
INFECTION AND IMMUNITY, Mar. 1978, p. 1021-1030
0019-9567/78/0019-1021$02.00/0
Copyright © 1978 American Society for Microbiology

Vol. 19, No. 3

Printed in U.S.A.

Purification and Chemical Characterization of the Heat-Stable
Enterotoxin Produced by Porcine Strains of Enterotoxigenic

Escherichia coli
JOHN F. ALDERETE AND DONALD C. ROBERTSON*

Department ofMicrobiology, University of Kansas, Lawrence, Kansas 66045

Received for publication 3 November 1977

Heat-stable enterotoxin (ST) produced by porcine strains of enterotoxigenic
(ENT+) Escherichia coli has been purified to apparent homogeneity by sequen-
tial ultrafiltration, acetone fractionation, preparative gel electrophoresis, dieth-
ylaminoethyl Bio-Gel A ion-exchange chromatography, and Bio-Gel P-10 gel
filtration. The enterotoxin, purified more than 1,500-fold, exhibited a molecular
weight of 4,400, as determined by both sodium dodecyl sulfate-gel electrophoresis
and gel filtration. A molecular weight of 5,100, representing 47 residues, was
calculated from amino acid analysis data. The amino acid content was distinctive,
with an unusually high proportion of cystines and few hydrophobic amino acids.
A single amino-terminal residue, glycine, was observed. Pxirified ST was stable to
heating (1000C, 30 min) and did not lose biological activity after treatment with
Pronase, trypsin, proteinase K, deoxyribonuclease, ribonuclease, and phospholi-
pase C. Periodic acid oxidation and several organic solvents (acetone, phenol,
chloroform, and methanol) had no effect on the biological activity of ST. Further,
purified ST was stable to acid treatment at pH 1.0 but lost biological activity at
pH values greater than 9.0. Neither lipopolysaccharide nor lipid contamination
was evident in purified preparations. A characteristic absorption spectrum was

observed during the course of the purification, which shifted from a maximum at
260 nm in crude preparations to 270 nm for the purified toxin. Antiserum obtained
from rabbits immunized with ST or ST coupled to bovine serum albumin
neutralized the action of the enterotoxin in suckling mice; however, passive
hemagglutination and hemolysis titer assays suggested that ST is a poor antigen.

Enterotoxigenic (ENT+) strains of Esche-
richia coli have been shown to be responsible
for diarrhea in humans and neonatal animals
(12, 19, 28, 30-33) through the elaboration of
a high-molecular-weight, heat-labile protein
(heat-labile enterotoxin, LT) and/or a low-mo-
lecular-weight, heat-stable, nonimmunogenic
substance (heat-stable enterotoxin, ST) (13, 20,
21, 36). The mechanism of action of LT appears
to be similar to that of cholera enterotoxin (24,
32) through activation of membrane-bound ade-
nylate cyclase with subsequent increases in in-
tracellular cyclic adenosine monophosphate in
epithelial cells of the small intestine and other
sensitive nonintestinal cells. There have been no
reports on the activation of adenylate cyclase by
ST in various assay systems (32); however, the
low levels of ST in culture supernatants and
crude preparations complicate interpretation of
experiments designed to measure changes in lev-
els of cyclic nucleotides. Alternatively, ST may
cause loss of fluid and electrolytes through a
unique secretary mechanism.

The purification and characterization of LT
have been described by several laboratories (9,
34); however, the purification of ST has been
complicated by the complexity of the various
growth media used for toxin production. One of
the early objectives of our laboratory was to
develop a defined medium that would support
ST synthesis at levels equivalent to a complex
medium (1). A defined medium would reduce
contamination by ultraviolet-absorbing sub-
stances and reduce potential chemical interac-
tions between the low-molecular-weight ST and
components of the culture medium. The purifi-
cation of porcine ST produced in a defined me-
dium and some of its chemical and immunolog-
ical characteristics are described in this report.
It appears that the small ST produced by ENT+
E. coli is a polypeptide with biological activity
at nanogram levels.

MATERIALS AND METHODS
Cultures. Porcine strains of ENT+ E. coli used in

this study were supplied by Harley Moon of the Na-
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tional Animal Disease Center, Ames, Iowa. Strain 431
produces only ST, whereas strain 1362 produces both
ST and LT. Nonenteropathogenic E. coli strain
0111B4 used as a control strain was provided by
Clarence Buller of this department.

Preparation of media. The minimal salts-tricine
medium with 1.0% glucose was prepared as described
previously (1, 2). Glucose was prepared as a 25% stock
solution and was sterilized by autoclaving. Each com-
ponent was added aseptically to sterile 250-ml Erlen-
meyer flasks, with sterile distilled water added to a
final volume of 50 ml.
The defined medium used throughout these studies

was composed of basal salts (NaCl, K2HPO4, NH4Cl),
trace salts (MgSO4, MnCl2, FeCl3), a metal chelator
(tricine), and four amino acids (alanine, seine, aspartic
acid, proline) (1). The medium for growth in the
fermentor was prepared by autoclaving everything
except the amino acids in the fermentor vessel. The
amino acids were dissolved in about 3 liters of distilled
water, adjusted to pH 7.5 with 5 N NaOH, and steri-
lized separately by autoclaving. Prior to inoculation,
the amino acids were added to the fermentor contain-
ing about 27 liters of salts and distilled water followed
by addition of 6 liters of cells grown in Fernbach flasks.
The initial absorbance at 620 nm ranged from 0.20 to
0.30, and growth after 8 h of incubation reached an
optical density at 620 nm of 3.0 to 3.5.
Growth conditions. Starter cultures were grown

