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The strain B514, an M serotype 50 strain, is capable of causing a natural upper respiratory infection leading
to death in mice, as reported by Hook et al. in 1960 (E. W. Hook, R. R. Wagner, and R. C. Lancefield, Am. J.
Hyg. 72:111-119, 1960). Thus, this strain was of interest for use in developing an animal model for group A
streptococcal colonization and disease. The emm gene cluster for this strain was examined by PCR mapping
and found to contain three emm family genes and cluster pattern 5. PCR-generated fragments corresponding
to the SF4 (mrp50), SF2 (emmL50), and SF3 (enn50) genes were cloned and the entire gene cluster was se-
quenced. The gene cluster has greater than 97% DNA identity to previously sequenced regions of the gene clus-
ter of the M2 strain T2/44/RB4 if two small divergent regions that encode the mature amino terminus of the
SF-2 and SF-3 gene products are not included. If expressed, the genes encode proteins which bind human
immunoglobulin G (Mrp50 and EmmL50) or immunoglobulin A (Enn50). However, in isolates taken directly
after passage in mice, the surface proteins arising from these genes were barely detectable. The transcription
of each gene in the B514 strain was investigated by Northern (RNA) hybridization, and mRNA transcripts were
detected and quantitated relative to those of the rec4 gene, a housekeeping gene. Transcription of all three emm
family genes was found to be over 30-fold attenuated relative to transcription of the same genes in strain T2/44/
RB4. This suggests that the positive regulator, Mga, either is not expressed in this strain or has a different
requirement for activation; it also suggests that the capsule may be sufficient to inhibit phagocytosis under

these circumstances.

Group A streptococci (GAS) are important human patho-
gens capable of causing a wide variety of infections, the most
common of which are nasopharyngitis and impetigo. Of great-
er concern are the invasive infections, such as necrotizing fas-
ciitis, pyomyositis, and toxic shock syndrome, which appear to
have increased in incidence over the past decade. Rheumatic
fever and acute glomerulonephritis are also poorly understood
sequelae of GAS infection. Understanding the complex patho-
genesis of the different group A streptococcal infections is
important and will require knowledge of the functions of many
related and unrelated virulence factors. Among these factors
are a family of proteins which form dimeric fibrils projected
from their carboxy termini which are embedded in the wall of
the bacterial cell surface (33).

Within this family are the M proteins, defined as such be-
cause of their antiphagocytic function and thought to contain
epitopes defining the antigenically variable determinants of
serotype specificity in their amino termini (24, 25). Recent
molecular analyses have revealed over 100 distinct emm family
genes which encode proteins that are highly similar to the M
protein, most of which do not have antiphagocytic properties
but which do have other virulence-related phenotypes (18).
For example, the genes arp4 (27), enn2 (4), fcrA76 (13), and
mrp4 (44) encode immunoglobulin-binding proteins. Addi-
tional binding properties associated with members of this fam-
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ily are fibrinogen, plasminogen, factor H, albumin, and C4b
binding protein (1, 22, 38, 46, 49).

All of the proteins encoded by emm family genes have highly
similar sites towards their carboxy termini, and by alignment of
these carboxy-terminal gene regions, four divergent forms
within this gene family, called subfamilies (SF1 to SF4), have
been identified (16). Individual genes in each subfamily may be
mapped on the streptococcal chromosome by PCR amplifica-
tion with subfamily-specific primers. One to three distinct cop-
ies of emm family genes are found to make up an emm gene
cluster in any one GAS strain, but each strain has a different
emm cluster. The emm cluster is located downstream from a
transcriptional regulatory gene (mga, previously termed vir or
mry) (7, 39) and upstream of the scp4 gene, which encodes a
C5a peptidase (8). Mga is a positive transcription factor for the
genes in the emm gene cluster and the scpA4 gene (9, 32). At
least five different chromosomal patterns of emm gene clusters
have been found by examination of over 300 diverse GAS
strains (16, 20), and there are significant associations of these
patterns with tissue site of isolation and with streptococcal
class (6, 17).

