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ABSTRACT

A method h~s been developed for the isolation of enterotoxin B
with n purity greatele than 99 per cent and in yields of'30 to 60 per

np'l'n rI'm -r ),tures of Staphylocoocus aureus. The method involves:

(a) Pemoval of the toxin from the culture with CG-50 resin,
phrtly neutral ized at pri 6.4, and elution with 0.5 M phosphate buffer,
p1l 6.8 in 0.25 M sodium chloride;

(b) Readsorption of the toxin on CG-50, partly neutralized at
pH 6.8, followed by elution of the toxin with 0.15 M disodiuam phos-
phate ; and

Adsorption of -the toxin on carboxymethyl cellulose and

u;roioiatographic elution with a gradicint, phosphate buffer 0.02 M to
m.• a. t pHr 6.8.

Thie purLf ied toxin was eluted between 0.035 M and 0.045 M phos-
phate. glution of the toxin wAs followed by the absotbanoe at 277
minllimicrons and by the Oudir -rological test. Final prepatatio6A
were assayed in rhesus monk-

Ultracentrifugal and electrophoretio studies showtha• the6- i- -
tied toxin is a single component with a molecular Veight Of, &r 'i-.
Mately 35,000. Analyses show that the toxin is composed of amino
scids only and therefore is a simple protein. The terminal amino
acid analyses show one mole glutamic acid as the 9-termin&l acid and
one mole of lysine as the-C-temninal acid, indicating that the-tox-in
molecule is composed of a single chain of amino acids. The d6ae to
produce emesis or diarrhea in 50 per cent of the rhesus monkeys is
0.1 to 0.3 microgram per kilogram of monkey weight by intravenous

• injection and 1 microgram per kilogram by oral feeding.



I. INTRODUCTION

Staphylococcus aureus produces a variety of toxic substances. One of
these substances is enterotoxin B, which causes emesis and diarrhea in ex-
perimental animals very similar to that caused by enterotoxin A, which is
usually found in cases of food poisoning in humans. 1 Bergdoll, Sugiyama,
and Dack 2 reported the first significant purification of this toxin,' by a
combination of acid precipitation, adsorption on alumina, adsorption on
IRC-50, and starch electrophoresis. Recently Frea, McCoy and Strong 3 ef-
fected a partial purification of this toxin by a combination of alcohol
precipitation, filtration on Sephadex, and electrophoresis on Sephadex.
Only milligram quantities of toxin were obtained by these methods. This
paper describes a method of purification based on chromatographic proce-
dures employing carboxylic acid resins that results in enterotoxin B of.
higher purity and in higher yields than that obtained by the above methods.
The partial physical and chemical characterization of this purified toxin
shows that the toxin is a simple protein composed of a single polypeptide
chain with a molecular weight of approximately 35,000.

II. METHODS AND RESULTS

The toxin was produced by culturing S. aureus strain S-6 for 18 hours
with aeration in a medium containing 1 per cent N-Z-Amine A (Sheffield
Farms), 1 per cent protein hydrolyzate powder (Mead Johnson and Co.),
0.001 per cent thiamin, and 0.001 per cent nicotinic acid adjustcd to pH
6.5. The fermented culture usually contained between 0.1 and 0.2 mg of
toxin per ml, based on Oudin tests. The toxin con.sGituted 0.5 to 1 per
cent of the total organic solids in the culiure. The culture was passed
through a Sharples centrifuge to remove the bulk of the cells. The carbox-
ylic acid exchange resin, used for the first and second steps in the puri-
fication, was Amberlite CG-50, 100-200 mesh (Rohm and Haas Co.). This
resin was exchanged with sodium at least once and partly neutralized as'
specified in the purification procedure by suspending the resin in 3 to 4
volumes of 0.05 M monosodium phosphate and titrating to the desired pH with
sodium hydroxide. Before use the partially neutralized resin was washed
thoroughly with water to remove the buffer. The carboxymethyl cellulose
(CM) (Carl Schleicher and Schuell Co.), used in the final step in the pnri-

':•tion. was Selectacel Ion Exchange Cellulose, No. 77, Type 20. it wac
%ei us purchased after washing thoroughly with water. The linear gradient

