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(Mor) in 0.1 M sodium phosphate buffer, pH 5.5. was mixed
with 1 volume of IgAl protease preparation. The final IgA1l
concentration was 0.8 mg/ml. A 100-pl sample of the reac-
tion mixture was immediately analyzed in the assay and
compared to samples analyzed after appropriate incubation
periods at 35°C (Fig. 1). Separation of intact substrate IgA1l
and cleavage fragments in the samples was accomplished in
an HPLC system (LKB) equipped with a TSK-GSWGP
column (21.5 by 75 mm). The mobile phase was 0.1 M
sodium phosphate buffer. pH 7.05 (19). The flow rate was S
ml/min, resulting in a complete separation within 4 min.
Eluting proteins were detected spectrophotometrically at
206 nm. The localization of intact IgA, Fc¢, and Fab,
fragments was confirmed by enzyme-linked immunosorbent
assay as previously described (9).

One unit of protease activity was defined as the amount of
enzyme required to decrease the IgA peak 0.001 absorbance
(at 206 nm) units per min under the assay conditions. Only
the initial linear part of the activity graph was used for
activity determinations. Enzyme activity was related to total
protein content determined by the method of Lowry et al.
(14), using bovine serum albumin as a standard.

During enzyme purification steps eluates were assayed for
protease activity by a simplified modification of the assay:
samples of eluates were mixed with IgAl, incubated for 2 h,
and then stored at —20°C for subsequent HPLC analysis.
IgA protease activity was expressed as the percentage of
maximal disappearance of IgA1 substrate.

SDS-PAGE. Samples were electrophoresed in 5% poly-
acrylamide gels with 0.1 M phosphate buffer, pH 7.1, in the
presence of 0.1% sodium dodecyl sulfate (SDS) and 5 M urea
using the Multiphor system (LKB). For cleavage of disulfide
bridges, some samples were heated in a boiling water bath
for 2 min in the presence of 0.2 M 2-mercaptoethanol-5 M
urea, —1% SDS. Gels were stained with Coomassie brilliant
blue (Sigma Chemical Co., St. Louis, Mo.). Apparent molec-
ular weights of fragments observed in SDS-polyacrylamide
gel electrophoresis (PAGE) were calculated (28) by using the
following proteins as molecular weight markers: plasmino-
gen (92,000 [92K]), bovine serum albumin (68K), ovalbumin

B. MELANINOGENICUS 1gAl PROTEASE 551

(43K), carbonic anhydrase (29K). RNase (14K), and pancre-
atic trypsin inhibitor (6.5K).

Isoelectric point determination. Isoelectric focusing of pu-
rified IgA1 protease was carried out in a polyacrylamide gel
by using a Multiphor system as recommended by the manu-
facturer (application note no. 2117, LKB) with an Ampho-
line range of pH 3.5 to pH 10.0.

Determination of cleavage site. The site of protease-
induced cleavage of IgAl was determined by partial amino
acid sequencing of Fc, fragments. Human dimeric IgAl
paraprotein (Mor) was digested for 5 h with purified B.
melaninogenicus 1gAl protease. The Fc, fragments were
purified by HPLC on a TSK-G 3000SWG column (21.5 by
600 mm) with a TSK-GSWGP precolumn (21.5 by 75 mm).
After being desalted on a Sephadex G-25 column (Pharma-
cia, Uppsala, Sweden) equilibrated with 10 mM NHHCO;
buffer (pH 7.6)., the Fc, fragments were lyophilized. After
resolubilization in 509 formic acid, the Fc, fragments were
subjected to limited NH--terminal amino acid sequencing on
a Beckman 890 C automatic sequencer with 0.25 M Quadrol.
Trifluoroacetic acid. 25% (vol/vol). was used for conversion
(55°C, 30 min), and phenyl thiohydantoin derivatives were
analyzed by HPL.C as described by Sottrup-Jensen et al. (27).

