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Abstract: We have studied the nucleation of crystals of a model protein from aqueous solutions using a novel
technique that allows direct determinations of homogeneous nucleation rates. At a constant temperature of
12.6°C we varied the thermodynamic supersaturation by changing the concentrations of protein and precipitant.
We found a broken dependence of the homogeneous nucleation rate on supersaturation that is beyond the
predictions of the classical nucleation theory. The nucleation theorem allows us to relate this to discrete changes
of the size of the crystal nuclei with increasing supersaturation as (10 er {4 )or 5)— (1 or 2). Furthermore,

we observe that the existence of a second liquid phase at high protein concentrations strongly affects crystal
nucleation kinetics: (i) Crystal nucleation rates are lower than expected in the phase region efligque
demixing. (ii) In the immediate proximity of this region, nucleation rates vary by factors of up to 2 in identical
experiments. Since for this region theory predicts a sharp rate maximum, we attribute this kinetic instability
to minor shifts of the experimental conditions toward or away from the phase boundary.

Introduction utilized to achieve sustained release of medications, such as
insulin and interferonx.19-13 If the administered dose consists

of a few, larger, equidimensional crystallites, steady medication
release rates can be maintained for longer periods than for doses
with broad crystal size distributions. To achieve narrow size
distributions, nucleation should be constrained to very short time

. - ; . . spans, i.e., crystals should nucleate almost simultaneously, so
structure-function correlations.Recently increased interest in that th t th d . turati
protein crystallization stems from the fact that protein crystal- a .ey can grow at the same decreasing supersaturation.
lization and aggregation occur in the human body and are In view of these factors, much progress has recently been
responsible for severe pathological conditions. For instance, themade in the understanding of the protein crystal growth
aggregation of Hemoglobin S and crystallization of Hemoglobin Mechanisms (see refs 48 and references therein). Despite
C in human blood cells underlies the sickle cell disease and the structural complexity of the protein molecules, and the
related anemfa” and aggregation of eye-lens proteins is the compositional complexity of protein solutions, there are pro-
cause of catara8€ Understanding the physics of these processes nounced similarities between the mechanisms and kinetics
could provide a means to influence them in the human body. underlying the growth of protein and inorganic cryst&sotein
Furthermore, the slow dissolution rate of protein crystals is crystal growth has even been viewed as a particularly convenient
model for phase transitions that occur in a variety of systems:
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The main impetus for protein crystallization studies has been
the realization that the preparation of sufficiently large single
crystals is the main bottlenekkof X-ray diffraction studies of
protein structure. Protein structural data are needed, for instance
for rational drug design, or for the understanding of genome
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By comparison, insight into the first stage of protein crystal- nucleation pathways and kinetics, and (iii) test the applicability
lization, crystal nucleation, is still very limited. In some cases, to protein crystal nucleation of the classical nucleation thé&ty,
abundant experimental data have been fitted to engineering orwhich adequately describes nucleation kinetics of many sub-
other preconceived models:28 In other studies (see refs 29 stances, including small molecule crystallization from solu-
32 and references therein), select nucleation concepts wergions?® or condensation of vapors into liquid dropléts>!
applied and the conclusion was drawn that crystal nucleation For these studies, we used lysozyme isolated from hen egg
of the studied proteins follows the classical nucleation theories, white. This enzyme has a molecular mass~af4500 Da,
i.e., protein crystal nucleation, similarly to crystal growth, hydrolyzes polysaccharides in bacterial cell walls, and was one
follows the mechanisms established for the nucleation of simple of the first proteins studied by X-ray diffractidA.lt is still
liquids or inorganic salts from vapor or solution. A conflicting broadly used in, for instance, studies of protein folding
point of view is that mechanisms entirely different from those dynamics?® and it is a particularly attractive crystallization
found for inorganic molecules should apply to protein crystals. model because its thermophysical properties are well-known

