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Effect of Glycerol on the Interactions and Solubility of Bovine Pancreatic
Trypsin Inhibitor

Michael Farnum and Charles Zukoski
The Department of Chemical Engineering, University of lllinois at Urbana-Champaign, Urbana, lllinois 61801 USA

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 structureWilson were slightly negative at conditions where high
of biological molecules has been derived from x-ray crys-quality crystals were grown. Using this method as a quick
tallography. Considerable advances have been made diagnostic provides a way to determine if the conditions for
methods of protein production and purification as well as inselected crystallization are correct without the long waiting
instrumentation and computational methods to analyze thperiod necessary for actual crystal growth.
x-ray data (McRee, 1993; Drenth, 1994). As a result of the A quantitative link between the second virial coefficient
relative availability of proteins and the relative ease ofand the solubility behavior was established by treating the
analysis of scattering data, the bottleneck of protein strucproteins as interacting with simple, centrosymmetric inter-
ture determination is the growth of high quality crystals gction potentials (Rosenbaum et al., 1996). This analysis is
(McPherson, 1990). _ . ~_ based on proteins crystallizing under conditions where they
A knowledge of the protein solution phase behavior iSgyperience attractions that have an extent that is a small
crucial for the development of methods to grow high qualityaction of the protein diameter. This analysis also provided
crystals. Solubility depends on many factors, including themsight into origin of the metastable liquid-liquid phase

solvent, temperature, anq pressure. The SOIVen.tS used _aé‘gparation observed in many protein solutions under condi-
often complex agueous mixtures .Of buffer salts with organi ions of strong attractions (Rosenbaum and Zukoski, 1996;
solvents and surfaqants somenmes.gdd.ed as well Ho\A—‘ine et al., 1996). These studies suggest that at the same
each of these additives alters solubility is largely unex-, iatel lized d virial Hicient. |
ppropriately normalized second virial coefficient, large

plored. As a result, methods for choosing CryStallizationclasses of globular proteins will have the same dimension-
conditions are largely empirical and derived from a knowl- 9 P

edge of conditions that have worked in the past (McPhersor{?S‘?‘ solubility. This observation has be.en conflrmeq for a
1982). variety of systems where the suspending solvent is com-

Recently, George and Wilson observed that the osmotiBosed of_ a buffer and g strong electrglyte for prpteins that
second virial coefficient of protein solutions falls in a nar- &€ relatively symmetric and have with small dipole mo-
row range when measured under crystallizing conditiondnents (Rosenbaum and Zukoski, 1996; Fine et al., 1996).
(George and Wilson, 1994; George et al., 1997). The second However, many protein crystallization solvents are com-
virial coefficient is a measure of the strength of proteinPlex mixtures containing polymers, polyols, and metal ions
interactions. A positive value indicates that the proteins aréMcPherson, 1982). The role of these additives is poorly
repulsive, and a negative value indicates attractions (Mcunderstood. Polyols, a common ingredient in these crystal-
Quarrie, 1976). The virial coefficients found by George andlization cocktails, have been shown to stabilize protein
structure (Sousa, 1995; Gekko and Timasheff, 1981). Poly-
ols contain hydrocarbon chains with multiple hydroxyl
Received for publication12 June 1998 and in final form 27 January 1999.groups that allow hydrogen bonding with water and include
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Glycerol has the property of stabilizing protein structureEXPERIMENTAL METHODS

(Sousa, 1995). As a result, if crystallization occurs over a. = _ o , .
Protein interactions were characterized in dilute solutions by static light

Iong peHOd Of_tlm,e' glycerol ISa u;eful Car?d'date to be pz_a‘nscattering. For particles small relative to the wavelength of the incident
of the crystallization solvent and is often included for this jignt, the behavior is governed by the Raleigh scattering equation,
purpose. Priev et al. (1996) studied the effect of glycerol on

the specific volumes of several proteins, sugars, and amino _ Kc 1 2BN,

acids. Their work indicates that the addition of glycerol ';':2 R M, " mz ¢ @)
decreases the volume of the protein core by 8% resulting in

a reduction in the radius of an equivalent sphere by onlyn which K is an optical constant; is the mass concentratioR, is the
2.6%: a small distance for most proteins with radii of Raylelgh rgt?o, My is the molecular weight of the proteiBz is the §econd
several nanometers. However, Priev et al. also Suggested tMlaal coefficient, andN, is Avogadro’s numberB, provides an integral

.. . . ; measure of protein-protein interactions with positive values indicating
addition of glycerol increases hydration at the particle sur-

repulsions and negative values reflecting attractions. The optical constant
face. Larger molecules, such as proteins, show a net decdepends on the scattering properties of the chosen system,

crease in volume because they have a large core and internal

effects dominate. For the small molecules, such as sugars _4mn(dn/do)

and amino acids, surface effects dominate, and the specific B NA* ' (2)
volume increases. In addition, compression of the protein

core may alter the extent to which different amino acids aren which A is wavelength of the incident radiation in the mediwn/dcis

exposed or buried in the presence of the additive. Thu§1e refractive_ ind.ex increment of the particle in a particular solvent,rand
is the refractive index of the solvent.

q§pend|ng on the protein surface ,Ch_em|Stry’ size, and flex- Static-light scattering was performed using a Brookhaven Instruments
ibility, glycerol may alter the protein in a number of ways. gj-200SM goniometer. Both a Spectra-Physics 60 mW He-Ne laser at
Changes in protein size or surface characteristics can haws2.8 nm and a Lexel Laser Argon-lon Model 95 laser operating at 514 nm
large effects of protein interactions and thus on solubility.were used. The sample cell, which consisted of a glass test tube, was
As a consequence, we anticipate that addition of g|ycer0(|:ontained in a constant temperature bath of index matching fluid, dodeca-