aerobically in 250-ml Erlenmeyer flasks containing 50
ml of minimal salts-tricine medium with 1.0% glucose
as described previously (1, 2). After 8 h of incubation
at 370C with shaking (300 rpm), the starter culture
was used to inoculate Fernbach flasks each containing
1 liter of defined medium (1). The volume of inoculum
was sufficient to adjust the initial absorbance at 620
nm to 0.05. After 8 h of incubation with shaking, six
Fembach flasks were used to inoculate 30 liters of
defined medium in an F-50 New Brunswick fermentor.
Growth was for 8 h at 37°C with vigorous aeration and
stirring. Foaming was controlled by use of a 10%
silicone antifoam solution (Dow Coming B; Dow
Chemical Co., Midland, Mich.). The antifoam concen-
tration never exceeded 2 ,l/liter. The initial pH was
7.5, and samples were withdrawn at hourly intervals
to monitor growth and pH. Cells were removed by
centrifugation with a Sorvall RC-5 refrigerated centri-
fuge and an SZ-14 rotor at 18,000 rpm. The culture
supernatant was stored at 4°C for the next step in the
purification.
Toxin assay and calculation of effective dose.

The assay for ST has been previously described (1, 2).
Relative toxin levels in the culture supernatant and at
each step throughout the purification were determined
by use of serial twofold dilutions of the toxin solution,
and the last dilution which gave a gut weight to body
weight (G/B) ratio greater than or equal to 0.090 was
considered positive. Each experimental sample was
assayed with three mice, and each experiment was
done in triplicate. Nonenterotoxigenic E. coli strain
0111B4 grown under the same conditions, as well as
other appropriate controls for each experiment de-
scribed in this report, consistently gave a G/B ratio of
0.060 + 0.005.
The amount of protein necessary for fluid accumu-

lation was defined as the effective dose. Using the
amount of protein in each fraction (micrograms per
milliliter), the last dilution which gave a positive re-
sponse, and the volume injected into each suckling
mouse (0.1 ml), we were able to calculate the effective
dose. The total number of effective doses could then
be obtained from the protein recovery in each step.

Purification of ST. After removal of cells, the
culture supernatant was fractionated and concen-
trated 30-fold by ultrafiltration through a PM-10 Di-
aflo membrane (Amicon). The PM-10 ultrafiltrate was
again fractionated and concentrated 20-fold by passage
through a UM-2 membrane. The UM-2 ultrafiltrate
was discarded, and the material retained on both filters
was lyophilized. The Iyophilized material was resus-
pended in distilled water at a protein concentration of
5 to 10 mg/ml and was cooled to 4°C before addition
of 1 volume of acetone to 5 volumes of sample (1:5,
vol/vol). The suspension was stirred for 30 min at
-5°C and then was centrifuged at 12,000 x g for 30
min at -5°C; the precipitate was discarded. The su-
pernatant was further fractionated twice as just de-
scribed with the use of acetone to sample ratios of 1:1
and 9:1 (vol/vol), respectively; the precipitate was
discarded in each step. The acetone was removed by
flash evaporation, and the sample volume was reduced
to about 50 ml. Six volumes of chloroform-methanol
(1:2, vol/vol) were added to extract lipid-like material
present after evaporation of the acetone. Phase sepa-
ration was achieved by addition of 0.2 volume of
distilled water, followed by vigorous shaking. After
several minutes at room temperature, the organic
phase was discarded, and the aqueous phase was con-
centrated by flash evaporation to approximately 50 ml
to remove residual chloroform-methanol. The solution
was dialyzed against 5 liters of distilled water by use
of Spectrapor 6 dialysis tubing and was concentrated
to 10 to 20 mg/ml for preparative gel electrophoresis.

Preparative gel electrophoresis. Preparative gel
electrophoresis was performed at 4°C with the use of
an 8 by 2 cm gel and tris(hydroxymethyl)amino-
methane (Tris)-glycine buffer, pH 8.9 (8). The gel was
subjected to pre-electrophoresis for 30 min at 20 mA
before addition of the sample. The sample (approxi-
mately 10 to 15 mg) was applied to the column with
electrophoresis at 15 mA until the material penetrated
the gel. The current was then increased to 25 mA for
the duration of the run. After separation of the bands,
the gel was removed by rimming with distilled water
injected with a syringe and was cut just in front of the
band containing ST activity. The gel was reinserted
into the glass tube, and the ST was eluted by electro-
phoresis into Spectrapor 6 dialysis tubing having a
molecular weight cutoff of 2,000. The preparation was
concentrated to about 2 ml by flash evaporation for
ion-exchange chromatography.

Ion-exchange and gel filtration chromatogra-
phy. The single band containing ST from preparative
gel electrophoresis was loaded on a 1- by 30-cm dieth-
ylaminoethyl (DEAE) Bio-Gel A column with 1 mM
Tris-hydrochloride, pH 8.3, as the run buffer. A step-
wise salt gradient was employed with 25 mM, 50 mM,
and 2.0 M NaCl prepared in the run buffer. The flow
rate of the column was maintained at 6.0 ml/h by use
of a Gilson Minipuls II peristatic pump. The 1 mM
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Tris-hydrochloride run buffer was prepared by diluting
a 1 M stock solution of Trizma base buffer and adjust-
ing to the desired pH.
The fraction which eluted at 50mM NaCl contained

most of the ST activity and was concentrated to about
2 ml by flash evaporation. The solution was loaded on

a Bio-Gel P-10 column (1 by 100 cm) with the same
run buffer employed with DEAE Bio-Gel A. The flow
rate of the P-10 column was approximately 8.0 ml/h.
All chromatography steps were done at 40C.

