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Clostridium perfringens iota-toxin is a binary toxin consisting of iota a (Ia), an ADP-ribosyltransferase that
modifies actin, and iota b (Ib), which binds to a cell surface protein and translocates Ia into a target cell.
Fusion proteins of recombinant Ib and truncated variants were tested for binding to Vero cells and docking
with Ia via fluorescence-activated cytometry and cytotoxicity experiments. C-terminal residues (656 to 665) of
Ib were critical for cell surface binding, and truncated Ib variants containing =200 amino acids of the C
terminus were effective Ib competitors and prevented iota cytotoxicity. The N-terminal domain (residues 1 to
106) of Ib was important for Ia docking, yet this region was not an effective competitor of iota cytotoxicity.
Further studies showed that Ib lacking just the N-terminal 27 residues did not facilitate Ia entry into a target
cell and subsequent cytotoxicity. Five monoclonal antibodies against Ib were also tested with each truncated Ib
variant for epitope and structural mapping by surface plasmon resonance and an enzyme-linked immunosor-
bent assay. Each antibody bound to a linear epitope within the N terminus (residues 28 to 66) or the C terminus
(residues 632 to 655). Antibodies that target the C terminus neutralized in vitro cytotoxicity and delayed the
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lethal effects of iota-toxin in mice.

Clostridium perfringens type E produces iota-toxin, a binary
toxin that consists of two nonlinked proteins implicated in
sporadic diarrheic outbreaks among animals (6, 28, 32). The
47-kDa enzymatic component, designated iota a (Ia), docks
with and is translocated by the 80-kDa iota b (Ib) into a target
cell. Iota-toxin belongs to an A-B toxin family possessing non-
linked proteins like Clostridium botulinum C2 toxin (12), Clos-
tridium spiroforme iota-like toxin (23, 29), anthrax toxin from
Bacillus anthracis (14), and the vegetative insecticidal protein
(VIP) produced by Bacillus cereus (11).

The current understanding of iota-toxin is mainly centered
around the Ia molecule (16, 18, 34, 35), while the structure-
function relationship of Ib in iota toxicity is poorly understood.
Like many clostridial toxins, Ia and Ib are activated by pro-
teases (10). The protoxin form of Ib contains a 20-kDa amino-
terminal peptide released after proteolysis. Upon binding to a
protein receptor (30), activated Ib docks with Ia and facilitates
entry of Ia into a cell via receptor-mediated endocytosis (23).
Once inside a cell, an Ia molecule ADP-ribosylates monomeric
actin and consequently disrupts formation of actin filaments
necessary for the cytoskeleton, with resultant cell rounding and
death (18, 35). Either Ia or Ib functionally complements the
serologically related iota-like toxin proteins (Sa and Sb) pro-
duced by C. spiroforme (29). There is no biological synergy of
either iota or iota-like components with other A-B proteins
from anthrax (20) or C2 (22, 24, 25) toxins. However, there is
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a 34 and 41% sequence homology between Ib and the cell-
binding proteins of anthrax toxin (protective antigen; PA) and
C2 toxin (component II; C2II), respectively, which strongly
suggests structural and functional relatedness among these bi-
nary toxins (13, 19, 21).

In the present study, we structurally and functionally
mapped the cell-binding and Ia docking domains on Ib. This
was accomplished by testing recombinantly truncated variants
of Ib and monoclonal antibodies with various techniques, in-
cluding fluorescence-activated cytometry, surface plasmon res-
onance, and cytotoxicity assays.

