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Nucleation of ordered solid phases of proteins triggers numerous phenomena in laboratory, industry,
and in healthy and sick organisms. Recent simulations and experiments with protein crystals suggest
that the formation of an ordered crystalline nucleus is preceded by a disordered high-density cluster,
akin to a droplet of high-density liquid that has been observed with some proteins; this mechanism
allowed a qualitative explanation of recorded complex nucleation kinetics curves. Here, we present
a simple phenomenological theory that takes into account intermediate high-density metastable
states in the nucleation process. Nucleation rate data at varying temperature and protein
concentration are reproduced with high fidelity using literature values of the thermodynamic and
kinetic parameters of the system. Our calculations show that the growth rate of the near-critical and
supercritical ordered clusters within the dense intermediate is a major factor for the overall
nucleation rate. This highlights the role of viscosity within the dense intermediate for the formation
of the ordered nucleus. The model provides an understanding of the action of additives that delay
or accelerate nucleation and presents a framework within which the nucleation of other ordered
protein solid phases, e.g., the sickle cell hemoglobin polymers, can be analyzed. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1887168g

I. INTRODUCTION

The formation of protein ordered phases is of interest to
many scientific and technological areas: structural biology,1–3

patho-physiology of protein condensation diseases,4–6 pro-
duction of protein pharmaceutical preparations,7,8 etc., and a
deeper understanding of the underlying mechanisms is ex-
pected to facilitate progress in these areas.

The phase diagrams of protein solutions differ from
those of simple substances, such as argon. The significant
factor underlying this difference is the range of attraction
between molecules:9–11 this range is determined by the size
of the solvent molecules12 sat the typically used ionic
strengths ofù0.1 M the electrostatics is screened and the
Deriaguine–Landau–Veervey–Overback theory does not
apply13,14d, smaller by at least an order of magnitude than the
protein molecules’ sizes. As a result, in protein solutions the
triple point disappears and the liquid-liquidsL-Ld phase
separation is submerged below the solution-crystal
equilibrium.15,16 Phase diagrams with aL-L separation line
with a critical point lying below a smooth liquidus and a
solidus lines have been found for several proteins.17–21

An investigation of the crystal nucleation mechanisms
using the protein lysozyme revealed an unusual dependence
of the rate of homogeneous nucleation on temperature: as the
temperature is lowered from the equilibrium, the dependence
passes through a maximum in the vicinity of liquid-liquid
phase boundary,22 Fig. 1. Another unusual result with the

same system was that as supersaturation is increased, the
nucleus size decreases and reaches one molecule.23 This tran-
sition occurs at conditions that differ by 1.0°C–1.5 °Csor
,10–15 mg ml−1d from the L-L coexistence line in the
stemperature, protein concentrationd plane and indicates that
the nucleation free-energy barrier becomes less than the ther-
mal energy and the rate of nucleation is solely limited by the
kinetics of growth of the near-critical clusters.24–26 These
two observations contradict the assumptions and predictions
of the classical nucleation theory.27

Prompted by computer simulations28 and density func-
tional calculations29 results in the vicinity of theL-L critical
point, the above unusual behavior of the nucleation rate was
explained by the presence of a dense liquid intermediate in
the nucleation reaction pathway, Fig. 2.22,30 Since the nucle-
ation rate maximum is consistently reached above theL-L
coexistence line, it was concluded that a dense-liquid-like
droplet, unstable or metastable with respect to the low den-
sity solution, serves as an intermediate in that region, Fig.
2.30 Similar interpretations of these results were offered in
several theoretical and computational investigations of pro-
tein crystallization.31–33Note also that the protein nucleation
is a complex phenomenon that cannot be described by a
single order parameter. Thus Fig. 2 is a simplified formal
presentation of a free-energy landscape of the system, and
the nucleation reaction coordinate might include several or-
der parameters.

In this paper we develop a simple phenomenological

THE JOURNAL OF CHEMICAL PHYSICS122, 174905s2005d

0021-9606/2005/122~17!/174905/7/$22.50 © 2005 American Institute of Physics122, 174905-1

http://dx.doi.org/10.1063/1.1887168
http://dx.doi.org/10.1063/1.1887168
http://dx.doi.org/10.1063/1.1887168


model of protein crystallization via an intermediate liquid
state. Our goal is a quantitative understanding of the depen-
dence of nucleation on temperature and concentration using
parameters that can be measured experimentally.

