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ABSTRACT We have investigated the phase diagram of
aqueous solutions of the bovine lens protein y1l-crystallin. For
temperatures T < Tc = 278.5 K, we find that these solutions
exhibit a reversible coexistence between two isotropic liquid
phases differing in protein concentration. The dilute and
concentrated branches of the coexistence curve were charac-
terized, consistently, both by measurements of the two coex-
isting concentrations, c(T), and by measuring the cloud tem-
peratures for various initial concentrations. We estimate that
the critical concentration, cc, is 244 mg of protein per ml
solution. The coexistence curve is well represented by I(c -
cc)/ccl = 5.2V(TC - T)/Tc. Using the temperature dependence
of the scattered light intensity along isochores parallel to the
critical isochore, we estimated the location of the spinodal line
and found it to have the form I(c - c)/ccl = 3.0V(Tc- T)/Tc.
The ratio of the widths of the coexistence curve and the spinodal
line, (5.2/3.0), is close to the mean-field value I. We have
also observed the growth of large crystals of y1l-crystallin in
some of these aqueous solutions and have made preliminary
observations as to the factors that promote or delay the onset
of crystallization. These findings suggest that selected
protein/water systems can serve as excellent model systems for
the study of phase transitions and critical phenomena.

Phase transitions and critical phenomena continue to be the
subject of intensive experimental and theoretical investiga-
tion. In this context, systems consisting primarily of well-
characterized proteins and water can serve as particularly
valuable objects of study. Early experimental studies of
phase equilibria in protein/water solutions were limited by
inadequate purification and separation methods. In addition,
theoretical progress was inhibited by an imprecise physico-
chemical understanding of protein structure. However, ami-
no acid sequences and three-dimensional structures within
crystalline states have been determined for a large number of
proteins. Moreover, a wide variety of experimental tech-
niques have provided much information about charge, hy-
dration, and conformation of proteins in aqueous solution
(1-3). With this information, the stage is set for a more
quantitative experimental and theoretical examination of
how the location and shape of aqueous phase boundaries
might vary with a protein's precise molecular features, and
with protein concentration, temperature, pressure, ionic
environment, and other solvent characteristics.
The importance of studies of phase transitions in protein/

water solutions derives also from their physiological rele-
vance to the supramolecular organization of normal tissues
and to certain pathological states. For example, such phase
transitions play an important role in the deformation of the
erythrocyte in sickle-cell disease (4) and in the cryoprecipi-
tation of immunoglobulins in cryoglobulinemia and rheuma-

toid arthritis (5, 6). Perhaps the most striking example is the
involvement of liquid-liquid phase separation in the
opacification of the ocular lens fiber cell cytoplasm in certain
forms ofmammalian cataracts (7-11). Our work has indicated
(12, 13) that the phase separation ofone class of lens proteins,
the y-crystallins, may be the dominant mechanism respon-
sible for the loss of transparency in such cataracts.

Liquid-liquid phase separation in protein solutions has
been studied by a number of investigators. Bungenberg de
Jong (14) studied liquid-liquid phase separation extensively
in a variety of colloidal systems, including aqueous protein
solutions. He induced phase separation by the addition of
simple electrolytes, polyelectrolytes, and organic solvents
miscible with water. He regarded such phase separations as
a subset of a broader phenomenon, which he termed
coacervation. Dervichian (15) also studied liquid-liquid
phase separation in aqueous protein solutions and construct-
ed phase diagrams with which to represent his findings.
Similar investigations continue to be reported. Most of these
studies have been largely exploratory in character, with an
emphasis on application to protein separation methods (16,
17) and to microencapsulation (18, 19) and on the qualitative
classification of the effects of additives on the phase sepa-
rations (14, 15). Relatively little work has been devoted to the
study of phase separation in protein water solutions as a
model system to investigate the basic statistical mechanics of
critical phenomena and to examine the fundamental interac-
tion energies acting between the constituent protein mole-
cules. One notable exception has been the work of Ishimoto
and Tanaka (20) and Tanaka, Nishio, and Sun (21), who
studied phase separation in aqueous lysozyme solutions
using light scattering methods.