&waffer system used to elute the toxin from the carboxymethyl cellulose was
patterned after that described by Mikes. 4 Assays for the toxin were car-
.iei out by a modification of the Oudin serological technique. 5 In this

iechnique, the rate of diffusion of the toxin into a tube of agar gel
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containing antisera to the purified toxin serves as a measure of the toxin
concentration. 6  These assays require 21, to 72 hours for ýompletion, but are
serologically specific for the toxic protein and served as a reasonably ac-
curate means for a quantitative determination of the toxin throughout the
purification procedure. The results are expressed as ng of toxin per ml or,
with the Kjeldahl nitrogen value, as mg of toxin per m, of nitrogen. Theo--
retically, when the Qudin assay shows 6.25 mg of toxin per mg of nitrogen,
the toxin is oure. However, the variability of the Oudin test is ± i0 per
cent and additional tests were necessary to measure smail amounts of impur.-

I; ities. Ouchterlony tests, 7 employing antisera from crude toxin prepar-,tions
in the agar gel, were used for this purpose. Although the.serological tests
(Oudin and Ouchterlony) do not measure toxicity per se, they correlated well
with toxicity tests in monkeys. The absorbance at 277 m was used also as a
rapid but nonspecific assay to follow the proteins through the chromato-
graphic fractionations. These measurements were made with a Model DU Be1ckman
spectrophotometer. The results are expressed as mg of protein per ml, using
an extinction value of 1.4 for 1 mg per ml at 277 m• in a 1-centimeter cell.
The absorbance could not be used as a measure of purity because the corjt:-,mi-.
nating proteins contributed to the absorbance along with the toxin. Final
preparations of the toxin were assayed by intravenous injection or feeding
to rhesus monkeys* to obtain the specific biological activity characterized
by emesis or diarrhea.

Sedimentation studies were carried out on a Model E Spinco ultracentri-
fuge. Amino acid. analyses were carried out on a Phoenix Amino Acid Analyzer
by the method of Spackman, Stein, and Moore.9 Terminal amino acids were de-
termined by N-dinitrophenylation with 2,4-dinitrofluorobenzene followed by
acid hydrolysis for the N-terminal acidi0 and hydrazinolysis followed by
treatment with benzaldehyde and identification on the automatic amino acid an-
alyzer for the C-terminal acid..1

A. PURIFICATION PROCEDURE

The method of purification is outlined in Figure 1 and involves the fol.,
lowing steps:

Step 1. The centrifuged culture containing up to 0.2 mg of toxin
per ml with an Oudin assay value of O.04mg toxin per mg of nitrogen was di-
luted witl• two volumes of water and the pH adjusted to 6.4. The toxin was
removed. from the diluted culture with CG-50 resin partly neutralizeCd to pH
6.4 by stirring for about 30 minutes at room temperature. Two greaj.s of this
resin were sufficient to remove the toxin from one liter of diluted culture.
Usually about 50 liters of dil.uted culture, or sufficient culture to iso!tie

* In conducting this research the animals were maintained in compliance witL
the principles established by the National Society for Medical Reseuzc,...•



oij..;am of' purir[ed toxin, were processed at one time. Thc resir: coniE..i.-:-
n tnl°the toxin and impurities was filtered into a column (about 3 b-, J)0 -m

" for resin from 50 liters), washed with one column volume of water, and the
toxin fractionally eluted with 0.5 M sodium phosphate at pH 6.8 in 0.2) M
sodium chloride. The fractions containing the peak of protein material were
selected on the basis of the absorbance at 277 rn• and more precisely se-
lected on the basis of Oudin tests and pooled. At this point the pooled.

fractions amounted. to about one per cent of the culture volume; the Oudin
test showed about 4.5 mg of toxin per mg of nitrogen, and the yield was 70
to 8n ner cent.

Step 2. The pool of fractions from Step 1 was dialyzed to remove
the salts and the toxin was readsorbed on a column of CG-50; this time the
C-ýO was partially neutralized at pH 6.8. Twenty grams of resin were used
per gram of protein (column about 3 by 30 cm for 20 gm resin), The partial
neutralization of the resin at a higher pH reduced the adsorption of the im-
purities but still allowed complete adsorption of the toxin. Thus, the bulk
of the impurities pasoed through the resin. After the resin was washed with
water the toxin was fractionally eluted with 0.15 M disodium phosphate, and
the "raoetiois containing -the peak of toxin with an Oudin value of about 5 Y.m,
of toxin per mg of nitrogen or more were selected and pooled for further pu-
-Pri-at-ion. At thin point the pooled fractions showed an Oudin value be-
tween 5. and 5 with a purity of 85 to 90 per cent. The yield was 65 to 70
per cent.

