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Shiga Toxin: Purification, Structure, and Function
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Shiga toxin is a potent toxin produced by Shigella dysenteriae type 1 strains. The toxin has
three biologic activities—cytotoxicity, enterotoxicity, and neurotoxicity —and one known biochemical
effect: inhibition of protein synthesis. It consists of two polypeptide chains, an A chain (molecu-
lar weight, 32,225) and a B chain (molecular weight, 7,691). These two peptides associate with
a stoichiometry of one A and five B subunits to form the holotoxin. The A chain is responsible
for the biochemical effect of the holotoxin: cleavage of the N-glycosidic bond of adenine at nucleotide
position 4324 in the 285 rRNA of the 60S ribosomal subunit. The B chain mediates binding of
toxin to cell surface receptors. Shiga toxin is the prototype of a family of toxin molecules that
have been termed Shiga-like in terms of both structural and functional analysis.

Since the turn of the century, it has been known that strains
of Shigella dysenteriae type 1 (Shiga bacillus) produce a toxin
[1]. The original observation was that parenteral injection of
crude cell-free extracts of S. dysenteriae into rabbits resulted
in paralysis of the extremities, followed by death. Because
of this biologic activity, the toxin was initially termed a neu-
rotoxin. Later, cell-free extracts of S. dysenteriae type 1 were
also shown to be cytotoxic to certain tissue culture cells [2]
and to be enterotoxic, resulting in fluid secretion when ad-
ministered in vivo into ligated segments of rabbit ileum [3].
The discovery of the latter two activities was particularly ex-
citing because it suggested that the toxin may be directly in-
volved in producing the two major clinical manifestations of
shigellosis: diarrhea and dysentery. Until the toxin was
purified, it was unclear whether its multiple biologic activi-
ties were due to the presence of multiple toxins or to a single
toxin molecule with multiple activities. However, recent
purification of the toxin and neutralization studies with poly-
clonal and monoclonal antibodies to the purified toxin have
demonstrated that a single toxin molecule is in fact responsi-
ble for the multiple activities [4-7]. This molecule has been
termed Shiga toxin.

In 1977 a toxin was reported in Escherichia coli that was
cytotoxic to Vero cells and distinct from the well-known heat-
labile and heat-stable E. coli toxins (LT and ST) [8]. This
toxin has been called Verotoxin by some groups. E. coli strains
producing the toxin have been associated with the hemolytic-
uremic syndrome and hemorrhagic colitis [9). It was later
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found that the cytotoxin produced by E. coli O157:H7, a strain
associated with hemorrhagic colitis, was neutralized by an-
tiserum to purified Shiga toxin {10]. On the basis of this neu-
tralization, it was proposed that this toxin be called Shiga-like
toxin. Further studies on E. coli O157:H7 strain 933 revealed
the presence of two toxin-converting phages, termed 9337 and
933W, that carried the structural genes for two cytotoxins,
one neutralized and the other not neutralized by antiserum
to Shiga toxin [11, 12]. These two toxins have been desig-
nated Shiga-like toxin I (SLT I) and Shiga-like toxin II (SLT
II), respectively [13]. The genes for Shiga toxin and the two
Shiga-like toxins have been sequenced, and, from the predicted
amino acid sequence, SLT I has been shown to be nearly iden-
tical [14] or identical [15] to Shiga toxin and SLT II to be
56% homologous with Shiga toxin [16]. These Shiga-like
toxins have the three biologic activities of Shiga toxin: neu-
rotoxicity, cytotoxicity, and enterotoxicity [17]. Compared
with Shiga toxin, they bind to a similar set of receptors [18,
19] and have an identical mode of action [20]. In addition
to SLT I and SLT II, extracts of other Shigella species and
strains of a variety of other bacterial genera display toxic ac-
tivity similar to that of Shiga toxin [21, 22].

Hence, it is now clear that Shiga toxin is the prototype of
a family of toxins termed Shiga-like toxins. Until proven other-
wise, Shiga toxin’s basic structure and the functional role of
its subunits should be considered a model for the other mem-
bers of the family.

