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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 analy2805&merican
Institute of PhysicgDOI: 10.1063/1.1887168

I. INTRODUCTION same system was that as supersaturation is increased, the
nucleus size decreases and reaches one mol&cTiiés tran-

The formation of protein ordered phases is of interest tasition occurs at conditions that differ by 1°€—1.5 °C(or
many scientific and technological areas: structural biofogy, ~10-15 mg mil) from the L-L coexistence line in the
patho-physiology of protein condensation diseds&gro- (temperature, protein concentratigslane and indicates that
duction of protein pharmaceutical preparatiéfigtc., and a  the nucleation free-energy barrier becomes less than the ther-
deeper understanding of the underlying mechanisms is exnal energy and the rate of nucleation is solely limited by the
pected to facilitate progress in these areas. kinetics of growth of the near-critical cluste’s?° These

The phase diagrams of protein solutions differ fromtwo observations contradict the assumptions and predictions
those of simple substances, such as argon. The significaot the classical nucleation thedty.
factor underlying this difference is the range of attraction  Prompted by computer simulatidfisand density func-
between molecule¥™ this range is determined by the size tional calculation® results in the vicinity of the_-L critical
of the solvent moleculé$ (at the typically used ionic point, the above unusual behavior of the nucleation rate was
strengths of=0.1 M the electrostatics is screened and theexplained by the presence of a dense liquid intermediate in
Deriaguine—Landau-Veervey—Overback theory does nahe nucleation reaction pathway, Fig?2*° Since the nucle-
apply**'¥, smaller by at least an order of magnitude than theation rate maximum is consistently reached aboveltte
protein molecules’ sizes. As a result, in protein solutions thecoexistence line, it was concluded that a dense-liquid-like
triple point disappears and the liquid-liquid-L) phase droplet, unstable or metastable with respect to the low den-
separation is submerged below the solution-crystakity solution, serves as an intermediate in that region, Fig.
equilibrium?>® Phase diagrams with la-L separation line  2.° Similar interpretations of these results were offered in
with a critical point lying below a smooth liquidus and a several theoretical and computational investigations of pro-
solidus lines have been found for several protélig: tein crystallizatiorr- >*Note also that the protein nucleation

An investigation of the crystal nucleation mechanismsis a complex phenomenon that cannot be described by a
using the protein lysozyme revealed an unusual dependensingle order parameter. Thus Fig. 2 is a simplified formal
of the rate of homogeneous nucleation on temperature: as thpresentation of a free-energy landscape of the system, and
temperature is lowered from the equilibrium, the dependencthe nucleation reaction coordinate might include several or-
passes through a maximum in the vicinity of liquid-liquid der parameters.
phase boundar’¥, Fig. 1. Another unusual result with the In this paper we develop a simple phenomenological

0021-9606/2005/122(17)/174905/7/$22.50 122, 174905-1 © 2005 American Institute of Physics
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FIG. 1. The dependence of the rate of homogeneous nucledtioh ) )
lysozyme crystals on temperatufeat two fixed lysozyme concentration FIG- 2. The free energ( along two possible pathways for nucleation of
indicated in the plot. The temperatures of equilibrium between crystals ang"yStals from solutionE, is the barrier for formation of a quasidroplet of
solution are 315 K a€,,,=50 mg mt! and 319 K aC,=80 mg mtl The dense liquid as a result o_f a density flu_ctuat|55us the barrier for decay of
temperatures of-L separation are 285 K &,,=50 mg mitand 287 K at  these dropletsi, the bgrner_fo_r formation of an o_rdered clus_ter as a result
Cys=80 mg mr! (Ref. 37 and are marked with vertical dashed lines. Sym- of a structure ﬂu_ctuatlon within the_de_nse quasidropd®, | is the free
bols represent experimental results from Ref. 22. Lines are results of th8hergy of formation of the dense liquid phasi,, >0 above thel-L
model discussed in the text. coexistence line and upper curve applia§, ., <0 below theL-L coexist-
ence line, reflected by lower curve. See text for discussiof,afbove the
L-L coexistence line.
model of protein crystallization via an intermediate liquid

state. Our goal IS a quantitative understanding of th? dep(?n:'fgt[sz(t)/dt]dt determines the mean time to create one
dence of nucleation on temperature and concentration using’ . .
. ystalline nucleus in a steady state process. Thus, the pa-

parameters that can be measured experimentally. ) )

rameterr represents a medirst-passage timéor the tran-

sition from state O to state 2 and is given*by
Il. THE MODEL
1 N uy(T) N 1

Up(C,T)  Ug(C,Nu(T)  ux(T)