Molecular weight determinations. The molecu-
lar weight of ST was determined by sodium dodecyl
sulfate (SDS)-gel electrophoresis by the procedure of
Weber and Osborn (42) with aldolase, chymotrypsin-
ogen, myoglobin, lysozyme, and ribonuclease as refer-
ence standards. The bromophenol blue dye front on

100- by 5-mm gels containing 10% acrylamide was
marked by piercing with a 24-gauge needle. The ST
was located by its absorbance at 260 nm determined
by use of a Gilford spectrophotometer with a scanning
assembly, as ST had minimal absorbance at 280 nm
and did not react with stains specific for protein and
carbohydrate. The protein standards were stained
with Coomassie brilliant blue. The relative mobilities
of the standards located by absorbance at 280 nm and
staining were in good agreement and were used to
determine the molecular weight of ST.
The molecular weight of ST was also determined

by gel filtration as described by Whitaker (43). Poly-
peptide markers were prepared by cyanogen bromide
digestion of myoglobin (16). Purified ST was co-chro-
matographed and subjected to chromatography sepa-
rate from the CNBr digest and was observed to mi-
grate with the same V/Vo in both instances. The void
volume of the column was determined by use of an
acid-stable enzyme, bisulfate reductase of 230,000 dal-
tons, kindly provided by James Akagi of this depart-
ment.
Amino-terminal residue. The procedure for iden-

tifying the amino-terminal residue was a minor modi-
fication of that described by Gray (17). A 1-mg amount
of extensively dialyzed ST was lyophilized and resus-
pended in 0.5 ml of 0.5 M NaHCO3, and 0.5 ml of
dansyl chloride (2.5 mg/ml) was added, followed by
incubation at 370C for 4 h. After acid hydrolysis, the
hydrolysate was extracted twice with ethyl acetate to
remove dansyl hydroxide. The sample was dried by
flash evaporation and resuspended in acetone-glacial
acetic acid (3:2, vol/vol) for application to polyamide
sheets as described by Woods and Wang (44). Solvents
used for thin-layer chromatography were water-90%
formic acid (200:3, vol/vol) in the first dimension and
n-heptane-n-butanol-glacial acetic acid (3:3:1, vol/
vol) in the second dimension.
Amino acid analysis. All samples were exten-

sively dialyzed before hydrolysis against distilled water
by use of Spectrapor 6 dialysis tubing with a molecular
cutoff of 2,000. Portions containing 0.3 to 0.4 mg were
transferred to hydrolysis vials and lyophilized.
After addition of constant boiling HCl, the vials were
degassed and sealed. The excess HCl was removed by
rotary evaporation after 24 h of hydrolysis, and the
hydrolysate was dissolved in citrate buffer, pH 2.2. An
amount equivalent to about 37 Mg of purified ST was
applied to a Beckman 120C amino acid analyzer. The

observed threonine and serine values were divided by
0.95 and 0.90, respectively, to correct for destruction
during hydrolysis (39).

Protein and carbohydrate determination. Pro-
tein was determined by the method of Lowry et al.
(29), with crystalline bovine serum albumin as a stan-
dard. Readings at 280 and 260 nm were also used for
determination of protein concentrations according to
the procedure of Warburg and Christian (41) and were
compared to protein values obtained by the technique
of Ehresmann et al. (11). A ratio of 1.0:1.06:1.06 was
obtained with pure ST in the Lowry et al., Warburg
and Christian, and Ehresmann et al. procedures, re-
spectively. Total carbohydrate was determined by the
phenol-sulfuric technique described by Keleti and
Lederer (23), with glucose as a standard.

Periodate oxidation. The procedure of Jackson
(22) was used to determine the effect on periodate
oxidation of ST activity. The reaction mixture con-
tained 0.1 Mmol of ST (440 MIg), 40 umol of acetic acid,
and 5 Mmol of NaIO4 in a final volume of 5.5 ml. The
reaction was stopped with 0.2 ml of sodium arsenate
(0.2 M) after 60 min of incubation. The incubation
mixture was immediately assayed for biological activ-
ity.
Enzyme and pH treatment of ST. Several hydro-

lytic enzymes were incubated with purified ST at ST
to enzyme ratios of 10:1, 1:1, and 1:10. Treatment of
ST was done at 370C with a 60-min incubation at pH
7.0. Hydrochloric acid (1.0 N) or sodium hydroxide
(1.0 N) was added dropwise to 1 ml of a ST solution,
and the pH was monitored by spotting on litmus paper
until pH 1.0 and pH values greater than 9.0 were
reached. The acid and alkaline solutions were incu-
bated at 370C for 30 min followed by readjustment to
pH 7.0, and the solution was assayed for biological
activity.
KDO and limulus lysate assay for endotoxin.