Ste . The combined fractions from Step 2 were dialyzed to bring
the salt below 0.01 M and the toxin was adsorbed and ehromatographed on a
column of carboxymethyl cellulose. Twenty grams of this resin were used per
gram of protein as measure'd by pbsorbanoe at 277 m4.. A linear gradient
phosphate buffer from O.0o2 to 0.07 M, pH• 6.8, was passed through the column
at a rate of. 0.3 ml 4Per Mninute per square centimeter of area on the colum•.
The purified toxin usually came off in the fractions between 0.035 and 0.045
M, but the exact peak was located by measuring the absorbance at 277 •*' and
more acCdrately evaluated with Oudin tests, The fractions that had Oudin
values of 6.2 or grea ter per m• of nitrogen anA that showed 6tily a single
antigen-antibody line in the'Ouchterlony tests at a level of 0.ý mg of toxin
per ml were selected as the purified toxin. These fractions were pooled,
dialyzed to remove most of the buffer salts, centrifuged to removi any in-
soluble material, and, freeze-dried. The over-all yield of toxin in the pu-
rified state usually amounted. to 50 to 60 per cent based on the Oudin assay
of the original culture..

B. PHYSICAL AND CHEMICAL CHARACTERIZATION

Table I shows some of the chemical and physical properties of the puri-
fied toxin. The freeze-dried protein is a snow-white fluffy powder that Is
very soluble in water and salt solutions. The dry protein also hydrates
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one gram of purified toxin, were processed at one time. The resin cont ue-
.....i the toxin and. impurities was filtere& into a column (about 3 by 0 am
for resin from 50 liters), washed with one column volume of water, and the
toxin fractionally eluted with 0.5 M sodium phosphate at pH 6.8 in 0.25 P1
sodium chloride. The fractions containing the peak of protein material werc
selected on the basis of the absorbance at 277 mt and more precisely se-
lected on the basis of Oudin tests and pooled. At this pcint the pooled,
fractions amounted to about one per cent of the culture volume; the Oudin
test showed about 4.5 mg of toxin per mg of nitrogen, and the-yield was 70
to 80 per cent.

Step 2. The pool of fractions from Step 1 was dialyzed to remove
the salts and the toxin was readsorbed on a column of CG-50; this time the
CG-50 was partially neutralized at pH 6.8. Twenty grams of resin were used
per gram of protein (column about 3 by 30 cm for 20 gin resin). The partial
neutralization of the resin at a higher pH reduced the adsorption of the fm-
purities but still allowed complete adsorption of the toxin. Thus, the bulk
of the impurities passed through the resin. After the resin was washed with
water the toxin was fractionally eluted with 0.15 M disodium phosphate, and
the fractions containing the peak of toxin with an Oudin value of about 5 mg
of toxin per mg of nitrogen or more were selected and pooled for further pu-
rification. At this point the pooled fractions showed an Oudin value be-
tween 5.5 and 6 with a purity of 85 to 90 per cent. The yielL was 65 to 70
per cent.

Step 3. The combined fractions from Step 2 were dialyzed to bring
the salt below 0.01 M and the toxin was adsorbed and chromatographed on a
column of carboxymethyl cellulose. Twenty grams of this resin were used per
gram of protein as measured by p•bsorbance at 277 m•. A linear gradient
phosphate buffer from 0.02 to 0.07 M, pH 6.8, was passed through the column
at a rate of 0.3 ml per minute per square centimeter of area on the column.
The purified toxin usually came off in the fractinns between 0.035 and 0.045
M, but the exactý peak was located by measuring thc absorbance at 277 mr and
more accurately evaluated with oudin tests. The fractions that had Oudin
values of 6.2 or greater per mg of nitrogen and that showed only a single
antigen-antibody line in the Ouchterlony tests at a level of 0.5 mg of toxin
per ml were selected as the purified toxin. These fractions were pooled,
dialyzed to remove most of the buffer salts, centrifuged to remove any in-
soluble material, and freeze-dried. The over-all yield of toxin in the pu-
rified state usually amounted to 50 to 60 per cent based on the Oudin assay
of the original culture.

B. PIHYSICAL AND CHEIECAL CHARACTERIZATION

Table I shows some of the chemical and physical properties of the puri-
lied toxin. The freeze-dried protein is a snow-white fluffy powder that is
very soluble in water and salt solutions. The dry protein also hydrates
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Centrifuged culture (O.1-O.2 mg toxin/rnl)

diluted with 2 vol. water and adj. to pH 6.4.
Stirred with CG-50 partially neutralized at pH

P 6.4; (2 gm/liter culture; 30 rmin).

