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Pattern formation and coarsening during metastable phase separation in lysozyme solutions
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We observed interesting structures during phase transformations of lysozyme solutions. The process begins
with the separation of a protein-rich liquid phase in the form of droplets. The droplets fall to the bottom of the
chamber in a few minutes, and on the scale of an hour they begin to merge, forming an interconnected
spongelike structure. In the final transformation process, the sponge turns into crystals. The existence of the
sponge phase depends upon the relative time scales for droplet coalescence and crystal nucleation, something
we were able to vary by changing the salt concentration in our solution. We expect our observations to have
significance for producing protein crystals for x-ray structure analysis of proteins.
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[. INTRODUCTION on the phase-transformation process of protein solutions.
In this paper, we focus on the process of the liquid-liquid

Protein crystals of high quality are indispensable for thephase transformation of lysozyme solutions, which either
determination of three-dimensional structure of protein molfrecedes the crystallization or takes place with it simulta-
ecules by x-ray structure analysis. Producing protein crystalgleously. We attempt to explain the whole process of the
however, is generally difficult partly because the protein sostructure formation using the concept of the difference in
lutions exhibit various kinds of phase transition phenomenaViscoelastic properties between the two phases. We also dem-
These include the crystallization itself and liquid-liquid Onstrate below that the competition between the liquid-liquid
phase separatiofi—3]. These various phase transition phe-Phase transformation and crystallization can make various
nomena can influence each other, making protein crystallizafansient patterns in the solutions. We expect that the protein
tion difficult to predict. For example, it has been experimen-crystal growth, an important problem in structural biology,
tally suggested4—10 and theoretically predictefll1—13  can benefit from this study, which connects the process of the
that the liquid-liquid phase separation affects the crystallizavarious phase transformations in protein solutions with the
tion process, especially at the nucleation stage. Clear undegXisting understanding of the physics of pattern formation in
standing of the relation between the various phase transRolymers[14-16 and alloys[18,19.
tions, and of conditions in which crystal nucleation occurs, is
necessary for protein crystallization in a well-controlled Il. MATERIALS AND METHODS
manner.

Recently, various types of phase separations have been Hen egg lysozyme of molecular weight,,=14 307, pu-
found in polymers and alloyfg4—-19, some of which cannot rified six times by crystallization, was purchased from Seika-
be explained by the conventional theory of phase separatiopaku. High-purity deionized water of about 18 (Mcm
[20]. For example, in polymer solutions or polymer mixturesfrom a NANOpure systeniBarnsteaglwas used for all so-
the viscoelasticity of the separated phases was found to afdtions. ThepH values were adjusted by 50 vh Na-acetate
fect severely the coarsening procgddsgt—17. Also, in a  buffer at 4.6G-0.1.
solid-solid phase separation of a binary alloy, elastic proper- Liquid-liquid phase separation was induced in lysozyme
ties of the two phases can couple with the phasesolutions containing NaCl by lowering the temperature. We
transformation procesgl8,19. These reported phenomena prepared aqueous lysozyme and NaCl solutions separately,
appear only when the dynamic or static properties such agnd mixed them to an appropriate volume ratio. Before mix-
viscoelasticity or elasticity are quite different between theing, the lysozyme solution was passed through a 0.026
two separated phases. filter and the NaCl solution through a 0.2m filter (Milli-

In the liquid-liquid phase separation of protein solutionspore. The final concentration of lysozyme was fixed at
the viscoelastic properties are also quite different between 20.0% (w/v), while the NaCl concentrations varied from
protein-rich phase and a solvent-rich one. Therefore, the prd@.8M —-1.0M.
cess of the phase transformation in a protein solution is ex- The mixing was done at a temperature that is high enough
pected to be understood by the same concepts used for polget to cause the liquid-liquid phase separation but is suffi-
mer system described above. There are, however, few studiegently below the denaturation temperature. It was followed

by injecting the solution into an observation glass cell of
22x 22 mnt size with a thickness of about 0.2 mm and then
*Email address: m-ataka@aist.go.jp lowering the temperature. The temperature was controlled
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FIG. 1. A schematic phase diagram of lysozyme solutions in-
cluding a stable solid-liquid coexistence curi@ystal solubility
and a metastable liquid-liquid coexistence curve. Lysozyme solu-
tions in the experiments were quenched as shown by the arrow, a
incubated at the point shown by the symbot

