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Nucleotide sequence of the staphylococcal enterotoxin C1 gene 
and relatedness to other pyrogenic toxins 
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Summary. The nucleotide sequence for the structural gene 
entC1 encoding staphylococcal enterotoxin C1 was deter- 
mined. The gene contained 801 bp and coded for a protein 
of 266 amino acids. Of these, 27 comprised the signal pep- 
tide. Cleavage of the signal peptide resulted in a mature 
protein with 239 amino acids and a calculated molecular 
weight of 27496. The nucteotide sequence of entC1 shared 
considerable homology (74% and 59%, respectively) with 
genes encoding enterotoxin B and streptococcal pyrogenic 
exotoxin A. A similar degree of amino acid homology was 
observed after alignment of the respective proteins. Thus, 
certain regions of  these three toxin molecules possess struc- 
tural similarities that may be responsible for shared biologi- 
cal properties. 
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Introduction 

Staphylococcal enterotoxin CI (Ent C1) belongs to a family 
of pyrogenic toxins (PTs) produced by Staphylococcus au- 
reus and Streptococcus pyogenes. Included in this family 
of toxins are the staphylococcal enterotoxins h E ,  pyro- 
genie exotoxins A and B, toxic shock syndrome toxin-1 
(TSST-1), and streptococcal pyrogenic exotoxins A C .  PTs 
share numerous biological properties including lymphocyte 
mitogenicity, immunosuppression, pyrogenicity and en- 
hancement of susceptibility to lethal endotoxin shock 
(Schlievert et al. 1979; Smith and Johnson 1975; Poindexter 
and Schlievert 1985; Brunson and Watson 1974; Sugiyama 
et al. 1964). Staphylococcal cnterotoxins (Ents) have the 
additional ability, not shared with other PTs, to induce 
emesis and diarrhea upon ingestion, and are responsible 
for staphylococcal food poisoning (Bergdoll et al. 1973; 
Dolman and Wilson 1938). Likewise, streptococcal pyro- 
genie exotoxins are unique in their abilities to induce both 
heart damage and cause scarlet fever (Schwab et al. 1955). 

Genetic control of PT production is diverse. The genes 
for enterotoxin A (Ent A) and streptococcal pyrogenic exo- 
toxin A (SPE A) are contained on bacteriophage (Johnson 
et al. 1980; Betley and Mekalanos 1985). In contrast, the 
gene encoding TSST-I is located on the bacterial chromo- 
some (Kreiswirth et al. 1983). Evidence has been provided 
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for both chromosomal and plasmid determination of Ent 
CI production (Altboum et al. 1985; Betley and Bergdoll 
1981). Recently, the gene encoding staphylococcal Ent C1, 
entC1, was cloned into Escherichia coli from the bacterial 
chromosome (Bohach and Schlievert 1987). Regulation of 
other PT genes is not understood. 

The primary structure of Ent C1 has been reported pre- 
viously (Schmidt and Spero 1983). The protein contains 
239 amino acids with a calculated molecular weight of 
27 500 and shares significant sequence homology with Ent 
B (Huang and Bergdoll 1970). Jones and Khan (1986) have 
determined the nucleotide sequence of the Ent B gene, entB, 
from which they have derived the amino acid sequence for 
the toxin. Their results are similar but not identical to those 
obtained by direct amino acid sequencing. Recently, the 
nucleotide sequence of the gene for SPE A production was 
reported (Weeks and Ferretti 1986; Johnson et al. 1986). 
The primary structure of SPE A predicted from nucleotide 
sequence data shares considerable homology with Ent B 
and Ent C1. The nucleotide and amino acid sequences of 
tst and TSST-1, respectively, are also known (Blomster- 
Hautamaa et al. 1986), and in spite of similarities in biologi- 
cal activities, TSST-1 does not have amino acid sequence 
homology with SPE A, Ent B or Ent C1. 

This present study was undertaken to determine the nu- 
cleotide sequence of entC1 so a comparison could be made 
with other PTs. 

Materials and methods 

Bacterial strains and growth conditions. E. coli strain JM83 
(ara, dlac-pro, strA, thi, ~80dlacZAM15) (Messing 1979) 
was used as a recipient of cloned DNA in plasmid vectors. 
Growth and selection of recombinants were described pre- 
viously (Bohach and Schlievert 1987). Bacteriophage M13 
clones were propagated in E. coli JM101 (Alac-pro, supE, 
thi, F', traD36, proAB, lacI qZAM15 under standard condi- 
tions (Messing 1983). 