II. THE MODEL

A. The nucleation rate law

Our main assumption is that in the supersaturated dilute
solution a liquidlike cluster is formed with a temperature-
dependent and protein-concentration-dependent rate
u0sC,Td. This cluster can dissociate back into the solution
with rate u1sTd, or it can transform into an ordered crystal
nucleus with rateu2sTd. The crystal nucleus irreversibly
grows to a macroscopic ordered phase. These processes can
be formally described by the following rate scheme:

0� 1 → 2, s1d

where state 0 corresponds to the dilute solution, state 1 is the
intermediate dense liquid cluster, and state 2 is the final crys-
talline phase. These three states correspond to the minima in
the energy landscape picture in Fig. 2.

The thermodynamic and kinetic parameters of the inter-
mediate and the depthE1 of the second minimum determine
the nucleation rate resulting form this model. For all tem-
peratures above the criticalTc for L-L separation, we assume
that the system, via concentration fluctuations, selects the
intermediate state leading to fastest nucleation of crystals;
E1,E0 so that the intermediate is metastable or unstable
with respect to the dilute solution. AtT,Tc, we test two
possibilities:sid state 1 is the same as the dense phase at this
temperature;sii d state 1 is selected according to the same
criteria as atT.Tc. E1 becomes greater thanE0 not atTc but
at TL-L at which the chosen dilute solution is in equilibrium
with a dense liquid. In all cases, the intermediate has a higher
free energy than the final crystalline state.

If we define Pistd as a probability to find the system
in state i =0,1, or 2 at time t, then a parametert

=e0
`tfdP2std /dtgdt determines the mean time to create one

crystalline nucleus in a steady state process. Thus, the pa-
rametert represents a meanfirst-passage timefor the tran-
sition from state 0 to state 2 and is given by34

t =
1

u0sC,Td
+

u1sTd
u0sC,Tdu2sTd

+
1

u2sTd
. s2d

The ratesu0, u1, and u2 depend on temperature as
uisTd=Ui exps−Ei /kBTd, i =0,1,2. As afirst simple approxi-
mation, the steady-state nucleation rateJ can be calculated as
J=t−1. We get forJ

J =

U0U2 expSE0 + E2

kBT
D

U0 expS−
E0

kBT
D + U1 expS−

E1

kBT
D + U2 expS−

E2

kBT
D .

s3d

This is a general expression for the nucleation rate with
one intermediate state. Note that it differs significantly from
a classical nucleation theory formula with a single
temperature-dependent exponent.27

Next, we divide the numerator and denominator on the
left side of Eq.s3d by U0 exps−E0/kBTd, and define a Gibbs
free-energy change for the formation of the intermediate
DG=E0−E1. Since the rate of nucleation of liquid droplets
Os107–109 cm3 s−1d sRef. 35d is significantly faster than the
typical rates of protein crystal nucleation
Os10−2–1 cm3 s−1d,36 we assume thatu2sTd!u0sTd, i.e., the
structuring of the dense liquid droplets is a rate-limiting step.
Equations3d simplifies to

J =

U2 expS−
E2

kBT
D

1 +
U1

U0
expSDG

kBT
D . s4d

FIG. 1. The dependence of the rate of homogeneous nucleationJ of
lysozyme crystals on temperatureT at two fixed lysozyme concentration
indicated in the plot. The temperatures of equilibrium between crystals and
solution are 315 K atClys=50 mg ml−1 and 319 K atClys=80 mg ml−1. The
temperatures ofL-L separation are 285 K atClys=50 mg ml−1 and 287 K at
Clys=80 mg ml−1 sRef. 37d and are marked with vertical dashed lines. Sym-
bols represent experimental results from Ref. 22. Lines are results of the
model discussed in the text.

FIG. 2. The free energyG along two possible pathways for nucleation of
crystals from solution.E0 is the barrier for formation of a quasidroplet of
dense liquid as a result of a density fluctuation,E0 is the barrier for decay of
these droplets,E2 the barrier for formation of an ordered cluster as a result
of a structure fluctuation within the dense quasidroplet.DGL-L is the free
energy of formation of the dense liquid phase,DGL-L.0 above theL-L
coexistence line and upper curve applies;DGL-L,0 below theL-L coexist-
ence line, reflected by lower curve. See text for discussion ofE1 above the
L-L coexistence line.
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Equations4d shows thatJ does not explicitly depend on
the size of the barrier for decay of the dense liquid interme-
diate: even ifE1=0 and the intermediate is unstablesthis
corresponds to a typical density fluctuationd, the expression
for J does not change.

