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ABSTRACT The effects of additives used to stabilize protein structure during crystallization on protein solution phase
behavior are poorly understood. Here we investigate the effect of glycerol and ionic strength on the solubility and strength of
interactions of the bovine pancreatic trypsin inhibitor. These two variables are found to have opposite effects on the
intermolecular forces; attractions increase with [NaCl], whereas repulsions increase with glycerol concentration. These
changes are mirrored in bovine pancreatic trypsin inhibitor solubility where the typical salting out behavior for NaCl is
observed with higher solubility found in buffers containing glycerol. The increased repulsions induced by glycerol can be
explained by a number of possible mechanisms, all of which require small changes in the protein or the solvent in its
immediate vicinity. Bovine pancreatic trypsin inhibitor follows the same general phase behavior as other globular macromol-
ecules where a robust correlation between protein solution second virial coefficient and solubility has been developed. This
study extends previous reports of this correlation to solution conditions involving nonelectrolyte additives.

INTRODUCTION

Most of the detailed information of the molecular structure
of biological molecules has been derived from x-ray crys-
tallography. Considerable advances have been made in
methods of protein production and purification as well as in
instrumentation and computational methods to analyze the
x-ray data (McRee, 1993; Drenth, 1994). As a result of the
relative availability of proteins and the relative ease of
analysis of scattering data, the bottleneck of protein struc-
ture determination is the growth of high quality crystals
(McPherson, 1990).

A knowledge of the protein solution phase behavior is
crucial for the development of methods to grow high quality
crystals. Solubility depends on many factors, including the
solvent, temperature, and pressure. The solvents used are
often complex aqueous mixtures of buffer salts with organic
solvents and surfactants sometimes added as well. How
each of these additives alters solubility is largely unex-
plored. As a result, methods for choosing crystallization
conditions are largely empirical and derived from a knowl-
edge of conditions that have worked in the past (McPherson,
1982).

Recently, George and Wilson observed that the osmotic
second virial coefficient of protein solutions falls in a nar-
row range when measured under crystallizing conditions
(George and Wilson, 1994; George et al., 1997). The second
virial coefficient is a measure of the strength of protein
interactions. A positive value indicates that the proteins are
repulsive, and a negative value indicates attractions (Mc-
Quarrie, 1976). The virial coefficients found by George and

Wilson were slightly negative at conditions where high
quality crystals were grown. Using this method as a quick
diagnostic provides a way to determine if the conditions for
selected crystallization are correct without the long waiting
period necessary for actual crystal growth.

A quantitative link between the second virial coefficient
and the solubility behavior was established by treating the
proteins as interacting with simple, centrosymmetric inter-
action potentials (Rosenbaum et al., 1996). This analysis is
based on proteins crystallizing under conditions where they
experience attractions that have an extent that is a small
fraction of the protein diameter. This analysis also provided
insight into origin of the metastable liquid-liquid phase
separation observed in many protein solutions under condi-
tions of strong attractions (Rosenbaum and Zukoski, 1996;
Fine et al., 1996). These studies suggest that at the same
appropriately normalized second virial coefficient, large
classes of globular proteins will have the same dimension-
less solubility. This observation has been confirmed for a
variety of systems where the suspending solvent is com-
posed of a buffer and a strong electrolyte for proteins that
are relatively symmetric and have with small dipole mo-
ments (Rosenbaum and Zukoski, 1996; Fine et al., 1996).

However, many protein crystallization solvents are com-
plex mixtures containing polymers, polyols, and metal ions
(McPherson, 1982). The role of these additives is poorly
understood. Polyols, a common ingredient in these crystal-
lization cocktails, have been shown to stabilize protein
structure (Sousa, 1995; Gekko and Timasheff, 1981). Poly-
ols contain hydrocarbon chains with multiple hydroxyl
groups that allow hydrogen bonding with water and include
a number of natural compounds, such as sugars, polysac-
charides, and glycerol, as well as synthetic polymers such as
polyethylene glycol. How these additives alter the correla-
tion between second virial coefficient and solubility is
largely unexplored.
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Glycerol has the property of stabilizing protein structure
(Sousa, 1995). As a result, if crystallization occurs over a
long period of time, glycerol is a useful candidate to be part
of the crystallization solvent and is often included for this
purpose. Priev et al. (1996) studied the effect of glycerol on
the specific volumes of several proteins, sugars, and amino
acids. Their work indicates that the addition of glycerol
decreases the volume of the protein core by 8% resulting in
a reduction in the radius of an equivalent sphere by only
2.6%: a small distance for most proteins with radii of
several nanometers. However, Priev et al. also suggested the
addition of glycerol increases hydration at the particle sur-
face. Larger molecules, such as proteins, show a net de-
crease in volume because they have a large core and internal
effects dominate. For the small molecules, such as sugars
and amino acids, surface effects dominate, and the specific
volume increases. In addition, compression of the protein
core may alter the extent to which different amino acids are
exposed or buried in the presence of the additive. Thus
depending on the protein surface chemistry, size, and flex-
ibility, glycerol may alter the protein in a number of ways.
Changes in protein size or surface characteristics can have
large effects of protein interactions and thus on solubility.
As a consequence, we anticipate that addition of glycerol
will alter protein phase diagrams. Here we explore both how
glycerol alters interaction strength and solubility and thus
provide an additional test of the correlation of Rosenbaum
et al. (1996).