Plasmid and phage vectors. Construction of pMIN114 was 
described previously (Bohach and Schlievert 1987). This re- 
combinant plasmid contains a 1.5 kb HindIII-ClaI insert 
in pUCI3  (Vieira and Messing 1982) harboring the entire 
entC1 gene and codes for a protein identical to staphylococ- 
cal derived Ent C1. Deletion derivatives of entC1 were 
cloned into the replicative form of M13mp8 or M13mp9 
(Messing 1983) for sequence analysis. 
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map for entC1. A total of 1095 nucleotides was sequenced. The open reading frame 
spanning the entC1 structural gene is located between nucleotides 1 and 801. Arrows indicate the direction and length of sequence 
determined from each Bal31-derived M13 clone 

Preparation of  entC1 deletions. Approximately I gg of 
HindIII- or BamHl-linearized pMIN114 was digested with 
1 unit of  exonuclease Ba131 (New England Biolabs, Beverly, 
Mass). Aliquots were mixed with 40 mM EGTA and etha- 
nol precipitated. End repair of digested DNA fragments 
was accomplished with Klenow fragment (International 
Biotechnologies, Inc. New Haven, Conn). Synthetic HindIII 
or BamH1 linkers were added with T4 DNA ligase (Boeh- 
ringer Mannheim Biochemicals, Indianapolis, Ind). Excess 
linkers were removed by digestion with the appropriate re- 
striction enzymes and agarose gel electrophoresis. Plasmids 
were purified from the agarose, religated and transformed 
into E. coli JM83 by the method of Kushner (1978). 

M13 cloning. Deletion derivatives of  pMIN114 propagated 
in E. coli JM83 were harvested by the method of Holmes 
and Quigley (1981) and digested with HindIII and BamH1. 
The inserts were isolated by agarose gel electrophoresis and 
ligated to doubly digested M13 RF DNA. Transformation 
of E. coli JM101, plating and selection of recombinant 
phage were done according to the methods of Messing 
(1983). 

Nucleotide sequence determinations. Sequencing of DNA 
from selected M13 clones was performed using the dideoxy 
chain termination method of Sanger et al. (1977). All re- 
agents were obtained from International Biotechnologies, 
Inc. or NEN Research Products (Boston, Mass) and used 
according to the manufacturers' specifications. Radiola- 
beled DNA fragments were separated by high resolution 
electrophoresis in polyacrylamide gels (6% and 8%) under 
denaturing conditions and visualized by autoradiography. 

Amino acid sequencing. The N-terminal amino acid se- 
quence of SPE A was determined. The toxin was purified 
from cultures of S. pyogenes strain NY-5 grown in dialyz- 
able beef heart medium (Watson 1960). Procedures for puri- 
fication of SPE A were described previously (Johnson and 
Schlievert 1984). Amino acid sequence analysis was per- 
formed using a Model 470A gas-phase protein sequencer 
interfaced to a Model 120A PTH amino acid analyzer (Ap- 
plied Biosystems, Foster City, Calif). This system employs 
the automated Edman degradation technique of Hewick 
et al. (1981). 

Computer analysis. Nucleotide sequences were analyzed us- 
ing an IBM Personal Computer. Sequence alignments and 
searches were done using the algorithms of Wilbur and 
Lipman (1983). 

Results 

Nucleotide sequence of  entC1 

Overlapping deletions spanning the entC1 gene were pro- 
duced. The DNA fragments were cloned into M13 in both 

orientations for sequence analysis according to the strategy 
outlined in Fig. 1. 

The nucleotide sequence of entC1 is shown in Fig. 2. 
The putative structural gene contained an 801 bp open 
reading frame beginning at an ATG start codon and ending 
with a TAA stop codon. A possible Shine-Dalgarno se- 
quence (AAGGAG) was located seven nucleotides up- 
stream from the proposed ATG start codon. 

Regulatory regions of  entC1 

The most likely - 1 0  and - 3 5  promoter sequences are un- 
derlined in Fig. 2. Their selection was based on their relative 
distances upstream from the 5' end of entCI and similarities 
to previously described RNA polymerase recognition sites 
(Rosenberg and Court 1979). Palindromic sequences were 
located downstream from the TAA stop codon. 

