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Abstract—Data on structure and specificity of bacterial IgA receptors (IgA-binding M-like proteins Arp4 and Sir22 from
hemolytic streptococci of serogroup A, B-antigen from hemolytic streptococci of serogroup B, and SSL family proteins from
Staphylococcus aureus) are surveyed in this review. The principal conclusion derived from comparison is the fact that all bac-
terial receptors bind the same site in the IgA molecule overlapping with the binding site of endogenous human IgA receptor
CD89. We assume that this site, consisting of spatially close amino acid strands Leu257-Gly259 in domain Ca2 and Pro440-
Phe443 in domain Ca3, is subject to conformational rearrangement induced by the binding of antigen in the IgA active site.
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The function of immunoglobulins A (IgA), which
are the main type of secreted antibodies, is traditionally
reduced to the binding of antigens located on the outer
side of the basal epithelium membrane [1, 2]. For this
reason, the effector mechanisms of purposeful elimina-
tion of targets opsonized by IgA have been studied insuf-
ficiently as yet. The character of conformational
rearrangements of IgA caused by antigen binding in their
active site is also unknown. However, the presence of spe-
cialized IgA-binding proteins in many pathogenic bacte-
ria suggests both the presence of such rearrangement in
IgA and existence of mechanisms of immune protection
of humans and other animals that response to these
rearrangements. It is particularly important that blocking
by IgA-binding proteins usually does not affect the anti-
gen-binding ability of antibodies. Numerous cases of hor-
izontal transfer of genes of IgAl-specific proteases
between long-diverged groups of microorganisms, in par-

Abbreviations: CHa, (Ca), constant domain of heavy (o) chain
of IgA; Fab, variable antigen-binding superdomain of Ig; Fc,
constant superdomain of Ig; FcaR, receptor specific for Fc-
superdomain of IgA; GAS, GBS, group A and B streptococci,
respectively; IgA, IgG, and IgM, immunoglobulins A, G, and
M, respectively; NIP, 3-nitro-4-hydroxy-5-iodophenylacetate
(hapten); S-IgA, secretory form of IgA.
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ticular, the genera Haemophilus and Neisseria, Strepto-
coccus and Gemella, and Prevotella and Capnocytophaga,
confirm the adaptive significance of IgA-specific func-
tions of microorganisms in implementation of their
pathogenicity and survival in a host organism [3, 4]. The
character of production of IgA-proteases proves to be
stringently confined to enhanced virulence of strains; at
the same time, nonpathogenic representatives of the
above genera may have no IgA-protease genes. These data
emphasize the adaptive significance of IgA recognition
ability of strains, and the only universal consequence of
such recognition for all of the known models is transmis-
sion of a signal about the binding of antibody to antigen
[5]. We have tried to generalize and compare the data on
peculiarities of recognition of ligands by IgA-specific pro-
teins from pathogens such as hemolytic streptococci and
Staphylococcus aureus. The goal of the analysis of struc-
tural peculiarities of interaction between these proteins
and IgA was to reveal the dependence of the binding
process on the presence of antigen in the active site of the
antibody and to assess the physiological significance of
IgA-specific proteins with respect to interactions of a
pathogen with the immune mechanism of a macrohost.
By selection of factual material, we pursued the
comparison of peculiar features of IgA-specific receptors,
maximally different in structure and origin, covering all
classes of bacterial IgA receptors known to date. Thus,
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particular attention is focused on the IgA-binding M-like
proteins of hemolytic streptococci of serogroup A, -
antigen of hemolytic streptococci of serogroup B, and
proteins of the SSL family of St. aureus. At the same time,
the problems of genetic polymorphism within each class
of proteins have not been discussed. Data on IgA-specif-
ic proteases of Gram-positive and Gram-negative
pathogens are also excluded from the analysis.

The data included in the review concern the recep-
tors of pathogenic microorganisms binding mainly
human IgA. Unfortunately, we have failed to confirm the
published data obtained in a purposeful search for animal
IgA receptors. The testing of IgA binding in organisms
other than humans was performed only for more exact
defining of the secondary specificity of ligands binding by
specific receptors of human IgA.

IgA-BINDING M-LIKE PROTEINS
OF STREPTOCOCCI FROM GROUP A

The group A streptococci (GAS) are etiological
agents of some human diseases with a rather heteroge-
neous nosology (angina, impetigo, cellulitis, scarlet fever,
bacteremia, toxic shock syndrome, necrotic fascitis, etc.).
Secondary infection by Streptococcus pyogenes is the
major cause of severe diseases with autoimmune mecha-
nism of pathogenesis, such as rheumatoid arthritis, rheu-
matic affliction of the heart, and acute glomerulonephri-
tis [6].

IgA-binding proteins were found in GAS in the
course of serological studies of immunodominant protein
antigens, the most significant of which are M-proteins
[7]. IgA receptors are connected with this functionally
important group of GAS proteins also in the structural
respect, so we will characterize M-proteins in more
detail.

