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The group A Streptococcus (GAS) sof gene encodes the serum opacity factor protein, which is capable of
opacifying mammalian sera and binding at least two host proteins, fibronectin and fibrinogen. The sof gene
exists in approximately 50% of clinical isolates, and there is a classical association of so-called nephritogenic
strains with the opacity factor-positive phenotype. In both a type emm49 strain and a type emm12 strain, the
sequences upstream of the 5’ end of sof and downstream of the putative terminator were determined to be
nearly identical to a region in the M type 1 genome approximately 10 kb upstream of the emm1 gene. This close
genetic linkage is likely reflected in the strict correlation of opacity factor phenotype with specific emm
genotypes. A new fibronectin-binding protein gene, sfbX, was discovered immediately downstream of sof in
emm12 and emm49 strains and in several other sof-positive strains. The sof and sfbX genes were found to be
expressed on the same transcription unit, which was correlated with the putative promoter and rho-indepen-
dant terminator sequences that flank these two genes. The sfbX genes from different emm types are predicted
to encode ~650-residue surface-bound proteins sharing 89 to 92% sequence identity. StbX residues approxi-
mately 1 to 480 are not highly similar to those of other known proteins, with the closest match being the
Staphylococcus aureus coagulase protein. The remaining portions of these proteins (residues 481 to 650) contain
four putative fibronectin-binding repeats highly similar to those of other streptococcal fibronectin-binding
proteins and a potential LP(X)SG cell wall anchor motif. Targeted in-frame allelic-exchange mutagenesis,
complementation, and heterologous-expression studies found that serum opacification is encoded by sof alone
and that sfbX encodes a fibronectin-binding function. A recombinant StbX protein was found to bind immobilized
fibronectin and to partially inhibit GAS adherence to fibronectin. The sfbX gene was found to be present only in
sof-positive strains, and together these genes could influence the spectrum of tissues colonized by sof-positive GAS.

Group A Streptococcus (GAS) is a major human pathogen
associated with a wide spectrum of mucosal and invasive in-
fections. A characteristic of 40 to 50% of GAS strains is the
ability to opacify mammalian serum due to the presence of
serum opacity factor (Sof, OF), encoded by the sof gene (2,
25). GAS Sof is an ~110-kDa extracellular and cell surface-
bound protein with lipoproteinase and host protein-binding
activities that possesses a C-terminal LP(X)SG cell wall anchor
motif (10, 22, 38). Serum opacification has been reported to be
the result of Sof-mediated cleavage of apoprotein Al, causing
aggregation and insolubility of high-density lipoprotein (42).
The Sof reaction can be inhibited in a strain-specific manner by
postimmune antisera against Sof-positive GAS strains (anti-
OF) and is generally (but not always) predictive of M protein
serotype or emm type (2, 31). Sof lipoproteinase activity and
anti-OF specificity both map to a hypervariable “enzymatic
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domain” of ~700 amino acids located toward the N terminus
of the protein (24), while fibronectin- and fibrinogen-binding
activity maps to a region of highly conserved tandem repeats
located just before the C-terminal membrane anchor (9, 10, 22,
38). Sof appears to function as a virulence factor, since inser-
tional activation of the sof gene in a serotype 2 GAS isolate led
to notable reductions in mortality in a mouse intraperitoneal
infection model (10).

Expression of Sof is under positive control of the GAS mul-
tiple-gene regulator Mga (formerly VirR) (33, 36), but restric-
tion mapping indicated that the sof gene was situated at least
15 kb apart from emm (encoding M protein) and scpA (encod-
ing the C5a peptidase) (38), which are coregulated by the
closely situated mga gene product. Very recently, the complete
genome sequences of three strains of GAS have been eluci-
dated (3, 11, 47), accomplishments that promise to accelerate
the pace of research discoveries in the field. However, the
strains SF370, MGAS315, and MGASS8232, used for genome
sequencing, like others belonging to the M1, M3, and M18
serotypes, do not opacify serum and do not contain the sof
gene. In the present study, we report a series of experiments
that allowed us to map the location of sof on the GAS genome.
Concurrently, we discovered that sof is invariably transcription-
ally linked to a second and novel open reading frame (ORF)
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Description Reference
Strains
GAS clinical isolates
NZ131 T14 OF ", emm49 glomerulonephritis isolate 45
5448 T1 OF ", emml.0 necrotizing fasciitis-STSS isolate 20
SS635 T12 OF , emm12 Lancefield M type 12 reference strain, sof12 sfbX* 27
2108-98 T12 OF~, emmI2 blood isolate, sof12 sfbX™* This study
3833-98 T12 OF , emm12 blood isolate, sof12 sfbX* This study
27-01 T25 OF ™", emm?75 blood isolate, sof75 sfbX " This study
140-01 T28, OF ", emmd87.3 blood isolate, sof87 sfbX™ This study
149-01 T8/25/Imp19 OF*, emm92 isolate, sof92 sfbX™ This study
142-01 T-NT OF", emml 14 isolate from joint This study
GAS mutants
NZ131:sofAcat NZ131 with in-frame allelic replacement of sof by cat This study
NZ131:sfbxAcat NZ131 with in-frame allelic replacement of sfbX by cat This study
NZ131:sof+sfbxAcat NZ131 with in-frame allelic replacement of sof-sfbX by cat This study
E. coli
DHS5a endAI hsdR17(r my ") sup E44 thi-1 recAl gyrA (Nal") relAl 50
A(lacZYA-arg F)U169 [$80dlac A(lacZ)M15]
MC1061 F~ araD139 A(araABC-leu)7696 A(lac)X74 galU galK hsdR2 49
(r mg ") merBI rpsL (Str")
Top 10 F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 A(lac) X74 deoR 14
recAl araD139 A(ara-leu)7697 galU galK rpsL (Str') endAl1 nupG
BL21(DE3) F~ ompT hsdSg(rg™ mg™) gal dem (DE3) Novagen
L. lactis
NZ9000 MG1363 (lacking nisin operon); pepN::nisRK 26
Plasmids
Chromosomal walking
pBluescript 11 ColE1 ori Amp lacZo Stratagene
Allelic-exchange mutagenesis
pCR2.1-TOPO ColE ori Amp" Kn' lacZa; T-A cloning vector Invitrogen
pHY304 Temperature-sensitive pVE6007A derivative, Em" lacZa/MCS” of 37
pBluescript
pACYC184 rep(p15A) Cm" Tet" 40
pSof-TV pCR2.1 with 3,786-bp NZ131 DNA fragment containing sof This study
pSHHX-TV pCR2.1 with 2,589-bp NZ131 DNA fragment containing sfbX This study
pSof/StbX-TV pCR2.1 with 5,947-bp NZ131 DNA fragment containing sof-sfbX This study
pSofAcat-TV In vivo PCR recombination derivative of pSof-TV with cat replacing This study
sof gene precisely in frame, Amp" Cm"
pStbXAcat-TV In vivo PCR recombination derivative of pStbX-TV with cat This study
replacing sfbX gene precisely in frame, Amp" Cm"
pSof/StbXAcat-TV In vivo PCR recombination derivative of pSof/StbX-TV with cat This study
replacing sof-sfbX genes precisely in frame, Amp" Cm"
pSofAcat-KO pHY304 containing Asof cat allele and flanking DNA, Em" Cm" This study
pStbXAcat-KO pHY304 containing AsfbX cat allele and flanking DNA, Em" Cm" This study
pSof/StbXAcat-KO pHY304 containing Asof-sfbX cat allele and flanking DNA, Em" Cm" This study
Complementation and heterologous expression
pDC123 E. coli-streptococcus shuttle vector, JS-3 replicon, phoS Cm" (cat) 8
pDCerm pDCerm derivative with Erm" (erm of Tn916AE) replacing cat This study
pAll-sof pDCerm plus NZ131 sof gene behind vector and native promoters This study
pAJl-sfbX pDCerm plus NZ131 sfbX gene behind vector promoters This study
Expression of recombinant SfbX
pCRT7/CT-TOPO ColE ori, Amp" Zeo', T7 promoter, T-A cloning, V5 epitope, His, Invitrogen
pStbX-V5-His Complete sfbX ORF cloned in pCRT7/CT-TOPO for C-terminal tag This study

