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Abstract In addition to f-haemolytic streptococci be-
longing to Lancefield group A (Streptococcus pyogenes,
GAS), human isolates of group C (GCS) and group G
(GGS) streptococci (S. dysgalactiae subsp. equisimilis)
have been implicated as causative agents in outbreaks of
purulent pharyngitis, of wound infections and recently
also of streptococcal toxic shock-like syndrome. Very
little is known about the organisation of the genomic
region in which the emm gene of GCS and GGS is
located. We have investigated the genome sequences
flanking the emm gene in GCS by sequencing neigh-
bouring fragments obtained by inverse PCR. Our se-
quence data for GCS strains 25287 and H46A revealed
two types of arrangement in the emm region, which
differ significantly from the known types of mga regulon
in GAS. We named this segment of the genome mgrC
(for multigene regulon-like segment in group C strep-
tococci). In strains belonging to the first mgrC type
(prototype strain 25287) the emm gene is flanked up-
stream by mgc, a gene that is 61% identical to the mga
gene of GAS. A phylogenetic analysis of the deduced
protein sequences showed that Mgc is related to Mga
proteins of various types of GAS but forms a distinct
cluster. Downstream of emm, the mgrC sequence region
is bordered by rel. This gene encodes a protein that
functions in the synthesis and degradation of guanosine
3’5" bipyrophosphate (ppGpp) during the stringent
regulatory response to amino acid deprivation. In the
second mgrC type (prototype strain H46A), the genes
mgc and emm are arranged as in type 1. But an addi-
tional ORF (orf) is inserted in opposite orientation be-
tween emm and rel. This orf shows sequence homology
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to cpdB, which is present in various microorganisms and
encodes 2’3" cyclo-nucleotide 2’-phosphodiesterase.
PCR analysis showed that these two mgrC arrangements
also exist in GGS. Our sequence and PCR data further
showed that both types of mgrC region in GCS and
GGS are linked via rel to the streptokinase region
characterised recently in strain H46A. A gene encoding
C5a peptidase, which is present at the 3’ end of the
mga regulon in GAS, was not found in the mgrC
region identified in the GCS and GGS strains investi-
gated here.
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streptococci - Multigene regulator - Streptokinase
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Introduction

Besides Streptococcus pyogenes, which belongs to
Lancefield group A (GAS), human isolates of group C
f-haemolytic streptococci have been implicated as
causative agents in outbreaks of purulent pharyngitis
(Efstratiou et al. 1989; Fox et al. 1993; Turner et al.
1993; Bisno et al. 1996). They have also been isolated
from wound infections, and a few case reports were
published recently which describe a link between hu-
man isolates of groups C and G and streptococcal
toxic-shock syndrome (Keiser and Campbell 1992;
Miller et al. 1996; Natoli et al. 1996; Roth et al. 1999).
In this paper we use the abbreviations GCS and GGS
for human isolates of group C and G streptococci,
respectively, which were designated as Streptococcus
dysgalactiae, subsp. equisimilis. Such strains are clas-
sified as f-haemolytic and their streptokinase activates
human plasminogen (Vandamme et al. 1996).

It has been shown that GCS and GGS isolated
from human sources can express M proteins that show
high sequence homology in the conserved C-terminal
region to M proteins of class CI in group A strepto-
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cocci (Ben Nasr et al. 1994; Schnitzler et al. 1995;
Geyer et al. 1999). The M proteins of GCS (Geyer
et al. 1999) and GGS (Ben Nasr et al. 1994) show
similar affinities for several plasma proteins as do M
proteins of GAS (Heden and Lindahl 1993; Schmidt
and Wadstrom 1990; Schmidt et al. 1993a, 1995;
Akesson et al. 1994; Carlsson-Wistedt et al. 1995). This
implies that GCS and GGS use mechanisms similar to
those found in GAS to impede phagocytosis during
infection.

In strains of GAS, genes encoding M and M-like
proteins, such as mrp, emm, and enn, as well as the gene
encoding the C5a peptidase (scpA), are closely linked
and arranged in tandem. These genes are co-ordinately
regulated by the upstream mga, a gene that encodes the
trans-acting multigene regulator Mga (Perez-Casal
et al. 1991; Podbielski et al. 1993, 1995; Katerov et al.
1994; Andersson et al. 1996). All these genes are part of
a pathogenicity island formerly called the vir regulon,
but since 1995 the region is referred to as the “‘mga
regulon” by agreement among researchers involved in
this topic (Scott et al. 1995). The protein Mga is a
positive regulator, and inactivation of the coding gene
down-regulates expression of M and M-like proteins.
The genes encoding M and M-like proteins follow mga
in tandem at its 3’ end (Podbielski et al. 1995). The
architecture of the mga regulon varies in different
strains of GAS and the length of the mga-regulon
depends on the number of emm and emm-like genes
located between the genes mga and scpA (Haanes et al.
1992; Podbielski 1993).

In contrast to GAS, the linkage relationships of
emm genes in GCS and GGS have not hitherto been
reported. Although the gene scpG, which is homolo-
gous to the C5a peptidase gene scp4 of GAS, has been
identified in GGS, the genes emmG and scpG were
found not to be closely linked (Cleary et al. 1991;
Sriprakash and Hartas 1996). So far, attempts to
identify an mga-like gene in GCS or GGS have failed
(Podbielski et al. 1992; Sriprakash and Hartas 1996).
A large 8931-bp segment consisting of genes adjacent
to the streptokinase gene skc¢ in the chromosome of the
GCS strain H46A was recently described (Mechold
et al. 1993), but these authors did not find a linkage
between the skc region in strain H46A and the segment
carrying the emm gene.

