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Molecular Size, Homogeneity, and Hydrodynamic Properties
of Purified Staphylococcal Enterotoxin B*

Jack Wagman,t Richard C. Edwards,} and Edward J. Schantz

ABSTRACT: Staphylococcal enterotoxin B exhibited a
high degree of molecular homogeneity as determined by
synthetic-boundary spreading, approach-to-equilibrium
sedimentation, and sedimentation-equilibrium distribu-
tion in a density gradient. Its partial specific volume
(0.743 cm?g) and infrared spectral absorption were
typical of simple proteins. The molecular weight by
sedimentation-diffusion was found to be 35,300 and was
in good agreement with results by the Archibald pro-
cedure.

There was stability in sedimentation behavior over
a wide pH range (5-10) and an observed transition

Staphylococcal enterotoxin B has been prepared in a
highly purified state by Schantz er al. (1965) primarily
by a column-chromatographic procedure. This paper
deals with the results of an investigation of a number of
molecular parameters of the purified enterotoxin, in-
cluding its homogeneity, molecular size, shape, and
hydration, based principally on studies of ultracentrif-
ugal sedimentation, diffusion, buoyant behavior, and
viscosity.

Materials and Methods

Enterotoxin Samples. Enterotoxin was purified in
several batches from cultures of Sraphylococcus aureus
as described elsewhere (Schantz et al., 1965). After it was
determined that the different batches were indistinguish-
able in biological activity (the intravenous dose, EDj,
to produce emesis or diarrhea in rhesus monkeys was
about 0.1 ug/kg animal weight), sedimentation behavior,
and other properties, these were pooled, dialyzed to
eliminate nearly all salts, and lyophilized. For physical
measurements, samples from this stock of dried material
were dissolved in an appropriate aqueous buffer, which
in most cases was 0.05 M potassium phosphate, pH 6.8.
Solutions of enterotoxin were also initially dialyzed
against the buffer being used as solvent when this was
considered necessary, such as in the synthetic-boundary
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to a more extended structural form at pH 3.8. A net
hydration of 0.075 g water per g protein was evaluated
by extrapolation to zero sedimentation rate in aqueous
sucrose, and values of 0.158 and 0.136 g/g were obtained
from measurements of enterotoxin density (1.286 g/cm?3)
and solvated molecular weight (40,100), respectively,
in buoyant cesium chloride solution. Intrinsic viscosity
and sedimentation-diffusion data were combined to
yield a value of 2.14 X 108 for the Scheraga-Mandelkern
parameter 8. The latter is discussed in terms of its im-
plications as to the nature of the hydrodynamic entero-
toxin unit.

and approach-to-equilibrium sedimentation procedures.

Ulrracentrifugal Analysis. Most of the data were ob-
tained by ultracentrifugation, using a Spinco Model E
instrument equipped with a rotor temperature-indicating
and control unit. Both the conventional 12-mm cell
with 4° sector and the valve-type synthetic-boundary
cell were used in sedimentation velocity experiments. A
valve-type synthetic-boundary cell was also used in
measuring diffusion coefficients. In determining molec-
ular weight during the approach to equilibrium by the
method suggested by Archibald (1947), the procedure
followed was essentially that proposed by Klainer and
Kegeles (1955). This required use of both conventional
and synthetic-boundary cells. Finally, in determining
molecular weight and buoyant density by isopycnic sedi-
mentation equilibrium, a double-sector capillary-type
synthetic-boundary cell was used as suggested by Ifft and
Vinograd (1962).

Other Physical Studies. These included determination
of partial specific volume by pycnometry using a Lipkin
graduated dual-limb pycnometer (Ace Glass Co.);
measurement of intrinsic viscosity with a calibrated
Cannon-Fenske capillary viscometer; and infrared spec-
tral absorption in a Perkin-Elmer Model 21 spectro-
photometer.