@ STSS, staphylococcal toxic shock syndrome.
> MCS, multiple cloning site.

whose product has sequence features of a bifunctional GAS
fibronectin-binding surface protein. Precise, in-frame allelic-
exchange mutagenesis and heterologous expression are used to
analyze the two-gene sof operon.

MATERIALS AND METHODS

Bacterial strains and culture and transformation conditions. Bacterial strains
used in this study are listed in Table 1. GAS was grown in Todd-Hewitt broth
(THB) or on Todd-Hewitt agar plates; for antibiotic selection 2 pg of erythro-

mycin (EM) or 1 ug of chloramphenicol (CM) per ml was added to the media.
Escherichia coli strains were grown in Luria-Bertani (LB) broth or on LB agar
plates; antibiotic selection utilized 100 g of ampicillin per ml, 500 pg of EM per
ml, or 5 pg of CM per ml. Lactococcus lactis was grown in M17 broth (Difco)
supplemented with 1% glucose (GM17) or on GM17 agar plates with selection
by EM at 5 ug/ml. GAS strains were rendered transformable by electroporation
through growth in THB plus 0.3% glycine as described for Streptococcus agalac-
tiae (12). Similarly, L. lactis was made transformable by growth in GM17 plus
2.5% glycine (17). After electroporation (Eppendorf 2510; 1,500 V), cells were
incubated in THB plus 0.25 M sucrose (GAS) or GM17 media—20 mM MgCl,-2 mM
CaCl, (L. lactis) for 1 to 2 h prior to antibiotic selection on agar media.
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Sequence analysis and genome mapping. Single-primer PCR, with three suc-
cessive cycling parameters, was used as described previously (21) to amplify the
genomic sequence adjacent to the sof genes from type emm49 and type emm1i2
GAS strains. For single-primer PCR, 20 cycles employing a 30-s denaturation at
94°C, 50°C annealing (30 s), and 72°C elongation (3 min) were followed by 30
cycles of 94°C denaturation (30 s), 30°C annealing (30 s), and 72°C elongation (2
min). This second set of parameters was immediately followed by 30 cycles of
94°C (30 's), 50°C (30 s), and 72°C (2 min), before a final 7-min extension at 72°C.
Primer R2 (5'-TTTCTAAGTTTATACTTACAATTTGTCA-3") was used with a
primer R-generated template to sequence the region immediately upstream of
sof. Primer F2 was used with a primer F-generated template to sequence the
region immediately downstream of sof. Subsequent rounds of single primer PCR
using new primers from the generated sequence allowed further extension in the
5" and 3’ directions. All primary sequencing data generated from the single
primer template were reconfirmed by using a template amplified conventionally
from genomic DNA with the use of two primers. For the PCRs described below
for amplifying ~9-kb regions, 10 cycles of denaturation (94°C, 15 s), annealing
(55°C, 30 s), and elongation (72°C, 8.75 min) were followed by 20 cycles with the
same parameters except for the addition of 20-s increments to each successive
elongation. To amplify the ~9-kb region between the sfbX and mga genes in a
type emml2 strain, primers 12 mga2 (accession no. AE006624, U02342,
AB016537, and M58461 are the 5’ mga sequences from emml1, emm12, emm?23,
and emm6, respectively) (5'-TACATACATTACCTTGTATACCCTTCT-3')
and sfbF4 (5'-GTGCCTGAGGCTGGTGGTCAGAGTGG-3") were used. To
amplify the ~9-kb region between sfbX and mga in a type emm49 strain, primers
chosen were 49 mgaSR (derived from the GenBank accession no. U31919 se-
quence upstream of mga49) (5'-GGGTTTTATCAGCTGATTTTTCTGG-3")
and sfbF5 (5'-GACACTTGCTAGCATTTCGGTGTAAAA-3"). Primers sfbF1
(5'-GCAGTGATTTCTAGGCTTAGCAAGCATA-3") and sfbR1 (5'-GTTTTG
TCGGTGTTGCGACGTTTTT-3') were used to amplify the sfbX region, pre-
dicted to encode the mature SfbX proteins from various GAS strains, including
type emm1i2, emm49, emm75, emm87, emm92, and emm114 strains.

