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The pathogenesis of acute rheumatic fever (ARF) is poorly understood. We identified two contiguous
bacteriophage genes, designated speL and speM, encoding novel inferred superantigens in the genome sequence
of an ARF strain of serotype M18 group A streptococcus (GAS). speL and speM were located at the same
genomic site in 33 serotype M18 isolates, and no nucleotide sequence diversity was observed in the 33 strains
analyzed. Furthermore, the genes were absent in 13 non-M18 strains tested. These data indicate a recent
acquisition event by a distinct clone of serotype M18 GAS. speL and speM were transcribed in vitro and
upregulated in the exponential phase of growth. Purified SpeL and SpeM were pyrogenic and mitogenic for
rabbit splenocytes and human peripheral blood mononuclear cells in picogram amounts. SpeL preferentially
expanded human T cells expressing T-cell receptors V�1, V�5.1, and V�23, and SpeM had specificity for V�1
and V�23 subsets, indicating that both proteins had superantigen activity. SpeL was lethal in two animal
models of streptococcal toxic shock, and SpeM was lethal in one model. Serologic studies indicated that ARF
patients were exposed to serotype M18 GAS, SpeL, and SpeM. The data demonstrate that SpeL and SpeM are
pyrogenic toxin superantigens and suggest that they may participate in the host-pathogen interactions in some
ARF patients.

Group A streptococcus (GAS) is a human pathogen that
causes pharyngitis, necrotizing fasciitis, streptococcal toxic
shock syndrome (STSS), and other diseases. GAS is also re-
sponsible for the postinfection sequela acute rheumatic fever
(ARF), the leading cause of preventable childhood heart dis-
ease worldwide (7, 26). ARF and severe invasive disease have
reemerged in the United States and elsewhere in the last 15
years, but the cause of the resurgence is unknown (26). Hence,
continued research into the molecular mechanisms of patho-
genesis and characterization of new proteins that mediate hu-
man-GAS interactions is warranted.

Streptococcal pyrogenic exotoxins are thought to contribute
to the pathogenesis of some GAS diseases, including scarlet

fever, STSS, and ARF (7, 24). Streptococcal pyrogenic exotox-
ins and related exotoxins made by Staphylococcus aureus be-
long to a family of molecules known as pyrogenic toxin super-
antigens (PTSAgs). Amino acid sequence comparisons and
crystal structure analyses have shown that PTSAgs have several
conserved features, including an N-terminal �-barrel domain
and some contain a C-terminal zinc-binding motif (23).
PTSAgs simultaneously bind major histocompatibility complex
(MHC) class II molecules and T-cell receptors (TCRs). This
results in proliferation of T cells with specific variable regions
of the �-chain (V�) on their TCRs and the subsequent release
of inflammatory cytokines. This process is thought to contrib-
ute to the high fever and shock observed in some patients with
GAS infections and autoimmune-mediated sequelae, such as
ARF (7). In addition, variation in speA and speC may contrib-
ute to temporal and geographic fluctuations in GAS disease
frequency and severity (13, 27).

Recently, we sequenced the genome of strain MGAS8232, a
serotype M18 strain recovered from a patient with ARF, and
identified two genes encoding undescribed PTSAg homologs
(33). These genes, designated speL and speM, are located con-
tiguously in a prophage-like element. Inasmuch as the molec-

* Corresponding author. Mailing address: Laboratory of Human
Bacterial Pathogenesis, Rocky Mountain Laboratories, National Insti-
tute of Allergy and Infectious Diseases, National Institutes of Health,
903 South 4th St., Hamilton, MT 59840. Phone: (406) 363-9315. Fax:
(406) 363-9427. E-mail: jmusser@niaid.nih.gov.

† Present address: Civil and Environmental Engineering, University
of Washington, Seattle, WA 98195.

‡ Present address: The Lawson Health Research Institute, The Uni-
versity of Western Ontario, Grosvenor Campus, London, Ontario N6A
4V2, Canada.

7095



ular pathogenesis of ARF and rheumatic heart disease are
poorly understood and these genes are present in the genome
of a strain recovered from an ARF patient, we studied several
attributes of the genes and encoded proteins in the context of
ARF.

MATERIALS AND METHODS

Identification of speL and speM. Secretion signal sequences were identified
with SignalP version 2.0 (www.cbs.dtu.dk/services/SignalP). A multiple sequence
alignment of the predicted mature forms of GAS PTSAgs was constructed with
FASTA (28) and CLUSTALW (37), and gaps were adjusted manually based on
known toxin structures. A dendrogram of the putative secreted forms of GAS
and staphylococcal PTSAgs was constructed with the neighbor-joining algorithm
based on the gamma distance model by using MEGA2.1 software (http://www
.megasoftware.net). Ribbon diagrams of SpeL and SpeM were generated with
Molscript (16) by using SpeC as a reference.

DNA methods. GAS strains (Table 1) were grown, and genomic DNA was
isolated as described previously (25). To examine the genetic diversity of the
speL-speM locus, a PCR product encompassing both open reading frames
(ORFs) was generated with primers 1721R and 117 (Fig. 1A and Table 2) and
the AdvanTaq Plus Kit (Clontech, Palo Alto, Calif.) as described by the manu-
facturer. The amplicon was sequenced with internal primers (Table 2) and an
ABI 3700 instrument (Applied Biosystems, Inc., Foster City, Calif.). Sequence
data were assembled and analyzed with Sequencher version 4.1 (Gene Codes
Corp., Ann Arbor, Mich.). Strains that were PCR negative for the speL-speM
locus with external primers 1721R and 117 were analyzed with internal primers
by using Taq polymerase (Table 2). The PCR conditions used were as follows:
initial denaturation at 94°C for 10 min; 30 cycles of 94°C for 1 min, 55°C for
1 min, and 72°C for 3 min; and final extension at 72°C for 10 min.

