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ABSTRACT  Protein G, a bacterial cell-wall protein with
high affinity for the constant region of IgG (IgGFc) antibodies,
contains homologous repeats responsible for the interaction
with IgGFc. A synthetic peptide corresponding to an 11-amino
acid-long sequence in the COOH-terminal region of the repeats
was found to bind to IgGFc and block the interaction with
protein G. Moreover, two other IgGFc-binding bacterial pro-
teins (proteins A and H), which do not contain any sequences
homologous to the peptide, were also inhibited in their inter-
actions with IgGFc by the peptide. Finally, a decapeptide based
on a sequence in IgGFc blocked the binding of all three proteins
to IgGFc. This unusually clear example of convergent evolution
emphasizes the complexity of protein—protein interactions and
suggests that bacterial surface-protein interaction with host
protein adds selective advantages to the microorganism.

Several immunoglobulin-binding bacterial-surface proteins
have been identified and characterized (for review, see ref.
1). Most of these proteins show affinity for the Fc region of
IgG (IgGFc), and in this group of molecules protein A of
Staphylococcus aureus (2) and protein G of group C and G
streptococci (3, 4) are the most well characterized. Interest-
ingly, proteins A and G appear to interact with the same part
of IgGFc (3, 5, 6), although they show no sequence homology
within their Fc-binding domains (7-9). More recently, an-
other IgGFc-binding protein was isolated from a group A
streptococcal strain (10). The gene encoding this molecule,
named protein H, was sequenced (11), and again no sequence
homology was detected when protein H was compared with
the Fc-binding domains of proteins A and G.

The crystal structure of the complex between IgGFc and
one of the five homologous Fc-binding domains of protein A
(fragment B) has been solved (12). Synthetic peptides were
constructed from the primary structure of areas within Fc
proposed to contact fragment B. Such peptides were also
synthesized from the amino acid sequence of the Fc-binding
domains of protein G. The various peptides were used in
competitive binding experiments and NMR studies in further
analyses of the IgGFc-binding properties of proteins A, G,
and H. The results were then related to the structure and
evolution of these bacterial cell-wall proteins.

MATERIALS AND METHODS

Proteins and Peptides. The protein G used comprised two
IgGFc-binding domains (CDC; two C domains and one D
domain) and was purchased from Pharmacia. The protein A
used also included two Fc-binding domains (ED) and was
provided by J. Sjoquist (Uppsala University, Uppsala, Swe-
den). Intact, Escherichia coli-produced protein H was iso-
lated as described (10). Albumin and polyclonal IgG were
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isolated from human plasma by ion-exchange chromatogra-
phy and gel filtration. IgGFc fragments were prepared by
papain digestion of IgG followed by gel filtration and affinity
chromatography on protein G-Sepharose (Pharmacia).

Peptides, based on sequences in protein G and IgGFc,
were synthesized and analyzed for purity and correct se-
quence, as described (13, 14). NH,-terminal amino acid
sequencing was done on a pulsed-liquid sequencer (model
477A; Applied Biosystems) with the standard NORMAL-1
program supplied by Applied Biosystems.

Proteins were radiolabeled with 1251 by using the Bolton
and Hunter (15) reagent (Amersham).

Competitive Binding Assay. Polyclonal IgGFc fragments
were coupled to polyacrylamide beads (Immunobeads; Bio-
Rad). *5I-labeled protein A, G, or H in 0.1 ml of Veronal
buffer, pH 7.35/0.15 M NaCl/0.1% gelatin (VBS), 0.1 ml of
Immunobead-coupled IgGFc¢ fragments in VBS, and 0.2-ml
samples of unlabeled protein A, G, H, or synthetic peptides
(in VBS) were mixed in dilution series with known concen-
trations and incubated at 20°C for 2 hr. Beads were washed
and centrifuged, and the radioactivity of the pellets was
measured. To determine the amounts of IgGFc beads yielding
sensitive assays, constant amounts of 125I-labeled protein A,
G, or H were incubated with various amounts of beads. The
bound radiolabeled protein was measured, and a dilution of
the IgGFc beads was chosen that bound the tested radiola-
beled protein just below maximum. Relative affinities of
various protein and peptide preparations were measured
from displacement curves, where the amount of unlabeled
sample was plotted against the observed inhibition of radio-
activity bound to the beads. Finally, affinity constants were
calculated from competitive binding experiments, as de-
scribed (16).

