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Abstract: We have investigated the properties of nucleating lysozyme solutions, at various lysozyme and NacCl
concentrations at pH 4.2, by isothermal conduction microcalorimetry and small-angle static light scattering. Both
types of experiments were performed under stirring and differ drastically from their counterparts where stirring was
not applied. Pronounced hegiower peaks, that can be attributed to nucleation and growth, appear at finite times
which in turn depend on the supersaturation level. The calorimetric results are in qualitative accordance with the
nucleation behavior deduced from small-angle scattering experiments. The implications of these experiments in the
nucleation process of lysozyme are (i) without stirring, large fractal clusters with dimensionalities lowerZtih

form and, after +2 days, large crystals appear and (ii) with stirring, nuclei of several micrometers in size appear
within 2—13 h depending on conditions. Their dimensionalities vary between 2.5 and 3.0, indicating dense
morphology; their appearance is accompanied by showers of microcrystals.

Introduction glycols), but at much lower volume fractions. At present there

. ) . . are no easy ways to correlate the properties of proteins and
Predicting the solution conditions where proteins aggregate .q(oidal crystals.

and successfully crystallize remains a 3|gn|f|cant obstacle |n.the Static light scattering (SLS) may yield valuable information
advancement of st_ructural mole_cular biology. Most proteins o, protein aggregation and nucleation. The range of conven-
have been crystallized under virtually random conditions, a tjpna| equipment allows the determination of the scattering
practice that often fails to yield crystals suitable for X-ray fnction for ensembles of particles comparable in size with that
diffraction. Therefore, understanding the crystallization process ¢ the wavelength of the employed radiatnFor large
per seand the development of methods for, even approximately, nonequilibrium clusters, time-resolved measurements at small
predicting adequate conditions remains a worthwhile task. Most geattering vectors are mandatory. From the time evolution of
of the problems arising in protein crystallization are due to our he scattered intensities one can then deduce (i) the mean size
incomplete understanding of proteiprotein interactions and 54 weight-average mass of the evolving clusters and (ii) the
lack of kinetic data. It is gratifying that in recent years, there exponents that typify cluster morphology.
is an ongoing interest in gaining more insight in the issue of  \ye have focused on the study of lysozyme for obtaining a
nucleation ar31d growth of colloidal crystals using light scattering hicyre of the events involved in nucleation and growth and on
techniques: Recently, the van Megen grotihas examined  he morphology of the resulting microstructures. Molecular
the growth properties of colloidal crystals and aspects of the jnieractions and dynamics of fractal structures evolving in
classical nucleation thed¥yhave been reexamined by Ackerson nucleating lysozyme solutions have been explored By &5
and Schiizel.” Colloidal crystals can be obtained either charge g4 other¥17using light and neutron scattering techniques. We
or steric stabilization and crystallize at high volume fractions, p5ye pursued in our previous works the study of fractal
these properties have been reviewed inref 8. Proteins crystallizesyctyres, which appear at intermediate supersaturation levels.
by screening with suitable electrolytes, or in the presence of practa) clusted$ are formed far from equilibrium, and they can
low molecular weight inert polymers (dextrans, polyethylene |, conveniently studied by scattering technigifesh major
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drawback in light scattering work with crystallizing proteins is Table 1. Summary of Calorimetric Resufts
the inability to work with isorefractive conditions, since most ¢ (M) C.(MM) trx(h) Q(kImolY)  after24h
proteins denature and precipitate in organic solvents. Therefore,

studies are limited to those volume fractions that ensure absence 3.16 A. Figure 1A nhpp baseline
of significant multiple light scattering contributions. 0.639 2.60 13.17 16.3 mc
Lysozyme is a suitable model system for investigating 0.639 2.78 6.86 23.6 mc
crystallization of biomolecules since it fulfils some important 0.639 2.95 4.15 29.1 mc
requirements: (i) the protein is stable and its monomeric state 8'22(2) g-ii 21 32-9 mc
well defined and (ii) aggregation and concomitant crystallization ' ' ) nhpp mens
can be easily induced by simple electrolytes, NaCl upon B. Figure 1B
screening the net positive surface charges. The role of the fractal 8'%82 g'gi EEBB
clusters (amorphous precipitate) that appear in nucleating 563 2.90 nhpp me
lysozyme solutions is not yet understood in quantitative terms.  0.642 2.91 3.0 21.79 mc
We assume that a catastrophic nucleation burst occurs within  0.722 2.90 2.6 34.50 mc
very short times (probably within milliseconds) when protein 0.802 2.89 19 aL77 mc