Furthermore, recent results on the molecular interactions andand it has been used in numerous prior investigations (for a
phase behavior in protein solutions (that typically also contain review see ref 15). Numerous recent crystallization mechanism
buffer, another electrolyte and often a smaller organic ad@fjive  investigations using a wide range of other proteins have
have shown a rich variety of phenomena that do not occur in validated the results obtained with this material and justified
molecular solutions of inorganic substances (see refs 8, 9, andysozyme as a useful model system for protein crystallization
35—39 and references therein). Particularly intriguing is the studies.
existence of another condensed phase, a high-concentration
liquid, at low temperature®3 The thermodynamics of these  Experimental Section
phenomena are more akin to the thermodynamics of phase

transitions in colloid solutior$$4%-43 than to those of small- 6 wallized 4 without additional purification. A stock
molecule inorganic solutions. Molecular dynamics simulations > crystatized, was used without additiona’ purification. A stoc
solution was prepared by dissolving the protein powder in 0.05 M

and phe_lse-f_leld modelln_g preQ|ct that the processes of phz"seacetate buffer, pH 4.5. It was then filtered through a Qu2? filter
separation in the solution will affect the kinetics and the (wjjipore Millex-GV) and stored at £C for further experiments. A
mechanisms of protein crystal nucleatirt*> 20% solution of NaCl in the same buffer was used to add precipitant
Hence, the aims of the investigations discussed here are toin the chosen concentration. Before each experiment a solution with
(i) study the kinetics of crystal nucleation in a model protein the desired composition was prepared by mixing the protein stock,
system, (ii) obtain insight into relevant mechanisms with buffer, and NaCl solutions. The final protein concentration was
particular attention to possible concurrent processes, e.g., thedetermined spectrophotometrically by measuring absorbance at 280 nm

Solution Preparation. Hen egg white lysozyme, from Seikagaku,

appearance of the second liquid phase that may affect theUsing absorbanae?®™= 2.64 mL:-mg *-cm *.>* The protein solution
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volume used in one run was about 1.5 mL.

Technique for Nucleation Rates Determinations.The existing
experimental methods for determinations of homogeneous nucleation
rates would be inapplicable or produce ambiguous results if applied to
protein systems. For instance, different variants of cloud chahber
and supersonic nozzle expansion technifaee specific for vapor
liquid nucleation. Techniques that use levitating dropléfsare prone
to evaporation of solution from the liquiehir interface. Light scatter-
ing,2%3! although a powerful technique, is heavily dependent on
assumptions about the interactions between the molecules for data
interpretation.

Hence, we developed a novel technique that allows direct determina-
tions of the steady-state rate of homogeneous nucleation. In the
beginning of a run, the protein solution is loaded at a temperature chosen
to prevent nucleation or liquidliquid demixing. Then the temperature
is lowered to a selectet at which nucleation occurs. In analogy to a
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Figure 1. Variations in the numbers of lysozyme crystals in a droplet nucleating under identical conditions.

technique developed for studies of electrochemical nucleation on a 04F T T T T T T =

substraté? after a time period ofAt; the temperature is raised from % Aty =15 min 4

the nucleation temperatufie to the growth temperatuf® (in all studies 02l N=1.07 |

reported herel; = 12.6°C andT, = 20 °C). At T, supersaturation is ’

at levels where nucleation rate is practically zero, but the crystals already I

formed can grow to detectable dimensiéh%his allows separation of 0 ' L L

the nucleation from the ensuing growth. After this growth stage, the 04 T T T T T T T

crystals nucleated & during At; are counted. L /7 Aty=1hr
To obtain reproducible statistical characteristics of the random 0.2l N=1.38 |

nucleation process, 400 simultaneous trials take place under identical

conditions. Each of these trials took place in a solution droplet of 0 I | | 1 T

volume 0.7uL. To suppress the undesired nucleation at the solution
air interface, the droplets were suspended in inert silicone oil S4&ed

in optimizations of the crystallization conditions of a variety of proteins.
To extract the nucleation rate from the time dependence of the number
of nucleated crystals, five arrays of 400 droplets are subjected to the
nucleation supersaturation at increasing time intergals TheseAt;
values ranged from 12 min to 8 h. In all, the determination of one
nucleation rate data point is based upon statistics over 2000 protein
solution droplets. The experiment setup and procedures are described

N i | At1 = 3 hr -1
in detail elsewher - o2l % % N=2.01
Data Collection and Reproducibility. Since the number of crystals ./

that appear in a certain volume is a random variable, successive 'VA %\

repetitions of an experiment under identical conditions could give, for 0 : : .
instance, one, four, or no crystals, Figure 1. Statistical distributions of
the number of crystals in one droplet resulting from 400 simultaneous
experiments under identical conditions are presented in Figure 2. We
compared the experimental distributions similar to those in Figure 2
with the Poisson law

