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The amino acid sequence requirements in the hinge of human immunoglobulin Al (IgAl) for cleavage by
IgA1l proteases of different species of Streptococcus were investigated. Recombinant IgAl antibodies were
generated with point mutations at proline 227 and threonine 228, the residues lying on either side of the peptide
bond at which all streptococcal IgAl proteases cleave wild-type human IgAl. The amino acid substitutions
produced no major effect upon the structure of the mutant IgA1 antibodies or their functional ability to bind
to Fca receptors. However, the substitutions had a substantial effect upon sensitivity to cleavage with some
streptococcal IgA1 proteases, with, in some cases, a single point mutation rendering the antibody resistant to
a particular IgA1 protease. This effect was least marked with the IgA1 protease from Streptococcus pneumoniae,
which showed no absolute requirement for either proline or threonine at residues 227 to 228. By contrast, the
IgA1 proteases of Streptococcus oralis, Streptococcus sanguis, and Streptococcus mitis had an absolute requirement
for proline at 227 but not for threonine at 228, which could be replaced by valine. There was evidence in S. mitis
that proteases from different strains may have different amino acid requirements for cleavage. Remarkably,
some streptococcal proteases appeared able to cleave the hinge at a distant alternative site if substitution
prevented efficient cleavage of the original site. Hence, this study has identified key residues required for the
recognition of the IgAl hinge as a substrate by streptococcal IgA1 proteases, and it marks a preliminary step

towards development of specific enzyme inhibitors.

Immunoglobulin A (IgA) plays a principal role in the de-
fense of the mucosal surfaces of the human body from damage
by microorganisms and their products. IgA in its secretory
form protects by inhibiting microbial adhesion to mucosae and
subsequent colonization. IgA can neutralize the activity of tox-
ins, enzymes, and viruses (39). Necessitated by its role, and as
a consequence of its unique structure, secretory IgA is possibly
the most resistant of all immunoglobulin types to proteolytic
degradation.

However, a small number of bacteria, both important human
pathogens and selected commensals at mucosal surfaces, pro-
duce proteolytic enzymes termed IgA1l proteases that cleave
the heavy chain of IgA1, one of the two human IgA isotypes,
thereby destroying its protective properties (reviewed in refer-
ences 21 and 30). The IgAl proteases of these pathogens are
thought to be important virulence factors because they are
produced in vivo (5, 16, 31), because convalescing patients
have neutralizing antibodies to them (7, 10, 12), and because
the three principal causes of bacterial meningitis, though ge-
netically distinct, all produce an IgA1 protease (21, 30). How-
ever, because the substrate of IgAl proteases is restricted
almost exclusively (4, 41) to IgAl from only humans, gorillas,
chimpanzees, and orangutans (37), a convenient animal model
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is not available, and therefore, it is difficult to assess the con-
tribution of IgA1l protease production to virulence.

Among the streptococci, only Streptococcus pneumoniae, a
major cause of lobar pneumonia and meningitis, Streptococcus
oralis, Streptococcus sanguis, and certain strains of Streptococ-
cus mitis biovar 1, have been found to produce IgAl protease
(31, 38). The latter three organisms comprise part of the in-
digenous oral and pharyngeal flora of humans. Although they
occasionally cause endocarditis, they are more frequently en-
countered as the important major colonizers of the tooth sur-
face, where they initiate the formation of dental plaque that
may progress to caries and periodontal disease (28). The strep-
tococcal IgAl proteases are known to be produced in vivo (31)
and, by interfering with the action of the major immune de-
fense mechanism of the upper respiratory tract, are thought to
promote colonization of mucosal surfaces and invasiveness
(18) and may even compromise protection against allergens,
leading to atopic sensitization (19).

The IgAl proteases of streptococci are all metalloprotein-
ases that cleave the Pro227-Thr228 peptide bond in the IgAl
hinge (20) (Fig. 1), but in contrast to the serine-type IgAl
proteases of Haemophilus and Neisseria species, there is no
information about the exact amino acid sequence require-
ments of potential substrates. By creating mutated IgA1 mol-
ecules with amino acid substitutions at these residues, this
study sought both to examine the site requirements in IgA1 for
cleavage by different streptococcal IgAl proteases and to ob-
tain insight into potential alternative substrates and functions
and thereby gain information that might aid in the design of
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H. influenzae 1

J
Wildtype IgA1 cH1.PSTPPTPSPSTPPTPRS.CcH2

P227T cH1.PSTPTITPSPSTPPTPS.cH2
T228P cH1.PSTPPPIPSPSTPPTPS.cH2
T228V cHi.PSTPPVPSPSTPPTPS.ch2

T228/236V cHi..PSTPPNV|PSPSTPPN|PS.cHe
227228 236

FIG. 1. Sequence of amino acids in the hinge of the a chain of human IgA1 and the four IgA1l mutants. The wild-type IgA1l hinge contains two
identical duplicated halves, one underlined by a solid line and the other underlined by a dashed line. The sites of cleavage of some bacterial IgA1l
proteases in the wild-type IgAl hinge are indicated above. The residues mutated in this study are boxed and numbered at the bottom.

