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Enterococci account for nearly 10% of all nosocomial infections and constitute a significant treatment
challenge due to their multidrug resistance properties. One of the well-studied virulence factors of
Enterococcus faecalis is a secreted bacterial protease, termed gelatinase, which has been shown to con-
tribute to the process of biofilm formation. Gelatinase belongs to the M4 family of bacterial zinc
metalloendopeptidases, typified by thermolysin. Gelatinase is synthesized as a preproenzyme consisting of
a signal sequence, a putative propeptide, and then the mature enzyme. We determined that the molecular
mass of the mature protein isolated from culture supernatant was 33,030 Da, which differed from the
predicted molecular mass, 34,570 Da, by over 1,500 Da. Using N-terminal sequencing, we confirmed that
the mature protein begins at the previously identified sequence VGSEV, thus suggesting that the 1,500-Da
molecular mass difference resulted from a C-terminal processing event. By using mutants with site-
directed mutations within a predicted C-terminal processing site and mutants with C-terminal deletions
fused to a hexahistidine tag, we determined that the processing site is likely to be between residues D304
and 1305 and that it requires the Q306 residue. The results suggest that the E. faecalis gelatinase requires
C-terminal processing for full activation of protease activity, making it a unique enzyme among the

members of the M4 family of proteases of gram-positive bacteria.

Enterococcus faecalis is a gram-positive coccus that usually
occurs in pairs or short chains and is commonly found as part
of the resident flora in the mammalian intestinal tract (37). In
contrast to the beneficial role that enterococci play in intestinal
homeostasis, these organisms are becoming increasingly im-
portant to human health as leading causes of nosocomial in-
fections. These infections include urinary tract and abdominal
infections, bacteremia, endocarditis, and wound infections (1,
9, 29). E. faecalis is ubiquitous in the environment and can
withstand high salt concentrations and wide pH and tempera-
ture ranges. Enterococci are also resistant to desiccation and
temperatures up to 60°C. One of the most important public
health aspects of enterococci is their increasingly wide range of
antibiotic resistance (14). Multidrug resistance is common
among clinical isolates, leaving few therapeutic options for
treating enterococcal infections.

Some strains of E. faecalis can form biofilms, which may
increase their ability to colonize patients and persist at infec-
tion sites (22). Biofilms are bacterial communities growing as
surface-attached aggregates encased in an exopolymer matrix.
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Biofilms are generally thought to be more resistant to antibi-
otics than the corresponding free-living bacteria, which com-
pounds the problem of antimicrobial resistance. Moreover,
recent estimates suggest that over 65% of hospital-acquired
infections stem from the ability of the infecting organism to
produce biofilms (17).

As biofilm formation is thought to be an environmentally
responsive process, we recently examined the contributions of
two-component signal transduction networks to biofilm forma-
tion by E. faecalis V583 (11). We found that of the 17 two-
component response regulator mutants tested, only the fsr4
response regulator mutant was significantly attenuated in bio-
film formation. FsrA is part of a signal transduction system that
is responsive to the accumulation of an 11-amino-acid peptide
lactone, termed gelatinase biosynthesis-activating pheromone
(24). This peptide is encoded by the fs»D gene and is thought
to be proteolytically processed from the FsrD protein and
exported by the fsrB gene product (25), and its presence in a
culture is sensed by the FsrC histidine kinase. Gelatinase bio-
synthesis-activating pheromone sensing by the FsrC sensor ki-
nase results in activation of the FsrA response regulator tran-
scription factor by a phosphoryl group. The phosphorylated
form of FsrA is believed to activate expression of two cotrans-
cribed protease genes, gelll and sprE (28). Additionally, the
FsrABC system was shown by microarray analysis to affect a
variety of other genes, some of which potentially are involved
in virulence and some of which are involved in metabolic
pathways (2). As the GelE and SprE proteases are Fsr-regu-
lated proteins, we explored the contribution of the E. faecalis
proteases gelatinase and serine protease to biofilm formation
(12). We found that the biofilm deficiency of an fsrA mutant
was due to an inability to make gelatinase. Complementation
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TABLE 1. E. faecalis strains used in this study

Strain Relevant genotype Relevant phenotype Origin
V583 Parental GelE™" Clinical isolate
FA2-2 fsrC GelE™ Lab strain
EF 129 fsrC aphA-3 promoter GelE™ Spc* pML28 — FA2-2