M-Proteins associated with the cell wall are concur-
rently the most important factor of pathogenicity and an
immunodominant hypervariable antigen determining the
capability of humoral response to a particular GAS strain
[8-10]. Physiological functions of M-proteins are rather
diverse and not quite clear to date. However, there is no
doubt that these proteins make a decisive contribution to
protection of bacteria from nonspecific cell response and
phagocytosis during primary infection [11-13]. In con-
trast, in the presence of preexistent specific antibodies
against serologically compatible M-protein, the pathogen
is effectively eliminated both by macrophages and by
non-phagocytizing cells of the immune system [14].

In the structural respect, M-proteins are multido-
main formations with extracellular N-terminal domains
variable in length, sequence, and physiological functions,
while their C-terminal domains integrated in the plasma
membrane are conserved. M-Proteins immobilized on
bacterial surface are dimerized via noncovalent interac-
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tion of two a-helical segments anchored in the mem-
brane.

Hypervariability of M-proteins significantly compli-
cates their classification. It has been suggested to divide
the sequence into segments A-D, each containing one or
several tandem structural motifs [13]. The type of motif
occurring in a certain segment is designated by an Arabic
figure. The highest degree of polymorphism is typical of
segment A, located immediately after the leader peptide
in the M-protein sequence. The adjacent segment B is
less variable (Scheme 1).

The antigenic distinctions of hypervariable segments
of M-proteins are used for serological classification of
GAS proposed by Lansfield [15]. It was established that
the antiphagocytic activity of M-proteins is due to the
binding of individual proteins of the complement system
from blood plasma [16]. Indeed, the hypervariable seg-
ments of M-protein and the conserved segment C are
characterized by the ability to bind factor H of the com-
plement and related blood proteins [17-20]. Segment C
of some isotypes of M-protein can bind serum albumin
[21]. Segments A and B of some types bind the C4BP
component, which is the key regulator of the classical
pathway of complement activation known for its ability to
suppress phagocytosis [22-25]. Other M-proteins bind
fibrinogen using segment B, thereby also decreasing the
efficiency of phagocytosis [26, 27].

The GAS proteins significantly different from
true M-proteins in the number of segments but contain-
ing the repeating motifs of the same types are called M-
like proteins. They bind a broader spectrum of blood pro-
teins than the M-proteins. For example, the M-like pro-
tein PAM reacts with plasminogen [28], while proteins
Arp, H, Mrp, Sir, and Enn react with IgG and IgA [29,
30]. Like the true M-proteins, M-like proteins form a
dimer coiled-coil structure, which is stabilized mostly by
to the interaction of transmembrane domains containing
heptade tandem repeats of amino acids. It has been
proved that the dimer structure is necessary for the pro-
tein for forming a receptor [31]. Both M-proteins and M-
like proteins are absolutely devoid of disulfide bonds.
Thus, their spatial structures coincide by all significant
characteristics. However, there is an important difference
between them in the functional respect: M-like proteins
do not inhibit the phagocytosis [32].

The group of M-like proteins of Str. pyogenes has
been the only known structural type of IgA receptors in
GAS, and up to 50% of all of the known strains of Str.
pyogenes express M-proteins binding the Fc-fragments of
human IgA [33]. The following representatives of IgA-
specific M-like GAS proteins have been characterized
most completely: Arp binding almost only IgA, protein H
binding IgG, and Sir22 binding both IgA and IgG of all
subclasses. Arp can bind some of monoclonal IgG, but
the binding constant is so low that it cannot be deter-
mined [34].



14 KAZEEVA, SHEVELEV

Factor H

Human serum albumin

1 1

N —{ A1-A2-A3-A4-A5 H B1-B2-B3-B4-B5{ C1—C2—C3 HD1-D2-D3-D4 H Pro/Gly H Hyggonﬁgﬁ]b'c L C
« >« >« >
Hypervariable region Variable region Conserved region
Factor H Fibrinogen

Factor H-like protein 1

C4b-binding protein

Plasminogen

Structural and functional characteristics of M-proteins and M-like proteins. The molecule is anchored in the GAS cell wall through the C-
terminus (Pro-Gly-rich and hydrophobic domains). M-Proteins contain segments A, B, C, and D consisting of tandem repeating motifs of
several types. They are usually intended for the binding of different blood plasma proteins. In some isotypes of M-proteins, segments A and D

may be absent

Scheme 1

The first M-like GAS protein studied because of the
ability to bind human IgA was Arp. The structural gene of
protein Arp4 was isolated from a GAS strain of serotype
M4. The expression of this gene in Escherichia coli result-
ed in a functional product with molecular weight of 42 kD
[35].

The Arp4 structure is based on the group of repeating
motifs typical of segment C of M-proteins. Besides, it
contains a unique N-terminal region highly divergent of
the respective regions of other St. pyogenes M-like pro-
teins, e.g. Arp60, Sir22, ML2.2, and Enn4 [36].

