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Introduction

Cataract formation refers to the opacification of the eye
lens and is a serious medical condition. More than 50% of
humans over the age of 65 develop cataracts, which can
result in total blindness. The mechanisms for cataract
formation are poorly understood [1]. Changes in the
aggregation state of the proteins in the eye lens are
responsible for cataract formation. One form of cataract
formation occurs when the eye proteins reversibly
aggregate upon cooling and the lens undergoes a
reversible opacification [2]. This effect has been studied
in depth in mammals. While mammalian eyes exhibit cold
cataracts beginning at temperatures below 19°C, the
lenses of the Antarctic fish, which lives at —2°C, are
completely clear [3]. In this study, we characterize
differences in eye lens proteins to understand the
variations in protein aggregation.

Fish lenses are dense in protein and thus generate a
refractive index large enough to focus light [4]. The
mechanism for focusing lies in changing the eye shape. In
bovine lenses, however, protein densities are not as high,
and focusing results from changes in the lens shape. The
dense protein state of the fish lens results in large osmotic
pressures, unless the proteins are attractive. The
evolutionary drive to focus light in an agueous
environment has resulted in a baance of protein
concentration and strength of attraction, where the
osmotic pressure of the cell matches the external osmotic
pressure, and lens transparency is achieved.

The bovine lens has been treated as a system for
modelling the physical and biochemical properties of
crystallin proteins, which are categorized by size as: o, j3,
and y proteins. These proteins interact in complex
manners such that the o and 3 proteins exist as aggregates
and the y proteins are monomeric. The y proteins have
been implicated in cold cataract formation. Even though
there is substantially more y protein in the fish lens, there
isno evidence of cold cataract formation.

Two issues of particular interest in a comparative study
are the protein interactions that result in y protein
aggregation and how this state of aggregation is
influenced by temperature. Here we explore changes that
occur in an intact fish lens microstructure as the

temperature is varied, and we compare observations on
the lenses of fish that live in different climates.

Methods and M aterials

I(q) was measured for the whole intact lens of the adult
Dissostichus mawsoni and Trematomus bernacchii and of
the temperate hig-eyed tuna Thunnus obesus. The whole
lenses were mounted in a custom-made holder, which was
then glued on a peltier cooler by using thermal paste. This
setup alowed the temperature to be varied between
—20°C and 40°C. Once the samples were mounted on the
cold stage, they were placed in the monochromatic x-ray
beam at UNI-CAT beamline station 34-ID-C at the APS,
and the small-angle x-ray scattering (SAXS) patterns
were measured by using a charge-coupled device (CCD)
detector located 1090 mm from the sample. The collected
images were integrated by using the FIT2D program [5].

Results
Figure 1 shows the integrated SAXS intensity measured
on dlices of the cortex of the Antartic toothfish
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FIG. 1. SAXS intensity measurements of D. mawsoni
slices of the cortex. The position of the peak in intensity is
seen to vary with temperature, indicating changes in
packing.



[D. mawsoni] at different temperatures. All scattering
curves show a large upturn at low g and a clear peak or
shoulder at intermediate q in the intensity for all
temperatures. The upturn at low q is associated with long-
range structures, while the position of the peak can be
related to a distance between neighboring aphas, which
are assumed to be the predominant scatterers in the
cortex. The position of this peak as well as its height can
vary with temperature, suggesting changes in attractions
or a temperature-dependent shrinkage of closely packed
structures. The apha crystallin in the lens is a complex of
monomers in a variety of sizes. The structure of the
complex is debatable, but it appears to be amorphous [6].

Discussion

The difference in the curves shown in Fig. 2 is believed
to come from different states of aggregation of the
crystallins. SAXS measurements of dilute separated
fractions (form factor) of the o, B, and y proteins did not
show any peaks. The origin of the peaks observed is then
the contribution of the structure factor to the total
intensity. We can extract the neighbor distance between
complexes for each of the species measured. For the
T. obesus, we find the characteristic neighbor distance is
12 + 2 nmand 13 + 2 nm for both Antarctic fishes. These
values are smaller than the maximum diameter of
18 + 2 nm of the largest scattering elements for the
warm-blooded cow lenses [7]. The Antarctic fishes are
unique in that they are highly dense and no cataract is
observed at —12°C (manuscript in preparation).

The microstructure of the lens is created from the
attractions between the particles. These attractions move
particles closer together than they would be on average,
thus creating voids or defects in dense gels. The upturn at
low g is associated with the clusters of densely packed o
proteins.

The alpha aggregate size in the dissected lenses of the
Antarctic and temperate fishes measured with SAXS is
smaller than the size that is measured with dynamic light
scattering. The microstructure does not appear to change
much at these volume fractions at this length scale. The
temperature effects are apparently weakly dependent on
the species. This is interesting, given the climate that
these fish livein.
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FIG. 2. Theintegrated SAXS intensity measured on slices
of cortex for three different species of fish. The
temperatures at which the data were taken were close to
the physiological temperatures at which the individual
fishlive.
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