EF 130 fsrC aphA-3 promoter-gelE GelE" " Spe’ pML29 — FA2-2
EF 131 fsrC aphA-3 promoter-gelE (His tag) GelE™ " Spe” pML33 — FA2-2
EF 132 fsrC aphA-3 promoter-ge/E (C-terminal 14 amino acids) GelE" " Spe pML34 — FA2-2
EF 133 fsrC aphA-3 promoter-ge/E (C-terminal 14 amino acids, His tag) GelE™ " Spc” pML37 — FA2-2
EF 134 fsrC aphA-3 promoter-ge/E (C-terminal 13 amino acids, His tag) GelE" " Spe’ pML42 — FA2-2
EF 135 fsrC aphA-3 promoter-ge/E (C-terminal 13 amino acids, His tag) GelE™ " Spe” pML43 — FA2-2
EF 136 fsrC aphA-3 promoter-gel E(E303P) GelE" " Spe’ pML38 — FA2-2
EF 137 fsrC aphA-3 promoter-gel E(D304P) GelE" " Spc” pML39 — FA2-2
EF 138 fsrC aphA-3 promoter-ge/E(1305P) GelE" " Spe’ pML40 — FA2-2
EF 139 fsrC aphA-3 promoter-ge/E(Q306P) GelE™" Spe” pML41 — FA2-2
EF 140 fsrC aphA-3 promoter-ge/E(E137Q) GelE™ Spc* pML44 — FA2-2
EF 141 fsrC aphA-3 promoter-ge/E(E137Q) (His tag) GelE™ Spe* pML45 — FA2-2

of the fsrA mutant by gelatinase expressed from an fsr-inde-
pendent promoter restored biofilm formation. Addition of pu-
rified gelatinase also restored biofilm formation to fsr-defective
strains, suggesting a critical, but as-yet-unknown, role for gel-
atinase in biofilm formation by E. faecalis. The involvement of
GelE in biofilm formation was also reported by Kristich et al.
(16).

GelE was originally characterized by Makinen et al. (18) as
an extracellular Zn metalloprotease with activity against a
number of substrates, including the insulin B chain, azo dye-
impregnated collagen (azocoll), and the pheromones and in-
hibitor peptides involved in conjugative plasmid transfer in E.
faecalis. GelE was also shown to function in clearing the bac-
terial cell surface of misfold proteins and in activating an
autolysin (41). Gelatinase is synthesized as a 509-amino-acid
prepropolypeptide which is subject to cleavage of the 192
amino acids at the amino-terminal end comprising the prese-
quence or signal sequence and the prosequence.

In this study, an apparent difference between the predicted
and actual molecular masses of the purified gelatinase revealed
that gelatinase undergoes C-terminal proteolytic processing
for full maturation. The role of this processing in gelatinase
activity was examined.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. E. faecalis strains and
plasmids used in this study are listed in Tables 1 and 2. Oligonucleotide primers
used for plasmid construction are shown in Table S1 in the supplemental mate-
rial. Plasmid pML28 was constructed from the vector pAT28 (39) by inserting a
369-bp EcoRI-BamHI fragment carrying the promoter of the ap/i4-3 kanamycin
resistance gene (40). The gelE coding sequence and its ribosome binding site
were then cloned in pML28 as a BamHI fragment to obtain pML29 (12). For
construction of pML33, the mature ge/E coding sequence was first cloned as an
Ndel-Xhol fragment in the pET21 expression vector (Novagen) using oligonu-
cleotide primers MGeINT-Ndel and MGelCT-Xhol, yielding plasmid pML52,
which encoded a GelE protein with a six-His tag extension. A fragment of this
plasmid was generated by PCR amplification using oligonucleotide primers
MGeINT-Nde and pET20downPst (the latter primer hybridizes to the pET21
vector in a region downstream of the six histidine codons). This fragment was
digested with Ncol, which naturally occurs in the gelE sequence, and cloned in
the pML29 vector digested with Ncol and Sall (the latter enzyme blunted with
Klenow polymerase) to replace the wild-type 3’ end of the gene with the histidine
tag-modified version. Plasmid pML34 was constructed by cloning the PCR am-
plification product obtained with oligonucleotide primers GelES’ and GelECT-
14BamH]I, digested with BamHI, in the BamHI site of plasmid pML28. Plasmid
pML37 was derived from pML29 in which the 3" end of the wild-type gene was
replaced by the 3’ end of a gelE gene missing the last 14 amino acids but fused
to six histidine codons. This construct was first generated in the pET21 expres-
sion vector (Novagen) via BamHI-Xhol coning of a PCR fragment amplified
with oligonucleotides MGelENT-Ndel and GelECT-14Xhol, yvielding plasmid
pMLS56. Plasmid pML56 was used as a template for PCR amplification with

TABLE 2. Plasmids used in this study

Vector Description Predicted gelatinase C-terminal sequence
pML28* Shuttle vector with aphA-3 promoter
pMI.29° GelE GAKEDIQVNQPSESVLVNE
pML33 GelE plus His, tag GAKEDIOVNQPSESVLVNELEHHHHHH
pML34 GelE without C-terminal 14 amino acids GAKED
pML37 GelE without C-terminal 14 amino acids plus His tag GAKEDLEHHHHHH
pML42 GelE without C-terminal 13 amino acids plus His tag GAKEDILEHHHHHH
pML43 GelE without C-terminal 12 amino acids plus His tag GAKEDIQLEHHHHHH
pML38 GelE with glutamic acid-to-proline substitution at position 303 GAKPDIQVNQPSESVLVNE
pML39 GelE with aspartic acid-to-proline substitution at position 304 GAKEPIQVNQPSESVLVNE
pML40 GelE with isoleucine-to-proline substitution at position 305 GAKEDPQVNQPSESVLVNE
pMLA41 GelE with glutamine-to-proline substitution at position 306 GAKEDIPVNQPSESVLVNE
pML44 GelE with glutamate at position 137 mutated to Gln GAKEDIQVNQPSESVLVNE
pMLAS GelE with glutamate at position 137 mutated to Gln plus His, tag GAKEDIQVNQPSESVLVNELEHHHHHH

