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Background: The cortex and nucleus of eye lenses are differentiated by both crystallin protein concentration
and relative distribution of three major crystallins (α, β, and γ). Here, we explore the effects of composition
and concentration of crystallins on the microstructure of the intact bovine lens (37 °C) along with several
lenses from Antarctic fish (−2 °C) and subtropical bigeye tuna (18 °C).
Methods: Our studies are based on small-angle X-ray scattering (SAXS) investigations of the intact lens slices
where we study the effect of crystallin composition and concentration on microstructure.
Results: We are able to distinguish the nuclear and cortical regions by the development of a characteristic
peak in the intensity of scattered X-rays. For both the bovine and fish lenses, the peak corresponds to that
expected for dense suspensions of α-crystallins.
Conclusions: The absence of the scattering peak in the nucleus indicates that there is no characteristic
wavelength for density fluctuations in the nucleus although there is liquid-like order in the packing of the
different crystallins. The loss in peak is due to increased polydispersity in the sizes of the crystallins and due
to the packing of the smaller γ-crystallins in the void space of α-crystallins.

General significance: Our results provide an understanding for the low turbidity of the eye lens that is a
mixture of different proteins. This will inform design of optically transparent suspensions that can be used in
a number of applications (e.g., artificial liquid lenses) or to better understand human diseases pathologies
such as cataract.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction

The vertebrate eye lens is a transparent tissue composed of fiber
cells arranged in a concentric onionlike fashion devoid of cellular
organelles populated by a dense assortment of three types of crystallin
proteins [1,2]. Thedensity of thefiber cells and the crystallins therein is
maximal at the center of the lens and least dense at theperiphery of the
lens where newly formed fiber cells are constantly being added by the
lens epithelial layer [3]. Vertebrate crystallins are found as three types
(α, β, and γ) based on their size, sequence, and immunoreactivity [2].
α-Crystallin is a large polydisperse oligomer with as many as 32
subunits having a molecular weight ranging between 700 and
1200 kDa, whereas β-crystallin can be isolated as smaller oligomeric
βH (high) and βL (low) crystallins (50–300 kDa) [2]. The smallest of
the three (α, β, and γ) are the monomeric γ-crystallins (∼20 kDa).
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Crystallins are commonly isolated from lens homogenates by size
exclusion chromatography (SEC) resulting in some aggregation
generating polydispersity in their hydrodynamic diameters. The
aggregation seen with α-crystallin varies from investigator to
investigator likely owing to different resins and animals (age and
taxa) used. For example, mammalian α-crystallin coisolates with
minor amounts of βH-crystallin, whereas fish α is aggregated with
substantially more βH-crystallins [4].

When isolated crystallins are measured using dynamic light
scattering (DLS), α/βΗ and βL proteins have modal sizes of 23 nm
and 15 nm, respectively [5]. γ-Crystallins have a narrow size
distribution with an average hydrodynamic diameter of 5.5 nm.
Both total protein concentration and proportion of γ-crystallins in
vertebrate lenses increase moving inward from cortex to nucleus. The
variation in both total concentration as well as crystallin composition
(increased γ-crystallin) across the eye lens generates a significant
protein gradient, which contributes to the refractive index of the lens
[6]. Little is known about the in vivo spatial arrangement of the
crystallins and how they vary between the lens cortex and nucleus.
g studies of the intact eye lens: Effect of crystallin composition and
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Table 1
Lens crystallin composition, protein density, volume fraction of species used in this
study and d spacing as measured by X-ray scattering. Mean composition [5] of the
B. taurus and D. mawsoni are also given in the table. The crystallin composition of the
other fish species is expected to be similar to that ofD. mawsoni [10,11,54,55]. Themean
crystallin composition in the cortical and nuclear regions for species is approximated
from literature [28,54] and direct measurements [28]. A density of 1.35 g ml−1 is used
to convert concentrations to volume fractions (ϕ) [56].

Mammalian
(terrestrial)

Fish (aquatic)

Species B. taurus D. mawsoni, T. obesus,
P. borchgrevinki,
T. bernacchii

Crystallin composition (%) α/βH 54
βL 27
γ 19

α/βH 52
βL 5
γ 43

Mean [crystallin] cortical region 250 mg ml−1

(ϕ∼0.2)
450 mg ml−1

(ϕ∼0.33)
Mean [crystallin] nuclear region 600 mg ml−1

(ϕ∼0.44)
800 mg ml−1

(ϕ∼0.59)
d spacing as measured by X-ray
scatteringa (nm)

17 14, 13, 12, and 15,
respectively

a The d spacing asmeasured byX-ray scattering can bemeasured towithin 0.04 nm−1

in q space which translates to less than 10% error in d spacing.
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However, measurements with small-angle X-ray scattering (SAXS)
suggest that while a regular spacing between particles could be
largely attributed to the α-crystallin [7–9], it remains unknown if the
spatial arrangement of crystallins differs between the cortex and
nuclear region of the lens. In addition, no study has been done on
animals whose lenses are extremely dense (≥900 mg ml−1) such as
fish [10,11] that have dramatically higher γ-crystallin content than
terrestrial mammals [5,12,13].

