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Nucleotide sequence comparisons of the heat-labile enterotoxin (LTh) genes of E. coli pathogenic for

humans with cholera toxin (CT) genes suggest that the two toxin genes have evolved from a common

ancestry by a series of single selective base changes, while conserving the catalytic fragment A1 (ADP-

ribose transferase). Based on the local hydrophilicity profiles of LTh and CT peptides, a transmembrane
segment appears to be present in Al in both toxins.

Escherichia coli heat-labile enterotoxin
ADP-ribose transferase

Sequence comparison

1. INTRODUCTION

E. coli heat-labile enterotoxin (LT) and Vibrio
cholerae enterotoxin (cholera toxin, CT) are two
members of the ADP-ribosylation toxin family,
and cause watery diarrhea. The two toxins are
structurally very similar. In both cases, the holo-
toxin consists of one molecule of subunit A and 5
molecules of subunit B [1-3]. Subunit B binds to
the receptor (GM1-ganglioside) of the target cells
[4—6]. Subunit A undergoes post-translational pro-
cessing to generate Al and A2 fragments, which
are linked to each other by a single disulfide bond
[1,2,7-9]. The A2 fragment presumably facilitates
the binding of the Al fragment to subunit B [1,2].
The Al fragment has the catalytic function of
transferring the ADP-ribose moiety of NAD to the
GTP-binding regulatory component of adenylate
cyclase, resulting in activation of adenylate cyclase
and the subsequent elevation of intracellular cyclic
AMP levels [1,9-11]. LT is divided into two
distinct classes [12—14]: LTh produced only by E.
coli pathogenic for humans, and LTp produced
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Transmembrane

only by E. coli pathogenic for piglets.

The entire nucleotide sequences of the genes of
subunits A and B of LTp [15,16], of CT [17,18]
and of LTh [19-21] have been determined, and the
entire amino acid sequences of subunits A and B of
those toxins have been predicted. In those reports,
comparisons of complete nucleotide sequences
(and of predicted complete amino acid sequences)
have also been made between CT and LTp [17],
and between LTh and LTp [20,21]. However, those
comparisons unexpectedly showed a significant
heterogeneity in the catalytic fragment, Al, in
terms of both amino acid number and amino acid
sequence.

We show here that the LTh and CT genes com-
prise the same number of nucleotides (and thus,
LTh and CT subunits share the same number of
amino acids), and that the LTh and CT genes could
have evolved from a common ancestry by a series
of single base changes, while conserving the Al
fragment. Local hydrophilicity and predicted
secondary structures of LTh and CT subunits are
also compared for structure analyses.
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A gene

CT_...GT...G....TA.,T G.6 ... ... ... .. C T.. JATIT .C. . AT LT LG TG LA LT L LTT L
ATG AAA AAT ATA ACT TTC ATT TTT TTT ATT TTA TTA GCA TCG CCA TTA TAT GCA AAT GGC GAC AAA TTA TAC CGT GCT GAC TCT AGA CCC CCA GAT

-18 -10 10
LTh Met Lys Asn Ile Thr Phe Ile Phe Phe Ile Leu Leu Ala Ser Pro Leu Tyr A]a Asn G]y Asp Lys Leu Tyr Arg Ala Asp Ser Arg Pro Pro Asp
CT— - vallys . Ile . val . . . Phe . Ser . Phe Ser L

(Signal peptlde) A(Subunlt A)

P L T AL A LG 6 L L LT L CC LTl e s T AL

GAA ATA AAA (GT TCC GGA GGT CTT ATG CCC AGA GGG CAT AAT GAG TAC TTC GAT AGA GGA ACT CAA ATG AAT ATT AAT CTT TAT GAT CAC GCG AGA
20 30 40

Glu e Lys Arg Ser Gly Gly Leu Met Pro Arg Gly His Asn Glu Tyr Phe Asp Arg Gly Thr Gln Met Asn Ile Asn Leu Tyr Asp His Ala Arg

. .. GIn . . . N PN . GIn Ser - . . . . P . . . . . . .

