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Abstract: The cluster formation in nucleating hen egg white lysozymNaCl solutions was studied by
simultaneous static and dynamic light scattering. Angular dependence measurements of the total scattered
intensity and of the average cluster diffusion coefficient revealed the appearance of pronounced structure factor
peaks at the initial nucleation stages. Such peaks are characteristic for the ordering often observed in highly
concentrated colloidal suspensions. Free-energy minimizations 60 $articles, that adequately model the
lysozyme monomer, were performed by using the effective interaction potentials described in previous work
(Soumpasis; GeorgalBiophys. J.1997 72, 2770). Both experiment and computations show formation of
clusters with fractal morphology, compatible with the findings of the present and previous works.

Introduction particles are large enough, one can use the spatiotemporal scales
covered by conventional static (SLS) and dynamic (DLS) light
ing their three-dimensional structures at atomic resolution. SCattering techniquésto examine interparticle interactions (for
Protein crystal growth is a time- and material-consuming & "€View on this issues see ref 4). Several prominent events
endeavor, based on empirical “trial-and-error” recipes without associated with the nucleation and crystallization of colloids

reliable diagnostic tools. Considerable effort has been made inhave peen unravel.led by light scatterﬁﬁ;.DetaiIs. on the,
recent years to understand the mechanism underlying biomo-dynamics of nucleation and growth have been obtained by time-

lecular crystallization and establish conditions that promote "€SCIved SLS and DLS or small-angle SLS studieg.

growth of crystals suitable for X-ray diffraction studies. (2) Berne, B.; Pecora, Rdynamic Light ScatteringAcademic Press:
However, due to principal difficulties in predicting and monitor- New York, 1974.

ing interactions at high protein and electrolyte concentrations, (3) Brown, W. Dynamic Light Scattering, the Method and Some

; ; ; ; ; ; Applications Ed., Oxford Science Publications: Oxford, 1993.
the development of diagnostic techniques is still lacking a (4) Pusey, P. N.: Tough. R. J. A. Bynamic Light ScatteringPecorra,

The crystallization of proteins is a major obstacle in elucidat-

rigorous physical-chemical background. R., Ed.; Plenum Press: New York, 1985; p 85.
Interactions between particles in solution can be probed by (5) Pusey, P. N. Iniquids, Freez(ijng ar|1d Glass Transingansen, J.
_ _ i ; P., Levesque, D., Zinn-Justin, J., Eds.; Elsevier: Amsterdam, 1991; p 765.
small-angle X-ray or neutron scattering techniqtds.the (6) Poon. W. C. K.. Pusey. P. N. Bomplex FluidsBaus. M., et al,
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In contrast to those on colloids, investigations on protein rated lysozyme solutions are limited so far to time-resolved DLS
crystallization are still sparse (for a review see ref 18). The direct experiments performed at fixed forward scattering arf§iés
extrapolation of nucleation events from collloids to proteins is, or time-resolved small-angle SI%5.[In complex protein-
however, not straightforward. Typical colloids used in nucleation electrolyte solutions it is not correct to use the supersaturation
studies are uncharged and interact primarily through excludedin its classical definition, due to the large number of species
volumn effects and crystallize nearly homogeneously at high involved. Further, supersaturation is a quantity that is defined
volume fractions. In contrast, charged proteins crystallize at equilibrium. We use the term “supersaturation” only as a
heterogeneously, at much lower volume fractions, when their convenient abbreviation for identifying different protein and
charges are screened using suitable electrolytes, at rather higlelectrolyte concentration combinations.] Such experiments are
concentrations. Crystallization may also be induced at lower best performed at moderate supersaturation levels to avoid the
electrolyte concentrations, in the presence of concentrated inertdevelopment of multiple light scattering.
polymers such as polyethylene glycols or dextrans. For the studies described here, we have employed the system

Numerous experimental studies using small-angle neutron orlysozyme-NacCl in an aqueous buffered solution and modified
X-ray scattering on ionic micellésand on hydrophilic proteins  the solution supersaturation by varying the temperature and
in ageous solutiord8 have identified pronounced peaks in the protein and/or electrolyte concentration. By using an improved
distribution of the scattered intensities. The peaks are localizeddetection system, we can detect up to three individual popula-
at finite scattering vectorg)| approximately equal tos/2times tions in nucleating lysozyme solutions. The first is attributed
the reciprocal of the mean interparticle separation distance. Theto lysozyme monomers or oligomers, the second to nuclei, and
effective interactions involved in such systems depend primarily the third to fractal clusters formed from collisions between nuclei
on the characteristics of the protein (charge and size) as wellimmediately upon addition of electrolyte. The monomers (or
as on the characteristics of the added electrélysize, valency, oligomers) are small but present at very large amounts in
etc.). Knowledge of these parameters is important for the solution. In contrast, fractals are very few but large and dominate
computation of thermodynamic and transport properties of scattering, especially at forward scattering angles. Nuclei are
solutions. Theoretically, the study of correlations in charged larger than monomers and oligomers, but they are present only
protein solutions may be accomplished via routes analogous toin limited amounts. Most of them collapse and form large fractal
those applied in mixed electrolyte or molten salt systems. clusters; only few survive and promote growth of macroscopic
However, there is a fundamental difference between them: Thecrystals.
size and charge of proteins are usually much larger than those
of the salt ions. Therefore, proteins are considered asymmetricFractal Growth
electrolytes. The high protein charge leads to a “pileup” of
counterions on the protein surface, and their net charge, as In typical growth experiments, small clusters recombine to
determined by scattering techniques, appears to be lower tharform larger ones, and the process repeats itself at larger scales
that determined by potentiometric titrations. Since protein until all the available material is exhausted or the clusters are

