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Summary

Group A streptococci can be categorized into two classes (I and II) based on immunodeterminants
contained within a surface-exposed, conserved region (C repeat domain) of the major virulence
factor, M protein . Previous studies have shown that several biological properties correlate strongly
with streptococcal class, and thus, there is a strong impetus to precisely define the antigenic
epitopes unique to class I and II M proteins. Using synthetic peptides, the binding sites of two
class I-specific mAbs were mapped to distinct epitopes within the C repeat region of type 6
M protein (class I) . A class II M protein-like gene (type 2) was cloned and sequenced, and the
predicted amino acid sequence was compared for homology to class I and II molecules, whose
sequences were previously reported . For a given C repeat block 35 amino acid residues in length,
20 residue positions were conserved among all sequences analyzed . Of the 15 variable amino
acid positions, only four were class specific, and three of the four positions were localized in
the area to which the class I-specific mAbs bound. The predicted secondary structures of class
I and II C repeat blocks reveals that they are a-helical, except for a single area of disruption .
In the class I molecules, the area of disruption corresponds to the class I-specific mAb binding
sites . Importantly, the predicted conformational characteristics of this disruption differs for class
I and II molecules. The data suggest that only limited changes in amino acid residues differentiate
between class I and II molecules in the C repeat region . Therefore, selective (biological) pressures
may have contributed to the evolution of these two classes of molecules .

Group A streptococci contain a family of surface proteins
that are structurally similar in their COOH-terminal

halves. Included in this family of closely related molecules
are M proteins (1-5), an IgA receptor protein (Arp) (6), and
an IgG receptor (protein H) (7) . One notable feature ofM and
M-like protein molecules is that they contain tandemly ar-
ranged blocks of direct sequence repeats, of which there are
one to three distinct sets per molecule. The conserved,
COON-terminal half of M and M-like molecules is com-
prised of a surface-exposed "C repeat region;' which forms
a distinct antigenic domain (8), followed by a cell-associated
portion (1, 9) (for an example, see Fig . 5) . Antigenic epi-
topes on the NH2-terminal side of the C repeat region are
far less conserved among molecules of the M protein family
(8) . A related IgG receptor, FcRA76, displays significant se-
quence homology to M and M-like molecules in its 000H-
terminal region, but lacks the C repeat domain (10) .
M protein itself exists as a c t-helical coiled-coil dimer giving

rise to a fibrillar structure (11) whose NH2-terminal end is
distal to the cell surface and displays extreme antigenic diver-
sity (12) . M proteins provide the basis for the major sero-

logic typing scheme of group A streptococci (13) . They are
the major virulence factor present on most clinical isolates,
and function by rendering the organism resistant to phago-
cytosis. M protein is defined by its function as an antiphago-
cytic surface factor that can be neutralized by type-specific
antiserum (13), however, there is no known structural fea-
ture that is common to all M proteins but absent from M-like
molecules . Because of the existence o£multiple closely related
genes, one must rely on the functional definition of M pro-
tein before concluding that a particular gene product is or
is not M protein . For example, it remains to be established
whether in some instances, type-specific antibodies are im-
munoreactive with antigens other than the antiphagocytic
M molecule, or alternatively, whether some M proteins have
IgG or IgA receptor activity in addition to their antiphago-
cytic property.
Two C repeat region-specific mAbs (10F5 and 10116)