Normalized Frequency
o
o N
T T § T
= 7
S
=2
1]
.
]
1 1

0 1 2 3 4 5 6 7

N" .
P(n) = 7rexpCN) 1) Number of Crystals in One Droplet n
Figure 2. Distributions of the number of lysozyme crystalappearing
Heren is the number of crystals that appear in one droplet dufitig in one droplet as a result of increasing nucleation tichesindicated

andN is the mean value of the distribution. We evaluated the goodnessin the plots. Each distribution presents the result of simultaneous
of the fits using they? criterion$ The found y? values show experiments in 400 droplets with volunve= 0.7 uL each, lysozyme
correspondence between the data and the Poisson law with a confidenceoncentratiorC = 55.5 mg/mL, precipitant NaCl concentrati@aci

= 3%. Bars: experiment results. Lines and symbols: fits with Poisson

(59) Milchev, A. Contemp. Phys1991, 32, 321-332. o distribution.

(60) Tammann, GDie Aggregatzustaend@nd ed.; Voss: Leipsig, 1922.

(g%) gﬂayen, “ E‘;’r%te'”tEgg-%A?t%‘lig%gggggf??A_Ml level of 0.92-0.99. This indicates that the individual nucleation events
Eesg Gaf?(){r?,né).; '\/eki'lovr,yps. 'GJ.r?Dhys. Chent999 103 10965-10971. are independent of each other. The determination error, i.e., the deviation
(64) Young, H. D.Statistical treatment of experimental daMcGraw- of the measured\ value from its true value, was evaluated from the

Hill: New York, 1962. ratio o/N/N,;, and was typically~5%.
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Figure 4. Dependencies of the homogeneous nucleation rates

Figure 3. Time At; dependence of the mean number of crystals in lysozyme crystals on protein concentratiérat T = 12.6°C and the

one dropleN. EachN value is determined from a distribution in Figure  {hree precipitant concentratior@uaci indicated in the plots. Solid

2. Error bars correspond tgN/N,. The slope of the straight line is  jines: fits with exponential functions. Dashed line for data points at

used to calculate the nucleation rdtan cm2 s72, the interceptNhetero Cnaci = 4% is just a guide for the eye. Datum pointGif.c; = 4% and

characterizes heterogeneous nucleation. lysozymeC = 68 mg/mL was obtained in a cloudy solution and was

not used in fitting procedures. Vertical dotted lineGat= 66 mg/mL

The reproducibility of this determination of the mean number of indicates the liquigtliquid demixing boundary at thi§ and Cyaci =

crystals in a dropleN was estimated by repeating an experiment five 49,

times using identical conditions and procedures. TheNiwalues were

within 5-6%, as expected from the above estimate of the determination at higher precipitant concentrations. However, at the highest

error® precipitant concentratiorCnaci = 4%, the J(C) dependence
Determination of the Homogeneous Nucleation Ratefigure 2 contains three peculiarities.

presents .the changes qf the di;tribution of number of crystals in one (i) The dependence breaks @ = 33.5 mg/mL, with the

droplet with nucleation timet,. Figure 3 shows that the mean number sections aC < C* and C > C* following different exponents.

of nucleated crystals increases linearly with time, indicating steady- . . .
state nucleation at the chosen experimental conditions. Several sources (1) The data point at the highest lysozyme concentration,

of unsteadiness may appear. There may be a competing process, sucit 68 Mg/mL, although not apparently deviating from the
as denaturation, or bacterial or enzymatic proteolyses, that consumesxponent through the lower concentration data, is lower than
the protein in the solution and has characteristic times comparable tothe data point determined at a low@r= 64 mg/mL and a lower

the crystal nucleation times. This would result in nucleation rates lower Cnaci = 3%. We noticed that during the determination of the
than the steady state at longer nucleation time and a subli@gar nucleation rate atCyaci = 4% and C = 68 mg/mL the
dependence. Furthermore, nucleation can be intrinsically unsteady incrystallization solutions in all 2000 droplets became cloudy
a clos_gd syst_em without sources of single m_ole(_:ules if the number of immediately after temperature was lowered to the nucleation
nuc:e' IS SO t;'ghthat thle monomer Clonge.mra“r?n 'Shdeplete.d'. However, o mperature ofT, = 12.6 °C. The solutions were cloudy
evaluation of the nucleation time lagf® i.e., the characteristic time throughout the nucleation periadit; and became clear again