RT-PCR analysis. Cells of strain NZ131 were disrupted with the Bio 101 Fast
Prep for 40 s at speed 6, and total RNA was isolated with the FastRNA isolation
kit as described by the manufacturer. The RNA was treated with DNase I,
extracted with phenol-chloroform, and precipitated with ethanol prior to resus-
pension in diethyl pyrocarbonate-treated water. The Epicentre MasterAmp re-
verse transcription-PCR (RT-PCR) kit was used as described by the manufac-
turers with 0.1 pg of the RNA preparation and primers sofF1-3p (5'-CTGGA
GACAAACGTGAAGCATCCTTTAC-3') and either sfb5p-R1 (5'-GGGAAC
GTTCTCCTAATTTTGGACT-3') or sfb5p-R2 (5'-GGGTTGCGTCATGCTG
ATGGTTATG-3"). Absence of contaminating DNA was confirmed by the lack
of PCR amplification of RNA preparations prior to reverse transcription.

Targeted mutagenesis of sof, sfbX, and sof-sfbX. PCR was used to amplify
NZ131 chromosomal DNA fragments containing sof, sfbX, and sof-sfbX with
several hundred base pairs of upstream and downstream sequence in each case.
Specific primers used were sofF (5'-GGAGAAAAAGATTAAAAATCAAGG
TC-3'; 360 bp upstream of the sof start ATG), sofR (5'-GGACTTGTTGCTTT
TAATGC-3'; 340 bp downstream of the last sof codon), sfbXF (5'-TGGAGAC
AAACGTGAAGCAT-3'; 280 bp upstream of the sfbX start ATG), and sfbXR
(5'-TCTTCAGATAGGACACCGCA-3'; 358 bp downstream of the last sfbX
codon). The PCR products were T-A cloned in pCR2.1 (Invitrogen). Vectors
pSof-TV and pSfbX-TV served as templates for inverse PCRs using (i) a reverse
primer immediately upstream of the start codon of the cloned ORF(s) and (ii) a
forward primer immediately after the stop codon of the cloned ORF(s); these
primers were designed with 25-bp 5’ extensions corresponding to the start and
end of the chloramphenicol acetyltransferase gene (cat), respectively. The re-
sultant linearized PCR products, alternatively containing an in-frame deletion of
sof, and sof plus sfbX, were used to transform E. coli Top 10 together with an
~650-bp PCR amplicon of the complete cat gene from pACYC184. In vivo
recombination events were identified by screening for E. coli tarnsformants
exhibiting Amp" and Cm"; recombinant plasmids were verified by PCR and
restriction analysis to contain an in-frame replacement of the target gene(s) with
cat. The mutated sequences in which cat replaced the sof (sofAcat), sfbX
(sfbXAcat), and sof-sfbX (sof+sfbXAcat) genes and flanking DNA were sub-
cloned as BamHI/Xbal fragments to the temperature-sensitive Em" vector
pHY304 to produce knockout vectors pSofAcat-KO, pStbXAcat-KO, and pSof/
SfbXAcat-KO, respectively. NZ131 was transformed with each knockout plas-
mid, and single recombination events were identified at 37°C under EM selec-
tion. Selection was relaxed by serial passage at 30°C without antibiotics, and
double-crossover events were identified by detecting NZ131 mutants exhibiting
Cm" but Em®. Allelic exchanges of sof, sfbX, and sof-sfbX in the NZ131 chromo-
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some were confirmed by (i) PCR using cat primers with upstream and down-
stream primers and (ii) absence of amplification of the wild-type gene(s).

Complementation studies and heterologous expression of sof and sfbX. An
Em" derivative of streptococcus-E. coli shuttle vector pDC123 (8) was con-
structed as follows. Primers designed with 5" extensions containing Haell recog-
nition sites were used to amplify the Em" marker and its constitutive promoter
from transposon Tn9/6AE (41). The amplicon was cloned into the Haell site of
pDC123 upstream of the cat gene but behind the vector’s constitutive et and cat
promoters. The intermediate vector pDC123erm was identified by Cm" and Em*
and confirmed by restriction and PCR analysis. The cat gene was then deleted
from pDC123erm by inverse PCR and blunt end religation to give pDCerm. This
expression vector confers Em’, retains blue-white selection based on multiple
cloning site interruption of the enterococcal phoS gene, and places cloned genes
behind the tet, cat, and erm promoters on the plasmid backbone. The NZ131 sof
and sfbX genes were cut from pSof-TV and pSfbX-TV with Kpnl and BamHI
plus Xbal, respectively, and subcloned to expression vector pDCerm prepared
with the compatible restriction enzymes. The resultant constructs, pAJlsof and
pAJlsfbX, placed the respective genes behind the constitutive promoters on the
plasmid backbone. These two vectors were used to transform electrocompetent
emml GAS strain 5448 and L. lactis strain NZ9000. Transformants were iden-
tified by Em" and confirmed by restriction enzyme and PCR analysis of purified
plasmid preps. Vectors pAJlsof and pAJ1lsfbX were also used for complemen-
tation of the allelic-exchange mutants NZ131:sofAcat and NZ131:sfbXAcat, re-
spectively; pDCerm was likewise introduced into the parent strain and allelic-
exchange mutants as a vector-only control.

Serum opacification assays. A modified version of the microplate method of
Johnson and Kaplan was used (19). Bacteria were grown to stationary phase
overnight and then pelleted by centrifugation. One hundred microliters of su-
pernatant was removed and added to 1 ml of horse serum (Gibco-BRL) in
individual wells of a 24-well cell culture plate. The plates were incubated over-
night at 37°C in 5% CO,. Two milliliters of normal saline was then added to each
well, and opacification was observed.

