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Many methods in use today for the isolation, purification, and

identification of the staphylococcal enterotoxins involve lengthy

steps with significant loss of enterotoxin, are subject to interfer-

ence from contaminating sample components, and lack sufficient speci-

ficity. Culture extracts of enterotoxin producing Staphylococcus

aureus strains (enterotoxins A-E), crude enterotoxin preparations

(enterotoxins A-E), and purified enterotoxin B (SEB) were investigated

by high performance liquid chromatography (HPLC). Steric exclusion,

anion exchange, and cation exchange supports were employed using

ammonium acetate and potassium phosphate mobile phase buffers. Chroma-

tographically resolved sample components were analyzed by sodium

dodecyl sulfate-microslab polyacrylamide gel electrophoresis and the

Ouchterlony microslide gel double diffusion test. High performance

steric exclusion chromatography with the MicroPak TSK 3000 SW support

was capable of partial separation of enterotoxin from sample compo-

nents. The potential of high performance steric exclusion chromato-

graphy to serve as a rapid prefractionation step in the purification

of enterotoxins is discussed. High performance anion exchange

chromatography with the SynchroPak AX-300 support was ineffective in

resolving enterotoxins from sample components. High performance



cation exchange chromatography with the IEX 530 CM support was deter-

mined to be an effective technique for resolution of multiple forms of

SEB from crude and purified enterotoxin preparations. A rapid gra-

dient elution method employing the IEX 530 CM support with an ammonium

acetate buffer as the mobile phase is presented for the isolation,

purification, and presumptive identification of the staphylococcal

enterotoxins. The use of high performance steric exclusion

chromatography as a rapid prefractionation step coupled to high per-

formance cation exchange chromatography is discussed. The potential

of HPLC methods to improve existing serological assays for enterotoxin

is also discussed.
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HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
OF STAPHYLOCOCCAL ENTEROTOXINS

I. LITERATURE REVIEW

The staphylococcal foodborne intoxication problem

The incidence of staphylococcal foodborne intoxication is not pre-

cisely known but it is considered one of the most common forms of

foodborne disease. In the United States it is responsible for

approximately one-fourth of all confirmed foodborne disease outbreaks

reported to the Center for Disease Control. In 1979 staphylococcal

intoxication was responsible for 34 outbreaks (19.8%) and 2,391

(32.4%) cases of foodborne disease (20). The specific organism

responsible for staphylococcal intoxication is Staphylococcus aureus,

a small, spherical, gram positive, catalase positive, non-sporeforming

bacterium that usually occurs in clusters, but also occurs singly, in

pairs and in tetrads (5, 51).

Staphylococcal enterotoxins, the causative agents of staphylococ-

cal foodborne intoxication, are protein exotoxins that are produced by

some strains of S. aureus (15). S. aureus strains may produce several

types of enterotoxins: A (SEA), B (SEB), C1 (SEC1), C2 (SEC2), D

(SED), E (SEE) and unknown types. If enterotoxin producing strains

are allowed to grow in foods, sufficient enterotoxin may be produced

to cause illness when the food is consumed by susceptible individuals.

The most common symptoms are vomiting and diarrhea, which develop 2-6

hours after ingestion of the toxin (13). The illness is usually mild,

normally lasting only a few hours to one day; in some cases it may

require hospitalization.
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The most reliable methods available today for detection of the

staphylococcal enterotoxins involve serological techniques employing

antisera generated against each of the known enterotoxin types (13,

15). Each antigenically distinct enterotoxin must be assayed

separately. Since specific antibodies are not available for uniden-

tified enterotoxins, detection is limited to those toxins that have

been previously identified. The detection and identification of

enterotoxins can be used to confirm cases of staphylococcal intoxica-

tion or to determine the marketability of a food product. Limits have

not been set for the minimum amount of enterotoxin necessary to ensure

food safety. The limiting factor in this regard is the sensitivity of

the detection method employed (13).

Physiological characteristics associated with enterotoxin production

The difficulty in detecting enterotoxins and in determining the

enterotoxigenicity of staphylococci strains has resulted in many

attempts to find a physiological indicator of staphylococcal

enterotoxigenicity. Physiological characteristics that have been

investigated include: production of coagulase, heat stable nuclease,

phosphatase, protein A, urease, 6-hemolysin, fibrinolysin, lysozyme,

egg yolk factor, pigmentation, gelatin hydrolysis, mannitol

fermentation, proteolytic activity, borate sensitivity and specific

lysis by bacteriophage (51). The coagulase test is the most widely

used method for predicting enterotoxigenicity. Characteristics such

as coagulase and heat stable nuclease production can be useful in

identification of S. aureus isolates, but do not have an absolute

correlation with enterotoxin production. Coagulase negative
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staphylococci are known to produce enterotoxins and have been

incriminated in foodborne disease outbreaks (12). Thus, no single

characteristic or combination of characteristics has been found to

serve as a reliable indicator of enterotoxigenic strains.

Chemical nature of staphylococcal enterotoxins

Purified staphylococcal enterotoxins are relatively low molecular

weight proteins that are hygroscopic and easily soluble in water and

salt solutions (15). The enterotoxins are resistant to proteolytic

enzymes such as trypsin, chymotrypsin, renin and papain. Pepsin

destroys their activity at a pH of about 2, but is ineffective at

higher pH values (11). Enterotoxins are quite heat resistant.

Boiling crude solutions for 30 minutes does not destroy all of their

toxicity (37).

The staphylococcal enterotoxins are single polypeptide chains

which contain relatively large amounts of lysine, aspartic acid, glu-

tamic acid and tyrosine (12). Amino acid compositions of the charac-

terized enterotoxins have been reported elsewhere (12, 14), and

although the enterotoxins differ only slightly in amino acid

composition, the primary consequence of this variability appears to be

the effect on isoelectric points. The enterotoxins appear to contain

only 2 residues of half-cystine and 1-2 residues of tryptophan. The

amino acid compositions of SEA and SEE are similar as are the com-

positions of SEB, SEC]. and SEC2. The N-terminal amino acid residue of

SEB, SEC]. and SEC2 is glutamic acid and is serine for SEE (15). The

N-terminal residue for SEA is thought to be alanine. The C-terminal

residue for SEA is serine, lysine for SEB, glycine for SEC]. and SEC2,
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and threonine for SEE. Amino acid sequence studies of 5E8 reveal the

existence of 239 amino acid residues (12, 15). The two half-cystine

residues are located relatively close to the center of the amino acid

chain at positions 92 and 112. They are joined into one cystine resi-

due which requires folding of the amino acid chain. The disulfide

bridge can be reduced and the sulfhydral groups alkylated with either

iodoacetamide or iodoacetate without any appreciable effect on the

physical or emetic properties of the enterotoxin (28).

The enterotoxins are thought to exist as very compact unhydrated

molecules over a wide pH range (15, 52). In 5M guanidine hydrochlor-

ride, the enterotoxins undergo considerable unfolding, which results

in a significant change in viscosity and the ability to acetylate all

of the 5-6 free tyrosyl residues (15). Complete acetylation of the

tyrosyl residues results in a loss of essentially all activity. Since

the enterotoxin molecule cannot refold to its original conformation

after more than 14 tyrosyl residues have been modified, the structural

integrity of the enterotoxin molecule is believed to be essential for

biological activity.

Heterogeneity of staphylococcal enterotoxins

Staphylococcal enterotoxin B is the best characterized of the

enterotoxin types because of the existence of high yield cultures and

well developed procedures for its production and purification.

Bergdoll (15) reported the fractionation of SEB into at least 3 com-

ponents with identical antigen-antibody reactions by chromatography

with the ion exchange resin Amberlite XE-64. Rechromatography of

these fractions indicated that they were distinct forms, suggesting

that they were formed during enterotoxin production. Chang and Dickie
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(21) also resolved preparations of "semi-purified" SEB into 3 frac-

tions that gave identical antibody-antigen reactions by hydroxyl api-

tite chromatography.