needed for the transformation of the initial cluster size distribution to . .
the steady-state distributidhyields for this system 0:11 s% This is whenT was raised at the end of the periad to T, (no crystals

significantly shorter than the nucleation timas in Figure 3, and we or any other formations were detected in the solution droplets

should get steady nucleation rates. The straight line in Figure 3 indicatesat that time). This indicates that this set of conditioBsGnacy,
that none of these factors affect our results. T) is below the liquid-liquid coexistence boundary for the

Although the use of oil to cover the droplets significantly reduces lysozyme-water—NaCl system. After the growth stage, most
heterogeneous nucleation by preventing nucleation on the dropletof the crystals found in the droplets appeared like regular
surface, apparently it still occurs (note the nonzero intercept of the datatetragonal lysozyme crystals. However, in a few20 out of
in Figure 3 att = 0). Likely centers for this process may be the small - 5000) droplets spherulitic crystals with thin needles growing
(<0.22um) particles remaining in the solution after filtration. The good radially outward from a center (“sea urchin” morphology) were
linearity of theN(t) att > 0 indicates that the heterogeneous nucleation detected, see Figure 5. No correlation between the nucleation

is limited to times shorter than those accessible to our technique. Thist. dth b f droplets with “ hin” hol
mode of fast crystal nucleation leads to a constant additive to the number!M€S and the number of droplets with “sea urchin® morphology

of nucleated crystals at all times. Thus, the intercept of the dependenceCyStals was found. The presence of crystals with such unusual
with Y-axis in Figure 3 can be used to characterize the rate of Shape has been related to crystallization starting below the

heterogeneousucleation and the slope of this dependence yields the liquid—liquid coexistence curvé.

homogeneousucleation rate. (i) At C > 48 mg/mL the dependence bifurcates with the
data points belonging to either of two branches. We noticed
Results that in the runs leading tdvalues from the upper branch, in a

Homogeneous Nucleation RatesThe variations of the few droplletsi(\'2—3 out of 2000) S.pherulitic Cl’ystals, similar
homogeneous nucleation rate with protein concentration at threet0 those in Figure 5, appeared. This suggests that the closeness
different concentrations of the precipitant, NaCl, are presented Of the liquid—liquid coexistence boundary may be affecting
in Figure 4. In agreement with general expectations, the Crystallization in those runs.
nucleation rate increases exponentially with protein concentra- Heterogeneous NucleationThe mean numbers of hetero-

tion at constant precipitant concentration and, overall, is higher geneously nucleated crystaietero are plotted for all studied
conditions in Figure 6. Thedgneerovalues are extracted from

(65) Kashchiev, DSurf. Sci1969 14, 209-220.
(66) Vekilov, P. G.; Monaco, L. A.;; Thomas, B. R.; Stojanoff, V.; (67) Muschol, M.; Rosenberger, B. Chem. Phys1997 107, 1953~
Rosenberger, FActa Crystallogr. Sect. [1996 52, 785-798. 1962.
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Figure 5. “Sea urchin” morphology of crystals observed in a few of i 4 $
the droplets during runs &naci= 4% andT = 12.6°C yielding higher r o
Jvalues, as well as the run Gkaci = 4% and lysozymeéC = 68 mg/ ]
mL in which the crystals nucleated in a cloudy solution. 0.1 2 E
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2 0.01} ®) .
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E I Thermodynamic Supersaturation ¢ = In (C/C¢)
(0]
= 1r Figure 7. Dependencies of homogeneous nucleation r&ten
I thermodynamic supersaturation= Au/ksT at T = 12.6°C and at the
| three precipitant concentrations indicated on the plots. Solid lines: fits
L with exponential functions. Dashed lines: fits with the classical
ol QA A e T e nucleation theory expression, eq 3. Data points with highedues at
20 30 40 50 60 70 80 Cnaci = 4% and the datum point obtained in a cloudy solutioCaic

Protein Concentration C [mg/ml] = 4% and lysozymeC = 68 mg/mL,o = 3.8, were not used in the
fitting procedures, see text for details. Vertical dotted lines &t3.78
indicate the liquid-liquid demixing boundary at thi§ and Cnaci =
4%. (a) Linear coordinates; (b) semilogarithmic coordinates.

