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Cholera toxin (CT) is the prototype for the Vibrio cholerae-Escherichia coli family of heat-labile enterotoxins
having an ABS structure. By substituting amino acids in the enzymatic A subunit that are highly conserved in
all members of this family, we constructed 23 variants of CT that exhibited decreased or undetectable toxicity
and we characterized their biological and biochemical properties. Many variants exhibited previously unde-
scribed temperature-sensitive assembly of holotoxin and/or increased sensitivity to proteolysis, which in all
cases correlated with exposure of epitopes of CT-A that are normally hidden in native CT holotoxin. Substi-
tutions within and deletion of the entire active-site-occluding loop demonstrated a prominent role for His-44
and this loop in the structure and activity of CT. Several novel variants with wild-type assembly and stability
showed significantly decreased toxicity and enzymatic activity (e.g., variants at positions R11, 116, R25, E29,
and S68+V72). In most variants the reduction in toxicity was proportional to the decrease in enzymatic
activity. For substitutions or insertions at E29 and Y30 the decrease in toxicity was 10- and 5-fold more than
the reduction in enzymatic activity, but for variants with R25G, E110D, or E112D substitutions the decrease
in enzymatic activity was 12- to 50-fold more than the reduction in toxicity. These variants may be useful as
tools for additional studies on the cell biology of toxin action and/or as attenuated toxins for adjuvant or

vaccine use.

The massive diarrhea characteristic of the disease cholera is
in large part due to the action of cholera toxin (CT), produced
by Vibrio cholerae of serogroup O1. A better understanding of
the structure and function of CT will provide new insights into
the pathogenesis of cholera and may aid in the design of safe
and effective vaccines against cholera and related diarrheas.

CT is a heterohexameric complex consisting of one A
polypeptide and five identical B polypeptides (11). The B pen-
tamer is required for binding to the cell surface receptor gan-
glioside GM,; (11). The A subunit can be proteolytically
cleaved within the single disulfide-linked loop between C187
and C199 to produce the enzymatically active Al polypeptide
(23) and the smaller A2 polypeptide that links fragment Al to
the B pentamer (32). Upon entry into enterocytes by endocy-
tosis and following reduction and translocation, CT-A1 ADP-
ribosylates a regulatory G-protein (Gso), which leads to con-
stitutive activation of adenylate cyclase, increased intracellular
concentration of cyclic AMP, and secretion of fluid and elec-
trolytes into the lumen of the small intestine (12). ADP-ribosyl
transferase activity of CT is stimulated in vitro by the presence
of accessory proteins called ARFs (49), small GTP-binding
proteins known to be involved in vesicle trafficking within the
eukaryotic cell, but the role of ARFs in the activity of CT in
vivo has not yet been determined.

CT is the prototype for the V. cholerae-Escherichia coli fam-
ily of heat-labile enterotoxins. E. coli heat-labile enterotoxins
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(LT) are classified into two distinct serogroups (LT-I and LT-
II) (reviewed in references 16 and 17). CT is closely related to
LT-I. Type I and type II LT have highly homologous Al
polypeptides and moderately homologous A2 polypeptides,
but the B polypeptides of LT-II exhibit very low homology to
CT or LT-I.

The Al polypeptide of CT also has limited regions of ho-
mology with other ADP-ribosylating toxins (7), including per-
tussis toxin (PT), diphtheria toxin (DT), and exotoxin A (ET-
A). The three-dimensional structures of these toxins have been
determined (1, 3, 40-42, 50). All of these ADP-ribosylating
toxins have NAD-binding domains with conserved features,
but the overall structures of these toxins are not conserved.

Biochemical and genetic analyses of these ADP-ribosylating
toxins, and CT and LT in particular, identified several positions
where amino acid changes caused inactivation of toxicity (for a
review see reference 7). In this study we systematically ana-
lyzed the functional importance of selected residues in CT-A
that are fully conserved in all members of the V. cholerae-E.
coli heat-labile enterotoxin family. Following site-directed mu-
tagenesis of the cloned ctx4 gene in E. coli we produced and
characterized variant holotoxins with defined amino acid sub-
stitutions in CT-A. We identified variants of CT-A that re-
tained the ability to assemble with CT-B to form holotoxins,
but they exhibited decreased toxicity or no toxicity. Preliminary
data were presented at several meetings, most recently at the
9th European Workshop on Bacterial Protein Toxins (Ste.
Maxime, France, 27 June to 2 July 1999). This report empha-
sizes our findings with novel substitutions in CT that have not
been reported previously in any variant of LT-I or LT-II. It
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also summarizes our comparative studies of substitutions in CT
that significantly extend reported findings from previous stud-
ies on variants of LT-I or LT-IL

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. E. coli TG1 (Amersham
Corporation, Arlington Heights, Ill.); TX1, a naladixic acid-resistant derivative of
TG1 carrying F' Tc" lacI from XL1blue (Stratagene, La Jolla, Calif.) (20); TE1
(TG1 AendA F' Tc" lacl?); and CJ236(F’ Tc* lacl?) (Bio-Rad) were used as hosts
for cloning of recombinant plasmids and expression of variant proteins. Plasmid-
containing strains were maintained on Luria-Bertani agar plates with antibiotics
as required (ampicillin, 50 pg per ml; kanamycin, 25 pg per ml; tetracycline, 10
g per ml).

