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Strains of group B streptococcus (GBS) express surface proteins that confer protective immunity. In
particular, most strains of the four classical capsular serotypes (Ia, Ib, II, and III) express either of the Rib
and « proteins, two members of the same protein family. Here, we report a study of surface proteins expressed
by strains of serotype V, which has recently emerged as an important serotype among GBS strains causing
serious disease. Two novel GBS proteins were identified, purified, and characterized. One of these proteins,
designated Fbs, was immunologically unrelated to other GBS surface proteins. This ~110-kDa protein was
found in 15 of 49 (31%) type V isolates but in few strains of other serotypes. The Fbs proteins expressed by
different strains showed limited variation in size. The most common surface protein among type V strains,
found in 29 of 49 (59%) isolates, was designated Rib-like, since it cross-reacted with Rib but was not
immunologically identical to Rib. Characterization of this Rib-like protein showed that the N-terminal se-
quence (12 residues) was identical to that of «, although these two proteins lacked cross-reactivity. The
biochemical and immunological properties of the Rib-like GBS protein indicate that it is closely related to the
R28 protein of Streptococcus pyogenes. Importantly, passive and active immunization experiments with mice
showed that the Fbs and Rib-like proteins are targets for protective antibodies. These two proteins are

therefore of interest for analysis of pathogenic mechanisms and for vaccine development.

The group B streptococcus (GBS) is the leading cause of
life-threatening bacterial infections in newborns (1). In the
Western world, GBS-related meningitis, septicemia, or neona-
tal pneumonia occurs at rates of 1 to 2 per 1,000 live births,
with an overall mortality of 6 to 20% and neurological sequelae
afflicting many of the survivors (1, 27). GBS is normally found
in the vagina or lower intestine of ~20% of adult women (1,
27), and the vast majority of GBS infections are acquired in
connection with childbirth, when the child is exposed to the
bacterium carried by the mother (1). In addition to its impor-
tance as a cause of disease in the neonatal period, recent
evidence indicates that GBS may also be a significant cause of
serious disease in nonpregnant adults with underlying illness
(4, 6).

GBS is serotyped on the basis of the capsular polysaccha-
ride, for which nine different serotypes have been described so
far (15). The classical serotypes Ia, Ib, II, and III have been
most prevalent as causes of disease, with serotype III now
accounting for ~50% of all neonatal infections and ~90% of
cases of neonatal meningitis (1, 9). However, population-based
surveillance of GBS disease during the 1990s has indicated that
serotype V is responsible for 10 to 15% of neonatal GBS
infections in the United States (3, 9, 20) and in Sweden (17a)
and has even become the most common serotype isolated from
nonpregnant adults with invasive disease (9). In addition, a
study of Gambian women colonized with GBS indicated that
type V strains accounted for 41% of the isolates (32). These
data demonstrate an increasing importance for type V strains
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and will therefore affect analysis of pathogenic mechanisms
and strategies for vaccine development (35).

Protective immunity to GBS infection can be elicited by the
polysaccharide capsule (1) and also by different surface pro-
teins (2, 17, 25, 30). Many type Ia, Ib, and II strains, but not the
common type III strains, express the protective a and 3 pro-
teins, of which « occurs more frequently (13, 30). Moreover,
almost all strains of the clinically important type III express
protein Rib, which elicits protective immunity (18, 30). In total,
~90% of GBS strains of the four classical serotypes express
either a or Rib, suggesting that a combination of these two
proteins may be used for the development of a protein vaccine
against GBS (19). The a and Rib proteins have been exten-
sively characterized and were found to identify a family of
streptococcal cell surface proteins with extremely repetitive
structure (26, 34). Although these two proteins show extensive
residue identity, they do not cross-react immunologically (30,
34).

The increasing importance of GBS strains of serotype V
prompted us to analyze such strains for expression of different
surface proteins. Here, we describe the identification and pu-
rification of two novel GBS surface proteins that are expressed
by many type V strains and serve as targets for protective
antibodies. One of these proteins, designated Fbs, is immuno-
logically unrelated to previously described GBS proteins, while
the other protein is related to, but not identical with, the Rib
protein.

MATERIALS AND METHODS

Bacterial strains and medium. A collection of 49 type V GBS isolates were
used. Included in this collection were 26 strains isolated from blood or cerebro-
spinal fluid, 18 colonization isolates, and 5 isolates of unknown origin. These
strains were obtained from J. Jelinkovd (National Institute of Public Health,
Prague, Czech Republic), L. Burman (Swedish Institute for Infectious Disease
Control, Stockholm, Sweden), G. Orefici (Istituto Superiore di Sanita, Rome,
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Italy), J. A. Elliott (Centers for Disease Control and Prevention, Atlanta, Ga.),
J. Henrichsen (State Serum Institute, Copenhagen, Denmark), A. I. Kvam (Med-
ical Technical Center, Trondheim, Norway), M. Sellin (Department of Clinical
Bacteriology, University Hospital, Umed, Sweden), and the Clinical Microbiol-
ogy Laboratory, Lund University Hospital. One of the type V strains was the
reference strain 10/84 (11). The type V strain 2471, which was used for isolation
of the Rib-like protein described here, was isolated from an infant with invasive
disease and was obtained from G. Orefici.