Shiga Toxin Purification

Shiga toxin has been purified by several procedures involv-
ing a variety of chromatographic techniques, including mo-
lecular sieve and/or ion-exchange chromatography, affinity
chromatography on acid-washed chitin or over antibody-
containing columns, and isoelectric focusing [7, 23, 24]. Since
<5% of toxin is recovered and since under optimal condi-
tions toxin represents only ~0.1% of total protein, these
methods yield only small quantities of purified protein.
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In our own laboratory we have purified Shiga toxin by a
relatively simple three-step procedure [5], with yields rou-
tinely at 50% of the initial amount of toxin. In this review
we present the scheme in outline; details are published else-
where [5, 25]. For toxin purification we use a nonpathogenic
rough mutant strain of S. dysenteriae type 1, strain 60R, first
described by Dubos and Geiger in 1946 [26]. Since toxin
production is regulated by the iron level [27], for optimal yields
the culture medium should be low in iron. We use a modified
syncase broth with an iron (Fe?**) concentration of 0.1-0.15
pg/mL. Cultures are grown aerobically at 37°C with vigor-
ous (300 rpm) shaking. The toxin is produced during the log-
arithmic phase of growth, and bacteria are therefore harvested
when the stationary phase is reached. Since Shiga toxin is
a periplasmic protein, the greatest starting yield is obtained
by making a sonic lysate of the bacteria. The crude cell ly-
sate, in low ionic-strength buffer, is then applied to a column
containing the dye Cibacron Blue F3G-A coupled to Sepharose
CL-6B (Blue Sepharose; Pharmacia Fine Chemicals, Piscata-
way, NJ). Shiga toxin and many other proteins bind to Blue
Sepharose and, after extensive washing, can be separated from
Blue Sepharose by elution in buffer containing 0.5 M NaCl.
The Blue Sepharose salt eluate, which contains 80%-90%
of the original cytotoxic activity, is then subjected to chro-
matofocusing. Shiga toxin elutes from the column at an elut-
ing buifer pH of 7.0-7.1. The final step in the purification
process is molecular sieve chromatography in Bio-Gel P-60
(Bio-Rad, Richmond, CA). The primary purpose of this step
is to remove the ampholytes from the chromatofocusing step.
The three steps — Blue Sepharose, chromatofocusing, and mo-
lecular sieve chromatography— result in a final yield of toxin
of 50% and an increase in toxin-specific activity (cytotoxin
activity per milligram of protein) of 1,300-fold. A 4-L cul-
ture volume yields ~1 mg of purified Shiga toxir (figure 1).

An alternative purification scheme recently developed by
our laboratory [28] takes advantage of the carbohydrate
specificity of the toxin's binding domain. The P blood group
system described by Landsteiner and Levine [29] consists of
three antigens: P1, P, and Pk [30]. Hydatid cysts isolated from
sheep infected with Echinococcus granulosus contain mate-
rial, identified as a glycoprotein [31], with Pl blood group
reactivity. The P1 glycoprotein’s antigenic determinant con-
sists of a trisaccharide, Gal-al—4Gal-81—+4GlcNAc, identi-
cal to the nonreducing end of the P1 glycolipid on human
erythrocytes. Since toxin binds to terminal Gal-al—>4Gal dis-
accharide of glycolipids, the P1 glycolipid is a good binding
site for the toxin [32]. We have observed that the P1 glyco-
protein in hydatid cyst fluid interacts directly with Shiga toxin
and inhibits its binding and cytotoxicity to tissue culture cells.
By covalent coupling of the hydatid cyst glycoprotein to
Sepharose 4B, a solid-phase system for the capture of toxin
can be generated. Shiga toxin binds strongly to the matrix
and is resistant to elution by buffers of high and low pH
(2.5-11), 6M urea, 50% ethylene glycol, and solutions of up
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Figure 1. SDS-PAGE of the different stages of toxin purification.
All samples were dissolved in SDS sample buffer containing 8-mer-
captoethanol. Samples were heated in boiling water for 10 minutes
before being applied to a 15 % acrylamide gel. (4) Whole-cell lysate
of S. dysenteriae 1. (B) Blue Sepharose flow-through. (C) Blue
Sepharose salt eluate. (D) The pI 7.1 region from the chromatofocus-
ing step. (E) The final product after chromatography on Bio-Gel
P-60. The molecular weight markers were transferrin (77K), bovine
serum albumin (66K), ovalbumin (45K), carbonic anhydrase (31K),
myoglobin (17K), and cytochrome C (12K). Reprinted from the Jour-
nal of Experimental Medicine [5] by copyright permission of the
Rockefeller University Press.