The first attempts for mapping the IgA binding site
within Arp4 were carried out by the authors of work [37].
By means of CNBr cleavage of protein, they established
that the unclassified N-terminal region of 52 amino acid
residues completely maintained the IgA-binding activity
typical of the full-size protein. The residual part of the
extracellular half of Arp4 composed mainly by repeats of
type C was completely devoid of this activity.

Comparison of the IgA-binding protein sequences
from Str. pyogenes (Arp4, Arp60, Sir22, ML2.2, and
Enn4) resulted in identification of a still shorter peptide
(29 amino acid residues) providing a ligand recognition
[36]. This segment comprises the most conserved part of

the unclassified N-terminal region of Arp4 (invariant
residues share 41% when compared with the abovemen-
tioned five M-like proteins). The authors experimentally
showed that even short deletions within the identified 29-
residue region abolish IgA-binding ability of the protein.
On the contrary, the transfer of this region to the PAM
protein, which is similar to Arp4 in size and organization
but has no specificity to IgA, confers the specificity on
this protein.

A synthetic peptide of 33 amino acids corresponding
to the isolated IgA-binding site of Arp4 did not exhibit the
receptor properties by itself. In contrast, a 50-residue
synthetic peptide with the active site flanked by 10 natu-
ral amino acid residues from each side showed IgA-bind-
ing ability identical to the fragment of native protein
obtained by CNBr cleavage (the binding constant in both
cases was 10~ M) [38]. It should also be noted that the
authors confirmed localization of the site using synthetic
15- and 16-residue peptides spanning various parts of the
29-residue sequence. These peptides were tested for abil-
ity to compete with AprA for IgA binding. The peptides
from the C-terminal part of the IgA-binding site were
shown to inhibit binding to IgA. This observation suggests
that just the C-terminal half of the 29-residue region

BIOCHEMISTRY (Moscow) Vol. 74 No. 1 2009



IgA-SPECIFIC PROTEINS

(residues 58-72) makes the major contribution to bind-
ing, although it may not functionally substitute for the
whole active site.

The present data convincingly prove that Arp4 con-
tains the single IgA binding site, and C-repeats make no
contribution to recognition of this ligand. Such localiza-
tion of the ligand binding site significantly differs from
localization of IgG-binding domains of the surface pro-
teins of streptococci and staphylococci. For example, the
IgG-binding sites in the best known proteins A and G are
formed due to repeating tandem motifs. The same organ-
ization is found also in FcRA76 (the IgG-binding protein
of Str. pyogenes) which contains repeating motifs of type
A [39].

The study of Arp4 specificity demonstrated the pro-
tein to bind both serum and secretory IgA of both sub-
classes. However, the binding constant of Arp4 was
5.6:10® M for serum IgAl and IgA2 and about tenfold
higher for secretory Ig of the same isotypes [35].

Besides Arp4, one more structurally related strepto-
coccus surface protein, Sir22, has been well character-
ized. The first works on the study of Sir22 were carried out
with a protein of GAS serotype M22 [40]. Sir22 consists
of a conserved signal peptide, a central region constituted
by repeating motifs, and a series of conservative C-termi-
nal domains. Like in Arp4, the central part is constituted
by repeats of type C. In different types of M-like proteins,
the number of C-repeats varies from two to four. Protein
Sir22 contains as few as two repeats and therefore has
lower weight than the most other proteins of this group,
e.g. Arp4. The N-terminal part of mature Sir22 (41 amino
acid residues) is unique. Like other M-like proteins, Sir22
exists as a coiled-coil dimer. In contrast to Arp4, it can
bind at least four different proteins of human blood plas-
ma: IgA, IgG, C4BP, and serum albumin. The results of
mapping of the IgA, IgG, and C4BP binding sites have
been described in work [41] (Scheme 2).

Experiments were based on the technique of expres-
sion of the cloned Sir22 gene and its modified derivatives
in E. coli, rather than synthetic peptides as in the case of
Arp4. Recombinant proteins were separated by denatur-
ing electrophoresis in polyacrylamide gel and stained by
the Fab (variable antigen-binding superdomain of Ig)-
and Fc (constant superdomain of Ig)-fragments of non-
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specific IgA and IgG (by Western blotting, without pre-
liminary renaturing of receptor protein). As a result, it has
been established that Sir22 effectively binds the Fc-frag-
ments of both classes of immunoglobulins, and both IgA
subtypes are recognized with the same efficiency. On the
contrary, Sir22 showed no affinity to any of the Fab-frag-
ments of the same immunoglobulins. The binding con-
stants of full-size immunoglobulins with Sir22 were
7.0-10%, 2.4-10%, and 7.8:10° M~' in the reactions of
Sir22/serum IgA, Sir22/secretory IgA, and Sir22/IgG,
respectively [40].