In this paper we present sequence data from GCS
showing that an mga-like gene is found upstream of
emm. We named this gene mge. At the 3’ end emm is
flanked in some strains by re/ and in a second group of
strains by ¢pdB and rel. On the basis of these results we
defined two types of mga-regulon-like genome segments
in GCS which we have named mgrC regions. The mgrC
segments were significantly different from the known
types of mga regulons in GAS. PCR analysis revealed
that in GGS both types of mgrC regions also occur. Our
sequence and PCR data further showed that the gene
encoding C5a peptidase is not located in the mgrC seg-
ment of the GCS and GGS genomes.

Materials and methods

Bacterial strains, plasmids, and culture conditions

Human clinical isolates of S. dysgalactiae subsp. equisimilis group
C strain (GCS) 25287, T-type 4 (Geyer et al. 1999), and the group
G strains (GGS) 39072, 39086 and 40104 were used in this study.
The GCS strain H46A, a streptokinase-producing strain (Chris-
tensen 1945), as well as the GAS strains M1 40/58 and M3 4/55,
were also used. All strains were obtained from the strain collection
of the Streptococcal Laboratory at the University of Jena, Ger-
many. The strains were stored at —70°C in Todd-Hewitt broth
supplemented with 20% calf serum and 20% glycerol, or in lyo-
philised form. For isolation of total DNA, streptococci were
cultured at 37°C overnight in 50 ml of Todd-Hewitt Broth. The
Escherichia coli strains TG1, JM109 (Sambrook et al. 1989),
Epicurian coli XL1-Blue MRF’Kan (Stratagene, Heidelberg, Ger-
many) and TOP10 (Invitrogen BV, NV Leek, Netherlands) were
used for subcloning experiments. The pGEM-T Easy vector system
(Promega, Madison, Wis.), the pCR-Script vector (Stratagene) and
the pCR TOPO XL plasmid (Invitrogen) were used as plasmid
vectors for subcloning of PCR products.

Recombinant DNA techniques and sequencing

Isolation of plasmid DNA from E. coli, DNA restriction, ligation
and related experiments were performed according to standard
techniques (Sambrook et al. 1989) or as recommended by the man-
ufacturers of cloning kits. Total DNA from streptococci was isolated
according to Caparon and Scott (1991). For progressive DNA se-
quencing starting from the emm gene of GCS strain 25287 (Geyer
et al. 1999, AC X93464), templates were produced by the inverse
PCR technique described by Triglia et al. (1988). In one case, HindI11
fragments were produced because a HindlII site is located in the
C-repeat region of the emm sequence of strain 25287. The fragments
were ligated to circularise the DNA and the mixture was used as
template for inverse PCR, using primers based on the emm gene.

The primers A (5-CACAAGGATCCGCTGCTCTCAAACA-
ACTTGAA-3%, forward) and B (5-GCCCTGCTACTAACCC-
TGCTCC-3, reverse) were used to obtain upstream sequences.
These primers hybridise upstream of the HindlIII site. Primers C
(5-GCACCACAAGCAGGTACAAAACC-3¥, forward) and D
(5-GTTTTTCAAGAGCAGCTAAGTTGCTG-3, reverse) bind
downstream of the HindlII site and were used to walk downstream
to the emm sequence. Sequencing of this region in GCS strain
H46A was then done using PCR fragments produced based on the
sequence information obtained from strain 25287. DNA sequenc-
ing was performed using the BigDye Terminator sequencing kit
and the Genetic Analyser ABI Prism 310 (Perkin Elmer-Applied
Biosystems). Other primers used were E (5-AAGCTTAGCCTT-
CAGAGGAAGCC-3, forward), F (5-CCTAAGGTTAGCCG-
TAACGCACTCATG-3’, reverse), G (5-GCACCACAAGC-
AGGTACAAAACC-3’, forward), H (5-CAACTTCTTCTCCT-
GTTAAATTG-3, reverse), I (5-GCACCACAAGCAGGTACA-
AAACC-3", forward) and J (5-GGGCAAGCGACCCGAAG-
GAGAG-3, reverse).

Database searches and sequence analysis

The EMBL Data Library at the Deutsches Krebsforschungszent-
rum, Heidelberg was accessed and searched by computer. Nucleic
acid and protein sequences were analysed using the Genius/Husar
program package.

Nucleotide sequence accession numbers

Nucleotide sequences reported in this paper appear in the EMBL/
GenBank/DDBJ databases under the Accession Nos. X93464,
Y 18363, and AJ133440.



Results
Chromosome walking

The basis of this investigation was the emm sequence
(Accession No. X93464) of strain 25287 (Geyer et al.
1999). This gene has a HindII1 site at the end of the fourth
Crepeat at position 989. The chromosomal DNA of strain
25287 was digested with HindIll, religated and inverse
PCR was performed according to Triglia et al. (1988) with
the primers described above. Primers A and B produced a
fragment of 2.8 kb. With primers C and D a 1-kb fragment
was obtained. The 2.8-kb fragment was cloned in pCR-
Script and completely sequenced. The 1-kb fragment was
sequenced after cloning in the vector pPGEM-T Easy. The
complete sequence of the “‘emm region” deduced from
these data is given in Fig. 1. At the 5" end of the emim gene
we found two ORFs. The first gene adjacent to emm is in
the same orientation and encodes a 513-amino acid pro-
tein. DNA sequence alignment revealed about 61% ho-
mology to sequences of mga published for different M
types of GAS. The alignment of the corresponding amino
acid sequence with the peptide sequence of Mga (Mry)
from the M type 6 strain D471 (Perez-Casal et al. 1991)
shows a comparable level of homology (Fig. 2). Therefore
we named this gene mgc, for multigene regulator in group
C streptococci, and the encoded protein Mgc.

The second gene, which we named nrd, is oriented
oppositely and encodes a protein that has segments of
high homology to the ribonucleotide reductase (nrdl) of
Lactococcus lactis (Jordan et al. 1997; Accession No.
X92690).