Bovine pancreatic trypsin inhibitor (BPTI) was chosen
for these studies as it has been characterized by a number of
techniques and has served as a model protein for a number
of studies (Creighton, 1974; Amir et al., 1992; Lakowicz et
al., 1987). BPTI consists of a single chain of 58 amino acids
with a molecular weight of 6511 g mol21 containing three
disulfide bonds (Kassell, 1970), making it extremely stable
at room temperature (Makhatadze et al., 1993). From the
crystal structure (1BPI, Brookhaven Databank), the protein
is known to be ellipsoidal with a major axis diameter of
;2.9 nm and a minor axis diameter of 1.9 nm with an
equivalent diameter of an unhydrated sphere determined
from diffusivity measurements of 2.48 nm (Gallagher and
Woodward, 1989). The isoelectric point of BPTI is;10.5
(Wuthrich and Wagner, 1979). Using the pKa values deter-
mined by Wuthrich and Wagner, BPTI carries a charge of
approximately16.2 at pH 4.9 with a dipole moment esti-
mated to be 280 Debye. Whereas there has been some
disagreement over its aggregation state at pH 4.9 (Gallagher
and Woodward, 1989; Scholtan and Lie, 1966; Lafont et al.,
1996, 1997; Wills and Georgalis, 1981), BPTI has been
studied as a model protein for crystallization experiments
(Lafont et al., 1994).

Below we describe our experimental methods in section
II before discussing the effects of glycerol and ionic
strength on BPTI second virial coefficients and solubility in
section III. These results are discussed in section IV in terms
of generalized phase diagrams and conventional colloid
interaction potentials. In section V, conclusions are drawn.

EXPERIMENTAL METHODS

Protein interactions were characterized in dilute solutions by static light
scattering. For particles small relative to the wavelength of the incident
light, the behavior is governed by the Raleigh scattering equation,
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in which K is an optical constant,c is the mass concentration,Ru is the
Rayleigh ratio, MW is the molecular weight of the protein,B2 is the second
virial coefficient, andNA is Avogadro’s number.B2 provides an integral
measure of protein-protein interactions with positive values indicating
repulsions and negative values reflecting attractions. The optical constant
K depends on the scattering properties of the chosen system,
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in which l is wavelength of the incident radiation in the medium,dn/dc is
the refractive index increment of the particle in a particular solvent, andns

is the refractive index of the solvent.
Static-light scattering was performed using a Brookhaven Instruments

BI-200SM goniometer. Both a Spectra-Physics 60 mW He-Ne laser at
632.8 nm and a Lexel Laser Argon-Ion Model 95 laser operating at 514 nm
were used. The sample cell, which consisted of a glass test tube, was
contained in a constant temperature bath of index matching fluid, dodeca-
hydronapthylene. The index matching fluid was filtered through a 0.2-mm
filter to remove dust. The temperature of the index-matching fluid was
maintained by a recirculating bath fluid, which heated and cooled a plate
beneath the decalin bath as necessary. All experiments in this study were
carried out at 20°C with data taken at angles between 60° and 120°. Light
intensity was measured with a photomultiplier tube with the output signal
processed by a BI-9000AT digital correlator.

For each experiment, the apparatus is calibrated with toluene. The
Rayleigh ratio of toluene has been determined experimentally to be
14.023 106 cm21 at 632.8 nm (Kaye and McDaniel, 1974) and estimated
to be 323 106 cm21 at 514.5 nm (Coumou, 1960; Coumou et al., 1964;
Coumou and Mackor, 1964).

BPTI was purchased from Sigma (Aprotinin, A 1153) and was normally
used without further purification. Dry protein powder was dissolved into
solvent twice filtered through 0.02-mm Anotop inorganic syringe filters
(Altech Associates Inc). The protein stock solutions were then filtered
through 0.2-mm cellulose acetate filters at least three times followed by at
least five filtrations through 0.02-mm Anotop filters. Before filtration, both
static and dynamic light scattering from the solutions indicate the presence
of a fraction of significantly larger particles than protein monomers.

Buffer solutions were prepared by dissolving acetic acid and sodium
acetate (60 mM) in distilled water, deionized by a Millipore system (,
1026 M) so that the ionic strength was known precisely. Sodium chloride
was then added to these buffer solutions. In the case of the glycerol buffer
solutions, the distilled water solution was replaced by a glycerol/water
mixture of the appropriate weight fraction. The pH of each of the solvent
buffers was measured to be within 0.05 pH units of the desired value of 4.9
in all cases before the addition of BPTI.

The concentrations of the filtered BPTI solutions are determined by
measuring the absorbance of the solutions at 280 nm, a characteristic
protein absorbance. Both a Bausch and Lomb Spectronic 1001 spectro-
photometer and a Hewlett Packard 8453 UV-Vis spectrophotometer were
used. A calibration curve was made using unfiltered protein solutions,
which gave an extinction coefficient of 0.6926 0.008 ml/mg cm at 280
nm. The absorbance from the protein solutions did not change by a
measurable amount, indicating that a negligible amount of protein was lost
and that the large impurities were not protein aggregates. Because the
calibration curve was linear with BPTI concentrations less than 3.5 mg/ml,
following a typical Beer’s law behavior, all spectrophotometric measure-
ments were made after diluting the protein solutions to this range.
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The radius of a BPTI monomer calculated from thermal denaturation
experiments (Makhatadze et al., 1993) is 1.226 0.01 nm, which agrees
well with crystallographic results (Parkin et al., 1996; Deisenhofer and
Steigemann, 1975). As expected, the scattering data indicate that there is no
angular dependence in the measured Rayleigh ratios. Demonstrating a lack
of angular dependence ofRu gives clear evidence of the absence of any
significant fraction of large particles in solution (Kerker, 1969). In a few
cases, there was a strong angular dependence of the Rayleigh ratio on the
angle and for these samples dynamic light scattering results showed the
presence of particles approximately with a 100-nm radius. Upon filtration,
these impurities were removed, and no aggregates reformed in these
solutions.