In this paper, we report our development of an experimen-
tal system that we believe will prove quite useful for the study
of liquid-liquid phase separation and crystallization in pro-
tein solutions. The system comprises aqueous solutions of
the bovine lens protein yl1-crystallin. The y-crystallins are a
closely related, structurally homologous, family of mono-
meric proteins that appear to be expressed in all mammalian
lenses (22, 23). y-Crystallins appear to be structural proteins,
in the sense that they have no apparent enzymic, ligand-
binding, or other specific biological functions. They are small
(Mr 20,000), compact, globular proteins, with isoelectric
points close to neutrality (pH 7-8). Bovine yll-crystallin is the
only y-crystallin for which both the amino acid sequence
(24-26) and an x-ray crystal structure (25, 27) have been
determined. It has an extremely symmetrical conformation,
in which two similar domains pack tightly against one

Abbreviations: T, temperature; Tc, critical temperature for phase
separation; Tsp, spinodal temperature; T(cloud), temperature for
onset of phase separation; T(clarify), minimum temperature at which
the solution clarified; c, concentration in mg/ml; cc, critical concen-
tration for phase separation; 1(6), intensity of light scattered at
scattering angle 6.
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another, mainly through hydrophobic interactions and hy-
drogen bonding. Each domain is itself internally symmetrical,
and stabilized by a hydrophobic core and a high degree of
surface ion pairing (25, 27, 28). It has been proposed that
these are the features primarily responsible for the remark-
able thermal and chemical stability of yll-crystallin (23),
which has been demonstrated in many studies (see refs. 23
and 27).

MATERIALS AND METHODS

Bovine y1l-crystallin was prepared as follows. Lenses from 1-
to 2-week-old calves were homogenized at 20'C in five
volumes of 100 mM sodium phosphate buffer (adjusted to pH
7.00 with HCl to give a final chloride ion concentration of 2.3
mM), and the total monomeric crystallins were isolated from
the centrifuged extract by size-exclusion chromatography,
on a column of Sephadex G-75 (5.0 x 110 cm) at 20'C. The
mixture of monomeric crystallins was separated into frac-
tions Yi, Bs, yl,ySil, and yiv by ion-exchange chromatogra-
phy on Sulfopropyl (SP)-Sephadex C-50, using a variation of
the method described by Bjork (29). The proteins (-3 g) were
dialyzed exhaustively against 0.275 M sodium acetate buffer
(pH 4.80) and applied to a column (2.5 x 35 cm), which had
been equilibrated in the same buffer. The individual fractions
were eluted from the column with a linear salt gradient of 0
to 0.4 M NaCl in 0.275 M sodium acetate (total volume, 2.2
liters). The pooled crude yll-crystallin fraction was
reconcentrated by ultrafiltration (20'C, using an Amicon
PM10 membrane) and dialyzed into 25 mM ethanolamine
buffer (pH 9.50) for rechromatography on a column of
diethylaminoethyl (DEAE)-cellulose, equilibrated in the
same buffer. The remaining traces of contaminating polypep-
tides (mostly /Bs- and ylll-crystallins) were separated from the
y1I-crystallins by eluting the proteins from the DEAE-
cellulose column with a linear salt gradient of0 to 0.1 M NaCl
in 25 mM ethanolamine (total volume, 1.8 liters). The final
y11-crystallin fraction was demonstrated to be >99% pure by
analytical isoelectric focusing, using gels containing 6 M
urea, followed by densitometric scanning, as described (30).