and NaCl are coming into contact. The majority of the nuclei  akey: t,q, denotes the elapsed time between mixing of the
formed during the burst are consumed in the formation of fractal components and the appearance of the-hpatver peak maximum in
clusters and only a minority forms crystals. the thef_m?r?rams: nth_, in?i_cates that th? h@ﬂléNer rt)ealfhdoes not
FPRERE H i« i @ppearin the microcalorimetric experiment; mc, aenotes the appearance
A re_asonable, albeit indirect, way to test this hypothesis is of the microcrystalline phase: ns, denotes no stirring.
to subject the fractal clusters to a controlled degree of shear

W!th the_hppe that by f:o_ntlnuously disrupting th_em, the SOIUt'_OnS signal registration started about 40 min after mixing. Typical duration
will exhibit characterlstlc_s expected for classically nucleating ot each measurement was 24 h, and all measurements were performed
systems. Another question concerns the degree of order of they; 20 °c. Temperature differences between the vessel and the
evolving clusters. Since this question cannot be unambiguouslyisothermal shield were determined by a semiconductor thermopile. The
answered by scattering techniques, due to the low numberstability of baseline in a 24 h measurement correspondst@ mv
density and small size of the nuclei, alternative methods should (or 2.9 mW). This noise level determined the lower limit of the
be sought. measurable heapower changes. Heat effects were determined from
We have combined isothermal microcalorimetric experiments the integral—/i* dH/dt = Q wheret; andt. denote suitably selected
and small-angle SLS. The experiments described below differ :'m‘;'”?_'ts- ThWO series of Fa'o”fmlemc experiments Wg”}f perfgrgged:
; ; n the first, the concentration of lysozyme was varied from 2.60 to

igggggegour?] dg]rosgnt(i)r]:ucc))lljjrs Ziﬁ:,lllr?gs I\'{]vct);l;rsnssgf thghr?éa?i:)en 3.16 mM and the concentration of NaCl was kept constant at 0.640 M

. el 93 . (Table 1A). In the second, the concentration of NaCl was varied
theory, the two categories of experiments can be distinguished

L ) . == =" between 0.199 to 0.802 M and the concentration of lysozyme was kept
as perikinetic (due to Brownian motion) and orthokinetic constant at 2.90 mM (Table 1B).

(involving stirring and concomitant shearing) aggregation kinet-  small-angle SLS experiments were conducted with a homemade
ics?02! In the latter case, the collision frequency between ccD-based device. The apparatus and the data acquisition procedures
clusters is a sensitive function of the applied shear. Stirring were identical to those previously descri¥édin these experiments,
breaks and redisperses the fragile fractal clusters. The formationlysozyme and NaCl were rapidly mixed in the appropriate ratio and
of the new microstructure depends on (i) the Brownian motion filtered through Minisart sterile filters, 0,2m pore size, into standard
of the clusters, (i) on sedimentation and mass transport inducedcm x 0.5 cm black glass cells. Measurements were initiated within
by thermal convection currents, and (iii) on dragging of smaller 30 S after mixing. The content of the light scattering cells was
by larger clusters during sedimentation. Pronounced differencescc.’m'nUOUSIy stirred with a commercially available miniature magnetic

. . . . . stirrer.
are found in both the calorimetric and the light scattering
experiments, depending on whether stirring was applied or not.

Results and Discussion

Materials and Methods To our knowledge microcalorimetric results on crystallizing

Three times crystallized lysozyme was purchased from Sigma Iysozyme so_lu_tlons were first reported by Ta'f'zawa and
Chemical Co. (Deisenhofen, Germany), dialyzed against water, lyo- Hayashl?3 Sibille and PUS@%", have used calorimetry to
philized and stored at%C. All experiments were performed in a buffer ~ determine ion binding enthalpies on lysozyme. During the
containing 0.1M sodium acetate, pH 4.25. Monodispersity of the course of their measurements, they observed a slowly evolving
preparations was controlled by dynamic light scattering (DLS) without exothermic reaction taking place along the initial ion-binding
added electrolyte before each series of experiments, as previouslysignaL The authors postulated that the peak was due to
describec}.‘“zl Protein and salt concentrations were determined for |ysozyme aggregation. However, they did not mention whether
the calo_rlmet_rlc expe_rlments with a precision b_alance (Mettl_er 26_1). stirring was applied in these experiments or whether the
o Saormettc oxperiments uee perormed wih a conducion df- experments were extended 1o the tmes required for the