Cloning of speL and speM. Techniques described previously (21) were used to
clone speL and speM lacking the regions encoding the putative secretion signal
sequence. Primers for speL (5�-GCAGCCATATGGAAGAGACTATTAATAT
TAAGGATATATACTCTC-3�; 5�-GGGGATCCTTAATTTTCTTTGTTTGT
GAATAAATAGAC-3�) and speM (5�-GCAGCCATATGTTTTCAGATGCTG
TGTTGG-3�; 5�-GGGGATCCTTAATTTTTAGAAAAATCTTCGTTTAAGT
A-3�) contained NdeI and BamHI restriction sites (underlined), respectively.
DNA isolated from strain MGAS8232 and the following PCR conditions were
used: initial denaturation at 94°C for 2 min; 36 cycles of 95°C for 30 s, 50°C for
30 s, and 72°C for 2 min; and final extension at 72°C for 5 min. PCR products
were purified with the Qiagen PCR Purification Kit (Qiagen, Valencia, Calif.)
and cloned in pET28b (Novagen, Madison, Wis.). Recombinant plasmids from
Escherichia coli XL1-Blue (Stratagene, La Jolla, Calif.) transformants were iso-
lated and used to transform E. coli BL21(DE3) (Novagen) grown in Luria-
Bertani broth (Difco Laboratories, Detroit, Mich.) containing kanamycin (50
�g/ml). The cloned DNA was sequenced to rule out the presence of spurious
mutations.

Expression and purification of recombinant SpeL (rSpeL) and SpeM
(rSpeM). To assess the production of recombinant proteins, E. coli BL21(DE3)
transformants containing speL and speM were grown in Luria-Bertani broth with
kanamycin (50 �g/ml) and induced with IPTG (isopropyl-�-D-thiogalactopyrano-
side) (final concentration, 0.5 mM) at exponential phase. Briefly, cells were
pelleted, washed, and suspended in binding buffer (0.5 M NaCl, 20 mM Tris; pH
8.0). rSpeL and rSpeM were purified from E. coli lysates by nickel chelation
chromatography (His-Bind Resin, Novagen), and the N-terminal His6 tags were
cleaved with the thrombin cleavage kit (Novagen) according to the manufactur-
er’s instructions. Purified proteins (1.0 �g) were analyzed by sodium dodecyl
sulfate–15% polyacrylamide gel electrophoresis (SDS–15% PAGE) stained with
Coomassie blue and immunoblots to assess apparent molecular weight, homo-
geneity, and serologic cross-reactivity with SpeA and SpeC (21). All reagents and
glassware used for toxin purification and biological assays were pyrogen-free.
Briefly, glassware was heated to 160°C for 3 h. Aqueous solutions were made in
pyrogen-free glassware and induced 3-h fever responses of �0.5°C in each of
three rabbits. The minimum detectable amount of endotoxin by this method is 10
ng/ml.

RNA isolation and in vitro expression analysis. GAS were harvested in expo-
nential (optical density at 600 nm [OD600] � 0.3) and stationary (OD600 � 0.7)
phase and lysed as described previously (35). After incubation for 15 min at 65°C
and centrifugation to remove cell debris, lysates were treated with the RNeasy
Mini kit (Qiagen). Contaminating DNA was digested with 100 U of DNase I
(Roche Molecular Biochemicals, Mannheim, Germany) for 2 h at 37°C. Purifi-
cation of the RNA and removal of DNase I were achieved by repeating the

RNeasy Mini kit protocol. RNA quality was examined spectrophotometrically
and with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, Calif.).
The absence of contaminating DNA was confirmed by PCR.

TaqMan real-time reverse transcription-PCR (RT-PCR) was used to analyze
in vitro expression of speL and speM in both growth phases as described previ-
ously (6). TaqMan primer and probe sequences are shown in Table 2. Triplicate
assays were performed with RNA isolated from two independent cultures of
strain MGAS8232. Standard curves were made with MGAS8232 genomic DNA.
Analysis of speB, which encodes a GAS cysteine protease, was used as a control
(5). The cDNA quantity of speL, speM, and speB was normalized to gyrA cDNA
in each sample, and the average fold difference in transcript quantity in expo-
nential relative to stationary phase was determined.

Assay for superantigen activity. Mitogenicity of rSpeL and rSpeM was as-
sessed with [3H]thymidine incorporation assays, which were done in the presence

TABLE 1. GAS strains used in this study

MGAS
no.a

emm
type

Source/yr of
isolationb

Disease or
characteristicc

Presence of
speL/speMd

300 18 Washington/1986–1990 Invasive �/�
6157 18 Texas/1998 Invasive �/�
8738 18 Texas/2000 Invasive �/�
7629 18 Illinois/1998 Invasive �/�
156 18 Nebraska/1980s TSLS �/�
1286 18 New York/unknown ARF associated,