Individual domains discriminated within Sir22 were
able to bind a ligand of only one type, including IgA.
Experiments on deletion analysis of the Sir22 gene
showed that the region homologous to the active IgA-
binding site of Arp4 (29 amino acids) partially overlapped
the minimal region that determined the binding of C4BP
in Sir22. In spite of this fact, IgA and C4BP do not com-
pete for binding to Sir22. The minimal IgA-binding active
site partially overlaps also with the underlying potential
domain containing the IgG binding site. However, in
contrast to the binding to C4BP, the bindings of full-size
Sir22 to IgA and to IgG are mutually exclusive. All
together, this suggests that the IgA binding site is located
in a concave formed by the outer surfaces of neighboring
domains; one of them contains the site for C4BP recog-
nition and the other contains the site for IgG recognition.
Due to closeness of the binding sites of such huge mole-
cules as IgA and IgG, they prove to be competitors for the
binding to Sir22. In addition to the above three active sites
located within the two hypothetical globular domains, the
serum albumin binding site was mapped in the central
region of Sir22 constituted by tandem motifs of type C
[41].

As derived from deletion mapping of Sir22, an artifi-
cial peptide Sap with the ability for selective reception of
IgA was synthesized on the basis of its sequence. Like the
Arp4-based peptide, this peptide was 50 amino acids in
length and overlapped the supposed IgA-binding site of
Sir22 with the adjacent 10 amino acid residues from each
side. On the assumption that Sir22 can function as the
receptor only in a form of a coiled-coil type dimer, an
additional Cys residue capable of linking an inter-chain
disulfide bond was introduced into the C-terminus of the

IgA
C4BP €4———» IgG
« >« >
B N
| Sir22

IgA, IgG, and C4BP binding sites in the Sir22 sequence
Scheme 2
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Structure of synthetic Sap peptide containing an additional C-terminal Cys
Scheme 3

synthesized peptide. Thus, the peptide included residues
35-83 (by the Sir22 numeration) and the C-terminal Cys
(Scheme 3) missing in the parental protein [42].

The peptide was soluble in water at physiological pH
and ionic strength. Denaturing electrophoresis under
non-reducing conditions showed that the peptide in solu-
tion is a dimer formed by disulfide bonds. For studying
the effect of Sap dimerization on IgA binding, a perfectly
analogous peptide without the additional Cys was synthe-
sized, and the binding properties of both peptides were
compared by radioimmunoassay. Only the peptide with
the C-terminal Cys residue demonstrated tight binding
with IgA immobilized on a carrier (the equilibrium bind-
ing constant was 0.1 uM), this confirming the functional
significance of dimerization of Sir22-type receptors [42].
The sensitivity of Sir22 receptor ability to isotypic affilia-
tion of the ligand and the presence of a secretory compo-
nent in its structure was studied in the same work.
Secretory and serum IgAl and IgA2 were shown to bind
with nearly the same efficiency. This conclusion contra-
dicts the data of an earlier work [38] demonstrating that
streptococcal proteins bound secretory antibodies with
lower affinity than serum antibodies. However, the pep-
tide was applicable for detection of S-IgA (secretory form
of IgA) chains separated by denaturing electrophoresis.

The question of Sir22 sensitivity to the presence of
an antigen in the active site of the bound IgA remains
obscure, though its ability to recognize both free IgA and
their immune complexes is undisputed. It was demon-
strated that the Sap peptide can also be used for specific
detection of IgA bound with antigen (immune complexes
of IgA) and for affinity purification of free IgA [42]. Using
5 mg of Sap immobilized on a Hi-Trap matrix pre-acti-
vated with N-hydroxysuccinimide, the authors obtained
up to 2 mg of purified IgA from 1 ml of serum. Analysis of
the IgA preparation purity by ELISA showed that the elu-
ates obtained as a result of one-stage chromatography on
Sap-Hi-Trap contained <0.45% IgG and <0.33% IgM as
admixtures. Sap showed the same affinity to polymer and
monomer serum IgA.

Similar results were obtained during purification of
S-IgA from human saliva on the Sap-Hi-Trap. S-IgA
obtained by purification on the column with Sap were as
pure as commercial S-IgA preparations. At the same
time, the yield of S-IgA was far from the theoretical max-
imum because a significant part of S-IgA was not bound

with the Sap-sorbent. These immunoglobulins did not
react with the immobilized Sap when re-applied to the
column. This provides indirect evidence of heterogeneity
of the IgA population revealed by the reaction with this
peptide. However, the low yield of purified product was
not caused by the selectivity of Sap binding towards one
of the IgA subclasses, because the ratio of S-IgAl to S-
IgA2 in the intact saliva and purified S-IgA was the same.
Similar results were observed on testing of a Sap-based
sorbent for isolation of S-IgA from human milk [43, 44].
Note that it was found that IgA preparations obtained by
chromatography contained the same set of noncovalently
bound minor proteins as IgA in the initial biological
material [45].

The technologically significant peculiarity of Sap is
its high capacity to spontancous recovery of spatial struc-
ture under physiological conditions. It does not need a
special procedure for refolding after solid-phase synthesis
and retains the ligand binding ability after boiling [38].