cee T L6 LG LA L LT LG L LT e A AL L oo W0 L0 TG LT LA AL L L G ..T

GGA ACA CAA ACC GGC TTT GTC AGA TAT GAT GAC GGA TAT GTT TCC ACT TCT CTT AGT TTG AGA AGT GCT CAC TTA GCA GGA CAG TCT ATA TTA TCA
50 60 70

Gly Thr GIn Thr Gly Phe Val Arg Tyr Asp Asp Gly Tyr Val Ser Thr Ser Leu Ser Leu Arg Ser Ala His Leu Ala Gly GIn Ser lle Leu Ser

.o . . . . .. His . . . . . . .o De . . . . . . .o Val . . Thr . .

GGA TAT TCC ACT TAC TAT ATA TAT GTT ATA GCG ACA GCA CCA AAT ATG TTT AAT GTT AAT GAT GTA TTA GGC GTA TAC AGC CCT CAC CCA TAT GAA

80 90 . 100 110
Gly Tyr Ser Thr Tyr Tyr Ile Tyr Val Ile Ala Thr Ala Pro Asn Met Phe Asn Val Asn Asp Val Leu Gly Val Tyr Ser Pro His Pro Tyr Glu
. His | B . . . . . . . B . . . . . B . . B . . . Ala . . R . Asp

CAG GAG GTT TCT GCG TTA GGT GGA ATA CCA TAT TCT CAG ATA TAT GGA TGG TAT CGT GTT AAT TTT GGT GTG ATT GAT GAA CGA TTA CAT CGT AAC
120 130 140

GIn Glu Val Ser Ala Leu Gly Gly Ile Pre Tyr Ser GIn lle Tyr Gly Trp Tyr Arg Val Asn Phe Gly Val Ile Asp Glu Arg Leu His Arg Asn

. P . . . - - . . . . . . . . His . .. leu . . GIn . . . .

.. .GC..CL.. L TAA L. L., LT CTAG.,. T .0 AL AL L0 L TG LG s o LT L G L T ARG L.

AGG GAA TAT AGA GAC CGG TAT TAC AGA AAT CTG AAT ATA GCT CCG GCA GAG GAT GGT TAC AGA TTA GCA GGT TTC CCA CCG GAT CAC CAA GCT TGG
150 160 170

Arg Glu Tyr Arg Asp Arg Tyr Tyr Arg Asn Leu Asn Ile Ala Pro Ala Glu Asp Gly Tyr Arg Leu Ala Gly Phe Pro Pro Asp His Gln Ala Trp

. Gly . . . . . . Ser . . Asp . . . . Ala . . . Gly . . . . . . Glu . Arg .

PO O R oo vve 606 L. L0 LGALLGTCL, L LT TCG TG AL AL L L CG.. ..AAA ... A .G. ..A

AGA GAA GAA CCC TGG ATT CAT CAT GCA CCA CAA GGT TGT GGA GAT TCA TCA AGA ACA ATT ACA GGT GAT ACT TGT AAT GAG GAG ACC CAG AAT CTG
180 150 200

Arg Glu Glu Pro Trp lle His His Ala Pro Gln Gly Cys Gly Asp Ser Ser Arg Thr [le Tnr Gly Asp Thr Cys Asn Glu Glu Thr Gin Asn Leu

. . . . . . . . . . Pro . . . Asn Ala Pro Ser Ser Met Ser Asn . . Asp . Lys . . Ser .

(AHA A (A2)

G.T GT. .A. .TC ..TGAC G.. ..C ... .. T ... LALA LA L G AL LTAL LT G LT L AA. G..

