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In this study, we determined the amino-terminal coding sequence, covering the
signal peptide and the amino-terminus of the mature peptide, of the heat-labile
enterotoxin subunit B (LT-B) gene originating in human enterotoxigenic Esche-
richia coli. Neither the signal sequence nor the amino-terminal sequence of the
mature LT-B was identical to those sequences from porcine enterotoxigenic E.
coli, but there was an extensive homology.

Enterotoxigenic Escherichia coli produce en-
terotoxins, such as heat-labile toxin (LT) and
heat-stable toxin (ST), that cause diarrheal dis-
eases in humans and food animals (13). LT and
Vibrio cholerae enterotoxin (cholera toxin) are
similar toxins. They share similar modes of
action (5) and similar subunit structures (4, 15),
have common antigenic determinants (1, 18),
and manifest extensive homology of amino acid
sequence (2, 14).
The LT operon is polycistronic, having at

least two genes for LT subunits A and B (LT-A
and LT-B); the latter is distal to the former (3,
20). Modification of this LT operon by in vitro
recombination techniques allowed us to con-
struct a series of recombinant plasmids produc-
ing toxoids of LT (LT-B and LT-A*), which we
hope are useful as vaccines (20). These tech-
niques also allowed us to study the transcomple-
mentation of the LT genes (18, 20) and the
secretion mechanism of the LT subunits through
bacterial membrane(s) (19).
Although LT operons from human and por-

cine enterotoxigenic E. coli resemble each other
in many aspects (3, 20), recent studies demon-
strated considerable heterogeneity between the
LT gene products of human and porcine entero-
toxigenic E. coli. (i) LT-B produced from a
human enterotoxigenic E. coli is apparently larg-
er in molecular weight than is the cholera toxin
subunit B (18, 20). In contrast, LT-B from
porcine enterotoxigenic E. coli is similar in
molecular weight to cholera toxin subunit B (11).
(ii) There exist immunologically nonidentical
determinant(s) between LTs from human and
porcine enterotoxigenic E. coli (7). Because LT
genes might have been widely disseminated

among bacterial replicons as transposons (18),
we have been interested in the evolutionary
relationships of the LT genes from human and
porcine enterotoxigenic E. coli.

In previous experiments, the LT operon (toxA
and toxB) originating in human enterotoxigenic
E. coli strain H10407 was cloned into pBR322 to
construct an LT-producing recombinant plasmid
pJYL2299 (17). By using pJYL2299, a peptide
with a molecular weight of 11,800 to 12,000 was
identified as a major toxB product in E. coli
minicells (18, 20). This 11,800- to 12,000-molecu-
lar-weight LT-B from pJYL2299, which was
labeled with 14C-amino acid mixture in E. coli
minicells, was purified by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, eluted
from the gel, and subjected to the Edman degra-
dation (Fig. 1). Five cycles of Edman degrada-
tion revealed that the amino acid sequence at the
amino-terminus of the

1 2 3 4 5
LT-B is Ala-Pro-Gln-(-)-Ile(or leu)----;

the fourth amino acid residue remained ambigu-
ous. This sequence is similar to that

1 2 3 4 5
(Ala-Pro-Gln-Thr-Ile----)

of the LT-B of porcine enterotoxigenic E. coli
(1).
The structure of the LT operon (approximate-

ly 1 kilobase in length) originating in human
enterotoxigenic E. coli is summarized in Fig. 2.
Of this LT operon, the EcoRI-Hinfl region (166
nucleotides) encoding part of the toxB gene was
sequenced by the chemical method of Maxam
and Gilbert (10), and the first 102 nucleotides
and the corresponding amino acid sequence
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FIG. 1. Amino-terminal analysis of the LT subunit

B by the Edman degradation. (A) The LT-B was
synthesized in E. coli minicells carrying pJYL2299 in
the presence of "C-labeled amino acid mixture as
described (18) except the labeling conditions; in this
experiment, 19 "C-labeled amino acids (L-alanine,
L-argnine, L-aspartic acid, L-glutamic acid, glycine,
L-histidine, L-isoleucine, L-leucine, L-lysine, L-phe-
nylalanine, L-proline, L-serine, L-threonine, L-tyro-