To understand the roles of M and M-like proteins in disease
pathogenesis, it is necessary to construct and compare isogenic
strains that differ in their expression of specific M and M-like
proteins in animal models of disease. There are several com-
plications when interpreting the results from animal models.
First, because group A streptococci are primarily human patho-
gens, the capacity for animal models to reflect the human
situation is limited to the capacity of individual strains to col-
onize and cause disease in rodents. Second, there are often
three M or M-like proteins in group A streptococcal isolates
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TABLE 1. Oligonucleotides used for PCR mapping, cloning, and probes

Primer

Sequence

Description®

For PCR mapping
SF3-F

5'-GGTAGAGCTGCTCAAACAGCTACAAGACCT

SF2-F 5'-AACGCTAAAGTAGCCCCACAAGCTAAGCGT
SF4-F 5'-CCAACAAGACCATCACAARC

SF2-LDR 5'-AATCTGCAGTATTCGCTTAGAAAATTABAA
SF4-LDR 5'-GAAATCCAAACAAGCACTACCTAGTG

DP-2 5'-ATCCCTAATAGTCGCTTTTGABG

SF2-R 5'-GTTAGCTTGTGGGGCTAST

SF3-R 5'-GCTGTTTGAGCAGCTCTAEC

CW-1R 5'-GAATGGGTTAGCTGTTFIC

For cloning and probes
UP-8

5'-TGAAAACAGCTCAAAAAAACTGACC

IG5-R 5'-GGCTAGAAAAGATAGTGTGGGITG
SF2-LDR 5'-AATCTGCAGTATTCGCTTAGAAAATTABAA
LDRALL 5'-GGATCCCCGGGCATCCGTAGCAGTEGCT
2127R S'-TTCTTGGTTGGTTGCTGCTAAIT

915-R S'-GTTCTTGATAACGTTTTTCTACTTCTEG
Enn50-F 5'-TGGAACTTCTGTAAATAATGG

245-R S'-TTCTTTAGTAGTCTTAGCTAAAGTT&T

2409-2438 emmL2.2 (4)

1076-1105 emmlL2.1 (4)

1318-1388 fcrA76 (13)

47-68 emmL2.1 (4)

224-249 fcrA76 (13)

2091-2062 emmo.1, 674-645 scpA (8, 18)
1101-1076 emmL2.1 (4)

2429-2409 emmL2.2 (4)

Composite from emm gene alignment

Pair with IG5-R for cloning mrp50 (SF4)

Pair with UP-8 for cloning mrp50 (SF4)

Pair with OM2-4 for cloning emmL50 (SF2) and
with OM2-3 for cloning enn50 (SF3)

Probe of SF4 gene with 2127-R

Probe of SF4 gene with LDRALL

Probe of SF2 gene with SF2-LDR

Probe of SF3 gene with Enn50-F

Probe of SF3 gene with 245-R

¢ For all PCR mapping primers except CW-1R, the description includes position (in base pairs), gene, and (parenthetically) applicable reference(s).

from both humans and mice, rather than a single protein, so
evaluation of virulence contributions depends upon knowledge
of the entire cluster. Third, variable gene expression of the
different M and M-like proteins in the same strain has been
reported, so monitoring expression is important. For these
reasons we investigated the virulence gene characteristics of a
natural group A streptococcal strain which is virulent for mice.

The M serotype 50 strain B514 was first identified as the
cause of several outbreaks of natural infections in mice (21).
This strain was and is highly mucoid on blood agar plates,
indicating that it is encapsulated. This strain continues to be
more virulent for mice than other GAS strains; when admin-
istered intranasally, strain B514 had a 100% lethal dose of 10°
CFU, as compared with >10” CFU for five other GAS strains
(26), and as little as 20 CFU can give an intense inflammatory
response in mouse lymphoid tissue (50, 51). The reasons for
the extreme virulence of the B514 strain for mice are not
understood. The B514 strain has also been used to study the
protective effects of vaccination (26, 45) and group A strepto-
coccal pneumonia (23). Therefore, this strain is of continuing
interest for studies of streptococcal pathogenesis. To begin
examining the role of multiple phenotypes associated with M
and M-like proteins in pathogenesis, the emm cluster of this
strain was mapped by PCR, individual genes of the cluster
were cloned, the gene cluster was sequenced, and the expres-
sion of each gene was examined by quantitative Northern
(RNA) hybridization analysis.

MATERIALS AND METHODS

Bacterial strains and emm gene family nomenclature. Group A streptococcal
strain B514 is the serotype 50 typing strain, and T2/44/RB4 is the serotype 2
typing strain (40). T2/44/RB4 was received from D. Bessen (Yale University,
New Haven, Conn.). A streptomycin-resistant spontaneous variant of B514,
recently tested in a mouse model of virulence, was received from M. Caparon
(Washington University, St. Louis, Mo.) and is designated herein as B514-Sm1.
B514-Sm2 is the same strain after an additional passage in laboratory medium.

The regulatory gene upstream of the emm gene cluster was previously called
either mry or vir. It is now called mga (43). All homologues of emm are referred
to as emm family genes, but the specific designation emm is reserved for genes
encoding proteins with known antiphagocytic functions. Therefore, the function-
ally neutral terms mrp, emmL, and enn are used for the SF4, SF2, and SF3 genes,
respectively, in this manuscript.