After combining numerous individual y1l-crystallin prepa-
rations, the protein was concentrated to -150 mg/ml by
ultrafiltration (as described above). To obtain more concen-
trated solutions (>400 mg/ml), this material was dialyzed
against 20% (wt/vol) polyethylene glycol 8000 until the
volume of the protein solution was sufficiently reduced.
Thereafter, all protein solutions were dialyzed exhaustively
against 100 mM sodium phosphate buffer (pH 7.00; I = 0.24)
for all physical studies. Protein concentrations were deter-
mined by UV absorption spectroscopy, using a specific
absorbance coefficient (AO-b%- I cm) of 2.4 (J.A.T., unpub-
lished results), and all sample dilutions were made using the
final dialysate. Solutions that were not used immediately
were stored at 40C.
The intensity of the light scattered from the protein

solutions was determined using an argon-ion laser [Spectra
Physics model 164; wavelength 488 nm (Spectra Physics,
Santa Clara, CA)] and a photomultiplier [EMI model 9863A
(EMI, Hayes, Middlesex, U.K.)] mounted on a rotary table.
Approximately 200 ,l of solution were placed in cylindrical
scattering tubes having an inner diameter of 4 mm. The
temperature of the tubes was controlled to within ±0.10C.
Intensity measurements were performed at a scattering angle
of v/2. The spectrometer permits visual observations of the
transmitted beam and microscopic (up to 10Ox) visual ob-
servation of the scattering volume.

RESULTS AND DISCUSSION

Two methods were used to determine the coexistence curve
for phase separation, which specifies the two concentrations
of the liquid phases coexisting in equilibrium at a given
temperature (31). In the first, solutions of known concentra-
tion were placed in the light-scattering spectrometer, the
temperature was initially fixed to be well above the coexist-
ence curve, and the temperature was then slowly lowered.
The onset of phase separation into two phases, at tempera-
ture T(cloud), was marked by the disappearance of the
transmitted beam due to extensive multiple scattering of the
incident beam. There was a concomitant clouding of the
solution that could be easily observed visually. If the tem-
perature was allowed to remain at or below this clouding
temperature, the solution would, in most cases (see below),
form two clear phases, which were separated by a sharp
meniscus. However, for the method being described, this
separation was not permitted to take place. Rather, the
temperature was raised slightly as soon as the onset of
clouding was observed, until the solution clarified, the
transmitted beam reappeared, and the intensity of the scat-
tered light returned to the appropriate value observed prior to
clouding. We denote by T(clarify) the minimum such tem-
perature at which the solution clarified. The averages of the
T(cloud) and T(clarify) so determined are plotted as filled
circles in Fig. 1. The error bars show representative values of
the quantity [T(clarify) - T(cloud)].

In the second method for determining the coexistence
curve, solutions at an initial temperature well above the
coexistence curve were rapidly quenched to temperatures
below their cloud points, by immersing them in a circulating
water bath [Neslab model RTE-5DD (Neslab, Portsmouth,
NH)]. Phase separation commenced, and the solutions were
allowed to undergo a macroscopic, gravity-driven separation
into the two coexisting phases. At temperatures above 0C,
both phases became quite transparent within -2 hr and were
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FIG. 1. Coexistence curve and spinodal line for the aqueous

yll-crystallin system (pH = 7.0, 1 = 0.24). e, Cloud-point determi-
nations; m, concentration measurements of macroscopically sepa-
rated phases; A, critical point; o, spinodal temperature estimates;
solid line, Eq. 1; dotted line, Eq. 2.
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separated by a sharp meniscus. Below 0C, repeated immer-
sions in the bath, alternating with gentle centrifugation at
approximately the same temperature as the bath tempera-
ture, were necessary to allow small bubbles of the less-dense,
less-concentrated phase to escape from the highly viscous,
more-concentrated phase. Eventually the two phases became
quite transparent at the quench temperature and were sepa-
rated by a sharp meniscus. The concentrations of the two
phases were then determined by UV absorption spectrosco-
py in the manner described above, using small aliquots from
each phase. Each quench thus resulted in the determination
of a pair of concentrations on the coexistence curve, at the
quench temperature. Seven such pairs of concentrations are
plotted as the filled squares in Fig. 1.