Transparency in the eye lens has been hypothesized to result from
spatial short-range ordering of crystallins [7,14,15]. Usually, ordering
is associated with density variations that are periodic and thus have a
characteristic wavelength or separation length, d. The existence of a
regular spacing is typically demonstrated through the existence of
peaks in the angular dependence of the intensity of X-rays scattered
from a sample. Peaks are observed at a wave vector q=2π/d where
q=(4π/λ)sin(θ/2) with λ being the wavelength of the X-rays and θ,
the scattering angle. However, unlike crystalline order in which
particles (atoms or molecules) comprising a crystal are placed on a
regular lattice, particles in the lens are in a liquid-like order that pack
in an amorphous noncrystalline structure. The spacing between
particles in this structure is much less regular than in a solid crystal.
Consequently, in such concentrated systems, the periodicity of the
density variations has a wavelength that approaches the order of the
particle size. Thus, in a concentrated solution of proteins of diameter
σ, the characteristic spacing is of the order of σ, which gives rise to
density fluctuations with a wavelength of ∼2π/σ. When probed by
X-ray scattering (SAXS), these density fluctuations give rise to a
scattering peak at q=2π/σ. DLS studies on intact mammalian lenses
suggest that despite protein concentrations as high as 400 mg ml−1

corresponding to protein volume fractions of ϕ=0.29 (assuming the
protein density=1.35g ml−1), proteins still have substantial mobility
and diffuse at rates characteristic of sizes expected from SEC-
fractionated proteins [16–18]. These studies would indicate that
order within the mammalian lens is indeed liquid-like arising from
amorphous packing of crystallins that are free to diffuse over
relatively large distances when contrasted to their size.

Fish eye lens are known to have a much higher protein
concentration than terrestrial mammals [6,10,19,20]. Our preliminary
studies suggested crystallin proteins in these lenses have very limited
mobility indicative of nonergodic or gelled states [21]. Lack of mobility
may be associated with the high-volume fractions that act to limit
long-range diffusion (macromolecular crowding) and/or alternatively
attractive interactions that localize and aggregate crystallins. The
microstructure of gelled systems is less well characterized and
depends both on the nature of the attractive interactions giving rise
to the gel as well as the volume fraction of particles within the gel
[22,23]. Moreover, owing to the extremely high concentration of
crystallins in fish lens and owing to the volume exclusion of proteins
of diameter σ, we would expect density variations with a wavelength
on the order of 2π/σ.

In this report, we have investigated the X-ray scattering properties
of the crystallins within intact cortex and nuclear slices of the eye lens
of both terrestrial mammals and fish. By examining the spatial
distribution of the X-ray scattering elements (crystallins) within
intact lens fiber cells, we explore the in situ spatial arrangement of the
crystallins in their native environment without the complications
(aggregation, oxidation, and precipitation) encountered in previous
reports introduced by disrupting the lens [7,8,15,24]. We report SAXS
observations from the intact lens of five animal species showing a
characteristic spacing in the cortex consistent with scattering from a
dense suspension of α/βH-crystallins. In all species, this characteristic
spacing was absent in lens nucleus. To our knowledge, this is the first
report of a direct measurement in intact lens tissue demonstrating the
loss of this characteristic peak, suggesting there are structural, or
physical, differences of the crystallin arrangement between the cortex
and nuclear regions of the lens. We propose that this loss of a
Please cite this article as: A.Y. Mirarefi, et al., Small-angle X-ray scatterin
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characteristic peak can be attributed to both changes in size
distribution (composition) of the crystallins in the cortex when
contrasted to those in the nucleus, along with packing of the smaller
γ-crystallins in the void space of the larger α/β-crystallins.

2. Materials and methods

Lenses from adult Antarctic toothfish Dissostichus mawsoni,
Trematomus bernacchii, and Pagothenia borchgrevinki were obtained
from live specimens caught in McMurdo Sound, Antarctica. Adult
bigeye tuna (Thunnus obesus) lenses were a generous gift of Timothy
Ke (Luen Thai Fishing Venture, Ltd., Hong Kong and LTFV-USA) from
specimens caught off the coast of the Marshall Islands. Eight- to
twelve-month-old calf (Bos taurus) lenses were obtained from Allen's
FarmQualityMeats, Homer, Illinois, USA. Detailed separationmethods
and chromatographic profiles for bovine and fish lenses have been
previously reported [5,25]. The relative concentrations of α, β, and γ
proteins in lens vary between different animals,withfish lens showing
a higher overall concentration richer in γ-crystallins (≥900mg ml−1)
relative to most terrestrial mammals (∼600mg ml−1) [19,20,26].
Mammalian eye lens proteins exist in the lens at concentrations of
∼250mg ml−1 in the outer cortex corresponding to a protein volume
fraction ϕ=0.185, and increase in concentration to ∼400mg ml−1 in
the nuclear region corresponding to ϕ=0.29. Values previously
measured for both cow [15] and fish [5,11,25,27] will be used as a
guide (Table 1) for representative relative concentrations of the
different crystallin classes in these animal taxa.

The small-angle X-ray scattering (SAXS) measurements were
performed at sector 34ID-C of the Advanced Photon Source at Argonne
National Laboratory (Argonne, IL, USA). A wavelength of 1.39 Å was
selected from the radiation produced by the undulator using a double-
crystal Si(111) monochromator. The beam obtained was collimated
using two sets of slits located 1500 mm and 10 mm upstream of the
sample. The scattered X-rays were detected using a direct-read Roper
Scientific CCD camera with 20 μm pixels located 1004 mm from the
sample. The exposure time varied for each sample to prevent detector
saturation but was typically on the order of 50 seconds.