MATERIALS AND METHODS

Recombinant Ib and truncated Ib variants. Recombinant Ib and truncated Ib
variant genes were PCR amplified from C. perfringens type E (NCIB 10748) using
the primers listed in Table 1. Amplification products were directly cloned into a
pCR2.1 plasmid. After digestion with Ncol and Sall, inserts were gel purified,
ligated into a pET32a expression plasmid, and then used to transform Esche-
richia coli BL21(DE3) for producing the corresponding recombinant proteins (1
to 2 mg/liter). Fusion proteins containing thioredoxin plus a histidine tag were
purified by immobilized metal affinity chromatography (Clontech, Palo Alto,
Calif.), and homogeneity was confirmed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE) (Coomassie blue-stained gels) and Western
blot analysis with monospecific rabbit antisera towards Ib. All recombinant
proteins were =80% pure as determined by standard gels. The thioredoxin-
histidine tag was removed from a fusion construct (100 wg) by 15 U of porcine
enterokinase (Sigma, St. Louis, Mo.) incubated together overnight at room
temperature in 20 mM phosphate buffer, pH 5.3. Additionally, wild-type Ta and
Ib were purified from C. perfringens as previously described by Gibert et al. (10).
All protein concentrations were determined by a bicinchoninic acid assay
(Pierce, Rockford, II1.).

MAbs against Ib. Monoclonal antibodies (MAbs) were developed from a
BALB/c mouse (National Cancer Institute, Frederick, Md.) vaccinated twice
intraperitoneally with purified wild-type Ib (10 pg/dose) in aluminum hydroxide
(Pierce). Spleen cells were fused with SP2/0-Ag 14 myelomas, and subsequent
hybridomas were grown, screened for Ib-specific antibody, and subcloned as
described previously (31). Volumes of each MAb were obtained by collecting
culture fluid from hybridomas grown in vitro (Integra Biosciences, Ijamsville,
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TABLE 1. Primers for recombinant Ib and truncated variants

Ib

. 5" Primer 3" Primer
variant
1-665 5'-CCATGGCAGCCTGGGAAGATGAAG 5'-GTCGACTTAACACTAAGCACTAATACCTC
28-665 5'-CCATGGATTCAATTGCAGTAAAATGGA 5'-GTCGACTTAACACTAAGCACTAATACCTC
107-665 5'-CCATGGATCAAGGAAAAACAGTTTCTAGG 5'-GTCGACTTAACACTAAGCACTAATACCTC
224-665 5'-CCATGGCTCCAAATGAAACATATCCTAAAAAAGG 5'-GTCGACTTAACACTAAGCACTAATACCTC
358-665 5'-CCATGGATTCCAATTGATGAGAGC 5'-GTCGACTTAACACTAAGCACTAATACCTC
466-665 5'-CCATGGGATCCTTCAACTTCTAATTCAATAAC 5'-GTCGACTTAACACTAAGCACTAATACCTC
558-665 5'-CCATGGATTATGCAGATATAAAGCTTGACAC 5'-GTCGACTTAACACTAAGCACTAATACCTC
1-66 5'-CCATGGCAGCCTGGGAAGATGAAG 5'-GTCGACTTTTTGATAATCTGTATATGG
1-323 5'-CCATGGCAGCCTGGGAAGATGAAG 5'-GTCGACCTCTTTAGCAGCCACACT
1-466 5'-CCATGGCAGCCTGGGAAGATGAAG 5'-GTCGACCTTTGAATATCCACTAAAAACATAGCG
1-631 5'-CCATGGCAGCCTGGGAAGATGAAG 5'-GTCGACAAAATTAATATAATTAGTTTTAGGTTGG
1-655 5'-CCATGGCAGCCTGGGAAGATGAAG 5'-GTCGACATCAGGTGTAACTGCATATATTC

Md.). MAbs were subsequently purified via protein G column chromatography
(Amersham Pharmacia, Uppsala, Sweden), and homogeneity was ascertained by
SDS-PAGE. Each antibody was isotyped with an enzyme-linked immunosorbent
assay (ELISA) from Bio-Rad (Hercules, Calif.) and surface plasmon resonance
(described below). Protein concentrations were determined by a bicinchoninic
acid assay with purified bovine gamma globulin as a standard.

Cell-binding studies. Fluorescence-activated cytometry was done with recom-
binant Ib and truncated Ib variants as previously described by Stiles et al. (30).
Additional experiments determined if each MAD (50 pg/ml) detected cell-bound
Ib (10 wg/ml) or prevented Ib binding to the Vero cell surface. A 1:100 dilution
of mouse sera (normal and Ib specific) was used as controls for both sets of
experiments. Detection experiments were done with Ib and truncated variants
incubated with Vero cells at 37°C for 10 min. Cells were immediately washed in
ice-cold Hanks balanced salts solution plus 0.2% bovine serum albumin and then
incubated with MAD at 4°C for 1 h. After washing, cells were counterstained with
a fluorescein isothiocyanate conjugate of goat anti-mouse immunoglobulin G
(IgG) (Accurate Chemical, Westbury, N.Y.).

