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Self Crowding of Globular Proteins Studied by Small-Angle X-Ray
Scattering

David P. Goldenberg* and Brian Argyle
Department of Biology, University of Utah, Salt Lake City, Utah

ABSTRACT Small-angle x-ray scattering (SAXS) was used to study the behavior of equine metmyoglobin (Mb) and bovine
pancreatic trypsin inhibitor (BPTI) at concentrations up to 0.4 and 0.15 g/mL, respectively, in solutions also containing 50%
D,0O and 1 M urea. For both proteins, significant effects because of interference between x-rays scattered by different molecules
(interparticle interference) were observed, indicating nonideal behavior at high concentrations. The experimental data were
analyzed by comparison of the observed scattering profiles with those predicted by crystal structures of the proteins and a
hard-sphere fluid model used to represent steric exclusion effects. The Mb scattering data were well fit by the hard-sphere model
using a sphere radius of 18 A, only slightly smaller than that estimated from the three-dimensional structure (20 A). In contrast,
the scattering profiles for BPTI in phosphate buffer displayed substantially less pronounced interparticle interference than
predicted by the hard-sphere model and the radius estimated from the known structure of the protein (15 A). Replacing the
phosphate buffer with 3-(N-morpolino)propane sulfonic acid (MOPS) led to increased interparticle interference, consistent
with a larger effective radius and suggesting that phosphate ions may mediate attractive intermolecular interactions, as
observed in some BPTI crystal structures, without the formation of stable oligomers. The scattering data were also used to
estimate second virial coefficients for the two proteins: 2.0 x10™* cm®mol/g® for Mb in phosphate buffer, 1.6 x10 cm®mol/g?
for BPTI in phosphate buffer and 9.2 x10* cm®mol/g? for BPTI in MOPS. The results indicate that the behavior of Mb, which
is nearly isoelectric under the conditions used, is well described by the hard-sphere model, but that of BPTI is considerably
more complex and is likely influenced by both repulsive and attractive electrostatic interactions. The hard-sphere model may

be a generally useful tool for the analysis of small-angle scattering data from concentrated macromolecular solutions.

INTRODUCTION

In recent years, increasing attention has been directed
toward the behavior of proteins and nucleic acids under
conditions of high macromolecular concentrations, in
contrast to the relatively dilute solution conditions histor-
ically used for most biochemical and biophysical studies.
Interest in the interactions among macromolecules at high
concentrations has been motivated by the recognition that
in vivo environments are highly crowded, as well as by
practical concerns such as the preparation of protein phar-
maceuticals (1,2) and optimization of conditions for pro-
tein crystal growth (3-7). Theoretical, computational,
and experimental approaches have all been used to study
the effects of crowding, with most experimental studies
focused on a relatively small number of proteins,
including hemoglobin (8), serum albumin (9-14), hen
lysozyme (5,15-19), and ovalbumin (20,21). Studies of
these proteins suggest that their behavior at high concen-
trations are influenced by both hard repulsive interactions
and weaker interactions that can be either repulsive or
attractive.

Among the experimental techniques used to characterize
macromolecules at high concentrations, static light scat-
tering and small-angle scattering of x-rays or neutrons
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(SAXS and SANS) provide information about intrinsically
weak intermolecular interactions from the interference of
electromagnetic radiation scattered from different mole-
cules. In the case of light scattering, the wavelength of the
radiation is much greater than the molecular dimensions,
and only the interference between waves scattered from
different particles is significant. For x-rays and neutrons,
with much shorter wavelengths, interference can arise
both from waves scattered from different atoms in the
same molecule and waves scattered from atoms in different
molecules. At low concentrations, the effects from within
molecules dominate SAXS and SANS, and the scattering
profiles reflect the molecular structure. At higher concentra-
tions, interference between x-rays or neutrons scattered
from different molecules (interparticle interference) can
become significant. Whereas analysis of molecular struc-
tures is most easily carried out using SAXS or SANS pro-
files measured at, or extrapolated to, low concentrations,
interparticle interference observed at higher concentrations
can provide additional information about the distribution
of molecules in solution and their influence on one another.
Although the experimental implementations differ, the
information about intermolecular interactions derived from
light scattering and from small-angle scattering are funda-
mentally equivalent.