PCR and gene cloning. B514 chromosomal DNA was isolated by a microwave
method described previously (20). PCR was used to map the gene cluster with
subfamily-specific primers, to generate fragments for the cloning of individual
genes, and to generate fragments for gene-specific DNA probes for individual
genes. All of the oligonucleotide primers used in this study are listed in Table 1,
and an overview map of all the PCR fragments is included in Fig. 1. PCR
reactions designed to map the genes in the cluster were carried out as described
by Hollingshead et al. (20); a standard PCR mixture of 50 ul containing 2.5 mM
MgCl,, 200 M each deoxynucleoside triphosphate, 50 pmol of each primer, and
2.5 U of Taqg DNA polymerase was used for all other PCRs, with a cycle of 1 min
at 95°C, 1 min at 62°C, and 5 min at 72°C, repeated 35 times. For cloning, PCR
products were first purified from low-melting-temperature agarose gels (Sea-
Plaque agarose; FMC) by GeneClean (BIO 101, Inc., La Jolla, Calif.) and ligated
to the pCR vector (Invitrogen Co.) before transformation into Escherichia coli
INVaF'. White colonies were picked from Luria agar plates containing 50 pg of
ampicillin per ml, and the plasmid DNA was isolated to screen for plasmids
containing the DNA insert of the correct size. The plasmids pUABO021,
pUABO022, and pUABO023 contain the SF4, SF2, and SF3 genes, respectively,
from the emm gene cluster of B514 that were cloned in the pCR vectors (Fig. 1).

DNA sequencing. Plasmid DNAs from pUAB021, pUAB022, and pUAB023
were sequenced by the dideoxy chain termination method (41) following proce-
dures described in the Sequenase manual (version 1.0; United States Biochem-
ical Corp.) with the primers listed in Table 1. The regions between the cloned
genes were sequenced from additional PCR fragments with an Applied Bio-
sciences automated DNA sequencer.

Surface protein analysis and mouse passage. Strain B514 was passaged in
mice intraperitoneally by inoculating either 10° or 10* bacteria. If death due to
sepsis had not occurred by 48 h, mice were killed at that time, and individual
organs were then dissected and homogenized. The homogenates were plated on
sheep blood agar plates, and individual bacterial colonies from each organ were
chosen for further analysis. CNBr-extracted surface proteins were analyzed by
the method of Raeder et al. (36).

RNA purification. B514 cultures were grown in 37°C standing cultures in
Todd-Hewitt yeast broth plus 20 mM glycine in a 5% CO,-20% O, atmosphere.
Total cellular RNA was isolated from streptococcal cultures at optical densities
at 600 nm between 0.6 and 1.0. Total cellular RNA was purified following
centrifugation on CsCl gradients and stored in the presence of vanadyl ribo-
nucleosides as previously described (19).

Northern hybridization. Total cellular RNA (20 pg) from each strain was
separated by electrophoresis on formaldehyde-containing agarose gels (28) and
transferred to nylon membranes by capillary transfer. The probes used for North-
ern hybridization were PCR-generated fragments of each of the three genes in
the emm gene cluster of B514 that include only the gene-specific regions of each
gene. These gene-specific probes, shown in Fig. 1, included bp 181 to 1091 of the
SF4 gene (mrpA50), bp 1643 to 2036 of the SF2 gene (emmL50), and bp 3215 to
3472 of the SF3 gene (enn50). A recA gene probe of 314 bp was previously cloned
from GAS strain D471 as described by Dybvig et al. (10). All DNA fragments
used for probes were purified from low-gelling-temperature agarose and then
radiolabeled with 32P by random primer labeling (Boehringer Mannheim Corp.).
The probes had specific activities of 2 X 10° to 5 X 10° cpm/pmol, and they were
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FIG. 1. Chromosomal map of emm gene cluster of serotype M50 strain B514. The numbers indicate sizes in base pairs. PCR amplification with the subfamily-specific
primers shown in the bottom half of the figure was used to map three genes: an mrp50 (SF4) gene, an emmL50 (SF2) gene, and an enn50 (SF3) gene. Primers for the
amplification products are listed to the right of the lines indicating the PCR products. Gene-specific PCR fragments that were cloned for nucleotide sequencing and
smaller fragments that were used as DNA probes are indicated below and above the genes, respectively. The two divergent regions in the emm/L50 and enn50 genes
(i.e., regions that are significantly different from T2/44/Rb4 regions) are indicated by the two small hatched boxes.

used at concentrations of 10 pmol/ml. Northern hybridizations were performed
in 6X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-50% form-
amide at 42°C. Hybridization was visualized by exposure to XAR-1 X-ray film.

