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To evaluate the role of the C-terminal region in Bacteroides fragilis toxin (BFT) activity, processing, and
secretion, sequential C-terminal truncation and point mutations were created by site-directed mutagenesis.
Determination of BFT activity on HT29/C1 cells, cleavage of E-cadherin, and the capacity to induce interleu-
kin-8 secretion by wild-type BFT and C-terminal deletion mutants showed that deletion of only 2 amino acid
residues at the C terminus significantly reduced BFT biological activity and deletion of eight or more amino
acid residues obliterated BFT biologic activity. Western blot and reverse transcription-PCR analyses indicated
that BFT mutants lacking seven or fewer amino acid residues in the C-terminal region are processed and
expressed similar to wild-type BFT. However, BFT mutants lacking eight or more amino acids at the C
terminus are expressed similar to wild-type BFT but are unstable. We concluded that the C terminus of BFT
is not tolerant of modest amino acid deletions, suggesting that it is biologically important for BFT activity.

Enterotoxigenic Bacteroides fragilis (ETBF) is strongly
linked epidemiologically to diarrheal disease in livestock,
young children, and adults (22, 23, 27, 28, 30, 35, 40). The only
recognized virulence factor of ETBF is a secreted 20-kDa
zinc-dependent metalloprotease termed B. fragilis toxin (BFT)
(19). BFT causes fluid accumulation in ligated intestinal loops
of lambs, rats, rabbits, and calves (23, 24, 31). In vitro, BFT
alters the morphology of certain human intestinal carcinoma
cell lines, particularly cell line HT29/C1 (3, 15, 31, 35). Sub-
confluent HT29/C1 cells treated with BFT develop striking
changes in morphology, including loss of cell-to-cell attach-
ments, rounding, swelling, and, in some cases, pyknosis. The
mechanism of action and morphological changes stimulated by
BFT are mediated, in part, by cleavage of the zonula adherens
protein, E-cadherin (38). Recently, ETBF strains have also
been associated with active inflammatory bowel disease and
colorectal cancer (1, 25, 33). We and other workers (13, 29, 39)
have shown that BFT stimulates interleukin-8 (IL-8) secretion
by intestinal cells (HT29, T84, and Caco-2 cells) in vitro.

Three highly related isotypes of BFT have been identified
(termed BFT-1, BFT-2, and BFT-3) (4, 8, 12, 37). All BFTs
appear to be structurally similar. BFT is synthesized as a 44-
kDa precursor (397 amino acid residues) containing the fol-
lowing three consecutive peptide domains: (i) a presignal se-
quence (18 amino acid residues), (ii) a propeptide (193 amino
acid residues), and (iii) a mature protein (186 amino acid
residues) (8, 14). The 44-kDa precursor protein is processed to
a 20-kDa mature BFT that is secreted into the culture super-
natant.

Based on sequence analysis, BFT is predicted to be a mem-
ber of the metzincin superfamily of zinc-dependent metallo-
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protease enzymes (19). Members of this superfamily contain
an elongated zinc-binding metalloprotease motif (HEXXHX
XGXXH) and present a perfectly superimposable methionine
residue close to the zinc-binding motif. The 20-kDa mature
BFT contains the zinc-binding metalloprotease motif (H;,g to
Hjss) and a methionine residue 7 amino acids C terminal to
the zinc-binding metalloprotease motif, typical of the matrix
metalloprotease (MMP) family (20). In recent studies, we have
demonstrated that a series of single point mutations in the
zinc-binding metalloprotease motif do not affect BFT process-
ing but do reduce or eliminate BFT biologic activity in vitro
(5). Recently, studies have also shown that the C-terminal
regions of some bacterial MMPs are necessary for substrate
binding, as shown by loss of activity after deletion of the C-
terminal region (17, 18, 34). In this study, we evaluated the role
of the C-terminal region in BFT activity, processing, and se-
cretion.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are described in Table 1. B. fragilis strains were
propagated anaerobically on BHC medium, which contained 37 g of brain heart
infusion base (Difco Laboratories, Detroit, MI) per liter along with 0.1 mg of
vitamin K per liter, 0.5 mg of hemin per liter, and 50 mg of L-cysteine per liter
(all from Sigma, St. Louis, MO). Antibiotics (Sigma, St. Louis, MO) were used
at the following concentrations: for Escherichia coli, 150 wg/ml ampicillin and 1
pg/ml ciprofloxacin; and for B. fragilis, 6 wg/ml clindamycin.