To determine if any MADb prevented Ib binding to the cell surface, MAb (50
pg/ml) was preincubated with Ib (10 pg/ml) for 30 min at room temperature
before being added to cells (10 min at 37°C). Cells were washed with Hanks
balanced salts solution plus bovine serum albumin and Ib was detected with
rabbit anti-Ib sera as described previously. Geometric means of the relative
fluorescence units (RFU) were considered positive if they were at least twofold
greater than the mean RFU from negative-control cells not incubated with Ia or
Ib but with all other reagents.

Cytotoxicity assays. Each truncated Ib variant (10 wM) was initially mixed with
Ta (10 pM) to determine the cytotoxic effects on Vero cells incubated at 37°C in
96-well plates, as described previously (30). Cytotoxic effects were recorded as a
percentage of rounded cells after 18 h, and 100% cytotoxicity was evidenced by
100% cell rounding. Competition studies were also done with Ib (2 nM) mixed
with increasing concentrations of a truncated Ib variant (molar ratio ranging
from 1:1 to 1:2,056) and 2 nM Ia. This iota-toxin cocktail was then added to Vero
cells incubated at 37°C and scored 18 h later. All cytotoxicity assays were done
twice.

Epitope mapping of Ib with MAbs. Mapping studies were initially done by
surface plasmon resonance with a BIAcore 1000 (Piscataway, N.J.) and rabbit
anti-mouse IgG Fc antibody (RAM Fc) (BIAcore, Uppsala, Sweden) amine
coupled to a standard CM5 sensor chip. Twenty microliters of culture filtrate
containing MAb was applied to the RAM Fc surface followed by 20 ul of a
truncated Ib variant (70 pg/ml) or, as a control for nonspecific binding, HEPES-
buffered saline containing 3.4 mM EDTA and 0.005% P20 surfactant (HBS-EP).
Results were given as response units (RU) representing a direct measure of
protein deposited on the sensor chip (~1 pg/mm? = 1 RU). All results were
confirmed by an ELISA with truncated Ib variants (20 wg/ml) adsorbed onto
Immulon IT microtiter plates (Dynatech, Chantilly, Va.) and detected with pu-
rified MAD (10 pg/ml) according to the method of Stiles et al. (31).

To determine if identical epitopes were recognized by each MAb, 20 ul of a
purified MAD (100 pg/ml) was initially applied to the RAM Fc surface. Unbound
RAM Fc sites were blocked with 50 .l of naive mouse immunoglobulins. Twenty
microliters of Ib (80 wg/ml) was added to the initially immobilized MAb, fol-
lowed by 20 wl of a second MADb. Sensor chip surfaces were regenerated with 10
mM glycine, pH 1.5. These BIAcore results were confirmed by a competition
ELISA, with MAb (10 pg/ml) in carbonate buffer initially adsorbed onto wells

overnight at 4°C. After blocking, Ib (1 pg/ml) plus a competitive MAb (100
png/ml) was added to wells for 1 h at 37°C. Wells were then washed, and rabbit
anti-Ib serum was added for 1 h at 37°C, followed by goat anti-rabbit conjugate
(Sigma) and finally substrate.

In addition to the epitope-mapping experiments, each MAb was also isotyped
by BIAcore with hybridoma culture fluid and a mouse IgG subclass kit (BIA-
core), as recommended by the manufacturer.

In vitro and in vivo neutralization of iota-toxin. Dilutions of each MAb (1.50
M to 1.0 nM) were incubated with 2 nM Ia and wild-type Ib (1 h at 37°C) and
then added to Vero cells. Viability was scored as a percentage of unrounded cells
after 18 h.