directed to M6 protein have been used for immunochemical
analysis of the C repeat region of >130 group A streptococcal
isolates representing 50 different serotypes (8) . The study re-
vealed that organisms can be grouped into two classes based
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on the presence or absence of immunoreactivity with the C
repeat region-specific mAbs . Class I streptococci are defined
by their strong binding ofone or both of the mAbs, whereas
class II organisms fail to bind either of these two particular
mAbs or bind only weakly (8) . Of the isolates defined as
class I, 90% bound both mAbs strongly, whereas the re-
maining 10% bound either 10F5 or 10116 . All class II or-
ganisms analyzed were devoid of 10116 reactivity, and 21%
displayed weak binding by 10F5 . The immunoreactivity of
the C repeat region-specific mAbs with a given streptococcal
isolate may be attributed to either M or M-like protein mol-
ecules, or both if multiple gene products are expressed . Im-
munoblot analysis of crude extracts of streptococcal surface
antigens demonstrate the presence ofMor M-like molecules
in class II isolates, by virtue of their immunoreactivity with
anti-whole M molecule (8) (unpublished findings) . For this
reason, the lack of binding of two class I-specific mAbs to
class II organisms led to the initial impression that most class
11 M protein molecules completely lacked the C repeat re-
gion. However, one fact that remained puzzling at the time
was that a partial amino acid sequence of a C repeat region
of a class II M protein (M49) displayed -70% sequence ho-
mology with class I M proteins (8, 14) . More recently, the
complete amino acid sequence of an M49 molecule (5) has
revealed a high degree of sequence homology with class I
M proteins (1-4) in the C repeat region. Because type 49
is one of the few class II serotypes displaying weak reactivity
with the class I-specific mAb, 10F5, it remained unclear as
to whether the M49 protein sequence was intermediary to
the more typical class I and II molecules .

Antigenic epitopes within the C repeat regions of the M
protein family correlate with several biological properties of
group A streptococci (8, 15) . Class 11 organisms are producers
of an apoproteinase termed opacity factor (OF)' (16) ; Class
I streptococci fail to exhibit OF activity (8, 17) . Perhaps the
most important correlation between streptococcal class and
pathogenicity is the most "rheumatogenic"M types are class
1 . In addition, most class I impetigo isolates display human
IgG-Fc receptor activity, whereas class I organisms from
nasopharyngeal sites tend to lack IgG-Fc receptors (8, 15) .
In contrast, nearly all class II isolates display IgG-Fc receptor
activity regardless o£tissue site ofinfection (15) . The nonim-
mune binding of human IgA by group A streptococci ap-
pears to be a class II-specific property (15) . Thus, the class
of the C repeat domain appears to be fundamental in distin-
guishing between group A streptococci associated with par-
ticular diseases.
The strong correlations between streptococcal class and

pathogenicity have provided the impetus to better define the
class I-specific epitopes located within the C repeat region
ofM protein . To identify those amino acids responsible for
the class I-specific epitopes, we cloned and sequenced a class
II M protein-like gene (emmL2.1) derived from a strain that
was completely devoid of immunoreactivity with the class
I-specific mAbs, unlike emm49. We provide evidence that
within a narrow zone of the C repeat region, there exists

' Abbreviation used in this paper: OF, opacity factor.
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both shared and class-specific immunodeterminants . The
predicted amino acid sequence of the M2 protein-like C re-
peat domain was compared with that of other class I and
II molecules for homology. The findings suggest that only
a small proportion of the amino acid substitutions within
the C repeat region define class specificity. The secondary
structure predicted by Garnier plots indicates a single dis-
ruption in the ci-helix, corresponding to the class I-specific
site. Importantly, the nature of the disruption in the helix
differs for class I and II molecules .

Materials and Methods
Bacterial Strains .

	

Group A streptococci were from The Rocke-
feller University collection and the Institute of Hygiene and Epi-
demiology, Prague. In addition, strains whose emm or arp gene
had been previously cloned and sequenced were obtained from the
following sources : T5 Manfiedo (M type 5) and A24 Vaughn (M24)
(Dr. James Dale, VA Medical Center, Memphis, TN), AP4 (M4)
(Dr. Gunnar Lindahl, University of Lund, Sweden), and CS24
(M12) (Dr. Patrick Cleary, University ofMinnesota, Minneapolis,
MN). In thecase ofCS24, the high M protein-producing, opaque
colony variant (18) was selected for study. Additional strains in-
clude T2/44/Rb4 (M2), D471 (M6), 11737/137/1 (M49, from
which strain CS101 was derived), 29452 (M22), 29486 (M33), and
29586 (T type T8/25/Impl9) . All strains were tested for OF produc-
tion (8) ; strains of M types 2, 4, 22, and 49, and T8/25/Imp19
were OF positive (data not shown) . In addition, all strains under
study lacked the ability to bind mouse IgG by a nonimmune mech-
anism (8) .