B. The maximum in the nucleation rate

Assuming thatU1/U0, U2, and E2 are not functions of
temperature, we solve the equations]J/]TdT* =0 and find
that the nucleation rate reaches a maximum at a temperature
T* determined from

E2

kBT*2 31 +

expS−
DG

kBT* D
U1/U0

4 = U ]

]T
SDG

kBT
DU

T*
. s5d

If DG is independent of temperature, this expressions yields
a T* which is not physically meaningful.

For a more realistic description, we allowE0 andE1 to
change with temperature. We assume that their difference
DG=0 at TL-L, and DG/kBT changes linearly with
T both above and belowTL-L. To find the increment of this
dependence, we assume that it equals the temperature incre-
ment of the dependence of the free-energy change forL-L
separationDGL-L below the critical temperature forL-L sepa-
ration Tc.

37 To find thisDGL-L increment, we use the known
strong dependence of enthalpy ofL-L separationDhL-L on
temperature that yields DhL-L=−40 kJ/mol at
Tc−T<10 K.37 Integrating numerically the Gibbs–
Helmholtz equation with thisDhL-LsTd, we find thatDGL-L is
an increasing power-law function ofTc−T. Approximating
this DGL-LsTd dependence withDGL-L /kBT=AT+B, we get
A=0.0666. Using the same A for DG/kBT at
T both above and belowTL-L, we find thatB=−18.9 ensures
that DG=0 at TL-L for C=50 mg/ml, whileB=−19.2 forC
=80 mg/ml, the two concentrations of the data in Fig. 1.
Then, from Eq.s5d with E2,kBT, T* ,170 K, far below that
observed experimentally. More importantly, we findsmodel
results not shownd that the nucleation rateJ egresses toward
the maximum atT* upon temperature decrease not by a steep
exponential as in Fig. 1, but rather by a weak sublinear func-
tion.

C. Using the system parameters

The above considerations show that a model that could
adequately describe the data in Fig. 1 should account for the
physical specificity of the system and of the chosen kinetic
model, as well as for the temperature dependence ofE2.

A crucial element of the model is the nature of the inter-
mediate state. We assume that is akin to the dense liquid and
exists at the same temperature as the dilute solution. This
allows us use the above linear dependenceDGsTd on both
sides ofTL-L, and this is equivalent to assuming thatE1Þ0 at
T.TL-L, i.e., the intermediate is not a mere density fluctua-
tion. The alternative assumption would lead to a break inDG
at TL-L and a discontinuity in theJsTd dependence. The ab-
sence of such discontinuity in Fig. 1 suggests that the inter-
mediate is metastable and has a finite lifetime. Experimental

evidence of the existence of such a metastable intermediate
has now been found for three protein, including lysozyme,
data which are modeled here, using dynamic light
scattering.38

While these tests show that the size of the metastable
liquid droplets is from a few tens to a few hundred nanom-
eters, neither this nor any other technique can provide an
estimate of the protein concentration in these droplets. We
assume that at each temperature, an intermediate state with a
concentrationC1 that does not depend on the dilute solution
concentration is selected and thatC1 obeys

C1 = A1T + B1. s6d

Below, we show that the nucleation rate law depends
only weakly on the exact values ofA1 andB1 as long as the
resultingC1 in the rangeT,Tc is in the vicinity of the equi-
librium concentration of the dense liquid. TheC1sTd depen-
dencies tested below are depicted in Fig. 3.

