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Structural Basis of Eye Lens Transparency: Light Scattering by
Concentrated Solutions of Bovine a-Crystallin Proteins

Jia-zhi Xia, Qinghua Wang, Sveta Tatarkova, Tony Aerts, and Julius Clauwaert
Biophysics Research Group, Department of Biochemistry, University of Antwerp, U.l.A., B-2610 Antwerp, Belgium

ABSTRACT Short range order of the crystallins does account for the transparency of the eye lens. To explain the solution
structure of this highly concentrated protein solution on a quantitative basis, the hydrodynamic structure and the interparticle
interactions of the proteins have to be known. For that purpose, the light scattering of concentrated solutions of a-crystallin
has been studied. Starting from the detailed knowledge of the solution parameters of a-crystallin in diluted solutions, the
structure of concentrated solutions up to 360 mg/ml has been studied using light scattering. Our results indicate that subtle
changes in the macromolecular structure such as optical anisotropy or structural asymmetry for part of the a-crystallins,
which results in solute light-scattering heterogeneity, can dramatically increase the light scattering by the a-crystallins and
cause solution opacity.

INTRODUCTION

The eye lens of mammalians is a biconvex, avascular,
colorless, and almost completely transparent structure, lo-
cated in the anterior part of the eye behind the pupil-iris
diaphragm. The major role of the cytoplasm of the verte-
brate eye lens fiber cells is to form a high refractive trans-
parent medium so that the lens can contribute to focusing
the images on the retina. This high refractive medium (n
ranging from 1.37 to 1.44) is obtained by a high concentra-
tion of soluble proteins. An approximate idea about this
protein concentration can be obtained from the relation

an
n= no + c (1)

If we take no = 1.33 and anlac = 0.200 ml/g, we obtain
protein concentration Ac ranging from 20 to 55 gIlOO ml.
Because of this gradient of refractive index, the lens is
sometimes approximated by a shell structure with constant
refractive index within the shells (Atchison and Smith,
1995). This gradient of refractive index corrects the spher-
ical aberration due to the convex surfaces (Wheale, 1974;
Jagger, 1992; Kroger et al., 1994) so that the lens can be
considered as an almost "perfect lens."
The lens crystallins are the main contributors to this high

protein concentration. On a physical, biochemical, and im-
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munological basis, three main classes of crystallins can be
distinguished in the eye lens of mammalians. In order of
decreasing molar mass are the a-crystallins with a molar
mass of - 8.105 g/mol, the H- and the L-crystallins with
molar masses of 2. 105 and 5. 104, respectively, and the
y-crystallins with a molar mass of -2. 104 g/mol (Bloemen-
dal, 1981). Their relative concentration in the lens is 45, 20,
20, and 15%, respectively. In spite of its high protein
content, the eye lens is virtually completely transparent
under normal healthy conditions. A theoretical explanation
for this apparent contradiction was given by Benedek in the
early seventies (Benedek, 1971). He showed that a limited
degree of order in the lens cytoplasm could account for the
observed transparency. This was proven experimentally to
be correct by Delaye and Tardieu more than a decade later
(Delaye and Tardieu, 1983).
To explain the short range order of this highly concen-

trated protein solution on a quantitative basis, the hydrody-
namic structure and the interparticle interaction of the pro-
teins has to be known.

at-crystallin is the largest protein and it is present in the
highest concentration in the cytoplasm so it contributes to
more than 90% of the light scattering. It is an oligomeric
protein, which mainly contains 4 peptides aA,, aA2, atB1,
aB2, where the A peptides have an isoelectric point below
pH 7 (Acidic) and the B peptides have an isoelectric point
above pH 7 (Basic). aA2, the major a-crystallin peptide,
and aB2 are the only primary gene products. aA1 and aB1
arise from these peptides by a specific postsynthetic phos-
phorylation (Spector et al., 1985). In addition to these "in-
tact" peptides, a-crystallin contains degraded peptides;
these degraded peptides arise from maturing and or aging by
specific cleavages of the A and B peptides (Groenen et al.,
1994).
The tertiary and quaternary structures are still matters of