Resin with toxin and impurities. Supernatant
Toxin eluted with 0.5 M phosphate discarded.
buffer pH 6.8 in 0.25 M NaC1.

Eluate dialyzed and toxin adsorbed on column
of CG-50 partially neutralized at pH 6.8
(20 gm resin/gm protein).

4-,

Toxin (Purity 80-90 per cent) on resin. Filtrate
Fractionally eluted with 0.15 M Na 2 HP0 4 . discarded.

Best fractions dialyzed and adsorbed and
chromatographed on column of CM (20 gm
CM/gm protein).

_ __

w Toxin on CM fractionally eluted with gradient Filtrate
m phosphate buffer 0.02 to 0.07 pH 6.8. discarded.

High potency fractions usually eluted 0.035
to 0.045 M; pooled, dialyzed, centrifuged,
and freeze-dried; purity >99 per cent; yield
50 to 60 per cent.

Figure 1. Scheme for the Purification of Enterotoxin B.

readily when exposed to an atmosphere with a relative humidity of "0 per
cent or more. Tests for carbohydrate, lipid, and nucleic acids were nega-
tive. Tests for a and P lysins, apyrase, and dermonecrotic substances,
normally found in the culture, were negative in the purified preparation.
The Kjeldahl nitrogen conbent of the protein (free of buffer salts) is 16.1
per cent.

In velocity ultracentrifugation, solutions of the purified enterotoxin
exhibit only a single symmetrical, sedimenting boundary as illustrated by
the representative schlieren curves shown in Figure 2. Analyses of boundary
spreading and of enterotoxin distribution at sedimentation equilibrium show
that the purified material possesses a high degree of homogeneity with
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respect to both molecular weight and density. Its partial specific volume
(0.743) and infrared spectral absorption are typical of simple proteins.
The molecular weight of 35,300 obtained by sedimentation-diffusion is in
good agreement with results by approach-to-equilibrium sedimentation. Sta-
bility in sedimentation behavior was observed over the pH range 5 to 10.

TABLE I. SOME PROPERTIES OF PURIFIED ENTEROTOXIN B

Appearance White fluffy powder

Solubility Very soluble in water and
salt solutions

Type of protein Simple (contains simple amino
acids only

Nitrogen content 16.1 per cent

Sedimentation coefficient 2.89 S (Single component)

Diffusion coefficient 7.72 x 10-7 cm 2 sec- 1

(Do 20 ,w0

Partial specific volume o.743

Molecular weight 35,300

Electrophoresis (free) Single component

Isoelectric point About 8.6

1%
Extinction (E )14

lcm

Toxicity, ED5 0  0.1 to 0.3 pg/kg (rhesus

monkey, IV)

Purity > 99 per cent
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Figure 2. Photograph of Schlieren Sedimentation
Curves of Two Independently Purified
Preparations of Enterotoxin B.

Concentration: 10 mg/ml in 0.05 M
phosphate buffer, pH 6.8. Photo-
graph taken 128 minutes after
reaching full speed, 59,780 rpm.

Sedimentation from left to right;
temperature 20'C; schlieren angle,
60 degrees.



Electrophoretic studies showed the toxin preparation to be a single col-
oonent with an isoelectric point at about pH 8.6. Deionization of a solution
of the toxin on a column of mixed bed resln, MBl, showed an isoiohic point at
pH 8.55. The toxin has a maximum absorption at 277 rmq with an extinction (E,

1%, 1 cm) of 14. The ratio of the absorption at 260 mýv to that at 277 mt was

0.47, which confirms other tests showing that very little if any nucleic acid
material is present in the preparation.

The amino acid analysis of the toxin is given in Table 11. The molecule
is composed of 18 different amino acids. No cysteine ,ms found, but 2 half-
cystine residues are present. High percentages of aspartic acid aad. lysine
are indicated but, compared. with most proteins, the composition o- the toxin
is not unusual. The recovery of the amino acid. residues amounted to 102 per
cent and the nitrogen calculated from these residues in addition to the amn-
ide nitrogen amounted to 103 per cent. Also, the sulfur in the methionine
and half-cystine residues amounted to about 102 per cert of the total sulfur
determined by the Parr bomb technique. The complete accountability (within
experimental error) of the total nitrogen and sulfur shows that the toxin is
composed of amino acids only and therefore is classed as a simple protein.
The total of the free acid groups in the aspartic and glutomic acid residues
is much greater than that of the free basic groups of lysine, arginine, and
histidine, which indicates that the toxin should have an isoelectric point
on the acid side of the pH range. The 30 amide gro'yps forming asparagine or
glutamine account for the alkaline isoelectric point at about pH 8.6.