Antibody Absorption Assay.

	

This assaywas performed according
to previously described methods (8, 19, 20) . Heat-killed streptococci
were tested at twofold dilutions, beginning at an OD650 equiva-
lent to 10 . mAbs 1OF5 and 10136 were kindly provided by Dr. Kevin
Jones (The Rockefeller University), and have been previously de-
scribed (8, 21) .

Cloning andSequencing ofthe emmL2.1 Gene.

	

A genomic library
ofstrain T2/44/Rb4 (M type 2, class II) was prepared from mechan-
ically sheared DNA ligated to X gtll through EcoRI linkers, and
the DNA was packaged in phage particles (22) . Plaques produced
in Escherichia coli Y1090 were screened first with affinity-purified
anti-ColiM6 antibody (ColiM6, the product of the emm6.1 gene
produced in E. coli; [23]), and secondly with M2 typing sera (13) .
Phage from immunoreactive plaques were used to produce lysogens
in E. coli Y1089 . After lysogen induction at 42°C, bacteriophage
particles containing the emmL2.1 gene were purified on CsCI gra-
dients, DNA was extracted from phage particles, and the cloned
insert was excised by EcoRI digestion and purified by agarose gel
electrophoresis. The purified restriction fragment was ligated to
RF M13mp19 phage (24), and clones containing overlapping in-
serts of ssDNA were generated by T4 polymerase digestion (25),
using the Cyclone I Biosystem

	

NewHaven, CT) . ssDNA
was purified from the M13 phage particles and sequenced by the
dideoxy chain termination method (26) using Sequenase (United
States Biochemical Corp ., Cleveland, OH). Strands in opposite
orientations were sequenced .

Western Blot Immunoanalysis.

	

SDS-PAGE and electrophoretic
transfers were performed according to previously described methods
(8) . M protein was extracted from group A streptococci using the
muralytic enzyme, bacteriophage lysin, according to previously de-
scribed methods (27) . The binding buffer for incubation of anti-
bodies with blots consisted of0.1 M Tris (pH 8.1), 0 .4 M NaCl,



0.5% Tween 20 . Affinity-purified antipeptide Igs were prepared
from hyperimmune rabbit serum according to previously described
methods (8, 19, 20, 28) . Antiserum was raised in rabbits to syn-
thetic peptides corresponding in sequence to residues 240-260 and
272-292 of M6 protein from strain D471 (Fig. 5), and to ColiM6 .
M2 typing sera was prepared as previously described (13) . Anti-
bodies to ColiM6 and the M2 typing sera were absorbed against
lysates of X gtll-infected E. coli Y1089 . Alkaline phosphatase-
conjugated secondary antibodies directed to rabbit and mouse IgG
were used .

Competition ELISA with Synthetic Peptide Inhibitors.

	

This assay
was performed according to previously described methods (28) . Syn-
thetic peptides (19) (Fig. 5) were tested at twofold dilutions in 0.1-
ml volume beginning at a concentration of 50 Ag/ml .

Sequence Analyses.

	

Amino acid sequence analysis for secondary
structure by the Robson predictive algorithm (Garnier plots) (29),
and construction of the DNA consensus sequence (Staden soft-
ware), were conducted on The Rockefeller University UNIX
system . The Protalign program was used for determining amino
acid sequence homologies.

Results
Immunoreactivity of Streptococci with the Class I-spec fic

mAbs . Class I and II streptococci were compared for their
ability to bind the two class I-specific mAbs by testing different
concentrations of organisms for absorption of each mAb to
surface-exposed antigens. The strains selected for study in-
clude six organisms whose sequence of anM or M-like mol-
ecule has been determined . One can determine the relative
binding capacity of class I and II isolates by comparing the
number of organisms required to bind 50% of a given anti-
body. Greater than 100-fold more class II organisms were
required for 50% absorption of mAb 1OF5 (Fig . 1 A) . One
exception was a type 24 strain, an atypical class I serotype
in that it lacks the 1OF5 site on its surface (8) . Two class II
strains (types 4 and 49) absorbed moderate amounts of 10F5,
but only at very high concentrations of organisms. The mAb
10B6 binding capacities for class I and II organisms differed
by at least 50-fold (Fig . 1 B) .