to 3M NaCl. Toxin can be eluted by buffer containing 4.5M
MgCl,. Thus, to purify Shiga toxin, an S. dysenteriae type
1 bacterial lysate is applied to a column containing the cou-
pled matrix. To remove nonspecifically or weakly attached
proteins, the column is washed with buffer containing 1M
NaCl. Finally, toxin is eluted with buffer containing 4.5 M
MgCl..

This method results in an increase in specific activity
(cytotoxin activity per milligram of protein) of >1,000-fold,
with yields of toxin >80% . Besides its high yield, high de-
gree of purity, and simplicity, this receptor analogue affinity
chromatography offers an additional advantage over other
methods of Shiga toxin purification: because it is based on
the toxin's recognition of its receptor, it can be applied to the
purification of many Shiga-like toxins that bind to similar
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receptors. To date, we have used receptor analogue affinity
chromatography to purify both SLT I and SLT II from E. coli.
In addition, we have used the crude P1 glycoprotein material
in an ELISA format to measure toxin antigen, using poly-
clonal antibodies to Shiga toxin or SLT II (authors’ unpub-
lished observations). This ELISA is nearly as sensitive as the
assay using a monoclonal B subunit-specific antibody for
Shiga toxin previously described by our laboratory [25]. The
clear advantage of this ELISA is that in many parts of the world
hydatid cyst disease occurs naturally in animals, providing
a rich source for the capture step, so that only the production
of polyclonal antibodies is required for the complete ELISA
system. This assay is comparable in sensitivity to any assay
using Gb3, which is time-consuming to prepare and expen-
sive when purchased commercially.

Toxin Structure and Function Relationships

On SDS-polyacrylamide gels purified Shiga toxin migrates
as two polypeptide chains, an A subunit (mol wt, ~32,000)
and a B subunit (mol wt, ~7,700) (figure 1). The stoichio-
metric characteristics of toxin subunits have been determined
by means of homobifunctional cross-linking agents that cova-
lently link polypeptide chains in association with one another.
The cross-linking studies indicate that Shiga toxin actually
consists of one A subunit in association with five B subunits
{5, 33].

The structure of most well-characterized bacterial toxins
conforms to a general two-domain (A-B) model in which the
toxin molecule is subdivided into a domain responsible for
biologic activity (the A domain) and a domain mediating the
binding of the toxin to cell surface receptor(s) (the B domain).
In some cases (e.g., that of diphtheria toxin), the two domains
are located in different regions of a single polypeptide chain;
in others (e.g., that of cholera toxin), the two domains are
located on two polypeptide chains: the A domain on the A
subunit and the B domain on the B subunit. Shiga toxin is
no exception to this general A-B structural model. The two
subunits can be dissociated by treatment with urea or formic
acid and isolated by molecular sieve chromatography [33,34].
The toxin A chain is responsible for the biochemical effect
of holotoxin, i.e., inhibition of protein synthesis [34]. This
chain contains a region that is proteolytically sensitive. After
cleavage with trypsin the chain consists of two fragments, A;
(mol wt, ~29,000) and A, (mol wt, ~3,000), which are held
together by a disulfide linkage. After chemical reduction it
is the larger (A;) fragment that catalytically inactivates the
eukaryotic ribosomal subunit in vitro. The end result of this
inactivation is the inhibition of nascent polypeptide chain elon-
gation [34].

The A subunit of the plant toxin ricin is a polypeptide simi-
lar in size to the A subunit of Shiga toxin. In addition, like
the A subunit of Shiga toxin, the A subunit of ricin catalyti-
cally inactivates the eukaryotic 60S ribosomal subunit. When
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the amino acid sequences of the two A subunits were com-
pared, striking homology was found (9.3 SD above the mean
of randomly permuted sequences) [35]. Although convergent
evolution cannot be ruled out as an explanation of this ho-
mology, it is attractive to speculate that the two toxic A chains
evolved from a common ancestor. Given the amino acid ho-
mology, it is not surprising that both toxins have the same
biochemical mode of action, cleaving the N-glycosidic bond
of adenine at nucleotide position 4324 in the 285 rRNA of
the 608 ribosomal subunit [20].