Downstream of emm (537 bp away) we found — in the
same orientation — the beginning of an ORF identical to
rel gene of the GCS strain H46A, which has been de-
scribed by Mechold et al. (1993). The re/ gene encodes a
protein responsible for the synthesis and degradation of
guanosine 3’,5" bipyrophosphate (ppGpp) in various
bacterial systems (Metzger et al. 1989; Mechold et al.
1993), and is linked to the streptokinase region in H46A
(Mechold et al. 1993). We did not find an scpA4-like gene
in this region.

Investigation by PCR of the regions flanking emm
in different GCS and GGS strains

To investigate how nrd, mgc, emm and rel are arranged in
other GCS and GGS strains, we compared the PCR pat-
terns using the corresponding chromosomal DNAs as
templates. As controls the DNAs of the GAS strains M1
and M3 were used. The PCR primers E, F, G, and H used
for these experiments were based on the sequence shown
in Fig. 1. Primers E and F characterise the region between
nrd and emm. The PCRs with GCS and GGS strains
generated identical patterns with a main band at 2.6 kb
(Fig. 3A). No products were amplified from the DNA of
the GAS strains. Thus we conclude (and this was
confirmed by partial sequencing of the PCR fragments)
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that the arrangement of the genes located upstream of
emm in other GCS and GGS strains is similar to that in
25287.

In a second set of PCRs the primers G and H were
used. These primers recognise the segment between the
end of emm and the start of rel. Asillustrated in Fig. 3B,
two different PCR patterns were obtained. With GCS
strain 25287 and the GGS strain 39086 a small PCR
fragment of 0.7 kb was amplified. This corresponded to
the fragment size which we expected from our sequence
data for strain 25287. Partial sequencing of these frag-
ments confirmed the linkage between emm and rel.

But in the case of the GCS strain H46A and of the GGS
strains 39072 and 40104 a larger fragment of about 3 kb
was found. No PCR fragments were obtained from the
GAS control strains. The 3-kb fragment from strain
H46A was cloned in the plasmid pCR TOPO XL and
sequenced. In this group of strains we found an additional
ORF which was located between the emm gene and rel,
and oriented in the opposite direction. The gene was
identified by database searches as a cpdB-like gene which
encodes a protein of 683 amino acids. The protein showed
high sequence homology to 2’,3’-cyclic-nucleotide
2’-phosphodiesterases found in various bacterial species.
The sequence information obtained enabled us to
sequence the whole emm-containing segment of strain
H46A from nrd to rel (Accession No. AJ133440). The
strain H46A used in this report came from the same stock
culture as was used by Mechold et al. (1993) for se-
quencing of the skc region. In this strain and also in strain
25287 the emm containing segment is flanked downstream
by rel. The latter gene starts the following skc region. To
test whether the skc region is generally found adjacent to
this genome segment, a PCR was performed with primers
I and J. Primer I starts in emm and primes in the 3’
direction, while the reverse primer J, deduced from Mec-
hold et al. (1993), starts inside the skc gene and amplifies
towards emm. Figure 3C shows a comparable pattern of
PCR fragments to Fig. 3B, but the products are of higher
molecular weight. The fragments obtained from strains
25287 and 39086 (3.3 kb) in this experiment were also
smaller then the 5.8-kb fragment found in the other
strains. This confirms the result in Fig. 3B, showing that
some strains lack the ¢pdB gene in that region. The PCR
fragments were partially sequenced. With primer J the
corresponding partial skc sequence including the stop
codon and the following intergenic region was obtained.
Primer I recognised 170 bp of emm and a part of the
downstream intergenic sequence. Because appropriate
PCR fragments were obtained from all five investigated
GCS/GGS strains, we conclude that the emm-containing
segment and the skc region in GCS and GGS are adjacent.

Sequence alignment of Mgc and M proteins
from GCS with the related molecules from GAS

To compare characteristic sequences in the emm-flanking
regions from GAS and GCS, we performed a multiple
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AAGCTTAGCCTTCAGAGGAAGCCTTAAAGGCATCTCTTCTCTCTATATAATCTTCGCTAAACGCTCGATA
< I I K A L R E I

TCATCATTTGTGCCCCGCAATTCAAAATCCCCAAGCATAGGAAAGCCAARAGCGCTTAGCATATTGTTTAG
D D NTSGIRULEUVFDGTILMU®PUFGVF R KAY Q K

CAGTCAGGCAATATTGGTTGTTAAAATTCTTATTCCCCGAACCAATAATCCCCATGCAATGTTTGTAATT
A T L CY Q NNPFDNI KNGS G I I GM CH K Y N

GTCATGAGCAGCAATGAAGTCTCCAAGAGGATTTGTCAAAATTTCCACTTCACCAGAGTCAATCCCATTT
D HAATIVFDGL PNTITULIEV EGSDTIGN

CCTCCTTCTAGATAAGTGGGCAGCATCGCTACAAAATCCTCCTCGACGGGAAAAGTCTCGTGCTTCAGGT
G 6 EL YyT™©PUL M AV F DEEV P F TEH K L

CTTTAATGTTAATCTGTTTGACATGGCACTCATGGTTTTCGGTTAAATAAAGGGAAAGGCGTTTCACAAA
D K I NI Q K V H C E HNE TUL Y L S L R K V F
SD
ACTAAGGGTGTTGCCGCTAAGGCTGATAAAAACAATGGTTAAGTCTGACATAAAAACTCCZ?TCTAAATT
S L. T NG S L S8 I F V I T UL D S M« nrd complement

extended -10 box with TG motif -35 box (complement)
ATCAGTCATCACTACC"GATTAGCA'AAGTCCCGGCAAqug:EEFTTATAGCCTTTCAAAACTGTCTG

