C
in fresh renaturing buffer and then washed with distilled water prior to
staining (0.05% [wt/vol] methylene blue in 1 mM KOH) for 2 h. The gel
was destained and then repeatedly washed with distilled water until bands
of clearing appeared.

Autolysis assay. Exponential-phase cells were harvested and washed
with phosphate-buffered saline (PBS) prior to their resuspension in PBS
containing either 0.1% (vol/vol) Triton X-100 or 0.1 mg ml�1 penicillin G

TABLE 1 Strains and plasmids used in this study

Bacterium strain or plasmid Strain ID Characteristics Marker Source

E. faecalis strains
OG1RF TX4002 Wild type, Rifr/Fusr 7
JH2-2 Wild type, Rifr/Fusr 12
OG1RF gelE TX5264 In-frame deletion of gelE 27
OG1RF fsrB TX5266 fsrB mutant 18
OG1RF fsrB pTEX5249 Liv305 fsrB mutant complemented with fsrABDC Erm 27
OG1RF salB Liv729 salB insertional inactivation using pTEX4577 Kan This study
OG1RF salB pAT18::salB Liv883 Complemented salB mutant Kan, Erm This study
JH2-2 salB Liv1012 salB insertional inactivation using pTEX4577 Kan This study
OG1RF fsrB salB Liv1013 salB inactivation in OG1RF fsrB background Kan This study
OG1RF gelE salB Liv1016 salB inactivation in OG1RF gelE background Kan This study

E. coli strains
BL21(DE3) pLysS F� ompT hsdSB(rB

� mB
�) gal dcm (DE3) Cm 30

TOP10 Cloning host Invitrogen
BL21(DE3) pLysS pJAY1 SalB expression strain Kan, Cm This study

Plasmids
pTEX4577 Insertional inactivation plasmid Kan 33
pAT18 Shuttle vector Erm 28
pET24d (�) T7 RNA polymerase vector His-tag Kan Novagen
pRGW1 pTEX4577 with 587-bp salB fragment Kan This study
pJAY1 pET24d� with 1,265-bp fragment of salB Kan This study
pJAY2 pAT18 with 1,645-bp salB operon Erm This study
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and incubated at 37°C with shaking. Lysis was monitored by measuring
OD600.

Imaging and viability staining. An equal volume of exponential-
growth-phase bacterial culture and freshly prepared Live/Dead BacLight
(Invitrogen) stain (6 �M Syto9 and 30 �M propidium iodide [PI]) was
incubated at room temperature for 15 min in the dark. Ten microliters
stained cells was mounted between two coverslips and visualized using a
Carl Zeiss LSM 710 laser scanning microscope equipped with dual-emis-
sion filters for visualizing Syto9- and PI-stained cells simultaneously.
Mean green and red fluorescence levels of Live/Dead Baclight-stained cells
from 100,000 events were measured using a flow cytometer. The total
fluorescence was gated, and propidium iodide-stained dead cells were
plotted as a percentage of total events in the population for comparison.

For electron microscopy thin sections (40 to 70 �m) of epoxy resin-
embedded mid-exponential-phase cells were cut using a Leica microtome
and transferred to pioloform-coated grids. The thin sections were then
visualized in a 120 kV Technai G2 Spirit Biotwin transmission electron
microscope (TEM) with images analyzed by Technai G2 software.

Purification of peptidoglycan and muropeptide analysis. Pepti-
doglycan was isolated using the procedure of Rosenthal and Dziarski (26).
Briefly, cultures of E. faecalis OG1RF or M. luteus were grown to mid-
exponential phase, harvested, washed, and autoclaved. Cells were rup-
tured five times in a French pressure cell at 14,000 lb/in2 (�95% break-
age). The ruptured cells were harvested at 16,100 relative centrifugal force
(RCF) for 5 min and boiled/washed five times in SDTE buffer (2% [wt/
vol] SDS, 20 mM dithiothreitol [DTT], 50 mM Tris-HCl, 1 mM EDTA) at
100°C for 10 min and pelleted at 20,000 RCF for 5 min. The final pellet was
boiled and washed 6 times in water. The peptidoglycan was isolated by
gentle shaking with water between washes. All the peptidoglycan was
pooled and harvested by centrifugation at 20,000 RCF for 5 min and
resuspended in 1 ml sterile water. Its turbidity was measured at 600 nm,
and the sample was stored at �20°C.