Fibronectin-binding ELISA for GAS. Fibronectin (Sigma; F0895) was diluted
in phosphate-buffered saline (PBS) to 20 pg/ml, and 100 pl was used to coat the
bottoms of 96-well tissue culture plates (Costar) for 2 h at 37°C. The wells were
then blocked with Dulbecco’s PBS-5% bovine serum albumin (BSA) for 2 h at
room temperature and subsequently washed three times with PBS-1% BSA.
GAS was grown to an optical density at 600 nm (ODg,) of 0.4 (~10% CFU/ml)
and diluted in PBS, and 10° CFU in 100 ul was inoculated into each well. PBS
alone was used in control wells. The plate was centrifuged at 800 X g for 10 min
then incubated at 37°C for 30 min. After three washes with PBS-1% BSA, 85 pl
of diluted M49 (1:5,000) or M1 (1:500) immune rabbit typing serum (provided by
R. Facklam, Centers for Disease Control and Prevention [CDC], Atlanta, Ga)
was added to each well, and the plates were incubated at room temperature for
1 h. The plates were again washed with PBS-1% BSA, followed by addition of 85
wl of the secondary antibody (anti-rabbit immunoglobulin [Ig]-horseradish per-
oxidase [HRP]; NA934; Amersham Life Sciences; diluted 1:7,000) to each well
and incubation at room temperature for 30 min. After another wash with
PBS-1% BSA, 200 pl of developing solution (tetramethylbenzidine diluted in 0.1
M sodium acetate-hydrogen peroxide) was added, and 50 pl of 1.2 M sulfuric
acid was used to stop the reaction after 90 min. The OD,s, of each well was
measured in an enzyme-linked immunosorbent assay (ELISA) plate reader.
Fibronectin-binding measurements were performed in triplicate and repeated
three (emm49 GAS NZ131 and mutants) or two (emmI GAS 5448 and trans-
formants) times. Data were compared to standard curves constructed from serial
dilutions of each of the wild-type GAS strains. For fibronectin-binding ELISAs
involving the pAJlsof- and pAJlsfbX-complemented mutants, all bacterial cul-
tures were grown under EM selection. Wild-type and mutant strains transformed
with the vector-only control pDCerm were used for comparison. The comple-
mented-mutant studies were performed in triplicate and repeated four times. For
inhibition experiments with the recombinant SfbX protein (see below), the
ELISA was performed as described above with an inoculum of 6 X 10° wild-type
GAS NZ131 cells and preincubation of the fibronectin-coated wells with serial
twofold dilutions of the recombinant SfbX protein ranging from 728 to 1.4 ng.

Fibronectin-binding assay for L. lactis. Fibronectin-coated 96-well plates were
blocked with PBS-5% BSA for 2 h and subsequently washed with PBS-Tween
(0.05%). L. lactis strain NZ9000 and the same strain harboring either plasmid
pAJlsof or pAJ1sfbX were grown to ODy of 0.4 and diluted in PBS to allow 10°
colonies/100 wl to be inoculated into each well. PBS alone was used in control
wells. The plate was spun at 2,000 rpm for 10 min and then allowed to incubate
at 37°C for 30 min. After a wash with PBS-Tween, 50 pl of THB, 50 pl of PBS,
and 20 pl of MTS-PES reagent (Promega; Celltiter 90AQ One solution) were
added to each well and the plate was placed in a 37°C, 5% CO, incubator for 4 h.
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The OD,q, was measured in a plate reader, and data were compared to a
standard curve constructed from serial dilutions of L. lactis NZ9000. Assays were
performed in triplicate and repeated three times.

Expression and purification of recombinant SfbX. To generate a C-terminal
Hisg-tagged version of the full-length SfbX protein, a PCR amplicon of the entire
sfbX OREF (lacking the stop codon) from the NZ131 chromosome was made with
primers sfbX-start (5'-ATGACTAAAAAATTTATTAAA-3") and stbX-end (5'-
GTTTTTGTCGGTGTTGCGACGTTTTT-3") and T-A cloned into pCR T7/
CT-TOPO (Invitrogen). This construct was confirmed by restriction and PCR
analysis and named pSfbX-V5-His, as the coding sequences for a C-terminal V5
epitope and polyhistidine were added to the StbX coding region. Vector pSfbX-
V5-His was then transformed into E. coli BL21(DE3) possessing an inducible T7
RNA polymerase. For induction, BL21(DE3)(pSfbX-V5-His) was grown in 500
ml of LB broth plus ampicillin at 37°C to an ODg, of 0.5, 1 mM IPTG (isopro-
pyl-B-D-thiogalactopyranoside) was added, and the mixture was incubated an
additional 2.5 h. The bacterial culture was pelleted at 4,200 X g for 20 min,
resuspended in 15 ml of lysis buffer (20 mM NaPO, [pH 7.8], 5 mg of lysozyme/
ml, 100 mg of RNase A/ml), vortexed, and incubated at room temperature for 45
min. The lysis mixture was then placed on dry ice alternating with a 37°C water
bath (three times for 15 min each), sonicated at midpower three times for 15 s
each, and then centrifuged at 14,500 X g for 10 min. The protein-containing
supernatant was decanted, filtered (0.2 pm-pore-size filter; Whatman), and
passed over a nickel affinity column, and the His-tagged recombinant StbX was
eluted with increasing concentrations (50, 200, 350, and 500 mM) of imidazole
buffer. Eluted fractions were separated by sodium dodecyl sulfate-10% poly-
acrylamide gel electrophoresis and electroblotted to a nitrocellulose membrane,
and recombinant SfbX was detected by immunoblotting with a primary mouse
anti-V5 antibody (Invitrogen; 1:5,000) and a secondary anti-mouse IgG-HRP
antibody (Sigma; A4416; 1:3,000) and with the ECL chemiluminescence detec-
tion system (Amersham Biosciences) used in accordance with the manufacturer’s
instructions.

Fibronectin-binding ELISA for recombinant SfbX. Fibronectin-coated 96-well
plates were blocked and washed as described above. Serial twofold dilutions of
recombinant SfbX protein were made so that amounts of protein ranging from
679 ng to 0.66 ng were added to individual wells in a volume of 100 wl. PBS alone
and a control protein (the GAS cysteine protease SpeB with identical C-terminal
V5 and His tags) served as controls. The plate was centrifuged at 800 X g for 10
min then incubated at 37°C for 1 h. After three washes with PBS-0.05% Tween,
100 pl of diluted anti-V5 mouse IgG (1:5,000) was added to each well at room
temperature for 1 h. Subsequent steps including washes, secondary-antibody
detection (anti-mouse IgG-HRP; 1:3,000), tetramethylbenzidine developing re-
actions, and OD,s, measurement were performed as described above. Assays of
control wells for each recombinant SfbX protein concentration were performed
with omission of the primary anti-V5 antibody. Experiments were repeated three
times.