NMR Experiments. Intact IgG or IgGFc was dissolved in
0.067 M phosphate-buffered saline, pH 7.4 (PBS), containing
10% 2H,0 for the lock signal and then concentrated by
centrifugation on an Amicon Centriprep-10 concentrator.
Solutions (0.45 ml) of IgG or IgGFc were added to freeze-
dried protein G peptides (PG5 or PGS), yielding a final
concentration of 0.25 mM IgG or IgGFc and 2.5 mM peptide.
Samples with free peptide PG5 or PG8 (2.5 mM) were
prepared by adding PBS buffer to freeze-dried peptide. The
pH was adjusted to 5.0 without correcting for isotope effects.
Concentrations of the NMR samples were confirmed by
quantitative amino acid analysis. NMR spectra were ac-
quired on a General Electric Omega 500 spectrometer oper-
ating at 500.13 MHz for 'H. Resonances were assigned by
using phase-sensitive correlated spectroscopy (COSY), total
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correlated spectroscopy (TOCSY), nuclear Overhauser en-
hancement spectroscopy (NOESY), and rotating frame
Overhauser (ROESY) experiments. The data were trans-
formed with the Omega software and then transferred into a
format used by our in-house software MAGNE (to be described
elsewhere) for further analysis. For the NOESY and ROESY
spectra, a total of 512 free induction decay units (FIDs) was
acquired with a spectral width of 5509.6 Hz, 2048 points, and
64 scans per free induction decay unit. The dispersive signal
due to the water signal was removed by using a method
suggested by Adler and Wagner (17) and included in the
MAGNE program. The mixing time of the total correlated
spectroscopy experiment was 120 ms and for the NOESY and
ROESY experiments was 200 ms; all experiments were done
at 278 K.

RESULTS

Analysis of IgGFc-Binding Properties of a C Domain in
Protein G with Synthetic Peptides. The 55-amino acid-long C
domains of protein G are highly homologous (>90% sequence
identity) and are responsible for the interaction with IgGFc
8, 9). A collection of peptides was synthesized from the
sequence of the C1 domain (Fig. 1) and tested for inhibitory
activity in a competitive binding assay. In this assay, human
IgGFc fragments were coupled to polyacrylamide beads.
Radiolabeled protein G fragments, comprising two C do-
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mains flanking a central D domain, were added, followed by
addition of the various synthetic peptides (unlabeled) de-
picted in Fig. 1. Fig. 1 shows that peptides containing a
sequence in the COOH-terminal third of the C1 domain
blocked the binding of the radiolabeled CDC protein G
fragment. The smallest peptide showing inhibitory activity
(PG8) was 11 amino acids long and corresponded to amino
acid residues 34-44 in the domain. As compared with the
entire C1 domain (PG1) and to peptides PG2 and PG3, larger
amounts of peptide PG8 were required to inhibit binding.
Thus, 50% inhibition of the binding of CDC to IgGFc was
obtained with 267 nmol of PG8, as compared with 20, 84, and
93 nmol of PG1, -2, and -3, respectively. Inhibition with PG4,
however, was similar to that of PG8 (312 nmol). The affinity
constants for the binding of CDC, PG1, and PGS8 to IgGFc
were 5.0 X 10° M1, 2.8 x 107" M1, and 5.8 x 10° M},
respectively. The results indicate that the sequence 34-44
participates in the interaction between protein G and IgGFc.
However, it should be pointed out that the experimental
system used represents an indirect assessment of this pro-
tein—protein interaction. Thus, NMR methods were used to
more directly analyze a possible physical association be-
tween the region of the C1 domain corresponding to PG8 and
IgGFc (see below).