controversy. The characterization of the native a-crystallin
suggests a relation between peptide composition and qua-
ternary structure. Light scattering, x-ray scattering, and hy-
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drodynamic studies suggest a globular quaternary structure
(Siezen and Berger, 1978; Andries et al., 1982; Tardieu et
al., 1986), but techniques that emphasize the presence of
asymmetric structures, such as transient-electric-birefrin-
gence and ultraviolet linear-dichroism spectroscopy, have
given strong proof of the presence of nonspherical aggre-
gates, which are optically and electrically anisotropic; these
asymmetric particles also contain a larger permanent dipole
moment (van Haeringen et al., 1993).
The study of diluted solutions of a-crystallin in well-

defined solvent conditions has allowed us to reach a con-
clusion about the undisturbed molecular properties of this
protein by extrapolating to zero concentration. These mo-
lecular properties are the cornerstones for the interpretation
of studies of solutions at low concentration. We have used
static and dynamic light scattering of diluted solutions to
study the interaction between the protein particles at low,
medium, and high ionic strength (Xia et al., 1994). The
protein particles could be modeled as hard spheres, showing
an electrostatic repulsion due to surplus charges and an
attractive interaction; the latter interaction became evident
at high ionic strength where the repulsive interactions are
shielded off.

Here we studied the light scattering by a-crystallin solu-
tions at higher concentrations (up to 0.36 g/ml). The use of
visible light scattering is intrinsically relevant for the study
of transparency. We were able to interpret our high concen-
tration measurements in a straightforward way, using the
parameters resulting from the low concentration measure-
ments without introducing extra molecular parameters. Our
results indicate that subtle changes in the macromolecular
structure, such as optical anisotropy or structural asymme-
try, or alterations in the interparticle interactions can dra-
matically increase the light scattering by a-crystallin solu-
tions.

MATERIALS AND METHODS

Preparation of a-crystallin
The lenses of 6-month-old (t+2 weeks) calves were obtained from a local
slaughterhouse within 3 hours after slaughtering and were subsequently
stored at 4°C. The lens capsule was removed and the lenses were mixed
with a sixfold quantity of buffer (containing 10 mM Hepes, 120 mM KCL,
25 mM NaCL, 0.02% NaN3, pH = 7.0, ionic strength 0.147 M) and gently
stirred at 4°C for 20 min. In this way only the outer cortical fibre cells were
dissolved. This suspension was centrifuged at 12,000 g for 30 min to
remove the insoluble material.

About 20 ml of cortical protein solution, dissolved in the above-
mentioned buffer (containing -2000 A2'80n.m units), was loaded on a
Bio-Gel A-5M column (4 5 cm X 85 cm, Pharmacia Birtech, Uppsala,
Sweden) at 4°C and the eluent was collected in 15 ml fractions. The top
fractions of the low molecular mass a-crystallin elution zone were col-
lected and concentrated by using an Amicon concentration cell (model 52,
Amicon Corp.) and a XM-100 filter (Amicon Corp., Lexington, MA). After
concentrating the a-crystallin solution, the solution was centrifuged at
12,000 g in a JA20 Beckman rotor for 30 min to remove the dust particles
and eventual large aggregates of a-crystallin resulting from the concen-
trating step. The a-crystallin solution was finally extensively dialysed
against the appropriate buffer solution. For the measurement of the light

scattering, we always started the measurements with the higher concentra-
tion and obtained the more diluted solutions by adding buffer.

Concentration determination

As the accuracy of most of the physical-chemical methods directly depends
on the accuracy of the concentration measurements, we paid special atten-
tion to the determination of the A"0 nmI cm to use the absorbance at 280
nm as a method for the concentration measurements.

First we used a method proposed by van Iersel and coworkers (van
Iersel et al., 1985). From the absorbance measurements at 280 nm, 225 nm,
215 nm, 210 nm, 209 nm, 207 nm, 205 nm, and 203 nm of a-crystallin
solutions, the A "36 nm I cm can be calculated, using the following relations:

AO1% = A280 nm
280 nm 0.144(A215-A225)

AO-'% -20.5 A280n0
A210 nm

A280nm = 26.55 A -0.08
A209nm

A28n
AO"% -= 30.00 - 0.05

A207 nm

A280nm
A280nm= 34.14A -0.02

A205nm

AO.1% ~ A280Onm
A-280m = 38.69 A -0.01.

