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Despite the enormous number of studies demonstrating
changes in the chaperone-like activity of �-crystallins in vitro,
little is known about how these changes influence life-long
lens transparency in vivo. Using the �B-crystallin I4F mutant
protein as a target for �A-crystallins, we examined how cata-
ract phenotypes are modulated by interactions between
�-crystallins with altered chaperone-like activities and �B-I4F
proteins in vivo. Double heterozygous �-crystallin knock-out
�A(�/�) �B(�/�) mice with a decreased amount of �-crys-
tallins were used to simulate reduced total �-crystallin chaper-
one-like activity in vivo. We found that triple heterozygous
�A(�/�) �B(�/�) �B(I4F/�) mice developed more severe
whole cataracts than heterozygous �B(I4F/�) mice. Thus, total
chaperone-like activity of �-crystallins is important for main-
taining lens transparency. We further tested whether mutant
�A-crystallin Y118D proteins with increased chaperone-like
activity influenced the whole cataract caused by the �B-I4F
mutation. Unexpectedly, compound �A(Y118D/�) �B(I4F/�)
mutant lenses displayed severe nuclear cataracts, whereas the
lens cortex remained unaffected. Thus, the synergistic effect of
�A-Y118D and �B-I4F mutant proteins is detrimental to the
transparency only in the lens core. �-Crystallins with different
chaperone-like activities are likely required in the lens cortex
and nucleus for maintaining transparency.

The eye lens is a transparent organ composed of bulk elon-
gated fiber cells and a monolayer of epithelial cells covering
the anterior surface (1–3). Ninety percent of all lens proteins
are crystallins, which are subdivided into three classes, �, �,
and �. Lens transparency is believed to depend on the short-
range order of crystallin proteins and the appropriate interac-
tions among crystallin and non-crystallin proteins (4, 5). Dur-
ing aging and cataractogenesis, changes in lens protein
interactions may result in high molecular weight aggregates
that scatter light (6). Protein aggregation can also disrupt nor-
mal protein functions and/or create new pathological func-
tions in the lens. Mechanisms for regulating the interactions
among crystallin and non-crystallin proteins are not well
understood.

�-Crystallins, consisting of �A- and �B-crystallin subunits,
exist as polydispersed heteromeric aggregates in the lens. Life-

long lens transparency is hypothesized to rely on the chaper-
one-like function of �-crystallins that acts as a “sink” for bind-
ing to denatured proteins to prevent abnormal protein
aggregation induced by various risk factors (7). The chaper-
one-like activity of �-crystallins can be measured in vitro
based on their ability to prevent heat or chemically induced,
nonspecific protein aggregation of target proteins such as in-
sulin and �-lactalbumin (8–13). Recent genetic, structural,
and biochemical studies have revealed many new crystallin
gene mutations, significantly improved the structural infor-
mation of �- and �-crystallin proteins, and elucidated various
altered biochemical properties of �- and �-crystallin mutant
proteins that cause cataracts in humans and in mice (14–17).
Studies of �-crystallin mutations that cause cataracts have

revealed altered chaperone-like activity of recombinant mu-
tant �-crystallins in vitro. Because most �-crystallin mutant
proteins display a decrease in chaperone-like activity in vitro,
it is generally accepted that decreased chaperone-like activity
of �-crystallin mutants is one of the mechanisms for cataract
formation (11, 13, 18–21). However, several recent studies
have indicated that mutant �-crystallins with increased chap-
erone-like activity also cause cataract formation (9, 22, 23).
Thus, proper chaperone-like activity of �-crystallin proteins is
probably required for maintaining lens transparency. The
mechanistic difference between cataracts caused by reduced
or increased chaperone-like activity of �-crystallin remains
unknown. It is often difficult to interpret the results of the
chaperone-like activity assays in vitro because these tests uti-
lize non-lens proteins rather than native lens target proteins
as binding substrates. The regulation of chaperone-like activ-
ity of �-crystallin in vivo is unclear due to the lack of a
method that can be used to directly evaluate chaperone-like
function during lens development or aging.
We reported previously that the mutant �B-I4F crystallin

