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The DNA encoding the exfoliative toxin A gene (eta) of Staphylococcus aureus was cloned into bacteriophage
Agtl1 and subsequently into plasmid pLIS0 on a 1,391-base-pair DNA fragment of the chromosome. Exfoliative
toxin A is expressed in the Escherichia coli genetic background, is similar in length to the toxin purified from
culture medium, and is biologically active in an animal assay. The nucleotide sequence of the DNA fragment
containing the gene was determined. The protein deduced from the nucleotide sequence is a polypeptide of 280
amino acids. The mature protein is 242 amino acids. The DNA sequence of the exfoliative toxin B gene was also
determined. Corrections indicate that the amino acid sequence of exfoliative toxin B is in accord with chemical

sequence data.

The exfoliative toxins A and B (ETA and ETB) of Staph-
ylococcus aureus are the causative agents of staphylococcal
scalded-skin syndrome (11). They possess the same biolog-
ical activity (12), but they are immunologically distinct
proteins (11, 12). The two forms also differ in amino acid
composition, amino acid sequence, and heat resistance (13).
In addition, eta is expressed from the chromosome, whereas
eth is of plasmid origin (14, 21, 29).

To study the mode of action and the molecular properties
of these two proteins, we set out to clone and sequence both
genes. Recently, we reported the cloning and sequencing of
the etb gene (9, 10). In this communication, we report the
cloning and DNA sequence of eta. O’Toole and Foster (17)
also reported the cloning of eta and in the accompanying
paper (18) report their sequence of the gene. Our data and
their report contain identical DNA sequence determinations
as well as general conclusions regarding the expression of
the eta gene. eta is expressed in the Escherichia coli
background and is biologically active in the neonatal mouse
assay. Furthermore, the sequence of the protein deduced
from the DNA sequence is identical to the published se-
quence of the N-terminal region of the ETA molecule (12).

MATERIALS AND METHODS

Bacterial strains and plasmids. S. aureus UT0002, a phage
group II staphylococcal scalded-skin syndrome clinical iso-
late (20), was used as the source of library DNA. E. coli
Y1090 was used in the Protoclone system (Promega Biotec
Co., Madison, Wis.) as a recipient for bacteriophage Agtll
packaging carried out according to the manufacturer’s in-
structions. E. coli LE392 was used for transformation and
propagation of plasmids and cloned DNA (16).
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Media and chemicals. Trypticase soy broth (BBL Micro-
biology Systems, Cockeysville, Md.) was used for routine
cultivation of S. awreus strains. L broth was used for
cultivation of E. coli. Solid medium consisted of broth
supplemented with 1.5% agar (Difco Laboratories, Detroit,
Mich.). Chemicals were purchased from Sigma Chemical
Co., St. Louis, Mo. Restriction enzymes, bacteriophage T4
DNA ligase, BAL 31 exonuclease, EcoRl linker, and EcoRI
methylase were obtained from New England BioLabs Inc.,
Beverly, Mass., and Bethesda Research Laboratories, Inc.,
Gaithersburg, Md. The large fragment of DNA polymerase
(Klenow) was purchased from Boehringer Mannheim
Biochemicals, Indianapolis, Ind. Reagents for packaging
were purchased from Promega Biotec. Adenosine 5'-(a-
[3*S]thio)triphosphate (800 Ci/mmol) was from New England
Nuclear Corp., Boston, Mass. Na!®I (13 to 17 Ci/g of I) for
protein iodination was from Amersham Corp., Arlington
Heights, Ill.

Plasmid and bulk chromosomal DNA purification. Plasmid
DNA npurification was performed by the procedure of
Birnboim (2) and further purified by CsCl-ethidium bromide
density gradient centrifugation. Bulk chromosomal DNA
was purified by the method of Dyer and Iandolo (3).

Western blot. Cell lysates of E. coli containing the cloned
eta gene were generated by sonication and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
under denaturing and reducing conditions (27). Detection of
{)roteins blotted to nitrocellulose paper with antiserum and

ZI-protein A was as described previously (27). Antiserum
to highly purified ETA was prepared in rabbits (12).