Measurements and Calculations. All of the ultra-
centrifugal analyses were carried out with schlieren
optics. Measurements of photographic plates were made
either directly with a comparator or from enlarged trac-
ings. The analysis of sedimenting boundaries to deter-
mine diffusion coefficients and polydispersity involved
measurement of the second moments of schlieren curves.
The integrals required for these, as well as for the meas-
urements of ¢,, and ¢, in the Archibald method, and of
buoyant density by isopycnic sedimentation equilibrium,
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FIGURE 1: Synthetic-boundary sedimentation diagrams
of staphylococcal enterotoxin (1 g/100 ml) in 0.05 M
phosphate buffer, pH 6.8, at two different rotor speeds.
Time after reaching full speed is indicated below dia-
grams. Temperature, 20°; schlieren angle, 80°.

were obtained by numerical integration using Gauss’
mechanical quadrature formula with the roots and
weight coefficients determined by Lowan er al. (1942).
This method requires about half the number of ordinate
measurements and calculations, for a particular degree
of accuracy, as compared with the usual methods of
numerical integration.

Experimental

Sedimentation-Velocity Experiments. Through veloc-
ity ultracentrifugation alone it was possible to determine
a range of molecular properties of the enterotoxin in
solution that included heterogeneity, sedimentation and
diffusion coefficients (which, together with a partial spe-
cific volume measurement, yielded values for molecular
weight and frictional ratio), particle stability with chang-
ing pH, and net particle hydration in buoyant-sucrose
solution. Early experiments were carried out in a con-
ventional ultracentrifuge cell, but in all cases, the use of
a valve-type synthetic-boundary cell was found to be
advantageous. This procedure shortened the duration of
centrifuge runs and simplified subsequent calculations.

Representative schlieren curves obtained in synthetic-
boundary runs with solutions of enterotoxin in 0.05 M
potassium phosphate buffer, pH 6.8, are shown in Figure
1. The areas under the refractive-gradient curves, which
in all cases revealed only a single, symmetrical sedi-
menting boundary, were found, after correction for
radial dilution, to be independent of either centrifugal
field strength or time during cell traversal. Although this
indicated no apparent heterogeneity in the solutions of
enterotoxin, several more sensitive tests of homogeneity
were also performed and will be described subsequently.

Sedimentation coefficients, ss,,, were obtained from
the movement of the maximum ordinate in the schlieren
curves as listed in Table I for several initial concentra-
tions of enterotoxin. The concentration dependence of
520,10 was low, for the measured value with a solution con-
taining 1 g/100 ml was less than 7 97 below the value 2.89
S obtained by linear extrapolation to infinite dilution.

The sedimentation-velocity data were also analyzed

BIOCHEMISTRY

TABLE I: Sedimentation, Diffusion, and Molecular
Weight of Staphylococcal Enterotoxin by Velocity
Ultracentrifugation.*

Diffusion
Sedimentation Dy

Concn Concn ([cm?/

(g/100 520, (g/100 sec] X Molecular
ml) S ml) 107 Weight
1.00 2.69 1.00 7.04 35,3000
0.48 2.83 0.547 7.33
0.29 2.80 0.181 7.61
0.11 2.88 0 7.72¢
0 2.89¢

« In 0.05 M phosphate buffer, pH 6.8, at 20°. ¢ Using
the extrapolated values for 530, and Dag 4, and a meas-
ured value for Vy; of 0.743. ¢ By linear extrapolation.

for boundary spreading as a further test of homogeneity.
This was done according to the treatment of Baldwin
and Williams (1950) in which the effects of concentration
and pressure on s are neglected, and the boundary
spreading, expressed in terms of the second moment
or square of the average deviation about the mean, o2,
in the gradient-sedimentation curves, is assumed to be
caused by heterogeneity and diffusion, i.e.,