A. The nucleation rate law T

(2)

Our main assumption is that in the supersaturated dilute
solution a liquidlike cluster is formed with a temperature-
dependent . and prote|q—con(_:entratlon—fjependent ra ation, the steady-state nucleation ratan be calculated as
Ug(C,T). This cluster can dissociate back into the squtlonJ:T_l We get forJ
with rate u;(T), or it can transform into an ordered crystal ’

The ratesu,, u;, and u, depend on temperature as
u(T)=U; exp(-E;/kgT), i=0,1,2. As dirst simple approxi-

nucleus with rateu,(T). The crystal nucleus irreversibly Eo+E,
grows to a macroscopic ordered phase. These processes can UgU, ex kT
be formally described by the following rate scheme: J= E E -
U ex ——°)+U ex;{——1)+u exp(——2>
0=1—2, 1 0 P( kT 1 KeT 2 keT
where state 0 corresponds to the dilute solution, state 1 is the (3)

intermediate dense liquid cluster, and state 2 is the final crys- L . . .
talline phase. These three states correspond to the minima in 1 1S IS & general expression for the nucleation rate with
the energy landscape picture in Fig. 2. one |nter_med|ate stat_e. Note that it differs S|gp|f|cantly_from
The thermodynamic and kinetic parameters of the inter® classical nucleation theor¥ formula with a single
mediate and the dep®, of the second minimum determine t€mperature-dependent exponeht. _
the nucleation rate resulting form this model. For all tem- _ Next, we divide the numerator and denominator on the
peratures above the criticd) for L-L separation, we assume '€ft side of Eq.(3) by Uo exp(~E,/kgT), and define a Gibbs
that the system, via concentration fluctuations, selects thif€e-énergy change for the formation of the intermediate
intermediate state leading to fastest nucleation of crystaIsAG=7EO_E1' S'”‘f‘f the rate of nucleation of liquid droplets
E,<E, so that the intermediate is metastable or unstabl®(10'—10 e s74) (Ref. 39 is significantly faster than the
with respect to the dilute solution. AE<T,, we test two typlcai rates O protein - crystal  nucleation
possibilities:(i) state 1 is the same as the dense phase at thQ(10 =1 cn? s7),” we assume that,(T) <ug(T), i.e., the
temperature{ii) state 1 is selected according to the Samestructqrmg of _the anse liquid droplets is a rate-limiting step.
criteria as aff >T,. E, becomes greater thd not atT,but ~ £duation(3) simplifies to

at T, at which the chosen dilute solution is in equilibrium E,

with a dense liquid. In all cases, the intermediate has a higher U, exp(— —)

free energy than the final crystalline state. J= —kBT_ (4)
If we define Pi(t) as a probability to find the system 1+U_1€Xp<A_G)

in state i=0,1, or 2 attime t, then a parameterr Uy kgT
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Equation(4) shows thatl does not explicitly depend on 390 ; ,
the size of the barrier for decay of the dense liquid interme- A
diate: even ifE;=0 and the intermediate is unstakéis _ 360r e 3200—10°T |
corresponds to a typical density fluctuatipthe expression é T mo 6190-20°T
for J does not change. @ 3301 1
=
£ 300 -
B. The maximum in the nucleation rate g—
. . @ 2701
Assuming thatU,/U,, U,, andE, are not functions of =
temperature, we solve the equati¢fl/dT)+=0 and find 049 , ‘ , ,
that the nucleation rate reaches a maximum at a temperature 100 200 300 400 500
T" determined from Concentration C [mg ml”]
AG FIG. 3. Assumed value of the concentration of the dense phase intermediate.
E exp - KT 9 [ AG Dashed, dotted, dash-dotted, and short-dashed lines correspond to different
2* 1+ B = _<_> . (5 assumptions of this concentration, as indicated in the plot. Solid line marks
kgT™ U./Uq IT\KgT/ |1+ liquid-liquid coexistence line and is shown for comparison.
If AG is independent of temperature, this expressions yields . ] )
aT* which is not physically meaningful. evidence of the existence of such a metastable intermediate