IgA1 protease inhibitors. Such reagents would permit the role
of IgAl proteases as virulence factors to be evaluated and
might be of some therapeutic value.

MATERIALS AND METHODS

Generation of mutant IgAl expression vectors. Recombinant IgAl vectors
with mutations in the hinge region were prepared by PCR overlap extension (15)
by using the plasmid pMB2 containing the wild-type human al heavy chain
sequence as template DNA, as described previously (1, 22). The 5’ flanking
primer (5'-GCGCGCGCGGATCCGGTCCAACTGCAGGC-3") annealed
around 140 bp 5’ of the start of the Cal domain sequence and incorporated a
BamHI restriction site (designated in italics) to facilitate cloning of the PCR
product. The 3’ flanking primer (5'-TTCTGAACCTAAGAGCAGGTCC-3")
annealed 3’ of a unique Xhol site in the ol sequence. Each set of paired
mismatch primers annealed within the region encoding the IgAl hinge. In each
case, the mutated PCR products were ligated into unique BamHI and Xhol
restriction sites in the expression vectors, replacing the wild-type sequence in that
region.

In mutant T228P (using mismatch primer 5'-CTCAACTCCACCTCCCCCA
TCTCCCTC-3' and its complement) an ACC-to-CCC substitution changed
Thr228 to Pro. In mutant T228V, mismatch sense primer 5'-AACTCCACCTG
TCCCATCTCCCT-3'" and antisense primer 5'-GAGGGAGATGGGACAGGT
GGAGTTGAG-3' were used to encode valine (GTC) at residue 228 instead of
wild-type threonine (ACC). For mutant P227T, mismatch primer 5'-CCCTCA
ACTCCAACTACCCCATCT-3' and its complement replaced wild-type CCT
with ACT, thereby encoding threonine instead of wild-type proline at residue
227. The double mutant T228/236V was generated by using mismatch primer
5'-TCAACTCCACCGGTACCATCTCCCTCA-3’" and its complement. As a re-
sult of fortuitous primer slippage in the duplicated sequence of the IgA1 hinge
(Fig. 1), overlap PCR generated a mutant in which wild-type threonines at
residues 228 and 236 were both replaced with valine. Each resultant plasmid was
sequenced by the dideoxy chain termination method (9) to confirm both the
presence of each mutation and that no additional base changes had arisen during
the PCR process.

Expression and purification of mutated IgA1 antibodies. CHO-K1 cells stably
transfected with an appropriate mouse \ light chain (26) were transfected with
the plasmid vectors for each of the mutated IgA1l antibodies by using calcium
phosphate as described previously (26). Positive transfectants were selected by
growth in medium supplemented with hypoxanthine and thymidine (HT supple-
ment; Life Technologies, Paisley, United Kingdom), xanthine (0.25 mg/ml), and
mycophenolic acid (10 pg/ml) (27). Clones secreting high levels of mutated
recombinant antibody were identified by an enzyme-linked immunosorbent assay
measuring binding to the antigen NIP (3-nitro-4-hydroxy-5-iodophenylacetate)
as described previously (26) before they were expanded into large cultures. The
recombinant mutated antibodies were purified from supernatants of CHO-K1

transfectants by affinity chromatography on NIP-Sepharose as described previ-
ously (26). The purified antibodies were supplemented with 0.04% sodium azide
and stored in small aliquots at —20°C.

Rosette assays. Rosette assays to assess binding to FcaR on isolated neutro-
phils (33) were performed as described previously (32, 43).

Bacterial IgAl proteases. The IgA1l proteases used were from S. pneumoniae
strain SK690 (PK81); S. sanguis strains SK1 (ATCC 10556) (biovar 1), SK4
(biovar 2), and SK49 (biovar 4); S. oralis strain SK10; and S. mitis biovar 1 strains
SK564, SK597, and SK599. They were grown in 2TY broth (1.6% tryptone, 1%
yeast extract, and 0.5% sodium chloride in distilled water [pH 7]) at 37°C in air
containing 5% CO,. The culture supernatants were precipitated with ammonium
sulfate at 60% saturation, and the precipitates were dissolved in a small volume
of phosphate-buffered saline (PBS) buffer (pH 7.2) containing 0.1% sodium
azide. After dialysis against this buffer, the resultant protease preparations were
stored in small aliquots at —20°C. Purified IgA1 proteases from Neisseria men-
ingitidis (type 1 enzyme) strain HF 48, N. meningitidis (type 2 enzyme) strain
HF13, Haemophilus influenzae (type 1 enzyme) strain HK368 and H. influenzae
(type 2 enzyme) strain HK224 were also used.

S.p iae glycosid S. pneumoniae strain SK1015, an IgA1l protease-
negative deletion mutant developed by Knud Poulsen, Department of Medical
Microbiology and Immunology, University of Aarhus, Denmark, was used as
source of pneumococcal glycosidases. These were prepared from 2TY broth
culture supernatants in the same way as the streptococcal IgA1l proteases.