The model of human recombinant antibodies against
the NIP (anti-3-nitro-4-hydroxy-5-iodophenylacetate)
hapten was used for detailed comparative studies of the
efficiency of recognition of immune complexes IgAl,
IgA2, and IgG1 by protein G and Sap peptide [42]. The
immune complexes were formed by application of recom-
binant antibodies of different classes to the carrier acti-
vated by the NIP—BSA conjugate. Then the complexes
were stained by enzymatically labeled Sap peptide or G
protein. As expected, Sap with approximately equal effi-
ciency bound the IgA1l and IgA2 but not IgG complexes.
The affinity of protein G, which selectively bound IgG1
only, and Sap peptide to the specific immune complex
proved to be the same. This experiment demonstrates the
possibility of using Sap derivatives in laboratory test sys-
tems for different purposes, e¢.g. as a tool for enzyme
immunoassay. However, since the values of Sap affinity to
free IgA and their immune complexes were not compared
in the work, it does not answer the question about the sen-
sitivity of Sap and especially full-size Sir22 to the expect-
ed conformational rearrangements of IgA as a result of
their interaction with an antigen.

The Sap peptide is selective only towards human
IgA. It completely lacks affinity to mouse IgA and weakly
binds bovine IgA. This observation correlates with the
similarity of the amino acid sequences of IgA of these
animals: the CH2- and CH3-domains of human and
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bovine IgA are much more similar to each other than to
the homologous elements of mouse [46].

B-ANTIGEN OF Streptococcus agalactiae

Group B streptococci (GBS) are not related to the
group A streptococci in taxonomic respect; however, they
are often considered as a single group of pathogens of epi-
demically significant infections—hemolytic streptococci.
This is due to the common feature used at their identifi-
cation: the ability to induce hemolysis of sheep erythro-
cytes during cultivation on solid media. GBS representa-
tives most important epidemiologically are pneumococ-
ci—Str. pneumoniae causing pneumonia, meningitis,
overwhelming sepsis, and otitis [47]. However, their sur-
face or secretory IgA-binding proteins are not described
in the literature. However, GBS are known to have
species Str. agalactiae possessing, like GAS, a surface
IgA-binding protein—f-antigen of 125 kD. In the struc-
tural respect, this protein is not similar to the GAS M-
proteins. Its name comes from serological studies of
immunodominant protein antigens contained in the bio-
mass of Str. agalactiae. Along with B-antigen, they are
represented by surface proteins—Rib and o-antigen
(members of the structural Alp family). In the cell wall of
Str. agalactiae, o. and B antigens are physically connected
and form the so-called C-antigen [48]. There are argu-
ments in favor of the dominant role of C-antigen in inter-
nalization of GBS strains causing meningitis. However,
this role of C-antigen is not associated with its ability to
interact with IgA [49].

A peculiar feature of B-antigen used for separation of
surface GBS proteins is sensitivity to trypsin. By its pri-
mary structure, -antigen is related to the Hic protein of
pneumococcus, which binds factor H and thereby pro-
tects the pathogen from opsonization and subsequent
phagocytosis [50]. Experiments with animal models
showed that the antibodies against GBS surface proteins
confer as high protection as antibodies against capsular
polysaccharide [48]. In view of the high polymorphism
and low immunogenicity of GBS capsular polysaccha-
rides untypical of GAS, these proteins draw attention as a
basis for a vaccine production. At the same time, the
functional similarity of GBS C-antigen to GAS M-pro-
teins with the total lack of structural similarity indicates
their significant roles in protection of the pathogen from
attacks of the immune system and maintenance of its
transportation within the macrohost organism.

-Antigen interacts with the two components of the
human immune system: Fc-IgA and complement factor
H. However, in contrast to GAS M-proteins, it has no
affinity to IgG and IgM. When characterizing the selec-
tivity of B-antigen as a receptor, one should note that, as
distinct from GAS M-proteins, it binds with high affinity
only the serum human IgA of both subclasses or their iso-
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lated Fc-fragments but is practically unable to react with
secretory IgA.

Expression of B-antigen during cultivation on solid
media was observed in about a half of GBS strains. It is
typical of all Str. agalactiae strains of serotype Ib studied
with regard to this parameter, less typical of serotypes Ia,
I1, and V, and does not occur in the strains of serotype 111
[51, 52]. Nagano et al. showed that the level of B-antigen
expression in invasive Str. agalactiae strains of serotypes
Ia and Ib is higher than in noninvasive strains. Note that
the ability of some strains for B-antigen production is
unequivocally coupled with the presence of a.-antigen in
the particular strain. In contrast, a-antigen is often
expressed independently (as shown by the example of
serotype la strains). The same works [51, 52] report the
existence of single Str. agalactiae strains that express an
alternative surface form of (-antigen incapable of IgA
binding or a truncated soluble form of B-antigen.

The sequence of GBS B-antigen, in contrast to the
sequences of GAS M-proteins, is moderately variable in
the N-terminal region and practically invariant in the C-
terminal region. The N-terminal signal peptide of 37
amino acids and the typical murein-binding C-terminal
domain enriched in LPXTG motif, which are necessary
for immobilization on the cell wall, were identified in the
sequence of the protein-precursor of [-antigen. B-
Antigen is the only protein released into the medium as a
result of incubation of Str. agalactiae cells at enhanced
pH values. This observation shows the noncovalent
nature of B-antigen linkage with the cell wall and provides
an easy method for its purification.

