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ABSTRACr- The amino-terminal sequences of two peptides
of type 24 streptococcal M protein show similarities with that
of rabbit skeletal muscle tropomyosin, having up to 40% iden-
tical residues and probabilities of occurring by chance as low
as P < 10-5. In addition, a hexapeptide (Glu-Ala-Glu-Lys-Ala-
Ala) that is found five times in the M24 protein was shown to
be identical to a sequence in tropomyosin. Similarities are also
seen in the amino acid compositions and physicochemical
properties of tfie two proteins. The amino-terminal sequences
of peptides from another bacterial surface protein, staphylo-
coccal protein A, are highly correlated with segments of two
other myofibrillar proteins, rabbit actin (P < 10-7) and rabbit
myosin Al light chain (P < 10-6). The data presented suggest
that a close structural relationship exists between mammalian
muscle proteins and the biologically active surface proteins of
staphylococci and streptococci. In addition, the correlation
between sequences in M protein and tropomyosin represents
direct evidence of a structural similarity at a molecular level
between a streptococcal protein and a mammalian muscle
component and may therefore prove relevant to the pathoge-
nicity of the streptococcus.

Group A streptococci possess antiphagocytic surface antigens,
known as M proteins, that are primarily responsible for the
virulence of these organisms (1). Based on extensive immuno-
logical data, it has been clearly shown that resistance to strep-
tococcal infection is dependent on neutralization of the anti-
phagocytic effect of M proteins by type-specific opsonic anti-
bodies (1, 2). Immunological cross reactions do occur' between
certain of the more than 70 immunologically distinct M types
(3, 4), but the antibodies involved rarely afford crossprotection
(3). Recent peptide analyses (5) and sequence studies (6, 7) on
a limited number of M protein types revealed that, in spite of
a common biological activity, M proteins are composed of
different primary structures. Despite these immunological and
structural differences, all M protein molecules studied to date
share certain noteworthy chemical and physical properties (8).
Their extreme thermal stability (9), their highly elongated shape
(10, 11), and their appearance as a network of projections on
streptococcal cell walls (12) suggested that M proteins might
have properties in common with previously characterized fi-
brous proteins.

This report describes striking chemical, physical, and se-
quence similarities between streptococcal M protein and rabbit
skeletal muscle tropomyosin. In addition, computer analysis
of the partial sequence of staphylococcal protein A, another
biologically active, Gram-positive, surface protein, having
properties in common with M protein, reveals significant ho-
mology with two other myofibrillar proteins, actin and myosin
Al light chain.

RESULTS AND DISCUSSION
M proteins characteristically contain unusually high levels of
lysine, aspartate or asparagine, glutamate or glutamine, leucine,
and alanine but no cysteine and only negligible amounts of
glycine, proline, and aromatic amino acids (7, 13-16). Such a
distribution of amino acids is typical of a fibrous proteins in
general (17); of these, skeletal muscle tropomyosin bears the
greatest resemblance in composition to M proteins.

Tropomyosin is a component of the thin filament in muscle
cells that binds actin and troponin during calcium-dependent
muscle contraction (18). It is nearly 100% a-helical and exists
in a two-chain, coiled-coil conformation (19). The physical
properties of rabbit skeletal muscle tropomyosin correspond
closely with those of M proteins (Table 1). Both proteins exhibit
size, shape, and charge similarities. The thermal and pH sta-
bility of tropomyosin are general features of myofibrillar pro-
teins that are usually attributed to their high a-helical content
(24). Whether this same characteristic explains the unusual
stability of M protein under hot acidic conditions remains to
be seen.