Mathematically, the intensity, /, of small-angle scattering
as a function angle and concentration can be written as a
product of two functions of the scattering angle (expressed
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as ¢, the scattering vector magnitude), P(qg) and S(g,c) as
follows:

1(q,c) = cKP(q)S(q;c), )

where c is the particle concentration, expressed here in units
of g/mL, and ¢ = (4 sin ) /. 6 is one half of the scattering
angle, and A is the x-ray or neutron wavelength. The func-
tion P(g), the form factor, represents the shape of the scat-
tering profile in the absence of interparticle interference
and is the Fourier transform of the distribution of intramo-
lecular distances. At zero scattering angle, the form factor
is unity. S(g,c), the structure factor, reflects the interparticle
contributions to the scattering profile and is unity in the limit
of low concentration. The dependence of the structure factor
on g and c reflects the distribution of particles in the solution
and can be derived analytically for simple models or calcu-
lated using Monte Carlo methods. The constant of propor-
tionality, K, reflects the volume and scattering contrast of
the particles.

In this study, SAXS was used to characterize the self-
interactions of two globular proteins, equine metmyoglo-
bin (Mb) and bovine pancreatic trypsin inhibitor (BPTI),
as part of a more general study of the crowding effects
among globular and disordered proteins (22-24). The
experimental scattering profiles have been interpreted by
direct fitting to the form factors predicted by the known
three-dimensional structures of the proteins and the struc-
ture factor for a hard-sphere fluid. In addition, second
virial coefficients, which reflect the strength of pairwise
intermolecular interactions, were estimated from the
zero-angle scattering intensities. Both analyses indicate
that the behavior of Mb at high concentrations is well
described by a hard-sphere model using an effective
radius only slightly smaller than that estimated from the
crystal structure. In contrast, the data for BPTI indicate
significant attractive interactions, particularly in the pres-
ence of phosphate ions, which may act as bridges between
nearby molecules. These results highlight the potential
effects of specific structural features, even as manifested
in the general behavior of macromolecules at high
concentrations.

MATERIALS AND METHODS
Protein samples

Bovine pancreatic trypsin inhibitor (Aprotinin) was purchased from
Roche Applied Science, Indianapolis, IN. Myoglobin from equine heart
was purchased from Sigma-Aldrich, St. Louis, MO (catalog number
M1882) and was assumed to be in the metmyoglobin (Fe III) form
(25). Both proteins were supplied as lyophilized powders and used
without further purification. Concentrations of BPTI solutions were deter-
mined by absorbance at 280 nm, assuming an extinction coefficient of
5400 cm™'M™' (26). Myoglobin concentrations were determined
by absorbance at 500 nm, assuming an extinction coefficient of
10,000 cm~'M ™! (25). BPTI and Mb samples for SAXS measurements
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were prepared by dissolving the lyophilized proteins in buffer solution
containing 50% D,O (vol/vol), 1 M urea, and either 50 mM Na-
Phosphate, pH 7, or 50 mM 3-(N-morpolino)propane sulfonic acid
(MOPS), pH 7. The protein solutions were concentrated by ultrafiltration
using Amicon Ultra-15 centrifugal filter units (Millipore, Billerica, MA)
with Ultracel-3 cellulose membranes (3,000 or 10,000 Da cutoff for
BPTI or Mb, respectively), and the flow-through fractions were used as
reference samples for the SAXS measurements.

Small angle x-ray scattering

SAXS data were measured using an Anton Paar (Graz, Austria) SAXSess
instrument with a sealed-tube x-ray source and line-collimation, as
described by Jeffries et al. (27). The x-ray intensities were recorded using
two-dimensional phosphor image plates, which were read using either a
Perkin-Elmer (Waltham, MA) Cyclone scanner or a Molecular Dynamics
Typhoon scanner (GE Healthcare, Pittsburgh, PA). The x-ray wavelength
was 1.5418 A (Cu K,); the sample to detector distance was 264.5 mm;
and the sample slit width was 10 mm. Data were recorded for 2 to 4 h.
The image data were integrated using the program ImagelJ (http://rsb.info.
nih.gov/ij) with locally written macros. The width of the integration area
(detector slit width) was 10 mm. Relative errors were calculated as the
square root of the integrated intensities. For each sample, a reference
scattering curve was recorded using a sample blank with identical buffer
composition, and the reference curve was subtracted directly from the
sample curve before any further analysis. Absolute scattering intensities,
with units cm ™', were calibrated using a water reference as described by
Orthaber et al. (28).

The experimental SAXS data for BPTI and Mb were fit to profiles pre-
dicted from the atomic coordinates of these proteins (Protein Data Bank
(PDB) entries 4pti and 1ymb, respectively). The predicted profiles were
calculated using the program CRYSOL with the default parameters,
including a bulk solvent density of 0.334 electrons/A, a hydration layer
3 A thick, and a scattering contrast of 0.03 electrons/A® for the hydration
layer (29,30). To account for interparticle interference in solutions of
high concentration, the predicted molecular scattering profiles (form
factors) were multiplied by the theoretical structure factor for a solution
of hard spheres, based on the Percus-Yevick treatment (31-33) (Eqs. 1-4
of (33)). The experimental data were fit to the model with four
adjustable parameters: an overall scaling factor, a constant offset, and
the two parameters defining the Percus-Yevick model, the radius of the
particles (r) and their volume density (¢). The simulated SAXS
curves were convolved with the experimental beam-length profile and
the detector integration profile, so as to match the smearing effects attrib-
utable to the line-collimation geometry used in the experimental
measurements.