Figure 6. Dependencies of the number of heterogeneously nucleated
crystalsNhetero determined from plots similar to Figure 3, on protein
concentration al = 12.6°C and the three precipitant concentrations
Cnaciindicated on the plots. Solid straight lines are just guides for the thegrem of Kashchiev and OxtoB%73 a universal, model-
eye. independent nucleation law. Since the nucleation wo@kcan
be estimated from the logarithm of the nucleation faia terms

the intercepts of the straight lines of the time dependence of of J andn* the nucleation theorem becomes

the mean number of nucleated crystals per droplet, similar to

the one in Figure 3. The numb&eiwero increases with both aln J

protein and precipitant concentration. Note that although the n* —ny = kBTE +a 2

homogeneous nucleation rates in Figure 4 are exponential H

functions of the protein concentration, the increasblifierois wherea is a correction that takes values between 0 ar#@ 1.

close to linear. To present the dependencies of the nucleation rates on the
. . concentrations of the protein and precipitant in Figure 4 in the

Discussion

variables of the nucleation theorem, we re-plotted in Figure 7
The Nucleus SizeThe nucleus or critical cluster of the new the data in terms of functions of thermodynamic supersaturation

phase is a cluster that has equal probability to grow or to dissolve o = AulkeT. We calculater as InC/Ce), whereC is the protein

and is in a labile equilibrium with the supersaturated sol.fffoft. concentrations of the solution ar@@l, is the concentration at

The number of molecules in the nucleus is the most important equilibrium with large crystals at the temperatufe and

characteristic of the nucleation process. The nucleusgize  precipitant concentration of the experiméht>This definition

largely determines the height of the free energy barrier for of supersaturation does not account for solution nonide®}ity.

nucleation (i.e., the reversible work for nucleatiohis and Following the logic of ref 77, it is easy to show that nonideality

hence thg nucleation rafe The relation betyveeAG and the T (72) Kashchiev, DJ. Chem. Phys1982 76, 5098-5102.

number difference between the molecules in the nucleus and in  (73) Oxtoby, D. W.; Kashchiev, DJ. Chem. Phys1994 100, 7665~

an equal solution volume* — ng is treated by the nucleation  7671. _
(74) Cacioppo, E.; Pusey, M. L1. Cryst. Growth1991, 114, 286-292.

(68) Gibbs, J. WThe Scientific Paperover: New York, 1961; Vol. (75) Rosenberger, F.; Howard, S. B.; Sowers, J. W.; Nyce, T. Bryst.
1. Growth 1993 129 1-12.

(69) Volmer, M.Kinetik der Phasenbildungsteinkopff: Dresden, 1939. (76) Ross, P. D.; Minton, A. Rl. Mol. Biol. 1977, 112 437-452.

(70) Oxtoby, D. W.J. Phys.: Condens. Matter992 4, 7627-7650. (77) Guo, B.; Kao, S.; McDonald, H.; Wilson, W. W.; Asanov, A;
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Table 1. Characteristics of the Nucleation Process Determined
from Fits of Eqs 25 to Dat&

Cnaci N*—nNo Als™Y B y [mIIn?]  n*enr
25% 9.6+0.2 (9+5)x 10716 65+4 064  1k7
3% 4.2+02 (4+2)x 10718 33+4 051 42
4% 47403 (1.4+0.7)x 10Y 4444 0.56 5-3
4% 0.2+ 0.3

a For definitions and details, see text.
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Although the selection of the critical sizes depends on the
structure of the clust&tand the symmetry of the bonds around
the molecule, these calculations at least qualitatively explain
the behavior of the nucleus size in the different growth regimes.
Comparison with Predictions of Classical Nucleation
Theory. One of the basic assumptions of classical nucleation
theory (CNT) is of continuous cluster size changes that is a
good approximation to reality only for large nuclei. Thus, the
size of the nuclei determined above precludes application of

leads to a correction in the above expression for the supersatuCNT to our data. We compared our experimental results to the

