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Observation of Critical Phenomena in a Protein-Water Solution
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We report measurements of the intensity of the scattered light and the turbidity of aqueous solutions
of the bovine lens protein, yi-crystallin, near the critical point for binary liquid phase separation, in a re-
gion of the phase diagram which is metastable with respect to protein-crystal formation. We have deter-
mined the magnitudes and critical divergences of the osmotic compressibility xr and the static correla-
tion range £. The corresponding critical exponents are y=1.21 £0.05 and v=0.68 £ 0.1.

PACS numbers: 64.70.Ja, 05.70.Jk, 82.60.Lf, 87.15.Da

The study of phase transitions involving biologically
important molecules can be of fundamental physiological
and medical significance. A striking example is the role
of binary liquid phase separation in forms of mammalian
cataract.'"?

This phenomenon has stimulated previous investiga-
tions*> by Tanaka et al. of critical phenomena associat-
ed with binary phase separation in aqueous solutions of
the protein lysozyme. They measured the optical turbi-
dity t as a function of temperature 7T for 7' > T, where
T. is the critical temperature. From their results for
T>T,, they deduced the osmotic compressibility xr.
For T close to T., they also deduced the correlation
range & assuming that k7 could be described using the
mean-field power law. Under this assumption they
presented values of x7(7") and &(T) and reported mean-
field exponents for y and v.

We have recently demonstrated the existence of binary
liquid phase separation and critical phenomena in aque-
ous solutions of the bovine lens protein yy-crystallin.3
We observed reversible coexistence between two macro-
scopic, isotropic, and optically clear liquid phases which
differed in protein concentration. We also found that
this liquid-liquid phase separation is metastable: For the
concentrations and temperatures at which liquid-liquid
phase separation occurs, the equilibrium state of the
mixture consists of a solution phase coexisting with a
crystalline phase.> We report here light scattering stud-
ies of this system in the vicinity of the critical point for
the liquid-liquid phase separation. The required meta-
stable states near the critical point were achieved by
suppressing the nucleation of the solid phase, as de-
scribed previously.> We measured both the optical tur-
bidity 7 and the Rayleigh ratio R(6) along two isochores
near the critical isochore. Our measurements span 3 or-
ders of magnitude in reduced temperature, 3x10~°
<(T—T.)/T.<4%x10~2 We made use of the fact
that as the scattering angle 8 approaches 0, R(0) is a
direct measure of x7, and is to a very good approxima-
tion independent of £ Use of limgy— oR(6)=R(0), in
combination with our measured values of 7, permitted us

to deduce & at each temperature without prior assump-
tions as to the critical behavior of x7: The method is de-
scribed below. From our analysis we obtained values for
y and v which correspond to three-dimensional Ising-
model values.

Bovine yj-crystallin is a compact globular protein
with known amino-acid sequence and molecular weight
2.1x10* g/mol.%" It was isolated and purified from
fresh calf lenses by column chromatography as de-
scribed.> The final yn-crystallin fraction was demon-
strated to be > 99% pure by analytical isoelectric focus-
ing, using gels containing 6 M urea, followed by densi-
tometric scanning, as described.® The purified protein
was concentrated to approximately 240 (mg protein)/(ml
solution) by ultrafiltration. It was then dialyzed exhaus-
tively against a 50-mM sodium phosphate buffer (pH
=7.00, ionic strength =0.11 M) which contained sodium
azide, and which had been thoroughly degassed and sa-
turated with nitrogen. Individual samples were centri-
fuged at 2500x g for 1-2 h at 30°C, sealed under nitro-
gen and stored in the dark at room temperature. These
final steps were taken in order to prevent protein oxida-
tion and to delay the onset of crystallization.® Protein
concentrations were determined following known dilution
by using optical absorption at 280 nm with a specific ab-
sorption coefficient of 4%h? !1°™ =2.4. Reported values
for A%b™ ! °™ range from 2.0 (Ref. 9) to 2.8.'°

To estimate the critical concentration ¢, we quenched
sufficiently concentrated solutions to temperatures below
T. and centrifuged them at the quench for 30 min at
1000xg. Two visually clear, macroscopic phases
formed, separated by a sharp meniscus. We measured
the protein concentrations of each phase and found that
the average of these concentrations was between 240 and
260 mg/ml for each of four different quench tempera-
tures. For the present protein-50-mM buffer solutions,
the estimated ¢., 250 = 10 mg/ml, was quite similar to
the ¢, previously reported for the protein-100-mM buffer
solutions,> 244 + 10 mg/ml. However, T, was affected
by the buffer concentration: 7,=282.9+ 0.1 K for 50-
mM buffer; T, =278.5+0.2 K for 100-mM buffer.
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The light scattering photometer was derived from an
instrument developed by Haller, Destor, and Cannell.!!
A vertically polarized argon-ion laser, Ao =488 nm, was
used. Scattered light was detected at twelve fixed angles
0 (11.5° < 6=162.6°). The key features of the mea-
surement protocol were the following: (i) rapid and re-
peated sequential sampling of the transmitted beam in-
tensity, I;, and the scattered intensity at each angle,
1(9); (ii) division of 1(8) by I,; and (iii) averaging of
1(8)/1, [denoted by (I1(8)/I,)] with use of a dust-
discrimination procedure.!' This protocol reduced inac-
curacies due to drifts in laser power and photomultiplier
response, and it automatically corrected 7(8) for sample
turbidity, provided that cylindrical scattering cells were
used.!! The instruments’ temperature controller main-
tained sample temperature stability to better than
+0.001 K.