The preexponential factorU2 in Eq. s4d accounts for the
kinetics of growth of ordered clusters within the dense liquid
droplet, and it should depend on the temperature, concentra-
tion, and viscosity within the droplet. In analogy to the pre-
exponential factors for nucleation of solids in melts, we as-
sume thatU2 is proportional toC1 and T and inversely
proportional to viscosity in the dense liquidh at concentra-
tion C1 sRef. 39d,

U2 = k2
C1T

hsC1,Td
, s7d

wherek2 is a kinetic constant.
We assume thath follows the same dependence in the

dilute solution and in the dense liquid and representhsC,Td
as the product of the Andrade–Eyring expression for the tem-
perature dependence40 and an empirical expression for the
concentration dependence.41 We get

h = h0h1 + fhgC1 exp skhfhgC1dj exp s− Eh/kBTd, s8d

whereh0 is the viscosity of the solvent,fhg is the viscosity
increment at low concentrations,Eh is the Arrhenius-type
temperature factor for the viscosity, andkh is a parameter
typically determined by fittinghsCd dependencies to Eq.s8d;
kh takes values form 1 to 10.41 The former three parameters

FIG. 3. Assumed value of the concentration of the dense phase intermediate.
Dashed, dotted, dash-dotted, and short-dashed lines correspond to different
assumptions of this concentration, as indicated in the plot. Solid line marks
liquid-liquid coexistence line and is shown for comparison.
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can be determined by fitting Eq.s8d to the data on the vis-
cosity of low-concentration lysozyme solutions at various
temperatures.42 Thus, in all cases h0=0.051 cP, fhg
=0.0045 mg−1 ml, and Eh=−7.3 kJ/mol. The resulting
hsC,Td curves withkh=4 are shown in Fig. 4. As expected,
they diverge asC approaches 600 mg ml−1 with a corre-
sponding volume fraction 0.49, the noninteracting hard
sphere limit.41

The expression foru0 in Eq. s4d above is the rate of
nucleation of dense liquid droplets and thus the preexponen-
tial factor U0 is a linear function of the dilute solution
concentration.43,44 Since we know nothing aboutU1 we as-
sume that it is constant, so that the ratioU1/U0=1 for C
=50 mg ml−1 and 50/C for other dilute solution concentra-
tions C.

D. The barrier E2

The steep dependence ofJ on the deviation of the tem-
perature from the value at solution-crystal equilibrium sug-
gests that the barrierE2 should be a decreasing function of
temperature. Furthermore, comparing the temperatures of the
maxima in Fig. 1 at the two studied concentrations to loca-
tions in thesC,Td plane, where the nucleus size decreases to
one molecule and the nucleation barrier vanishes,23,38we find
that they coincide. In analogy to the similar phase locations
in phase diagrams of fluids,24–26 we assign this temperature
to the crystallization spinodal and denote it withTsp. Note
that this spinodal is kinetically determined and denotes a
location where the solution loses stability with respect to a
combination of concentration and structure fluctuations. This

differs from the spinodalsor pseudospinodal45d for L-L sepa-
ration introduced in Ref. 37, which may be related to stabil-
ity loss by concentration fluctuations alone.

We assume that betweenTe and Tsp, E2 smoothly de-
creases from infinity to zero, and in analogy to a recently
introduced law,46 follows a DT−2 dependence,

E2sTd =
E*

sTe − Td2F1 −
sTe − Td2

sTe − Tspd2G . s9d

The parameterE* is determined from the following con-
siderations. AtT higher thanTL-L by several degrees, the
nucleation barrier should be<n*Dm /2, where n* is the
nucleus size andDm is the thermodynamic supersaturation.
SinceDm /kBT<2–3 andn* is between 4 and 10,23 the bar-
rier should be severalkBT units. Using the values ofTe and
Tsp from Table I and assumingE* =15 000 kJ mol−1, we get
the E2sTd dependencies shown in Fig. 5, which fulfill this
requirement. Note thatE* corresponds to the nucleation bar-
rier E2 only in the immediate vicinity ofTe, whereE2 ap-
proaches infinity. Thus, the high value ofE* allows a strong
dependence ofE2 on DT via Eq. s9d that results inE2

<50 kJ mol−1 at T=300 K, where nucleation is still ex-
tremely slow, see Fig. 1.

III. MODEL EVALUATION

A. Pure solutions

Lysozyme solutions represent a unique protein system,
for which the available data provide values or reasonable
estimates for most of the parameters of the above model. The

FIG. 4. The dependencies of the viscosityh on protein concentrationClys

and temperatureT according to Eq.s8d assumed in the model evaluations.
The dependencies at low concentrations shown in the inset were fitted to
experimental determinations ofhsClys,Td from Ref. 42.