o? = (prHX1 + ) + 2D11 — wist €y

In this relation, w = angular velocity, » = distance of
maximum ordinate from the axis of rotation, 1 = time,
and p and D are polydispersity and diffusion coefficients,
respectively. For a homogeneous material, the first term
in equation (1) drops out and a plot of ¢*(1 — w?2sr)
against ¢ should be linear and should yield an apparent
value for D (from one-half the slope). Figure 2 shows an
application of this boundary-spreading analysis with
data from a pair of synthetic-boundary runs with solu-
tions of enterotoxin (1 g/100 ml) at centrifugal fields of
about 267,000 g and 23,500 g, respectively. Both sets of
data show a linearity in the plots of 02 (1 — w?sr) against
t with least-square slopes that are nearly equal and that
yield values for the apparent diffusion coefficient, Dsg,,,
of 6.97 X 1077 cm?/sec and 7.04 X 1077 cm?/sec. Inas-
much as the apparent values for D are nearly independ-
ent of centrifugal field strength, it may be concluded
that the boundary-sharpening effects due to the concen-
tration and pressure dependence of s are negligible.
These experiments, therefore, not only indicate a high
degree of enterotoxin homogeneity but also yield
apparent values for D that should not be significantly
different from true values.

Values for Dsy ., calculated as outlined from the rate
of increase of the second moment about the mean in the
gradient curves from synthetic-boundary experiments at
18,000 rpm with solutions of enterotoxin at different
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FIGUKE 2: Analysis of boundary spreading for staphylococcal enterotoxin (1 g/100 ml) in terms of the rate of in-
crease of the field corrected second moment, ¢%(1 — w2sf). The data were obtained in synthetic-boundary experi-

ments, as illustrated in Figure 1, at centrifugal fields about 267,000 g (0) and 23,500 g (®), respectively.

initial concentrations, are listed in Table I. These
extrapolate linearly to a value of 7.72 X 10-7 cm?/sec
at zero concentration. A measurement of the partial
specific volume, V5, of enterotoxin in water, using a 25-
ml pycnometer, yielded a value of 0.743. The molecular
weight of the enterotoxin, as determined by combining
Va0 with 820, and Dag 4, at infinite dilution in the Sved-
berg equation, is 35,300. These data also yield a value
of 1.26 for the frictional ratio, f/f,.

The results of a study of the effect of solvent pH on
the sedimentation behavior of the enterotoxin are given
in Table II. Over the pH range 5-10, the gradient curves
were indistinguishable from those shown in Figure 1 and
showed no significant change in s, At pH 3.8, how-
ever, both the boundary-spreading (and hence diffusion)
rate and s»0,, were considerably reduced, indicating a
structural transition to a more solvated or more extended
molecular configuration with no apparent change in
molecular weight.

Approach-to-Equilibrium Experiments. This procedure,
wherein the ultracentrifuge is employed *‘as a computing
machine to solve its ownequation” (Archibald, 1963), was
used for direct measurements of the molecular weight of
enterotoxin. Experiments were carried out at initial
enterotoxin concentrations of 1.0 and 0.5 g/100 ml in
0.05 M phosphate buffer, pH 6.8, at 20° and a rotor speed
of 18,000 rpm. Values of the molecular weight at the

TABLE 11 Variation of Sedimentation Coefficient with
pH of Staphylococcal Enterotoxin,e

8§20,

Buffer pH (S)
Carbonate 10.0 2.74
Borate 8.6 2.76
Phosphate 6.8 2.69
Acetate 5.0 2.71
Acetate 3.8 2.34

¢ 1 g/100 ml, in 0.1 ionic strength buffers.

meniscus, M,,, and at the bottom, M,, of the cell were
calculated from measurements of the schlieren curves
(see Figure 3) recorded at various time intervals and are
listed in Table III.

A comparison of the various values of molecular
weight provides a further test for the homogeneity of the
enterotoxin, Neither the comparison of M,, with M,
values nor the variation of either of these with time pro-
vides any evidence of polydispersity, in agreement with
the conclusions from sedimentation-velocity analyses.
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FIGURE 3: Ultracentrifuge schlieren patterns, during the
approach to sedimentation equilibrium, of staphyloccal
enterotoxin (1 g/100 ml) in 0.05 m phosphate buffer,
pH 6.8, at 20°. Time after reaching full speed (18,000
rpm) is indicated below each pattern. Schlieren dia-
phragm angle, 80°.

TABLE 11I1: Molecular Weight of Staphylococcal Entero-
toxin by Archibald Method.