The scattered intensity, I(q) was measured for the thin slices of
lenses of the bovine and several Antarctic fish. The limited penetration
depth of the X-rays into the sample made it necessary to use thin
slices rather than whole lenses. The thickness of the slice only affects
the scattered intensity by multiplying the whole curve by a constant
in the kinematical approximation (ignoring multiple scattering),
g studies of the intact eye lens: Effect of crystallin composition and
.1016/j.bbagen.2010.02.004
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Fig. 1. (a) Integrated SAXS intensity measured on slices of bovine cortex. The curves
were all scaled so that the intensity at the highest q valuemeasured was the same for all
curves. The peak position varies from q=0.4 nm−1 at temperatures below 18 °C to
q=0.36 nm−1 at 37 °C. This corresponds to a change in spacing from 16 nm to 18 nm.
(b) The scattering intensity from the intact cortex of a D. mawsoni lens. The peak
position varies from q=0.45 nm−1 at−2 °C to q=0.41 nm−1 at 2 °C. This corresponds
to a change in spacing from 14 nm to 15 nm. In all cases, the symbols are the measured
data, the dashed lines are Ic as fitted using Eq. (1), the dotted lines are the Is values
obtained from subtracting Ic from the data and the solid lines are the total fit of Ic+Is.
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which we assume to hold in this analysis. However, if the sample was
too thin, the scatteringwould have been too low tomeasure, and if the
sample were too thick, the X-rays would have all been absorbed and
no signal is seen. Thus, the ideal situation is to have a sample that has
the thickness corresponding to the extinction length of the material,
which is the length through which 1/e of the incoming beam is
absorbed, where e is the base of the natural logarithm. This tends to
maximize scattering while keeping absorption within the range of the
detector. For aqueous samples (and by approximation, biological
cells), this extinction length is 1 mm. The lens slices were made
approximately 1 mm in thickness and were taken to include the
diameter of the fish lenses or the largest chord of the cow lenses. We
defined the inner third of the lens as the nuclear region, or nucleus,
while the remaining outer two–thirds referred to as the cortex. The
1-mm slices were placed between two thin kapton windows and
mounted on a custom-made holder, which was then mounted to a
Peltier cooler using thermal paste allowing temperature to be varied
between −20 °C and +40 °C. Using direct physical measurements in
this study, it is difficult to distinguish between the α- and α/βΗ-
crystallins on the basis of size, owing to their intimate association,
especially in fish [28,29]. As a result, we will discuss X-ray and
dynamic light scattering (DLS) in terms of three fractions, α/βΗ-, βL-,
and γ-crystallins. The collected CCD images were integrated using the
Fit2D program (http://www.esrf.eu/computing/scientific/FIT2D/).

Normalization of the scattered intensities was done by fitting the
data at high q to I∼ I0 (Aq−4+B) [28]. I0 is the intensity of the
incoming X-ray normalized by the sample absorbance and the path
length of the X-rays through the sample. As discussed byWagner et al.
[30], in the high q limit for particles with sharp interfaces, the particle
form factors decay as q−4 (Porod's Law), while the structure factors
will all reach unity. The background value, B, arises from random
noise, and this was subtracted from the data. Owing to minor path
length variations in the lens slices, I0 will be proportional to exp(−al)
where a is the sample absorbance and l is the path length the X-rays
have to travel through the sample. For the intact lens slices, we varied
the location of the beam to minimize the effect of an extended
exposure of the sample to the X-ray beam, which quickly damages
biological samples. This changed l slightly for different temperatures
where we reported scattering measurements. As a result, normaliza-
tion of the scattered intensities at high q produced a plot where we
took into account variations in concentration and path length. In the
data given (see results below), we always report results normalized at
the highest q measured. Also, the performed normalization does not
affect the scattering at low q and intensities around the peak of the
scattering curve.Whether it be the nucleus or cortex, intensities at the
highest q measured (1 nm−1) should obey Porod’s Law, and this is
taken care of in the normalization procedure.

3. Results

3.1. Scattering from the cortex region of the eye lens

Periodic variations in density can be measured by the peaks in the
scattered intensity which occur at q∼2π/d, where d is a measure of
distance between concentration maxima. Local spatial order of
crystallins is expected to be seen as peaks in the total intensity of
scattered X-rays. However, interpretation of X-rays scattered from
intact lens slices can be complicated by the presence of multiple
populations of crystallins of varying sizes that contribute to the total
observed scattering. Thus, there exists the likelihood that the total
scattering is a combination of different form factors and partial
structure factors [31–34]. To parse this complex signal, we measure
total scattered intensity and analyze data pertaining to periodic
spacing between the principal and major scattering elements.

The scattering from the intact cortex of a calf lens was measured at
different temperatures (Fig. 1a). At all temperatures, the scattered
Please cite this article as: A.Y. Mirarefi, et al., Small-angle X-ray scatterin
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X-ray intensity shows a peak between q∼0.36 and 0.40 nm−1

suggesting periodic density fluctuations of d=16–18 nm. In addition,
in the low q region, there is an upturn in scattered intensity (Fig. 1a).
Upturns at low q are usually indicative of density fluctuations at that
characteristic length. The question is how one gets to these
fluctuations. The physics in the current work assumes that these are
due to the particles wanting to get closer together and this arises from
attractions between the particles. Research has shown that, attractive
interactions are expected to play important effects in binary mixtures
ofα and γ proteins, and it is expected to find clusters of proteins in the
eye lens [35–38]. To back out an average cluster size, the total
scattered intensity is modeled as composed of scattering from clusters
of dense spheres and scattering from the crystallins.