Western blot analysis. Protein samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis as described previously (16) and trans-
ferred to nitrocellulose membranes by electrophoresis at 100 V and 4°C for 1 h.
Membranes were blocked with 10% milk in 1X Tris-buffered saline (TBS) (pH
7.5) for 1 h. Each membrane was incubated for 1 h at room temperature with a
1:1,000 dilution of primary antibody (rabbit anti-BFT in TBS containing 10%
milk, previously adsorbed with strain NCTC 9343 containing plasmid pFD340)
and then washed three times for 10 min with TBS. The membrane was incubated
for 1 h in 1:10,000 horseradish peroxidase-conjugated rabbit anti-immunoglob-
ulin G in TBS with 10% milk and washed three times for 10 min in TBS.
Membranes were developed with a chemiluminescent substrate (Super Signal
West Pico chemiluminescent substrate; Pierce, Rockford, IL) used according to
the instructions of the manufacturer. To quantify the BFT secreted by NCTC
9343 expressing wild-type and mutant BFTs, cell-free culture supernatants were



5596 SEARS ET AL.

INFECT. IMMUN.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant genotype, phenotype, and/or characteristic(s)”

Source and/or reference

Strains
86-5443-2-2 ETBF strain L. L. Myers
NCTC 9343 NTBEF strain ATCC (11)
Plasmids
pRK231 Tra* IncPa Ap" 10
pFD340 E. coli/B. fragilis shuttle vector, Ap" Cc', IS4351 promoter 32
pFD340::P-bft pFD340 containing bft plus 700-bp upstream region 7
pMA17 BFT C-terminal —2 truncation mutant in pFD340::P-bft This study
pMALl1 BFT C-terminal —4 truncation mutant in pFD340::P-bft This study
pMAI12 BFT C-terminal —7 truncation mutant in pFD340::P-bft This study
pPMA13 BFT C-terminal —8 truncation mutant in pFD340::P-bft This study
pMAI14 BFT C-terminal —9 truncation mutant in pFD340::P-bft This study
pMAI1S BFT C-terminal —11 truncation mutant in pFD340::P-bft This study
pMA16 BFT C-terminal —18 truncation mutant in pFD340::P-bft This study
pPMAIS Replacement of BFT-A394 with E in pFD340::P-bft This study

“ Ap", ampicillin resistance; Cc', clindamycin resistance.

concentrated 20-fold using Ultrafree-MC filters (Millipore, Bedford, MA), and
images were scanned and quantified by using densitometer analysis software and
then plotted against a standard curve generated using known concentrations of
purified BFT.

Activity of BFT on HT29/C1 cells. BFT activity on HT29/C1 cells was deter-
mined at 3 and 24 h as described previously (21, 35). Cell-free culture superna-
tants and whole-cell lysate preparations were tested for toxin activity at dilutions
ranging from 1/4 to 1/25,600. For some experiments, cell-free culture superna-
tants containing the BFT-C8, BFT-C9, BFT-C11, and BFT-C18 mutants were
concentrated 10-fold using Ultrafree-MC filters (Millipore, Bedford, MA) prior
to testing on HT29/C1 cells. The endpoint titer was defined as the inverse of the
maximum dilution with ability to alter the morphology of HT29/C1 cells. Purified
BFT from wild-type ETBF strain 86-5443-2-2 and/or cell-free culture superna-
tants of ETBF strain 86-5443-2-2 were used as positive controls. The negative
controls included medium alone and crude supernatant filtrates of nontoxigenic
B. fragilis (NTBF) strain NCTC 9343 containing plasmid pFD340.

E-cadherin cleavage. The effect of wild-type and mutant BFTs on E-cadherin
was determined as described by Wu et al. (38). Briefly, HT29/C1 cells were
treated with cell-free culture supernatants containing wild-type or mutant BFT.
After 3 h, HT29/C1 cells were removed from plastic dishes by scraping them into
phosphate-buffered saline with 2% sodium dodecyl sulfate and analyzed by
Western blotting using antibodies against the extracellular domain of E-cadherin
(Decma antibody; Sigma, St. Louis, MO). The positive control was HT29/C1 cells
treated with 100 ng/ml of purified BFT from ETBF strain 86-5443-2-2, and the
negative controls included HT29/C1 cells treated with cell-free culture superna-
tants of NCTC 9343 containing vector pFD340 and medium alone. Western blot
analysis of the housekeeping protein actin was used to internally control varia-
tions in protein loading.