Cloning and Sequencing ofa Class II M Protein-like Gene.
The overall aim of this study was to precisely identify the
amino acids within the C repeat region that are responsible
for distinguishing between class I and II streptococci . The
amino acid sequences of several class I M proteins are known
(1-4), and the complete sequence of a class II M49 protein
has been recently reported (5) . However, the type 49 strain
from which the emm49 gene was derived is not entirely typ-
ical of a class II organism in that it displays some 10F5 reac-
tivity (Fig. 1 A) ; the vast majority of class II isolates fail to
bind 10F5 (8) . Therefore, we cloned and sequenced the C
repeat region of the 1OF5- and 1OB6-negative class II M
protein-like molecule from type 2 strain T2/44/Rb4 (the
emmL2.1 gene) (Fig. 1, A and B) .

Phage from four plaques immuncreactive with M2 typing
sera were used to produce lysogens inE. coli Y1089 . Growing
cultures were induced for synthesis of the cloned gene product,
and whole cell lysates were subjected to Western blot im-
munoanalysis. The clones expressed a fusion product with
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Absorption of class I-specific mAbs to class I and II strep-
tococci . Streptococci were tested at twofold dilutions for absorption of
1OF5 (A) and 1OB6 (B) . Class I streptococci (open symbols) are represented
by types MS (circle), M6 (triangle), M12 (square), M24 (inverted triangle),
and M33 (diamond). Class II organisms (closed symbols) are represented by
types M2 (circle), M4 (triangle), M22 (square), M49 (inverted triangle), and
T8/25/lmp19 (diamond). (B) The symbols for M2, M4, and M22 overlap
at 0 for all dilutions .

a-galactosidase, and displayed immunoreactivity with both
anti-ColiM6 IgG and M2 typing serum (Fig . 2, A and B) .
In addition, immuncreactivity was observed with affinity-
purified antibodies directed to synthetic peptides corresponding
to sequences within the C repeat region of M6 protein (Fig.
2, C and D), but not with the class I-specific mAbs (Fig.
2, E and F) . The size of the insert DNA from all four clones
was ti1 kb (data not shown), and clone 9 was selected for
DNA sequencing .
The nucleotide and predicted amino acid sequence of the

C repeat region within the emmL2.1 gene is presented in Fig.
3 . The M2 protein-like molecule contains four C repeat blocks,
wherein each complete C block consists of a 23-amino acid
residue C segment and a 12-residue spacer. Sequences im-
mediately upstream from the C1 block are rich in glutamine
and glutamic acid, and display strong homology with analo-
gous positions within emm49 (5) and arp4 (6) . The last re-
peat block (C4) contains the C segment only, and is followed
by sequences that exhibit strong homology with all M and
M-like molecules whose sequences are known (1-7) (data not
shown) . Because of its reactivity with the M2 typing serum
and its high degree of sequence homology with other M pro-
teins, we designate this gene as emmL2.1 (M2 protein like) .
Conclusive proof of whether this is, in fact, M2 protein will
have to await functional tests for antiphagocytic activity.

Identification ofClass-speck Amino Acid Substitutions by Se-
quence Homologies.

	

The predicted amino acid sequences of



Figure 2 .

	

Western immunoblot analysis of lysogens. (Lane 1) Whole
cell lysates ofE. colt Y1089 infected with X gt11 and induced with IPTG ;
(lane 2) as lane 1 except that X gill contained the streptococcal insert
DNA (clone 9); (lane 3) crude lysin extract ofparent strain T2/44/Rb4 ;
(lane 4) purified ColiM6 . Blots were tested for immunoreactivity with
the following antibodies: (A) anti-ColiM6; (B) M2 typing sera ; (C) anti-
pep(272-292) ; (D) anti-pep(240-260) ; (E) 10P5 ; (F) 1OB6 . Nonimmune
rabbit serum present in excess failed to detect any material (data not shown) .
1/10 the antigen load was used in A (for ColiM6 only) and in B (for
T2/44/Rb4 lysin extract only) .