Construction of bacteriophage Agtl1 libraries. Bulk chro-
mosamal DNA prepared from S. aureus UT0002 was used to
construct a Agtll library (31). The library was screened with
a rabbit antiserum to ETA that had been absorbed repeat-
edly with lysates of the E. coli host strain. The plaques were
blotted to nitrocellulose membranes and incubated with
antibody. Those plaques binding antibody were identified by
reaction with *I-labeled protein A, and ETA production
was confirmed by Western blotting of lysates of small
cultures. DNA containing the eta gene was recloned into the
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FIG. 1. Immunoblot analysis of cellular extracts of E. coli con-
taining cloned staphylococcal DNA fragments expressing ETA. A
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel was
blotted to nitrocellulose and probed with rabbit antiserum to ETA.
Lanes: A, ETA purified from S. aureus: B, extract of E. coli LE392
(pLIS0 + 3.2-kilobase insert); C, extract of E. coli LE392(pLI50 +
1,391-bp insert); D; extract of E. coli LE392(pLI150); E, extract of E.
coli LE392.

shuttle vector pL150 (16). The recombinant plasmid was
subsequently subjected to deletion analysis by digestion at
unique restriction sites flanking the insert DNA. The linear
molecules were then further digested with BAL 31
exonuclease to obtain deletions of various length from either
end of the DNA fragment containing the eta gene (16). The
digests were then tailed with BamHI linkers, ligated with T4
DNA ligase, and transformed into competent LE392 (16).
The plasmid was also digested with restriction enzymes to
delete specific sections of DNA and then ligated.

DNA sequence analysis. Various restriction endonuclease
fragments of the eta gene were subcloned into the M13
bacteriophage derivatives mpl8 and mpl9 (16) and propa-
gated in E. coli JM103. DNA sequencing was carried out by
the dideoxy chain termination method of Sanger et al. (23).

Assay for biological activity of ETA. ETA-positive clones
of E. coli were grown for 24 h in 100 ml of L broth, and the
cells were suspended in 2 ml of 0.9% NaCl. After sonic
disruption of the cells, debris was removed by centrifuga-
tion. These lysates were then assayed for exfoliating activity
in neonatal mice (9).

Chemical sequence of toxins. Lyophilized salt-free toxins
were dissolved in 70% (vol/vol) formic acid and reacted with
cyanogen bromide (5) for 18 to 22 h at room temperature.
After removal of excess reagent by repeated lyophilization,
the products were dissolved in a small volume of 70% formic
acid and chromatographed on columns of Sephadex G-75
(superfine grade; Pharmacia Fine Chemicals, Piscataway,
N.J.). Appropriate fractions were pooled and rechromat-
ographed. Amino acid sequences were obtained with a
Beckman model 890C automatic sequencer (Beckman In-
struments, Inc., Berkeley, Calif.). Run conditions and iden-
tification procedures have been described previously (24).

RESULTS

Cloning of eta. We cloned the eta gene in the Agtll
exPression vector (31). The Agtll library of more than 4 X
10* recombinant phage was screened for production of ETA.
Five clones were found that reacted positively with rabbit
antiserum to ETA. One recombinant phage was arbitrarily
selected for further manipulation. DNA isolated from this
phage contained a 3.2-kilobase EcoRI restriction enzyme
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insert of staphylococcal DNA. The 3.2-kilobase EcoRI insert
was recloned into the shuttle vector pL.150 and transformed
into E. coli LE392.

Immunoblots confirmed that this plasmid contained the
eta structural gene. ETA produced by E. coli LE392 was
identical in size to the ETA from S. aureus (Fig. 1, lane B),
indicating that the plasmid contained the era structural gene
and not a fusion product. The upper band in this gel lane is
an E. coli cross-reactive protein unrelated to ETA. Toxin
from lysates of this clone were injected subdermally into
neonatal mice (9), and a positive Nikolsky sign was detected
after overnight incubation (data not shown).

To localize the eta gene, various plasmids containing
deletions at either end of the 3.2-kilobase fragment were
generated. The deleted plasmids contained in E. coli LE392
were tested for their ability to produce ETA; one (Fig. 1,
lane C) localized the eta gene to within a 1,391-base-pair (bp)
DNA fragment.