. . . hydronapthylene. The index matching fluid was filtered through guor2-
will alter protein phase diagrams. Here we explore both hoV\filter to remove dust. The temperature of the index-matching fluid was

glycerol alters interaction strength and solubility and thusmaintained by a recirculating bath fluid, which heated and cooled a plate
provide an additional test of the correlation of Rosenbaunbeneath the decalin bath as necessary. All experiments in this study were
et al. (1996). carried out at 20°C with data taken at angles between 60° and 120°. Light

Bovine pancreatic trypsin inhibitor (BPTI) was chosen intensity \glzi)s measggz%withdg‘phlotomulltiplier tube with the output signal

. . . prpcessed by a Bl- AT digital correlator.

for th?se studies as it has been CharaCtenzed, by a number OPFor each experiment, the apparatus is calibrated with toluene. The
techniques and has served as a model protein for a NnUMbRRKyieigh ratio of toluene has been determined experimentally to be
of studies (Creighton, 1974; Amir et al., 1992; Lakowicz et14.02x 10° cm™* at 632.8 nm (Kaye and McDaniel, 1974) and estimated
al., 1987). BPTI consists of a single chain of 58 amino acidgo be 32x 10° cm™* at 514.5 nm (Coumou, 1960; Coumou et al., 1964;
with a molecular weight of 6511 g mot containing three =~ Coumou and Mackor, 1964).

. . . . BPTI was purchased from Sigma (Aprotinin, A 1153) and was normally
disulfide bonds (Kasse”’ 1970)' mak|ng it eXtremely Stableused without further purification. Dry protein powder was dissolved into

at room temperature (Makhatadze et al., 1993). From thgoent twice filtered through 0.02-mm Anotop inorganic syringe filters
crystal structure (1BPI, Brookhaven Databank), the proteirAitech Associates Inc). The protein stock solutions were then filtered
is known to be ellipsoidal with a major axis diameter of through 0.2um cellulose acetate filters at least three times followed by at
~2.9 nm and a minor axis diameter of 1.9 nm with an least five filtrations through 0.02m Anotop filters. Before filtration, both

. . ._static and dynamic light scattering from the solutions indicate the presence
equwa!ent ,d,'amEter of an unhydrated sphere determmeg: a fraction of significantly larger particles than protein monomers.
from diffusivity measurements of 2.48 nm (Gallagher and  pyfer solutions were prepared by dissolving acetic acid and sodium
Woodward, 1989). The isoelectric point of BPTI4s10.5  acetate (60 mM) in distilled water, deionized by a Millipore system (
(Wuthrich and Wagner, 1979). Using the p¥alues deter- 10 % M) so that the ionic strength was known precisely. Sodium chloride
mined by Wuthrich and Wagner, BPTI carries a charge ofvas then added to these buffer solutions. In the case of the glycerol buffer

. . . . solutions, the distilled water solution was replaced by a glycerol/water

apprOX|mater+6.2 at pH 4.9 with a d'p0|e moment esti- mixture of the appropriate weight fraction. The pH of each of the solvent
mated to be 280 Debye. Whereas there has been SOMEers was measured to be within 0.05 pH units of the desired value of 4.9
disagreement over its aggregation state at pH 4.9 (Gallagher all cases before the addition of BPTI.
and Woodward, 1989; Scholtan and Lie, 1966; Lafont et al., The concentrations of the filtered BPTI solutions are determined by
1996, 1997: Wills and Georgalis, 1981), BPTI has beer{neasuring the absorbance of the solutions at 280 nm, a characteristic

studied as a model protein for crystallization experiment rotein absorbance. Both a Bausch and Lomb Spectronic 1001 spectro-
uai P ' Yy 1zall Xperi %hotometer and a Hewlett Packard 8453 UV-Vis spectrophotometer were

(Lafont et al., 1994). used. A calibration curve was made using unfiltered protein solutions,
Below we describe our experimental methods in sectiorwhich gave an extinction coefficient of 0.692 0.008 ml/mg cm at 280

Il before discussing the effects of glycerol and ionic nm. The absorbance from the protein solutions did not change by a

strength on BPTI second virial coefficients and squbiIity in measurable amount, indicating that a negligible amount of protein was lost

tion Il Th It di di tion IV in t and that the large impurities were not protein aggregates. Because the
section 1il. ese results are discussed In section In erm§a|ibration curve was linear with BPTI concentrations less than 3.5 mg/ml,

of generalized phase diagrams and conventional colloigyjiowing a typical Beer's law behavior, all spectrophotometric measure-
interaction potentials. In section V, conclusions are drawnments were made after diluting the protein solutions to this range.
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The radius of a BPTI monomer calculated from thermal denaturatonRESULTS
experiments (Makhatadze et al., 1993) is 1:220.01 nm, which agrees
well with crystallographic results (Parkin et al., 1996; Deisenhofer andAt a pH of 4.9, the second virial coefficient of BPTI was
Steigemann, 1975). As expected, the scattering data indicate that there is paeasured at NaCl concentrations ranging from zero (buffer
angular dependence in the measured Rayleigh ratios. Demonstrating a Iaghone) to 1 M. As shown in Fig. 1B, monotonically
of angular dependence &, gives clear evidence of the absence of any . . . . .
significant fraction of large particles in solution (Kerker, 1969). In a few decreases with the _pamCIe_S being repulsive aF low |on|<_:
cases, there was a strong angular dependence of the Rayleigh ratio on tR'€Ngths and attractive at higher salt concentrations. In this
angle and for these samples dynamic light scattering results showed tha/ork we report second virial coefficients in units of volume
presence of particles approximately with a 100-nm radius. Upon filtration,rather than the more common formAyf = BZNA/MWZ' This
these impurities were removed, and no aggregates reformed in thesig done to emphasize the statistical mechanical interpreta-
SOIIUt'OnS' . _tion of the second virial coefficient as including a repulsive
n order to determine an absolute measure of the molecular weight, the .
refractive index incremengndc, of the particle in the solvent must be term due to excluded volume. Conversion fré@ncan be
known. The value used was 0.186 mlig (Gallagher and Woodward, 1989lone by multiplying by 1.4 10??to give A, in units of ml
which was measured for BPTI in a variety of aqueous NaCl solutions withmol| gfl, If BPT|I molecules interact as hard spheres (i_e_,
a standard refractometer. The refractive index increment is expected ty,9 BPT| molecules experience purely excluded volume

