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Recent advances in the understanding of two-
step nucleation of protein crystals

Maria A. Vorontsova,” Dominique Maes,” and Peter G. Vekilov*™*
DOI: 10.1039/b000000x

The two-step mechanism of nucleation of crystals in solutions posits that
the formation of crystal nuclei occurs within structures of extended
lifetimes, in which the nucleating solute is at high concentration. The
validity of this mechanism has been demonstrated for proteins, small-
molecule organic and inorganic materials, colloids, and polymers. Due to
large molecule sizes, proteins are an ideal system to study the details of this
nucleation pathway, in particular the formation mechanisms of the
nucleation precursors and the associated physico-chemical rules. The
precursors of protein crystal nuclei are protein-rich clusters of sizes ~100
nm that contain 10,000 — 100,000 molecules and occupy less than 107 of
the total solution volume. Here we demonstrate, using oblique illumination
microscopy, the liquid nature of the clusters of the protein lysozyme and
reveal their inhomogeneous structure. We test a hypothesis put forth by
theory that clusters primarily consist of transient protein oligomers. For
this, we explore how varying the strength of Coulomb interaction affects
the cluster characteristics. We find that the clusters size is insensitive to
variations of pH and ionic strength. In contrast, the addition of urea, a
chaotropic agent that leads to protein unfolding, strongly decreases the
cluster size. Shear stress, a known protein denaturant, induced by bubbling
of the solutions with an inert gas, elicits similar response. These
observations support partial protein unfolding, followed by dimerization, as
the mechanism of cluster formation. The amide hydrogen/deuterium
exchange, monitored by nuclear magnetic resonance, highlights that
lysozyme conformational flexibility is a condition for the formation of the
protein-rich clusters and facilitates the nucleation of protein crystals.

Introduction

Protein structures are essential for understanding the fundamental processes in
biology, are pivotal to the success of rational drug design, and enable numerous
other laboratory and industry applications. Hence, structural genomics/proteomics
projects around the world have invested considerable funds and effort in their

“ Department of Chemical and Biomolecular Engineering, University of Houston, Houston, Texas,
77204-4004, USA. E-mail: vekilov@uh.edu

b Structural Biology Brussels, Flanders Institute for Biotechnology (VIB), Vrije Universiteit Brussel,
Pleinlaan 2, B-1050 Brussel, Belgium

¢ Department of Chemistry, University of Houston, Houston, Texas, 77204-5003, USA

[journal], [year], [vol], 00-00 | 1
This journal is © The Royal Society of Chemistry [year]



o

@

20

25

3

S

35

4

S

45

CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS
Faraday Discussions

determination. The most widely used method of protein structure determination is
X-ray crystallography' and obtaining high quality crystals is a crucial prerequisite
for progress in this field.>> The difficulty of obtaining crystals of such complex
molecules limits the success of these projects and brings the need for novel
approaches in protein crystallization, based on understanding of the mechanisms and
its constituent processes.5®

Besides structural biology, the formation of protein crystals and similar ordered
arrays of folded proteins are of interest for several fields of science and technology.
They underlie several human pathological conditions. An example is the
crystallization of hemoglobin C and the polymerization of hemoglobin S that cause,
respectively, the CC and sickle cell diseases.”'? Another area which relies on
protein crystals is pharmacy: crystal dissolution at a controlled rate is used to
achieve sustained release of medications, such as insulin, interferon-o, or the human
growth hormone.'*'”  Work is underway on the crystallization of other
therapeutically-active proteins, e.g., antibodies for foreign proteins, which can be
dispensed as a microcrystalline preparation. If the administered dose consists of a
few equidimensional crystallites, steady rates of medication release can be
maintained for longer periods than for doses comprised of many smaller crystallites.