To estimate the scattering intensities at zero angle, the slit-smeared data
were corrected using a numerical algorithm based on the iterative method
of Lake (34), with a smoothing step included at each iteration to minimize
the introduction of excess noise. The correction incorporated both the
experimental beam-length profile and the detector integration profile.
No correction was introduced for the beam width, which was less than
5% of the beam length. For Mb and BPTI in phosphate buffer, estimates
of the radius of gyration (R,) and the scattering intensity at zero angle
(1(0)) were determined by fitting the data to the Guinier equation as
follows:

I(q) = 1(0)e 7%/ @)

where R, is the radius of gyration. The intensity data were weighted by their
uncertainties, estimated from the relative scattering intensities, and the
reported uncertainties in R, are the standard errors derived from the fitting
procedure. For data from BPTI in MOPS buffer, which displayed a
decrease in scattering intensity at very low g, the data were linearly extrap-
olated to ¢ = 0.
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SAXS data processing calculations and analyses were carried out using
locally written software, the Utah SAXS Tools, available from http://
bioweb.biology.utah.edu/goldenberg/software.shtml.

Other calculations
The constant K of Eq. 1 was calculated as follows:

_ MV Ap?
=N

K 3

where M is the molar mass, v is the partial specific volume of the particles,
Ap is the scattering contrast between the particle and solvent, and N, is
Avogadro’s number. The following parameter values were used: molar
masses for BPTI and Mb, 6,513 and 17,800 g/mol, respectively;
¥ = 0.74 cm?/g; the solvent scattering density for 1 M urea in 50% D0,
Psor = 9.5 x 101%m~2; and scattering densities for BPTI and Mb (calcu-
lated using the MULCH web server (35)), p,, = 12.46 x 10'%cm~2 and
12.15 x 10'°cm™2, respectively; Ap = p,, — Pop-

Second virial coefficients for BPTI and Mb were predicted using the pro-
gram COVOL (36). The axial ratios used as inputs to COVOL were calcu-
lated from the crystal structures of BPTI and Mb using the PROTRUDER
program (36,37). The axial ratios calculated for BPTI were a/b = 1.63
and b/c =1.18, and those for Mb were a/b=1.11 and b/c = 1.61.
From their amino acid sequences, the net charge of BPTI at pH 7 was
assumed to be +6, and Mb was assumed to be uncharged. The ionic
strength of the 50 mM, pH 7.0 Na-phosphate buffer used in these studies
was calculated to be 0.108 M.

To determine radii for equivalent spheres used to represent Mb and BPTI
(rp,.o,e,-,,), the covolumes of the native proteins and spheres of radius 2.5 to
30 A were calculated using a grid-search algorithm. The calculated
covolumes were then plotted as a function of the probe-sphere radius (ry)
and fit to the expression as follows:

4
V = ?ﬂ'(rprotein + I‘5>3, (4)

Excellent fits were obtained (R*>>0.99), yielding values of 15.3 and 20.3 A
for the radii of BPTI and Mb, respectively, which were rounded to 15 and
20 A for subsequent calculations.

RESULTS AND DISCUSSION

The conditions for these measurements were chosen to be
compatible with the SANS experiments described in the
accompanying paper (24), including 50% D,0O. The inter-
pretation of our previous SANS measurements of A N was
complicated by the presence of aggregates, the formation
of which was likely promoted by the presence of D,O
(22). To counter this effect, urea was added to a concentra-
tion of 1 M in all of the samples used for the present
study. Urea at this concentration does not significantly
destabilize the native conformations of BPTI or Mb
(38-40).

SAXS measurements of Mb and BPTI solutions were
carried out using a laboratory-scale instrument with a slit-
collimated x-ray beam. This geometry allows the use of
low-beam intensities, thus minimizing radiation damage,
while also providing adequate sensitivity over a range of
protein concentrations. A disadvantage of this type of instru-
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ment, however, is that the recorded scattering profile is a
convolution of the ideal scattering profile, as would be
generated using a pin-hole collimated beam, and the linear
beam profile. As described previously (23), we have used
two approaches to analyzing the convolved, or smeared,
data. The first method is to apply a numerical deconvolution
of the data, commonly referred to as desmearing. The
second is to directly compare the smeared experimental
data with model data that have been numerically convolved
to simulate the instrument effect.