To determine R(9), we measured {I.(9)/I,) from the
pure reference solvents, benzene and toluene (spectro-
photometric grade, Aldrich, Milwaukee, WI), which
have known Rayleigh ratios, R;. R(8) of yy-crystallin
solutions were calculated from '2

R(8) =[I1(0)/1)/{1es(0)/I)) (n/Prer) *Rres )

where R, is the Rayleigh ratio of the reference solvent,
and n and n. are the refractive indices of the solution
and the reference solvent, respectively. At 23°C and
A0 =488 nm, we used R ;=39.6x10"°% cm ! for to-
luene, and R,;=35.4%10"% cm ™! for benzene.'> R,
and n.s were compensated for temperature dependence
using reported values.!*!> Measurements of R(8) of a
yu-crystallin sample, which was repeatedly removed
from and replaced into the spectrometer, agreed to
within 1% over a 72-h period. The instrument calibra-
tion was monitored using pure water whose R(0) we
determined to be (2.51 £0.02)x10 "% cm ~! at 19 =488
nm, independent of temperature from 10 to 55°C by
comparison to toluene and benzene.

To verify that multiple scattering was not affecting our
results, we checked the cell-path-length dependence of
R(0) by comparing light scattered from the same sample
in three different sizes of scattering cells: 15- and 5.6-
mm-diam cylindrical cells and one 1.85-mm path-length
rectangular cell. R(0) obtained with both the 5.6- and
1.85-mm cells agreed within experimental uncertainty at
all measured temperatures. The absolute magnitudes of
R(0) and 7 did not vary between cells by more than 2%
for T—T,.>3°C. For T—T.<3°C only the data ob-
tained using the 5.6- and 1.85-mm cells were used.

At laser powers in excess of 0.5 mW, with a beam
waist of diameter 100 um, beam spreading was observed.
These effects were eliminated by using beam powers in
the range 0.1-0.4 mW. In this range no dependence of
{I(8)/I,) on incident beam power was observed. As an
added precaution, the sample was illuminated only dur-
ing data collection periods, lasting fewer than 5 min at
each temperature.

We calculated the absolute magnitude of the osmotic
compressibility x7=(97/8¢) ~!, where = is the osmotic
pressure and ¢ is the volume fraction of protein, as fol-
lows. A linear fit to the measured values of R(8) as a
function of g(8)2, where g(8) =(4nn/r¢)sin(6/2), for
scattering angles 11.5° < 60 < 44.8°, was extrapolated to
q =0 to determine R(0). xr was calculated from the
thermodynamic formula,'® applicable to binary mix-
tures,

(1/xr) = (ks T/5,)[4n°n*(dn/dc)*/Ad1c[1/R(0)], (2)

where c¢ is the concentration of protein in g/cm?, kg is
Boltzman’s constant, dn/dc is the refractive-index incre-
ment, and v, is the partial specific volume of the protein
in the solvent. We used dn/dc =0.20 cm>/g, determined
for y-crystallin solutions,'® and 0,=0.71£0.01 cm?/g
(determined using a Mettler/Paar DMA 602/60 digital
density meter, by C. R. Middaugh). The range of re-
ported values of A4%b® ! ™ mentioned above, implies that
the literature value'® of dn/dc, or that c, may contain a
systematic error. Such an error would in no way alter
our deduction of y and v. However, it would alter the
apparent numerical magnitude of k7. Equation (2)
neglects scattering from the solvent, which would have a
magnitude only 10 ~* times the observed intensity even
at T—T.=10°C.

The values of x7 (in cgs units) obtained by this
method are shown in Fig. 1, plotted as a function of re-
duced temperature (T — T,)/T, for ¢ =244 mg/ml. This
concentration corresponds to a volume fraction ¢ =0.17.
T. was found to be 282.92+0.05 K. The solid circles
correspond to data obtained using the 5.6-mm cylindrical
scattering cell, the open circles to the 1.85-mm cell, and
the triangles to the 15-mm cell. It should be noted that
the use of the 1.85-mm cell permitted us to approach T
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FIG. 1. Inverse osmotic compressibility as a function of re-
duced temperature: O’s, 1.85-mm cell; @’s, 5.6-mm cell; A’s,
15-mm cell; X’s, from turbidity measurements.
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to within 8 mK, while obtaining reliable values for R(0)
and 7. The values of k7 shown in Fig. 1 are well charac-
terized by x7=x3(T—T.)/T.]1 "7 for 2.9%x10 > < (T
—TJ)/T,<3.6x1072 with y=1.21%+0.05 and «%
=(2.21+0.05)x10 "7 cmsec?/g. The solid line in Fig.
1 corresponds to this power law. At ¢ =220 mg/ml, we
found y=1.21%£0.06 and x?=(2.17£0.4)x10""’
cmsec?/g. It is important to note that these measure-
ments of y and k¥, taken at two different concentrations
near c., agree within experimental uncertainty. Thus, al-
though we may not have located ¢, precisely by the
method described above, we believe that the the con-
sistency of these measurements indicates that we have
nevertheless determined y and k9 to within the stated
uncertainty.