Isoelectric focusing of SEB by several researchers has revealed

the presence of multiple electrophoretic forms differing in iso-

electric points, but having identical antigen-antibody reactions (21,

50, 61, 68). At least 4 electrophoretic forms of SEB have been

described. Both major (2) and minor (2) forms were found to be toxic

to monkeys. The primary differences in the multiple forms of SEB were

thought to be caused by the variable number of amide groups in the

enterotoxin molecule (21). Removal of amide groups was thought to

occur during electrophoresis, during fermentation, or during purifica-

tion procedures (68).

Baier (6) reported that analysis of SEB by polyacrylamide gel

electrophoresis (PAGE) demonstrated the presence of 1-5 bands

depending on the enterotoxin preparation. Both major and minor

electropheretic forms were found to be toxic to monkeys. The nonhomo-

geneous electrophoretic patterns appeared to depend on sample size.

As the sample was diluted, the multiple bands disappeared.

Chesbro et al. (22) found that heterogeneity in SEB arises during

growth of the toxin producing culture, under a variety of culture

conditions, in a pattern correlated with the growth phase of the

organism. Two electrophoretically distinct forms were the major

reactants with the antisera used. One form was present in early to

mid-exponential phase cultures. After mid-exponential phase was

achieved, both forms were present, but in continuously changing
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proportions. Based on these observations, these authors suggest that

the physiochemical heterogeneity of SEB observed for over twenty years

can be correlated to the growth phase of the organism. They argue

that both major forms are found in purified SEB preparations because

of the widespread use of stationary phase cultures as the source of

material for purification.

Chesbro et al. (22) also found that electrofocusing of commercial

enterotoxin SEB in the pH range 5-10 yielded 4-6 protein bands.

Ouchterlony double diffusion serological analysis of the homologous

antiserum against purified SEB from strain S6 or against strain S6

culture supernatant, yielded 5-8 precipitin lines. Immunoelectro-

focusing also revealed that the purified enterotoxin gave more minor

protein bands in the pH 8-10 range than did the crude culture

concentrate. Thus, the problems related to the heterogeneity of the

enterotoxin species, the fluctuating proportions of these species

during growth, and the polyvalency of anti-enterotoxin B antisera

were clearly demonstrated by these researchers.

Czop and Bergdoll (26) reported that both SEA and SEB were pro-

duced during all growth phases. By the time exponential growth ended,

the concentrations of these enterotoxins reached a minimal level of

1-2 pg/ml. Using the Ouchterlony microslide gel double diffusion and

reverse passive hemagglutination techniques, both enterotoxins were

found to be synthesized during exponential growth, although at signi-

ficantly different rates. Synthesis of SEA was minimal during sta-

tionary growth, whereas SEB levels increased significantly during

stationary growth. These results account for the early speculations,

based on less sensitive detection techniques, that SEA and SEB were
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primary and secondary metabolites.

Some strains of S. aureus produce more than one enterotoxin type.

In one study over 1,200 staphylococci strains isolated from a variety

of sources were analyzed for production of SEA, SEB, SEC, and SED

(18). Of the staphylococci isolated from food poisoning outbreaks,

49% were SEA producers; 25% were both SEA and SED producers. Only

3.8% were SEB producers. Staphylococci isolated from the human nasal

cavity, a major reservoir of these organisms, were primarily SEA and

SED producers.

Purification of staphylococcal enterotoxins

The amount of enterotoxin required to cause symptoms of food

intoxication in humans has been estimated to be 10-13 pg (36). SEA is

often found in concentrations < 1 pg/100 g of foods involved in food-

borne intoxication outbreaks (58). The insensitivity and lack of spe-

cificity of many enterotoxin detection methods and the small amount of

enterotoxin that may be present in foods involved in staphylococcal

intoxication outbreaks necessitate the use of extraction and con-

centration procedures prior to detection (12, 13, 51, 53). Many pro-

cedures have been used in a variety of combinations to purify the

enterotoxins from competing proteins or from other substances that

interfere with serological detection methods. By changing the pH of

the culture or food extract, the solubility of proteins with different

isoelectric points can be altered. Ion exchange chromatography (with

materials such as Amberlite CG-50, carboxymethylcellulose [CMCI, and

diethylaminoethanol [DEAF]), gel filtration on Sephadex, and electro-

phoresis (with supporting materials such as polyacrylamide, starch and
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Sephadex) have received widespread application. Chloroform extrac-

tions have proven useful in removing interfering contaminants.

Concentrated toxin extracts have been treated with trypsin to remove

impurities, relying on the stability of enterotoxin against proteoly-

tic enzymes. During the extraction procedure it is necessary to

reduce the water content of the extract. Dialysis has been commonly

used against a solution of polyethylene glycol. Lyophilization has

been used as a final concentration step prior to serological

detection.

Niskanen and Lindroth (53) compared different purification proce-

dures for extraction of SEA from foods using 131I-and 125I-labeled

enterotoxin. Loss of labeled SEA was compared with loss of total

nitrogen. Their results show that in common procedures such as gel

filtration, ion exchange and heat treatment, the percentage of loss of

labeled toxin is greater than the loss of total nitrogen: chloroform

extraction, 31.3% loss; acid precipitation (HC1, pH 4.5), 26.2% loss;

ion exchange (CMC-22), 65.0% loss; ion exchange (Amberlite CG-50),

53.4% loss; gel filtration (Sephadex G-25), 37.2% loss; gel filtration

(Bio-Gel P-60), 40.7% loss; heating (56°C), 65.4% loss; dialysis

tubing, 25.5% loss; lyophilization, 0.7-3.6% loss.

The efficiency of purification varies with the different entero-

toxins. SEB is the easiest to purify since it can be produced in

higher concentrations than the other enterotoxins (12). The SEC's

are easier to purify than SEA because of 1) low level toxin production

by SEA strains, 2) the ease of denaturation of SEA in some steps of

purification, and 3) contamination with an interfering protein which

is difficult to separate from the enterotoxins.



9

Detection of staphylococcal enterotoxins

A. Biological methods. Intraperitoneal or intravenous injection

of cats and kittens (30) and feeding of young rhesus monkeys (70)

are considered reliable biological methods for enterotoxin detection.

The monkey feeding test is considered the most reliable because the

presence of cellular products other than enterotoxin does not inter-

fere with the test results when the oral route is used. Samples are

administered in solution up to 50 ml via stomach catheter to young

monkeys (2-3 kg). The animals are observed for 5 hours. Six monkeys

are used per test and vomiting by at least 2 animals is considered a

positive reaction to staphylococcal enterotoxin. The ED50 values for

a 2-3 kg monkey are approximately 5 pg for SEA, SEB and SEC', (14) and

5-10 pg for SEC2 (4). The cost of obtaining and maintaining monkeys

limits their availability for routine testing. Kittens and cats are

relatively insensitive to oral administration of enterotoxin, but are

responsive to parenteral routes (12). Cats are subject to nonspecific

reactions; therefore, samples must be treated with heat or chemical

means prior to injection. Clark and Page (23) reported an emetic

response in cats with intravenous doses of 0.1-0.5 pg/kg body weight

of SEA and SEB.

B. Serological methods. The only specific and sensitive in vitro

tests available for identification of staphylococcal enterotoxin are

based on the reaction of the enterotoxins with specific antibodies

(12, 13). Antisera for the enterotoxins are routinely generated by

immunizing rabbits with purified toxin (14, 17). The quality and

potency of the antisera generated are dependent on the purity and



10

quantity of enterotoxin used to immunize the animal as well as the

schedule of immunization.

Serological cross-reactions between some of the staphylococcal

enterotoxins have been observed. SEC1 and SEC2 were shown by double

gel diffusion to share common major antigenic determinants, with each

toxin having different minor determinants (14). SEB and SEC were

shown to share common antigens (39). SEB has been recently shown to

elicit the production of antibodies that react with SEB, SEC1 and

SEC2 in gel diffusion plates and radioimmunoassay (48). Cross reac-

tions between SEA and SEE have also been observed (15).

A number of methods employing antisera against the enterotoxins

have been used for detection and measurement of the staphylococcal

enterotoxins. Many of these methods have been reviewed by Minor and

Marth (51). Antisera can be used to detect enterotoxin in vitro by

formation of the antibody-antigen complex in gel diffusion tests.