Four of the five C-terminal residues of 3-antigen are
basic, and the hydrophobic region ahead of them serves
for anchoring in the membrane [53]. In contrast to many
other surface proteins of pathogenic streptococci, f-anti-
gen contains no elongated tandem repeats in the domains
responsible for ligand binding. Only the region of a hinge
between the ligand-binding and murein-binding domains
is represented by the tandem repeat XPZ of variable
length. The repeat has a period of three residues: the first
residue is Pro, the second residue carries any positive or
negative charge, and the third residue is uncharged.

The analysis of the spatial structure of recombinant
B-antigen obtained in E. coli showed that the N-terminal
half of its molecule consists of two or more globular
domains designated as A and B, and both of them are
necessary for specific recognition of IgA [29]. The mini-
mal functional IgA-binding site can be formed by 73
amino acid residues located within domain A (Scheme 4).
Works [54, 55] demonstrated that the key role in this site
belonged to a 6-residue block, MLKKIE, which was con-
served in all strains of Str. agalactiae exhibiting IgA-bind-
ing activity.

Study of Str. agalactiae strain polymorphism with the
sampling of 20 clinical isolates showed that the values of
their specific activity in the binding of both ligands of 3-
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Structure of B-antigen of Str. agalactiae
Scheme 4

antigen, factor H and IgA, strongly correlate with each
other [56]. This observation suggests that Str. agalactiae
has no alternative IgA receptors. In the same work, a
unique natural isolate of Str. agalactiae exhibited an abil-
ity for interaction only with factor H but not with IgA.
This isolate of serotype Ib was found in cerebrospinal
fluid. It produced a noticeable amount of native [-anti-
gen without IgA-binding activity. Analysis of the
sequence of the B-antigen cloned gene (bac) from this
source revealed the presence of a MLKKIE block; how-
ever, the C-terminal part of the previously described IgA-
binding 73-residue minidomain was impaired due to
deletion of positions 214-264 (51 amino acid residues).
This deletion spanned the last 12 amino acid residues of
the IgA-binding domain (positions 214-225). This exam-
ple shows that the loss of the IgA-binding activity of -
antigen by the strain does not compromise its viability in
vivo and does not abolish the virulence in general. These
data do not contradict the hypothesis that IgA and com-
plement factor H binding sites do not overlap.

IgA-BINDING PROTEINS OF STAPHYLOCOCCI

Staphylococci pathogenic for humans, joined in the
species St. aureus, are the most typical pathogens of post-
traumatic purulent processes. They draw special because
of hospital, in particular, post-natal infections. In con-
trast to streptococci, staphylococci do not constitute a
significant epidemic menace; therefore the development
of vaccination and serodiagnostic methods for addressing
them is not relevant. However, the treatment of diseases
induced by staphylococci is often long-term and coupled
with complications. Staphylococci, along with
Mycobacterium tuberculosis, are extremely liable to devel-
opment of mutations of multiple drug resistance, which
imparts relevance to the development of specific thera-
peutic remedies [57, 58].

Staphylococci, although not related to streptococci,
exist in similar conditions and often encounter the
immune response on the mucous membranes of humans
and other mammals. That is probably why many strains of

St. aureus, like streptococci, produce IgA-binding factors,
the most known of which are proteins of the SSL family
[6]. Like IgA-specific proteins of streptococci of groups A
and B, SSL proteins have the properties of dominant anti-
gens and are even ranked among superantigens. The strik-
ing peculiarity of SSL, as compared with GBS M-proteins
and B-antigen, is the absence of affinity to the cell wall of
the producer strain [6]. The same picture is observed also
when IgG-specific receptors of both groups of pathogens
are compared. M-proteins of streptococci are associated
with the cell wall, while protein A of staphylococci is
secreted in a soluble form. This suggests that the disposi-
tion of staphylococci to release of immunity factors into
the environment is determined by localization of this
pathogen in physically close nidi of pyogenic infection,
whereas streptococci often encounter moving fluxes of
large volumes of fluids, e.g. saliva and other secretory flu-
ids of mucous membranes as well as blood.

In contrast to streptococcal proteins, SSL have no
pronounced species specificity to IgA but for all that
maintain high affinity to the ligand. SSL7, also known as
an enterotoxin-like factor of staphylococcus SET1, binds
human monomer IgA1l and IgA2 with binding constant of
1.1 nM. Practically the same affinity is typical of its bind-
ing with serum IgA of primates, pigs, rats, and horses and
secretory IgA from human, cow, and sheep milk. The SSL
proteins inhibit the binding of IgA with the neutrophil
receptor CD89: both with the native protein present on
the cell surface and with its isolated extracellular domain
[6, 59].