The method for the reduction and separation of muropeptides was
modified from previous work on E. faecalis autolysin AtlA (8). Ten OD
units of purified peptidoglycan was incubated at 37°C in 200 mM sodium
phosphate buffer at pH 6.0, 0.1 mM MgCl2 with 5 �g mutanolysin
(Sigma) or with 45 to 50 �g of SalB to a final volume of 250 �l. Following
digestion overnight, the peptidoglycan was centrifuged at 16,000 RCF for
30 min. Supernatant (200 �l) containing soluble muropeptides was re-
covered and transferred to a fresh Eppendorf tube. An equal volume of
250 mM sodium borate buffer was added with 2 mg of solid sodium
borohydride and left at room temperature (RT) for 15 min. Excess so-
dium borohydride was removed by the addition of 5 �l of o-phosphoric
acid. Fifty microliters of muropeptides was acidified with 2.5 �l trifluoro-
acetic acid (TFA) (1% [vol/vol] final concentration) before separation on
a Brownlee PepMap C-18 high-pressure liquid chromatography (HPLC)
column run on a Beckman-Coulter System Gold HPLC instrument. Mu-
ropeptides were separated using a linear gradient of 0 to 45% (vol/vol)
acetonitrile in 0.1% (vol/vol) TFA, and elution was monitored at 214 nm.

RESULTS
Inactivation of gelE and salB alters culture supernatant exopro-
teins. The contribution made by GelE activity to temporal expres-
sion of the exoprotein fraction of E. faecalis OG1RF was deter-
mined by extracting the culture supernatant proteins of TX5264
(OG1RF gelE) after 8 h of growth (determined to be in stationary
phase, data not shown) and comparing them to exoproteins from
the isogenic parent strain OG1RF (Fig. 1; data not shown). Several
novel protein bands were present in the supernatant protein frac-
tion of strain TX5264 (OG1RF gelE), including a 55-kDa protein
present at all growth stages, which was identified as SalB following
trypsin digest and MALDI-TOF mass spectrometry (seven match-
ing peptides; Mowse score 	 52). In the culture supernatant of
strain OG1RF, there was an absence of SalB from 5 h (mid-expo-

nential growth phase) concomitant with increased protease (GelE
and SprE) expression (data not shown). A potential epistatic rela-
tionship between salB and gelE was investigated via insertional
inactivation of salB in OG1RF and TX5264 (OG1RF gelE) to pro-
duce strains Liv729 (OG1RF salB) and Liv1016 (OG1RF gelE
salB). Subsequently, since the enzymatic function of SalB remains
undetermined in E. faecalis, the stationary-phase culture superna-
tant exoproteins produced by strains Liv729 (OG1RF salB) and
Liv1016 (OG1RF gelE salB) were compared with those of their
isogenic parent strains (Fig. 1). A distinct complement of exopro-
teins was present in the culture supernatant of strain Liv729
(OG1RF salB), and this was absent in the complementation strain
Liv883 (OG1RF salB pAT18::salB) (Fig. 1 and data not shown),
indicating that the absence of SalB caused changes to the exopro-
teome. These changes were investigated to determine whether
they might reveal a function for SalB.

Identification of the salB mutant exoproteome. To gain in-
sight into the cellular role of SalB, the exoproteins produced by
strain Liv729 (OG1RF salB) were quantitatively compared with
those of its isogenic parent strain using 2D differential fluores-
cence gel electrophoresis (DIGE). Based upon a previous exopro-
teome analysis (29) stationary-phase culture supernatants (sta-
tionary phase was determined to be after 8 h of growth; data not
shown) were extracted, 80 �g of protein from each strain was
separated, and the proteins were compared. The exoprotein frac-
tion from strain Liv729 (OG1RF salB) could be distinguished
from that of OG1RF largely by the presence of a unique protein set
with low pI and high molecular mass (Fig. 2A). Differentially
abundant or novel proteins from triplicate gels of strain Liv729
(OG1RF salB) were compared using SameSpots software (Progen-
esis) and quantified relative to OG1RF (Tables 2 and 3). Subse-
quently, proteins with differential abundance were isolated from a
500-�g exoprotein sample, separated by 2D SDS-PAGE, and ori-
ented relative to the gels from DIGE (Fig. 2A and B). MALDI-TOF
mass spectrometry of tryptic digests assigned 24 identities to 31
protein spots that were quantified as being in increased amount in
strain Liv729 (OG1RF salB) compared with OG1RF, with a fold
difference of at least 1.5 (Tables 2 and 3). Thirteen proteins were
quantified from OG1RF exoproteome gels (Fig. 2A and data not