“ Derivative of pAT28 (39) carrying the aphA-3 promoter as a 369-bp EcoRI-BamHI fragment (12).
" See reference 12.

1senb Aq 610z '€z 1snbny uo /610 wse qly/:dny wody pepeojumo


http://jb.asm.org/

Vor. 189, 2007

oligonucleotide primers NGelENT-Ndel and pET20downPst. The resulting frag-
ment was digested with Ncol and ligated to pM1.29 digested with Xbal (treated
with Klenow polymerase to obtain a blunt end) and Ncol. Plasmids pML42 and
pMLA43 were constructed by cloning PCR-amplified fragments obtained with
oligonucleotide primers MGelNT-Ndel and GelEIHis2 and with oligonucleotide
primers MGeINT-Ndel and GelEQHis2, respectively, digested with Ncol and
Xbal in similarly digested pML29. PCR products were obtained by amplification
of E. faecalis V583 genomic DNA.

Strains were cultured in Todd-Hewitt broth (THB) or M17 medium (Difco
Laboratories). Escherichia coli X110 Gold (Stratagene) was used for plasmid
construction and propagation. Strains were cultivated in Luria-Bertani broth.
The antibiotics used for selection in E. coli and E. faecalis were spectinomycin
(150 and 750 pg/ml, respectively) and tetracycline (15 pg/ml). Screening for
gelatinase production was carried out on THB agar plates containing 1.5% skim
milk. Electroporation was carried out as described previously (5).

Site-directed mutagenesis. Plasmid pML29 was subjected to site-directed mu-
tagenesis using a QuickChange 1II site-directed mutagenesis kit (Stratagene, La
Jolla, CA) and mutagenic primers to replace residues surrounding the putative
C-terminal processing site with proline or the active site E137 with glutamine
(see Table S1 in the supplemental material). Plasmid pML33 was used as tem-
plate to generate pMLAS.

Gelatinase purification. For all GelE proteins, most of the purification steps
were performed at 4°C; the only exception was hydrophobic interaction chro-
matography, which was performed at room temperature. The procedure used
was the procedure described by Hancock and Perego (12).

Protein determination, electrophoretic techniques, and Western blotting. The
protein concentration was determined with a bicinchoninic acid reagent kit
(Pierce), using bovine serum albumin as a standard. Enzyme purification was
monitored by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) on a 12% polyacrylamide separating gel. Concentrated (20X) culture
supernatants from overnight cultures were run on SDS-PAGE gels and stained
with Coomassie blue or transferred to a polyvinylidene difluoride membrane.
GelE was detected with anti-His (C-terminal) monoclonal antibody (Novagen)
using an ECL. Western blotting detection kit (Amersham Biosciences).

Protease activity assay. Azocoll (18) was suspended at a final concentration of
5 mg/ml in the assay buffer (50 mM Tris [pH 7.8], 1 mM CaCl,) and incubated
for 2 h at 37°C with vigorous shaking. The solution was filtered (Whatman 1MM
paper), and the precipitate was resuspended immediately in the same volume of
fresh buffer. Stirring was rapid enough to obtain what appeared to be a uniform
suspension. Tubes (diameter, 13 mm) were prewarmed at 37°C for 15 min before
the reaction was initiated by addition of enzyme. Assays were stopped by im-
mersing tubes in an ice-water bath. Chilled tubes were then centrifuged, and the
optical densities at 550 nm of supernatant fractions that were diluted 1:2 were
measured. Data were obtained for every time point in triplicate.

Molecular mass determination. The molecular masses of the native protease
and mutants of this protease were determined using matrix-assisted laser
desorption ionization—time of flight mass spectrometry. The analysis was
performed at the Mass Spectroscopy Core Facility at The Scripps Research
Institute.

Biofilm formation. Biofilm formation on polystyrene was quantified as previ-
ously described (38). Briefly, E. faecalis strains were grown overnight at 37°C in
M17 medium supplemented with 0.5% lactose and spectinomycin (500 pg/ml)
when appropriate. Each culture was diluted 1:100 in M17 medium, and 200 pl of
the resulting cell suspension was used to inoculate sterile 96-well flat-bottom
polystyrene microtiter plates. After incubation for 24 h at 37°C, wells were gently
washed three times with 200 wl of phosphate-buffered saline, dried in the in-
verted position, and stained with 1% crystal violet for 15 min. The wells were
rinsed again, and the crystal violet was solubilized in 200 pl ethanol-acetone
(80:20, volivol). The optical density at 550 nm was determined using a microplate
reader. Each assay was performed in triplicate and repeated three times.