counterion correlations are intimately coupled to protgirotein unable to move (gel formation). If no restructuring occurs during
correlations through the OrnsteiZernike (OZ) equatiof? poor growth, the final cluster is made of clusters produced at earlier
approximations in eva|uating the prote.inounterion correla- grOWth Stages similar to each Othel’, and the resulting structures
tions una\/oidab|y affect the accuracy Of the pro.tqimotein are tel’med fraCtal%z.’SS The Observation Of the ﬁnal ObjeCt on

potential of the mean force (PMF) calculations. Sophisticated Short scales reveals the structure of clusters produced in the
theoretical and computational treatments are therefore necessargarly stages, whereas the organization at larger scales reveals
to quantitatively determine the prevalent effective interactions Properties of late growth structures. If the same growth process
involved in the computations of PMPE&24 repeats itself at every scale, the re§ullting structure is the same
We have shown in previous works that descriptions of the at every scale and is termed self-similar.

aggregation events, even with a simple system such as lysezyme A self-similar mass-fractal is definétf® as an object for
NaCl, are not easy. One major problem is that the temporal which the minimum number of cubes of edgeneeded to cover
scales typifying the diffusive motion of small globular proteins it, scales ad(L) O L%, with dr < 3 denoting its mass-fractal

are quite short, and therefore, high-speed techniques are requiredimension. This scaling law is valid between two characteristic
to capture the underlying events. Kinetic results on supersatu-cutoff lengths limited by the monomer size and the radius of
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(15) Ackerson, B. J.; Schezel, K. Phys. Re. E 1995 52 (5), 6648. W. Adv. Colloid Interface Scil995 58, 57.

(16) Harland, J. L.; Henderson, S. I.; Underwood, S. M.; van Megen, (28) Tanaka, S.; Yamamoto, M.; Kawashima, K.; Ito, K.; Hayagawa,
W. Phys. Re. Lett. 1995 75 (19), 3572. R.; Ataka, M.J. Cryst. Growth1996 168 44.

(17) He, Y.; Ackerson, B. J.; van Megen, W.; Underwood, S. M.; (29) Georgalis, Y.; Umbach, P.; Raptis, J.; SaengerAdia Crystallogr.
Schazel, K. Phys. Re. E 1996 54 (5), 5286. D 1997, 53, 691.

(18) Giede R.; Drenth, J.; Ducruix, A.; McPherson, A.; Saenger, W. (30) Georgalis, Y.; Umbach, P.; Raptis, J.; SaengerAtta Crystallogr.
Prog. Cryst. Growth Charact1995 30, 237. D 1997 53, 703.

(19) Chen, S.-HAnnu. Re. Phys. Chem1986 37, 351. (31) Umbach, P.; Georgalis, Y.; Saenger, WAm. Chem. Sod.998

(20) Chen, S.-H.; Bendedouch, D. Methods in Enzymologyirs, C. 120(10), 2382.
H., Timashef, S. N., Eds.; Academic Press: New York, 1986. (32) Meakin, P. InPhase Transitions and Critical Phenomerizomb,
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gyration, RgC which describes the physical size of a fractal
cluster. The mass-fractal dimension is not an inteders 3
being the limiting case of an Euclidian body. Therefore, for
mass-fractals wittty < 3, a larger radius of gyration indicates
lower density or formation of tenuous clusters. These laws are
valid if growth propagates over many length scales. In aggrega-
tion of small colloids the shortest scale is the seeding particle
radius and the largest scale corresponds to the upper limit of
Brownian motion, i.e., a fewm. Above this latter scale, gravity
and hydrodynamic flow of the solvent become domif&#it
and the fractals collapse by their own weight and sediment.

Light Scattering

For a better understanding of the experimental results, it is
necessary to provide a brief summary of the theory involved in
this analysis. In scattering experiments the spatial resolution is
defined by the scattering vectgr whose magnified is given
by the Bragg condition

=2

wherel denotes the wavelength of the lightis the refractive
index of the solution, an@ is the scattering angle. The vectors
of the incident and scattered light define virtual fringe planes
with spacingL = x/q, and particles aligned along these planes
scatter light in the direction of the observation angle

Static light scattering (SLS) accesses the equilibrium structure
in terms of the product of the single-particle form facR{o)
and static structure fact&q). Dynamic light scattering (DLS)
provides information on particle diffusive motion through the
dynamic structure factdrF(q, ). Both techniques yield results
statistically averaged over a large ensemble of particles con-
tained in the scattering volume.

