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Abstract—Proteins capable of non-immune binding of immunoglobulins G (IgG) of various mammalian species, i.e. with-
out the involvement of the antigen-binding sites of the immunoglobulins, are widespread in bacteria. These proteins are
located on the surface of bacterial cells and help them to evade the host’s immune response due to protection against the
action of complement and to decrease in phagocytosis. This review summarizes data on the structure of immunoglobulin-
binding proteins (IBP) and their complexes with IgG. Common and distinctive structural features of IBPs of gram-positive
bacteria (staphylococci, streptococci, peptostreptococci) are discussed. Conditions for IBP expression by bacteria and their
functional heterogeneity are considered. Data on IBPs of gram-negative bacteria are presented.
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Studies on molecular mechanisms of the pathogen—
host interaction is one of the most important problems of
biology, immunology, and medicine underlying searches
for efficient agents for diagnosis, prevention, and treat-
ment of infectious diseases. At different stages of the
development of infection, a pathogen influences the
host’s defense systems using macromolecules with specif-
ic activities. Comparison of biological activities of these
macromolecules with their effects in the host’s body
allows us to characterize these biopolymers as patho-
genicity factors. Proteins capable of non-immune binding
of immunoglobulins (Ig), i.e. without involvement of
their antigen-binding sites, are important factors of patho-
genicity of bacteria. Such non-immune binding of
immunoglobulins with bacterial cells through immuno-
globulin-binding proteins (IBP) is believed to protect

Abbreviations: Cy, heavy chain constant region domain; Fab,
antigen-binding fragment of Ig; Fc, crystallizable fragment of
Ig; GAS, group A streptococci; GCS, group C streptococci;
GGS, group G streptococci; IBP, immunoglobulin-binding
protein; Ig, immunoglobulin; PpL, peptostreptococcal protein
L; PsaA, pH-6 antigen; Sbi, second IBP of staphylococci; Sib,
second IBP of group A streptococci; Skp, chaperon protein;
SpA, staphylococcal protein A; SpG, protein G of group C and
G streptococci; SSL, staphylococcal superantigen-like protein;
Vy, heavy chain variable region domain; V|, light chain variable
region domain.
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bacteria against the action of complement [1, 2] and to
decrease the opsonization and phagocytosis that, as a
result, allows the microorganisms to evade the influence
of the protective factors of the host’s body [1-3].

IBPs of bacteria form a large group of proteins dif-
ferent in location in microorganisms, in molecular struc-
ture, and in binding properties. These proteins are found
on the surface of bacterial cells, in the capsule, and in the
culture medium [1, 2]. Molecular weights of IBPs vary
from 20 to 350 kDa [3-15]. Among IBPs there are both
monomers and oligomers. Moreover, IBPs are different in
affinity for human and animal immunoglobulins of differ-
ent classes and subclasses and can also be different in
binding sites on the Ig molecule [4-7]. Many known IBPs
are multifunctional. They can interact with different pro-
teins of human and animal blood serum and also directly
with immunocompetent cells of the macroorganism [16-
20]. As a tool for influencing the host’s immune system, a
bacterial cell can concurrently possess several IBPs differ-
ent in structure and functions [8-10]. The expression of
IBPs in bacteria depends on the growth conditions and
composition of the nutrient medium. Some strains of the
same bacterial species display a variable expression of
IBPs during laboratory passages or form cell populations
different in contents and structure of IBPs [14, 15].

Information about IBPs of staphylococci and strep-
tococci has been summarized in some reviews published
in 1987-1998 [21-23]. Data on these proteins are also

295



296

presented in separate sections in reviews describing viru-
lence mechanisms of pathogenic gram-positive cocci [24,
25]. Recently a review was published in Russian as well an
English that discussed the structure and properties of pro-
teins of gram-positive bacteria interacting with IgA [26].

We summarize here the available data on IgG-bind-
ing bacterial proteins. The main attention is paid to the
structure of IBPs and their complexes with immunoglob-
ulins, and less attention is paid to problems associated
with their functional properties and biological activities.
For the first time we present the literature data on IBPs of
gram-negative bacteria.

IBPs OF GRAM-POSITIVE BACTERIA

Starting from the 1950s, abundant experimental
material has been accumulated about the structure and
functional properties of IBPs of gram-positive bacteria
and also about mechanisms of their interaction with Ig.
IBPs of staphylococci and streptococci of groups A, C,
and G, and of peptococci are now rather well studied.
Based on the ability of IBPs of gram-positive bacteria to
bind human and animal IgG, these proteins are subdivid-
ed into several functional types (Table 1) [27]. Protein A
(SpA) of staphylococcus, M-proteins and protein G
(SpG) of streptococci (the best known IBPs) are assigned
to types I-111, respectively. All IBPs of gram-positive bac-
teria except for protein L (PpL) bind with the Fc-frag-
ment of the IgG molecule [22]. Despite similar specifici-
ty of binding, M-proteins, SpA, and SpG have different
primary structures and are thought to be a result of con-
vergent evolution of proteins of different species of patho-
genic bacteria [28].

Table 1. Classification of IBPs based on their binding
with human and animal IgG

Functional types of IBPs

Source of IgG (Fc-receptors)

I I1 11

Human
Rabbit
Guinea pig
Dog

Cat

Horse - —
Pig + +
Sheep - -

+
+ + 4

+ o+ + o+

Cow — —
Chicken — — —
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Fig. 1. Structure of IBP molecule. The sorting signal includes the
LPXTG motif (a), the hydrophobic region (b), and a positively
charged region (c).

The structure of all IBPs located on the surface of
gram-negative bacteria is characterized by the presence in
the molecule of three different regions: the N-terminal
region containing the signaling peptide responsible for
the translocation of the protein across the cytoplasmic
membrane and then detached; the functional region con-
sisting of several domains that determine the functional
activity of the protein; and the C-terminal region denot-
ed as a sorting signal responsible for anchoring of the pro-
tein in the cell wall (Fig. 1) [25].

The functional regions of IBPs are constructed on a
single principle: they contain polypeptide repeats of one
or several types. Highly homologous repeats of the same
type can be organized as tandems. The number of repeats
in IBP molecules can vary and determine the protein het-
erogeneity in molecular weight and functional activity.
Structures of individual Ig-binding domains SpA, SpG,
and PpL and their complexes with IgG molecule have
been established by X-ray crystallographic analysis and
NMR spectroscopy [29-32].

The C-terminal regions of IBPs are highly homolo-
gous and contain a conservative fragment (the LPXTG
motif) followed by a hydrophobic domain and a region
that preferentially includes positively charged amino acid
residues (the charged tail) (Fig. 1) [33, 34]. On the exam-
ple of C-terminal region of the SpA of staphylococci, it
was shown that separate fragments of the sorting polypep-
tide affect the protein fastening on the cell surface (Fig.
1). The full-size SpA was found only fastened in the cell
envelope. To separate it from the bacterial surface, the
cells must be treated with enzymes hydrolyzing peptide
bonds in peptidoglycan (e.g. with lysostaphin). The
LPXTG motif is directly involved in formation of a cova-
lent bond with peptidoglycan of the bacteria cells enve-
lope. Removal of this motif with retention of other frag-
ments of the sorting signal results in the protein staying in
the bacterial membrane [35]. To isolate this protein, the
bacterial cells are treated with ionic detergents (e.g.
SDS). The loss of the charged tail or of the charged tail
together with hydrophobic fragments or of the whole
sorting polypeptide results in the secretion of the protein
into the medium.

Some IBPs, e.g. SpA, SpG, and PpL and their deriv-
atives, are now used in medicine and are commercial
preparations [22, 36-38]. Due to their high affinity for a
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wide spectrum of immunoglobulins, IBPs are used in test
systems for immune diagnosis and also as components of
sorbents in the treatment of patients who need autoanti-
bodies, immune complexes, or immunoglobulins to be
removed.

IBPs of staphylococci. In 1958 Jensen observed that
some strains of Staphylococcus aureus can precipitate
immunoglobulins of human and animal non-immune
sera [39]. Later the IgG precipitation was shown to be
caused by the binding of SpA on the surface of staphylo-
cocci with the Fc-fragment of the immunoglobulins [40].
Due to this work, SpA was identified as the first protein
binding human IgG in a non-immune manner.

According to data of electron microscopy, SpA is
located in the outer layer of the cell wall of S. aureus and
is evenly distributed on the cell surface [41]. SpA can be
isolated from the cell with enzymes splitting the peptido-
glycan layer. In this case, SpA contains a small amount of
hexosamine that suggests its binding with peptidoglycan
in the cell wall of staphylococci. SpA can be also found in
the culture medium when the bacteria are cultured on a
liquid nutrient medium [42]. Thus, SpA can be expressed
in cells both in fastened in the cell wall and in extracellu-
lar forms. The two forms of the protein have similar
physicochemical characteristics and immunochemical
properties [43, 44].