A collection of 71 strains of serotypes Ia, Ib, II, and III was available in our
laboratory. Most of these strains were isolated from patients with invasive GBS
disease. The collection included the type Ia strain A909 (26), the type Ib strain
SB35 (30), and the type III strain BM110 (30, 34). All GBS strains were grown
in Todd-Hewitt broth at 37°C.

Purification of streptococcal surface proteins. The Fbs protein was purified
from mutanolysin extracts of strain 10/84, by a procedure previously developed
for the purification of the Rib and « proteins (18, 30). This procedure included
two steps of ion-exchange chromatography, followed by molecular sieve chro-
matography and hydroxylapatite chromatography. Fractions containing Fbs were
identified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and visual inspection of gels for the presence of the high-molecular-
weight Fbs protein present in the original extract. The behavior of Fbs during the
purification was similar to that of Rib and «, suggesting that these three GBS
surface proteins have similar physicochemical properties. The final yield of Fbs,
purified from the bacteria in a 10-liter culture, was 11 mg. Purified Fbs did not
contain any contaminating proteins, as judged by SDS-PAGE. The presence of
sialic acid, a key component of the type-specific polysaccharide (36), was deter-
mined by the periodate-resorcinol method (14) and was found to be <0.002%.

The Rib-like protein described here was purified from mutanolysin extracts of
type V strain 2471, by procedures similar to those described above. Fractions
were analyzed for the presence of the Rib-like protein by visual inspection of
SDS-PAGE gels and by Western blot analysis with anti-Rib serum. The final
yield of the Rib-like protein, purified from the bacteria in a 10-liter culture, was
5 mg. As for the Fbs protein described above, the purified Rib-like protein did
not contain detectable amounts of contaminating protein or polysaccharide.

The GBS proteins o, B, and Rib were purified from extracts of strains A909,
SB35, and BM110, respectively (18, 30). The Streptococcus pyogenes protein R28
was purified from strain AL368, as described elsewhere (28).

Antisera. Rabbit antisera were raised against highly purified proteins, by using
gel slices cut out from SDS-PAGE gels, as described elsewhere (30). For the Fbs
protein, both the upper and the lower SDS-PAGE bands (110 and 100 kDa) were
used. Mouse antisera raised against purified proteins were prepared by subcu-
taneous immunization of male C3H/HeN mice with 25 ug of highly purified
protein mixed with complete Freund’s adjuvant (CFA). The mice were boosted
after 4 weeks with the same dose of antigen mixed with incomplete Freund’s
adjuvant and bled 2 weeks later.

Passive and active immunization of mice. For passive immunization with
anti-Fbs serum, adult C3H/HeN mice were injected intraperitoneally (i.p.) with
0.1 ml of rabbit anti-Fbs serum, diluted fivefold in phosphate-buffered saline
(PBS). Control animals received PBS only. Mice were challenged i.p. 4 h later
with log-phase bacteria diluted in 0.5 ml of Todd-Hewitt broth, with 1 X 107
CFU of strain 10/84 and 4 X 107 CFU of strain SBL10. The number of bacteria
used was estimated to represent a 90% lethal dose (LDy,), but the lethality was
lower in some experiments. Deaths were recorded daily for a period of 7 days.

For active immunization with protein Fbs, adult C3H/HeN mice were immu-
nized subcutaneously with 25 wg of highly purified protein Fbs, dissolved in 0.1
ml of PBS, and mixed with 0.1 ml of CFA. Control mice were injected with a
mixture of PBS and CFA. The mice were boosted 4 weeks later with the same
dose of antigen or PBS mixed with incomplete Freund’s adjuvant. Two weeks
later, the mice were infected i.p. with an ~LDy, dose of bacteria (see above).
Deaths were recorded daily for 7 days.

Passive immunization with anti-R28 serum and active immunization with pure
R28 were performed as described above, with rabbit anti-R28 serum and pure
R28 protein, respectively (28). Immunized mice were challenged i.p. with 1.5 X
10° CFU of GBS type V strain 2471.