In all of these areas, control of crystallisation hinges on the ability to achieve and
control nucleation, the first step of crystallization. Nucleation determines the main
properties of the crystal population, including the crystal polymorph, the number of
crystals, and their size and size distribution. The nucleation outcome favored in
classical crystallography is to have a population consisting of one large crystal of a
stable and robust polymorph, or, failing that, of several well-separated crystals of
similar sizes and of a single polymorph. In the novel method of femtosecond X-ray
protein nanocrystallography, which relies on crystals as small as 200 nm,'® the need
to grow the crystals after they have nucleated is nearly eliminated and nucleation
emerges as the sole process to be controlled.

A novel outlook on protein nucleation in solution suggests that the nucleation of
crystals is preceded by the formation of clusters of mesoscopic size composed of
dense protein liquid.'”** Crystal nuclei then form inside the clusters.”*?®* Evidence
of the action of this two-step mechanism has been provided for protein crystals®’ **
and sickle cell anemia fibers,? amyloid fibrils,?% 3! crystals of small-molecule
organics,zs’ 32,3334 oolloids, > biominerals, 30 polymers,41 and other substances.
Evidence from multiple studies has indicated that the two-step mechanism is broadly
applicable to protein crystallization.”’

The likely precursor to crystal nuclei are protein-rich clusters. They have been
observed in solutions of several proteins: lysozyme,** ** hemoglobin A and S,*
glucose isomerase,* lumazine synthase,*® *’ insulin. The crucial role of the protein-
rich clusters as locations of protein crystal nucleation has been supported by
experimental evidence with hemoglobin g2 2 48 glucose isomerase,* and
lysozyme;?” * crystal nuclei forming inside similar mesoscopic clusters have been
directly observed for colloids,*® which are larger and move slower than most
molecules, and an ingeniously chosen organic system.>> The size of the protein
clusters varies from several tens to several hundreds of nanometers and their total
volume fraction remains less than 107, Their extended lifetimes indicate that the
clusters are not concentration fluctuations. It was shown that these clusters are
present even in homogeneous region of protein phase diagram* * and their
properties, average size and total population volume, do not undergo any singularity
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upon crossing the liquidus.?’,?® It was demonstrated that the cluster population

volume responds to varying protein concentration in exact corresponds with
Boltzmann predictions based on the free energy cost of regions of concentration as
high as that in the clusters.”* ****® This observation indicates that the clusters are in
equilibrium with the solution and excludes the possibility that the observed clusters
represent aggregates of irreversibly denatured protein. On the other hand, the
cluster size is independent of protein concentration. The decoupled behaviors of the
cluster size and population volume are in stark contrast with the classical phase
transition trends and highlight the unusual nature of the clusters. Experimental data
and theoretical analyses that address the mechanisms determining the cluster size
concluded that the size is determined by the dynamics of formation, diffusion and
decay of protein oligomers of a limited lifetime. Hence, such oligomers are required
for clusters’ existence.*> The hypothesized oligomers are not expected to be bound
by crystal contacts and, hence are not crystal embryos. We hypothesize that their
existence enables the clusters, which, in turn, facilitate crystal nucleation by
lowering the free surface energy that limits the growth of the nuclei.

Here we address several open questions related to the oligomer mechanism of
cluster formation: about the roles of electrostatic and water-structuring interactions,
the liquid nature of the clusters, first suggested in previous work,'?' the uniformity
of the cluster structure throughout their volume, and the significance of partial
protein unfolding for cluster formation. We find that the classical interplay between
electrostatic and hydrophobic interactions is significantly shifted to the latter ones.
We employ a novel method of oblique illumination scattering microscopy and
demonstrate the liquid nature of the clusters and suggest that they have
inhomogeneous structure with an inside core of high viscosity. We show that partial
protein unfolding and hydrophobic stabilization appear to be the major factors
contributing to oligomerization and cluster formation. The results presented here
suggest that fine-tuning of water-structuring interactions promises to be a powerful
tool to control clusters population and, in view of the cluster role in protein crystal
nucleation, enhance or suppress the nucleation process.