Concn®
(g/100  Time?
ml) (min) M,, M, M,.
1.0 20 33,800 32,400
52 33,600 33,700
100 35,000 33,100
33,600
0.5 16 33,700 32,600
32 35,700 34,900
64 36,300 37,200
35,100

= In 0.05 M potassium phosphate buffer, pH 6.8, at
20°, * At rotor speed of 17,970 rpm.

While a higher internal precision would have been de-
sirable, the prevailing trend in the values for apparent
molecular weight may be partially explained on the basis
of concentration dependence. The average (35,100) of
the values obtained at an initial concentration of 0.5 g/
100 ml is in good agreement with that determined by
sedimentation velocity—diffusion measurement (35,300).

Buoyant Behavior of Enterotoxin in the Ultracentrifuge.
Both velocity and equilibrium ultracentrifugation were
employed to study the buoyant behavior of enterotoxin.
These resulted in measurements of the buoyant density,
net hydration, and apparent solvated molecular weight
of the toxin particles and provided a further test of
molecular homogeneity.

The velocity measurements were carried out with
solutions of enterotoxin (1 g/100 ml) in 0.05 M phos-
phate buffer, pH 6.8, containing varying amounts (0—
409%) of sucrose. Use of a synthetic-boundary cell pre-
vented sucrose gradients from interfering with measure-
ments of s of the enterotoxin. A plot of #,s versus p,
where 7, and p are the solvent viscosity (relative to
water) and solvent density, respectively, is shown in
Figure 4. The data follow a straight-line plot with high
precision and extrapolate to a value of 1.314 g/cm3 for
the compositional buoyant density, p,°, or density at
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FIGURE 4: Sedimentation of staphylococcal entero-
toxin (1 g/100 ml) as function of solvent density using,
as solvents, 0.05 M potassium phosphate buffer, pH
6.8, containing varying amounts of sucrose.

atmospheric pressure corresponding to zero sedimen-
tation rate.

In the equilibrium study, enterotoxin was banded in a
cesium chloride gradient formed centrifugally at 56,100
rpm and 20°. The correct base line was determined by
running the toxin—cesium chloride and reference cesium
chloride solutions, respectively, in the two channels of a
double-sector synthetic-boundary cell. The refractive-
gradient curves of the toxin and reference solutions were
simultaneously recorded with the schlieren optical sys-
tem. The comparatively low molecular weight of the
enterotoxin resulted in broad banding at equilibrium,
and it was therefore important that the initial cesium
chloride concentration be carefully selected. In this con-
nection, an exploratory experiment was carried out in
which the cesium chloride concentration used was based
upon the previously determined density (1.314 g/cm?) of
buoyant sucrose solution. This turned out to be too
high, but the experiment was useful in that it yielded
an estimate of the concentration of isopycnic cesium
chloride solution. Consequently, the next run was per-
formed with 4 mg/ml of enterotoxin dissolved in 2.58 m
cesium chloride. The duration was 26 hours, but an
analysis of the schlieren photographs taken at successive
time intervals showed that equilibrium had been
reached after 20 hours.

A typical schlieren photograph of the enterotoxin at
equilibrium in a cesium chloride density gradient is
shown in Figure 5. The biphasic refractive-gradient curve
representing the enterotoxin in cesium chloride is super-
imposed on the simultaneously recorded base line of the
reference cesiumchloride solution. It is of interest that the
enterotoxin band is barely contained within the gradient
column, which was calculated to have a compositional
density range between 1.217 and 1.366 g/cm?. Materials
of lower molecular weight would require conditions
that produce a steeper gradient, e.g., higher angular
velocity or a denser salt.
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The isopycnic radial distance, r°, was determined
from the position of the mode or intersection of the
biphasic gradient curve with the reference solution base
line. The index of refraction, n°, at r° was evaluated from
the initial reference solution refractive index n, and the
reference solution base line by the relation

™ dn
wor T

1 Th On ™ On
B M~ | Lar| @
Fpt — rm? |:J;m g or T ];m or r:| 2

which is based on the assumption that the total contents
of the cell are independent of time. In equation (2), ry,
and r, are the radial distances at the meniscus and
bottom of the cell, respectively. Because of the nearly
central position of ¥° on the gradient column, »° was
nearly equal to n,, and corresponded to a compositional
buoyant density, p,°, of 1.286 g/cm?.