FIG 1 Culture supernatant exoproteins from E. faecalis strains. Exoproteins of
OG1RF and its isogenic mutants with mutations in salB (Liv729 [OG1RF
salB]), gelE (OG1RF gelE), salB gelE (Liv1016 [OG1RF salB gelE]), and salB
comp (Liv883 [OG1RF salB pAT18::salB]), harvested at early stationary (8 h)
growth phase. Molecular mass markers (kDa) are shown on the left. The ar-
rowhead indicates SalB.
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shown) (29) as being decreased or absent in the salB mutant strain,
with eight spots assigned identities from MALDI-TOF mass spec-
trometry of tryptic digests (Table 3). Bioinformatic analysis of
these identified proteins revealed that many of these have known
or proposed roles in the general stress response, cell wall synthesis,
cell division, and metabolism.

Effect of salB inactivation on cell autolysis. The role of SalB in
cell autolysis was explored because of the altered levels of cell wall
synthesis and cell division enzymes that were quantified in culture
supernatant of the mutant strain; moreover, SalB was hypothe-
sized previously to be a peptidoglycan hydrolase (25). Strain
Liv729 (OG1RF salB) displayed an increased rate of autolysis
compared to the wild type under challenge from either penicillin
G (Fig. 3) or Triton X-100 (data not shown). The autolysis phe-
notype was complemented in Liv883 (OG1RF salB pAT18::salB)
with respect to penicillin G challenge, but only partially for Triton
X-100 challenge (data not shown). Inactivation of gelE is reported
to increase chain length in strain OG1RF and was therefore pro-
posed to have a role in proteolytic activation of autolysins re-
quired for daughter cell separation (37). Limited autolysis was
confirmed with strain TX5264 (OG1RF gelE), when challenged
with either penicillin G or Triton X-100. The double mutant strain
Liv1016 (OG1RF gelE salB) exhibited greater autolysis than did
the gelatinase mutant TX5264 (OG1RF gelE). These data indicate
that the absence of SalB activity increases autolysis in a gelE mu-
tant, which supports there being no evidence of epistasis with
respect to salB and gelE, thereby supporting the proteins having

opposing roles in autolysis, at least under the conditions studied
here.

Cell separation defect and reduced viability of OG1RF salB
mutant. The observed increase in autolysis and the altered exo-
protein expression of strain Liv729 (OG1RF salB) support a role
for SalB in cell wall homeostasis and/or cell division. Cell separa-
tion defects were previously reported to result from salB inactiva-
tion in strain E. faecalis JH2-2, which is naturally GelE negative
due to an fsr locus deletion (19). A JH2-2 salB mutant was re-
ported to have a reduced growth rate under normal culture con-
ditions (5). In contrast, there was no comparable growth rate re-
duction observed in this study for strain Liv729 (OG1RF salB)
cultured in BHI (data not shown). Strain Liv1012 (JH2-2 salB)
was generated in this study by transformation, and the previously
described growth rate phenotype was confirmed (data not
shown). Thus, salB inactivation results in differing phenotypes
between host strains OG1RF and JH2-2, the latter of which con-
tains a large deletion encompassing fsr (19). Based upon optical
density measurements, no growth rate differences were observed
during culture of strains Liv1016 (OG1RF gelE salB) and Liv1013
(OG1RF fsrB salB) (data not shown); consequently, the basis for
the growth rate difference in strain Liv1012 (JH2-2 salB) remains
undetermined.

To study the effect of salB inactivation on cell wall synthesis or
cell division, the different salB mutant strains were investigated by
fluorescently labeling nucleic acids. Assay of the cultures using
fluorescence-activated cell sorting (FACS) determined that in
mid-exponential phase, strain Liv729 (OG1RF salB) exhibited a
39-fold relative increase in nonviable cells (propidium iodide, red
fluorescence) compared with its isogenic parent strain (Fig. 4;
Table 4). The mean green fluorescence (Syto-9) was similar for the
two strains, with a 1.8-fold increase for Liv729 (OG1RF salB). The
effect of gelE inactivation was investigated, and cells of strain
TX5264 (OG1RF gelE) displayed an 8-fold increase in nonviable
cells (1.4-fold increase in mean green fluorescence). Moreover,
strain Liv1016 (OG1RF gelE salB) displayed a 145-fold increase in
nonviable cells together with a 5.8-fold increase in mean green
fluorescence. A considerable reduction in viability was also ob-
served in strain Liv1013 (OG1RF fsrB salB; data not shown). Par-
tial complementation of the viability defect resulting from salB
inactivation was observed in strain Liv1016 (OG1RF salB pAT18::
salB) (Fig. 4; Table 4).