In vivo studies were done by premixing 12.5 pmol of Ia and Ib with 1 nmol of
MAD for 1 h at 37°C. BALB/c mice were then injected intraperitoneally (n = 3
per tested antibody) with this mixture, and time to death was recorded over 26 h.

RESULTS

Cloning, production, and characterization of truncated Ib
variants. To analyze Ib domains that interact with the cell
surface and Ia, we recombinantly generated fusion proteins of
Ib and 11 truncated Ib variants linked to a thioredoxin-histi-
dine tag via the N terminus (Fig. 1). Recombinant Ib (full
length, residues 1 to 665) fusion protein was only four- to
eightfold less active than wild-type Ib when combined with Ia,
and biological activity of the recombinant was indistinguish-
able from wild-type Ib following enterokinase removal of the
thioredoxin-histidine tag. None of the truncated Ib variants,
when used at a very high concentration (10 pM) with equimo-
lar Ia, were cytotoxic to Vero cells. Further studies with Ib
28-665 treated with and without enterokinase did not reveal
any difference in cytotoxicity when combined with Ia. Each
truncated Ib variant (except Ib 1-66) reacted in an ELISA with
Ib antiserum at levels equivalent to whole-molecule Ib (data
not shown), thus enabling us to develop fluorescence-activated
cytometry experiments for binding of each Ib fusion protein to
Vero cells. Fusion proteins were used for all subsequent stud-
ies because enterokinase removal of the thioredoxin-histidine
tag from various constructs was highly variable.

Binding of truncated Ib variants to Vero cells. Fluorescence-
activated cytometry was used to characterize the binding of
recombinant Ib and each truncated variant to the surface of
Vero cells. Ib 28-665, Ib 107-665, Ib 224-665, Ib 358-665, and
Ib 466-665 effectively bound to Vero cells (Table 2). However,
Ib lacking residues 632 to 665 or 656 to 665 or truncated
variant Ib 558-665 was much less efficient at binding to the cell
surface, indicating that the receptor binding domain of Ib is
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FIG. 1. Schematic presentation of proteolytically activated forms of anthrax toxin PA (21) showing the four putative domains, recombinant Ib,

and truncated Ib variants.

localized within the C-terminal residues 466 to 665. Moreover,
residues 466 to 558 and 656 to 665 of Ib were apparently
critical for cell receptor recognition and/or conformational in-
tegrity of the Ib molecule.

Ia docking domain on Ib. Like Ib, the docking of Ia to Ib is
also detected by fluorescence-activated cytometry after mixing
both components with Vero cells (30). In contrast to whole-
molecule Ib, Ia did not dock with any truncated Ib variant
(Table 2). The Ib 107-665 variant readily bound to the cell
surface but did not support docking of Ia, suggesting that the
N-terminal 106 residues of Ib were important for interactions
with Ta. As stated earlier, studies with a larger N-terminal
truncated variant, Ib 28-665, before and after enterokinase
treatment revealed that this molecule did not effectively inter-
act with Ia and thus failed to facilitate cytotoxic effects on Vero
cells. In agreement with findings for recombinant Ib (Ib 1-665)

containing the thioredoxin and histidine tag, the inability of
N-terminal truncated variants of Ib to dock with Ia was not due
to steric hindrance from the thioredoxin-histidine tag.
Inhibition of iota cytotoxicity by truncated Ib variants.
Competitive cytotoxicity assays between wild-type Ib and var-
ious concentrations of each truncated Ib variant in the pres-
ence of Ia were done with Vero cells (Table 3). Each truncated
Ib variant that bound to Vero cells during fluorescence-acti-
vated cytometry experiments afforded varying levels of protec-
tion against iota cytotoxicity, thus suggesting that binding was
specific for a functional receptor. Ib 28-665 and Ib 107-665
were the best inhibitors of iota cytotoxicity, while Ib 224-665,
Ib 358-665, and Ib 466-665 were less effective. As evidenced by
Ib 1-66, Ib 1-323, Ib 1-466, Ib 1-631, and Ib 1-655, deletions
within the C terminus of Ib yielded ineffective competitors of
iota cytotoxicity. Truncated Ib variants that did not bind to the
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TABLE 2. Binding of recombinant Ib, truncated Ib variants, and Ia
to Vero cells, as determined by fluorescence-activated cytometry