Static Light Scattering (SLS). The basis for analyzing
concentration fluctuations is the pair correlation funciigr).22
The inverse Fourier-transform gfr) delivers the static structure
factor ), which is the quantity measured in most scattering
experiments:

@)

sin@r)
qr

) = 1+ 4xc [, rg(r) — 1] dr )

€ = No/V denotes the concentration of seeding particles in the
scattering volum&/ for a given scattering vectay, andr is the
distance between two patrticles.

Th spatial distribution of the interacting particles can be
studied by measuring the angular dependence of the total
scattered intensity(q). The latter is expressed as the product
of the static structure facto§q), and the particle form factor,
P(g), which depends only on the shape of the considered
particles, but not on the interactions between them. Usually,
P(g) can be determined from dilute solutions, if the particle
radiusc. compares with the wavelength. For spherical scatterers
with a radiusa.,?

3
(qo)®

P(o) = { [sinqa) — doc cos(m)]}z @3)

We can then writd(q) as

(36) Lin, M. Y.; Lindsay, H. M.; Weitz, D. A.; Ball, R. C.; Klein, R.;
Meakin, P.Nature 1989 339, 360.

(37) Lin, M. Y.; Lindsay, H. M.; Weitz, D. A,; Ball, R. C.; Klein, R;;
Meakin, P.Proc. R. Soc. London A99Q 423 71.
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I(a) O eQ)P(q) (4)

Equation 4 is equivalent to the ratio of the total scattered
intensity of an interacting solution to that of a similar but
noninteracting solution at the sameAt small scattering angles,
P(q) = 1, and thereforel,(0) O 0).

Dynamic Light Scattering (DLS). DLS can access the time
scales during which scattered light intensity fluctuations decay.
If the fluctuations are solely due to Brownian motion of the
particles, the intensity autocorrelation function (ACF) decays
as a single expotential with a rat®@)g?, whereD(q) denotes
a, g-dependent, diffusion coefficient.

For monodisperse, noninteracting particles one determines a
“dynamic structure factor'f-(q, 7), given by a single-exponential
decay a%

F(, 7) = exp(-2q°Dq1) (5)
whereDg denotes the “free-particle” diffusion coefficient.

At moderate to high concentrations(q, 7) deviates from
the single-exponential decay with time, and a higher order
cumulant expansidfi of the form

IN[F(, )] = (07 + 5 kA7 — 5 k(e + O(F)
| | ©)

is used to approximate the ACF.
In eq 6,«i(g) denotes théh cumulant of the ACF determined
at a scattering vectay. Of interest is the first cumulant:

ic1(0) = 2Dg()q’” ()

which typifies the time decay &¥(q, 7) for r — 0. The diffusion
coefficient determined in a classical boundary diffusion experi-
ment corresponds tB(q = 0). If the solution is sufficiently
dilute and the particles small compared to the wavelergth,
does not depend on the scattering veaipand the Stokes
Einstein relation can be employed to deduce the hydrodynamic
radius a, assuming spherical particles moving in a solvent with
viscosity :

o= el

= & (8)

If particle interactions are significant, the trajectories of different
particles are correlated. No general theory is yet available to
predict the full dependence of this correlation on delay time
and the scattering vectar3®

For monodisperse systems the dynamic structure factor can
be expressed as

Sa, 7)
Sa, 0)
where §q, ) denotes a “measured static structure factor”.

Without hydrodynamic interactions, the latter is expressed as a
function of Dg and of the effective diffusion coefficieri®:

F(a,7) = 9)

(10)

Usually Dy is determined in dilute solutions. Finally it should

(38) Koppel, D. EJ. Chem. Phys1972 57, 4814.
(39) Schigel, K. Adv. Colloidal Interface Sci1993 46, 309.
(40) Ackerson, B. JJ. Chem. Phys1976 64, 242;1978 69 (2), 684.
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be mentioned that structure factors deduced by SLS or DLS
should ideally coincide. [The determination$f]) by DLS has

the advantage that neither absolute intensities nor form factor
corrections are required.]

Materials and Methods

The chemicals used in the present work were of analytical grade.
Lysozyme was purchased from Sigma Chemicals (Deisenhofen,
Germany) and treated as previously descritfetll experiments were
conducted in a buffer containing 0.10 M Nacetate, pH 4.25. NaCl,
p.a. grade, was from Merck (Darmstadt, Germany). Monodispersity of
the preparations was controlled by DLS in experiments without added
electrolyte. For aggregation experiments, lysozyme and NaCl were
prepared as stock solutions in this buffer, rapidly mixed in the
appropriate ratio and filtered (Minisart sterile filters, @2 pore size)
into cylindrical quartz cells. Monitoring of the reaction was initiated
within less than 30 s after mixing lysozyme and NacCl solutions.