In view of the physicochemical similarities between M pro-
teins and tropomyosin, the primary structures of these proteins
were compared. Published partial sequence analysis of one M
protein, type 24, has shown that it is a molecule with internally
repeating sequences (7). Cyanogen bromide cleavage of this
molecule yielded seven peptides (7). The partial sequences of
two of the peptides (CB-1 and CB-2) were found to be identical
to each other and to the amino-terminal region of the uncleaved
M24 molecule through at least the first 27 residues (7). The
amino-terminal sequences of the remaining five peptides (CB-3
to CB-7) were identical to each other through the 20th residue
but completely different from the amino-terminal region of
the other two peptides (7). The sequence of rabbit skeletal
muscle a tropomyosin (25) is repetitive throughout its entire
length, although the repeating units are not identical to one
another as in M-24 protein. There is a nearly regular 42-residue
pattern that repeats seven times within the tropomyosin mol-
ecule (26), upon which is superimposed a seven amino acid
periodicity with a regular pattern of nonpolar amino acids in
positions 2 and 5 of every heptapeptide (25).

In comparing the sequence of the M-24 peptides (7) with that
of rabbit skeletal tropomyosin (25), it was noted that M-24
peptides CB-3 through CB-7 all contain a hexapeptide, Glu-
Ala-Glu-Lys-Ala-Ala (residues 14-19), which is identical to
segment 115-120 of tropomyosin. Although this hexapeptide
occurs five times in the M-24 molecule, it is found in no other
protein sequence listed in the Protein Segment Dictionary 76
(27). Alignment of the CB-5 peptide with tropomyosin showed
additional identities clustered around the hexapeptide in po-
sitions 8, 11, 21, and 23 (Fig. 1 upper), bringing the overall
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Table 1. Physicochemical properties ofM protein and tropomyosin
Property M protein Tropomyosin

Molecular weight 30,000-35,000 (6, 13) 35,000 monomer (20)
70,000 dimer

Isoelectric point 5.3 (21) 5.1 (22)
Axial ratio 15:1 to 25:1 (10, 11) 24.5:1 (20)
Solubility Soluble in aqueous Soluble in water (22)

solutions (23) except at isoelectric point
Heat stability Stable at 1000C (9) Stable at 1001C (22)
Stability in acid Stable at pH 2 (9) Stable at pH 2 (24)
Stability in base Stable at pH 10 (10) Stable at pH 9.5 (24)

identity of CB-5 to segment 102-126 of tropomyosin to 40%.
CB-5 was also observed to contain an internally repeated seg-
ment, Leu-Glu-Ala-Glu-Lys-Ala (residues 13-18 and 20-25)
which occurs with an interval of seven amino acids between the
first residues of the repeated segments. Because tropomyosin
contaips a seven amino acid periodicity throughout the mole-
cule, this similarity further strengthens the relationship between
M protein and this mammalian muscle protein. Fig. 1 lower
compares the sequence of M-24 peptide CB-1, which occurs
twice in the M-24 molecule, with three other segments of tro-
pomyosin. Segment 202-228 exhibits 26% identity with CB-I
and, in addition, contains one example of conserved aromatic
amino acids (residue 20) and two of conserved basic residues
(residues 4 and 16). Furthermore, tropomyosin segments
122-148 and 73-99 both exhibit 19% identity with the CB-1
segment. However, due to the internal repetitive nature of
tropomyosin, it is difficult to assess the full significance of the
homology of several segments of this molecule with a segment
of M protein.

In addition to direct alignment, the correlation between M
protein peptides and tropomyosin was also tested by computer
analysis using the program SEARCH (28) (carried out by M.
0. Dayhoff, W. C. Barker, and L. T. Hunt). Of the 100,000
segments analyzed, the M-24 peptide CB-1 retrieved segment
202-228 of tropomyosin with a probability of P < 10-5, a
correlation that is unlikely to have occurred by chance (29). The
CB-5 segment received a less significant score (P < 10-3) for
its correlation with segment 102-126 of tropomyosin because
8 of the 10 identities in this segment are Ala or Glu, identities
that are statistically less significant than more highly conserved
amino acids (28). However, if one judges the degree of ho-
mology on the frequency of identical residues, segment CB-5
could certainly be considered homologous with segment