In order to determine an absolute measure of the molecular weight, the
refractive index increment,dn/dc, of the particle in the solvent must be
known. The value used was 0.186 ml/g (Gallagher and Woodward, 1989),
which was measured for BPTI in a variety of aqueous NaCl solutions with
a standard refractometer. The refractive index increment is expected to
vary with the wavelength of the incident light (Machtle and Fischer, 1969),
but because measurements were made with white light, the wavelength of
measurement was difficult to define. For all of the solutions without
glycerol, the molecular weight of BPTI determined from static light scat-
tering at both 514 and 632.8 nm agrees with the known value of 6511
within 610%, indicating this value is accurate and the wavelength depen-
dence is small for BPTI. For the solutions that included glycerol, the
molecular weights calculated used the literaturedn/dc value gave a mo-
lecular weight that was significantly lower than the known value. This
indicates that the value of the refractive index increment is lower in these
solutions, as would be expected, because glycerol increases the solvent
refractive index. Making the difference between the particle and solvent
index smaller should reduce the value ofdn/dc.

Even at the highest ionic strength investigated, there was no evidence
from molecular weight determined from measured values ofdn/dc that
large aggregates existed in solution. This result is in agreement with
dynamic light scattering results from Gallagher and Woodward (1989),
who also showed BPTI to be a monomer in solutions between 0.1 and 0.5
M NaCl. Our results are in contrast with dynamic light-scattering results
from Lafont et al. (1994), who found significant polydispersity in samples
with 1 M NaCl or less, and dimers at higher ionic strengths even in very
dilute solutions. Later experiments by Lafont et al. (1996) give evidence
that BPTI exists as tetramers in high solvents with 1 to 2 M NaCl. In the
static light-scattering results reported here, we found no evidence for this
behavior.

Solubility was measured for BPTI by determining the concentration of
protein in the liquid in equilibrium with a macroscopically observable
solid. The method of achieving supersaturation was a membrane separation
of the protein. Typically, the BPTI solutions were reconcentrated following
static light scattering using both Centricon-3 and Centriprep-3 concentra-
tors purchased from Amicon Inc., which have a molecular weight cutoff of
3000 MW. Approximately 0.5 ml of pure solvent was allowed to pass
through the membranes before use to remove glycerol and other additives
that are shipped with the membrane. This method was used in order to
reduce the amount of protein necessary for the study. The refractive index
of the pure solvent remained unchanged when passing through the mem-
brane, indicating that the components of the solvent did not partition in
crossing the membrane. Because of the charge on the protein, however, a
Donnan potential is expected across the membrane. Based on the method
of Atkins (1990), at 1 M ionic strength, this effect would account for an
;2% increase in the ion concentration on the protein side of the membrane.

The concentrated solutions were allowed to equilibrate for a minimum
of two weeks. If solids were observed in the samples, they were allowed to
equilibrate for another week before solubility was determined. The con-
centration of protein in the mother liquor was determined by diluting a
portion of the sample and measuring its absorbance at 280 nm. The solids
in the protein solutions ranged from clear, well-formed crystals to white
precipitates. This was assumed to be caused by the method of concentra-
tion, which could create areas of high concentration at the membrane
surface as well as varying the supersaturation ratio from solution to
solution.

RESULTS

At a pH of 4.9, the second virial coefficient of BPTI was
measured at NaCl concentrations ranging from zero (buffer
alone) to 1 M. As shown in Fig. 1,B2 monotonically
decreases with the particles being repulsive at low ionic
strengths and attractive at higher salt concentrations. In this
work we report second virial coefficients in units of volume
rather than the more common form ofA2 5 B2NA/Mw

2. This
is done to emphasize the statistical mechanical interpreta-
tion of the second virial coefficient as including a repulsive
term due to excluded volume. Conversion fromB2 can be
done by multiplying by 1.423 1022 to giveA2 in units of ml
mol g21. If BPTI molecules interact as hard spheres (i.e.,
two BPTI molecules experience purely excluded volume
interactions) with radii of 1.22 nm, BPTI would have a
second virial coefficient ofB2hs5 3.043 10226 m3 (A2hs5
4.32 3 1024 ml mol g21). WhenB2/B2hs 5 1, attractions
and repulsions balance such that the molecules have ther-
modynamic properties of hard spheres. From the data in Fig.
1, this occurs at [NaCl];0.45 M. For lower ionic strengths,
the change inB2 with [NaCl] is suggestive of screening of
electrostatic repulsions, whereas for a higher ionic strength,
BPTI molecules experience an attraction.

Glycerol acts to increase the repulsions between BPTI
molecules independent of the state of interaction in the
absence of glycerol (Fig. 2). At 0.25 M NaCl in the absence
of glycerol, BPTI molecules are repulsive. The strength of
this repulsion is enhanced by the addition of glycerol. The
difference between the values ofB2 in the absence and
presence of 25 wt % glycerol is;1.653 10226 m3, which
is greater than the experimental uncertainties. The system-
atic increase inB2 on addition of glycerol demonstrates an
increased repulsion or a decreased attraction. At [NaCl]5
0.75 M and 1 M, addition of glycerol drivesB2 more
positive again, indicating a reduction in strength of attrac-
tion or the increase in strength of repulsion. Note that the
absolute change inB2 on addition of glycerol is a weak
function of [NaCl], suggesting that glycerol acts to change
B2 independently of other interactions.

FIGURE 1 Second virial coefficient dependence of BPTI on added NaCl
for pH 4.9 buffer. The circles indicate the data, and the bars represent the
estimated uncertainty.
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The values fordn/dc used for the samples with 15 and 25
wt % glycerol were adjusted to ensure that in the limit of
zero concentration, Kc/R has the correct molecular weight.
If the glycerol-free buffer value ofdn/dc is used, the result-
ing molecular weights are lower than that of the monomer.
The refractive index of the protein is greater than that of the
solvent, as indicated by the positive value ofdn/dc. With the
addition of glycerol, the refractive index of the solvent
increases appreciably, suggesting that the refractive index
increment should decrease with [glycerol] as is observed
with the values reported in Table 1.