These tests include the single gel diffusion test (56), the conven-

tional "tube" double gel diffusion test (DGDT, 54, 55), capillary tube

DGDT (32), and microslide DGDT (19, 25, 71, 73). Electrophoresis in

polyacrylamide gel (6, 27), electroimmunodiffusion (33), and reverse

immuno-osmophoresis (44) have been used. Passive hemagglutination

(41), hemagglutination inhibition (65), and latex agglutination (59)

procedures have also been developed. Use of labeled molecules has

been applied to enterotoxin detection and include fluorescent antibody

tests (31, 35), radioimmunoassay (RIA) tests (40), and enzyme-linked

immunosorbent assay (ELISA) methods (60). Both RIA and ELISA methods

have been recently reviewed (16, 45) and further description is beyond

the scope of this manuscript.
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Quantitation of staphylococcal enterotoxins by serological methods

requires monospecific antibodies. Chesbro et al. (22) demonstrated

that commonly used anti-enterotoxin B antisera generated against SEB

purified from stationary phase cultures were polyspecific for

S. aureus antigens. The heterogeneity of the major protein species

identified by these antisera, the fluctuating proportions of at least

two major forms of enterotoxin during the growth of the toxin pro-

ducing culture, and the multiple chromatographic and electrophoretic

forms of enterotoxin known to exist, have significant implications for

the widespread reliance on serological methods of enterotoxin

detection. It would appear that the identification of staphylococcal

enterotoxin is not confirmed by the use of simple serological reac-

tions such as those employed in single gel diffusion tests or

radioimmunoassay, although the presence of staphylococcal antigens is

established by these techniques. To confirm these staphylococcal

antigens as enterotoxin, an additional chromatographic or electro-

phoretic characterization may be necessary.

It is difficult to obtain an accurate estimate of the reliability,

sensitivity, and applicability of the many reported techniques for

enterotoxin detection. To be useful for detection in food extracts

the method should be at least equal in sensitivity to the Ouchterlony

gel double diffusion microslide method ( 0.1 pg/ml; 13). Any method

less sensitive would be inadequate. To obtain this sensitivity with

the microslide test, extracts from 100 g of food must be concentrated

to about 0.2 ml. Additionally, the microslide assay developed by

Casman et al. (19) provides for the identification of specific entero-

toxin types by the coalescence of the antigen-antibody complex with
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a known reference line of precipitation. This confirmation of antige-

nic specificity is especially valuable since commonly used antisera to

the staphylococcal enterotoxins frequently contain antibodies to other

antigens. The microslide method has been applied to culture extracts

(8) and foods (9). Interfering substances must be removed from

extracts in the application of the microslide test or the precipitin

lines may be obscured. Serological methods that are more sensitive

than the microslide, such as RIA and ELISA, require less concentration

of food extracts but are subject to the limitations of insufficiently

purified enterotoxins, nonhomologous antisera, and are subject to

interference (16, 45). The current status of serological detection

methods would appear to require new techniques to separate entero-

toxins from other proteins in culture and food extracts and to con-

centrate the separated enterotoxins.

The interaction of staphylococcal enterotoxins with the immune system

Staphylococcal enterotoxin A has been shown to be a potent T-

lymphocyte mitogen (38), an immune interferon (IIF) inducer (39) , and

inhibitor of the in vitro antibody response via suppressor T-cell

activation in mouse (66) and human systems (47). It is claimed that

SEA induces IIF primarily in T-cells (2, 3). In contrast, SED is a

poor inducer of IIF in mice but is thought to be a T-cell mitogen

(3). A sensitive, antigenically specific assay for SEA in foods,

based on mitogenic potential, has been reported by Stelma and Archer

(69). Food extracts were dialyzed to remove low molecular weight

inhibitors. Antisera against purified SEA were used to neutralize the

mitogenic activity detected in the food extracts. However, some foods
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may contain higher molecular weight mitogen inhibitors. Also, staphy-

lococcal and streptococcal pyrogenic exotoxins have been shown to be

potent non-specific T-lymphocyte mitogens (63, 64). Thus, it appears

that mitogen assays for enterotoxins may be subject to similar limita-

tions as the RIA and ELISA methods. A major problem still exists due

to the lack of practical, rapid and sensitive procedures for the

detection of known and unknown staphylococcal enterotoxins.

High performance liquid chromatography of proteins

Recent advances in liquid chromatography pumping systems, detec-

tors, and column technology have made high performance liquid chroma-

tography (HPLC) a valuable technique in the isolation, purification

and quantitative analysis of proteins and peptides (57). Rapid chro-

matographic separations of proteins require that mobile phases be

forced through microparticulate columns under pressure. This process

requires mechanical stability at high mobile phase velocity which can-

not be achieved with most classical gel type support materials.

Suitable packing materials for HPLC columns must be semirigid to

rigid, must be macroporous to allow sufficient molecular penetration

for steric exclusion chromatography, and must have adequate surface

area for high loading capacity in ion exchange, reverse phase, and

affinity chromatography-(57). Support materials should allow elution

protocols similar to those of classical supports. The HPLC of pro-

teins is now possible with the recent development of support materials

that meet these requirements. Separation times are usually in the

range of 10-60 min and resolution is equivalent or superior to that of

classical supports.
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A. High performance steric exclusion chromatography (HPSEC). In

steric exclusion chromatography, sample components are separated on

the basis of their differential ability to permeate a porous packing.

Permeation depends on the pore diameter of the packing and upon the

molecular size and shape of the components in solution. This tech-

nique is analogous to traditional gel filtration chromatography using

polysaccharide supports. In contrast to these compressible gels,

HPSEC supports are rigid, permitting operation at higher flow veloci-

ties and making shorter analysis times possible. In order for HPLC

supports to be useful for size separation of proteins, several

requirements must be met: 1) the support must be predominately

hydrophilic in character to allow the aqueous mobile phase to wet the

support and permit permeation of solute molecules, 2) a variety of

pore sizes should be available so that proteins over a wide range of

molecular weight can be separated, 3) the support must be compatible

with aqueous buffers and denaturing agents commonly used in protein

purification, and 4) the support should ideally be inert to interac-

tions with the solute molecules (72). The fourth requirement con-

tinues to be the most severe limitation of supports for HPSEC of

proteins. Proteins can participate in a variety of interactions with

support materials, including hydrophobic and ion exchange

interactions. Ion exclusion is the repulsion of ionic solutes from

pores containing like charge (57). This results in molecular weight

measurements that are erroneously high because molecules are excluded

irrespective of size. Such effects can cause anomalous elution

behavior, irreversible adsorption, and decay of column performance.

The use of salts in the mobile phase can eliminate these problems for

proteins.
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The Varian MicroPak TSK-SW gels, recently developed by Toyo-Soda

(Tokyo) Japan are HPSEC supports with a hydrophilic phase (hydroxyl

groups) bonded to microparticulate silica (72). The pH range of this

support is 3-8, with a particle size of 10 pm. At typical flow velo-

cities of "0.05 cm/sec, efficiencies of 20,000-40,000 plates per meter

are obtained. Recovery of protein mass and enzyme activity is typi-

cally 80% or greater. For accurate molecular weight estimations of

proteins by HPSEC, the proteins can be denatured by the addition of

guanidine HC1 to the mobile phase (43). Wehr and Abbott (72)

suggested the coupling of a HPSEC prefractionation step to HPLC ion

exchange columns to enhance the separating power of the technique and

to extend ion exchange column life by reducing exposure to extraneous

matrix material.

B. High performance ion exchange chromatography (HPIEC). Ion

exchange chromatography is based upon ionic interactions between

charged groups on proteins with fixed ionic groups and counterions on

the support surface. Ion exchange chromatography has been tradi-

tionally performed with supports carrying ion exchange functions

bonded to carbohydrate gels such as DEAE-cellulose or DEAE-Sephadex.