Myoglobin

SAXS data for Mb at concentrations up to 0.4 g/mL are
shown in Fig. 1 A. The experimental data for 0.09 g/mL
Mb were well fit by the form factor predicted from the
Mb crystal structure. At higher concentrations, however,
there was a marked deviation from the predicted profile,
which is most apparent from the nonlinear increase in the
scattering intensity at zero angle, as plotted in Fig. 1 B.
At 0.3 and 0.4 g/mL, the zero-angle intensity actually
decreased.

For a hard-sphere fluid, the structure factor at zero
scattering angle, S(0,c), is predicted to depend only on
the volume density of particles as follows:

(1-¢)*

5
(1+2¢) ©

5(0,¢) =

where ¢ is the fraction of the solution volume occupied by
the spherical particles. If the particle concentration, c, is
specified in g/mL and V is the sphere volume, then ¢ can
be written as follows:

¢ = VicNa/M (©6)

and the zero-angle scattering intensity can be written as
follows:

(1 —VyeNy /M)

1(0,¢) = cK 3
(14 2V,eNy /M)

)

The zero-angle intensities for Mb were fit to Eq. 7, with K
and V; the only adjustable parameters (Fig. 1 B). The fit
value of K was 12 cm?/g, in good agreement with the value
calculated from Eq. 3 and the molecular parameters for Mb
specified in Materials and Methods, 11.4 cm? /g. The fit
value of V, was 2.3 x 1072°cm?, corresponding to a
spherical radius of 18 A, compared with a radius of 20 A
calculated from the crystal structure.

To further analyze the Mb SAXS data, the full profiles
were fit to a model based on the form factor, P(g), calculated
from the crystal structure and the structure factor, S(g,c), for
a solution of hard spheres (32,33). The expression for the
structure factor includes two parameters, r, the sphere radius
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FIGURE 1 Small angle x-ray scattering from horse metmyoglobin in

50% D,0, 1 M urea and 50 mM Na-phosphate, pH 7.0. (A) SAXS data
were recorded using a line-collimated x-ray beam, and the experimental
data are uncorrected for smearing. The decrease in intensity below
q:O.OLZC is attributable to absorption by the semi-transparent beam
stop. Error bars represent relative uncertainties proportional to the square
root of the measured intensities. The experimental data for 0.009 g/mL
Mb were fit to the form factor predicted from the Mb crystal structure
(PDB entry lymb), after numerically convolving the predicted profile
with the beam profile. For the higher Mb concentrations, the SAXS
data were fit using a model incorporating the Mb form factor and the
structure factor, S(g,c), for a solution of hard spheres, as described in
the text. (B) Scattering intensities at zero angle were estimated by extrap-
olation of Guinier plots of numerically desmeared data. The curve repre-
sents a fit of the experimental data to Eq. 7, which is derived from the
model for a solution of hard spheres, yielding an estimate of 18 A for
the particle radius, as described in the text. To see this figure in color,
go online.

and ¢, defined above. The SAXS data were fit with four
adjustable parameters, r; ¢; an overall scaling factor and a
background intensity offset. As shown by the curves in
Fig. 1 A, excellent fits to this model were obtained for all
of the Mb solutions.

The structure factor functions defined by the fitting proce-
dure are plotted in Fig. 2 A. As inferred from the scattering
profiles, S(g,c) at low values of g progressively decreases as
the protein concentration increases, reflecting destructive
interference between x-rays scattered from different parti-
cles. The effect becomes more pronounced as the distribu-
tion of molecules becomes more constrained. At the
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FIGURE 2 Structure factors for myoglobin solutions, determined by
fitting to the SAXS data of Fig. 1 A, assuming a solution of hard spheres.
(A) S(g.c) plotted as a function of g at the indicated myoglobin concentra-
tions. (B) Fit values of the parameters defining the hard-sphere solution
structure factor, r the sphere radius, and ¢ the concentration expressed as
the fraction volume occupied by the spheres. The lines represent least-
squares fits to the data (excluding the value for ¢ at 0.4 g/mL myoglobin).
To see this figure in color, go online.

higher concentrations, a peak in the structure factor also ap-
pears at g, =~0.17A", reflecting constructive interference
of waves scattered from different molecules, primarily near-
est neighbors. The position of this peak indicates a nearest
neighbor distance of approximately 2w/q,, = 37A (17).
The fit parameters of the structure factor,  and ¢, are plotted
versus Mb concentration in Fig. 2 B. The average estimated
radius was 18.7 A and displayed very little change with pro-
tein concentration, and the estimated volume density of the
solution, ¢, increased linearly with protein concentration up
to 0.3 g/mL. Thus, the scattering profiles for concentrated
Mb solutions are well described by the hard-sphere model
using physically reasonable parameters.