Laser scanning microscopy of fluorescently stained cells was
used to examine cell separation and identified that inactivation of
either gelE (Fig. 5) or fsrB (data not shown) resulted in chains
of cells, as previously described (1, 37). In contrast, inactivation of
salB resulted in cell clumps, which were exacerbated in double
mutant strains that had salB plus either gelE (Fig. 5) or fsrB (data
not shown) or inactivated. The cell separation phenotypes were
confirmed by examining relative sedimentation of exponential
cultures. After 30 min of incubation, the strains with the greatest
mean green fluorescence and reduced cell separation displayed the
greatest level of sedimentation (data not shown). Defective septa-
tion of mid-exponential-phase cells of strain Liv729 (OG1RF salB)
in this study was confirmed by TEM (Fig. 6B) and matched that
described for a salB mutant of JH2-2 (4, 24). The septation defect
was exacerbated in the double mutant strain Liv1016 (OG1RF gelE
salB) relative to the isogenic single mutant parent strains (Fig. 6A
and C).

FIG 2 (A) DIGE analysis of culture supernatant exoproteins produced after
8 h of growth by strain Liv729 (OG1RF salB), labeled with Cy3 (yellow-green),
and those produced by its parent strain OG1RF, labeled with Cy5 (red). (B)
Exoproteins produced by strain Liv729 (OG1RF salB) and separated by 2D
SDS-PAGE, with arrowed letters indicating differentially regulated proteins.
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Absence of SalB peptidoglycan hydrolase activity. Muralytic
activity of SalB was investigated with six-histidine tag-purified
enzyme. Initial analyses used SDS-PAGE renaturing zymograms
supplemented with 10 OD units of purified peptidoglycan from E.
faecalis OG1RF or M. luteus. SalB produced unstained zones of
clearing on gels after renaturation and methylene blue staining,

indicating either murein hydrolytic or peptidoglycan binding ca-
pability (data not shown). An assay of peptidoglycan hydrolase
activity with purified enzyme and peptidoglycan from strain
OG1RF revealed no change in A540 after prolonged (up to 24-h)
incubation (data not shown). In a separate experiment, reverse phase
(RP)-HPLC revealed an absence of soluble muropeptides after over-

TABLE 2 Characteristics of proteins extracted in this study

Spot ID Protein description (accession no.)
Fold
change

Calculated mass
(kDa)/pI value

No. of peptides
matched

Sequence
coverage (%)

Group 1, stress-related
proteins

A DnaK (EF_1308) 2.02 65.54/4.59 12 22
C GroEL (EF_2633) 4.05 55.41/4.66 13 30
F NADH peroxidase, Npr (EF_1211) 2.27 49.52/4.83 7 25
T Dps family protein (EF_3233) 1.85 17.93/4.56 6 47
U Dps family protein (EF_3233) 3.82 17.93/4.56 5 42
V Superoxide dismutase (EF_0463) 2.35 15.95/4.96 6 69

Group 2, proteins of
metabolic pathways

B PEP phosphotransferase enzyme I (EF_0710) 3.03 63.13/4.68 13 21
G PEP phosphotransferase enzyme I (EF_0710) 63.13/4.68 4 16
E Dihydrolipoyl dehydrogenase (EF_1356) 49.11/4.95 6 28
I Glyceraldehyde 3-phosphate dehydrogenase, Gap-2 (EF_1353) 3.35 35.92/5.03 6 38
K Acetate kinase, AckA (EF_1983) 2.72 43.49/4.96 8 37
L Phosphoglycerate kinase, Pgk (EF_1963) 2.28 42.37/4.9 8 32
M Phosphoglycerate kinase (EF_1963) 5.3 42.37/4.9 7 27
N Phosphoglycerate kinase (EF_1963) 2.39 42.37/4.9 5 17
O Glycosyltransferase (EF_2176) 3.7 29.51/6.36 4 25
S Pyruvate dehydrogenase complex, PdhB (EF 1354) 35.37/4.61 9 44
X Triosephosphate isomerase (EF 1962) 3.7 21.12/4.63 6 37
Y Triosephosphate isomerase (EF 1962) 2.95 21.12/4.63 6 37