The low mechanical strength of these gels imposes flow rate and

solvent restrictions resulting in long analysis times. Rigid micro-

particulate ion exchange supports enable protein separations with a

10-100 fold reduction of analysis times (57). Ion exchange chroma-

tography has several advantages in comparison to electrophoresis in

that it generates less heat, recoveries are at least as great, and it

discriminates proteins not only by their net electronic surface charge

density, but also by specific interactions with the ion exchanger,

offering greater selectivity.
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The Varian SynchroPak AX-300 is an anion exchange support designed

for the rapid analysis of proteins and enzymes. The nature of the

support provides several advantages over semi-rigid gels and other

HPLC anion exchangers. It consists of 10 pm macroporous spherical

silica with a bonded polymeric layer of amine. The coating is pre-

pared by absorbing a layer of low molecular weight polyethylene imine

to the support surface from an organic solvent and then crosslinking

the adjacent amine groups on the surface to form a skin or pellicle

(1). The silica provides a rigid support compatible with high mobile

phase flow velocities and has pores of sufficient diameter (330°A) to

allow permeation of macromolecules. The amine phase has a selectivity

similar to that of DEAE and the polymeric coating minimizes exposure

of proteins to residual silanols. Ion exchange chromatography is

based upon the ability of a charged solute to displace a counterion

associated with the ion exchange support. The weak anion exchange

phase of the SynchroPak AX-300 is positively charged throughout the

operating pH range of the column and protein separations can be opti-

mized by adjusting mobile phase parameters such as counterion, ionic

strength and pH.

Recent developments in HPLC ion exchange applications by Toyo Soda

(Tokyo) Japan have resulted in the introduction of ion exchange groups

into packings designed for HPSEC. Three types of ion exchangers have

been prepared by introduction of sulfopropyl, carboxymethyl, and DEAE

groups,. respectively, onto the surface of hydrophilic packings of the

TSK-SW gel type (C. T. Wehr, personal communication). The application

of these new ion exchangers to.protein and peptide separationS is

currently in progress, but is as yet, unpublished.



17

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

OF THE STAPHYLOCOCCAL ENTEROTOXINS

Robert R. Williams*, Thomas J. Rogers, and C. Timothy Wehr

Laboratory Services Division, Oregon Department of Agriculture, Salem,
Oregon 97310*, Department of Microbiology, Oregon State University,
Corvallis, Oregon 973321, and Varian Instrument Group, Walnut Creek,
California 94598

'Present address: Department of Microbiology and Immunology, Temple

University, Philadelphia, Pennsylvania 19140



18

JOURNAL ABSTRACT

Many methods in use today for the isolation, purification, and

identification of the staphylococcal enterotoxins involve lengthy

steps with significant loss of enterotoxin, are subject to interfer-

ence from contaminating sample components, and lack sufficient speci-

ficity. Culture extracts of enterotoxin producing Staphylococcus

aureus strains (enterotoxins A-E), crude enterotoxin preparations

(enterotoxins A-E), and purified enterotoxin B (SEB) were investigated

by high performance liquid chromatography (HPLC). Steric exclusion,

anion exchange, and cation exchange supports were employed using

ammonium acetate and KH2PO4 mobile phase buffers. Chromatographically

resolved sample components were analyzed by sodium dodecyl sulfate-

microslab polyacrylamide gel electrophoresis and the microslide gel

double diffusion test. High performance steric exclusion chroma-

tography (HPSEC) with the MicroPak TSK 3000 SW support was capable

of partial separation of enterotoxin from sample components. The po-

tential of HPSEC to serve as a rapid prefractionation step in entero-

toxin purification is discussed. High performance anion exchange

chromatography with the SynchroPak AX-300 support was ineffective in

resolving enterotoxins from sample components. High performance

cation exchange chromatography (HPCEC) with the IEX 530 CM support was

determined to be an effective technique for resolution of multiple

forms of SEB from crude and purified preparations. A rapid gradient

elution method employing the IEX 530 CM support with an ammonium ace-

tate mobile phase is presented for the isolation, purification, and

presumptive identification of enterotoxins. The use of HPSEC as a
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rapid prefractionation step coupled to HPCEC is discussed. The poten-

tial of HPLC methods to improve existing serological assays for

enterotoxin is also discussed.
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II. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY OF
STAPHYLOCOCCAL ENTEROTOXINS

INTRODUCTION

Staphylococcal foodborne intoxication is one of the most common

forms of foodborne disease. In the United States it is responsible

for approximately one-fourth of all confirmed foodborne disease

outbreaks reported to the Center for Disease Control (14). Certain

strains of Staphylococcus aureus produce protein exotoxins called

enterotoxins that cause staphylococcal intoxication. Staphylococcus

aureus strains may produce several types of enterotoxin: A (SEA), B

(SEB), C1 (SEC1), C2 (SEC2), D (SED), E (SEE) and unknown types (10).

Limits for a safe level of enterotoxin in foods are not available. The

limiting factor in this regard is the sensitivity of the detection

methods employed (9).

The amount of enterotoxin needed to cause foodborne intoxication

in humans is estimated to be 10-13 lig (18), although SEA is often

found in concentrations less than 1 Pg/100 g of foods involved in

staphylococcal intoxication (30). The relative insensitivity of many

enterotoxin detection methods and the small amount of enterotoxin

involved in staphylococcal intoxication present a major difficulty in

its detection. Many extraction and concentration procedures (8, 9,

26) are used in a variety of combinations to purify the enterotoxins

from contaminating proteins or interfering substances, including gel

filtration, ion exchange chromatography, and electrophoresis.

Niskanen and Lindroth (28) compare several procedures for the purifi-

cation of SEA in foods and show that the loss of SEA is greater than

the loss of total nitrogen during purification.



21

The heterogeneity of staphylococcal enterotoxins is well

established. Bergdoll (6) describes the resolution of SEb into at

least 3 components with a common antigenic makeup using ion exchange

chromatography. Chang and Dickie (15) also describe the resolution of

SEB into 3 components by hydroxyl apitite chromatography. Baird-

Parker and Joseph (3) report that purified SEB can be separated

into 2 fractions with starch gel electrophoresis. Polyacrylamide gel

electrophoresis (PAGE) of SEB demonstrates the presence of 1 to 5

distinct bands (2). Isoelectric focusing shows the presence of

multiple electrophoretic forms of SEB that differ in isoelectric

points but have identical antigen-antibody reactions (15, 25, 31, 33).

Chesbro et al. (16) show that the heterogeneity of SEB arises

during growth of the enterotoxin producing culture. Two electrophor-

etically distinct forms are found, one during exponential phase and

the other during stationary phase. The authors suggest that both are

found in purified SEB preparations because of the widespread use of

stationary phase cultures as the source for enterotoxin purification.

Serological methods are considered the most specific and sensitive

in vitro assays available for enterotoxin identification (8, 9). Anti-

sera against the enterotoxins are routinely produced by immunizing

rabbits with purified enterotoxin (8, 12). The quality and potency of

the antisera depend on the purity and quantity of enterotoxin used to

immunize the animal as well as the immunization schedule. Data re-

ported by Chesbro et al. (16) indicate that commonly used anti-enter-

otoxin B antisera is highly polyvalent. Serological cross reactions

are observed between SEB and SEC (19), and between SEA and SEE (10).
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Staphylococcal enterotoxin B is known to elicit the production of

antibodies which react with SEB, SEC.", and SEC2 (23). The unavailabi-

lity of homologous antisera for the enterotoxins reduces the specifi-

city and sensitivity of serological methods. Methods that are more

sensitive than the Ouchterlony microslide test, such as radioimmuno-

assay (RIA), or enzyme-linked immunosorbent assay (ELISA), require

less concentration of food extracts but are subject to the limitations

of insufficiently purified enterotoxin, the lack of monospecific

antibodies, and are subject to interference (11, 21). A major problem

exists in the absence of practical, rapid, and sensitive procedures

for detection of known and unknown enterotoxins.

Recent advances in liquid chromatography pumping systems, detect-

tors, and column technology make high performance liquid chroma-

tography (HPLC) a valuable technique in the isolation, purification,

and quantitation of proteins (29). Separation times are usually in

the range of 10-60 min and resolution is equivalent or superior to

classical support systems. In high performance steric exclusion chro-

matography (HPSEC), sample components are separated by their differen-

tial ability to permeate a porous packing. The Varian MicroPak TSK-SW

gels, recently developed by Toyo-Soda (Tokyo) Japan, are rigid sup-

ports with a hydrophilic phase (hydroxyl groups) bonded to micropar-

ticulate silica (34). Recovery of protein mass and enzyme activity is

typically 80% or greater.