vary with the wavelength of the incident Ilght (Maphtlg and Fischer, lgGg)’interactions) with radii of 1.22 nm, BPTI would have a
but because measurements were made with white light, the wavelength of

measurement was difficult to define. For all of the solutions without second virial coefficient OBZhs: 3.04x 10 *°m? (A2hs:
glycerol, the molecular weight of BPTI determined from static light scat- 4.32 X 10~ % ml mol g ). WhenB,/B,,s = 1, attractions
tering at both 514 and 632.8 nm agrees with the known value of 6511and repulsions balance such that the molecules have ther-
within =10%, indicating this value is accurate and the wavelength depenmodynamic properties of hard spheres. From the data in Fig.
dence is sma}ll for BPTI. For the solutl.ons that included glycerol, thel, this occurs at [NaCH~0.45 M. For lower ionic strengths,
molecular weights calculated used the literatdrédc value gave a mo- . . . . .

lecular weight that was significantly lower than the known value. This the Change B, with [NaCI] IS suggestive of screening of
indicates that the value of the refractive index increment is lower in these€lectrostatic repulsions, whereas for a higher ionic strength,
solutions, as would be expected, because glycerol increases the solveBPTI molecules experience an attraction.

refractive index. Making the difference between the particle and solvent Glycerol acts to increase the repulsions between BPTI
index smaller should reduce the valuedsfdc molecules independent of the state of interaction in the

Even at the highest ionic strength investigated, there was no evidence . .
from molecular weight determined from measured valuesirééic that absence of glycerol (Flg' 2)' At0.25 M NaCl in the absence

large aggregates existed in solution. This result is in agreement wittof glycerol, BPTI molecules are repulsive. The strength of
dynamic light scattering results from Gallagher and Woodward (1989)this repulsion is enhanced by the addition of glycerol. The
who also showed BPTI to be a monomer in solutions between 0.1 and 0.gifference between the values 8 in the absence and

M NaCl. Our results are in contrast with dynamic light-scattering resultspresence of 25 wt % glycerol is1.65% 1028 m3' which

from Lafont et al. (1994), who found significant polydispersity in samples . . L.
with 1 M NaCl or less, and dimers at higher ionic strengths even in veryIS greater than the eXpe”mental uncertainties. The system-

dilute solutions. Later experiments by Lafont et al. (1996) give evidencedtiC increase irB, on addition of glycerol demonstrates an
that BPTI exists as tetramers in high solvents wito2tM NaCl. In the  increased repulsion or a decreased attraction. At [N&Cl]
static light-scattering results reported here, we found no evidence for thi§) 75 M and 1 M, addition of glycerol drive8, more
behavior. positive again, indicating a reduction in strength of attrac-

Solubility was measured for BPTI by determining the concentration oft. the i . t th of Isi Note that th
protein in the liquid in equilibrium with a macroscopically observable lon or the Increase In strength or repuision. Note tha e

solid. The method of achieving supersaturation was a membrane separatiéSolute change iB, on addition of glycerol is a weak
of the protein. Typically, the BPTI solutions were reconcentrated following function of [NaCl], suggesting that glycerol acts to change
static light scattering using both Centricon-3 and Centriprep-3 concentraB, independently of other interactions.

tors purchased from Amicon Inc., which have a molecular weight cutoff of

3000 M,,. Approximately 0.5 ml of pure solvent was allowed to pass

through the membranes before use to remove glycerol and other additives S T T LA B

that are shipped with the membrane. This method was used in order to 9 L 3
reduce the amount of protein necessary for the study. The refractive index 2t ]
of the pure solvent remained unchanged when passing through the mem- 3 3
brane, indicating that the components of the solvent did not partition in b ]
crossing the membrane. Because of the charge on the protein, however, § of P

Donnan potential is expected across the membrane. Based on the metho?
=~ Ar

of Atkins (1990), @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 2 b '!' 1
of two weeks. If solids were observed in the samples, they were allowed to aF o 3
equilibrate for another week before solubility was determined. The con- F . 1
centration of protein in the mother liquor was determined by diluting a -4 e
portion of the sample and measuring its absorbance at 280 nm. The solids 0.0 0.2 04 06 08 10 12
in the protein solutions ranged from clear, well-formed crystals to white Conc. NaCl (M)

precipitates. This was assumed to be caused by the method of concentra-

tion, which could create areas of high concentration at the membran€IGURE 1 Second virial coefficient dependence of BPTI on added NaCl
surface as well as varying the supersaturation ratio from solution tdfor pH 4.9 buffer. The circles indicate the data, and the bars represent the
solution. estimated uncertainty.
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FIGURE 2 Second virial coefficient dependence on glycerol with 0.25
M NaCl (square$, 0.75 M NacCl gircles), and 1 M NaCl {riangles in pH
4.9 acetate buffer. The lines are drawn to guide the eye.

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.

The values fodr/dc used for the samples with 15 and 25

0 ) . o
\;V;rc?c%lzggxlavt\gg;e ;gl;:se?hf Ceor:f'gé? r;hoﬁéézlgewlg?';f f tion of particles is required before an order/disorder phase
' 9N transition will occur. As a reference point, consider that

i';;hﬁqg:ggﬁIrgl'r/i?gﬁltjsﬁg:g?gﬁeﬂ:;ﬁ ;i:fg?;;gerggzgﬁerhard spheres crystallize at a volume fraction of 0.495 (Rus-
The refractive index of the protein is greater than that of theseI et al., 1989). Building on this result, &/B,,s ap-

o - . proaches unity because of changes in [NaCl] or [glycerol],
solvent, as indicated by the positive valuedofdc. With the g .
addition of glycerol, the refractive index of the solvent BPTI solubility is expected to approach660 mg/ml. This

concentration lies outside the range where crystallographers

T e e e e Sl work. Indee, he cost of such exprmens be
gy omes prohibitive. By drivind3,/B,, 10 be less than one,