Quantitation of transcript levels. Radioactive bands on the blots were quan-
titated by using a Molecular Dynamics PhosphorImager. All blots that were to be
compared were exposed overnight for equivalent time periods on the same
screen, and counts were then taken. The internal radiolabeling method used for
the probes allowed the detection of small quantities of transcript (100-fold below
the detection level for the recA transcript). The recA gene transcript was used as
an internal control in order to compare the relative transcript levels of different
genes in the same strain and to roughly compare transcript levels of the same
gene in different strains.

First, quantitation controls were performed to examine potential signal vari-
ability due to loading volumes, transfer procedures, or stripping of blots for
reprobing. There was no loss of signal with stripping of blots, and there was less
than a twofold difference in duplicate samples. For experimental runs, three
identical blots were first probed with the three emm-specific probes; then the
blots were stripped and reprobed with the rec4-specific probe. Ratios of each
emm gene transcript to the recA transcript from the same lane and the same blot
were then calculated for reporting. In comparing the PhosphorImager counts of
different transcripts, corrections for differing probe length were included. Any
differences greater than 10-fold remaining after a correction for probe length
were considered significant.

Nucleotide sequence accession number. The DNA sequence of the emm gene
cluster for serotype M50 has been submitted to GenBank, and the nucleotide
accession number is U520008.

RESULTS

PCR mapping of the gene cluster and cloning of individual
genes. PCRs were carried out with subfamily-specific primer
pairs to examine the structure and order of the emm gene
cluster of M50 strain B514 as described previously (20). Figure
1 shows the approximate sizes and locations of amplified PCR

products of the B514 chromosomal DNA, on the basis of which
the strain was shown to have chromosomal pattern 5. The
order of genes in B514 is SF4 gene-SF2 gene-SF3 gene, and
they are located between the mga and scpA genes. In order to
sequence the individual genes from strain B514, PCR products
that encompassed most of each gene were individually cloned
in the plasmids pUABO021, pUAB022, and pUABO023 (Fig. 1).

DNA sequence. Figure 2 shows the DNA sequence of the
entire emm gene cluster of B514. The gene cluster of serotype
M50 strain B514 is over 97% identical to the gene cluster of
serotype M2 strain T2/44/RB4 with the exception of two diver-
gent regions characteristic of mosaic genes. The two small
divergent regions of the M50 and M2 strains (hatched boxes on
the map in Fig. 1) are present near the amino termini, imme-
diately after the signal peptide, in both the SF2 and the SF3
genes. In the M2 strain, both the SF2 gene (emmL2.1) and the
SF3 gene (emmL2.2) were previously characterized for immu-
noglobulin-binding characteristics and completely sequenced
(4) and the SF4 gene was partially sequenced (5).

The SF4 gene (mrp50) encodes a protein with 97% identity
to FcrA76 which binds the Fc region of human immunoglob-
ulin G1 (IgGl), IgG2, and IgG4 proteins. Like other SF4
genes, instead of having central C repeat regions, the mrp50
gene has three A repeat regions which have been characterized
in fcrA76 and mrp4 genes as being the binding site for the IgG
Fc (13, 31). Therefore, the mrp50 gene encodes an IgG-binding
protein. Protein expressed from this gene in E. coli binds hu-
man IgG when expressed and purified in vitro (data not
shown).
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s A ¢ M L A L K R K E E N> 372

* * * * 35 * ~10

- * * * * *
AACTAACAAT CTCAGTTAGA CCAAAAAATG GGAATGGTTC AAAAAGCTGG CCITTACTCC TTTGGATTAA CCATATATAA TAAAAACATT AGGAARATAA TAGTAATATT AAGTTTTTEC 3050
* * * * * * * * * *