Rigid microparticulate ion exchange supports enable protein

separations with a 10-100 fold reduction in analysis time (29). Ion

exchange chromatography discriminates proteins not only by their net

electronic surface charge density, but also by specific interactions
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with the ion exchanger, offering greater selectivity. The Varian

SynchroPak AX-300 is an anion exchange support designed for the rapid

analysis of proteins and enzymes. It consists of macroporous spheri-

cal silica with a bonded polymeric layer of amine (1).

Recently Toyo-Soda (Japan) has introduced ion exchange groups into

packings designed for HPSEC. The introduction of carboxymethyl groups

onto the surface of the hydrophilic supports of the TSK-SW gels makes

the cation exchange separation of proteins possible. The application

of HPLC to the problems of staphylococcal enterotoxin isolation,

purification, and identification has not been previously reported.

We report here the characterization of staphylococcal enterotoxins

by HPLC methods. Culture extracts of known enterotoxin producing

strains, and purified enterotoxin preparations were investigated

with steric exclusion, anion exchange, and cation exchange HPLC

supports. Chromatographic components were characterized by PAGE and

the Ouchterlony microslide gel double diffusion technique.
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MATERIALS AND METHODS

Reagents. The following protein standards were obtained from

Sigma (St. Louis, Missouri USA): cytochrome C from horse heart (type

VI); ovalbumin (type VI); human y-globulins (Cohn fraction II);

myoglobin (type V). All other chemicals were of reagent grade or HPLC

grade. All mobile phase buffers were pre-filtered with a 0.45p filter

(HAWG, Millipore).

Crude enterotoxin preparations (A-E) were provided by R. W.

Bennett, Food and Drug Administration, Washington D. C. and M. S.

Bergdoll, Food Research Institute, University of Wisconsin, Madison.

Purified enterotoxin B and antisera for enterotoxins A-E were provided

by R. W. Bennett.

Cultures and cultural procedures. Five enterotoxin producing

strains of S. aureus, provided by R. W. Bennett, were used: 265-1

(SEA), 243(SEB), 493(SEC), 494(SED), and 790(SEE). Cultures were

maintained under refrigeration on Standard Methods Agar (BBL) slants.

The method described by Bennett and McClure (4) was used to grow the

enterotoxin producing cultures. The cultures were grown on semi-solid

brain heart infusion agar and the extracts were confirmed serologi-

cally by the Ouchterlony microslide gel double diffusion test for

staphylococcal enterotoxins (4, 5, 12, 13).

Apparatus. Chromatographic separations were carried out with

a Waters M-6000A solvent delivery system (Waters Associates,

Milford, Massachusetts), a Waters M-U6K universal injector, a Waters

M-660 solvent programer, and a Varian Vari-chrom detector (Varian,

Walnut Creek, California). The following columns were supplied by
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C. T. Wehr, Varian Instrument Group, Walnut Creek, California: Micro-

Pak TSK 3000 SW (30 cm X 7.5 mm ID), SynchroPak AX-300 (30cm x 4.1 mm

ID), and the MicroPak TSK IEX 530 CM (30 cm x 4.0 mm ID).

Chromatography. Individual protein samples, protein standard

mixtures, culture extracts, crude enterotoxin preparations, and

purified SEB were dissolved in the various mobile phase buffers.

Flow rates did not exceed 1.0 ml/ min at pressures generally less than

1500 psi. Sample peaks were detected spectrophotometrically at

220-277 nm. Injection volumes were 5-50 pl.

Electrophoretic analyses. Lyophilized sample fractions were

dissolved in a solution of 0.0625 M Tris, pH 6.8; 2% SDS; 10%

glycerol; 5% 6-mercaptoethanol; 0.001% bromphenol blue, and analyzed

by the discontinuous SDS gel electrophoresis system described by

Laemmli (22). Samples were applied to a 6% polyacrylamide stacking

gel, pH 6.8, and resolved in a 15% polyacrylamide gel, pH 8.8.

Electrophoresis was carried out in 0.5 mm thick slabs (24), which

allowed extremely high sensitivity. Proteins were stained after

electrophoresis with 0.25% Coomassie blue G-250 in 45% methanol-9%

acetic acid. Gels were destained in 5.0% methanol-7.5% acetic acid.

Serological analyses. The Ouchterlony microslide gel double dif-

fusion assay developed by Casman and Bennett (12) was used to assay

culture extracts, known enterotoxin preparations, and chromatographi-

cally separated sample components for the presence of staphylococcal

enterotoxins. Lyophilized sample fractions were dissolved in

physiological saline containing 10% brain heart infusion broth and

applied directly to the microslide apparatus using known reference
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enterotoxin as an internal control. Identity of the sample preci-

pitin line with the reference enterotoxin antigen-antibody precipitin

line was considered a positive identification.
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RESULTS

High performance steric exclusion chromatography of

staphylococcal enterotoxins

Chromatographic separations of protein standard mixtures, crude

enterotoxin preparations, purified SEB, and culture extracts of

enterotoxin producing S. aureus strains were conducted with the

MicroPak TSK 3000 SW support using potassium phosphate and ammonium

acetate buffers of varying ionic strength. Molecular weights of

sample components were estimated from protein standard calibration

curves for each of the mobile phase buffers used (Fig. 1). The impor-

tance of the choice of mobile phase is illustrated by the separation

of protein standard mixtures (Figs. 2 and 3) and the enhanced separa-

tion of myoglobin and cytochrome C in the ammonium acetate buffer as

compared to the potassium phosphate buffer.

Low ionic strength phosphate mobile phase buffer. Separation of

crude SEB on the TSK 3000 SW support with the 0.067 M KH2PO4, 0.1 M

KC1 (pH 6.8) mobile phase buffer demonstrated the presence of at least

6 to 8 components (Fig. 4). SEB was found by polyacrylamide gel

electrophoresis (PAGE) and Ouchterlony microslide tests to be located

in the first major chromatographic peak, corresponding to an estimated

molecular weight of 23,000 daltons. The other components were simi-

larly estimated to correspond to < 10,000 daltons. The PAGE analysis

of the major component revealed a concentrated enterotoxin-size pro-

tein of approximately 28,000 daltons and several smaller proteins of

approximately 12,000-18,000 daltons (Fig. 5). Thus, although HPSEC

separation of crude SEB preparations with low ionic strength phosphate



28

Figure 1A. Calibration curve for the MicroPak TSK 3000 SW.
Conditions: solvent, 0.067 M KH2PO4 + 0.1 M KC1 + 3 X
10-4 M sodium azide, pH 6.8; flow rate, 1.0 ml/min El,

Y-globulins [160,000 daltons(d)J; A, ovalbumin (43,500 d);
, myoglobin (16,900 d); 0, cytochrome C (13,500 d).

Figure 1B. Calibration curve for the MicroPak TSK 3000 SW.
Conditions: solvent, 0.3 M KH2PO4 + 0.1 M KC1, pH 6.8; flow
rate, 1.0 ml/min; symbols as in Fig. 1A.

Figure 1C. Calibration curve for the MicroPak TSK 3000 SW.
Conditions: solvent, 0.3 M ammonium acetate, pH 6.8; flow
rate, 1.0 ml/min; symbols as in Fig. 1A.

Figure 1D. Calibration curve for the MicroPak TSK 3000 SW.
Conditions: solvent, 6 M guanidine-HC1 + 0.1 M KH2PO4, pH
6.0; flow rate, 0.5 ml/min; symbols as in Fig. 1A.
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Figure 2. Separation of protein standards mixture with the
MicroPak TSK 3000 SW. Conditions: solvent, 0.067 M
KH2F04 + 0.1 M KC1 + 3 X 10-4 M sodium azide, pH 6.8; flow
rate 1.0 ml/min; wavelength, 277 nm.