Autolysis assay. £ fuecalis FA2-2 strains containing pML28, pM1.29, pML34,
and pML41 were grown overnight at 37°C in 2.5 ml THB containing 600 p.g/ml
of spectinomycin. Twenty-five microliters of each overnight culture was inocu-
lated into 2.5 ml SM17 medium containing spectinomycin and 3% glycine (the
appropriate final concentration of glycine in the medium was obtained using a
filter-sterilized 25% glycine stock solution) and grown overnight at 37°C. Then
1.5 ml of the overnight culture was centrifuged at 13,000 rpm for 3 min. The
supernatants were discarded, and the pellets were washed three times in ice-cold
sterile distilled water. After the third wash, the pellets were resuspended in 10
mM sodium phosphate buffer (pH 6.8). Two hundred microliters of the sus-
pended cells was dispensed into a 96-well plate, and the optical density at 600 nm
at 37°C was determined for 9 h at 30-min intervals. A statistical analysis (Stu-
dent’s ¢ test) was carried out with the SAS program.
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RESULTS

Molecular mass of mature gelatinase. The F. faecalis pro-
tease gelatinase belongs to the M4 family of bacterial zinc
metallopeptidases typified by thermolysin of Bacillus thermo-
proteolyticus (27) and aureolysin of Staphylococcus aureus (30).
An amino acid sequence alignment of the mature portions of
thermolysin, aureolysin, and gelatinase (Fig. 1) revealed that
gelatinase had an 18-amino-acid extension at the carboxy-ter-
minal end. Some M4 family members from bacteria belonging
to the family Vibrionaceae require processing at the carboxy
terminus, in addition to two processing events at the amino
terminus, to become fully active (15, 23). For this reason we
investigated the possibility that the enterococcal gelatinase un-
dergoes a carboxy-terminal processing event by determining
the molecular weight of the mature enzyme purified from the
culture supernatant. As shown in Fig. S1 in the supplemental
material, mass spectrometry analysis of purified gelatinase re-
vealed a molecular mass of 33,030 Da, which was 1,540 Da less
than the predicted molecular mass of the protein (34,570 Da)
based on its deduced amino acid sequence. N-terminal se-
quencing revealed that the purified, mature protein began with
the previously determined sequence “VGSEV” (36) (data not
shown), suggesting that the molecular mass difference had to
result from a C-terminal processing event(s) that, based on the
expected molecular masses of proteins lacking the last 12 to 15
amino acids, is consistent with cleavage of the last 14 amino
acids from the carboxy-terminal end (Fig. 2).

Gelatinase is processed at the C-terminal end. In order to
determine the site of processing of the gelatinase enzyme, we
expressed the wild-type protein and C-terminal deletion mu-
tants from an FsrA-independent promoter (aphA-3 [39]) on a
replicative vector in the FA2-2 strain, which is gelatinase de-
ficient due to the absence of a functional fsr system (12) (Ta-
ble 2).

Complementation of the gelatinase-deficient phenotype was
first tested on THB-milk agar plates (data not shown) in order
to ensure that an active gelatinase was expressed. Then 20X -
concentrated culture supernatants were analyzed for the pres-
ence of gelatinase protein by SDS-PAGE and Western blot-
ting. As shown in Fig. 3A, while strain FA2-2 carrying the
pMIL28 vector, which contained only the aphA-3 promoter, did
not produce gelatinase, the strain carrying plasmid pMIL29,
which expressed the wild-type gelF gene, secreted a protein
with a molecular mass of approximately 34 kDa. A protein of
similar size was produced by strains carrying plasmids pML33
and pML34, which expressed a wild-type GelE protein with a
six-histidine extension at the C-terminal end and a GelE pro-
tein lacking the C-terminal 14 amino acids, respectively. The
culture supernatant of the strain carrying plasmid pML37 (ex-
pressing a GelE protein lacking the C-terminal 14 amino acids
but with a six-His tag fused to the D304 residue via a Leu-Glu
linker) produced a protein band that was the same size as the
band observed in the samples described above and an addi-
tional band at a slightly higher molecular weight. A similar
band pattern was obtained with the culture supernatants of the
strains carrying plasmids pMIL42 and pMIL.43, which expressed
GelE fused to the six-His tag at the [305 and Q306 residues,
respectively. Notably, the concentration of the higher-molecu-
lar-weight band relative to the lower-molecular-weight band
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A15 mw 32,917D
A14 mw 33,032D

A13 mw 33,145D *
A12 mw 33,273D ¢

A5 mw 34,015D
(Q306P mw 33,984D)

> A6 mw 33,928D
(Q306P mw 33,897D)

