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The nucleotide sequence was determined for the gene encoding the thiol-activated cytolysin, perfringolysin
0 (theta-toxin), from Clostridium perfringens. The nucleotide-sequence-derived primary structure of perfrin-
golysin 0 is 499 residues long and exhibits a 27-amino-acid signal peptide. The calculated molecular weight of
the secreted (mature) form of perfringolysin 0 is 52,469. The deduced amino-terminal sequence of
perfringolysin 0 is identical to that determined for purified perfringolysin 0. Hydropathy analysis indicated
that, except for the signal peptide, no major stretches of hydrophobic residues are present. Extensive amino
acid sequence homology (65%) was detected with the low-molecular-weight form of streptolysin 0, and a lesser
amount (42%) was detected with pneumolysin. The nucleotide sequence of the perfringolysin 0 gene (pfo)
exhibits approximately 60% homology with the streptolysin 0 gene (slo) and 48% homology with the
pneumolysin gene (ply). All three toxins contain an identical region of 12 amino acids, which includes the
essential cysteine of all three toxins. The location of these 12 residues was conserved in all three toxins when
the primary sequences were aligned for maximum homology.

Clostridium perfringens produces a variety of diseases in
both humans and animals and is known to produce a plethora
of toxins. One of the toxins is perfringolysin 0 (theta-toxin),
a thiol-activated cytolysin which resembles other thiol-
activated cytolysins from Streptococcus, Bacillus, and
Listeria species (4). Related cytolysins have also been iden-
tified in seven other clostridial species (for a review, see
reference 20). Collectively, these cytolysins are of interest
from the standpoints of evolution, their structure/function
relationships, and their roles in the diseases caused by the
bacterial species which produce them. Features common to
these thiol-activated cytolysins are their ability to lyse
cholesterol-containing membranes, reversible inactivation
by oxidation, and the ability to bind cholesterol. Since
membrane binding and lysis depend on the presence of
cholesterol, cholesterol is generally accepted as the mem-
brane receptor for these cytolysins. Although a consider-
able amount of data has been published concerning the
mechanism of action of these cytolysins, comparatively
little is known about their structure/function relationships.
Of particular interest is the role of the essential thiol group
in the toxic mechanism, since it appears that several of these
toxins contain a single cysteine. Recently, the genes for
streptolysin 0 (SLO) (10, 11), pneumolysin (16, 21), and
perfringolysin 0 (20a) have been cloned and the first two
have been sequenced. Homology (42%) was detected be-
tween the DNA-deduced primary structures of SLO and
pneumolysin. Less homology was observed at the DNA
level for slo and ply, suggesting that both genes have
undergone considerable divergence.

In this report, we present the complete nucleotide se-
quence of the gene encoding perfringolysin 0 from C.
perfringens and the analysis of the nucleotide sequence and
deduced primary structure of perfringolysin 0.

MATERIALS AND METHODS

Bacterial strains, plasmids, enzymes, and bacteriophage.
Plasmid pRT1B, which contains the perfringolysin 0 gene
within a 3.2-kilobase fragment (20a), was used as the source
of cloned DNA. Bacteriophage M13mpl9 (24) and its DNA
were used for all subcloning experiments and as a source of
single-stranded DNA for sequencing. Escherichia coli
JM109 (24) was the host strain for all subcloning experi-
ments. Unless otherwise noted, all enzymes were obtained
from Bethesda Research Laboratories, Gaithersburg, Md.
All cloning experiments were done in accordance with
National Institutes of Health guidelines that place cloning
experiments with the oxygen-labile hemolysins, which are
related to SLO, under EK1/BL1 containment.
DNA sequencing methods. Plasmid pRTlB was digested

with SphI, BglII or HindIII, and SstI; BglII and HindIII cut
within the toxin gene, and SphI and SstI cleave on either side
of the cloned fragment. The DNA fragments were treated
with S1 nuclease and DNA polymerase to provide blunt
ends. The fragments were subcloned into the HincII site of
coliphage M13mpl9. The DNA was transformed into E. coli
JM109, and transformants were isolated which contained the
fragments in both orientations.
Ordered deletions were prepared for DNA sequencing by