102-126 of tropomyosin. Proteins that are more than 35%
identical are usually considered to be obviously homologous
(30). In fact, functionally homologous proteins, such as cyto-
chromes c or globins may have as few as 15-30% identical
residues at corresponding positions, as compared to about 5%
expected in comparisons between random sequences (31). The
finding of similarities betweenM peptides and tropomyosin that
are 40% and 26% identical would indicate that the peptides
exhibit strong homology to the tropomyosin segments. But one
must bear in mind that these comparisons are between peptides
and not whole proteins. However, because the known sequence
of M24 accounts for nearly 50% of the molecule, the observed
homology remains significant.

Staphylococcal protein A is another bacterial surface protein
that resembles M protein in antiphagocytic activity (32), amino
acid composition (33), extended shape (34), and internally re-
petitive sequences (33, 35). Protein A is composed of four highly
homologous regions, each consisting of 58 amino acid residues,
which are capable of binding the Fc region of IgG (35). These
regions (D, A, B, and G) are arranged consecutively from the
amino-terminal part of the protein; and it has been suggested
that the residual carboxyl-terminal end of approximately 150
residues binds to the bacterial cell wall structure.

Based on computer analysis, we have found that protein A
shows high degrees of homology with rabbit actin (36) and
myosin (Al light chain) (37) (Fig. 2). The probabilities of the
homologies for protein A-fragment A and actin (P < 10-6)
having occurred by chance are even less than those observed
for M protein and tropomyosin. The exceedingly high corre-
lation between protein A and actin is primarily due to the
conservation of the aromatic residues phenylalanine and ty-
rosine in positions 13 and 14, because only 20% of the residues
are identical (Fig. 2). The correlation with myosin light chain,

1 5 10 15 20 25
M24 (CB5) Asn-Phe-Ser-Thr-Ala-Asp-Ser Ala Lys-Ile Lys-Thr-Leu lu-Ala-Glu-Lys-Ala-Ala Le Ala Glu Lys-Ala-

102 105 110 115- 120 125
Tropo. Ala-G1n-Glu-Arg-Leu-Aa-Thr Ala eu-GlntLysjLeu-GluGlu-Ala-Glu-Lys-Ala-Ala Asp Ser 1 ;

1 5 10 15 20 25
M24 (CB 1) ValBThr -Serin Thr-Ap Thr-SerGlu-Lys-Val-Gln lu-Arg-Ala-Asp Ser-PhetGlu-Ile-GleAsn-Asn-Thr-Leu-

202 205 210 215 220 225
Tropo. Asn-Asn-Leu-Lys.Ser-Leu.Glu-Ala-Gln-Ala Glu-Lys Tyr-SerGln-Lvs-Glu Asp*Lys-Tyr WGlu Glu Ile-Lys-Val *Leu-

122 125 130 135 140 145
Tropo. Glu-Ser-Gll l enuly-Met-Lys-Val-Ileelu-Ser-Arg-Ala-Lys-AspGlu-Glu-Lys-Metu-GlnGlu-Ile-Gln.Leu-

73 75 80 85 90 95
Tropo. LeufKT13.G1u-4ys-Lys-A1a Thr-Asp Ala-Glu-Ala-AspVaAla-Ser-Leu-Asn-Arg-Arg-Ile-Gln-Leu-Val-Glu-Glu-G Leu-

FIG. 1. (Upper) Sequence comparison between the amino-terminal region of M24 peptide CB-5 (7) and a segment of rabbit skeletal tro-
pomyosin (Tropo.) (25). Identical residues are boxed. Underlined residues signify conservative substitutions (28). (Lower) Sequence comparison
between the amino-terminal region of M24 peptide CB-i (7) and three regions of rabbit skeletal tropomyosin (Tropo.) (25). Those residues
of tropomyosin that are identical to CB-i are boxed. Underlined residues signify conservative substitutions (28).
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Protein A 1 5. 10 15 20 25
Seg. A Ala-Asp-Asn-Asnf jAsn Lys-Glu-Gln-Gln Asn-Ala Phe-Tyr-Glu Ile eu Asn-Met-Pro-