The location and expression of SpA in the cell
depend on the medium of the staphylococcus growth and
on the bacterial strain. The presence in the medium of
mannitol or sodium chloride at the concentration of 7.5%
inhibits biosynthesis of SpA [45, 46]. However, a high
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yield of SpA is observed when staphylococci are cultured
in the presence of blood or blood serum [45, 46]. All
coagulase-positive strains of staphylococci simultaneous-
ly synthesize two forms of the protein, whereas strains
unable to produce coagulase do not contain SpA [42].
Strains of staphylococci resistant to neomycin produce
more SpA than the strains resistant to meticillin [47-49].

Strains of S. aureus are different not only in the
amount of expressed SpA but also in its structure and
functional activity. Analysis of SpA from 12 serologically
different strains by SDS-PAGE and by Western-blotting
revealed seven protein variants with molecular weights of
45-57 kDa. These SpA variants were different in structure
according to data of peptide mapping and also in func-
tional activity [50].

SpA proteins are highly resistant to denaturing fac-
tors. They are thermostable, resistant to a wide range of
pH (1-12), and are not destroyed by trypsin [43, 51].
Optical spectroscopy shows that 50% o-helical and 10-
20% B-sheet structure is present in SpA [52]. The SpA
molecule structure is typical for IBPs of gram-positive
bacteria. The molecule includes a signaling sequence (S-
region) [53], five highly homologous IgG-binding
domains (E, D, A, B, and C) each consisting of 58-62
amino acid residues [54, 55], and a C-terminal part (XM)
containing 150 amino acid residues. The primary and
secondary structures of this C-terminal part, which fas-
tens the SpA molecule in the cell wall, determine its sig-
nificant difference from the five functionally active
domains [56, 57] (Fig. 2a). SpA can lack one of the IgG-
binding domains and/or some parts of the C-terminal

Fig. 2. Structure of the SpA molecule of staphylococcus. a) Scheme of SpA structure. S is signaling sequence; D, E, A, B, and C are I1gG-
binding domains; XM is the region fastening the SpA molecule in the cell wall. b) Spatial structure of the Ig-binding E-domain of SpA (PDB-

code ledi). The picture was prepared using the VMD 1.8.7 program.
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region responsible for the protein fastening in the cell wall
[58]. This explains the heterogeneity of SpA in molecular
weight and properties.

Ig-binding domains of SpA are highly hydrophilic,
resistant to proteolytic enzymes, and lack cysteine
residues. Each of these five domains of SpA consists of
three tightly packed antiparallel a-helices (Fig. 2b) [59].
The spatial structure of the domain is stabilized by
hydrophobic interactions between the a-helices.

SpA interacts with human and animal immunoglob-
ulins but the affinity for different Ig subclasses of the same
species can be different (Table 2). The binding is strong
between SpA and human subclasses IgG1, IgG2, and
IgG4, whereas interaction with IgG3 is virtually absent
[65]. In the case of mouse IgG, SpA strongly interacts
with IgG2a, IgG2b, and IgG3, but binds weakly or does
not react at all with IgG1 [69, 70]. SpA can also bind with
other classes of Ig: IgM, IgA, and IgE. The binding sites
with SpA are located on Fc- and Fab-fragments (outside
the antigen-binding sites) of the Ig molecule [71].

The majority of S. aureus strains demonstrate IgG-
binding activity, which was earlier believed to be only due
to expression of SpA. However, recent genetic studies
have revealed that S. aureus possesses another gene
encoding the IgG-binding protein [72]. The full gene
(sbi) encoding this protein (Sbi) has been cloned and
sequenced [73]. Protein Sbi consists of 436 amino acids
and demonstrates Ig-binding specificity similar to that of
SpA. Moreover, Sbi is positively charged.

The functional region of the Sbi molecule consists of
four domains (I-1V). Sbi can precipitate human IgG via
interaction of two N-terminal domains of the protein (I
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and IT) with the Fc-fragment of IgG [74]. These domains,
Sbi I and Sbi II, are formed by three a-helices and are
rather homologous in structure with the Ig-binding
domains of SpA. Note that the highest homology was
observed in the regions of these domains of the two pro-
teins, which are involved in the binding with the Fc-frag-
ment of IgG [75]. Seven of 11 amino acids of the B
domain of SpA involved in the binding with IgG were
identical to amino acids in the Ig-binding domains of Sbi.
Similarly to many other IBPs, Sbi is multifunctional and
can bind not only IgG but also other serum proteins. It
binds the C3 component of complement through the Sbi
III and Sbi IV domains and thus stimulates complement
activation through the alternative pathway [76]. Sbi does
not have the anchor sequence LPXTG, which is typical
for proteins of the cell envelope of gram-positive bacteria.
But S. aureus does not release this protein into the medi-
um. The protein can be isolated by treatment of the cells
with an SDS-containing buffer [73]. Therefore, it was
suggested that Sbi should be located in the bacterial
membrane similarly to mutant forms of SpA that lost the
LPXTG motif in the sorting signaling peptide.

Two staphylococcal proteins, IsaB [77] and SSL10
[78], were recently shown to also have Ig-binding activi-
ty. The immunodominant protein IsaB of S. aureus was
shown to interact with human IgM and IgG. SSL10 is a
member of the family of staphylococcal superantigen-like
(SSL) proteins, which are structurally similar to the toxin
TSST1 and enterotoxins of staphylococci but lack the
superantigenic activity inherent in these proteins. The
homology of amino acid sequences among 14 proteins of
this family is 36-67%. The function and role of the major-

Table 2. Characteristics of the best studied IBPs of gram-positive bacteria

Func- K, M™! Number
IBP M, kDa| tional of Ig-
type human mouse rat goat rabbit | binding
domains
216 1gG1 1gG2 I1gG3 1G4
SpA 41-57 1 4.410"° | 1.3-10° | 2.1-10° n/b 3.410° | 2.6:10" | 1.8-107 n/b 5.2:10'° 4-5
[50] [65] [54, 58]
Protein | 42.5 Ila 1.6:10° — — - — — - - 2
H (M- | [60, 61] [66] [68]
protein
family)
SpG 63 111 6.7-10" | 2.0-10° | 3.1-10° | 6.1-10° | 4.7-10° | 4.2:10"° | 1.4-10° | 1.4-10' | 7.0-10'"° 2-3
[62] [65] [68]
PpL 76-106 does 1.5-10° - - - — — — - 4-5
[63, 64] | not bind [67] [68]
1gG Fc-
frag-
ment

Note: K, binding constant with IgG; n/b, no binding.
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ity of these proteins in pathogenesis of staphylococcal
infection are unknown. SSL is characterized by the pres-
ence in the molecule of an N-terminal globular domain
with P-barrel structure (the so-called “OB-fold”
domain), which binds oligonucleotides or oligosaccha-
rides; however, this domain is also shown to display pro-
tein-binding and enzymatic activities. In the molecule
this domain is bound with the C-terminal domain, which
has some common structural features with molecules of
the staphylococcal superantigen.

SSL10 specifically binds IgG and inhibits the inter-
action between IgG and Clg-component of the comple-
ment that inhibits complement activation through the
classical pathway. This protein contains a carbohydrate-
binding domain, but the carbohydrate chains of the Ig
molecule are not involved in its binding with IgG. The
SSL10 binding site on the IgG molecule is still undeter-
mined. Therefore, information is of interest about the
high homology of SSL10 and SSL7, which also binds Ig
independently of carbohydrates, but IgA and not IgG,
and interacts with the IgA Fc-fragment in the region of
contact of the Ca,/Ca;-domains through the “OB-fold”
domain [79].

IBPs of group A streptococci. Human streptococcal
infections are mainly associated with group A bacteria.
The majority of known IBPs of group A streptococci
(GAS) are M-proteins (from “mucoid” because colonies
of M-positive strains have a mucoid consistency). These
proteins were and still remain subject to intensive studies
first of all because they are an important factor of the
GAS virulence and a possible vaccine against streptococ-
cal infections.

M-Proteins form a superfamily of proteins different
in structure and functional properties. This superfamily
includes three families of related proteins: Emm (classes I
and II), Mrp (FcrA), and Enn. Genes encoding M-pro-
teins form a regulon the transcription of which is con-
trolled by the positive regulator mga. Mga-regulons of dif-
ferent GAS strains can include one, two, or all three fam-
ilies of M-genes, although the gene emm is always present.
Based on the low expression of the enn genes in bacteria,
it was suggested that they act mainly as reservoirs of
sequences for recombination with the mrp and emm
genes. No doubt, some unusual “mosaic” Enn-proteins
including protein H, Enn 5.813, and Enn 64/14 (they all
can bind IgG) are results of recombination of the emm
and enn genes [25].

IBPs were found among M-proteins of all the three
families. And virtually all studied Emm proteins (class
IT), Mrp, and Enn bind immunoglobulins. Recombinant
Enn-proteins expressed in FEsherichia coli can usually
bind IgA [80].