The nucleotide sequence of eta is shown in Fig. 2. The
entire eta reading frame was sequenced on both strands (Fig.
2) and is shown relative to the entire 1,391-bp fragment.
There was only one large open reading frame, extending
from residues 313 to 1153, that could code for a polypeptide
similar in length to that reported for ETA (11, 12).

The G+C content of eta was 31%, which is typical of the
S. aureus genome (16). However, the G+C content of the
150-bp sequence upstream from the methionine start codon
(nucleotide 313) was even lower in G+C content (19%),
suggesting that this region could serve as the potential
binding sites for RNA polymerase to initiate transcription. A
potential —35 sequence and a —10 sequence that could serve
as promoter regions (6) were identified (Fig. 2). Further-
more, the probable ATG methionine initiation codon (26a) is
preceded 6 bp upstream by the sequence GGATGA, which
qualifies as a potential ribosome binding site (25).

A potential stem-loop structure can be formed from nu-
cleotides 1232 to 1259 (Fig. 2). This stem-loop structure was
79 bp distal to the stop codon of the eta gene and was
followed by a potential mRNA stop sequence (7). Whether
any of the proposed regulatory sequences is functional either
in vivo or in vitro remains to be determined. Codon usage of
the ETA gene was compared with many highly expressed E.
coli genes (data not shown). In general, the preferential
codon usage for the ETA gene differed from the genes that
are highly expressed in E. coli (4). This difference has also
been observed in genes for other staphylococcal proteins,
such as ETB and glycerol ester hydrolase (geh) (16). The
difference in G+C content between S. aureus and E. coli
may account for these discrepancies.

Translation of the open reading frame identified from the
DNA sequence yielded a 280-amino-acid polypeptide that
corresponded to published properties of ETA (12). A 38-
amino-acid signal peptide precedes the N terminus of the
mature ETA protein. The peptidase cleavage site occurs
immediately after the sequence Ala-Lys-Ala of residues 36
to 38. This cleavage site agrees with the accepted cleavage
sites of extracellular proteins with known signal peptides
(28). Removal of the signal peptide results in a mature ETA
protein containing 242 amino acid residues with a molecular
weight of 26,950. This value compares favorably with the
molecular weight determined by chemical and physical
methods (12) and is identical to that reported by O’Toole and
Foster (18).

The amino acid sequence deduced from the DNA was
compared with that determined by chemical methods (12).
The first 44 residues of mature ETA were determined by
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v v v v v v v
GGATCCGAAGATGATTGGGTAAAATTCGATCA
AGTAATTAAAAAAGATGGCTACTGGTGGATTAGATTCAAATATCAACGTGAGGGCTCTAGTACTAACGAT
TTTTTTTGTGCAGTATGTAGAATCACTGACAAGGAACAAAAGATTAAAAATGAAAAATATTGGGGAACTA
TTGAGTGGAATTAACAAACGTATTTAATGTTTAGTTAATTAAAAGTTAATAAAAAAATAATTIIGTTITTGA
=35
AATAGAAACGTTAIAIAAIITTTAATGTATTCGAATACATTAAAAAACGCAAATGTTAQQAIQATTAATA