AAATGTTTCCTATGAATAGGATAAAGAGGTATTTAGTTGGCACTGAAGTGAAGGTCTGGGTCACGTCTCT
CACACTGCCACAAAACAAGTCAAATAAAAGTTGAAAGAGAAAAAACATGACCCGATATCAGATACCAAAA
TACATATAATTGTCCAAAATCAAAGAAAAAGCTAAAATGAGTTAACTCGAAGATTTTATTTGGTTCCTTT
TTATGTTTTTACAGAAAAAGTGACTCTTTAAATAGTGTCTTCACAGTTGTGAGTGAGACTGTCAGTTGTT

extended -10 box with TG motif
TTGATAAGTTTTCCAAGACTAAATATGTTATAATIITAGTCGTTTTGCAACAAAGTTAACGACTGCAACAG

SD mgc % M T H A S K L F
TCGCTCGATAATAATTGAAATCACTTAAAGAAGGATATGGAACTGACATGACGCATGCTAGTAAACTTTT

T K Q Q WR EL EL I A HL TEUH S EIZRMMG Y
TACCAAGCAGCAATGGAGAGAGCTTGAGTTAATTGCCCACTTAACAGAACATTCAGAAAGAATGGGGTAC

K DREILUCI KWV VLDS TV S TIL Q A CTIANILDQ
AAGGATAGAGAACTGTGCAAAGTACTAGATAGTACAGTGTCAACCTTACAAGCCTGTATTGCTAATTTAC

F M E SL GRITYEUDSGY YU L TTIDYNUDHC
AATTTATGGAATCCCTCGGCCGGATTACTTATGAAGATGGTTACCTAACTATTGACTATAATGACCATTG

G L Q EV Y Q RALIRESQ SL Q L L S A L F
TGGCTTGCAAGAAGTCTATCAAAGGGCGCTGAGAGAATCCCAGTCCCTGCAGCTCTTATCCGCCCTATTT

F K E F D S L EDULADA AL FI SIL S TUL KR L
TTTAAGGAATTTGATTCTTTAGAGGACTTGGCAGACGCCTTGTTTATTAGCTTATCCACCTTAAAACGCT

I TR TNGY L K K EVF G I K I S TR P VMUV
TGATTACCCGAACAAATGGCTACCTCAAAAAAGAATTTGGCATCAAGATTTCCACAAGACCAGTGATGGT

vV G D EHHTIIRILUPFYUL K Y F RKUPTI P F R E
AGTGGGTGACGAACACCATATCCGTCTCTTTTACCTCAAATATTTTCGGAAGCCTATACCATTTCGGGAA

w Pp F A E I I NQ NNUILEIRULTIATLMV YV K Q T D
TGGCCTTTTGCGGAGATTATTAACCAAAATAATCTAGAACGTTTGATTGCATTGATGGTGAAACAAACAG

vV P V N F AL F Q HL K IUL S GV DNILTIURVF Q
ATGTTCCAGTCAACTTTGCCTTGTTCCAACACTTGAAGATACTAAGCGGGGTAAATTTGATTCGTTTCCA

Fig. 1 (Contd.)
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K G F T L NRI KD KGULEHULV FMI KVL E D S 241
GAAAGGCTTTACCCTTAATCGCAAAGACAAAGGCTTAGAGCATCTCTTTATGAAGGTTCTGGAAGATTCT 1680

L EM K DbL S AL F AL KYNOQOQU?PU LD AR AL A 265
TTGGAAATGAAAGACCTCTCGGCTTTATTTGCCCTTAAATACAATCAACCCTTGGACGCACGAGCACTCG 1750

E I F S N Y L N P AL EL G KULUL Q S D D S A 288
CTGAAATTTTTTCCAACTACCTCAATCCTGCATTAGAACTTGGGAAATTACTTCAATCAGATGATAGCGC 1820

R E Q T™L s S H Q I Vv PW I AL L DK I E K S 311
ACGCGAACAGACGCTTTCGTCACACCAAATAGTGCCTTGGATTGCCTTGTTGGACAAGATTGAAAAAAGT 1890

L 9L s I S NKY ELAURUHELOQTT TV I L A E E 335
TTGCAACTAAGTATTTCAAATAAATACGAACTAGCTAGGCATCTCCAAACAACAGTTATCTTGGCTGAAG 1960

D I s A NVF L I Y DY K KE YL KV FVF HIKHY 358
AGGACATCAGTGCTAACTTTTTGATTTACGATTATAAAAAGGAATACCTCAAATTCTTTCACAAACATTA 2030

R v I vy DT F L TY YV EDULUPF AL DUHGQE F N 381
TCGCGTGATTTATGATACTTTCCTTACTTATGTCGAAGACCTCTTTGCCCTAGATCATCAGGAGTTTAAT 2100

E GG I RNHILULYCULVF I TWENTU LU FIULIEKTINDQ 405
GAGGGAATACGAAATCACCTTTTGTATTGCTTATTCATCACCTGGGAAAATCTCTTTTTGAAGATTAATC 2170

S R R KIL KL L VI ER S Y RNV G N F L K E 428
AATCACGACGCAAGCTCAAGTTATTGGTTATTGAAAGAAGTTACAGGAACGTTGGTAACTTCTTAAAGGA 2240

Y F G E F F E I I s F D DUL GNP K I DULUL P 451
ATATTTTGGGGAATTTTTTGAGATTATTAGCTTTGATGACTTAGGCAATCCTAAAATCGACCTGCTTCCC 2310

L A K EY DV I L T™DV IULEQNNUHSETITL F 475
CTTGCCAAAGAGTATGATGTCATTTTGACAGATGTGATTCTGGAACAAAATAATCATTCGGAGATCCTCT 2380

F NOQM I P SV VADI KU LTUDU FUL KV KV G E 498
TCTTCAATCAGATGATTCCTAGCGTGGTTGCTGATAAACTCACTGACTTTTTAAAAGTAAAGGTGGGAGA 2450