Mutagenesis of ctx4 gene. Site-directed mutagenesis using single-stranded
uracil-containing templates (25) was used to select for oligonucleotide-derived
mutants created in plasmid pMGJ67, an isopropyl-B-p-thiogalactopyranoside
(IPTG)-inducible clone of the native CT operon in pBluescript SKII(—) (Strat-
agene). Mutations were confirmed by DNA sequencing. Some mutations were
introduced directly into pARCT4 using the QuickChange mutagenesis method
(Stratagene). pARCT4 is an arabinose-inducible clone derived from pAR3 (36)
expressing an operon containing the ctx4 and ctxB genes with signal sequences
derived from the LT-IIb B gene (22) and with each gene independently using the
translation initiation sequences derived from T7 gene 10 from vector plasmid
pT7-7, a derivative of pT7-1 (44).

One- and two-codon insertion mutations. Single codon insertions were gen-
erated at Ddel restriction sites by partial digestion of pMGJ64 (a derivative of
pMGIJ67), followed by filling in of the 3-base sticky ends and self-ligation.
Two-codon TAB linker insertion mutations were made by adding 6-bp Apal
linkers (GGGCCC) to the ends of Rsal partial digests of pMGJ64 as described
in the TAB manual (Pharmacia). Transformants were screened for loss of a
single Ddel or Rsal site (and presence of a new Apal site) and confirmed by DNA
sequencing.

Expression of mutant ctx4 alleles and purification of variant holotoxins.
Production of each variant holotoxin was tested in 5-ml cultures of Terrific Broth
medium (45) in 125-ml Erlenmeyer flasks at 37°C with shaking (200 rpm).
Logarithmic phase cells (444, = 0.8 to 1.0) were induced by the addition of IPTG
to 0.4 mM followed by growth overnight. Polymyxin B was added to 1 mg/ml,
followed by incubation for 10 min at 37°C. Cells were removed by centrifugation,
and the supernatants (periplasmic extracts) were assayed to determine the con-
centrations of holotoxin and B pentamer as described below. Large-scale cultures
of pARCT#4 derivatives (1 liter) were grown at 30°C in Terrific Broth to an A,
of 3.0 and induced with 0.5% vL-arabinose. After 3 h, cells were harvested and
concentrated (25X) extracts were made in Tris-buffered saline (TBS) or TEN (50
mM Tris, 1 mM EDTA, 0.1 M NaCl), pH 7.5, both with 1 mg of polymyxin B/ml.
These extracts were passed over a 0.5-ml column of either p-galactose resin
(Pierce) or Talon metal affinity resin (Clontech Inc., Palo Alto, Calif.) to bind
CT-B subunits, washed with 3 to 5 column volumes of TEN or TBS, and eluted
with 1 M p-galactose in TEN or 50 mM imidazole in TBS, respectively. Toxin-
containing fractions were pooled, dialyzed against TEN, and stored at 4°C.

Assay for holotoxin antigenicity and toxicity. CT antigen was determined by
ganglioside GM,-dependent solid phase radioimmunoassay (GM,-SPRIA) (19).
Briefly, wells of a microtiter plate were incubated with 25-pl samples of 0.15 pM
ganglioside GM, in phosphate-buffered saline prior to blocking nonspecific bind-
ing sites with 10% horse serum in phosphate-buffered saline. Periplasmic extracts
were serially diluted in these wells. After 60 min at 37°C, unbound antigen was
washed away and bound antigen was detected with rabbit antisera (60 min, 37°C)
followed by '*I-labeled goat anti-rabbit immunoglobulin G (90 min, 37°C,
150,000 cpm/well, specific activity of approximately 8 mCi/mg). To detect holo-
toxin, we used monospecific polyclonal rabbit anti-CT-A serum B9. To detect
pentameric CT-B (including CT-B in holotoxin), we used rabbit anti-CT-B serum
B10. Binding of mouse monoclonal antibody (MAb) was detected with rabbit
anti-mouse immunoglobulin G (heavy plus light chains), followed by '**T-labeled
goat anti-rabbit immunoglobulin G. GM, enzyme-linked immunosorbent assays
(ELISAs) were performed in a similar manner, except wells of low-binding
easy-wash modified flat-bottom ELISA plates (Corning Glassworks, Corning,
N.Y.) were coated with 50 pl of 0.15 uM GM;, and bound rabbit antibody was
reacted with 1/5,000 goat anti-rabbit-horseradish peroxidase conjugate (Bio-
Rad) and detected with OPD substrate (Sigma). Toxicity of culture supernatants
was assayed using the mouse Y1 adrenal cell assay (30). One toxic unit is defined
as the smallest amount of toxin or supernatant that caused rounding of 75 to
100% of the cells in a well after overnight incubation in RPMI 1640 medium with
10% fetal calf serum.
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Western blotting. Toxin samples were mixed with an equal volume of 2X
Laemmli sample buffer, boiled for 5 min in the presence of 3% B-mercaptoetha-
nol, loaded onto sodium dodecyl sulfate (SDS)-12% polyacrylamide gels, and
run at a constant 160 V. Proteins were transferred to nitrocellulose by semidry
electroblotting as described by the manufacturer (Bio-Rad) and were detected
with CT-specific antibodies using an enhanced chemiluminescence kit (Dupont/
NEN).