FIG. 1. Amino acid sequence alignment of members of the M4 family of bacterial metalloproteases. The amino acid sequences of aureolysin
of S. aureus, thermolysin of B. thermoproteolyticus, and gelatinase ol E. faecalis were aligned using the ClustalW program. The active site residues
are indicated by the gray boxes. Symbols: asterisks, identical residues in all sequences; colons, conserved substitutions; periods, semiconserved
substitutions. The sequence of the C-terminal 18 amino acids is shown at the bottom along with the calculated molecular masses of GelE mutant
proteins lacking the last 5 (AS), 6 (A6), 12 (A12), 13 (A13), 14 (A14), and 15 (A15) amino acids. The predicted molecular masses (mw) were
obtained with the ExPASy pI-M,, tool. The predicted molecular masses of the GelE Q306P mutant proteins lacking the last five or six amino acids

are indicated in parentheses. D, daltons.

decreased in the order pML37 > pMILA42 > pMI43. Analysis
of the same supernatants by Western blotting using an anti-C-
terminal His tag antibody revealed that only the truncated
GelE proteins expressed by plasmids pML37, pMIL42, and
pML43 maintained the histidine tag fused to the D304, 1305,
and Q306 residues, respectively (Fig. 3B). The intensities of
the bands detected corresponded to the intensities of the
higher-molecular-weight bands observed in the Coomassie
blue-stained gel shown in Fig. 3A. (i.e., pML37 > pMI 42 >
pMLA43). Since no His tag was detected in the supernatant of
the strain expressing the GelE wild-type protein with the his-
tidine tag fused to the last residue (E318; pML33), these re-
sults indicated that maturation of GelE occurred via cleavage
at the C-terminal end and that this process was progressively
delayed by deletion of the last 12 to 14 amino acids. Never-

theless, incubation of the same proteins for 12 h at 37°C re-
sulted in the presence of only one form of GelE, corresponding
to the mature form, in all preparations (Fig. 3C). This indi-
cated that maturation could eventually occur even when the
C-terminal 14 amino acids were replaced by the L-E-Hg amino
acid sequence.

Proline substitution at Q306 affects gelatinase activity. Mass
spectrometry determination of the molecular mass of mature
wild-type gelatinase from culture supernatant revealed a dis-
crepancy of approximately 1,500 Da with the predicted value
(Fig. 2). Because the predicted molecular mass of the last 14
amino acids at the carboxy-terminal end of gelatinase is 1,556
Da (Fig. 2), we investigated whether any of the residues at
positions 16 (E303), 15 (D304), 14 (I305), and 13 (Q306) from
the C-terminal end had a critical role in the processing of the
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MATURE PROTEASE

Pradlcted Mass: 34 57008
Distarminad Mass: 33,027Da

Mass Differance: 1,643Da
/’ VGSEV....
[s.p.| Propeptide | Mature Protease |
1 30 192 509

C-terminal 14 amino acids: IQYNQPSESVLVNE
Predicied Mass: ~ 1556 Dalions

FIG. 2. Schematic representation of gelatinase proteolytic process-
ing. The gelEl gene encodes a 509-amino-acid protein with a probable
signal peptide (S.P.) that is 29 amino acids long. The propeptide
sequence extends from residue 30 to residue 191, and the mature
gelatinase starts at residue V192. The predicted masses of the mature
protein and C-terminal peptide were determined with the ExPASy
pl-M,, tool. The molecular weight of the mature protein purified from
culture supernatants was determined by mass spectrometry.

protease. These four residues were individually changed to
proline by site-directed mutagenesis, and the resulting proteins
were purified from culture supernatants of strain FA2-2 to-
gether with the wild-type form of GelE. SDS-PAGE analysis of
1 g of each protein revealed that while the GelE E303P,
D304P, and I305P mutant proteins had an electrophoretic mo-
bility equal to that of the wild-type protease, the mobility of the
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FIG. 3. Analysis of the protein profiles for the culture supernatants
of GelE derivatives. The supernatants were concentrated 20-fold and
loaded on a 12% polyacrylamide gel for Coomassie blue staining
(A) or for Western blot analysis using anti-C-terminal His tag antibody
(B). (C) Protein profile of the same supernatants after overnight in-
cubation al 37°C.
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FIG. 4. Analysis of the electrophoretic mobility of GelE proline
substitution mutant proteins. Gelatinases purified from culture super-
natants of strain FA2-2 expressing the wild-type protein (GelE wt) and
the E303P, D304P, 1305P, and Q306P mutant proteins were run on a
12% SDS-PAGE gel and stained with Coomassie blue. The broad
range protein marker (New England Biolabs) (lanes MW) was in-
cluded in the analysis. The molecular weights of the five proteins were
determined by matrix-assisted laser desorption ionization—time of
flight mass spectrometry. MW, molecular weight.

Q306P mutant protein was slightly retarded (Fig. 4). A mass
spectrometry analysis carried out with the five proteins indi-
cated that the E303P and D304P proteins had molecular
masses in the range of the molecular mass obtained for the
wild-type protein, suggesting that these substitutions did not
affect the processing of the C-terminal end. The 1305P mutant
protein seemed to be approximately one amino acid larger
than the wild-type GelE, while the molecular weight of the
Q306P protein indicated that five or six additional amino acids
were present compared to the wild-type protein (Fig. 4).