CTCTCAATAA AATCAAGGAG TGGATA ATG GCT AGA CAA CAA ACA AAG AAA ACT TAT TCA CTA CGG AAA CTA ABA ACC GGT ACG GCT TCA GTA GCC GIT GCT TTG 3154
A R © @ T K K T Y S L K L K T ¢ T A S Vv a VvV A >
. * ” * 41 * * * * «
ACC GPT TTG GGC GCA GGT TTT GCA AAC CAA ACG GAA GTA AGA GCT GAT CAA GCA GCT TCT GGA ACT TCT GTA AAT AAT GGA GCT TCT ACA AGC GTG GAA 3253
T vV L ¢ A ¢ * A N Q T E V R A D Q A& A S ¢ T S V N N G A § T S vV B> 18
* A AR S dE SR R R * * * * * *
TCA TTT AMA TAT GAT GCT TIA AGA GGT GAA AAT GCC GAC CTT AGA AAT GTA AAT GCA AAA TAT TTA GAG AAG ATT AAC GCA GAA GAA GAA AAA AAT RAR 3352
s F K Y D A L R G E N A D L R N V N A K Y E X I N A E E E K N K> 51
* - - * . * * * * *
ARG CTT GAA GCA ACT AAT ARA GAG CTA AAT GAG AAT TAT TAC AAA TTA CAA GAT GGT ATT GAT GCT CTA GAA AAA GAA BAA GAA GAC TCA ARA ACA ACT 3451
XK L E A T N X E L N E N Y Y K L @ D 6 I D A L E K E K E D § K T T> 84
* * jer  * - * * . * * *  c1fsl *
TTA GCT ARG ACT ACT ARA GAA AAT GAG ATT TCA GAA GCT AGC CGT AAA GGG TTA AGC CGA GAC TTA GAA GCT TCT CGT GCA GCT AAA MAA GAG CTA GAA 3550
L A K T T K E N E I S E s R K 6 L S R D L E A S R A A K K E L E> 117
* - + * s1]e2 . * - *
GCT RAG CAT CAA AAR TTA GAA GCA GAA AAC AAA AAA CTA ACA GAA GCC AAT CAG ATT TCA GAA GCT AGT CGT AAA GGT CTA AGT AAC GAC TTA GAA GCT 3649
A K B @ K L B A BE N K K L T E A N @ I 8 E A S R K G L & N D L E A> 150

* * czls2 * * * * * * * s2|
TCT CGT GCA GCT ARA AAR GAA CTA GAA GCT AAG CAC CAA AAA TTA GAG GCT GAT CAC CAA GCC CTA GAA GCT RAG CAC CAAR ARA TTA GCA GGA GAA CAT 3748
s R a A E L E A H Q K L E A D H Q A L E A K B Q K L A [<] E H> 183

lea P * P * * * c3| + * N
CAA GTT TCA GAG ACT AGC CGC AAG GGT CTA AGC CGT GAC CTT GAA GCA TCC CGT GAA GCT AAT AAG AAG GTT ACA TCT GAG TTA ACA CAA GCA ARA GCT 3847
Q Vv s E s R 6 L s R D L E A 8 R E A N K K Vv T s E L T @ A K A 216

* * * * * * * * *

K
C
T
CAA CTC TCA GCG CTT GAA GAA AGT AAG AAA CTA TCA GAA ARA GAA AAA GCT GAG TTA CAA GCA AAA CTA GAT GCA CAA GGA AARA GCC CTC AAA GAA CAA 3946
s A L L s A E L Q A K L D A G A L
*
C!
T

*

Q L E E s K K E K E K Q K E Q> 249
- * * w* * * *

GAA GAG CTT GCA AAR CTA AGA GCT GAA AAA GCA GCA GGT TCA ARA ACA CCT GCT ACC AAA CCA GCT AAT AAA GAA AGA TCA GGT 4045

E E L A L R a E A A G s K P A T A

*
TTA GCR ARAR CAA ACT

L A K Q K T K P .3 K E R s G> 282
+* * * * * * * * * *
AGA GCT GCT CAA ACA GCT ACA AGA CCT AGC CAA AAT AAA GGA ATG AGA TCA CAA TTA CCG TCA ACA GGC GAA GCA GCT AAC CCA TTC TTT ACA GCA GCA 4144
G M

G.
R a A Q T A T R P s Q N K R s Q L P 8 T G E A A N P ¥ F T A A> 315
*

* * * * * * * * - *
GCT GCA ACA GTG ATG GTA TCT GCA GGT ATG CTT ACT CTA AAA CGC AAA GAA GAA AAC TAAGCCTTT AGAACTTGGT TTTGGTAACG GTGCAATAGA CAARAGCAAG 4250
A a T v M A\ s A G M L T L K R K E E N> 334

* * * * * +* * * * * * *

CAAGGCCAAA AACTGAGAAA GTCCTAARAA GCTGGCCTTT ACCCCTCAAA ATTAATGTTT TATAATAAAG ATGTTAGTAA TATAATTGAT AAATGAGATA CATTTACTCA TTATGGCAAA
* * * * * * * * *