In the current literature, proteins of the M-protein
superfamily are traditionally subdivided into M-proteins
and M-like proteins based on manifestations of their
antiphagocytic activity. But new data on this activity in
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M-proteins contradict this classification, and it seems
reasonable to revise it [81, 82]. Therefore, this classifica-
tion is not used in the present review.

According to data of electron microscopy, M-pro-
teins are located on the microbial cell surface where they
form structures similar to pili and fimbria of gram-nega-
tive bacteria [83]. M-Proteins are fibrillar proteins, and
their molecules are dimers consisting of two long coiled-
coil a-helices. This spatial structure of M-proteins is due
to penetrating through nearly the whole amino acid
sequence of their molecule of a repeating motif of seven
amino acids with nonpolar first and fourth ones. This
promotes the exposition of hydrophobic amino acids on
the outer side of the a-helix, which serves as a surface for
dimerization and is typical for the coiled-coil a-helix
conformation [83, 84]. Seven-membered repeats are also
found in highly variable N-terminal domains, but their
distribution is not always optimal.

Cloning and sequencing of genes encoding various
M-proteins have shown that their primary structure con-
sists of several types (A-D) of polypeptide repeats organ-
ized in tandems (Fig. 3). The N-terminal region denomi-
nated as the region of A-repeats is a hypervariable part of
the molecule and determines serotypic differences among
M-proteins. Among M-proteins of three different families,
the N-terminal region of Emmproteins displays the great-
est variability. The central region (region of B-repeats) is
also variable in individual serotypes [84], whereas the
region of C-repeats contains a conservative sequence that
is common in all serotypes [85, 86]. Similarly to the major-
ity of surface proteins of gram-positive bacteria, the C-ter-
minal region of the M-protein contains an anchor region
(sorting signal) responsible for the protein fastening in the
cell envelope [33, 86]. The size and number of repeats can
vary within the amino acid sequence of M-proteins. Thus,
as discriminated from the Emm and Enn proteins, conser-
vative C-repeats can be absent in the Mrp-proteins.
Instead of such repeats, these proteins have in a central
region of the molecule other type repeats with IgG-bind-
ing sites presumably located on them [8]. The difference
among M-proteins, including those with the same
serotype, depends on the number of repeating units in the
regions of A- and B-repeats [84]. Based on specific anti-

Sorting
signal

—_——P———————

hypervariable variable conservative
region region region

A1-A2-A3-A4-AS | B1-B2-B3-B4 | C1-C2-C3 | D1-D2-D3-D4

Fig. 3. Structure of M-proteins of group A streptococci. The pro-
tein molecule consists of four regions of repeated polypeptides
(A-D) and sorting signal responsible for protein fastening in the
bacterial cell wall.



300

SIDORIN, SOLOV’EVA

Table 3. IgG-binding profiles of different IBPs of functional type II

IBP subtype
IgG
Ila 1Ib Ilc Ilo IT'o
Human IgG1 + - + + +
Human IgG2 + — — + +
Human IgG3 — + — + +
Human IgG4 + - + + +
Rabbit IgG + — + + +
Swine IgG + — + + —
Horse IgG + - + + -

genic features of M-proteins, >80 M-serovars of GAS
have been identified, and with a few exceptions each of
them contains a single M-protein variant.

The M-proteins capable of binding IgG have func-
tional type II. But within this type the proteins are notice-
ably different in IgG-binding activity. Therefore, based
on their ability to bind different subclasses of human and
animal IgG, the type II proteins were subdivided into five
subtypes (Ilo, II'o, Ila, IIb, and Ilc) (Table 3) [5]. Like
the majority of IBPs, M-proteins are multifunctional.
Each repeat type, except those located in the region
responsible for the protein fastening to the cell envelope,
is capable of binding different proteins of blood plasma:
IgA [87-89], albumin [60, 90, 91], fibrinogen [8, 61, 90,
91], kininogens [92], the C4BP protein [93, 94].

Because some of M-proteins interact with human
IgG1, IgG2, and IgG4 (subtype Ila), whereas other M-
proteins bind only IgG3 (subtype IIb) or all four human
IgG subclasses (subtype I1o), it was supposed that two or
more IgG-binding sites should exist on molecules of M-
proteins [95]. This hypothesis was confirmed by studies
on H proteins (Enn family) and on M1 proteins (family
Emm I), which are assigned, respectively, to subtypes Ila
and IIb. These proteins were shown to differ in the pri-

Protein H A B] C1] C2] c3 D

Protein M1 A B1] B2 S | C1 C2)C3 D

Fig. 4. Structure of M-proteins H and M 1. The proteins are bound
with the bacterial cell wall and the membrane by the C-terminal
region D. Regions A, A and B, and C1-C3 of the protein H mol-
ecule are binding sites of fibronectin, IgG, and albumin, respec-
tively. Regions A-B3, S, and C1-C3 of the protein M1 molecule
bind fibrinogen, IgG, and albumin, respectively.

mary structure of the binding sites and in their localiza-
tion in the molecule (Fig. 4).

Protein H has two IgG-binding sites in the A and B
regions located immediately on the N-terminus of the
molecule, whereas the only IgG-binding site of the M1
protein in the S region is located approximately in the
middle of the molecule. IBPs of the Mrp family were
shown to have a region of the polypeptide chain homolo-
gous to fragments from the IgG-binding regions (A, B) of
protein H, and therefore these regions could be identified
as the binding site(s) of IgG1, IgG2, and IgG4, and Mrp-
proteins were assigned to subtype Ila [60]. The protein
Arp4 (Emm II family) similarly to protein M1 can bind
only human IgG3 and has a region in the molecule that is
homologous to the polypeptide fragment in the S-region
of protein M1 [8]. This polypeptide can be considered as
the binding site of human IgG3 (subtype I1Ib). Further
studies on the structure and functions of IBPs seem
promising for identification of IgG-binding sites of M-
proteins of other IBPs of type II.

Strains of group A streptococci were recently shown to
express IBPs other that the M-superfamily proteins. These
IBPs called Sib can bind all subclasses of human IgG, its
Fc- and Fab-fragments, and also IgA and IgM [16]. They
are encoded by genes not belonging to the Mga-regulon.
The Sib molecules do not contain regions of polypeptide
repeats that are specific for the M-proteins and do not have
a structural homology with M-proteins. However, similar-
ly to M-proteins, the N-terminal sequences of Sib involved
in the binding of immunoglobulins have a-helical struc-
ture. Sib are located on the cell surface and are partially
released into the culture medium. They do not have an
anchor possessing the LPXTG-motif, which is necessary
for the protein fastening in the cell wall of bacteria [96].

IBPs of C and G group streptococci. In 1977 Myhre
and Kronwall showed that streptococci of groups C and G
(GCS and GGS) have type III IgG-binding activity
(Table 1) [27]. The first IBP isolated from these bacteria
was SpG [7, 97, 98], which could bind all four subclasses
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of human and animal IgG (Table 2). SpG also interacts
with albumin, kininogen, and the universal inhibitor of
proteases o,-macroglobulin [18, 99].

Although SpG and related proteins possess ligand-
binding abilities similar to those of M-proteins of group A
streptococci, their structure is different of that of M-pro-
teins. Genes encoding SpG have been isolated and
sequenced from various strains of the C and G group
streptococci [62, 100-103], and this helped to establish the
structure of these proteins (Fig. 5a). SpG molecules
expressed on the bacterial surface contain repeating
domains capable of binding immunoglobulins and serum
albumin of various animals [104]. IgG-binding domains
are located in the molecule nearer to the C-terminus, and
a peptide fragment separates them from domains located
in the N-terminal region and capable of binding albumin
(GA-modules) (Fig. 5a). The total number of domains in
the molecule can vary depending on the strain from which
the protein was isolated. GA-modules are not present in
all SpGs prepared from human clinical isolates [103, 105,
106]. Similarly to the majority of superficially expressed
proteins of gram-positive bacteria, the C-terminal region
of the SpG molecule has a fragment responsible for the
fastening of the protein in the cell wall [62] (Fig. 5a). The
IgG-binding SpG domains consist of approximately 55
amino acid residues packed as a 3-sheet, which is built of
two antiparallel and two parallel B-strands with the a-
helix situated along its diagonal [107-110] (Fig. 5b).