The net or selective hydration, 4, was calculated from
the relation

n® =n, +

1 — p,°V

h=— P’
PV — 1

3

in which V, is the partial specific volume of water.
Values of 0.075 and 0.158 g water per g enterotoxin in
buoyant sucrose and cesium chloride, respectively,
were thus obtained.

The equilibrium distribution of enterotoxin on the
gradient column was determined from an enlarged trac-
ing of the curves in Figure 5. Numerical integration of
the two lobes of the enterotoxin-gradient curve and
reference solution base line at various radial distances
in the cell yielded values of K(n — n’) where n and n' are
the refractive indices of the enterotoxin solution and
base line solution, respectively, and Kis a machine con-
stant depending on magnification factors and other
optical parameters of the ultracentrifuge. As shown in
Figure 6 a plot of In K(n — n’) against (r — r°)? is
linear for both halves of the gradient curves, indicating
a Gaussian concentration distribution for the entero-
toxin, and therefore both density and molecular weight
homogeneity. However, the standard deviation, o,
obtained from the slope of the plot is somewhat higher
at the top side (0.165 cm) of the band than at the bottom
side (0.156 cm). A skewness of this nature was also
observed for bovine serum mercaptalbumin by Ifft and
Vinograd (1962), who attributed this behavior to the
nonuniformity of the density gradient.

In order to calculate the solvated molecular weight,
M,, of the banded enterotoxin from the expression
derived by Meselson ez al. (1957), i.e.,

RTp®

" o¥dpjdr)°wr® @

§

the only remaining quantities to be determined were p°,
the physical buoyant density, and (dp/dr)°, the density

FIGURE 5: Equilibrium distribution at 20° of staphylo-
coccal enterotoxin (4 mg/ml) in a cesium chloride
gradient as represented by simultaneously recorded
schlieren patterns for a solution of enterotoxin in 2.58
m cesium chloride and for a reference cesium chloride
solution, respectively. Recorded 25 hours after reach-
ing full speed, 56,100 rpm, at schlieren angle of 70°.

gradient at »°. A simple correction (Ifft and Vinograd,
1962) for the compressibility of the cesium chloride
solution, at the pressure at »° in the rotating liquid col-
umn, was used to derive p° from p,°. Schlieren and re-
fractive-index measurements led to a value for (dp/dr)°,
making use of the relation

dp dn  dp
- = — X — 5
dr dr X dn ©)

Using an average of the values of ¢ for the top and
bottom sides of the banded macromolecules, an appar-
ent molecular weight of 40,100 is obtained for the
solvated enterotoxin in buoyant cesium chloride. Table
IV summarizes the equilibrium data.

TABLE 1v: Results of Equilibrium Density-Gradient
Experiment with Staphylococcal Enterotoxin.«

0:° (g cm™3) 1.286
p° (g cm™?) 1.293
(dp/dr)° (gcm™%) 0.133
Ttop (cm) 0.165
Thot (cm) 0.156

h (g/g protein) 0.158
M 40,100

+ 4 mg/ml, in CsCl solution at 20°.
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FIGURE 6: Analysis of the distribution of enterotoxin in a cesium chloride density gradient at sedimentation equilib-
rium in the experiment illustrated in Figure 5. The top and bottom halves of the distribution are represented
by O and O, respectively. For a Gaussian distribution, the plot shown is linear with slope inversely propor-
tional to o2. Distances from r° corresponding to ¢ and 2¢ are noted by arrows along the abscissa.
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FIGURE 7: Infrared absorption spectra of staphylococcal enterotoxin and bovine serum albumin. The curve for
albumin was “lowered” by a distance corresponding to 2097 transmission to facilitate comparison.
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Other Measurements. All of the data (Schantz ef al.,
1965) obtained in the course of purifying the enterotoxin
indicated it to be a simple protein. The measurement for
Vo (0.743) also supports this conclusion. An additional
analysis was carried out by infrared spectrophotometry
with a dried film of enterotoxin formed from a water

solution on a KRS-5 disk. The spectral curve (Figure 7)
contained the characteristic polypeptide absorption
bands and closely approximated the curve for bovine
serum albumin. Moreover, there was no indication of a
band in the 9- to 10-u interval, such as was observed by
Levi et al. (1956) with crude extracts, and which they
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associated with both enterotoxic activity and the pres-
ence of a phospholipid moiety.