IL-8 secretion. Subconfluent HT29/C1 cells in eight-well slides were treated
with cell-free culture supernatants of NCTC 9343 expressing wild-type or mutant
BFT at a dilution of 1/4 (final volume, 400 1) and tested for IL-8 secretion after
16 h of incubation. The positive and negative controls were the controls de-
scribed for the E-cadherin analysis above. The levels of IL-8 in HT29/C1 cell
culture supernatants were determined by an enzyme-linked immunosorbent as-
say (ELISA) (PharMingen, San Diego, CA) (39). The ELISA capture antibody
(purified mouse anti-human IL-8 monoclonal antibody), the ELISA detection
antibody (biotinylated mouse anti-human IL-8 monoclonal antibody), and stan-
dards (recombinant human IL-8) were purchased from BD PharMingen (San
Diego, CA). Samples were analyzed with reference to a standard curve for IL-8
concentrations ranging from 31.25 to 2,000 pg/ml.

Mutation of the C-terminal region. C-terminal —2, —4, —7, =8, —9, —11, and
—18 truncation mutants and a mutant with a point mutation in the fourth amino
acid of the BFT C terminus (BFT-A394E) were created by site-directed mu-
tagenesis according to the instructions of the manufacturer (Quikchange site-
directed mutagenesis kit; Stratagene Inc., La Jolla, CA). To create the mutations,
pFD340::P-bft was amplified by PCR using complementary primers described in
Table 2. Mutated pFD340::P-bft was mobilized into NTBF strain NCTC 9343
using the helper plasmid pRK231 as described previously (6). The point muta-
tions were confirmed by DNA sequence analysis.

RT-PCR. Expression of bft was determined by reverse transcription (RT)-
PCR. Total RNA of B. fragilis strains expressing bft were obtained using Trizol
reagent (Gibco BRL Life Technology, Rockville, MD) according to the protocol
of the manufacturer. The same amount of total RNA obtained (4 pg) was used
to synthesize cDNA by using a SuperScript Preamplification System for First
Strand cDNA Synthesis kit (Gibco BRL Life Technology, Rockville, MD) and
following the instructions of the manufacturer. The cDNA samples were PCR
amplified using primers PbftF and P4 specific for bft (Table 2). PCR conditions
were selected to permit detection of the PCR products in the linear range of the
reaction. The intensity of the PCR products was quantified by densitometric
analysis. Differences in the intensities of the PCR products were interpreted as
differences in transcription and/or stability of bft mRNA. The level of expression
of 16S rRNA obtained using primers 16S1 and 16S2 served as an internal control
(Table 2).

PCR conditions. PCRs using primers PbftF and P4 and primers 16S1 and 16S2
were performed with Tag polymerase (1.5 U) in 50-ul mixtures containing
plasmid DNA as the template (5 to 10 ng), primers (25 pmol), deoxynucleoside
triphosphates (200 wM), and MgCl, (1.5 mM). For amplification we used a hot
start (94°C for 1 min), followed by denaturation at 94°C for 1 min, annealing at
66°C for 2 min, and extension at 72°C for 1 min. The amplification cycle was
repeated 29 times. The amplification was followed by a final extension at 72°C for
5 min. The PCRs used to create the truncation mutants or to substitute amino
acid residues in the C-terminal region were performed using Pfu Turbo DNA
polymerase (2.5 U) in 50-pl mixtures according to the instructions of the
manufacturer (Quikchange site-directed mutagenesis kit; Stratagene Inc., La
Jolla, CA).

BFT secondary structure analysis. The secondary structure of wild-type and
mutant BFTs was determined by using the DNAMAN version 5.2.9 sequence
analysis software (Lynnon BioSoft, Quebec, Canada).

Statistical analysis. Data were analyzed by the Student ¢ test (paired); a P
value of <0.05 was considered statistically significant.

RESULTS

Expression, processing, and secretion of C-terminal trunca-
tion mutants. To evaluate the role of the C-terminal region in
BFT activity, processing, and secretion, C-terminal —2, —4,
-7, =8, =9, —11, and —18 truncation mutants were created to
obtain BFT-C2, BFT-C4, BFT-C7, BFT-C8, BFT-C9, BFT-
Cl11, and BFT-CI18, respectively. After an initial analysis of
these mutants (see below), the nonpolar amino acid Ala394
(fourth amino acid residue from the BFT C terminus [Table
3]) was selected for substitution with the negatively charged
amino acid Glu to obtain BFT-A394E. Site-directed mutagen-
esis was used to construct mutant BFTs in pFD340::P-bft. By
quantifying toxin activity on HT29/Cl1 cells, we previously dem-
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Accession no.