IcðqÞ ¼
Ið0Þ

1 + ððqξÞ2Þ� �ðdf−1Þ=2

 !
sinfðdf−1Þ tan−1ðqξÞg

ðdf−1Þqξ ð1Þ

where ξ is the radius of the clusters and df is the fractal dimension.
Assuming the low-angle scattering arises from a dilute suspension of
g studies of the intact eye lens: Effect of crystallin composition and
.1016/j.bbagen.2010.02.004
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Fig. 2. (a) Integrated SAXS intensity measured on slices of P. borchgrevinki cortex. The
peak position is at q=0.5 nm−1. This corresponds to a spacing of 12 nm. (b) The
scattering intensity from the intact cortex of a T. bernacchii lens. The peak position is at
q=0.43 nm−1 which corresponds to a spacing of 15 nm. (c) Scattered intensity from
the intact cortex of T. obesus. The peak is at q=0.47 nm−1 which corresponds to a
spacing of 13 nm. Insets show the intensity from the protein suspension after
subtraction of the contribution from larger clusters.
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dense clusters (df∼3) and a characteristic size, ξ∼50 nm, we
demonstrate a fit to the low q data for each temperature (Fig. 1).
The hypothetical fit to Eq. (1) (Ic) is shown as a dashed line for each
temperature in Fig. 1. There is a limited range of q where the
scattering from the clusters dominates the observed data, which
results in large uncertainties in cluster size. Thus, a cluster size of
50 nm should be taken as a guide to the size of the clusters that exist
in the native eye lens. Given the dilute concentration of the 50 nm
clusters, we follow Shah et al. (2003) and approximate the scattering
from the eye lenses as being composed of the sum of scattering from a
dilute suspension of clusters and individual crystallins:

IðqÞ = IcðqÞ + IsðqÞ ð2Þ

where Is(q) is the scattering from the crystallins [23]. We show the
scattering Is(q) as a dotted line where we have subtracted from the
total scattered intensity the value of Ic(q) as determined by Eq. (1)
with ξ=50 nm and df=3 (Fig. 1). This representation of the data
emphasizes the peak in Is(q) and shows that Is(q) approaches a
constant value (within our ability to measure) at low q. Solid lines in
Fig. 1 represent the total scattered intensity, which is the sum of
scattering from clusters (Ic) and scattering from the individual
crystallins (Is). It should also bementioned here that in the calculation
of an average cluster size, a detailed multicomponent model, taking
into account attractions between the different crystallins, was not
developed. Such a model if developed will give detailed information
as to composition of these clusters and the strength of attractions
between different crystallins when compared with experimental
data. Thus, as mentioned before, a cluster size of 50 nm should be just
taken as a guide to the size of the clusters that exist in the native eye
lens.

In Fig. 1a, the observed peak in I(q) moves from q=0.36 nm−1 at
37 °C to q=0.40 nm−1 for T≤18 °C after which the scattered
intensity is independent of temperature. This shift in q corresponds
to d shifting from 18 to 16 nm. The bovine lens nucleus begins to
opacify through a liquid–liquid phase separation beginning at a
temperature ∼18 °C, suggesting that our observed shift in the peak
position and the magnitude may be associated with phase separation
in these systems. If the scattering in the cortex were dominated by a
single, nondeformable species, the increase in q at the maximum
would indicate that the particles are moving into a closer packed state
with core diameters of 16 nm.

As in the bovine system, there is a peak in the Antarctic toothfish
cortex associated with the α/βΗ-crystallins (Fig. 1b). This peak occurs
at q=0.42–0.43 nm−1 and the shift to larger q with decreasing
temperature is not as strong as in the bovine case (Fig. 1a). The larger
value of q at the peak indicates protein density fluctuations with a
characteristic wavelength of 14 to 15 nm. The upturn in scattering at
small angles is consistent with the presence of a low concentration of
dense objects with a characteristic size of ∼50 nm. We show the
intensity Is(q) with Ic(q) subtracted in Fig. 1b. The shift in peak
position to higher values of q is also consistent with increased
concentration of proteins in the toothfish (450mg ml−1; Table 1)
than in the bovine system (250mg ml−1).

The scattered intensity from the cortical slices of three other
species of fish is shown in Fig. 2. These include (A) P. borchgrevinki and
(B) T. bernacchii, both of which are Antarctic nototheniids that live in
the subzero (−2 °C) Southern ocean [39] and (C) bigeye tuna
T. obesus, which is a subtropical fish that endothermically regulates
its body temperature to a constant value of ∼18 °C [40]. Each of these
cortical lens samples shows a peak in intensity corresponding to a
spacing of 12 nm, 15 nm, and 13 nm, respectively. We take the rapidly
increasing intensity at low q as an indication of formation of larger
clusters, previously observed with the bovine and toothfish samples
(Fig. 1).
Please cite this article as: A.Y. Mirarefi, et al., Small-angle X-ray scatterin
concentration on microstructure, Biochim. Biophys. Acta (2010), doi:10
3.2. Scattering from the nuclear region of the eye lens

The scattering from the nuclear region of the bovine and fish lenses
was also investigated (Fig. 3). Although the water content in the
nucleus is less than that in the cortex thus leading to a reduced water
contrast, the measured scattering signal was strong indicating the
particle dominance of scattering. Thus the effects seen in Fig. 3 are
g studies of the intact eye lens: Effect of crystallin composition and
.1016/j.bbagen.2010.02.004