These results suggested that a proline at position 305 may
have a role in positioning the cleavage site but that Q306 is the
most critical residue for processing of the 14 C-terminal amino
acids. Replacement of Q306 with proline in fact resulted in an
alternative cleavage event that most likely deleted the C-ter-
minal five amino acids.

Activity of GelE mutants with synthetic substrates and in
biofilm formation. In order to compare the activities of the
four site-specific mutants of GelE (E303P, D304P, I305P, and
Q306P), the purified proteins were assayed in three indepen-
dent experiments using azocoll as a substrate. All proteinases
were still able to degrade azocoll, but the Q306P mutant pro-
tein was consistently less active than the other proteins (Fig. 5),
showing a 30% reduction in protease activity. The results sug-
gested that correct processing of the last 14 amino acids at the
C-terminal end of GelE is necessary for full activity of the
protein.

The previously described role of gelatinase in biofilm for-
mation prompted us to test whether the proline substitutions
had any effect on biofilm formation. As shown in Fig. S2 in the
supplemental material, none of the mutant proteins affected
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FIG. 5. Hydrolysis of azocoll by GelE and site-specific mutants as a
function of time measured by the absorbance of released azocoll dye.
The assay was carried out with FA2-2 strains carrying plasmids pML28
(vector alone) (@), pML29 (GelE wild type) (H), pML38 (GelE
E303P) (4), pML39 (GelE D304P) (O), pMLA40 (GelE I305P) (),
and pML41 (GelE Q306P) (®). The data are the averages of two
independent experiments; the error bars indicate the standard devia-
tions. Each data point is the average of triplicate measurements.
ODs;50, optical density at 550 nm.

the ability of strain FA2-2 to form biofilms, but the sensitivity
of the assay may not have been high enough to detect the small
enzymatic differences between these proteins.

GelE Q306P mutation affects cell autolysis. GelE has been
shown to be involved in the maturation of the E. faecalis
muramidase-1 autolysin in vitro (33), and GelE-producing
strains have been shown to have increased autolysis (41). For
these reasons we investigated whether processing of the C-
terminal end of gelatinase had any effect on cell autolysis.
Strains derived from FA2-2 carrying plasmid pML28 (vector),
pML29 (GelE wild type), pML34 (GelE-CT14), or pML41
(GelE Q306P) were subjected to an autolysis assay as de-
scribed in Materials and Methods. The results (Fig. 6) consis-
tently and reproducibly indicated that the strain expressing the
GelE Q306P mutant protein had a slightly higher rate of au-
tolysis than the strain expressing the GelE wild-type protein
(P < 0.05). Notably, the strain expressing the GelE protein
lacking the last 14 amino acids showed a slightly lower, al-
though not statistically significant, level of autolysis than the
wild-type protein-expressing strain (P < 0.36). Consistent with
the results reported by Waters et al. (41), the strains expressing
GelE had a higher autocatalytic rate than the control strain not
expressing the enzyme.

These results suggest that although the Q306P mutation
reduced the protease activity of GelE, the inability to process
the C-terminal end increased the ability of the enzyme to
access or activate the target autolysin.

Active site mutation affects the GelE N- and C-terminal
processes. As a member of the M4 family of zinc metallopro-
teases, gelatinase possesses a conserved catalytic domain typ-
ified by the primary-sequence HEXXH motif responsible for
coordinating zinc in the active site (Fig. 1) (13). In order to
investigate the role of GelE activity in its maturation, the
glutamic acid residue at position 137 in the active site was
mutated to glutamine and the protein was expressed in strain
FA2-2 from the aphA-3 promoter of plasmid pMI.28 as de-
scribed above. The resulting construct, designated pM144, was
also modified to express an E137Q GelE mutant protein with
six His residues at the C-terminal end (plasmid pML45). The
concentrated supernatants of cultures expressing these pro-
teins were run on an SDS-PAGE gel and evaluated by Western
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FIG. 6. Autolysis assay with FA2-2 strains expressing gelatinase.
The autolysis assay was carried out with FA2-2 strains carrying plas-
mids pML28 (vector alone) (@), pML29 (GelE wild type) (A), pML34
(GelE-CT14aa) (M), and pML41 (GelE Q306P) (#). Samples were
analyzed at 30-min intervals as described in Materials and Methods.
ODjq0. optical density at 550 nm; TO, time zero.