Enzyme assay for ADP-ribosyltransferase activity. ADP-ribosyltransferase ac-
tivity was determined using diethylamino(benzylidine-amino)guanidine (DE-
ABAG) as a substrate (34), synthesized in our laboratory. Twenty-five-microliter
aliquots of purified toxin variant (activated for 30 min at 30°C with 1/50 [wt/wt]
trypsin) was incubated with 200 pl of 2 mM DEABAG in a solution containing
0.1 M K,HPO, (pH 7.5), 10 mM NAD, and 4 mM dithiothreitol for 2 h. The
reaction was stopped by adding 800 .l of a slurry of buffer containing 400 mg of
Dowex AG50-X8 resin to bind unreacted substrate. ADP-ribosylated DEABAG
in the supernatant was quantitated by fluorescence emission in a DyNAQuant
fluorimeter calibrated with DEABAG. For kinetic studies, NAD was titrated
over the range 0.25 to 10 mM. To assess activation by ARF, reaction mixtures
also included 0.04 mM GTP and 2 pl of a crude preparation of recombinant
ARF6 (rARF6). This was made as a whole-cell lysate of E. coli overexpressing an
ARF6 cDNA clone (a gift from J. Moss, National Institutes of Health), stored at
—20°C in 50% glycerol.

RESULTS

Rationale for site-directed mutagenesis of CT-Al subunit
gene. Figure 1 shows a cartoon representation of the predicted
active-site domain (Al,) of the CT-Al subunit. Residues that
were changed are shown in red in ball-and-stick representation
and are numbered. Each residue altered was either completely
conserved in CT, LT-I, or LT-II or was a homolog of a residue
that was identified as important for NAD binding based on
structural alignments of the Ca backbones of CT-A1l or LT-Al
with DT, ET-A, and PT (2).

Conservative substitutions for Arg-7 (47), Glu-110, and Glu-
112 (4) have previously been studied in LT but not biochem-
ically in CT holotoxin, although R7K and E112K variant CT
holotoxins have been tested for mucosal adjuvanticity (15). Tyr
substitutions for Ser-68 and Val-72 were designed to substitute
residues found at the corresponding position in PT where Tyr
residues at the homologous positions are predicted to be in-
volved in NAD binding, possibly contributing to the 1,000-fold
lower K,,, value for NAD of PT (cited in reference 28). In LT,
different nonconservative substitutions for Ser-68 or Ala-72
were reported to prevent assembly (S68P) or to have no effect
on toxicity (S68K or A72R, -H, or -E) (38), although the A72R
variant was later reported to show reduced toxicity (13). Ho-
mologs of Asp-9 and Arg-11 are also fully conserved and im-
portant in PT (37), but substitutions at these positions have not
been studied previously in either CT or LT. The hydrophobic
Ile residue conserved at position 16 in CT and LT (Val-14 in
LT-ITa and LT-IIb), predicted to interact with the nicotin-
amide moiety of NAD (48), was changed to Ala (nonconser-
vative) or Val (conservative). The Ca backbone trace homolog
for Arg-25 in PT is Trp-26, which is also involved in catalysis
(5); therefore we converted Arg-25 to Trp or Gly to study the
contribution of this residue in CT. Substitutions for Ile-16 and
Arg-25 are entirely novel. Glu-29 is fully conserved in the
CT-LT family. Although a deletion of this residue in CT has
been shown to have greatly reduced toxicity and enzymatic
activity (14) for unknown reasons, substitutions for Glu-29
have not been studied previously. His-44, situated in an alpha
helix and forming part of a loop that blocks the predicted
active site, is also fully conserved among the heat-labile ente-
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FIG. 1. Stereo cartoon representation of the predicted active site of CT-Al. For clarity, only domain Al, is shown (residues 1 to 135). The
alpha-helices containing substitutions are shown in blue, and the wt residues substituted are shown in ball-and-stick format in red. Each residue
substituted in this study is labeled with the one-letter amino acid code and residue number. The active-site-occluding loop, residues 47 to 56, is

shown in green.