Recombinant Ib
or truncated

Docking of Ia to cell-bound

Binding to cell surface Ib or truncated variant

receptor (RFU)*

variant (RFU)
Ib 17.6 23.1
Ib 28-665 13.6 ND”
Ib 107-665 14.6 8
Ib 224-665 11.6 9.3
Ib 358-665 12.1 11.1
Ib 466-665 12.2 10.6
Ib 558-665 7.6 ND
Ib 1-66 6 ND
Ib 1-323 7.2 ND
Ib 1-466 8 ND
Ib 1-631 7.2 ND
Ib 1-655 5.2 ND
None 4.6 7.7

“ Geometric mean of the RFU. Results were considered positive if the RFU
were at least twofold higher than the negative control (None) consisting of no Ib
or truncated Ib variant but all other reagents.

? ND, not determined.

cell surface did not inhibit iota cytotoxicity, indicating that the
Ia docking and translocation domains of Ib were not compet-
itors of iota cytotoxicity.

Epitope and functional mapping of Ib with MAbs. Five
MADs developed against Ib to further define functional do-
mains on Ib were designated (and isotyped) 1D11, 1E12, 4H7,
and 10A6 (all IgG1) and 4F6 (IgG2b). Truncated Ib variants
were used to map epitopes for each MAb by BIAcore technol-
ogy. MAbs 10A6, 4H7, and 1E12 bound within the N terminus
(amino acids 1 to 66), while 1D11 and 4F6 recognized the
C-terminal residues 632 to 655 (Table 4). All BIAcore results
were subsequently confirmed by an ELISA (data not shown).

To determine whether the MAbs shared common epitopes
on Ib, additional competitive binding studies were done with
BIAcore (Table 5). MAbs 10A6, 4H7, and 1E12 blocked each
other bidirectionally and evidently bound to the same epitope
in the N terminus, with similar avidities. MAbs 4F6 and 1D11
recognized unique epitopes within the C terminus. In fact,
binding of either 4F6 or 1D11 to Ib enhanced binding of the

TABLE 3. Competition between wild-type Ib and truncated Ib
variants as determined by Vero cytotoxicity

Truncated Ib variant/Ib

Truncated Ib variant molar ratio yielding 50%

INFECT. IMMUN.

TABLE 4. Binding of Ib MAbs to truncated Ib variants by BIAcore

MADb binding (RUY*

Protein
10A6 1D11 4H7 1E12 4F6 Control MAb?
Ib 342 639 285 234 299 87
Ib 107-665 0 664 -27 -29 532 10
Ib 224-665 -8 794 —=37 =27 351 10
Ib 358-665 -3 563 -6 -2 632 5
Ib 466-665 —-12 687 —34 -29 454 16
Ib 1-66 244 18 206 232 —43 36
Ib 1-323 242 —-27 202 281 21 -13
Ib 1-466 274 -1 191 157 4 22
Ib 1-631 142 -8 117 121 5 3
Ib 1-655 181 144 133 147 131 7
HBS-EP* —46 -36 —47 -36 22 6

“ MAbs captured by the RAM Fc surface varied between 1,130 and 1,730 RU.
Values represent the RU due to MAD binding of the designated recombinant Ib
or truncated variant. Results were considered positive if the RU were 2.5-fold or
greater than that for the control MAD.

b Control MAb recognized C. botulinum neurotoxin A, but not Ib, as deter-
mined by an ELISA.

¢ HBS-EP, negative control containing only buffer and surfactant.

other C-terminal targeting antibody, suggesting conforma-
tional changes and more optimal presentation of epitopes
within this region of Ib. These results were also confirmed by
a competitive ELISA (data not shown).

Additionally, each MAb reacted with Ib in a Western blot
after SDS-PAGE as well as with the protoxin form of wild-type
Ib in an ELISA (data not shown). These results suggest that
the C- and N-terminal epitopes were linear and not masked or
conformationally altered by the 20-kDa protoxin peptide at the
N terminus. Furthermore, ELISA and Western blot data with
Ib 28-665 showed that each MAb bound to this construct, and
the epitope recognized by the N-terminal MAbs was more
precisely mapped within residues 28 to 66.