W'QF}_?FSV;LUSE regggggslgs-rv%ﬁf iﬁ.creasin ionic stren ththe strength of attractive interactions are increased resulting
y 9 9 a reduction in solubility and an increase in the solubility

(Fig. 3). These resuits agree with the studies of Lafont et al ap (i.e., the difference in concentration in the ordered and
(1994), who also measured solubilities at pH 4.9 and sho isordered phases)

similar to the trends observed for silicotungstic acid George and Wilson (1994) report that proteins are com-
(Zamora and Zukoski, 1996) and Iyspzyme (Howard et al. only crystallized from solutions resulting in slightly neg-
1988; Rosenberger et al., 1993; Cacioppo and Pusey, 1991:

. i . . “ative values ofB,. Care must be taken in interpreting this
Ewing et al., 1994; Rosenbaum and Zukoski, 1996). Saltlr]gesult, as the correlation of George and Wilson corresponds

S;tngzii\lléosrS'i;yzlﬁgégf:i\gr?gézgfairg:% ’c?rl;b?g \r/nvﬁﬁ 0 initial conditions not those in which the crystal nucleated
P 9 yies. nd grew. One of the most common techniques for crystal-

o e o oo vro SN0 rtens s to o empertre contat and alow
9 <, 9 olvent to evaporate. This increases protein concentration
5 wt % glycerol.

DISCUSSION 250 T T T T v _: v ]
3 L4 ]
Detailed statistical mechanical calculations and simulations s - ]
indicate that a8, grows more positive, a larger concentra- < 200 ]
)
E [
TABLE 1 Refractive index increments values used for higher - 150 F E
glycerol concentrations % [
=]
Concentration of s k
Concentration of NaCl glycerol added dn/dc 100y
added (M) (wt %) (ml/g) [
0.25 15 0.178 50 L . . N E— L
0.25 25 0.176 0 5 10 15 20 25 30
0.75 15 0.180
0.75 25 0.172 Wt% Glycerol
1.0 15 0.182 -
10 o5 0170 FIGURE 4 Solubility dependence of BPTI on added glycerol at 1 M

NaCl in pH 4.9 buffer.
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toward the solubility limit while also increasing the concen- the pair potential. As a result, the hard sphere contribution,

tration of all nonvolatile solutes. If a hanging drop techniqueB,,,, is defined as

is used to crystallize BPTI and one starts at [Na€IlL 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 samd© account for different hard core sizes, the second virial

amount, as [NaCl] and [glycerol] have opposite effects oncoefficients are normalized by tHg,s value. Thus B,/Byps

solubility. — 1) represents the contribution to the second virial coef-
The subtle effects of solute concentration and type orficient due to particle interactions other than hard core

protein interactions hinder finding solution conditions thatexcluded volume.

generate high quality protein crystals and have led to efforts Solubilities are best compared in terms of volume occu-

to develop systematic methods of characterizing proteipied by the particles. As a result, solubilities are converted

interactions to reduce the empirical techniques in commoiinto the dimensionless number density,(2a)°, which is

usage. Our approach has been to develop generalized phadieectly proportional to the concentration of the fluid phase

diagrams such that knowing the effects of chemical naturén equilibrium with a crystalg,,,

and concentration of solutes on protein interactions, one can s

rapidly design crystallization protocols. ponl28)° = CsalNa(22) . (6)
Generalized phase diagrams are created by linking mea- = M

sures of the strength of protein interactions (relative to the o o o

system’s thermal energy) to the protein concentration af Ne solubilities and second virial coefficients for several

phase boundaries. As a measure of the strength of tproteins are given in Fig. 5. As discussed previously, the
attraction, we have chosd. In order to compare the link data for lysozyme (Rosenbaum, 1995; Rosenbaum et al.,

betweenB, and solubility for different proteins or for dif- 1996; Rosenbaum and Zukoski, 1996; Gripon et al., 1997)
ferent solvent conditions, both the second virial coefficient2nd vu-crystallin (Fine et al., 1996) collapse onto a single
and the solubility must be normalized. The second virialCUrve: For changes in both ionic strength and glycerol
coefficients measured by static light scattering can be reoncentration, the reduced second virial coefficients and
lated to the interparticle pair potential, V(x), though statis—SOIUb'“t'eS for BPTI fall W|th'|n the scgﬁtter of these results.
tical mechanics for spherical particles experiencing cen!n Fig. 5, @ variety of solution conditions has been used,

trosymmetric interaction potentials from (McQuarrie, 1976)@nging from simple addition of electrolyte and temperature
variation to using mixtures of  and HO as cosolvents.

. That the changes in solubility produced by addition of
Bz = _ZWJ

2
Bans = [3 (2a+ 5)3} . (5)

(e VO — 1)dlx 3) glycerol fall on the correlation suggests tHay/B,, . is a

o robust indicator of solubility. Note that the presentation of

in which x is the distance between particle centers.

The integral expression in Eq. 3 is evaluated for center to
center distances from to 0. To avoid particle overlap, the
interaction potential is set to an arbitrarily large value for
X < 2a + §, in whichais the hard core radius (1.22 nm) and
é is the distance of closest surface to surface approach. The”gg
continuum potentials typically used diverge at contact, and ™%
the introduction ofé eliminates this computational diffi-
culty. For molecularly smooth surfacesis 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 13~
topologies, a value of 0.1 nm represents a lower bound for 0.001 '
the distance of closest approach for the equivalent spheres.
Applying this condition, Eq. 3 becomes

sa

-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
BZ/ Bzhs
FIGURE 5 Normalized solubility d.,(2a)®) and second virial coeffi-
21 * cient B,/B,,) data for lysozymeyy, -crystallin, and BPTI. The data for
B,=|5 (2a+ 83|+ | —2m x2(e VKT — 1)dx| . BPTI, from this study, are represented by the filled diamonds. Data for
3 et lysozyme are represented by circles (Rosenbaum and Zukoski, 1996) and
(4) triangles (Gripon et al., 1997). Data fef,-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
The first term in Eq. 4 is the contribution from the hard corejnteraction potential with &, ranging from 7 to 15, as indicated on the

and remains constant regardless of the other values used figure.
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data in Fig. 5 is independent of model used to interpeet The adhesive hard sphere potential is of limited physical
Of Peat significance as true interactions have associated length

