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Escherichia coli Shiga-like toxin type I (SLT-I) is a potent cytotoxin consisting of an enzymatically active A
subunit and a pentameric B subunit that mediates toxin binding to susceptible eukaryotic cells. Evidence that
the carboxy-terminal 38 amino acids of the A subunit are involved in holotoxin 1A:5B association is presented.
We compared the ability of purified recombinant SLT-I B subunit (Sit-IB) to combine in vitro with purified
recombinant SLT-I A subunit (Slt-IA; full-length subunit A includes amino acids 1 to 293) and its ability to
combine with purified recombinant SLT-I A, subunit (SIt-IA,; truncated subunit A includes amino acids 1 to
255). Each mixture was analyzed for biological and physical evidence of toxin assembly. Although SIt-IA
successfully combined with Slt-IB to form a molecular species similar to holotoxin that was detectable by
nondenaturing polyacrylamide gel electrophoresis and immunoblotting and yielded a molecule which was
cytotoxic to cultured Vero cells, Slt-IA, did not have this ability. SIlt-IA, was 36-fold more active than Slt-IA in
an in vitro protein synthesis inhibition assay. These findings suggest that the Slt-IA, fragment is crucial for

formation of SLT holotoxin and stabilizes the interaction between the A and B subunits.

Shiga-like toxins (SLTs) are potent cytotoxins produced by
certain strains of pathogenic Escherichia coli which have been
implicated in both human and animal disease (1, 32). For
example, a recent hamburger-borne outbreak in the northwest-
ern United States involved over 500 individuals and resulted in
infectious diseases ranging from uncomplicated diarrhea to
serious conditions including hemorrhagic colitis and hemolytic
uremic syndrome (6). E. coli producing SLT(s) can also cause
postweaning diarrhea in calves and edema disease of swine (7,
29).

Five SLTs have been described: SLT type I (SLT-I), SLT-I
variant, SLT type II (SLT-II), and two SLT-II variants, SLT-
Ilva and SLT-Ile (previously called SLT-1Iv) (13, 21, 29, 34).
Because of similar biological, structural, and mechanistic fea-
tures, the SLTs as well as Shiga toxin (STX) produced by
Shigella dysenteriae are categorized as the Shiga toxin family
(20). SLT-I and STX are immunologically cross-reactive and
toxic to Vero cells at similar doses (32). Three independent
determinations of the SLT-I amino acid sequence, deduced
from nucleotide sequences, showed SLT-I to be 99% identical
to STX (5, 8, 21). It has also been reported that the amino acid
sequences of STX and SLT-1 are identical (44). SLT-II,
SLT-Ilva, and SLT-Ile share approximately 60% amino acid
sequence similarity with SLT-I and are cytotoxic to Vero cells
but are immunologically distinct from SLT-I (13, 21, 47). STX,
SLT-I, and SLT-II bind to the cell surface receptor globotrio-
sylceramide, whereas the receptor for SLT-IIva and SLT-IIe is
globotetraosylceramide (9, 13, 19, 27, 46).

Members of the Shiga toxin family are bipartite molecules
composed of a single enzymatically active A subunit nonco-
valently associated with a pentamer of receptor-binding B
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subunits. Holotoxin, bound to surface receptors of susceptible
eukaryotic cells, is internalized by receptor-mediated endocy-
tosis (22, 32). Through mechanisms not yet understood, the A
subunit or a catalytic fragment reaches substrate ribosomes in
the cytosol (33, 38). Studies suggest that toxin trafficking
includes movement of the STX A subunit (STX-A) into the
Golgi apparatus (38). In vitro analyses of SLT-I A subunit
(Slt-IA) have shown that mild proteolysis and reduction yield
two smaller fragments: A, (Slt-IA,; molecular weight, 27,000),
which retains enzymatic activity, and noncatalytic A, (SIt-IA,;
molecular weight, 3,000), which is located at the C-terminal
end of the A subunit (1, 3, 32). Potential protease sites in
Slt-IA are residues 248 and/or 251, and resolution of two
fragments requires reduction of the disulfide bond that con-
nects cysteine residues at positions 242 and 261 (5). The
enzymatic mechanism of the Shiga family toxins is well char-
acterized. All are single-site RNA N-glycosidases which spe-
cifically depurinate 28S rRNA (A,;,, in rat liver rRNA),
preventing elongation factor I-dependent binding of amino-
acyl-tRNAs to 60S ribosomal subunits (25, 35, 39). The
resulting inhibition of protein synthesis ultimately causes the
death of intoxicated cells (35).