DKL F E SV AL NG QMST S < 513
AGACAAACTGTTTGAAAGCGTTGCTCTTAACCAGATGAGCACCAGCTGATGTTAAAAAGCGAGACTTACA 2520

>>>>> <<<<<
TCGTAGTGTAGGTTGATTTTCATGAGTGCGTTACGGCTAACCTTAGGATTGGAACGTCATTAATTTCGTT 2590
CGTTTATAACATTAGCTTATTTCAAAATTTTTAATCATAAAAATCTAACCAAAAATCGATAATCGCTCCA 2660

-35 box -10 box
AAAAGTGACHITTCCTI TCAAGGCCCATTCTCLATAATEGAATTAATAGGGAAGGCACAAGTCTGCCTTG 2730

emm
SD —+» M A R K N T N K H Y S 11
TCTAAAAATCTAGACTTAAGAAAAATAAGGAGAAAAAATGGCTAGAAAAAATACCAATAAGCATTATTCG 2800

L R XK L XxT GGTAS VAV AL TV V GAGTL V A 35
CTTAGAAAATTAAAAACAGGTACTGCATCAGTAGCGGTTGCTCTAACAGTTGTAGGAGCAGGGTTAGTAG 2870

G Q TV KAGSMEV S G Q S I EV THTIIKP 58
CAGGGCAGACAGTTAAGGCAGGCAGCATGGAAGTTAGTGGGCAAAGCATAGAGGTAACACATATAAAACC 2940

E E G L ™ Vv v ™D D S DI L KEI KUL S K I E E 81
AGAAGAAGGTCTAACTGTGGTAACTGACGATTCTGATATCTTAAAAGAAAAATTAAGCAAGATAGAAGAG 3010

E HDULL Q A K IEI K KEGUDTISDILI KEIKTUL Q 105
GAACATGACCTTCTTCAAGCAAAAATAGAAAAAAAAGAGGGAGATATATCAGATCTAAAGGAGAAATTAC 3080

Fig. 1 (Contd.)
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N L K DD K SULAUZEA AGYANS Y KHUHOQE Q 128
AGAATTTAAAGGACGATAAAAGTTTAGCTGAAGCGGGTTATGCTAATTCTTATAAACATCATCAAGAACA 3150

L A E KD KD I S DUILIKEI KULOQNULI KDD K S 151
ACTTGCTGAAAAAGATAAAGATATATCAGATCTAAAGGAGAAATTACAGAACTTAAAGGACGATAAAAGT 3220

L AE A G Y ANSY K KHHQE QL A E K DI K L N 175
TTAGCTGAAGCGGGTTATGCTAATTCTTATAAACATCATCAAGAACAACTTGCTGAAAAAGATAAACTTA 3290

A E K DD Q I K Q L E K Q K Q I L N A S S K G 198
ATGCTGAAAAAGATGATCAAATTAAACAACTAGAAAAGCAAAAACAAATCCTAAACGCTAGCAGTAAAGG 3360

T A R DL E AV R KA AI KA AQ V E A AL K QL E 221
TACAGCACGAGACCTTGAAGCTGTTCGCAAAGCAAAAGCACAAGTTGAAGCTGCTCTCAAACAACTTGAA 3430

E Q N K I S DASURIQGU LR RI®RUIDILNDNA ASZSTZ RE A K 245
GAACAAAACAAAATCTCAGATGCAAGTCGTCAAGGTCTTCGCCGTGACTTGAACGCATCACGTGAAGCTA 3500

K QL E A EHQ KL EE QNI KTISEA ASURIKG 268
AGAAACAATTAGAAGCTGAACACCAAAAACTTGAAGAACAAAACAAGATTTCAGAAGCAAGCCGTAAGGG 3570

L R R DL DASI REAIKI K QV EI KIDULA ANTLT 291
TCTTCGCCGTGACTTGGATGCATCACGTGAAGCTAAGAAACAAGTTGAAAAAGATTTAGCAAACTTGACT 3640

A EL DNUILTIRUILIKEDI KOQTI S DA AS SR K G UL R 315
GCTGAACTTGATAACTTGATAAGGCTTAAAGAAGACAAACAAATCTCAGACGCAAGTCGTAAAGGTCTTC 3710

R DL DASUREA AI KU K QV EI KA ATLEEA ANS N 338
GTCGTGACTTGGACGCATCACGTGAAGCTAAGAAACAAGTTGAAAAAGCTTTAGAAGAAGCAAACAGCAA 3780

L A AL EKULNI K ETULEE S K KL T EI KE K A 361
CTTAGCTGCTCTTGAAAAACTTAACAAAGAGCTTGAAGAAAGCAAGAAATTAACCGAAAAAGAAAAAGCT 3850

E L Q A KL EAEAI KU LUEWA AE- AI KA ATLI KEIZ KTL A 385
GAGCTACAAGCAAAACTTGAAGCAGAAGCAAAACTTGAAGCAGAAGCAAAAGCACTCAAAGAAAAATTAG 3920

K QA EEL A KUILIRAGI KA ASDS QTP DA K 408
CAAAACAAGCTGAAGAACTTGCAAAACTAAGAGCTGGAAAAGCATCAGACTCACAAACCCCTGATGCAAA 3990

P G N KV V P G K G Q AP Q A G T K PN Q N K 431
ACCAGGAAACAAAGTTGTTCCAGGTAAAGGTCAAGCACCACAAGCAGGTACAAAACCTAACCAAAACAAA 4060

E PM K ET K ROQL P S TG EA ATNUPUVFF T A A 455
GAGCCAATGAAGGAAACTAAGAGACAGTTACCATCAACAGGTGAAGCAACTAACCCATTCTTCACAGCGG 4130

AL AV M AT AGV A AV V K PRI KE E N < 475
CAGCCCTTGCTGTTATGGCAACAGCTGGAGTAGCAGCAGTTGTAAAACGCAAAGAAGAAAACTAAAAAAA 4200
>>>>>>>>>>> <LK