BPTI solubility decreases with increasing ionic strength
(Fig. 3). These results agree with the studies of Lafont et al.
(1994), who also measured solubilities at pH 4.9 and show
similar to the trends observed for silicotungstic acid
(Zamora and Zukoski, 1996) and lysozyme (Howard et al.,
1988; Rosenberger et al., 1993; Cacioppo and Pusey, 1991;
Ewing et al., 1994; Rosenbaum and Zukoski, 1996). Salting
out behavior is typical behavior for charged, globular mac-
romolecules suspended in nonadsorbing electrolytes. With 1
M NaCl, glycerol increases the solubility of BPTI. As
shown in Fig. 4, the largest effect occurs between zero and
5 wt % glycerol.

DISCUSSION

Detailed statistical mechanical calculations and simulations
indicate that asB2 grows more positive, a larger concentra-

tion of particles is required before an order/disorder phase
transition will occur. As a reference point, consider that
hard spheres crystallize at a volume fraction of 0.495 (Rus-
sel et al., 1989). Building on this result, asB2/B2hs ap-
proaches unity because of changes in [NaCl] or [glycerol],
BPTI solubility is expected to approach;660 mg/ml. This
concentration lies outside the range where crystallographers
typically work. Indeed, the cost of such experiments be-
comes prohibitive. By drivingB2/B2hs to be less than one,
the strength of attractive interactions are increased resulting
in a reduction in solubility and an increase in the solubility
gap (i.e., the difference in concentration in the ordered and
disordered phases).

George and Wilson (1994) report that proteins are com-
monly crystallized from solutions resulting in slightly neg-
ative values ofB2. Care must be taken in interpreting this
result, as the correlation of George and Wilson corresponds
to initial conditions not those in which the crystal nucleated
and grew. One of the most common techniques for crystal-
lizing proteins is to hold temperature constant and allow
solvent to evaporate. This increases protein concentration

FIGURE 2 Second virial coefficient dependence on glycerol with 0.25
M NaCl (squares), 0.75 M NaCl (circles), and 1 M NaCl (triangles) in pH
4.9 acetate buffer. The lines are drawn to guide the eye.

TABLE 1 Refractive index increments values used for higher
glycerol concentrations

Concentration of NaCl
added (M)

Concentration of
glycerol added

(wt %)
dn/dc
(ml/g)

0.25 15 0.178
0.25 25 0.176
0.75 15 0.180
0.75 25 0.172
1.0 15 0.182
1.0 25 0.170

FIGURE 3 Solubility dependence of BPTI on added NaCl at pH 4.9.
Circles represent data from this study, and squares represent data from
Lafont et al., 1994.

FIGURE 4 Solubility dependence of BPTI on added glycerol at 1 M
NaCl in pH 4.9 buffer.

Farnum and Zukoski Effect of Glycerol 2719



toward the solubility limit while also increasing the concen-
tration of all nonvolatile solutes. If a hanging drop technique
is used to crystallize BPTI and one starts at [NaCl]5 1 M,
decreasing the drop volume by a factor of 2 will double
protein concentration but will also decrease solubility by
more than an order of magnitude. If glycerol is initially
present, the solubility will not be decreased by the same
amount, as [NaCl] and [glycerol] have opposite effects on
solubility.

The subtle effects of solute concentration and type on
protein interactions hinder finding solution conditions that
generate high quality protein crystals and have led to efforts
to develop systematic methods of characterizing protein
interactions to reduce the empirical techniques in common
usage. Our approach has been to develop generalized phase
diagrams such that knowing the effects of chemical nature
and concentration of solutes on protein interactions, one can
rapidly design crystallization protocols.

Generalized phase diagrams are created by linking mea-
sures of the strength of protein interactions (relative to the
system’s thermal energy) to the protein concentration at
phase boundaries. As a measure of the strength of the
attraction, we have chosenB2. In order to compare the link
betweenB2 and solubility for different proteins or for dif-
ferent solvent conditions, both the second virial coefficient
and the solubility must be normalized. The second virial
coefficients measured by static light scattering can be re-
lated to the interparticle pair potential, V(x), though statis-
tical mechanics for spherical particles experiencing cen-
trosymmetric interaction potentials from (McQuarrie, 1976)

B2 5 22pE
0

`

x2~e2V(x)/kT 2 1!dx (3)

in which x is the distance between particle centers.
The integral expression in Eq. 3 is evaluated for center to

center distances from̀ to 0. To avoid particle overlap, the
interaction potential is set to an arbitrarily large value for
x , 2a 1 d, in whicha is the hard core radius (1.22 nm) and
d is the distance of closest surface to surface approach. The
continuum potentials typically used diverge at contact, and
the introduction ofd eliminates this computational diffi-
culty. For molecularly smooth surfaces,d is expected to be
on the order of 1 atomic diameter (0.1–0.2 nm). For pro-
teins, which are not spheres and have complex surface
topologies, a value of 0.1 nm represents a lower bound for
the distance of closest approach for the equivalent spheres.
Applying this condition, Eq. 3 becomes

B2 5 F2p

3
~2a 1 d!3G 1 F22pE

2a1d

`

x2~e2V(x)/kT 2 1!dxG .

(4)

The first term in Eq. 4 is the contribution from the hard core
and remains constant regardless of the other values used in

the pair potential. As a result, the hard sphere contribution,
B2hs, is defined as

B2hs5 F2p

3
~2a 1 d!3G . (5)

To account for different hard core sizes, the second virial
coefficients are normalized by theB2hsvalue. Thus (B2/B2hs

2 1) represents the contribution to the second virial coef-
ficient due to particle interactions other than hard core
excluded volume.