Digestion of IgAl by microbial IgA1 proteases and analysis of the products.
Before incubation with the mutant antibodies, all of the streptococcal IgAl
proteases were adjusted to equivalent potency after assaying the activity of a
range of dilutions of the protease preparations on wild-type IgA1 after 16 h of
incubation. Thereafter, appropriate amounts of IgA1 and IgA1l proteases in PBS
(pH 7.2) containing 0.1% sodium azide in a total volume of 20 to 30 pl were
incubated at 37°C for 16 h. The reaction mixture was then electrophoresed in
sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis gels under re-
ducing and nonreducing conditions. Wild-type recombinant human IgA1l and
IgA2m(1) (26) served as positive and negative controls, respectively, of enzyme
activity. The electrophoresed proteins were transferred to nitrocellulose mem-
branes which were then blocked by agitation for 30 min in 5% nonfat dried milk
powder in PBS. After washing in PBS, the membranes were immersed in an
appropriate antibody, usually at a dilution of 1 in 1,000, in PBS containing 0.1%
Tween 20 and agitated for 2 h at room temperature.

Detection of Fab or Fc fragments of IgA1 was difficult with some IgA-specific
antibodies because many seemed to combine with epitopes in the hinge region of
the uncleaved antibody, and their affinity was considerably reduced when the
antibody was cleaved and in the reduced form. Among the antibodies used were
alkaline phosphatase-labeled mouse antibodies specific for either the Fc part of
the human a1 or the human o2 chain (Southern Biotechnology Associates, Inc.,
Birmingham, Ala.), horseradish peroxidase-labeled antibodies specific either for
the Fab part of the human « chain (Kirkegaard and Perry, Gaithersburg, Md.) or
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to the mouse \ light chain (Nordic Immunological Laboratories, Tilburg, The
Netherlands), and mouse monoclonal antibody HP6116 to the Fc part of human
IgA (25) used in conjunction with, as a secondary antibody, a horseradish per-
oxidase-labeled antibody to the Fc part of mouse IgG (Sigma).

After thorough washing of the membranes in PBS, the alkaline phosphatase-
labeled antibodies were developed in the dark at 37°C in 10 ml of developing
buffer (100 mM Tris-HCI [pH 9.5] containing 100 mM NaCl and 10 mM MgCl,)
to which had been added 30 wl of bromo-chloro-indolyl phosphate solution (50
mg/ml in dimethyl formamide) and 30 pl of nitroblue tetrazolium solution (100
mg/ml in 70% dimethyl formamide in water). The peroxidase-labeled antibodies
were developed in 10 ml of 50 mM Tris-HCI (pH 7.6) buffer containing 0.3 mg
of nickel chloride/ml, 10 mg of diaminobenzidine, and 60 wl of 30% hydrogen
peroxide.

RESULTS

Analysis of mutated IgA1 antibodies. Dideoxy sequencing of
the plasmids encoding the different a1 mutants confirmed the
presence of the desired mutations and that the nucleotide
sequence of the remainder was the same as that of wild-type
human al. Analysis of the four mutated IgA1l antibodies after
electrophoresis and immunoblotting under reducing condi-
tions revealed the expected heavy and light chain bands. For
antibodies P228T, T228V, and T228/236V, under nonreducing
conditions the expected band corresponding to intact antibody
(H,L,) was seen in each case. However, under nonreducing
conditions, antibody T228P gave the expected H,L, band and
another band of ca. 85 kDa. The latter was reactive with both
anti-a and anti-\ antibodies and thus most likely represents an
IgA half molecule comprising one « and one A\ chain (HL).
Such half molecules are assumed to associate noncovalently in
free solution to give H,L, IgA monomers. Studies investigating
the maturation of IgA have shown half molecules to be the
major intermediary molecule in folding to the mature antibody
structure (17). Thus, the altered residue in antibody T228P
may in some way prevent efficient formation of inter-heavy
chain disulfide bridges during antibody assembly, resulting in
the secretion of a percentage of IgA molecules lacking such
bridges.

Binding to Fca receptors. The ability of the four mutant
antibodies to bind to Fca receptors expressed on neutrophils
was determined by rosette assays. The amount of each anti-
body giving half of the maximum binding to Fca receptors lay
in the range from 40 to 100 pg/ml (data not shown), values
broadly comparable to that for wild-type IgAl (32). Thus, the
introduced mutations did not appear to affect the ability of the
antibodies to bind to the Fca receptor. These results are con-
sistent with the view that the mutations had caused no major
changes in the conformation of the mutant antibodies and are
in keeping with the localization of the FcaR binding site to the
region between the CH2 and CH3 domains of IgA Fc, some
distance from the hinge (32, 8).

