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Group A streptococci have traditionally been categorized into two broad groups based on the presence or

absence of serum opacity factor (OF). Recent studies show that these two groups vary in a number of properties
in addition to the OF phenotype, including sequence variations in the constant region of the antiphagocytic M
protein genes, the presence or absence of immunoglobulin G Fc receptor proteins, and the presence or absence
of multiple M protein-like genes situated in a tandem array. The M protein genes (emm) in OF- streptococcal
strains are known to be part of a regulon of virulence-related genes controlled by the trans-acting positive
regulatory gene, virR, situated just upstream of emm. In OF' strains, however, the region adjacent to virR is
occupied by an M protein-related, type Ila immunoglobulin G Fc receptor gene (fcrA), and the relative position
ofemm has not been determined. To further define the vir regulon in OF' streptococci, we used the polymerase
chain reaction to show thatfcrA49 is situated immediately upstream ofemm49 in the OF' type 49 strain CS101.
This result shows for the first time the separate identity and genetic linkage of these two genes in the vir regulon
of an OF' group A streptococcal strain and confirms our previous hypothesis that emm49 exists as the central
gene in a trio of emm-like genes. Additionally, using DNA hybridizations, we found considerable sequence

divergence between OF- and OF' group A streptococci in virR and in the noncoding sequences between virR
and the emm orfcrA expression site. We found, however, a high degree of sequence conservation in this region
within each of the two groups of strains.

Streptococcus pyogenes, or group A streptococcus
(GAS), is a highly successful human pathogen. This gram-
positive organism is responsible for a variety of diseases,
and recently, highly invasive isolates are resulting in alarm-
ing increases in morbidity and mortality (35). Although the
pathogenesis of GAS diseases is very complex, structures on
the streptococcal surface clearly allow for establishment,
survival, and proliferation of the organisms in the human
host. Characterized surface structures include the antigeni-
cally variant M protein (24), the streptococcal C5a peptidase
(SCP) (46), and various immunoglobulin receptors (6, 19,
28). Of these, the only structure presently proven to enhance
streptococcal virulence is the M protein, which blocks
phagocytosis via the alternative complement pathway. M
protein and SCP are, nonetheless, coregulated by the virR
(or mry) gene, situated just upstream of the M protein gene
(7, 36, 40). The genes for M protein (emm) and the SCP
(scpA), in addition to being coregulated, are genetically
linked (9), thus constituting a vir regulon. Preliminary evi-
dence also points to coregulation or genetic linkage of M
protein genes and immunoglobulin G (IgG) or IgA Fc recep-
tor genes in some streptococcal strains (17, 26, 28).
GAS have long been loosely categorized into two broad

groups based on the presence or absence of the serum
opacity factor (OF) (16, 21, 44). OF- and OF' streptococci
also differ in a number of other properties, as reviewed by
Maxted (29). For instance, OF' strains tend to be isolated
from impetiginous skin lesions, and OF- strains are isolated
from pharyngitis infections. Additionally, the M proteins
from OF' strains appear to be less immunogenic than their
OF- counterparts (45).
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Recent studies have sparked new interest into the differ-
ences between OF- and OF' GAS. We recently showed
that the nucleotide sequence of the gene encoding the type
49 M protein (emm49), the first cloned from an OF' sero-
type, differs considerably from sequences of the previously
sequenced M protein genes of OF- serotypes not only in the
region encoding the antigenically variant portion of the
molecule but also in previously defined constant regions
(15). We also showed that emm49 was the upstream part of
a tandem array ofM protein-related genes, in contrast to the
single-copy genes found in other serotypes. We designated
this downstream gene ennX. Recently, the homolog of ennX
in an M2, OF' GAS was shown to be an IgA Fc receptor
protein (2).

In agreement with our findings of distinctions between
OF' and OF- GAS at the DNA level, the M proteins (or
M-like proteins) of OF- and OF' strains appear to have
antigenically dissimilar constant regions, as determined by
the binding of two monoclonal antibodies directed against
the C repeat region of an M6, OF- GAS strain (3, 4). These
investigators designated M proteins as being either class I
(generally OF-) or class II (generally OF'), depending on
whether or not the strain's M protein binds these antibodies.
OF' GAS also appear to differ from OF- GAS in the

expression of another surface protein.fcrA 76, a type IIa IgG
Fc receptor gene, was cloned from the M76, OF' strain
CS110 (19). This gene is situated in the same expression site
as are the emm genes in OF- strains according to upstream
flanking DNA similarities (including the virR region). Fur-
thermore, thefcrA76 sequence contains high DNA similarity
to emm genes both in the leader sequence and in the
sequences encoding the cell wall-spanning and membrane
anchor regions (20). The FcrA protein is structurally similar
to M proteins and is expressed on the surface of at least two
OF+ GAS, CS110 (M76) and CS101 (M49), according to
specific antibody and nonspecific immunoglobulin (IgGl,
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IgG2, and IgG4) binding studies (6, 19, 25). In addition,
Bessen and Fischetti (1) found high levels of IgG Fc binding
in all OF' GAS and in some OF- GAS isolated from skin
infections, while they found much less IgG binding in OF-
GAS isolated from pharyngitis. The Fc receptor described
by these authors, however, has not specifically been shown
to be the FcrA protein.
To define more precisely the vir regulon in OF' GAS, we