Several diverse bacterial toxins with unique mechanisms of
cell entry and enzymology share the 1A:5B structural motif
with the Shiga toxin family. These include cholera toxin (CT)
from Vibrio cholera, heat-labile toxin (LT) from E. coli, and
pertussis toxin (PT) from Bordetella pertussis (14, 41, 45).
Crystal structures of CT, LT, SLT-I B subunit (Slt-IB) pen-
tamer, and, most recently, STX holotoxin have been deter-
mined (12, 36, 40, 41). There are striking structural similarities
among these toxins that include the length of their A, frag-
ments, the doughnut-shaped ring of B subunits, and an oligo-
saccharide binding-fold in the B subunit of several of the toxins
(12, 30, 36, 40, 41). Despite these shared properties, computer-
assisted alignments of the amino acid sequence of SLT-I with
the sequences of CT, LT, and PT do not reveal significant
similarities (5, 8, 28, 31). The Slt-IB pentamer crystal structure
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contains a pore which is lined by neutral and nonpolar
residues, which is in contrast to the highly charged pore of the
LT pentameric B subunit pore (41, 43). Since it has been
shown that amino acids in the A, fragments of CT and LT are
involved in their respective holotoxin integrities, we, as others
(14, 41), hypothesized that the A, fragment of SLT-I has an
analogous function. The purpose of this study was to assess the
contribution of A, in SLT-I holotoxin formation. By using
previously engineered constructs for the expression of Slt-1A,
SIt-IA,, or Slt-IB, we demonstrated that the Slt-IA, fragment
is required for subunit association.

MATERIALS AND METHODS

Strains and plasmids. Three strains of E. coli were used in
this study: JM105 [thi-1 rpsL endA sbcB15 hsdR4 A(lac-proAB)
(F" traD36 proAB lacI"ZAM15)], DH5a [F~ $80dlacZAM15
recAl endAl gyrA96 thi-1 hsdR17 (ry my™) supFE44 relAl
deoR A(lacZYA-argF)U169), and SY327 [F~ araD A(lac-pro)
argE(Am) rif nalA recA56] (15). Plasmid pSC25, which encodes
the intact slt-IA gene and a truncated portion of the sit-IB
gene, was expressed in E. coli SY327 (5). Plasmid pRD500,
which encodes the signal sequence and the 255 N-terminal
residues of Slt-IA, was expressed in DHS5a (10). Briefly, the
PCR was used to introduce a stop codon directly after the
codon for the residue at position 255 in mature Slt-IA. The
gene product of this construct is a good approximation of
Sit-IA,, whose length is unknown and has been estimated to be
the N-terminal 253, 251, or 248 amino acids (5, 10, 24, 44). The
expression of these genes was under the control of the lacZ
promoter of pUC19. Plasmid pSBC32, which encodes the
complete Slt-IB protein, was expressed under the control of
the trc promoter of pKK233-2 in JM105 (4).

Media and growth conditions. All E. coli cultures were
grown for 18 h (37°C) in Luria-Bertani (LB) medium (37)
containing 100 pg of ampicillin (Sigma Chemical Co., St.
Louis, Mo.) per ml, and 4 ml was used to inoculate 1 liter of
fresh medium. Cultures were grown to the late exponential
growth phase and harvested by centrifugation at 12,000 X g for
15 min at 4°C.

Purification of recombinant SIt-IA, Slt-IA,, and SIt-IB.
Recombinant Slt-IA or Slt-IA, was purified by dye-ligand
affinity chromatography as described previously (49). Briefly,
SIt-IA or Slt-1A, was released from the periplasm of E. coli
SY327(pSC25) or E. coli DH5a(pRD500), respectively, by
using polymyxin B sulfate. Toxin subunits were precipitated
with ammonium sulfate, adsorbed to a Matrex Gel Green A
dye-ligand agarose column (Amicon Corp., Lexington, Mass.),
and eluted as a single peak of protein with approximately 0.3 M
NaCl.