The N-terminal amino acid is glutemic acid and. the C-terminal acid is
lysine. Quantitative estimation of the terminal acids showed. 1.1 residues
of glutamic acid per mole of Irotein for the N-terminal acid and 0.73 redi-
dues of lysine per mole of protein for the C-terminal acid. These values
are within experimental error, under the circumstances of the experiments,
for one mole of each terminal acid and( are consistent with the representa-
tion of the primary structure of th. toxin as a single polypeptide chain.
No other amino acids were indicated in the analyses for. the terminal acids,
which lends support to the physical evidence on the high degree of purity
of the toxin preparation.

This protein is unusual in many respects. The biological &ctivity char-
acterized by emesis or diarrhea is stable to heating at lOOC for 10 minutes
without appreciable loss in activity. Under these conditions the toxin is
precipitated from the solution, but when this precipitate is redissolved by
cooling and raising the pH of the solution, practically all of the original
Oudin activity and sickness-producing properties in monkeys are recovered.
The toxin is quite stable over a pH range of 4 to 10 at room temperature.
The biological activity is refractory to the action of various enzymes such
as trypsin, pepsin, chymotrypsin, and papain.
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TAB12 II. AMINO ACID COMPOSITION OF STAPHIYLOCOCCAL ENTEROTOXIýT B

Amino Acid Residues Residues per Molecule

Amino Acid per 100 gm of Pro- to Nearest Integer
tein, grams

Alanine 1.36 7
AAmide groups 30
Arginine 2.84 6
Aspartic acid 18.33 56
Cysteine 0.00 0
Half -cystine 0.59 2
Glutamic acid 9.60 26
Glycine 1.91 12
1Histidine 2.54 7
Isoleucine 3.49 11
Leucine 6.44 20
Lysine 17.25 47
Methionine 3.09 10
Phenylalanine 5.93 14
Proline 2.22 8
Serine 4.15 17
Threonine 4.56 16
Tryptophan 0.71 2
Tyrosine 10.82 23
Valine 6.10 22

C. BIOLOGICAL EVALUATION

Serological studies on the purified toxin using Oudin and Outhterlony
techniques also indircate a high degree of homogeneity or purity. When the
toxin was employed as an antigen at concentrations of 0.5 mg or less per ml
and allowed to diffuse into agar gel (Ouchterlony technique) containing an-
tisera against crude preparations of the toxin, only a single line of
antigen-antibody formed. However, by using very high concentrations of the
toxin (up to 15 mg/ml) in these tests, one or two faint lines appeared, in-
dicating that small amounts of impurity might be present. Theso lines dis-
appeared completely on a 32-fold dilution of the toxin solution, but the
enterotoxin line did not disappear until it had been diluted more than 8000-
fold. If a minor antigen is present as an impurity, these data indicate
that it constitutes less than one per cent of the preparation. ID. Ls possi-
ble that the faint lines are artifacts and not impurities. The, are not
eliminated from the toxin by further chromatography on carboxyrin Lhyl cellu-
lose. Also, when the toxin was tested by the slide immunoelectrophoresis
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technique, using rabbit, burro, or horse sera, only the one line, due to the
enterotoxin, was formed. The toxin therefore is considered to have a purity
of 99 per cent or more.

When the toxin was tested in rhesus monkeys, emesis or diarrhea was pro-
duced in 50 per cent of the animals (effective dose, ED,,) at an intravenous
dose of 0.1 to 0.3 microgram per kilogram of monkey weight and at an oral
dose of 1 microgram per kilogram.

III. CONCLUSIONS

In conclusion, a chromatographic method has been developed for the iso-
lation of enterotoxin B from S. aureus cultures. - Physical, chemical, and

biological studies show that the toxin isolated by the chromatographic
method is very pure and is a simple protein consisting of a single peptide
chain with a molecular weight of approximately 35,000. Many grams of the
purified enterotoxin have been prepared and this supply has allowed an ex-
tensive research program to be carried out on the characterization and de-
termination of the structure of this protein as well as investigations on
the biological effects of the toxin in host animals.
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