To develop insights on the origin of the correlation shownscales and are not infinitely strong. One method of explor-
in Fig. 5 and thus to gain an appreciation of the limits of itsing why the phase diagrams are insensitive to details of the
application, we turn to theoretical descriptions of the linksinteraction potential is to consider the phase behavior pre-
between particle interactions and phase behavior. Previoudicted for a more complicated pair potential. A limited
studies have compared solubilities with the phase diagrarfelaxation of the constraints of the adhesive hard sphere
predicted for adhesive hard spheres (Rosenbaum et a(AHS) potential can be made by allowing the particles to
1996). Here the strength of attraction= [1 — 4B,/B,.,J %,  interact as spheres with a core radius a through a Yukawa
thus makingr andB,/B,,,c equivalent. As this potential has Potential:
only two parametersa(and 1), a single phase diagram is

predicted (Baxter, 1968). The adhesive hard sphere poten- * « x<2a
tial is one in which the particles have hard cores and interact exp[ZK a(l - ﬂ
with a square well attraction, which is infinitely narrow and V(X) = ’ /] o9 (D
infinitely deep. Y X
For two parameter models, such as adhesive hard spheres 2a

or Lennard-Jones interactions, the phase behavior will be ) ) i
completely described in terms of two parameters: one charll Which e, represents the strength of attraction, afd is

acterizing the fraction of total system volume occupied bytN€ range of interaction. Hagen and Frenkel (1994) calcu-

the particles ((8)%0) and a second characterizing the lated the fluid phase (or solubility) boundary for a range of

strength of interaction relative to the thermal energy in the2y Values showing that asi2, exceeds 7, the critical point
system (typically taken akTle,, in which e, is the well for a fluid/fluid phase transition drops below the fluid

depth, orr in which for adhesive hard spheres is the StiCk_crystal phase boundary. Their studies demonstrate that the

iness parameter and plays the rolekdle,) (Hansen and only equilibrium phase transition seen faug > 7 is that

McDonald, 1976). AS3, depends only o, (or 7), a, and ?etwi?n a fluid agqtadcryztal. Fo!a@ ?”7 ﬂtl)“d/ﬂu'gt b
KT, a phase diagram drawn in termsRyB,,..versus (2)%p ransitions are predicted and experimentally observed to be

is equivalent to the more common phase diagrams drawn imetastable (Ries-Kautt and Ducruix, 1989; Muschol and
d P 9 &osenberger, 1995; Taratuta et al., 1990; Rosenbaum,

3 . . .
terms ofkT/e, versus (2)°p. If the interaction potential 1998). Assuming that for large values ak,, the AHS

contains a.larger number of .parar'neters, say both attracuor}:sondition is approached, Rosenbaum et al. (1996) converted
and repulsions, or an attraction with a variable extent, a ne

. e calculations of the phase diagram by Hagen and Frenkel
phase diagram must be developed for each set of parametefg.r 2ak, = 9 to the AHS phase diagram by equating second
Proteins clearly interact through a variety of mechanisms 4

h clud der Waals attracti lectrostati }/irial coefficients in the two systems.
ese Include van der Yvaals atlractions, electrostatic repul- Recognizing the need for a model independent method of

sions, (noncentrosymmetric) dipole interactions, hydmphoaisplaying data we show in Fig. 5 predictions of the fluid/

bic interactions, and hydrogen and ion bridge bondin rystal phase boundary for several values @£ X7, 9, 11,
mechanisms (Branden and Tooze, 1991). If each of thesgnd 15) (Hagen and Frenkel, 1994; Ramakrishnan, 1998).
interactions could be broken out and varied independentiy g 2ak, is increased, the phase boundarieBjfB,,versus

of the others, an infinitude of phase diagrams could b&ya)3, are weakly separated and, over a protein concentra-
predicted. HoweveiB,/B,,s combines all these interactions yion range in which the calculations have been carried out,
into & single parameter representing the leading order tergnan the experimental data. Distinguishing different values
characterizing the nonidealities in suspension thermodypaf 24, from measurement &, and solubilities lies outside
namics. As a resultB,/By is often taken as a lumped the accuracy of extant data. Note however that,2an be
parameter with which to characterize systems in whicharied over a wide range producing a small change in
particles interact with complicated pair potentials and is_/B,, _at a fixed solubility. Thus, whereas the proteins
found to greatly reduce the phase space that one mushown in Fig. 5 may interact with different potentials, the

explore. In additionB, has the advantage of being a directly |ink betweenB,/B, and p.,(22)° is insensitive to these
measurable quantity, thus opening the possibility that phasghanges.

behavior can be characterized without extensive but uncer- From the comparison in Fig. 5 of these three proteins
tain modeling efforts required to estimate protein interactiorunder very different conditions, we conclude that when
potentials. However, given the variety of pair potentials bycompared on an equal footing, these particles display very
which proteins interact, for a given value Bf/B,,svalue,  similar phase behavior. This result supports the hypothesis
one might anticipate a wide variety of solubilities. The datathat the “crystallization slot” exists because broad classes of
in Fig. 5 indicate that a broad variety of proteins under aglobular proteins interact with short-range attractions.
wide range of conditions have very similar phase behaviorWhereas the proteins may experience different pair poten-
thus raising the question of why solubility is so insensitivetials as electrolyte or solute concentration and type are
to details of the pair potential. altered because of the insensitivity of solubility to details of
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the pair potential, the correlation betweBgB,, . and sol-  bulk properties of the solvent other than the viscosity is

ubility will be robust as long as the extent of the attractionsminor (Miner and Dalton, 1953), our approach is to deter-

remains small. mine parameters for the DLVO potential that capture the
The robustness of th8,/solubility correlation is even behavior of BPTI in the absence of glycerol and then

more remarkable given the large dipolar interaction of BPTlexplore what possible mechanisms could be causing the

molecules, which provides a first approximation of theincreases irB, displayed in Fig. 2.