determined the location of the emm genes relative to the
previously defined location of fcrA. Using the polymerase
chain reaction (PCR) and nucleotide sequencing, we showed
thatfcrA49 is situated immediately upstream ofemm49 in the
OF' strain CS101, proving for the first time the separate
identity and genetic linkage of these two genes in an OF'
GAS. This finding confirmed our previous hypothesis that
emm49 existed as the central gene in a trio ofemm-like genes.

Given the observed differences between OF' and OF-
GAS, and the multiple genes that we defined in the OF' M49
strain, we hypothesized that the two groups might have
diverged considerably in noncoding regions within the vir
regulon. Therefore, we used DNA fragments flanking the M
protein gene emml (14) and the Fc receptor genefcrA 76 (19,
20) as hybridization probes to compare the virR region and
the adjacent M protein (or Fc receptor) expression sites of a

variety of M serotypes. In nearly all cases, we were able to
differentiate highly conserved OF' and OF- patterns on the
basis of differential hybridization to the various probes.

MATERUILS AND METHODS

Preparation of DNA. GAS were protoplasted with mu-

tanolysin, and DNA was purified from the lysed protoplasts
as previously described (14, 15).
PCR. CS101 streptococcal DNA was subjected to PCR

(34) using synthetic oligonucleotides fc (CCAAA ACGCT
AGTCG TGAAA TCGC), the forward primer, and m49'
(GTCGC TCTTLC CAGTT CTCCT ATCC), the reverse
primer. The fc primer annealed to a point 22 bp upstream of
a PvuII site in fcrA76 (20), and the m49' primer annealed
beginning 3 bp downstream of the first XbaI site in emm49
(15). The reaction was performed in a buffer consisting of
KCl (50 mM), Tris-HCl (pH 8.3) (10 mM), MgCl2 (2.5 mM),
and gelatin (0.01% [wtlvoll), to which the four deoxynucle-
oside triphosphates (25 ,uM each), the two primers (44 pM
each), and 2.5 U of Taq polymerase (Perkin Elmer Cetus,
Norwalk, Conn.) were added. After topping with light min-
eral oil, target DNAs were added to the tubes to a final
volume of 100 ,ul. The PCR consisted of an initial 4-min
denaturation at 94°C followed by 39 cycles of denaturation
(94°C, 1 min), annealing (50°C, 2 min), and polymerization
(72°C, 1.5 min). The 40th cycle concluded with a 6-min
polymerization step followed by incubation at 4°C. PCR
products were gel purified by using NA45 membranes
(Schleicher & Schuell, Keene, N.H.).
PCR cloning. Fqr hybridization analyses, the PCR product

was digested with XbaI and PvuIl and cloned into pUC18
(47) digested with XbaI and SmaI. To detect expression, the
product was cloned into the expression vector pKK233-2
exactly as described by Heath et al. (18). Briefly, the product
was digested with PvuII, and a 12-mer NcoI linker was

ligated to the blunt end. The construct was then digested
with NcoI and HindIII, the 487-bp fragment was gel purified
and ligated into the NcoI- and HindIIl-digested vector, and
the construct was transformed into JM105. Three clones
containing inserts, pK49-3, pK49-5, and pK49-9, were used
in the expression studies. Basic enzymatic, cloning, and

transformation operations were done by previously de-
scribed methods (14, 15).

Detection of IgGl binding. Subcultures of the three pK49
clones were grown to early log phase in M9 medium (31) with
ampicillin (50 ,ug/ml), at which time they were induced with
0.1 M isopropyl-13-D-thiogalactopyranoside (IPTG) and grown
for an additional 5 h. The cultures were sonicated as previ-
ously described (15) and analyzed in Ouchterlony double-
diffusion analyses (19) against an IgGl human myeloma
protein (kindly provided by the World Health Organization).
DNA sequencing. The PCR product previously cloned into

pUC18 was digested with HindIII and XbaI and cloned into
the M13 vectors mpl8 and mpl9 (31, 47). Purification of
single-stranded templates and DNA sequencing by the dide-
oxy-chain termination method (38) were performed exactly as
previously described (15), using [a-35S]dATP (NEN, Boston,
Mass.) and Sequenase (U.S. Biochemical, Cleveland, Ohio).
DNA probes. Large DNA fragments (>499 bp) or whole