the method of Henikoff (5). Briefly, the DNA of either
subclone was digested first with SmaI and then with SstI;
these enzymes left a blunt end proximal to the perfringolysin
O gene fragments and a 3' overhang next to the sequencing
primer site. Approximately 5 to 10 ,ug (total volume, 200 ,ul)
of either DNA was digested with approximately 50 U of
exonuclease III at 37°C. Samples (10 ,ul) were removed from
the reaction mixture every 45 s, and the exonuclease diges-
tion was stopped by the addition of EDTA to 10 mM. Each
sample was then extracted with phenol and passed through a
spun column of Sephadex G-50F (Pharmacia, Inc., Piscat-
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1 C AC CCS Al? AMac m IA aA CTS AM aMC MaTc MOs TTT TTA CCA m Mc TAM A MT GM GCGC MA AT AM

IS AMTL..LGM r TAT AT? ATG ATA MA TTT Am CAMA Aa TTA ATA CA acT AST OCA ATc GCT STA TOT CT mT TCT CMA
(SD) METI? - Arn Phm Lye Lye Thr Ly Lu II1 Ala S@r IIe Ala RUT Ala lu Cy* Lou Ph SOr Gln 22

169 CCA GTATC acT TTC TCA Ac GAT aTA ACa CAT AMA AaT CAA ACT Al? CRA TCT OGa ATA TSA MT STA ACT TMa AMT AMA aMT
Pro Val II Sor Ph* Otr ._ _ Lnu S r Tyr Amn Aro An So

(AT)
2S3 GM GI? lTA OCT ACT AT a aT AAG A ATT GM AC TT CTT cCA AN G ¢GT Aa AMA GCT OMT AT AM T? ATA G CGTA

Glu Val Leu Ala ner Ann Gly Amp Lre KIl luG er Phn Val Pro Lye Glu Gly Lys Lys Ala Gly Awn Lys Phi Ile Val Val 73

337 GAA COT CMAA ACMA CC CTT AC MA TCA CCA TA GA? ATA TCA ATA AT? GA? CT CTA aMT GAC CUT ACR TAT CCa WA am
Glu Azq Gln Lys An SOtr Lou thr Thr nor Pro V I Amp In nor In II. Alp Sur Val Ann amp Arg Thr Tyr Pro Gly Ala 106

421 TTA CM CT WCA GAT AA WCA T? OM GMA AAGT AMA CCT M.A ATC SSA AS? GTA AM GAM OCT A? AMC Al? AMT Ana GA? TTA
Ltu Gln Lou Ala Amp Lys Ala Phn Vol Clu Ann Arn Pro TAr In KM ET Val sy Glu Ala Ile Ama InI Am Ili Amp Lou 134

S05 CCa Ma SSA AAM G GMMaTASTac A AMG GT? GA? GRA CA aM TAT MA AMA 0G TCT MA MA ATT GAT GM TTA cTA TCT
Pro Gly LKu Lys Gly Giu Ann Snr In- Lys Vai Amp Amp Pro TAr Tyr 01j Lys Vai Set Gly ALI Ine Amp Clu Lau Vai Snr 162

500 AaM TSC AMT GA AMC TAT TCa TCT aMA CAT ACT l?A CCA Ma AGR MAT CM TAT MA GM TCT Al? 01 TAT CT AA TC CMA
Lys Tip Ann Glu Lys Tyr S-r SOr Thr 01 Thr LKu Pro Ala Ary Thr Gin Tyr Snr Clu SOr RUT Vol Tyr Sor Lyes Sr Gln 190

073 ATA TCA acT cc CTT MT OTT AGOCT AA 0s CTT GM AAC TCA CTT MA OTA GMCCAMT Ma GTA OM AM MT GM AM
In Sor SOr Ala UM Ann Val Am Aln Lye VaK Keu Glu Amn Sr LKu Gly VaK Am P i Ann Ala Vol Ala Am Ann Clu Lye 213