rotoxins and is located similarly to His-35 of PT (28). His-44 is
important in the activity of LT (24), and several nonconserva-
tive substitutions in the loop in LT were reported to be less active
than that in the wild type (wt) (9). Here we made novel substi-
tutions of Tyr and Ser for His-44 and also deleted the entire loop
from 41 to 56 in CT. Four other insertion mutations were also
introduced by addition of two-codon linkers (at Y30 and G34) or
filling in of restriction sites at T48 (and L153, not shown in Fig. 1).
These studies confirmed and significantly extended previous in-
vestigations of the structure and function of CT.

Analysis of CT variants. Initial characterization of each vari-
ant holotoxin was performed on crude periplasmic extracts
prepared from cells grown at 37°C. While most mutant strains
produced wt levels of holotoxin, several mutant strains pro-
duced little or no detectable holotoxin under these conditions
(R7K, H44Y, H44S, A41-56+G, W127S, and L153LL). How-
ever, when the growth and induction temperature was reduced
to 25 or 30°C, these mutant strains produced normal amounts
of holotoxin (data not shown), and the holotoxin variants pro-
duced at 25 or 30°C were as stable as wt CT during subsequent
incubations at 37°C, as determined by ELISA and SPRIA for
immunoreactive holotoxin and Y1 adrenal cell assays for tox-
icity. Table 1 summarizes the comparative data on holotoxin
assembly, toxicity, and enzymatic activity for selected variant
CT holotoxins. All holotoxins except the V72Y variant and the
conservative substitution variants D9E, I16L, and E29D (not
shown) had reduced toxicity, ranging from 50% (E29N, not
shown) to less than 1% of the toxicity of wt toxin (R7K, R11K,
H44Y, H44S, and E110D+E112D).

For more detailed characterization of these variant holotox-
ins, the mutations were moved into pARCT4 by subcloning the
552-bp Xbal-Clal fragment (encoding 95% of the ctxAI gene)
from each mutant plasmid, and variant holotoxins were puri-
fied from 1-liter cultures grown at 30°C. Samples of these
variant holotoxin preparations were analyzed by SDS-poly-
acrylamide gel electrophoresis (PAGE) and stained with

Coommassie blue (data not shown). Each recombinant holo-
toxin produced in E. coli was fully stable during assays at 37°C
with the CT-A protein in an unnicked form.

Stability of variant holotoxins upon treatment with trypsin.
Each variant holotoxin was tested for the ability of its A sub-
unit to be processed by mild trypsin treatment into stable
CT-Al and CT-A2 polypeptides. Untreated or trypsin-treated
samples were reduced, denatured, and analyzed by SDS-
PAGE and Western blotting (Fig. 2). Most variants were as
stable upon trypsin treatment as the wt and generated the
expected CT-A1 polypeptide in comparable amounts. Gener-
ally, the stability upon trypsinization correlated well with the
temperature sensitivity of assembly reported in Table 1. The
H44Y variant was highly sensitive to trypsin and was almost
completely degraded. The R7K, H44S, and R11K variant ho-
lotoxins also showed increased sensitivity to trypsin degrada-
tion, to decreasing degrees, as shown in Fig. 3. Analyses by
GM,-SPRIA showed that recombinant wt CT treated with
trypsin retained its reactivity with anti-CT-A antibody, and the
toxin concentrations in the trypsin-treated and untreated sam-
ples, as determined by the slope of the curves, were identical
(Fig. 3A). The 10% increase in signal at saturation seen after
trypsinization probably reflects slightly greater reactivity of the
polyclonal antibody with native nicked toxin, the antigen used
for immunization.

Reduction of a duplicate sample of the trypsin-treated wt
toxin with dithiothreitol prior to analysis by GM,-SPRIA led to
almost complete loss of the signal (Fig. 3A), presumably re-
flecting dissociation of the Al polypeptide from the immobi-
lized A2B5 complex and showing that the trypsin-treated wt
sample was in a fully nicked yet stable state. In contrast, the
recombinant R7K variant holotoxin lost more than 90% of the
signal after brief treatment with trypsin alone (Fig. 3B) without
reduction, suggesting that the R7K substitution caused an al-
tered conformation of the A subunit, exposing one or more
trypsin-sensitive sites.
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TABLE 1. Toxicity and enzymatic activity of the CT holotoxin
variants analyzed in this study®