AGC ACA ATA TAT CTC AGG AAA TAT CAA TCA AAR GTT AAG AGG CAG ATA TTT TCA GAC TAT CAG TCA GAG GTT GAC ATA TAT AAC AGA ATT CGG AAT
210 220 230

Ser Thr Ile Tyr Leu Arg Lys Tyr GIn Ser Lys Val Lys Arg GIn Ile Phe Ser Asp Tyr Gln Ser Glu Val Asp Ite Tyr Asn Arg Iie Arg Asn

Gly val Lys Phe . Asp Glu . . . B . B . . . . Gly B . Asp lle . Thr His . . . Lys Asp

GAA TTA TGA
240
6

c

Leu Stop

B gene

..... AA LT AR .0 T L TT.G ...
ﬂ?_ AAT AAA GTA AAA TGT TAT GTT TTA TTT ACG GCG TTA CTA TCC TCT CTA TGT GCR TﬂC GGA BCT cce CAG TCT ATT ACA GAA CTA TGT
-2
Met Asn Lys Val Lys Cys Tyr Val Leu Phe Thr Ma Leu Leu Ser Ser Leu Cys Ala Tyr Gly Ma Pro GIn Ser Ile Thr Glu Leu Cys
Ile . Lleu . Phe Gly . Phe . .oVav . . . . Ala Tyr . His Thr . . Asn . . Asp

(Signal peptide) A(Subumt B)
G e €A e € LT G AL TCA T A o 6 T
S8 GhA AT L0 ARG ACK CMA ATA TAT ACG TR AT GRL ARG ATA LTA T0R TAT ACG BAR TCG KT GOR GAC AR AGA GRA ATG GTT ATS ATT AdA
16 20 30 a0

Ser Glu Tyr Arg Asn Thr Gln 1le Tyr Thr Ile Asn Asp Lys Ile Leu Ser Tyr Thr Glu Ser Met Ala Gly Lys Arg Glu Met Val Ile Ile Thr
Ala . . His .. P .. teu . . . Phe . . leu . . . . .. Ala . P

oo ... JAT LT T L ALA L LA LA LT L T.A oo 6L oo s T LD 06 L6
TTT AAG AGC GGC GCA ACA 1T CAG GTC GAA GTC CCG GGC AGT CAA CAT ATA GAC TCC CAA AAA AAA GCC ATT GAA AGG ATG AAG GAC ACA TTA AGA
50

Phe Lys Ser G]y Ala Thr Phe Gin Val Glu Val Pro Gly Ser Gln His 1le Asp Ser Gln Lys Lys Ala Ile Glu Arg Met Lys Asp Thr Leu Arg
.. Asn LoMe o000 L e .

LT6.. ... T LT L AGT L GCLALG L Ll L Cee e e e .6 ..TC.. GG ... T o7 LA

ATC ACA TAT CTG ACC GAG ACC AAA ATT GAT AAA TTA TGT GTA TGG AAT AAT AAA ACC CCC AAT TCA ATT GCG GCA ATC AGT ATG GAA AAC TAG
80 90 100 103

e Thr Tyr Leu Thr Glu Thr Lys I]e Asp Lys Leu Cys Val Trp Asn Asn Lys Thr Pre Asn Ser Ile Ala Ala Ile Ser Met Glu Asn Stop

. Ala . . . . Ala Glu . . . . . . . . . . His Ala . . . . . . Ala . .

Fig.1. Sequence comparison of the LTh and CT genes and the predicted gene products. The LTh A and LTh B gene

sequences are from [21] and [20], respectively. The CT A and CT B gene sequences are from [17] and [18], respectively.

Nucleotides or amino acid residues of CT that are identical to those of LTh are shown as dots. (4) Post-translational
processing site. Nucleotides underlined overlap between the A and B genes.
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2. METHODS

A local hydrophilicity profile of the peptides was
obtained as in [22]. An averaged hydrophilicity
value at residue / was calculated as follows [21]:
sum of values of a running hexapeptide (i — 2 to
i+ 3)/6. The secondary structures of the peptides
were predicted by computer as in [23]. Frequency
(f) of use of optimal codons was calculated as in
[24]: f = sum of numbers of optimal codons/sum
of numbers of optimal and nonoptimal codons.

3. RESULTS AND DISCUSSION

The LTh A and LTh B genes lie on the operon
that is presumably transcribed as a single mRNA;
the LTh A gene is proximal to the LTh B gene [25].
The CT A and CT B genes also lie on a similar
operon structure [17,26]. In both cases, the gene
products are precursors of a subunit A or B
[17,18,21,27,28].