A203 nm

Using this procedure, we obtained a mean value A2'0 nm, I cm Of 6.65 +
0.35.

As a second method we measured the amino acid content of solutions
of known absorbance at 280 nm. For that purpose the protein solutions
were hydrolyzed in 6 N HCL at 1 10°C: samples containing 0.5, 0.75, and
1 mg protein, respectively, were used; three hydrolysis times were used:
24, 48, and 72 h. We extrapolated the yields of amino acids obtained at
different periods as proposed by Darragh and coworkers (Darragh et al.,
1966). The amino acid contents of the hydrolysates were determined using
a Jeol JLC-6AH amino acid analyzer. An equimolar mixture of amino acids
was used to calibrate the analyzer. We determined the tryptophan content
from the absorbance at 294 nm in 0.1 N NaOH (Goodwin and Morton,
1946). Using this procedure, we obtained a A28% nm, cm of 8.1 ± 0.3.

It is further possible to calculate the A280 nm I cm from the Trp, Tyr, and
cystine content of the proteins using the expressions:

E (280 nm) M-icm-i = (>Trp).5500 + (ETyr). 1490
+ (>cystines). 125

280 nm, 1 cm - 1O6/M
This method has been shown to be quite reliable for proteins contaiting
Trp residues and less reliable for proteins that do not (Pace et al., 1995).

From the known amino acid sequence of the aA and aB peptides
(van der Ouderaa et al., 1973, 1974) we obtained A1280 nm. I cm values of
7.30 and 6.98 for the aA and aB peptides, respectively. As we deter-
mined an aA/aB ratio of 1.7 for our a-crystallin sample (from quantifying
the aA and aB peptides after isofocusing in denaturing conditions), these
calculations result in Al% nm, I cm value of 7.18 for a-crystallin. Values in
literature concentrate around a value ofAl%0 nm I cm of 8.2 ± 0.3, but values
of 7.2 (Siezen and Berger, 1978) and 6.26 (Wang and Bettelheim, Fig. 1,
1989) have also been mentioned.
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FIGURE (a) Weight distribution function F(R) in relative units as a function of the radius R. 0: experimental distribution function F(R) obtained by
photon correlation spectroscopy of a diluted solution (0.8 mg/ml) of a-crystallin; full lines: theoretical distribution functions accepting a log-normal
distribution with an Rma, of 9.1 nm and for different values of the polydispersity value z: z = 1.07, z = 1.3, and z - 1.5. (b) Experimental light scattering
results and fitted curve up to mediate concentrations. E: experimental Kc/Rp(k) values as a function of the concentration of a-crystallin; full line: best linear
fit for the experimental Kc/Rp(k) values up to c = 65 mg/ml. (c) Part I: Equilibrium reduced concentration C(X)I/Co as a function of the reduced distance
X, calculated from equilibrium distributions in a concentration range (0.2 to 0.8 mg/ml) and extrapolated to a concentration zero (run conditions: 3000 rpm,

20'C). +: experimental points; full line: fitted curve for a heterogeneous sample with a Poisson distribution with a M, of 800,000 g/mol and a MJ1M. of
1.07. Part II: Molar mass distribution function, obtained by nonlinear regression fit of a Poisson distribution to the experimental C(X)/CO curve.

The discrepancy between experimental and calculated A"0 nm cm

values for the bovine aA and aB peptides has already been discussed
in literature, and the high experimental values were explained by a

light-scattering contribution of the large a-crystallin molecules (Pace et
al., 1995).

Diffusion coefficient measurements

Photon correlation spectroscopy was used for the determination of the
diffusion coefficient and the size distribution of the a-crystallin solutions.
Light scattered by the solutions was detected with an ITT FW 130 photo-
multiplier, and the photocurrent output of the photomultiplier was analyzed
using a Brookhaven BI-8000 AT correlator. The set-up was installed in a

thermostated room and the temperature was monitored directly in the
scattering cell. The quality of our set-up was routinely checked by mea-

surements at scattering angles of 50e, 90° and 130°.