Holotoxin ~ Toxicity to  Enzymatic  Ratio of toxicity
CT variant assembly Y1 cells activity to enzyme

phenotype” (% of wt)° (% of wt) activity
wt + 100 100 1.0
R7K Ts 0.3 NT —
D9E + 100 NT —
RI11K + 0.7 ND —
I16A + 5 4 1.2
116L + 100 96 1.0
R25G + 6 0.5 124
R25W + 30 10 3
E29H + 5 55 0.14
Y30WAH + 8 43 0.24
G34GGP + 30 54 0.6
H44Y Ts ND NT —
H44S Ts ND <0.1 —
T48TH + 25 18 1.4
A41-56+G Ts ND NT —
S68Y + 33 11 3
V72Y + 100 68 1.5
S68Y+V72Y + 5 3 1.7
E110D + 6 0.1 60°
E112D + 3 0.06 504
E110D+E112D + <2 ND —
W127S Ts 10 NT —
L153LL Ts 1.5 3 0.5

“ ND, none detected; NT, not tested; —, not applicable.

b Ts, temperature-sensitive, variant CT-A assembles into holotoxin at 26 but
not at 37°C; +, assembles normally into holotoxin at 37°C.

¢ Cholera toxin produced in E. coli was unnicked and had a specific activity of
65 to 130 U per pg (one Y1 cell toxic dose [U] equals 7 to 15 ng), compared to
4,000 U per pg for fully nicked native CT from V. cholerae (a Y1 cell toxic dose
of 250 pg). Trypsin treatment of unnicked recombinant toxin converted its
specific activity to that of native naturally nicked CT (data not shown).

4 Fivefold or more difference.

The R11K variant holotoxin exhibited an intermediate phe-
notype, where the immunogenicity of a portion of the sample
was stable upon trypsin treatment, but approximately 40% of
the molecules were degraded (Fig. 3C), as determined from
the plateau signal (free CT-B competes for GM, binding and
reduces the maximum signal) and the slope of the curve (a
direct measurement of the concentration of holotoxin). This
suggests a slight folding defect in the R11K variant, causing
some of the molecules to adopt a wt conformation and the rest
to adopt an alternative conformation with exposed trypsin-
sensitive sites. The H44S variant, when assayed by reducing
SDS-PAGE in a time-limited trypsin treatment format, was
nicked by trypsin at the same initial rate as wt CT, but further
incubation led to almost complete degradation (Fig. 3D).

Differences in immunoreactivity of representative variant
holotoxins. Altered reactivity with MAbs, like differences in
susceptibility to proteolytic cleavage, can often reveal subtle
differences in conformation of proteins. Among our collection
of MADbs that react with conformational epitopes of CT are
several that react only with holotoxin by SPRIA, some that
react well with holotoxin (by GM,-SPRIA) but poorly with free
denatured CT-A (by Western blot), and, conversely, some that
react poorly with holotoxin but well with free CT-A (18). When
we analyzed the temperature- or trypsin-sensitive variant ho-
lotoxins, we consistently found that they had altered patterns
of reactivity towards these different classes of MAbs (Fig. 4 and
Table 2). Whereas the R11K variant had a slight assembly
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FIG. 2. Generation of CT-Al from CT variant holotoxins by lim-
ited treatment with trypsin. Samples of toxin variants were treated with
or without trypsin as described in Materials and Methods, and aliquots
were analyzed by reducing SDS-PAGE, transferred to nitrocellulose
and detected with rabbit anti-CT-A polyclonal antisera by chemilumi-
nescence. Treatment with (+) or without (—) trypsin is denoted by the
symbol underneath each lane, and the samples are identified above the
lanes by the corresponding toxin variant names. CT represents native,
untreated holotoxin from V. cholerae which is ca. 95% nicked.

defect as determined by trypsin sensitivity, it behaved like wt
CT in its reactivity with these MAbs, reacting well with 42C8
and 4G10, weakly with 40D3, and poorly with 37G7 and 34C11
(Fig. 4A versus B). In contrast, the R7K variant had a com-
pletely different profile, retaining reactivity with 42C8 while
losing reactivity to 4G10 and reacting much more strongly with
the MAbs that normally give a poor signal with native CT (Fig.
4C). Data for other variants are presented in Table 2, repre-
senting the maximum signal obtained for each MAb (0.5 .l of
hybridoma supernatant per well). Deletion of the entire loop
filling the active site (A41-56+G variant) caused almost com-
plete loss of reactivity with group 1 and 2 MAbs that react with
holotoxin, suggesting that this loop determines or is essential
for the epitope(s) detected by these MAbs. Each variant ho-
lotoxin that showed decreased reactivity with group 1 and 2
MADs also gained reactivity with group 7B MAbs that normally
react only with denatured CT-A (bound to plastic or nitrocel-
lulose), suggesting a conformational change resulting in expo-
sure of an epitope of CT-A that is normally hidden in wt
holotoxin.