Albumin-

Immunoglobulin-
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In the mid-1990s SpG-like proteins were identified in
some species of human and bovine streptococci of the C
and G groups, such as S. dysgalactiae (proteins MIG and
MAG) [19, 111, 112], S. zooepidemicus (now called S. equi
subsp. zooepidemicus) (ZAG-protein) [113]. Similarly to
SpG, the proteins MIG, MAG, and ZAG are IBPs of
functional type I1I and can bind with the Fc- and Fab-frag-
ments of the IgG molecule. Proteins SpG, MIG, MAG,
and ZAG contain some highly homologous (70-100%
homology of amino acid sequences) Ig-binding domains,
the number of which varies from one domain in MAG to
five domains in MIG. Similarly to SpG, these three pro-
teins can bind o,-macroglobulin but only within its com-
plex with protease, whereas MAG and ZAG also bind
albumin. The interaction with o,-macroglobulin occurs
through the variable N-terminal domains unique for MIG,
MAG, and ZAG (homology of amino acid sequences in
these domains is 10-30%). In SpG molecules the location
of a,,-macroclobulin-binding domains is not established.

In addition to SpG and SpG-like proteins, clinical
isolates GCS and GGS also contain such IBPs as FOG,
Dem A, Dem B, and FgBP of the family of M-proteins
found in GAS [114-116]. These proteins have Ig-binding
properties similar to those of IBPs of the group A strepto-
cocci of functional subtype Ila and bind only the Fc-frag-
ment of human IgG. These proteins have amino acid
sequences specific for the surface proteins of gram-posi-
tive bacteria, and their spatial structure, predicted by

binding region

B e

binding region

Fig. 5. Structure of SpG molecule of streptococci of C and G groups. a) Scheme of the SpG molecule. Ss, signaling peptide; A1-A3 and C1-
C3, albumin- and IgG-binding domains, respectively; (B1, B2) and (D1, D2) are regions of the polypeptide chain separating, respectively,
albumin- and IgG-binding domains; S, region of the polypeptide chain separating functionally different regions; W, fragment fastening the
protein in the cell wall. b) The spatial structure of the IgG-binding domain of SpG (GB3) (PDB-code 1p7f). The picture was prepared using
the VMD 1.8.7 program.
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computer analysis, contains coiled-coil a-helices and is
typical for M-proteins.

IBPs of Peptostreptococcus magnus (now called
Finegoldia magna). The gram-positive anaerobic micro-
organism P. magnus is a common human symbiote that
can also cause such diseases as vaginitis and urethritis.
Approximately 10% of clinical isolates of P. magnus
express on the surface a unique IBP that manifests an
unusual ability to bind variable parts of light chains of the
k-type IgG, the protein PpL (Table 2) [4, 67, 117-119].
Although this binding occurs near to the antigen-binding
site of the IgG molecule, it does not include hypervari-
able regions of antibodies involved in the immune recog-
nition (binding) of the antigen. This unusual binding
specificity allows PpL to bind antibodies of any subclass,
and this determines the great interest in this molecule as
a promising tool for isolation and study of IgG.

The ability of PpL to bind with the light chain of Ig
seems to be physiologically significant. The addition of P.
magnus strain 312 and also of the recombinant PpL to a
culture of human basophils stimulated the release of hist-
amines, whereas the addition of PpL-deficient strains
failed to cause such effect [20]. This effect is supposed to
be to the PpL binding with IgE, which is present on mem-
branes of this type of cells and can occur in the host’s
body determining the role of PpL in pathogenesis of
infection induced by P. magnus.

Similarly to the majority of surface proteins of gram-
positive bacteria, PpL is bound with the cell wall through
the C-terminal region. Similarly to SpA and SpG, PpL

a

S

J '
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has a domain structure (Fig. 6a). The number of domains
in the molecule can differ in proteins isolated from differ-
ent strains [63, 64, 120]. Depending on the strain express-
ing the protein, the molecular weight of PpL is 76-106
kDa and it contains four or five highly homologous suc-
cessively located Ig-binding domains. Moreover, the PpL
molecule has repeating domains with unknown functions
and can include albuminbinding domains similar to GA-
modules of SpG [63, 64].

The threedimensional structure of domains binding
the light chain of IgG has been determined by NMR
spectroscopy and X-ray crystallographic analysis [121,
122]. Studies on the structure have revealed that the
domain consists of a -sheet formed by four B-strands
and a central a-helix (Fig. 6b) [123]. The domains are
stabilized by hydrophobic interactions and some hydro-
gen bonds, and their melting temperature is ~75°C [122,
124]. Despite the low homology of the amino acid
sequence, IgG-binding domains of PpL have structural
features common with the corresponding domains of
SpG (Fig. 6b), which bind IgG in the region of the Fc-
fragment of the heavy chain [121]. The main difference in
their structures is determined by orientation of the o-
helix respectively to the -strands forming the B-sheet: in
PpL it is nearly parallel to the B-strands, whereas in the
SpG it is located along the B-sheet diagonal.

Structure of IBP complexes with IgG. IBPs can bind
with different regions of the Ig molecule located in the
heavy and light chains of Ig. Structural characteristics of
the interaction between these proteins were determined

Fig. 6. Structure of the PpL molecule from P. magnus. a) Scheme of protein PpL. M, the region fastening the protein in the cell wall; the B1-
B5 domains bind the light chain of Ig; functions of the A- and S-fragments and of the C1 and C2 domains are unknown. b) Spatial structure
of the domain B1 binding the light chains of IgG molecule (PDB-code 1hz6). The picture was prepared using the VMD 1.8.7 program.
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based on results of studies of complexes of isolated Ig-
binding domains of IBPs with the Fc- and Fab-fragments
of Ig.

SpG binds with the polypeptide chain region con-
necting the second and third domains (Cy2 and Cy3) of
the heavy chain of human IgG Fc-fragment [110]. The
Fc-fragment region between the Cy2 and Cy3 domains is
also the SpA binding site [125]. The M-protein FgBP of
streptococci also interacts with this region of the horse
IgG Fc-fragment, and for complete binding both
domains are required [126]. Some residues included into
the binding sites of proteins SpA, SpG, and FgBP on the
Fc-fragment are common for these sites, and this explains
the competition of these proteins for binding with IgG.
Note that SSL7 interacting with IgA binds Fc also in the
region of contact of the Cy2 and Cy3 domains.

Thus, the junction region of the Cy2 and Cy3
domains of the heavy chain of the Ig Fc-fragments is a
target for IBPs independently of the structure of the pro-
teins, their bacterial source (staphylococci or streptococ-
ci), and also of the class (IgA or IgG) and species of Ig
(human, horse, etc.). Convergent evolution seemed to be
favorable for the arising of bacterial proteins capable of
binding the surface of the contact between the Cy2 and
Cy3 domains of IgA and IgG. Evolutionary reasons for
retention of such rather vulnerable sites on the surface of
Fc-fragments of Ig are thought to be complex and associ-
ated with their role as sites of interaction with the key
receptors of the host’s body [126].

On formation of the SpA complex with the Fc-frag-
ment, the binding with IgG involves residues of the sec-
ond and mainly of the first (N-terminal) a-helices of the
Ig-binding domain of SpA, whereas the third helix
untwists and takes an elongated conformation [75, 127].
The SpG residues involved in the binding of the Fc-frag-
ment of IgG are located in the C-terminal part of the o.-
helix, the N-terminal part of the third B-strand, and the
loop region connecting these two structural elements.
The a-helices of SpA and SpG in the complex with the
Fc-fragment were earlier supposed to occupy the same
position and thus to determine the competition of these
proteins for the binding sites on the Fc-fragment region
of IgG molecule. However, superposition of the two com-
plexes reveals that locations of the SpA and SpG a-
helices in complexes with the Fc-fragment do not coin-
cide, whereas the third B-strand in SpG is located
approximately in the same region as the first Fc-binding
a-helix of SpA, and this seems to induce the competition
of these proteins for binding with IgG [110].

The nature of intermolecular interactions stabilizing
IBP complexes with Fc-fragments can be different. Thus,
in the case of SpG the binding is mainly due to charged
and polar residues producing a complicated network of
hydrogen and ionic bonds, whereas the complex of the
Fc-fragment with SpA is mainly stabilized by hydropho-
bic interactions and some polar contacts. This is con-
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firmed by biochemical data that the binding of SpA and
SpG with IgG differently depends on pH [65]. Although
regions recognized on the Fc-fragment by three different
proteins (SpA, SpG, and FgBP) are noticeably over-
lapped, the binding sites of these proteins are markedly
different, which determines their different affinities and
specificities for IgG subclasses. Thus, SpG can bind more
IgG subclasses and with higher affinity than SpA (Table
2). Significant differences of these proteins in Ig-binding
activities were found by studies on their interaction with
horse IgG, which are characterized by an unusually high
number of subclasses [128].

SpA and SpG interact not only with Fc-fragments,
but also with Fab-fragments of IgG. The binding of SpA
with Fab-fragments involves the second and third o-
helices of IBPs and four -strands of the variable region
of the heavy chain (Vy) of Ig. The two interacting surfaces
are formed by polar amino acids. Comparison of crys-
talline structures of free Fab-fragment and its complex
with the Ig-binding domain of SpA has shown that the
SpA binding with Vi does not affect the Fab-fragment
conformation and therefore must not influence the avail-
ability of the antigen-binding site [129].