757 AAA GTT AlC Al? TTA MA TAT AM CAA ATA TTC SAT ACA A ACTMMA GAST TTA CCT AM AT CCA ?CA GAT?TT mTI GAT GM
Lys Vnl UT IKi LKu Ala Tyr Lye Gln Ime Pih Tyr Thr Val S-r Ali Amp lu Pro Lym Ann Pro Onr Amp LKu Pn Amp Amp 246

041 ACT 0? AC TT? AA? GAT TTA AAA CMA AAM GGC CTA ACT AMT GM MA CCT CCA C7? aTG GTT TCAMT OTA OT TAT MGAMA
SOr Val Thr Phn Am Amp KLu Lye Gln Lys 0ly Vol OSr Am Clu Al Pro Pro LKu MT Vol 1Sr An Val Ala Tyr Gly Aye 274

925 Aca ATA TAT 01? AA TTA G ACT ACT TCT ACT ACT AAA At? aA CMA OCT OCT TIC AAA OCT CST Asa AAC ARC ACMT GaT AT
Thr In- Tyr Val Lye Keu Clu Thr Thr Sar Sr Oar Lye Amp Val Gin Ale Ala Phi Lye Ala LKu K1 Lys Am Tbhr Amp In 302

1009 AAA AAT ACT CMA CM TAT AA GRAT AT? TAT GM AMT ACT TCC TTC MA MA OTA OTT A MA OMA AT OMA CM GA CART Ac
LysTnn. .yr Glu Ann Sar wr Phi TAr Ala Vol VnLuK ly Gly Amp Al Cla Gnlu lis Am 330

(S2)
1093 AMA CT0 TA ACT AA CGC TTT GAT GM ATa AMA AMA OTA AlT AAA Gc AMT MA acT TT AMT MA AMA AACCAccA TAT CCR

Lys Vol Val Thr Ly Amp Phi Amp Clu Ine AV Lym Vol Ine Lyn Amp Ann Ala TShr Pn Sr Thr Lye Ana Pro Ala Tyr Pro 350

1177 ATA TCT TAT acT ACT CT? TSC TSA ARA GAT AC TCA 07? OCT OCT 01? CM AMT AA ACA GAT TAO ATA CAM Aca acT TVC MA
In Snr Tyr Thr Sr Vol Pin KM Lys Amp Am Oar Val Ala Ala Val Nel Asn Ly Thr Amp Tyr Ine GluG hrThrST r Thr 386

1261 GM TAT ?CT Aac MGA AMa ATA AAC T?A GAT CAT acT MA MCC TAT 0T1 amA Cc TI? Gm CTA mCCTM GAT AMA1 TVCA TAT
Clu Tyr SOr Lys 01 Lye Ine Am KLu Amp em gor 0ly Ala Tyr Val AlClen Phi Clu Val Ala Trp Amp Clu Vol SOr Tyr 414

1345 GM AM GM MA Aa? GMA OT TTA ACT CAT AM MA TMC GAMAAOM TAT CAM GAT AA MA OCT CAC TaT TCA MA CTA ATR
Asp Lye Clu Gly Am Clu Vl LouK hrHiT Ly Thr Tip Amp 01 Amn Tyr Cln Amp Ly Thr Ala elm Tyr Sr Thr Vol1K1 442

1429 CCT CT? GMA OCST AMT A aMA AGT AMA AMA ATA amMAAMa caAcI'MA oW CTT OCT TMC GM TM TG MA GAT 01 ATA
Pro LKu Clu Ala Am Ala a enIA e Ary KIn Lye Ala Aye MiL(SThr Gly uM Ala Trp GiU Trp Tip Aye Amp Vol Ime 470