ATGAATAATAGTAAAATTATTTCTAAAGTTTTATTGTCTTTATCTCTATTTACTGTAGGAGCTAGTGCAT
M N N S K 1 I 8 K VL L 8L S L F T G A A F
-30 -20

TTGTTATTCAAGACGAACTGATGCAAAAAAACCATGCAAAAGAGAAGTTTCAGCAGAAGAAATAAAAAA

V I @ D E L M @ K NH A K A EV S A E E I K K

-10 -1 +1

ACATGAAGAGAAATGGAATAAGTACTATGGTGTCAATGCATTTAATTTACCAAAAGAGCTTTTTAGTAAA
H E E K W N K Y Y 6 Vv N A F N L P K E L F S K

GTTGATGAAAAAGATAGACAAAAGTATCCATATAATACTATAGGTAATGTTTTTGTAAAAGGACAAACAA
Yy D E K D R @ K Y P Y NTTI G NV F V K G a@ T S

GTGCAACTGGTGTGTTAATTGGAAAAAATACAGTTCTAACAAATAGACATATCGCTAAATTTGCTAATGG
AT G V L I G K N TV L TNIZ RUHTIAIKTFANSG

AGATCCATCTAAAGTATCTTTTAGACCTTCTATAAATACAGATGATAACGGTAATACTGAAACACCATAT
D P S K VS F RUP S I NTDUDNGNTETP Y

GGAGAGTATGAAGTCAAAGAAATATTACAAGAACCATTTGGTGCAGGTGTTGATTTAGCATTAATCAGAT
G E Y E V K E 1 L @ EPF GAGVDULALTITRIL

TAAAACCAGATCAAAACGGTGTTTCATTAGGCGATAAAATATCGCCAGCAAAAATAGGGACATCTAATGA
K P D@ NGV S L G DK 11 s P A KT G T S ND

TTTAAAAGATGGAGACAAACTCGAATTAATAGGCTATCCATTCGATCATAAAGTTAACCAAATGCACAGA
L XKD GDIKULETULTIGYPFDHZ KV NaMHULR

AGTGAAATTGAGTTAACAACTTTATCAAGAGGATTAAGATACTATGGATTTACAGTTCCGGGAAATTCTG
s E I E L T T L S R G L R Y Y G F T V P G N S C

GATCAGGTATATTTAATTCAAATGGAGAATTAGTTGGTATACATTCTAGCAAAGTGTCTCATCTTGATAG
s . G I F N S N G E L V G I H S S K V H L D R

AGAGCATCAAATAAATTATGGTGTTGGTATTGGGAATTATGTCAAGCGCATTATAAACGAGAAAAATGAG
E Ha@a I NY GV GI GNY VKU RTITINETKNE
TAATAAATAAAATAAAAATCCGTGGATGTTTTATACAAAACTTATATTTTATAGCAGTAAGAAGCTGACT

GCATATTTAAACCACCCATACTAGTTACTGGGTGGTTGII:IIIIAJGTTATATTATAAATGATCAAACT
-------- mRNA stop
ACACCACCTATTAATTTAGGAGTGTGGTTATTTTAATATGCGAAGCTAAAATAACTACAAATGATACCAT

32
102
172
242

312
382

1362

J. BACTERIOL.

TTTTGATACCAAAAAATAATAGACGGATC

1391

FIG. 2. Sequence of the 1,391-bp DNA fragment containing the eta gene and sequence of ETA derived from it. The locations of the
presumptive —35, —10, Shine-Dalgarno ribosome binding site (SD), —1, +1 protease processing site, stem-loop termination structure (facing
arrows), the stop codon (>), the mRNA transcription stop site, and the chemically derived peptide sequence (underlined) are indicated.

automated Edman degradation and agreed completely with
the DNA-derived protein sequence (Fig. 2, underlined resi-
dues +1 to 40). A cyanogen bromide peptide that contained
the original C-terminus of ETA was also purified and se-
quenced by automated Edman degradation. The first 40
residues of this peptide were identified, and an exact match
with the corresponding region of the DN A-derived structure
was obtained (Fig. 2, underlined residues 171 to 210). A
contrasting finding was that the C-terminal residue of ETA is
glutamic acid rather than lysine. This result was also noted
by O’Toole and Foster (18) and may be due to limited
proteolysis during protein purification. In particular, our
data also confirm the presence of one tryptophan residue at
position 14, one internal methionine residue at position 170,
and the absence of cysteine.

The amino acid composition of the DNA-derived ETA
protein sequence minus the signal peptide (data not shown)
agreed well with the composition determined by chemical
methods (12). Comparison of the amino acid composition of
both ETA and ETB indicates that they are reasonably
similar proteins that are rich in polar amino acids.

