











678  O’BRIEN AND LAVECK
~—68,000 d
-

-—30,000 d

14,000 d
6,000 d

R8s Bl EF 8 H I JK L MNOD P A

FIG. 2. SDS-polyacrylamide gel electrophoresis of
unreduced E. coli H30 and Shiga 60R toxins. Purified
toxins were labeled with I and immunoprecipitated
with immune or preimmune sera or treated with vari-
ous enzymes or cross-linking reagents; the prepara-
tions were then subjected to SDS-polyacrylamide gel
electrophoresis in 15% slab gels. The gels were dried
and evaluated by autoradiography. Lanes: A, E. coli
H30 toxin immunoprecipitated with preimmune rabbit
serum (no bands); B, E. coli H30 toxin immunoprecipi-
tated with rabbit anti-Shiga 60R toxin; C, E. coli H30
toxin, no treatment; D, E. coli H30 toxin pretreated
with trypsin; E, E. coli H30 toxin pretreated with a-
chymotrypsin; F, E. coli H30 toxin cross-linked with 1
mg of dimethyl suberimidate per ml; G, E. coli H30
toxin cross-linked with 6 mg of dimethyl suberimidate
per ml; H, E. coli H30 toxin cross-linked with 12 mg of
dimethyl suberimidate per ml; I, Shiga 60R toxin
immunoprecipitated with preimmune rabbit serum (no
bands); J, Shiga 60R toxin immunoprecipitated with
rabbit anti-Shiga 60R toxin; K, Shiga 60R toxin, no
treatment; L, Shiga 60R toxin, pretreated with trypsin;
M, Shiga 60R toxin, pretreated with a-chymotrypsin;
N, Shiga 60R toxin cross-linked with 1 mg of dimethyl
suberimidate per ml; O, Shiga 60R toxin, cross-linked
with 6 mg of dimethyl suberimidate per ml; P, Shiga
60R toxin, cross-linked with 12 mg of dimethyl suberi-
midate per ml; Q, “C-labeled molecular weight stan-
dards, bovine serum albumin (68,000), ovalbumin
(45,000), carbonic anhydrase (30,000), lysozyme
(14,000), aprotinin (6,000).

the design of this protocol, the purity of toxin at
each step was assessed by radiolabeling samples
and by determining the percentage of radioactiv-
ity that was immunoprecipitable with monospe-
cific antitoxin. As toxin is now routinely puri-
fied, only samples of the final product are
radioiodinated and checked for purity by im-
munoprecipitability with antitoxin and by the
mobility of radiolabeled toxin after SDS-poly-
acrylamide gel electrophoresis (see below). In
addition, myoglobin is added at a final concen-
tration of 0.1% (wt/vol) to all purified toxin
samples to prevent the material from nonspecifi-
cally adhering to glassware.

The details of yield, purity, and specific activi-
ty of the E. coli H30 toxin for a typical prepara-
tion are given in Table 1. Two discrepancies in
the data warrant comment. First, the apparent
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increase in toxin yield as determined by cytotox-
ic activity after Affi-Gel Blue chromatography
was a reproducible phenomenon and could indi-
cate that an inhibitor was removed from the
crude extract by this step. Second, estimates of
the purity of toxin after the chromatofocusing
step or after the affinity chromatography step
were probably evaluated more accurately by the
percent immunoprecipitability of toxin with anti-
toxin than when determined by the specific
activity of toxin because toxin was diluted in 10-
fold increments for tests of cytotoxic activity,
whereas undiluted radiolabeled toxin was tested
for immunoprecipitability.

Evidence that E. coli H30 toxin was in fact
purified to homogeneity by the protocol delin-
eated in Table 1 was obtained from polyacryl-
amide gel electrophoresis. Under nondenaturing
conditions, both cytotoxic activity of E. coli H30
toxin and its associated radioactivity comigrated
(Fig. 1). Furthermore, when radiolabeled toxin
was subjected to SDS-polyacrylamide slab gel
electrophoresis (Fig. 2), two bands of M, ap-
proximately 31,500 (+1,000) and 4,000 to 15,000
were seen. The broad band of M, 4,000 to 15,000
could be narrowed to a range of M, 4,000 to
11,000 by decreasing the time of X-ray expo-
sure, but the 31,500 M, band was much less
distinct under those circumstances. These two
bands were also evident when gels were stained
with Coomassie blue, but the bands were too
faint to be photographed well. In the presence of
2-mercaptoethanol, three bands of M, 31,500
(%£1,000), 27,000, and 4,000 to 15,000 were ob-
served (Fig. 3). However, the 31,500 M, band