Group 3, translation
machinery

D tRNA uridine modification enzyme GidA (EF 3311) 2.49 69.64/5.72 9 21
H Elongation factor G (EF_0200) 76.63/4.8 7 20
J Tyrosyl-t-RNA synthetase (EF_0633) 1.96 47.23/5.09 5 21

Group 4, proteases
P Zn-metalloprotease, GelE (EF_1818) 1.77 55.34/4.99 5 16
Q Zn-metalloprotease, GelE (EF_1818) 1.65 55.47/4.99 6 20
R Zn-metalloprotease, GelE (EF_1818) 1.46 55.34/4.99 15 18

TABLE 3 MALDI-TOF MS protein identity assignations

Spot no. Protein description (accession no.)
Fold
change

Calculated mass
(kDa)/pI value

No. of peptides
matched

Sequence
coverage (%)

Group 1, cell
division/cell wall
synthesis

2 D-Alanine-D-lactate ligase (EF_2294) �4.47 21.24/4.7 6 52
7 D-Alanyl-D-alanine carboxypeptidase (Q30BF0_ENTFA) �2.4 29.4/5.2 9 55
17 Septation ring formation regulator EzrA (EF_0370) �1.55 68.1/4.8 8 24
5 DnaE protein; DNA Pol III alpha subunit (EF_1044) 31.3/5 5 35
4 DNA primase (EF_1521) �4.47 73/5.1 6 19

Group 2, miscellaneous
1 GTP-binding protein LepA (EF_2352) �2.1 68.3/5 10 20
3 GTP-binding protein LepA (EF_2352) �4.47 68.3/5 5 16
6 Transcriptional regulator, Cro/CI family (EF_2508) �8.05 20.9/5.8 4 34
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night incubation of SalB with E. faecalis OG1RF peptidoglycan (Fig.
7). Moreover, mutanolysin digestion of peptidoglycan isolated from
strain OG1RF and strain Liv729 (OG1RF salB) revealed identical RP-
HPLC traces (Fig. 7 and data not shown).

DISCUSSION

Study of the factors contributing to the culture supernatant pro-
tein complement of E. faecalis OG1RF identified that a gelE met-
alloprotease mutant produced distinct exoproteins. One promi-
nent protein expressed throughout growth in the mutant was
identified as SalB. The enzymatic function of SalB from previous
studies is not clear, with its inactivation resulting in defective cell
morphology and reduced resistance to various environmental
stressors in strain JH2-2 (5). In addition, a salB mutant of strain
OG1RF is defective for biofilm formation and has increased bind-
ing capacity to ECM molecules (17). The link between increased
SalB in culture supernatant and gelE inactivation identified here
was not clear. To investigate the possibility of epistasis between
gelE and salB, a double mutant was generated and the strains were
compared by analyzing their exoprotein profile, autolytic activity,
cell morphology, and viability.

FIG 3 Autolysis of E. faecalis strains after addition of penicillin G. Strains are
OG1RF (open circles), TX5264 (OG1RF gelE) (filled squares), Liv729 (OG1RF
salB) (filled triangles), and Liv1016 (OG1RF gelE salB) (open squares). Error bars
represent standard errors of the means from triplicate experiments. Statistically signif-
icant differences (P
0.05) in autolysis were determined at 2 h, 3 h, and 4 h for Liv729
relative to OG1RF and for Liv1016 relative to TX5264, using Student’s t test.

FIG 4 Analysis of viability in cell populations using fluorescence-activated cell sorting (FACS) analysis. Cells were labeled using the Live/Dead viability assay kit
(Invitrogen), and 100,000 events were recorded. OG1RF (A), TX5264 (OG1RF gelE) (B), Liv729 (OG1RF salB) (C), Liv1016 (OG1RF salB gelE) (D), and Liv883
(OG1RF salB pAT18::salB) (E) were harvested at exponential (5 h) growth phase. Horizontal lines mark populations of dead cells.