plasmids were labelled with [a-32P]dCTP or -dATP (NEN) by
nick translation, using kit enzymes and reagents purchased
from Bethesda Research Laboratories (Gaithersburg, Md.).
Oligonucleotides were synthesized on a Biosearch 8600 DNA
synthesizer and were purified by high-pressure liquid chroma-
tography at the University of Minnesota Microchemical Fa-
cility. Oligonucleotides were labelled with [c-32P]dATP, using
terminal deoxynucleotidyltransferase (10).
DNA transfers and hybridizations. DNA restriction digests

in agarose gels were transferred to nitrocellulose by vacuum
transfer. Blots were hybridized by using heparin (Sigma
Chemical Co., St. Louis, Mo.) as described by Singh and
Jones (41). A modified hybridization solution containing 3x
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate,
pH 7.0), 0.2% sodium pyrophosphate, 0.2% sodium dodecyl
sulfate, 100 mg of polyadenosine (Sigma) per ml, and 1 mg of
heparin per ml was used in oligonucleotide hybridizations.
Stringencies for both nick-translated and oligonucleotide
probes were controlled by varying the temperature of hy-
bridizations and washes according to standard formulas (30),
assuming a G+C content for S. pyogenes DNA of 37% (27).
Radiolabelled probes were stripped from blots by boiling in
0.1x SSC. Complete probe removal was then verified by
extended autoradiography.

Nucleotide sequence accession number. The nucleotide
sequence data presented in this paper were submitted to
GenBank under accession number M86806.

RESULTS

Linkage of the emm andfcrA genes in GAS strain CS101.
The type IIA IgG Fc receptor gene (fcrA 76) is present in the
OF' strain CS110 in the same chromosomal position as are
the M protein genes in OF- strains (19). M protein and FcrA
protein, however, have not yet been established to be
distinct proteins in OF+ strains, and thus the location of the
M protein gene relative to the Fc receptor gene is not known.
Therefore, we were interested in mapping the position of the
M protein gene in OF+ strains relative to the position of
fcrA. We previously established that the protein expressed
from the cloned M49 gene (emm49) did not bind an IgGl
human myeloma protein, and preliminary hybridization
studies using fcrA76- and emm49-specific probes against
CS101 chromosomal DNA led us to suspect that an Fc
receptor orfcrA-like gene was situated within 3 kb upstream
of emm49 (13). To verify this hypothesis, we proceeded to
amplify a fragment of CS101 DNA containing portions of
both the emm49 gene and the putative fcrA49 gene by PCR.
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FIG. 1. (A) Strategy for amplification of the region spanning fcrA49 and emm49. The top line shows maps of the regions of fcrA76 and

emm49 used to devise the PCR; the bold arrows indicate locations of the forward and reverse primers. The line below the maps represents
the 1.17-kb PCR product amplified from CS101 DNA. (B) Regions of the PCR product that were cloned into the indicated vectors.

Our strategy is outlined in Fig. 1A. PCR primers were

synthesized according to the emm49 (15) and fcrA76 (20)
sequences such that they occurred immediately flanking
unique XbaI and PvuII restriction sites, respectively. The
PCR reaction amplified a 1.17-kb fragment from CS101
DNA, while reactions containing no target DNA or heterol-
ogous target DNA (herpes simplex virus type 1) produced no

amplified product (data not shown).
We digested the PCR product with XbaI and PvuII and

cloned it into pUC18 for restriction and hybridization anal-
yses (Fig. 1B). The PCR product contained a single HindIll
site as predicted by the emm49 and fcrA76 restriction maps
(15, 19). We verified the identity of the cloned PCR product
by hybridization to both fcrA 76- and emm49-specific probes
(data not shown). Both of the probes hybridized strongly
with the cloned PCR product, and they hybridized to sepa-
rate fragments when the insert was digested with HindIII.
To verify that the PCR product amplified from CS101

indeed encoded a portion of a type II Fc receptor gene, we
cloned the putative Fc-binding portion of the gene into the
expression vector pKK233-2 by using the 12-mer NcoI linker
exactly as described by Heath et al. (18) (Fig. 1B). We
selected three clones, pKK49-3, pKK49-5, and pKK49-9, for
these studies. A similar construct encoding the Fc-binding
region offcrA 76, pKDGH-1, was used as a positive control.
Sonicated extracts of IPTG-induced JM105 containing these
four clones were examined in an Ouchterlony immunodiffu-
sion against an IgGl human myeloma protein. As shown in
Fig. 2, the clones from the CS101 PCR product expressed a

peptide that formed a line of identity with pKDGH-1. In
addition, the expressed protein from pKK49-3 was found to
bind to human IgGl, IgG2, and IgG4, but not IgG3, and
bound specific antibody raised againstfcrA76 (6). We there-

fore concluded that this upstream gene indeed encoded the
type Ila Fc receptor gene fcrA49, which was similar or

identical to fcrA 76.
Sequencing of the intervening region between fcrA49 and

emm49. According to our predicted arrangement for the
layout of genes in the vir regulon of GAS strain CS101 (15),
emm49 maps as the central gene in trio of related genes,

presumably the product of gene triplication sometime in the
evolution of this strain. Using existing models for the gen-
eration of gene triplications (42), we predicted that the
intervening sequence between fcrA49 and emm49 should be
similar to the sequence between emm49 and ennX. To

FIG. 2. Ouchterlony immunodiffusion analysis of sonicated E.
coli carrying the Fc-binding region of fcrA49 cloned in pKK233-2.
Wells: 1, pKDGH-1 (cloned fromfcrA76); 2, pK49-1; 3, pK49-5; 4,
pK49-9; 5, pKK233-2; 6, phosphate-buffered saline. The center well
contains a purified IgGl myeloma protein.