In principle, it is possible to determine £ from a direct
measurement of the angular dependence of R(8). How-
ever, our values for R(8) at small reduced temperatures
led to unreliable estimates of & because of multiple
scattering associated with sample turbidity. Previous
theoretical and experimental work!” indicates that mea-
surements of R(6) at intermediate 6 are affected much
more by incipient multiple scattering than limg_. oR(8),
or limg_. ,R(8). We verified that multiple scattering
was not affecting our results for R(0) by comparing
measurements from the two smaller scattering cells as
described above.

Despite difficulties with multiple scattering at smaller
reduced temperatures, it was still possible'® to determine
¢ using information from both (i) the measured optical
turbidity t and (ii) the measured R(0). The method is
based on calculating the optical turbidity by integrating
the intensity of the scattered light over all angles. If
the Ornstein-Zernike (OZ) form R(9)=R(0)[1+
q(0)%£2]1 ~! applies, then '

t=R(0)rnH(a), 3)
where
H(a)=[Qa’+2a+1)/a*1In(1+2a) —2(1+a)/a?, (4)

with @ =2(ko&)? and ko=27n/Ao. We determined 7 ex-
perimentally by measuring the transmitted beam intensi-
ties I, for both pure water and y-crystallin solution,
with constant incident beam intensity, in the 1.85-mm
path-length cell. In the extreme hydrodynamic limit
(a<1) H(a) is independent of & and has the value %.
Thus for a < 1, the measured values of 7 can be used to
calculate R(0) indirectly, independently of &. The
values of R(0) inferred from 7 when @ <1 were then
used in Eq. (2) to determine xy. For T—T,.>2°C
[(T—T.)/T.>7x%10 73], where a< 1, the values of xr
determined indirectly from 7 (see points “x,” Fig. 1)
agreed with those we determined directly from R(0).
For larger a, the measured values of t were no longer
sufficient by themselves to indirectly determine R(0),
and therefore to compute k7. Thus for T— 7, <2°C in
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the present case, there are no deduced values of k7 cor-
responding to the points designated “x’’ in Fig. 1. In-
stead, the measured values of 7, along with the directly
measured R(0), were used in Eq. (3) to determine
H(a). Then & was calculated from Eq. (4). The results
are shown as open circles in Fig. 2. The dependence of &
upon temperature is well characterized by &=§& (T
—T.)/T.]1~", with £&=(6%+1)%x10"% cm and v=0.68
+ 0.1, as shown by the solid line. We note that the di-
ameter of the protein,® (35-55)x10 "% cm, and the
nearest-neighbor interparticle spacing, approximately
1.3%x10 7% cm, were less than & over the temperature
range in which £ was determined.

Sufficiently far from 7, we were able to verify our
deductions of & from R(8) with use of the OZ form
R(8) =R(0)[1+4(8)%£%] ~!. In the temperature range
310 3<(T—T.)/T.<1x10 72, the values of & so
determined are shown as solid circles in Fig. 2 and agree
quite well with the power-law dependence of ¢ deduced
from the measurements of x7 and 7. Only in this tem-
perature region could we overcome multiple-scattering
effects on R(0) and determine &.

We have compared the deductions of £ made with use
of Egs. (3) and (4) to those that would result if a
modified OZ form'>? R(6) =R(0)[1+4(0)2£?] ~1+72
were to apply, thereby modifying Eq. (4). Using n=0.1
as a worst-case example we found that the deduced value
of v increases by the very small amount of 0.02. In all
calculations we have assumed that the solution index of
refraction n is independent of temperature. A weak
anomaly of n near T,, such as has been found for the
methanol-cyclohexane system,?! would not affect our re-
sults.

These data clearly demonstrate that over the tempera-
ture ranges studied y=1.21 £0.05 and v=0.68 = 0.1.
It is interesting that such exponents, compatible with 3D
Ising-model values, are found even in the present case of

104 =
< F .
o =
E — -
o
[
@ 103 ]
(e} -
O -
5 [ ]
QL |
S L . ]
joeb— vl vl vl
1075 104 1073 102
( T - T('J )/ TC

FIG. 2. Correlation length as a function of reduced temper-
ature: O’s, from turbidity and osmotic compressibility measure-
ments; @’s, from angular dependence of scattered intensity.
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a biological macromolecular polyelectrolyte solution, in a
metastable region of its aqueous phase diagram.
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