Nucleotide sequence accession numbers. The new sequences reported in this
work are listed in the GenBank under accession no. AY120870 (1,326 bases,
including the 1,050-base region upstream of sof#9 and 5' end of sof49),
AF335322 (2,606 bases, including the sof49 3’ end, sfbX49, terminator, and short
downstream ORF), AF387738 (6,386 bases, including the sof/2 upstream se-
quence, defective sof12 gene, and the complete sfbX12 gene), AY120871 (1,890
bases; encodes SfbX75 plus partial signal sequence), AY120873 (1,881 bases;
encodes the complete SfbX92 —10 signal sequence residues), AY120874 (1,881
bases; encodes the SfbX114 —10 signal sequence residues), and AY120872
(1,881 bases; encodes the SfbX87 —10 signal sequence residues).

RESULTS

Chromosomal location of the sof gene and discovery of sfbX.
Using the single-primer chromosome walking approach, 1,050-
to 1,185-bp regions upstream of sofl2 and sof49 were se-
quenced. An emml?2 strain was selected because these strains
are unique among strains with classic emm genotypes in pos-
sessing the sof gene while lacking a serum opacification phe-
notype. Bases 1 to 330, immediately upstream of the sof12 and
sof49 structural genes, had 92.4% sequence identity; however
no significant matching sequences were identified in the type
M1 genome. A region of near identity to the M1 genome was
found at bases 331 to 1185 upstream of the sofI2 structural
gene (97.2% identity). This region is unusual in that the largest
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ORF in either orientation within the 925-bp regions upstream
of sof12, sof49, and the corresponding region in the M1 ge-
nome (GenBank accession no. AE006625, bases 1119 to 1975)
is only 93 codons and in that none of the ORF products have
homology to known protein sequences. Bases 930 to 1181 up-
stream of sofI2 and bases 927 to 1050 upstream of sof49 re-
vealed nearly identical ORFs in the same orientation as the sof
genes, which had 98 to 99% sequence identity at the 3’ ends
with the probable prtM (protein export) genes from the type
M1 and M18 genomes (designated ORFs spy2037 [accession
no. AE006625] and spym118-2097 [accession no. AE010112],
respectively). Similar single-primer chromosome walking anal-
ysis downstream of sofI2 and sof49 identified the novel
1,953-bp OREF sfbX (see further analysis below). Situated 142
bp downstream of sfbX49 was a 95-codon ORF with complete
sequence identity to corresponding ORFs from the M1 and
M18 genomes (ORFs spy2034 and spyM18-2092, respectively).
In both the type M1 and M18 genomes these ORF pairs
(spy2037 and spy2034 and spym18-2097 and spym18-2092) lie
approximately 800 bp apart with no significant intervening
OREFs. It is within this 800-bp segment that the sof and sfbX
genes are situated within the type M12 and type M49 genomes.
Approximately 8.5 kb downstream of spy2034 lies the mga
gene, and immediately downstream of mga lies the emm1 gene
(11). The chromosomal location of the M49 GAS sof and sfbX
genes with respect to the M1 chromosomal architecture was
further confirmed by PCR analysis as shown in Fig. 1. The two
genes are situated approximately 2.4 kb downstream of the
M49 speB gene and 8.8 kb upstream of the mga regulon, in-
cluding the emm49 gene.

The sof and sfbX genes are cotranscribed. Fifty base pairs
upstream of the sof49 gene lies a sequence (5'-TTTAGA-17
bp-TATAAT-3") identical to the corresponding putative pro-
moter sequence upstream of a sof gene from another strain
type (38) with strong homology to the consensus promoter
motif (5'-TTGACA-17 bp-TATAAT-3"). A corresponding se-
quence matching at 25 of 29 positions to the sof49 putative
promoter sequence was observed upstream of sofi2 (5'-TTT
GGG-17 bp-TATAAT-3"). Analysis of the sequence between
sof49 and sfbX49 (and sofI2 and sfbX12) did not reveal any
strong candidate terminator sequences (only a single 7-bp in-
verted repeat with a 10-bp gap) or the presence of any obvious
candidate promoter sequences for independent transcription
of sfbX (Fig. 2). In contrast, immediately downstream of the
sfbX stop codon a classic rho-independent terminator motif
(15-bp hairpin inverted repeat with a 2-bp gap followed by a
9-bp tail containing six Ts) was identified. To determine
whether sof and sfbX belong to the same transcriptional unit,
RT-PCR analysis was performed with a forward primer from
the end of sof and two different reverse primers from the sfbX
sequence (Fig. 2). Amplification of products of the expected
sizes proved that sof and sfbX represent a two-gene operon.

Concordance of sof-sfbX operon with OF phenotype. A com-
plete sof-sfbX operon was found to be present in several rep-
resentative OF" GAS strains including type emm49, emm?75,
emmd87, emm92, and emml14 (formerly st2967) strains. All
GAS strains that tested negative for sof by PCR, including type
emml, emm3, emm5, emm6, emm33, emm4l, and emm43
strains, were also found to be PCR negative for sfbX. The only
classical M protein serotype invariably associated with the
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el ‘__,_—""—_ Mga regulon
N | (mga, fcr, emm, enn, scpA)
Spy2037 ’ Spy2034 |
1,696,205 1,687,015
8.8 kb |

F— 240 }

confirmed by PCR with primers

speB(F) + sofd9(R)
sfbX49(F) + mga(R)

FIG. 1. Chromosomal location of the GAS emm49 serum opacity factor locus (sof49-sfbX49) with respect to the published emml genome

sequence.

opacity-negative phenotype and sof gene sequences is type
M12 (2). During this study we noted that the CDC M12 ref-
erence strain (isolated more than 50 years ago) and two inde-
pendent recent clinical isolates each contain a frameshift mu-
tation within sof predicted to result in a truncated Sof
precursor protein of 746 amino acids that lacks a portion of the
enzymatic domain, all fibronectin-binding repeats, and the C-
terminal membrane anchor.

Structural features and conservation of the predicted SthX
protein. The SfbX49 and SfbX12 proteins had predicted 27-
residue leader sequences and wall attachment motifs typical of
gram-positive bacterium surface proteins (Fig. 3a). The mature
SfbX49 protein (residues 28 to 651) had about 89 to 91%
identity with the corresponding sequences of SfbX from type
emml2, emm?75, emm87, emm92, and emml14 strains. In con-
trast, the processed forms of Sof proteins are highly divergent
(as low as 45% sequence identity). For example, Sof49 and
Sof75 have only 60% identity, and Sof114 has only 50 to 56%
sequence identity, to either of those two Sof proteins. Thus, the

GAS SfbX proteins are much more highly conserved than the
hypervariable Sof proteins.