AGCAAGAACC ATCGCTGCTT CATATGCAAAR TACCCCCTGT CTGCTCTTTA AAAAAGACGT TATCCTTATT CCTCCACGCA CAGATGGCCA GCTAGGCGG
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FIG. 2. Nucleotide and deduced amino acid sequences of emm gene cluster in M50 serotype strain B514. The DNA sequence was determined by dideoxy sequence
analysis with the clones and PCR-generated fragments shown in Fig. 1. Putative promoter sequences (—35 and —10) and ribosomal binding sites are indicated by
boldface underlining. The inverted repeats that may serve as potential transcriptional terminator structures are indicated by nonbold underlining. Amino acid residue
numbers are given, beginning with the first residue of the processed form, on the basis of sequence similarity with the leader sequences of other M and M-like protein
genes. The mrp50 (SF4) gene, as indicated here, contains A repeats (A). C repeats (C) are present in emmL50 and enn50 genes. The intervening spacers (S) are

indicated. The pound signs are directly above the IgA binding site in the enn50 (SF3) gene.

The SF2 gene, emmL50, also encodes a potential IgG-bind-
ing protein. Its sequence is highly similar (97% identity) to that
of the gene emmL2.1, in the entire coding region with the
exception of a small region encoding amino acids 1 to 81 of the
mature protein (bp 1749 to 1990). The remaining portion of
the mature protein contains regions homologous to protH
(SF1), emm49 (SF2), and emmL2.1 (also SF2), all of which
bind to the IgG Fc region (4, 11, 12). Mutations in the homol-
ogous region in recombinant molecules of protH and emmL2.1
affect IgG binding (6). A recombinant emm50 gene product
expressed in vitro was also shown to bind human IgG (data not
shown).

The 5’ end of the SF3 gene of strain B514 contains a domain
(amino acids 24 to 32 [ALRGENADLRY]) identical to that
required for IgA binding in emmL2.2 (SF3) (2) and similar to
that in the genes arp4 and arp60 (SF2) (14), which are also
human IgA-binding proteins. Again, protein from this gene
expressed in vitro was found to bind human IgA (data not
shown), although there is a published report that strain B514
does not bind IgA (42).

CNBr-extracted surface proteins. The method of Raeder et
al. (36) was used to examine the expression of surface proteins
in B514. This procedure preferentially releases the emm gene
family proteins in all streptococcal strains in which it has been
examined (36). CNBr extraction of B514 resulted in very little
surface protein relative to the amounts obtained from extrac-
tion of other strains even upon concentration (see Fig. 4).

RNA transcripts. Transcription of each of the three genes in
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the emm gene cluster of B514 was analyzed by Northern hy-
bridization gels. PCR fragments from the 5’ end region of each
gene were used as the mrp50, emmL50, and enn50 probes (Fig.
1); limiting probes to the 5’ end of each gene makes them gene
specific and allows the differentiation of the transcripts of the
three separate family members in the emm gene cluster. A
transcript of the rec4 gene of Streptococcus pyogenes was used
as an internal marker for standardization of the loading quan-
tities of RNA samples.

Figure 3 displays the autoradiographs of individual gene
transcripts of the emm gene cluster of B514. Monocistronic
RNA transcripts of each of the three genes in the emm gene
cluster were detected, with sizes appropriate for previously
described transcriptional start and stop sites of these genes (15,
34). Duplicate cultures and RNA preparations of the mouse-
virulent strain B514 showed the same levels of each relative
transcript. The transcripts of the mrp50 and emmL50 genes
were detected in quantities similar to that of a recA transcript
for a housekeeping gene, but the enn50 gene transcript level
was nearly 50-fold lower and barely detectable above the back-
ground. The very low level of the enn50 transcript in B514
might explain the inability of Schalen to detect cell surface
binding of human IgA in B514 (42).

In order to quantitate the relative levels of expression of
these three genes in strains B514 and T2/44/RB4, ratios of
counts detected for emm transcripts to counts detected for
recA transcripts on the same gels were calculated (Table 2).
Rough estimates of the relative transcript levels for genes in

T A o>
SRS A S
N N S
&

23S»

235»

16S®

FIG. 3. Northern hybridization to show relative transcript levels in T2/44/RB4 (M2) and two isolates of strain B514 (M50-Sm1 and -Sm2). All strains had been
recently passaged in mice, and RNA was extracted from cells grown in vitro under Mga-positive conditions. In this experiment, DNA probes specific for the mp50,
emmL50, and enn50 genes included only the region that encodes the 5’ mature end of each protein (shown in Fig. 1). (A) Transcripts detected with the mrp50 probe
(SF4); (B) transcripts detected with the emmL50 probe (SF2); (C) transcripts detected with the enn50 probe (SF3). Each lane contains 20 pg of total cellular RNA
from each culture. The exposure time was 4 h (A and B) and 48 h (C). The positions of two ribosomal RNAs are shown on the left. The bottom half of each panel
shows the recA transcript detected on the same blot, used as the internal standard.