With a homodyne correlation set-up, the measured intensity correlation
function of a diluted homogeneous solution containing spherical particles,
which are small compared to the wavelength of the light, becomes

g2(t) = A + B * exp(-2 * D * k2 * i * ), (2)

which is usually normalized to

g2(t) = 1 + a * exp(-2 * D * k2 * i * T) (3)

where a is an experimental constant that depends on the correlation volume
and the quality of the optical set-up, k is scattering vector [4rnAo] -

sin(0/2), D is the diffusion coefficient, T is the sample time, and i is the
channel number.

When a continuous set of particle sizes is present in the scattering
sample, it is assumed that the first-order correlation function (or electric
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field correlation function) g'(t) can be written as an integral over the
relaxation times F = D - :

g'(t) = JF(F) * exp(-Ft) * dF. (4)

The interesting quantity in Eq. 4 is the distribution function F(F), which
gives the probability that a certain particle size class with relaxation time
F is present in the scattering volume.
We routinely used the CONTIN method for the extraction of the

distribution function F(F) (Provencher, 1982a, b). This method of analysis
gives the number distribution, the weight distribution, or the z distribution
function, depending on the setting of the parameters. We routinely chose
the set-up for the weight distribution function, as this function is directly
comparable to the weight molar mass Mw, obtained from light-scattering
and equilibrium sedimentation.

Light-scattering measurements

The light scattered by a-crystallin solutions was measured using a light
scattering instrument in a thermostated room (Andries et al., 1983). The
light scattered by a diluted solution of particles is commonly represented
by the following equation:

Kc 1 ( )
Rp(k) =P(k) kM + 2Bc + .... (5)

where K is 47r2n2(dn/dc)2/NAk4 in which, n is the refractive index of the
solution, dn/dc is the refractive index increment of the a-crystallin protein
solution, 0.190 ml * g-' (Schurtenberger and Augusteyn, 1991), AO repre-
sents the wavelength of the laser beam in vacuum, AO = 488 nm, and NA
is Avogadro's number.

Also in Eq. 5, c is the concentration of the particles (mg/ml); Rp(k) =
(Ik,./Htoj) * Rto, * (n/ntol)2, where I/41/It., is the ratio of the scattered intensity
by the protein solution to the reference solvent (toluene), Rto, is the
Rayleigh factor for toluene, and n and n,01 are the index of refraction of the
solution and the reference solvent, respectively (we have used the value Rto,
= 35.4 * 10-4m- '(Bender et al., 1986) and nto, = 1.507); P(k) is the
particle form factor; M, is the weight-average molar mass of the particles
in solution; and 2B is the second virial coefficient.

At low concentration of particles, which are small relative to the
wavelength of the incident beam so that P(k) = 1, Eq. 5 can be written in
the following form

Kc 1
= -+2Bc (6)Rp(k) Mw

= M (1 + KI4)
where 4 is the volume fraction =- cv, v is the excluded volume: the
volume occupied by 1 g of particles in solution, and K, is the static
coefficient. To obtain the MO value, the experimental Kc/RP(k) values were
extrapolated to a concentration zero.

Generally we have

Kc 1 1 1

Rp(k) P(k) Mw S(c,k)()

where S(c, k) is the solution structure factor, which takes into account the
spatial distribution of the particles in solution.

S(c, k) is dependent on the concentration c of the particles and the
scattering vector k; the interaction between the particles: hard particle
interaction, electrostatic interaction, and attractive interaction; the size and
shape of the particles: spherical, cylindrical, and disk-like; and the optical

polydispersity, the size polydispersity, or combined size and optical poly-
dispersity.

Ultracentrifugation: equilibrium sedimentation

The Beckman Optima XL-A analytical ultracentrifuge was used to perform
the sedimentation equilibrium runs. The run conditions (angular velocity
and duration of run) were calculated from the preset molecular parameters

(sedimentation coefficient, molar mass range, 3- or 10-m solution column)
using the method proposed by Yphantis (1964). After reaching the equi-
librium and having taken the equilibrium absorbance profiles, the angular
velocity was increased to high speed (40,000 rpm) for another 24 h so

that all the proteinous material was sedimented. The remaining absorbance
profiles were considered as the best estimate of the residual blank absor-
bance and were subtracted from the sample absorbance profiles to obtain
the cr values as a function of r.