SfbX49 residues 432 to 576 had extensive homology to the
fibronectin-binding repeat motifs found in Sof49 (Fig. 3b),
other Sof proteins, and other gram-positive bacterium fi-
bronectin-binding proteins. There was a greater degree of ho-
mology between the C-terminal 72 SfbX residues and those of
various Sof proteins (about 57% identity) than between SfbX
and other prototype gram-positive bacterium fibronectin-bind-
ing proteins (Fig. 3c). This region (amino acids 577 to 651) lies
immediately downstream of the fibronectin-binding repeat mo-
tifs and includes the wall attachment motif and N terminus.
Other than 37% identity between residues 86 to 140 and a
section of the Staphylococcus aureus coagulase residues (resi-
dues 59 to 112 of accession no. Q53655), no significant homol-
ogies between SfbX and other proteins were observed.

Analysis of StbX by the Coils method of Lupas (29) revealed
alpha-helical regions (residues 31 to 52, 221 to 251, and 299 to
327) with the 7-residue periodicity of hydrophobic residues

GAAGAAAACTAACCCTCGTTAGTCTAGCGACCCTAAGCCTTTGGCTTTAAGAATTTCTCATTATCCCCCTCAAACACCGG

E E N * sof49 stop

TACCTCACTGAGATGGCGCTTAAAAAAGGCGCTAGTCTCAAATCAGGTATCCCCTACGGTTGAGGGGGATTAATGGGTAT

dubious terminator

CACAACAAGAAAAAAGGTATAATGATGAAATATGACTAAAAAATTTATTARATCAGCAGTGATTCTAGGCTTAGCAAGCA

sfbX start M T K

K F I K s A VvV I L G L A s 1I

TAACCATCAGCATGACGCAACCCGTTGAAGCCATTTCAAATAGCTTAGAA

T I s M T Q P V E A I
end of signal sequence |

sof49

S N S L E

*
351 bp» €457 bp

RT-PCR

GACAAAAACTAGTCGCTGTTAGACACAACGOACTAAGGCCAGTGCARATGCACTGGCCTTAGTITAGGTTTTTATC

D K N * sfbX stop

strong rho-independent terminator motif

FIG. 2. RT-PCR analysis demonstrates that the sof49 and sfbX49 genes are transcribed on the same mRNA and thus represent an operon.
Asterisks indicate stop codons. The two underlined sequences between the sof49 and sfbX structural genes indicate an inverted repeat. A putative
transcriptional terminator immediately downstream of sfbX is underlined, with the two inverted repeats boxed.
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Sfbi 475 SESVEFTKDT .QTGMSG QTASQ...VE TEDTK...EP GVLMGGQS
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FIG. 3. (a) Structural comparison of the predicted Sof49 and SfbX49
homology between Sof and SfbX in the terminal fibronectin-binding repeats

proteins. S.S., signal sequence; Fn, fibronectin. (b) High degree of
(underlined), cell wall anchor (box), and membrane-spanning domain.

(c) Alignment of two SfbX49 putative fibronectin-binding repeat regions with similar repeats from other gram-positive bacterium fibronectin-
binding proteins. The published sequences for Sof2 (10), PrtF1 and PrtF2 (43), and Sfbi (48) are from Streptococcus pyogenes; FnbpA (44) is from

Staphylococcus aureus; and FnbA (28) is from Streptococcus dysgalactiae.

characteristic of proteins capable of forming a coiled-coil
structure. In contrast, the same program run on various full-
length Sof proteins revealed no significant periodicity of hy-
drophobic residues. Proline was the most abundant residue in
SfbX proteins (9.2% in SfbX49), followed by aspartate (8.7%),
threonine (8%), lysine (8%), and alanine (8%). Two variable-
length proline-rich repeat regions were observed within the
SfbX proteins, corresponding to SfbX49 residues 348 to 370
and 417 to 448. Such proline-rich regions may be common
between functional domains of gram-positive bacterial surface
proteins. Examples include the regions linking the choline-
binding and extracellular domains of the pneumococcal PspA

proteins (52) and linking the Sof fibronectin/fibrinogen-bind-
ing domain with its enzymatic domain (38).

Serum opacification by GAS is solely encoded by the sof
gene. We have shown that the sof gene and the previously
unrecognized sfbX gene are cotranscribed. Therefore, earlier
experimental results using sof insertion duplication mutants
would possibly include polar effects on sfbX transcription. To
determine the relative contribution of sof and sfbX genes to the
phenotypes of serum opacification and fibronectin binding, we
constructed precise, in-frame allelic-exchange sof, sfbX, and
sof-sfbX mutants in GAS strain NZ131 (M49). The sof and sfbX
genes were also cloned individually in expression vector
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Mutagenesis:
GAS NZ131 (M49)
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sfbX.KO softsfbX.KO
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Expression:
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Heterologous
Expression:
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areat pAJlsof pAJlsfbX

FIG. 4. Contribution of the Sof49 and SfbX49 gene products to
opacification of horse serum. Precise in-frame allelic-exchange mu-
tagenesis, complementation analysis, and heterologous-expression
studies indicate that sof alone encodes the opacity factor phenotype.

pDCerm for heterologous-expression analysis. Incubation of
GAS culture supernatants with horse serum revealed that de-
letion of the sof gene resulted in complete loss of opacification,
whereas an sfbX deletion mutant maintained wild-type levels of
opacification (Fig. 4). The ability to opacify serum could be
restored in the sof mutant by reintroduction of the sof gene on
a plasmid vector. Heterologous expression of sof conferred the
serum opacification phenotype to an M1 GAS strain and to L.
lactis; parallel experiments with sfbX did not produce opacifi-
cation (Fig. 4). Together these results show that GAS serum
opacification is uniquely encoded by the sof gene.