LC 4RP104
�/�

1582 18 Ohio/1987 ARF-associated �/�
1583 18 Colorado/1968 Nonhemolytic RF �/�
1585 18 Illinois/1940s RF �/�
1856 18 United Kingdom/1931 RF; NCTC 8320 �/�
8230 18 Utah/1987 ARF associated �/�
8232 18 Utah/1987 ARF �/�
7551 18 Utah/1985 Pharyngeal �/�
7655 18 Utah/1985 Pharyngeal �/�
7671 18 Utah/1985 Pharyngeal �/�
7687 18 Utah/1985 Pharyngeal �/�
8039 18 Utah/1998–1999 Pharyngeal �/�
8056 18 Utah/1998–1999 Pharyngeal �/�
7705 18 Utah/1985 Pharyngeal �/�
8077 18 Utah/1998–1999 Pharyngeal �/�
8100 18 Utah/1998–1999 Pharyngeal �/�
8118 18 Utah/1998–1999 Pharyngeal �/�
8138 18 Utah/1998–1999 Pharyngeal �/�
666 18 New York/1963 Nasopharyngeal �/�
667 18 New York/1948 Nasopharyngeal �/�
668 18 New York/1949 Nasopharyngeal �/�
669 18 New York/1952 Nasopharyngeal �/�
7574 18 Illinois/1998 Pharyngeal �/�
7612 18 Illinois/1998 Pharyngeal �/�
9060 18 Illinois/1998 Pharyngeal �/�
8253 18 Lackland AFB/1999 Pharyngeal �/�
8314 18 Lackland AFB/1999 Pharyngeal �/�
6505e 18 Lackland AFB/1993 Carrier-Pharyngeal �/�
8610 1 Utah/1998–1999 Pharyngeal �/�
8574 2 Utah/1998–1999 Pharyngeal �/�
8625 3 Utah/1998–1999 Pharyngeal �/�
8612 4 Utah/1998–1999 Pharyngeal �/�
8488 5 Utah/1998–1999 Pharyngeal �/�
8674 6 Utah/1998–1999 Pharyngeal �/�
8602 11 Utah/1998–1999 Pharyngeal �/�
8697 12 Utah/1998–1999 Pharyngeal �/�
8577 22 Utah/1998–1999 Pharyngeal �/�
8494 28 Utah/1998–1999 Pharyngeal �/�
8557 49 Utah/1998–1999 Pharyngeal �/�
8486 77 Utah/1998–1999 Pharyngeal �/�
8656 89 Utah/1998–1999 Pharyngeal �/�

a Musser laboratory GAS strain number.
b Strains from Utah were collected during ARF outbreaks.
c Clinical diagnosis is provided when known. LC, Lancefield collection; RF,

rheumatic fever; NCTC, National Collection of Type Cultures; TSLS, toxic
shock-like syndrome.

d PCR was used to detect speL and speM. The genes were subsequently se-
quenced.

e Strain MGAS 6505 was obtained from an asymptomatic recruit enrolled in a
study of GAS carriage at Lackland Air Force Base, San Antonio, Tex.
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of polymyxin B to inactivate potentially contaminating lipopolysaccharide
(21, 22). Rabbit splenocytes and human peripheral blood mononuclear cells
(PBMCs) (2 � 105 cells/well) were added to 96-well plates, and serial dilutions
of rSpeL or rSpeM were added in quadruplicate. Purified rSpeC (22) and phos-
phate-buffered saline (PBS) were used as controls. The splenocytes were grown
at 37°C for 3 days and pulsed with 1 �Ci of [3H]thymidine (Amersham, Arlington
Heights, Ill.) per well overnight. Cells were harvested onto fiberglass filters, and
[3H]thymidine incorporation was measured with a scintillation counter (Beck-
man Instruments, Fullerton, Calif.).

Analysis of T-cell repertoire. PBMCs from five healthy human donors were
isolated; cultured with anti-CD3 (20 ng/ml), rSpeL (100 ng/ml), or rSpeM (100
ng/ml); and analyzed for TCR V� profiles as described previously (19, 21).
Briefly, PBMCs (107 cells/ml) were incubated at 37°C for 30 min in the dark in
96-well plates with biotinylated monoclonal antibodies against human V�1, 2, 3,
5.1, 5.2, 5.3, 7, 7.2, 8, 11, 12, 13.1, 13.2, 13.6, 14, 16, 17, 18, 20, 21.3, and 22
(Immunotech, Westbrook, Maine), V�9, V�23 (Pharmingen, San Diego, Calif.)
and V�6.7 (Endogen, Woburn, Mass.). After two washes, cells were incubated at
4°C for 30 min with anti-CD3 allophycocyanin, anti-CD4-peridinin chlorophyll
protein, anti-CD8 fluorescein isothiocyanate (Becton Dickinson, Cockeysville,
Md.), and streptavidin phycoerythrin (Southern Biotechnologies, Inc., Birming-
ham, Ala.). After a final wash, analysis was conducted with four-color flow
cytometry (FACSCalibur; Becton Dickinson) as described previously (36).

Pyrogenicity and lethality models of toxic shock syndrome. American Dutch
belted rabbits were used to assess the pyrogenicity and lethality of rSpeL and
rSpeM (15, 21). Rabbits were injected in the marginal ear veins with rSpeL,
rSpeM, rSpeC (5 �g/kg), or PBS, and temperatures were recorded at 4 h. At 4 h,
endotoxin from Salmonella enterica serovar Typhimurium (10 �g/kg, 1/50 lethal
dose, 50% endpoint) was injected intravenously to assess the ability of rSpeL and
rSpeM to enhance host susceptibility to lethal endotoxin shock (endotoxin en-
hancement). Animals were monitored for STSS symptoms, and mortality was
recorded for 2 days. The miniosmotic pump model of STSS was also used to
assess the lethality of rSpeL and rSpeM, since these devices release a constant
amount of exotoxin into subcutaneous tissue and hence resemble infection with
exotoxin-producing GAS. Miniosmotic pumps (Alza Pharmaceuticals, Palo Alto,
Calif.) prefilled with 500 �g of rSpeL, rSpeM, or rSpeC in 200 �l of PBS were
implanted subcutaneously into the left flank of rabbits anesthetized with ket-

FIG. 1. Schematic of the speL-speM locus and PTSAg phylogeny.
(A) Open arrows denote the direction of transcription of ORFs en-
coding SpeL, SpeM, and hypothetical proteins in strain MGAS8232
(33). Lines between ORFs represent intergenic spaces. The annealing
positions of primers 117 and 1721R are shown. An asterisk marks the
position of a 98-bp direct repeat located at the ends of the pro-
phage-like element. (B) The dendrogram was made with amino acid
sequences corresponding to predicted mature forms of GAS and
staphylococcal PTSAgs. Bootstrap confidence levels (based on 1,000
repetitions) of 	70 are shown. The scale bar represents the number of
amino acid substitutions per 100 sites, and summation of the entire
branch length predicts the number of amino acid substitutions that
have occurred along a given lineage.