Similarly to SpA, SpG interacts with a region of the
Fab-fragment heavy chain, but its binding site is located
not in the variable but in the constant domain (Cyl). The
structure of the complex of the Ig-binding domain of SpG
with the Fab-fragment of IgG has been established by X-
ray crystallography [30, 32, 109]. On the formation of the
complex the a-helix of SpG does not interact with the
Fab-fragment. The binding involves two B-strands that
form an antiparallel $-sheet with the last B-strand of the
Cyl domain of the Fab-fragment.

Similarly to SpA of S. aureus, PpL of P. magnus binds
with variable regions of the Fab-fragment, but these
regions are located in the k-type light chains of IgG (V)
[118]. Studies on the crystal structure of the complex of
the Ig-binding domain of PpL with the Fab-fragment has
revealed in PpL two independent binding sites that inter-
act with two similar variable regions of the light chains but
with different affinities [130, 131]. The first site is located
on the second -strand and on the a-helix and the second
site includes amino acid residues from the third 3-strand
and a-helix, and these sites do not overlap, and they bind
with the V| -region with different affinities. In the crystal
of the complex, PpL is incorporated between the V|-
regions of two Fab-fragments. The second -strand of the
PpL domain interacts with the B-strand A of the first Fab-
fragment producing an intermolecular [3-sheet. A similar
type of the binding with production of an interprotein [3-
sheet occurs between the Fab-fragment and SpG mole-
cules. The third B-strand forms contacts mainly with 3-
strands A and B (as in the first interaction) of the second
Fab-fragment. The binding of both PpL and SpA with the
variable region of Ig does not influence the availability of
the antigen-binding site.
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Proteins capable of IgG binding in a non-immune
manner are also found in various species of gram-negative
bacteria of different genera, but information about them
is scarce and fragmentary. Studies on IBPs were often
performed on the level of whole cells, bacterial lysates,
and/or mixtures of outer membrane proteins. Individual
IBPs were isolated only from some species of bacteria,
and then some of their physicochemical and biological
properties could be studied.

In the majority of cases, IBPs of gram-negative bac-
teria are found in the cell envelope [6, 13, 132, 133], but
similarly to IBPs of gram-positive bacteria they can be
also found in the capsular material and in the cultural
medium [2, 9]. Thus, in some E. coli strains the IgG-
binding activity was due to surface proteins maximally
expressed in the stationary phase of the bacteria growth at
37°C [13]. In the case of Haemophilus somnus (now called
Histophilus somni) proteins interacting with bovine IgG
were isolated from the culture medium [9, 133]. Note that
bacteria can possess one or several IBPs, including ones
markedly different in molecular weight.

Among pathogenic bacteria of the Yersinia genus,
which cause in humans and animals some severe diseases,
only Y. pestis and Y. pseudotuberculosis have been shown
to have proteins capable of nonimmune binding with
IgG. IBP of Y. pestis, which is known as pH-6 antigen, or
PsaA, is a high molecular weight oligomer consisting of
subunits with the molecular weight of 15-16 kDa, which
forms pili on the surface of the plague microbe [134]. This
protein is thermostable and is rather resistant to proteas-
es and denaturing agents [12]. Similarly to the majority of
IBPs of gram-positive bacteria, PsaA has an isoelectric
point in the acidic region (p/ 5.8) but is differentiated by
a large fraction of -structured regions [135].

Two IBPs with molecular weights of 14.3 and 16.1 kDa
(IBP-14 and IBP-16, respectively) have been isolated
from cell envelopes of Y. pseudotuberculosis [136, 137].
IBP-14 is a thermostable hydrophilic protein with a high
index of polarity (55.3%). Circular dichroism spec-
troscopy assigns it to combined o/B-proteins. The other
protein from Y. pseudotuberculosis, IBP-16, was identified
as the chaperon protein OmpH/Skp that was earlier pre-
dicted based on analysis of the full genomic sequence of
Y. pseudotuberculosis [137]. According to the theoretical
model of the spatial structure obtained by comparative
modeling, the Skp molecule of Y. pseudotuberculosis
includes a compact mainly B-structured central domain
formed by the N- and C-terminal regions of the molecule
and a domain consisting of two elongated a.-helical seg-
ments that form a hairpin with ends in the central
domain. According to computer-aided modeling of the
Skp complex with human IgG1, the predicted binding
sites of Skp with the Cy2- and Cy;-domains of the Fc-
fragment are located in the a-helical region. Amino acid
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residues involved in the formation of the complex are
mainly hydrophilic. And the contact region in the SpA
complex with the Fv-fragment of IgG is also hydrophilic
[138]. Molecular docking of Y. pseudotuberculosis Skp
with the heavy chains A and B of IgG1 showed that the
Cyl domains of the Fab-fragment heavy chains can be
involved in the interaction together with the Fc-fragment
[137].

IBPs of E. coli were recently shown to form a family
of so-called Eib-proteins consisting of six members:
EibA, -C, -D, -E, -F, and -G [139-141]. Four recombi-
nant proteins of this family bind with IgG in the Fc-frag-
ment region and do not react with the Fab-fragment of
IgG [142, 143]. In the human paradontosis-inducing
bacterium Fusobacterium nucleatum, the Ig-binding
activity is associated with polypeptides with molecular
weights of 40 and 42 kDa. The N-terminal sequence of
these proteins is homologous to that of the bacterial porin
Fom A [144]. The above-mentioned bacterium H. somnus
also has some proteins capable of non-immune binding
with Ig (41, 120, 270, and 350 kDa) [9, 144]. Four IBPs
of H. somnus have related antigens [133, 145], and the
authors supposed that high molecular weight IBPs of this
bacterium could be oligomers of the 41-kDa polypeptide.

As in gram-positive bacteria, the expression of IBPs in

gram-negative bacteria is regulated by environmental fac-
tors. Thus, the maximal expression of IBP of Y. pestis
(PsaA) is observed at 37°C and pH < 6.5 [134, 146]. The
ability of Y. pseudotuberculosis cells to bind Ig also
depends on the environmental conditions (temperature,
pH, medium composition) and on the bacterium growth
phase [147]. The highest activity is manifested by bacteria
in the stationary growth phase and cultured on liquid
medium at pH 6.0 and 4°C. The maximal expression of
the E. coli IBP was observed during the stationary growth
phase at 37°C [13].

IBPs of both gram-negative and gram-positive bacte-
ria are different in their abilities to interact with different
subclasses of human and animal Ig. Thus, four IBPs of H.
somnus display some differences in their binding activities.
The IBP with the lowest molecular weight poorly interacts
with subclasses of bovine IgG and also with IgA and IgM,
whereas the three high molecular weight proteins bind
bovine IgG2, IgA, and IgM with high affinities [9, 145,
148]. Moreover, the 270-kDa IBP not only interacts with
bovine immunoglobulins, but it strongly binds IgG of
horse, rabbit, pig, cat, dog, and sheep. However, it poorly
reacts with mouse, rat, chicken, human, and guinea pig
IgG. IBPs of other species of gram-negative bacteria also
have characteristic Ig-binding profiles. IBP of Prevotella
intermedia interacts with human, monkey, swine, and
bovine IgG but is unable to bind with rabbit, mouse, rat,
and sheep IgG [6]. A 30-kDa protein isolated from
Pseudomonas maltophilia (present name Stenotrophomonas
maltophilia) interacts with high affinity with Fc-frag-
ments of four subclasses of human IgG, with rabbit IgG,
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and also with IgG and IgA of mouse [149]. PsaA of Y.
pestis binds only human IgG (subclasses IgG1, IgG2,
and IgG3) and does not react with rabbit, mouse, and
sheep IgG. Similarly to the majority of bacterial IBPs,
IBPs of Y. pseudotuberculosis interact with human and
rabbit IgG in the Fc-fragment region on the IgG mole-
cule. The formation of the IBP-14 complex with IgG
depends on the reaction medium pH and is maximal at
pH 6.0 [136]. Some IBPs of gram-negative bacteria are
multifunctional, similarly to IBPs of gram-positive bac-
teria [135].

Note that gram-negative bacteria have also been
shown to have IBP capable of non-immune binding with
Ig not through the Fc-fragment, but through Fab. On the
Helicobacter pylori surface a 60-kDa IBP was detected
and identified as a heat shock protein (Hsp60) by Amini
et al. [132, 150]. This protein interacted with human
IgG1, IgG3, and IgM but did not react with human IgA
and with rabbit and mouse IgG. The binding with Ig
occurred in the Fab-fragment region and was inhibited by
light k-chains of human IgG [150]. Similar binding with
light k-chains was earlier described only for PpL of some
strains of P. magnus [4, 67, 117-119].