Enzymatic activity of variant holotoxins. Holotoxin variants
that were able to be nicked by trypsin were tested for ADP-
ribosyltransferase activity. CT ADP-ribosylates DEABAG in
an NAD-dependent manner that is absolutely dependent upon
reduction and is greatly increased by both nicking and addition
of ARF and GTP. Basal levels of activity for trypsin-activated
variants without addition of ARF6 or GTP are shown in Table
1 as percentages of wt activity. We were unable to detect any
enzymatic activity for the R11K, H44S, or E110D+E112D
variant holotoxins. Generally, the level of enzyme activity cor-
related well with Y1 toxicity data. Exceptions included substi-
tutions for R25, E110, and E112 that had notably less enzy-
matic activity than toxicity, and conversely, the E29H and
Y30WAH substitutions that had significantly more enzymatic
activity than toxicity.

Kinetic studies of enzyme activity of holotoxin variants.
DEABAG assays were done with various NAD concentrations
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FIG. 3. Variability in trypsin sensitivity of selected holotoxin variants. (A through C) Each toxin antigen, treated as shown, was titrated in a
GM,-SPRIA and detected with rabbit polyclonal anti-CT-A serum. (A) Recombinant wt CT. (B) R7K variant. (C) R11K variant. (D) Time course
of trypsin digestion of H44S variant (left half) compared to that of wt toxin (right half). From left to right, lane CT, native nicked toxin; lane stds,
molecular size markers (31, 21.5, and 14.4 kDa); lanes 0, 5, 15, 30, and 90 represent 0, 5, 15, 30, and 90 min of trypsin treatment for each sample.
Samples were analyzed by reducing SDS-PAGE and were stained with Coommassie blue. The intense band in all time point samples at 22 kDa
is soybean trypsin inhibitor, added to stop the digestion. ['*I]-GARG, '*I-labeled goat anti-rabbit immunoglobulin G; DTT, dithiothreitol.

to obtain apparent K,,, and V,,, values for selected holotoxin
variants from Lineweaver-Burk plots of 1/V, against 1/[NAD].
In independent experiments with wt CT, we obtained apparent
K,,s (5 to 8 mM; Table 3) that were similar to those from other
reports in the literature (1.1 to 5.6 mM), depending on the
acceptor substrate (27, 29, 32, 36). The E29H variant showed a
slight increase in K,, for NAD in the absence of ARF6 Other
variants had too little activity to give reliable data under these
conditions. With the addition of rARF6 and GTP, the K,,, for
NAD with wt CT decreased significantly and the V. in-
creased (Table 3), as has been reported previously (34). Sig-
nificant increases in K, for NAD compared to wt CT were
observed for the R11K and I16A variants, while all other
variants tested had K,,;s for NAD that remained close to that of
the wt yet had reduced V,,,, values, as expected for variants
with reduced enzymatic activity.

DISCUSSION

By concentrating on residues that are highly conserved in the
A subunits of the CT-LT family of enterotoxins, we identified
several novel residues of CT-A that are critical to the structure

and function of CT holotoxin. Novel substitution or insertion
mutants for E29, Y30, E110, or E112 differentially affected
toxicity and enzymatic activity in vitro without detectably af-
fecting holotoxin structure, while the effects of other substitu-
tion mutants could be accounted for, at least in part, by pre-
viously undocumented alterations in holotoxin structure.
Many of these substitutions are located in or adjacent to the
proposed active-site NAD-binding cleft (7) and can reasonably
be assumed to exert their effects directly on NAD binding
(R7K, RI1IK, I16A) or catalytic activity (H44S, E110D,
E112D). Analysis of the three-dimensional structures of mem-
bers of the CT-LT family predicts that the residues equivalent
to Glu-112 in CT correspond to the single active-site gluta-
mates of PT (Glu-129), DT (Glu-148), and ET-A (Glu-153). In
studies with an isolated LT-A subunit, however, both Glu-110
and Glu-112 were required for full enzymatic activity (4, 27),
since individual aspartate substitutions at these positions re-
duced activity 20- and 100-fold, respectively. We saw very sim-
ilar results on toxicity with the individual aspartate-substituted
mutant CT holotoxins but saw much greater effects on enzy-
matic activity. Only when both glutamates were replaced
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with aspartate did we see complete loss of toxicity and enzy-
matic activity. Clearly the members of the CT-LT family of
ADP-ribosylating toxins differ significantly from the other
ADP-ribosylating toxins in the details of their catalytic activity.