Susceptibility of the mutant IgAl antibodies to cleavage
with bacterial IgA1 proteases. All of the protease preparations
of the different bacteria cleaved recombinant wild-type IgAl to
Fab and Fc fragments within 16 h of incubation, whereas re-
combinant wild-type IgA2 was resistant to cleavage even after
72 h of incubation (results not shown). For all mutant antibod-
ies, prolonging incubation to 72 h did not alter the extent of
cleavage seen at 16 h. The cleavage of IgA1l by the protease
preparations from all of the streptococcal strains was inhibited
by the presence of 25 mM EDTA. These results confirmed that
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FIG. 2. Western blot analysis of the action of streptococcal IgAl
proteases on mutant antibody P227T. Digests run under reducing
conditions were probed with an anti-human IgA « chain-specific per-
oxidase conjugate that bound to epitopes in the Fab region. P227T was
untreated (lane 1) or digested with IgA1l proteases of S. pneumoniae
SK690 (lane 2) (and in the presence of 25 mM EDTA [lane §]), S.
sanguis SK4 (lane 3), S. oralis SK10 (lane 4), S. mitis SK564 (lane 5),
and the type 2 IgAl protease of N. meningitidis HF13 (lane 6). Wild-
type recombinant IgAl treated with the latter enzyme is shown in lane
7. Positions of molecular mass markers (in kilodaltons) are indicated
on the left. Antibody P227T was resistant to cleavage by the IgAl
proteases of S. sanguis SK4 andS. mitis SK564 but was cleaved by the
EDTA-sensitive IgA1 protease of S. pneumoniae and partially cleaved
by the protease of S. oralis SK10 to give Fab fragments with masses
consistent with cleavage at or near the peptide bond between residues
227 and 228 and different in mass from that resulting from cleavage
with N. meningitidis type 2 IgAl protease.

all of the preparations had IgA1l protease activity and that for
the streptococcal preparations this was a metalloprotease ac-
tivity. The mutant IgA1 antibodies P227T, T228P, and T228V
were also cleaved to Fab and Fc fragments by the type 1 and
type 2 IgA1 proteases of N. meningitidis and H. influenzae. This
result was expected because all of these enzymes cleave wild-
type IgAl at sites distant to the peptide bond between residues
227 and 228 (Fig. 1). However, mutant antibody T228/236V
was also cleaved by these enzymes despite the fact that the type
2 IgA1l proteases of N. meningitidis and H. influenzae cleave
wild-type IgA1l at Pro235-Thr236 (Fig. 1). Thus, we conclude
that there is no requirement for IgA1 to have threonine at 236
for it to be cleaved by the type 2 proteases of N. meningitidis
and H. influenzae, in keeping with the results of an earlier study
(34).

Antibodies P227T and T228P were the most resistant of the
mutant antibodies to the streptococcal proteases, and in the
main, they showed similar susceptibilities. P227T was resistant
to cleavage by the proteases of all of the S. sanguis and S. mitis
strains and was at least partially resistant to that of S. oralis but
was readily cleaved by the protease of S. pneumoniae. Results
for representative strains are shown in Fig. 2, and the results
for all strains are summarized in Table 1. EDTA inhibited this
proteolytic action (Fig. 2, lane 8). Among the streptococci, S.
pneumoniae and S. oralis strains, in addition to producing IgAl
proteases, secrete glycosidases which copurify with their IgAl
proteases. The slight decrease in the mass of undegraded an-
tibody when treated by the protease preparations from these
bacteria is due to the action of their glycosidases (Fig. 2, lanes
4 and 8) (40). The mass of the Fab fragment arising from the
cleavage of P227T by the pneumococcal protease was consis-
tent with cleavage at or close to the peptide bond between
residues 227 and 228 and was quite different from the mass of
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TABLE 1. Summary of effects of hinge mutations in IgAl on susceptibility to cleavage by IgA1l proteases from
strains of different species of streptococci

Result” for strain (source of IgAl protease):

IgAl antibody

S. pneumoniae SK690 . oralis SK10  S. mitis SK564  S. mitis SK597  S. mitis SK599  S. sanguis SK4 S. sanguis SK1

S. sanguis SK49

Wild-type IgAl + + +
P227T + +/— -
T228P + +/— -
T228V + +/— +/—
T228/236V + +/= +/—

+ + + + +
+ — — — -

+ + +/— - +/-
+ + +/- - +/-

“ Antibody susceptibility to cleavage by protease: +, sensitive; +/—, partially sensitive; —, resistant.

the Fab fragment arising through cleavage of the mutant an-
tibody and recombinant wild-type human IgA1 by N. meningi-
tidis type 2 protease which cleaves at the Pro235-Thr236 pep-
tide bond in the latter (Fig. 1 and 2, lanes 6 and 7).

We found that the resistance of P227T to cleavage by the
IgA1 proteases of S. sanguis could be overcome if the antibody
received prior treatment with pneumococcal glycosidases (Fig.
3). This finding suggests that the P227T mutation may affect
either the structure, three-dimensional conformation, or the
attachment sites of the sugars attached to the hinge in such a
way as to influence the access and/or cleavage efficiency of the
protease and may be indicative of a general influence of hinge
glycosylation on the efficiency of IgA1 protease cleavage.