Detection of endotoxin (lipopolysaccharide) through-
out the purification procedure was done by use of the
colorimetric assay for 2-keto-3-deoxyoctonate (KDO)
(23). Purified ST was also assayed for lipopolysaccha-
ride by the limulus lysate assay (40). Purified Salmo-
nella typhimurium lipopolysaccharide was used as a
positive control for both assays.
Immunological studies. Immune sera were ob-

tained from white albino male rabbits immunized with
purified ST and ST coupled to a carrier, crystalline
bovine serum albumin, ST:BSA. The ST and ST:BSA
solutions were suspended in Freund complete adju-
vant for the first immunization followed by a second
immunization 21 days later with ST and ST:BSA
suspended in Freund incomplete adjuvant. The rabbits
were immunized intradermally, intramuscularly, intra-
peritoneally, and intravenously and received 2 mg of
ST at each immunization or its equivalent when
ST:BSA was the antigen. Serum was collected after
the immunizations at weekly intervals.

Coupling of ST to carrier BSA was accomplished
with glutaraldehyde (3, 4). Amounts of 2 mg of exten-
sively dialyzed ST and 2.7 mg of BSA were suspended
in 5 ml of 0.1 M Na2HPO4, pH 6.8, giving a molecular
ratio of ST to carrier of 10:1. A 0.1-ml amount of 1.0%
glutaraldehyde was added, and gentle stirring was
continued for 3 h. The solution was dialyzed against 5
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liters of distilled water with two changes by use of
dialysis tubing with an approximate molecular weight
cutoff of 10,000 (Arthur H. Thomas Co., Philadelphia,
Pa.) to permit removal of unbound ST. Any precipitate
formed during the dialysis was removed by centrifu-
gation, and the solution was concentrated to 1.0 ml by
flash evaporation at 370C for suspension in Freund
complete or incomplete adjuvant.

Neutralization of ST activity. For the neutrali-
zation experiments, 0.5 ml of serum was added to tubes
containing 0.5 ml of previously prepared twofold serial
dilutions of ST in phosphate-buffered saline. After
vigorous blending in a Vortex mixer, the tubes were
placed in a water bath at 370C fo 4 h, with gentle
shaking at hourly intervals. After incubation, the di-
lutions were assayed immediately for neutralization of
the toxin activity. The dilution which gave positive
fluid accumulation was determined, and a positive
control in which ST was incubated with normal rabbit
serum was included. Anticholeragenoid serum, at con-
centrations optimal for neutralization of cholera en-
terotoxin (15), was used in an attempt to neutralize
ST. Further, amounts 10- and 100-fold greater than
those necessary for neutralization of cholera entero-
toxin were employed to insure optimal levels for the
possible neutralization of ST.
Passive hemagglutination and hemolysin ti-

tration of sera. The passive hemagglutination assay
was done with ST esterified to stearoyl chloride (6,
35). A solution containing 1 mg of ST was taken to
dryness by flash evaporation and was resuspended
immediately in 4 ml of dimethyl formamide. The so-
lution was transferred to a tube containing 0.6 ml of
pyridine followed by addition of 20 mg of stearoyl
chloride. The mixture was incubated at room temper-
ature for 3 days. After the incubation, the mixture was
diluted with 10 volumes of distilled water to stop the
reaction and was dialyzed overnight against distilled
water by use of Spectrapor 6 dialysis tubing. After
dialysis, the suspension was extracted with 6 volumes
of chloroform-methanol to remove unreacted stearic
acid. Phase separation was achieved by addition of 0.2
volume of distilled water, and the organic phase was
discarded. The aqueous phase containing all the bio-
logical activity was evaporated to remove chloroform-
methanol and was concentrated to 1.0 ml. The solution
containing 30 nmol of esterified ST was added to 10
ml of 0.1% sheep erythrocytes (SRBC), and the mix-
ture was stirred gently at 370C for 30 min. The SRBC
had been previously washed three times in Tris-
buffered saline (TBS: 0.025 M Tris-hydrochloride,
0.050 M NaCl, 0.002 M ethylenediaminetetraacetic
acid, and 0.02% NaN:i, pH 7.5) and diluted to a 0.1%
final suspension. The serum was diluted with TBS,
and one drop of the twofold dilutions was added to
each well of Cooke microtiter plates. One drop of
stearoyl-ST-SRBC was then added to each well, and
the agglutination patterns were read after the plates
had stood overnight at 4°C. The lowest dilution show-
ing agglutination was taken as the end point.
The hemolysin titration was done by adding one

drop of guinea pig complement previously absorbed to
SRBC to each well containing one drop of the twofold
serially diluted sera. One drop of the stearoyl-ST-
SRBC was then added, and the last dilution which

gave total hemolysis of the cells was taken as the end
point.
Reagents used. All media components and re-

agents employed throughout this study were pur-
chased from Sigma Chemical Co. The organic solvents
used were of reagent grade. The electrophoresis re-
agents, DEAE Bio-Gel A, and Bio-Gel P-10 were pur-
chased from Bio-Rad Laboratories, Richmond, Calif.
Thin-layer chromatography plates (Polyamide 6 and
PEI Cellulose F) were purchased from Brinkmann
Instruments, Inc., Westbury, N.Y. SRBC were ob-
tained from Brown Laboratories, Topeka, Kan., and
guinea pig complement was obtained from Pelfreeze
Laboratories, Rodgers, Ark. Monospecific horse serum
anticholeragenoid prepared by Richard A. Finkelstein
(15) was kindly furnished by Carl Miller, National
Institutes of Health, Bethesda, Md. Spectrapor 6 was
purchased from Spectrum Medical Industries, Los An-
geles, Calif.