1513 ACT GAA TAT GA? 01 CCA TTA MA MT MAT ATA AMT OTT SCA Ata MQA ACA ACT TTA TAC CCT MA TCS ACT AT? acT Tac
S:r Clu Tyr Amp Vol Pro Lnu Thr Ann Ann IK Ann Val nor Ie Tip 0ly Thr Thr LKu Ty Pro Gly Oar nor Ie Thr Tyr 490

1597 AMT TM ACT AA COTA A MCT OA TI? ACC TAM TVT A Al MT TTT TTA T CAT ATT TTA GM 7TA TM TMAT
Aen TTR _ _

FIG. 1. Nucleotide sequence of the perfringolysin 0 gene (pfo). A putative ribosome-binding site (SD) is shown 9 bp upstream of the
putative initiation codon at nucleotide 104. The amino-terminal sequence (AT) determined from the purified perfringolysin 0 is underlined.
Homology between the deduced primary structure of perfringolysin 0 and a partial sequence of a tryptic peptide deduced by Ohno-Iwashita
et al. (15) is shown (T2). Also shown are the position of the single essential cysteine (box) and a region of dyad symmetry (arrows).

away, N.J.) to remove buffer salts and residual phenol. The
samples were treated with Si nuclease (67 Vogt units per ml)
to remove the long regions of 3' overhang left by exonucle-
ase III. The samples were treated with phenol and passed
over spun columns of Sephadex G-50F. Each sample was
treated with DNA polymerase (large fragment) and then
ligated with DNA ligase for 3 to 6 h. Approximately one-fifth
of the total reaction volume (50 RI) from each sample was
transformed into competent cells of E. coli JM109, which
yielded 1,000 to 2,000 transformants per transformation.
From each transformation 5 to 10 plaques were picked and
analyzed for insert size. The results indicate that exonucle-
ase III removed about 200 nucleotides per minute. Clones
were picked which contained fragments separated by about
150 to 200 base pairs (bp).
Sequencing of the ordered deletions was carried out by the

method of Sanger et al. (18), as modified by Johnston-Dow et
al. (8), using adenosine-5'-[o-35S]thiotriphosphate (3,000 Ci/
mmol; Dupont/New England Nuclear, Wilmington, Del.).

Determination of amino-terminal sequence of perfringolysin
0. The first 17 amino acids of purified perfringolysin 0 were
determined by sequence analysis on an Applied Biosystems
(Foster City, Calif.) model 470A gas phase amino acid
analyzer equipped with an on-line model 120A phenylthio-
hydantoin analyzer, in accordance with the instructions of
the manufacturer.

RESULTS AND DISCUSSION

Nucleotide sequence of the perfringolysin 0 gene. The
percent A+T of the perfringolysin 0 gene (pfo) sequence
(Fig. 1) is 70%, which is consistent with that for clostridia in

general (19). This is also reflected in the codon usage in the
gene, which is heavily biased toward the use of A, and to a
lesser extent T, in position 3 of the codons. Similar obser-
vations were reported by Garnier and Cole (3) for the bcn
gene of C. perfringens. Located 8 bp upstream of the start
site of the perfringolysin 0 coding region is a putative
ribosome-binding site. This region is identical to the putative
ribosome-binding site of the celD gene of Clostridium ther-
mocellum (9). No clear consensus promoter sequences were
detected in the 5' region of the sequence preceding the
coding region. A region of dyad symmetry is located 8 bp
downstream of the termination codon for the perfringolysin
0 gene that can form a stem-and-loop structure with 15 bp in
the stem and 5 bp in the loop. This corresponds to a
rho-independent transcriptional terminator in E. coli (6)
which is also present in the bcn gene of C. perfringens (3).
A comparison of the sequences of the pfo, slo, and ply

genes (Fig. 2) showed that there is greater homology be-
tween pfo and slo than between pfo and ply. There is
approximately 60% homology between pfo and slo; about
48% homology was found between pfo and ply. These results
explain why Kehoe and Timmis (10) were unable to detect
sequence homology at 80% stringency between slo and pfo
when they used a slo-derived probe. The majority of the
homology between pfo and slo is in the coding region for the
secreted form of perfringolysin 0 and that for the low-
molecular-weight form of SLO (1, 11). Interestingly, the
beginning of the nucleotide homology between pfo and slo
corresponds to the initiation codon of pfo and an out-of-
phase ATG codon of slo at position 398 (11). A potential
coding region for about 32 amino acids (not including the
ATG codon) is present when the sequence from nucleotide

INFECT. IMMUN.