For these tests we chose the protein lysozyme because of its high isoelectric point,
pl = 11.35,°° which results in a considerable molecular net positive charge in the
range of tested pH (from +15é at pH 3.8 to +8é at pH 7.8). This high charge
amplifies the significance of electrostatic forces in cluster formation. Furthermore,
previous studies with lysozyme have revealed that lysozyme forms well detectable
clusters in the homogeneous region of the lysozyme phase diagram® and this allows
the study of cluster characteristics and behaviors before crystal nucleation occurs.

We used the second osmotic virial coefficient B, to characterize the response of
lysozyme in the solution to modified electrostatic and water-structuring interactions.
B, is an azimuthally and spatially averaged characteristic of the pairwise interaction
potential, revealed the attenuation of intermolecular repulsion with increasing ionic
strength. We used static light scattering to determine B,.** The response of the
cluster population was characterized in terms of average cluster size R, and cluster
population volume, expresses as a fraction of the total solution volume ¢,; R, and ¢,
were determined by dynamic light scattering.”® 2" ** %> We employed Brownian
and oblique illumination microscopies to characterize the cluster phase state.
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Materials and methods
Solution preparation

We used chicken egg white lysozyme (Affymetrix); KCl (Fisher); (NH4),SO,4 and
HCI, CH;COOH (Fisher Scientific); NaCl and KOH (Mallinckrodt Chemicals); D,O
(Sigma-Aldrich); HEPES (Fisher and Calbiochem); we observed no difference
between solutions of HEPES from the two companies.

Unless specified otherwise, all experiments were carried out in 20 mM HEPES
buffer (N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonate) at pH 7.8 (adjusted with
KOH). Since the pK, of the respective acid is 7.5, the ionic strength of the buffer is
~0.667x of the total HEPES concentration. @~ We determined the lysozyme
concentration with Beckman Coulter Du 800 Spectrophotometer using extinction
coefficient €559 nm = 2.64 ml mg™! cm™'.>! Stock solutions of ~150 mg ml™' lysozyme
in HEPES buffer were dialyzed over two days (44 - 50 hours). After dialysis, the
solutions were diluted to a desired concentration and, if necessary, the ionic strength
was adjusted by adding salts: NaCl, KCl or (NH4),SO,. All experiments were
carried out at 22°C. Prior to all measurements, the solutions were filtered through
0.22 pm PES syringe filters (Lightlabs).

Dynamic and static light scattering (DLS and SLS)

The DLS data were collected by ALV light scattering device equipped with He-Ne
laser (A = 632.8 nm, 35 mW) and ALV-5000/EPP Multiple tau Digital Correlator
(ALV-Gmbh, Langen, Germany). The autocorrelation functions were acquired at
90° for 60 s. Data analysis was performed as in Ref. ** The viscosity of protein
solutions used to evaluate clusters’ hydrodynamic radius R, was determined
independently as described in Ref. *? using OptiLink carboxylate-modified
polystyrene microparticles (d = 0.424 ym). The static light scattering data on
monomer interactions were collected at 90°. If the correlation function taken in
parallel indicated the presence of clusters, we subtracted from the total scattered
intensity the scattered intensity due to the clusters. The second virial coefficient B,
was determined from Debye plots. For the refractive index increment of the
solutions we used the value dn/dc = 0.199 + 0.003 ml g~ obtained by Brookhaven
differential refractometer calibrated with KCl aqueous solutions at 25°C, A=
620 nm.

Brownian and oblique illumination microscopies

We employed Nanosight LM10-HS microscope (Nanosight Ltd) equipped with
green laser with A = 532 nm operating at temperature T = 22 4 0.1°C to examine
the Brownian motion of individual clusters in the tested solutions. The raw data of
this method are movies of point spread functions of clusters undergoing Brownian
motion. The rate of movie acquisition depends on the camera characteristics and
settings, in our experiments it was ~ 25 fps. We determined the clusters’ diffusivity
by using a custom designed software package which analyzes individual cluster
trajectories. The cluster radius R was calculated using the Stokes-Einstein equation
accounting for previously determined viscosity. The number of clusters on each
frame gave an estimate of the cluster concentration.