protein is a target protein for wild-type �-crystallins in vitro
and in vivo (24). The �B-I4F mutation causes a dominant cat-
aract, and homozygous lenses develop a much denser opacity
than heterozygous lenses (24). Gel filtration analysis of lens
homogenates shows that �B-I4F mutant proteins form high
molecular weight aggregates with �-crystallins (24). Increased
water-insoluble proteins are associated with cataract forma-
tion in �B-I4F lenses. These results indicate that endogenous
�-crystallin proteins are unable to prevent the abnormal pro-
tein aggregation triggered by a large amount of �B-I4F mu-
tant proteins in the lens. The more severe cataract of homozy-
gous mutant mice is caused by the dosage effect of �B-I4F
mutant proteins. Therefore, the �B-I4F mutant protein is
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probably an appropriate target protein in vivo to test the ef-
fect of altered chaperone-like activity of �-crystallins in cata-
ract formation. Decreased chaperone-like activity in the lens
can presumably be recapitulated in vivo by using �-crystallin
heterozygous knock-out mice because these mice develop
clear lenses despite a decrease in the amount of �-crystallins
(25, 26). Increased chaperone-like activity in the lens can be
reproduced by the �A-Y118D mutant protein with increased
chaperone-like activity in vitro, which we reported recently
(9).
In this study, we used the �B-I4F mutant protein as an in

vivo target of �-crystallins to determine how altered �-crys-
tallins affect lens transparency. Cataract severity has been
quantitatively evaluated using a new method that we devel-
oped for measuring the light scattered from cataractous
mouse lenses. The results suggest that lens transparency relies
on different levels of �A-crystallin chaperone-like activity in
the lens cortex and nucleus.

EXPERIMENTAL PROCEDURES

Mice—This study followed the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals
in Ophthalmic and Vision Research and an Animal Care and
Use Committee-approved animal protocol (University of Cal-
ifornia, Berkeley). The generation and genotyping of
�A(Y118D/Y118D) and �B(I4F/I4F) mice were described pre-
viously (21, 27). Double heterozygous �A(Y118D/�)
�B(I4F/�) mice were generated by intercrossing �A(Y118D/
Y118D) mice with �B(I4F/I4F) mice, and triple heterozygous
�A(�/�) �B(�/�) �B(I4F/�) mice were generated by inter-
crossing �A(�/�) �B(�/�) mice with �B(I4F/I4F) mice. The
�A(�/�) �B(�/�) mice were a generous gift from Dr. Eric
Wawrousek at NEI (28). The �B(I4F/�) heterozygous mice
were generated by crossing homozygous �B-I4F mice with
C57BL wild-type mice.
Expression, Purification, and in Vitro Binding of Recombi-

nant Wild-type and Mutant �A and �B Proteins—Mouse
wild-type �A, mutant �A-Y118D, wild-type �B, and mutant
�B-I4F cDNAs were subcloned into a bacterial expression
plasmid and prepared as described previously (8, 24, 29). Re-
combinant proteins that were exclusively in the inclusion
bodies were solubilized in 8 M urea followed by stepwise
buffer dialysis as described previously (30). For the in vitro
binding analysis, 0.2 mg of each recombinant protein was
mixed and heated to 45 °C for 30 min before being loaded into
the Pharmacia Superose HR-6 column connected to the
ÄKTA FPLC system (GE Healthcare). These peaks were col-
lected in different tubes with different elution volumes. Equal
volumes of eluted solutions (20 �l) were mixed with loading
buffer and loaded onto a 12.5% SDS-polyacrylamide gel for
separation. Proteins were detected by Coomassie Blue stain-
ing for qualitative (not quantitative) examination of the pro-
tein compositions in the peaks.
Cloning and Expression Plasmids—Lens total RNA was iso-

lated from wild-type and homozygous �A(Y118D/Y118D) or
�B(I4F/I4F) mutant lenses with TRIzol reagent (Invitrogen).
Total RNA was used to generate cDNA using the Superscript
first-strand synthesis system for the RT-PCR kit (Invitrogen).