the C repeat regions ofseven class I and II molecules (M and
the M-like Arp proteins) are presented in Fig . 4 . The sequences
shown are those that are currently available for analysis; they
are not necessarily representative of the most common class
I and II C repeat regions (8), because 10% ofclass I isolates
completely lack binding by one of the class I-specific mAbs
(e.g ., M24), and one-fifth ofclass II strains display weak 1OF5
reactivity (e.g., M4 and M49; Fig. 1 A). Bearing in mind
the limitations of mAb immunoreactivity, the sequences
presented allow one to draw several conclusions regarding
class-specific amino acid residues .

Each complete C repeat block consists of a 23-residue C
segment and a 12- or 19-residue spacer (Fig. 4) . If one con-

GAAGTAGAAAAACGTTATCAAGAACAACTCCAAAAACAACAACAATTAGAAAAAGAAAAG

GLUVALGLuLYSARGTYRGLNGLUGLNLEUGLNLYSGLNGLNGLNLEUGLULYsGLULYS
10

	

20

!C1
tAAATCTCAGAAGCTAGCCGTAAGAGCCTAA66CGTGACCTTGAAGCTTCTCGTGCAGCT
~GLNILESERGLUALASERARGLYSSERLEUARGARGAsPLEUGLUALASERARGALAALA

30

	

40

C1
AAAAAAGAC

LYsLYsAsP
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s1 C2
~TTGAAGCTGAGCACCAAAAACTCAAAGAGGAAAAA~CAAATCTCAGAAGCA

ILEUGLUALAGLuHIsGLNLYsLEULYSGLUGLULYA LNILESERGLUALA
50

	

60

C2
AGCCGTAAGAGCCTAAGGCGTGACCTTGAAGCTTCTCGTGCAGCTAAAAAAGAC~
SERARGLYsSERLEuARGARGAspLEUGLUALASERARGALAALALYSLYSASP

70

S3
CTCAAAGAGGAAAAA
LEuLYSGLuGLuLYs

C4
6CGTCT000GAAGCTAAGAAAAAAI
ALASERARGGLuALALYsLYsLYs

CAAGCCCTTGAAAAACTAAACAAA
GLNALALEUGLULYSLEUASNLYS

S2
GCTGAGCACCAAAAACTCAAAGAGGAAAA
ALAGLUH1SGLNLYSLEULYSGLuGLULYS

90

C3
AGCCGTGACCTTGAAGCTTCTCGTGCAGCTAAAAAAGAc
SERARGAsPLEuGLuALASERARGALAALALYSLYSASP

110

X12CT
TGAA

ILEUGLU

80

C3
A~CAAATCTCAGAA6CAA0006TCAAGGTCTA
~GLNILESERGLUALASERARGGLNGLYLEU

100

S3
CTTGAAGCTGA6CACCAAAAA

LEU6LUALAGLUHisGLNLYs
120

C4
CAAATCTCAGAAGCAAGCCGTCAAGGTCTAAGCCGTGACCTTGAA

GLNILESERGLUALASERARGGLNGLYLEUSERARGASPLEuGLU

130

	

140

TAGAAGCAGACTTAGCCGAAGCAAATAGCAAACTT
ALGLUALAAsPLEUALAGLUALAASNSERLYSLEU

150

	

160

Figure 3 .

	

Nucleotide and predicted amino acid sequences of the C re-
peat region of the emmL2.1 gene . Numbers refer only to nucleotide se-
quence shown, and do not reflect the entire emmU1 gene. The sequences
of the fourC repeat blocks and 60 sequences flanking each side are presented.
These sequence data are availablefrom EMBL/GenBank/DDJB under ac-
cession number X56398 .

siders the 35 residues that comprise the 23-mer C segment
and the 12-mer spacer, 20 of the 35 positions are largely in-
variant (boxed) . Of the 15 variant positions, only four are
involved in class-specific changes (the atypical, 10F5-deficient
M24 protein is excluded from this aspect of the overall anal-
ysis [Fig. 1 A] [8]) . The change in Asp-15 to Glu is class
specific, as is Gln-23 substituted for amino acid X (usually
Asp or Lys) . In addition, class II organisms differ from class
I in that each C repeat unit has either Gly-9 or Arg-11 changed
to Ser, or both changes. The data suggest that despite a
moderate measure of variability in the C repeat region, only
a small proportion of the variable amino acids are related to
class-specific changes.