Light Scattering. Light scattering measurements were performed
with an ALV/SP-86 apparatus equipped with ALV-FAST/5000E
digital autocorrelators. A tunable Arlaser (Specrtaphysics, 2017)
operating at a wavelength of 488 nm was employed in these studies.
Scattering was monitored using an ALV/SO-SIPD detector unit
mounted on a goniometer arm, and the angular range betwéemd5
150° was covered with a resolution of 2.5A second ALV/SO-SIPD
detector unit, fixed at a scattering angle of 2700°), served for
monitoring the events as a function of time. A fraction of the incoming
beam was monitored continuously by two quadrant photodiodes placed
after a precision attenuator. The readings of the photodiodes were
employed to normalize the total scattered intensities and to exclude
artifacts stemming from long-term fluctuations or changes in the
pointing stability of the beam.

The correlator was most often operated in the dual mode; that is,
two different data sets were simultaneously obtained during each
experiment. The first set involved SLS and DLS records acquired at
each angle, and the second time-resolved data collected with the fixed
detector. Practically no differences are found if these experiments are
performed with the first detector operating in (pseudo)-cross-correlation
mode while using a second correlator to acquire the data at 90
Scattered light intensities at forward scatterign angles (i.e-208)
exceed by several times those detected at Bberefore, when using
both detectors, care should be exercised to have signals strong enoug
for the fixed detector, while not violating the linearity of the scanning
photomultiplier. Typical ACFs, both as a function of the scattering
vectorq and at the fixed scattering angle of°9@re displayed in Figure
1. The spectra indicate the existence of polymodal distributions where
contributions from fractal clusters are pronounced due to the intensity
preserved weighting contributions on the ACF.

In previous works we have used the Laplace inversion algorithm
CONTIN* for decoupling the various species involved. In this work
we have performed the data reduction with the simpler method of
cumulant® utilizing only the first 32-128us of the ACF, depending
on angle. This method delivers only a weighted average of the effective
diffusion coefficientD that typifies only the smallest species prevailing
in solution, i.e., those corresponding to oligomers and probably nuclei.
The contributions from the larger fractal clusters are implicitly
neglected. However, the coincidence with the SLS experiment, which
measures the same average contributions, indicates that most of th
scattering events can be attributed to these smaller species. The value
obtained forD(qg) should be understood as those closely matching the
respective SLS scans. Estimatesigg) andD(90°) are lower by 5-15
times than those typifying the diffusion coefficient of the monomeric
lysozyme Do = 10.6 x 1077 cn? s7%, oo = 1.96 nnt?d) in this buffer.

Deduction of the Peak Characteristics.We have employed the
estimates of scattered intensit{90°), and of the diffusion coefficient,
D(90°), to normalizel(g) and D(q), collected at each angle, and
determine an “apparent structure fact&p{q), defined as

(41) Provencher, S. WComput. Phys. Commut982 27, 213;1982
27, 229.

(42) Eberstein, W.; Georgalis, Y.; Saenger, WCryst. Growth1994
143 71.
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Figure 1. ACFs from (A) a selected angular scan; the respective angles
are given in the inset. (B) Simultaneous detection at°2®0°); the
corresponding times are given in the inset. For this particular experi-
ment, 2.1 mM lyzozyme was incubated with 0.60 M NaCl at 293.2 K
in Na—acetate buffer, pH 4.25. For the sake of clarity only every fourth
channel of each ACF is displayed.

1(9)
Spdd) = 1009
_ D(o0)
A Spdd) = D@ (11)

This operation is not absolutely correct since it introduces an artificial
normalization of the peak amplitude to unity at scattering vectors
corresponding to 90 Further, the rapid cluster growth and the spatial
resolution required allow one to observe only a single structure factor
peak with confidence, and further time-resolved information is lost.
At later times, i.e., in the second and third scan, the peak escapes
observation and a power-law decay, typical for fractal cluster formation,
is observed (when the respective DLS or SLS data are plotted in doubly
logarithmic scales).

We illustrate these operations in Figure 2, panetsDA In panels

A we have plotted the raw angular ddiqg) vs g and in B those
collected at 90, D(90°) vst. Note that in B two different slopes, with
values of 0.74 and 0.41, can be deduced from these kinetics, when the
data are plotted in a doubly logarithmic scale. However, we do not

elieve that angles as high as°9eliver adequate estimates of the
exponents typifying aggregation. We, therefore, use these data only
for normalization purposes. In panel C we have ploe(D(q) vs q
using forDy, for the diffusion coefficient corresponding to monomeric
lysozyme. This resembles the equivalent treatment for a stationary
concentrated suspension. In panel D we have pldi@d°)/D(q) vs g
using the respective 9@ata shown in panel B. Whereas drastic changes
in the peak shape and amplitude are evident when comparing panels C
and D, the peak location changes only very little. The SLS records
exhibit similar behavior when similarly treated, but they are considered
more reliable since they are not subjected to any fitting manipulations.

Quantitative estimates of peaks originating from a process like
spinodal decomposition can be deduced by invoking the structure factors
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Figure 2. Peak deduction from the experiment in Figure 1. (A) Dependence of the apparent cluster diffusion coéf{mierst a function of the
scattering vectog. (B) Apparent diffusion coefficienb(90°), as a function of the reaction tinteNote the biphasic character of the plot with time.