Inhibition tests for analysis of cross-reactivity. Microtiter plates (Falcon Mi-
crotest IIT; Becton Dickinson, Oxnard, Calif.) were coated with purified protein
(Fbs, Rib-like, Rib, or R28), by incubation for 16 h with 100 wl of a solution of
protein (500 ng/ml) in PBS. The wells were blocked by washing with Veronal-
buffered saline (10 mM Veronal buffer, 0.15 M NaCl, pH 7.4) supplemented with
0.25% gelatin and 0.25% Tween 20 and then washed with PBSAT (PBS con-
taining 0.02% sodium azide and 0.05% Tween 20). The binding of antibodies to
the immobilized protein was inhibited with purified proteins or with whole
bacteria. For inhibition tests with purified proteins, various amounts of protein
were mixed with 100-ul aliquots of antiserum diluted in PBSAT, incubated for 30
min, and then added to the coated wells. The antisera were used at a final
dilution corresponding to ~80% of maximal binding. After incubation for 3 h,
the wells were washed three times with PBSAT and bound antibodies were
detected by the addition of '*I-labeled protein G (~12,000 cpm in 100 pl of
PBSAT for each well). After incubation for 2 h and three washes with PBSAT,
the radioactivity of each well was determined in a y counter. Nonspecific binding
(less than 1%) was determined in wells coated with buffer (PBS) alone and has
been subtracted. All incubations were performed at room temperature. For
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inhibition tests with whole bacteria, washed suspensions of bacteria in PBSAT
were used instead of purified proteins.

Other methods. Radiolabeling of proteins with '?°I and Western blot analysis
were performed as described elsewhere (31). Preparation of mutanolysin ex-
tracts, N-terminal sequence analysis, and studies of GBS strains for surface
expression of proteins were performed as described elsewhere (30). Ladder
pattern formation of purified proteins in SDS-PAGE was analyzed as described
elsewhere (34).

RESULTS

Identification, purification, and characterization of Fbs, a
novel GBS surface protein. We have previously shown that the
a, B, and Rib proteins can be extracted by mutanolysin treat-
ment of GBS strains and that the solubilized proteins migrate
as distinct high-molecular-weight bands in SDS-PAGE gels
(30). A similar analysis was performed with the type V refer-
ence strain 10/84, which does not express «, (3, or Rib. This
analysis demonstrated the presence of a distinct doublet band
(~110 and ~100 kDa), suggesting that strain 10/84 may ex-
press one or two surface proteins of high molecular weight
(Fig. 1A). These proteins were purified to homogeneity, by a
combination of ion-exchange chromatography, molecular sieve
chromatography, and hydroxylapatite chromatography (see
Materials and Methods). The two polypeptides in the doublet
band were recovered together throughout the purification, in-
dicating that they represent two variants of the same protein.
Indeed, N-terminal sequencing (five residues) of the two indi-
vidual polypeptides gave identical results, the sequence V-D-
T-V-T, implying that the 100-kDa protein arises from the 110-
kDa protein through truncation at the C-terminal end. The
immunochemical work described below was performed with
the purified preparation containing both polypeptide species.
This protein will be referred to as Fbs (type five, group B,
surface protein). The purified Fbs protein did not contain
detectable amounts of type-specific polysaccharide, as shown
by the presence of <0.002% sialic acid in the preparation.
Moreover, purified Fbs did not contain detectable amounts of
other proteins, according to SDS-PAGE analysis (Fig. 1B, left
panel).

Antiserum raised against purified Fbs was used to analyze
whether it is expressed on the bacterial surface (Fig. 1C).
Anti-Fbs antibodies reacted with whole bacteria of strain 10/84
but not with the type Ia strain A909 (which expresses « and B)
or with the type III strain BM110 (which expresses Rib). Thus,
Fbs is expressed on the surface of strain 10/84, and the other
two GBS strains do not express cross-reacting surface proteins.
In agreement with these results, Western blot analysis with
anti-Fbs serum did not disclose any cross-reactivity with highly
purified preparations of the «, B, and Rib proteins (Fig. 1B).
Similarly, antisera against purified «, 3, or Rib did not recog-
nize Fbs (data not shown). These data indicate that Fbs is
immunologically unrelated to the other three GBS proteins.

An N-terminal sequence of 11 residues was determined for
Fbs (Fig. 1D). This sequence is identical at 6 of 11 positions to
a sequence within the repeat region of Rib but shows no
homology to N-terminal regions of known GBS surface pro-
teins or to other proteins in the databases.