FIG. 3. SDS-polyacrylamide gel electrophoresis of
reduced E. coli H30 and Shiga 60R toxins were labeled
and treated as in Fig. 2, except that before electropho-
resis all samples were reduced with 2-mercaptoeth-
anol. Lanes A to H and N to Q contain the reduced
samples corresponding to the unreduced samples in
lanes A to H and N to Q in Fig. 2. Lanes I to M of this
gel were not clearly resolved and are not shown.
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TABLE 2. Biological activities of purified Shiga and
E. coli Shiga-like toxins

Cytotoxic  Enterotoxic

Lethal
. dose 50% dose 50% for
Source of toxin for HeLa rabbit ileal dosg 5?‘(% f;)r
cells? (pg) segments®(ug) i€ (M8
S. dysenteriae 1 1 0.10
1 60R
E. coli H30 1 0.2 2

% The dose of purified toxin required to kill 50% of
the approximately 16,000 HeLa cells (11) in a microti-
ter well within 24 h.

b The dose of toxin required to cause =10 ml of fluid
secretion in a 10-cm ligated segment of rabbit ileum in
50% of the loops tested.

¢ The 50% lethal dose for a 20-g outbred CD-1
mouse given toxin intraperitoneally. All of the mice
which succumbed to the effects of these toxins exhibit-
ed hind-leg paralysis before death.

was absent when toxin was both enzymatically
nicked with trypsin and reduced with 2-mercap-
toethanol (Fig. 3). The mobilities of these E. coli
H30 toxin bands after the various treatment
protocols and the observation that more radiola-
bel was associated with the 4,000 to 15,000 M,
band than with the 31,500 M, component is
consistent with the appearance of similarly treat-
ed Shiga 60R toxin (2, 19, 22, 23; Fig. 2 and 3).
Further evidence which substantiates the sup-
position that the E. coli toxin preparations were
pure and which also verifies the antigenic rela-
tionship betwen Shiga toxin and E. coli H30
toxin was obtained from immunoprecipitation
studies. The final E. coli toxin product was
>90% immunoprecipitable with antitoxin pre-
pared against purified Shiga 60R toxin but was
not immunoprecipitable with monospecific anti-
toxin raised against purified cholera enterotoxin
or purified E. coli heat-labile toxin (rabbit anti-
cholera toxin and rabbit anti-heat-labile E. coli
toxin were gifts of Randall Holmes, Uniformed
Services University of the Health Sciences).
Comparison of the characteristics of E. coli H30
and Shiga 60R toxins. (i) Biological activities. The
specific activity of purified E. coli H30 toxin
varied from 5 x 10® CDsy (50% Hela cell
cytotoxic dose) to 1 X 10° CDsq per mg of toxin
with separate lots of toxin. Thus, like Shiga
toxin (18), approximately 1 pg of toxin was a
cytotoxic dose for HeLa cells. Moreover, puri-
fied E. coli H30 toxin also resembled Shiga toxin
(2, 19) in that it was enterotoxic for rabbit ileal
segments and was paralytic and lethal for mice.
The specific biological activities of the two tox-
ins are compared in Table 2. The significance of
differences between Shiga 60R and E. coli H30
in the dose of toxin required for enterotoxicity
and lethality cannot be evaluated because of
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limitations in the amounts of purified toxins
available to perform multiple assays. The molec-
ular basis for these biological activities is be-
lieved to be inhibition of protein synthesis in
eucaryotic cells (3, 4, 24, 31).

(ii) Estimates of molecular weights of native
toxins. Olsnes and Eiklid (22) observed that the
peaks of radioactivity and toxicity associated
with Shiga toxin cosedimented on a sucrose
gradient at a position which indicated a molecu-
lar weight for Shiga toxin greater than that of
bovine serum albumin (68,000) but less than that
of transferrin (85,000). The profile of purified
Shiga 60R toxin on a sucrose gradient prepared
in this laboratory (Fig. 4A) supports the finding
of Olsnes and Eiklid of a molecular weight
greater than 68,000. By contrast, radioactivity
and cytotoxicity of E. coli H30 toxin cosedi-
mented on a sucrose gradient at a location that
suggests a molecular weight of less than 68,000
(bovine serum albumin) (Fig. 4B). Molecular
weight estimates of Shiga 60R toxin and E. coli
H30 toxin obtained by gel filtration also suggest
differences in the sizes of the two toxins, al-
though the values obtained for both toxins were
aberrantly low for reasons that are not clear.
Shiga 60R toxin appeared to have a molecular
weight of 32,000 when chromatographed on a
Sephacryl S-200 (Pharmacia) column (19),
whereas the molecular weight estimate obtained
for E. coli H30 toxin on the same column was
consistently lower (25,000 to 28,000; data not
shown). Shiga 60R toxin had an apparent molec-
ular weight of 45,000 on a Bio-Gel P-100 column
(Bio-Rad) run under the same buffer conditions
and calibrated with the same standards as previ-
ously described for Sephacryl S-200 columns
(19), a difference which may reflect an interac-
tion of toxin with the carbohydrate-containing
Sephacryl gel.