BPTI

SAXS data recorded for 0.05, 0.1, and 0.15 g/mL BPTI, us-
ing the solution conditions described earlier, are shown in
Fig. 3 A. The dashed curves in the figure represent fits of
the experimental data to the form factor predicted from
the crystal structure of BPTI (PDB entry 4pti), without
incorporation of a structure factor to account for interpar-
ticle interference. As shown, the data for the 0.05 g/mL
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FIGURE 3 Small angle x-ray scattering from BPTI in 50% D,O, 1 M
urea and 50 mM Na-phosphate, pH 7.0. (A) SAXS data were recorded
and processed as described in the text and the legend to Fig. 1. The exper-
imental data were fit to the scattering profile predicted from the crystal
structure of BPTI (PDB entry 4pti), after numerically convolving the pre-
dicted profile with the beam profile. The dashed curves represent fits to
the predicted form factor for BPTI, without incorporation of a structure
factor. The solid curves represent fits to the BPTI form factor and the struc-
ture factor for a hard-sphere solution, with the fit parameters listed in Table
1. (B) The scattering intensities at zero angle were estimated by extrapola-
tion of Guinier plots of numerically-desmeared data. The solid curve repre-
sents the fit of Eq. 7 to the experimental data, with a fixed value of the
constant K = 5.2 cm?/g, and the fit sphere volume corresponding to a radius
of 8.4 A. The dashed curves are predicted from Eq. 7 using the same value
of K and the indicated sphere radii. To see this figure in color, go online.

sample were well fit by the predicted form factor At higher
protein concentrations, deviations from the predicted pro-
files were observed, but were much less pronounced than
those seen for concentrated Mb solutions, suggesting a
smaller degree of interparticle interference.

The BPTI SAXS profiles were also desmeared and
analyzed using Guinier plots (not shown), which yielded es-
timates of 10.2 to 12.6 A for the radius of gyration, in good
agreement with the value predicted from the crystal struc-
ture, 11 A. The extrapolated scattering intensities from
BPTI at zero angle were found to display a nearly linear
dependence on concentration, as shown in Fig. 3 B. When
the extrapolated intensities were fit to Eq. 7 with both K
and V; allowed to float, the parameters were inadequately
determined by the data. With K constrained to the value
5.2 cm?/g (calculated from the molecular parameters speci-
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fied in Materials and Methods), the data were well fit with
the value of V, = 2.5 x 10~ 2'cm?, as shown by the solid
curve in Fig. 3 B. The estimated volume corresponds to a
spherical radius of 8.4 A, substantially smaller than the
value predicted from the crystal structure, 15 A. The dashed
curves in Fig. 3 B represent the zero-angle scattering inten-
sities predicted from Eq. 7, assuming radii of 0, 10, and
15 A. Comparison of the observed and predicted intensities
confirms that the degree of interparticle interference
observed with BPTTI is substantially less than expected for
a solution of hard spheres with equivalent volumes.

The full scattering curves for the 0.1 and 0.15 g/mL BPTI
solutions were also fit to the predicted profiles incorporating
the hard-sphere structure factor with adjustable values of r
and ¢. The fit profiles are shown as solid curves in Fig. 3
A, and the fit parameter values are listed in Table 1. The
fit values of the radius were 8-9 A, in good agreement
with the value estimated from the zero-angle scattering in-
tensities, and the fit values of ¢ were 0.06-0.07, substan-
tially smaller than expected from the BPTI concentration.

All of the analyses described above indicate that the
effects of steric exclusion on BPTT under these solution con-
ditions are significantly less pronounced than expected for a
solution of hard spheres. This pattern is particularly surpris-
ing in light of the large net charge (+6) expected for this
protein at pH 7, which is predicted to enhance repulsion
beyond that expected from steric effects. That the effective
radius is smaller than predicted suggests that attractive inter-
actions must compensate for the expected steric and electro-
static repulsion.

A possible explanation for these observations may lie in
the use of phosphate as the pH buffer for these experiments.
In two crystal forms of BPTT (the type II and III forms, rep-
resented by PDB entries 5pti and 6pti, respectively), a phos-
phate ion participates in intermolecular crystal packing
contacts (41), suggesting that phosphate ions may facilitate
attractive intramolecular interactions in solution. These
interactions are illustrated in Fig. 4.