Analysis of different type V isolates for expression of Fbs
and other surface proteins. A collection of 49 GBS isolates of
serotype V were analyzed for surface exposure of Fbs, Rib, a,
and B (Table 1). The Fbs protein was detected in 15 (31%) of
these type V strains. The most common surface protein was a
Rib-like protein, found in 29 (59%) of the strains. This protein
is referred to here as Rib-like, rather than Rib, since it is not
identical to the Rib protein expressed by type III strains but
cross-reacts with Rib (see below). The o protein was found in
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FIG. 1. Identification of Fbs and characterization of the purified protein. (A) Mutanolysin extracts of group B streptococcal strains analyzed by SDS-PAGE.
High-molecular-weight surface proteins appear as distinct bands (arrows). Strains used were A909, a type Ia strain expressing the o (top arrow) and 8 (bottom arrow)
proteins; BM110, a type IIT strain expressing protein Rib (arrow); and the type V strain 10/84, expressing the protein Fbs (doublet band). (B) Western blot analysis
of purified preparations of the «, 8, Rib, and Fbs proteins, with rabbit anti-Fbs serum. The antiserum was used at a 1:1,000 dilution, and bound antibodies were detected
with '>I-labeled protein G. The autoradiogram was deliberately overexposed to demonstrate the lack of cross-reactivity between Fbs and the «, B, and Rib proteins.
In a control blot with preimmune rabbit serum, no signal was obtained. Molecular mass markers for panels A and B are in kilodaltons. (C) Analysis of group B
streptococcal strains for cell surface expression of Fbs. The bacteria were analyzed for ability to bind mouse anti-Fbs antibodies, by using '**I-labeled protein A to detect
bound antibodies. Strains used were A909 (type Ia), BM110 (type III), and 10/84 (type V). (D) Alignment of the N-terminal amino acid sequence of protein Fbs and
an amino acid sequence from the repeat region of protein Rib (34). Vertical lines denote residue identity. The experiments shown here were performed at least twice

with similar results.

only 2 (4%) of the 49 type V strains, but the B protein was
found in 13 (26%) of the strains.

Expression of Fbs was also analyzed in a collection of 71
strains of the four classical serotypes. This collection included
13 strains of type Ia, 6 of type Ib, 17 of type II, and 35 of type
III. Only four (6%) of these strains expressed Fbs. Taken
together, the analysis of strains of serotypes Ia, Ib, II, III, and
V therefore indicated that Fbs is mainly expressed by type V
strains.

Characterization of the Fbs protein: size variation and pro-
tease sensitivity. The o and Rib proteins vary in size between
different bacterial strains, due to the presence of different
numbers of repeats in different isolates (22, 23, 30). The Fbs
protein also varies in size, as shown by Western blot analysis of
extracts of different type V strains, but the size variation was
more limited than that reported for o« and Rib (Fig. 2A).
Among 15 Fbs-expressing strains analyzed, 12 expressed Fbs
proteins of similar size, ~110 kDa; data for 4 of these 12
strains are shown in the left part of Fig. 2A. In one strain, the
size of Fbs was ~120 kDa, and in two strains it was ~90 kDa.

The Rib, a, and B proteins vary in their sensitivity to pro-
teases. Rib is relatively resistant to both trypsin and pepsin,
and «a is relatively resistant to trypsin, while B is sensitive to
both of these proteases (24, 30). Analysis of the protease sen-
sitivity of Fbs showed that this protein is sensitive to both
trypsin and pepsin, like the B protein (data not shown).

When the o and Rib proteins are analyzed by Western
blotting, with specific antiserum, a characteristic ladder pattern
is seen (22, 30, 34). The available evidence indicates that this
ladder is an artifact and is due to partial hydrolysis, during the
analysis, of acid-labile Asp-Pro bonds in the repeats (34). In-
deed, the ladder pattern is readily seen even in a stained
SDS-PAGE gel if the proteins are heated at low pH before the
analysis (Fig. 2B) (34). The B protein, which lacks Asp-Pro-
containing repeats (10, 12), does not give rise to a ladder.
Similarly, a ladder was not seen for Fbs, indicating that this
protein does not contain repeats with Asp-Pro sequences.

Comparison of Fbs proteins expressed by different GBS
strains. An inhibition assay was used to analyze whether Fbs
proteins expressed by different GBS strains have similar im-
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TABLE 1. Cell surface expression of the Fbs, Rib-like, «, and 8
proteins in 49 GBS isolates of serotype V¢

Surface protein(s) expressed No. of strains (n = 49) %
Individual proteins”
Fbs 15 31
Rib-like 29 59
I 2 4
B 13 26
None 5 10
All combinations identified®
Fbs (only) 6 12
Fbs and B 6 12
Fbs, Rib-like, and 3 2 4
Fbs, o, and B 1 2
Rib-like (only) 25 51
Rib-like and B 2 4
B (only) 1 2
o and B 1 2
None 5 10

“ Analyzed by incubating whole bacteria with specific rabbit antibodies as
described in Materials and Methods. In most cases, the results were unequivocal,
but in a few cases, expression, or lack of expression, of a surface antigen was
verified by Western blot analysis of bacterial extracts.

’ For individual proteins, the number of strains indicates the number of strains
expressing a given protein. The total number of strains in this set of data is >49,
since one strain may express more than one of the surface proteins.