In crystallographic studies, the R7K variant of LT differed
significantly in structure from wt LT (47) and was more sensi-
tive to proteolysis (29). Our biochemical and immunological
data showed similar changes in the R7K mutant of CT, sup-
porting a role for R7K both in maintaining holotoxin structure
and in NAD binding. The novel R11K variant was significantly
more stable than the R7K variant, yet it showed a similar
reduction in toxicity as well as an increased apparent K, for
NAD. The conservative R11K substitution had a much greater
effect on toxin activity (<1% of wt) than did a nonconservative
substitution of the corresponding residue in PT (R13L) which
showed 25% of wt toxicity (37), emphasizing the differences in
functional importance of conserved residues between these
toxins. At the equivalent of position 16 in CT, PT and the
LT-IIb toxin have Val, whereas CT, LT-I, and LT-IIa have Ile.
Replacing Ile-16 with Ala in CT reduced activity 20- to 25-fold
compared to that of the wt and significantly increased the K,,
for NAD, while the conservative Leu substitution had no ef-
fect, providing the first direct evidence for the importance of a
highly hydrophobic residue at this position for NAD binding.
These data provide novel, direct experimental support for the
structure-based hypothesis of van den Akker et al. (47, 48) that
Ile-16 in LT (and, by inference, in CT) is involved in a hydro-
phobic interaction with the adenine ring of NAD.

We also changed the amino acids at positions 25, 68, and 72
in CT to residues found at homologous positions in PT that
were proposed to participate in NAD binding (2) to test the
hypothesis that the poor affinity of CT for NAD (K,,, of several
millimolars [10]) could be improved by modifying its predicted
NAD-binding site to resemble more closely that of PT, which
has a several-micromolar K, for NAD (28). In both CT and
LT-I, Arg-25 has hydrophobic interactions with residue 55 that
are proposed to influence the movement of the active-site-
occluding loop 47 to 56 (47). The R25W variant, which may
maintain some of these hydrophobic interactions with His-55,
retained significantly greater enzymatic activity and toxicity
than the R25G variant, although both were less active than the
wt. The single substitutions S68Y and V72Y decreased the
toxicity and enzymatic activity of the variant holotoxins slightly
to moderately, but together they produced 20- and 30-fold
reductions, respectively. The S68Y variant, in the presence of
recombinant ARF6, showed a slight increase in the apparent
K, for NAD and a 10-fold reduction in the apparent V.,
compared to those of the wt. These substitutions at positions
25, 68, and 72 in CT therefore generally had adverse effects on
enzymatic activity and/or toxicity but not on the structure of
the CT variants, and their phenotypes did not suggest that they
had significantly increased affinity for NAD. Other investiga-
tors (6) showed that CT-Al variants with substitutions in the
conserved B3 strand (YVSTS, residues 59 to 63) of the putative
NAD-binding site (2) also affected the structure of the variant
CT-Al polypeptides and markedly decreased their enzymatic
activity, but they did not study the effects of these substitutions
in variant holotoxins.

Data from our laboratory and others support the critical role
played by the active-site-occluding loop in the activity of the
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FIG. 4. Differential MAb reactivity of R7K, R11K, and wt holo-
toxin variants. Panels A (recombinant CT), B (R11K variant), and C
(R7K variant) show the reactivity of saturating amounts of each toxin
antigen detected by titration with a battery of anti-CT MAbs in a
GM,-SPRIA. Individual MAbs are identified according to the symbols
in panel B. ['*I]-GARG, *I-labeled goat anti-rabbit immunoglobulin
G.
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TABLE 2. Altered conformations of selected holotoxin variants as assessed by MAb reactivity”

MAD reactivity

CT variant or

Rabbit polyclonal

property assayed Group 1 (17F7) G:;‘zip 422&‘5‘1,10 Group 7A (14E7) Gr‘;‘;‘(’i 73%%‘)‘?“ serum
Properties”
CT neutralization — - + - ++
CTgin ++ ++ ++ + ++
CT-Ag;a - - + ++ ++
“FAWestern - - - + ++
CT variants®
wt +4+++ ++++ ++++ - +4+++
R7K +4+++ ++/++++ ++++ ++/+++ ++++
R11K ++++ ++++ ++++ - +4+++
H44Y ++ ++ ++++ +++ ++++
H44S +4+++ ++++/++ ++++ +4++ +4+++
A41-56+G + —/+ + +++ +++
W127S ++++ +++ +++ - ++++
L153LL +4+++ ++++ ++++ +4+++ ++++

¢ Saturating amounts of antigen bound in GM,-SPRIA were assayed for antibody reactivity.

 From reference 18. CTgys and CT-Ag;a refer to direct SPRIA assays using plates coated with native CT holotoxin or purified CT-A subunit, respectively.
CT-Awesiern refers to reactivity with CTA1 polypeptide in a Western blot. —, negative; +, positive; ++, strongly positive. Group 1 and 2 MAbs react with native
holotoxin only; group 7A MADs react strongly with holotoxin and weakly with denatured CT-A and are the only group with toxin-neutralizing activity; group 7B MAbs

react weakly or not at all with holotoxin but strongly with denatured CT-A.