For a more realistic description, we alloig and E; to has now _been found for three protein, _including Iygozy_me,
change with temperature. We assume that their differencaf@ which are modeled here, using dynamic light
AG=0 at T_,, and AG/kgT changes linearly with scatter|_ng3. _

T both above and beloW, . To find the increment of this While these tests show that the size of the metastable
dependence, we assume that it equals the temperature inctél|id droplets is from a few tens to a few hundred nanom-
ment of the dependence of the free-energy changd.for  €ters, neither this nor any other technique can provide an
separatiol\G,_, below the critical temperature farL sepa- estimate of the protein concentration in these droplets. We
ration T..>” To find thisAG,_, increment, we use the known &ssume that at each temperature, an intermediate state with a
strong dependence of enthalpy bfL separationAh, , on concentratiorC, that does not depend on the dilute solution
temperature  that  vyields Ah_, =-40kJ/mol at Concentration is selected and tl@&t obeys

T.-T=10 K3 Integrating numerically the Gibbs— C,=AT+B,. (6)
Helmholtz equation with thiah, . (T), we find thatAG, , is _
an increasing power-law function df.—T. Approximating Below, we show that the nucleation rate law depends

this AG,.(T) dependence witAG,_ /ksT=AT+B, we get only weakly on the exact values 8§ andB, as long as the
A=0.0666. Using the sameA for AG/kgT at resultingC; in the rangeT <T. is in the vicinity of the equi-

T both above and beloW, ., we find thatB=-18.9 ensures liPrium concentration of the dense liquid. Ta(T) depen-

that AG=0 at T, for C=50 mg/ml, whileB=-19.2 forc ~ dencies tested below are depicted in Fig. 3.

=80 mg/ml, the two concentrations of the data in Fig. 1.  1he Preexponential factdy, in Eq. (4) accounts for the
Then, from Eq(5) with E,~ksT, T~ 170 K, far below that kinetics of growth of ordered clusters within the dense liquid
observed experimentally. More importantly, we fifrdodel ~ droplet, and it should depend on the temperature, concentra-
results not shownthat the nucleation raté egresses toward 10N, and viscosity within the droplet. In analogy to the pre-
the maximum al”* upon temperature decrease not by a Steelgxponential factors for nucleation of solids in melts, we as-

exponential as in Fig. 1, but rather by a weak sublinear funcSUme thatUs is proportional toC, and T and inversely
tion. proportional to viscosity in the dense liquiglat concentra-

tion C; (Ref. 39,

C. Using the system parameters u, CiT )

= kZ—r

The above considerations show that a model that could nCy D)
adequately describe the data in Fig. 1 should account for theherek, is a kinetic constant.
physical specificity of the system and of the chosen kinetic ~ We assume thay follows the same dependence in the
model, as well as for the temperature dependends,of dilute solution and in the dense liquid and represg(i, T)

A crucial element of the model is the nature of the inter-as the product of the Andrade—Eyring expression for the tem-
mediate state. We assume that is akin to the dense liquid argerature dependen”t?eand an empirical expression for the
exists at the same temperature as the dilute solution. Thisoncentration dependenf:]eWe get
allows us use the above linear dependeA&T) on both _ _
sides ofT,_,, and this is equivalent to assuming tiat= 0 at 7= {1 +[7]Cy exp (k,[7]C1} exp (- E,/ksT),  (8)
T>T,.,., i.e., the intermediate is not a mere density fluctua-where 7, is the viscosity of the solvenfy] is the viscosity
tion. The alternative assumption would lead to a break@  increment at low concentrationg,, is the Arrhenius-type
atT ., and a discontinuity in the(T) dependence. The ab- temperature factor for the viscosity, aikg is a parameter
sence of such discontinuity in Fig. 1 suggests that the intertypically determined by fittingy(C) dependencies to E);
mediate is metastable and has a finite lifetime. Experimentat, takes values form 1 to 18.The former three parameters
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FIG. 4. The dependencies of the viscosifyon protein concentratiof FIG. 5. The depe_ndenme; of the barrigr for nucleation of crys_tals from

and temperaturd@ according to Eq(8) assumed in the model evaluations. the dense phase intermediate on temperafyuilculated according to Eq.