' observation of the nucleation hegtower peaks. It is therefore

with a nominal sensitivity of 0.103 mV/mW using 3 mL vessels i ted that th f th th ic effect
equipped with a mechanical stirrer rotating with a constant speed of not unexpecte al the appearance o the exothermic elfec

60 rpm. Lysozyme was dissolved into the buffétaCl system, and  'eported belc_’w may have escaped their attenti(_)n' _
Both calorimetric and small-angle SLS experiments deliver

(18) Meakin, P., IfPhase Transitions and Critical Phenomeri2omb, ithi ;
C., Lebowitz, J. L., Eds.; Academic Press: New York, 1988; Vol. 12, p usabl.e obser_vables Wlth_ln_reasonable tlmes.’ sag days of
351, experimentation, only within a narrow protein and electrolyte

(19) Klein; R.; Weitz, D. A.; Lin, M. Y.; Lindsay, H. M.; Ball R. C,; region. At high proteir-electrolyte levels the exothermic peaks
Meakin P.Progr. Colloid Polym. Sci199Q 81, 161.

(20) Sonntag, H.; Strenge, K. I@oagulation Kinetics and Structure (22) Umbach, P.; Georgalis, Y.; Saenger, WAm. Chem Sod 996
Formationn VEB Deutscher Verlag der Wissenschaften: Berlin, 1987. 118,9314.

(21) Hunter, R. J.Foundations of Colloid SciengeOxford Science (23) Takizawa, T.; Hayashi, S. Phys. Soc. Jpri976 40 (1), 299.

Publications: Oxford, 1991. (24) Sibille, L.; Pusey, M. LActa Crystallogr. D1994 50, 396.
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Figure 1. Microcalorimetric signals of isothermal nucleation and growth, after baseline subtraction. In A experiments, the NaCl concentration was
kept constant at around 0.64 M (Table 1A) and lysozyme concentration was varied as indicated, whereas in B the lysozyme concentration was kept
constant at 2.9 mM (Table 1B) and the NaCl concentration was varied as indicated; 0.1 M sodium acetate buffer, pH 4.25. Note the appearance of
the exothermic heatpower peaks at finite times modulated by varying the supersaturation conditions.

appear within the times required for sample thermostation. At is an important aspect which corroborates our posttiat&®
low levels the peak may be observed after several days but withnamely, that the seed particles involved in the formation of the
an amplitude that hardly differs from the background. We faced fractals are not lysozyme monomers but nuclei.

more drastic problems during the course of the small-angle SLS In the second series of experiments, the heatver peaks
experiments under stirring. The concentrations of lysozyme andWere not observed at all at and below 0.563 M NaCl (Table
NaCl employed in the calorimetric experiment cannot be studied 1B)- This concentration is in agreement with the previously
by small-angle SLS due to formation of microcrystals at the determined® NaCl concentration X0.50 M) required for
walls of the scattering cells and extreme transmittance losses ["'99ering significant aggregation of lysozyme. Increment of

. . NaCl concentration led to pronounced heat effects. For NaCl
Therefore, the protocol used in the small-angle SLS eXpe”mentsconcentrations between 0.642 and 0.802 M, heaver peaks