The DNA sequence and hence the protein sequence of
ETB published earlier (10) was not consistent with a partial
sequence of ETB determined by chemical methods. In fact,
these data indicated that at least two frame shifts and several
single-base insertions and deletions were reported. We ana-

lyzed the ETB gene and present the corrected sequence in
Fig. 3. The newly derived ETB molecule is composed of 277
amino acids with a signal peptide of 31 amino acids and a
mature protein length of 246 amino acids. The amino acid
composition of ETB agrees quite well with the chemically
derived analysis (12). Although a single tryptophan residue
was originally reported (12), our protein sequence verifies
later wet chemical analyses which indicated that there is no
tryptophan present. Furthermore, there is complete agree-
ment between the DNA-derived protein sequence and the
chemically derived sequence of the first 40 amino acid
residues (+1 to 40, Fig. 3, underlined) and between the
DNA-derived sequence and the direct chemical sequence of
the first 48 amino acids from a cyanogen bromide peptide
fragment of ETB beginning at residue 172 and continuing
through residue 219 to the original C terminus of the mole-
cule (Fig. 3, underlined).

Direct comparison of the protein sequences of ETA and
ETB is shown in Fig. 4. Three prominent regions of homol-
ogy are evident, in which the match was extensive. The first
occurred in the N-terminal portion of the molecule at posi-
tions 46 through 70 (20 of 25 residues match, 80%), the
second near the middle at positions 106 through 134 (17 of 29
residues match, 58%), and the third near the C terminus at
positions 201 through 221 (17 of 21 residues match, 81%). No
other regions of homology were present. The total number of
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CA 2
GTTTACTTCACAGTATGACACATTCTTACTGAATTATGTTATTGGGTAACGGCTATATACATTCAATTCA 72
ATGCTATATAAATAAAATGGATATTGTAGAATGTGTCATGGTTATTACCACTAAAAATAGTGAAACTAAA 142
ATTAAAATTCCGATTAATAATATTATTAGTGTTACTTAATAAATTTATACCACCTAATACCCTAATAATC 212
CAAAAACAGAAAATACTATTAGGTATATTATCGATGGAATTATAATAAATAATTATACTGGAGATATTTT 282
TTTGAGACAGTGCATTAAAIGAATAACTTTTAATTAACTTTIATITAATTAAAAGTTAATAAGAATTAAT 352
-35 -10
TAAAAGTTAATTATACAATTAATGTTTAATAGTATAATGTTTGTATAAAAGTTAAAAGGAGGTTTTATAT 422
S.D.
ATGGATAAAAATATGTTTAAAAAAATTATTTTAGCAGCGTCAATTTTTACTATTTCCTTACCTGTGATTC 492
M D K NM F K K I I L A A S 1 F TT1 s L PV I P
-30 -20 -10
CTTTTGAAAGTACATTACAAGCAAAAGAATACAGCGCAGAAGAAATCAGAAAATTAAAACAAAAATTTGA 562
F E S T L @ A K E Y s A EE I R K L K @ K F E 16
-1 +1
GGTTCCACCTACAGATAAAGAGCTTTATACACACATTACGGATAATGCAAGAAGTCCTTATAATTCTGTT 632
vy p P T D K E L Y T H I T D N A R S P Y N S V 39
GGTACAGTGTTTGTCAAAGGTAGTACATTAGCTACCGGAGTTTTAATTGGTAAAAATACAATTGTTACTA 702
g TV F VX G S TULATGUVLTIGI XKNTTIUVTN 63
ATTACCACGTTGCAAGAGAAGCAGCCAAAAACCCATCGAATATTATTTTTACACCCGCTCAAAATAGAGA 772
Y H VvV AR E A A KNP S N I I F TP A @ N R D 86
TGCAGAAAAAAATGAATTCCCTACTCCGTATGGAAAATTTGAAGCTGAAGAAATTAAAGAATCTCCGTAT 842
AE K NEVF P TP Y G K F EAEET K E S P Y 109
GGACAAGGACTCGATTTAGCTATAATAAAATTAAARACCAAACGAAAAAGGGGAATCAGCGGGAGATTTAA 912
G @ G L DL AT 1 KL K PNUEIKTGTESAGTDTLI 132
TTCAACCAGCTAATATACCTGATCATATTGATATACAAAAAGGAGACAAATATTCTTTATTAGGATATCC 982
Q@ P A NI P D H 11 DI @ K GD K Y S L L G Y P 156
TTATAATTATTCAGCTTACTCTTTATATCAAAGTCAGATTGAAATGTTCAATGATTCTCAATATTTTGGA 1052
Y N Y S A Y s L Y@ s @ I EMFEND S @ Y F G 179
TATACTGAGGTAGGAAACTCTGGATCAGGTATATTTAATTTAAAAGGAGAATTAATAGGTATTCACAGTG 1122
Y T E VvV G N S G s ¢ I F N L K G E L I G I H S G 203
GTAAAGGCGGACAACATAATCTTCCAATAGGAGTGTTTTTCAATAGAAAGATAAGTTCACTCTATTCGGT 1192
K._G 6 9 H N L P I G V F F N R K I s s L Y s V 226
TGATAATACTTTTGGAGACACTTTGGGGAACGATTTGAAAAAGAGAGCAAAATTAGATAAATAACAAAAA 1262
D NTF G D TULGNUDTULIKKRAIKTLDK > 246
TCATTTAATTGTTTAATATTTCAATATATTTACTACGCTACAAAAACCATGAGTTGAACCTCTGTGCTTT 1332
-------------- > (e m—-
TTGTACGTTAATAAITTTTACAAGTCATTCAAAAAA 1368