The standard equilibrium equation is

Cr = co exp[(M * (1 - v p) w2/2 R 7)

*i( - r2o)] (8)
where cr and co are the concentrations at the distance r, respectively, ro
from the rotor centre; et is angular velocity; v is the partial specific volume
of the protein; and p is the density of the solution.

The standard equilibrium equation has been analyzed using the XLASE
method, as developed by Lechner (Lechner and Maichte, 1992). Equilib-
rium distribution measurements at different concentrations allow the cal-
culation of Mw, the second virial coefficient 2B, and the molar mass

distribution W(AM) with the introduction of a preset distribution function
(Poisson distribution, Schulz-Flory distribution, Weslau distribution, or

log-normal distribution) starting from the experimental measured reduced
concentration profile C(X)/C0, where C(X) is the solute concentration at
equilibrium at the reduced distance X = (2 -r2m)/(2 -r2b), where r is
the distance from the rotor centre, rm is the distance of the meniscus, rb is
the distance of the bottom, and CO is the initial concentration of the solute.
The distribution function W(M) is directly calculated from the experimental
measured reduced concentration profile C(X)/C0 by nonlinear regression.

The initial a-crystallin solution concentrations varied from 0.2 to 0.8
mg/ml; the concentration Cr was determined from the absorbance; in
accordance with the concentration, the absorbance was measured at wave-
lengths ranging from 295 to 220 nm. For each solution, at least three
appropriate wavelengths were selected for determining Cr relative.

RESULTS AND DISCUSSION

Low concentration measurements

Fig. 1 a gives the weight distribution function F(R) of the
equivalent radii of spherical particles present in a diluted
solution of a-crystallin at an ionic strength of 0.147 M. This
distribution function was obtained by using the Contin
analysis method of the experimental photon correlation
functions and accepting the prerequisite condition of having
spherical particles. Almost the same distribution function
was obtained, if we took only one top fraction of the gel
filtration elution chromatogram or a symmetric population
around the top fraction (fraction 53 or the fractions 52-54,
51-55, and 50-56 of Fig. 4, inset); only if we collected a larger
number of fractions (up to fractions with a A280 nm, 1 cm lower
than one-third of the A280 mIT 1 cm of the top fraction) was a
broader and more asymmetric (to larger R values) distribu-
tion function obtained. This distribution function is slightly
asymmetric. The larger R values probably cover the non-

2818 Biophysical Journal



Light Scattering by a-Crystallin

spherical particles, which have been determined to be
present [van Haeringen, 1993]. The larger part of this dis-
tribution can be represented by a log-normal distribution
function with a Rmax of 9.1 nm and a z value of 1.07
(equivalent with a standard deviation a of 0.26) (Pusey et
al., 1982).

Fig. 1 b gives an example of light-scattering results of
diluted a-crystallin solutions at the same solvent conditions
as Fig. 1 a. From the extrapolation of the Kcl(R (k)) values
to a concentration zero we obtained a MT value of
(685,000 ± 35,000), (740,000 + 35,000), or (835,000 +
40,000) g/mol if accepting a A m 1cm of 6.65, 7.18, and
8.1, respectively.
To obtain a MO value with an independent method, we

performed equilibrium sedimentation runs in a concentra-
tion (0.25 to 0.85 mg/ml). As the a-crystallin sample is not
homogeneous, we selected a low speed (3000 rpm) so that
we would not lose information on the larger molecules.
A randomly selected example is presented in Fig. 1 c. The

only external parameter, which is introduced in Eq. 8, is the
partial specific volume v. This parameter is primarily de-
pendent on the amino acid composition and can be calcu-
lated from it within an accuracy of 1% (Zamyatnin, 1972).
From the amino acid composition of cortical a-crystallin
(Bloemendal, 1981) and the partial specific volume v of the
amino acids (Zamyatnin, 1972), a v value of [0.726 ±
0.007] ml/g was obtained and used for calculating the molar
mass from the experimental Cr values.