blotting (Fig. 7). The site-specific E137Q mutation led to com-
plete abolition of GelE activity as detected by protease activity
on THB-milk plates (data not shown). Electrophoretic analysis
of the culture supernatants revealed the disappearance of the
mature-size protein and the concomitant accumulation of an
approximately 55-kDa protein which was present at a lower
level than the wild-type enzyme (expressed by plasmid pMI.29)
(Fig. 7A), indicating that active GelE was necessary for post-
translational modification of this protein (i.e., cleavage of the
propeptide). Western blot analysis carried out with an anti-C-
terminal His tag antibody confirmed the presence of an ap-
proximately 55-kDa His-tagged protein in the supernatant of
the cells carrying the pML45 construct, while a His-tagged
protein that was the size of mature GelE was present, as
expected, in the supernatant of the strain carrying plasmid
pML37, as shown in Fig. 3. These results suggested that an
active GelE protein was required for the multiple maturation
processes at the N- and C-terminal ends involving an autocat-
alytic mechanism. Similar results were reported for thermoly-
sin (19) and the Streptomyces cacaoi extracellular neutral met-
alloprotease Npr (4). In contrast, mutations of the zinc-binding
metalloprotease motif of the LasA protease of Pseudomonas
aeruginosa or the BFT toxin of Bacteroides fragilis, which be-
long to different protease families, were shown to affect the
activity but not the propeptide processing (8, 10).

The availability of the active site mutant GelE proteins and
evidence of their expression and secretion in the culture su-
pernatant allowed us to test whether the E137Q substitution
affected biofilm formation. The FA2-2 strains carrying the
pML28 vector alone, the pML29 vector expressing wild-type
GelE, and the pML44 and pMIL45 plasmids expressing the
FE137Q mutant protein with and without a six-His tag, respec-
tively, were assayed for biofilm formation as described in Ma-
terials and Methods. The results (Fig. 7C) indicated that while
expression of wild-type GelE induced biofilm growth, expres-
sion of the E137Q mutant proteins did not. This suggested that
the protease activity, rather than the GelE protein itself, is
required for biofilm formation.

DISCUSSION

The zinc metalloprotease secreted by F. faecalis, gelatinase,
is one of the few characterized virulence factors of this organ-
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FIG. 7. Analysis of GelE E137Q protein secretion and biofilm formation. The culture supernatants were concentrated 20-fold and loaded on
a 12% polyacrylamide gel for Coomassie blue staining (A) or for Western blot analysis using anti-C-terminal His tag antibody (B). The molecular
weight standards were the New England Biolabs broad range protein marker (A) and the broad range prestained protein marker (B). The
arrowhead indicates the full-length GelE protein band. (C) Analysis of biofilm formation by FA2-2 strains carrying plasmids expressing wild-type
GelE (pML29), GelE E137Q (pML44), and His-tagged GelE E137Q (pMLA45). The control strain carried only the vector pML28. The error bars

indicate the standard deviations. ODssq, optical density at 550 nm.

ism. Gelatinase has been shown to contribute to disease patho-
genesis in a number of model systems, including peritonitis in
mice (34), endophthalmitis in rabbits (7), and nematode killing
(34). In addition to gelatin, only a few substrates are known for
this protease. The list of known substrates includes the entero-
coccal conjugative sex pheromones and a number of host-
derived in vitro substrates, including the insulin B chain, en-
dothelin, hemoglobin, fibrinogen, fibronectin, collagen, and
laminin (18). In addition, gelatinase has been shown to inter-
fere with innate immune defenses through inactivation of the
antibacterial peptides L1.-37 and a-defensin (31, 32). Recently,
gelatinase has been shown to be relevant for in vitro translo-
cation of E. faecalis across polarized human enterocyte-like
T84 cells (42).

As a member of the M4 family of zinc metalloproteases,
gelatinase possesses a conserved catalytic domain typified by
the primary-sequence HEXXH motif responsible for coordi-
nating zinc in the active site (13). In addition, these zinc met-
alloproteases bind three or four calcium atoms, which are
thought to stabilize the overall structure; the more thermal
stable proteases bind four calcium atoms.

Members of the M4 family are secreted bacterial enzymes
that are synthesized as preproenzymes. The presequence, or
signal peptide, targets the proenzyme to the secretion appara-
tus of either gram-negative or gram-positive cells. Maturation
of the secreted proenzyme to its active mature form is thought
to proceed by autocatalytic processing and transient associa-
tion of the propeptide or prosequence with the active form (19,
26). The primary purpose of the propeptide is to function as an
intramolecular chaperone facilitating the proper folding of the
active protease (20, 21).

Here we showed that an active gelatinase is required for
processing of the propeptide at the amino terminus and cleav-
age of the C-terminal tail. Mutation of a critical residue in the
GelE active site (E137) resulted in secretion of a protein whose
molecular weight approximated the molecular weight of the
gelatinase proenzyme and that retained the carboxy-terminal
histidine tag. This is reminiscent of the previously reported
autocatalytic processing of thermolysin (19). However, auto-
processing of GelE may not necessarily be an intramolecular

event, as reported for thermolysin (19). In supernatants of
strain FA2-2 expressing the GelE FE137Q His-tagged protein,
we observed disappearance of the histidine tag upon addition
of purified wild-type GelE, as determined by Western blot
analysis with an anti-C-terminal His tag antibody (see Fig. S4
in the supplemental material). This suggested that at least the
C-terminal processing event may not be an intramolecular
event.