Coding region inserts were amplified using the Platinum� Pfx
DNA polymerase kit (Invitrogen). Primers used to amplify the
�A inserts were 5�-GCGAATTCAGATGGACGTCACCAT-
TCA and 3�-AGACGTGGGAGCAGGTCCACCTCCAC-
CCCTAGGCG, and primers used to amplify the �B inserts
were 5�-CGGAATTCAGATGGGAAAG and 3�-CGGGATC-
CCCACCTCCACCG. PCR was run using the following steps:
1) 94 °C for 2 min; 2) 94 °C for 15 s, 55 °C for 30 s, and 68 °C
for 1 min for 35 cycles; and 3) 68 °C for 3 min. PCR products
were purified from a 1% agarose gel. The �A and �B PCR
products and the pEGFP-N1 and pDsRed-N1 RFP2 vectors
(Clontech) were cut with the restriction enzymes EcoRI and
BamHI (New England Biolabs, Ipswich, MA) for 2 h at 37 °C.
Purified vectors and PCR products were ligated using the T4
DNA ligase kit (Promega, Madison, WI). Plasmids were puri-
fied after transformation into TOP10 bacteria (Invitrogen)
from individual bacterial clones (plasmid purification kit, Qia-
gen, Valencia, CA), and clones were sequenced with an Ap-
plied Biosystems 48-capillary model 3730 genetic analyzer
system to confirm the presence or absence of point mutations
in the �A- and �B-crystallin inserts.
Lens Epithelial Cell Transfection—Mouse immortalized

lens epithelial cells were generated as described previously,
and plasmid transfection using SuperFect reagent (Qiagen)
was also performed as described previously (31). Transfected
cells on 35-mm plastic tissue culture dishes were observed for
GFP and RFP signals after 24 and 48 h. After 48 h, cells were
fixed with 4% paraformaldehyde for 5 min. Fixed cells were
washed two times with 1� PBS for 2 min per wash. Cells
were stained with rhodamine phalloidin (Molecular Probes,
Eugene, OR) for 2 h at room temperature, washed three times
with 1� PBS for 5 min per wash, and mounted with DAPI
VectorShield mounting medium (Vector Laboratories, Inc.,
Burlingame, CA). Images were collected with a Zeiss Axiovert
200 fluorescence microscope.
Surface Plots and Plot Profiles of Lens Imaging—Twenty-

one-day-old fresh lenses were carefully dissected under a dis-
secting microscope (MZ16, Leica) and imaged with a digital
camera. Surface plots and plot profiles of white light intensity
were generated using ImageJ from pictures of fresh lenses.
The outer edge of the lens in the pictures, which was bright,
was cropped out to remove background noise from surface
plots and plot profiles. Plot profile data were exported and
plotted using Excel.
Light Scattering Quantification—Light scattering from

lenses was measured using the HR 2000CG_UV_NIR high-
resolution spectrometer and a QP400–2-UV-VIS fiber-optic
cable (both from Ocean Optics, Dunedin, FL). Lenses were
carefully transferred to the tip of the fiber-optic cable, and
excess PBS was removed with a Kimwipe. Lenses on the fiber-
optic cable were illuminated with a white light source perpen-
dicular to the equator of the lens. The light source intensity
was held constant between samples. Scattered light was cap-
tured by the fiber with a whole acceptance of angle of 24.8°.
Spectra were recorded and saved for later comparison. Each

2 The abbreviation used is: RFP, red fluorescent protein.
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lens was measured twice in succession to show repeatability.
Each measurement took less than 1 min, including transfer-
ring the lenses to the fiber-optic cable tip and taking a snap-
shot of the light intensity profile.
The measurements were represented as graphs with the

wavelength on the x axis and the light intensity on the y axis.
Denser cataracts scattered more light, and thus, the light scat-
tering intensity measured by the detector increased. Measure-
ments were stored as ASCII files, and MATLAB was used to
calculate the area under the curve. At least six lenses from
three different mice for each genotype were used to deter-
mine the average light scattering intensity. Normalized inten-
sity was calculated by subtracting the area under the curve
measured with wild-type lenses, which do not scatter light.
The average normalized intensity and standard error were
plotted in Excel. Statistical significance was determined using
the Student’s t test.