ration Au/kg T = In(C/Ceq) + 2B,M(C — Ceg) + O(B3C?), where

B are the virial coefficients anill is the protein molecular mass.
At a NaCl concentration of 2.5%8, = — 2.1 x 10~4 mol cn?/

g, and the higher order virial coefficients have negligible affects
on the solution behavid® At 75 mg/mL, o0 = 2.7992 the
correction BoM(C — Ce) = —0.4, i.e.,~15%. Similar estimates

at the higher precipitant concentrations require data on the

solution virial coefficients that are not available. Hence, for
consistency, we employ the simplified expression for super-
saturation for all data in Figure 7.

Figure 7b indicates that &naci = 2.5 and 3%n* does not

predictions of this theory only for the sake of completeness.
Within the framework of this theory, the dependence of the
nucleation rate on supersaturatienand protein molecular
concentratiom; is*6.81

J = An, exp(-B/c?) (3)
The coefficientA is a complicated function of the molecular-
level attachment-kinetics parameters. There have been attempts
to theoretically derive an expression for this coefficient for
nucleation from solutiofi?-8% In all cases, the final formulas

change throughout the respective supersaturation ranges, whildor A contain variables that are often impossible to determine

at Cnaci = 4% the nucleus size changes abruptlyat 3.1,
corresponding taC = 33.5 mg/mL. The values of* — ng

independently.
The parameteB is related to the thermodynamic barrier for

extracted from the four linear segments in Figure 7b are shown creation of the critical clustehG* and for a spherical cluster
in Table 1. Since supersaturation is defined as the logarithm of can be written as

the ratio ofC to Ceq, the exact value o€y does not affect the
slope of the straight lines in Figure 7b. Hence, the value¥ of
— np are independent of possible experimental errors of the
solubility measurements.

We attribute the deviations @ — ng from whole numbers
to the correction factoe. in eq 2. To roughly evaluatey, we
compare the molecular diameter30 A, to the distance between
the molecular centens;~/3, wheren; is the proteinmolecular
concentration. AC ~ 70 mg/mL,n; = 2.9 x 108 cm™3 and
the distance is=70 A. At 2.5% NaCl and at protein concentra-
tions close to 70 mg/mL, in the volume occupied by a crystal
consisting of~10 molecules, there may ba ~ 1 solute
molecule. At the other precipitant concentrations, nhie- ng
and the volume occupied by the nuclei are smaller, hemgds,
smaller and the correction it introduces in the nucleus size is
comparable to or smaller than Keeping this in mind, we can
extract then* values corresponding to the* — ngp values in
Table 1: forCnaci = 2.5%,n* is 10 or 11, atCnaci = 3%, n*
=4 or 5, atCnaci= 4%,n* = 4 or 5 and then 1 or 2 molecules.

Critical clusters consisting of one molecule have been encoun-

tered before in investigations of electrochemically driven

_16r Q%°
B =
(kgT)

with Q the protein molecular volume in the crystal apdhe
surface free energy of the critical cluster. Two-parameter fits
of our data with eq 3 show reasonably good correspondence,
Figure 7a. The best-fit values 8fandB are shown in Table 1.
From the values oB we estimate the surface free enengy
The values ofy shown in Table 1 are lower by about half than
a previous determination in ref 66. That previous work used
expressions similar to egs 3 and 4 to fit crystallization kinetics
data in which the nucleation stage was not separated from
growth. Hence, the estimate for given there is of limited
reliability.

Classical nucleation theory also allows determinations of the
nucleus size as

(4)

-
Ment =73
1%

(%)

nucleation of new phases under high overvoltages/supersatu-rhjs sjze continuously changes in the supersaturation ranges
rations>® Under those conditions, the nucleation rate is deter- ¢ the experiments. The nucleus sizes determined using eq 5
mined by the kinetics of attachment of molecules to this critical ¢traddie the more accurate determinations based on the nucle-

cluster.
With these small numbers of molecules in the nuclei, the
discrete character of the* changes of one or a few whole

ation theorem, eq 2. This correspondence seems to support the
general belief that CNT provides a fair approximation for the
nucleation barrie?¢-88 while spectacularly failing to predict the

molecules becomes apparent. This partially explains the CO”Stanbreexponential factors.