Fig. 1 clearly shows that these two independently deter-
mined sets of concentrations and temperatures on the coex-
istence curve (one set resulting from the clouding and
clarification temperatures and the other set determined using
quench-induced macroscopic phase separations) are in good
agreement.
A mean-field theoretical treatment of such a phase sepa-

ration would predict that the shape of the coexistence curve
is parabolic in the vicinity of the critical point (32). We have,
therefore, performed a fit of the coexistence curve, as it was
determined by the quench method, to the expression

(c- cc)/lcc = A[(T[ - T)/TC] 12, [1]

where c is the concentration of either phase in mg/ml, cc is
the critical concentration, T, is the critical temperature in K,
andA is a dimensionless quantity that characterizes the width
of the coexistence curve. We find that our data are repre-
sented within experimental error by the values cc = 244 ± 10
mg/ml, Tc = 278.5 ± 0.2 K, and A = 5.2 ± 0.1. The critical
point and coexistence curve corresponding to these param-
eters and to Eq. 1 are shown by the open triangle and by the
solid curve, respectively, in Fig. 1.
While observing the coexistence curve by the first method

described above, the intensity I(Ir/2) of the light scattered at
a scattering angle of 0 = v/2 was also measured as a function
of temperature, T. As the temperature of the sample was
lowered, so that the coexistence curve was approached, this
intensity increased dramatically. We used the measured
temperature dependence of I(7r/2) to estimate the location of
the spinodal line that is associated with this liquid-liquid
phase separation. The mathematical condition for this bound-
ary is the vanishing of the second derivative, with respect to
concentration, of the molar Gibbs free energy of such a
mixture (31). In this connection, the limit, as 6 approaches 0,
of the intensity I(o) of the light scattered by a macroscopically
homogeneous binary liquid mixture, which is in thermody-
namic equilibrium, is inversely proportional to this same
second derivative of the Gibbs free energy (33). This implies
that I(0) would diverge at the spinodal line, if the solution
were to remain in a single phase on approaching this line. If
the experimental observations were to conform to a mean-
field theoretical treatment, this divergence would be de-
scribed by I(6 = 0,c) = A/[T - TSp(c)], where TSp(c) is the
spinodal temperature at concentration c. Indeed, for all
concentrations studied, we were able to identify a substantial
temperature range over which even 1l(Ir/2) was found to
vary linearly with the temperature. Since our solutions did
not remain homogeneous in the relevant region of the phase
diagram at temperatures below the cloud-point temperature,
we estimated TSp(c) from linear extrapolations of the mea-
sured values of I-1(I/2,c) vs. T to temperatures below
T(cloud), to find the temperatures at which the extrapolated
lines intersect the axis I-1(r/2) = 0. The resulting estimates
of TSp(c) are plotted as the open circles in Fig. 1. It is
important to note that, notwithstanding some scatter in the

data presented in Fig. 1, the coexistence curve temperatures
and the spinodal line temperatures become quite similar for
concentrations in the vicinity of the maxima of both curves.
Indeed, the spinodal line and the coexistence curve must
converge at this maximum, which is the critical point, for a
second-order phase transition such as a liquid-liquid phase
separation (31). A fit of the estimated spinodal points to the
expression

J(c - c,)/ccI = B[(Tc - T)ITC] /2 [2]

was also performed. With use of the values of cc and T [
already determined, we find that the value B = 3.0 gives a
good representation of the experimental points. The corre-
sponding spinodal line is shown by the dotted line in Fig. 1.
In the context of a mean-field theory, the ratio of widths of
the coexistence curve and the spinodal line, [A/B], should be
close to V3 in the vicinity of the critical point (34). The
experimentally determined ratio is [5.2/3.0] z 1.7, which is
equal to \/3 within the experimental uncertainty.
For concentrations well away from the critical concentra-

tion cc = 244 mg/ml, we found that I-'(r/2) was quite linear
as a function of temperature at all of the investigated
temperatures above T(cloud), allowing a relatively accurate
extrapolation to I-1(i/2) = 0. However, at concentrations
quite close to the critical concentration, while -'(ir/2) was
linear over the high temperature part of the range of temper-
atures investigated, it also showed some nonlinearity at
temperatures close to T(cloud). This nonlinearity introduces
uncertainty into the choice ofthe line we used to estimate Tps
Such a nonlinear dependence is shown by the values of
I-1(7r/2) for c = 256 mg/ml, which are plotted in Fig. 2 as the
solid squares. The solid line in Fig. 2 shows the linear
extrapolation used to estimate TSp(256 mg/ml). Possible
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FIG. 2. Inverse scattered intensity at scattering angle 7r/2 as a
function of temperature, for c = 256 mg/mi.
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sources of this nonlinearity include (i) an increase in the
spatial correlation range 4 of the concentration fluctuations in
the solution in the vicinity of the critical point, (ii) increased
multiple scattering of light, and (iii) deviations from mean-
field critical exponents. These considerations could also
affect the observed I'(ir/2) well away from the critical
concentration. Thus our determinations of the location and
shape of the spinodal line are less certain than our determi-
nations of the coexistence curve.