Besides IgA binding, SSL is related to SAG M-pro-
teins and SBG B-antigen by the ability to bind compo-
nents of the complement, although all of them block the
cascade of activation of this bactericidal mechanism in
different points. The M-proteins of streptococci bind the
regulator of classical pathway of the complement
(C4BP), B-protein binds factor H, and SSL bind factor
C5[60].

Such surprising uniformity of the functions of con-
sidered bacterial IgA receptors for independent origin
unambiguously points to existence of their common tar-
get as an IgA-dependent effector mechanism.
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BINDING SITES OF PATHOGEN PROTEINS
IN IgA MOLECULE

Similarity of the spectra of recognized ligands in all
three structural types of considered IgA receptors
(GAS M-proteins, GBS B-antigen, and SSL proteins of
staphylococci) substantiates relevancy to the question
about localization of their recognition sites in the IgA
molecule. In consideration of independent origin of all
three types of receptors, the grouping of the sites for their
binding on ligand surface may be evidence of the func-
tional importance of this region with respect to transmis-
sion of a signal about antigen recognition from
immunoglobulin to the effector system.

The activation of phagocytosis and the respiratory
burst of neutrophils through the surface receptor CD89
have been considered up to now as the only known IgA-
dependent effector system of target elimination [61-63].
Therefore, the question about the competition for IgA
binding to CD89 has arisen from the very beginning of
research for the mapping of the sites of binding to bacte-
rial receptors.

The main contribution to the mapping of the sites of
recognition of bacterial receptors on the IgA surface was
made in works [46, 64, 65]. The authors used the system
of recombinant expression of the genes of monoclonal
human antibodies against NIP hapten in CHO cells of
Chinese hamster. This system up to now has been the only
tool for preparative purification of immune complexes of
monoclonal human IgA. It permits the study of the struc-
ture—function organization of immunoglobulins by the
method of site-directed mutagenesis and molecular
hybrids. CHO cells transfected by expression construc-
tion with the CD&9 gene (human FeaR (receptor specific
for Fc-superdomain of IgA)) and human neutrophils
purified from donor blood were a test system for estima-
tion of efficiency of the binding of recombinant IgA
derivatives with endogenous receptor. The efficiency of
binding of exogenous bacterial receptors was assessed by
the ability to suppress the binding of mutant IgA deriva-
tives to the surface CD89 in competitive test. It should be
noted that all experiments were performed with the
immune complexes of monoclonal IgA with the NIP
hapten.

The following hypothesis was verified in the first
stage of work. Since the CD89 binding region in the IgA
molecule coincided with the binding site of staphylococ-
cal protein A in the IgG3 molecule. The latter pair was
chosen because the protein A—IgG3 complex was shown
to have a high-resolution spatial structure. The analysis of
this structure showed that the most energy for the binding
to protein A is provided by two destructured IgG regions,
three and four amino acid residues, localized in domains
Cy2 and Cy3, respectively. The comparison of IgA and
IgG spatial structures revealed that homologous regions
were present also in the IgA molecule and corresponded

BIOCHEMISTRY (Moscow) Vol. 74 No. 1 2009

to Leu257-Gly259 in Ca2 and to Pro440-Phe443 in Cal3.
Each of the residues in the above blocks was in turn
replaced by Arg. As a result, it was established that five out
of the seven tested residues were necessary for the inter-
action with CD89. Substitutions GIly259Arg and
Pro440Arg had no effect on the binding to receptor.

The same model was used for the study of the struc-
tural bases of IgA species specificity. Comparison of
human and mouse IgA sequences has shown that mouse
IgA, which do not recognize human CD89, differ from
human immunoglobulins only in two residues in the same
loops that in the previous experiment. Based on this
observation, the authors obtained human IgA1 with point
substitutions of L441A and M442N simulating mouse
antibodies. This mutant protein also completely lost the
ability for binding to human CD&9.

In a third experiment, for assessment of contribution
of domains Ca2 and Ca.3 to the binding with endogenous
receptor, hybrid antibodies against NIP were constructed
with replacement of some of the IgA domains by IgG
domains, e.g. y1y2a3 and a.1a2y3. Analysis of the proper-
ties of these hybrid antibodies showed that none of them
was able to bind to the CD89 receptor. This is evidence of
the key role of both domains in formation of a complex
with the receptor.

Taking into account the data on location of the sites
of IgA and CD89 interaction, it was possible to map also
the sites of IgA binding with the receptors of streptococci
and staphylococci [46]. The contribution of IgA domains
Ca2 and Ca3 with IgA-binding proteins was analyzed
using the same chimeric IgA/IgG as in the previous
experiment, namely y1y2a3 (constant domains Cyl, Cy2,
Ca3) and ala2y3 (constant domains Cal, Ca2, Cy3).
The ability of the proteins to bind with the three natural
IgA receptors from streptococcus and IgA-binding Sap
peptide was assessed by ELISA [65].