Measurements of reduced viscosity were made at 20°
in 0.05 M phosphate, pH 6.8, over the concentration
range 0.3-1.7 g/100 ml. These yielded a value of 0.0392
(g/100 ml)~! for the intrinsic viscosity, [1]. By coupling
this result with the previously obtained values for ss,
Vs, and M (2.89 S, 0.743, and 35,300, respectively)
according to the treatment of Scheraga and Mandelkern
(1953), a value of 2.14 X 108 is obtained for 3, a param-
eter related to the axial ratio of the effective hydro-
dynamic ellipsoid. This value for 3, by itself, does not
rule out oblate ellipsoids of any axial ratio, but those
with axial ratios higher than § appear to bear little
resemblance to the sedimenting unit inasmuch as they
would have effective hydrodynamic volumes, V,, lower
than that derived from the partial specific volume, a con-
dition that is contradicted by the measurements of
buoyant density. On the other hand, 8 is a much more
sensitive indicator of axial ratio for a prolate ellipsoid;
the value for enterotoxin corresponds to major and
minor axes of 92 A and 38 A, respectively, and 1.23 cm?
per g protein for the effective specific volume, NV,/M.

Discussion

Several kinds of ultracentrifugal analyses, including
velocity boundary spreading, approach-to-equilibrium
sedimentation, and equilibrium distribution in a salt
gradient, support the conclusion that the purified
staphylococcal enterotoxin possesses a high degree of
molecular homogeneity. The data show it to be a rea-
sonably compact protein molecule with a molecular
weight slightly above 35,000. In addition to its stability
over a wide pH range (from 5 to 10, at least) it has been
observed to be physically stable in solution for long
periods of time at ambient temperatures (about 20°),
The absence of dissociation over a broad range of pH
supports existing evidence from terminal residue anal-
ysis (Schantz ef al., 1965) that the enterotoxin consists
of a single polypeptide chain.

Using the data of Robinson and Stokes (1955) on
osmotic coefficients at 25°, the water activities of buoy-
ant-sucrose and cesium chloride solutions were cal-
culated to be 0.868 and 0.922, respectively. Although this
difference alone may account for the variance in the
measured values of net hydration (0.075 g/g in sucrose
and 0.158 g/g in cesium chloride), other factors such as
solute-solute interaction cannot as yet be excluded. A
value for net hydration in cesium chloride (0.136 g/g) can
also be obtained from a comparison of the solvated and
anhydrous molecular weights (40,100, and 35,300,

respectively). It is not surprising that this is lower than
the figure obtained from p,°, for the value of (dp/dr)°
used in equation (4) is too large (Hearst and Vinograd,
1961) in that it neglects the change in the hydration of
the protein through the band and therefore leads to
apparent values of M, that are too small.

It is of interest to speculate on the meaning of the
difference between the effective specific and partial
specific volumes, although no basis exists at this time for
any definite conclusions. One possibility is the inclusion
of solvent in the interior of a somewhat swollen protein
molecule. On the other hand, if the prolate ellipsoidal
model is a reasonable approximation of the hydro-
dynamic unit and the value of 3 lies somewhere between
2.12 and 2.16, the volume difference may be due entirely
to an outer shell of bound solvent 2.5-6.2 A, i.e., one or
two monomolecular layers, thick surrounding a tightly
folded polypeptide chain. Other studies, such as low-
angle X-ray scattering, may provide a firmer basis for
an attempt such as this to relate the values of 7 and
NVe/M.
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