To test the possible influence of phosphate ions in solution,
SAXS profiles were recorded for BPTI solutions buffered
with 3-(N-morpolino)propane sulfonic acid (MOPS) rather
than phosphate (Fig. 5 A). The scattering profile from 0.01

TABLE 1 Hard sphere structure factor parameters for BPTI
solutions

NaPO, buffer MOPS buffer
[BPTI] (¢/mL) ¢ r(A) ¢ r (&)
0.05 - - 0.06 33
0.1 0.06 8 0.09 25
0.15 0.07 9 0.13 14

Structure factor parameters were estimated by fitting experimental SAXS
profiles to predicted profiles based on the form factor for native BPTI
and the structure factor function for a hard sphere solution, as illustrated
in Figs. 3 and 4.
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FIGURE 4 Phosphate-mediated intermolecular interactions in form II (A)
and form IIT (B) crystals of BPTL In each panel, the backbones of the two
BPTI molecules are shown in a ribbon representation, and atoms of the phos-
phate ion are shown as spheres. The side-chains from each molecule that
interact most directly with the phosphate are labeled and represented as
sticks. Drawn from the atomic coordinates of PDB entries Spti (A) and
6pti (B), using the program PyMOL (50) To see this figure in color, go online.

g/mL BPTI in MOPS closely matched the profile predicted
from the crystal structure. At higher protein concentrations,
however, the scattering profiles displayed a pronounced
downward curvature at lower scattering angles, indicative
of interparticle interference. After desmearing, the zero-
angle scattering intensities were estimated by linear extrapo-
lation and are plotted in Fig. 5 B. The extrapolated intensities
were well fit to Eq. 7, with K constrained to the value
5.2 cm?/g and a fit value of Vi = 1.3 x 1072°cm?, corre-
sponding to a sphere radius of 14.5 A, in good agreement
with the effective radius calculated from the crystal structure.
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FIGURE 5 Small angle x-ray scattering from BPTI in 50% D,O, 1 M
urea and 50 mM MOPS, pH 7.0. SAXS data were recorded and processed
as described in the text and the legend to Fig. 1. The experimental data for
0.01 g/mL BPTTI were fit to the form factor predicted from the crystal struc-
ture of BPTI, after numerically convolving the predicted profile with the
beam profile. The data for the higher BPTI concentrations were fit to the
predicted profile incorporating the BPTI form factor and the structure factor
for a solution of hard spheres. The fit values for the sphere radius and
volume fraction are listed in Table 1. (B) The scattering intensities at
zero angle were estimated by linear extrapolation of numerically desmeared
data. The solid curve represents the fit of Eq. 7 to the experimental data,
with a fixed value of the constant K = 5.2 cm*/g and the fit sphere volume
corresponding to a radius of 14.5 A. The dashed curves are predicted from
Eq. 7 using the same value of K and the indicated sphere radii. To see this
figure in color, go online.

The full scattering profiles of 0.05 to 0.15 g/mL BPTI in
MOPS buffer were fit to the form factor calculated from the
4pti crystal structure and the hard sphere structure factor.
The fit profiles are shown as solid curves in Fig. 5 A, and
the fit values of the hard-sphere parameters are listed in
Table 1. Although the fit values for the volume fraction
occupied by the spheres increased as expected with the
BPTI concentration, the fit radius decreased with protein
concentration, from 33 A for 0.05 g/mL BPTI to 14 A at
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0.15 g/mL. In addition, the fit of the hard-sphere model to
the experimental data was notably poorer for the highest
concentration. These patterns suggest that the behavior of
BPTI, even in the absence of phosphate, is more complex
than observed with Mb.

Although the results described above strongly indicate a
specific role for phosphate ions in mediating interactions
among BPTI molecules in concentrated solutions, there is
no evidence from the scattering profiles for a significant frac-
tion of dimeric molecules or higher oligomers, as might be
implied from the crystal interactions illustrated in Fig. 4.
The models used to fit the data were based on the structure
of a BPTI monomer, with the deviation from nonideal
behavior described by the structure factor parameters listed
in Table 1. Over the years, there have been several reports
that BPTI can take on a variety of oligomeric forms (reviewed
in (42)), but the most systematic studies of this question indi-
cate that a decamer is the only oligimer that is significantly
populated in solution, and only in the presence of high salt
concentrations or pH values less than 5 or greater than 9
(42,43). The expected SAXS profile for the decamer is clearly
distinguishable from those shown in Fig. 3 A, as illustrated in
Fig. 1 C of our previous study (22). All of the available evi-
dence thus indicates that the monomer is the predominant
form under the conditions described in this study, with the
phosphate ions contributing to transient interactions that shift
the distribution of intermolecular distances toward shorter
lengths, without leading to significant oligomerization.