¢ All combinations of proteins identified in different strains. As indicated,
some strains express only one protein (Fbs, Rib-like, or B), while other strains
express combinations of different proteins.

munological properties (Fig. 3). In this assay, suspensions of
washed bacteria were used to inhibit the binding of rabbit
anti-Fbs antibodies to purified Fbs immobilized in microtiter
wells. The analysis was performed with the 15 Fbs-expressing
type V isolates that were available (Table 1), including strain
10/84, from which Fbs was purified. As expected, strain 10/84
inhibited binding, while the control, the Rib-expressing type III
strain BM110, had no significant ability to inhibit. Among the
remaining 14 Fbs-expressing strains, 12 caused complete inhi-
bition, like strain 10/84. Data for one of these strains, SBL10,
are included in Fig. 3. Two of the Fbs-expressing strains, ex-
emplified here by strain BE12/96, caused less efficient inhibi-
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FIG. 3. Immunological comparison of Fbs proteins expressed by different
GBS type V strains. Suspensions of whole bacteria were used to inhibit the
binding of rabbit anti-Fbs antibodies to purified protein Fbs immobilized in
microtiter plates. The figure shows data obtained with three Fbs-expressing
strains (10/84, SBL10, and BE12/96) and the type III strain BM110, which does
not express Fbs. This experiment was performed twice with similar results.

tion, and for technical reasons it was not possible to analyze
whether complete inhibition could be obtained. However, the
data suggest that strain BE12/96 expresses an Fbs protein that
is closely related, if not identical, to that of strain 10/84 and
that the difference between the strains may be quantitative
rather than qualitative. Taken together, these data indicate
that most, if not all, Fbs-expressing type V strains express Fbs
proteins with similar immunological properties. Thus, it is jus-
tified to refer to all of these proteins as Fbs.

Protein Fbs is a target for protective antibodies. The ability
of Fbs to elicit protective immunity was analyzed by passive
and active immunization, with a mouse model of lethal GBS
infection. Passive immunization with rabbit anti-Fbs serum
protected mice against infection with either of two Fbs-ex-
pressing type V strains (Fig. 4A and B). For active immuniza-
tion, mice were vaccinated with highly purified Fbs before
challenge with Fbs-expressing strains. Significant protection
was observed also in this case (Fig. 4C and D). Analysis by
enzyme-linked immunosorbent assay (18) showed that Fbs
elicited specific immunoglobulin G antibodies in vaccinated
mice (data not shown).
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FIG. 2. Characterization of protein Fbs: size variation and lack of ladder formation in SDS-PAGE gels. (A) Western blot analysis of mutanolysin extracts from seven
different Fbs-expressing strains of serotype V, with rabbit anti-Fbs serum. Bound antibodies were detected with radiolabeled protein G. In a control blot with
preimmune rabbit serum, no signal was obtained. (B) SDS-PAGE of purified proteins after boiling at acidic pH. Solutions of the «, B, Rib, and Fbs proteins were
adjusted to pH 4.0, mixed with sample buffer, boiled for 5 min, and subjected to SDS-PAGE (34). The « and Rib proteins, but not B or Fbs, form a characteristic ladder,
apparently due to hydrolysis of acid-sensitive Asp-Pro bonds in the repeat regions (34). Molecular mass markers are in kilodaltons. These experiments were performed

twice with similar results.
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FIG. 4. Antibodies against Fbs protect mice against lethal infection with
Fbs-expressing GBS strains. (A and B) Passive immunization. C3H/HeN mice
were injected i.p. with 0.1 ml of rabbit anti-Fbs serum. Control mice received
preimmune rabbit antiserum. The mice were challenged i.p. 4 h later with an
~LDy, of log-phase bacteria. (Due to interexperimental variation, the survival
was higher than 10% in some cases.) Two Fbs-expressing GBS type V strains,
10/84 and SBLI10, were used, as indicated. Deaths were recorded daily for a
period of 7 days, and the final ratios (number of surviving mice to number of
mice challenged) are indicated. The P values were calculated by the Fisher exact
test. (C and D) Active immunization. C3H/HeN mice were vaccinated with
highly purified protein Fbs. Control mice received PBS. The vaccinated mice
were challenged i.p. with an ~LDy, of log-phase bacteria. Strains used were the
same Fbs-expressing type V strains as used for the passive immunization exper-
iments, and data are presented in the same way as described above.