Sit-IB was purified by a previously unreported procedure.
Recombinant Slt-IB was released from the periplasm of E. coli
JM105(pSBC32), an Slt-IA-negative strain, with polymyxin B
sulfate, by the procedure used for the release of Slt-IA and
SIt-IA, (49). Cells from a 1-liter culture were resuspended in
100 ml of 50 mM sodium phosphate buffer (pH 7.4) containing
140 mM NaCl and 200 mg of polymyxin B sulfate (7,730 USP
units/mg; Sigma). The suspension was incubated on ice for 20
min and centrifuged at 16,000 X g for 10 min at 4°C. The
supernatant was collected, and solid ammonium sulfate was
added at 0°C to achieve 80% saturation (523 gfliter). The
resulting precipitate was recovered by centrifugation at 16,000
X g for 20 min at 4°C. The pellet was dissolved in 9 ml of 50
mM sodium phosphate buffer (pH 7.4; 9 ml) and then dialyzed
against 4 liters of 10 mM sodium phosphate buffer (pH 7.4) for
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16 h at 4°C. Slt-IB was partially purified by isoelectric focusing
(IEF) with a Rotofor preparative cell (Bio-Rad Laboratories,
Hercules, Calif.). The dialyzed protein was diluted to 55 ml in
deionized water containing 2% 3/10 Bio-lyte ampholytes (Bio-
Rad) and 1% glycerol (Aldrich Chemical Co., Milwaukee,
Wis.) and focused at a constant power of 12 W for 5 h at 4°C.
The equilibrium voltage was approximately 700 V. Twenty
fractions were harvested as described in the protocol of the
manufacturer, and the pH values were determined by using an
Alkacid full-range pH kit (Fisher Scientific Co., Pittsburgh,
Pa.). Fractions containing Slt-IB were pooled, refocused, and
harvested as described above without further addition of
ampholytes or glycerol. The voltage at equilibrium was approx-
imately 2,700 V. The protein content of each fraction was
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE; 18% polyacrylamide gels) by the
method of Laemmli (26) and stained with silver (2). Immuno-
reactive bands were detected by immunoblotting with rabbit
anti-STX-B or anti-STX sera (kindly provided by A. Donohue-
Rolfe, Tufts University School of Medicine, Boston, Mass.).
After the refocusing procedure was performed, fractions con-
taining SLT-IB were pooled and concentrated to approxi-
mately 1 ml by using solid polyethylene glycol compound
(molecular weight, 15,000 to 20,000; Sigma) (23). The purity
of Slt-IB was estimated by using densitometry of silver-
stained SDS-polyacrylamide gels (2, 26). The protein concen-
tration was determined by using a commercially available
kit (Bio-Rad) with bovine serum albumin (Sigma) as a stan-
dard.

Assay of Slt-IA and Slt-IA, enzymatic activity. Purified
Slt-1A or Slt-1A, was analyzed for the ability to inhibit protein
synthesis in a cell-free system with rabbit reticulocyte lysate
and brome mosaic virus as mRNA (Promega Corp., Madison,
Wis.) as described previously (10). Extracts were diluted in
ice-cold 100 mM potassium acetate buffer (pH 7.4) and
preincubated with reticulocyte lysate at 30°C for 20 min to
inactivate ribosomes prior to the addition of amino acids,
[**S]methionine, and mRNA. The reaction mixture (25.5 pl)
contained 0.04 mM amino acid mixture (without methionine),
20 uCi of [**S]methionine (NEN Research Products, Boston,
Mass.), and 500 ng of mRNA. Reaction mixtures were incu-
bated at 30°C for 30 min. Incorporation of radiolabel into
alkali-resistant, trichloroacetic acid-precipitable material was
determined as described by the manufacturer. For the negative
control, mRNA was omitted. Activity was expressed as a
percentage of [*>S]methionine in acid-precipitable material
compared with that in the positive control (reticulocyte lysate
preincubated with buffer only).