The dependencies at low concentrations shown in the inset were fitted 6, USing solution-crystal equilibrium temperatufig and crystallization

experimental determinations ofCy,s, T) from Ref. 42. splnoda_l temperaturg, from Table I, for three of_ the mod_eled cases: upper
dotted line: 80 mg mt lysozyme, 5% glycerol; intermediate solid line: 50
mg mf?! lysozyme; lower dashed line: 80 mg tlysozme.

can be determined by fitting E¢8) to the data on the vis-

cosity of low-concentration lysozyme solutions at variousgiffers from the spinodalor pseudospinod4) for L-L sepa-
temperature$> Thus, in all cases#,=0.051cP, [#] ration introduced in Ref. 37, which may be related to stabil-
=0.0045 mg* ml, and E,=-7.3kJ/mol. The resulting ity loss by concentration fluctuations alone.

7(C,T) curves withk,=4 are shown in Fig. 4. As expected, We assume that betweéf and T, E, smoothly de-

they diverge asC approaches 600 mg fitl with a corre-  creases from infinity to zero, and in analogy to a recently
sponding volume fraction 0.49, the noninteracting hardintroduced law/® follows a AT2 dependence,

sphere limit** . 2
The expression foug in Eq. (4) above is the rate of Ex(T) = E 2[1 _(Te=M 2}_ (9)
nucleation of dense liquid droplets and thus the preexponen- (Te=T) (Te=Tsp)

tial factor Uy is a linear function of the dilute solution
concentratiort>** Since we know nothing aboud, we as-
sume that it is constant, so that the ratig/Uy=1 for C
=50 mg mi'! and 50 for other dilute solution concentra-
tions C.

The parameteE” is determined from the following con-
siderations. AtT higher thanT,_ by several degrees, the
nucleation barrier should be=n"Au/2, wheren® is the
nucleus size andu is the thermodynamic supersaturation.
SinceAu/kgT~2-3 andn” is between 4 and 1% the bar-
rier should be severdgT units. Using the values of, and
D. The barrier E, Tsp from Table | and assuming’ =15 000 kJ mot*, we get

the E,(T) dependencies shown in Fig. 5, which fulfill this

The steep dependence dbn the deviation of the tem-  requirement. Note thaE" corresponds to the nucleation bar-
perature from the value at solution-crystal equilibrium sug-rier E, only in the immediate vicinity off,, whereE, ap-
gests that the barridE, should be a decreasing function of proaches infinity. Thus, the high value Bf allows a strong

temperature. Furthermore, comparing the temperatures of thependence of, on AT via Eq. (9) that results inE,
maxima in Fig. 1 at the two studied concentrations to loca~ 50 kJ mof! at T=300 K, where nucleation is still ex-

tions in the(C, T) plane, where the nucleus size decreases t@remely slow, see Fig. 1.
one molecule and the nucleation barrier vanisig&ye find

that they coincide. In analogy to the similar phase locationsil. MODEL EVALUATION
in phase diagrams of fluidé;“® we assign this temperature
to the crystallization spinodal and denote it witly, Note
that this spinodal is kinetically determined and denotes a Lysozyme solutions represent a unique protein system,
location where the solution loses stability with respect to afor which the available data provide values or reasonable
combination of concentration and structure fluctuations. Thigstimates for most of the parameters of the above model. The

A. Pure solutions

TABLE I. Thermodynamic characteristics: temperatures of solid-liquid equilibiigrfiquid-liquid equilibriumT,__, and the crystallization spinodedee text
for definition) Tg, used in the model calculations, all three from Refs. 22 and 37. The kinetic parameters: kinetic coefficients for Wsewsltgtructuring
of intermediatek,, and scaling factor for second free-energy barBeused in model calculations. In all cases here, the parameters @ (g dependence
in Eq. (6) are A;=-10 andB,=3270.

Model characteristics T (K) Teg(K) To(K) k, k, E"(kJ/mo)
1 C=50 mg mr? 285 287 315 4 0.266 15000
2 C=80 mg mf* 287 288 319 4 0.266 15000
3 C=50 mg mi?, 5% glycerol 278 281 311 4 1.862 10 000
4 C=50 mg mi?, 0.2% PEG 285 287 315 4 0.8911 15 000
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TABLE II. Values of the parameters used in model calculations probing the effects of the choice of concentration of inte@pexdidtee nucleation rate
law; thermodynamic characteristi@s. , Ts, andTe as in case 1 in Table I.