Purification and characterization of a Rib-like protein.
Among the type V strains analyzed here, the most commonly
expressed surface protein was a Rib-like protein (Table 1).
This protein is referred to as Rib-like, since preliminary inhi-
bition experiments with whole bacteria indicated that the pro-
tein expressed by these strains is not identical to Rib. Inhibi-
tion data obtained for one strain, isolate 2471, are shown in
Fig. 5A. In this experiment, the binding of anti-Rib antibodies
to immobilized Rib was inhibited with suspensions of whole
bacteria. As expected, the Rib-expressing strain BM110 caused
complete inhibition, while strain SB35, which expresses o and
B, lacked inhibitory ability. Strain 2471 caused partial inhibi-
tion, but the shape of the curve and the incomplete inhibition
suggested that the surface protein expressed by this strain
might not be identical to Rib. Similar results were obtained
with several other type V strains.

The Rib-like protein expressed by strain 2471 was purified to
homogeneity from a mutanolysin extract (see Materials and
Methods). The purified protein had a molecular mass of ~120
kDa, and in a Western blot it cross-reacted with Rib (Fig. 5B).
No cross-reactivity could be detected with «, B, or Fbs. Like
Rib, the Rib-like protein was resistant to digestion with trypsin
at pH 7.5 and pepsin at pH 4.0 (data not shown and reference
30).

The N-terminal sequence (12 residues) of the Rib-like pro-
tein was determined and was found to be identical to that of
the « protein (Fig. 5C), confirming that the Rib-like protein is
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FIG. 5. Identification of a Rib-like protein expressed by type V strain 2471.
(A) Inhibition test with whole bacteria. Suspensions of whole bacteria were used
to inhibit the binding of rabbit anti-Rib antibodies to Rib immobilized in micro-
titer plates. Strains used were the Rib-expressing type III strain BM110, the type
V strain 2471, and the type Ib strain SB35, which expresses the o and B proteins.
(B) Western blot analysis of purified preparations of five GBS surface proteins:
the a, B, Rib, Fbs, and Rib-like proteins. The blot was analyzed with mouse
antiserum (diluted 1:500) against the purified Rib-like protein, and bound anti-
bodies were detected with radiolabeled protein A. In a control blot with preim-
mune mouse serum, no signals were obtained. Molecular mass markers are in
kilodaltons. (C) The N-terminal amino acid sequence of the Rib-like protein is
identical to that of the a protein (26, 30). Experiments for panels A and B were
performed twice with similar results.

indeed different from Rib. Interestingly, the Rib-like protein
lacked cross-reactivity with «, in spite of the identical N-ter-
minal sequences.

Immunological comparison of Rib-like proteins expressed
by different type V strains. Rib-like proteins expressed by dif-
ferent type V strains were immunologically compared in an
inhibition assay (Fig. 6). Washed and suspended bacteria were
used to inhibit binding between the purified Rib-like protein
immobilized in microtiter wells and antibodies to this protein.
The analysis was performed with the 29 available type V strains
that had been classified as expressing the Rib-like protein
(Table 1). Of these 29 strains, 25 caused complete inhibition.
This group of 25 strains included strain 2471, from which the
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FIG. 6. Immunological comparison of Rib-like proteins expressed by differ-
ent GBS type V isolates. Suspensions of whole bacteria were used to inhibit the
binding of rabbit anti-Rib-like antibodies to purified Rib-like protein immobi-
lized in microtiter plates. Data from three strains expressing Rib-like proteins
(2471, 36/94, and Dk 3088) are shown in the figure. The type Ib strain SB35 was
used as a negative control. This experiment was performed twice with similar
results.

Rib-like protein was purified. Data for this strain and for one
other strain (strain 36/94) causing complete inhibition are
shown in Fig. 6. The remaining four strains, represented in Fig.
6 by Dk 3088, caused partial inhibition. (The surprising shape
of this inhibition curve was reproducible and was seen also with
other strains causing incomplete inhibition). Together, these
data indicate that the large majority of strains expressing Rib-
like proteins express proteins that are immunologically similar,
if not identical, justifying the classification in Table 1.

The Rib-like protein is closely related to the R28 protein of
S. pyogenes. The family of extremely repetitive proteins iden-
tified by GBS proteins Rib and « also includes the R28 protein
of S. pyogenes (28). The Rib-like GBS protein described here
shares some properties with this protein: the Rib-like and R28
proteins both cross-react with Rib, and they have the same
N-terminal sequence as «, although they do not cross-react
with a. These data suggested that the Rib-like protein of GBS
might be closely related to R28. To analyze this possibility, the
immunological relationship among the Rib-like, R28, and Rib
proteins was analyzed in inhibition experiments with protein
immobilized in microtiter wells (Fig. 7). In these experiments,
the binding between one immobilized protein and antibodies
to this protein was inhibited with highly purified preparations
of the three different proteins.

anti-Rib / Rib
100

anti-Rib-like / Rib-like
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The binding of anti-Rib to immobilized Rib was first ana-
lyzed (Fig. 7A). Controls showed that the binding was inhibited
by Rib but not by the unrelated B protein. Addition of the
Rib-like protein caused only partial inhibition. The inhibition
curve indicates that there are major immunological differences
between the Rib-like and Rib proteins. Indeed, the Rib-like
protein did not cause more than ~50% inhibition, even when
added at a high concentration, indicating that ~50% of the
anti-Rib antibodies did not recognize the Rib-like protein in
this analysis. Similar results were obtained with the R28 pro-
tein, as also noted in another study (29). Thus, the R28 and
Rib-like proteins had similar properties in this test, and both
proteins showed major immunological differences from Rib.