Primary structure of  Ent C1 

Figure 2 shows the predicted amino acid sequence of Ent 
C1 based upon nucleotide sequence data. The initial gene 
product contained 266 amino acids and had a molecular 
weight of 30511. The sequence of amino acids after alanine 
at residue 27 were identical to those previously identified 
as the N-terminus of Ent CI (Schmidt and Spero 1983; 
Bohach and Schlievert 1987). Therefore, the first 27 amino 
acids apparently comprised the signal peptide. Cleavage of 
the signal peptide would produce the mature toxin contain- 
ing 239 amino acids and a calculated molecular weight of 
27496. The deduced amino acid sequence was similar to 
the sequence previously reported by Schmidt and Spero 
1983. A discrepancy of four amino acids was found (Fig. 2). 
The nucleotide sequences in these regions were confirmed 
either by sequencing both strands or by sequencing numer- 
ous overlapping clones. 

Homology studies 

One goal of this study was to compare the nucleotide se- 
quence of entC1 with gene sequences from other pyrogenic 
toxins. These included speA (Weeks and Ferretti 1986; 
Johnson et al. 1986), entB (Jones and Khan 1986) and tst 
(Blomster-Hautamaa et al. 1986). 

Since a number of discrepancies were noted between 
the two previously reported sequences for speA in the 5' 
terminal region, the first 29 amino acids of SPE A were 
sequenced. Our results agreed with the sequence reported 
by Weeks and Ferretti (1986) (results not shown) which 
was subsequently used in sequence comparisons in the 
study. 

Figure 3 shows a computer alignment of speA, entB and 
entC1. The genes entB and entC1 each contain 801 bp. 
Of these, 589 (74%) were matched by computer alignment. 
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-35 - I0 
ATCATTAAATATAATTAATTTTCTTTTAATATTTTTTTAATTGAATATTTAAGATTATAAGATATATTTA -48 

SD 
AAGTGTAT~ATACTTTTTGGGAATGTTGGATGAAGGAGIATAAAA AMTG AAT AAG A~'ICGA TTT 18 

K S R F 6 

ATT TCA TGC GTA ATT TTG ATA TTC GCA CTT ATA CTA GTT CTT TTT ACA CCC AAC 72 
I S C V I L I F A L I L V L F T P N 24 

GTAv TTAL GCAA *E'GAG A~C C~A CCA GACD CCTp ACG CCAp GATD GAG TTGL CACH AAAK GCGA A~T 12~ 

AAA TTC ACT GGT TTG ATG GAA AAT ATG ~ GTT TTA TAT GAT[~ CAT TAT GTA 180 
K F T G L M E N M K V L Y D D H Y V 60 

TCA GCA ACT AAA GTT AAG TCT GTA GAT AAA TTT TTG GCA CAT GAT TTA ATT TAT 234 
S A T K V K S V D K F L A H D L I Y 78 

(1) (L) 

AAC ATT AGT GAT AAA AAA CTG AAA AAT TAT GAC ~ GTG AAA ACA GAG TTA TTA 288 
N I S D K K L K N Y D K V K T E L L 96 

AAT GAA GGT TTA GCA AAG AAG TAC AAA GAT GAA GTA GTT GAT GTG TAT GGA TCA 3_42 
N E G L A K K Y K D E V V D V Y G S 114 

AAT TAC TAT GTA AAC TGC TAT TTT TCA TCC AAA GAT AAT GTA GGT AAA GTT ACA 396 
N Y Y V N C Y F S S K D N V G K V T 132 

GGT GGC ~ ACT TGT ATG TAT GGA GGA ATA ACA AAA CAT GAA GGA AAC CAC TTT 450 
G G K T C M Y G G I T K H E G N H F 150 

GAT AAT GGG AAC TTA CAA AAT GTA CTT ATA AGA GTT TAT GAA AAT AAA AGA AAC 504 
D N G N L Q N V L I R V Y E N K R N 168 

T I S V Q T O K K S V T A Q 
(N) 

GAC ATA ~ GCT AGG AAT TTT TTA ATT AAT A~ AAA AAT TTG TAT GAG TTT AAC 612 
D I K A R N F L I N K K N L Y E F N 2 0 4  

cp GA  Tf AI @ 

F W Y D M M P A D K K Y 240 

L M M D N 258 
(K) 