G
Model characteristics A, B, k, ko E" (kJ/mo)
5 C=50 mg mi* andC=80 mg mf?, C, follows T, (C) -10 3200 7 42.56 15000
6 C=50 mg mf! andC=80 mg mi? -10 3200 4 0.077 18 000
7 C=50 mg mr* andC=80 mg mi?* -5 1950 7.5 1284 15000
8 C=50 mg mi* andC=80 mg mi?t -20 6190 2 0.0114 15 000

only materials parameter missingks, accounting for high-  high » values in the high-concentration region: compare
concentration effects in the dependence of the viscosity oFigs. 3 and 4. In a special case 5 in Table @(T) was
the dense liquid intermediate on concentration and temperahosen to cross the-L coexistence line and the model cal-
ture in Eq.(8). Thus,k, remains an adjustable parameter of culations were carried out assuming tiiatbelongs to that
the model. The other inevitablgue to our low understand- line if the linear dependence lies beneath it. The model
ing of nucleation in dense liquigdladjustable parameter is the yielded a second maximum in th#T) dependence al
coefficientk, in the preexponential factor for the ordering of whereC4(T) crosses thé-L coexistence line, which, appar-
the dense liquid intermediaté, in Eq. (7). Using the values ently, is absent in the experiential data in Fig. 1.
of the respective characteristic temperatufgsT, ., andTg, This latter strong deviation indicates that the intermedi-
and the parameters listed in Table I, we fit the model predicate differs from the macroscopic dense liquid phase. On the
tions to the data a&=50 mg mitin Fig. 1. The values ok,  other hand, the dependence®f(T) was introduced assum-
andk, yielding the best fit are shown in Table I. Note that all ing that the intermediate is similar to the dense liquid. These
values ofk, are within the range 1-10 found with other are not necessarily contradictory statements. We note that
solutions for which the viscosity at high concentration hassmall clusters of a phase may have different properties than
been studied? the macroscopic phase itself, as suggested by GfbBE.
Using the characteristic temperatures foilC  Thus, it is likely that if the intermediate clusters are allowed
=80 mg mi! and the same kinetic parameters as those foto grow, they will become macroscopic dense liquid droplets
C=50 mg mf?, we evaluated the model for the former pro- and the suggestion that the intermediate is similar to the
tein concentration. Figure 1 shows that the correspondenagense liquid phase is still valilf.
between the model prediction and the actual data Gor
=80 mg mi! is remarkably good.

B. The concentration C; in the dense liquid C. The effects of glycerol and polyethylene glycol on
intermediate the nucleation rate

To evaluate the significance of the accuracy of the guess The above model provides a framework for the under-
of the concentration within the dense liquid intermediate, westanding of the experimentally observed effects of two addi-
evaluated the dependendf¢C;) stemming from Eqsi4), (7), tives, glycerol and polyethylene glycol 80GPEG on the
and(8) at severall=const. We got very shallow maxima at nucleation kinetic€? it allows discrimination between the
C,’s near and to the right of the-L coexistence line. The effects of the additives on the solution thermodynamics from
increase inJ to the left of these maxima is due to the depen-those on the nucleation kinetics. The experimental results
dence in Eq(7), while the decrease to the right of maxima, show that glycerol shifts the temperatures of solution-crystal
to Eg. (8). The shallowness of the maxima indicates that theequilibrium and ofL-L coexistence and delays the nucleation
exact selection o€; is not crucial for the resulting value of rate. The low amount of PEG used, 0.2%, does not affect the
the nucleation rate. Since the nucleation follows the fastegphase diagram, however, it leads to significant acceleration
pathway, we chose the paramet@ss=-10 andB;=3270 in  of the nucleation raté&

Eq. (6) that ensureC; values in the region of these maxima. The experimental results in the presence of glycerol are

As a second test of the significance®f, we evaluated compared to the model predictions with three sets of param-
the model with different values of the paramet@ssandB;  eters. The dashed line in Fig(a shows that if the effects of
in Eq. (6). If the testedC,(T) dependence runs near to the glycerol were limited to the effects on solution thermody-
case modeled above, such as cases 6 and 7 in Table Il andmics, the nucleation rate would have been suppressed very
Fig. 3, slight adjustments of the values of the paramekgrs  significantly. However, the increase kof necessary to fit the
andE" within their acceptable physical ranges ensure a permodel predictions to the experimental data, see Table |, sug-
fect fit of the model to the experimental results for b@h gest that glycerol significantly accelerates the kinetics of
=50 mg mit andC=80 mg mf™. growth of the ordered clusters within the dense liquid inter-