NMR Analysis of a Protein G Peptide (PG8) that Blocks the
Interaction Between Protein G and IgGFc. NMR methods can
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Fic. 1. Schematic representation of protein G using the nomenclature of Olsson et al. (18). a-Helical structure, B-sheets, m}d turns within
the C1 domain are indicated according to Gronenborn et al. (19). Bars represent synthetic peptides (PG1-9) corresponding to various sequences
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FiG. 2. NOESY spectra of protein G peptide PG8 corresponding to amino acids 34—-44 of the C1 domain. The two spectra were run,
processed, and plotted under identical conditions. (4) PG8 (2.5 mM) alone in PBS, pH 5.0. (B) PG8 (2.5 mM) plus IgGFc (0.25 mM) in PBS,

pH 5.0.

be used to obtain information on molecular structure by
performing nuclear Overhauser enhancement (NOE) exper-
iments (20, 21). NOEs arise from cross-relaxation between
spins (protons) close in space (<5 A). In a two-dimensional
NOESY such cross-relaxation is manifested as off-diagonal
cross-peaks with positions given by the resonance frequen-
cies of the interacting protons. The magnitude of such
cross-peaks depends not only on the distance between the
protons but also on the correlation time for the vector
connecting them. Molecules, with the size of PG8 (1.4 kDa),
normally have correlation times such that the cross-peak
intensities are close to zero, independent of distance. In
larger molecules like IgGFc, intense cross-peaks may be
expected. This result is used in the so-called transferred NOE
experiments (22, 23), where the efficient cross-relaxation of
a small molecule bound to a larger molecule is used. The
cross-relaxation occurring in the bound molecule is then
transferred to the free molecule via chemical exchange, and
such cross-peaks can be seen even when a large excess of
small molecules is present. Fig. 2A shows an expanded
portion of a NOESY spectrum from a sample containing PG8
alone, whereas Fig. 2B shows the same view of a NOESY
spectrum in the presence of IgGFc. The molar ratio PG8/
IgGFc was 10:1. The same cross-peaks were seen in PG8 in
the presence of intact IgG (the same molar ratios), whereas
another protein G peptide, PG5, did not give rise to such
cross-peaks. ROESY, which is a modified version of the
NOESY experiment (24, 25), also brings out cross-relaxation
between neighboring protons. However, the cross-peak in-
tensities depend less on the correlation time. In a ROESY
experiment on free PG8, cross-peaks similar to those in Fig.
2B, although weaker, were seen (data not shown). This result
indicated that no major conformational changes occurred in
PG8 upon binding to IgGFc. In a control experiment human
serum albumin (0.25 mM) was used instead of IgGFc together
with PG8. The NOESY spectrum showed the same result as
for the free peptide, excluding the possibility that the cross-
peaks seen in the presence of IgGFc were from increased
viscosity. In summary, the results show an association be-
tween PG8 and IgGFc in solution.

Studies on the Relation Between the IgGFc-Binding Prop-
erties of Proteins A, G, and H. Proteins A and G both contain
repeated IgGFc-binding domains, whereas protein H has a
single Fc-binding region (7-9, 11). As mentioned above, the
Fc-binding regions of these proteins show no sequence

homology, although at least proteins A and G appear to bind
to the same part of IgGFc (3, 5, 6). It seemed that this
somewhat unexpected observation could be studied in more
detail with the synthetic peptides described here.

In a first set of experiments the binding of radiolabeled
CDC protein G fragments to Fc beads was inhibited with
unlabeled CDC, protein A, or protein H. The protein A used
also contained two Fc-binding domains (ED), whereas the
protein H represented the entire molecule. Fig. 3 shows that
the inhibition curves obtained had similar shapes and that the
amount of protein H needed to obtain 50% inhibition was
=~100-fold more as compared with the protein A and protein
G preparations. The results suggest closely located binding
sites on Fc for the three proteins and a lower affinity for
protein H. Additional experiments demonstrated that the
binding of protein A and protein H to Fc beads could also be
blocked with protein G peptides PG1-4 and PG8—i.e., the
same peptides that inhibited binding of protein G to Fc (Fig.
1). Fig. 4 shows the inhibition curves obtained when the
binding of radiolabeled protein H to Fc beads was inhibited
with PGS, the sequence of which showed no homology with
either protein A or protein H.