RESULTS

Purification of ST. The purification scheme
devised for isolation of the ST of E. coli is
summarized in Fig. 1. Although the purification
procedure usually employed 30 to 40 liters of
culture supernatant, the process can be scaled
up as a result of the fold purification achieved
by acetone fractionation. The amount of protein
necessary for biological activity was defined as
the effective dose and was calculated from the
amount of protein (milligrams per milliliter) in
each fraction, the last dilution which gave a
positive response, and the volume injected into
each suckling mouse (0.1 ml). The total number
of effective doses was extrapolated from the
protein recovery at each step and provided a
reproducible and quantitative method of follow-
ing the purification of ST. The culture super-
natant was fractionated and concentrated by use
of a series of Amicon ultrafiltration membranes
with molecular weight cutoffs of 1,000 and
10,000. Most of the ST activity (80%) was pres-
ent in the material retained on the UM-2 filter,
with 10 to 15% in the PM-10 fraction (Table 1).
After lyophilization, material retained by the
UM-2 filter was subjected to organic solvent
fractionation with acetone, and chloroform-
methanol extraction of the aqueous fraction was
performed to remove residual lipid-like material.
At this point, the amount of protein containing
biologically active material had been decreased
approximately 100-fold. The partially purified
preparation was dialyzed, concentrated, and fur-
ther fractionated by preparative gel electropho-
resis. Three bands were observed, only one of
which contained essentially all of the biologically
active ST from the previous step (Fig. 2). The
band migrating behind the leading band, band
II, had a characteristic dark brown color usually
associated with ST. Although one band during
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gel electrophoresis may be considered a criterion
of purity, the material was concentrated and
loaded on a DEAE Bio-Gel A column (Fig. 3).
Four peaks were observed, three of which were
retained by the ion-exchange column. A stepwise
gradient resolved the toxin peak from the other
contaminating species. Most of the ST was pres-
ent in the 50 mM NaCl eluate (Table 1). Still
further purification was achieved by gel filtra-
tion with Bio-Gel P-10 (Fig. 3). Two fractions
were usually observed, with only one fraction
having ST activity. The amount of protein nec-

essary for fluid accumulation decreased slightly
after gel filtration, from 1.13 ng to 0.83 ng, re-

sulting in a further increase in fold purification.
The protein recovery starting with 40 liters of
culture supernatant after Bio-Gel P-10 filtration
was 2 to 3 mg, with a 50 to 60% recovery of
effective doses.
The ST activity in the material retained by

CULTURE SUPERNATANT

ULTRAFILTRATION USING PM-10 AND UM-2

DIAFLO MEMBRANES

ACETONE FRACTIONATION OF ULTRAFILTRATION

RETENTATES

CHLOROFORM-METHANOL EXTRACTION

PREPARATIVE GEL ELECTROPHORESIS

ION-EXCHANGE CHROMATOGRAPHY ON DEAE-AGAROSE

GEL FILTRATION ON BIo-GEL P-10

FIG. 1. Purification scheme for heat-stableporcine
enterotoxin.

the PM-10 filter, comprising 15% of the total
number of effective doses, was purified by the
same steps used with the UM-2 fraction and
usually yielded about 0.4 mg of material. The
chemical characteristics of ST obtained from
both fractions were similar (data not shown).
Molecular weight of ST. Determination of

the molecular weight of ST by sodium dodecyl
sulfate (SDS)-gel electrophoresis was compli-
cated by the fact that ST did not stain with
Coomassie brilliant R, amido black, hydrazi-
noacridine (7), or dansyl hydrazine (10); there-
fore, the gels were scanned after electrophoresis
at 280 and 260 rim, and the resulting patterns
observed for ST are shown in Fig. 4. The ab-
sorbance of ST at 280 nm was minimal; however,
there was a 10- to 20-fold greater absorbance at
260 nm. Since the relative mobility of the stan-
dards obtained from the scans agreed with those
obtained after staining, the relative mobility of
ST was calculated from the migration distance
located by its absorbance at 260 nm (Fig. 4). The
molecular weight of ST was found to be 4,425

300 based on five determinations (Fig. 5).
The results of molecular weight analysis ofST

based on gel filtration are shown in Fig. 6. Five
peaks were observed when the CNBr digest of
myoglobin was used which corresponded to mo-
lecular weights of 17,000, 14,450, 10,700, 8,700,
and 6,050. The molecular weight of ST was

observed to be 4,420 + 34.
Amino-terminal residue. Only one amino-

terminal residue, glycine, was found after reac-

tion of ST with dansyl chloride (Table 2). Gly-
cine comigrated with the amino-terminal residue
ofST in both dimensions, unlike the other amino
acids. One other amino acid, alanine, migrated
with the Rf value in the first dimension corre-

sponding to the amino-terminal residue of ST.
Although alanine comigrated with the unknown

TABLE 1. Purification summary for heat-stable enterotoxin

Step Protein (mg) EDa (ng) Total no. of EDs Recovery (%) Fold purifica-tion

Supernatant (30 liters) 6,812.0 1,410.0 4.80 x 106 100.0
Uitrafiltrationb
PM-10 ...... ........... 606.5 606.6 0.75 x 106 15.6 1.8
UM-2 .......... .... 1,551.0 404.0 3.84 x 106 80.0 3.5