Enzyme purification procedure. A 40-h anaerobic broth
culture of B. melaninogenicus ATCC 25845 (7.5 liters) was
centrifuged at 15,300 x g at 4°C for 30 min. The cells were
discarded, and the supernatant was brought to 80% (vol/wt)
saturation with ammonium sulfate at 4°C. The pH was kept
constant at 7.4 by adding ammonia. After being stirred at 4°C
for 24 h the precipitate was allowed to settle and was then
collected by centrifugation at 15,300 x g for 30 min. The
precipitated protein was redissolved in 300 ml of a 0.1 M
sodium phosphate buffer, pH 7.0, containing 0.1 mM dithi-
othreitol (DTT) and 0.1 mM EDTA. Undissolved protein
was removed by centrifugation. The solution was reprecipi-
tated by 80% (vol/wt) ammonium sulfate saturation as de-
scribed above, and the precipitate was redissolved in 100 ml
of 10 mM NH4HCO; buffer (pH 7.6) containing 0.1 mM DTT
and 0.1 mM EDTA. The solution was finally dialyzed against
2 x 10 liters of the same buffer.
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FIG. 1. Progressive cleavage of an IgA1l dimeric paraprotein (Mor) incubated with IgA1 protease from B. melaninogenicus ATCC 25845 as
detected in an HPLC assay. Separation of intact substrate IgAl (arrow 1). dimeric Fc,, (arrow 2) (eluting as a shoulde~r on the IgA peak). and
Fab, fragments (arrow 3) was accomplished on a TSK-GSWGP column (21.5 by 75 mm) with a flow rate of S ml/min.
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FIG. 2. DEAE-Sepharose CL-6B chromatography of B. melaninogenicus ATCC 25845 IgA1 protease. The dialyzed material from the 2’
(NH,),SO, precipitation was applied to a DEAE-Sepharose CL-6B column (6 by 15 cm) equilibrated with 10 mM NH,HCO;-0.1 mM DTT-0.1
mM EDTA (pH 7.6). The flow rate was 100 ml/h, and the fraction size was 5 ml. After being washed with 150 ml of buffer, proteins were eluted
with a 300-ml linear gradient of 10 to 400 mM NH,HCO;3-0.1 mM DTT-0.1 mM EDTA (pH 7.6). The remaining protein was eluted with 1 M
NH,HCO;-0.1 mM DTT-0.1 mM EDTA (pH 7.6). The active fractions, as indicated by the horizontal bar, were pooled and concentrated to 3

ml.

The dialyzed material was applied on a DEAE-Sepharose
CL-6B column (5 by 15 cm) (Pharmacia) equilibrated with 10
mM NH,HCO;-0.1 mM DTT-0.1 mM EDTA, pH 7.6, at a
flow rate of 100 ml/h. After the column was washed with 150
ml of buffer, proteins were eluted with a 300-ml linear
gradient of 10 to 400 mM NH,HCO;3;-0.1 mM DTT-0.1 mM
EDTA (pH 7.6), followed by 1 M NH;HCO5-0.1 mM DTT-
0.1 mM EDTA (pH 7.6). The fractions demonstrating IgAl
protease activity were pooled (Fig. 2) and concentrated to 3
ml by negative-pressure filtration in a collodion bag (SM
13200; Sartorius Gmbh, Gottingen, Federal Republic of
Germany).

The active material from the DEAE-Sepharose CL-6B
separation was further fractionated by HPLC with a TSK-G
3000SWG column (21.5 by 600 mm) equipped with a TSK-
GSWGP precolumn (21.5 by 75 mm). The mobile phase was
0.1 M sodium phosphate buffer (pH 7.05), and the flow rate
was 4 ml/min. Fractions demonstrating IgA protease activity
were pooled (Fig. 3a) and concentrated to 1.5 ml. This
constituted the final enzyme preparation, which upon reex-
amination by HPLC showed a single protein peak (Fig. 3b).

RESULTS

Purification procedure. In initial phases of our study a
rapid loss of enzyme activity was observed in the absence of
reducing agents and metal chelating compounds. This result-
ed in routine use of DTT and EDTA in most buffers. Enzyme
preparations that had lost their activity could be partly
reactivated by the addition of DTT. Likewise, the activity of
enzyme preparations, which had been subjected to lyophili-
zation, could be restored by the addition of DTT.

A presentation of the final purification procedure is giv-
en in Table 1. The efficiency of the individual purification
steps is also shown in Table 1. The final yield of enzyme
activity was 9%, with a purification degree of 6,172-fold.

Purity of the final preparation was tested by HPLC and
SDS-PAGE. Subjecting of the preparation to HPLC re-
vealed a single peak containing the enzyme activity (Fig. 3b).
Likewise, only a single protein band was detected on SDS-
PAGE gels (Fig. 4).