CATTCCTATTCCCAAAATAAGACAAACTAGCTTTCATTAGCTAGTTTGTTTTTTTATGAAGCCAAGCAGA 4270
AAAGCAGCTGAGGAAAATAGACAATAAAACAGATGCCCTCTCCCTAGCTTTAATGGATTAGAGAGAAGGC 4340
ATCTGAGAGTAGTGTCTTAGGCAAGGTGCTAGAGGTCGTCTTCTAGCGAGAGGAAACTTAGTTGCGCTCC 4410
TGTTTGCGACTAAAGACGGCAACTAACATGGCCAAAAAATGGCACTTTTTGACATGTAACCTTTTGTCAT 4480
CATAAAATCTCCTCTTTTTCCTAAAAATGTTACCTACTCATTATAGCTCATGAAAGCGATTGTATCAATT 4550
GAAAATGCGAACTATTTTTAGGTTTTATAAAGAAAATATTTGGTTAATCAAAAAAGAAATGACCTAGTCA 4620
AAAACTTTCGATGACGAATGCTTTCTCTAACCGCTTTCTTTAAGGATTCCTCCTTTTGATTTTGGGGTGA 4690

rel
extended -10 box with TG motif Sb % M A K E I N L T G E 10
AAG] GTTAAAAT:GGGAAAAGAAATCTTAGACdiGGAAATAAATGGCAAAAGAAATCAATTTAACAGGAG 4760

E vV v AL A A K Y M NE T D A A F V K K A still open end
AAGAAGTTGTTGCCTTAGCAGCCAAATACATGAATGAGACCGATGCGGCCTTTGTGAAAAAAGCTT 4826



A
|

Fig. 1 DNA sequence of the region adjacent to emm in GCS strain
25287 (Accession No. Y18363) comprising the genes nrd, mge, and
emm, which is linked to rel. The start of each ORF is marked by an
arrow, putative promoter sequences are boxed, Shine-Delgarno
sequences are shown in italics, and inverted repeats are delineated
by wedges

alignment (with the Clustal program) using peptide se-
quences of Mga and Mgc as well as of M proteins. The
Mga-M and Mgc-M pairs from the same GAS or GCS
strain, respectively, were analysed (Fig. 4A and B). In the
phylogenetic tree Mgc sequences are clearly separated
from the cluster of Mga proteins. But within the GAS,
the analysis splits the Mga sequences into two groups —
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those from opacity factor-positive and negative strains.
In contrast, the corresponding M protein sequences of
GCS (MC, MC1) showed high homology to M proteins
of class CI of GAS and did not form a distinct branch
outside of the GAS (Fig. 4B). The intergenic sequences
located upstream of mgc and emm of strain 25287 did not
show any similarity to corresponding segments from
GAS (not shown).

Definition of two types of mgrC region
in GCS and GGS

From the results obtained above at least two different
types of mga regulon-like segments can be proposed in

Fig. 2 Alignment of the amino MGC — MTHASKLFTKQOWRELELIAHLTEHSERMGYKDRELCKVLDSTVS -45

acid sequences of Mgc (Acces- |

I s AT

sion No. Y18364; this study) MGA6 - M-YVSKLFTSQOWRELKLISYVTENADAIGVKDKELSKALNISML -44
and Mga of M type 6 strain
D471 (Perez-Casal et al. 1991;

MGC - TLOACIANLOFMESLGRITYEDGYLTIDYNDHCGLOEVYQRALRE -90

AC M58461). The proteins are
51.3% identical and 64.9%
similar. Similar results were MGA6
obtained with Mga proteins of

NI

- TLQTCLTNMQFMKEVGGITYKNGYITIWYHQHCGLQEVYQKALRH -89

other GAS strains MGC - SQSLOLLSALFFKEFDSLEDLADALFISLSTLKRLITRTNGYLKK -135
e A A bl AT AL SRS 134
MGC EFGIKISTRPVMVVGDEHHIRLFYLKYFRKPIPFREWPFAEIINQ -180
P PO TG KA YL P SEA YK STA TGRS, 179
MGC NNLERLIALMVKQTDVPVNFALFQHLKILSGVNLIRFQKGFTLNR -225
wone O] SN KEVIN R VN KEL S LR SAVY —234
MGC KDKGLEHLFMKVLEDSLEMKDLSALFALKYNQPLDARALAEIFSN -270
MGA6 DNLKTSLRﬁSQﬁiQSéléTQ$£éRiéYlééGLYiéETfiiéﬁéé* -269
MGC YLNPALELGKLLQS~-DDSAREQTLSSHQIVPWIALLDKIEKSLQ -313
MGA6 HQ$DQ£££$YAFD$IKQ$APT————GCRKQTN*%HLL&EL&INL& -310
MGC LSISNKYELARHLQTTVILAEEDISANFLIYDYKKEYLKFFHKHY -358
ans KV EVAV LTV KB PANYLEF YK SYINLYRQEH ~355
MGC RVIYDTFLTYVEDLFALDHQEFNEGIRNHLLYCLFITWENLFLKI -403
MGA6 PHL&KAgQAG$£K£MRSéKEPISTELT$Q£i$AFéi$&é$S£1i& -400
MGC NQSRRKLKLLVIERSYRNVGNFLKEYFGEFFEIISFDDLGNPKID -448
NOKDEK T ALV BRSNS UGNE AT AFPS ITNENBLDALTED -445
MGC LLPLAKEYDVILTDVILEQNNHSEILFFNQMIPSVVADKLTDFLK -493
B VRV DL A YL FEA S TURLAVITA 450
MGC VKVGEDKLFESVALNQM= === === = === = m e e o STS -513
MGA6 ISFAD--—-- SiPLDKPIKNPLDFHRKELTLPTPPNKLHAPPé%f -530
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Fig. 3A—-C Comparison by
PCR of the mgrC locus in
various GCS (lanes 1-2), GGS
(lanes 3-5) and GAS strains
(lanes 6 and 7). Lanes 1, 25287;
lanes 2, H46A; lanes 3, 39072;
lanes 4, 39086; lanes 5, 40104;
lanes 6, M1 40/58; lanes 7, M3
4/55. A Total DNA from each
strain was used for PCR with
primers E and F to characterise
the region between nrd and
emm. B Primers G and H were
used to amplify the region be-
tween emm and rel. The molec-
ular weight standard was loaded
in the central lane. C Primers |
and J amplify the region located A
between emm and skc

kB

1 234567

2.64 »