GTC CAC CTT ACA ACA AAG ~T GGA TAA TGTT~TCCGATTTTGATATAAA~GTG~AGTAT 836 
V H L T T K N G X 266 

TAGATATATTTGAAAGGTAAGTACTTC GGTGCTTGCCTTTTTAGGATGCATATATATAGATTAAACC~AG 907 
i 

TTC TATATTAATAGAAAGTGCGGTTATTTATACACTCAATCTAAACTATAATAATTG~'~ATCTTCAAA 978 
v 

Fig. 2. Nucleotide and deduced 
amino acid sequences of entC1 and 
enterotoxin C1 (Ent CI), respectively. 
Numbering is in reference to the 
ATG start codon and nucleotides are 
listed in a 5--3' direction. Possible 
Shine-Dalgarno and promoter 
sequences are underlined. Arrows 
indicate a downstream palindromic 
sequence. Important restriction 
endonuclease sites are shown. Amino 
acids 1-27 comprise the signal 
peptide. Residue 28 (*E*) is the N- 
terminal amino acid of mature Ent 
C] (Schmidt and Spero 1983). Amino 
acids in parentheses are those 
reported by Schmidt and Spero 
(1983) that differ from the sequence 
predicted from nucleotide data 

Stretches of homologous regions were present throughout 
the gene, especially at the 5' and 3' terminal regions. Of 
the 753 bases in speA, 441 (59%) matched with entC1. The 
most significant divergence was near the center of the re- 
spective genes. No significant homology was noted with 
TSST-I. 

Several differences were noted between previously re- 
ported amino acid sequences of Ent B and Ent C1 (Huang 
and Bergdoll 1970; Schmidt and Spero 1983) and sequences 
deduced for these proteins based upon nucleotide sequence 
data (this study; Jones and Khan 1986). In addition, pre- 
vious comparison of primary structures of several PTs 
(Weeks and Ferretti 1986; Johnson et al. 1986; Schmidt 
and Spero 1983) did not include the signal peptides of Ent 
B and Ent C1. We therefore compared the predicted amino 
acid sequences of the pyrogenic toxins. Computer align- 
ments of SPE A, Ent C1 and Ent B are shown in Fig. 4. 
TSST-I was not included because no significant homology 
was observed. Of 266 amino acids in each of Ent B and 
Ent C1, 184 (69%) were matched by computer alignment. 

The speA gene product contains 251 amino acids. Of these, 
122 (49%) were homologous with Ent C1. 

Figure 5 shows a comparison of nucleotide sequences 
upstream from the 5' ends of entB and entC1. The two 
DNA sequences shared complete homology in their pro- 
posed - 1 0  and - 3 5  promoter regions and differed by only 
one base in the stretch of nucleotides between them. The 
upstream XbaI recognition site was also conserved in both 
genes. 

Discussion 

We have sequenced 1095 nucleotides encompassing entC1, 
the gene encoding staphylococcal Ent C1, and its 5' and 
3' flanking regions. An open reading frame of 801 nucleo- 
tides, beginning with ATG was detected. This is presumed 
to be the correct start site for entC1 since it is preceded 
with appropriate spacing by typical regulatory sequences. 
Seven bases upstream from the ATG start codon was a 
strong Shine-Dalgarno sequence (AAGGAG) that had sig- 
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speA 

entCl 
entB 

1 ATGGAAAACAATAAJ£~AAGTATTGAAGAAA&TGGTATTTTTTGTTTTAGTGACATTTCI-[GC~4CTA---ACAATC 

1 ATG/~GTCG~ffT~TTTC~TGC~A~'~fGAtAf~C~CACITAfA~A~TT~FTIT~CC~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , ,  . . . .  , . . . . . . . . . . . . . . . . . . . .  

i ATGTAT~£,ATTATTfATTTCACATGT~fT~U~TATTCGCACTGAfATTAG~Afi-TCTACACCC 

23 TCGCAAG~aGG~A~TTG~T~AA~ua.GA~CC~GA~C~au~GCCAA~TTCACA~TC~AG~TTAGTTA.~u~AAC~l-lC-- 

70 AACGTkTTA~CR~C~GC~A/~Ck~TACG~kk~TG~GT~G~k~/~kG~G~+AA~T~CkCTGGTTfGATG 
, . ,  . . . . . . . . . . . . . . . . . . .  , . . . . . .  . . . . . . . . . . .  , . . . . . . . .  , , . ,  . . . . . . . . . . . . . .  . .  