In addition to liquid-liquid phase separation, we occasion-
ally observed the spontaneous growth of isomorphous crys-
tals of yll-crystallin and/or the formation of a macroscopi-
cally amorphous solid phase. We have gained experience as
to factors that prevent or promote the formation and growth
of these solid phases. In particular, we found that meticulous
attention to cleanliness and to filtration of solutions and the
cleanliness of glassware, as well as the routine degassing of
buffers and subsequent saturation with nitrogen, tended to
completely inhibit the formation of the amorphous solid
phase-presumably by preventing protein oxidation and
denaturation. These procedures also significantly retarded
the nucleation of isomorphous crystals. It should be stressed
that the determinations of the coexistence curve and spinodal
line reported above were performed in solutions in which we
did not observe growth of any solid phases in the scattering
volume, at the 10Ox magnification available on the light-
scattering spectrometer used. We found that the presence of
solid phases could quite easily affect the scattered intensity
sufficiently to confound the methods described above for the
estimation of the spinodal and cloud-point temperatures.
To determine the coexistence curve and the spinodal line,

any crystals that had grown, due to storage of the solution at
4TC, were dissolved by gentle heating of the solution. Our
experience with this procedure has given us some informa-
tion about the composition of the liquid phase that would be
in equilibrium with the solid crystals at a given temperature.
These composition-temperature pairs (c, T) comprise a
boundary called the liquidus (34). We have found two
approximate positions on the liquidus. First, we found that at
c = 295 mg/ml, crystals present would completely dissolve
if the temperature was raised to between 35TC and 39TC.
Second, if crystal growth was permitted to proceed in a
solution, both macroscopic liquid-liquid phase separation
and crystallization could be observed at temperatures below
the coexistence boundary. However, after a period of weeks
of storage at 4TC, the crystal(s) present in the individual
solutions had grown to incorporate enough material so that
the denser of the two liquid phases was no longer present.
This implies that the liquidus has a lower concentration than
that corresponding to the dilute branch of the coexistence
curve at 4TC. From these two approximate locations of the
liquidus boundary in the y11-crystallin and water system, we
can conclude that this boundary satisfies (dT/dc) > 0. If the
temperature is raised above this boundary, for a fixed overall
solution composition, the crystals will completely dissolve.
Likewise, they will dissolve if the solutions are diluted, at
fixed temperature, to overall concentrations smaller than
those of the boundary. While further experiments are needed
to locate the liquidus more precisely, the information just
presented about its location indicates that at least part of the
liquid-liquid coexistence curve presented in Fig. 1 is actually
metastable with respect to crystal growth.
The phenomena of crystal formation and growth has also

been reported (20, 35) for phase-separating aqueous solutions
of lysozyme and water. This has given rise to controversy in
the literature as to the interpretation of the phase boundaries
that have been observed for this system. Ishimoto and
Tanaka (20) reported a cloud-point curve and underlying
spinodal curve in the lysozyme/water system that they
interpreted as corresponding to a coexistence curve and

underlying spinodal for a second-order phase separation.
They also reported the slow formation of crystals of lyso-
zyme in their solutions but took precautions in the attempt to
prevent this crystal growth from disturbing the interpretation
of their light-scattering measurements. On the other hand,
Phillies (35) has made observations of similar aqueous lyso-
zyme solutions, in which he observed crystal formation and
growth, but no phase separation that would correspond to
that reported by Ishimoto and Tanaka (20). He suggested that
the scattering observed by the latter workers might be
attributable to the formation of small crystals in the solution.