100}
R
b 80|
g
°
2 a
5 5
=
g 4o
g
'-(20_
) 1 1 .. 1 1
-2 -1 0 1 2 3 4 5

log pmol

Fic. 3. Binding of 12°I-labeled protein G fragments, containing
two C and one D domain (CDC), to IgGFc coupled to polyacrylamide
beads was inhibited with different amounts of unlabeled protein
preparations as follows: 0, CDC protein G fragments; ®, ED protein
A fragments; A, intact protein H.
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FiG. 4. Binding of 125I-labeled protein H to IgGFc beads was
inhibited with different amounts of unlabeled protein H and peptides
as follows: @, protein H; O, protein G peptide PG8; O, IgGFc peptide
1; m, IgGFc peptide 2.

Included in Fig. 4 are also the inhibition curves obtained
with two decapeptides synthesized to include amino acids
proposed to contact the Fc-binding domains of protein A as
judged from x-ray crystallography (12). The amino acids of
Fc peptide 1 (KDTLMISRTP) are in the NH,-terminal, and
those of Fc peptide 2 (VLHQDWLNGK) are in the COOH-
terminal part of the CH2 domain of IgGFc. However, in the
three-dimensional structure of the protein A-IgGFc com-
plex, the protein A-interacting residues of these two se-
quences are exposed close to each other in CH2 domain and
are located in the CH2-CH3 interface region (12). As seen in
Fig. 4, Fc peptide 2 inhibited the interaction between protein
H and Fc, whereas Fc peptide 1 did not inhibit this interac-
tion. This result was also the case when the two Fc peptides
were tested for inhibition of binding between protein A or
protein G to IgGFc (data not shown).

The combined data of the experiments described in this
section suggest that the binding sites for proteins A, G, and
H in IgGFc are closely located or even overlapping.

DISCUSSION

The structure of the IgGFc-binding domains of protein G has
recently been determined in solution by NMR spectroscopy
(19, 26) and was found to comprise a four-stranded B-sheet
flanking a central a-helix. The smallest synthetic peptide
inhibiting the interaction between protein G and IgGFc in the
present work is located in the COOH-terminal part of the
Fc-binding protein G domains. The sequence of this peptide,
PGS8, is found in and around an extended structure connecting
the a-helix with the COOH-terminal outer 83 strand of the
domain (Fig. 5). Our results suggest that this region is of
importance to the IgGFc-binding activity of streptococcal
protein G, although a definite mapping of the binding site(s)
must await determination of the three-dimensional structure
of the protein G-IgGFc complex.

The major finding of this work is that three unrelated genes
of different bacterial species have evolved to encode surface
proteins capable of interacting with the same region in human
IgGFc. This observation represents an unusually clear case
of convergent evolution, where the results could be explained
were the three-dimensional structure of the Fc-binding re-
gions of proteins A, G, and H similar. However, from the data
so far available, identification of such related regions is not
possible. On the contrary, the x-ray crystallographic and
NMR data on protein A (12, 27) and the NMR data on protein
G (19, 26) have indicated major structural differences be-
tween these proteins, which underline the complexity of
protein—protein interactions.
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Fic. 5. Schematic drawing of the polypeptide fold of the C1
protein G domain; data are taken from Gronenborn et al. (19). The
shaded area between amino acids 34 and 44 shows the location of
protein G peptide PGS8.

Although the structural basis for the convergent evolution
of IgGFc-binding bacterial proteins remains unclear, it def-
initely suggests that these proteins are connected with es-
sential functions that add selective advantages to the micro-
organisms. In vivo, Fc-binding proteins will enable the mi-
croorganism to cover itself with host proteins, which could
help it evade the defense mechanisms of the infected host.
Moreover, in group A streptococci a proteolytic enzyme (a
cysteine proteinase), which is active both intra- and extra-
cellularly (28), has been shown to be of vital importance to the
bacteria by promoting their growth (29). In this context it is
noteworthy that protein H acts as a substrate for this pro-
teinase at the bacterial-cell surface (L.B., unpublished ob-
servation) and that Fc-binding bacterial proteins also show
affinity for human proteinase inhibitors (13). Thus, Fc-
binding proteins could influence proteolytic mechanisms
associated with bacterial growth. Were these proteins con-
clusively found to participate in molecular events critical to
basic microbial functions, such as growth or colony forma-
tion or to the host—parasite relationship, more light would be
shed on the case of convergent evolution described here.
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