TABLE 2. Oligonucleotide primers used in this studya

Name Sequence (5�–3�)

1721Rb .....................TTAAAGACATGTCCGTCAATCC
SpeL_Fb...................ATGAGAATTTTTTTACACCAG
SpeL_Fcutb .............ACCATGGGAAGAGACTATTAATATTAAGG
SpeL_Rb ..................CGAATTCATTTTCTTTGTTTGTGAAT
117b ..........................AAATGGCGTCATTTTCTCA
SpeM_Fb .................ATGTTAGGAGAAAAAATG
SpeM_Fcutb ............ACCATGGTTTTCAGATGCTGTGTTGG
SpeM_Rb .................CGGATCCATTTTTAGAAAAATCTTCG
SpeL_8169b .............ACATATTAACCAAACGACAATTC
SpeM_8952b ............AGTTATATCTAGCAATGTTTCTCCA
Param147b ...............CCAGCGCAAGAAAGACG
Param112b ...............ACATATTAACCAAACGACAATTC
Param134b ...............AGTTATATCTAGCAATGTTTCTCCA
1220Lb .....................CAGCACCTTCCTCTTTCTCG
1220Rb .....................GGAAAAAGAGGGACGCAAG
G1295Lb ..................GGATGAGTGAATAAATCGGTAAAC
G5-358D2b ..............CTTTTGACTGATAGTGACAAGCTG
SBBP4004.2b ...........CTTGTGTGTGTATCGCTTGCTC
1237_Revb ...............TCATGCGGCAACACATA
SpeL_5TQb,c ...........TCGATGTTTTTGGTCTTGCATT
SpeL_3TQb,c ...........CCGGCTCCTTTTCTCTCATTAA
SpeL_probec ...........6FAM-AAAGATCAAATACATTCAATCAATGGTG

GTCTCGTTAAA-TAMRA
SpeM_5TQb,c ..........AAAGATGTAATTAATAGAACCAATATGAAGAT

AACA
SpeM_3TQb,c ..........AATTATCATCGTCCCAGACTCTAGTTTT
SpeM_probec ..........6FAM-AGAAAATTGGCACCCAGTTAATATTTAA

CACGAATGA-TAMRA
SpeB_5TQc .............CGCACTAAACCCTTCAGCTCTT
SpeB_3TQc .............ACAGCACTTTGGTAACCGTTGA
SpeB_probec ...........6FAM-GCCTGCGCCGCCACCAGTA-TAMRA
GyrA_5TQc.............CGACTTGTCTGAACGCCAAA
GyrA_3TQc.............TTATCACGTTCCAAACCAGTCAA
GyrA_probec...........6FAM-CGACGCAAACGCATATCCAAAATAGCTT

G-TAMRA

a Primers were designed based on the genome sequence of GAS strain
MGAS8232 (serotype M18) (33).

b Primers used for sequencing the speL-speM locus.
c Primers and probes used for real time RT-PCR analysis (TaqMan assays).

Probes were labeled at the 5� end with the reporter dye 6-carboxyfluorescein
(6FAM) and at the 3� end with the quencher 6-carboxy-N,N,N�,N�-tetramethyl-
rhodamine (TAMRA).
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amine and xylazine (Phoenix Pharmaceuticals, St. Joseph, Mo.). Rabbits were
monitored for signs of STSS, and mortality was recorded for 15 days.

Analysis of immunoreactivity by ELISA. To determine whether SpeL and
SpeM were produced in vivo during human GAS infections preceding ARF
disease, enzyme-linked immunosorbant assays (ELISAs) were used to measure
the level of anti-SpeL and anti-SpeM antibody present in convalescent-phase
sera from patients with ARF. These sera were drawn from male and female
pediatric patients who were diagnosed with ARF at Primary Children’s Medical
Center in Salt Lake City, Utah, between 1985 and 1990. Assays were conducted
as previously described except that all incubations were done at room tempera-
ture (11, 17). Briefly, 96-well plates were coated overnight with 250 ng of rSpeL
or rSpeM and incubated with human sera diluted 1:500. Plates were washed and
incubated with a 1:100,000 dilution of goat anti-human immunoglobulin G (IgG)
conjugated to horseradish peroxidase (Bio-Rad Laboratories, Hercules, Calif.).
After another wash, the plates were developed with 100 �l of ABTS [2,2�azino-
bis(3-ethylbenzthiazolinesulfonic acid); Roche Molecular Biochemicals], and ab-
sorbances were measured at 405 nm with a SpectraMax 384 Plus microplate
spectrophotometer (Molecular Devices, Sunnyvale, Calif.).