n* values within certairv intervals. One may still wonder why
does the nucleus not cover all sizes between 10 ar2] but
jumps from~10 to~4 to 1 or 2 molecules. Similar jumps were
observed during crystallization of various metals and salts on
crystalline and amorphous substrate€alculations ofAG of
clusters of various sizes assuming compact cluster shape
revealed that the molecular configurations consisting of a
different number of molecules have different stabilify? As

a result, theAG dependence on the cluster size is not monotonic
and the locus of maximum, i.e., the critical cluster size, jumps

with increasing supersaturation over several cluster size units.
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Holland: Amsterdam, 1974.
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Heterogeneous Nucleation on Foreign Particledn terms
of the classical nucleation theory, heterogeneous nucleation, i.e.,
nucleation on a foreign surface, is enhanced if the new phase
wets the available surface. Then, the thermodynamic work of

formation of a nucleus of the new phase can be reduced up to g3

several times, with the reduction factor determined by the
wetting angle®® This is the reason for the significantly faster

rates and shorter times of this nucleation mode. The observations g 20

in Figure 6 of more intense heterogeneous nucleation at higher
precipitant and protein concentrations roughly agree with this

trend and with previous experimental observati$tsowever,

the weak, linear increase in the number of heterogeneously
nucleated crystals with protein concentration does not fit this

simplified scenario. This should not be surprising, since (see

above) we suspect that heterogeneous nucleation in our system
occurs on the surface of submicron particles. The sizes of these
particles likely cover the whole range below 028, and their
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surfaces may be very rough. Such peculiarities of the substratesrigure 8. A section of the phase diagram of lysozyme solutions (whole

have not been considered by theory.

phase diagram is shown in the inset) in the presence of 3% and 4%

Our technique of nucleation rates determinations was speciallyNaCl. The 3% liquid-liquid coexistence curve is according to
designed to differentiate between homogeneous and heterogeexperimental determinations in ref 67; the 4% curve is calculated using
neous contributions. However, if a technique only records the €d 6 and parameters determined in the same St@glubility curves

sum number of crystals for a given time, the resulting nucleation

rates will be biased by the presence of heterogeneously nucleate
crystals. Since the dependencies of the rates of two nucleation
modes on the system parameters are similar, the data will not’or Cnaci =
allow distinctions between them. The introduced bias may be

propagated far into the conclusions based on such results.

Heterogeneous nucleation of protein crystals may soon
become an important technological process for the fabrication

of, for instance, coupled protetrsemiconductor sensors, data

storage devices, etc. Despite the above caveat, the observatio -
of the general correspondence of the heterogeneous nucleatio

trends to the prediction of nucleation theory may provide
guidelines in these new exciting areas.

Liquid —Liquid Separation and Its Effects on Crystal
Nucleation. The liquid—liquid (L—L) coexistence boundaries
in the system lysozymeNaCl—water at pH 4.5 maintained by

acetate buffer have been determined in our laboratory for a few

for tetragonal crystals (upper pair) at both NaCl concentrations were
alculated using empirical formulas from ref 74. The horizontal line
—A marks conditions used in the studies reported here.

3% and should be even further away fOyaci =

2.5%. Thus, we do not expect any effects of thelLdemixing

on the nucleation of crystals at these two precipitant concentra-

tions. Correspondingly, no solution clouding or spherulitic

crystals were found in these series of experiments. However,

the line A—A crosses the L separation curve foCyaci =

The data point at this precipitant concentration @net

©8 mg/mL in Figure 4 was recorded below this curve in the

region of liquid—-liquid demixing. Correspondingly, as discussed
above, during nucleation, the solution was cloudy. Crystal
nucleation occurring below thetL phase separation boundary
has higher energy barriers than at the boundary, or slightly above
it.#> We attribute the slow nucleation at these experimental
condition (slower that the nucleation at a lower protein and

concentrations of NaCl using the same materials as those usedPrecipitant concentration) to this effect. Note that since three

in the present stud¥. In the (C,T) plane the phase separation
curveT_ —(C) is best described by
w}

where Ct = 255 4+ 30 mg/mL is the critical lysozyme
concentrationg is the critical exponent, and-—- and Te"t are
adjustable parameters, witlit being a roughly linear function
of Cnacr- Using the parameter values from ref 67 we calculated
the liquid—liquid separation boundary fo€yaci = 4%. The
result is plotted in Figure 8 together with the solubility curve
at these conditiorf$ and the respective L and solubility
curves forCnaci = 3%.7475

The line A—A in Figure 8 shows the locations in th€,)

CCI’it —-C

T . = TC’“{ 1—-A-t o (6)

plane of all experiments discussed here. We see that the

experimental conditions are far from the-L separation curve
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phases, dilute solution, concentrated liquid, and crystals are
present, the nucleation theorem does not apply to nucleation
below the =L phase boundary.

