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Crystallization of globular proteins

W. C. K. Poon
Department of Physics and Astronomy, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, United Kingdom
(Received 29 July 1996

Globular proteins can be crystallized by the addition of electrolyte or nonadsorbing polymer. Too much
additive, however, gives rise to amorphous precipitates. By comparing existing data on various proteins with
previous work on a model colloid-polymer mixture, we suggest an explanation for noncrystallization in terms
of a hidden gas-liquid binodal inside the equilibrium fluid-crystal region of the phase diagram.
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PACS numbdps): 87.15.Da, 82.70.Dd

I. INTRODUCTION values ofB, by drawing a parallel with our recent work
[5-7] on a well-characterized model colloid-polymer mix-
The crystallization of a protein from solution is the first ture.
step in the determination of its structure by x-ray diffraction
[_1]. Crystallization is frequently br_ought about by the addi- II. MODEL COLLOID-POLYMER MIXTURE
tion of electrolyte or of nonadsorbing polymer such as poly-
ethylene glycolPEG. In either case, a short-range intermo-  Our system consists of sterically stabilized polymethyl-
lecular attraction is induced by the added component. methacrylaté PMMA) particles and random-coil polystyrene
Recent studies of various globular proteins and relatedPS dispersed ircis-decalin. Observations were carried out
macromolecule§2,3] have shown that crystals are only at room temperature, whews-decalin is a slightly better
formed when the second virial coefficient of the inducedthan theta solvent for PEB]; i.e., the polymer coils are ef-
short-range intermolecular attractiol,, becomes suffi- fectively interpenetrable as far as their mutual interaction is
ciently negative. Following Rosenbaum, Zamora, and Zukoconcerned. Previous wolfle] suggests that the particles in-
ski [3], values ofB, for a variety of short-range potentials teract as nearly perfect hard spheres; the polymer appears to
can be reported by mapping onto the Baxter sticky harde nonadsorbing5] and interacts with the particles merely
sphere(SHS model[4], in which the interaction between by excluded volume. The exclusion of polymer from the re-
two spherical particles, diameter, is given in terms of a
stickiness parametet,
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While Ugpg— — in the limit 6—0, the second virial coef-
ficient of the Baxter potential remains finite and is given by
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The combined data of George and Wild@} and Rosen-
baum, Zamora, and ZukoskB] show that more than 20 ) T M
globular proteins and related macromolecules have a com- Volume fraction x01
mon crystallization boundary in the-¢ plane, whereg is
the volume fraC“,O” of protein molecules, Fig. 1. E’Oth groups - G, 1. phase diagram for particles with short-range attraction.
also drew attention to the well-known observation that t00, jie common crystallization boundary for the four macromol-
much additive, or, equivalently, too negativeBa, would  ecyles in Rosenbaum, Zamora, and Zukd8ki The crystallization
lead to amorphous precipitates. No explanation, howevelyoundaries of globular proteins studied by George and Wilgdn
was given for this rather mysterious but important aspect ofyso fall closely around this curve, crystallization boundary for
the art of protein crystallization. the colloid-polymer mixture ifi5]; O, noncrystallization boundary

In this paper we give a possible theoretical explanation ofor the same systef¥]. The vertical bar gives 0.867<0.15, the
the observed cessation of crystallization at large, negativeptimal range for protein crystallization identified in RE3].
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gion between two nearby particles gives rise to an unbal- Y
anced osmotic pressure pushing the particles together, result- {
ing in an attractive depletion potentiély.{r), which can ppe

lead to phase separation. The range and strengthygfcan

be separately tuned by altering the polymer molecular weight
(and therefore coil sigeand concentration, respectively. The
phase behavior depends on the polymer to particle size ratio
é=rgy/R. Small ¢ gives an expanded region of colloidal b ¢ ¢
fluid-crystal coexistencd5]. For larger &, colloidal gas- i b

liquid coexistence becomes possibé. _ . FIG. 2. Schematic phase diagram of a colloid-polymer mixture
The experimental boundary between single-phase fluigh \yhich the ratio of the polymer to colloid size is0.25. The

and crystal-fluid coexistence regions % 0.08, previously  yariables are the colloid volume fractighand the polymer chemi-
given[5] in terms of the colloid volume fractionf) and the  ¢g potentialu,. A sample in theF (C) region remains a single-
polymer weight concentration, is mapped onto #e plane  phase colloidal fluidcrysta). The equilibrium phase boundary is in
in Fig. 1[with B, calculated fromJ.{r) using equations in  bold. Above this boundary, in thE+C region, a sample should
[6]]. The deviation of our data from the average crystalliza-separate into coexisting colloidal fluid and crystal phases. Above
tion boundary taken from Reff3], 7~0.15 for s ¢=<0.4,is  the dotted curve, which is the metastable gas-liquid binodal, how-
within the spread of the two data sets. This gives us confiever, the growth of colloidal crystals is disrupted, and various non-
dence that the same fundamental physics underlies our syequilibrium aggregation behaviors are observed. The free energy
tem and the diverse globular protein solutions investigatediagrams associated with the two indicated polymer chemical po-

low
PP

C

previously in[2] and[3]. tentials x5 and p9" are shown in Figs. @) and 3b), respec-
tively.
ll. CESSATION OF CRYSTALLIZATION polymers, the fluid branch, and an ordergdce-centered-

cubig) arrangement of colloids with polymers randomly dis-
persed, the crystal branch. At low polymer chemical poten-
tials, the fluid and crystal branches each show a single
minimum, Fig. 3a). This gives rise to single-phase fluid,
fluid-crystal coexistence, or single-phase crystal. The colloid
concentrations in coexisting fluid and crystal phases are ob-
tained by the common tangent constructisee, e.g9.[12]).