(iii) Arrangement of subunits. Cross-linking
studies were performed to compare the molecu-
lar organization of the subunits of purified Shiga
60R and E. coli H30 toxins. Different concentra-
tions of dimethyl suberimidate were used (1, 6,
and 12 mg/ml), and the cross-linked toxin prepa-
rations were then subjected to SDS-polyacryl-
amide gel electrophoresis in the absence or
presence of 2-mercaptoethanol (Fig. 2 and 3). A
concentration of 6 mg/ml of the cross-linking
reagent was judged to give the best results, i.e.,
the most well-resolved complexes. Therefore,
the molecular weights of complexes formed un-
der these conditions were estimated, and the
possible subunit arrangements were determined
(Table 3). The B subunit was given an estimated
M, of 4,000 from a plot of presumed numbers of
B chains versus estimated molecular weight of
the complex, a technique described by Olsnes et
al. (23). From these findings, it again appeared
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FIG. 4. Sucrose gradient centrifugation of '%’I-la-
beled Shiga 60R toxin (A) and E. coli H30 toxin (B).
The 10 to 40% sucrose gradients were prepared and
centrifuged as described in the text. Fractions were
obtained and evaluated for refractive index, radioac-

tivity, ODyg9, Or cytotoxic activity as detailed in the
text.

that the molecular weight of native Shiga toxin
(estimated as 58,000) was greater than that of E.
coli toxin (estimated as 48,000). It should be
emphasized that estimations of molecular
weights from cross-linking data are accurate
only if the capacity of the protomers to form
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cross-links reflects their spatial arrangement in
the oligomer.

(iv) Isoelectric points. Biologically active Shiga
60R toxin had an isoelectric point of 7.03, as
averaged from four separate analyses (Fig. SA).
The average isoelectric point of the biologically
inactive B subunit was 5.67. Similarly, E. coli
H30 cytotoxin had an isoelectric point of 7.01
(Fig. 5B, peak I), whereas the B subunit (peak
II, as confirmed by appearance on a gel, not
shown) had an isoelectric point of 5.66. Differ-
ences in the relative heights of peaks I and II for
Shiga 60R and E. coli H30 toxin after isoelectric
focusing (Fig. SA and 5B, respectively) probably
reflect different ratios of intact toxin to B sub-
unit.

(v) Relative heat stability. Both Shiga 60R and
E. coli H30 toxin retained full biological activity
after exposure to temperatures between 37 and
65°C for 30 min in 10 mM phosphate (pH 7.4).
Both toxins were completely inactivated by boil-
ing for 2 min.

DISCUSSION

Toxin purified from E. coli H30 is biologically
and structurally similar to Shiga 60R toxin.
Toxins from both organisms are cytotoxic for
HeLa cells at picogram doses, and both toxins
are lethal for mice and enterotoxic for rabbits in
microgram or submicrogram doses. Each toxin
consists of an A subunit (M, = 31,500 = 1,000)
and several copies of a B subunit (M, about
4,000). The A subunit can be nicked by trypsin
or by endogenous proteases to form an A,
component (M, = 27,000) and either an A,
component (M, = 4,500), the existence of which
has not been verified by resolution of a distinct
band on polyacrylamide gel electrophoresis (23),
or several peptide fragments. The function of
each toxin in the normal physiology of the
bacterial cell has not been investigated. More-
over, the genetic mechanisms responsible for
toxin production have not been determined for
either E. coli or shigellae.