(a) (b)

GAS NZ131
= ] )
¥ 100 5 100 -
= ] SIS
;§ § 80 _g % 80
5% 607 22 o0-
&’z A s 3
mé 40 Mo 40
*
© 20 % X 204
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sfhX-
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Both sof and sfbX encode fibronectin-binding functions. The
effect of precise targeted mutagenesis of sof and sfbX on GAS
fibronectin binding was assessed by in vitro assays. Marked
decreases in fibronectin binding were noted with single-gene
deletions of either sof (10.7% = 5.8% of wild-type level; P =
0.026) or sfbX (7.0% = 3.8% of the wild-type level; P = 0.016);
dual deletion of sof and sfbX produced a further small decrease
(6.0% = 2.0% of the wild-type level), which was not statisti-
cally different from that for either single mutant (Fig. 5a).
Complementation studies showed that return of the corre-
sponding single gene on an expression plasmid partially re-
stored the fibronectin-binding phenotype of the sof mutant
(72% =+ 8.6% versus 7% = 0.7% of wild-type levels; P <
0.00005) and the sfbX mutant (29% = 5% versus 8.4% * 0.9%
of wild-type levels; P < 0.001) (Fig. 5b). Heterologous expres-
sion of sof or sfbX in M1 GAS strain 5448 yielded increases in
fibronectin-binding activity (39 and 153%, respectively; data
not shown). More-pronounced effects were observed in the
low-fibronectin-binding background of the nonpathogenic bac-
terium L. lactis (0.8% = 0.1% of input inoculum). Heterolo-
gous expression of sof increased L. lactis fibronectin binding by
1,100% (8.8% = 0.4% of input inoculum; P < 0.0001), while
parallel experiments with sfbX increased L. lactis fibronectin
binding by 287% (2.3% = 0.2% of input inoculum; P < 0.0001)
(Fig. 5¢). Together these data demonstrate that sof and sfbX
each possess important fibronectin-binding properties demon-
strable in the context of the intact bacterial surface.

Recombinant SfbX binds fibronectin. A recombinant SfbX
fusion protein bearing C-terminal V5 and His (6) epitopes was
expressed in E. coli, purified with an affinity column, and con-
firmed to migrate at the predicted size of ~85 kDa by Western
blot analysis using an monoclonal anti-V5 antibody (Fig. 6a).
In an anti-V5 antibody ELISA, recombinant SfbX exhibited
dose-dependent binding to immobilized fibronectin that began
to plateau when the concentration reached 2.8 pg/ml (0.2 pg in
a 70-pl volume) (Fig. 6b). No ELISA signal was detected in

(c)

GAS NZ131 L. lactis NZ9000
E
. o §10 ] * %
=]
5.5 8
g3
o % 6
=]
* g
s 4 -
B
sof~ sof- sfbX- sfbX- w.t. +pSof +pSfbX
[pSof] [pS/bX]

FIG. 5. (a) Contribution of the Sof49 and SfbX49 gene products to the fibronectin (Fn)-binding ability of log-phase GAS assessed by using
isogenic allelic-exchange knockout mutants. (b) Complementation of the sof and sfbX knockout mutants by returning the single gene on a plasmid
vector. Wild-type (w.t.) and mutant strains transformed with the vector alone (pDCerm) served as controls. (c) Ability of the cloned GAS sof49
and sfbX49 genes to confer fibronectin-binding activity to L. lactis. *, P < 0.05; #, P < 0.0001. The bacterial inoculum was 10° CFU in 100 pl for

all experiments.
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FIG. 6. (a) Western blot confirmation of recombinant SfbX protein after affinity column purification. (b) Dose-dependent binding of recom-
binant SfbX protein to immobilized fibronectin. (c) Dose-dependent competitive inhibition of GAS fibronectin-binding by recombinant SfbX.

control wells in which either recombinant SfbX or the primary
anti-V5 antibody was removed or in parallel experiments using
a control recombinant SpeB protein with identical C-terminal
fusion epitopes. Finally, addition of StbX was able to compet-
itively inhibit the ability of wild-type GAS to bind fibronectin in
a dose-dependent fashion, the effects of which were seen start-
ing at 1.3 pg of the protein/ml (0.1 pg in 75 ml), culminating in
an ~50% reduction in total GAS adherence (Fig. 6¢). The
findings obtained with recombinant SfbX corroborate the fi-
bronectin-binding function identified upon targeted knockout
of the GAS sfbX gene.

DISCUSSION

Sof is a unique bifunctional protein anchored to the cell
surface of many GAS strains. Our investigations were initiated
to map the chromosomal location of the sof gene. In doing so,
we made the surprising discovery that sof is linked invariably to
a second gene (sfbX) encoding a novel streptococcal fibronec-
tin-binding protein. All GAS strains tested with the capacity to
opacify mammalian sera (OF") were found to possess the
two-gene sof-sfbX operon.

Our genomic-mapping studies were performed with GAS
type emm49 and emml2 strains, two classical nephritogenic
strains (30). GAS strains generally contain one of five different
gene patterns at the mga locus based on peptidoglycan-span-
ning domain-encoding sequences, number, and relative ar-
rangement of emm and emme-like genes. Type emm49 isolates
typically correspond to pattern E of emim and emme-like genes
and appear to have an equal predisposition to colonize skin
and throat (5, 16). Pattern E strains are generally phenotypi-
cally OF* due to the presence of the sof gene and contain emm
nested between two additional emm-like genes at the mga
locus. In contrast, type emml2 isolates are OF  and have
pattern A (only one emm family gene [emml2] at the mga
locus). Except for type emml2, emm types that are associated
with patterns A to C (for example, type emml) have invariably
been seen to be OF and to lack sof gene sequences (2).

Although type emm12 isolates are invariably OF ~ and typically
correspond to emm and emm-like gene patterns A to C, we
show here that these isolates appear to carry a defective sof
gene. Based on their pronounced differences in opacity factor
phenotype, emm gene homology (emml2 is quite divergent
from emm genes from all other sof-positive strains), and mga
locus gene arrangement, emm49 and emm12 strains appeared
to be ideal candidates for independently verifying the chromo-
somal location of the sof gene in relation to the completed
serotype M1 genome sequence. In addition, these strains are
totally divergent at the multilocus sequence type level (see
http://www.mlst.net for types emml2 and emm49). In both
cases, we found the GAS sof gene together in an operon with
sfbX and situated ~2.4 kb downstream of the gene encoding
the cysteine protease SpeB and ~8.8 kb from the genes of the
tandemly linked genes of the mga regulon. This close genetic
linkage is likely reflected in the strict correlation of opacify
factor phenotype with specific emm genotypes. Despite sof’s
anomalous chromosomal location upstream of mga, its expres-
sion has been shown to be positively regulated by mga (33).