Identification of Class-specific Amino Acid Substitutions Involved
in Binding by the Class 1-speck mAbs. A series of overlap-
ping peptides were synthesized that correspond in sequence
to the C repeat region of M6 protein (Fig. 5) . The peptides
were tested for their ability to inhibit the binding of 1OF5
and 10136 to ColiM6 antigen by ELISA (Table 1) . The data
indicate that pep(240-260) is a strong inhibitor of both 10F5
and 10136 binding, whereas pep(272-292) strongly inhibits



Figure 4 .

	

Sequence homologies between the repeat blocks of class I and
II molecules. We offer a modified perspective of the C repeat region, which
better illustrates the major points of this report. C repeat regions are depicted
as 23-residue C segments (positions 1-23) separated by 12- or 19-residue
spacer sequences (positions 31-42 or 24-42, respectively). One C segment
and the spacer that follows constitute a complete C block (either 35 or
42 residues in length), whereas the last C block is incomplete, containing
the C seginent only; immediately COOH terminal to the last C block,
there is a high degree of sequence homology among all M types studied .
The amino acid sequences of the C repeat regions of three class I (M6,
M5, M12), one 1OF5-deficient class I (M24), and three class II (M2-like,
M49, Arp4) molecules are presented . The amino acid residues presented
foreach molecule are as follows : M6, 235-299 (1) ; M5, 258-350 (3) ; M12,
2386-2581 (nucleotide positions) (2) ; M24, 311-397 (4) ; M2-like, 21-148
(this study) ; M49, 509-825 (nucleotide positions) (5); Arp4, 124-223 (6) .
The 20 invariant positions within the 35-mer block only (positions 1-23
and 31-42) are boxed ; a position is considered invariant if all C blocks
shown contain the same residue, allowing for one exception . The class-
specific positions are indicated (*) . The C repeat positions (1-42) of syn-
thetic peptides are indicated in Fig . 5 . Residues are grouped in a manner
as to highlight the seven-residue periodicity characteristic of coiled-coil
molecules (12) .

101`5 binding only. Thus, 101`5 and 10136 have distinct binding
specificities. It should be noted that pep(240-260) and pep(272-
292) contain partial repetitive blocks that display extensive
sequence homology to each other (Fig. 5) . Previous studies
have been shown that a peptide fragment generated by V8
protease digestion of ColiM6, corresponding to amino acid
residues 275-295, inhibited both 1OF5 and 10136 binding (21).
Thus, it appears that residues 293-295 (repeated at positions
251-253) are critical for 10136 binding.
Based on the immunoreactivities of the type 2 and 6 gene

products (Fig. 2), it is possible to relate amino acid sequences
to antigenic epitopes (Fig . 4) . Both the type 2 streptococcus
and the emmL2.1 geneproduct completelylack 101`5 and 10136
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Competitive Inhibition of Binding by Class 1-speck
mAbs to M6 Protein by Synthetic Peptides

Figures represent the amount of peptide needed for 50% inhibition.

reactivity. By examining the sequence homologies between
the M6 and M2-like proteins in the regions to which the
class I-specific mAbs map, it becomes apparent that the variant
position 15, and either position 9 or 11, are critical for mAb
binding.