Paired acute and convalescent-phase sera from 44 patients with pharyngitis,
convalescent-phase sera from 55 patients with ARF, and serum from 20 patients
with no documented cases of GAS infection (normal human serum [NHS]) were
studied. All sera were obtained from pediatric subjects. Acute-phase sera were
obtained upon diagnosis, and convalescent-phase sera were drawn from patients
with pharyngitis 10 to 110 days after diagnosis. Patients with pharyngitis were
infected with GAS strains of emm gene types emm77 (n � 10); emm75 (n � 9);
emm12 and emm28 (n � 5 each); emm4 (n � 4); emm1.0 (n � 3); emm73 and
emm89 (n � 2 each); and emm2, emm3, emm6, and emm94 (n � 1 each). GAS
isolates are rarely obtained from ARF patients since ARF symptoms occur well
after the antecedent infection. Therefore, the M protein serotype of the strains
infecting these individuals is rarely known.

Linear B-cell epitope mapping. Fifty-one overlapping 15-mer synthetic pep-
tides (Chiron Technologies, San Diego, Calif.) spanning the N-terminal variable
region of the GAS M18 protein deposited in the GenBank database (accession
no. AAB03086) were designed (11). The peptides corresponded to amino acids
29 to 193 except for two amino acid substitutions (Thr79 to Ile79 and Ser107 to
Thr107). Peptides were covalently linked to biotin at the N terminus by a serine-
glycine-serine-glycine spacer. Analysis of the reactivity of the 55 sera from ARF
patients to linear peptides of the M18 protein and determination of positive
immunoreactivity for each peptide were done in 96-well streptavidin-coated
plates as described previously (11).

RESULTS

Identification and analysis of SpeL and SpeM. speL and
speM were identified in a prophage-like element in the genome
of serotype M18 GAS strain MGAS8232 (33) (Fig. 1A). As
predicted with SignalP software, SpeL and SpeM have secre-
tion signal sequences. The putative mature forms of SpeL and
SpeM, which are 39% identical to each other, are 62 and 77%
homologous to SpeK, respectively. This comparison was based
on SpeK encoded by an M3 GAS strain and deposited in the
GenBank database (accession no. AAL09835) (designated
SpeK-M3) rather than the protein fragment described by Fer-
retti et al. (9) (designated SpeK-M1). The predicted mature
forms of SpeL (227 amino acids) and SpeM (211 amino acids)
have molecular masses of 26.3 and 25.2 kDa, respectively.
Phylogenetic analysis of the amino acid sequences correspond-
ing to mature PTSAgs corroborated that SpeL and SpeM are
related to SpeK-M3 (Fig. 1B). Three main evolutionary
branches were present: two were comprised of GAS and staph-
ylococcal toxins and one contained only GAS PTSAgs. SpeL
and SpeM were located on the latter branch (Fig. 1B).

Despite low primary amino acid sequence homology,
PTSAgs have similar motifs and a conserved structural archi-
tecture (23). The N-terminal domain contains a barrel formed
by five �-strands with primarily antiparallel topology. The C-

terminal domain consists of a central 
-helix packed against a
five-stranded � sheet, which forms the � grasp motif. An amino
acid sequence alignment of GAS PTSAgs and predicted struc-
tural models showed that the putative mature forms of SpeL
and SpeM have features in common with previously described
PTSAgs (Fig. 2A and B). For example, putative zinc-binding
motifs are present in the C-terminal �9 and �12 strands, sug-
gesting that both proteins bind MHC class II molecules in a
zinc-dependent manner. The �4-�5 loops in SpeL and SpeM
are small and, unlike the �4-�5 loop in the known PTSAgs
SpeA and streptococcal superantigen (SSA), lack the cysteines
required to form a disulfide bond. In addition, SpeL and SpeM
have an acidic and unusually long �2-�3 loop. Finally, SpeL
and SpeM are also unique in that they have a short front flap.

In vitro expression of speL and speM. To determine whether
the genes were transcribed, TaqMan assays were used to assess
in vitro transcript levels of speL and speM in strain MGAS8232.
The results indicated that speL and speM were transcribed, and
transcript levels were higher in the exponential phase than in
the stationary phase (Fig. 3A and B), a finding that is consis-
tent with other GAS superantigen genes (12). Transcript anal-
ysis of speB, a GAS gene that encodes a cysteine protease and
is known to be upregulated in stationary phase (5), was used as
a control. The speB transcript level was greater in the station-
ary phase than in the exponential phase, as expected (Fig. 3B).

Cloning, overexpression, and purification of SpeL and
SpeM. To facilitate functional analysis of SpeL and SpeM, the
regions of the genes encoding the predicted mature forms of
the proteins were cloned. DNA sequencing revealed that the
cloned genes lacked spurious mutations. rSpeL and rSpeM
were overexpressed in E. coli and purified to apparent homo-
geneity. Western immunoblot analysis revealed that neither
protein was reactive with antisera raised against known
PTSAgs SpeA and SpeC (Fig. 4A).

Superantigenicity of SpeL and SpeM. PTSAgs induce clonal
proliferation of T cells with specific TCR V� subsets. To de-
termine whether rSpeL and rSpeM had this characteristic, we
tested the ability of the proteins to induce proliferation of
rabbit splenocytes and human PBMCs. rSpeL and rSpeM
caused proliferation of rabbit splenocytes and human PBMCs
at concentrations as low as 10�4 ng/ml (Fig. 4B). The results
observed for rSpeL and rSpeM were similar to those obtained
for rSpeC, a known PTSAg. T-cell proliferation did not occur
in response to incubation with PBS alone (data not shown).