Extrapolation of lIMw(c) to an absorbance (-concentra-
tion) of 0 resulted in a MO of [795,000 + 35,000] g/mol.
The experimental reduced concentration profiles C(X)1CO
gave a slightly asymmetric distribution function with a Mw
of [800,000 ± 25,000] and a MwIMn ratio of [1.07 + 0.02].

This allows us to conclude that our light-scattering data
give us consistent results if we use aAl0 nm, 1 cm of 7.75; we
will further use a MW of 800,000 g/mol and a A 1 cm of
7.75. A comparison between the molar mass MO and the
radius Rw allows the calculation of an upper limit of the
hydrodynamic volume if accepting a hard sphere. From a
MW of 800,000 g/mol and the hydrodynamic radius Rw of
9.1 nm, we can calculate an unperturbed (as it is obtained at
low concentration where interactions are minimal) hydro-
dynamic volume of 2.4 ml/g.

High concentration measurements

Fig. 2 gives the experimental results of light-scattering
measurements IJk/lIto, at an ionic strength of 0.147 M and in
a concentration range of 0 to 360 mg/ml. Almost identical
scattering intensities have been observed in the scattering
angle range of 600 to 1200.

This is a typical example of a solution of interacting
particles. As we can accept that the particle form factor
P(k) = 1 and we know Mw from the low concentration
measurements, we can calculate the structure factor S(c, k).
As the inverse particle radius IIR is appreciably larger than
the scattering vector k, S(c, k) can be set equal to S(c, 0).
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FIGURE 2 Experimental light scattering results and fitted curve in a
concentration range from 2 to 360 mg/ml. C]: experimental III18lt1 values
as a function of the concentration of a-crystallin; full lines: theoretical
lSOI/IOI values, calculated using Eqs. 5, 7, 10, 11 and 13, accepting a molar
mass of 800,0000 g/mol for different values of the parameters excluded
volume v and polydispersity parameter z of a log-normal R distribution: v

2.4 ml/g and z = 0; v = 2.4 ml/g and z = 1.07.

For the theoretical calculation of S(c, 0), we take into
account the relation between light-scattering and osmotic
pressure measurements:

KROc IT r

R(0) RT SC (9)

which results in

RT
5(C,(M)= . (10)

So we have to use the appropriate expression for the os-
motic pressure w. Different expressions have been proposed
for the osmotic pressure of hard spheres. Ree and Hoover
have calculated an exact expression of the osmotic pressure
of hard spheres as a function of the volume fraction up to
the eight virial coefficient

RT
7= *_. (c + 4tc2 + IOv2C3 + 18.36i/C4 + 28.24v4c5Mn

+ 39.53v5C6 + 56.52v6C7 + 87.65v7c +± *)

(Ree and Hoover, 1967, expressions 4 and 21, Table II).
As the a-crystallins have a surplus electric charge of

(50 + 5) at an ionic strength of 0.147 M (Xia et al., 1994),
the electrostatic repulsion has to be taken into account when
calculating the structure factor S(c, 0). We have used the
rescaled mean spherical approximation method and the pro-
cedure of Hayter and Penfold for calculating S(c, 0) (Hayter
and Penfold, 1981) and used the expressions proposed by
Ohshima and coworkers (Oshima et al., 1982) for express-
ing the electrostatic potential Vr. Under these conditions, the
electrostatic repulsion can quantitatively be taken into ac-
count over the complete concentration range of particles by

!:Uu

V t
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increasing the apparent radius of the hard sphere Rapp to
1.02 * Rapp and using the latter value for calculating the hard
sphere volume (calculations not shown).