Antibody T228P reacted in a similar way to antibody P227T
when treated with the proteases, except for the protease of S.
mitis strain SK597, which cleaved antibody T228P but not an-
tibody P227T (Fig. 4).

Antibody T228V was somewhat more sensitive to strepto-
coccal IgAl proteases than P227T and T228P, for it was

62— - o e e
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FIG. 3. Western blot analysis of the effect of pneumococcal glyco-
sidases on the sensitivity of mutant antibody P227T to cleavage by S.
sanguis SK4 IgAl protease. After separation under reducing condi-
tions, the digests were probed with an anti-human « chain-specific
peroxidase conjugate that bound to epitopes in the Fab region. Anti-
body P227T was untreated (lane 1) or treated singly or in combination
with the IgAl protease of S. pneumoniae SK690 or S. sanguis SK4 or
the glycosidases of the IgAl protease-negative strain SK1015 of S.
pneumoniae as follows: lane 2, glycosidases only; lane 3, S. pneumoniae
SK690 protease only; lane 4, S. sanguis SK4 protease only; lane 5,
glycosidases and S. sanguis SK4 protease. Wild-type IgA1 treated with
S. sanguis SK4 protease is shown in lane 6. The positions of molecular
mass markers (in kilodaltons) are shown on the left. The IgA1l pro-
teases were used at lower concentrations than those in Fig. 2. S. sanguis
SK4 protease was unable to cleave antibody P227 unless it had been
deglycosylated by pneumococcal glycosidases.

cleaved not only by the protease of S. pneumoniae but also by
that of S. oralis and those of the S. mitis strains and most of the
S. sanguis strains (Fig. 5). However, in most cases, cleavage
produced Fab fragments of two sizes. The smaller ones were of
a size consistent with cleavage at or near the peptide bond
between residues 227 and 228, as in wild-type IgAl, whereas
the larger Fab fragments were of similar masses to those
formed by the action of N. meningitidis type 2 protease on both
the mutant and wild-type IgA1l (Fig. 5, lanes 2 to 4, 6, and 7).
This suggested that some streptococcal proteases cleaved an-
tibody T228V not only at or close to the peptide bond between
residues 227 and 228 bond but also at or close to the bond
between residues 235 and 236.

The IgAl proteases of different strains of S. sanguis repro-
ducibly reacted with the T228V antibody in different ways.
That of strain SK49 behaved differently from that of the strain

175—
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FIG. 4. Western blot analysis of the action of the IgA1 proteases of
S. mitis SK597 and S. mitis SK599 on mutant antibodies P227T and
T228P. After separation under reducing conditions, digests were
probed with an anti-human IgA « chain-specific alkaline phosphatase-
conjugated antibody specific for epitopes in the Fc region of uncleaved
IgA (the Fc of cleaved IgAl is not detected). Lanes 1 to 5 and lanes 6
to 7 derive from two identical and simultaneously run gels. Coalign-
ment of molecular mass markers allowed the blots to be realigned
before figure preparation. IgA1 antibodies were untreated (wild-type
IgAl, lane 1) or treated with IgA1l proteases of S. mitis SK597 (wild-
type IgAl, lane 2; P227T, lane 3; T228P, lane 4) or of S. mitis SK599
(wild-type IgA1, lane 5; P227T, lane 6; T228P, lane 7). The positions of
molecular mass markers (in kilodaltons) are shown on the left. The
IgA1 proteases of different strains of S. mitis differed in their abilities
to cleave antibodies P227T and T228P. The protease of S. mitis strain
SK599 cleaved neither of the mutated antibody molecules, whereas
that of S. mitis strain SK597 was able to cleave T228P but not P227T.
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FIG. 5. Western blot analysis of the action of streptococcal IgAl
proteases on mutant antibody T228V. After separation under reducing
conditions, digests were probed with an anti-human IgA « chain-
specific peroxidase conjugate that bound to epitopes in the Fab region.
T228V was untreated (lane 1) or digested with the IgAl proteases of
S. pneumoniae SK690 (lane 2), S. sanguis SK4 (lane 3), S. oralis SK10
(lane 4), S. mitis SK564 (lane 5), and the type 2 IgA1l protease of N.
meningitidis HF 13 (lane 6). Wild-type recombinant IgAl treated with
the latter enzyme is shown in lane 7. The positions of the molecular
mass markers (in kilodaltons) are indicated on the left. Antibody
T228V treated with streptococcal IgAl proteases was cleaved totally
(S. pneumoniae) or partially (S. oralis, S. sanguis, and S. mitis SK564)
to give Fab fragments. With the exception of the latter enzyme, these
were of two sizes. The larger Fab fragment was of a mass similar to that
resulting from cleavage with N. meningiditis type 2 protease, whereas
the smaller fragment was of a mass consistent with cleavage at or near
the peptide bond between residues 227 and 228.