In vitro subunit association. Purified Slt-IA and SIt-1A,
were diluted to 0.1 uM in 10 mM Tris-HCl (pH 7.0). Purified
SIt-IB was diluted to 1.0 pM in the same buffer. Sit-IA or
Slt-IA, (500 wl) was combined with an equal volume (10-fold
molar excess) of Slt-IB in Spectra/Por 3 dialysis tubing (Spec-
trum Medical Industries, Inc., Houston, Tex.) with a 3,500-
molecular-weight cutoff and dialyzed against 10 mM Tris-HCI
(pH 7.0) for 16 h at 4°C (18). Similarly, SIt-IA, SIt-IA,, and
Sit-IB were dialyzed individually. To confirm that the Slt-1A,
preparation did not contain a spurious inhibitor of subunit
association, all three subunits, i.e., Slt-1A, Slt-IA,, and Slt-1B
(500 pl each), were combined and dialyzed as described above.
Subunit association was analyzed by discontinuous native
PAGE (8% polyacrylamide gels) as described above except
that SDS was not present in any of the solutions. Proteins were
visualized by staining with silver or by immunoblotting as
described above.

Analysis of in vitro cytotoxicity. Each subunit preparation
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FIG. 1. SDS-PAGE analysis of Slt-IB purified by IEF. (A) Analysis of IEF in a pH gradient of 3 to 10. Fractions containing Slt-IB (i.e., 13
through 16) were refocused in a narrow gradient. (B) Analysis of refocused IEF fractions. Lanes: 1, STX; 2 to 21, fractions 1 to 20, respectively.
The positions of STX-A, -A,, and -B are indicated to the left of each gel. The pH values of selected fractions are shown along the bottom of each
panel. Molecular mass marker positions are indicated to the right of both gels.

was analyzed for toxicity to African green monkey kidney cells
(referred to as Vero cells; CCL81; American Type Culture
Collection, Rockville, Md.) by using an adaptation of the in
vitro cytotoxicity assay of Konowalchuk and colleagues (25).
Vero cells were incubated in 96-well microtiter plates (Falcon
Labware, Lincoln Park, N.J.) for approximately 48 h (37°C in
a 5% CO, atmosphere) to achieve 85% cell confluence. All
experiments were performed with cultures grown in medium
199 (pH 7.4; Gibco-BRL Laboratories, Grand Island, N.Y.)
supplemented with 5% (vol/vol) heat-inactivated fetal bovine
serum (HyClone Laboratories Inc., Logan, Utah), 1% (wt/vol)
(each) penicillin and streptomycin (Gibco-BRL), and 0.22%
(wt/vol) sodium bicarbonate (tissue culture grade; Gibco-
BRL). To compare their toxicities, 10-fold serial dilutions of
combined or individual toxin subunits were prepared in com-
plete medium 199 and added (25 pl) to the cell cultures. All
assays were performed in triplicate. Pure STX, used as a
positive control, was a gift from A. Donohue-Rolfe. The
resulting preparations were incubated for 72 h, and the percent
viability of cells was determined by microscopic observation for
cytopathology as described by Konowalchuk et al. (25) and
Speirs et al. (42).

RESULTS

Toxin subunit expression and purification. Recombinant
SIt-IA, Slt-IA,, and Slt-IB were overexpressed in E. coli by
using plasmid expression vectors. Slt-IA, Slt-IA,, and Slt-IB
were released from the periplasm of E. coli clones by using
polymyxin B sulfate in a procedure frequently employed for
the isolation of Shiga toxin family members or their subunits
(11, 16, 23). SlIt-IA and Slt-IA, were purified to homogeneity
(results not shown) by Matrex Gel Green A dye-ligand affinity
chromatography as described previously (49).

Slt-IB was purified by a novel three-step protocol. In the last
step, preparative IEF, this subunit focused in fractions with pH
values between 5.5 and 6.0, which is consistent with the
previously reported pl for SLT-IB (Fig. 1) (48). The identity of
Sit-IB was confirmed by immunoblotting (results not shown).
In SDS-PAGE, SIt-IB resolved as a low-molecular-mass pro-
tein of approximately 7,000 Da, with a broad migration pat-
tern, as reported by others (4). This purification procedure
routinely resulted in approximately 1 mg of Slt-IB purified to at
least 97% homogeneity from a 1-liter culture.

Enzymatic activity of SIt-IA and SIt-IA,. Purified Slt-IA or
Slt-IA, was analyzed for the capacity to inhibit protein synthe-
sis in a cell-free translation system. Results from a represen-
tative experiment in which Slt-IA, or Slt-IA was highly active
are shown in Fig. 2. Purified Slt-1A |, at a concentration of 0.05
fM, inhibited protein synthesis by 50%, while approximately
36-fold more (1.8 fM) purified Slt-IA was required for the
same level of inhibition. Therefore, similar to the results
obtained when STX-A and STX-A, were compared (33, 35),
SIt-IA, was more active than Slt-IA at inhibiting protein
synthesis. This result is in agreement with previous reports;
however, we report an even greater difference in activity.