Flow cytometric analysis of T-cell repertoire. PTSAgs pref-
erentially stimulate T cells with specific TCR V� subsets. To
verify the superantigenicity of rSpeL and rSpeM, the V� pro-
file of human PBMCs incubated with rSpeL and rSpeM was
determined. rSpeL significantly stimulated CD4� and CD8� T
cells with V�1, V�5.1, and V�23 regions (P � 0.01), suggesting
a PTSAg effect (Fig. 4C). rSpeL induced a very substantial
expansion of T cells with V�1 and V�5.1 (39.5 and 25.0%,
respectively). T cells with V�5.3 and V�13.6 TCR subsets also
were stimulated moderately by rSpeL, but the majority of these
cells were CD4�. Significant expansion (P � 0.01) of V�1 and
V�23 TCR subsets also occurred in PBMCs treated with
rSpeM (Fig. 4C). Consistent with PTSAg-induced activation,
these T cells were CD4� and CD8�. rSpeM also stimulated a
massive expansion (52.7%) of T cells with V�1 TCR subsets.
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Pyrogenicity and lethality. Previous studies have shown that
PTSAgs induce fever and enhance the susceptibility of rabbits
to endotoxin shock (23). To determine whether rSpeL and
rSpeM have these characteristics, sublethal concentrations of
the proteins were injected intravenously into three rabbits, and
their temperatures were recorded at 0 and 4 h (Table 3).
Average temperature increases of 0.87, 0.67, and 1.50°C were
observed in rabbits given rSpeL, rSpeM, and rSpeC, respec-
tively. Temperature increases of �0.5°C are considered to be
significant in this model (29, 31). No increase in temperature
was observed in control rabbits that received PBS. At 4 h,
rabbits were injected with sublethal concentrations of endo-
toxin and monitored for 48 h. All rabbits that received PTSAgs
and endotoxin died, indicating that SpeL and SpeM enhanced
the susceptibility of rabbits to endotoxic shock (Table 3). In
contrast, control rabbits given PBS and endotoxin survived.
The lethality of rSpeL and rSpeM was also assessed with the
miniosmotic pump model of STSS, which causes death in rab-

bits in the absence of exogenous endotoxin. Two of the three
rabbits infused with 500 �g of rSpeL died on days 5 and 6.
However, rabbits that received rSpeM did not die after 15 days
(Table 3). The three rabbits given 500 �g of rSpeC (positive
control rabbits) died on days 8, 9, and 12.

Distribution of the speL and speM genes among GAS sero-
types and allelic variation. To gain insight into the molecular
population genetics of speL and speM, we studied 46 GAS
strains for the presence and sequence divergence of the two
genes. We analyzed 33 M18 strains, the predominant serotype
associated with ARF outbreaks in Salt Lake City, Utah, and
elsewhere in the United States in recent years (26, 34, 39), and
13 strains representing the most common M protein serotypes
associated with pharyngitis and invasive disease in the United
States, Canada, the United Kingdom, and several other coun-
tries (3, 8, 24, 32) (Table 1). The serotype M18 strains were
isolated between 1931 and 2000 from either asymptomatic
carriers or patients diagnosed with ARF, invasive disease, and

FIG. 2. Sequence alignment and structural analysis of SpeL and SpeM. (A) Amino acid sequences of putative and proven GAS PTSAgs were
aligned. Cysteine residues in a Cys-Cys loop (SpeA and SSA) and histidine and aspartate residues in putative or proven zinc-binding motifs are
shown in red. Structural elements are shown above the sequences. PTSAgs with known structures are underlined. (B) SpeL and SpeM structural
models were predicted based on SpeC. Domains 1 and 2, N and C termini, �-sheets, 
-helices, and a zinc ion (green circle) are represented. Red,
blue, and cyan represent amino acids aspartate/glutamate, arginine/lysine, and histidine, respectively.
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pharyngitis. The non-M18 pharyngeal isolates were obtained
from patients with pharyngitis during a 1998 to 1999 ARF
outbreak in Salt Lake City, Utah.

To determine whether the speL-speM locus was present in
these strains, PCR was done with primers that annealed to
ORFs SpyM18�1236 (chromosomal DNA) and SpyM18�1240
(phage DNA) (Fig. 1A). A PCR amplicon of the same size was
obtained from all 33 serotype M18 strains tested. Moreover, all
strains had the identical DNA sequence for this region, which
included the putative promoter regions, speL and speM genes,
282-bp intergenic region, and flanking DNA (data not shown).
In contrast to the serotype M18 strains, no amplicons were
obtained from the non-M18 strains with primers 117 and
1721R or with ORF-specific primers for speL and speM (data
not shown). In summary, in this sample of GAS strains studied,
speL and speM were uniquely present at the identical chromo-
somal location and had the same sequence in all serotype M18
strains examined, despite the 69-year time span represented by
the organisms studied.

Exposure of ARF patients to serotype M18 GAS, SpeL, and

SpeM. ARF symptoms occur well after an antecedent GAS
infection, and the organism rarely is cultured from ARF pa-
tients. Hence, it is usually difficult to document the M protein
serotype of the strain associated with disease. A recent study
demonstrated community-wide coresurgence of two ARF out-
breaks and serotype M18 GAS strains in Salt Lake City, Utah
(34). To determine whether ARF patients in Salt Lake City
had been exposed to serotype M18 GAS, we tested sera ob-
tained from 55 ARF patients for reactivity with 51 overlapping
synthetic peptides spanning the N-terminal variable region of
the M18 protein. Virtually all patients had antibodies that
reacted with M18-specific peptides, indicating that these pa-
tients had been exposed to serotype M18 GAS (Fig. 5A). A
similar analysis of M3 and M1 overlapping synthetic peptides
with the 55 ARF sera revealed that the immunoreactivity pro-
file observed with the M18 protein was unique (data not
shown).