PERFRINGOLYSIN 0 GENE SEQUENCE 3237

0
c
C.

0

.0-

C05

500 1000. ..... .

. /

. ~~/
, /

. ,~~

/..-

/ .

1500

1500

,1000 >b

E
3
0
CL

590 1500

-1

1000

.500

Perfringolysin 0 Perfringolysin 0
FIG. 2. Dot matrix homology analysis of the genes for perfringolysin 0, SLO, and pneumolysin. Each dot represents 14 matched bases

out of a total of 21 bp. Only the coding regions for each protein were used for the comparisons. The program described by Maizel and Lenk
(13) was used for the comparisons.

398 to the start of the coding region for the low-molecular-
weight form of SLO (nucleotide position 498) is considered.
This corresponds to the coding region for the signal peptide
of perfringolysin 0 and may be the remnants of the coding
region for a signal peptide to a progenitor of the slo gene, if
slo originally resembled pfo. We examined this out-of-frame
sequence of slo for the characteristic features of a signal
peptide but have not found them. However, it is probable
that this region has undergone various mutations that would
obscure the original sequence. Little homology was found
with the remaining coding region for the hydrophilic 67
amino-terminal residues of SLO, a fragment which is easily
lost after secretion of SLO (1, 11). It is interesting that the
perfringolysin 0 nucleotide and amino acid sequences ex-
hibit significantly higher levels of homology with SLO and its
gene (Fig. 2 and 3) than does pneumolysin with SLO. A
higher degree of homology would have been expected in the
genes derived from the same genus. This and the general
similarity of the cytolysin primary structures suggest that
intergenic transfer rather than divergence of a single primor-
dial gene may have been responsible for the dissemination of
the thiol-activated hemolysin genes among the various gen-
era.

Features of the deduced perfringolysin 0 amino acid se-
quence. The sequence of the perfringolysin 0 gene was
predicted to start from the second in-frame methionine
codon (Fig. 1) at nucleotide position 103. The start of the
coding region for the mature protein was determined to be at
nucleotide position 187, based on the complete homology of
the DNA-deduced primary structure with the first 17 amino
acids of purified perfringolysin 0. This sequence differs by at
least two residues from that determined for perfringolysin 0
by Ohno-Iwashita et al. (15). They determined that the
amino-terminal sequence is Lys-Lys-Ile-Thr-X-Ile-Asn-Gln-
X-Ite-Asp-X-Gly-Ile-X-X-Leu, whereas the amino-terminal
sequence presented here, which is based on both our amino-
terminal sequence analysis of the perfringolysin 0 protein
and the DNA sequence, is Lys-Asp-Ile-Thr-Asp-Lys-Asn-
Gln-Ser-Ile-Asp-Ser-Gly-Ile-Ser-Ser-Leu. The first differ-
ence is at position 2 (Asp->Lys), and the second is at

'J2

I PAWIKAV9DFILANNYOKKKILLTHQ61SE9FIKEGNQLPO(FVVIE 47

I ffJIf0IULJKTK lI LCL[yhKDTKTQSIDS01SSLSYMRSEVLASYN6NV ESFVPKES KA9NKFIVE 79

:..:....:..: ~ ~.::::::.::::::..::::.:

61 KA60KT0DLNSfNIKLAENPLESAEKEEKKSEE TCEE19K1YSLNY9ELEVLANC6ETIEWfVP6E6VA 1KF1VIE 150

49 RKKRSLSTNTSOISVTATN 9LYP6LYVLETLLENPTLLAVOSAP9TYSIDLPLASSDSFL9(DPSNSS996A0N0LLMIIHD 137

80 RKRSLTTSPVDISIIDSVX TYoYPALOLAOAFEPTILNK-EAININIDLPOLK6E9SIK-V0OPTY6vs6A9IOELVSKWNEK 169

151s KKKNINTTPVOISIIDSVTORTYPAALQLAW.6FTEwDAVVTKR9KHI9DLArPWaKATVE-OPrTYMSrTA1UI.LVN 240

138 YTGQVPAhW YEKItCITA9S9EQLK9CFOSDFEKT6NSLDIDFNSVNS6EKIQIV9lKQIYYTVSVDAvK9P6DvFQDTVTVEDLKQR6 227

170 YSSTNTLPMTOYSESNVYSKS4ISSALNVNAKVLENSL6VOFNAVA9U(VNILA7K9IFYTvSADLPKUS9LFO SVTF0I0K06 259

241 YS66NTLPMRTYTES9YYSKS0EMAAL.NV9SKIL06L6TIFKSISKC6EKKVIAAYAK0IFYTVSANLP99AD0KSVTFKELWX6 330

229 ISAERPLVYISSVAY0ROVYLKLETTS(StEvEAAFEALIKW6VKTvapoTEE ILTEVKAVIL6SOPSS6ARVVTOKVOVEODLIQE6 317

260 YS9EAPPLWSNYAYGRTIYVKLETTSSIKOV AFKALIK91DOIKOQYKO IYE9SSFTAVVL6606EHNKVVTKOFE1 RKV1K0N 349

319 SRFTADNPGLPISYTTSFLR9DVVATFQUSTDYVETKVTAY9b OLL00YVAQYYIT (ELSYNQ6EV9LTPKA9f L TA 407

350.ATFSTK9PAYPISTTSYFLKDhSVAAWhIKTDY....:. : T::::::::: :: ...:::.:::TV:.::::.:.::: :: :::

350 ATfSTKtiPAYP ISYTSVfLKtDISVAAVHlKTDY IETTSTEYSlt61tl LDYVAOEVAWOEVSYCKE6NEVLTHTWNYQOTA 439

409 FTTS1PLK64VlOLSVKIRECTGLA*WTVYEKTOLPLV9TIS1S6TTLYTPVEKVED0 471

440 YSTVIPLEANMNIRhIlECT6LA50EMOVISEYOVPLTN9IVS16TTLYP6SSITYN 499

511 FSTVIPL6AIS9N1919RECT6LAWEWaKVIOCERDKLSKEINVNISGSTLSPY6SITYK 571

FIG. 3. Alignment of the amino acids of the primary structures of
perfringolysin 0, SLO, and pneumolysin. The primary structures
were aligned by using the program FASTP of Wilbur and Lipman
(22). The double dots represent perfect matches, and the single dots
represent conservative amino acid substitutions. Both the pneu-
molysin and perfringolysin 0 sequences start at amino acid 1 of the
deduced primary structure. The SLO sequence starts at residue 61;
no significant homology with either perfringolysin 0 or pneumolysin
was detected in the primary sequence of SLO prior to residue 100.
The signal peptide of perfringolysin 0 is underlined. The position of
the essential cysteine in all three proteins is indicated by the arrow.
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TABLE 1. Amino acid composition of perfringolysin 0

No. of residuesa
Amino Mitsui
acid +SPYamakawa t al.