None of the MAbs recognized Ib bound to the cell surface,
and only preincubation of Ib with MAb 4F6 effectively pre-
vented Ib binding to the cell, as determined by fluorescence-
activated cytometry (data not shown). Cross-reactivity studies
(ELISA and Western blot) revealed that each MAb reacted
strongly with C. spiroforme Sb, but only MAb 4F6 recognized
C. botulinum C2II (data not shown). The PA molecule from B.
anthracis was not detected by any Ib MAb.

In vitro and in vivo neutralization of iota-toxin by Ib MAbs.
Various concentrations of each MAb were preincubated with 2

protection® TABLE 5. Epitope mapping of MAbs against Ib by BIAcore
ID 28-005 ...t 125:1 Binding of Binding of MAbD 2°
b 107-665 125:1 MAD 14 MAD 1 to Ib to
R S 1,028:1 RAM Fe Mab1l ~ 10A6 4H7 1E12 4F6 1Dl
Ib 358-665 1,028:1 10A6 1,053 175 28 35 36 8 177
Ib 466'665 .................................................................. 1,028:1 4H7 1,025 140 37 42 45 84 178
Ib 558-665 >2,056:1 1E12 1,042 136 38 43 44 84 171
ID 1606t >2.056:1 4F6 1,077 305 226 237 239 —35 469
Ib1-323 >2,056:1 IDI1 17255 395 217 227 217 420 15
ID 1460 .. >2.056:1
Ib 1-631 >2,056:1 “MAD 1 (100 pg/ml) was added to a RAM Fc-coated sensor chip, followed by
ID 1055 et >2.056:1 surface blocking, Ib (80 wg/ml), and MADb 2 (100 pg/ml). All values are presented

“ Wild-type Ib (2 nM) and a serial dilution of each truncated Ib variant were
added to Vero cells with Ta (2 nM). Results represent the molar ratio of trun-
cated Ib variant to wild-type Ib that afforded 50% protection against iota cyto-
toxicity.

in RU.

® The RU after addition of MAb 2 indicate binding to the Ib-MAb 1 complex.
MAD 1 and MADb 2 recognized the same epitope if binding of MADb 2 to Ib was
+10 RU of the value obtained when MAb 1 and MAb 2 were identical (bold-
face).
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FIG. 2. Neutralization of wild-type iota-toxin (2 nM Ia plus 2 nM Ib) by various concentrations of each MAD in a Vero cell protection assay.
MADs 1D11 (O) and 4F6 (A) afforded protection against iota-toxin versus MAbs 1E12, 10A6, and 4H7, or a negative-control MAb, 1G6 (each

designated by a square), developed against staphylococcal enterotoxin A.

nM iota-toxin, and this mixture was then added to Vero cells
for in vitro neutralization studies (Fig. 2). MADbs binding to the
N terminus of Ib (1E12, 10A6, and 4H7) did not neutralize iota
cytotoxicity. However, C-terminal binding MAbs 4F6 and
1D11 at 12 and 39 nM, respectively, neutralized 50% of the
iota cytotoxicity. MAb 4F6, although cross-reactive with C2II,
did not neutralize C2 cytotoxicity (data not shown).

In vivo neutralization of iota-toxin in mice yielded results
similar to in vitro experiments with Vero cells. Although none
of the MADs prevented lethality, only the C-terminal binding
antibodies prolonged the time to death approximately two- to
threefold versus controls that were given iota-toxin without
antibody. Based on in vitro and in vivo results, neutralizing
antibodies for Ib evidently targeted the receptor binding, not
Ia docking, domain.