At higher polymer chemical potentials, however, the fluid
branch of the free energy shows a double minimum struc-
ture, Fig. 3b). The points on thequilibriumphase boundary
at this polymer chemical potentiah; and ¢, (cf. Fig. 2), are

The position of the crystallization boundary in our
colloid-polymer mixture is well accounted for by a simple
statistical mechanical theofy10,5]. In the theory, polymer
molecules are treated as an ideal @ass., points, a reason-
able approximation for the near-conditions used in our
experiments and the colloids are hard spheres of radius
(to model the interaction between sterically stabilized
PMMA spheres However, a polymer molecule is excluded
from coming closer than a distane®to the surface of a
colloidal particle(a simple model of the excluded volume

interaction between polymer and particlén practice we . . .
holy particlén p still obtained by constructing thdowes) common tangent

expects~rq. The phase behavior of this nonadditive hard between the fluid and crystal branches. However, one could
sphere model is then solved within a mean-field framework,” = =~ y : ’
basily discard the crystal branch and perform the double tan-

which predicts that the topology of the phase diagram de- : .
pends on the ratia/R. gent contruction on the fluid branch of the free energy alone.

For 6/R=0.08, this theory predicts crystallization faH In thlsdway,t {ah.gas-ll|qwd b'hnOdfil IIS oi)tal[nelc-:l, which I'?:S. at
polymer concentrations across a crystal-fluid boundary at 9 ar:j ¢Iba Tr:§ po y;ne{ cblemlca lpo %n g’." cdorlnparcg '.9‘3'
7=0.15, which matches well the observed crystallization and 3b). This metastable gas-liquid binodal is burie
boundary in our experimental system, Fig. 1. In the experi-
ments, however, crystallization was suppressed at high F . F
enough polymer concentratiofar, equivalently, at- values ¢ f ¢
sufficiently lower than~0.15) [5,7]. Beyond an experimen-
tally reproduciblenoncrystallization boundaryFig. 1, vari- T f
ous types of nonequilibrium aggregation behavior were ob- i

served, culminating, at the highest polymer concentrations ' ) ¢ ¢ ' ¢ ¢ ¢ ¢
(or smallestr), in the formation of transient ge[§]. Exten- f ‘
sive small-angle light scattering investigations of our model © o

colloid-polymer mixture [7] suggest that the non-
crystallization boundary should be identified withnzeta-
stable gas-liquid binodaburied in the equilibrium fluid-

crystal coexistence region, Fig. 2. The presence of thig, nomogeneous colloidal fluid with a volume fraction between

boundary can be understood as follows. ¢ and ¢, will phase separate into coexisting fluid and crystal
Following our earlier wor10] we write the free energy phases with those volume fractiotthe common tangent construc-

F of a colloid-polymer mixture as a function @, the col-  tion). (b) At high polymer chemical potentiat/i%", the fluid branch

loid volume fraction, angx,,, the polymer chemical poten- has a double minimum structure. The common tangent construction

tial [11], F=F(¢,u,). F can be calculated within a mean- can be used to trace out hoth the equilibrium phase boungiary

field framework for a disordered arrangement of colloids ancand ¢, and the metastable gas-liquid binodg and ¢, .

FIG. 3. Schematic free energy diagrarfi¢¢,up). (8 Low

olymer chemical potentia,u'r?W (see the vertical axis in Fig.)2



3764 BRIEF REPORTS 55

within the equilibrium fluid-crystal coexistence region in the when the noncrystallization boundary;-0.06, is crossed.
phase diagram, Fig. P13]. The position of the gas-liquid The practice of relating nonequilibrium behavi@n this
binodal predicted by our mean-field thedy0] corresponds case the failure to crystallize¢o hidden, metastable phase
well with the experimental noncrystallization boundary boundaries within equilibrium regions of two-phase coexist-
found in our colloid-polymer mixturg7]. ence is a common one in metallurgy. The possibility of such
Our noncrystallization boundary lies very close to thea boundary was pointed out explicitly by Cahn in an early
7~0.06 boundary identified by Rosenbaum, Zamora, andeview[15] (see also Sec. 10.1.6[ihi2]), and forms the basis
Zukoski beyond which proteins will not crystallize. We of a metallurgical rule of thumb — the Ostwald rule of
therefore suggest that the failure of proteins to crystallize istageqg16]. The presence of such a metastable phase bound-
also due to a hidden gas-liquid binodal. The double-wellary inside an equilibrium two-phase region is related to the
structure in the fluid branch of the free energy at lew triple-minima structure of the free energy, FighB The
favors local density fluctuations which produce amorphoudgowest two minima give rise to two coexisting equilibrium
structures. The metastable liquid-gas spinodal for the Baxtgshases(via the common tangent constructjorThe third,
SHS model was plotted in Fig. 1 ¢8], buried inside the metastable, minimum, though of no significance for equilib-
crystallization region. This spinodénd thus the associated rium phase behavior, nevertheless can decisively influence
binoda) lies at values ofr a little higher than the noncrys- phase transitiokinetics as demonstrated by the cessation of
tallization boundary at~0.06. Note, however, that the pre- crystallization in the systems discussed in this paper. The
cise location of the equilibrium crystal-fluid and metastabletheoretical basis of such effects is the subject of active in-
gas-liquid boundaries for the SHS system are still uncertainvestigation[17].
Moreover, Stell warned that the procedure of mapping to the Note added in proofRecently, two publications have ap-
SHS model viaB, is likely to be increasingly invalid for peared that throw further light on the issues discussed here
values ofr less than unity 14]. [18,19.
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