TABLE I. Thermodynamic characteristics: temperatures of solid-liquid equilibriumTe, liquid-liquid equilibriumTL-L, and the crystallization spinodalssee text
for definitiond Tsp used in the model calculations, all three from Refs. 22 and 37. The kinetic parameters: kinetic coefficients for viscositykh and structuring
of intermediatek2, and scaling factor for second free-energy barrierE* used in model calculations. In all cases here, the parameters in theC1sTd dependence
in Eq. s6d areA1=−10 andB1=3270.

Model characteristics TL-LsKd TspsKd TesKd kh k2 E*skJ/mold

1 C=50 mg ml−1 285 287 315 4 0.266 15 000
2 C=80 mg ml−1 287 288 319 4 0.266 15 000
3 C=50 mg ml−1, 5% glycerol 278 281 311 4 1.862 10 000
4 C=50 mg ml−1, 0.2% PEG 285 287 315 4 0.8911 15 000

FIG. 5. The dependencies of the barrierE2 for nucleation of crystals from
the dense phase intermediate on temperatureT, calculated according to Eq.
s9d using solution-crystal equilibrium temperatureTe and crystallization
spinodal temperatureTsp from Table I, for three of the modeled cases: upper
dotted line: 80 mg ml-1 lysozyme, 5% glycerol; intermediate solid line: 50
mg ml-1 lysozyme; lower dashed line: 80 mg ml-1 lysozme.
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only materials parameter missing iskh, accounting for high-
concentration effects in the dependence of the viscosity of
the dense liquid intermediate on concentration and tempera-
ture in Eq.s8d. Thus,kh remains an adjustable parameter of
the model. The other inevitablysdue to our low understand-
ing of nucleation in dense liquidsd adjustable parameter is the
coefficientk2 in the preexponential factor for the ordering of
the dense liquid intermediateU2 in Eq. s7d. Using the values
of the respective characteristic temperaturesTe, TL-L, andTsp

and the parameters listed in Table I, we fit the model predic-
tions to the data atC=50 mg ml−1 in Fig. 1. The values ofk2

andkh yielding the best fit are shown in Table I. Note that all
values ofkh are within the range 1–10 found with other
solutions for which the viscosity at high concentration has
been studied.41

Using the characteristic temperatures forC
=80 mg ml−1 and the same kinetic parameters as those for
C=50 mg ml−1, we evaluated the model for the former pro-
tein concentration. Figure 1 shows that the correspondence
between the model prediction and the actual data forC
=80 mg ml−1 is remarkably good.

B. The concentration C1 in the dense liquid
intermediate

To evaluate the significance of the accuracy of the guess
of the concentration within the dense liquid intermediate, we
evaluated the dependenceJsC1d stemming from Eqs.s4d, s7d,
and s8d at severalT=const. We got very shallow maxima at
C1’s near and to the right of theL-L coexistence line. The
increase inJ to the left of these maxima is due to the depen-
dence in Eq.s7d, while the decrease to the right of maxima,
to Eq. s8d. The shallowness of the maxima indicates that the
exact selection ofC1 is not crucial for the resulting value of
the nucleation rate. Since the nucleation follows the fastest
pathway, we chose the parametersA1=−10 andB1=3270 in
Eq. s6d that ensureC1 values in the region of these maxima.

As a second test of the significance ofC1, we evaluated
the model with different values of the parametersA1 andB1

in Eq. s6d. If the testedC1sTd dependence runs near to the
case modeled above, such as cases 6 and 7 in Table II and
Fig. 3, slight adjustments of the values of the parameterskh

andE* within their acceptable physical ranges ensure a per-
fect fit of the model to the experimental results for bothC
=50 mg ml−1 andC=80 mg ml−1.

However, if the testedC1sTd dependence lay far from
case modeled above, such as case 8 in Table II and Fig. 3, the
model could not be fit to any of the data sets because of the

high h values in the high-concentration region: compare
Figs. 3 and 4. In a special case 5 in Table II,C1sTd was
chosen to cross theL-L coexistence line and the model cal-
culations were carried out assuming thatC1 belongs to that
line if the linear dependence lies beneath it. The model
yielded a second maximum in theJsTd dependence atT
whereC1sTd crosses theL-L coexistence line, which, appar-
ently, is absent in the experiential data in Fig. 1.