Hind III

Hind II Xba I
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fcrA49
1: AAGCTTCAGGAGCTCAAAAACCAGATACCAAACCTGACAATAAAGAGGTTCCAACAAGACCGTCACAAACAAGAACAAACACTAATAAAGCTCCTATGCC

.. A S G A Q K P D T K P D N K E V P T R P S Q T R T N T N K A P M P

101: GCAAACAAAGAGACAATTACCGTCAACAGGCGAAGAAACAACCAACCCATTCTTCACT AGCATTGACAGTGATCGCATCTGCAGGCGTACTTGCC
Q T K R Q L P S T G E E T T N P F F T A A L T V I A S A G V L A

end of fcrA76 sequence
201: CTAAAACGCAAAGAAGAAAACTAAGCCCAACCCACACTATCTTTTCTAGCCCAACAAAAAAACAAA_AAAGAGGAAGACCATTCCTCTTTTTTTGAACGG

L K R K E E N e Al A2

301: TTAAACAGCAAAAAGGTCAAAAAGGTACTAAAGTCTCAAAAACCTGGTCmTTACCTTTTACCGCTTATTATTTAGAATAGAATTATTAGAGAGAAGTCTT
* B C

401:

501:

601:

emm49
AGAAAAATGAGGCTAATTCCCTAAAGATGAAAAAATAAGCaDCAAATAATGGCTAGAAAAGATACGAATAAACAGTATTCGCTTAGAAAATTAAAAACAG

D M A R K D T N K Q Y S L R K L K T

G T A S V A V A V A V L G A G F A N Q T E V K A A E K K V E A K V E

GGTTGCGGAGAATAACGTGTCTAGCGTTGCAAGAAGAGAAAAAGAGCTATACGACCAAATCGCCGATCTTACAGATAAAAACGGAGAATATCTAGA
V A E N N V S S V A R R E K E L Y D 0 I A D L T D K N G E Y L ..

FIG. 3. Nucleotide sequence of the HindIII-XbaI fragment of the PCR product amplified from GAS strain CS101. The partial deduced
amino acid sequences of the FcrA49 and M49 proteins are shown below the nucleotide sequences. The extent of the region that aligns with
the publishedfcrA76 sequence is indicated with an open box. The boundaries of the sequence that align with the published arp4 sequence are
marked with asterisks. Putative transcriptional and translational features of the sequence are shown in boldface. Al and A2, inverted repeats
representing a putative transcription termination signal for fcrA49; B and C, putative -35 and -10 promoter sequences for emm49; D,
Shine-Dalgarno ribosome binding site for emm49.

examine this possibility, and to further verify that fcrA49 is
closely related to fcrA 76, we determined the nucleotide
sequence of the region between the HindIII site in fcrA49
and the XbaI site in emm49 (Fig. 1B). The entire sequence,
shown in Fig. 3, was determined at least three times, and all
of the sequence, except that previously sequenced in emm49
(15), was determined from both strands.
The partial sequence offcrA49 from the HindIII site was

nearly identical to the corresponding region offcrA76 (Fig.
4A) but included an additional 62 bp of the gene that was not
sequenced in the fcrA76 gene. This region also showed a
high degree of similarity to the sequences encoding the cell

wall-spanning and membrane anchor portions ofM proteins,
as expected from analyses of the various M protein gene
sequences (comparison not shown). An inverted repeat with
a free energy of 17.4 kcal (72.8 kJ)/mol, situated 46 bp
downstream of the termination codon between nucleotides
263 and 295, may represent a transcription termination signal
for the gene. Further downstream, between nucleotides 350
and 378, were putative -35 and -10 promoter sequences for
emm49. The total length of the intervening region between
fcrA49 and emm49 was 224 bp.

Although the size of this intervening region was similar to
that between emm49 and ennX (209 bp), the two intervening

A
fcrA49:AAGCTTCAGGAGCTCAAAA.ACCAGATACCAAACCTGACA.ATAA,AGAGGTTCCAACAAGACCGTCACAAACAAGAACAAACACTAATAAAGCTCCT
fcrA 76: ----------------------------T-------G------------------------A---------------------------------

fcrA49:ATGCCGCAAACAAAGAGACAATTACCGTCAACAGGCGAAGAAACAACCAACCCATTCTTCACTGCAGCAGCATTGACAGTGATCGCATCTGCAGG
fcrA76: ---G-------------------------------------------------------------------------------------------

fcrA49: CGTACTTGCCCTAAAACGCAAAGAAGAAAACTAA
fcrA 76: ..................................