attractions possible between proteins that have anisotropic The DLVO potential is written:

charge distributions. The maximum interaction energy for

two bare dipoles is given by (Israelachvili, 1992) Vowvo = Vvow + Vetec ©)

2 in which V,,p\y is the attractive interactions because of van
_ . er 5 (8) der Waals forcesVg, ¢ is the repulsive electrostatic inter-
4mreqe(2a actions. The magnitude of the van der Waals force is de-

) ) . ) ) ) ) termined by the Hamaker coefficiemt, and for two iden-
in which w is the dipole moment analis the particle radius. jcq) spheres has a form (Hamaker, 1937)

This interaction energy corresponds to the dipoles being
oriented head to tail. At other orientations the dipole/dipoleVypw
interaction will decrease. As the particles separate, the in-

2

teractions are screened by the electrolyte. However, this _A< 2 + 2 + In(hz i 4ha>> h>3
anisotropic interaction potential scales pi/(2a)®. Thus, =4 6 \h®+4ha  (h+ 2a) (h + 2a)®

small particles with modest dipole moments can have o h=35
nonisotropic interaction energies that are quite large. For

example, whereag is 280 Debye for BPTI, the strength of (10)

the dipole/dipole interaction is large given BPTI's small in which h is the surface to surface separatian- 2a
size. For BPTI,W = 3.9 KT, compared with 0.2 kT for . paratern, za.

L ; For protein systems, the Hamaker coefficient has been
lysozyme for this simple calculation. Recently, more de-

tailed calculations of colloidal interactions including dipolar measured to .I|e near 1. kT (Lec_kband et ‘."Il" 1994). For
terms (Sader and Lenhoff, 1998: McClurg and Zukoski,glObmar proteinsA is typically estimated to lie between 1

1998) indicate that dipole/dipole and charge/dipole interac?nd. 2 KT (Nir, 1976). Howgver, using th? DLVO pOtem'al
. o . . "to fit of B, measurementg\ is typically estimated as being
tions can be significant between proteins. The close simi-

larity of the second virial coefficients and solubilities for substantially larger. For lysozyme, values from 4 to 9 kT

BPTI and lysozyme suggests that these anisotropic intera{wIUSChOI and Rosenberger, 1995; Eberstein et al., 1994) up

tions play a limited role in shifting the strength of interac-

0 55 kT for some models (Coen et al., 1995) have been
. . . .. used. For BPTI, a value of4.5 kT was used to fit dynamic
tion as measured B, required to generate a given solubility.

Whereas the correlation in Fig. 5 provides a method for,

light scattering data (Gallagher and Woodward, 1989).
predicting solubility given second virial coefficient data, it When using the DLVO potential to fi,, changes irb by

provides little insight into the mechanism of changeSin a fraction of a nanometer altérby a factor of 2 indicating

: - . the extreme sensitivity oA to 6. Note however, that ex-
with solvent conditions beyond their short-range r]aturetractin A from light scattering data assigns all attractions to
However, if we choose a form faf(x), the data in Figs. 1-3 9 9 9 9

can be used to interpret the effects of solution conditions.VVDW' As a consequence, if hydrogen bonding or hydro-

Before discussing the effect of glycerol on interactions 0f.phobic attractions are significant, they will act to artificially

BPTI, the effects of [NaCl] must be treated first. Following inflate the value qﬁﬁ\. . . . N

Lk : : L . The electrostatic portion of the interaction potential is
a long tradition in discussing protein/protein interactions coresented by the Debve-Huckel approximation of the
(Muschol and Rosenberger, 1995; Eberstein et al., 1994; P y y bp

Gallagher and Woodward, 1989), we treat BPTI as consist: oigson—Bthzman equation. In_ the case of Iow.pot.entials,
. : : . . the interaction potential for two identical spheres is given by
ing of a hard, dielectric core with a uniform surface chargeRussel et al. (1989)

suspended in an electrolyte. Two BPTI molecules will thus '
feel at a minimum, van der Waals attractions and electro- 1 / ze 2 & ;

static repulsions and thus we use the well-known DLVO VeLec = Armee\ 1+ K&) ht2at (11)
potential (Derjaguin and Landau, 1941; Verwey and Over-

beek, 1948) for the interparticle potential outside of thein which e is the dielectric constant of the mediugy,is the
overlap regioni( > 2a). This approach attributes all repul- permitivity of free spacex is the Debye-Huckel parameter,
sions to those due to the hard core and electrostatic repuéndz, is the number of charges on the particle.

sions and all attractions to the van der Waals forces. Despite Using Egs. 3 and 9-1B, was evaluated foz, = +6.2
these limitations, the DLVO potential captures the existencéfrom the known amino acid sequence (Parkin et al., 1996)
of an ionic strength dependent repulsion and a weak attra@and pK, values (Wuthrich and Wagner, 19798,= 1 kT,

tion, which characterizes protein interactions under crystala = 1.22 nm, andé = 0.1 nm (dashed line in Fig. 6).
lization conditions. Because the effect of glycerol on theWhereas these parameters capture the low ionic strength
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20 T 1 — . 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 concentratids, increases sys-

g 05 |

:!;f : tematically with glycerol concentration. In the DLVO
00k model, the addition of glycerol to the buffer most directly
05 [ 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
-15 R calculation of the second virial coefficient, the dielectric
[} 0.2 04 06 0.8 1 1.2 14 . . . .
_ constant only appears directly in the equations that describe
lonic Strength (M) . .
the electrostatic repulsion. & andz, are held constant at
FIGURE 6 Prediction of second virial coefficients using the DLVO the valu.es reqUir_ed to_ﬁBz in the ?—bsence of glycerol,
model. The dashed line represents the prediction based on a priori estimaté€creasing the dielectric constant increaBgesHowever,
of the parameters(= 1 kT, z, = 6.2,r = 1.2235 nmg = 0.1 nm). The  this increase is smalk-3%, for € changing from 78.5 to
solid line represents the best fit prediction allowing the Hamaker coeffi-72 6. To generate a repulsion |arge enough to explain the
cient and charge to vary (parametefs 11.3 kT,z, = 10.2,r = 1.2235 d L . ;
nm, 5 = 0.1 nm). ata would require a much larger changes_msuch as one
that would apply to a 100% glycerol solution.