Primer Sequence (5’ to 3) Primer 5’ position” (reference)
P4 GATACATCAGCTGGGTTGTAGACATCCCA 1027, bft sequence U90931 (7)
PbftF CGCGGCATTATTAGCTGCATGTTCTAATG 36, bft sequence U90931 (7)
BFT2F GGGAAATAGCAGATTGAGATTAGATAACC 1172, bft sequence U90931
BFT2R GGTTATCTAATCTCAATCTGCTATTTCCC 1200, bft sequence U90931
BFT4F GGATGGGAAATATGAGATGGCGATTAG 1168, bft sequence U90931
BFT4R CTAATCGCCATCTCATATTTCCCATCC 1194, bft sequence U90931
BFT7F CGCTAAAAATCTCGGATAGGAAATAGCAGATG 1155, bft sequence U90931
BFT7R CATCTGCTATTTCCTATCCGAGATTTTTAGCG 1186, bft sequence U90931
BFTSF CGCTAAAAATCTCTGATGGGAAATAGC 1155, bft sequence U90931
BFT8R GCTATTTCCCATCAGAGATTTTTAGCG 1181, bft sequence U90931
BFT9F TCGCTAAAAATTAGGGATGGGAAAT 1154, bft sequence U90931
BFT9R ATTTCCCATCCCTAATTTTTAGCGA 1178, bft sequence U90931
BFTI11F CATGTATAGAATCGCTTAAAATCTCGGATGGG 1143, bft sequence U90931
BFT11R CCCATCCGAGATTTTAAGCGATTCTATACATG 1174, bft sequence
BFTI18F CCATTTGTCCGAGTAGAACATGTATAGAATCG 1125, bft sequence U90931
BFT18R CGATTCTATACATGTTCTACTCGGACAAATGG 1156, bft sequence U90931
BFT-A394F CGGATGGGAAATAGAAGATGGCGATTAG 1167, bft sequence U90931
BFT-A394R CTAATCGCCATCTTCTATTTCCCATCCG 1194, bft sequence U90931
16S1 GCGCACGGGTGAGTAACACGTAT 79, B. fragilis 16S TRNA X83943
16S2 CGTTTACTGTGTGGACTACCAGG 789, B. fragilis 16S TRNA X83943

“ The positions are base pair positions.

onstrated that expression of the bft gene with its ~700-bp
upstream promoter region in NTBF strain NCTC 9343 using
pFD340 resulted in secretion of quantities of active BFT that
exceeded the quantities secreted by the highly toxigenic wild-
type ETBF strain 86-5443-2-2 (7). Western blot analysis of
cell-free culture supernatants of strain NCTC 9343 expressing
mutants BFT-C2, BFT-C4, BFT-A394E, and BFT-C7 revealed
the presence of amounts of the 20-kDa mature BFT similar to
the amounts of wild-type P-BFT, indicating that the mutations
did not affect BFT processing or secretion (Fig. 1A and B);
however, the amounts of the 20-kDa mature BFT protein in
cell-free culture supernatants of strain NCTC 9343 expressing
mutants BFT-C8, BFT-C9, and BFT-C18 were significantly
lower than the amounts of wild-type P-BFT (Fig. 1A and B),
and BFT-C11 was not detected (Fig. 1A). Western blot anal-
ysis of whole-cell lysate preparations revealed the presence of
the 44-kDa unprocessed and 20-kDa mature BFT in prepara-
tions of strain NCTC 9343 expressing wild-type P-BFT, as well
as mutants BFT-C2, BFT-C4, BFT-A394-E, BFT-C7, and
BFT-C8 (Fig. 1C). However, similar to the cell-free culture
supernatants, the 44-kDa unprocessed and 20-kDa mature
BFT were not identified in preparations of NCTC 9343 ex-
pressing BFT-C11, and smaller amounts were detected in
preparations of NCTC 9343 expressing mutants BFT-C9 and
BFT-CI18, indicating that the smaller amounts of processed
BFT identified in the cell-free culture supernatants containing
these mutants were not due to a processing defect or accumu-
lation of the toxin inside the cell (secretion defect). RT-PCR
analysis showed that all C-terminal bft mutants were expressed

similar to wild-type bft (Fig. 2), suggesting that the absence of
BFT-C11 and the smaller amounts of BFT-C8, BFT-C9, and
BFT-C18 in the cell-free culture supernatants were not due to
a transcription defect.