Oblique illumination microscopy (OIM) uses the same setup as Brownian
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microscopy with a more powerful objective lens and a faster, sensitive camera (S-
PRI, AOS Technologies AG). OIM records the point spread functions of individual
clusters, whose diameter (2R, =~ 150 nm) is comparable to the diffraction limit
(A/2 = 250 nm). We used this method to monitor the time resolved behavior of
individual clusters.

Results and discussion
The role of Coulomb interactions in cluster formation

Coulomb interactions are a core of biophysics. They determine protein 3D
Structure,sz'57 substrate binding,sx’ 59 transitions between activated and deactivated
states,®” ¢ signals transmission,*” and others. Proteins structures were optimized by
evolutionary design to prevent undesirable aggregation resulting from electrostatic
interactions.®> ®* Hence, Coulomb forces were tested for their role in the formation
of the mesoscopic protein rich clusters.

The strength of the intermolecular Coulomb forces depends on the charge of
protein monomers and the Debye screening from free ions in a solvent, i.e. the ionic
strength I of a solution. We probe the influence of electrostatics on our system by
varying the ionic strength from 3 to 313 mM covering the physiological range of
100 — 200 mM. Low I values were obtained by varying the concentration of the
HEPES buffer. For higher I's we used NaCl, KCI and (NH,;),SO,4. Dimensionless
values of this parameter ranged from B, = 114 at the lowest probed I = 3 mM to
B, = =20 at I = 313 mM, attaining the value of non-interacting hard spheres
B, = 4 ationic strength of 50 — 60 mM.

We display the response of the cluster size to modified electrostatic forces in Fig.
1. We observe that cluster radius R, is independent of the ionic strength of the
solution and on the salt identity used to increase I. The cluster volume fraction ¢,
(data not shown) decreased five-fold as the ionic strength increased to ~150 mM
and stayed constant at higher I values.

We modified the monomers charge by changing the solution pH from 3.8 to 7.8
and performed identical tests. The results (data not shown) in terms of that the
second virial coefficient B, and diffusivity D reveal that intermolecular interactions
are significantly affected by electrostatic forces. Similar to the behavior in response
to increasing ionic strength, cluster volume fraction shows an apparent increase as
the protein charge decreases at higher pH values, while the cluster size does not
change within the experimental error.

[journal], [year], [vol], 00-00 | 5
This journal is © The Royal Society of Chemistry [year]



w

20

25

30

35

CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS

Faraday Discussions

- 80 T T T
£
£
o 60} -
i 1585 3
R
T 40F L
e
S
£ 20
7 [ o HEPES @ +NaCl T
5 @ +KCI @ +(NH,) SO,
0 1 L 1
0 100 200 300

lonic Strength (mM)

Fig. 1 The role of electrostatics in cluster formation: dependence of cluster radius R, on ionic
strength. R, were evaluated from the cluster diffusion times, determined from the DLS correlation
functions. The viscosity used in these evaluations was measured independently. The ionic strength
of solutions was induced in four different ways: by changing concentration of HEPES buffer, by
adding salts KCI, NaCl, (NH4),SO..

The decoupled behaviors of R, and ¢, at increasing / and pH indicate that these
two characteristics of the cluster population are controlled by distinct mechanisms.
This observation agrees with the oligomer mechanism of cluster formation by which
R, is determined by the kinetics of decay of the oligomers accumulated in the
clusters **, while ¢, reflects the high free energy cost of bringing together positively
charged molecules 2**. The lack of correlation between the cluster size R, and the
solution ionic strength and pH indicates that cluster formation is not governed by
Coulomb interactions. These observations exclude a colloid aggregation scenario
based on the balance of van der Waals attraction and Coulomb repulsion® % as the
basis of the mesoscopic protein rich clusters.® Furthermore, these observations
indicate that a mechanism relying on electrostatically bound oligomer could not
underlie the mesoscopic clusters in lysozyme solutions.