Enzyme characteristics. The molecular weight of the puri-
fied enzyme was determined by HPLC (Fig. 5) and SDS-

TABLE 1. Purification scheme and yields of B. melaninogenicus 1gAl protease

Total lgA protease Total
Step Fraction Vol (ml) activity protein Sp act Purifica-
% (mg) (U/mg) tion (fold)
1 Supernatant 7,500 45,000 100 90,000 0.5 1
2 (NH,4),SO, precipitate 100 43,200 95 1,800 23.0 46
3 DEAE-Sepharose CL-6B 3 6,276 14 9.6 654 1,308
pool
4 TSK-G3000SWG pool 1.5 4,012 9 1.3 3,086 6,172
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FIG. 3. (a) HPLC fractionation of the active fractions from DEAE-Sepharose chromatography (Fig. 2) on a TSK-G 3000SWG column (21.5
by 600 cm) equipped with a TSK-GSWGP precolumn (21.5 by 75 mm). The mobile phase was 0.1 M sodium phosphate buffer (pH 7.05). The
flow rate was 4 ml/min. and the fraction size was 1 ml. The active fractions were combined as indicated in the figure by the horizontal bar. (b)

Rerun of active material from (a).

PAGE. Both methods revealed a molecular weight of 62,000.
The isoelectric point was 5.0. The enzyme was active over a
broad pH range (4.5 to 7.5) with an optimum at pH 5.0 (Fig.
6). The effect of substrate concentration on enzyme activity
was studied at pH 5.5. The results are presented as a
Lineweaver-Burke double-reciprocal plot (Fig. 7). The K,,
value calculated from the intercept of the horizontal axis was
3.4 x 107® M (substrate molecular weight, 160,000).

To further characterize the enzyme, the effect of various
protease inhibitors on the IgA1l protease activity was exam-
ined (Table 2). Typical serine protease inhibitors such as

soybean trypsin inhibitor and phenylmethylsulfonylfluoride
had no effect on the protease activity. Likewise. the carbox-
yl protease inhibitor pepstatin lacked inhibitory activity in
assays with the purified IgAl protease. In contrast, the
compounds HgCl,, para-chloromercuribenzenesulfonic
acid, dithionitrobenzoic acid, 2,2'-dipyridyldisulfide, and
iodoacetamide, which are known to interact with sulfhydryl
groups, caused significant inhibition of the enzyme (Table 2).
This indicates that the B. melaninogenicus IgAl protease
belongs to the group of thiol proteases (1).

The physiological serum protease inhibitor a>-macroglob-
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FIG. 4. SDS-PAGE of purified IgA1l protease from B. melanino-
genicus ATCC 25845. Lane 1 shows the following molecular weight
standards (from top to bottom): human plasminogen (92K), bovine
serum albumin (68K), ovalbumin (43K). carbonic anhydrase (29K).
RNase (14K), and pancreatic trypsin inhibitor (6.5K). Lane 2
contains an unreduced sample of protease preparation (total amount
of protein, 9 ug). After reduction the protease showed the same
apparent molecular weight.

ulin in concentrations up to 0.1 mg/ml failed to inhibit the
enzyme.

Site of cleavage. HPLC analysis of monomeric IgA1 sub-
strate (Fri) cleaved by the enzyme revealed two fragments
for which apparent molecular weights of 65K and 30.5K
were calculated. When examined by enzyme-linked immu-
nosorbent assay, the large fragment reacted with anti-Fc,
antibody, but not with anti-light chain antibody. Conversely,
the smaller fragment reacted with both anti-light chain
antibody and anti-a antibody. Accordingly, and in agree-
ment with our previous observations (9), the fragments were
identified as Fc, and monomeric Fab,. respectively. For
comparative purposes, IgA1l (Fri) cleaved by Streprococcus
sanguis ATCC 10556, H. influenzae HK393, and H. influen-
zae HK 224 proteases (10, 21) were analyzed by HPLC. The
exact sites of IgAl cleavage by these three enzymes have
been previously determined (Fig. 8) (10, 21). The corre-
sponding apparent molecular weights of Fc, and Fab, frag-
ments obtained with these three enzymes were 61K and
32.2K, 52K and 37.5K, and one peak at 41.5K, respectively.