To determine whether SpeL and SpeM were produced in
vivo during human GAS infections preceding ARF disease,
ELISAs were used to measure the level of anti-SpeL and
anti-SpeM antibodies present in convalescent-phase sera from
the 55 ARF patients examined above. Sera obtained from all
55 patients with ARF contained antibodies to SpeL and SpeM.
The mean ELISA value obtained with sera from ARF patients
was significantly greater (P � 0.05) than the mean ELISA
value for sera from patients with uncomplicated pharyngitis
(infected with strains representing 12 distinct M protein sero-
types), or patients with no recently documented episode of
GAS infection (Fig. 5B). Together, the serologic results are
consistent with the idea that these 55 humans with ARF were
exposed to SpeL and SpeM expressed by serotype M18 GAS.

DISCUSSION

Many extracellular molecules, including PTSAgs, contribute
to GAS pathogenesis (7). However, despite extensive research,
many aspects of GAS diseases and sequelae such as ARF
remain poorly understood. In this report, we characterized two
novel PTSAgs (SpeL and SpeM) encoded by recently discov-
ered genes located contiguously in a prophage-like element in
the genome of a serotype M18 GAS strain isolated from an
ARF patient. SpeL and SpeM were annotated based on their
sequence similarity (47 and 48%, respectively) to the known
PTSAg SpeC. SpeL and SpeM have predicted secretion signal
sequences, suggesting that the mature proteins are present in
the extracellular milieu and hence implicating them in host-
pathogen interactions.

A conserved tertiary structure and ability to interact with
TCRs and MHC class II molecules independent of antigen
processing are hallmark features of PTSAgs. The TCR-MHC
class II interaction is responsible for subsequent biological
activities such as T-cell proliferation and massive cytokine re-
lease (23). Importantly, bacterial PTSAgs have been suggested
to participate in the pathogenesis of autoimmune manifesta-
tions, including ARF (20). We discovered that SpeL and SpeM
have structural features that are similar to those of other
PTSAgs, including a putative zinc-binding motif, suggesting
zinc-dependent binding to MHC class II molecules. We also
demonstrated that the proteins have pyrogenic, mitogenic, and
lethal properties. SpeL and the known superantigen SpeC

FIG. 3. In vitro analysis of speL and speM transcript levels. (A) Ar-
rows denote points when bacteria were removed for RNA isolation
and transcript analysis. The mean and standard error of the mean
(SEM) of triplicate measurements are shown. (B) TaqMan assays were
conducted with two independent RNA preparations to assess the rel-
ative quantity of gene-specific transcripts. The cDNA quantity of speL,
speM, and speB was normalized to gyrA cDNA in each sample. The
average fold difference in transcript quantity in the exponential phase
relative to the stationary phase and the SEM are shown.
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were lethal in the endotoxin enhancement and miniosmotic
pump assays, but SpeM was lethal in only the former assay.
There are several possible explanations for this. First, the
amino acid sequence differences between SpeL and SpeM may
have rendered SpeM weaker in lethality. The greater sensitiv-
ity of the endotoxin enhancement assay is likely why no differ-
ences in lethality were observed in the endotoxin enhancement
assay. It is also possible that SpeM is less stable in the host. For
example, it may be stable enough to cause death in the endo-
toxin enhancement assays but not stable during the 15 days of
the miniosmotic pump assay. In addition, it is also possible that
host proteases degrade the toxin over time.

An important biologic function of PTSAgs is their ability to
stimulate T cells with specific TCR V� subsets. Furthermore,
studies have suggested that T cells play a critical role in the
pathogenesis of GAS diseases, including ARF (26). Moreover,
analysis of the V� repertoire in CD4� and CD8� T cells
isolated from skin biopsy samples from patients with guttate
psoriasis, a chronic inflammatory skin disorder frequently as-
sociated with antecedent GAS infection, demonstrated a se-
lective accumulation of T cells with V�2 TCR subsets (19).
Importantly, GAS isolates from these samples contained speC,
and SpeC stimulates T cells expressing V�2 (38). With respect
to ARF, unique V� profiles attributable to a PTSAg have not

FIG. 4. Functional analysis of purified rSpeL and rSpeM. (A) rSpeL and rSpeM were analyzed with SDS-PAGE and immunoblots. Lanes 1 to
4 contain 1.0 �g of purified rSpeA, rSpeC, rSpeL, and rSpeM, respectively. Molecular mass markers are shown. Proteins were analyzed with
SDS-PAGE, and immunoblots were probed with specific antisera against rSpeA and rSpeC. (B) Rabbit splenocytes and human PBMCs were
incubated with rSpeC, rSpeL, and rSpeM and pulsed with [3H]thymidine to assess mitogenicity. DNA was harvested after 24 h, and the counts per
minute (cpm) were determined by scintillation counting. The mean of quadruplicate experiments and the SEM values are shown. (C) PBMCs from
five human donors were stimulated with anti-CD3 antibody, rSpeL, and rSpeM to determine the TCR V� profile. Cells were stained with
monoclonal antibodies against TCR V� chains and analyzed by flow cytometry. The percentage of T cells expressing the listed V� are shown.
P values were determined with a Student t test (P � 0.01). Error bars represent the SEM.
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been detected in PBMCs isolated from ARF patients (1), but
this issue has not been studied adequately in a strain-specific
fashion. It is possible that PTSAgs influence specific V� sub-
sets in cardiac tissue rather than peripheral blood and that
unique V� profiles are present prior to the convalescent onset
of ARF (1). In support of this idea, Leung et al. (18) demon-
strated expansion of T cells expressing V�2 in the myocardium
and coronary artery tissues from a patient with Kawasaki syn-
drome, a disease associated with T-cell activation. Moreover,
elevated levels of specific V� subsets were present in the acute
rather than convalescent phase of the disease (2). SpeL and
SpeM stimulated T cells with V�1 and V�23 regions, and SpeL
also had specificity for V�5.1 TCR subsets. While V� speci-
ficity among PTSAgs is overlapping and some V�s are targeted
more frequently than others, no two PTSAgs have identical V�
profiles (10). Our findings demonstrate an overlap in specificity
for V�1 and V�5.1 with SpeC and SSA, respectively, but

PTSAg-induced expansion of T cells with V�23 TCR subsets is
rare. The biological significance of elevated V�23 expression in
host-GAS interactions and the possible role of V�23 in ARF
pathogenesis are not yet known. Of note, Beres et al. (4)
recently reported that SpeK, the PTSAg most closely related to
SpeM and SpeL, stimulates T cells with V�1, V�5.1, and V�23
TCR subsets. This observation indicates retention of structure-
function relationships from a common ancestor PTSAg.