In an inhibition test with the Rib-like protein and antiserum
to this protein (Fig. 7B), Rib caused only partial inhibition, in
agreement with the data in Fig. 7A. However, the R28 protein
inhibited the binding efficiently, but not completely, indicating
that the Rib-like protein and R28 are indeed closely related.
Similar results were obtained in inhibition tests with anti-R28
serum (Fig. 7C). Taken together, these inhibition tests indicate
that the Rib-like protein of GBS is very closely related to the
R28 protein of S. pyogenes.

The Rib-like protein is a target for protective antibodies. An
attempt to demonstrate that antibodies against the Rib-like
protein protect against lethal infection gave inconclusive re-
sults, probably due to technical problems. The exact reason for
this inconclusive result was not analyzed, since other experi-
ments showed that antibodies to the closely related R28 pro-
tein protected mice against lethal infection with a strain ex-
pressing the Rib-like protein. C3H/HeN mice were immunized
actively or passively, as described in Materials and Methods,
with pure R28 protein or rabbit anti-R28 antibodies, respec-
tively. Controls received bovine serum albumin (BSA) or pre-
immune serum, respectively. Immunized mice were challenged
with an ~LDg, of GBS type V strain 2471, which expresses the
Rib-like protein. The numbers of mice surviving for 7 days
after challenge with strain 2471 were as follows: active immu-
nization (data taken from a study of the ability of the R28
protein to confer protective immunity against GBS strains
[29]), 9 of 15 mice receiving R28 protein (P < 0.001, compared
to controls receiving BSA) and 0 of 15 mice receiving BSA;
passive immunization, 9 of 11 mice receiving anti-R28 serum
(P < 0.05, compared to controls receiving preimmune serum)
and 3 of 10 mice receiving preimmune serum. The survival data
were analyzed by the Fisher exact test. Indeed, protection was

anti-R28 / R28

A B Rib-like C
Rib R28
< 7 787 751 Rib-like
)
S Rib-lik
2 501 fo-like 50 50
3
<
£
25 R28 25 25
B
0 01— ATl 0+
001 01 1 10 100 001 01 1 10 100 001 01 1 10 100
inhibitor (nM) inhibitor (nM) inhibitor (nM)

FIG. 7. Analysis of the immunological relationship between the Rib and Rib-like proteins from GBS and the R28 protein from S. pyogenes. Each panel shows an
inhibition experiment, in which the binding of rabbit antibodies to an immobilized protein was inhibited by the addition of different purified proteins. The combination
of antiserum and immobilized protein is indicated above each panel, and the purified proteins used for inhibition are indicated at the corresponding curves. Each of

these experiments was performed at least twice with similar results.
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observed in both active and passive immunization experiments.
Thus, the Rib-like protein can serve as a target for protective
antibodies, as previously described for the R28 and Rib pro-
teins (19, 28, 30) and as shown above for the Fbs protein.

DISCUSSION

Available evidence indicates that most strains of GBS ex-
press one or more surface proteins that confer protective im-
munity (17, 19, 25, 30). Interestingly, antibodies to these pro-
teins are sufficient to prevent lethal experimental GBS
infection, although the bacteria express a polysaccharide cap-
sule that acts as a virulence factor and interferes with host
defense mechanisms (5, 33, 36). This situation has made it of
interest to characterize GBS surface proteins and evaluate
them as possible vaccine components. Studies of GBS proteins
are also of obvious interest for analysis of pathogenetic mech-
anisms used by GBS and other encapsulated bacteria. More-
over, the remarkable sequences of GBS surface proteins (10,
12, 26, 34) make them interesting from a protein-chemical
point of view.

In previous studies, we developed methods to prepare ho-
mogeneous and highly purified preparations of the GBS pro-
teins «, B, and Rib, allowing immunochemical characterization
of the proteins and vaccination studies (18, 19, 21, 30). More-
over, methods were developed to purify the S. pyogenes R28
protein, which is a member of the same family as the Rib and
a proteins of GBS (28). In the present investigation, we used
knowledge gained in these earlier studies to purify and char-
acterize two novel GBS surface proteins expressed by strains of
serotype V, the Fbs and Rib-like proteins. The most important
result of this work is the demonstration that the Fbs and
Rib-like proteins are targets for protective antibodies, making
them of interest for analysis of pathogenetic mechanisms and
for vaccine development.