2198 YUNG AND HOLLINGSHEAD

TABLE 2. Ratios of counts of specific emm gene transcripts
to those of recA control transcript®

Transcript ratio in strain

Gene probe
B514 (M50) T2/44/RB4 (M2)
SF4 gene (mrp50) 0.7 32
SF2 gene (emmlL50) 0.6 59
SF3 gene (enn50) 0.02 2

“ Corrections were made for variations in probe length.

the emm cluster of each strain can be made from the values in
Table 2. Thus, the ratio of mrp50 transcripts to emmL50 tran-
scripts in strain B514 was roughly 1:1, while the ratios of both
mrp50 and emmL50 transcripts to those of the enn50 gene in
B514 were approximately 35:1. In strain T2/44/RB4, the ratio
of transcripts within the gene cluster (mrp:emmL:enn) was
similar to the internal ratio in B514 (Table 2), but T2/44/RB4
differed from B514 in that it had much more abundant levels of
all three emm family transcripts in cultures grown under iden-
tical laboratory conditions (Fig. 3).

Analysis of emm family gene expression after passage in
mice. To determine if the very low levels of gene expression
were significantly different from the gene expression during
passage in mice, individual B514 isolates from dying mice were
examined. Bacteria were introduced to mice by the intraperi-
toneal route, and individual isolates from dissemination sites
such as the spleen, lung, and brain were examined for surface
proteins by the CNBr extraction method. All of the individual
B514 isolates from mice had undetectable surface protein ex-
pression compared with that of two other group A strains (Fig.
4). Gene cluster expression in fresh passage isolates was indis-
tinguishable from that in the isolate in which expression was
initially quantitated. We infer that expression of this gene
cluster may not be critical for virulence in this model system
and that phase variation to an “on” state is not the usual
outcome of passage of this strain in mice. Additionally, all
isolates obtained after passage in mice were highly mucoid on
blood agar plates, suggesting high-level expression of the cap-
sule in B514 isolates in vivo as well as in vitro.

DISCUSSION

Strain B514 is important for mouse models of group A
streptococcal infection because it causes natural infections in
mice. On the basis of the DNA sequence of the emm gene
cluster in strain B514, it is evident that there are two genes that
encode probable IgG-binding proteins and one gene that en-
codes a probable IgA-binding protein. Binding studies of pro-
teins produced in vitro from cloned genes showed the pre-
dicted binding capabilities (data not shown); however, our
studies show that these genes are not expressed in the strep-
tococcal host. By PCR mapping, the emm gene cluster was
characterized as having chromosomal pattern 5, which has the
SF4, SF2, and SF3 genes (in that order) located between the
mga and scpA genes. This pattern is positively associated with
the ability to produce a serum opacity factor (SOF) that causes
mammalian sera to become opalescent (3, 20). In our collec-
tion, 89% of pattern 5 strains are SOF* while only 2% of
non-pattern 5 strains are SOF*. B514 is SOF , even though it
is a pattern 5 strain, and it fails to produce an SOF.

The sequence of the M50 gene cluster was >97% identical
to that of the gene cluster of a serotype M2 strain, T2/44/RB4,
except for two small regions near the amino termini of the SF2
gene (81 amino acids) (Fig. 2) and the SF3 gene (23 amino
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acids) (Fig. 2). One of these two heterogeneous regions may
define the M50 type-specific domain of B514, differentiating
M50 strains from M2 strains in the Lancefield serotyping sys-
tem for group A streptococci. Although serotype M2 strains
are frequently reported to be associated with human infec-
tions, M2 strains are not virulent for mice unless they have
been passaged several times through mice to select for virulent
variants. In contrast, the serotype M50 strains are not usually
found among human isolates and are among the very few
group A streptococci originating from multiple mouse colony
outbreaks (21).

Low transcript levels for the entire cluster in strain B514.
Although transcripts of all three genes in strain B514 could be
detected, quantitation studies revealed at least 30-fold less
transcript in B514 than in strain T2/44/RB4 (Table 2). The low
expression levels were initially surprising because laboratory
passage of the strain had been minimized after recent testing
for full virulence in mice and care was taken to use growth
conditions under which maximum expression of emm genes has
been obtained. Low levels of expression were consistently
found for multiple RNA preparations made from the same
strains. The low transcript levels did seem to explain our in-
ability to detect surface proteins in B514 by a cyanogen bro-
mide extraction procedure (Fig. 4). In most streptococcal
strains, two or more proteins are extracted by this procedure,
but with B514 very little, if any, protein is extracted.