In (C) is plottedDy/D(q) vs q using forDg the diffusion coefficient of the lysozyme monomer. In panel (D) we have employed the time-resolved
data from (B) to “normalizeD(q) from (A) and obtairD(90°)/D(q) vs g. Closed symbols indicate typical comparison of the peak from the respective
SLS scan. Note the agreement between SLS and DLS records (for details see text).

theoretically developed by Furukafiar those employed by Sttzzl lysozyme monomers, which govern aggregation and concomitant
and Ackersott*#for nucleation and growth. As shown in a recent small- ~ crystallization, depend in complex ways on thermodynamic state
angle SLS stud§? these expressions can describe satisfactorily the parameters (e.g., protein and electrolyte concentration, size, charge).

events. Due to the slow kinetics underlying aggregation and cluster formation
In this study we have employed the structure factor of Hashimoto in the examined systems, in principal straightforward dynamic simula-
et al.’s which reads tions, using these PMFs, are technically not feasible in order to obtain
5 quantitative estimates of cluster morphology, size, and stabilities. To
Q) = % — Q with Q= ( q ) (12) accomplish this task, we here use minimization of the PMF-free energies
Sno y2+Q* O in small lysozyme clusters comprising-60 monomers, at electrolyte

concentrations found to either favor or preclude significant aggregation
In the analyses, the scattering amplitigeand the scattering vector  and subsequent crystallization.
am, Which typify the peak properties at the maximum, and the exponent | previous work on electrolyt&s®we have found that the Kirkwood
y were treated as fitting parameters. Estimategydre used to define 5 proximatiof? is adequate in systems with spherically symmetric pair
amean radiusy, of the evolving domains, wheregsprovides insights  ineractions up to rather high concentrations. The PMFs obtained via
on the cluster morphology. The exponeris associated with the cluster ¢ tion of the hypernetted chain (HNC) equaffcfiwere accurately
fractal dimension as followsy = 2d; for critical andy = d; + 1 for parametrized via spline functions.

off-critical mixtures?® This phenomenological description provides Th ) d as foll W dom initial
useful insights in the behavior of the system, particularly when more ne computations proceed as follows: We generate random initia
configurations of the 460 spheres modeling lysozyme molecules

rigorous theories are unavailable. : ] A ) Y -
It should be mentioned that the examined conditions are distant to INtéracting via the PMFs corresponding to the conditions chosen (i.e.,
known critical conditions for the system lysozyraCl#6-50 If the electrolyte and protein concentration). We then minimize the total free
system is close to the critical point, nucleation rates are very fast, €Nergy, approximated by the sum of the pairwise PMF interactions
clusters grow very rapidly, and the structure factor peaks of the (Kirkwood superposition principle), using standard Newtétaphson
lysozyme-NaCl system can be detected only at small scattering OPtimization. We then obtain representative clusters after repeating this
angles®* Away from critical points, ordering is still expected to be  Process, initial configurati(}ﬂminim_ized configuratipn, several thou-
observed; however, clusters are expected to be initially smaller, and sand times (up to 6 1), depending on cluster size.
thus ordering can be easier captured by light scattering at conventional
scattering angles. This latter case is examined in the present work. Results
Computations on Cluster Formation. In a recent computational
work?* we have shown that the effective interaction PMFs between  The optimal lysozyme and NaCl concentrations for crystal-

(43) Furukawa, HPhysica A1984 123 497. lization are around 1.5 mM and 0.60 M, respectigély° at
(44) Georgalis, Y.; Umbach, P.; Soumpasis, D. M.; Saenger].\&m. 293.2 K. Under these conditions, crystals grow within less than
Chem. S0c1998 120(22), 5539. two days as judged by optical microscopy. Therefore, conditions
(45) Hashimoto, T.; Itakura, M.; Hasegawa, HChem. Phys1985 85 Y Judg Yy op Py ’ .
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Figure 3. Structure factor peaks of nucleating lysozyme solutions determined by simultaneous DLS (upper panels, open symbols) and SLS (lower
panels, closed symbols). In (A) and (D) lysozyme concentration was 2.1 mM and NaCl was varied between 0.3 and 1.0 M (individual concentrations
are given in the inset). In (B) and (E) NaCl concentration was 0.60 mM and lysozyme concentration was varied between 1.4 and 4.9 mM (individual
concentrations are given in the inset). In (C) and (F) lysozyme was 2.1 mM and NaCl 0.6 M. The reaction temperature was varied between 288.2
and 308.2 K with steps of 5.0 K (individual temperatures are given in the inset). All measurements were conducteacieiiea buffer pH 4.25.