et al. (23) (4

Ala 36 33 33 62-75
Val 41 40 38 44-53
Leu 31 28 26 44 47
Ile 37 33 33 26-35
Pro 17 16 22 15-30
Met 6 4 5 *
Phe 16 13 13 19-30
Trp 7 7 * *
Gly 21 21 25 57-70
Ser 51 47 43 33-64
Thr 34 33 33 34-37
Cys 2 1 1 0
Tyr 23 23 22 10-24
Asn 38 38 ]-72 1-4747
Gin 14 13 13 -26Glu 27 27 ]-38 1-2240
Lys 45 42 42 28-39
Arg 13 12 11 15-25
His 6 6 6 9-12

a The DNA-sequence-derived amino acid composition is given for per-
fringolysin 0 with (+SP) and without (-SP) the signal peptide. The amino
acid compositions of perfringolysin 0 derived by Yamakawa et al. (23) and
Mitsui et al. (14) are also shown. The data of Mitsui et al. (14) are given as the
high and low values presented in their report on two different forms of
perfringolysin 0. Total glutamate plus glutamine and total aspartate plus
asparagine were determined by Mitsui et al. (14) and Yamakawa et al. (23). *,
Number of residues not determined.

position 6 (Lys-*Ile). There may be additional differences
(X's in their sequence); however, most of the undetermined
residues in their sequence correspond in our sequence to
serine, an amino acid that has a low yield during sequence
analysis and can be difficult to identify. Assuming that both
sequences are correct, it appears that the primary sequence
of perfringolysin 0 may vary between strains of C. perfrin-
gens. In addition, Ohno-Iwashita et al. (15) determined an
amino-terminal sequence for a trypsin fragment, designated
T2, of perfringolysin 0 (Asn-X-Gln-Gln-Tyr-X-Asp-Ile)
which corresponds to amino acids 304 to 311 of the DNA-
derived sequence (Fig. 1). The deduced amino acid compo-
sition (Table 1) of perfringolysin 0 agrees with that deter-
mined by Yamakawa et al. (23) but not with the amino acid
analysis reported by Mitsui et al. (14). The reasons for the
discrepancy are unclear; however, the preparation of Mitsui
et al. (14) may have contained contaminants. Both Yama-
kawa et al. (23) and Mitsui et al. (14) purified perfringolysin
O from C. perfringens PB6K, whereas in this study the
perfringolysin 0 protein and its gene were derived from C.
perfringens ATCC 13124.

Based on the amino-terminal sequence data and the puta-
tive start codon, a 27-residue signal peptide is present on
perfringolysin 0. The putative signal peptide has the typical
structure of a signal peptide, including a basic amino-
terminal region, a hydrophobic center, and a Ser-Phe-Ser
sequence prior to the signal cleavage site (17). Comparison
of the amino acid sequence of perfringolysin 0 with the
deduced primary sequences of SLO and pneumolysin
showed that significant homology is present among all three
proteins (Fig. 3). Surprisingly, perfringolysin 0 (secreted
form) exhibits more homology (65%) with SLO (low-molec-
ular-weight form) than pneumolysin exhibits with either

SLO or perfringolysin 0 (42%). If conservative amino acid
substitutions are taken into consideration, perfringolysin 0
exhibits 96% homology with the low-molecular-weight form
of SLO. The largest stretch of completely homologous
primary sequence among all three proteins surrounds the
essential cysteine. This is the only cysteine present in the
deduced primary sequence for the secreted form of per-
fringolysin 0, although another cysteine is present in the
signal peptide. The position of the cysteine was also con-
served within all three proteins when they were aligned for
maximum homology (Fig. 3). There have been no reports of
perfringolysin 0, or any of the other thiol-activated cytoly-
sins, forming a disulfide with other toxin molecules or
membrane proteins on the target membranes. In addition,
we have not detected any larger forms of perfringolysin 0
resulting from the formation of intermolecular disulfides with
itself or membrane proteins of erythrocytes (R. K. Tweten,
unpublished data). Therefore, the role of the essential thiol
may not be to form a disulfide, but rather it may have some
other role, such as the formation of a hydrogen bond or
hydrophobic interaction. Interestingly, the pH activity curve
determined by Mitsui et al. (14) for perfringolysin 0 shows
an optimum activity at approximately pH 7.0, whereas at pH
8.5 the activity is only about 50%. One explanation for this is
that ionization of the proton of the cysteine results in a loss
of activity. The pKa of the cysteine proton is 8.33; no other
amino acid R group has a pKa close to this value.