unavoidably differs from that of the_microcalorimetry in the appeared at times between 3.02 and 1.92 h. The heat effect,
sense.that the Iysozymel concentra}tlons had to be reduced b , which is associated with the crystallization varied in this
~1.5times. Except for differences in the employed concentra- ¢gries of experiments between 21.8 and 41.8 kJ ndepend-
tions, the (i) the volumes of the reaction vessels were 3 times ing on NaCl concentration. Above 0.60 M NaCl, microcrystals
smaller in the small-angle SLS experiment and (ii) the stirring \vere again visually observed in all samples upon completion
speed required for measurable effects in the SLS experimentsof the experiments.
was some 5 times faster than that applied in the calorimetric  We have plotted bothy,.x andQ as a function of lysozyme
experiment. These changes influence aggregation so that theand NaCl concentration in Figure 2. The range of observations
complete coincidence of the events observed by each techniques limited, but it still delivers useful insights to the times required
is not warranted. For these reasons the comparisons made belovior the onset of nucleation. We find a linear dependence for
should be considered qualitatively. both tmax and Q on lysozyme and NaCl concentration. From
. : o . - the regressions it can be predicted that a 0.1 mM (1.43 mg/
The isothermal calorimetric signals are displayed in Figure . . h .
1 after baseline subtraction. At sufficiently high lysozyme and mL) redu<_:t|on of lysozyme concentration will cause 114 min.
. ) . ) delay (!!) in the appearance of the peak. Somehow less drastic
NaCl concentrgtlons, a characteristic exo_therm|c hpatver is the influence of NaCl concentration where 0.1 M reduction
peak appears in the thermograms. The time of appearance ofy;| cause 45 min delay. Similar considerations apply for the
the peak depends strongly on the supersaturation. In the firstyengs observed i if the latter is understood as a measure of
series of experiments (constant NaCl concentration, 0.640 M) nycleation success. We expect that in typical crystallization
tmax varied between 13.2 and 2.1 h while the concentration of attempts without stirring, these estimates will be even more
lysozyme was varied between 2.60 and 3.16 mM. The heat pronounced and longer delays should accompany small changes
effect, Q, associated with the crystallization, varied between in supersaturation. It is, therefore, understandable why small
16.3 and 30.9 kJ mot depending on lysozyme concentration variations of the supersaturation often lead to arbitrarily long
(Table 1A). Microcrystals were visually observed in all samples expectation times before protein crystals appear.

upon completion of the experiments. The heabdwer peak in Examination of the exothermic peaks indicates that the
a control experiment involving a high lysozyme concentration underlying transformation may not be a simple process. Both
3.14 mM and 0.642 M NaCl wasot obseredunder nonstirring (25) Georgalis, Y.; Umbach, P.; Saenger, X¢ta Crystallogr. D1997,

conditions, indicating that the undisturbed evolution of fractal 53’(22)1¢eorgans Y.; Umbach, P.; Saenger, M¢ta Crystallogr. D1997

clusters obscures the direct manifestation of nucleation. This 53, 703.
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Figure 2. Variations of time of appearance of peak maximuim, and heat effectQ, as a function of lysozyme concentration in a and ¢ and NaCl
concentration in b and d, according to Figures 1A and 1B. Note the differences in the slopes indicated in a and b. Except for the data in b, the error
bars in the other plots do not exceed the symbol size.
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Figure 3. (A) Time-resolved intensity distributiori§q) plotted as a function of scattering vectprLysozyme, 2.84 mM, was incubated with 0.640

M NacCl under the conditions described in Materials and Methods. For clarity, only every fourth distribution is plotted. In the time interval between

1 and 15 min aggregation typical for mass fractal clusters proceeds normally. Note the progressive decrement of the slope typifying the power-law
region indicative of restructuring (fractal clusters with a dimensionality= 1.81 undergo restructuring and cross rapidly to compact structures

with a dimensionalityd: = 3.00). At later stages a drastic loss of the transmittance accompanied by cessation of growth and differential cluster
sedimentation is observed (B). Transmittance losS}%ecorded simultaneously with the scattering experiment plotted as a function of time. The
50% loss around 75 min is accompanied by a rapid sedimentation of microcrystals.

DLS and small angle-SLS indicate the appearance of fractals Growth Rates and Cluster Morphology Deduced from
at the initial stages of the reaction under nonstirring condi- Small-Angle SLS Experiments

t'ons'la’le. S_mall-angle SLS, under st|_rr|ng (see discussion Small-angle SLS experiments indicated the growth of clusters

below), indicates also that the evolving structurés assume qer the chosen conditions. The scattered intensity distribu-

gradually a more compact morphology. The overall picture is tjons have been fitted with a FisheBurforc?” function of the

quite complex and may involve a combination of processes. tqrm
If the cluster sizes are small, the process may not be captured