¢ Maximum signal expressed semiquantitatively in units of 1,000 cpm of '**I-labeled goat anti-rabbit Inmunoglobulin G bound. —, <1; +, 1 to 3; ++, 3 to 8 +++,

810 15; ++++, >15.

4 For results with two sets of data, the first set refers to reactivity to 4G10 and the second set refers to reactivity to 42C8.
¢ For results with two sets of data, the first set refers to reactivity to 34C11 and the second set refers to reactivity to 37G7.

heat-labile enterotoxins (8, 9, 47). Substitutions for His-44 in
CT decreased the stability of variant holotoxins and abolished
enzyme activity in a manner similar to that reported for the
H44A variant of LT (24). The proposal of Kato et al. (24) that
His-44 interacts directly with the catalytic residue Glu-112 is
unlikely given the distance between His-44 and Glu-112 in the
crystal structures of both LT and CT. Instead, His-44 may act
indirectly to activate a water nucleophile that interacts with
Glu-112, as proposed by Rising and Schramm (39). In LT,
substitutions within the active-site-occluding loop of residues
that are found in the related LT-II toxins also affect structure
and function (8). The fact that normally cryptic epitopes rec-
ognized by our group 7B MAbs were exposed in the His-44
holotoxin variants, in the A41-56 deletion variant, and in all
temperature-sensitive holotoxin variants with significantly re-
duced activity (R7K, L153LL) suggests a common structural or
folding defect in these variants. We see a slight effect on en-

zymatic activity and toxicity with a single residue insertion on
the external surface of this loop in CT (T48TH). In a recent
study, we independently identified an H44Y variant that af-
fected the interaction of CT-Al with ARF6 in a bacterial
two-hybrid system (21). All other substitutions in the present
study with detectable enzymatic activity were stimulated by
ARF6, suggesting that ARF6 does not interact directly with
the catalytically important residues.

Surprisingly, substitutions for Glu-29 and Tyr-30 and the
replacement of L153 by LL, which are all well removed from
the proposed active site, significantly affected toxicity and en-
zymatic activity. The Y30WAH and E29H variant holotoxins
retained high levels of enzymatic activity yet had 5- to 10-fold
lower toxicity, respectively, suggesting an additional role for
these residues in vivo, possibly for toxin entry, trafficking, or
substrate interaction. An explanation for the phenotypes of the
two other variants produced in this study, W127S and L153LL,

TABLE 3. Summary of kinetic data for selected CT holotoxin variants

Amount of toxin

Presence of

Apparent K,,, Apparent Voo

CT variant assayed (ng) rAgR}?g + (mM NAD)" D%KEIAOGf/ﬁﬁl/)i{g ’
Native CT 0.5 - 5-8 0.9-1.4
E29H 0.75-1.0 — 11-13% 0.8
Native CT 0.075 + 0.33-2.0 2.8-5.6
Recombinant CT 0.075 + 0.74 3.6
R11K 20 + 19° 0.04
116A 1-2 + 13-16" 0.25-1.0
E29H 0.075 + 0.7 1.2-1.9
Y30WAH 0.2 + 1.6 1.4
G34GGP 0.2 + 1.0 1.6
S68Y 1.0 + 1.5-3.0 0.3-0.6

“ Values show ranges obtained in independent experiments.
> Estimates only; maximum NAD concentration tested was 10 mM.
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is more difficult. Both showed temperature-sensitive assembly
defects. Although the W127S holotoxin formed at the permis-
sive temperature and appeared near-wt in its reactivity with
anti-CT MAbs, it showed only 10% toxicity. The L153LL vari-
ant holotoxin behaved like the other structurally altered vari-
ants, displaying nonnative MAb epitopes and greatly reduced
toxicity. This residue is well removed from the active site on
the “backside” of the Al subunit. The L153LL insertion vari-
ant may exert its effects on toxin assembly by affecting inter-
action of the Al polypeptide with the A2 subunit, but it is not
clear how it dramatically affects the enzymatic and toxic activ-
ities of CT.

In summary, we have identified a diverse group of novel
holotoxins with variant CT-A subunits that have altered bio-
logical properties, which in some cases include greatly reduced
toxicity. The present study significantly extends the available
information on the effects of structural changes in CT-A on the
biological and enzymatic activities of CT. Several of the CT
variants that exhibited differential effects on toxicity and en-
zyme activity should be useful for future studies on the struc-
tural basis for interaction of CT with target cells. One or more
of these variants may prove useful as an immunological adju-
vant. In this regard, our collaborators recently showed that the
E29H variant can act as an effective mucosal adjuvant for
immunization against respiratory syncytial virus (46).
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