B
4 9pcr: CCTGGTCTTTACCTTTTACCGCTTATTATTTAGAATAGAATTATTAGAGAGAAGTCTTAGAAAAATGAGGCTAATTCCCT . AAAGATG .AAAAA

STRARP4 :-----------------------c--C----------------------------------------------------aa-------a-----
e.lm49

49pcr: ATAAGGAGCAAAT1ATGGCTAGAAAAGATACGAATAAACAGTATTCGCTTAGAAAATTAAAAACAGGTACAGCATCCGTAGCGGTCGCTGTGGC
STRARP4: -------------------------------------------------------------A--------------A-----------------

arp4

4 9per : TGTTTTAGGAGCAGGCTTTGCAAACCAAACAGAAGTTAAGT A
STRARP4 : --------------------------------------------- -

C
pIL9 : GCTATTAGACTGATGCTAAAGCTAAGAGAGAATCAAATGATTCTCTCTTTTTGAGTGGCTAAGTAACTAACAATCTCAGTTAGACCAAAAAATG

STRARP4: ----------------------------------------------------------------------------------------------

pIL9 : GGAATGGTTCAAAAAGCTGGCCTTTACTCCTTTTGATTAACCGTATATAATAAAACATTAGGAAAATAATAGTAATATTAAGTTTGTTTCCTC
STRARP4:--------------T---------------------------A-------C-------------------------A----------A-------

ennX >
.TLT9: AATAAAATCAAGGAGTAGATAATrGCTArA-AACAAACCAAsi A

FIG. 4. Alignments of the CS101 sequences with other GAS sequences. (A) Alignment offcrA49 and fcrA76 sequences from the beginning
of the cloned PCR product to the termination codon offcrA49. (B) Alignment of the upstream and 5'-terminal sequences of emm49 and arp4.
The regions encoding the signal peptides of emm49 and arp4 are surrounded by open boxes. (C) Alignment of sequences immediately
downstream ofemm49 and arp4, beginning immediately after the respective termination codons. The translational start site ofennXis indicated.
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regions shared no sequence similarity whatsoever, even

when the stringency of the search was lowered to allow 40%
base pair mismatch (data not shown). Given this puzzling
result, we compared the 224-bp intervening sequence be-
tween fcrA49 and emm49 with all of the bacterial sequences

in GenBank. The only similar sequence recovered was the
105-bp sequence upstream of the arp4 gene, an IgA Fc
receptor gene from an M4 GAS (10). This upstream se-

quence was >98% similar to the corresponding portion of
our sequence, and the similarity extended into the subse-
quent leader sequences (Fig. 4B). Also, the regions down-
stream of awp4 and emm49 were >98% similar (Fig. 4C).
This downstream similarity extended into the open reading
frame that we previously designated ennX, but the sequence

in the M4 strain containing arp4 does not contain the ATG
start codon for this open reading frame (2). In keeping with
these upstream and downstream similarities, the constant
regions of emm49 and arp4, extending from the beginning of
the C repeat regions to the end of the coding sequences,

were virtually identical (data not shown).
Comparison of OF' and OF- GAS sequences in the noncod-

ing region downstream of the virR gene. Recent findings show
significant differences in OF' and OF- streptococcal strains
based on variations inM protein C repeat regions, the presence

or absence of a type Ila IgG Fc receptor, and other epidemio-
logic properties. We were interested in determining whether
noncoding regions within the vir regulon also varied between
the two groups. To accomplish this, we used DNA hybridiza-
tion to evaluate sequence similarities upstream of theM protein
and Fc receptor expression sites of a variety OF- and OF'
GAS strains. These strains are listed in Table 1. Equivalent
amounts of chromosomal DNAs from the various strains were
cut with the restriction endonuclease HaeIII, and the separated
fragments were subjected to Southern hybridizations (43) with
various DNA probes as diagrammed in Fig. 5. The same set of
blots was used for all hybridizations.
The region immediately upstream of emmi is conserved

among OF- strains. Probe 88279 is an M13 deletion subclone
extending from an EcoRI site approximately 1 kb upstream
of emml to 115 bp upstream of emml (Fig. 5). The nucleo-
tide sequence of probe 88279 is 98% similar to the corre-

sponding region in emml2 (14, 37) and is also similar to
reported sequences flanking emm6 (22) and emm24 (33). This
upstream probe hybridized to variably sized HaeIII frag-
ments in all of the DNA digests tested when 20% base pair
mismatch was allowed (Fig. 6). DNA fragments from all of
the OF- M types, except for the M18 strain, hybridized
strongly with probe 88279. Conversely, all DNAs from OF'
M types hybridized weakly with probe 88279, and when
stringency was adjusted to allow only 15% base pair mis-
match, the less intense bands in these DNAs were not
detectable (data not shown).
More distal upstream sequences are conserved among all