by microcalorimetry. After the nucleation burst, the number

of small clusters that adhere on larger clusters is relatively small

and the heat effect is below the sensitivity limits of the

calorimeter. After some time, their number increases and the

effect becomes measurable, showing an increasing heat-powevhich yields good results for fractal clustéf£8.2° |(0) denotes

amplitude. We expect that the nuclei attain their maximum size the zero-angle extrapolated scattered intensity which is propor-

around the times where the peak maximum appears. Above— o e e —u——p e e e T s e o e

this size, further growth ceases and the peak amplitude becomes  (5g) asnaghi, D.; Carpineti, M.; Gigiio, M.; Sozzi, NPhys. Re. A 1992

again vanishingly small. 45 (2), 1018.

1+2

I(a) = 1(0) 1)

(qu] (-3)
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Figure 4. Typical time-resolved small-angle SLS experiments: (A, top panels) 1.75 mM and (B, lower panels) 1.98 mM lysozyme were incubated
with 0.640 M NaCl under the conditions described in Materials and Methods. Note the biphasic character of the plots: (a) scaling of the zero-angle
extrapolated scattered intensit{Q); (b) of the cluster radius of gyratiofR; and (c) of the fractal dimensiod: of the evolving clusters on the

elapsed reaction time, In ¢, the estimates af range between 2.25 and 2.60. Close to the cross-over times, wherg@ahdRy change slope,

d: attains its maximum value. In d, the scalingl{@) on R, provides an independent determination of the cluster dimensionality.

In Figure 3 we display an extreme example of small-angle
SLS intensity distributions collected with 2.84 mM lysozyme
in 0.640 M NaCl at pH 4.25 under stirring. This protein
concentration resembles a case intermediate to that examined
medium,n, and of the scattering angk by microcalorimetry. At the beginning of the experiment, the

scattered intensities increase as expected for typical fractal
q= @sin(g) clusters, Figure 3A. After some 20 min however, they level-
A 2 off, indicating the onset of transmittance losses and differential
settling. Around 75 min the beam transmittance has reached
and defines the extent of the spatial resolution. The parameterspne-half of its initial value. Above this time the transmittance
of interest,|(0), Ry andd; can be determined from eq 1, using decays very rapidly and beam attenuation is complete within
a three parameter nonlinear least-squares fits to the individualthe next few minutes (Figure 3B). A shower of microcrystals
distributions. is observed under a microscope. This may be associated with
the critical behavior of lysozyni®3! examined at lower tem-
peratures and 5-fold higher concentration.

tional to the weight-average molecular weight of the clusters,
Ry the radius of gyration andk the dimensionality of the
clusters. The scattering vectq,is a function of the wavelength
A of the employed radiation, of the refractive index of the

@)

(29) Carpineti, M.; Ferri, F.; Giglio, M.; Paganini, E.; Perini, Bhys.
Rev. A, 199Q 42 (12), 7347.
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Table 2. Summary of the Exponents Derived from Small-Angle
SLS Experimerit

CL 1(0) vs. t Rvst o Ry
(mM) te(h)  (um)
147 170 1.00 0.53~2.10 3.00

1.75 218 101 101 040~225 241 ~2.10 ~3.8
198 198 085 120 0.25>250 295 ~1.67 ~2.3
212 205 096 0.78 0.31>255 3.01 ~1.53 ~4.0
232 212 >0.00 1.10 >0.00 >2.60 295 ~1.25 ~5.5
239 281 >0.00 0.80 >0.00 >3.00 3.14 ~0.45 ~6.0

a Parameters typifying the growth of lysozyme nuclei deduced from
small-angle SLS experiments. All plots are biphasic and scaling
exponents were derived with a precision better than 15% from linear
regression fits in the data segments corresponding to the fast (seconty
and fourth column) and slow (third and fifth column) processes. The
dimensionality of the clusters was determined either from the Fisher-
Burford fits (cf., eq 5, sixth column) or from the scaling relation between
I(0) and Ry (seventh column)t. denotes the time at the crossover
(completion of linear growth, eighth column). Estimates for the
corresponding radii of gyration are given in the ninth column. They
were obtained with a precision of better than 20% by averaging 20
points around the crossover. They exhibit a nearly linear dependence
when plotted as a function of lysozyme concentration.