Deletion of the C terminus affects BFT activity. Analysis of
BFT biologic activity on HT29/C1 cells showed that cell-free
culture supernatants of NCTC 9343 expressing mutants BFT-
C2, BFT-C4, and BFT-C7 had significantly lower levels of toxin
activity than cell-free culture supernatants of NCTC 9343 ex-
pressing wild-type P-BFT. Cell-free culture supernatants of
NCTC 9343 expressing mutants BFT-C8, BFT-C9, BFT-C11,
and BFT-C18 did not have toxin activity (Table 4). Because the
amounts of mutants BFT-C8, BFT-C9, and BFT-C18 detected
were two-, three-, and sixfold smaller than the amounts of
wild-type P-BFT, respectively, and BFT-C11 was not detected
in Western blot analysis (Fig. 1A), the toxin activities of these
mutants were also evaluated after 10-fold concentration of the
cell-free culture supernatants. Even with excess BEFT-C8, BFT-
C9, and BFT-C11 compared to the amount of P-BFT, we
found that the 10-fold-concentrated cell-free culture superna-
tants containing these mutants also did not have toxin activity
on HT29/C1 cells (data not shown), suggesting that the inac-
tivity of these mutants on HT29/C1 cells was not due to their
decreased concentrations in the cell-free culture supernatants.
Furthermore, replacement of Ala394 with Glu (BFT-A394E)
did not affect the BFT activity on HT29/C1 cells, suggesting
that the absence of or decrease in toxin activity of BFT mutants
was due to truncation of BFT and not to a structural change in
the C terminus of the protein (Table 3).



5598 SEARS ET AL.

INFECT. IMMUN.

TABLE 3. Predicted secondary structures of wild-type BFT (P-BFT) and BFTs with mutations in the C-terminal region®

Residue P-BFT BFT-A39%4E BFT-C2 BFT-C4 BFT-C7 BFT-C8 BFT-C9 BFT-C11 BFT-C18
Y373 Strand Strand Strand Strand Strand Strand Strand Strand Strand
L374 Strand Strand Strand Strand Strand Strand Strand Strand Strand
F375 Strand Strand Strand Strand Strand Strand Strand Strand Strand
H376 Strand Strand Strand Strand Strand Strand Strand Strand Strand
L377 Helix Helix Helix Helix Helix Helix Helix Helix Coil
S378 Helix Helix Helix Helix Helix Helix Helix Helix Coil
E379 Helix Helix Helix Helix Helix Helix Helix Helix Coil
E380 Helix Helix Helix Helix Helix Helix Helix Helix
N381 Helix Helix Helix Helix Helix Helix Helix Helix
M382 Helix Helix Helix Helix Helix Helix Helix Helix
Y383 Helix Helix Helix Helix Helix Helix Helix Helix
R384 Helix Helix Helix Helix Helix Helix Helix Coil
1385 Helix Helix Helix Helix Helix Helix Helix Coil
A386 Helix Helix Helix Helix Helix Helix Coil Coil
K387 Helix Helix Helix Helix Helix Coil Coil
N388 Helix Helix Helix Helix Coil Coil Coil
1389 Coil Coil Coil Coil Coil Coil
G390 Coil Coil Coil Coil Coil
W391 Helix Coil Helix Coil
E392 Helix Coil Helix Coil
1393 Helix Coil Coil Coil
A394 Coil Coil Coil
D395 Coil Coil Coil
G396 Coil Coil
D397 Coil Coil

¢ Structural changes with respect to wild-type BFT are indicated by boldface. Residues L377 to N388 in P-BFT comprise the putative active-site helix in the C
terminus. None of the C-terminal BFT mutations predict secondary structural changes in the metalloprotease active site of BFT (H348 to H358) or in the methionine
turn (M366). The predicted secondary structure of BFT was determined by using the DNAMAN version 5.2.9 sequence analysis software (Lynnon BioSoft, Quebec,

Canada).