Figure 3. Separation of protein standards mixture with the
MicroPak TSK 3000 SW. Conditions: solvent, 0.3 M ammonium
acetate, pH 6.8; flow rate, 1.0 ml/min; wavelength, 277 nm.
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Figure 4. Separation of crude enterotoxi B with the
MicroPak TSK 3000 SW. Conditions: solvent, 0.067 M
KH2F04 + 0.1 M KC1, pH 6.8; flow rate, 1.0 ml/min;
wavelength, 270 nm.
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Figure 5. Polyacrylamide gel electrophoresis of crude
enterotoxin B components resolved by HPSEC with the MicroPak
TSK 3000 SW (solvent, 0.067 M KH2PO4 + 0.1 M KC1, pH 6.8).



-Fi 9 . 5-

/8.41rd
=( /4.3 kd

/2.3 kd
62 ko'

35



36

mobile phase buffer was capable of removing several contaminating

proteins, the major component containing SEB remained contaminated.

The HPSEC separation of crude SEB culture extracts (Figs. 6 and 7)

under these mobile phase conditions also failed to adequately separate

enterotoxin from contaminating proteins. Similar results were

obtained for crude enterotoxin preparations and culture extracts of

SEA (Fig. 8) and SED (Fig. 9) as well as SEC and SEE (data not

shown).

High ionic strength phosphate mobile phase buffer. Separation of

crude SEB preparations on the TSK 3000 SW support with the 0.3 M

KH2PO4, 0.1 M KC1 (pH 6.8) mobile phase buffer also revealed the pre-

sence of at least 6 to 8 components (Fig. 10). Again, SEB was found

by PAGE analysis and Ouchterlony microslide tests to be located in the

first major chromatographic peak, corresponding to a molecular weight

of approximately 25,000 daltons. The PAGE analysis showed a con-

centrated protein band of approximately 28,000 daltons and several

smaller proteins of approximately 12,000-18,000 daltons (Fig. 11).

The use of a higher ionic strength mobile phase buffer did not improve

the resolution power of the TSK 3000 SW support. Similar results were

obtained with crude enterotoxin preparations and culture extracts of

SEA and SED.

Moderate ionic strength ammonium acetate mobile phase buffer.

Separation of crude SEB on the TSK 3000 SW support with the 0.3 M

ammonium acetate (pH 6.8) mobile phase also showed the presence of at

least 5 to 6 components (Fig. 12). SEB was found by PAGE analysis and

Ouchterlony microslide tests to be located in the first major chromato-

graphic component, corresponding to approximately 23,000 daltons. The
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Figure 6. Separation of enterotoxin B(243) culture extract
with the MicroPak TSK 3000 SW. Conditions as in Fig. 4.

Figure 7. Separation of brain heart infusion agar extract
with the MicroPak TSK 3000 SW. Conditions as in Fig. 4.
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Figure 8. Separation of crude exterotoxin A with the
MicroPak TSK 3000 SW. Conditions as in Fig. 4.

Figure 9. Separation of crude enterotoxin D with the
MicroPak TSK 3000 SW. Conditions as in Fig. 4.
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Figure 10. Separation of crude enterotoxin with the

ntu.Micro

Pak 7'SK 3000 SW. Conditions: solvent 0.3 KH2PO4 +
0.1 11 IcC1, pH 6.8; flow rate, 1.0 mlAnin; 277



.018-

.016-

.014-

. 012-
(1
1L1

.010-

'St .008 -

. 006-

. 004-

.002-

4

fig. /0

I

12 16 20 24

Eitilion Volume(m/1

42



43

Figure 11. Polyacrylamide gel electrophoresis of crude
enterotoxin B components resolved by HPSEC with the MicroPak
TSK 3000 SW (solvent, 0.3 M KH2PO4 + 0.1 M KC1, pH 6.8).
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Figure 12. Separation of crude enterotoxin B with the
MicroPak TSK 3000 SW. Conditions: solvent, 0.3 Fl ammonium
acetate, pH 6.8; flow rate, 1.0 ml/min; wavelength, 277 nm.

Figure 13. Separation of purified enterotoxin B with the
MicroPak TSK 3000 SW. Conditions: solvent, 0.3 M ammonium
acetate, pH 6.8; flow rate, 1.0 ml/min; wavelength, 277 nm.
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PAGE analysis revealed an enterotoxin-size protein of approximately

28,000 daltons and several smaller proteins of approximately

12,000-18,000 daltons (Fig. 14). Separation of purified SEB under

these chromatographic conditions demonstrated one major peak (Fig.

13), corresponding to a molecular weight of approximately 22,000

daltons and two smaller peaks with a molecular weight of < 10,000

daltons. Although several contaminating proteins were resolved with

the ammonium acetate mobile phase, the separation power of the TSK

3000 SW support was not sufficiently enhanced to remove all of the

contaminating proteins from the SEB component.

Guanidine hydrochloride mobile phase. More accurate HPSEC molecu-

lar weight estimates of proteins were made by the addition of the dena-

turing agent guanidine-HC1 to the mobile phase (20). Separation of

crude SEB on the TSK 3000 SW support with 6M guanidine-HC1, 0.1 M

KH2PO4 (pH 6.0) mobile phase revealed the presence of 4 to 6 com-

ponents (Fig. 15). SEB was determined by PAGE analysis and Ouchter-

lony microslide tests to be located in the first major chromatographic

peak, corresponding to a molecular weight of approximately 27,000

daltons. The second chromatographic peak corresponded to a molecular

weight of approximately 13,500 daltons and other protein peaks were

estimated to be < 10,000 daltons. The PAGE analysis of the major

chromatographic peak showed a major enterotoxin-size protein of

approximately 28,000 daltons and several smaller proteins of approxi-

mately 12,000-18,000 daltons (Fig. 16). The PAGE analysis of control

SEB (Sigma) also showed a major protein band at approximately 28,000

daltons and several smaller proteins.
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Figure 14. Polyacrylamide gel electrophoresis of crude and
purified enterotoxin B components resolved with the MicroPak
TSK 3000 SW (solvent, 0.3 M ammonium acetate, pH 6.8).
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Figure 15. Separation of crude enterotoxin B with the
MicroPak TSK 3000 SW. Conditions: solvent, 6 M
guanidine -HC1 + 0.1 M KH2PO4, ph 6.0; flow rate, 1.0 ml/min;
wavelength, 277 nm.
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Figure 16. Polyacrylaraide gel electrophoresis .of crude
enterotoxin B components resolved with the MicroPak TSK 3000
SW (solvent, 6 N guanidineHC1 + 0.1 M KH2PO4, pH 6.0).
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High performance liquid anion exchange chromatography of

staphylococcal enterotoxins.

The weak anion exchange phase of the SynchroPak AX-300 support is

positively charged throughout the operating pH range of the column (pH

3-8). Protein separations can be optimized by adjusting mobile phase

parameters such as counterion, ionic strength, pH, and temperature

(29). Mobile phase counterions vary in their affinity for the ion

exchange support. For anion exchangers, a phosphate ion generally has

greater retention than an acetate ion. The relative affinity of a

protein for the ion exchanger will depend upon the counterion used in

the mobile phase. A poorly retained protein with a phosphate coun-

terion will be more strongly retained with acetate as the counterion.

Ammonium acetate is commonly used in collecting protein fractions

following chromatographic separation when it is desirable to remove

the mobile phase by lyophilization.

Since retention depends upon competition between sample ions and

mobile phase counterions for ion exchange sites of the AX-300 support,

protein retention decreases with increasing ionic strength (1, 29).

Protein separations usually require ionic strength gradients. For

maximum retention of the protein, it is desirable to have the sample

in the fully ionized state. Side chain and C-terminal carboxyl groups

with pKts below 5 can participate in anion exchange interactions in

the pH range of 5-8. Side chain and N-terminal amino groups will be

fully or partially protonated in this pH range and will participate in

cation exclusion effects. Operation above the isoelectric point of a

protein will increase retention, and operation below the isoelectric

point will decrease retention. A mobile phase of pH 6.5-7.5 is
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generally used because most proteins have isoelectric points between

pH 6-7. Staphylococcal enterotoxins, however, have isoelectric points

of 7.0-8.6 (7, 8, 10) and therefore must be analyzed at the upper pH

limit of the AX-300 support.