With many other studied proteins, clusters are observed at ionic strengths higher
than 100 mM '* 23 2% 43 67 68 "4t which the Debye length is shorter than the
molecular size and, hence, the lifetimes of electrostatically-bound oligomers would
be insignificant. Hence, Coulomb-regulated colloid clustering and Coulomb-
mediated oligomerization can be excluded as formation mechanisms of the
mesoscopic clusters in solutions of these proteins.

Hydrophobic interactions in protein clusters formation

Water structuring and hydrophobic interactions are often a dominant force in protein
aggregation.®’> These forces are short-range and may play an important role in the
stabilization of the protein-rich clusters, in which the protein concentration is
~450 mg ml~! and the intermolecular separations are shorter than 1 nm.*

Urea is a chaotropic agent, which accumulates at the protein peptide backbone
and breaks the water structure.”” This mechanism underlies urea’s action as a
universal protein denaturant that causes complete molecule unfolding at
concentrations 7 —8 M.”*’®  We employed urea concentrations up to 3 M,

6 | [journal], [year], [vol], 00-00
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significantly below the levels when complete protein unfolding occurs. The increase
of the second virial coefficient B, from 38 to 52 upon increasing of urea
concentration to 2 M, shown in Fig. 2 a, suggests that it causes an increase of
intermolecular repulsion. This urea-induced increase of repulsion is consistent with

s breaking water structures around the protein solvent-exposed backbone segments
and weakening the hydrophobic attraction at low protein concentrations.
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Fig. 2 The role of hydrophobic interactions in cluster formation. (a) Variation of the pairwise
intermolecular interactions in lysozyme solutions, characterized in terms of the second virial
coefficient B; (left ordinate, closed symbols) as a function of urea concentration. (b) The response of
the cluster radius R, (left ordinate, spheres) and volume fraction f; (right ordinate, columns) to urea
concentration. The data reveal that addition of up to 2.7 M urea barely affects the pairwise
intermolecular interactions, but significantly impacts clustering behaviors: R, decreases three-fold
and f; increases 10-fold.

s The cluster radius R, decreases three-fold at urea concentration 2.7 M while the
clusters volume fraction decreases ten-fold. The decoupled behavior of these
characteristics excludes the possibility of lysozyme denaturation and aggregation
caused by urea and strongly supports the hypothesis of protein oligomerization
contributing to cluster formation. Urea accumulates around solvent exposed

o segments of a protein backbone’’ shortening the lifetime of dynamic protein

complexes. Following the theoretical model of cluster formation,*® this leads to a

smaller cluster radius R,. At high protein concentration inside the clusters partial

molecule unfolding caused by urea results in enhancement of attractive hydrophobic
interactions. This stabilizes the concentrated protein phase and increases cluster
volume fraction ¢,.

Bubbling of a lysozyme solution with an inert gas is known to decrease the
protein activity by causing molecules unfolding at the hydrophobic solvent-gas
interface’® or because of the induce shear stress.”” We performed experiments in
which lysozyme solutions were bubbled with nitrogen at different flow rates ranging

G
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from 0.2 to 0.5 L/min over the course of 2.5 hours. We did not register the change
of pairwise intermolecular interactions, indicating that the majority of protein
monomers was not affected by bubbling.

90 T T T T
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s Fig. 3 The effects of shear flow on cluster formation. The response of the cluster radius R, to
solution bubbling with N,. The data shows that moderate bubbling rates (0.2 — 0.3 L/min) increase
R,; at 0.5 L/min shear flows have a negative effect on cluster formation and R, decreases with
bubbling time.