To further examine if the absence of or decrease in biologic
activity in the culture supernatants might have been due to an
unrecognized secretion defect in strains containing mutant
BFTs, we also evaluated the HT29/C1 cell toxin activity of
whole-cell lysate preparations of the strains expressing mutant
BFTs. Again, we observed that whole-cell lysate preparations
of NCTC 9343 expressing mutants BFT-C2, BFT-C4, and
BFT-C7 had significantly lower levels of toxin activity than
whole-cell lysate preparations of NCTC 9343 expressing wild-
type P-BFT. Whole-cell lysate preparations of NCTC 9343
expressing mutants BFT-C8, BFT-C9, BFT-C11, and BFT-C18
did not have toxin activity (Table 4). Whole-cell lysate prepa-
rations of NCTC 9343 expressing mutant BFT-A394E had
toxin activity that was similar to the activity of preparations of
NCTC 9343 expressing P-BFT (Table 4).

Because BFT treatment of HT29/C1 cells stimulates cleav-
age of E-cadherin, we next determined whether mutation of
the C terminus affects cleavage of E-cadherin. Consistent with
the HT29/C1 cell biologic activity (Table 4), intact 120-kDa
E-cadherin was detected in HT29/C1 cells treated with cell-
free culture supernatants of NCTC 9343 expressing BFT-C7
and 10-fold-concentrated cell-free culture supernatants con-
taining BFT-C8, BFT-C9, BFT-C11, and BFT-C18, and nearly
complete cleavage of E-cadherin was observed in cells treated
with cell-free culture supernatants containing wild-type P-BFT
and cell-free culture supernatants of NCTC 9343 expressing
mutant BFT-A394E (Fig. 3A). In contrast, E-cadherin cleav-
age was induced by mutants BFT-C2 and BFT-C4 (Fig. 3B),
but the cleavage less than that observed with wild-type P-BFT,
consistent with the reduced HT29/C1 biologic activity of the

culture supernatants containing these mutants (Table 4 and
Fig. 3).

BFT stimulates IL-8 secretion by intestinal cells in vitro (13,
29, 39). Thus, we examined whether mutation of the C termi-
nus affects the capacity of BFT to induce IL-8 secretion. Cell-
free culture supernatants of NCTC 9343 expressing mutant
BFT-A394E stimulated IL-8 secretion at levels similar to those
observed in cell-free culture supernatants of NCTC 9343 ex-
pressing wild-type P-BFT, whereas mutants BFT-C2 and
BFT-C4 stimulated less IL-8 secretion (Fig. 4). However, de-
spite BFT expression similar to P-BFT expression (Fig. 1),
cell-free culture supernatants of NCTC 9343 expressing the
BFT-C7 or BFT-C8 mutant yielded IL-8 secretion similar to
that of the negative controls (i.e., HT29/C1 cells stimulated
with cell-free culture supernatants of NCTC 9343 containing
vector pFD340 and untreated cells). Similar results were ob-
tained after 10-fold concentration of the cell-free culture su-
pernatants of NCTC 9343 expressing mutants BFT-C8, BFT-
C9, BFT-C11, and BFT-CI8.

DISCUSSION

Sequence analysis predicts that BFT is a metalloendopepti-
dase member of the metzincin superfamily (19). Members of
this superfamily contain an elongated zinc-binding metallopro-
tease motif (H;,dEXXHXXGXXH) and an invariant methi-
onine-containing Met turn beneath the catalytic metal (2).
Sequence analysis of representative members of the three BFT
subtypes (4, 8, 12) identified a conserved methionine residue 7
amino acids downstream of the zinc-binding metalloprotease
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FIG. 1. (A) Immunoblot analysis of cell-free culture supernatants
of NCTC 9343 expressing wild-type P-BFT and mutant BFTs. (B) Con-
centrations of secreted BFTs in cell-free culture supernatants deter-
mined by quantitative Western blotting as described in Materials and
Methods. The BFT concentrations (ng/ml of cell-free culture super-
natant) shown are the means * standard deviations of four Western
blot assays. The P value was <0.05 for comparisons of the P-BFT
concentration and the BFT-C8, BFT-C9, BFT-C11, and BFT-C18 con-
centrations. Purified BFT (25 ng) was included in each Western blot
assay. (C) Immunoblot analysis of 10-fold-concentrated whole-cell ly-
sate preparations of NCTC 9343 expressing wild-type P-BFT and mu-
tant BFTs. Similar amounts (50 pg) of whole-cell lysate preparations
were analyzed. The results are the results of a single experiment that
was representative of four experiments.