Fig. 1 a shows that the a-crystallin solution is not homo-
geneous; it can be quantitatively represented by a log-
normal distribution function with a Rmax of 9.1 nm and a z
value of 1.07. The following expression has been proposed
for the structure factor S(c, 0)het of a heterogeneous solution
(Pusey et al., 1982):

S(C O)et= S(C,0) *. 6+(l +)

. 1_M4 M5 _ 9 1_M4 8
M3 * M6J -2 M3M6/]

where Mi is the normalized moment of order i of the radius
distribution function F(R). For a narrow log-normal distri-
bution, this expression reduces to (van Veluwen et al., 1988)

( )ht ( ) [ 3 * J2; 0 * (4 o ]S(C, O)het = S(C, 0) I + (- 4))2 ], (12)

where oa the standard deviation (z = 1 + &2).
We finally obtain the expression

S(c, 0)e =M .theo[*r[I+ (; _ )2 l]

where only one parameter has to be introduced, namely v,

the excluded volume, for calculating the volume fraction
4= c.v.

Fig. 2 gives a fitted curve for the relative light-scattered
intensity Iho,lItho accepting a hard sphere model with a molar
mass of 800,000 g/mol, showing a repulsive interaction that

0.1

0.09-

/Vexclud 2.4m1/g,
0.08-

0.07-

C
0.6Vexclud=2.4m1/g, z= 1.3

-0- 0.05
0

.0

< 0.04

80 100 120

concentration (mg/ml)

FIGURE 3 Absorbance of a-crystallin solutions at 488 nm, as a result of
light scattering, in a concentration range 2 to 250 mg/ml, calculated from
eq. 14 using the appropriate light-scattering constants of a-crystallin, for
different values of the excluded volume v and polydispersity parameter z of
a log-normal R distribution: v = 2.4 mUg and z = 0; v = 2.4 ml/g and z =

1.07; v = 2.4 mlIg and z = 1.3; and v = 2.4 ml/g and z = 1.5.

can be quantified by increasing the Rapparent with a factor
1.02, accepting further a log-normal distribution with a or2
of 0.07 and accepting an excluded volume v of 2.4 ml/g.
The fit, which is very sensitive to the values of o2 and v, can
be considered quite good.

Tardieu and coworkers have performed small angle x-ray
scattering measurements on a-crystallin solutions at an
ionic strength of 0.017 M and 0.150 M. From their exper-
imental data, they calculated a particle diameter of 18.1 ±
0.8 nm and an excluded volume of 1.75 ± 0.05 ml/g; they
also clearly saw the influence of the polydispersity on the
scattering curves (Tardieu et al., 1987). Veretout and co-
workers (Veretout et al., 1989) have done extensive osmotic
pressure and x-ray scattering measurements of a-crystallin
solutions in almost identical solvent conditions (ionic
strength 0.150M). They introduced five parameters for char-
acterizing the a-crystallin particles and for the interpretation
of their experimental data: Mw, Mn, diameter d of the
spherical particle, the charge Ze of the particle, and the
excluded volume v. They calculated directly from their data
a M, between 800,000 and 1,000,000 g/mol, a Mn of
630,000 g/mol, and a diameter of 18.5 nm of the spherical
particles. These results agree with our values of MW of
800,000 g/mol. Veretout and coworkers cannot estimate an
accurate value of Ze as the noise on the experimental data
surpasses the sensitivity of the theoretical expressions of
S(c, 0) but our Ze value of 50, obtained from our measure-
ments at low concentrations (Xia et al., 1994), is consistent
with their data.

For obtaining a good fit between the experimental data of
x-ray scattering and osmotic pressure measurements and the
theoretical expressions for S(c, 0), they introduce a concen-
tration dependence of the excluded volume v = 1.95 -
(1.85 ± 0.1) * c. The need to introduce the correction term
(1.85 ± 0. l)c for the excluded volume v in measurements at
high concentrations is probably due to the fact that they do
not take into consideration the influence of the size and/or
optical polydispersity for calculating S(c, 0). Our v value of
2.4 mlIg can cover the whole concentration range of the
S(c, 0) function, by taking into account polydispersity.