70 A~tTftk~k~6T~Ak~A~T~t~AA~k~t~A~ttA~A~T~ti~Mt~A~f~ttt~t~ 

146 -AAAATATATATTTTCTTTATGAGGGTGACCCTGTTACTCACGAGAATGTGAAATCTGTTGATCAACTTTTATCT 
• . . . . . . . . . .  , . . . . . .  . . . . . . . . . . . . .  ° . . . . .  . ,  . . . . .  

145 G/~AATATGAAAGTTTTATAT~TGATCATTATGTATCAGCAACTA/k~AGTT/~J~GTCTGTAG/~TA/I~Tt~TGGCA 
. .  . . . .  , . . . . o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . .  

145 ~TAT£z/~AGTTTTGTAT~.~T,~TAATCATGTATCAGCAATA,~CG"I"I'A,~TCTA~A~TC/I~TC~ATAC 

220 CACGATTTAATATATAATGTTTCAGGGCCAAA . . . . . . . . .  TTATGATAAATTAAAAACTGAACTTAAGAACCAA 

2z0 ~kT~kt~rkktT~ki~AcAi+AGT~ATAAkkkACTGAAXAAfiki~kckkkG+dkkk6A~kBrfATTAkkTr~Ak 
220 TI't~C~t~d~A~k~TCTk+~&G~/~CkCT~GT~AGGG~k~T~J~T~TCGkGTC~i-FAA~J~CA/~ 

286 GAGATGGCAACTTTATTTAAGGATAAAAACGTTGATATTTATGGTGTAGAATATTACCATCTCTGTTATTTATGT 

295 ~TT+A~kkAr, AAG+ACk~t~GTA~++~+~G+kf~ATC~ia~kTfkC+kTGTA~u~6f~Ciki+iricA 
. . . . . . . . . . .  , .... °,, .o ° . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  °° .o .. . . . . . . . .  ° . . . . . . . . . . . . . . . . . . . . . .  

295 GATTTAGCTGATAAATACAAAGATAAATACGTAGATGTGTTTGGAGCTAATTATTATTATCAATGTTATTTTTCT 

361 GAAAATG . . . . . . . . . . . . . . . . . .  CAGAAAGG . . . . . . . . .  AGTGCATGTATCTACGGAGGGGTAACAAATCAT 
• . , ::: : . . . . . . . . . . . . . . . . . . . . . . . .  

370 TCCMkA~TAATGTAGGTAAAGTTACAGGTGGC . . . . . . . . .  AAAA6Tt~fAtGtAT~6~Af.~6.'L~b~CAf 435 

370 ~.~A~CGkk+~TATi~TTCGCATC~CT~CA~u~CGAk~k~)~fki~+kf~T~TGi~TGkG~ki 444 

72 

69 

69 

145 

144 

144 

219 

219 

219 

285 

294 

294 

360 

369 

369 

408 

409 GAAGGG/u~T~ATTTAGA/b~TTCTTA~J~&ACw~TAGT~GTT~AGTATC~u~T~GATGGTATCCA~u~TATCA--- 480 

436 ~A~C~AC~T~TAAtGGC~CTTACA~AAT~ACTTAfI~AG~G~TT~ATA/~/~ACA~/~ATT 510 

445 AAT~AAf~A~f~ATAT~G/~u~GTATT~C~T~GGG~TT . . . . . .  ~ G G T ~ l - r T ~ T ~ A  513 

481 ---TTTGATATTGAAACAAATAAA~b~u~ATGGTAACTGCTCAAGAATTAGACTATAAAGTTAGAAAATATCTTACA 552 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . o .  ° . . . . . . . . . . . . . . . . .  

510 TCT~¢~kAG~GC~TGA~Gk~GT~AA~A~¢6AA~AC~A~ATA~C~AGG/U~TfT~TfAkTT 585 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . .  