http://dx.doi.org/10.1016/j.bbagen.2010.02.004


Fig. 3. (a) Integrated SAXS intensity from the nucleus of the bovine. (b) Scattering from
the intact nucleus of a D. mawsoni lens. (c) Scattered intensity from the P. borchgrevinki
and T. bernacchii nuclei at T=3 °C.
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real, and loss of peak is not due to reduced scattering intensities.
Similar to scattering in the cortex, the data are normalized at high q to
obey Porod's Law. Unlike scattering from the bovine nucleus (Fig. 3a),
the scattered intensity in fish lens shows a monotonic decrease with
increasing scattering angle (Fig. 3b). The lack of a peak in the
scattering intensity suggests that there is no characteristic wave-
length associated with regular density fluctuations in the q range
characterized. For the bovine eye lens nucleus, lowering temperature
increased the scattering at low q, while for the toothfish (D. mawsoni)
raising temperature had a similar effect.While this effect in the bovine
Please cite this article as: A.Y. Mirarefi, et al., Small-angle X-ray scatterin
concentration on microstructure, Biochim. Biophys. Acta (2010), doi:10
lens may occur due to the well-characterized liquid–liquid phase
separation (LLPS) [41], increases in intensity at low scattering angle
could also be attributed to increasing attractions between the
particles that remain in a single phase [42]. For the Antarctic toothfish,
no opacification (LLPS) is observed at temperatures as low as −12 °C
or as high as 25 °C by visual inspection as previously described (for
lens photographs, please see Kiss et al. [5]). However, it is important
to consider that the toothfish has adapted to a stable environmental
temperature of−2 °C for the past 10∼20 million years [43]. Thus, one
would expect toothfish protein instability and aggregation to be
manifest at mammalian thermal norms (37 °C) that are 40 °C above
its normal environmental (organismal) temperature. At high tem-
peratures, the toothfish lens crystallins may be showing aggregation
and coalescence indistinguishable from a cold-induced LLPS seen in
the bovine lens as observed by SAXS.
4. Discussion

4.1. Suppression of density fluctuations and its relationship to
transparency

Using a comparative approach, we have examined the scattering
elements in the intact vertebrate lens cortex and previously
unexamined scattering within the lens nucleus. Prior investigations
of transparency have been limited to the intact lens, the outer
periphery of the lens cortex [7], or to the cornea [44] with no
consideration of the dense nuclear region of the lens without the
complications of the cortex. We have nowmeasured scattering for the
first time using SAXS of intact slices through the lens of both the
cortices and nuclei of mammalian and fish lenses. The use of fish
lenses permitted investigations that served two purposes: (i) help
study the effect of a relatively larger percentage (than previously
investigated with mammalian systems [6,11,24]) of small monomeric
particles (γ-crystallins) on the transparency and (ii) examined these
considerations in lens systems (Antarctic fishes) devoid of the cold-
induced LLPS or cold cataract [5].

In dilute suspensions of freely diffusing particles, density varia-
tions develop because particles will randomly and spontaneously
form regions of higher and lower concentrations. Variations in particle
concentration give rise to variations in index of refraction. Minor
subcellular variations of the refractive index have largely been
alleviated by the disintegration of most of the cellular organelles
during the maturation of the crystallin-rich fiber cells [3]. Thus, it is
principally the difference in index of refraction between regions of the
lens where the protein concentration is above or below the mean that
generate turbidity [14]. As the average particle concentration
increases, there is a decreasing ability of the system to create large
differences between high and low concentration regions. As a result,
while the number of scattering units (particles) per unit volume
grows with concentration, the ability to produce large wavelength
density fluctuations drops. For systems of hard particles, the result is
that the turbidity passes thought a maximum at a particle volume
fraction near 0.2 and decreases with further increases in particle
concentration [7].

At low protein concentrations, the intensity of scattered light
grows with protein concentration. As the protein concentration
increases, there is a growing probability that there exist volumes
where the protein concentrations are substantially smaller or larger
than the average protein volume fraction 〈ϕ〉. In concentrated
suspensions, the proteins pack together such that there are well-
defined shells of nearest neighbors. Under these conditions, the
density fluctuations occur with a periodicity on the order of a particle
diameter, σ. Concentration variations with larger sizes are suppressed
because there simply is no room to produce regions where the protein
concentration is appreciably smaller or larger than 〈ϕ〉. The result is
g studies of the intact eye lens: Effect of crystallin composition and
.1016/j.bbagen.2010.02.004
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that the turbidity of a colloidal suspension passes through a
maximum.

Transparency in the visible region is dominated by density
fluctuations with sizes on the order of the wavelength of visible
light, λL. As λL/σNN1, increased transparency in dense suspensions
is associated with diminished long wavelength concentration
fluctuations [45]. At low concentrations, turbidity increases
because the concentration of primary scattering units is increas-
ing. However, at high concentrations, turbidity decreases due to
reduced density fluctuations which results in the concentration
being more uniform. These observations indicate that for a
solution of proteins all the same size, as reported for γ-crystallins,
there is a maximum in turbidity that occurs at a protein volume
fraction, ϕ∼0.2 [7].

At high loadings, local crowding results in the fluctuations in
concentration that occur on a length scale of σ and thus give rise to
a peak in scattering intensity near 2π/σ. This microstructure,
where each particle has well-defined shells of disordered neigh-
bors, is referred to as liquid-like order and is the basis of
transparency in eye lenses [14]. For proteins that are all the
same size, the peak in scattering intensity (at 2π/σ) and the
suppression of concentration fluctuations (with wavelengths of
∼λL) have the same origin–crowding. For less well-defined
suspensions such as the lens where the suspension is composed
of particles with broad size distributions and/or mixtures of
particles with different sizes, the periodicity in concentration and
peaks in scattering intensity that are associated with order may
not be present. However, long wavelength fluctuations can still be
suppressed simply because of the effects of crowding.

These preceding arguments hold as long as the system remains in a
single phase and the attractions are not so strong that the particles
form essentially irreversible clusters. The temperature-induced LLPS
(cold cataract) seen in mammalian eye lenses is associated with the
formation of droplets of one liquid phase in the presence of a second
phase [46]. It is the droplets that scatter the light and give rise to the
high turbidity. If these conditions are avoided, attractions between
particles can give rise to gelation. Gelation occurs when particles are
localized by cages of nearest neighbors and cannot diffuse over large
distances relative to their diameter [21]. In dilute suspensions, if the
strength of attraction is sufficient to produce a gel, large light
scattering fractal clusters are formed, and the suspension turbidity
increases. However, in the case of dense suspensions, and again owing
to space-filling constraints, as the overall particle concentration
increases the difference in concentration between the environment
outside of the clusters and within the clusters is minimized [22]. The
ultimate result is that dense gelled suspensions will have a low
turbidity [22,23,47,48]. This type of extreme density (≥900mg ml−1)
of crystallins (proteins) necessary for a gelled state is often seen in the
nucleus of eye lenses of the fishes as in the Antarctic toothfish,
D. mawsoni. Eventhough the concentration of crystallins in a fish lens
is twice that of the cow and the crystallins exist in a gelled state, its
lens is still transparent. We hypothesize that this ultradense gelled
condition is due to the suppression of the density fluctuations which
leads to reduced scattering.

