Small-angle X-ray Scattering from Mixtures of Eye Lens Crystallins
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Introduction

Cataracts, the leading cause of blindness worldwide, are
the end result of gradually increasing light scatter from
the human ocular lens [1]. Much of the light scattering
occurs within the lens cells. These cells contain proteins
called crystallins at concentrations up to 500 mg/mL.
High-concentration solutions of the crystallins can have
relatively high and uniform refractive indices. At younger
ages, they are normally clear enough for vision. However,
both the aggregation of crystallins and liquid-liquid phase
Separation within the cytoplasm can result in a more
nonuniform refractive index, which can increase light
scatter in cataracts [1]. We seek to understand the driving
forces for aggregation and phase separation in solutions of
lens crystallins.

Toward this end, we are studying high-concentration
model mixtures of two key lens proteins, bovine
a-crystallin and yB-crystallin. Both a and yB are well-
studied proteins that represent two of the three principal
classes of structural proteins of the mammalian lens, the
a-, B-, and y-crystallins. To understand the properties of
a/yB mixtures, we are using small-angle x-ray scattering
(SAXS), light scattering, phase-boundary determinations,
thermodynamic analysis, and Monte Carlo simulation.
a-crystallin is a multisubunit protein of ~800,000 g/mol
that exhibits repulsive interactions in solution.
yB-crystalin is a globular protein of 21,000 g/mol that
exhibits attractive interactions.

Solutions of ypB aone show liquid-liquid phase
separation below temperatures near ~0°C, while solutions
of a alone show no phase separation under the present
buffer conditions. In contrast, we find that a/y mixtures
can show reversible phase separation well above body
temperature. This dramatic rise in phase separation
temperature is likely driven by the size disparity between
a and y[3, which results in enhanced local fluctuations in
protein species composition.

Methods and Materials

Cdf o and ypB crystalins were isolated by
chromatography and concentrated by ultrafiltration in
0.1 M phosphate buffer containing 20 mM dithiothreitol
to retard oxidation. X-ray scattering cross sections X(q)

vs. wave vector g were measured for 0.01 < q < 0.7 A™,
by using 8-keV photons, for concentrations ranging from
2 to 400 mg/mL, for compositions from all a to al yp,
and as functions of temperature.

Results

As reported previoudy, 2(q) for a agrees with previous
findings of Tardieu and Delaye [2] and coworkers, and
under the present buffer conditions, it is approximately
consistent with largely temperature-independent packing
of spherical particles. Z(q) for yp is consistent with
previous findings too [3], and the measured form factor
for yB is adso consistent with the published crysta
structure in the range 0.01 < q < 0.3 A™. By using SAXS,
we have measured the mixed second viria coefficient of
a and yB and have found that it is close to the value
expected from hard-core a/yf3 repulsions.

For high-concentration a/yp mixtures, we are finding
that Monte Carlo simulations that use hard spheres to
represent o and that use smaller hard spheres with an
attractive Y ukawa potential to represent y3 and hard-core
interaction between a and yB generate partial structure
factors that, in combination with the appropriate measured
form factors, approximate the measured >(qg). However,
the simulation predictions for 2(q) also exhibit somewhat
more Y[~y structure than is measured. This could result
from the fact that the shape of yp is not spherical but
closer to that of a dumbbell (i.e., two mutually tangent,
equal-radius spheres). Monte Carlo simulations that
include  moreredistic  nonspherically  symmetric
interactions of y[3-crystallin are under construction.

Analytic structure factor models are aso under
investigation. The Baxter sticky-sphere model is capable
of representing the yB-crystalin Z(q) close to the
experimental uncertainty, but with use of a sphere radius
10% smaller than a sphere equa in volume to yf. This
discrepancy may also result in part from the nonspherical
VB shape. X(q) measured for high-concentration a/y
mixtures can be well-represented, in an ad-hoc fashion, by
combining the Baxter sticky-sphere Percus-Y evick model
for S(yB-yB) with the Percus-Y evick hard-sphere mixture
results for the other partial structure factors. Accordingly,
a more consistent analytic structure factor model, using



the Baxter sticky-sphere mixture predictions for each of
the partial structure factors, will be compared with the
data.

We have also made a thermodynamic analysis of the
phase boundaries, tie lines, and q ~ 0 light-scattering
intensity for solutions whose y[-crystallin concentrations
are near that of the yB-crystalin/buffer liquid-liquid
critical point but that also have added, dilute
concentrations of a-crystallin. This analysis, together
with an entropy model for sphere mixtures, suggests that
clustering of yp-crystallin molecules, associated with an
increasing correlation range near the critical point, is
crucia for a quantitative understanding of the measured
phase boundaries. Accordingly, we have commenced
SAXS measurements of the correlation range vs.
temperature for dilute a/concentrated y3 mixtures.

Discussion

We are finding that the principal features of the phase
boundaries, light scattering, and x-ray scattering of a/yf3
mixtures can be understood in terms of (a) size disparity
between a and yf3, leading to separation into phases that
differ in protein species composition; (b) attractive
interactions between yB-crystallins, leading both to yf
clustering and to separation into phases that differ in

overall protein concentration; and (c) repulsive, hard-core
interactions between a-crystallins.

A quantitative understanding of the molecular origins
of the properties of redisticaly concentrated a/yp
mixtures can serve as one basis for studying mixtures that
are successively more representative of the eye lens
cytoplasm.  Such  mixtures include [B-crystalins,
cytoskeletal and membrane elements, and altered proteins
associated with aging and cataracts.
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