----- mRNA stop

FIG. 3. Sequence of the 1,368-bp DNA fragment containing the eth gene and sequence of ETB derived from it. The locations of the

presumptive —35, —10, Shine-Dalgarno ribosome binding site (SD), —1, +1 protease processing site, stem-loop termination structure (facing
arrows), the stop codon (>), the mRNA transcription stop site, and the chemically derived peptide sequence (underlined) are indicated.

amino acids matched by computer alignment was 110 (45%)
out of an average of 245 total residues.

DISCUSSION

The nucleotide sequence of eta presented in Fig. 2 has
only a single large open reading frame which, based on the
following observations, was concluded to code for ETA: (i)
the amino acid composition of the deduced toxin agrees
closely with that determined by chemical methods, (ii) a
peptide comprising the first 44 amino acids of the amino-
terminal end and a peptide spanning residues 171 through
242 agree perfectly with that determined from purified toxin
by Edman degradation, (iii) the cloned DNA fragment pro-
duces exfoliating activity in the E. coli background, (iv)
deletion analysis identified this region as being required for
ETA production, and (v) a ribosome binding site is located 6
nucleotides upstream of the ATG initiation codon.

Surprisingly, eta was expressed in E. coli but etb was not.
Many other cloned staphylococcal genes such as lipase (16),
staphylokinase (22), nuclease (26), and enterotoxins A (1)
and D (unpublished results) are expressed in the E. coli
genetic background when the genes are cloned with intact
promoters. However, in addition to etb, the gene encoding
enterotoxin B (19) is not transcribed from its own promoter

in E. coli and must be positioned downstream from a strong
gram-negative promoter for expression. There is no pro-
moter preceding the cloning site of eta in plasmid pLI50;
therefore the cloned gene must contain its own promoter
which is recognized by E. coli RNA polymerase. The
promoter region of eta highly corresponds to the canonical
E. coli sequences (6), whereas for etb (Fig. 3) it is difficult to
pinpoint transcription signals or proper spacing between —10
and —35 sequences. Enterotoxin B, on the other hand, does
have fairly distinct transcription signals but nevertheless
does not express in E. coli (19). The reasons for these
differences are unclear; however, the results define at least
two classes of promoter sequences that have variable effi-
ciency with E. coli RNA polymerase. Hudson and Stewart
(8) recently published a detailed examination of the utiliza-
tion of staphylococcal promoter sequences and named those
that function in gram-positive and gram-negative back-
grounds class I and those that only work in gram-positive
hosts class II. They speculate on possible reasons for
differences in the efficiency of expression of certain staph-
ylococcal genes in E. coli, but the question remains open.
We sequenced that eth gene fromi the plasmid pRWO001.
Our earlier report (10) contained several errors in sequence
that have been corrected. The protein derived from the new
DNA sequence is in complete accord with chemical se-
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FIG. 4. Comparison of the amino acid sequences of ETA (top
row) and ETB (bottom row). Sequence identities are indicated by
bars, and dashed lines indicate gaps introduced to produce the
optimal alignment. Numbering includes gaps and does not corre-
spond to the residue number obtained from the DNA sequence.
Alignment was constructed by computer using the algorithm of
Wilbur and Lipman (30) with a K-tuple of 1, window of 20, and gap
penalty of 1. Three regions of substantial homology are underlined.