Solubilities are best compared in terms of volume occu-
pied by the particles. As a result, solubilities are converted
into the dimensionless number density,rsat(2a)3, which is
directly proportional to the concentration of the fluid phase
in equilibrium with a crystal,csat,

rsat~2a!3 5
csatNA~2a!3

MW
. (6)

The solubilities and second virial coefficients for several
proteins are given in Fig. 5. As discussed previously, the
data for lysozyme (Rosenbaum, 1995; Rosenbaum et al.,
1996; Rosenbaum and Zukoski, 1996; Gripon et al., 1997)
andgII -crystallin (Fine et al., 1996) collapse onto a single
curve. For changes in both ionic strength and glycerol
concentration, the reduced second virial coefficients and
solubilities for BPTI fall within the scatter of these results.
In Fig. 5, a variety of solution conditions has been used,
ranging from simple addition of electrolyte and temperature
variation to using mixtures of D2O and H2O as cosolvents.
That the changes in solubility produced by addition of
glycerol fall on the correlation suggests thatB2/B2hs is a
robust indicator of solubility. Note that the presentation of

FIGURE 5 Normalized solubility (rsat(2a)3) and second virial coeffi-
cient (B2/B2hs) data for lysozyme,gII -crystallin, and BPTI. The data for
BPTI, from this study, are represented by the filled diamonds. Data for
lysozyme are represented by circles (Rosenbaum and Zukoski, 1996) and
triangles (Gripon et al., 1997). Data forgII -crystallin are represented by
inverted triangles (Fine et al., 1996). The lines are the solubility predictions
of Hagen and Frenkel (1994) and Ramakrishnan (1998) for the Yukawa
interaction potential with 2aky ranging from 7 to 15, as indicated on the
figure.
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data in Fig. 5 is independent of model used to interpretB2

or rsat.
To develop insights on the origin of the correlation shown

in Fig. 5 and thus to gain an appreciation of the limits of its
application, we turn to theoretical descriptions of the links
between particle interactions and phase behavior. Previous
studies have compared solubilities with the phase diagram
predicted for adhesive hard spheres (Rosenbaum et al.,
1996). Here the strength of attractiont 5 [1 2 4B2/B2hs]

21,
thus makingt andB2/B2hs equivalent. As this potential has
only two parameters (a and t), a single phase diagram is
predicted (Baxter, 1968). The adhesive hard sphere poten-
tial is one in which the particles have hard cores and interact
with a square well attraction, which is infinitely narrow and
infinitely deep.

For two parameter models, such as adhesive hard spheres
or Lennard-Jones interactions, the phase behavior will be
completely described in terms of two parameters: one char-
acterizing the fraction of total system volume occupied by
the particles ((2a)3r) and a second characterizing the
strength of interaction relative to the thermal energy in the
system (typically taken askT/ep, in which ep is the well
depth, ort in which for adhesive hard spheres is the stick-
iness parameter and plays the role ofkT/ep) (Hansen and
McDonald, 1976). AsB2 depends only onep (or t), a, and
kT, a phase diagram drawn in terms ofB2/B2hsversus (2a)3r
is equivalent to the more common phase diagrams drawn in
terms of kT/ep versus (2a)3r. If the interaction potential
contains a larger number of parameters, say both attractions
and repulsions, or an attraction with a variable extent, a new
phase diagram must be developed for each set of parameters.

Proteins clearly interact through a variety of mechanisms.
These include van der Waals attractions, electrostatic repul-
sions, (noncentrosymmetric) dipole interactions, hydropho-
bic interactions, and hydrogen and ion bridge bonding
mechanisms (Branden and Tooze, 1991). If each of these
interactions could be broken out and varied independently
of the others, an infinitude of phase diagrams could be
predicted. However,B2/B2hscombines all these interactions
into a single parameter representing the leading order term
characterizing the nonidealities in suspension thermody-
namics. As a result,B2/B2hs is often taken as a lumped
parameter with which to characterize systems in which
particles interact with complicated pair potentials and is
found to greatly reduce the phase space that one must
explore. In addition,B2 has the advantage of being a directly
measurable quantity, thus opening the possibility that phase
behavior can be characterized without extensive but uncer-
tain modeling efforts required to estimate protein interaction
potentials. However, given the variety of pair potentials by
which proteins interact, for a given value ofB2/B2hs value,
one might anticipate a wide variety of solubilities. The data
in Fig. 5 indicate that a broad variety of proteins under a
wide range of conditions have very similar phase behavior,
thus raising the question of why solubility is so insensitive
to details of the pair potential.

The adhesive hard sphere potential is of limited physical
significance as true interactions have associated length
scales and are not infinitely strong. One method of explor-
ing why the phase diagrams are insensitive to details of the
interaction potential is to consider the phase behavior pre-
dicted for a more complicated pair potential. A limited
relaxation of the constraints of the adhesive hard sphere
(AHS) potential can be made by allowing the particles to
interact as spheres with a core radius a through a Yukawa
potential:

V~x! 5 5
` x , 2a

2ey

expF2kyaS1 2
x

2aDG
x

2a

x $ 2a (7)

in which ey represents the strength of attraction, andky
21 is

the range of interaction. Hagen and Frenkel (1994) calcu-
lated the fluid phase (or solubility) boundary for a range of
aky values showing that as 2aky exceeds 7, the critical point
for a fluid/fluid phase transition drops below the fluid
crystal phase boundary. Their studies demonstrate that the
only equilibrium phase transition seen for 2aky . 7 is that
between a fluid and a crystal. For 2aky . 7, fluid/fluid
transitions are predicted and experimentally observed to be
metastable (Ries-Kautt and Ducruix, 1989; Muschol and
Rosenberger, 1995; Taratuta et al., 1990; Rosenbaum,
1998). Assuming that for large values ofaky, the AHS
condition is approached, Rosenbaum et al. (1996) converted
the calculations of the phase diagram by Hagen and Frenkel
for 2aky 5 9 to the AHS phase diagram by equating second
virial coefficients in the two systems.