However, if the testedC;(T) dependence lay far from mediate. Furthermore, the scaling factor Eyrwas reduced
case modeled above, such as case 8 in Table Il and Fig. 3, thy 33% indicating that glycerol leads to lower barriers for
model could not be fit to any of the data sets because of ththe nucleation of the ordered phase.
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FIG. 6. Additional evaluations of the rate of homogeneous nucledtioh Values_ of AG, Cy, ﬁ”? 7 at th_IS tem_perature. We use
lysozyme crystalsia) The dependence on temperatdrat C=50 mg mrt ~ U1/Ug=50/C and E;=n"Au/2, with Au=kgT In(C/C,) at
and in the presence of 5% glycerol or 0.2% polyethylene glycol 8000 asC < Cg,andE,=0 atC> Cg, A good fit of the model results
indicated in the plot. Symbols represent experimental results from Ref. 2%q the experimental data required a Slight increaslezcbrfom
Lines are results of the model. For glycerol: dashed line iFf@nd Ty, are
as in case 3 in Table I, all other parameters are as in case 1 in Table I; dotteQi'266’ see Table |, to 0'279_3 < CSP Because of the
line is for T, and T, are as in case 3 in TableH;=1.862, all other param- abrupt change oE, at Cg, k; is needed to be changed to
eters are as in case 1 in Table I; solid line is for all parameters as in case 3.596X 107 for C> Csp
in Table |. For PEG: solid line is for case 4 in Table I. The temperatures of It seems reasonable to assign the necessity of the in-
L-L separation are 278 K in the presence of glycerol and 285 K in the & atC<C. to th lati fi L
presence of PEG, and are marked with vertical dashed l{hg$he depen- crease ok; & sp 0 the accumulation or Inaccuracies in
dence on protein concentration &&285.7 K. Symbols represent experi- the values oAG, C,, and#. Furthermore, the change kf at
mental results from Ref. 23. Lines are results of the model. Csp is due to the jump in the size of the nucleus, reflected in
_ the J(C) data. Such jumps are also a part of #{&€) data in
The effects of PEG are well modeled by a higher Fig. 1; however, the driving force for the’ jumps is the
again suggesting an acceleration of the growth rate of thgecreasing\u, which is a more sensitive function @fthan
critical cluste_rs. _ _ ~ C. The density of)(T) data points is insufficient to reveal the
We refrain from offering a molecular-level interpretation jnterruptions in then”(T) dependence, and the use of a
of the decrease in the barrier for nucleation of ordered clussmoothE,(T) is appropriate. This smoofE,(T) allowed the
ters within the dense liquid intermediate in the presence ofise of a single value of the adjustable paramekgrsven
glycerol. However, the accelerated kinetics of growth of thepelow T, Thus, the good fit of the model results of the data

clusters in the presence of both glycerol and PEG is very Fig. 6(b) represent another success of the model.
interesting. We draw an analogy to theten-fold accelera-

tion of the kinetics of step growth on insulin crystals in the
presence of acetorf8 This acceleration was attributed to the
destruction of the water shells around the insulin molecule
in solution by acetone evidenced independently in Ref. 50. As a rough estimate of this contribution, we evaluated
The link between the two is the finding that the kinetics ofthe denominator in the nucleation rate law E4j. in Fig. 7;
growth of ordered solid phases from solution is limited bythis denominator would not be present in a single step nucle-
the necessity to push structured waters out of the interstication. Due to our arbitrary choice &f, andU,, the absolute
between the incoming molecule and those already in th&alues of this expression are meaningless. However, we see
crystal.37 Glycerol and PEG are similar to acetone in that allthat asT is lowered, the denominator contributes factors of
three are amphiphylic molecules. Thus, we conclude that the-5—7 in the response dfto T. This contribution enhances
only effect of PEG and the strongest effect of glycerol on theat T> T, the effect of lowerE,. At T<Tj, the acceleration
nucleation kinetics occur via the destruction of the waterdue to lowerAG is overwhelmed by the deceleration due to
shells of the molecules in the dense liquid precursor. higher viscosity within the intermediate.

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