3.1. Sequence comparison of the LTh and CT genes

As shown in fig.1, the LTh A and LTh B genes
shared the same number of nucleotides with CT A
and CT B genes, respectively. In the entire A and
B regions, the homology between LTh and CT was
77.9% at the nucleotide level and 78.8% at the
amino acid level. This sequence comparison
strongly suggests that the LTh and CT genes have
evolved from a common ancestry by a series of
single base changes. The close resemblance of the
LTh and CT genes was further confirmed with
respect to codon usage and G + C content (mol%):
the frequency of usage of optimal codons, which is
closely related to the amount of gene product (pro-
tein) in E. coli [24], was 0.41 for the LTh A gene,
0.44 for the LTh B gene, 0.44 for the CT A gene
and 0.41 for the CT B gene; G + C content of the
LTh A and LThB genes was 38.2 and 37.1%,
respectively [20,21], and G + C content of the
CT A and CT B genes was 38.5 and 32.8%, respec-
tively (G + C contents of the B genes were slightly
heterogenous).

3.2. Evolutionally conserved and diverged regions
between LTh and CT

Table 1 shows the percent homology in various

regions. Compared to nucleotide sequence homo-
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logies, amino acid sequence homologies varied
markedly from region to region. The amino acid
sequence homology was most apparent in the cata-
lytic fragment, Al. The GMI1-binding subunit B
was also highly homologous. In marked contrast,
signal peptides and A2 fragments showed less
homology.

Fig.2 summarizes base changes between the LTh
and CT genes and predicted peptide structures.
The amino-terminal sequence of 130 amino acids
in A1 (positions 1—130) was extremely homologous
between LTh and CT (fig.2a). The homology was
91.5% (82.1% at the nucleotide level), and reached
94.6% when homologous amino acids were in-
cluded. Four long and identical (conserved)
sequences (C1-C4) existed (positions: C1, 3-17;
C2, 29-54; C3, 81-102; and C4, 110-130). This
highly homologous segment of 130 amino acids
contained large and strongly hydrophobic regions
(positions 69—106 and 113—134, fig.2a) as described
previously with LTh [21]. No such strongly hydro-
phobic regions were present in the A2 fragment of
subunit B. Those hydrophobic regions must repre-
sent a transmembrane segment (discussed later).

Recently, autoADP-ribosylation was reported to
occur at Arg in CT Al [29]. The Arg residue prob-
ably corresponded to Arg at position 146 (fig.1,2a).
The Arg was located on a predicted random coil
structure of the highest hydrophilicity (fig.2a),
suggesting that the autoADP-ribosylation site
sequence is looped out on the outer surface of the
molecule. The corresponding Arg (position 146) in
LTh Al was also located on a predicted random
coil structure of the highest hydrophilicity (fig.2a).
Thus, the Arg (position 146) of LTh Al could also
be the site of autoADP-ribosylation. Like the
sequence surrounding the autoADP-ribosylation
site, the amino-terminal C1 region in Al (of both
LTh and CT) was also rich in charged amino acids
and located on a predicted random coil structure
of high hydrophilicity. This C1 region may also
participate in the catalytic function.

As indicated earlier [21], there are markedly
divergent regions (D1 and D2) in subunit A (posi-
tions 189—-197 and 205-213, respectively, fig.2a).
Of these regions, D1 manifested a unique base
change pattern; codon latter changes occurred pre-
dominantly at the first position. Based on this, we
speculate that the divergence is a result of adapta-
tion of the D1 region to E. coli or V. cholerae
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which may have a ‘distinct’ proteolytic enzyme to
generate Al and A2 fragments. The D1 sequence is:

187 189 ! {
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197 199

Cys - Gly '|Asp - Ser - Ser + Arg - Thr - Ile - Thr - Gly - Asp|- Thr : Cys
Cys * Gly ‘|Asn - Ala - Pro - Arg - Ser - Ser - Met - Ser - Asn|- Thr + Cys

(LTh A)
(CTA)

(D1 sequence is marked with a box; arrows repre-
sent the cleavage sites; the two Cys residues form
a disulfide bond). The D1 region was located on a
predicted random coil structure. The D1 may be
looped out on the protein surface, and may create
an appropriate structure which is more accessible
to the active site of the proteolytic enzymes of E.
coli and V. cholerae. In contrast, base changes in
the other significantly divergent region, D2, seem
to be at random, suggesting that the amino acid
sequence in this region is variable. Signal peptides
were also significantly divergent, however, the hyd-
rophobic characteristics that are required for mem-
brane penetration were well conserved (fig.2a,b).