Since the full-size Sir22 is equally able to bind both
IgA and IgG, hybrid antibodies cannot give an unam-
biguous result on the mapping of binding sites of this pro-
tein. Therefore, a synthetic analog of the IgA-binding
domain of Sir22 (Sap peptide) was employed in the
experiment along with the latter. Other proteins, for
which IgG is not a ligand (Arp4 and B-antigen), have
been used only as full-size recombinant products.

A high affinity towards yly2a3 antibodies was estab-
lished for all three IgA-binding molecules, slightly less
than towards the wild type IgA1l. On the contrary, ala2y3
was incapable of binding. Thus, one can conclude that
the energy for IgA binding with exogenous receptors is
mostly provided by domain Ca3. However, this does not
exclude completely the role of domain Ca2, because the
spatial structures of domains Cy2 and Ca2 are much of
the same type and, probably, Cy2 to a certain extent can
functionally substitute for Ca.2 in the course of binding.

Point mutagenesis allowed characterization of the
sites of IgA binding to streptococcus receptors in more
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detail (Arp4, Sir22, B-antigen, and Sap peptide were
studied). It was shown that maintenance of the amino
acid sequence of loop Pro-Leu-Ala-Phe (440-443) on the
surface of Ca3-domain was more critical for the binding
with bacterial receptors compared with that in loop Leu-
Leu-Gly in the Ca2-domain (residues 257-259). The
equilibrium constant of IgA binding with the bacterial
receptors, measured by indirect ELISA, increased 30-100
times on substitutions in loop 440-443 and only 3 times
on substitutions in loop 257-259. Point substitutions
Leu257 and Pro440 made approximately equal contribu-
tions to the interaction with all types of receptors. Phe443
also made a certain contribution to the interaction with
Arp4 and Sir22 but was insignificant for the binding to -
antigen.

Thus, it has been established that the site of binding
with CD89 in the IgA molecule is represented by two
blocks of amino acids located in the spatially close loops
of domains CH2 and CH3. The sites of streptococcal
receptors and Sap peptide are located almost identically,
partially overlapping the site for CD89, which preferen-
tially captures the loop of domain CH3.

The experimental data showed that all of the studied
streptococcal IgA-binding proteins effectively block the
interaction of antibodies with CD89. Thus, it can be sug-
gested that this mechanism is realized also in vivo, there-
by canceling the effector functions mediated by IgA.

Based on X-ray structure analysis [66], the site of
interaction with the staphylococcal protein SSL7 in the
IgA molecule was found to be more similar to the site for
FcaRI than to streptococcal proteins. SSL7 directly
interacts also with residues Leu257-Leu258 in domain
Ca2 and with the Pro-Leu-Ala-Phe loop (440-443) in
domain Ca.3. This conclusion is particularly unexpected,
because all three groups of bacterial IgA receptors have
different secondary specificity to the binding site.
GAS M-like proteins do not discriminate secretory and
serum IgA but have a strict specificity to the human IgA;
GBS pB-antigen recognizes only serum human IgA, and
SSL proteins interact with the serum and secretory IgA of
human and other mammals with equal efficiency.

Hence, it can be stated that all three structurally
unrelated groups of IgA receptors of streptococci and St.
aureus, due to functional convergence, are aimed at
recognition of the same structural element of IgA, occu-
pying a small part of its vast surface. What makes this ele-
ment unique, differentiating it from many other loops
and elements of IgA secondary structure?

We suppose just in this point adjacent to the contact
surface of domains CH2 and CH3, there is a place of a
conformational shift induced by antigen binding in the
active site of IgA. Thus, both CD89 and the exogenous
receptors of pathogens located in this but no other point
of IgA surface can differentiate free IgA from their com-
plexes with the antigen. However, unfortunately, the
authors of the published works did not perform the neces-

sary controls for testing of this assumption. None of them
compared the affinity of IgA receptors to free
immunoglobulins and their complexes with the antigen.

Since all the above mentioned bacterial IgA-binding
proteins are multifunctional receptors and, along with
IgA, bind the complement components, it can be suggest-
ed that the complement and the IgA-dependent effector
system of target destruction are concurrently operating
systems, each capable of elimination of a pathogen on its
own. Thus, a pathogen must suppress both of these sys-
tems in order to survive. It seems that this hypothetical
IgA-dependent mechanism is based both on CD89 and
on other, yet unidentified receptors recognizing the same
site on the IgA surface. However, it is beyond question
that the effective operation of such a system is possible
only subject to discrimination of free IgA from the IgA
complexes with antigen. Activation of phagocytosis or
respiratory burst in neutrophils by free IgA, independent
of the presence of antigen in an organism, not only would
not promote protection from infection but would
inevitably lead to a severe autoimmune affection of its
own tissues and organs. Since the dependence of IgA
CD89 activation on the presence of antigen has not yet
been proved, we suggest the possibility of existence of
alternative CD89 receptors that can react only to the
immune IgA complexes but not to free antibodies of this
class.

This review has been prepared in the framework of a
grant of the President of the Russian Federation for sup-
port of young Russian scientists (MD-866.2008.4).
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