Recognizing the need for a model independent method of
displaying data we show in Fig. 5 predictions of the fluid/
crystal phase boundary for several values of 2aky (7, 9, 11,
and 15) (Hagen and Frenkel, 1994; Ramakrishnan, 1998).
As 2aky is increased, the phase boundaries inB2/B2hsversus
(2a)3r are weakly separated and, over a protein concentra-
tion range in which the calculations have been carried out,
span the experimental data. Distinguishing different values
of 2aky from measurement ofB2 and solubilities lies outside
the accuracy of extant data. Note however that 2aky can be
varied over a wide range producing a small change in
B2/B2hs at a fixed solubility. Thus, whereas the proteins
shown in Fig. 5 may interact with different potentials, the
link betweenB2/B2hs and rsat(2a)3 is insensitive to these
changes.

From the comparison in Fig. 5 of these three proteins
under very different conditions, we conclude that when
compared on an equal footing, these particles display very
similar phase behavior. This result supports the hypothesis
that the “crystallization slot” exists because broad classes of
globular proteins interact with short-range attractions.
Whereas the proteins may experience different pair poten-
tials as electrolyte or solute concentration and type are
altered because of the insensitivity of solubility to details of
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the pair potential, the correlation betweenB2/B2hs and sol-
ubility will be robust as long as the extent of the attractions
remains small.

The robustness of theB2/solubility correlation is even
more remarkable given the large dipolar interaction of BPTI
molecules, which provides a first approximation of the
attractions possible between proteins that have anisotropic
charge distributions. The maximum interaction energy for
two bare dipoles is given by (Israelachvili, 1992)

W5
22m2

4pe0e~2a!3 , (8)

in whichm is the dipole moment anda is the particle radius.
This interaction energy corresponds to the dipoles being
oriented head to tail. At other orientations the dipole/dipole
interaction will decrease. As the particles separate, the in-
teractions are screened by the electrolyte. However, this
anisotropic interaction potential scales onm2/(2a)3. Thus,
small particles with modest dipole moments can have
nonisotropic interaction energies that are quite large. For
example, whereasm is 280 Debye for BPTI, the strength of
the dipole/dipole interaction is large given BPTI’s small
size. For BPTI,W 5 3.9 kT, compared with 0.2 kT for
lysozyme for this simple calculation. Recently, more de-
tailed calculations of colloidal interactions including dipolar
terms (Sader and Lenhoff, 1998; McClurg and Zukoski,
1998) indicate that dipole/dipole and charge/dipole interac-
tions can be significant between proteins. The close simi-
larity of the second virial coefficients and solubilities for
BPTI and lysozyme suggests that these anisotropic interac-
tions play a limited role in shifting the strength of interac-
tion as measured byB2 required to generate a given solubility.

Whereas the correlation in Fig. 5 provides a method for
predicting solubility given second virial coefficient data, it
provides little insight into the mechanism of change inB2

with solvent conditions beyond their short-range nature.
However, if we choose a form forV(x), the data in Figs. 1–3
can be used to interpret the effects of solution conditions.

Before discussing the effect of glycerol on interactions of
BPTI, the effects of [NaCl] must be treated first. Following
a long tradition in discussing protein/protein interactions
(Muschol and Rosenberger, 1995; Eberstein et al., 1994;
Gallagher and Woodward, 1989), we treat BPTI as consist-
ing of a hard, dielectric core with a uniform surface charge
suspended in an electrolyte. Two BPTI molecules will thus
feel at a minimum, van der Waals attractions and electro-
static repulsions and thus we use the well-known DLVO
potential (Derjaguin and Landau, 1941; Verwey and Over-
beek, 1948) for the interparticle potential outside of the
overlap region (r . 2a). This approach attributes all repul-
sions to those due to the hard core and electrostatic repul-
sions and all attractions to the van der Waals forces. Despite
these limitations, the DLVO potential captures the existence
of an ionic strength dependent repulsion and a weak attrac-
tion, which characterizes protein interactions under crystal-
lization conditions. Because the effect of glycerol on the

bulk properties of the solvent other than the viscosity is
minor (Miner and Dalton, 1953), our approach is to deter-
mine parameters for the DLVO potential that capture the
behavior of BPTI in the absence of glycerol and then
explore what possible mechanisms could be causing the
increases inB2 displayed in Fig. 2.

The DLVO potential is written:

VDLVO 5 VVDW 1 VELEC (9)

in which VVDW is the attractive interactions because of van
der Waals forces,VELEC is the repulsive electrostatic inter-
actions. The magnitude of the van der Waals force is de-
termined by the Hamaker coefficient,A, and for two iden-
tical spheres has a form (Hamaker, 1937)

VVDW

5 5
2A

6 S 2r2

h2 1 4ha
1

2a2

~h 1 2a!2 1 lnSh2 1 4ha

~h 1 2a!2DD h . d

` h # d

(10)

in which h is the surface to surface separation,x 2 2a.
For protein systems, the Hamaker coefficient has been

measured to lie near 1 kT (Leckband et al., 1994). For
globular proteins,A is typically estimated to lie between 1
and 2 kT (Nir, 1976). However, using the DLVO potential
to fit of B2 measurements,A is typically estimated as being
substantially larger. For lysozyme, values from 4 to 9 kT
(Muschol and Rosenberger, 1995; Eberstein et al., 1994) up
to 55 kT for some models (Coen et al., 1995) have been
used. For BPTI, a value of;4.5 kT was used to fit dynamic
light scattering data (Gallagher and Woodward, 1989).
When using the DLVO potential to fitB2, changes ind by
a fraction of a nanometer alterA by a factor of 2 indicating
the extreme sensitivity ofA to d. Note however, that ex-
tractingA from light scattering data assigns all attractions to
VVDW. As a consequence, if hydrogen bonding or hydro-
phobic attractions are significant, they will act to artificially
inflate the value ofA.