Seg. B Ala-Asp-Asn-L Phe Asn Lys-Glu-Gln-Gln Asn-Ala Phe-Tyr-GluIle{ LeufHisf Pro-Asn-Leu-Asn.Glu.Glu-

78 80 85 90 95 100
Actin Thr-Asn-p-As-MetGl Lys Ile-Trp-His-His-Thr Phe-Tyr Asn-GlutLeu Arg-Va1-Ala-Pro-Glu-Glu-His-Pro-
Myosin Al 39 45 50 55 60
Lt. chain Ile-Lys-Ile-Gluf Ser Lys-Glu-GlO-Gln An-Gl Phe. *Lysf Ala-PheLeuz[Tyr-pArg-ThrGly-

FIG. 2. Sequence comparison between the amino-terminal region of staphylococcal protein A fragments A and B (33) and segments of rabbit
skeletal muscle actin (36) and myosin (Al lt. chain) (37). Identical residues are boxed. Underlined residues signify conservative substitutions
(28).

however, features the conservation of two phenylalanine resi-
dues, a tetrapeptide identity (Lys-Glu-Gln-Gln), and 32% of
identical residues (Fig. 2). Interestingly, of the six residues in
the amino-terminal segment of protein A-fragment B that in-
teract with the Fc region of immunoglobulins (residues 5, 6, 9,
13, 17, and 18) (38), three (Phe-5, Gln-9, and Phe-13) are
identical in the corresponding positions of myosin light chain
and two (Asn-6 and Leu-17) are conservative substitutions. The
subsequent residues (residues 26-58) of the protein A-fragment
B molecule (39) show little similarity to either actin or myosin
(data not shown). Therefore, it may be concluded either that
only part of a gene may have been involved in a common ev-
olutionary origin, as has been suggested for H5 histones and
murine leukemia virus phosphoprotein P12 (40), or that local
conformational requirements led to a convergence of se-
quences.

In addition to the similarities noted between protein A and
actin and myosin Al light chain, Escherichia coli L7/L12 ri-
bosomal proteins (41) have been shown to have sequence
similarities with myosin (Al light chain). Also, the repetitive
sequence and conformational properties of E. coli lipoprotein
(42) have led to a suggestion that it may be similar to tro-
pomyosin. Therefore, the relationship between M protein
peptides and tropomyosin appears to be only one example of
a general correspondence between bacterial structural proteins
and mammalian myofibrillar proteins.
The finding of sequence similarities between M protein

peptides and tropomyosin may be of biological significance in
view of the association of the group A streptococcus with
rheumatic heart disease (43). However, owing to the multi-
plicity of streptococcal factors implicated in rheumatic fever
(43), no simplistic model of pathogenesis can be devised based
on this current observation. But nonetheless, this report provides
direct evidence of structural similarity, at a molecular level,
between a streptococcal protein and a mammalian muscle
component. Whether this similarity proves to be the basis for
some of the observed crossreactions between streptococcal
proteins and heart or skeletal muscle tissues (44, 45) must await
detailed immunochemical analysis.
How the structure of M protein enables it to impede phag-

ocytosis is still not apparent, but at least one observation suggests
that this may be a property also common to some fibrous pro-
teins. For instance, amyloid fibers have been shown to resist
phagocytosis by human leukocytes unless opsonized by specific
antisera (46), just as the antiphagocytic effect ofM proteins can
be overcome only by type-specific opsonic antisera (2). If the
fibrous conformation of M proteins determines their anti-
phagocytic activity, then this may explain how such an im-
munologically heterogeneous group of molecules can perform
the same biological function.
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