This latter strong deviation indicates that the intermedi-
ate differs from the macroscopic dense liquid phase. On the
other hand, the dependence ofC1sTd was introduced assum-
ing that the intermediate is similar to the dense liquid. These
are not necessarily contradictory statements. We note that
small clusters of a phase may have different properties than
the macroscopic phase itself, as suggested by Gibbs.46–48

Thus, it is likely that if the intermediate clusters are allowed
to grow, they will become macroscopic dense liquid droplets
and the suggestion that the intermediate is similar to the
dense liquid phase is still valid.30

C. The effects of glycerol and polyethylene glycol on
the nucleation rate

The above model provides a framework for the under-
standing of the experimentally observed effects of two addi-
tives, glycerol and polyethylene glycol 8000sPEGd on the
nucleation kinetics:22 it allows discrimination between the
effects of the additives on the solution thermodynamics from
those on the nucleation kinetics. The experimental results
show that glycerol shifts the temperatures of solution-crystal
equilibrium and ofL-L coexistence and delays the nucleation
rate. The low amount of PEG used, 0.2%, does not affect the
phase diagram, however, it leads to significant acceleration
of the nucleation rate.22

The experimental results in the presence of glycerol are
compared to the model predictions with three sets of param-
eters. The dashed line in Fig. 6sad shows that if the effects of
glycerol were limited to the effects on solution thermody-
namics, the nucleation rate would have been suppressed very
significantly. However, the increase ofk2 necessary to fit the
model predictions to the experimental data, see Table I, sug-
gest that glycerol significantly accelerates the kinetics of
growth of the ordered clusters within the dense liquid inter-
mediate. Furthermore, the scaling factor forE2 was reduced
by 33% indicating that glycerol leads to lower barriers for
the nucleation of the ordered phase.

TABLE II. Values of the parameters used in model calculations probing the effects of the choice of concentration of intermediateC1 on the nucleation rate
law; thermodynamic characteristicsTL-L, Tsp, andTe as in case 1 in Table I.

Model characteristics

C1

kh k2 E* skJ/moldA1 B1

5 C=50 mg ml−1 andC=80 mg ml−1, C1 follows TL-LsCd −10 3200 7 42.56 15 000
6 C=50 mg ml−1 andC=80 mg ml−1 −10 3200 4 0.077 18 000
7 C=50 mg ml−1 andC=80 mg ml−1 −5 1950 7.5 1284 15 000
8 C=50 mg ml−1 andC=80 mg ml−1 −20 6190 2 0.0114 15 000
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The effects of PEG are well modeled by a higherk2

again suggesting an acceleration of the growth rate of the
critical clusters.

We refrain from offering a molecular-level interpretation
of the decrease in the barrier for nucleation of ordered clus-
ters within the dense liquid intermediate in the presence of
glycerol. However, the accelerated kinetics of growth of the
clusters in the presence of both glycerol and PEG is very
interesting. We draw an analogy to the, ten-fold accelera-
tion of the kinetics of step growth on insulin crystals in the
presence of acetone.49 This acceleration was attributed to the
destruction of the water shells around the insulin molecules
in solution by acetone evidenced independently in Ref. 50.
The link between the two is the finding that the kinetics of
growth of ordered solid phases from solution is limited by
the necessity to push structured waters out of the interstice
between the incoming molecule and those already in the
crystal.37 Glycerol and PEG are similar to acetone in that all
three are amphiphylic molecules. Thus, we conclude that the
only effect of PEG and the strongest effect of glycerol on the
nucleation kinetics occur via the destruction of the water
shells of the molecules in the dense liquid precursor.

D. The dependence of the nucleation rate on protein
concentration at constant temperature

The data onJsCd at T=285.7 K in Fig. 6sbd is split into
two regions. AtC,33 mg ml−1, J increases quasiexponen-
tially and the nucleus sizen* =4 molecules. At C
.33 mg ml−1, J is a weak function ofC andn* =1. In anal-
ogy to the spinodal Tsp above, we introduceCsp

=33 mg ml−1. To model the dependenceJsCd, we use the
values of DG, C1, and h at this temperature. We use
U1/U0=50/C and E2=n*Dm /2, with Dm=kBT lnsC/Ced at
C,Csp andE2=0 atC.Csp. A good fit of the model results
to the experimental data required a slight increase ofk2 from
0.266, see Table I, to 0.2793 atC,Csp. Because of the
abrupt change ofE2 at Csp, k2 is needed to be changed to
1.596310−6 for C.Csp.