FIG. 2. Droplets separated from a solution. These droplets
g)ated in the solution for about 10 min, and then piled up on the
ottom of the glass cell. The lysozyme and NaCl concentrations
were 100 mg/ml and 1M, respectively. The cloud point was

i . . 25.2°C. The process was observed at 23.1°C.
within =0.5°C by water circulation. The quen¢tempera- P

ture lowering rate was about 2 °C/min. An elapsed tirne connect and merge with each other about 40 min after mix-
was measured from the time of mixing. ing. These connected droplets formed an interconnected
Figure 1 shows a schematic phase diagr@s of  spongelike structuréFig. 3), that was maintained for more
lysozyme solution, which includes a stable solid-liquid coex-than 6 h. The coarsening proceeded as the spongelike do-

istence curvesolid line) and a metastable liquid-liquid co- Mains became thickeFig. 3a and 3b)]. Gradually the
existence curvebroken ling. Observation was done at a Poundary between the protein-rich and solvent-rich phases
point below the liquid-liquid coexistence curve shown by Pecame vague due to the collapse of the strudtiige 3(c)].

“ X in Fig. 1. The distance from the liquid-liquid coexist- . Crystals(spherulites of lysozyme appeared at the same
ence curve to the observation point is “the depth of quench.ime s the structural collapse, as shown in Fig).3Their

Experimentally, it can be estimated from the difference in theqrowth in the same area as shown in Fig. 3 is shovyn in Fig.
two temperatures, a cloud point and an observation point. 4. As the crystals grew, the boundary of the spongelike struc-

) L . : ture became even more unclg¢bigs. 4a) and 4b)] with the
Th_e separation of F’m‘e'”'f'c“ domains from a unlformspherulites completely taking over the spongelike protein-
solution and their transformation process were observed b

. . . . Mch domain[Fig. 4(c)]. Note that the spherulites polarized
an optical microscopéAxiovert S100, Carl Zeigsand re-  |ignt \hile the protein-rich phase or spongelike structure did

corded by a digital charge-coupled device imaging system,o; This indicated the ordered structure in the spherulites as
(SenSys, PhotometrisThe averaged size of the protein- onn6sed to the disordered structure in the protein-rich phase.
rich don_1a|n was estimated as _foll_ows. The numbe_r of the Figure 5 shows the change in the averaged domainl size
boundariesn between the protein-rich and solvent-rich do- For abou 2 h after the formation of the droplets, during the
mains were counted on a line drawn from one side to th&ransformation from the droplets to the spongelike structure,
other of a digital image. The averaged size of domawvas  the domain size did not change. After ab8th after mixing,
approximately estimated to Be=2L/n, whereL is the size the domain size started to increase with time. The solid line
of the image. represents the relation of-t.
Figure 6 shows the crystal growth coupled to the vanish-
IIl. RESULTS ing of the droplets in a solution where the concentration of
NaCl was slightly lower (0.88!) than the previous case
Figure 2 shows an example of the droplets of protein-rich(1.0M). The cloud point was 24:00.3 °C at this NaCl con-
phase separated out from the uniform solution containingentration and the depth of quench was23®5°C. In ad-
1.0M NacCl. The cloud point was 25720.3 °C and the depth dition to the spherulites, single crystals also grew in this
of quench was 2:£0.5°C. The separation started within a solution. As shown in Figs.(6) and @c), the droplets were
minute after lowering the temperature. In about two minutes@bsorbed by crystals or dissolved as the crystals grew. The
the separation seemed to be finished with no new dropletdroplets did not merge with each other and, therefore, only a
forming. The droplets sank to the bottom of the glass celvanishing process was observed in this solution. No intercon-
over the course of about 10 mipiling) and although they Nected spongelike structure was formed.
stuck together, further fusioftoarseninydid not occur for
another 20—30 min.
Figure 3 shows the coarsening process that occurred after There are two striking features in this phase-
the initial droplet formation. The piledup droplets started totransformation proces$l) droplets and spongelike structure

IV. DISCUSSION
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FIG. 4. A vanishing process of the protein-rich domain and the
FIG. 3. A spongelike structure and its coarsening process. Thgrowth of spherulitegdark spherical objectsThe solution was the
solution was the same as the one shown in Fig. 2. The images wWekme as the one shown in Figs. 2 and 3. The images were taken at
taken at(a) 1.7 h,(b) 2.8 h, an(KC) 4.8 h after the m|X|ng (a) 7.2 h’(b) 9.2 h, and(c) 9.7 h after the m|X|ng
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FIG. 5. A double logarithmic plot of a change in the estimated
protein-rich domain sizewith the elapsed timé The measurement
was done using the same solution as in Figs. 2—4. The solid line
represents the relation &ft? with a=1.0. The whole process of
the phase transformation was divided into four stages: Protein-rich
droplets separated from the solutidstage ). The protein-rich
droplets started piling up on the bottom of the glass cell whereas the
coarsening did not procedsdtage ). The coarsening began and the
spongelike structure formetstage Il). Crystals started growing
and the protein-rich domain vanished graduadifage 1V.