The 101`5-reactive peptides, pep(240-260) and pep(272-
292), have positions 6-16 of M6 protein in common, with
the exception of a single substitution at position 8 (Gln or
Lys) (Fig. 4) . The first two C blocks of the M2-like protein
differ from the M6 sequence within the 101`5 binding region
at position 9 (Gly in type 6, compared with Ser in type 2) .
Although the third and fourth C blocks of the M2-like pro-
tein have Gly-9, similar to the M6 protein, these two blocks
have a Ser in place of the class I-specific Arg-11 . In addition,
the type 2 protein has a Glu instead of Asp-15 . The 10F5-
deficient type 24 organism has anM protein that differs from
the M6 sequence in this region at Ser-9 only, adding further
support that Gly-9 is a critical residue for the 101`5 epitope.
The low level binding of 101`5 by type 4 and 49 organisms
(Fig. 1 A) may be due to low affinity sites on the emm49
and arp4 gene products, or due to other M-like proteins. In
summary, the data strongly suggest that substitutions in Gly-9

Ser or Arg-11 -" Ser (perhaps in combination with Asp-
15 --> Glu) result in loss of the 1OF5 binding site.

Based on peptide inhibition experiments (Table 1) (21), the
10116 mAb epitope lies within positions 6-19 of M6 protein .
Since pep(272-292) (which ends at position 16) was nonin-
hibitory for 10116 binding, whereas the 275-295 fragment
was inhibitory (21), it seems likely that the class I-specific
Asp-15 is critical for 10136 binding. Because type 24 organisms
bound 10136 strongly (Fig. 1 B) it is highly improbable that
a change in Gly-9 by itself can affect 10136 reactivity. How-
ever, Gly-9 or Arg-11 might influence 10136 binding in com-
bination with Asp-15 . Interestingly, the critical change at
position 15 from Asp to Glu is a conserved substitution, with
preservation of an acidic amino acid residue. In summary,
of the four class-specific positions [9, 11, 15, 23] within the
C repeat region, the three residues at positions 9, 11, and
15 appear to be involved in determining the 10136 and 1OF5
binding sites .

Predicted Secondary Structure of Class 1 and 17 C Repeat
Regions.

	

The Robson algorithm for predicting secondary

Peptide 10136 101`5

'ag/ml
223-244 >50 >50
240-260 2.85 x 10-3 1 .17 x 10-4
248-269 >50 >50
256-277 >50 14.9
272-292 >50 5.87 x 10-5
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structure (Garnier plots) (29) was used for the seven class
I and II molecules described above (Fig. 6) . For all of the
molecules under study, most of each C repeat unit was
a-helical. However, there was a single area of disruption in
the a-helix, corresponding approximately to positions 7 to
13 (boxed) . The class I molecules (with the exception of 10F5-
negative M24 protein) have predicted 0-turns and 0-sheet

KVSEASRKGLRRDLDASREAKKCIVEKDLANLTAELDKVKEEKC115DASRCIGLRRDLDASREAKKCI

235

	

2s7
(1)

	

1221

240

	

210
111

	

I2M1

241

	

2N
1141

	

Issl
256
1221

C7 SEGMENT

	

SPACER

Figure 6 .

	

Gamier plots of the class I and II C repeat regions . Algorithms
for predicted secondary structures were performed on the entire sequence
ofeach molecule, but only the C repeat region is shown here. For M2-like
protein, Gamier plots were performed on the sequence presented in Fig .
3 . Each position is assigned a single structure : cr-helix (H), /3-sheet (S),
0-turn (T), and random coil (C) .
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Figure 5 .

	

Structure of the M6 pro
000H

	

tein of strain D471 . The C repeat re-
gion of M6 protein is depicted as 23-
residue segments (Cl and C2; positions
1-23) separated by a 19-residue spacer
sequence (Sl ; position 24-42) . Cl and
S1 constitute a complete C block,
whereas the last C block (C2) is incom-
plete, containing the 23-residue segment
only. Synthetic peptides corresponding
to sequences within the C repeat region
(used for competitive inhibition studies
[Table 1] and antipeptide antibodies
(Fig. 21) are indicated; amino acid res-
idue numbers and C repeat positions
(parentheses) are shown . Amino acid
residues are based on the sequence of
the mature M6protein of strain D471(1) .

in the disruption, with the basic structure TTTCSST or
TTTSSST In contrast, the disruption in the helix of class
II molecules is largely the result ofrandom coil potential and
is devoid of (3-sheet, having the structure TTCCCCC oc-
curring at least once in each molecule, and in some blocks
is as short as TTC (e.g., M2-like protein) . Therefore, only
in the region to which the class I-specific mAbs map is there
a different predicted secondary structure for class I and II
molecules .