The very low level of transcription of all three genes in the
M50 cluster may represent the uninduced levels of transcrip-
tion for these genes. These genes are positively regulated by
the protein Mga (previously called Mry or Vir) (7), and the
regulation involves binding of Mga protein to conserved sites
present near the —35 region of the promoters of these genes
(29, 34). All of the sequences of the promoter regions are
identical in strains B514 and T2/44/RB4 (Fig. 2), so regulation
site differences are unlikely to explain the difference in expres-
sion between these two strains. Thus, the extremely low level of
expression in B514 may indicate that the mga gene is either
defective or only active under conditions that differ from those
required by most streptococcal strains. Footprinting experi-
ments have identified an Mga-binding site for the emm6 and
scpA genes located near the —35 region of only one of the two
promoters for these genes identified by primer extension ex-
periments (37). It is possible that the basal level of transcrip-
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FIG. 4. CNBr extracts of surface proteins from B514-Sml, from control
strains, and from individual isolates obtained immediately after passage in mice.
Lane 1, size standards; lanes 2 and 5, protein from an M2 strain and an M55
strain, respectively, isolated from mice (positive controls for strains expressing
emm loci proteins); lanes 6 to 10, CNBr-extracted proteins from isolates obtained
immediately after passage in mice. Stds., standards.
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tion found in the B514 strain results in transcripts originating
from promoters that are not under the control of the Mga gene
product. A defect in Mga expression in this strain may also
explain why the strain is SOF ™ even though it is a pattern 5
strain. DNA sequencing of the sor gene locus revealed a pro-
moter sequence that matches the consensus sequence for Mga
binding (29, 37).

The SF3 gene is poorly expressed relative to other genes. As
has been previously reported for the genes in this regulon (4,
34), there was a large difference in the relative transcript levels
for different genes in the emm gene cluster of a specific strain.
For example, the SF2 transcript was 30-fold more abundant
than the SF3 gene transcript in both the T2/44/RB4 and B514
strains (Table 2). This quantitative estimate of difference in
transcription levels is consistent with the over 32-fold differ-
ence seen by Bessen and Fischetti (4) and the 16-fold differ-
ence for analogous transcripts in strain CS101 seen by Pod-
bielski et al. (34) as well as with additional reports of low-level
expression of a gene in this position (48). This could be the
result of differential regulation of individual promoters or of
differences in promoter strength.

A recent publication highlighted a role for group A strep-
tococcal capsules in pharyngeal colonization of mice (47). The
B514 strain is highly mucoid and encapsulated. If the roles in
pathogenesis for the capsule and the emm gene cluster are
overlapping, encapsulation may be important for the virulence
of strain B514 for mice in light of the poor expression of emm
genes in this strain. Whether these roles are equivalent to the
roles in human infections is very difficult to address, but strains
of certain M serotypes are frequently heavily encapsulated.

Switching from high to low expression of M proteins is
referred to as phase variation, and the molecular mechanism
by which phase variation occurs is unknown (39). To further
test whether in vivo expression of the gene cluster was likely to
be much higher in strain B514, passages in mice were per-
formed and expression of this gene cluster in multiple isolates
sampled from body sites of dissemination was examined. The
low-level-expression or “off” state of this gene cluster in the
mouse isolates appeared to be the usual state (Fig. 4).

The emmL50 gene was found to have a mosaic structure.
The heterogeneous 81-bp region that was different from the
emmL2.1 sequence was instead very similar (>80% identity) to
the published sequence of enn5.6183.2, which is from a sero-
type 5 strain (48). The enn5.6183.2 gene is in a subfamily
distinct from that of emmlIL2.1 or emmL50; genes in different
subfamilies show an average divergence of 17 to 27% while
genes in the same subfamily show an average divergence of
3%. The M5 strain from which the enn5.6183.2 gene was iso-
lated has emm gene cluster pattern 2, containing two SF1 genes
and none from the other subfamilies. The cluster patterns are
also thought to have resulted from evolution of this multigene
regulon. The mosaicism of the emmL50 gene could be ex-
plained if a recombination event occurred between an M2-like
strain and a strain carrying an enn5.6183.2-like gene. This
could result in most of the emm50 gene being almost identical
to an emm2.1 gene while another part of the gene is almost
identical to the enn5-like gene. The difference in chromosomal
patterns (or gene context) suggests that past recombination
events involved horizontal transfer between strains that were
genetically quite distant from each other, at least with respect
to this particular segment of the chromosome. Evidence for the
contribution of horizontal transfer events in the evolution of
the emm gene family has recently been discussed (5, 17, 30, 35,
48).
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