Note that in all cases the maximum peak position moves to smaller scattering vectors with increasing NaCl and lysozyme concentration or temperature,
indicating formation of larger clusters. The fits through the data correspond to eq 12; typical results are given in Figure 4.

q [nm”

lysozyme and NaCl. The range of temperature variation was variable. Analyses of the results shown in Figure 3 with the He
taken from a previous wor¥é. et al. structure factors delivered exponents,were nearly

In the first set of experiments we have followed the peak identical to those quoted in Figure 41F.
development using a constant lysozyme concentration, 2.1 mM,  Finally, we have examined three lysozyme concentrations
and varying the NaCl concentration between at 0.30 and 1.00.71, 2.1, and 3.5 mM incubated with 0.30, 0.60, and 0.90 M
M. Six experiments were conducted in a buffer containing 0.10 NaCl each. The structure factors derived from these experiments
M Na—acetate, pH 4.25, at 293.2 K, Figure 3A, D. In the second were very similar to those depicted in Figure 3 (data not shown).
set of experiments, the peak development was followed as aThey were easily detectable with 0.60 and 0.90 M NacCl, but it
function of lysozyme concentration at a constsant NaCl con- was not possible to conclude about structure formation in
centration, 0.60 M. The concentration of lysozyme was varied experiments conducted with 0.30 M NaCl. In this salt concen-
between 1.39 and 4.89 mM. Six experiments were conductedtration clusters were formed only sparingly and the peaks could
in a buffer containing 0.10 M Naacetate, pH 4.25, at 293.2 not be determined with confidence. The results from these
K, Figure 3B,E. In the third set of experiments we varied the experiments will be treated in detail in a subsequent com-
solution temperature from 283.2 to 303.2 K, and the events weremunication.
followed at a constant NaCl, 0.60 M, and lysozyme, 0.21 mM,  Despite the unavoidable normalization of the angular data
concentration. These data are shown in Figure 3C,F. with those obtained with the detector at°9@he agreement

In all these 17 experiments, the peaks migrate to smaller between the estimates obtained by SLS and DLS is reasonable.
scattering vectors as a function of solution supersaturation. TheDifferences observed between equivalent data sets are attributed
respective mean cluster radiBsand estimates of the exponent  to the different lysozyme preparations and instrumental adjust-
g are obtained from nonlinear fits to the normalized data of ments. Operations like mixing and filtering, which are performed
Figure 3. The estimates & andy are shown in Figure 4 asa  manually, also give rise to small but measurable differences.
function of salt and protein concentration and temperature. Both  Another point that should be addressed in these studies is
of them exhibit extrema at around 0.8 M NaCl and 3.2 mM the development of multiple scattering, which prohibits the study
lysozyme. In contrast, a linear behavior on temperature is of higher proteir-electrolyte concentrations. Unfortunately,
observed? In comparison to previous works, the extrema shown isorefractive conditions, often employed in studies of colloidal
in the first two cases appear at somewhat higher concentrationscrystallization, cannot be used in nucleating protein systems.
of NaCl and lysozyme. This behavior can be explained if one Since we cannot directly monitor the solution turbidity with
considers that here only gross average quantities are measureur spectrogoniometer, we have repeated the experiments at the
The values of the exponeptare unexpected, since they seem highest proteir-NaCl concentrations using our small-angle SLS
to resemble closely but not 2} or dr + 1. This has been  apparatus with transmission detectiiConsiderable turbidity
pointed out also in a study by He et &lwhen using a volume  was observed only after several hours. We have also reexamined

fraction dependent and a modified Furukawa structure factor. the same solutions for multiple scattering using the two-color
The authors have attributed qualitative significance to this

(57) Georgalis, Y.; Umbach, P.; Zielenkiewicz, A.; Utzig, E.; Zielenk-
(56) Eberstein, W.; Georgalis, Y.; Saenger, Bur. Biophys. J1993 iewicz, W.; Zielenkiewicz, P.; Saenger, \§.. Am. Chem. S0d.997, 119,
22, 359. 11959.
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Figure 4. (Upper panels A, B, and C) Plots of the distance of the typical mean ragiwhtained from the fits in the data shown in Figure 3,
employing eq 12. Estimates & andy are given as averages of DLS and SLS experimddtgmries between 220 and 400 nm as a function of
solution supersaturation. (Lower panels D, E, and F) Plots of the expgrfenthe same set of experiments. The average cluster dimensionalities
vary between 1.50 and 2.0 as a function of solution supersaturation. The lines through the points serve as guides to the eye.

DLS facility>8-%0 available in the University of Edinburgh, in  that low-bonding energy between clusters may lead to coarsen-
Prof. Pusey’s laboratory, and reached the same conclusion: Ating with nearly compact domains and pronounced structure
the supersaturation examined, the solutions do not suffer fromfactor peaks, similar to those appearing in spinodal decomposi-
multiple scattering contributions. tion. In these computational studies, cluster polydispersity was
It should be stressed that goniometric devices which acquire shown to exert marked effects on the resulting final structure.
the data sequentially have a severe speed handicap. Available
multidetector setups are designed for polymer analysis andDiscussion
mostly stationary solutions and therefore do not provide
sufficient angular resolution. One could argue that the same
information could be deduced from small-angle SLS observa-
tions8! However, DLS is invaluable in deducing information
on polymodality and solution polydispersity. Especially if
hydrodynamic interactions among clusters are examined, a
combination of both SLS and DLS is required. Ideally, SLS
and DLS should be acquired simultaneously over a wide
spatiotemporal range with a high angular resolution. It is not
known to us if such an instrument exists at all. The simultaneous
detection at 270 may be compensated by conducting an . . X
additional time-resolved experiment at this fixed angle, using outside this regime nucleate after several hours or even days.