quence data which comprises about 50% of ETB. The
mature ETB molecule consists of 246 amino acid residues
and has a molecular weight of 27,318, which compares
favorably with the value of 26,000 reported previously (13).
ETA consists of 242 amino acid residues with a molecular
weight of 26,951, which again compares well with the
reported value of 26,500 (12). Alignment of the DNA se-
quences of both toxin genes showed that greater than 50% of
the DNA was homologous, but this was not reflected as
significantly in the amino acid sequences of the two toxins.

Direct alignment of the protein sequences indicated that
significant regions of homology were apparent at the N
terminus, the middle, and the C terminus of the toxins. This
might not have been predicted because of the lack of
antigenic relationship between them (15). Furthermore,
comparison of hydropathicity (15) (data not shown) indicates
that much of the sequence of each toxin represents highly
conserved domains in which amino acid differences are fairly
conservative. We interpret this to indicate that folding of the
two protein sequences is similar, so that the sites of biolog-
ical activity, presumably focused at the regions of sequence
homology, can be similarly presented to the appropriate
substrate.

ACKNOWLEDGMENTS

This work was supported by Public Health Service research grant
AI-17074 from the National Institute of Allergy and Infectious
Diseases and by research contract DAMDI17-86-C-6055 from the
U.S. Army Medical Research and Development Command.

LITERATURE CITED

1. Betley, M. J., S. Lofdahl, B. N. Kreiswirth, M. S. Bergdoll, and
R. P. Novick. 1984. Staphylococcal enterotoxin A gene is
associated with a variable genetic determinant. Proc. Natl.
Acad. Sci. USA 81:5179-5183.

2. Birnboim, H.C. 1983. A rapid alkaline extraction method for the
isolation of plasmid DNA. Methods Enzymol. 100:243-255.

3. Dyer, D. W., and J. J. Iandolo. 1983. Rapid isolation of DNA

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

J. BACTERIOL.

from Staphylcoccus aureus. Appl. Environ. Microbiol. 46:
283-285.

. Grosjean, H., and W. Fiers. 1982. Preferential codon usage in

prokaryotic genes: the optimal codon-anticodon interaction
energy and the selective codon usage in efficiently expressed
genes. Gene 18:199-209.

. Gross, E. 1967. The cyanogen bromide reaction. Methods

Enzymol. 11:238-255.

. Hawley, D. K., and W. R. McClure. 1983. Complication and

analysis of Escherichia coli promoter DNA sequences. Nucleic
Acids Res. 11:2237-2255.

. Holmes, W. M., T. Platt, and M. Rosenberg. 1983. Termination

of transcription in E. coli. Cell 32:1029-1032.

. Hudson, M. C., and G. C. Stewart. 1986. Differential utilization

of Staphylococcus aureus promoter sequences by Escherichia
coli and Bacillus subtillis. Gene 48:91-98.

. Jackson, M. P., and J. J. Iandolo. 1985. Cloning and expression

of the exfoliative toxin B gene from Staphylococcus aureus. J.
Bacteriol. 166:574-580.

Jackson, M. P., and J. J. Iandolo. 1986. Sequence of the
exfoliative toxin B gene of Staphylococcus aureus. J. Bacteriol.
167:726-728.

Johnson, A. D., J. F. Metzger, and L. Spero. 1975. Production,
purification, and chemical characterization of Staphylococcus
aureus exfoliative toxin. Infect. Immun. 14:679-684.

Johnson, A. D., L. Spero, J. S. Cades, and B. T. De Cicco. 1979.
Purification and characterization of different types of exfoliative
toxin from Staphylococcus aureus. Infect. Immun. 24:679—
684.