Purification of UM-2 fraction
Organic solvent fractiona-

tionc .................... 16.45 6.1 2.70 x 106 56.0 232.6
Preparative gel electrophore-

sis ...................... 7.34 4.1 2.70 x 106 56.0 346.0
DEAE Bio-Gel A . ........... 2.71 1.13 2.40 x 106 50.0 1,255.7
Bio-Gel P-10 ................ 2.10 0.85 2.46 x 106 51.2 1,710.0

a Effective dose: the amount of protein necessary in the suckling mouse assay to give a gut weight to body
weight ratio greater than or equal to 0.090.

bMaterial retained on Diaflo membranes after filtration as described in Materials and Methods. PM-10,
molecular weight cutoff of 10,000; UM-2, molecular weight cutoff of 1,000.

c Fractionation with acetone and extraction with chloroform-methanol as described in Materials and Methods.
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hydrate or other ninhydrin-negative material.
The 6 half-cystines were determined as cystine
and may represent a limiting value as a result of
decomposition during acid hydrolysis. Addi-
tional experiments are in progress to determine

I Sb-Gel P-10
0.3

1.0 i00.2X_
fraction

0 01025 0.050 2.0 M

0 0

614

<0

0.

8 12 10 20 24 28 32 36 40 44

FRACTION

FIG. 3. DEAE Bio-Gel A ion exchange and Bio-
Gel P-10 gel filtration chromatography ofST follow-
ing preparative gel electrophoresis. A28%, Absorbance
at 280 nm.

0
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o8

N in4 o.

1 2 3 4 5 6
Migration (cm)

FIG. 2. Preparative gel electrophoresis ofpartially
purified heat-stable enterotoxin.

dansylated amino acid in the first dimension,
resolution into two distinct derivatives was ac-

complished in the second dimension.
Amino acid analysis. The amino acid anal-

ysis of 37 jig of purified porcine ST is shown in
Table 3. The values are expressed per two phen-
ylalanine residues; however, several other resi-
dues could have been used for calculation pur-
poses. Isoleucine was not used as the limiting
residue since it is known that leucine, isoleucine,
and valine are released at slow rates from pep-
tides when these amino acids are in consecutive
sequence (39). The recovery of 36.05 ,ug of the 37
,ig applied to the column strongly suggests that
purified porcine ST contains negligible carbo-

FIG. 4. Ultraviolet scan of the gel after SDS-gel
electrophoresis of purified heat-stable enterotoxin.
A280, Absorbance at 280 nm; A260, absorbance at 260
nm.
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FIG. 5. Molecular weight determination of ST by
SDS-gel electrophoresis.
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half-cystines as cysteic acid following performic
acid oxidation and acid hydrolysis. A molecular
weight of 5,100 was calculated based on 47 resi-
dues and is in good agreement with that deter-
mined by other methods.
Chemical characteristics. The purified ST

retained the characteristics previously described
(20, 21, 36, 38) with partially purified prepara-
tions. The toxin was stable to heating at 100'C
for 30 min and retained activity at pH 1.0, but
alkaline pH values greater than 9.0 destroyed
biological activity. Toxin activity was not de-
stroyed by the enzymes trypsin, Pronase, pro-
tease K, deoxyribonuclease I, ribonuclease A, or
phospholipase C, or by the organic solvents ace-
tone, chloroform-methanol, or phenol.

Purified ST gave a positive carbohydrate re-
action; however, attempts to stain the carbohy-
drate moiety after gel electrophoresis were un-
successful. Further, because of the positive car-
bohydrate reaction, it was of interest to deter-
mine the effect of periodate oxidation on ST
activity. All of the fluid-accumulating ability in
the ST preparation was still present after treat-
ment with periodate. Fatty acids were not de-
tected by gas-liquid chromatography after acid
hydrolysis and conversion to methyl ester deriv-
atives (27). The purified preparation of ST was
not contaminated with lipopolysaccharide as
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FIG. 6. Molecular weight determination of ST by
use of Bio-Gel P-10 gel filtration and a cyanogen
bromide digest of myoglobin as molecular weight
markers. The molecular weights of the fragments are
indicated.

shown by a negative chemical test for KDO, a
common lipopolysaccharide marker, and a neg-
ative limulus lysate gelation assay, which re-
quires the lipid A portion of lipopolysaccharide
for gelation.
ST had a characteristic ultraviolet spectrum,

with the purified enterotoxin exhibiting a maxi-
mum absorption at 270 nm. A shift from a max-
imum at 260 nm to 270 nm was observed during
the course of purification; however, no absorp-
tion at 280 nm, characteristic of aromatic amino
acids, was observed. Because of this strong ab-
sorbance at 260 and 270 nm, we looked for the
presence of nucleic acid material after perchloric
acid oxidation and alkaline hydrolysis (5, 18).
Neither nucleotides nor free bases could be de-
tected in the hydrolysates by thin-layer chro-

TABLE 3. Amino acid analysis ofpurified porcine
ST

Residues/
two phenyl- Resi- Wt at 24 h
alanine res- dues/mol (fg)

idues

Lysine .......... 1.79 2 1.90
Histidine ........ 0.90 1 1.01
Arginine ........ 0.90 1 1.12
Aspartic acid .... 3.93 4 3.79
Threonine ....... 2.76a 3 2.26
Serine .......... 2.15b 2 1.47
Glutamnic acid .... 4.69 5 5.00
Proline .......... 2.00 2 1.67
Half-cystine ..... 6.07 6 5.33
Glycine ......... 4.40 4 2.40
Alanine ......... 5.17 5 3.34
Valine .......... 1.72 2 1.46
Methionine 0.76 1 0.82
Isoleucine ....... 1.03 1 0.98
Leucine ......... 3.31 3 3.15
Tyrosine ........ 3.03 3 3.99
Phenylalanine ... 2.00 2 2.40
Tryptophan NDC - -

Sum 47 42.09
Correction for wa-

ter ............ -6.04
Corrected sum 36.05

a Observed value divided by 0.95.
b Observed value divided by 0.90.
c Not determined.