Although the studies reported herein showed
that E. coli H30 and Shiga 60R toxins were
nearly indistinguishable, subtle differences be-
tween the toxins were observed. Despite the
limitations described above for each method
used to evaluate the molecular weights of the
native toxins, i.e., sucrose gradient, gel filtra-
tion, and toxin cross-linking, the results from all
three procedures indicated that E. coli H30 toxin
had a lower molecular weight (estimated as
48,000 by cross-linking studies) than Shiga 60R
toxin (estimated as 58,000 by cross-linking stud-
ies). The cross-linking results suggest that the
variation in toxin size occurs because native E.
coli H30 toxin has fewer copies of the B subunit
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TABLE 3. Subunit complexes formed after cross-linking E. coli H30 toxin or Shiga 60R toxin
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Source of Treated with .
toxin 2-mer|::‘;;tox;|anol Estimated M,* Possible subunit arrangement®
E. coli H30 No 48,000 A + 4B
43,000 A+ 3B
40,000 A+ 2B
31,500* A
20,000 5B
15,000-4,000* Mixture of 1B, 2B, 3B, and 4B
E. coli H30 Yes 44,000 A+ 3B
40,000 A+ 2B
38,000 A, + 3B
31,500 A
27,000 A,
24,000-22,000 5B + A,
20,000 5B
15,000—4,000* Mixture of 1B, 2B, 3B, 4B, and A,
Shiga 60R No 58,000 A + 6B
53,000 A+ 5B
49,000 A + 4B
43,000* A+ 3B
40,000* A+ 2B
31,500* A
27,000* A, (partially nicked sample?)
20,000* 5B
15,000-4,000 Mixture of 1B, 2B, 3B, and 4B
Shiga 60R Yes 58,000 A + 6B
44,000 A+ 3B
40,000 A+ 2B
35,000 A, + 2B
31,500* A
27,000 A,
24,000-22,000* 5B + A,
15,000—-4,000 Mixture of 1B, 2B, 3B, 4B, and A,
“ 12].]abeled toxins were cross-linked by exposure to dimethyl suberimidate at a final concentration of 6 mg/

ml as described by Davies and Stark (6). The reaction mixtures were then subjected to SDS-polyacrylamide gel
electrophoresis in a 15% slab gel with or without pre-exposure to 0.7 M 2-mercaptoethanol.

® For the purpose of comparing these findings with previously reported cross-linking results on Shiga toxin,
the arrangement of this table is patterned after the data presentation in Table 2 of reference 23. Very heavy bands
are indicated with an asterisk. Very faint bands are underlined. Diffuse bands are indicated by a range of
estimated molecular weights.

¢ B is given an estimated M, of 4,000; A, is given an estimated M, of 4,500 from the difference in M, of A and

Al'

(estimated four) than does Shiga 60R toxin (esti-
mated six). Alternatively, E. coli H30 native
toxin may have the same M, as Shiga 60R toxin
but may dissociate more readily during purifica-
tion because of differences in the strength of the
hydrophobic interactions between the subunits.
That Shiga 60R toxin may actually have more
than six B subunits is suggested by the observa-
tion that toxin appears larger than bovine serum
albumin on repeated analyses by sucrose gradi-
ent.

Another apparent difference between the E.
coli H30 toxin and the Shiga 60R toxin is that
little of the E. coli toxin in any preparation
existed in the ‘‘nicked’’ (i.e., A;) form (see Fig.
2). The E. coli H30 toxin had to be treated with
trypsin and reduced with 2-mercaptoethanol to
appear in the A, form. By contrast, most prepa-
rations of the Shiga 60R toxin were already
partially nicked (presumably by endogenous
proteases) and reduced, as could be seen on gels
even in the absence of 2-mercaptoethanol (Fig.
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FIG. 5. Isoelectric focusing of !*I-labeled Shiga
60R (A) and E. coli H30 (B). Samples were subjected
to isoelectric focusing in 7% bis-acrylamide gels as
described by Wrigley (32). Samples were eluted from
gel fractions into 300 ul of 0.85% NaCl, and the pHs of
the eluates were determined. For toxin-containing gels
run in parallel, samples were eluted into 250 ul of
tissue culture medium (19) and tested for radioactivity
and cytotoxicity. The CDs, values shown reflect the
activity associated with the most radioactive sample in
each peak. The insert in panel #A is an autoradiograph
of nonreduced samples from peaks I and II run on 15%
SDS-polyacrylamide gels.

2). These observations could indicate that E. coli
H30 toxin is more resistant to proteolytic cleav-
age than is Shiga 60R toxin. An equally tenable
explanation is that bacteria of the Shiga 60R
strain have higher levels of endogenous prote-
ases than do E. coli H30 organisms.

In conclusion, the findings presented herein
support the concept that a family of Shiga-like
toxins exists. A more detailed comparative eval-
uation of the structure and function of Shiga 60R
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and E. coli H30 toxins at the molecular level,
e.g., amino acid sequencing and mechanisms of
inhibition of protein synthesis, is required to
define more clearly the similarities and differ-
ences between the family members. Finally, the
role of Shiga toxin (if any) in the pathogenesis of
shigellosis or of the Shiga-like toxin in certain E.
coli diarrheal diseases remains to be determined.
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