In addition to the amino-terminal processing, some M4 fam-
ily members from bacteria belonging to the family Vibrionaceae
also require processing at the carboxy terminus to become fully
active (15, 23). Here we show that the E. faecalis gelatinase
also requires proteolytic processing at the carboxy terminus,
which makes it unique among members of the M4 family from
gram-positive bacteria. Determination of the precise molecular
mass of GelE purified from E. faecalis culture supernatants
resulted in a value (33,030 Da) in good agreement with the
original estimates of Makinen et al. obtained by using SDS-
PAGE (33,000 Da), sizing column analysis (32,000 Da), or fast
protein liquid chromatography (31,500 Da) (18).

Our investigation of the reason for the approximately
1,500-Da discrepancy with the predicted molecular mass of
gelatinase indicated that a processing event takes place at the
carboxy-terminal end, most likely between the D304 and 1305
residues, and this requires the Q306 residue. As mentioned
above, evidence suggested that GelE itself may be involved in
the processing. An isoleucine residue is not as common as
leucine on the imino side of the scissile bond of known sub-
strates, but such a residue was found for angiotensin and neu-
rotensin, providing further support for the autocatalytic hy-
pothesis (18). Additionally, a hydrophobic amino acid residue
has often been found at this position. Furthermore, the mo-
lecular weight of the I305P mutant protein suggests that there
is an alternative processing event, possibly between Q306 and
V307; this could also be a gelatinase processing site as glu-
tamine at the carboxylic side and leucine at the imino side of
the bond were found in the gelatinase processing site of the
insulin B chain (18).

Nevertheless, additional proteases, such as the coregulated
enzyme encoded by sprE, may contribute to the C-terminal
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processing, as suggested by the molecular weight of the Q306P
mutant protein, for which cleavage between the E312 and S313
or S313 and V314 residues must have occurred to explain the
molecular weight obtained by mass spectrometry. Singh et al.
recently showed that in the absence of a functional fsr system,
a basal level of GelE and SprE is produced; thus, we cannot
rule out the possibility that a basal level of SprE contributes to
GelE maturation in strain FA2-2 (35).

The role of the Q306 residue in the processing of the C-
terminal end of GelE is clearly critical for efficient cleavage, as
observed with the wild-type protein; in the purification condi-
tions used in this study, this protein is found essentially fully
processed, while the Q306P mutant protein was processed at
an alternative site, resulting in a protein with a slightly higher
molecular weight than the wild-type protein (Fig. 4). Never-
theless, the GelE-CT14 His-tagged variant seemed to be pro-
cessed to a molecular weight essentially identical to that of the
wild-type protein (Fig. 3) despite the lack of the Q306 and 1305
residues, which were replaced by Glu and Leu residues (intro-
duced by the Xhol cloning site), respectively, that linked the
protease to six histidine residues. However, this processing
event was not highly efficient, and its efficiency seemed to
increase when the I305 residue alone or the I305 and Q306
residues were still present (pMI42 and pMI143) (Fig. 3A
and B), again suggesting a role for these residues in proper
cleavage. Further studies of the biochemical properties of
GelE are required to define the mechanism of this autocat-
alytic event.

The exact role of the GelE C-terminal processing event in
the overall activity of the protease appears to be marginal
because the Q306P mutant protein was only 25 to 30% less
active than the wild-type proteins in the protease assay and it
did not have a significant effect on biofilm formation. The
C-terminal processing event, however, may delay maturation
of the protein, and this may affect protease activity in some
specific environmental conditions.

The observation that the Q306P mutant protein had a higher
rate of autolysis (Fig. 6) raised the possibility that this GelE
variant may remain more tightly associated with the cell mem-
brane or cell wall, perhaps due to the slightly hydrophobic
nature of the 14-amino-acid C-terminal tail. This could favor
processing and maturation of the autolysin substrate of GelE,
muramidase-1 (33), giving rise to the observed phenotype.
Thus, processing of the C-terminal tail of gelatinase may have
a regulatory role in cell division through the regulation of the
autolysin’s activity.

It is possible that the C-terminal 14 amino acids have a
secondary signaling function. The role of the conjugative pep-
tide pheromones in E. faecalis, which arise from processing of
a bacterial signal peptide sequence of surface lipoproteins, is
well characterized and provides a precedent for secondary
functions for processed peptide sequences. However, so far
there is no evidence for such a role for the GelE C-terminal
peptide (3, 6). There is also no evidence that the C-terminal 14
amino acids of GelE have a distinct function in the protein
other than slightly inhibiting gelatinase activity, as reported for
the Vibrio cholerae non-O1 hemagglutinin/protease, whose
processing of the C-terminal 2 kDa results in increased pro-
tease activity but decreased hemagglutinin activity (23). Thus,

J. BACTERIOL.

the precise role of this domain in the biology of Enterococcus
awaits elucidation.
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