To gain insight into the molecular population genetics of
speL and speM, serotype M18 and non-M18 GAS strains were
analyzed for the presence of these genes. In the strains ana-
lyzed, speL and speM were uniquely present in all serotype
M18 strains. Moreover, no allelic variation was found in either
gene in the 33 strains, despite the 69-year time span repre-
sented by the organisms studied. Further, speL and speM were
present at the identical chromosomal location, and the se-
quence of the flanking chromosomal and phage DNA was
identical, suggesting an evolutionarily recent acquisition by a
common precursor cell. The presence of perfect 98-bp direct
repeats flanking this phage is consistent with the concept of a
recent acquisition event. In principle, phage-mediated trans-
duction provides opportunities for PTSAg genes to be trans-
ferred horizontally, thus resulting in the generation of GAS
strains with a new array of virulence factors. Evidence that
horizontal gene transfer has contributed to GAS chromosomal
diversity has been summarized previously (14, 30, 33).

Several problems have hindered advancement in our under-
standing of the molecular mechanism of ARF pathogenesis.
First, there is no animal model that fully mimics all aspects of
ARF and subsequent rheumatic heart disease. Second, be-
cause ARF usually begins several weeks after exposure to
GAS, it is relatively uncommon for the inciting strain to be
recovered from the patient. Hence, little is known about the
virulence determinants that contribute to ARF and their dis-

TABLE 3. Pyrogenicity and lethality of rSpeL and rSpeM

Toxin
Pyrogenicitya

(avg temp increase
in °C)

Models of lethality
(no. dead/no. total animals)

Endotoxin
enhancementb

Miniosmotic
pumpc

SpeL 0.87 3/3 2/3
SpeM 0.67 3/3 0/3
SpeC 1.50 3/3 3/3
PBS �0.07 0/3 NDd

a Three rabbits were used for each assay. Animals were injected intravenously
with 5 �g of recombinant protein per kg at 0 h, and temperatures were recorded
at 4 h. A change of 0.5°C or greater is considered to be significant in this model
(29, 31).

b Mortality was recorded for a 48-h period after injection of endotoxin.
c Mortality was recorded for 15 days after subcutaneous implantation of a

miniosmotic pump.
d ND, not determined.

FIG. 5. Human serologic response of patients with ARF. (A) Sera obtained from 55 ARF patients were screened by ELISA against a library
of overlapping 15-mer synthetic peptides corresponding to the N-terminal hypervariable region of M18 protein. Frequency of reactivity (the
number of serum samples positive for a specific peptide divided by the total sample number) and positive immunoreactivity were calculated as
described previously (11). Amino acid sequences of the synthetic peptides are shown. (B) The reactivity of human patient sera to rSpeL and rSpeM
was determined by ELISA. Sera were obtained from patients with ARF (n � 55) and pharyngitis (n � 44) and from individuals with no documented
case of GAS infection (NHS) (n � 20). The mean ELISA value for triplicate experiments and the SEM values are shown. Statistical differences
between ARF and pharyngitis results and ARF and NHS results were determined with a Student t test (P � 0.05).
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tributions in the GAS strains involved. Our study of SpeL and
SpeM was stimulated by the discovery of genes encoding these
novel PTSAgs in the genome of a serotype M18 strain recov-
ered from an ARF patient living in Salt Lake City (33). A
recent study discovered that two distinct ARF outbreaks in Salt
Lake City in the 1980s and 1990s were associated with a strik-
ing increase in recovery of serotype M18 strains from patients
with pharyngitis (34). Serotype M18 GAS also were implicated
in ARF outbreaks in several other localities in the United
States in the 1980s (26). These observations led us to test the
hypothesis that exposure to serotype M18 strains is a common
feature among ARF patients in Salt Lake City. Linear B-cell
epitope mapping with M18-specific peptides found that virtu-
ally all 55 ARF patients from Salt Lake City had serologic
evidence of exposure to the M18 protein. These results are
consistent with the observation that sera obtained from some
ARF patients in Salt Lake City had opsonic activity against
serotype M18 GAS (39). In addition, some ARF patients from
Salt Lake City had elevated levels of serum IgG to an M-
protein epitope (designated class I) present in serotype M18
strains, also suggesting recent infection with this organism (26).
We also demonstrated that the 55 patients with ARF had
antibodies to SpeL and SpeM. Taken together, our data are
consistent with the idea that these patients were exposed to
SpeL and SpeM expressed by serotype M18 GAS.

In summary, the discovery and characterization of two new
PTSAgs in ARF-associated organisms provides additional in-
sight into the GAS factors that may contribute to this disease.
Analysis of the distribution and allelic variation of speL and
speM among serotype M18 GAS strains has provided new
information about the molecular population genetics of ARF-
associated GAS strains. Our findings may assist in the devel-
opment of new therapeutics and diagnostics for ARF, a mul-
tifactorial disease involving GAS virulence determinants and
host genetics.
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