Weak ionic strength phosphate mobile phase buffer against a

sodium chloride gradient. SEB has an isoelectric point of 8.6 (10).

Crude SEB separation on the SynchroPak AX-300 support with 0.01 M

KH2PO4 (pH 7.5) mobile phase against a 1.0 M NaCl (pH 7.5} gradient

demonstrated the presence of 4 major components. No components were

eluted during the ,NaCl gradient. Similar chromatographic results were

obtained with crude SEA and SED preparations.

Weak ionic strength ammonium acetate mobile phase buffer against

an ammonium acetate gradient. Separation of crude SEB on the -

SynchroPak AX-300 support with 0.01 M ammonium acetate (pH 7.5)

against an 1.0 M ammonium acetate gradient showed the presence of 4

major components (Fig. 17). None were eluted during the ammonium ace-

tate gradient. The PAGE analysis of the components showed a large

number of protein bands from each (Fig. 19). Every component con-

tained a protein in the 28,000 dalton range. Chromatography of

purified SEB under these conditions demonstrated partial resolution

into 2 components with none eluting during the gradient (Fig. 18).

The PAGE analysis of these revealed a large number of protein bands

in the first component and a smaller number in the second (Fig. 19).

Both contained a protein of approximately 28,000 daltons with the

major component having the largest concentration of the enterotoxin-

size protein. Similar chromatographic and PAGE results were obtained

with crude SEA and SED preparations (Fig. 20).
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Figure 17. Separation of crude enterotoxin B with the
SynchroPak AX-300. Conditions: solvent A, 0.01 M ammonium
acetate, pH. 7.5; solvent B, 1.0 N ammonium acetate, pH 7.5;
gradient: 0% B for 14 min, then 0-50% B in 15 min; flow
rate, 1.0 ml/min; wavelength, 277 nm.

Figure 18. Separation of purified enterotoxin B with the
SynchroPak 80 AX-300. Conditions as in Fig. 17.
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Figure 19. Polyacrylamide gel electrophoresis of crude
enterotoxin B components resolved with the SynchroPak AX-300
(solvent A, 0.01 M ammonium acetate, pH 7.5).
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Figure 20A. Separation of crude enterotoxin A with the

SynchroPak AX-300. Conditions as in Fig. 17 except flow
rate, 0.5 ml/min.

Figure 20B. Separation of crude enterotoxin D with the
SynchroPak AX-300. Conditions as in Fig. 17 except flow
rate, 0.5 ml/min.
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High performance cation exchange chromatography of

staphylococcal enterotoxins.

Weak ionic strength phosphate (pH 5.7) mobile phase buffer against

a sodium chloride (pH 5.7) gradient. Separation of crude SEB on the

IEX 530 CM support with 0.05 M KH2PO4 (pH 5.7) mobile phase against a

0.5 M NaC1 (pH 5.7) gradient revealed the presence of 8 to 10 com-

ponents (Fig. 21). No protein components were detected during the elu-

tion with the NaC1 gradient. Purified SEB was resolved into 2 com-

ponents under these conditions with none eluted in the NaC1 gradient.

Weak ionic strength phosphate (pH 5.7) mobile phase buffer

against a. potassium chloride (pH 6.5) gradient. Separation of crude

SEB on the IEX 530 CM support with 0.005 M KH2PO4 (pH 5.7) showed the

presence of at least 8 components which eluted during the weak mobile

phase buffer and 5 to 6 which eluted during the 1.0 M KC1 + 0.1M

KH2PO4 (pH 6.5) gradient (Fig. 22). Purified SEB contained no

measurable components which eluted during the weak mobile phase

buffer, but 3 eluted during the gradient (Fig. 23). Resolution under

these conditions was not satisfactory.

Weak ammonium acetate (pH 5.7) mobile phase buffer against an

ammonium acetate (pH 6.5) gradient. Separation of crude SEB on the

IEX 530 CM support with 0.005 M ammonium acetate (pH 5.7) mobile phase

buffer against an 1.0 M ammonium acetate (pH 6.5) gradient revealed

6 to 8 components eluting in the weak mobile phase buffer and 6 to 8

eluting with the gradient (Fig. 24). Two of the gradient eluted com-

ponents were shown by PAGE analysis to contain enterotoxin-size pro-

teins of approximately 28,000 daltons. (Fig. 26). These electro-

phoretic patterns also contained two proteins of smaller size,
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Figure 21. Separation of crude enterotoxin B with the IEX
530 CM. Conditions: solvent A, 0.05 M KH2PO4, pH 5.7;
solvent B, 0.5 M NaC1, pH 5.7; gradient: 0% B for 12 min,
then 0-60% B in 30 min; flow rate, 0.5 ml/min; wavelength,
277 nm.
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Figure 22. Separation of crude enterotoxin B with the IEX
530 CM. Conditions: solvent A, 0.005 M KH2PO4, pH 5.7;
solvent B, 1.0 M KCl + 0.1 M KH2PO4, pH 6.5; gradient: 0% B
for 12 min, then 0-60% B in 30 min; flow rate, 0.5 ml/min;
wavelength, 277 nm.

Figure 23. Separation of purified enterotoxin B with the
IEX 530 CM. Conditions as in Fig. 22.
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Figure 24. Separation of crude enterotoxin B with the IEX
530 CM. Conditions: solvent A, 0.005 M ammonium acetate, pH
5.7; solvent B, 1.0 M ammonium acetate, pH 6.5; gradient:
0% B for 16 min, then 0-40% B in 1 hr; flow rate, 0.5
ml/min; wavelength, 277 nm.

Figure 25. Separation of purified enterotoxin B with the
IEX 530 CM. 100 Conditions as in Fig. 24.
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Figure 26. Polyacryamide gel electrophoresis of crude
enterotoxin B components resolved with the IEX 530 CM
(conditions in Fig. 24).
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approximately 12,500 and 14,000 daltons, respectively. Four of the

gradient eluted components were antigenically identical to reference

SEB by the Ouchterlony microslide test (Fig. 27).

Separation of purified SEB under these mobile phase and gradient

conditions also provided resolution of at least 4 components in the

weak mobile phase buffer and 6 to 8 which eluted during the gradient

(Fig. 25). Three of the gradient eluted components were shown by PAGE

analysis to contain enterotoxin-size proteins of approximately 28,000

daltons (Fig. 28). These electrophoretic patterns were also shown to

contain two proteins of smaller size, approximately 12,500 and 14,000

daltons, respectively. The smaller proteins accompanying the entero-

toxin-size protein in the PAGE analysis may be polypeptide chains

resulting from the breaking of the single disulfide bridge of a larger

protein molecule. Six of the gradient eluted components were antigen-

ically identical to the reference SEB with the Ouchterlony microslide

test (Fig. 26). Similar chromatographic and electrophoretic results

were obtained with crude SEA and SED preparations (Fig. 29).
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Figure 27. Ouchterlony microslide gel double diffusion
assay of crude and purified enterotoxin B components
resolved with the IEX 530 CM (conditions in Fig. 24).
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Figure 28. Polyacrylamide gel electrophoresis of purified
enterotoxin B components resolved with the IEX 530 CM
(conditions in Fig. 24).
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Figure 29A. Separation of crude enterotoxin A with the IEX
530 CM Conditions as in Fig. 24.

Figure 29B. Separation of crude enterotoxin D with the IEX
530 CM Conditions as in Fig. 24 except gradient: 0% B for

20 min, then 0-40% B in 30 min.
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DISCUSSION

Steric exclusion chromatography of culture extracts, crude entero-

toxin preparations and purified SEB on the TSK 3000 SW support with

mobile phase buffers of varying ionic strength clearly demonstrates

the applicability of HPSEC as a rapid prefractionation step in the

purification of the staphylococcal enterotoxins. The enterotoxins are

typically resolved in a single, major component. Other proteins and

extraneous material from the sample matrix are resolved in several

separate components. However, the TSK 3000 SW support fails to

remove all of the contaminating proteins from the enterotoxin con-

taining component, as shown by PAGE analysis. Comparison of chroma-

tograms of known enterotoxin preparations with brain heart infusion

media lacking enterotoxin shows that HPSEC is severely limited as a

single-step purification procedure for enterotoxins.