motif, a location characteristic of the MMP family (20). In a
previous study, we determined that a single point mutation in
the zinc-binding metalloprotease motif reduces (mutation
G355) or eliminates (mutation H348, E349, H352, H358, or
M366) all BFT biological activity on HT29/C1 cells (i.e., the
capacity of BFT to change morphology and stimulate cleavage

bft

16S rRNA

FIG. 2. RT-PCR analysis of bft mRNA synthesis in NCTC 9343
expressing wild-type P-BFT and mutant BFTs. pFD340 is the vector
control. Synthesis of 16S rRNA was used as an internal control. The
results are the results of a single experiment that was representative of
four experiments.
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TABLE 4. Biologic activity on HT29/C1 cells of B. fragilis strain
NCTC 9343 expressing wild-type and mutant BFTs

Biologic activity on HT29/C1 cells”

BFT s Whole-cell
upernatants Iysat
ysates
P-BFT 12,800 £ 0 12,800 £ 0
BFT-C2 5,120 = 1,752° 5,600 = 1,600¢
BFT-C4 1,040 = 536° 2,200 + 1,200¢
BFT-A394E 11,520 * 2,862°¢ 11,200 = 3,200°
BFT-C7 90 + 22° 150 + 57¢
BFT-C8 None None
BFT-C9 None None
BFT-C11 None None
BFT-C18 None None

“ BFT activity was measured by determining the inverse of the maximum
dilution with the ability to alter the morphology of HT29/C1 cells and was
expressed as the mean * standard deviation of five (supernatants) or four
(whole-cell lysate) experiments.

&P < 0.0006 for a comparison with cell-free culture supernatants of NCTC
9343 expressing P-BFT.

¢ P = 0.37 for a comparison with cell-free culture supernatants of NCTC 9343
expressing P-BFT.

4 P < 0.002 for a comparison with whole-cell lysate of NCTC 9343 expressing
P-BFT.

¢ P = 0.39 for a comparison with whole-cell lysate of NCTC 9343 expressing
P-BFT.

of E-cadherin and IL-8 secretion) (5). To further characterize
potential BFT protein domains, in this study we evaluated the
role of the C-terminal region in BFT activity, processing, and
secretion.

Interestingly, the results show that deletion of two C-termi-
nal amino acid residues is sufficient to reduce the activity of
BFT on HT29/C1 cells and that deletion of eight amino acid
residues eliminates all BFT biologic activity on HT29/C1 cells.
Western blot data showed that C-terminal truncated (=8
amino acids) and punctate mutants were processed to a mature
20-kDa molecule, indicating that the loss of biologic activity of
these BFT mutants is not due to a defect in BFT processing
(Fig. 1B). Previously, we demonstrated that mutations of the
zinc-binding metalloprotease motif that reduce or eliminate
BFT activity do not affect BFT processing (5), suggesting that
processing of the protein toxin does not require an active BFT
catalytic domain. Thus, processing of BFT is hypothesized to
occur via other intracellular B. fragilis proteases and not by an
autoproteolysis mechanism. Smaller amounts of the 44-kDa
unprocessed and/or 20-kDa mature BFT were detected by
Western blotting in mutants BFT-C8, BFT-C9, BFT-C11, and
BFT-C18 compared to wild-type BFT (Fig. 1A and B). Given
that expression of all mutant proteins is similar to expression of
the recombinant wild-type BFT (P-BFT) (Fig. 2), deletion of
eight or more amino acid residues of the BFT C-terminal
region may alter the BFT structure, affecting the solubility and
stability of this protein. Alternatively, the mutations may affect
posttranscriptional events of the protein.

Our results showing either similar levels of reduced biologic
HT29/C1 activity or no biologic activity in cell-free culture
supernatants and whole-cell lysate preparations of B. fragilis
expressing mutant BFTs (Table 4) indicate that mutation of
the C terminus does not affect BFT secretion. Secondary struc-
tural analysis of wild-type and mutant BFTs predicted that the
deletion or punctate mutations of the BFT C terminus evalu-
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FIG. 3. (A and B) Cleavage of E-cadherin in HT29/C1 cells after
3 h of treatment with cell-free culture supernatants of NCTC 9343
expressing wild-type P-BFT and mutant BFTs. Untreated HT29/C1
cells were included as a negative control. Similar amounts of HT29/C1
cell lysate preparations (10 pg) were analyzed by Western blotting
using antibodies against E-cadherin (Decma antibody; Sigma) as de-
scribed in Materials and Methods. The housekeeping protein actin
revealed approximately equal amounts of protein in all lanes. The
results are the results of a single experiment that was representative of
four experiments.