It seems reasonable to assign the necessity of the in-
crease ofk2 at C,Csp to the accumulation of inaccuracies in
the values ofDG, C1, andh. Furthermore, the change ofk2 at
Csp is due to the jump in the size of the nucleus, reflected in
the JsCd data. Such jumps are also a part of theJsTd data in
Fig. 1; however, the driving force for then* jumps is the
decreasingDm, which is a more sensitive function ofT than
C. The density ofJsTd data points is insufficient to reveal the
interruptions in then*sTd dependence, and the use of a
smoothE2sTd is appropriate. This smoothE2sTd allowed the
use of a single value of the adjustable parametersk2 even
belowTsp. Thus, the good fit of the model results of the data
in Fig. 6sbd represent another success of the model.

E. The contribution of the dense liquid intermediate
to faster nucleation rates at lower temperatures

As a rough estimate of this contribution, we evaluated
the denominator in the nucleation rate law Eq.s4d in Fig. 7;
this denominator would not be present in a single step nucle-
ation. Due to our arbitrary choice ofU0 andU1, the absolute
values of this expression are meaningless. However, we see
that asT is lowered, the denominator contributes factors of
,5–7 in the response ofJ to T. This contribution enhances
at T.Tsp the effect of lowerE2. At T,Tsp, the acceleration
due to lowerDG is overwhelmed by the deceleration due to
higher viscosity within the intermediate.

FIG. 6. Additional evaluations of the rate of homogeneous nucleationJ of
lysozyme crystals.sad The dependence on temperatureT at C=50 mg ml−1

and in the presence of 5% glycerol or 0.2% polyethylene glycol 8000 as
indicated in the plot. Symbols represent experimental results from Ref. 22.
Lines are results of the model. For glycerol: dashed line is forTe andTsp are
as in case 3 in Table I, all other parameters are as in case 1 in Table I; dotted
line is for Te andTsp are as in case 3 in Table I,k2=1.862, all other param-
eters are as in case 1 in Table I; solid line is for all parameters as in case 3
in Table I. For PEG: solid line is for case 4 in Table I. The temperatures of
L-L separation are 278 K in the presence of glycerol and 285 K in the
presence of PEG, and are marked with vertical dashed lines.sbd The depen-
dence on protein concentration atT=285.7 K. Symbols represent experi-
mental results from Ref. 23. Lines are results of the model.

FIG. 7. Evaluation of the contribution of the intermediate to the increase in
the nucleation rate at lower temperatures as for the four main model cases as
marked in the plot.
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IV. SUMMARY AND CONCLUSIONS

We have developed a simple phenomenological model
describing the kinetics of nucleation of protein ordered solid
phases from solution via a metastable intermediate. The
model allows accurate predictions of the complex dependen-
cies of the nucleation rate of crystals of the protein lysozyme
using a single adjustable kinetic parameter and a reasonable
guess of one materials parameter. The good correspondence
between the model results and the experimental data sup-
ports the following features of the nucleation mechanism.

sid The intermediate is similar to the dense liquid existing
in lysozyme solutions.

sii d The intermediate is metastable with respect to the di-
lute solution, i.e., a barrier for its decay exists and it is
not a simple density fluctuation.

siii d The rate-determining step in the nucleation mecha-
nism is the formation of an ordered cluster within the
dense liquid intermediate.

sivd The viscosity within the metastable dense liquid drop-
let is a crucial parameter in the kinetics of nucleation
of ordered solid phases.

The model allows discrimination between the thermody-
namic and kinetic effects of additives that slow down or
accelerate nucleation. It suggests that the amphiphylic char-
acter of the two tested additives accelerate the kinetics of
growth of the near-critical ordered clusters in the dense liq-
uid droplets by destroying the water structures around the
protein molecules.

Future theoretical work should address the case of two
step nucleation, in which the second step, ordering, is not the
rate limiting one. Other potential avenues include under-
standing of the means to enhance the ordering employed by
experimentalists: external fields, shear flow, etc. Experimen-
talists should provide data on the behavior of protein solution
viscosity at high solution concentrations, as well as, of
course, data on the nucleation rates with other protein and
nonprotein materials.
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