Thus, pathogenic bacteria species have a large group
of proteins with different structure but possessing in com-
mon the ability to bind human and animal IgG.
Notwithstanding the structural differences, these proteins
are mainly responsible for recognizing and binding the
same region on the Fc-fragment of an IgG molecule, and
this suggests a high importance of this mechanism for sur-
vival and functioning of the pathogen in the host’s body.
Note that IBPs are multifunctional: in addition to
immunoglobulins, they also bind other proteins of the
host. Structural determinants responsible for these inter-
actions are much less studied than immunoglobulin-
binding domains. It is unclear how these functionally dif-
ferent regions of a multifunctional protein interact with
one another on realization of its biological activity in the
organism. IBPs which bind Fab-fragments of Ig are
superantigens for B-cells. However, data on their influ-
ence on the host’s immune response and their contribu-
tion to pathogenesis of autoimmune diseases, which are
very interesting both fundamentally and for practice, are
rather scarce [151-153]. Further studies are required to
obtain additional information about molecular basics of
IBP binding with target molecules and to understand the
role of these proteins in host—parasite interactions.

IBPs are widely used as a tool in immunology, bio-
chemistry, medicine, and bioengineering for isolation and
purification of Ig and also in various laboratory test sys-
tems. Based on Ig-binding domains of the SpA, SpG, and
PpL proteins, hybrid proteins A/G, G/L, and L/A have
been constructed that are more efficient and universal
IBPs and can be used as powerful agents for binding,
determination, and purification of antibodies and their
fragments [154-157]. Applied works associated with use
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of IBPs for medical purpose seem to be very promising for
further development.

The authors are grateful to V. V. Mikhailov for con-
sultation and discussing the work and also to M. P. Isaeva
and G. N. Likhatskaya for valuable recommendations
concerning the preparation of the manuscript.

This work was supported by the Presidium of the
Russian Academy of Sciences, the Program Molecular
and Cell Biology (project No. 051-1-510-018), and by the
Russian Foundation for Basic Research (project No. 09-
04-98576 of the Far-Eastern Division of the Russian
Academy of Sciences).

REFERENCES

1. Kihlberg, B.-M., Collin, M., Olsen, A., and Bjorck, L.
(1999) Infect. Immun., 67, 1708-1714.

2. Tolo, K., and Helgeland, K. (1991) Oral. Microbiol.
Immunol., 6, 373-377.

3. Widders, P. R., Dorrance, L. A., Yarnall, M., and Corbeil,
L. B. (1989) Infect. Immun., 57, 639-342.

4. Bjorck, L. (1988) J. Immunol., 140, 1194-1197.

5. Raeder, R., Faulmann, E. L., and Boyle, M. D. (1991) J.
Immunol., 146, 1247-1253.

6. Labbe, S., and Grenier, D. (1995) Infect. Immun., 63,
2785-2789.

7. Bjorck, L., and Kronvall, G. (1984) J. Immunol., 133, 969-
974.

8. Akesson, P, Schmidt, K. H., Cooney J., and Bjorck, L.
(1994) Biochem. J., 300, 877-886.

9. Yarnall, M., Widders, P. R., and Corbeil, L. B. (1988)
Scand. J. Immunol., 28, 129-137.

10. Yarnall, M., and Widders, P. R. (1989) J. Med. Microbiol.,
28, 137-141.

11. Mintz, K. P, and Fivestaylor, P. M. (1994) Infec. Immun.,
62, 4500-4505.

12. Zavyalov, V. P., Abramov, V. M., Cherepanov, P. G.,
Spirina, G. V., Chernovskaya, T. V., Vasiliev, N. P., and
Zavyalova, G. A. (1996) FEMS Immunol. Med. Microb., 14,
53-57.

13. Sandt, C. H., Wang, Y.-D., Wilson, R. A., and Hill, C. W.
(1997) Infect. Immun., 65, 4572-4579.

14. Yarnall, M., Reis, K. J., Ayoub, E. M., and Boyle, M. D. P.
(1984) J. Microbiol. Meth., 3, 83-93.

15. Reis, K. J., Siden, E. J., and Boyle, M. D. P. (1988)
Biotechniques, 6, 130-136.

16. Kawabata, S., Tamura, Y., Murakami, J., Terao, Y.,
Nakagawa, 1., and Hamada, S. (2002) Biochem. Biophys.
Res. Commun., 296, 1329-1333.

17. Akerstrom, B., Brodin, T., Reis, K., and Bjorck, L. (1985)
J. Immunol., 135, 2589-2592.

18. Sjobring, U., Trojnar, J., Grubb, A., Akerstrom, B., and
Bjorck, L. (1989) J. Immunol., 143, 2948-2954.

19. Jonsson, H., Burtsoff-Asp, C., and Guss, B. (1995)
Biochim. Biophys. Acta, 1249, 65-71.

20. Patella, V., Casolaro, V., Bjorck, L., and Marone, G. (1990)
J. Immunol., 145, 3054-3061.

21. Boyle, M. D. P, and Reis, K. J. (1987) Biotechnology, 5,
697-703.



306
22.

23.

24.
25.

26.
27.

28.

29.
30.
31
32.
33.
34.
35.

36.

37.

38.
39.
40.
41.

42.
43.

44,
45,

46.
47.

48.
49.

50.

51

SIDORIN, SOLOV’EVA

Boyle, M. D. P. (1990) in Bacterial Immunoglobulin-Binding
Proteins. Applications in Immunotechnology, Vol. 2 (Boyle,
M., ed.) Academic Press, Inc., San Diego, pp. 3-13.
Boyle, M. D. P. (1998) Encyclopedia of Immunology, 2nd
Edn., Academic Press, N. Y., pp. 323-327.

Cunningham, M. W. (2000) Clin. Microbiol., 13, 470-511.
Navarre, W. W,, and Schneewind, O. (1999) Microbiol. Mol.
Biol., 63, 174-229.

Kazeeva, T. N., and Shevelev, A. B. (2009) Biochemistry
(Moscow), 74, 12-21.

Myhre, E. B., and Kronvall, G. (1977) Infect. Immun., 17,
475-482.

Frick, 1. M., Wikstrm, M., Forsen, S., Drakenberg, T.,
Gomi, H., Sjobring, U., and Bjorck, L. (1992) Proc. Natl.
Acad. Sci. USA, 89, 8532-8536.

Gouda, H., Torigoe, H., Saito, A., Sato, M., Arata, Y., and
Schimada, 1. (1992) Biochemistry, 31, 9665-9672.

Derrick, J. P., and Wigley, D. B. (1992) Nature, 359, 752-
754.

Starovasnik, M. A., O’Connell, M. P., Fairbrother, W. J.,
and Kelley, R. F. (1999) Protein Sci., 8, 1423-1431.

Lian, L.-Y., Barsukov, I. L., Derrick, J. P., and Roberts, G.
C. K. (1994) Nat. Struct. Biol., 1, 355-357.

Fischetti, V. A., Pancholi, V., and Schneewind, O. (1990)
Mol. Microbiol., 4, 1603-1605.

Ton-That, H., Labischinski, H., Berger-Bachi, B., and
Schneewind, O. J. (1998) Biol. Chem., 273, 29143-29149.
Schneewind, O., Model, P., and Fischetti, V. A. (1992)
Cell, 70, 267-281.

Bucin, D., Johansson, S., Malm, T., Jogi, P., Johansson, J.,
Westrin, P., Lindberg, L. O., Olsson, A. K., Gelberg, J.,
Peres, V., Harling, S., Bennhagen, R., Kornhall, B.,
Ekmehag, B., Kurkus, J., and Otto, G. (2006) Transpl. Int.,
19, 239-244.

Haas, M., Bohmig, G. A., Leko-Mohr, Z., Exner, M.,
Regele, H., Derfler, K., Horl, W. H., and Druml, W. (2002)
Nephrol. Dial. Transplant., 17, 1503-1508.

Josic, D., and Lim, Y.-P. (2001) Food Technol. Biotechnol.,
39, 215-226.

Jensen, K. (1958) Acta Pathol. Microbiol. Scand., 44, 421-
428.

Forsgren, A., and Sjoquist, J. (1966) J. Immunol., 97, 822-
827.

Lind, I., Reyn, A., and Birch-Anderson, A. (1972) Acta
Path. Microbiol. Scand., 80, 281-291.

Forsgren, A. (1970) Infect. Immun., 2, 672-673.

Bjork, I., Petersson, B. A., and Sjoquist, J. (1972) Eur. J.
Biochem., 29, 579-584.

Lindmark, R., Movitz, J., and Sjoquist, J. (1977) Eur. J.
Biochem., 74, 623-628.

Dossett, J. H., Kronvall, G., Williams, R. C., and Quie, P.
G. (1969) J. Immunol., 103, 1405-1410.

Lind, I. (1974) Acta Pathol. Microbiol. Scand., 82, 821-828.
Winblad, S., and Ericson, C. (1973) Acta Pathol. Microbiol.
Scand., 81, 150-156.