When analyzed by SDS-PAGE, the Fc, and Fab, frag-
ments of IgA1 obtained with the B. melaninogenicus prote-
ase had apparent molecular weights of 72K and 44.7K. The
lower molecular weights calculated on the basis of HPLC

INFECT. IMMUN.

analysis are likely to be a result of hydrophobic interactions
or ion-exchange phenomena between certain types of pro-
teins and the TSK-SW gel supports (19).

The peptide bond in the « chain of IgA1 (Mor) susceptible
to the purified protease from B. melaninogenicus ATCC
25845 was identified by limited amino-terminal sequence
anaylsis of purified Fca fragments. The sequence obtained
was: Ser-(-)-Pro-Pro-Thr-Pro-Ser-Pro-Ser-Thr-Pro-Pro-Thr-
Pro-Ser-Pro-Ser-(-)-(-)-(-)-Pro-. When alligned for maximal
homology with the known amino acid sequence of the IgAl
hinge region (25), the B. melaninogenicus protease appeared
to cleave the Pro-Ser peptide bond between residues 223 and
224 (Fig. 8).

Substrate specificity. SDS-PAGE and HPLC analyses of
IgA isolated from M. fascicularis monkeys. rabbits, sheep,
pigs. and mice incubated with B. melaninogenicus 1gAl
protease failed to show any degradation of the IgA sub-
strates. Likewise. human IgA2, IgG. and IgM were resistant
to proteolysis.

DISCUSSION

This is the first example of the application of HPLC
technology to obtain pure preparations of bacterial IgAl
proteases. This method, which allows a rapid separation of
proteins, was selected to avoid unwanted degradation and
inactivation of the IgA1 protease occurring in crude prepara-
tion of B. melaninogenicus extracellular enzymes. The ad-
vantage of this method is reflected by the few purification
steps that were necessary. the high degree of purity of the
final preparation. and the relatively high yield of enzyme as
compared with methods used to purify other IgAl proteases
(2. 13, 24). The greatest loss of activity occurred during
concentration of the protease after the ion-exchange chro-
matography step (Table 1).

TABLE 2. Effect of protease inhibitors on B. melaninogenicus
IgA1 protease“

% 1gAl prote-

Inhibitor Final concn ase activity

remaining
HgCl, 0.01 mM 0
para-chloromercuribenzenesulfonic  0.01 mM 0

acid

Dithionitrobenzoic acid 0.01 mM S3
0.1 mM 25
0.5 mM 0
2.2'-Dipyridyldisulfide 0.01 mM AR
0.1 mM 0
lodoacetamide 0.01 mM 84
0.1 mM 41
0.5 mM 0
a>-Macroglobulin 0.01 mg/ml >90
0.1 mg/ml >90
Soybean trypsin inhibitor 1.0 mg/ml >90)
Phenylmethylsulfonyl fluoride 1.0 mg/ml >90)
Pepstatin 1.0 pg/ml >90

“ Purified protease was preincubated with inhibitor for 30 min at 35°C. after
which IgA1 substrate was added. All incubations were performed at pH 5.5 in
0.1 mM sodium phosphate bufter.
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FIG. 5. Estimation of the apparent molecular weight of the IgAl
protease from B. melaninogenicus ATCC 25845 by high-pressure gel
permeation chromatography on a TSK-G 3000SWG column. Chro-
matographic conditions were the same as those described in the
legend to Fig. 3. The following standard proteins were used: 1, a,-
macroglobulin (725K); 2, dimeric bovine serum albumin (136K); 3,
bovine serum albumin (68K); 4, ovalbumin (43K); 5, myoglobin
(17.8K). The IgAl protease from B. melaninogenicus had an appar-
ent molecular weight of 62K.

Previous studies of IgAl proteases from N. meningitidis,
H. influenzae, S. pneumoniae, S. sanguis, and N. gonor-
rhoeae have shown that enzymes from different species may
differ with respect to the exact site of cleavage in the a;
chain (11, 17, 22), susceptibility to EDTA (7, 8, 11), immuno-
chemical properties (10, 11), and isoelectric point and molec-
ular weight (2, 13, 23). However, common to all IgAl
proteases that have been examined in detail is that they
belong to the group of metal-dependent proteases. In this
respect the IgAl protease purified from B. melaninogenicus
ATCC 25845 in this study appears to be unique in belonging
to the group of thiol proteases. This conclusion is based on
our observations that the purified protease was active only
under reducing conditions, had optimal activity at pH 5.0,
and showed a characteristic pattern of inhibition by known
protease inhibitors. Thus, compounds forming mercaptides
or disulfides with sulfhydryl groups and alkylating agents
inhibited the activity of the protease, whereas traditional
inhibitors of serine, carboxyl. and metalloproteases were
inactive.