Johnson-Winegar, A. D., and L. Spero. 19883. Isoelectric focus-
ing patterns of staphylococcal exfoliative toxin. Curr. Micro-
biol. 8:311-315.

Keyhani, M., M. Rogolsky, B. B. Wiley, and L. A. Glasgow.
1975. Chromosomal synthesis of staphylococcal exfoliative
toxin. Infect. Immun. 12:193-197.

Kyte, J., and R. F. Doolittle. 1982. A simple method for
displaying the hydropathic character of a protein. J. Mol. Biol.
157:105-132.

Lee, C. Y., and J. J. Iandolo. 1986. Lysogenic conversion of
staphylococcal lipase is caused by insertion of the bacterio-
phage L54a genome into the lipase structural gene. J. Bacteriol.
161:385-391.

O’Toole, P. W., and T. J. Foster. 1986. Molecular cloning and
expression of the epidermolytic toxin A gene of Staphylococcus
aureus. Microb. Pathogen. 1:583-594.

O’Toole, P. W., and T. J. Foster. 1987. Nucleotide sequence of
the epidermolytic toxin A gene of Staphylococcus aureus. J.
Bacteriol. 169:3910-3915.

Ranelli, D. M., D. L. Jones, M. B. Jones, G. J. Mussey, and S. A
Khan. 1985. Molecular cloning of staphylcoccal enterotoxin B
gene in Escherichia coli and Staphylococcus aureus. Proc. Natl.
Acad. Sci. USA 82:5850-5854.

Rogolsky, M., R. Warren, B. B. Wiley, H. T. Nakamura, and
L. A. Glasgow. 1974. Nature of the genetic determinant control-
ling exfoliative toxin production in Staphylococcus aureus. J.
Bacteriol. 117:157-165.

Rosenblum, E. D., and S. Tyrone. 1976. Chromosomal determi-
nants for exfoliative toxin production in two strains of staph-
ylococci. Infect. Immun. 14:1259-1260.

Sako, T., S. Sawaki, T. Sakurai, S. Ito, Y. Yoshizawa, and I.
Kondo. 1983. Cloning and expression of the staphylokinase gene
of Staphylococcus aureus in Escherichia coli. Mol. Gen. Genet.
190:271-277.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Schmidt, J. J., and L. Spero. 1983. The complete amino acid
sequence of staphylococcal enterotoxin in C1. J. Biol. Chem.
258:6300-6306.

Shine, J., and L. Dalgarne. 1974. The 3’-terminal sequence of
Escherichia coli 16S ribosomal RNA: complementarity to non-
sense triplets and ribosomal binding sites. Proc. Natl. Acad.
Sci. USA 71:1342-1346.



VoL. 169, 1987

26.

Shortle, D. 1983. A genetic system for analysis of staphy-
lococcal nuclease. Gene 22:181-189.

26a.Stormo, G. D., T. D. Schneider, and L. M. Gold. 1982. Charac-

27.

28.

terization of translational initiation sites in Escherichia coli.
Nucleic Acids Res. 10:2971-2996.

Tweten, R. K., and J. J. Iandolo. 1981. Purification and partial
characterization of a putative precursor to staphylococcal en-
terotoxin B. Infect. Immun. 34:900-907.

Von Heijne, G. 1983. Patterns of amino acids near signal-
sequence cleavage sites. Eur. J. Biochem. 133:17-21.

29.

30.

31.

ETA AND ETB GENES OF S. AUREUS 3909

Warren, R., M. Rogolsky, B. B. Wiley, and L. A. Glasgow. 1975.
Isolation of extrachromosomal deoxyribonucleic acid for exfoli-
ative toxin production from phage group II Staphylococcus
aureus. J. Bacteriol. 122:99-105.

Wilbur, W. J., and D. J. Lipman. 1983. Rapid similarity
searches of nucleic acid and protein data banks. Proc. Natl.
Acad. Sci. USA 80:726-730.

Young, R. A., and R. W. Davis. 1983. Efficient isolation of genes
by using antibody probes Proc. Natl. Acad. Sci. USA 80:
1194-1198.