1.60 >
1.20 »

0.67 »
0.52 *

the genomes of GCS and GGS (Fig. 5A, B). We termed
this region mgrC, for multigene regulon-like genomic
segment in group C streptococci. The word “like” is
included because the role of mgc as a regulator gene in
GCS has yet to be demonstrated. The mgrC segment can
be classified as the small type 1 (Fig. SA) or the large
type 2 (Fig. 5B). In Fig. 5 the two mgrC types are
compared with two representative types of mga regulons
in GAS. In the case of the GCS and GGS strains in-
vestigated here, nrd is always upstream of mgc and op-
positely oriented (compare with PCR, Fig. 3A). In mgrC
type 1 (prototype strain 25287) the genes immediately
adjacent to mgc are emm and rel. (Fig. 5A). The small
mga regulon in GAS also consists of three genes; how-
ever, here scpA borders the region at the 3’ end. In the
larger mgrC type 2 (prototype strain H46A) mgc and
emm are arranged as in type 1. But here ¢pdB is inserted
between emm and rel and in opposite orientation
(Fig. 5B). The other genes located downstream of emm
are different in GCS and GAS. In both mgrC types, rel
links the mgrC segment with the streptokinase region
characterised recently by Mechold et al. (1993).

Discussion

The genomic region which flanks the emm gene in GCS
and GGS has not been characterised previously. In this
report we identify the genes that flank the emm gene in
GCS and GGS strains. Sequence data for the GCS
strains 25287 and H46A revealed the existence of a
genome segment which shows partial similarity to, but
also clear differences from, the mga regulon in GAS.
We refer to this region as the mgrC region. In mgrC the
two genes upstream of emm are the oppositely oriented
ORF nrd, which encodes a protein with many regions
of similarity to the ribonucleotide reductase (nrdl) of
L. lactis (Jordan et al. 1997), and mgc, which is im-
mediately adjacent to, and oriented in the same direc-
tion as, emm. The mgc sequence is about 61%
homologous to various mga genes of GAS strains. In
GCS strain 25287 emm is closely linked at the 3’ end to

12 3 45

1 23 4567 kB

8.45 »
637 »

3.67 »
232>

rel, which encodes a protein that functions in the syn-
thesis and degradation of guanosine 3’,5" bipyrophos-
phate (ppGpp; Metzger et al. 1989; Mechold et al.
1993). The rel gene flanks the skc¢ region which itself
comprises several genes: orfl, skc in opposite orienta-
tion, /rp, abc and dexB. This region has been charac-
terized in detail by Mechold et al. (1993). The gene skc
encodes streptokinase of GCS, abc encodes a protein
belonging to the superfamily of ABC transporters
(Higgins 1992), dexB encodes an alpha-glucosidase-like
protein (Russel and Ferretti 1990), while orf1 and Irp
encode proteins of unknown function.

We also identified the gene cpdB in strain H46A. cpdB
is located between emm and rel and its sequence shows
homology to genes present in various microorganisms
which encode 2’,3” cyclo-nucleotide 2’-phosphodiester-
ases. The analysis of three additional GGS strains re-
vealed that there exist two groups of GCS/GGS strains;
one carries the gene cpdB, the other group does not.
Because of the close linkage between the genes mgc and
emm we postulate that there are two types of mgrC re-
gion in human isolates of GCS and GGS: type 1 lacks
cpdB (prototype strain 25287) and in type 2 cpdB is in-
serted between emm and rel (prototype strain H46A).
This is the first report of an mgrC region in GCS/GGS
strains that is similar to the mga regulon of GAS. The
crucial difference between mgrC and the mga regulon lies
in the fact that they are located in completely different
genomic environments. In GAS strains, three ORFs
have been identified 5" from mga and in the same ori-
entation; these include isp, which encodes an immuno-
genic protein conserved in GAS (Mclver et al. 1996). In
the GCS and GGS strains tested here we identified,
upstream of mgc and in opposite orientation, an nrdi-
like gene (nrd) which shows no sequence homology to
the isp region located 5’ to mga in GAS. At the 3’ end the
tandemly arranged mgc and emm genes in GCS and
GGS are linked to rel, which flanks the skc region.
Moreover, in some GCS and GGS strains a c¢pdB gene is
inserted between between emm and rel. This gene is not
present in the mga regulon of GAS. In GAS the different
types of mga regulons start with mga, which is followed



Fig. 4A Phylogenetic relation- A
ships between the amino acid

sequences of Mga proteins from
different M types of GAS strains
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and Mgc and Mgcl of the GCS
strains 25287 and H46A. B The
M proteins of the corresponding
strains are compared. The
opacity factor status of each
strain is given as OF © and OF .
The Accession Nos. of the se-
quences from the NCBI data-
base are given in parentheses.
Mgc and Mgcl form a distinct
cluster, but the corresponding M
proteins MC and MC1 are
highly homologous to the M
proteins of GAS. The sequence
of Mgal (asterisk) was taken

from the database of the Strep-
tococcal Genome Sequencing
Project funded by USPHS/NIH
Grant No. AI38406 (B. A. Roe,
S. P. Linn, L. Song, X. Yuan, S.
Clifton, M. McShan and J.
Ferretti). Other sequences were
taken from: Hollingshead et al.
(1986); Robbins et al. (1987);
Frithz et al. (1989); Podbielski
(Accession No. X69324);
Harbaugh et al. (1993); Geyer B
et al. (1999); Perez-Casal et al.
(1991); Hong (Accession No.
ABO016537); Chen et al. (1993);
and Podbielski et al. (1995)