Amino acid sequence analysis of the cleavage site re-
vealed that the B. melaninogenicus protease resembles the
IgA1 proteases from H. aegyptius and some strains of H.
influenzae and N. meningitidis in attacking a prolyl-seryl
peptide bond. However, the bond cleaved by the Bacte-
roides protease was located between residues 223 and 224,

B. MELANINOGENICUS 1gAl PROTEASE 555

100

®
o
1

[+)]
(=}
1

% MAXIMUM ACTIVITY
8 38
1 1

o
L

4 5 6 7 8 pH

FIG. 6. pH-dependent activity profile of the B. melaninogenicus
IgAl protease. '

i.e., closer to the N-terminal of the a; chain than the bonds
cleaved by other known IgAl proteases (Fig. 8). This
difference was supported by the different molecular weights
obtained for the respective Fab, fragments.

In several other important ways, the Bacteroides protease
resembles IgA1l proteases from other bacterial species. Most
significantly, the enzyme appears to be specific for human
IgA subclass 1. It did not attach other human immunoglob-
ulin isotypes, and IgAs from a variety of animal species were
resistant to proteolysis. The molecular weight determined
for the enzyme (62K) is close to the molecular weight of
IgAl protease purified from N. gonorrhoeae (2). Further-
more, the Bacteroides protease resembles other IgA1 prote-
ases in cleaving IgA1l over a broad pH range (pH 4.5 to 7.5),
although maximal activity occurs at a pH somewhat lower
(pH 5.0) than that of several other IgA1 proteases (2, 13, 23,

1
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Z

1 L
-5 0 5 10 15 20
1 x10tm
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FIG. 7. Lineweaver-Burke double-reciprocal plot of the B. me-
laninogenicus IgAl protease activity at pH 5.5. The K,, value was
determined to be 3.4 x 107°.
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FIG. 8. Cleavage sites for IgA1 proteases in the hinge region of human IgA1 (8. 10, 18, 21, 22). Limited amino acid sequence analysis of the
N-terminal part of Fc fragments of IgA1 myeloma protein cleaved by B. melaninogenicus IgA1 protease revealed that the enzyme cleaved the

Pro-Ser peptide bond located at position 223 to 224.

26). The K,, of the Bacteroides protease (3.4 x 10 ~®) was
close to the value calculated for S. sanguis IgAl protease
(23). Previous investigators have reported the isoelectric
point of the enzyme from S. sanguis as 5.45 and that of
different preparations of gonococcus IgAl protease as 8.60
and 4.5, respectively (2, 24). The value for the B. melanino-
genicus protease described here was determined to be 5.0.

Several recent studies have demonstrated that IgA is
actively engaged in preventing the penetration of antigens
through mucosal surfaces and in regulating the inflammatory
response in the underlying tissues (for review, see reference
5). Both functions are likely to play a role in preventing the
development of periodontal diseases (3). It is. therefore.
conceivable that the ability of Bacteroides and Capnocyio-
phaga species to degrade IgAl, and in some cases IgA2 (7,
11), is an important factor in the pathogenesis of the peri-
odontal diseases. The present demonstration that B. melan-
inogenicus 1gAl protease is unaffected by the physiological
protease inhibitor a>-macroglobulin supports the assumption
that IgA1l degradation can occur in vivo.

The inability of a,-macroglobulin to inhibit this and other
IgA1 proteases is consistent with the lack of an amino acid
sequence like the IgA1 hinge region in the bait region of a>-
macroglobulin (16). The fact that the B. melaninogenicus
IgA1l protease requires reducing conditions further empha-
sizes its suitability to function in the gingival crevice area.

In conclusion, the IgA1 protease released by B. melanino-
genicus ATCC 25845 closely resembles other previously
described IgAl proteases with regard to substrate specificity
and cleavage activity, but it belongs to a different group of
proteases, i.e., the thiol proteases.
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