Lind, I. (1972) Acta Pathol. Microbiol. Scand., 80, 702-708.
Cohen, S., and Sweeney, H. M. (1979) J. Bacteriol., 140,
1028-1035.

Cheung, A. L., Bayer, A. S., Peters, J., and Ward, J. 1.
(1987) Infect. Immun., 55, 843-847.

Lofkvist, T., and Sjoquist, J. (1962) Acta Pathol. Microbiol.
Scand., 56, 295-304.

52.

53

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

Sjoholm, 1. (1975) Eur. J. Biochem., 51, 55-61.
Abrahmsen, L., Moks, T., Nilsson, B., Hellman, U., and
Uhlen, M. (1985) EMBO J., 4, 3901-3906.

Moks, T., Abrahmsen, L., Nilsson, B., Hellman, U.,
Sjoquist, J., and Uhlen, M. (1986) Eur. J. Biochem., 156,
637-643.

Sjodahl, J. (1977) Eur. J. Biochem., 73, 343-351.

Guss, B., Uhlen, M., Nilsson, B., Lindberg, M., Sjoquist,
J., and Sjodahl, J. (1984) Eur. J. Biochem., 138, 413-420.
Schneewind, O., Fowler, A., and Faull, K. E (1995)
Science, 268, 103-106.

Brigido, M. D. M., Barardi, C. R., Bonjardin, C. A.,
Santos, C. L., Junqueira, M. L., and Brentani, R. R. (1991)
J. Basic Microbiol., 31, 337-345.

Upadhyay, A., Burman, J. D., Clark, E. A., Leung, E.,
Isenman, D. E., van den Elsen, J. M. H., and Bagby, S.
(2008) J. Biol. Chem., 283, 22113-22120.

Frick, 1. M., Akesson, P., Cooney, J., Sjobring, U., Schmidt,
K. H., Gomi, H., Hattori, S., Tagawa, C., Kishimoto, E,
and Bjorck, L. (1994) Mol. Microbiol., 12, 143-151.

Frick, I. M., Crossin, K. L., Edelman, G. M., and Bjorck,
L. (1995) EMBO J., 14, 1674-1679.

Olsson, A., Eliasson, M., Guss, B., Nilsson, B., Hellman,
U., Lindberg, M., and Uhlen, M. (1987) Eur. J. Biochem.,
168, 319-324.

Kastern, W., Sjobring, U., and Bjorck, L. (1992) J. Biol.
Chem., 267, 12820-12825.

Murphy, J. P, Trowern, A. R., and Duggleby, C. J. (1994)
DNA Seq., 4, 259-265.

Akerstrom, B., and Bjorck, L. (1986) J. Biol. Chem., 261,
10240-10247.

Akerstrom, P., Cooney, J., Kishimoto, F, and Bjorck, L.
(1990) Mol. Immunol., 27, 523-531.

Akerstrom, B., and Bjorck, L. (1989) J. Biol. Chem., 264,
19740-19746.

Axcrona, K., Bjorck, L., and Leanderson, T. (1995) Scand.
J. Immunol., 42, 359-367.

Forsgren, A. (1968) J. Immunol., 100, 927-930.

Kronvall, G., Grey, H. M., and Williams, R. C. (1970) J.
Immunol., 105, 1116-1123.

Jansson, B., Uhlen, M., and Nygren, P. A. (1998) FEMS
Immunol. Med. Microbiol., 20, 69-78.

Jacobsson, K., and Frykberg, L. (1995) Biotechniques, 18,
878-885.

Zhang, L., Jacobsson, K., Vasi, J., Lindberg, M., and
Frykberg, L. (1998) Microbiology, 144, 985-991.

Atkins, K. L., Burman, J. D., Chamberlain, E. S., Cooper,
J. E., Poutrel, B., Bagby, S., Jenkins, A. T. A., Feil, E. J.,
and van den Elsen, J. M. H. (2008) Mol. Immunol., 45,
1600-1611.

Deisenhofer, J., Jones, T. A., Huber, R., Sjodahl, J., and
Sjoquist, J. (1978) Hoppe Seylers Z. Physiol. Chem., 359,
975-985.

Burman, J. D., Leung, E., Atkins, K. L., O’Sheaghdha, M.
N., Lango, L., Bernardo, P., Bagby, S., Svergun, D. I.,
Foster, T. J., Isenman, D. E., and van den Elsen, J. M. H.
(2008) J. Biol. Chem., 283, 17579-17593.

Clark, E., Upadhyay, A., Bagby, S., and van den Elsen, J.
(2009) Mol. Immunol., 46, 2834-2835.

Itoh, S., Hamada, E., Kamoshida, G., Yokoyama, R.,
Takii, T., Onozaki, K., and Tsuji, T. (2010) Mol. Immunol.,
47, 932-938.

BIOCHEMISTRY (Moscow) Vol. 76 No. 3 2011



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

IgG-BINDING PROTEINS OF BACTERIA

Ramsland, P. A., Willoughby, N., Trist, Y. V., Farrugia, W.,
Hogarth, P. M., Fraser, J. D., and Wines, B. D. (2007)
Proc. Natl. Acad. Sci. USA, 104, 15051-15056.

Bessen, D. E., and Fischetti, V. A. (1992) Infect. Immun.,
60, 124-135.

Podbielski, A., Schnitzler, N., Beyhs, P., and Boyle, M. D.
(1996) Mol. Microbiol., 19, 429-441.

Thern, A., Wastfelt, M., and Lindahl, G. (1998) J.
Immunol., 160, 860-869.

Phillips, G. N., Flicker, P. F., Cohen, C., Manjula, B. N.,
and Fischetti, V. A. (1981) Proc. Natl. Acad. Sci. USA, 78,
4693-4698.

Fischetti, V. A. (1989) Clin. Microbiol., 2, 285-314.
Hollingshead, S. K., Fischetti, V. A., and Scott, J. R.
(1987) Infect. Immun., 55, 3237-3239.

Cunningham, M. W. (2000) Clin. Microbiol., 13, 470-
511.

Akerstrom, B., Lindqvist, A., and Lindahl, G. (1991) Mol.
Immunol., 28, 349-357.

Heden, L. O., and Lindahl, G. (1993) J. Gen. Microbiol.,
139, 2067-2074.

Stenberg, L., O’Toole, P., and Lindahl, G. (1992) Mol.
Microbiol., 6, 1185-1194.

Boyle, M. D., Weber-Heynemann, J., Raeder, R., and
Podbielski, A. (1995) Mol. Immunol., 32, 669-678.
Schmidt, K. H., and Wadstrom, T. (1990) Zentralbl.
Bakteriol., 273, 216-228.

Benghezal, M., Lipke, P. N., and Conzelmann, A. (1995)
J. Cell Biol., 130, 1333-1344.

Johnsson, E., Thern, A., Dahlback, B., Heden, L. O.,
Wikstrom, M., and Lindahl, G. (1996) J. Immunol., 157,
3021-3029.

Thern, A., Stenberg, L., Dahlback, B., and Lindahl, G.
(1995) J. Immunol., 154, 375-386.

Boyle, M. D., Hawlitzky, J., Raeder, R., and Podbielski, A.
(1994) Infect. Immun., 62, 1336-1347.

Fagan, K. P., Reinscheid, D., Gottschalk, B., and
Chhatwal, G. S. (2001) Infect. Immun., 69, 4851-4857.
Reis, K. J., Ayoub, E. M., and Boyle, M. D. (1984) J.
Immunol., 132, 3091-3097.

Reis, K. J., Ayoub, E. M., and Boyle, M. D. (1984) J.
Immunol., 132, 3098-3102.

Sjobring, U., Falkenberg, C., Nielsen, E., Akerstrom, B.,
and Bjorck, L. (1988) J. Immunol., 140, 1595-1599.

Guss, B., Eliasson, M., Olsson, A., Uhlen, M., Frej, A. K.,
Jornvall, H., Flock, J. 1., and Lindberg, M. (1986) EMBO
J., 5, 1567-1575.

Filpula, D., Alexander, P., and Fahnestock, S. R. (1987)
Nucleic Acids Res., 15, 7210.

Fahnestock, S. R., Alexander, P., Nagle, J., and Filpula,
D. (1986) J. Bacteriol., 167, 870-880.

Sjobring, U., Bjorck, L., and Kastern, W. (1991) J. Biol.
Chem., 266, 399-405.

Bjorck, L., Kastern, W., Lindahl, G., and Wideback, K.
(1987) Mol. Immunol., 24, 1113-1122.

Johansson, M. U., de Chateau, M., Wikstrom, M.,
Forsen, S., Drakenberg, T., and Bjorck, L. (1997) J. Mol.
Biol., 266, 859-865.

Sjobring, U., Bjorck, L., and Kastern, W. (1989) Mol.
Microbiol., 3, 319-327.

Gallagher, T., Alexander, P., Bryan, P., and Gilliland, G. L.
(1994) Biochemistry, 33, 4721-4729.