The value of HPSEC as a rapid prefractionation step in the isola-

tion and purification of staphylococcal enterotoxins is increased by

the use of ammonium acetate buffer as the mobile phase. Ammonium ace-

tate can be used in collecting protein fractions when it is desirable

to remove the mobile phase by lyophilization. In contrast to phos-

phate buffer systems, the use of ammonium acetate allows the elimina-

-
tion of the dialysis step in the commonly used enterotoxin purifica-

tion procedures (4, 5, 9, 12, 13). Dialysis has been shown to result

in at least a 25% loss of enterotoxin (28). Thus, elimination of a

single dialysis step not only saves 18-24 hours but increases recovery

of enterotoxin in comparison to conventional purification techniques.

An additional advantage of HPSEC as a rapid prefractionation step

is the potential of coupling HPSEC supports, for example the TSK SW
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gels, with ion exchange supports using a mutually compatible mobile

phase buffer, such as ammonium acetate. The potential of a "coupled

column" technique would be enlarged by the application of automated

microprocessor controlled chromatography (34). Such an approach would

not only increase the sensitivity and speed of enterotoxin purifica-

tion but would extend the life of the ion exchange support by reducing

exposure to extraneous material and interfering proteins from the

sample matrix.

Estimates of molecular weights for enterotoxins based on HPSEC

elution volumes were lower than previously reported values (8, 10).

Proteins can participate in a variety of interactions with support

materials including hydrophobic and ion exchange interactions. Basic

proteins such as the enterotoxins, particularly SEB, may show signifi-

cant adsorption on the TSK 3000 SW support because of ionic interac-

tions with the weakly acidic silanol support surface. Silanol

interactions are favored at low ionic strength while high ionic

strength favors partitioning into the stationary phase. Such effects

can cause anomolous elution behavior, irreversible adsorption, and can

increase the elution volume for a given protein resulting in a lower

molecular weight estimate. Elution volume is also dependent on the

hydrodynamic volume of the molecular species rather than the simple

molecular weight (34). Elution volumes will be greater for proteins

which are not as linear as dextrans and penetrate the support pores

more readily. The staphylococcal enterotoxins, which are globular

proteins (27), elute under some mobile phase conditions like smaller,

more linear proteins. The more accurate estimate of SEB molecular

weight obtained by the addition of guanidine-HC1 to the mobile phase
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is most likely caused by the unfolding of the enterotoxin molecule

(27) resulting in reduced ability to penetrate the support pores.

Anion exchange chromatography of crude enterotoxin preparations

and purified SEB on the SynchroPak AX-300 support with ammonium ace-

tate and phosphate mobile phase buffers demonstrates the inability of

the AX-300 support to discriminate the enterotoxins from contaminating

proteins. The inability of the AX-300 support to resolve the entero-

toxins into specific components is not surprising given its positive

charged surface (1). Side chain and N-terminal amino acids of the

enterotoxins are protonated and most likely participate in cation

exclusion effects under the experimental conditions employed. These

ion exclusion effects appear to result in decreased retention of the

enterotoxins in the support, creating a "smear" of enterotoxin and

other proteins eluting from the column. This explanation is com-

patible with the PAGE results which show that enterotoxin elutes in

several components during a single chromatographic analysis. It is

interesting to note that SEA, with an isoelectric point of 7.3 (10),

would behave similarly to SEB. Apparently the SEA molecules are not

able to penetrate the support surface under the mobile phase con-

ditions used in this study. None of the enterotoxins tested (SEA,

SEB, SED) were eluted with ionic strength gradients. We conclude that

the AX 300 support is ineffective for resolving enterotoxin under the

experimental conditions employed.

Cation exchange chromatography of crude enterotoxin preparations

and purified SEB on the IEX 530 CM support with ammonium acetate and

phosphate mobile phase buffers demonstrates the ability of HPCEC to
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selectively isolate enterotoxins from contaminating proteins. The

initial separation of several components which elute from the IEX 530

CM support in weak mobile phase buffer confirms the PAGE analysis of

the enterotoxin components collected from the TSK 3000 SW support

which shows several contaminating proteins. Work with phosphate

buffer mobile phase demonstrates that a combination of ionic strength

and pH gradients are required to both selectively adsorb and elute the

enterotoxins from the cation exchange support. This principle is

similar to systems employed with enterotoxins using classical ion

exchange supports such as CMC (9, 12, 13). Decreasing the ionic

strength of the weak mobile phase buffer increases the selective

adsorption of enterotoxins to the IEX 530 CM support. At pH 5.7 the

enterotoxins will be highly protonated and strongly retained by the

negatively charged surface of the cation exchanger.

The increase in resolution of staphylococcal enterotoxins on the

IEX 530 CM support with the ammonium acetate mobile phase buffer

enhances the potential for coupling the HPCEC support to the TSK SW

support for sample clean-up or prefractionation by the steric exclu-

sion mode. Such a system has the capacity to provide a rapid, sen-

sitive chromatography procedure for enterotoxin isolation, purifi-

cation, and presumptive identification. As mentioned previously, the

use of an ammonium acetate buffer as the mobile phase allows the eli-

mination of the dialysis step which saves considerable time and

increases sensitivity. Such a coupling would also prolong the life of

the cation exchanger by minimizing exposure to extraneous sample

matrix material.
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The resolution of staphylococcal enterotoxin into multiple com-

ponents by HPCEC with the IEX 530 CM support is consistent with pre-

vious reports of multiple chromatographic, electrophoretic, and

isoelectric forms of SEB and other enterotoxins (2, 3, 6, 15, 16, 17,

25, 31, 33). The confirmation of SEB components by PAGE analysis and

Ouchterlony microslide tests indicates that HPCEC is capable of

resolving heterogeneous mixtures and multiple forms of SEB from crude

or purified preparations. It is probable that the smaller size pro-

teins appearing in the PAGE gels with the enterotoxin-size protein are

the result of the breakage of the single disulfide bridge of the

enterotoxin molecule (10, 27) by P.-mercaptoethanol during PAGE

analysis.

The development of a rapid, sensitive HPLC method for the isola-

tion, purification, and presumptive identification of the staphylo-

coccal enterotoxins offers additional improvements in existing assay

methods. Interfering substances must be removed from food extracts in

the application of the Ouchterlony microslide test or precipitin lines

may be obscured (5, 9). Serological methods that are more sensitive

than the Ouchterlony microslide test, such as RIA (11) and ELISA (21),

require less concentration of food extracts but are subject to the

limitations of impure enterotoxins, non-homologous antisera, and

interference by contaminating proteins. The application of HPLC pro-

cedures should improve the specificity of these assays by removing

these interfering substances and resolving the enterotoxins into

highly specific components.

The method of choice for serological confirmation of enterotoxin

is the Ouchterlony microslide test because Of the cOmbination of low-
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cost, ease of handling, and serological specificity (9). The sensi-

tivity of an HPLC procedure for enterotoxin identification could be

significantly increased by RIA or ELISA procedures providing homolo-

gous antisera or monospecific antibodies are used.

One of the limiting factors of the serological methods is the

unavailability of highly specific, homologous antisera for enterotoxin

identification. The polyvalency of commonly used antisera is well

known (16, 19, 23, 32). The use of HPLC purified, homogeneous,

enterotoxin antigen to generate monospecific antibodies may signifi-

cantly improve the sensitivity and specificity of these procedures.

It should be possible to improve the recovery of enterotoxins by

developing optimal mobile phase and gradient systems for each enter-

otoxin type. Perhaps a mobile phase gradient system will be found

that will allow a general screening procedure for most or all of the

known enterotoxin types. The ability to isolate previously unknown

enterotoxin types should be improved assuming that they behave simi-

larly to the known enterotoxins.
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IV. APPENDIX: LIST OF ABBREVIATIONS

HPCEC: high performance cation exchange chromatography

HPLC : high performance liquid chromatography

HPSEC: high performance steric exclusion chromatography

staphylococcal enterotoxin A

staphylococcal enterotoxin B

staphylococcal enterotoxin C

staphylococcal enterotoxin D

staphylococcal enterotoxin E

SEA :

SEB :

SEC :

SED :

SEE :
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