The electrostatic portion of the interaction potential is
represented by the Debye-Huckel approximation of the
Poisson-Boltzman equation. In the case of low potentials,
the interaction potential for two identical spheres is given by
Russel et al. (1989)

VELEC 5
1

4pee0
S zpe

1 1 kaD
2 a2

h 1 2a
e2kh (11)

in which e is the dielectric constant of the medium,e0 is the
permitivity of free space,k is the Debye-Huckel parameter,
andzp is the number of charges on the particle.

Using Eqs. 3 and 9–11,B2 was evaluated forzp 5 16.2
(from the known amino acid sequence (Parkin et al., 1996)
andpKa values (Wuthrich and Wagner, 1979)),A 5 1 kT,
a 5 1.22 nm, andd 5 0.1 nm (dashed line in Fig. 6).
Whereas these parameters capture the low ionic strength
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behavior, these parameters overestimateB2 (i.e., the attrac-
tions are larger than can be captured with the physically
reasonable parameter values ofd and A used here). The
parameter that is least well established in the previous
calculation is the cutoff distance,d. By allowing the cutoff
distance to shrink to 0.015 nm, predicted and measured
virial coefficients can be brought into rough agreement
(Farnum, 1997).

Because the literature values of the charge and Hamaker
coefficient require an unphysical value ofd to fit B2 over the
entire ionic strength range, we choose to fixd at 0.1 nm and
allow zp and A to be adjustable. Following Corti and De-
giorgio (1981), at each ionic strength the values ofzp andA
required for Eq. 4 to yield the measured value ofB2 were
determined. The intersection of the curves occurs essen-
tially at a single pair ofzp andA values yieldingzp 5 110.2
and A 5 11.3 kT. As shown in Fig. 6 (solid line), the
predicted second virial coefficients calculated using these
parameters fit the data very well.

The agreement of the model calculations and experimen-
tal results shown in Fig. 6 are consistent with previous
studies (Muschol and Rosenberger, 1995; Rosenbaum and
Zukoski, 1996), showing thatB2 can be modeled with the
DLVO potential. The values for both the charge and Ha-
maker coefficient are substantially larger than expected. The
value ofA regressed from our data lies in the range of values
used to fit second virial coefficient data gathered in other
light scattering studies (Muschol and Rosenberger, 1995;
Eberstein et al., 1994; Coen et al., 1995; Gallagher and
Woodward, 1989), suggesting our data and fitting procedure
are consistent with these previous studies but indicating that
proteins tend to be more attractive than is expected on the
basis of their dielectric properties alone. The large value of
A required to fitB2 data may be explained by recognizing
that other interactions such as hydrogen bonding are not
included in the DLVO potential such that in using Eq. 9, we
are assigning all attractions to the van der Waals forces.

However, if we choose to continue using the DLVO pair
potential, possible explanations may be explored for the
increased second virial coefficients with the addition of
glycerol.

At the same electrolyte concentration,B2 increases sys-
tematically with glycerol concentration. In the DLVO
model, the addition of glycerol to the buffer most directly
affects the dielectric constant. The change in adding 25 wt
% glycerol, the highest amount used in this study, to water
is slight, from 78.5 to 72.6 (Miner and Dalton, 1953). In the
calculation of the second virial coefficient, the dielectric
constant only appears directly in the equations that describe
the electrostatic repulsion. IfA andzp are held constant at
the values required to fitB2 in the absence of glycerol,
decreasing the dielectric constant increasesB2. However,
this increase is small,;3%, for e changing from 78.5 to
72.6. To generate a repulsion large enough to explain the
data would require a much larger change ine, such as one
that would apply to a 100% glycerol solution.

The dependence of the attractive force on the solvent
does not appear directly in Eq. 10. However, the Hamaker
coefficient, A, is a function of the solvent and particle
properties, as shown in the following approximate equation
(Israelachvili, 1992)

A 5
3

4
kTSep 2 es

ep 1 es
D2

1
3hpye~np

2 2 ns
2!2

16Î2~np
2 1 ns

2!2/3 (12)

in whichep is the dielectric constant of the particles,es is the
dielectric constant of the medium, hp is Planc’s constant,ne

is the characteristic adsorption frequency,np is the refrac-
tive index of particles, andns is the refractive index of
solvent.

With the addition of glycerol, the solvent dielectric con-
stant and refractive index both are expected to be closer to
the values for the protein core. The refractive index of the
particle,np, can be estimated from the value of the refractive
index,dn/dc. The difference between the particle refractive
index in the solvent are related by

np 2 nc 5
~dn/dc!MW

NA~4/3pa3!
. (13)

Using the value ofdn/dc of Gallagher and Woodward
(1989), in the absence of glycerol,np 5 1.66 0.2. From Eq.
11 if we assumeue 5 2 3 1016 rad/sec (Nir, 1976),A 5 4.4
kT, which is substantially less than the value of 11.3 kT
required to fit theB2 data. In the 25% glycerol buffer, the
solvent refractive index is greater anddn/dc decreases to
0.17 ml/g. These changes in particle and solvent conditions
result in decreasingA by ;1 to ;3.3 kT.