serotypes. Probe pbfl7 spanned a region that included the
HaeIlI A, B, and C fragments from the Ml strain CS130 (Fig.
5). This probe includes all sequences contained in probe 88279
as well 2.1 kb of additional upstream sequence (including the
entire virR gene) and the 5' hypervariable end of the Ml
structural gene. In contrast to the weaker hybridization
signals to the 88279 portion seen among the OF' DNAs, the
portion of pbfl7 that spanned the HaeIlI B and C fragments
(upstream of the 88279 portion) hybridized with fragments of
identical sizes in nearly all digests, even when only 3% base
pair mismatch was allowed (Fig. 7). At this stringency, the
probe did not hybridize at all to the variably sized fragments
from the OF' strains. Therefore, despite divergence in the

TABLE 1. GAS strains

Strain M type OF phenotype

CS130 1
CS192 3
CS193 5
CS142 6 -a
CS24 12 -b
71-687 14
71-690 18
CS126 19 _c
CS203 24 _c
74-754 55
PF1643 57
79-308 80
CS191 2 +
CS194 4 +
CS195 8 +
CS196 9 +
CS197 11 +
CS198 13 +
CS202 22 +
CS101 49 +
GT8237 59 +
72-466 62 +
CSllO 76 +d

a Originally strain D471 from the Rockefeller University collection. This is
the strain from which the M6 gene was cloned.

b Strain from which the M12 gene was cloned.
c Obtained from the V.A. Medical Center, Memphis, Tenn. CS203 was the

strain from which the M24 gene was cloned.
d Strain from which the type II group A IgG Fc receptor gene was cloned.

more immediate upstream sequences as defined by probe
88279 in the OF+ serotypes, sequences further upstream were
highly conserved among all M types tested.

Conserved OF+-specific sequences upstream of the type II
IgG Fc receptor. Plasmid pDH7 is a probe from the OF+,
M76 strain CS110 (19) and spans the same general region as
does pbfl7 (Fig. 5). This probe contains the 5' end of the
type II IgG Fc receptor gene (fcrA 76) and 2.9 kb of upstream
sequence. As with probe pbfl7, pDH7 hybridized strongly to
the HaeIII B and C fragments in all chromosomal DNAs
(Fig. 8) and at lowered stringency (30% base pair mismatch)
hybridized to all of the same variably sized fragments that
also hybridized to probes pbfl7 and 88279 at lowered strin-
gency (data not shown). At the higher stringency shown
(10% base pair mismatch), however, pDH7 hybridized
strongly to the variably sized fragments in all OF+ strains
and that of only one OF- strain, an M80 strain (Fig. 8). At
this stringency, it did not hybridize or hybridized very
weakly to the variably sized fragments in the remainder of
the OF- strains. An additional HaeIII fragment of 586 bp
(HaeIII-D) was present in all of the OF+ strains (and the
M80 strain). This fragment also hybridized with pbfl7 at 30%
base pair mismatch (data not shown). This HaeIII D frag-
ment maps between HaeIII-B and the fragment analogous to
HaeIII-A in pDH7 (Fig. 5).

DISCUSSION

In this report, we show that fcrA49 and emm49 are
separate, tandemly arrayed genes on the streptococcal chro-
mosome. We infer, then, that IgG Fc-binding and antiphago-
cytic activities on the surface of the OF+ GAS strain CS101
are expressed from independent proteins. We previously
showed that emm49 is flanked on its 3' end by an M

VOL. 174, 1992



4972 HAANES ET AL.

HaeiIHC HaeIIIB
11
_.F

1-

CS130 (M1,0F ) I-

CS110 (M76, OF+)

&virR = 2

-_-_-_-_--1
88279

pbfl7I
HaeHID--I_

r*gvirR)~~ *|~W~
pDH7 777

1 kb
FIG. 5. Restriction maps of the regions upstream ofemml in GAS strain CS130 andfcrA76 in GAS strain CS110. The hybridization probes

used in this study are shown by the open boxes below the maps. The HaeIII fragments of the CS130 clone and the additional HaeIII fragment
in the CS110 clone are marked.

protein-related gene (ennX), and we hypothesized that
emm49 was situated as the central gene in a triplication (15).
Our data showing linkage of emm49 downstream of an M
protein-like Fc receptor gene confirms the previous gene
triplication hypothesis. This family of M protein-related
genes is located in the same general chromosomal location as

are emml, emm6, emml2, and emm24, as determined from
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upstream and downstream sequence similarities, including
similarity to the sequence of the scpA gene (15). An updated
schematic of this model, based on available data, is shown in
Fig. 9.
We definefcrA as an M-like gene, because it is clear that

the two genes arose from a common ancestor. This definition
is in disagreement with that of Bessen and Fischetti (2), who
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FIG. 6. HaeIII chromosomal restriction digests ofDNA from a variety ofM types hybridized with probe 88279. Washes were done at 20°C
below Tm. Positions of the size markers (bacteriophage lambda ClaI restriction fragments), shown at the left, were approximated from the
stained gels.
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FIG. 7. HaeIII chromosomal restriction digests of DNA from a variety ofM types hybridized with probe pbfl7. Washes were done at 3°C
below Tm. The CS130 HaeIII fragments that hybridize to pbfl7 are labelled at the left. Positions of the size markers (bacteriophage lambda
ClaI restriction fragments), shown at the right, were approximated from the stained gels.