In Figure 4 we display two selected experiments conducted &
with (A) 1.75 and (B) 1.98 mM lysozyme in 0.640 M NaCl, .
pH 4.25. The time evolution of(0), Ry, and dr is given in -3
panels a-c. The plots are biphasic, indicating a fast and a slow
growth process (or complete cessation of growth). We have
determined the slope of each segment by linear regression; thes
results are summarized in Table 2. The cluster radius of ;
gyration at the crossover ranges between 2.3 angi®.0 An
independent measure of the apparent cluster dimensionality cal
be derived from the scaling ¢{0) overRy as shown in panels
d. The dimensionality of the clusters varies, for the majority
of experiments, between 2.50 and 3.00, indicating the evolution
of structures with a compact morphology.

At early times the nuclei grow linearly. The data reproducibly 3
indicate arRy ~ t scaling as expected from classical nucleation i
theory532 The slow growth at later times depends more strongly 50 wm
on the lysozyme concentration. There, growth rates vafyas =~ —
~ tU4 or Ry ~ t13 pefore cessation of growth occurs. These Figure 5. Light microscopy image of (A) 1.98 mM lysozyme incubated

exponents could be attributed to a Lifschitz-Slydfotype of with 0.64 M NaCl. The solution was subject to continuous stirring
growth whereas scaling with larger exponerdg., R ~ {12 during the light scattering experiment (Figure 4B} #h before the

could reflect a Lifschitz Allen—Cahn type of growtf* The image was recorded. Large clusters exhibiting strong birefringence

i at | fi Id b tibl ith ri . h under crossed polarizers sediment within a few minutes to the bottom
growth at long imes cou € compalible with ripening Where ¢ y,q light scattering cell. Images were recorded with the use of using

further cluster growth occurs at expenses of smaller clusters. phase contrast optics. Part B, 2.10 mM lysozyme with 0.64 M NaCl,
Further,1(0) exhibits for the fast regime quadratic scaling on was recorded with differential interference contrast optics.
time, 1(0) ~ t2 and only for the 2.39 mM lysozyme sample,
scaling proceeds nearly B9) ~ t°. For the slow regime, linear  geneity exponent&37typifying the reactivity between clusters
scaling,1(0) ~ t, is exhibited for all cases before the cessation deviaté5 from those expected for pure DLCA, and we have
of growth. termed this type of aggregation DLCA like. These deviations
As shown in Table 2, the interplay between the growth haye been attributed to solvent-mediated interactions, and the
exponents characterizing the temporal evolution of both cluster attempts to understand them are part of wider theoretical
molecular weight and radius of gyration, indicates that clusters researcls8
exhibit a quasicompact morphology with valuesdetlose to The times typifying the approach to the crossover (Table 2)
3.00. This is in clear distinction to cluster morphologies o with increasing protein concentration in a manner similar
determined without stirring whewk values clearly below 2.00, 5t determined by calorimetry. We believe that small-angle
typically between 1.75 and 1.85, are found at comparable NaClg| 5™ captures events similar to those of microcalorimetry,
and protein concentratiotfs*? at the initial stages of the although the time scales of their appearance may not necessarily
reaction. Such estimates are indicative of diffusion limited pe jgentical. Below the crossover region, the clusters radii of
cluster-cluster aggregatich (DLCA). However, the homo-  4yration grow linearly and attain sizes of several micrometers,

(30) Ishimoto, C.; Tanaka TPhys. Re. Lett 1977,39 (8) 474. From classical nucleation theory we expect the precritical nuclei
(31) Taratuta, V. G.; Holschbach, A.; Thurston, G. M.; Blankschtein,
D.; Benedek, G. BJ. Phys. Chem199Q 94, 2140. (35) Ernst, M. H., InFractals in PhysicsPietronero, L., Tosatti, E., Eds.;