Analysis of subunit association. Purified SLT subunits were
mixed in vitro to determine their ability to form a complex
analogous to the holotoxin. Subunit assembly was analyzed by
native PAGE and reactivity of the products with either anti-
STX sera or anti-STX-B (Fig. 3). Separation of proteins in
nondenaturing gels is not dependent on size but on a combi-
nation of physical features that includes charge, molecular
weight, and native shape. The preparation of anti-STX used in
all assays bound very weakly to the SIt-IB subunit alone;
however, it bound well to SlIt-IA; (Fig. 3A) and Slt-IA in
denaturing SDS-PAGE (data not shown). Full-length Slt-IA
was able to bind with SIt-IB (Fig. 3, lanes 8), whereas no
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FIG. 2. Inhibition of protein synthesis by Sit-IA () or Sit-1A, (A).
Aliquots of a rabbit reticulocyte lysate were preincubated with purified
Slt-IA or Slt-IA, at the concentrations indicated. The lysates were
assessed for the ability to synthesize protein and compared with
control lysates preincubated with buffer only. Background activity
(mRNA omitted) was subtracted from each value. Control lysate total
counts were 6.9 X 10° to 7.2 X 10° cpm and background total counts
were 2 X 10% to 3.5 X 10* cpm. Datum points shown are the means
from three assays.

interaction of Slt-IA,| with Slt-IB could be detected (Fig. 3,
lanes 4). Anti-STX sera reacted with STX holotoxin (Fig. 3A,
lanes 1 and 5) and with a molecular species representing
combined Slt-IA and Slt-IB (Fig. 3A, lane 8). In contrast, an
analogous holotoxin band was not seen in mixtures of Slt-IA,
and Slt-1B (Fig. 3A, lane 4). Although the presence of Sit-IA in
the sample was confirmed by denaturing SDS-PAGE (results
not shown), Slt-IA was not detectable in native gels (Fig. 3A,

A 1234 5678
Ay — W
ST ,. . # —Holotoxin

B 1234 5678

ST ‘Q ' #& —Holotoxin

FIG. 3. Nondenaturing PAGE of SLT subunit reconstitution. Sam-
ples of combined or individual subunits were electrophoresed under
nondenaturing conditions through an 8% polyacrylamide gel, electro-
blotted onto nitrocellulose, and probed with anti-STX (A) or anti-
STX-B (B). Lanes: 1 and 5, STX; 2, SIt-IA;; 3 and 7, Slt-IB; 4,
SIt-IA |-SIt-IB; 6, Slt-IA; 8, SIt-IA-SIt-IB. The positions of STX (ST),
the B subunit (B), and the A, subunit (A,) are indicated to the left of
the gels. The position of a molecular species in the Slt-IA-SIt-IB
mixture that reacted with both antisera and migrated at a position
similar to that of STX (holotoxin) is indicated to the right.
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lane 6). This is most likely due to the strong positive charge of
the full-length SLT-I A chain (49) preventing its migration
towards the anode under the gel conditions of pH 8.8. Similar
results were seen when anti-STX-B serum was used to develop
identical immunoblots. A strong reaction was seen with STX
holotoxin and to a protein with a similar position in the gel
when SIt-IA and SIt-IB were combined but not in mixtures of
Sit-IA, and SIt-IB (Fig. 3B, lanes 8 and 4). Anti-STX-B also
bound to dissociated B subunit. As expected, anti-STX-B did
not cross-react with Slt-1A, (Fig. 3B, lane 2) nor with SIt-IA in
SDS-polyacrylamide gels (data not shown).

Analysis of cytotoxicity. To further investigate the ability of
SLT subunits to combine in vitro, individual and mixed sub-
units were analyzed for their cytotoxicity to Vero cells. This
assay could be a sensitive indicator of subunit association since
holotoxin is required for toxicity and is lethal at very low levels
(23). Cytotoxicity was evaluated by light microscopy, and the
percentage of viable cells was determined after 72 h of
incubation.