SK4 (Fig. 5, lane 3, and 6, lane 2) in that, like that of S. mitis
strain SK564 (Fig. 5, lane 5), it cleaved T228V to only the
smaller-sized Fab fragment (Fig. 6, lane 4), whereas that of
strain SK1 was unable to cleave the antibody (Fig. 6, lane 3).

Antibody T228/236V displayed a susceptibility to the strep-
tococcal proteases similar to that of mutant antibody T228V

83—
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FIG. 6. Western blot analysis of the action of IgA1 proteases from
different S. sanguis strains on mutant antibody T228V. After separa-
tion under reducing conditions, digests were probed with an anti-
human IgA « chain-specific peroxidase conjugate that bound to
epitopes in the Fab region. T228V (lanes 1 to 5) or wild-type IgAl
(lanes 6 to 9) was untreated (lanes 1 and 6) or digested with the IgAl
proteases of S. sanguis SK4 (lanes 2 and 7), S. sanguis SK1 (lanes 3 and
8), S. sanguis SK49 (lanes 4 and 9), or N. meningitidis type 2 HF13 (lane
5). Although the IgA1l proteases of the different strains of S. sanguis
cleaved wild-type IgAl, they differed in their abilities to cleave anti-
body T228V. The enzyme of strain SK1 was unable to cleave the
antibody, that of SK49 cleaved it at a site consistent with cleavage at or
near the peptide bond between residues 227 and 228, as in wild-type
IgA1l, and that of SK4 cleaved it at an additional site at or near the
peptide bond between residues 235 and 236.
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FIG. 7. Western blot analysis of the action of streptococcal IgAl
proteases on mutant antibody T228/236V. After separation under re-
ducing conditions, digests were probed with an anti-human IgA «
chain-specific peroxidase conjugate that bound to epitopes in the Fab
region. T228/236V was untreated (lane 1) or treated with the IgAl
proteases of S. pneumoniae SK690 (lane 2), S. sanguis SK4 (lane 3), S.
oralis SK10 (lane 4), S. mitis SK564 (lane 5), and the type 2 IgAl
protease of N. meningitidis HF13 (lane 6). Wild-type recombinant
IgA1l treated with the latter enzyme is shown in lane 7, and the posi-
tions of molecular mass markers (in kilodaltons) are indicated on the
left. Mutant antibody T228/236V treated with streptococcal IgA1l pro-
teases was cleaved to give Fab fragments with masses consistent with
cleavage at or near the peptide bond between residues 227 and 228, as
in wild-type IgAl, and also, for most of them, at or near the bond
between residues 235 and 236.

(Fig. 7). Although antibody T228/236V had no Pro-Thr pep-
tide bonds in the hinge, all of the streptococcal proteases,
except that from S. mitis SK1, and the type 2 proteases of N.
meningitidis and H. influenzae, which cleave wild-type IgAl at
such sites, were able to cleave it. The masses of the cleavage
fragments were consistent with cleavage at or close to Pro227-
Val228 for all of the streptococcal enzymes and, for most of
them, also at the bond between residues 235 and 236, the
cleavage site in wild-type IgA1 for the type 2 IgA1 proteases of
N. meningitidis and H. influenzae. A summary of the activities
of the different streptococcal IgAl proteases on the mutant
antibodies is given in Table 1.

DISCUSSION

As a prelude to ultimately understanding the full biological
role of IgA1 protease activity in streptococci, this study sought,
by the construction and preparation of a number of mutant
forms of IgAl, to elucidate the structural features required in
the IgA1l hinge for its recognition and cleavage by different
streptococcal IgA1l proteases. Analysis of the IgAl protease
(iga) genes of different Streptococcus spp. has shown that they
all code for proteins of ca. 200 kDa which contain sequence
motifs characteristic of zinc metalloproteases (13, 35, 36, 44).
All of the enzymes cleave the same Pro-Thr peptide bond
between residues 227 and 228 in the hinge of the human IgA1l
a chain (20, 29, 38).

The four amino acid substitutions made were designed to
generate information about IgA1 protease cleavage of the pep-
tide bond between residues 227 and 228. All IgA1l proteases
cleave at postproline bonds, and a strong preference for such a
bond has been shown for the serine type IgA1 proteases (2). By
replacing the proline at residue 227 with threonine, as in the
mutant antibody P227T, the preferences of the streptococcal
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FIG. 8. Partial view of a molecular model of human IgA1 highlight-
ing the hinge residues investigated in this study. Coordinates were
taken from Brookhaven Protein Data Bank as PDB code 1liga (6). For
clarity, one entire heavy chain (orange), one entire light chain (blue),
and the Fc and partial hinge of the second heavy chain (red) are shown
(the remainder of the heavy chain and the second light chain lie out of
field to the right of the picture). Proline residues Pro227 and Pro235
are highlighted in yellow, and Thr228 and Thr236 are shown in cyan.
This model, based on X-ray and neutron scattering data (6), predicts
that the hinge of each heavy chain crosses over the CH2 domain of the
other heavy chain and adopts an extended conformation. The arrows
indicate residues Val222 and Cys241, the points of constraint at each
end of the hinge region, between which the hinge is assumed to be
relatively mobile.