DISCUSSION

Although the enzymatic properties of C. perfringens iota-
toxin attributed to Ia have been well studied, there has been
little understanding of how Ib targets a cell and facilitates Ia
entry into the cytosol. Ib shares common epitopes and high
sequence homology with the cell-binding proteins of anthrax
(PA) and C2 (C210) toxins (13, 19, 20), thus suggesting similar
structure-function properties amongst these molecules. Most
insight into the structure and function of these proteins, in-
volving the binding to a target cell and translocation of another
protein into the cytosol, has been derived from studies with
PA. The crystal structure of PA reveals four domains, as de-
scribed by Petosa et al. (21). The N and C termini, respectively
designated as domains I and IV, represent the docking site for
lethal or edema factor and the cell surface binding site. The
central regions of PA, containing domains II and III, evidently
play a role in translocating lethal or edema factor into the

cytosol. No functional complementarity, as evidenced by in
vitro cytotoxicity, occurs between iota, C2, and anthrax toxin
components, suggesting that domain I is toxin specific (20, 22).
However, there may be docking of heterologous toxin compo-
nents to Ib, C2II, or PA on the cell surface without efficient
translocation into the cytosol and a resultant biological effect.
This possibility could be further investigated by fluorescence-
activated cytometry.

To delineate the cell-binding and Ia docking domains of Ib,
fluorescence-activated cytometry and competitive cytotoxicity
methods were used with each truncated Ib variant. For these
studies, homogenous populations of Ib fusion proteins were
used, since enterokinase removal of the thioredoxin-histidine
tag was variably incomplete amongst the different constructs.
As with PA and C2II, the cell-binding domain of Ib is located
within the C terminus, but the cell surface receptor(s) recog-
nized by PA, C211, and Ib is unique (5, 8, 9, 27, 30). Domain IV
of full-length, nonproteolytically cleaved PA encompasses the
C-terminal residues 596 to 735, and a PA fragment represent-
ing amino acids 663 to 735 effectively competes with PA for
binding to the cell surface (17). Domain IV of full-length C2II
(residues 592 to 721) has also been defined recently as the
receptor binding site, yet a truncated variant lacking this do-
main still formed oligomers in solution (5). The C terminus of
proteolytically processed Ib (residues 466 to 665) bound the
Vero cell surface and effectively prevented iota cytotoxicity,
while a peptide encompassing amino acids 558 to 665 did not.
Although the binding domain of Ib was localized to the C-
terminal 200 residues, a truncated Ib variant lacking only the
C-terminal 10 residues did not bind Vero cells. These data
suggest that the distal C terminus is important for cell recog-
nition and/or preserves conformational integrity of the Ib bind-
ing domain, possibly like the recent findings for PA (36) and
C2II (5). The binding domain on Ib could be further resolved
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by mutagenesis studies, as demonstrated with domain I'V of PA
(36). Mutations within a 15-residue span (679 to 693) yielded
a biologically inactive PA molecule, yet modifications in a
region encompassing amino acids 704 to 722 did not decrease
anthrax cytotoxicity.

The Ia docking domain on Ib was more difficult to delineate,
as none of the truncated Ib variants bound Ia or elicited any
signs of iota cytotoxicity. However, variants lacking the N-
terminal 27 or 106 residues (Ib 28-665 and Ib 107-665, respec-
tively) readily bound the cell surface and effectively inhibited
iota cytotoxicity, thus revealing that these molecules recognize
cell surface receptor, like wild-type Ib. Like PA of anthrax
toxin, we propose that the Ia docking domain on Ib lies within
the N terminus. Interestingly, the protoxin form of Ib that has
not been proteolytically activated also binds to the cell surface
but does not effectively interact with Ia (30). An inability of Ia
to dock with the protoxin form of Ib may be due to steric
hindrance from a 20-kDa N-terminal peptide of Ib removed
after proteolysis. However, we found that a 16-kDa polypep-
tide (thioredoxin plus histidine tag) fused to the N terminus of
Ib resulted in minimal loss of iota cytotoxicity when combined
with Ia. Additional cytotoxicity studies using Ib 28-665, with
and without the N-terminal thioredoxin-histidine tag and in the
presence of Ia, revealed no cytotoxicity. Although Ib 28-665
binds to the cell surface, the data strongly suggest that the N
terminus of Ib is important for docking with Ia.