These results confirm the observations obtained by native
gel immunoblots that Slt-1A, but not Sit-IA |, recombined with
Sit-IB (Fig. 4C and B, respectively). As expected, neither
Sit-IB, SIt-IA, nor Sit-IA, subunits alone were cytotoxic (Fig.
4G, F, and E, respectively). Vero cells incubated with STX
control (Fig. 4A) or mixtures of Slt-IA and SIt-IB (Fig. 4C)
appeared rounded and had detached from the microtiter plate,
indicating that a functional holotoxin had formed. In contrast,
Vero cells incubated with mixtures of Slt-IA, and Slt-IB (Fig.
4B) retained a healthy appearance, i.e., flattened elongated
cells that strongly attached to the microtiter plate. This lack of
cytotoxicity was not attributed to loss of enzymatic activity
since Slt-IA and Slt-IA, were both active (see “Enzymatic
activity of Slt-IA and Slt-IA,” above). This confirmed that the
association of receptor-binding Slt-IB with an enzymatically
active subunit is required for cell intoxication and only oc-
curred with Slt-IA. Mixtures containing all three subunits, i.c.,
Slt-IA, Slt-1A,, and SIt-IB (Fig. 4D), were toxic to Vero cells,
indicating that the preparations of Slt-IA, did not contain a
spurious inhibitor of subunit association.

While mixtures of Slt-IA; and Slt-IB were not toxic to Vero
cells, mixtures of Slt-IA and Slt-IB were toxic to Vero cells at
concentrations as low as 10”7 wM and had a potency compa-
rable to that of native STX at concentrations as low as 10 "~
uM. For example, at concentrations of 10~ * uM, the percent-
ages of viable cells after incubation with STX or SIt-IA-SIt-1B
mixtures were 19 and 13%, respectively (Fig. 5). In sharp
contrast, when treated with the same concentration of SIt-1A -
SIt-IB mixture, 94% of the cells remained viable; at very high
concentrations (10~' wM), only minimal cytotoxicity was
evident. This effect was not due to a spurious inhibitor of
cytotoxicity in the Slt-IA, preparations because, after incuba-
tion with 107 ° uM SIt-1A ,-Slt-IA-SIt-IB mixtures, only 22%
of the cells remained viable. Cells incubated with all prepara-
tions of single subunits remained at least 86% viable for the
72-h experimental period.

DISCUSSION

SLT-I is a bipartite molecule composed of a single enzymat-
ically active A subunit noncovalently associated with a pen-
tamer of receptor-binding B subunits. The purpose of this
investigation was to compare the abilities of Slt-IA and SIt-1A,
to associate with Slt-IB. The experimental strategy involved a
determination of whether SLT-I holotoxin was formed upon
mixing either the full-length SIt-IA or truncated Slt-IA, gener-
ated by a C-terminal deletion (Slt-1A,), with Slt-IB. Recombi-
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FIG. 4. Effect of toxin and subunits on Vero cells. Vero cell monolayer cultures were exposed to each preparation (1.0 nM) for 72 h and viewed
by phase-contrast microscopy (200 X ). Rounded and refractive cells, typical evidence of cytopathic effects of the toxin, are seen in panels A, C, and
D. Flattened and clongated cells, typical of healthy cells, are seen in panels B, E, F, and G.
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FIG. 5. Quantitation of Vero cell viability after incubation with
toxin or subunits. Individual or mixed subunits were incubated with
Vero cells for 72 h at the protein concentration (micromolar) shown.
Cell viability was determined microscopically and expressed as a
percentage (at least 300 cells per reaction were counted in each
culture). Data shown are the means ( +standard errors of the means)
of triplicate cultures. Symbols: O, STX; @, Slt-IA-Slt-IB; V, Slt-1A -
Sit-1B; V¥, Sit-IA,-Slt-IA-SIt-IB; [, Slt-IA; W, Slt-IA;; A, Sit-IB.

nant Slt-IA, Slt-IA,, and Slt-IB subunits were used in this
study. The Slt-IB purification protocol used has not been
reported previously, and this simple three-stage procedure
offers several advantages over other commonly used methods
(3, 39). Formation of a functional holotoxin was evaluated by
both physical and biological methods. Although full-length
subunit A, which contains 293 amino acids, readily associated
with Slt-IB, Slt-IA,, consisting of the first 255 amino acids of
the A chain, did not have this ability. These results provide
evidence that the carboxy-terminal 38 amino acids of the SLT
A subunit are involved in holotoxin integrity and appear to
interact directly with the B subunits.