metalloproteases could be examined. In order to examine the
importance of the postproline amino acid and the conforma-
tion of the site upon cleavage, antibodies T228V and T228P
were prepared. The former represents a relatively conservative
substitution anticipated to cause minor perturbation to the
hinge conformation. However, the latter substitution of proline
for threonine may disrupt local conformation around the pre-
ferred cleavage site by introducing an extra bend into the hinge
polypeptide and would create a stretch of four consecutive
proline residues, mirroring the hinge sequence in protease-
resistant IgA2. The flexibility of the hinge region in the imme-
diate vicinity would also probably be reduced in this mutant
antibody, possibly rendering it less accessible to IgAl pro-
teases. Antibody T228/236V, carrying the double substitutions
of valine for threonine at positions 228 and 236, arose fortu-
itously as a consequence of primer slippage in the repetitive
nucleotide sequence encoding the two duplicated halves of the
hinge. Hence, the mismatch primers, designed to anneal
around the sequence encoding residue 236, also annealed
around the duplicate sequence encoding residue 228. Never-
theless, this mutant was useful in providing information re-
garding the effect of replacement of threonine at residue 236
with valine and about whether the double mutation might force
protease cleavage to take place at a different peptide bond.
The locations of the residues under investigation are indi-
cated on a molecular model of human IgA1 (6) shown in Fig.
8. A stretch of a heavy chain encompassing the hinge, running
between residue Val222 (point of leaving the globular CH1
domain) and residue Cys241 (most N-terminal tethering point
at the top of CH2) (Fig. 8), appears freely mobile and presum-
ably allows the Fab arm to move into very many different
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positions relative to the Fc. The fact that the hinge is rich in
proline is likely to maintain an extended hinge conformation.
The model allows visualization of the ready access of IgAl
proteases to this region. Analysis of serum IgA1l has revealed
that Thr228 has an O-linked sugar attached (24), whereas in a
myeloma IgAl, O-linked sugars were found only on hinge
serine residues (3). Although carbohydrate moieties are not
depicted in the model, the O-linked sugars attached to each «
chain hinge are likely to influence, to some as-yet-undefined
degree, both conformation and access. It has been shown ear-
lier that removal of sialic acid increased susceptibility to cleav-
age, whereas extensive deglycosylation decreased the suscep-
tibility to streptococcal IgAl proteases (38). Although it is
clear that the glycosylation profile for the recombinant IgAl
antibodies used here probably closely emulates that in natural
IgAl (24), it is not known if the mutations introduced into the
hinge have affected the extent or position of O-linked sugar
attachment. Nevertheless, our observation that deglycosylation
rendered the previously resistant P227T antibody susceptible
to cleavage by the S. sanguis protease provides confirmation
that hinge glycosylation can influence the efficiency of IgAl
protease cleavage.

The assembly of the different mutant antibodies into mature
IgA1 molecules appeared, in the main, to be unaffected by the
amino acid substitutions made. However, mutant antibody
T228P had an apparently increased propensity to form mole-
cules lacking the inter-heavy chain disulfide bridges, possibly as
a result of the introduction of an extra proline in the hinge
region affecting the efficiency of disulfide bridge formation
between the two « chains. Nevertheless, all of the mutated
antibodies retained reactivity with antigen and were recog-
nized by specific antibody reagents. As discussed previously
(32), these mutant proteins are unlikely to have undergone any
gross structural aberrations, allowing conclusions to be drawn
on the relative contributions of mutated residues to the inter-
action with IgA1l proteases. Indeed, the results of the rosette
assays support the view that the amino acid substitutions in the
hinge did not affect the overall conformation of the « chain, for
all of the mutated IgAl antibodies bound the Fca receptor
with comparable affinity to wild-type IgAl. This conclusion is
further supported by the sensitivity of all of the mutant anti-
bodies to cleavage by the type 1 and 2 IgAl proteases of N.
meningitidis and H. influenzae, which cleave at hinge sites distal
to the mutations.

It was remarkable that despite the cleavage site in the IgAl
hinge being identical for all of the different streptococcal IgA1l
proteases, their site requirements for cleavage appeared to
differ. In general, those for the IgA1l proteases of S. sanguis, S.
mitis, and S. oralis appeared to be more stringent than those for
the S. pneumoniae protease (Table 1). The protease of S.
pneumoniae had no absolute requirement for proline at resi-
due 227, with threonine being an acceptable alternative. In
P227T, the substitution has the effect of generating a Pro-Thr
bond moved one residue towards the N terminus relative to its
position in wild-type IgAl (Fig. 1). It is possible that the S.
pneumoniae protease may cleave at this site in the absence of
the usual Pro227-Thr228 bond. Indeed, in a study of the cleav-
age sites for the S. pneumoniae protease in ape IgAs with
differing hinge sequences, the enzyme was found always to
cleave a Pro-Thr bond even though the position of the bond in
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the hinge varied by up to two amino acids (37). However, our
study shows that the enzyme also displayed no absolute re-
quirement for threonine as the post-Pro residue 228, with
either valine or even proline being an acceptable alternative,
permitting IgAl cleavage. Mutants T228P and T228V lack a
Pro-Thr bond in the first half of the hinge, suggesting that in
these cases the enzyme either cleaves the Pro-Pro or Pro-Val
bonds, respectively, lying at the normal cleavage site or is
instead forced to cleave at the Pro-Ser bond lying two residues
further towards the C terminus. Localization of the precise
cleavage sites awaits peptide sequencing data, but whatever the
outcome, it is clear that the S. pneumoniae 1gAl protease
active site can accommodate residues other than Pro and Thr
adjacent to the scissile bond and efficiently catalyze the cleav-
age of such peptide bonds.