We show the evolution of cluster radius R, in Fig. 3. The reference solution with
10 no bubbling was analyzed to verify the steadiness of cluster radius throughout the
experiment. We noticed the increase of R with increase of the gas flow rate from 0
to 0.3 L/min and increase of the bubbling time. This observation corresponds to a
proposed cluster formation mechanism due to protein complex formation. Solution
bubbling at moderate rates leads to protein unfolding, stabilization of protein
15 oligomers, and increase of cluster radius. The decrease of cluster radius at the
highest probed flow rate 0.5 L/min can result from the increase of shear rates in
solutions which are not the subject of this discussion.

Molecular level view of oligomerization

20 The lysozyme folded chain, illustrated in Fig. 4 a, contains two stabilized regions,
called domains, linked by a relatively short and flexible sequence, called hinge.*
Domain swapping, schematically illustrated in Fig. 4 b, is a mechanism of
oligomerization observed for numerous proteins.®' If the attraction between the
domains weakens, a molecule can partially unfold, exposing its hydrophobic

25 interfaces between the domains. The new conformation of unfolded monomers is
energetically unstable. If two (or more) partially unfolded monomers come to a
close proximity, a domain from one molecule may bind to a reciprocal domain from
the other partially unfolded molecule. As a result, a dimer (or higher order
oligomer) may form. Each step in this process is reversible. The free energy of the

30 oligomer is lower than for its constituent unfolded monomers but higher than for
their native conformation.

8 | [journal], [year], [vol], 00-00
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(a) s

(b) | - \
I [ Iﬂ— I
Fig. 4 Formation of protein oligomers. (a) Protein lysozyme structure (RCSB PDB: 2VBI1). Two
domains of the molecule are shown in pink and orange. The active center is highlighted in red, and
the hinge in yellow. Yellow spheres represent the di-sulfide bridges. Blue spheres indicate the

amide hydrogens of the aminoacid residues, revealed by NMR, potentially involved in oligomer
formation. (b) Schematic representation of the domain swapping mechanism.

Even though there are no reports of domain swapped lysozyme oligomers,
theoretical investigations reveal an internal molecular vibrational motion,** ** which
occurs between the two domains and involves the displacement of the hinge region.
This process is crucial for lysozyme activity and may lead to partial molecule
unfolding. Nuclear magnetic resonance (NMR) studies of lysozyme have indicated
different hydrogen-deuterium exchange rates in native vs denatured states of the
molecule ¥ in D,0-based solutions. These studies reveal that some hydrogens are
more protected than others and the protection is strictly depends on the molecular
conformation. We use this concept to test the involvement of partial protein
unfolding in oligomerization leading to cluster formation.

Two protein solutions of high and low clusters volume fractions were prepared
using D,0-based HEPES buffer, 20 mM,pH 7.8. The control sample was at
concentration 25 mg ml~! at which cluster volume fraction is low (< 1077). To
achieve a higher volume of the cluster population, we prepared a second similar
solution with protein concentration of 200 mg mi™1.

In both solutions, hydrogen-deuterium exchange was allowed to proceed for 1 and
72 hours before it was stopped by quenching to pH 3.8 with a solution of acetic acid
in D,0.%. Quenching diluted the concentration of the protein 8-fold. In the control
solution, the concentration was brought back to 25 mg ml~! by centrifugation. The
protein concentration in the tested solution was equal to that and it was not
centrifuged.