TABLE 4 FACS viability results

E. faecalis strain

Mean green
fluorescence
(RU)a/fold
difference relative
to OG1RF

% Dead cells/fold
difference relative
to OG1RF

TX4002 (OG1RF) 1.80/1 0.37/1
TX5264 (OG1RF gelE mutant) 2.60/1.44 2.95/7.97
Liv729 (OG1RF salB) 3.30/1.83 14.31/38.67
Liv883 (OG1RF salB pAT18::salB) 3.06/1.7 4.93/13.32
Liv1016 (OG1RF gelE salB) 10.46/5.81 53.91/145.70
a RU, relative units.
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Examination of the exoproteins released into culture superna-
tant by the OG1RF salB mutant revealed a complement distinct
from the wild type. Consequently, as an attempt to gain further
insight into the enzymatic role of SalB, a comparative proteomic
study of strain Liv729 (OG1RF salB) and the wild-type strain
(OG1RF) was undertaken. Relative to its parent, the salB mutant
released reduced levels of several proteins with ascribed functions
in cell wall metabolism and cell replication into culture superna-
tant. Higher levels were determined for several general stress re-
sponse proteins (e.g., GroEL, DnaK, and SOD), glycolytic and
translation machinery proteins, and GelE (Table 2). The reduced
viability of the salB mutant indicates that cell lysis might contrib-
ute to the exoproteome and could explain the differences with
OG1RF. Equally, the identified protein abundance differences
could be a consequence of a cellular response to the problems
encountered with cell division. The protein complement supports
known phenotypes of the salB mutant strain; moreover, it poten-
tially defines roles for SalB. Previous studies determined that a salB
mutant has reduced sensitivity to environmental stress and salB
transcription is directly regulated by the two-component signal
transduction system CroRS (14, 18). The stimulus activating
CroRS is unknown. The finding in this study that there are ele-
vated levels of general stress proteins, including DnaK, GroEL,
Dps, and SOD, expressed by the salB mutant supports the possi-
bility that the salB mutant has an inherent stress defect resulting
from gene inactivation. The observed concomitant increased level
of glycolytic enzymes could indicate a cellular response to mem-
brane dysfunction, with a resulting requirement for direct energy

generation via glycolysis. Definitive evidence for a membrane de-
fect has not been obtained; however, there is a clear association
between SalB and cell morphology and division septum forma-
tion/placement. Induction of stress genes was similarly observed
in a Streptococcus pneumoniae strain with reduced expression of
PcsB (2). It was demonstrated by Le Breton et al. (5, 14) that a salB
deletion in strain JH2-2 caused morphological defects, which were
confirmed in this study for strain OG1RF salB using TEM. The
double mutant strain Liv1016 (OG1RF gelE salB) displayed a
higher incidence of irregularities in septum formation, including
multiple septa, than strain Liv729 (OG1RF salB). Thus, the ab-
sence of GelE exacerbates the phenotype described for salB inac-
tivation, although there is not clear evidence that this is due di-
rectly to GelE proteolysis of SalB. The high level of GelE in the
supernatant of the salB mutant (Table 2) compared to that of
strain OG1RF suggests a compensatory aspect to the expression
levels of these proteins. A Streptococcus agalactiae mutant of PcsB
(SalB homologue) produces cell aggregation similar to that of an
E. faecalis salB mutant (23, 24). The role of PcsB has been studied
in several streptococci, in which the location of pcsB, immediately
downstream of the cell shape-determining operon mreCD, is con-
served, similar to the location of salA, the E. faecalis homologue of
salB and pcsB. The reduced level of the cell division protein EzrA in
culture supernatant of the OG1RF salB mutant lends further sup-
port to a theoretical role for SalB in cell division and/or cell shape
determination.

The incorrect septum placement in the E. faecalis OG1RF salB
mutant is likely to alter the plane of division to produce the cell

FIG 5 Cell morphology and viability determination of E. faecalis strains. Cells of strains TX4002 OG1RF (A), TX5264 (OG1RF gelE) (B), Liv729 (OG1RF salB)
(C), and Liv1016 (OG1RF gelE salB) (D) were labeled with BacLight live/dead stain and visualized using laser scanning microscopy. Bars indicate the scales, which
vary among the images due to varied morphology (1, 5, 2, and 10 �m, respectively, for panels A, B, C, and D).
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clumps in the single and multiple mutants studied here. It is
tempting to speculate that since GelE regulates the activity of the
major cell wall autolysins of E. faecalis OG1RF, the exacerbated
phenotype observed in strain Liv1016 (OG1RF gelE salB) supports
the linking of SalB to cell division, in part determining the char-
acteristic ovococcal morphology. Certainly, the morphology of a
salB mutant and that of a divIVA (trans complementation) mu-
tant of E. faecalis are strikingly similar (22). The modulation of
SalB expression by the CroRS two-component signal transduction
regulator links cell morphology with intrinsic �-lactam resistance
(7, 18). Recent analysis of PcsB in S. pneumoniae has provided the
first evidence supporting a role for PcsB/SalB/SagA family pro-
teins in the cell division complex via its interaction with FtsX (28).