An alternate hypothesis or possible explanation for a loss in peak
in the nucleus due to reduced scattering could be due to the severe
reduction of water leading to a lack of electron contrast thus resulting
in decreased X-ray scattering intensity. While we cannot discount this
explanation entirely, we have investigated the water content of both
the bovine and toothfish cortex and found that they have substantial
water [28]. For example, the very dense toothfish lens nucleus has
∼50% of its mass as water. Also, as mentioned earlier, a substantial
signal (more intense than the cortex regions) was measured from
the nuclear regions of the lens thus indicating that scattering was
particle dominated and that the reduced contrast did not play a
significant role.
Please cite this article as: A.Y. Mirarefi, et al., Small-angle X-ray scatterin
concentration on microstructure, Biochim. Biophys. Acta (2010), doi:10
4.2. Effect of polydispersity and different populations on scattered
intensity

Both the lens cortices and nuclei of all species examined in this
study have a low turbidity, which is obvious by their optical
transparency. Thus, we may conclude that, in both regions of the
lens, the protein volume fraction does not vary far from 〈ϕ〉 when
averaged over regions with sizes on the order of the wavelength of
visible light. In the cortex of all species studied here, there is evidence
of liquid-like ordering, while in the nucleus, the signature peak in
scattered intensity was not observed. To understand these observa-
tions, we offer the following two hypotheses. First, as the protein in
the nucleus are older, we may expect increased aggregation giving
rise to a broader size distribution of the scattering entities, which
indeed has been reported by a number of other investigators [2,
49–51]. Such age-related aggregation has been reported for the
α-crystallin isolated from nuclear regions of the cow lens [52],
suggesting that in the nucleus, the protein aggregates may be larger
andmore polydisperse. Polydispersity can alter the local packing such
that there are no regular concentration fluctuations and the peak in
scattered intensity is lost. Our second hypothesis involves the ability
of the increased concentration of γ-crystallins in the nucleus to fill in
the holes left by the packing of the α/βH-crystallins. This is achieved
such that the periodicity in total protein concentration that would
occur if only α/βH-crystallins were present is lost and a more uniform
protein concentration exists even on a length scale of the diameter of
theα/βH proteins. These two potential reasons for the lack of the peak
in scattering intensity in the nuclear region are not exclusive and
likely work in concert.

The two hypotheses proposed above are simple in nature in the
sense that analytical expressions exist that can be used to test the
predictions. It is possible to calculate the total scattered intensity for
polydisperse spheres that do not interact (hard spheres) and also the
intensity of binary system of hard spheres. In reality, the protein
system is more complex since there are attractions between the
different crystallins. To date, no simple analytical expressions exist to
calculate the total scattered intensity in a multicomponent mixture,
which involve attractions and hence are outside the scope of this
work. In the cortex of the eye lens, one sees a peak in scattering that is
primarily due to scattering from α/βH proteins. As one moves to the
nucleus, it is a known fact that the concentration of γ-crystallins
increase. The simplest case is to see what happens when one increases
the concentrations of particles (γ-crystallins) in the presence of α/βH

proteins without any attractions between the two and to test what
effect polydispersity has on total scattering. This is the base case and
one can build on the results of current work to include attractions
which we feel will only amplify observed effects. Details on
calculations performed to test the hypotheses are given below.

To explore the scattering properties of suspensions that are of
mixed particle size, we write the total scattered intensity as:

IsðqÞ∼ΣiΣj½σ3
i ϕiσ

3
j ϕj fi fj�1=2Sij ð3Þ

where σi is the diameter of particle i, ϕi is the volume fraction of
particle i, fi is the particle form factor, and Sij is the partial structure
factor for particles of type i and j. The particle form factor represents
the scattering from a single particle while Sij represents the
correlations in the center of masses of particles of types i and j [53].
In writing Is(q) in this manner, we are assuming that the contrast of
particles is independent of particle size. At low angles (qσibb1), fi
takes on the value of unity and in dilute conditions, Sij=1 for all q.
Thus, because of σi/λL beingmuch less than 1, the optical transparency
of the eye lens is dominated by the small q scattering properties of the
suspension.

Under dilute conditions Is(q=0)∼ΣΣ(σi
3ϕiσj

3ϕj)1/2, indicating that
the scattered intensity will grow with volume fraction, which in turn
g studies of the intact eye lens: Effect of crystallin composition and
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Fig. 4. Calculations of total intensity for binary mixtures of spheres with average
particle diameters of 16 nm for the α/βΗ and 6 nm for the γ. The volume fractions were
fixed at 0.3 for the α/βΗ and 0.15 for the γ. The polydispersity of the γ was fixed at 5%
and the polydispersity of the α varied from 5% to 25%.
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leads to an enhanced turbidity. At elevated volume fractions of a stable
suspension, Sij (q=0) decreases from unity faster than the volume
fraction increases, such that Is(q=0) decreases. This results in a turbidity
that decreases with increasing ϕ. As mentioned above for hard spheres
(i.e., spheres that experience only volume exclusion interactions), the
competition between single particle scattering and collective scattering
results in a maximum in turbidity that occurs at a ϕ near 0.2.