The PA molecule of anthrax toxin, which docks to lethal
factor or edema factor, also requires proteolytic activation
(14). However, proteolysis of PA can occur in solution or after
binding to a cell, generating a 20-kDa peptide (167 residues)
from the N terminus and activated PA, known as PA63. Both
PA63 and C2II form heptamers on the surface of a target cell
(3, 26), although no such structures have yet been described for
Ib. Truncated variants of Ib that were competitive and lacking
the Ia docking domain, as determined by cytotoxicity assays,
could be explained if a particular conformation or oligomer-
ization of Ib is required for docking with Ia. Further studies are
now in progress to determine whether Ib forms oligomers on
the cell surface, although Ib is not significantly processed or
released from Vero cells after 2 h at 37°C (30).

In addition to the structure-function experiments with trun-
cated Ib variants, MAbs developed against Ib were also useful
for further defining biologically functional and neutralizing
sites on this molecule. MADbs that recognized the cell-binding
C-terminal region (residues 632 to 655) of Ib neutralized iota-
toxin in vitro and delayed the time to death in mice. MADb 4F6
clearly prevented Ib binding to the cell surface, but MAb 1D11,
the other C-terminal-targeting antibody which neutralized iota
cytotoxicity, did not inhibit binding of Ib to the cell surface.
MAD 1D11 may alter the conformation of Ib or perhaps Ib
oligomerization on the cell surface, leading to inefficient dock-
ing with Ia. None of the N-terminal-binding MAbs prevented
Ib binding to the cell surface or neutralized in vitro or in vivo
effects of iota-toxin. Several hypotheses could explain these
findings for the N-terminal-targeting antibodies and include
the following: (i) MAD avidity for Ib may be less than Ia avidity
for cell-bound Ib, thus resulting in Ia displacement of an N-
terminal-binding antibody; and (ii) binding of Ib to the cell
receptor produces a conformational change, and possibly oli-
gomers, that displaces N-terminally targeted antibodies.
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Similar to our MAD results with Ib, three different MAbs
against PA also recognize the cell-binding domain within res-
idues 671 to 721 of domain IV (15). However, in contrast to
our murine experiments with either C-terminal-binding MADb
and iota-toxin, the MAbs for PA provide absolute protection
against the lethal effects of anthrax toxin in rats. A recent study
with recombinant PA devoid of the cell-binding domain re-
vealed that this molecule is a weak immunogen versus wild-
type PA (7). Additionally, polyclonal antibodies against an
area of domain IV within C2II neutralize C2 cytotoxicity in
vitro (5). Based on these cumulative results from different
laboratories, the receptor binding domain of Ib, PA, and C2II
represents an immunodominant site for toxin-neutralizing an-
tibodies.

As of this time, the crystal structure for Ib remains undeter-
mined, but highly resolved coordinates would obviously pro-
vide additional clues towards understanding the intoxication
process of iota-toxin and the development of more effective
mutagenesis studies for identifying biologically critical residues
on Ib. Ia has been recently crystallized, and preliminary struc-
tural data have been presented by Tsuge et al. (33). A more-
highly-resolved crystal structure for an insecticidal ADP-ribo-
syltransferase, VIP2, produced by B. cereus and sharing 32%
sequence identify with Ia, reveals two structurally homologous
domains (11). The C terminus of VIP2 contains the NAD
binding cleft, while the N terminus putatively docks with the
complementary cell-binding protein, VIP1. Additionally, the N
terminus of C. botulinum C2I or B. anthracis LF, respectively,
docks with C2II or PA bound to the cell surface (1, 4). It is
possible, although it has not been proven experimentally, that
the N terminus of Ia contacts the N terminus of Ib once it has
bound to a target cell.

Finally, identification of the protein receptor for Ib (30),
which differs from the asparagine-linked carbohydrate recog-
nized by C2II (8), would provide useful information regarding
iota intoxication. This structure-function study of Ib yielded
some important clues towards the potential use of this binary
toxin as a targeted delivery system, similar to that described for
anthrax (1, 2) and C2 toxins (4). Clearly though, additional
experiments are needed to more fully understand iota-toxin, its
mechanism of action, and how it may be used as an effective
biological tool.
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