the same stock solutions. However, due to the stochastic nature | "€ experimental verification of the formation of sub-
of aggregations, ireproducibilities stemming from mixing and Microscopic domains of the nucleating phase a supersaturated
filtering were often observed. solution is not easy and, in certain cases, impossible to

Finally we should mention that computations on the structure demonstrate. Whereas nucleation lines can be theoretically

factors typifiying concentrated diffusion-limited (DLCA) clusters computed from van der Waals temperatu.densny diagrams .
have been performed by Sintes efahnd Sciortino et a2 for simple systems, they cannot necessarily be measured, since

Their results indicate that the computed structure factors Scaleﬁ1 fﬁtw th(t)tufi?l?gg 'T’Edelitm %I cj]mrr:]ay ?)Ot bve g?rt]e?tag:fii at I?Uvﬁz
in a way similar to that shown experimentally by Carpineti and gntscattering.”  he situation may be even more dificu

Giglio.5455 Similar computations by Haw et &8 suggested protein solutions involving several species of variable sizes and,
) ' of course, concentrations. Due to these particular difficulties

Among first-order phase transitions, crystallization and melt-
ing processes have a long and respectable prehistory of research.
The factors tuning the kinetic barriers to crystallization are the
supersaturation of the liquid phase and the surface energy
between liquid and crystalline phases. Close to critical points
their coordinated action gives rise to high nucleation rates and
formation of a large number of microcrystals. For the examined
system, lysozymeNaCl, nucleation occurs within a few
minutes if the solutions are forced through the unstable region
by temperature quenchirijin contrast, supersaturated solutions

(58) Drewel, M.; Ahrens, J.; Podschus, Il. Opt. Soc. Am199Q 27 with proteins, we cannot yet claim a complete understanding
(2), 206.
(59) Schitzel, K. J. Mod. Optics199Q 38, 1849. (66) Haw, M. D.; Siwenwright, M.; Poon, W. C. K.; Pusey, P.Atv.
(60) Segre P. N.; van Megen, W.; Pusey, P. N.; Schatzel, K.; Peters, Colloid Interface Sci1995 62, 1.
W. J. Mod. Optics1995 42, 1929. (67) Haw, M. D.; Siwenwright, M.; Poon, W. C. K.; Pusey, P.RPhysica
(61) Schizel, K. InOrdering and Phase TransitionArora, A. K., Tata, A 1995 217, 231.
B. V. R., Eds.; VCH Publishers: New York, 1996; p 17. (68) Haw, M. D.; Poon, W. C. K.; Pusey, P. Rhys. Re. E 1997, 56,
(62) Sintes, T.; Toral, R.; Chakrabarti, Rhys. Re. E 1994 50, R3330. 1918.
(63) Sciortino, F.; Belloni, A.; Tartaglia, PPhys. Re. E 1995 52, 4068. (69) Goldburg, W. I. InLight Scattering Near Phase Transitigns
(64) Carpineti, M.; Giglio, M.J. Phys. 1V1993 3, 39. Cummins, H. Z., Levanyuk, A. P., Eds.; North Holland: Amsterdam, 1983;

(65) Carpineti, M.; Giglio, M.Phys. Re. E 1995 51, 590. p 531.
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Figure 5. Typical lysozyme clusters involving 10 (panel A) to 60

(panel F) monomers. The clusters shown are those having the Iowest7_ This estimate ok

free energy at 0.64 M NaCl at a lysozyme concentration of 2.1 mM.
They were selected out of maximally>6 10° possible configurations
using the PMFs described in ref 24.

either of the macroscopic kinetics of the transition of the
underlying microscopic processes.

In this work we have observed a peak that is attributed to
long-range interactions among clusters in nucleating lysozyme
NaCl solutions. The observations are, to our knowledge, made
for the first time with a nucleating protein using simultaneous
SLS and DLS at conventional spatiotemporal scales. The
evolution of fractal clusters in nucleating lysozyme solutions
could be captured so far with confidence from time-resolved
DLS experiments at forward scattering angles. Results frgfh us
and other investigatot$have shown clearly the coexistence of
at least two populations, identified as stationary lysozyme
monomers or oligomers and larger clusters exhibiting kinetic
growth. The results from this and our previous studies indicated
that small nuclei, built up at the initial stages of the reaction,
collide to form large fractal clusters. Using small-angle SLS,
isothermal microcalorimetr§7, and scanning force microscof#,
we have compiled additional evidence for the appearance of
clusters formed at the initial stages of the nucleation reaction.
First models of the effective interparticle potentials among
monomers, which are essential for qualitative insights into the
problem, have been reporfédecently. Comparisons to studies
where nucleating solutions are centrifuged upon addition of the

(70) Schaper, A.; Georgalis, Y.; Umbach, P.; Raptis, J.; Saenged, W.
Chem. Phys1997, 106 (20), 8587.