appear sequentially in the same solution, &2)dthe liquid-
liquid coexistence is not stable but transient since a more
stable crystallization event follows. The former indicates that
the surface tension does not play a crucial role at least during
the transformation of the structure from droplets to a spon-
gelike structure, since a spherical shape like the droplets will
correspond to the surface tension minimum. The latter indi-
cates that the liquid-liquid phase transformation and crystal-
lization compete with each other. To see these features in
detail, we divided the whole process of the phase transfor-
mation into four stageé&llustrated in Fig. 5 as stages -]V
Droplets of the protein-rich phase separate out from the uni-
form solution in the first stagéFig. 2). The droplets pile up

on the bottom of the glass cell with their spherical shape
maintained in the second stage. The droplets connect and
form a spongelike structure in the third sta@gg. 3). The
spongelike structure was taken over by the crystal growth in
the fourth stagéFig. 4). We discuss below the mechanism of
the phenomena in each stage in detail.

A. Structure change from droplets to spongelike

We consider the viscoelasticity difference between the
protein-rich and solvent-rich phases to explain the phenom-
ena on the first, second, and third stages.

1. Pinning of the coalescence of the droplets

In the first stagdFig. 2), the droplets formed do not fuse

PHYSICAL REVIEW E 65 051804

_ . FIG. 6. The competition between the liquid-liquid phase trans-
even when they collide with each other, and they may movéormation and the crystallization. The lysozyme and NaCl concen-

apart again. Tanaka reported for the first time that a coarsenrations were 100 mg/ml and 0.8B respectively. The cloud point

ing process was virtually prevented in a polymer solutionwas 24.0 °C, and the observation was done at 20.8 °C. In this so-
when a separated polymer-rich phase was so dense that Itgion, spongelike structure did not form. Note that the protein-rich

deformation time was much larger than that of the characterdroplets were incorporated on the surface of the crystal.
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istic collision or contact tim¢21]. We believe that the same the radius of the domain tube leads to a pressure gradient

idea can be applied to protein solutions. In our system, dropalong the tube axis, which drives the fluid from the necks to

lets of the protein-rich phase are expected to be quite viscoube bulgeg20]. Siggia estimated the growth of domain size

in comparison with the surrounding solvent-rich phaseas|~(o/7)t, whereo and 7 are the surface tension and

Therefore, the relaxation against deformation is much fasteshear viscosity, respectively. In Fig. 5, the sizef the

in the surrounding solvent-rich phase than in the droplets oprotein-rich phase grew ds-t®, wherea=1.0+0.1. This

the protein-rich domain. Then the droplets move around easexponent valua corresponds well to the theoretical estima-

ily, which prevents maintaining the connection between oneion [20,23. Therefore, it follows that the coarsening in the

another. third stage proceeds conventionally whereas in the second
In the second stag¢he stage Il of Fig. b droplets pile up  stage(discussed aboyend the fourth stag@liscussed in the

on the bottom of the glass cell with their spherical shapefollowing sectior), the process of the phase transformation is

maintained. Even after this, they do not connect with onenot conventional.

another for several tens of minutes. In this stage it appears In summary, we regard the process of spongelike-

that the coarsening process is froZéme stage Il of Fig. 5 structure formation as follows. First, the droplets separate

A similar situation has been observed in the solid-solid phasand pile up but do not coarsen because of their high viscosity

separation process and is called the pinning eff@é8t19.  compared with the surrounding solvent-rich phase. The drop-

The pinning is considered to occur when the elastic properets then begin to connect with each other by the relaxation

ties of the two phases were differdetastic misfif and when  of their viscoelasticity. Due to the local volume fraction of

a more elastic phase was surrounded by a less elastic phasiee protein-rich domain increasing with the sedimentation

In our case we suggest that the coarsening process is preith time, the structure of the protein-rich domain becomes

vented because the viscous protein-rich domain is surspongelike. The domain growth is driven by the surface ten-

rounded by the less viscous solvent-rich phase. In othesion only after the formation of the spongelike structure,

words, during several tens of minutes in the second stage, thehich leads to the growth law ¢f-t?, wherea~ 1. In short,

droplets behave as elastic bodies, whereas the solvent-rithe pinning of the phase transformation until the local vol-

phase behaves as a fluid. ume fraction exceeds to the percolation limit causes the
To explain the pinning behavior on the molecular level,transformation from droplets to the spongelike structure.