When qσi is of order unity, in dense suspensions of particles that are
all the samesize,we expect to seeperiodicitydue to the liquid-likeorder
that occurs from crowding effects. The maximum in scattered intensity
from cortical regions at a q∼0.42 nm−1 suggests that it is dominated by
theα/βH-crystallins (Figs. 1 and 2). Consistentwith empirical data from
previous studies on eye lenses [2,5,10,11,24], we are interested in
investigating the effects of increasing polydispersity of particle size in
addition to the effects of introducing small particles into a population of
large particles on the scattering near q∼0.16–0.5 nm-1. This q range
corresponds to the region where we expect to see periodic concentra-
tions on the order of the size of the α/βH protein aggregates.

The scattered intensity from each term in Eq. (3) scales as (σi
3σj

3)1/2,
indicating that scattering is dominated by the larger particles. While
there are species and sample preparation effects on the sizes of the
crystallins [25,28], we demonstrate the effects of polydispersity and
increasing the concentration of the smaller particles (γ-crystallin) by
making calculations of the total scattered intensity. In the calculations,
we approximate the protein sizes for the α/βH- and γ-crystallins as
16 nm (average ofα and β) and 6 nm, respectively. The size of theα/βH

is at the lowendof sizes reportedwhen this fraction is isolated from lens
by SEC but is consistent with the scattering peak seen in the cortex.
Whenweighted by their relative volume fractions, the scatteringwill be
dominated by α/βH and βL in the bovine lens. While in the Antarctic
toothfish (D. mawsoni) lens, because of the depression of the βL

concentration, we expect the scattering to be dominated by the α/βH

and γ proteins. We choose to represent the scattering as that coming
from binarymixtures of particles because of the availability of analytical
methods for calculating Sij for binary mixtures of hard spheres [53]. We
follow the standard practice of accounting for polydispersity in particle
size distribution through fi while using Sij for binary mixtures of hard
spheres of narrow size distributions.

To demonstrate the effects of increasing the polydispersity of the
particles in the lens, we model the α/βH fraction as having a Gaussian
size distribution with average radius, 〈R〉=8 nm (R=σ/2) and a
standard deviation of δ where δ/〈R〉 (polydispersity) is varied from
0.05 to 0.25 (5–25%). Under these circumstances, we can approximate
the form factor as:

f ðqÞ = ∫∞
0 fsðqÞ R6 1

δ
ffiffiffiffiffiffi
2π

p e
−1

2

R−〈R〉
δ

� �2

dR ð4Þ

where fs(q) is the form factor of a perfect sphere given by

fsðqÞ =
3ðsin½qR�−qRcos½qR�Þ

ðqRÞ3
� �2

: ð5Þ

In applying Eq. (4), we have followed the standard approximation
for particles where the size distribution is not too large such that Sij(q,
〈ϕ〉) is that for uniform particles of diameter 〈σ〉 at a volume fraction
〈ϕ〉. For our calculations, we use the solutions of Ashcroft and Langreth
[53] to calculate Sij for suspensions of hard spheres.

To demonstrate the effects of increasing aggregate size and
polydispersity, we show (Fig. 4) the predictions of Is(q,〈ϕ〉) where we
have increased the polydispersity of the α particles at a fixed total
volume fraction (ϕα=0.3 and ϕγ=0.15). The polydispersity of the γ
particles isfixedat5%.Averageparticle diametersof 16 nmfor theα/βΗ-
and 6 nm for the γ-crystallins are from sizes estimated from the
dominant scattering elements in the bovine eye lens. As can be seen
Please cite this article as: A.Y. Mirarefi, et al., Small-angle X-ray scatterin
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from Fig. 4, the magnitude of the first peak and subsequent oscillations
in Is(q,〈ϕ〉) are diminished with increasing polydispersity of the α/βH.
This result suggests that even in the absence of the γ-crystallins,
increased aggregation of the α/βH and βL proteins that leads to a larger
polydispersity in size distribution can result in the loss of the peak in the
scattered intensity and hence might be one of the reasons for the
difference in scattering fromthenucleus and the cortex. It should alsobe
mentioned here that the effects seen (Fig. 4) of the loss in peak due to
increased polydispersity of α/βH particles is not seen if the polydisper-
sity of γ particles is varied from 5% to 25% (at a fixed value for theα/βH

polydispersity; results not shown). This is due to the larger size of the
α/βH particles that dominate the scattering and are responsible for the
observed peak (Fig. 4). Hence, variation in polydispersity of γ has a
negligible effect on the scattering and the first peak.

To test the second hypothesis that the loss of the peak in scattered
intensity within the lens nucleus can be attributed to the increased
concentration of γ-crystallins, we plot the total scattered intensity of a
binary mixture of hard spheres in which the concentration of the
smaller particles (γ) is increased from near zero to a volume fraction
of 0.15. This scenario can be likened to the nucleus of the eye lens in
which there is an increased packing of the γ-crystallins between the
α-crystallins. The volume fraction of α particles is kept fixed at 0.3
and the polydispersity of both α and γ fixed at 12.5%. As can be seen
from Fig. 5, the first peak in Is(q,〈ϕ〉) is lost as the volume fraction of
small particles increases from 0 to 0.15. The loss of this peak is an
indication that there are no periodic variations in total particle
density. Another effect which can be seen from this treatment (Fig. 5)
is the dampening of oscillations with increasing ϕγ, which again
suggests the loss in periodic variations of total particle density. The
intensity at the low q region also decreases as more γ-crystallins are
added to the system. As mentioned in the previous section,
transparency in the visible region is dominated by density fluctua-
tions with sizes on the order of the wavelength of visible light, λL