RESULTS

Recombinant �A-Y118D Proteins Bind to Mutant �B-I4F
but Not Wild-type �B-Crystallins in Vitro—To evaluate the
interactions between wild-type or mutant �A-crystallins and
wild-type or mutant �B-crystallins, we performed in vitro
binding assays using recombinant proteins produced from a
bacterial expression system. Purified recombinant proteins
were mixed and heated to induce protein aggregation before
separation by gel filtration analysis. We tested three groups of
mixed recombinant proteins: 1) mutant �A-Y118D with mu-
tant �B-I4F, 2) �A-WT with mutant �B-I4F, and 3) mutant
�A-Y118D with �B-WT. Eluted proteins were separated on
SDS-polyacrylamide gels. We found that mutant �A-Y118D
proteins bound to a large amount of mutant �B-I4F proteins
(Fig. 1 A, peak 1, and B, lane 1) and did not bind to wild-type
�B-crystallins (Fig. 1 A, peak 4, and B, lane 4). In comparison,
wild-type �A-crystallins bound to a small amount of �B-I4F
(Fig. 1 A, peak 3, and B, lane 3), and �B-I4F mutant proteins
alone also formed a small amount of high molecular weight
aggregates (Fig. 1 A, peak 2, and B, lane 2). The small shoulder

in peak 1may be similar to that of peak 2. Compared with
wild-type �A-crystallin, mutant �A-Y118D proteins probably
have increased binding affinity for �B-I4F mutant proteins.
The lag in the elution of peak 3 from the column, relative to
peaks 1 and 4, was probably due to the fact that the average
molecular weight of �A-Y118D mutant protein aggregates
was larger than that of the wild-type �A-crystallin protein
aggregates (9). We further examined the interaction between
mutant �A-Y118D and �B-I4F crystallins in transfected cells.
Mutant �A-Y118D and �B-I4F Proteins Form Aggregates in

Co-transfected Cells—Expression plasmids for wild-type �A-
crystallin, mutant �A-Y118D crystallin tagged with GFP,
wild-type �B-crystallin, or mutant �B-I4F crystallin tagged
with RFP were transfected individually into a mouse immor-
talized lens epithelial cell line (Fig. 2A). GFP-tagged wild-type
�A-crystallins alone were uniformly distributed in the cytosol,
whereas mutant �A-Y118D proteins alone formed cytoplas-

FIGURE 1. In vitro binding assay showing more �A-Y118D/�B-I4F aggregates than wild-type �A/�B-I4F aggregates. Equal amounts of recombinant �A-
crystallin and �B-crystallin proteins were mixed and heated at 45 °C for 30 min before chromatographic analysis. A, gel filtration chromatograms revealed that the
�-crystallin peak became bigger with high molecular weight components when mixing the recombinant �A-Y118D proteins with recombinant �B-I4F mutant pro-
teins (top curve), but not when the recombinant �A-Y118D proteins were mixed with recombinant wild-type �B proteins (bottom curve). When recombinant wild-
type �A and recombinant �B-I4F mutant proteins were mixed together, there was a small mixed peak (middle curve, peak 3) and a high molecular weight (H.W.)
peak (middle curve, peak 2). B, the protein components in the peaks (numbers 1– 4) in A were examined by a Coomassie Blue-stained SDS-polyacrylamide gel. Lanes
1– 4 correspond to peaks 1–4. The upper band was the recombinant �B-I4F mutant protein, and the lower band was either recombinant �A-Y118D or recombinant
wild-type �A protein. Lane 1 showed that peak 1 contains both �A-Y118D and �B-I4F; lane 2 revealed that the high molecular weight peak 2 contains only �B-I4F;
lane 3 had mainly �A-WT with a small amount of �B-I4F; lane 4 contained only �A-Y118D without �B-WT protein.