The requirement of an intact A subunit has been demon-
strated with several other bacterial toxins. Although their
amino acid sequences and pathogenic mechanisms differ from
those of the Shiga toxin family, CT and E. coli LT have several
structural features in common with SLT-I. The functional
topology of the six subunits in each of these bacterial exotoxins,
which contain one A (enzymatic) subunit and five B (receptor-
binding) subunits, is organized similarly. As early as 1976, Gill
determined that CT A, subunit (CT-A,) is necessary for the
assembly of CT holotoxin (14). More recent X-ray crystallog-
raphy data have demonstrated that residues of LT A, subunit
(LT-A,) thread through a central pore formed by the B
pentamer (41). The LT-B pentamer, which is responsible for
binding to the ganglioside saccharide receptors on the outer
surface of the epithelial cells of the intestinal tract in the
human host, has a ring shape with a central pore (41). The pore
is lined by the amphipathic a2 helices of the five subunits (41).
The pore has a very polar and charged surface, while the
hydrophobic side chains of the helices are directed towards the
interior of the molecule (41). The association of the A subunit
with the B pentamer involves the C-terminal half of the LT-A,
fragment (41). The residues that can be resolved are in an
extended conformation in the pore of LT (41).

More recent crystallographic analyses are consistent with
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our finding that Slt-IA, is necessary for SLT holotoxin forma-
tion but that the interaction of Slt-IA, with Slt-IB is unique in
comparison with subunit interactions in LT (12, 41, 43). In
1992, the crystal structure of the SLT-I B oligomer, without the
A subunit, was solved (43). Although its ring structure arrange-
ment resembles that of the LT-B oligomer, and it was sus-
pected that the A, fragment of Slt-IA could be involved in
holotoxin integrity, the Slt-IB pentamer pore is lined by neutral
and nonpolar residues (43). Therefore, unlike the ionic inter-
actions between LT-A and LT-B, it was proposed that hydro-
phobic residues in Slt-IA, would interact with the nonpolar
and hydrophobic residues lining the Slt-IB pentamer pore (41,
43). Consistent with this prediction is the fact that approxi-
mately 50% of the Slt-IA, primary sequence consists of a
hydrophobic stretch of 19 residues encompassing positions 275
through 293. Finally, the more recent resolution of the crystal
structure for the highly related STX holotoxin has shown that
its five B subunits form a pentameric ring encircling a C-
terminal a-helix of STX-A (12). The rest of STX-A sits on the
face of the ring.

Prior investigations into the effect of the C terminus of
STX-A on enzymatic activity have produced conflicting results.
Although STX-A, was initially reported to be at least sixfold
more active than STX-A (35), Haddad et al. found that
deletion of 22 C-terminal residues of the same protein resulted
in a 30% decrease in enzymatic activity (17). In the present
study, the data obtained by comparing the activity of Slt-IA
and Slt-IA; are consistent with those of the former study.
Removal of Slt-IA, augmented the enzymatic inhibition of
protein synthesis. To confirm that the lack of cytotoxicity seen
in mixtures of Slt-IA; and Slt-IB could not be explained by a
lack or reduction of catalytic activity, the effects of Slt-IA and
SIt-IA, on in vitro protein synthesis were compared. Our
observed 36-fold increase in activity of Slt-IA, compared with
that of Slt-IA is most likely due to the deletion of methionine-
260, since the side chain of this residue is oriented into the
active site of the enzyme (12).

More recently, however, Haddad et al. have also provided
evidence that STX-A, is required for STX holotoxin assembly
(17). Their data is in full agreement with our results. These
investigators, by utilizing mutant STX-A, implicated a stretch
of nine nonpolar amino acids (residues 279 and 287) near the
C terminus of STX-A that were required for A-B subunit
association. They proposed a model in which these nine
residues penetrate the B pentamer pore and indicate that
amino acids at the boundaries of this sequence may stabilize
the noncovalent subunit association through interactions with
amino acids outside the neutral pore of the B subunit pen-
tamer. .
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