514 TCTTTT~CGTACAAACTAATAA~AGGTGACTGCTC~ATTAG/kTTACCTIkACTCGTCACTAIFTGGTG 588 

553 GATMT~u~.G~CTATATA~T~TG£~a~CTTCT~u~u~TATGM~C~GGATATATA~J~GT~ATA~TAAGAAT~b~A 627 

586 A~k/~TT~G~ktGAGTTtAACA6~EACCktkt~A~k~kt~TkfTGAA/~T~L~CGGC 660 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  

589 /~A~u~T/k/~AAAACf~fAT~/~AfT-F~AA~fc~CcTTAT~CGG~TATAl-T~fl-FAfA~U~TG~`~ 660 

628 GAAAG1-TTTTGGTTTGu~TTTTTTCCCTGAACCAG~u~ . . . . . .  TTTACTC~TCT~TATCTTATr,~TATATAAA 696 

661 i~fkGctftt6~tkt~ckt~t~t~k~k~6A~ti~Aftt~A~U~t~ti~Atkttt~At~t~tkU~T 735 

697 .~TAAT~AACGCTT.~.CTCA~.CACAAGCCAAATTGAAGTCTACCTAACAACCAAGTAA ...................... 756 speA 

736 ~CAATAA~CGGTTG;kTTCTA~GTGTGAAGAfAr~.~GTCCACCTTACAACAAAGuBJkTGGATAA 801 entC1 

736 ~6AAtAA/~T~6tf~ft~tA~AGAt6t~A~fT~A~tTTAT6ttA6GA~AtiA~UiAAAGfGA 801 entB 

Fig. 3. Nucleotide sequence homology 
between entC1, entB and speA. The 
three structural genes were aligned 
with a computer program based on 
the algorithm of Wilbur and Lipman 
(1983). Matched nucleic acids (:) and 
gaps (----) introduced for optimal 
alignment are indicated. Sequence 
data for entB and speA were derived 
from reports of Jones and Khan 
(1986) and Weeks and Ferretti 
(1986), respectively 

SPE A 

ENT C1 

ENT B 

i MENNKKVLKKMVF--F . . . .  VLVTFLGLTISQEVFAQQDPDPSQLHRSSLVKNLQ-NIYFLYEGDPVTHENVKSV 68 

i M--NKSRFISCVlLIFALILVCFTPNVLAESQP . . . . .  DPTPDECHKASKFTGLMENMKVLYDDHYVSATKVKSV 68 

i M--YKRLFISHVILIFALILVISTPNVLAESQP . . . . .  DPKPDELHKSSKFTGLMENMKVLYDDNHVSAINVKSI 68 

69 DQLLSHDLIYNVSGP---NYDKLKTELKNQEMATLFKDKNVDIYGVEYYHLCYLCENAERSA . . . . . . . . . . . . .  126 

69 DKFLAHDLIYNISDKKLKNYDKVKTELLNEGLAKKYKDEVVDVYGSNYYVNCYFS . . . . .  SKDNVG . . . . . .  KVT 131 

69 ~Q~EYF~E{~S{KDTEEGNYDNGRVEFKNKDELDEYEDKYVOGFLANYYYQEYFS . . . . .  KKTNDINSHQTDKR- 136 

127 . . . .  CIYGGVTNHEGNHLEILKKIVVK--VSIDGIQSLSFDIETNKKMVTAQELDYKVRKYLTDNKQLYTNGPSK 194 

132 GGKTCMYGGITKHEGNHFDNGNLQNVLIRGYENKRNTISFEVQTDKKSVTAQECDIKARNFCINKKNCYEFNSSP 205 

137 --KTCMYGGVTEHNGNQLDKYRSITV--RVFEDGKNLLSFDVQTNKKKVTAQELDYLTRHYLVKNKKLYEFNNSP 206 

195 YETGYIKFIPKNKESFWFDFFPEPE--FTQSKYLMIYKDNETLDSNTSQIEVYLTTK 251 SPE A 

206 YETGYIKFIENNGNTFWYDMMPAPGDKFDQSKYLMMYNDNKTVDSKSVKIEVHLTTKNG 266 ENT C1 

207 YETGYIKFIENE-NSFWYDMMPAPGDKFDQSKYLMMYNDNKMVDSKDVKIEVYLTTKKK 266 ENT B 

Fig. 4. Amino acid sequence 
homology between enterotoxin C1 
(Ent CJ), enterotoxin B (Ent B) and 
streptococcal pyrogenic exotoxin A 
(SPE A). Alignment was done using 
a computer program based on the 
algorithm of Wilbur and Lipman 
(1983). The primary structures shown 
are those derived from the nucleotide 
sequence of their respective structural 
genes. Matched amino acids (:) and 
gaps (----) introduced for optimal 
alignment are indicated. Data for Ent 
B and SPE A were derived from 
reports by Jones and Khan (1986) 
and Weeks and Ferretti (1986), 
respectively 
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entC1 -118 ATCATTAAATATAATTAATTTTCTTTTAATATTTTTTTAATTGAATATTTAAGATTATA -59 