In the structural model the Shiga toxin B chain represents
the B domain, mediating binding of the holotoxin to suscep-
tible cells. Isolated, renatured B subunit—but not A subunit—
binds to HeL a cells. In addition, the B subunit competitively
inhibits both the binding and the cytotoxicity of holotoxin to
Hel a cells [33]. Shiga toxin binds to Gal-al—>4Gal-containing
glycolipids, and the isolated B subunit competitively inhibits
the binding of toxin to these glycolipids [32]. The primary
amino acid sequence of the Shiga toxin B subunit consists
of 69 amino acids with one internal disulfide bond [36]. Com-
parison of amino acid homologies has revealed distant ho-
mology with cholera toxin B subunit and another Gal-ol—~>
4Gal-binding protein, the adhesin protein of the P pilus of
uropathogenic E. coli [37].

When thinking about a toxin molecule, one generally tends
to consider that the binding domain is merely the cell deliv-
ery mechanism whereas the business portion of the molecule—
that determining biologic activity—is the catalytically active
domain. Shiga toxin is a molecule that underscores the im-
portance of the binding domain in determining biologic ac-
tivity. The A domain activity of this toxin, inhibition of protein
synthesis, is similar to that of diphtheria toxin; unlike diph-
theria toxin, however, Shiga toxin causes fluid accumulation
in the rabbit intestine. In light of the mechanism of action
of the two classic enterotoxins, cholera and E. coli LT, inves-
tigators have examined whether Shiga toxin is able to elevate
intracellular levels of cyclic AMP. The conclusions of these
studies are that Shiga toxin does not act like cholera or E.
coli LT. Any elevation in intracellular levels of cyclic AMP
occurs well after fluid accumulation begins [38)]. An alterna-
tive explanation based on the biochemical action of Shiga toxin
is that it inhibits protein synthesis in intestinal epithelial cells
and secondarily alters functions involved in electrolyte trans-
port. The data of Keenan et al. [39] are consistent with this
explanation; these authors have shown by high-resolution light
and scanning and transmission electron microscopy that
purified Shiga toxin selectively damages absorptive villus ep-
ithelial cells in rabbit ileum, leaving secretory crypt cells and
goblet cells intact. Our laboratory has obtained physiologic
data demonstrating that this is the case [40, 41]. These data
indicate that the enterotoxic activity of Shiga toxin is the re-
sult of the selective targeting of rabbit intestinal absorptive
cells and is mediated by the B subunit of the toxin and the
presence of a functional receptor on these cells [42].
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Conclusions

Structurally, Shiga toxin is not unlike cholera toxin. Both
toxins consist of two polypeptide chains: a larger A subunit
(mol wt, ~30,000) and a smaller B subunit (mol wt, 11,600
for cholera toxin and 7,700 for Shiga toxin). The subunit
stoichiometry of both is 1A:5B. The A subunits of both toxins
have a site that, after proteolytic nicking by trypsin and re-
duction of a disulfide bond, divides the polypeptide into two
fragments. The larger fragment, A, possesses the catalytic
activity of each toxin. The functional role of the B subunit
of both toxins is to mediate binding to cell surface glycolipid
receptors. Although structurally similar, the two toxins are
quite distinct. Polyclonal or monoclonal antibodies that cross-
react have not been reported, and the Gal-al—4Gal binding
specificity and the rRNA N-glycosidase activity of Shiga toxin
are totally different from the binding specificity and biochem-
ical mode of action of cholera toxin.

At present, then, we define the Shiga-like family of toxins
by their rRNA N-glycosidase activity on adenine 4324 of 28§
rRNA and by their ability to bind to Gal-al—>4Gal-containing
glycolipids. The recent finding of E. coli Shiga-like toxin Ilv,
which has N-glycosidase activity but apparently does not bind
to the same set of receptors, may eventually result in a refine-
ment of the definition of the Shiga-like family [43]. Neverthe-
less, the basic structure and function of the subunits of Shiga
toxin should be considered a model for the Shiga-like family
of toxins.
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