The dependence of the attractive force on the solvent
behavior, these parameters overestinigtéi.e., the attrac- does not appear directly in Eq. 10. However, the Hamaker
tions are larger than can be captured with the physicallcoefficient, A, is a function of the solvent and particle
reasonable parameter values dbfand A used here). The properties, as shown in the following approximate equation
parameter that is least well established in the previouglsraelachvili, 1992)
calculation is the cutoff distancé, By allowing the cutoff

_ 2
distance to shrink to 0.015 nm, predicted and measured A—§ (fp 'Es)
€ T €&

3hyve(n; — nd)?
162(n2 + n2)>*

virial coefficients can be brought into rough agreement 4
(Farnum, 1997). .
Because the literature values of the charge and Hamaké
coefficient require an unphysical value®fo fit B, over the
entire ionic strength range, we choose todiat 0.1 nm and
allow z, and A to be adjustable. Following Corti and De-
giorgio (1981), at each ionic strength the valuegodndA
required for Eq. 4 to yield the measured valueBgfwere
determined. The intersection of the curves occurs esse

(12)

which e, is the dielectric constant of the particlesis the
ielectric constant of the medium, I$ Planc’s constant;,
is the characteristic adsorption frequenay,is the refrac-
tive index of particles, anah 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
tially at a single pair o, andA values yieldingg, = +10.2 the yalues for the protein core. The refractive index of f[he

particle,n,, can be estimated from the value of the refractive

and A = 11.3 kT. As shown in Fig. 6 (solid line), the ! ) . .
predicted second virial coefficients calculated using theséndex’dwdc' The difference between the particle refractive

parameters fit the data very well, index in the solvent are related by

The agreement of the model calculations and experimen- (dn/doM,,
tal results shown in Fig. 6 are consistent with previous n, — nczm- (13)

. A

studies (Muschol and Rosenberger, 1995; Rosenbaum and
Zukoski, 1996), showing tha, can be modeled with the Using the value ofdn/dc of Gallagher and Woodward
DLVO potential. The values for both the charge and Ha-(1989), in the absence of glycera], = 1.6 = 0.2. From Eq.
maker coefficient are substantially larger than expected. Th&1 if we assumel, = 2 X 10'° rad/sec (Nir, 1976)A = 4.4
value ofAregressed from our data lies in the range of valuekT, which is substantially less than the value of 11.3 kT
used to fit second virial coefficient data gathered in othemrequired to fit theB, data. In the 25% glycerol buffer, the
light scattering studies (Muschol and Rosenberger, 1995olvent refractive index is greater awd/dc decreases to
Eberstein et al.,, 1994; Coen et al., 1995; Gallagher an@®.17 ml/g. These changes in particle and solvent conditions
Woodward, 1989), suggesting our data and fitting procedureesult in decreasing by ~1 to ~3.3 kT.
are consistent with these previous studies but indicating that These estimates oA can be compared with those re-
proteins tend to be more attractive than is expected on thquired to fit the experimental values Bf, with fixed § and
basis of their dielectric properties alone. The large value of. If the DLVO model is applied to the 25% glycerol data,
A required to fitB, data may be explained by recognizing the Hamaker constant yielding the best fit to tBe data
that other interactions such as hydrogen bonding are natecreases, as expected, to a value-@0.3 KT, whereag,
included in the DLVO potential such that in using Eq. 9, weincreases to 11.6. The changeArwhen glycerol is added
are assigning all attractions to the van der Waals forcess comparable with that estimated from optical data. How-
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ever, as the Hamaker coefficients predicted from optical 0 T
data and those measured are much less than the values ex- ‘
tracted fromB, data, this agreement is most likely fortuitous. . 25% ]
K A ) X b glycerol

A decrease in the strength of attraction or effective Ha- 0.5 [15% giygerol Ty e ;
maker coefficient could also be explained by a reduction in
the other short-ranged forces between the protein mole2
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 & Confirmation of these . ]
changes requires further detailed electrokinetic studies. B IR R e P A S S

An alternative interpretation may also be used to explain 0.08 0.09 5 "(;]‘m) 011 0.12
the decreased attraction or increased repulsion between
BPTI molecules upon addition of glycerol. Glycerol is FIGURE 8 Prediction of the effect of increase hydration due to glycerol
known to alter molecular volumes with typical effects beingon the second virial coefficient & M NaCl. The curve is the prediction.
a reduction in the size of the core but an increase in the siz&he solid line represent; in the absence of glycerol. The dashed lines
of the hydration layers (Priev et al., 1996). Thus, g|ycer0|_rep_resenB2 with increasing glycerol concentrations, 5, 15, and 25%, as
could make the protein appear effectively larger or smaller!nd'cated'
Because the mass of the protein is constant, its density
should change with the 1/3 power of its radius. The value
of the Hamaker coefficient depends on the square of thehange in the cutoff distance of less than 0.01 nm would be
particle density (Israelachvili, 1992), so the variation with large enough to account for the effect of glycerol on the
size should be measured values ..