The Fbs protein was identified as a high-molecular-weight
polypeptide present in mutanolysin extracts, by using methods
previously used to identify the Rib protein in type III strains
(30). The biochemical and immunochemical characterization
of purified Fbs did not disclose any obvious similarity to other
GBS surface proteins. Although the N-terminal sequence of
Fbs was identical at 6 of 11 positions to a sequence in the
repeats of Rib (Fig. 1D), the significance of this similarity
seems uncertain, since the shared residues correspond to
amino acids that are common in GBS surface proteins. More-
over, comparison of residues that are not shared in the two
sequences does not support the possibility that they are re-
lated. Like the Rib and « proteins, Fbs varies in size between
strains, suggesting that Fbs may contain repeated regions.
However, the variation in size for Fbs expressed by different
strains was more limited than that observed for Rib and « (22,
30). Although Fbs did not exhibit the characteristic laddering
pattern seen when « and Rib are subjected to SDS-PAGE (22,
30), this result does not exclude the possibility that Fbs is a
member of the same family as « and Rib, since Fbs could have
repeats lacking the acid-labile Asp-Pro bonds that apparently
give rise to the laddering pattern during SDS-PAGE analysis
(34). However, the protease sensitivity of Fbs suggests that this
protein may not be a member of the family including the o,
Rib, and R28 proteins, all of which are resistant to trypsin.

The Rib-like protein was identified in inhibition tests in
which whole bacteria of type V strains were used to inhibit the
binding between purified Rib and anti-Rib. These tests indi-
cated that some type V strains express a surface protein that is
related to, but not identical to, Rib. This conclusion was con-
firmed in inhibition tests with highly purified protein prepara-
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tions, which showed that the Rib and Rib-like proteins show
major immunological differences, although they cross-react.
However, the inhibition analysis indicated that the Rib-like
protein is very similar to the R28 protein of S. pyogenes, a
protein that can be viewed as a chimera derived from the three
GBS proteins «, B, and Rib (28). Indeed, the similarities be-
tween the Rib-like and R28 proteins suggest that these pro-
teins may be almost identical, supporting the suggestion that
the gene for R28 arose in GBS and was transferred to S.
pyogenes (28).

In the collection of 49 type V strains studied here, the Rib-
like, Fbs, and B proteins were common and were expressed by
26 to 59% of the strains. In contrast, only two (4%) of the
strains expressed the a protein. This result is surprisingly dif-
ferent from that obtained in another study of 41 type V strains,
of which 61% were reported to express an a-like protein (16).
The a-like protein characterized in that study appeared to be
closely related to a, since it cross-reacted with «, but not with
Rib, and had an N-terminal sequence very similar to the pub-
lished sequence of a.. A possible explanation for this difference
between strain collections could be different geographic origins
of the type V strains studied. Most of the strains studied here
were from Scandinavia, while the strains studied by La-
chenauer and Madoff (16) were from a U.S. collection. In
another study of type V strains from the United States, it was
found that « is rare among such strains, in agreement with the
results reported here (9). Indeed, only 1 of 118 type V strains
analyzed in the latter study expressed the c antigen, which
includes « (24). The reason for this difference between the two
U.S. studies is not known.

The studies reported here confirm earlier observations that
the expression of surface proteins in GBS is strongly correlated
with capsular type. Indeed, the « and B proteins are common
in strains of serotypes Ia, Ib, and II but are almost never found
in strains of serotype III (13, 24, 30), while protein Rib is
expressed by almost all type III strains but has not been found
in types Ia and Ib (18, 30). Similarly, the Fbs and Rib-like
proteins described here are common in strains of serotype V
but are rare in strains of other serotypes (this study and ref-
erence 29). Possible explanations for this linkage disequilib-
rium include lack of recombination and/or geographical isola-
tion, but we are not aware of any data supporting these
explanations. An interesting alternative explanation could be
that certain combinations of virulence factors are favorable to
the pathogen and are maintained by a strong selective pressure
from the immune system of the infected host (7, 8).

Little is yet known about the function of different GBS
surface proteins in pathogenesis. Indeed, most work on GBS
proteins performed so far has been devoted to the identifica-
tion, purification, and sequencing of different proteins and to
analysis of their ability to elicit protective immunity. However,
a recent study has demonstrated that the S. pyogenes R28
protein promotes adhesion to human epithelial cells (28).
Since the GBS proteins « and Rib, and most likely also the
Rib-like protein, are members of the same protein family as
R28, it is attractive to speculate that these GBS proteins also
act as epithelial cell adhesins. Experiments are now in progress
to analyze this hypothesis. Information about the functions of
the different proteins will throw new light on the pathogenesis
of GBS disease and is also of interest for vaccine development.
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