The liquid—liquid separation boundary is the location where
the compressibility qV/dp)t=const = (9?°AG/op?)r reaches a
maximum, i.e., the fluctuations in the system are highest. At
the point on that curve Q7o) (32AG/9p?)r, and the
fluctuation amplitudes even reagh(or the container size). This
has been predicted to enhance the nucleation of a new phase
and sharply increase the crystal nucleation rate in the vicinity
of the phase boundaf:*>-°*Minor variations of the solution
composition that cause small changes in the locations of the
L—L curve may have a strong effect on the nucleation rate.
We attribute the bifurcation id(C) for C > 48 mg/mL to such
variations. One would expect the highest deviation between the
branches to occur about the demixing concentratior@é mg/

mL. Quite surprisingly, the strongest deviation is observed at
C =56 mg/mL. We tentatively correlate this shift with the result
of a phase field computation of the nucleation baffierhich
predicts a shift of the minimum from the binodal point by about
+1 K. Figure 8 shows that around the experimental conditions
this shift corresponds to-a(10—15) mg/mL change in protein
concentration.

(91) Wolde, P. R. t.; Oxtoby, D. W.; Frenkel, Phys. Re. Lett. 1998
81, 3695-3698.
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It is appealing to view in a unified way the sequemte= homogeneous and heterogeneous nucleation. Although the
(4 or 5)— n* = (1 or 2)— L—L separation occurring with  dependencies of the homogeneous nucleation rate on protein
increasingo at Cnaci = 4%. In this sequence, the-lL phase and precipitant concentration are similar to those found in small-
transition appears as an extension of crystal nucleation*for = molecule systems, the nuclei consist of only a few molecules.
= 0. There are arguments against such interpretation. TheStrictly speaking, this precludes direct applications of classical
nucleus size is determined by the distance in @&)(plane in nucleation theory to the studied system. With increasing
Figure 8 between the point corresponding to the experiment supersaturation, imposed by increasing protein or precipitant
conditions and the solubility curve, while the location of the concentrations, the nucleus size takes discrete values of 10 or
L—L boundary may be independent of the solubility curve. 11, then 4 or 5, then 1 or 2 molecules. This leads to a broken
Although the two boundaries may be related, as in recent dependence of the nucleation rate on supersaturation that is
simulations with a spherically symmetric intermolecular poten- beyond the predicting capabilities of classical nucleation
tial,*244the relation should not necessarily result in the discussed theories. Furthermore, if crystals nucleate under conditions that
sequence. For instance, in the case discussed in refs 42 and 44re close to the liquidliquid separation boundary in the phase
the crystal nucleus size in the direct proximity of the-IL diagram of the protein solution, crystal nucleation kinetics are
boundary was about 50 molecules. On the other hand, spheri-affected. In the region of liquidliquid separation, nucleation
cally symmetric models fail to correctly predict the locations rate is lower than expected for the given protein concentrations
of the solubility and the EL boundarie$? Only models based  and temperature. On the other hand, experiments in the area
on asymmetric potentials have recently been able to quantita-immediately above this phase boundary yielded nucleation rates
tively reproduce a typical protein phase diagr&hus, if such that vary by a factor of up to 2 in identical experiments. Theory
advanced models are applied to simulations of the crystal predicts a sharp nucleation rate maximum in this area of the
nucleation close to the+L boundary, an answer could emerge phase diagram. Hence, we attribute this kinetic instability to
as to whether the £L phase transition can be viewed as an minor shifts of the experimental conditions that affect the exact
extension of crystal nucleation at high supersaturations. distance of the experimental conditions to the phase boundary

and the location of maximum rate.
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