Second virial coefficients

The observed effects of interparticle interference in the
SAXS profiles of Mb and BPTI can also be interpreted in
terms of a second-order virial expansion. Because the
scattering intensity depends on transient fluctuations in the
distribution of particles, the structure factor at zero angle
is related to the osmotic compressibility of the solution
(0I1/dc) as follows:

RT (011

where IT is the osmotic pressure; R is the gas constant; and T
is temperature. If the osmotic pressure is represented by a
virial expansion, then the structure factor can be written as
follows:
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nator and to express the second virial coefficient as
Ay = B)N, /Mz, with units of cm3m01/g2. In this form, the
zero-angle scattering intensity is written as follows:

1
10,¢) = K—— 10
(0.) = K5 am (10)

The value of A, can be estimated by fitting experimental
scattering intensity data measured at different concentra-
tions to Eq. 10, an analysis that is analogous to the deter-
mination of A; from a Zimm plot of static light
scattering data. The second virial coefficient is an intrinsic
property of the particles in a given solvent and is usually
interpreted as reflecting the tendency of the particles to
interact pairwise, with attractive interactions giving rise
to negative values and repulsive interactions (including
steric overlap) leading to positive values. Interest in this
parameter for protein solutions has been stimulated by
the observation that measured values under conditions
favorable for crystallization are typically negative and lie
within a relatively narrow range, from approximately
—1073 ecm®mol/g® to zero (4-7).

Fig. 6 A shows the results of fitting the zero-angle scat-
tering intensities for Mb and BPTI to Eq. 10, with the values
of K fixed to those calculated from the molecular properties.
The fit values of A, were 2.0x10~* cm3m01/g2 for Mb,
1.6x10~* cm’mol/g® for BPTI in phosphate buffer, and
9.2x10~* cm®mol/g” for BPTI in MOPS.

For a solution of hard spheres, A; is positive and is related
to the sphere volume and molar mass according to
Ay = 4V,Ny /Mz. If Mb is treated as a sphere of radius
20 A, the predicted value of A, is 2.6x10~% cm®mol/g?, in
reasonable agreement with the experimental result. For
BPTI, the hard-sphere model (assuming a radius of 15 A)
predicts A, = 8.0 x 10’4cm3mol/g2, close to the value
measured in MOPS buffer but fivefold greater than that esti-
mated in phosphate buffer.

Predicted values of the second virial coefficient were also
calculated using the program COVOL, which estimates the
steric contribution to A, by approximating the protein struc-
ture as a triaxial ellipsoid and calculates an electrostatic
repulsion contribution using the Debye-Hiickel theory and
assuming a uniform distribution of net charge (36). For
Mb, which has an isoelectric pH close to 7, the elec-
trostatic component was assumed to be negligible, and
the value of A, calculated for steric exclusion was

1

S(0,¢)

where B,, B3, and B; are the second, third, and i virial
coefficients, expressed in volume units. Common practice
is to limit the expansion to the second term in the denomi-

14 2¢BoN, /M + 3¢2B3(N, /M) + -+ + ici-'By(N, /M) + -

®

2.8 x 10~*cm®mol /g, only slightly higher than that esti-
mated from the hard-sphere model. Because BPTI carries
a large net charge (+6) at neutral pH, electrostatic repulsion
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FIGURE 6 Analysis of zero-angle scattering intensities using the second-
order virial representation. (A) The measured scattering intensities for Mb
and BPTI were fit to Eq. 10, with the values of K fixed to those predicted by
Eq. 3 and the molecular parameters specified in Materials and Methods. In
each case, the curve indicates the range of concentrations used for the fit.
The fit values for A,, the second virial coefficient, were 2.0 X 10’4,
1.6 x10™, and 9.2 x10™* cm®mol/g* for Mb, BPTI in phosphate buffer
and BPTI in MOPS, respectively. (B) Predicted dependence of I (0) for
myoglobin, assuming ideal behavior, the analytic form of the hard-sphere
structure factor (Eq. 7) or second- or third-order virial representations of
S (0) (Eq. 9). In each case, a sphere radius of 20 A was used, and K was
assumed to have the value calculated from the molecular properties of
Mb. (C) Predicted dependence of I (0) for BPTI, using the same represen-
tations as in panel B. For these calculations a sphere radius of 15 A was
used, and K was assumed to have the value calculated from the molecular
properties of BPTI.
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is expected to contribute further to a positive second
virial coefficient, and the total predicted value of A, is
2.0 x 10~3*cm*mol/ gz, more than 10-fold greater than the
value estimated from the SAXS data for BPTI in phosphate
buffer and approximately twice that estimated in MOPS.