In contrast to the reported observations about aqueous
lysozyme systems, the present aqueous yl-crystallin system
does exhibit macroscopic, reversible liquid-liquid phase
separation, in which both the concentrated and the dilute
phases are transparent. However, since the portion of the
phase diagram that describes this phase separation is meta-
stable with respect to equilibrium between a solid, crystalline
phase and a single liquid phase, it was necessary to take the
precautions described above to retard crystal formation and
thereby to enable the clear observation of liquid-liquid
separation. Also as described above, gentle centrifugation
was necessary to effect a macroscopic phase separation, at
the lower temperatures investigated. Similar procedures
could prove to be of use in experimental investigations of the
mentioned phase boundaries reported in aqueous lysozyme
systems. It is interesting to note that the location of the
crystallization boundary (liquidus) reported by Phillies (35)
for lysozyme is at higher temperatures than the phase-
separation boundary reported by Ishimoto and Tanaka (20).
If both boundaries were to be verified, this situation would
then be qualitatively similar to that which we have observed,
and described above, for the case of y11-crystallin solutions.
The coexistence curve reported here (Fig. 1) differs from

the opacification curve obtained by Siezen et al. (12) for
bovine yl,-crystallin. The opacification curve was obtained
for concentrations up to 195 mg/ml (recalculated using
AS8ga? 1 cm -2.4), which is below the critical concentration we
find, cc = 244 mg/ml. At corresponding values of Yl-
crystallin concentration, the opacification curve is displaced
upward in temperature by 4-50C from the curve of Fig. 1. The
opacification curve determined by Siezen et al. (12) was
obtained with use of a 50 mM sodium phosphate buffer (pH
= 7.0, I = 0.11) in contrast to the 100 mM sodium phosphate
buffer (pH = 7.0, I = 0.24) used in the present work. The 4
to 50C temperature displacement is consistent with the ionic
strength dependence of the coexistence curve (J.A.T., un-
published results). It should also be noted that the data
presented by Siezen et al. (12) represent cloud-point mea-
surements alone. On the other hand, our cloud-point mea-
surements, which cover a much larger concentration range,
were complemented by measurements of the equilibrium
concentrations following macroscopic separation of the so-
lution into two transparent liquid phases. It is important to
keep in mind that we found that the equilibrium between the
two liquid phases is metastable with respect to the formation
of a solid phase coexisting with a liquid phase. In the course
of our studies, we noted that factors that enhanced the
formation rate of the solid phase could confound cloud-point
measurements, due to increased light scattering from the
solid phase. To minimize this effect, we adopted the proce-
dure of centrifuging concentrated samples at moderately high
temperatures (35-40'C) to melt or sediment the nucleation
sites. Also as noted above, factors that would tend to retard
protein oxidation also retarded the actual formation of the
solid phase.
The experiments reported here demonstrate that aqueous

yll-crystallin solutions undergo a second-order, liquid-liquid
phase transition, analogous to the liquid-gas phase transition
of a pure fluid. A similar analogy has already been described
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by Prouty et al. (36) in their studies of the phase diagram of
deoxyhemoglobin-S. Our measurements also revealed the
approximate location of a solid-liquid phase boundary in the
yll-crystallin and water system. Further studies of the equi-
librium properties associated with the liquid phases, such as
the osmotic pressure, the osmotic compressibility, the spe-
cific heat, and the correlation range, can establish the
equation of state of such solutions. This in turn can aid in the
formulation of a theoretical expression for the Gibbs free
energy corresponding to these phases. Also a more detailed
study of the location of the solid-liquid phase boundary can
provide information on the Gibbs free energy associated with
the solid phase. Once the Gibbs free energies of these phases
are characterized, it will be of great importance to determine
how the parameters entering therein change with solution
conditions such as p1- and ionic strength and with the amino
acid sequence and three-dimensional structure of the indi-
vidual proteins themselves. In this way it should be possible
to relate the phase diagrams obtained experimentally to the
fundamental molecular properties of the constituents ofthese
systems.
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