(32) Russel, W. B. InPhase Transitions in Colloidal Suspensipns  North Holland: Amsterdam, 1986; p 289.
Ackerson, B. J., Ed.; Gordon and Breach; New York, 1990; Vol. 21, p (36) van Dongen, P. G. J.; Ernst, M. B.. Phys. A Math. Gen 1985
127. 18, 2779.
(33) Lifschitz, I. M.; Slyojov, V. V.J. Phys. Chem. Solid965 19, 35. (37) van Dongen, P. G. J.; Ernst, M. Rhys. Re. Lett. 1985 13,1398.
(34) Allen, S. M.; Cahn, J. WActa Metall 1979 27, 1085. (38) Soumpasis, D. M.; Georgalis, Biophys. J1997,72, 2770.
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to grow up to a critical size above which growth proceeds and globular, but if growth is allowed to take place without
spontaneously via coalescerf€eWe find that the radii which stirring, fractal clusters are formed and persist for several days
could be associated with a nucleus size that triggers crystal-in the solutions. The differences observed in the present work
lization may vary between 2.0 and 64n at the cross-over.  are attributed to disruption and redispersion of the fragile fractals
Up to this size the clusters grow linearly, and coalescence with caused by stirring. The fact that shear is necessary for
smaller exponents is observed at the later stages of the reactionobserving, in both experiments, the characteristic nucleation
This behavior correlates qualitatively with the onset of the-heat  behavior clarifies to some extent the role of fractals in nucleating
power peaks in the microcalorimetry experiments. solutions under nonstirring conditions (the usual case encoun-
The evolving clusters were further examined by light tered in protein crystal growth attempts). Under stirring,

microscopy under an inverted microscope (Zeiss Axiovert-100, nucleation proceeds with faster rates since oligomeric seed nuclei
Germany) upon completion of the light scattering experiments. either do not bind onto or they are steadily removed from the

A typical ensemble of microcrystalline clusters, corresponding fractals. This procedure leads to rapid microcrystal formation
to the experimental conditions of Figure 4B is displayed in as judged by optical microscopy.

Figure 5. The clusters resemble micrometer-sized crystals and  gnear has been shown to destroy order in colltds,
exhibit strong birefringence. Prolonged microscopic observa-
tions showed that they do not grow further. Fractal clusters
as observed in our previous works26 were not visualized in
any of the examined solutions. Larger, high quality crystals
are obtained at these NaCl and protein concentrations after
few days without stirring. It is also worth mentioning that the h
drastic changes in nucleating solutions, observed by both
calorimetry and light scattering, occur only in a very narrow
“window” of protein and NaCl concentrations.

whereas our findings indicate that structure formation may be
' favored by shear. This behavior is not easy to explain. It could

be attributed to different modulation of the interactions when

stirring is applied. The issue requires further experimentation,
ombining scattering and rheological methods. Mandatory,
owever, is a better understanding of the set of interactions
typifying protein crystallization. The variety of species present,
under the conditions examined so far, may prohibit meaningful
design of experiments and comparisons.

Concluding Remarks This research is currently directed toward a better understand-
ing of nucleation phenomena in proteins as such. The long term
task is, however, the development of high-capacity screening
Stechniques for the identification of optimal crystallization
conditions. The combination of small-angle SLS and micro-
calorimetry provides essential information on the parameters
governing nucleation and crystallization which can be utilized
as a first platform for further investigations.

The combination of microcalorimetric and small-angle SLS
experiments can provide useful insights in the sequence of event
governing the crystallization of lysozyme. The appearance of
the heat-power peak signifies the onset of nucleation and
growth. At comparable time scales, for both techniques the
parameters typifying cluster growth undergo drastic changes.
The heat effect observed in the microcalorimetric measurement
is associated with the initial stages of growth of globular and

ordered clusters. The growth of these clusters depends stronglyth A(I:Dknotvv I?]dgrgent. hTh'S work was shupffogedlg)é/gzrgnlts Iror;n G
both on protein and electrolyte concentration. Growth ceases ed tk?u ?)CE SeY 8?% 4ulr:<gEsgeme.|nstcta P(UaW | ) t)h 0 K =
after attainment of a terminal cluster size within finite times 2" € project lo F.U. We also thank a

(that compare well for both techniques). reviewer of this journal for constructive suggestions.

Microcalorimetric and light scattering experiments under JA964349R
stirring conditions exhibit completely different behaviour than

without stirring. With stirring, lysozyme clusters are compact  (40) Ackerson, B. J.; Hayter, J. B.; Clark N. A.; Cotter, L. Chem.
Phys.1986 84 (4), 2344.
(39) Binder, K.; Stauffer, DAdv. Phys 1976 25 (4), 343. (41) Ackerson, B. JPhysica A1991 174, 15.