(q→0 limit). Increasing the amount of γ-crystallins reduces the
amount of scattered intensity in the low q limit (Fig. 5). Thus, our
hypothesis is consistent with the demonstrated suppression of
density fluctuations due to increased γ-crystallin concentration. The
suppression in fluctuations is seen by loss of peak in scattered
intensity that gives rise to decreased scattering in the low q limit and
hence an enhanced transparency in the eye lens.
g studies of the intact eye lens: Effect of crystallin composition and
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Fig. 5. Calculations of total intensity for binarymixtures of sphereswith average particle
diameters of 16 and 6 nm corresponding to α and γ proteins, respectively. In these
calculations, a polydispersity of 12.5% is used for bothα and γ proteins. Calculations are
demonstrated for suspensions where the volume fraction of the large (α/βΗ) particles is
held constant at 0.3 while the volume fraction of the small (γ) particles increases from 0
to 0.15 corresponding to approximate changes that are anticipated in moving from the
cortex to the nucleus. The main point of this figure is to illustrate the loss in peak in the
scattered intensity as the concentration of γ particles increases.
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A question that emerges from this hypothesis is whether the loss
of the characteristic peak which indicates suppression of density
fluctuations also synonymous with a loss in short-range order? To
answer this question, the individual partial structure factors Sij, which
represent the correlations in the center of masses of particles of types i
and j are given (Fig. 6). The calculations are performed with α/βΗ

volume fraction of 0.3 and small γ particle volume fraction of 0.15.
This corresponds to the condition when the peak in scattered
intensity is no longer seen (Fig. 5). The loss of the peak arises not
Fig. 6. Calculations of partial structure factors for the α and γ proteins as a function of
waver vector q. The loss of the peak in Fig. 5 as the concentration of γ proteins increases
is not because the large particles lose their liquid-like packing characteristics, but
because Sαγ is negative around the peak position of Sαα. This indicates that if one sits on
a large (or α) particle, there is strong anticorrelation in locating a small (or γ) particle at
a spacing corresponding to the diameter of a large particle.
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because the large particles lose their liquid-like packing character-
istics, but because Sαγ is negative around q* (the position of the peak
in intensity) for Sαα. This indicates that if one sits on a large (or α)
particle, there is strong anticorrelation in locating a small (or γ)
particle at a spacing corresponding to the diameter of a large particle.
Fig. 6 also indicates that there is still a great deal of correlation
between the centers of mass of the large and small particles. Hence
short-range order still exists in the eye lenses, but a characteristic
length scale for concentration fluctuations as seen from scattered
intensity curves no longer exists.

In conclusion, we wish to emphasize the fact that calculations of
total scattered intensity of polydisperse hard spheres and binary hard
sphere mixtures are representative of the base case of mixing α/β-
and γ-crystallins without any attractions between the two. Just
increasing the concentration of γ-crystallins (as one moves from
cortex to nucleus) or changing the polydispersity of the larger α/β-
crystallins (due to age related aggregation) without any added
attractions is sufficient to suppress the peak in total scattered
intensity. Adding attractions between the particles we feel will only
amplify the observed effects. Detailed calculations of total scattered
intensities with added attractions and comparisons with measured
experimental data will be the basis for future work.

5. Summary and conclusions

In this report, we have described the X-ray scattering observations
of the microstructure of crystallins within intact cortical and nuclear
slices of the eye lens of both a terrestrial mammal and five fish species.
Scattering from the cortex is characterized by a peak in scattered
intensity which corresponds to a regular spacing between the α/βΗ–

and βL–crystallins. This peak is associated with liquid-like ordering
expected in concentrated suspensions of particles with narrow size
distributions. Nuclear regions of lenses from all species investigated
show no evidence of this characteristic peak seen in the cortex. We
offer two hypotheses for the disappearance of the peak. The first is the
increased aggregation of particles of one kind (α/βΗ- and βL-
crystallins), and the second involves increased packing of γ-crystallins
in the space between α- and β-crystallins. Our hypotheses are
supported by model calculations of the scattered intensity of a binary
suspension of hard spheres of varying polydispersity at concentra-
tions typical of the crystallins in the nucleus. Calculations (Figs. 4
and 5) show that increasing the polydispersity of the α/βH- and βL-
crystallins (due to aggregation) or increasing the concentration of the
γ-crystallins suppresses the peak seen in the cortex. The reason
behind the disappearance of the peak lies in the suppression of
density fluctuations on the length scales of the large particle size—a
more uniform protein concentration exists even on a length scale of
the diameter of the α/βH proteins. This situation occurs at high
particle concentration for uniform (synthetic polymer systems) or
even nonuniform size distribution suspensions (the lens) simply
because it is not possible to generate large differences between high
and low concentrations relative to the average size as the average
volume fraction goes up. This hypothesis is supported by our findings
in this study of the reduction of the concentration fluctuations in the
lens nucleus. However, the loss in peak should not be interpreted as a
loss of short-range order in the system because significant correla-
tions still exists between the center of masses of the different species
(Fig. 6). Thus, our overall conclusion is that the low turbidity of the
eye lens is not the consequence of regular protein concentration
variations at the length scale of a protein diameter but instead is
associated with small variations from the protein concentration when
averaged over volumes with sizes on the order of the wavelength of
visible light. Owing to the presence of several different proteins in the
eye lens, calculations performed in this work should be taken as
representative of what will happen as polydispersity and relative
concentrations of small and large particles change at different
g studies of the intact eye lens: Effect of crystallin composition and
.1016/j.bbagen.2010.02.004
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locations in the lens. Detailed calculations involving multiple particle
types and interparticle interactions between different particles are
required to mimic the native eye lens and remain yet to be derived.
Notwithstanding these theoretical limitations, the hypotheses pro-
posed herein are in agreement with our calculations.
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