The C repeat domain appears to be fundamental in distin-
guishing between group A streptococci of differing patho-
genic properties (8, 15) . In this report, we propose to define
the molecules ofthe "M protein family" as those with closely
related COOH-terminal halves, including a C repeat domain .
Through knowledge of the differences between class I and
II C repeat regions, we hope to gain further insight on the
distinct biological functions ofthese two classes of streptococci .
The data indicate that only 20 residues within the 35-mer
C repeat block are invariant among the class I and 11 mole-
cules analyzed, and furthermore, the degree of sequence ho-
mology among class I C repeat regions approximates the ho-
mology between class I vs. II. Only 4 ofthe 15 variant positions
are involved in class-specific changes, and three of the four
map to the class I-specific mAb epitopes. Thus, limited amino
acid changes are responsible for distinguishing between class
I and II C repeat regions.
The class I-specific mAb binding sites correspond to the

single break in the ct-helix predicted by Garnier plots. The
disruption in the ci-helix may represent an immunodominant
region, due to greater flexibility and accessibility of the poly-
peptide chain . In general, predictive algorithms for secondary
structure cannot be relied upon heavily, although the Robson-
Garnier analyses are well suited for molecules rich in 4x-helical

CLASS II :
1 3 10 17 23 24 31 38 42

EnmL2.1 HH HHHHTTC HHHH' HH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHHTTC HHHH HH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHHTTC CCCH HH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHHTTC CCCC HH HHHHHHH

Enn49 HH HHHHTTC CCHH HHH HHHHHHH HHHHHHH HHHHHHH HHHHH

HH HHHC'TTC CCCC HH HHHHHHH HHHHHHH HHHHHHH HHHHH

HH HHHC TTC CCCCHHH HHHHHHH

ARP4 SS SSSC TTC CCCH HHH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHCTTC CCCCHHH HHHHHHH HHHHHHH HHHHHHH HHHHH

HH HHCCTTC CCCCHHH HHHHHHH

CONSERVED C SEGMENT SPACER

CLASS I :

1 3 10 17 23 24 31 38 42

Enm6 .1 HH HHHH TTT CSSTHHH HHHHHHH HHHHHHH HHHHHHH HHHHH

SSST~CHH HHHC TTT HH HHHHHHH

ERMS HH HHHH TTT CSSTHHH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHH TTT CSST,HHH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHHTTT CSST HHH HHHHHHH

Enn12 HH HHHHTTT CSST CH HHHHHHH HHHHHHH HHHHHHH HHHHH

HH HHHCTTT SSST'' HH HHHHHHH

EMM24 TTS SSST HH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHHTTC SSTT HH HHHHHHH . . . . . . . HHHHHHH HHHHH

HH HHHHTTC SSTT HH HHHHHHH



content (29, 30) . In the case of the C repeat domain, the
single disruption in the predicted ct-helical structure was lo-
cated precisely at the positions responsible for both the class-
specific amino acid changes and class I-specific mAb binding
sites. Most importantly, the content of 0-turn, fl-sheet, and
random coil at this location differed for the class I and II
molecules . The coincidence ofthe disruption in the helix with
the class-specific epitopes adds a large measure of significance
to the predicted secondary structures .
How class I and II M proteins evolved is not readily ap-

parent . The small number of class-specific amino acids within
the C repeat domain, a region that contains far more non-class-
associated substitutions, suggests that the class-specific changes
are fairly stable. This, in turn, raises the possibility that there
exists a selective pressure that acts to preserve the class-specific
determinants. Therefore, the class-specific sites would not
simply be a marker but rather, they would represent a region
having a class-specific, biological function . Current studies
indicate that the complement control protein, factor H, binds
to the C repeat region of M6 protein (Fischetti et al., manu-
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