The discrepancy between the predicted values of A, for
BPTI and those measured experimentally, under both buffer
conditions, implies additional factors that compensate for
both steric exclusion and electrostatic repulsion among
BPTI molecules at high concentration. Factors that have
been proposed to contribute to the second virial coefficient
for proteins include van der Waals interactions, interactions
with other solvent components, and specific electrostatic
interactions that are not accounted for by simple models
such as used in COVOLV. In addition to the apparent effect
of phosphate ions, electrostatic interactions may be particu-
larly important for BPTI, which has a markedly asymmetric
distribution of charges that are likely to interact attractively
when the molecules take on some relative orientations. The
importance of orientation-specific attractive interactions
have been emphasized by Neal et al. (44), and in a detailed
modeling study of BPTI by Kim and Song (45).

Although the treatment of scattering data using a second-
order virial expansion has the advantage of being indepen-
dent of any specific structural model, it also suffers from
some limitations. One difficulty lies in determining a range
of concentrations for which the approximation is appro-
priate. To estimate a nonzero value of A,, the range must
include concentrations for which deviations from ideal
behavior are detectable, but higher-order terms may also
be significant at these concentrations. This point is illus-
trated in panels B and C of Fig. 6, which shows the predicted
dependence of 7(0) on concentration assuming four models:
ideal behavior, the hard-sphere fluid model represented by
Eq. 7, and second- and third-order virial approximations
to the hard-sphere model. For the calculations in panel B,
r = 20A and the constant K in Egs. 7 and 10 was calculated
from the molecular properties of Mb; the curves shown in
panel C were calculated using r = 15A and the properties
of BPTI. Deviation from ideal behavior is seen at concentra-
tions greater than ~ 0.02 g/mL, but deviations between the
second-order and full representations of the hard-sphere
model also become apparent at concentrations greater
than ~ 0.05 g/mL, where higher-order terms become signif-
icant. Although the second-order approximation may be
adequate to account for experimental data at the higher con-
centrations, as seen here with Mb and BPTI, the fit value of
A, may not represent the true second virial coefficient or be
easily interpreted. Winzor and colleagues have also argued
that the second virial coefficients determined from scat-
tering experiments do not truly represent the pairwise inter-
action potential between macromolecules when additional
cosolvents species, such as buffers, are present (46-48).
Although this argument has been disputed (49), the
results shown here for BPTI in phosphate buffer clearly
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demonstrate the influence of another solution component on
the apparent virial coefficient.

CONCLUSIONS

SAXS measurements of concentrated solutions of BPTI and
Mb revealed distinctly different self-interaction properties
of the two proteins. For Mb, the concentration dependence
of the SAXS profiles was well accounted for by a model
for a solution of hard spheres, with radii independent of pro-
tein concentration and comparable with that of the known
Mb structure. For BPTI in phosphate buffer, the deviations
from ideal behavior were found to be significantly smaller
than expected from the known size and net charge of the
protein, but could be accounted for by the hard-sphere
model using a radius substantially smaller than indicated
by the crystal structure. Replacing phosphate with MOPS
increased the apparent radius of BPTI, as estimated by anal-
ysis of the zero-angle scattering intensities, to approxi-
mately that predicted from the crystal structure, consistent
with the hypothesis that phosphate promotes attractive inter-
actions between BPTI molecules. There were, however, no
indications of the formation of stable dimers or higher olig-
omers under any of the conditions examined. The effective
radii estimated from fitting the entire scattering profiles of
BPTI in MOPS buffer were found to depend on protein con-
centration (Table 1), suggesting more complex behavior.

The analyses described in this study also highlight the
utility of the hard-sphere fluid model in interpreting exper-
imental studies of globular proteins at high concentrations,
an approach suggested by Minton and Edelhoch more than
30 years ago (9). Although this model represents an extreme
simplification, comparison with experimental data can sug-
gest either that steric exclusion is the dominant factor deter-
mining intermolecular interactions, as with Mb, or that
additional factors, such as electrostatic repulsion or attrac-
tion, are likely to play significant roles. Even for BPTI,
the experimental scattering data for most of the conditions
examined were well fit using the hard-sphere structure
factor, and the deviations between the effective hard sphere
radius derived from the fitting procedure and that expected
from the known structure of BPTI provide a means of
assessing the net effect of additional repulsive or attractive
interactions. The effective hard-sphere radius can be con-
sidered an alternative to the second virial coefficient as a
parameter for assessing nonideal behavior at high macro-
molecular concentrations, with the advantage of a simple
physical interpretation. In addition, the hard sphere model
can be applied over a very wide range of concentrations
without introducing additional parameters. Further use of
this model for the analysis of small angle scattering
data will likely provide additional insights into its general
applicability and the variety of macromolecular behaviors
under highly crowded conditions resembling those found
intracellularly.
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