Glotzer et al. [22] simulated a coarsening process of the

binary fluids where each monomer had two types of nearest-

neighbor interactions, strong and weak ones. Considering B. Competition between phase transformation

one strong bond anf! weak bonds, they showed that in the and crystallization

limit of (— =, the coarsening process was normal. WRen  As shown in Figs. 4 and 6, the protein-rich phase is not
was small, however, at first, the coarsening proceeded noktaple due to the crystal growth. The instability is also un-
mally but then pinned for a certain time. Based on thesgjerstood using the schematic phase diagram of Fig. 1 in
results, we suggest that some strong bonds between the m@lich the liquid-liquid coexistence curve locates under the
ecules are made in our protein-rich droplets concentrated byo|id-liquid coexistence curvéhe crystal solubility. There-
the phase separation. fore, once the crystals appear in the solution, the crystalliza-
tion competes with the liquid-liquid phase transformation.
The spongelike structure as shown in Fig. 3 results from the
During the third stage, the coarsening stdFfy. 3 and fact that this competition did not occur for several hours. In
the stage Il of Fig. band the spongelike structure gradually fact, as shown in Fig. 6, no spongelike structure forms if the
forms. This means that the pinning is not the final stage ircrystallization begins before the coarsening proceeds. There-
our system, because even the protein-rich domain is a fluitbre, the structure formed depends on the relation between
over a long time scale. In other words, the transfer from théhe two time scales of the liquid-liquid phase transformation
second stage to the third is marked by the appearance aihd the crystallization.
viscoelasticity. That is, the solidlike or fluidlike behaviors In lysozyme solutions, there is a tendency where the
appear dependent on the time scale of the deformation. lower the temperature, the earlier the crystals nucleate and
The spongelike structure is the result of random stackingrow. In our case, single crystals were grown at 20.8Fig.
of the droplets. In the coarsening, the thicker part of the5), compared to the spherulites that were grown at 23.1°C
protein-rich domain becomes thicker and the thinner part betFig. 4). On the other hand, the protein concentration in the
comes thinnefFig. 3). This behavior is typical of the perco- protein-rich phase is larger as the depth of quench increases.
lated phase separation when the volume fraction of the sep#a our case, the depth of quench was about 3 °C in the case
rated phase exceeds the percolation [[i2@,23. In our case, shown in Fig. 6, whereas it was about 2 °C in the case shown
the sedimentation of droplets increases the local volumén Fig. 4. As a result, the concentration of the protein-rich
fraction to the percolation limit although the protein-rich vol- phase in Fig. 6 was higher than that in Fig. 4, and hence the
ume fraction in an entire cell is much lower than the perco-coarsening process in Fig. 6 became slower than the case
lation limit. shown in Fig. 4 because of the higher viscosity. Therefore,
The time course of domain growth in the spongelikethe protein-rich phase in Fig. 6 did not have enough time to
structure can also be explained by the conventional theorform the spongelike structure as that shown in Fig. 4 before
[20,23. The basic idea of the theory is that the variation ofcrystals took over the protein-rich phase. Thus, a variety of

2. Formation of the spongelike structure
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patterns could be formed depending on the time scale of thiarm the spongelike structure. We also observed the compe-
phase transformation and the crystallization. tition between the phase transformation and the crystalliza-
It is worth noting that the protein-rich droplets were in- tion, with the patterns formed in the solutions depending on
corporated into the crystal lattice directly on the surface ofthe time scales of these processes.
the crystal as shown in Fig. 6. This means that the dense Even from a solution where a liquid-liquid phase separa-
liquid phase can in fact change into crystal. This fact suption took place, crystals could grow. Also, a subtle control of
ports a recent idea of protein crystal nucleation where thé&aCl concentration and temperature could cause the differ-
formation of the dense liquid domain precedes the nucleatioence between the single-crystal and the spherulitic-crystal
[11]. growth. The liquid-liquid phase separation is thought to be a
common phenomenon among protein solutions as is the crys-
V. CONCLUSIONS tallization. We believe that understanding the phenomena oc-
o curring during the liquid-liquid phase transformation may be
We observed a metastable liquid-liquid phase-crycial to understand the phase behavior of protein solutions,
transformation process in lysozyme solutions. At first,including protein crystallization.
protein-rich droplets appeared by lowering temperature, fol-
lowed by the formation of a spongelike structure. We con-
sider that 'the origin of the above 'strL'Jcture formation.is the ACKNOWLEDGMENTS
viscoelastic property of the protein-rich phase, that is, the
viscoelastic relaxation from solidlike behavior that causes The authors would like to acknowledge Dr. Peter Rehse
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