define M-like genes as those having similarity to the emm C
repeat region. The leader sequences of fcrA76 and emm49
are 75% similar, and portions of sequences downstream of
the C repeat region exceed 80% similarity (20; data not
shown). Given this extent of similarity, the genetic linkage of
fcrA49 and emm49 further argues that the two genes are
related, even thoughfcrA is clearly more divergent from the
emm prototype than are ennX and its homologs.
Tandemly arrayed M protein-like genes are not a unique

property of type 49 GAS. Bessen and Fischetti recently
reported the sequence of two tandemly arrayed M-like genes
(emmL2.1 and emmL2.2) from an OF' M2 GAS (2), and the
arp4 IgA Fc receptor gene is also reported to be closely
linked to a fibrinogen receptor gene, presumably emm4 (28).
Hybridization evidence suggests that fcrA76 and emm76
exist as a tandem array (17). In addition, preliminary hybrid-
ization data suggest that the sequence between emm49 and
ennX is conserved in the DNAs of all of the OF' strains that
we tested (13). We hypothesize, then, that M protein-related
gene families may be a common feature of OF' streptococ-
cal strains.
Although no additional M-like genes have been identified

in the OF- strains from which emml, emm6, emml2, and
emm24 were cloned and sequenced, we cannot rule out the
possibility that multiple M-like gene families also occur in
some OF- strains. Gomi et al. (12) report the nucleotide
sequence of a novel IgG Fc receptor (protein H) from an

OF-, Ml GAS strain. This M-like gene also appears to be
the central gene in a tandem array of M-like genes, but the

intervening sequences are not similar to those flanking
emm49 or arp4. Thus, this tandem array might have evolved
separately from the OF' lineage. The M5 serotype is also
reported to have multiple M-like sequences in its genome,
but it is not clear whether they are tandemly arrayed with the
emmS gene (23, 32). Bessen et al. (1) found that OF- isolates
from skin infections, as opposed to throat infections, were
much more likely to express IgG Fc receptors, and this
epidemiologic distinction might also correlate with the pres-
ence of multiple M-like genes. Further surveys of OF- GAS
strains will be required to determine the extent of multiple
M-like gene arrays in this group.

In the model for duplications and triplications of genes
(42), the initial duplication step is a very rare event caused
by mismatched pairing of two daughter strands of DNA
during replication, followed by unequal crossing over and
nonhomologous recombination. This first step introduces a

unique junction in the region between the duplicated genes.
In a subsequent step, the duplicated genes on the two
daughter strands can again participate in unequal crossing
over, but this time by homologous recombination. The
progeny of this process would be a daughter with a triplica-
tion and a daughter with a single gene. In the triplicated
progeny, the two junctions between the three genes would
be similar to each other.
Our sequencing results disagree with this prediction, as

the intervening regions between fcrA49 and emm49 and
between emm49 and ennX are very dissimilar. Possibly, this
triplication occurred by a different mechanism, or the tripli-

kb

-3.7

-2.6

-2.1
_1.9
-1.7

- 1.1
-0.97

-0.66
-0.62
-0.54

VOL. 174, 1992



4974 HAANES ET AL.

M-type: 1 2 3 4 5 6 8 9 11 12
- 4. - .L - - ._ _ -

13 14 18 19 22 24 49 55 57 59 62 76 80
+ - -+- _ + - - + + +-_

A-

B-

C-

FIG. 8. HaeIII chromosomal restriction digests of DNA from a variety of M types hybridized with probe pDH7. Washes were done at 10°C
below Tm. The CS130 (Ml) HaeIII fragments that hybridize to pbfl7 are labelled at the left. Positions of the size markers (bacteriophage
lambda ClaI restriction fragments), shown at the right, were approximated from the stained gels.