CONCLUSIONS

a-crystallin is the major structural protein of the eye lens
fiber cell cytoplasm. It is supposed to play an important role
in the formation of the unique physical properties of the eye
lens, which results in a clear medium with a high refractive
index. The large mass of a-crystallin enhances light scat-
tering but its extended sponge-like oligomeric structure,
which results in a high hydrodynamic volume, drastically
reduces light scattering.
The unperturbed values of Mw and Rw, obtained at infi-

nite dilution, lead to an unperturbed hydrodynamic volume
of 2.4 mlIg; this is a high value but similar to that for the
bacterial chaperonin GroEL. From the hydrodynamic data
and the crystal structure of the GroEL (Braig et al., 1994;
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Ishihama et al., 1976) an unperturbed partial hydrodynamic
volume of 2.76 ml/g can be calculated, if accepting a
spherical particle as we do for a-crystallin.
Our light-scattering measurements of a-crystallin at in-

termediate and high concentrations fit an excluded volume
of 2.4 ml/g. This is the same value as the unperturbed
hydrodynamic volume from low concentration measure-
ments.
One factor increases the light-scattering capacity of

a-crystallin solutions, the polydispersity. It has been
claimed that the inherent polydispersity of the a-crystallin
samples in the lens fiber cells arises from post-translational
modifications of the aA and aB peptides (van Kleef et al.,
1975) but direct evidence is still lacking. The a-crystallin
fraction from whole calf lenses contains particles in the
molar mass range of 600,000 to 2,000,000 g/mol (Au-
gusteyn et al., 1992). The nuclear a-crystallin fraction (from
the inner and older fiber cells) contains particles in the mass
range of 1,000,000 to 2,500,000 g/mol (Schurtenberger and
Augusteyn, 1991), whereas the outer cortical (and younger)
fiber cells contain a-crystallins in the mass range 500,000 to
1,000,000 g/mol (Aerts et al., 1995).

Optical and size polydispersity seriously influence (in-
crease) light scattering (van Veluwen et al., 1988) and can
cause solution opacity. This can be illustrated by expressing
the absorbance of a solution in function of the light-scatter-
ing parameters via the turbidity T (van Holde, 1985)

32w3 (6nj\2 M * C _ S(C, 0)
Absorbance = 0.434 3A3 n&5c * NA

(14)

Fig. 3 gives the absorbance due to light scattering at 488 nm
for a solution of a-crystalline particles with a Mw of
800,000 g/mol as a function of concentration c for different
values of the excluded volume v and polydispersity z of a
log-normal distribution. The combination of v = 2.4 m/g
and a z = 1.07 for the a-crystallin samples results in a
maximal absorbance of 0.04 for the in vivo a-crystallin
concentration. An increase of the polydispersity parameter z
to z = 1.5 increases the absorbance to the value of 0.1, the
critical level for keeping a solution clear. Fig. 1 a illustrates
that this polydispersity parameter z = 1.5 is equivalent with
an appreciable but not such a drastic broadening of the
distribution function. This broadening is already present in
the outer fractions of the a-crystallin samples, isolated from
the cytoplasm from cortical fiber cells after gel filtration on
a Bio-Gel A-5M column. Fig. 4 gives the weight distribu-
tion function F(R) as a function of the radius R of some
individual fractions of the elution pattern, as shown in the
inset of the figure. These distribution functions F(R) were
obtained by using the Contin analysis of the photon corre-
lation spectra of the individual fractions. The smaller frac-
tion numbers, eluting in the beginning of the a-crystallin
elution peak and containing the larger particles, have a
distribution parameter z that is close to the critical value of
1.5. These fractions are present in a minor concentration in
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FIGURE 4 Weight distribution function F(R) in relative units as a func-
tion of the radius R of spherical particles; the distribution functions F(R)
were obtained by photon correlation spectroscopy of diluted solutions
(+0.4 mg/ml) of the different a-crystallin fractions after gel filtration.
From left to right: fraction 57, 55, 53, 51, and 49. Inset: gelfiltration elution
profile.

cortical cells so they do not cause opacity in cortical cells.
But their concentration is appreciably higher in nuclear fiber
cells (Schurtenberger and Augusteyn, 1991), and at a criti-
cal concentration level, they can cause solution opacity.

So we can conclude that in in vivo conditions of the eye
lens fiber cells, the a-crystallin particles can give clear or
opaque solutions. Minor changes in the physical properties
of part of the a-crystallin particles, which have been proven
to take place in vivo in lens fiber cells by biochemical
studies (Bloemendal, 1981), can cause the transition from
clear to turbid solutions.
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