This region is also unusual in that it contains three of the
six tryptophan residues found in perfringolysin 0. Trypto-
phan has the largest aromatic side chain of the amino acids
and therefore may impart a local hydrophobic character to
the environment surrounding the cysteine. Iwamoto et al. (7)
have found that chemical modification of the cysteine results
in a 100-fold decrease in membrane binding by perfringolysin
0, presumably as a result of decreased affinity for choles-
terol. If the cysteine and surrounding residues are involved
in cholesterol binding, then the tryptophan residues may
stabilize binding by the formation of hydrophobic interac-
tions with the cholesterol molecule.

All three toxins exhibit a general similarity in their primary
structures (Fig. 3) and hydropathic profiles (Fig. 4). The
hydropathy plots of the perfringolysin 0 and low-molecular-
weight form of SLO are nearly superimposable, whereas the
hydropathy plot of pneumolysin exhibited some minor dif-
ferences. The largest difference resides in residues 188 to 208
of perfringolysin 0 (260 to 280 of SLO and 158 to 178 of
pneumolysin). Both perfringolysin 0 and SLO are relatively
hydrophobic in this region, whereas the same region in
pneumolysin is hydrophilic. No significant regions of hydro-
phobic residues are present in perfringolysin 0; this was also
observed by Kehoe et al. (11) for SLO and pneumolysin.
This suggests that membrane-bound perfringolysin 0 may
not span the lipid bilayer. This is consistent with the obser-
vation of Cowell et al. (2), who found that the thiol-activated
cytolysin cereolysin did not appear to span the membrane
bilayer when they examined membrane-bound cereolysin by
electron microscopy. Nevertheless, it is possible that per-
fringolysin 0, or any of the related cytolysins, may fold to
juxtapose appropriate sequences to form a membrane-span-
ning region.
The principal difference between perfringolysin 0 and

pneumolysin is the lack of a signal sequence on the pneu-
molysin. This is consistent with the fact that pneumolysin
remains intracellular in Streptococcus pneumoniae and is
released only by cellular lysis. In contrast, SLO exhibits an
additional 67-residue fragment between its signal peptide and
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FIG. 4. Hydropathy analysis of perfringolysin 0, SLO, and
pneumolysin. The hydropathy analysis was based on the method of
Kyte and Doolittle (12). Positive values indicate hydrophobic re-

gions, and negative values indicate hydrophilicity. Numbering is
based on the SLO sequence; however, the hydropathy plots are

aligned for maximum homology as determined by the alignment
presented in Fig. 3. The relative position of the essential cysteine is
shown by the arrow. aa, Amino acids.

the beginning of the low-molecular-weight form (1, 11). This
region is extremely hydrophilic (Fig. 4) and is apparently not
necessary for the activity of SLO. The complete lack of
similarity of this region of SLO with the primary structures
of either perfringolysin 0 or pneumolysin suggests that this
region was formed or added after Streptococcus pyogenes
acquired the slo gene. Any function this additional sequence
has in the activity of SLO is unclear since it is rapidly lost
after secretion (1) and does not appear to affect the in vitro
lytic activity of SLO. It will be of interest whether this
feature is conserved in SLO molecules produced by other
strains of S. pyogenes or whether it is present in the primary
sequences of cytolysin molecules produced by strains other
than those of the streptococci.
The sequence of the perfringolysin 0 gene coupled with

the elevated expression of perfringolysin 0 in E. coli (20a)
will help us to effectively use this system for the study of the
structure/function relationships in perfringolysin 0. Several
questions are of interest with respect to the structure/
function relationships in the thiol-activated cytolysin; for
instance, how does the essential thiol function in the mech-
anism of cell lysis and where is the cholesterol molecule
bound by these proteins? In addition, comparatively little is
known of the contribution of perfringolysin 0 to the various
diseases caused by C. perfringens; therefore, the cloned
gene will be a useful tool to examine the role of perfringoly-
sin 0 in disease.
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