BIOCHEMISTRY (Moscow) Vol. 76 No. 3 2011

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

307

Achari, A., Hale, S. P., Howard, A. J., Clore, G. M.,
Gronenborn, A. M., Hardman, K. D., and Whitlow, M.
(1992) Biochemistry, 31, 10449-10457.

Derrick, J. P., and Wigley, D. B. (1994) J. Mol. Biol., 243,
906-918.

Sauer-Eriksson, A. E., Kleywegt, G. J., Uhlen, M., and
Jones, T. A. (1995) Structure, 3, 265-278.

Jonsson, H., Frykberg, L., Rantamaki, L., and Guss, B.
(1994) Gene, 143, 85-89.

Jonsson, H., and Muller, H. P. (1994) Eur. J. Biochem.,
220, 819-826.

Jonsson, H., Lindmark, H., and Guss, B. (1995) Infect.
Immun., 63, 2968-2975.

Nitsche-Schmitz, D. P., Johansson, H. M., Sastalla, I.,
Reissmann, S., Frick, I.-M., and Chhatwal, G. S. (2007)
J. Biol. Chem., 282, 17530-17536.

Vasi, J., Frykberg, L., Carlsson, L. E., Lindberg, M., and
Guss, B. (2000) Infect. Immun., 68, 294-302.

Meehan, M., Lynagh, Y., Woods, C., and Owen, P. (2001)
Microbiology, 147, 3311-3332.

Enokizono, J., Wikstrom, M., Sjobring, U., Bjorck, L.,
Forsen, S., Arata, Y., Kato, K., and Shimada, I. (1997) J.
Mol. Biol., 270, 8-13.

Nilson, B. H., Solomon, A., Bjorck, L., and Akerstrom, B.
(1992) J. Biol. Chem., 267, 2234-2239.

Wikstrom, M., Sjobring, U., Drakenberg, T., Forsen, S.,
and Bjorck, L. (1995) J. Mol. Biol., 250, 128-133.
Murphy, J. P., Duggleby, C. J., Atkinson, M. A., Trowen,
A. R., Atkinson, T., and Goward, C. R. (1994) Mol.
Microbiol., 12, 911- 920.

Wikstrom, M., Drakenberg, T., Forsen, S., Sjobring, U.,
and Bjorck, L. (1994) Biochemistry, 33, 14011-14017.
Wikstrom, M., Sjobring, U., Kastern, W., Bjorck, L.,
Drakenberg, T., and Forsen, S. (1993) Biochemistry, 32,
3381-3386.

Bottomley, S. P., Beckingham, J. A., Murphy, J. P,
Atkinson, M., Atkinson, T., Hinton, R. J., and Gore, M.
G. (1995) Bioseparation, 5, 359-367.

Gu, H. D., Yi, Q. A, Bray, S. T, Riddle, D. S., Shiau, A.
K., and Baker, D. (1995) Protein Sci., 4, 1108-1117.
Demuth, D. R., Davis, C. A., Corner, A. M., Lamont, R.
J., Leboy, P. S., and Malamud, D. (1988) Infect. Immun.,
56, 2484-2490.

Lewis, M. J., Meehan, M., Owen, P., and Woof, J. M.
(2008) J. Biol. Chem., 283, 17615-17623.

Deisenhofer, J. (1981) Biochemistry, 20, 2361-2370.
Lewis, M., Wagner, B., and Woof, J. M. (2008) Mol.
Immunol., 45, 818-827.

Graille, M., Stura, E. A., Corper, A. L., Sutton, B. J.,
Taussig, M. J., Charbonnier, J.-B., and Silverman, G. J.
(2000) Proc. Natl. Acad. Sci. USA, 97, 5399-5404.

Graille, M., Stura, E. A., Housden, N. G., Beckingham, J.
A., Bottomley, S. P., Beale, D., Taussig, M. J., Sutton, B.
J., Gore, M. G., and Charbonnier, J. B. (2001) Structure,
9, 679-687.

Graille, M., Harrison, S., Crump, M. P., Findlow, S. C.,
Housden, N. G., Muller, B. H., Battail-Poirot, N., Sibai,
G., Sutton, B. J., Taussig, M. J., Jolivet-Reynaud, C.,
Gore, M. G., and Stura, E. A. (2002) J. Biol. Chem., 277,
47500-47506.

Reza, A. H., Ascencio, F., Ljungh, A., and Wadstrom, T.
(1995) Zentralbl. Bakteriol., 282, 255-264.



308
133.

134.
135.

136.

137.

138.
139.
140.

141.

142.
143.
144.

145.

SIDORIN, SOLOV’EVA

Corbeil, L. B., Bastida- Corcuera, F. D., and Beveridge, T.
J. (1997) Infect. Immun., 65, 4250-4257.

Linder, L. L., Klempner, M. S., and Straley, S. C. (1990)
Infect. Immun., 58, 2569-2577.

Makoveichuk, E., Cherepanov, P., Lundberg, S., Forsberg,
A., and Olivecrona, G. (2003) J. Lipid Res., 44, 320-330.
Sidorin, E. V., Kim, N. Yu., Leichenko, E. V., Anastyuk, S.
D., Dmitrenok, P. S., Naberezhnykh, G. A., and Solov’eva,
T. E (2006) Biochemistry (Moscow), 71, 1278-1283.
Sidorin, E. V., Ziganshin, R. Kh., Naberezhnykh, G. A.,
Likhatskaya, G. N., Trifonov, E. V., Anastyuk, S. D.,
Chernikov, O. V., and Solov’eva, T. E. (2009) Biochemistry
(Moscow), 74, 406-415.

Meininger, D. P., Rance, M., Starovasnik, A., Fairbrother,
W. J., and Skelton, N. J. (2000) Biochemistry, 39, 26-36.
Sandt, C. H., and Hill, C. W. (2000) Infect. Immun., 68,
2205-2214.

Sandt, C. H., and Hill, C. W. (2001) Infect. Immun., 69,
7293-7303.

Lu, Y., Iyoda, S., Satou, H., Satou, H., Itoh, K., Saitoh,
T., and Watanabe, H. (2006) Infect. Immun., 74, 5747-
5755.

Leo, J. C., and Goldman, A. (2009) Mol. Immunol., 46,
1860-1866.

Leo, J. C., and Goldman, A. (2010) Mol. Immunol., 47,
1870-1872.

Guo, M., Han, Y. W., Sharma, A., and de Nardin, E.
(2000) Oral. Microbiol. Immunol., 15, 119-123.
Bastida-Corcuera, F. D., Nielsen, K. H., and Corbeil, L.
B. (1999) Vet. Immunol. Immunopathol., 71, 143-149.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Yang, Y., and Isberg, R. R. (1997) Mol. Microb., 24, 499-
510.

Naberezhnykh, G. A., Sidorin, E. V., Lapshina, L. A.,
Reunov, A. V., and Solov’eva, T. E (2006) Biochemistry
(Moscow), 71, 1284-1288.

Widders, P. R., Smith, J. W,, Yarnall, M., McGuire, T. C.,
and Corbeil, L. B. (1988) J. Med. Microbiol., 26, 307-311.
Grover, S., McGee, Z. A., and Odell, W. D. (1991) J.
Immunol. Meth., 141, 187-197.

Amini, H.-R., Ascencio, E, Cruz-Villacorta, A., Ruiz-
Bustos, E., and Wadstrom, T. (1996) FEMS Immunol. Med.
Microbiol., 16, 163-172.

Levinson, A. 1., Kozlowski, L., Zheng, Y., and Wheatley,
L. (1995) J. Clin. Immunol., 15, 26S-36S.

Burova, L. A., and Totolyan, A. A. (1988) Revmatologiya,
3,9-12.

Burova, L. A., Pigarevsky, P. V., Gladilina, M. M.,
Nagornev, V. A., and Totolyan, A. A. (2001) Med.
Immunol. (Moscow), 3, 213-214.

Kihlberg, B.-M., Sjoholm, A. G., Bjorck, L., and
Sjobring, U. (1996) Eur. J. Biochem., 240, 556-563.
Eliasson, M., Olsson, A., Palmcrantz, E., Wiberg, K.,
Inganas, M., Guss, B., Lindberg, M., and Uhlen, M.
(1988) J. Biol. Chem., 263, 4323-4327.

Jiang, S. H., Wang, J. E, Xu, R., Liu, Y. J., Wang, X. N.,
Cao, J., Zhao, P, Shen, Y. J., Yang, T., Yang, H., Jia, J. A.,
Chen, Q. L., and Pan, W. (2008) DNA Cell Biol., 27, 423-
431.

Svensson, H. G., Hoogenboom, H. R., and Sjobring, U.
(1998) Eur. J. Biochem., 258, 890-896.

BIOCHEMISTRY (Moscow) Vol. 76 No. 3 2011