TABLE 2. Identification of amino-terminal residue ofporcine heat-stable enterotoxin (ST)
RR

Solvent
Unknown' Dansyl glycine Dansyl alanine Dansyl amine

First dimension: water-90% formic
acid .......................... 0.49 0.49 0.49 0.84

Second dimension: n-heptane-n-bu-
tanol-glacial acetic acid ......... 0.72 0.72 0.65 0.85
a Distance of center of spot relative to the front.
'Unknown amino-terminal residue of purified ST detected after dansylation and hydrolysis.

ST

\ 6050

\8700
* 10,700

\K 14.450

O 17 000
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matography, suggesting that the absorption at
270 nm is characteristic of the toxin.
Immunological studies. Neutralization of

ST activity was observed with serum from rab-
bits immunized with ST (anti-ST) or with ST
coupled to BSA (anti-ST:BSA). When ST was
incubated for 4 h at 370C with normal rabbit
serum, no neutralization of toxin activity was
observed. However, incubation with anti-ST or
anti-ST:BSA resulted in neutralization of 640
and 1,250 effective doses respectively, and 0.5 ml
of antiserum raised against ST or ST:BSA neu-
tralized 1.09 and 2.20 ,Ag of purified ST, respec-
tively. No neutralization of ST activity was ob-
served under the same conditions when various
concentrations of cholera antitoxin were used.

Because of the lack of a precipitin reaction of
ST with immune sera in Ouchterlony double
diffusion, we employed the passive hemaggluti-
nation technique to increase the sensitivity for
detection of anti-ST antibodies. A low titer, 1:4,
ofhemagglutination was found with the different
sera, whereas no hemagglutination was found
with the appropriate controls (Table 4). To in-
crease the sensitivity of the passive hemagglu-
tination assay, we determined the hemolysis ti-
ter by adding previously absorbed guinea pig
serum to each well of the reaction mixture used
for passive hemagglutination. The presence of
the specified antibodies would result in lysis of
the SRBC coated with esterified stearoyl-ST
and increase the sensitivity of passive hemagglu-
tination. As can be seen in Table 4, a titer of 1:32
was found for each serum whereas no lysis was
observed for all the appropriate controls. Since
the titer for both hemagglutination and the he-
molysin titration was low compared to experi-
ments in which streptococcal polysaccharide an-
tigens were used (6, 35), it appeared that ST was
not very immunogenic but did elicit a mild hu-
moral response.

TABLE 4. Passive hemagglutination and hemolysis
titration of ST-antisera

Serum Antigen Titer
Passive hemaggluti-

nation
Normal rabbit serum Stearoyl-ST-SRBCa 0
Anti-ST Stearoyl-ST-SRBC L:4b
Anti-ST:BSA Stearoyl-ST-SRBC 1:4
Hemolysis titration
Normal rabbit serum Stearoyl-ST-SRBC 0
Anti-ST Stearoyl-ST-SRBC 1:32'
Anti-ST:BSA Stearoyl-ST-SRBC 1:32
Anti-ST SRBC 0
Anti-ST:BSA SRBC 0

aSheep erythrocytes coated with ST esterified with ste-
aroyl chloride.

b The last dilution which gave hemagglutination.
c The last dilution with total complement-dependent he-

molysis.

DISCUSSION
This study describes the purification and char-

acterization of ST produced by a porcine strain
of ENT+ E. coli. Although ENT+ E. coli strain
431 produces only ST, the purification has been
used to isolate ST produced by ST-LT strains
of porcine origin. The purification was based on
solubility in the presence of organic solvents,
charge, ion-exchange properties, and gel filtra-
tion. The toxin appeared to be homogeneous, as
indicated by the observation of one peak with
intense absorbance at 260 nm by SDS-gel elec-
trophoresis, by the appearance of a symmetrical
peak during Bio-Gel P-10 gel filtration, by the
presence of one amino-terminal residue, glycine,
and by amino acid analysis data.

After Amicon ultrafiltration with filters which
retained molecular species of greater than 10,000
daltons, and a range of 1,000 to 10,000 daltons,
a batchwise purification step was desired to de-
crease volumes of crude material to manageable
amounts while retaining the ability to scale up
the purification if necessary. Based on the
known stability properties of ST to organic sol-
vents, we employed acetone fractionation since
(NH4)2SO4 would not precipitate porcine ST. A
small amount of ST precipitated with 9 volumes
of acetone; however, most of the ST remained
soluble in the acetone throughout the fraction-
ation (Fig. 1). The acetone solubility suggested
that ST is somewhat hydrophobic in nature;
however, it retained its water solubility upon
further purification. These results were some-
what surprising since Smith and Halls (37) have
used acetone to precipitate a heat-stable fluid-
accumulating substance from concentrated cul-
ture supernatants. Further, Klipstein and Engert
(25, 26) partially purified heat-stable enterotox-
ins from Klebsiellapneumoniae and Enterobac-
ter cloacae by acetone precipitation. We have
observed in preliminary experiments that ST
produced by both human and bovine strains is
precipitated by 9 volumes of acetone; however,
parameters such as pH and ionic strength influ-
ence the acetone solubility of ST. Although the
data suggest that chemical differences exist be-
tween STs produced by ENT+ strains of E. coli
isolated from different animal species, a limited
number of amino acid substitutions would drast-
ically alter the net charge of the molecule and
its solubility in organic solvents.