entB -120 ATTATTAAATATAATTAAGTTTCTTTTAATGTTTTTTTAATTGAATATTTAAGATTATA -61 

19 

-10 Xba 1 SD 
-58 AGATATATTTAAAGTGTATCTAGATACTTTTTGGGAATGTTGGATGAAGGAGA- TAAAA -1 entC1 

-60 ACATATATTTAAAGTGTATCTAGATACTTTTTGGGAATGTTGGATAAAGGAGAATAAAAA - i  entB 

Fig. 5. Nucleotide sequence homology between regions upstream from the 5' end of entC1 and entB. Matched nucleic acids (:) and 
gaps ( - )  introduced for optimal alignment are indicated. The most likely - 1 0  and - 3 5  promoter sequences are shown. Sequence 
data for entB were obtained from Jones and Khan (1986) 

nificant homology with the 3' terminus of  16 S r R N A  from 
E. coli and Bacillus subtilis (Shine and Dalgarno 1974; 
McLaughlin et al. 1981). Putative - 1 0  and - 3 5  promoter  
sequences were also observed upstream from entC1. These 
contain the required highly conserved nucleotides found 
in other promoters recognized by E. coli R N A  polymerase 
(Rosenberg and Court  1979). A palindromic sequence lo- 
cated downstream from entCl may be involved in transcrip- 
tion termination (Rosenberg and Court  1979). 

The transcribed protein predicted from the nucleotide 
sequence of  entC1 contained 266 amino acids and had a 
calculated molecular weight of  30 511. Mature Ent C1, with- 
out the signal peptide, contained 239 amino acids and had 
a molecular weight of  27496. These results are similar to 
those reported previously based upon direct amino acid 
sequence analysis (Schmidt and Spero 1983). Only four dis- 
crepancies were found. Two of  these resulted from an inver- 
sion of  adjacent leucine and isoleucine residues, and the 
other two involved aspartic acid. Difficulties encountered 
in detection of  aspartic acid during amino acid sequencing 
have been previously discussed by Schmidt and Spero 
(1983). 

Significant nucleotide and amino acid sequence homolo- 
gy was observed between Ent C1, Ent B and SPE A. As 
expected Ent C1 and Ent B were more similar to each other 
than to SPE A. Although the three toxins share several 
biological properties, only the enterotoxins cause vomiting 
and diarrhea after ingestion. Unlike the enterotoxins, SPE 
A can predispose the host to heart damage. One can specu- 
late that homologous regions shared by all three toxins 
are required for their common biological properties. In con- 
trast, those regions in which the molecules diverge may 
determine their unique toxicities. 

Interestingly, TSST-1 is endowed with biological prop- 
erties similar to other PTs, yet it has no significant homolo- 
gy with Ent B, Ent C1 or SPE A. It remains to be deter- 
mined if other toxins in this family are related structurally 
to any of  these four toxins. 

The similarities between the regions upstream from entB 
and entC1 are noteworthy. Jones and Khan (1986) have 
found that entB is not  expressed in E. coli unless transcribed 
from a strong E. coli promoter.  In contrast, entC1 is ex- 
pressed efficiently by E. coli (Bohach and Schlievert 1987). 
The proposed - 1 0  and - 3 5  promoter  sequences for both 
genes are identical and thus do not appear to be responsible 
for these observed differences. 

It is interesting that staphylococcal and streptococcal 
PTs share sequence homology and biological properties. 
It is probable that these genes evolved from a common 
ancestor. A similar mechanism has been proposed to ex- 
plain sequence homology between staphylokinase and 
streptokinase (Sako and Tsuchida 1983). The degree of  ho- 

mology between speA, entC1 and entB suggests that their 
divergence was more recent than that predicted for staphy- 
lokinase and streptokinase. 
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