GCS MGC  OF (Y18364)
MGC1  OF (AJ133440)
MGAl  OF (¥
MGA6  OF (MS58461)
MGAZ23 OF (ABO16537)
GAS MGA1Z OF (U02342)
T MGA4  OF" (X95408)
MGA49 OF’ (X68501)
MC  OF (X93464)
GCS
MC1  OF (Y18362)
— ML OF (%
M23  OF (AB016537)

M6 OF (M11338)

M12 OF (M18269)

GAS

ARP4  OF"' (X15198)

by one or more emm or emm-like genes. Downstream
these genes are flanked by scpA (Perez-Casal et al. 1991;
Podbielski 1993; Podbielski et al. 1995; Katerov et al.
1994; Andersson et al. 1996). In GCS/GGS we find a
similar tandem arrangement of mgc and emm, but no
other emm-like genes were found in the mgrC region.
The architecture of mgrC downstream of emm in GCS/
GGS is also completely different from that of the mga
regulon in GAS. In both mgrC types, rel, which flanks
the skc region, is the last gene, while scpA4 terminates the
mga regulon found in GAS. Moreover, in GAS, the
ORFs that have been described 3’ to scpd — orfl and
orf2 (Podbielski et al. 1996) — show no homology to any
of the genes in the skc region. In GAS the existence of a

FCRA4 OF"* (X69324)

skc region with the same arrangement of genes as
described for the GCS strain H46A has been reported
(Frank et al. 1995). But in GAS the skc region seems not
to be located in a genomic segment near the mga regulon
— unlike the case in GCS/GGS, where it is closely linked
to the mgrC region. Recent PCR experiments by Sri-
prakash and Hartas (1996), using GGS genomic DNA
and primers based on published sequences from the mga
regulon of a type M49 strain (Podbielski et al. 1996), did
not reveal DNA fragments with sequence homology to
mga genes of GAS. The apparent divergence (61%
similarity) between the DNA sequences of mgc in GCS
and mga in GAS and the complete lack of homology
between the upstream regions of the two genes explain
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Fig. 5A, B Organisation of two A
types of mgrC regions in GCS
and GGS deduced from se-
quence and PCR data. A The
small mga regulon described for
type 6 GAS (Perez-Casal et al.
1991) compared with the mgrC
type 1 segment deduced from
GCS strain 25287. mgrC type 1
is characterised by the tandem

GAS

small mga-regulon (type M6)

mga emm
arrangement of mgc, emm and
rel. The following genes in the
streptokinase region are indi-
cated. The open region in re/ GCS mgrC type 1
indicates that this gene was . . ) .
; . . dIl *
partially sequenced in strain Plh—ndm HmTIH I|1m = sk region
25287. B The arrangement of N
genes in a large mga regulon of i e Y y
GAS type 49 (Podbielski et al. nrd mgc emm rel orfl skc Irp abc dexB

1995) and in the mgrC type 2
segment deduced from GCS
strain H46A. In mgrC type 2 B
the gene c¢pdB is inserted in the
opposite orientation between
emm and rel. In both cases re/
borders on the skc region
(asterisk) sequenced by Mec-
hold et al. (1993) in strain

H46A. The whole mgrC type 2 mga mrp emm enn scpA

segment up to rel of the same

strain was sequenced in our

laboratory (Accession No. CS

AJ133440) G e ——— — — — — —
r mgrC type 2 ‘ | skc region*

the failure of this experiment. Our approach, which in-
volved inverse PCR starting from the emm gene of GCS
strain 25287, has provided sequence information for the
genes adjacent to emm.

It has been speculated that the specific arrangement
characteristic of the mga regulon may be responsible for
the increased virulence of GAS strains compared to
other f-haemolytic streptococci (Podbielski et al. 1992).
The expression of M and M-like proteins in GAS is
positively regulated by mga, which encodes the protein
Mga. In phagocytosis experiments, both in vivo and
in vitro, the GCS strain H46A was found to be less
virulent than a number of GAS strains (Schmidt et al.
1993b). However, in recent years, GCS as well as GGS
strains have been isolated from patients suffering from
serious infections like toxic-shock syndrome (Keiser
and Campbell 1992; Miller et al. 1996; Natoli et al.
1996; Roth et al. 1999). Furthermore, we have identi-
fied the M protein of the GCS human isolate strain
25287 as a virulence factor for chicken embryos (Geyer
et al. 1999). Thus, a regulatory function for mgc in the
expression of M protein, and possibly of additional
proteins, in group C and G streptococci can be as-
sumed. To clarify whether mgc really functions as a
positive regulator gene in GCS and GGS, like mga in

ORF1 skc ABC dexB

rel

cpdB Irp

GAS, detailed studies of regulation and expression are
underway in our laboratory.

The phylogenetic analysis revealed that the Mgc
proteins of strains 25287 and H46A clearly form a dis-
tinct cluster separated from the Mga proteins of GAS. It
seems likely that mgec of GCS/GGS and mga of GAS
have undergone a considerable period of independent
evolutionary development, as underlined by the fact that
they now show only 61% identity. In contrast, M pro-
teins of GCS and GAS did not form distinct clusters,
which makes horizontal transfer of emm genes between
GAS and GCS/GGS a likely possibility (Simpson et al.
1992; Schnitzler et al. 1995; Sriprakash and Hartas
1996). A comparison between the 5 intergenic sequences
of mgc and emm in the GCS strain 25287 and the cor-
responding regions of mga and emm in GAS did not
reveal any homology, not even in the putative promoter
sequences. This also emphasizes that the mgrC region of
GCS/GGS and the mga regulon of GAS have followed
different evolutionary trajectories.
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