Xba I

sine, L-valine, L-methionine, L-tryptophan, L-gluta-
mine, and L-asparagine) at approximately 0.6 ,uCi per
ml each were used. The minicells were lysed, and the
lysates were subjected to 15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (18). The peptide
bands were detected by autoradiography, and the
peptide with a molecular weight of 11,800 to 12,000
wai eluted from the gel. Subsequent procedures were
carried out as previously described (12; M. Ryoji and
A. Kaji, Anal. Biochem., in press). Phenylthiohydan-
toin amino acids obtained from each cycle of the
Edman degradation were separated by two-dimension-
al chromatography on a polyamide sheet together with
phenylthiohydantoin amino acid standards as internal
markers. The '4C-labeled amino-termini were detected
by autoradiography (7- to 30-day exposure) as shown
at the left of this figure. The markers were detected
under the UV lamp as shown at the right of the figure.
The figure shows the result of the 1st cycle of the
Edman degradation. (B) The amino-termini from the
first three cycles of the Edman degradation.
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FIG. 2. Analysis of the amino-terminal sequence of

the LT-subunit B gene. The top line shows the LT
operon (tox4,B) map (18, 20). P, A, and B respectively
represent the LT promoter, toxA (filled bar), which
encodes LT subunit A, and toxB (open bar), which
encodes LT subunit B. The location of the carboxy-
terminus of the toxA is described (18, 20). The arrow
indicates the direction of transcription. The EcoRJ-
Hinfl region (166 nucleotides) was sequenced by the
method of Maxam and Gilbert (10) as described previ-
ously (16), and the first 102 nucleotides are shown in
this figure (lower part). The nucleotide sequence (and

amino acid sequence) of the corresponding region
originating in porcine enterotoxigenic E. coli is from
Dallas and Falkow (2). Base changes between human
and porcine enterotoxigenic E. coli are marked with a
box. A base change, marked with a dotted box,
remains ambiguous (see the text). Asterisks represent
amino acid residues that differ from those of porcine
enterotoxigenic E. coli. The amino-terminal amino
acid sequence of cholera toxin subunit B is from
Klapper et al. (8) and Kurosky et al. (9). The under-
lined amino acid residues of cholera toxin subunit B
differ from those of the LT-B sequences.
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translated from the nucleotide sequence are
shown in Fig. 2. The initiation codon for the
toxB product (precursor, pre-LT-B) is located 15
nucleotides from the site cut by EcoRI. A proc-
essing site within the precursor (pre-LT-B) to
convert into the mature LT-B was determined to
be 78 nucleotides away from the EcoRI site; the
signal sequence of the toxB is 63 nucleotides in
length. This conclusion is based on the amino-
terminal amino acid sequence obtained with the
LT-B in Fig. 1. The signal peptide (21 amino acid
residues) has a calculated molecular weight of
2,308 and is enriched in hydrophobic amino acid
residues (-700%); the hydrophobicity is required
to pass through membranes (6). In a previous
communication, we showed that even the LT-B
alone, which was produced from the cloned
toxB, can be secreted into the culture supema-
tant through the bacterial membrane(s) (19) and
that the 11,800- to 12,000-molecular-weight pep-
tide (the mature LT-B) is a major product of the
toxB gene in E. coli minicells (18, 20). This signal
peptide probably facilitates the secretion of the
LT-B through the bacterial inner membrane.
When this signal sequence of the toxB of

human enterotoxigenic E. coli is compared with
that of porcine enterotoxigenic E. coli, two
base changes are found. Consequently, two ami-
no acids are replaced. This comparison shows
97% homology at the nucleotide level and 90%
homology at the amino acid level. An extensive
homology was also found in the amino-terminal
sequence encoding the mature LT-B. So far,
only one base change was identified at nucleo-
tide 88 (Fig. 2). This results in one amino acid
replacement. It should be noted that this resi-
due, the fourth amino acid from the amino-
terminus of the mature LT-B, differs from that of
porcine enterotoxigenic E. coli and from that of
cholera toxin subunit B (Fig. 2). Another nucleo-
tide change is located at nucleotide 97. Howev-
er, this does not appear to change the amino acid
assigned, Glu, to the corresponding codon, as
has been reported (2). No changes were seen in
the additional 64 nucleotides up to the Hinfl
endonuclease site, between human and porcine
enterotoxigenic E. coli. The sequenced amino-
terminal region of the mature LT-B totals 88
nucleotides, which corresponds to approximate-
ly 30% of the entire mature LT-B-encoding
sequence.
Based on the product analysis of the cloned

tox regions, we have pointed out the possibility
that the termination codon for the LT-A (toxA
product) may be located downstream (right side
in Fig. 2) of the EcoRI site (18, 20). If so, the
termination codon for LT-A would be at one of
three possible sites: nucleotides 21 to 23 (TAA;
ocher), nucleotides 17 to 19 (TGA, opal), or
nucleotides 10 to 12 (TGA, opal). The first two

possibilities imply that the two LT genes toxA
and toxB overlap.
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