Trp (position 88) of subunit B is involved in the
GM1-binding reaction [30]. As shown in fig.2b,
the Trp was located in the very strictly conserved
C2 region (positions 84—93); this entire sequence
may function in the binding reaction. Another
highly conserved region, C1 (in subunit B), was the

Table 1
Homology between LTh and CT

Region Homology (%)
Amino DNA
acid level level
A

Precursor (268)*
Signal peptide (18)*
Al fragment (192)*
A2 fragment (46)*
(Subunit A [240]*

79.1 (83.3)° 78.2
55.6 (61.1)° 72.2
87.0 (90.1)° 81.1
58.7 (65.2)° 70.3
80.8 [85.01° 78.6)

B
Precursor (124)?
Signal peptide (21)*
Subunit B (103)*

78.2 (84.7)° 77.4
57.1 (71.4)° 74.6
82.5 (87.4)° 78.0

2 Numbers represent residue numbers of peptides
Y Homologous amino acids are included
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longest of all conserved sequences found. There-
fore, this C1 sequence (in subunit B) must play an
important functional role.

3.3. Amino acid sequence divergence between LTh
and LTp

Amino acid sequence positions where amino
acid changes or deletions (in LTp) occur are indi-
cated in fig.2 (bottom). With the exception of the
C3 region in the Al fragment, the highly conserved
regions discussed above, between LTh and CT,
and the D1 sequence of LTh were also seen in LTp.
The reason why so many amino acid changes and
deletions (in LTp) are unusually compressed in the
A1-C3 region is not known.

3.4. Transmembrane model

CT Al (ADP-ribose transferase) is most prob-
ably transferred across the membrane of the target
cells into the cytosol during the intoxication pro-
cess [1,31]. Gill presented a possible model of the
entry of CT Al in which initially CT B enters into
the membrane and then creates a channel to allow
the entry of CT Al. However, our present and pre-
vious data [21] clearly show that, in both LTh and
CT, strongly hydrophobic regions, which are re-
quired for entry into layers, do not exist in subunit
B, but do exist within the Al fragment. Based on
this, we present a new possible entry model for
LTh and CT (fig.3). The outline of the model is
that:

(i) In the holotoxin, the Al fragment is packed
into a subunit B pentamer with the aid of the
A2 fragment to shield the hydrophobicity; and

(i) After the binding of subunit B to the GM1
receptor, the subunit B pentamer changes con-
formation so as to open the rigid structure, re-
sulting in the entry of the Al fragment from its
leader segment (hydrophobic sequences).
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Fig.2. Base changes between the LTh and CT genes and
predicted peptide structures. (a) LTh A- and CT A-pre-
cursors, (b) LThB- and CT B-precursors. Sequence
numbers are the same as those in fig.1. Symbols used in
codon-letter change: (| ) base change without amine acid
change, (?) base change with amino acid change, (1)
base change with amino acid change in case. Symbols
used in predicted secondary structures: (—) o-helix,
(wmmn) F-sheet, (~.) B-turn, (——) random coil. C1-C6
represent conserved regions of more than 10 residues,
and D1 and D2 represent divergent regions of 9 residues.
A local hydrophilicity profile, a charged amino acid dis-
tribution and predicted secondary structures of LTh are
from [21]. Amino acid sequence differences between
LTh and LTp, shown at the bottom, are from [20,21]:
(1) positions of amino acid change; positions of amino
acid deletion in LTp are marked with a circle.
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(a)

- A2
N C .

- Al

ADP-

ribosylation

site
E j Hydrophobic
region
( lransmembrane)
segment :

Membrane

(b)

Membrane

Fig.3. A possible model of the entry of LTh Al and
CT Al across the membrane. (a) Holotoxin, (b) entry of
the Al fragment across the membrane.
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