Georgalis et al.

electrolyte’>72 thus destroying the equilibrium among the
various species, are presently not possible.

The question if the structures observed in our experiments
are indeed compact or fractal at the time of the peak appearance
is not straightforward to answer. We have used the scaling
properties of the structure factors at largés to obtain
information on this issue. In Figure 6 we have replotted selected
segments of the data shown in Figure 3, in a double logarithmic
scale. The ordinates are normalized with the respective ampli-
tudes and the abscissas recast as dimensionless proglBcts,

In this cas€? scaling takes place a§Q) O (qR~4. A
prerequisite for the validity of this expression is tigg> 10.

We observe for all three cases exponents compatible with those
expected for fractal growth and with those reported in Figure
4D,E,F.

Evidence corroborating the fractal morphology of the clusters,
especially at the very early growth stages which cannot be
monitored by light scattering can be obtained from the theoreti-
cal computations. Representative cluster populations, obtained
by using the free-energy minimization procedure explained in
the computational section, are shown in Figure 7. The typical
minimum free-energy clusters of-60 lysozyme molecules
exhibit fractal morphology. The observed noncompact configu-
rations appear independent of whether conditions favor cluster-
ing or not (especially if clusters involve 10 or more monomers).

For fractal clusters consisting &f particles’®

(13)

WhereF{gn is the radius of gyration of the seeding monomer.
The number of monomerdl in a fractal cluster and the
respective computed radius of gyration scale with an exponent
dr = 1.77, when plotted in a double-logarithmic scale, Figure

is not far from the universal pure DLCA
exponent 1.81. For these computations only the minimum energy
clusters at the different electrolyte concentrations were used.
Slightly different values, up to 1.87, are obtained when using
all data available from the free-energy minimizations.

In accordance with the cluster behavior as captured by the
experiment, Figure 7, the computed clusters seem to share the
same scaling property with a characteristic exponent not much
different from that of pure DLCA. These findings may be used,
among others, to intuitively explain why proteins crystallize at
low volume fractions: Namely, the number of seeding mono-
mers required to form a fractal nucleus of a given size is much
lower than those required for a compact nucleus. Since these
results do not depend on any specific details of the protein
structure, we propose that they are generic.

In our opinion, effective, solvent-mediated, many-body
interactions determine whether small clusters (embryos or
subcritical nuclei) will form or not. If they do form, further
growth and/or coalescence may take place. This in turn depends
on the number density, size, and residual cluster charge of
critical clusters in the immediate proximity of small clusters.
Competing interactions could explain the variety of instabilities
observed in nucleating lysozyme solutions (i.e., “sea-urchin”
whiskers, needle- or cup-shaped microcrydfafd-+4. Crystal-

(71) Muschol, M.; Rosenberger, B. Chem. Phys1995 103 10424.

(72) Muschol, M.; Rosenberger, B. Cryst. Growth1996 167, 738.

(73) Schaefer, D. W.; Bunker, B. C.; Wilcoxn, J. P.Hnmactals in the
Natural SciencesFleischmann, M., Tildesley, D. J., Ball, R. C., Eds.;
Princeton University Press: Princeton, NJ, 1990; p 35.

(74) Vicsek, T Fractal Growth Phenomen&Vorld Scientific: Singapore,
1989; p 81.
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Figure 6. Scaling of the normalized data appearing in Figure 3 (see text) for details. Note that both DLS and SLS experiments collapse on master
curves with slopes varying between 1.5 and 2.0, indicative of fractal cluster formation. Fractal dimensions are given individually in each panel.

l T of subcritical clusters do not have to resemble those of critical
10.0 clusters, which is a result of restructuring. This type of behavior
is shown here via PMF minimizations of solution models, but
7.0 b is also well-known from extensive studies of simple vacuum
clusters’>76The symmetry of those clusters is often related to
o 5.0t icosahedrd! completely unlike crystals gorwn via coalescence,
g 40| where icosahedral symmetry is forbidden.
f We conclude that the structure factor peaks result from the
o™ 30¢ interplay between packing and electrostatics which gives rise
P to long-range ordering. Both(gq) and D(q) are significantly
20| modified during the early stages of the nucleation reaction, and
the observed peaks may allow for a rapid first-order screening
15 ¢ of supersaturated solutions. Although their appearance does not
guarantee growth of crystals suitable for X-ray diffraction, we
10 S propose that our approach can be employed to exclude unsuit-

3 456 810 15 2‘0 2‘5 36 46 56 66 able crystal growth conditions, already at the very early stages
N of screening attempts.
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range order typical of macroscopic lattices, will grow only in
later stages mvolvmg much larger particle numbers. These (75) Hoare, M. R Pal, P. Abdy. Phys.1971 20, 161,
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