The amino acid residues with unexchanged hydrogens yield signal in 'H-">N
HSQC 2D spectra, based on the natural abundance of '°N in the protein. The results
on the rates of amide hydrogen exchange can be summarized as following: all non-
amide and most amide hydrogens exchanged rapidly at both concentrations; several
residues equally preserved their amide hydrogens in both control and cluster

[journal], [year], [vol], 0000 | 9
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containing solutions; no residue exhibited faster exchange rate in the control
solution; several residues showed faster exchange rate in cluster-containing solution;
these are F34, N39, K97, Q121, A122 at 1 hour, and K33, 198, V92 at 72 hour. We
highlight these amide hydrogens in Fig. 4 a. The faster exchange in the high
concentration solution is counterintuitive for a homogenously distributed protein and
suggests that the protein in the clusters is partially unfolded; tests to eliminate the
possibility that high concentration and not clusters contribute to the faster exchange
are planned. Importantly, Fig. 4 a shows that the H-atoms exposed in the high
concentration solution are near the hinges between the two lysozyme structural
domains.®® These results support the notion that partial unfolding of the domains
followed by dimerization, as schematically depicted in Fig. 4 b, may be a part of this
protein’s cluster mechanism.

The liquid nature of protein-rich clusters

We employ oblique illumination microscopy (OIM) to monitor the dynamics of
individual clusters.

@ 4D
L gk%

e e
|

4& 4&

Fig. 5 The liquid clusters nature. (a) Intensity snapshots of a protein cluster revealed by oblique
illumination microscopy at times indicated in the images. (b) Fluorescent microspheres observed
through a bandpass filter, which allows the transmittance of only fluorescent light. A dashed circle
indicates three particles entrapped inside a cluster.

Observations of individual clusters revealed that the point spread function of
many clusters fluctuates, as shown in Fig. 5 a. Latex particles of a similar size did
not exhibit the same behavior. Since particles with spherical symmetry do not show
intensity fluctuations, we conclude that the protein clusters have complex
asymmetrical shape. The cluster intensity pattern is a sum of point spread functions
of its parts, which act as independent scatterers. The intensity fluctuations of the
point spread functions indicate that the clusters are characterized by a complex non-
spherical shape which may also be fluctuating. We determined the characteristic
time of the fluctuations, ~ 60 ms. This time is much faster than the cluster rotation
time, suggesting that the fluctuations reflect variations in cluster shape, i.e., the
clusters are liquid. The shape variations are likely due to Brownian collisions with
solvent molecules.

In another experiment we introduced fluorescent particles in a protein solution
and placed a filter between the cuvette and the objective lens which obstructed the
scattered light and only allowed fluorescent intensity to register. The majority of
fluorescent particles diffused independently of each other. Several groups of

10 | [journal], [year], [vol], 00-00
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particles moved collectively. In Fig. 5 b we show three particles which exhibited
this behavior. The separation between them was ~ 2 um indicating that the particles
were not bound to one another. After removing the fluorescence filter, we observed
at their location a fluctuating intensity pattern, typical of a cluster. We conclude
that the particles were trapped inside the cluster, confirming the liquid state of the
clusters. We analyzed the evolution of the distances between the three fluorescent
particles in the cluster and found that they do not change during the time of
observation. This shows that the particles are embedded in a medium of high
viscosity. Lysozyme solutions at high concentrations tend to exhibit gelation ** %
arresting the dynamics of the solution and increasing the viscosity. Thus, the
observations in Fig. 5b suggest the presence of a viscous core inside the clusters.

Summary and conclusions

This investigation of the characteristics of the proteins-rich clusters in lysozyme
solutions revealed several novel behaviors. We found that the Coulomb interactions
do not significantly affect cluster populations: the cluster radius R, remains constant
over the whole range of tested ionic strengths and pH, while the cluster volume
fraction ¢, slightly decreases. Experiments in which urea was added to the
solutions revealed the importance of hydrophobic interactions for cluster formation.
Bubbling experiments suggested the importance of partial protein unfolding in the
clustering mechanism. Nuclear magnetic resonance tests located the regions of the
lysozyme molecule that are potentially involved in partial unfolding during cluster
formation, the interdomain hinges, and suggest that domain-swapped dimers may be
the species that underlies cluster formation. Experiments with oblique illumination
microscopy revealed the liquid nature of protein clusters and, for the first time,
suggest inhomogeneous structure, with a viscous core, of clusters.
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