ated result in modest structural changes in the C-terminal
region of BFT (Table 3) but do not affect the structure of
the catalytic zinc-binding motif (data not shown). Analysis
of the three-dimensional structures of representative members
of the MMP family showed, despite low sequence similarity,
comparable overall topologies, suggesting that the conserved
structures are important for protein activity (9). In addition to
a consensus a-helix located in the first half of the elongated
zinc-binding metalloprotease motif (termed the active-site he-
lix) and an invariant methionine-containing Met turn beneath
the catalytic site, MMPs contain a C-terminal helix in the lower
subdomain (9). Secondary structural analysis of BFT predicts
the presence of a C-terminal helix domain (Table 3); how-
ever, even though C-terminal deletion of 2 or 4 amino acids
is not predicted to affect the structure of this helix domain,
supernatants containing such mutants exhibited significantly
reduced biologic activity on HT29/C1 cells. Similarly, the
reduced biologic activity observed with BFT-C2 or BFT-C4
cannot be ascribed to induction of a distal C-terminal coil
(amino acids 391 to 393 [Table 3]) motif in BFT as BFT-
A394E exhibited full HT29/C1 biologic activity despite a
predicted elongated coil motif in the C terminus (Table 3).
This suggests that the reduced biologic activity of the C-
terminal mutants is attributable to the truncation of the
amino acids rather than to changes in the BFT secondary
structure. Additional studies to define BFT structure are
necessary to precisely identify how the terminal 4 amino
acids contribute to BFT biologic activity.

Mammalian MMPs are larger than bacterial MMPs and
contain various arrangements of substrate-binding domains,
including fibronectin-like and hemopexin domains, in their
C-terminal regions (26). Recently, studies have shown that,
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FIG. 4. IL-8 secretion by HT29/C1 cells stimulated with superna-
tants of NCTC 9343 expressing wild-type P-BFT and mutant BFTs.
HT29/C1 cells were stimulated for 16 h. The results shown are the
means * standard errors of four experiments. The P value is 0.03 for
a comparison of cell-free culture supernatants of NCTC 9343 express-
ing wild-type P-BFT and mutant BFT-C2; the P value is 0.06 for a
comparison of cell-free culture supernatants of NCTC 9343 expressing
wild-type P-BFT and mutant BFT-C4; the P value is 0.3 for a compar-
ison of cell-free culture supernatants of NCTC 9343 expressing wild-
type P-BFT and mutant BFT-A394E; and the P value is <0.05 for
comparisons of cell-free culture supernatants of NCTC 9343 express-
ing wild-type P-BFT and mutants BFT-C7, BFT-C8, BFT-C9, BFT-
C11, and BFT-C18 or NCTC 9343 containing pFD340.

similar to the C terminus of mammalian MMPs, the C-terminal
regions of some bacterial MMPs contain a collagen-binding
domain, as shown by loss of collagenase activity after deletion
of the C-terminal region (17, 18, 34). However, the substrate-
binding domains of bacterial MMPs are much smaller than the
substrate-binding domains of mammalian MMPs. It has been
demonstrated that ~33 amino acids of the Vibrio mimicus
metalloprotease C-terminal domain or ~100 amino acids of
the Clostridium histolyticum metalloprotease C-terminal do-
main are necessary for substrate binding, compared to ~200
amino acid residues for the hemopexin-like domain in mam-
malian MMPs (17, 36). Thus, we hypothesize that the C-ter-
minal amino acid residues are responsible for binding to the
BFT substrate. Although BFT stimulates E-cadherin cleavage
on intact epithelial cells, in vitro cleavage of isolated E-cad-
herin does not occur (38). Furthermore, our data suggest that
the metalloprotease activity of BFT is required for its initial
interaction with a specific epithelial cell receptor that is not
E-cadherin and remains to be identified (S. Wu and C. L.
Sears, submitted for publication). Additional work is required
to characterize the initial protein-protein interaction of BFT
with intestinal epithelial cells so that the role of the C-terminal
region in BFT substrate binding can be tested.

Together, the results presented here and our prior work (5)
suggest that even modest changes in the amino acid structure
of BFT result in substantial or complete loss of biologic activ-
ity. Consistent with these data, a 10-amino-acid N-terminal
deletion mutant (BFT-AM241-V251) that we constructed was
also biologically inactive on HT29/C1 cells despite a secondary
structural analysis showing only scattered point changes in the
BFT conformation (Franco and Sears, unpublished data).
Studies to define the three-dimensional structure of BFT and
its initial cellular interaction are required to definitively under-
stand the structure-function properties of BFT.
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