These estimates ofA can be compared with those re-
quired to fit the experimental values ofB2 with fixed d and
a. If the DLVO model is applied to the 25% glycerol data,
the Hamaker constant yielding the best fit to theB2 data
decreases, as expected, to a value of;10.3 kT, whereaszp

increases to 11.6. The change inA when glycerol is added
is comparable with that estimated from optical data. How-

FIGURE 6 Prediction of second virial coefficients using the DLVO
model. The dashed line represents the prediction based on a priori estimates
of the parameters (A 5 1 kT, zp 5 6.2, r 5 1.2235 nm,d 5 0.1 nm). The
solid line represents the best fit prediction allowing the Hamaker coeffi-
cient and charge to vary (parameters (A 5 11.3 kT,zp 5 10.2,r 5 1.2235
nm, d 5 0.1 nm).
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ever, as the Hamaker coefficients predicted from optical
data and those measured are much less than the values ex-
tracted fromB2 data, this agreement is most likely fortuitous.

A decrease in the strength of attraction or effective Ha-
maker coefficient could also be explained by a reduction in
the other short-ranged forces between the protein mole-
cules, such as the disruption of hydrogen bonds or hydro-
phobic contacts. The increase in charge might be explain-
able because of differential effects of ionization of surface
groups caused by changes ine. Confirmation of these
changes requires further detailed electrokinetic studies.

An alternative interpretation may also be used to explain
the decreased attraction or increased repulsion between
BPTI molecules upon addition of glycerol. Glycerol is
known to alter molecular volumes with typical effects being
a reduction in the size of the core but an increase in the size
of the hydration layers (Priev et al., 1996). Thus, glycerol
could make the protein appear effectively larger or smaller.
Because the mass of the protein is constant, its density
should change with the21/3 power of its radius. The value
of the Hamaker coefficient depends on the square of the
particle density (Israelachvili, 1992), so the variation with
size should be

A2

A1
< Sr2

r1
D2

< Sa1

a2
D6

, (14)

in which Ai, ri, andai are the Hamaker coefficient, particle
density, and particle radius in state i. Using this relationship
makes the second virial coefficient a strong function of the
size. Based on this analysis, increases by 0.05 nm can
produce changes inB2 sufficient to explain the observed
changes on the addition of glycerol (Fig. 7).

Glycerol is also known to increase the size of the hydra-
tion layer at the particle surface (Timasheff and Arawaka,
1988). This change in the surface layer is best modeled as an
increase in the cutoff distance used to truncate the van der
Waals interactions near contact,d. As shown in Fig. 8, a

change in the cutoff distance of less than 0.01 nm would be
large enough to account for the effect of glycerol on the
measured values ofB2.

CONCLUSIONS

BPTI salts out of buffers at pH 4.9. However, the protein’s
solubility increases with the addition of glycerol. At the
same time protein/protein interactions become more attrac-
tive as [NaCl] is increased but these interactions become
more repulsive as [glycerol] is increased. Salting out can be
understood in terms of an ionic strength dependent repul-
sion as anticipated for electrostatic repulsions in the pres-
ence of a short-range attraction. Attributing this attraction to
van der Waals forces results in an unphysical Hamaker
coefficient. The effects of glycerol can be understood in
terms of altering protein size because of a small expansion
of protein radius in the presence of glycerol or by the
enhancement of a layer of solvent limiting the distance of
closest approach. Given the known action of glycerol in
stabilizing proteins against denaturation, we believe the best
physical model is one incorporating a layer of structured
water that is enhanced in the presence of glycerol. We note
that if glycerol were treated like an osmolite, its addition
would increase the strength of attraction because of deple-
tion attractions (Russel et al., 1989; Gast et al., 1986). This
effect was not observed at any ionic strength.

Whereas additional characterization techniques would be
necessary to determine the origin of the attractions between
BPTI molecules and the action of glycerol on these inter-
actions, the central result of this work lies in the correlation
between second virial coefficient and solubility. In this
study we demonstrate that for an additional protein, the
correlation betweenB2/B2hs and solubility remains robust
whenB2 is altered by the addition of electrolyte and non-
electrolytes. This correlation can be understood in terms of
statistical mechanical models demonstrating that globular

FIGURE 7 Prediction of the effect of size variation due to glycerol on
the second virial coefficient at 1 M NaCl. The curve is the prediction. The
solid line representsB2 in the absence of glycerol. The dashed lines
representB2 with increasing glycerol concentrations, 5, 15, and 25%, as
indicated.

FIGURE 8 Prediction of the effect of increase hydration due to glycerol
on the second virial coefficient at 1 M NaCl. The curve is the prediction.
The solid line representsB2 in the absence of glycerol. The dashed lines
representB2 with increasing glycerol concentrations, 5, 15, and 25%, as
indicated.
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macromolecules experiencing short-range attractions will
show phase behavior that is a weak function of the details of
the pair potential. Indeed, the presence of considerable
dipolar interactions between BPTI molecules does not ap-
pear to detract from this correlation.

Whereas our investigation provides further support for
the observation of George and Wilson (1994), we also
continue the generalization of their approach by indicating
that the “crystallization slot” can be quite extensive and
results from fundamental nature of the links between non-
idealities in solution thermodynamic behavior and the sol-
ubility limit. Details of the interactions will vary from
protein to protein and cosolute to cosolute. However, the
narrow band ofB2/B2hs resulting in similar solubilities sug-
gests that under conditions in which the solvent contains
molecules substantially smaller than the protein, the attrac-
tive well is narrow with respect to the protein core diameter
resulting in a very limited and closely related set or phase
boundaries. However, if more complex crystallizing condi-
tions are used where the interaction potential is no longer
monotonically attractive (such as at lower ionic strengths or
in the presence of polymers) this correlation betweenB2/
B2hs and solubility may fail. However, the large set of
conditions and proteins investigated in Fig. 5 indicates that
there are broad ranges of proteins and crystallizing condi-
tions in which measurement ofB2 offers a rapid, nonde-
structive screening method for determination of good crys-
tallizing conditions.

The authors thank S. Ramakrishnan for his calculations of phase bound-
aries. This work was supported by NASA Grant NAG8–976.
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