cation took place very early in the evolution of streptococci,
giving time for subsequent divergence by point mutations.
This latter hypothesis is supported by the high degree of
similarity between the regions upstream and downstream of
emm49 and arp4. The degree of conservation seen between
different serotypes might reflect subsequent selective pres-
sure to conserve transcriptional and regulatory control re-

gions of the various genes. These similarities also suggest

that the generation of the multiple gene families in OF'
strains predated the generation of multiple M protein sero-

types.
The arrangement of the multiple genes in different sero-

types also supports the hypothesis of early establishment of
the multiple M-like arrays. arp4, an IgA Fc receptor gene, is
suggested to be distinct from the fibrinogen receptor gene,
even though it appears to be located in the same chromo-

emml
omm5

emml2
omm24

OF NEGATIVE

virR scpA

OF POSITIVE
onnX

arp4

FIG. 9. Schematic comparison of the vir regulons of OF- and OF' GAS compiled from available restriction mapping and nucleotide
sequence data. The various genes are depicted as open boxes, and nonhomologous intervening sequences are depicted as variously shaded
boxes.
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somal location as is emm49 and shares significant sequence
similarity with emm49 throughout the constant region.
Therefore, the arrangement of M protein and other M
protein-related genes in these multiple arrays could vary
between different serotypes. Implicit in this hypothesis is the
possibility for functional and antigenic variation via genetic
exchanges between the multiple genes.
Also according to existing gene duplication theory, dupli-

cated and triplicated genes arrays should be highly prone to
expansion or contraction as a result of the opportunities for
homologous recombination. In fact, one explanation for the
dearth of multiple M-like genes in the OF- serotypes that
have been studied is that the multiple genes, once present,
subsequently were deleted. If a triplicated array of genes
became functionally advantageous to the organism, though,
they could potentially become fixed in the chromosome via
selective pressure. This appears to be the case with the OF'
strains. At least two of the M protein-related genes in the
M49 strain CS101 make functional proteins (emm49 and
fcrA49), and both could potentially benefit the cell in its
effort to avoid immune surveillance and destruction by the
host. Similarly, the ennX homolog from an M2 strain was
shown to bind IgA, which could play a role in survival of the
organism (2). Although we showed that ennXwas expressed
in Escherichia coli (15), we have not been able to demon-
strate expression (or a transcript) in GAS (25). If indeed
ennX is a pseudogene in some cases, we would expect that
point mutations would accumulate, such as is seen in the
ATG codon of the M4 homolog of ennX. Examination of
ennX homologs in other streptococcal strains should help to
determine the extent to which this gene is functional in OF'
GAS.

Hybridizations with DNA probes upstream of the cloned
emml and fcrA genes concurred with the previous observa-
tions by showing that at least two distinct groups of GAS
could be differentiated with respect to the region between
virR and the locus that we will call the M-like expression
site. Strong DNA similarity in this region was apparent
within each of these groups, and these groupings correlated
strongly, but not absolutely, with OF phenotype. These
results extend the antibody binding and Fc receptor studies
reported by Bessen et al. (1, 3, 4), who correlated differences
in the M protein constant regions and the presence or
absence of and IgG Fc receptor with OF phenotype.
Probe 88279, which defined the region immediately up-

stream of emml, hybridized much more strongly to DNAs
from OF- serotypes than to DNAs from OF' serotypes.
Conversely, probe pDH7 from the OF' type 76 strain CS110
showed that the sequences immediately upstream offcrA76
are equally conserved among the OF' serotypes. We sus-
pect that the heterogeneous sizes of the hybridizing frag-
ments were the result of hypervariable sequences present in
the 5' ends of the respective M-like structural genes. Variant
restriction fragments were also detected by Scott et al. (39)
when chromosomal digests of different streptococcal strains
were hybridized with DNA probes containing portions of the
emm6 gene.
The pattern of the M80 strain used in this study was an

exception to the hybridization patterns observed among the
OF- and OF' serotypes in that it resembled the pattern
typical of the OF' serotypes. This strain, however, proved
in several trials to be M protein positive but OF negative
(data not shown). We must assume, then, that exceptions to
the correlation between the hybridization pattern and OF
phenotype exist.

Despite a divergence in sequences more immediately

upstream (within 1 kb) of the OF- M protein expression site,
hybridization with probes pbfl7 and pDH7 showed that
sequences further upstream (the HaeIII B and C fragments)
were highly conserved among all M types tested, regardless
of OF phenotype. Thus, the sequence divergence between
the two streptococcal groups is localized to a region within 1
kb of the M-like expression site.
The sequence divergence seen in the region upstream of

the M-like expression site is significant in light of a regula-
tory gene identified upstream of the M protein structural
gene in several streptococcal strains. This gene, virR, con-
trols (in trans) expression of the linked emm and scpA genes,
and most likely also fcrA (26). Although a putative DNA
binding motif of virR is encoded in the more conserved
upstream portion of the gene (8, 36), the 3' end of virR
definitely lies within 1 kb of the M protein structural gene
and thus includes the region of DNA dissimilarity between
the OF- and OF' strains. Therefore, variations in the
primary sequence or conformation of virR could potentially
result in altered regulatory activity between the two groups
of strains.
We conclude, then, that two distinct divisions of strepto-

coccal serotypes exist. OF' serotypes, and maybe some
OF- serotypes, feature genetically stable arrays of multiple
M protein-like genes, including a type IIa IgG Fc receptor.
Furthermore, variations exist between the two groups not
only within the M-like genes but also in noncoding DNA
sequences within the vir regulon.
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