An unexpected finding from laser scanning microscopy and

flow cytometry of viability stained cells of strain Liv729 (OG1RF
salB) was the proportion of red-fluorescent dead cells (14.31%)
present in the population compared with OG1RF red-fluorescent
dead cells (0.37%) (Table 4). This proportion was greatly in-
creased in strain Liv1016 (OG1RF salB gelE) (53.9%). These mea-
surements do not take account of the fact that changes in cell
volume would increase uptake of stain in the mutants, since cell
volumes were not measured in this study. The corresponding
changes in green fluorescence, however, identify that although
there were more cells per event due to defective cell separation in
the salB mutants, the relative levels of red (dead) cells were dis-
proportionately high. Complementation of the salB mutant via
strain Liv883 (OG1RF salB pAT18::salB) only partially rescued
this phenotype.

Previous studies hypothesized that SalB and its homologues
might possess peptidoglycan hydrolase activity. Cell autolysis and
activity assays of the purified SalB were performed to investigate
its function further. In an autolysis assay, a strain under penicillin
challenge, Liv729 (OG1RF salB), displayed greater levels of lysis
than the wild type. As expected, the absence of GelE in strain
TX5264 (OG1RF gelE) resulted in decreased autolysis compared
with the wild type (Fig. 3). Similarly, reduced autolysis was ob-
served in the presence of Triton X-100 with strain TX5264
(OG1RF gelE), while strain Liv729 (OG1RF salB) again showed
significantly enhanced autolysis. Complementation restored
wild-type autolysis rates to strain Liv883 (OG1RF salB pAT18::
salB) under penicillin challenge, but not under Triton X-100 chal-
lenge (data not shown). Peptidoglycan hydrolysis was tested using
both zymograms and HPLC of either muramidase-digested pep-

FIG 6 Transmission electron microscopy of thin sections of mid-exponen-
tially growing cells of strains TX5244 (OG1RF) (A), Liv729 (OG1RF salB) (B),
and Liv1016 (OG1RF gelE salB) (C). Scale bar, 500 nm.

FIG 7 Separation of soluble muropeptides by HPLC after incubation with
enzymes. OG1RF peptidoglycan was incubated overnight with 5 �g of muta-
nolysin (Sigma) (A) or 50 �g of SalB (B) or without enzyme (control) (C).
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tidoglycans or wild-type peptidoglycan incubated with purified
SalB. Renaturing zymograms performed with an SDS-PAGE gel
supplemented with purified peptidoglycan from E. faecalis
OG1RF or Micrococcus luteus ATCC 4698 revealed clearing. Since
this could indicate either peptidoglycan binding by SalB prevent-
ing methylene blue staining or peptidoglycan hydrolysis, the ac-
tivity of purified peptidoglycan was tested with six-histidine-
tagged SalB at a range of pH values in different buffers with several
divalent cations. However, no detectable activity was observed by
using this assay (data not shown). Moreover, the peptidoglycans
from Liv729 (OG1RF salB) and OG1RF were indistinguishable
upon mutanolysin digestion and separation by HPLC, indicating
that the clearing observed on the zymograms most likely repre-
sented peptidoglycan binding by SalB (Fig. 7 and data not shown).
A lack of in vitro peptidoglycan hydrolysis was reported for PcsB of
S. agalactiae and S. pneumoniae (9, 23, 24). Very recently, evidence
was obtained supporting a role for PcsB interacting with the FtsX
cell division protein and supporting a potential role for direct or
indirect PG hydrolysis during cell division (28).

While the data presented here do not determine the cellular
role for SalB or support peptidoglycan hydrolysis activity, the
findings are certainly consistent with SalB having a role in cell
shape determination and/or cell division. The septation anomalies
and the reduced level of EzrA in the salB mutant culture superna-
tant exoprotein profile relative to the wild type could result from
direct interaction of SalB with a cell division protein, in which the
coiled-coil domain located in the N-terminal region of SalB has
the potential to mediate this interaction.
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