The proteases of S. sanguis and S. mitis, and to a lesser
degree that of S. oralis, were more stringent in their IgAl
cleavage site requirements despite having a common site of
action in the IgA1 hinge (Table 1). This is probably a reflection
of diversity within the streptococcal proteases at the molecular
level, for it is known, for example, that although the iga genes
of S. sanguis strains are very homogeneous, they have low
homology to other streptococcal iga genes sequenced (35) and
do not hybridize with DNA from protease-producing S. pneu-
moniae (11). Thus, it was not surprising to find that the pro-
teases of the S. sanguis strains acted differently from the pro-
teases of the other streptococcal species. Most notably, when
the wild-type cleavage peptide bond at Pro227-Thr228 was
mutated to the less acceptable cleavage bond of Pro227-Val
228, as in antibody T228V, the protease of S. sanguis strain SK1
was unable to cleave it, whereas that of S. sanguis strain SK49
cleaved it and that of strain SK4 was able also to cleave at a
second site presumed to be at or near the Pro-Thr peptide
bond at the equivalent position (235 and 236) in the other half
of the duplicated hinge of IgAl (Fig. 1). Such cleavage indi-
cates that regard for the context of the particular half hinge
within the whole hinge may be overruled in certain circum-
stances. Our earlier work supports such a possibility (40). We
showed that when only one-half of the IgA1 hinge was inserted
into protease-resistant IgA2, the hybrid antibody produced was
sensitive to cleavage by many different IgA1l proteases, includ-
ing the proteases of S. sanguis and representatives of other
bacteria which cleave in the different duplicated halves of the
IgA1 hinge (40). However, in this present study, the activity of
the IgAl proteases of the other streptococcal species on the
mutant antibodies P227T and T228P cannot be explained on
the basis of cleavage at the alternative Pro235-Thr236 site in
the hinge because the mass of the Fab fragment formed was
different from that produced by the type 2 IgA1l protease of N.
meningitidis, which cleaves preferentially at this Pro235-Thr236
peptide bond.

The amino acid sequences of the IgA1 proteases of different
strains and species of streptococci are very similar, except for
the N-terminal third of the protein in which there are several
repeat sequences differing in length, sequence, and number
(35). It is thought that these repeat sequences are not essential
for enzyme activity but that they contribute to antigenic diver-
sity among the proteases (14). This antigenic multiplicity is
greatest among the IgAl proteases of S. mitis and S. pneu-
moniae and least among those of S. sanguis and S. oralis (23,
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38), and this is consistent with the structural diversity of the
enzymes from nucleotide sequence data (35). Thus, the known
antigenic differences between the IgAl proteases of S. sanguis
strains of biovar 4 and those of biovars 1 to 3 (38) may be the
reason for the different actions of S. sanguis strain SK49 (bio-
var 4) and S. sanguis strain SK1 (biovar 1) on antibodies T228V
and T228/236V. However, it is unlikely that the unusual activ-
ity of the protease of S. sanguis strain SK4 (biovar 2) on these
mutant antibodies can be explained on this basis.

There is evidence that the IgAl protease gene in S. mitis
strains is a complex mosaic of sequences from fragments of the
iga genes of S. oralis and S. pneumoniae because of the hori-
zontal transfer of DNA between species (35). This most prob-
ably is the reason for S. mitis strains having IgA1l proteases of
much greater antigenic diversity, and it may account for the
different sequence requirements of the IgA1l protease of S.
mitis strain SK597 from those of the other S. mitis strains for
cleavage of antibody T228P.

This study describes the first example of an IgA1 molecule
(P227T) in which resistance to IgA1l proteases resulted from
the mutation of a single amino acid. Given the increasing
interest in the use of IgA as a therapeutic agent, this structure-
function information could be of considerable significance.
Despite a growing appreciation of active-site structural com-
ponents in zinc metalloproteases through use of known crystal
structures as standards of reference (42), there remains a lack
of three-dimensional structural information on the active sites
of the IgA1 metalloproteases. In the meantime, the approach
described here is a first stage in understanding these enzyme-
substrate interactions, which in turn may permit the develop-
ment of reagents engineered to inhibit the action of such en-
zymes.
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