Preparative gel electrophoresis of partially
purified ST yielded three bands, with a dark
brown band characteristic of ST migrating be-
hind the leading band. The electrophoretic mo-
bility suggested that ST was charged and might
be further purified by ion-exchange chromatog-
raphy with DEAE Bio-Gel A. In our early ex-
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periments, we observed elution at about 300mM
NaCl and a low recovery of biological activity
when porcine ST was applied to DEAE-Sepha-
dex. Similar losses were also observed with
Sephadex G-25; thus, we suspected that ST was
irreversibly adsorbing to the backbone of the
Sephadex derivatives. The ST activity eluted
from DEAE Bio-Gel A at 50 mM NaCl with a
minor contaminant; thus, Bio-Gel P-10 gel filtra-
tion was necessary as a final purification step.
The molecular weight of purified ST was 4,400,
as determined by both SDS-gel electrophoresis
and gel filtration.

It is important to note that ST did not react
with several stains, and this made it necessary
to scan gels at 260 and 280 nm after SDS-gel
electrophoresis. Stains employed for detection
of proteins and carbohydrate did not react with
ST under denaturing conditions. Further, an
ultraviolet scan from 210 to 340 nm showed that
purified ST strongly absorbed at 270 nm but
exhibited little adsorption at 280 nm, an absorp-
tion maximum characteristic of aromatic amino
acids. The inability of ST to stain with conven-
tional stains, the strong absorption at 260 nm,
and the effect of alkaline pH on ST activity
suggested the presence of nucleic acid material
in ST. However, no bases or nucleotides were
detected after perchloric acid oxidation or alka-
line hydrolysis of purified ST (5, 18). The ab-
sorbance properties of ST, therefore, seem to be
characteristic of the enterotoxin, and the inabil-
ity to stain may be due to the resistance of ST
to denaturation by the fixing reagents.

Purified ST retained many of the chemical
characteristics of ST in complex media (20).
Biological activity was not affected by treatment
with various proteases, nucleases, or phospholi-
pase C, but studies are in progress to determine
whether enzymatic cleavage of ST into smaller
fragments does occur. The purified preparation
did not contain either hemolytic activity or li-
pase activity.

Porcine ST appears to be a polypeptide of 47
residues, as determined by amino acid analysis,
with a calculated molecular weight of 5,133 (Ta-
ble 2), in contrast to a molecular weight of 4,400
obtained by both SDS-gel electrophoresis and
gel filtration (Fig. 4 and 5). The stability prop-
erties of ST may be explained in part by the
presence of six residues of half-cystine, suggest-
ing the presence of disulfide bonds. Only one
methionine residue was observed, along with a
minimal number of hydrophobic amino acids.
The apparent nonantigenic nature of ST has

been of interest for many years. Smith and Gyles
(36) found that the LT produced in vitro by
porcine strains ofENT+ E. coli was neutralized
by antisera whereas ST was not. Smith and

Linggood (38) observed that the protection of
pigs against diarrhea was due to bactericidal
activity of the antiserum rather than antitoxic
activity. Similarly, Evans, et al. (13) found that
antiserum against the enterotoxins of strain H-
10407, a human strain which produces ST and
LT, neutralized LT activity but not ST activity.
However, we observed that serum raised in rab-
bits against either ST or ST coupled to BSA did
decrease toxin activity, presumably by direct
neutralization. The amount of ST neutralized
was minimal, 1.1 ,ug for anti-ST serum and 2.2
,ug for anti-ST:BSA serum, when compared to
the neutralizing ability of anticholeragenoid on
cholera enterotoxin (15). The low titers obtained
by passive hemagglutination and hemolysis ti-
tration assays (Table 4) suggested that ST was
a very poor immunogen, and coupling to BSA
did not increase the immunogenicity. Therefore,
it may be necessary to chemically modify ST to
enhance its immunogenicity. It is also possible
that we induced tolerance to ST, making it
necessary to examine a range of dosage levels.
The greater than 1,500-fold purification of

porcine ST described in this paper substantiated
what had been suspected; that is, ENT+ strains
of E. coli produce low levels of ST. One of the
objectives of our early nutrition studies (1) was
to increase the yield of ST; however, we were
only able to equal that produced in complex
media. Nevertheless, the defined medium did
decrease levels of ultraviolet-absorbing sub-
stances in the culture supernatants 10- to 15-fold
and greatly facilitated purification. Considerable
biological activity can be isolated from 40 liters
of growth medium in a relatively short period of
time, and the purification can be scaled up if
desired. The availability of pure ST will enhance
studies on the mechanism of action and should
stimulate new approaches to diagnosis and ther-
apy. The structure-function relationships of this
low-molecular-weight polypeptide which causes
fluid and electrolyte loss in the small intestine
of humans and neonatal animals should be very
interesting.
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