It is open to speculation whether GAS strains possessing the
sof-sfbX operon are ancestral to sof-sfbX-negative strains or
vice versa. The G-C content of the operon (43.4% in the
emm49 strain) is not greatly dissimilar to the overall G-C
content of the published GAS M1 (38.6%) and M18 (38.5%)
genome sequences (11, 47). The presence of the functioning
operon is restricted to strains of specific serotypes: those en-
coding class II M types nearly always opacify serum, while
those of class I M types (e.g., M1 and M18) rarely do so (4).
Since the DNA sequences immediately flanking the two genes
do not possess inverted repeats suggestive of a insertion se-
quence or homology to bacteriophage or phage-like elements,
we hypothesize that OF~ GAS strains arose upon deletion of
the sof-sfbX operon at an early evolutionary stage coincident
with the major delineation of M protein classes I and II.

The ability of several GAS surface-anchored proteins to
interact with fibronectin of the extracellular matrix has been
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shown to play a major role in adherence of the organism to
host epithelial cell surfaces (15, 25, 34, 39). It is possible that
the presence or absence of the two genes (sof and sfbX) en-
coding fibronectin-binding functions affects the spectrum of
tissue colonization and disease manifestations associated with
specific GAS strains. Among other correlations, OF " strains
have been identified with a tropism for skin and the clinical
syndrome of impetigo (7). In contrast, the top three GAS
genotypes currently associated with invasive (blood-borne) in-
fections including necrotizing fasciitis and toxic shock syn-
drome in the U.S. are emmI, emm3, and emm12 (CDC, Active
Bacterial Core Surveillance, 2000 to 2001). All of these types
are OF ™ due to absence or mutation (emm2) of the sof-sfbX
operon. Whereas OF~ GAS strains may lack one mechanism
for fibronectin-mediated adherence at certain epithelial sur-
faces, they could perhaps have a competitive advantage in the
bloodstream, where circulating fibronectin could theoretically
serve as an opsonin for phagocytic clearance by host neutro-
phils (46, 51). Opacity factor has also been shown to inhibit the
beta-hemolytic activity of streptolysin S (35), the potent GAS
exotoxin that plays a virulence role in the tissue destruction of
necrotizing fasciitis (6, 18).

Earlier mutagenesis studies of the sof gene were performed
without knowledge of the presence of the transcriptionally
linked sfbX. Our precise in-frame allelic-exchange mutagenesis
experiments on a wild-type OF " emm49 strain confirmed that
serum opacification was solely encoded by the sof gene. How-
ever, the studies of mutants showed that each gene contributed
strongly and independently to the ability of log-phase GAS to
bind to immobilized fibronectin. All results were further cor-
roborated by the first-ever heterologous expression of sof and
sfbX in a gram-positive species, L. lactis. These experiments
strongly suggest that a C-terminal cell wall anchor motif is
recognized by the lactococcal sortase to properly attach the
proteins to the cell wall and allow their fibronectin-binding and
enzymatic domains to interact with the extracellular milieu.
The sequence LPASG in Sof and SfbX is properly localized to
serve as a cell wall anchor motif and corresponds to the par-
adigm of LPXTG described by Mazmanian and colleagues,
where the X and T residues can vary (32). There exist two
known GAS sortases: SrtA appears to be present in all or most
M types as well as group C and G strains, while SrtB appears
to be present only in a subset of strains. Available data indicate
an undefined difference in protein substrate specificities be-
tween the two sortases (1). From our BLAST searches, Sof and
SfbX are the only proven GAS surface proteins bearing an
LPXSG (difference from the LPXTG motif is underlined) can-
didate anchor motif.

Our successful cloning and expression of a recombinant
SfbX facilitated experiments to further confirm the role of this
protein in GAS fibronectin binding. The ability of SfbX to
mediate GAS fibronectin binding is not wholly unanticipated,
since the C-terminal fibronectin-binding repeats are so highly
similar to the corresponding fibronectin-binding region of the
Sof protein (Fig. 3). The function of the N-terminal domain of
SfbX after signal sequence removal is unknown. It is signifi-
cantly smaller (409 versus 654 amino acids) than the lipopro-
teinase domain of Sof. The N-terminal regions of Sof proteins
are highly varied and immunologically distinct across different
GAS emm genotype strains, serving as the basis of alternative
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serologic or genetic classification schemes (2, 13). In contrast,
the SfbX sequence is highly conserved across GAS emm ge-
notypes. Secondary-structure analysis suggests limited hydro-
phobic residue periodicity characteristic of a protein capable of
forming an alpha-helical coiled-coil structure. Such structures
are a property of other streptococcal surface proteins such as
the M protein, and it has been speculated that they play a role
in triggering postinfection autoimmune injury to host tissue
antigens bearing similar motifs. However, the M protein is
predicted to form a coiled-coil structure along the majority of
its entire length while SfbX displays this characteristic only
within three restricted areas. No significant homologies with
other proteins in the GenBank databases were noted, save for
an ~50-amino-acid stretch bearing 37% identity with the S.
aureus coagulase. S. aureus coagulase is an extracellular pro-
tein which binds to prothrombin in the host to form a complex
called staphylothrombin (23). The protease activity character-
istic of thrombin is activated in the complex, resulting in the
conversion of fibrinogen to fibrin. As recently reported for Sof
(9), the conserved fibronectin-binding repeats of SfbX are an-
ticipated to also bind fibrinogen. Although a specific coagulase
activity has never been reported for GAS, it is interesting to
speculate that the two domains of SfbX may somehow coop-
erate to interact with proteins of the host extracellular matrix.

In conclusion, we have mapped the sof gene encoding serum
opacity factor to its location on the GAS chromosome. In
doing so, we discovered that sof exists in a two-gene operon
with sfbX, a novel GAS gene encoding a surface-anchored
protein with important fibronectin-binding properties and an
N-terminal domain of unknown function. Using the novel GAS
mutants, heterologous expression constructs, and the recom-
binant SfbX protein reagents we have created, future studies
will seek to identify the additional function(s) of the SfbX
protein and further understand the contributions of the sof-
sfbX operon to GAS ecology and human disease pathogenesis.
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