[ 5% glycerol

[ No glycerol

2 2hs

A (Pz)z (3-1)6 (14)
A 1 a,)’ CONCLUSIONS

in which A;, p;, andg; are the Hamaker coefficient, particle
density, and particle radius in state i. Using this relationshi

BPTI salts out of buffers at pH 4.9. However, the protein’s
psolubility increases with the addition of glycerol. At the

makes the second virial coefficient a strong function of theSame time protein/protein interactions become more attrac-
size. Based on this analysis, increases by 0.05 nm Caggve as [NaCl] is increased but these interactions become

produce changes iB, sufficient to explain the observed more repulsive as [glycerol] is increased. Salting out can be

changes on the addition of glycerol (Fig. 7) understood in terms of an ionic strength dependent repul-
Glycerol is also known to increase the size of the hydra-Sion as anticipated for electrostatic repulsions in the pres-

tion layer at the particle surface (Timasheff and Arawaka &Nce of a short-range attraction. Attributing this attraction to

1988). This change in the surface layer is best modeled as &7 der Waals forces results in an unphysical Hamaker

increase in the cutoff distance used to truncate the van d&Pefficient. The effects of glycerol can be understood in
Waals interactions near contaé, As shown in Fig. 8, a terms of_ aItermg protem 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
[25% glycerol would increase the strength of attraction because of deple-
-0.5 H5%_glyeafol” """ : ; ;
i ] tion attractions (Russel et al., 1989; Gast et al., 1986). This
o glyesrel T T T T — effect was not observed at any ionic strength.
i Whereas additional characterization techniques would be
necessary to determine the origin of the attractions between
A BPTI molecules and the action of glycerol on these inter-
12 121 122 123 124 125  1.26 actions, the central result of this work lies in the correlation
Radius (nm) between second virial coefficient and solubility. In this
study we demonstrate that for an additional protein, the
FIGURE 7 _P‘redictio_n‘of the effect of size variat‘ion due to_g[ycerol on correlation betweerB,/B,,. and solubility remains robust
the second virial coefficienttdk M NaCl. The curve is the prediction. The . L.
solid line represent8, in the absence of glycerol. The dashed lines when By is alter_ed by the, addition of electrolyte ,and non-
represenB, with increasing glycerol concentrations, 5, 15, and 25%, as€lectrolytes. This correlation can be understood in terms of
indicated. statistical mechanical models demonstrating that globular

0.5 R LB L A

0 F

[25% glycerol

2hs

B/B
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macromolecules experiencing short-range attractions wilPeisenhofer, J., and W. Steigemann. 1975. Crystallographic refinement of

; ; ; ; the structure of bovine pancreatic trypsin inhibitor at 1.5 A resolution.
show phase behavior that is a weak function of the details of |~ - CrystB31:238-250

the pa|r poten.tlal. Indeed, the presence of COI’]Sldera‘blserjaguin, B. V., and L. D. Landau. 1941. Theory of stability of strongly
dipolar interactions between BPTI molecules does not ap- charged lyophobic sols and the adhesion of strongly charged particles in
pear to detract from this correlation. solutions of electrolytesActa Physicochimica URSB}633-662.

Whereas our investigation provides further support forPrenth, J. 1994. Principles of Protein X-Ray Crystallography. Springer-

. . Verlag, New York.
the observation of George and Wilson (1994)’ we als berstein, W., Y. Georgalis, and W. Saenger. 1994. Molecular interactions

continue the gen_eral_ization of their apprpach by in_dicating in crystallizing lysozyme solutions by photon correlation spectroscopy.
that the “crystallization slot” can be quite extensive and J. Cryst. Growth143:71-78.

results from fundamental nature of the links between nonEwing, F., E. Forsythe, and M. Pusey. 1994. Orthorhombic lysozyme
idealities in solution thermodynamic behavior and the sol- SOluPility. Acta Cryst D50:424 -428.

.- - . . . . Farnum, M. 1997. BPTI solubility and interactions in the presence of
ubility limit. Details of the interactions will vary from "y oo "Master's Thesis, University of llinois.

protein to protein and cosolute to cosolute. However, thesne B M. A. Lomakin, O. O. Ogun, and G. B. Benedek. 1996. Static
narrow band oB,/B,, s resulting in similar solubilities sug-  structure factor and collective diffusion of globular proteins in concen-
gests that under conditions in which the solvent contains trated agueous solutiod. Chem. Phys104:326-335.

molecules substantially smaller than the protein, the attracz2/lagher, W. H., and C. K. Woodward. 1989. The concentration depen-
dence of the diffusion coefficient for bovine pancreatic trypsin inhibitor:

tive well is narrow with respect to the protein core diameter 5 dynamic light scattering study of a small proteBiopolymers.28:
resulting in a very limited and closely related set or phase 2001-2024.

boundaries. However, if more complex crystallizing condi-Gast, A P., W. 8. Russel, and C. K. Hall. 1966. An experimental study of
. . . . . phase transitions In the polystyrene latex an ydroxyetnyicullulose
tions are used where the interaction potential is no longer ¢ ¢icm 3" coll. Int. Sci.109:161-171.

monOtonica”y attractive (SUCh as_ at lower iQI’]iC Strengths OGekko, K., and S. N. Timasheff. 1981. thermodynamics and kinetic ex-
in the presence of polymers) this correlation betw8gh amination of protein stabilization by glyceroBiochemistry.20:
B, and solubility may fail. However, the large set of 4677-4686.

i ; ; ; ; ; fadi eorge, A., Y. Chang, B. Guo, A. Arabshabhi, Z. Cai, and W. Wilson. 1997.
conditions and proteins investigated in Fig. 5 indicates thaf Second virial coefficient as predictor in protein crystal grovidiethods

there are broad ranges of proteins and crystallizing condi- gnzymol276:100-110.

tions in which measurement @, offers a rapid, nonde- George, A., and W. Wilson. 1994. Predicting protein crystallization from a

structive screening method for determination of good crys- dilute solution propertyActa Cryst.D50:361-365.

taIIizing conditions. Gripon, C., L. Legrand, I. Rosenman, O. Vidal, M. C. Robert, and F. Boue.
1997. Lysozyme-lysozyme interactions in under- and super-saturated
solutions: a simple relation between the second virial coefficients@ H

) ) ) and D,O. J. Cryst. Growth.178:575-584.
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