FIGURE 2. Expression of GFP-tagged �A-crystallins or RFP-tagged �B-
crystallins in immortalized mouse lens epithelial cells. A, illustration of
wild-type or mutant �A-crystallins tagged with GFP and wild-type or mu-
tant �B-crystallins tagged with RFP (not drawn to scale). Point mutations
are marked. B, fluorescent images of GFP-tagged �A-crystallins (green) with
phalloidin-stained F-actin (red) and DAPI-stained nuclei (blue) in immortal-
ized mouse lens epithelial cells. Only �A-Y118D proteins formed aggregates
in transfected cells. C, fluorescent images of RFP-tagged �B-crystallins (red)
with DAPI-stained nuclei (blue) in immortalized mouse lens epithelial cells.
Only �B-I4F mutant proteins formed aggregates. Scale bars, 20 �m.
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mic protein aggregates (Fig. 2B). Similarly, RFP-tagged wild-
type �B-crystallins alone were uniformly distributed in cells
without aggregates, whereas mutant �B-I4F proteins alone
formed cytoplasmic aggregates (Fig. 2C). Co-transfection of
wild-type and mutant crystallins revealed that �A-WT and
�B-WT proteins maintained uniform protein distribution in
the cytosol, whereas co-expression of �A-WT and �B-I4F
proteins caused large aggregates (Fig. 3, A and B). In addition,
co-expression of �A-Y118D and �B-WT showed that only a
very small amount of �B-WT proteins was co-localized with
�A-Y118D aggregates (Fig. 3C). In contrast, a large amount of

�B-I4F mutant proteins was present in the �A-Y118D aggre-
gates (Fig. 3D). These results indicate that mutant �B-I4F is
truly a target protein for both �A-WT and mutant �A-Y118D
in cells, as suggested by the binding data in vitro. Thus, the
�B-I4F mutant protein might serve as a target substrate in
vivo to determine how the interactions between �-crystallins
with altered chaperone-like activity and �B-I4F mutant pro-
teins influence lens transparency.
Altered Chaperone-like Activity of �-Crystallins Increases

the Severity of Cataracts Caused by the �B-I4FMutation—
The �A(�/�) �B(�/�) double heterozygous knock-out
mice, which display clear lenses like wild-type mice (data not
shown), were used to reduce lens total chaperone-like activity
of �-crystallins in vivo. The �A-Y118D heterozygous mutant
mice, which develop mild nuclear cataracts (27), were
used to evaluate the affect of �A-crystallin with increased
chaperone-like activity. Thus, we generated �A(�/�)
�B(�/�) �B(I4F/�) triple heterozygous mutant mice and
�A(Y118D/�) �B(I4F/�) double heterozygous mutant mice
and compared their lens phenotypes.
In contrast to the mild cataracts seen in �B(I4F/�) lenses,

the �A(�/�) �B(�/�) �B(I4F/�) lenses had more severe
cataracts, but increased opacity was less obvious in the lens
core, as shown by lens pictures, densitometric surface plots,
and linear plot profiles of these cataracts (Fig. 4). Quantitative
measurements of light scattered from these cataracts further
showed that the �A(�/�) �B(�/�) �B(I4F/�) lenses had a
statistically significant increase in light scattering compared
with �B(I4F/�) lenses (Fig. 5). We tried to evaluate cataract
formation in younger mice. However, due to cold cataract
formation in neonatal lenses (31) and the very mild cataract
phenotype in triple heterozygous lenses, we were unable to
obtain reliable evidence to determine whether the cataracts in
triple heterozygous mice developed earlier or were more se-
vere at neonatal stages.
Unexpectedly, the �A(Y118D/�) �B(I4F/�) double mutant

lens had a dense cataract that was predominantly in the lens
nucleus (Fig. 4). Light scattering measurements confirmed
that compound mutant lenses scattered more light than
�B(I4F/�) lenses (Fig. 5). The combination of the amount of
light scattered by �A(Y118D/�) lenses and �B(I4F/�)
lenses was about 50% of the amount of light scattered by
�A(Y118D/�) �B(I4F/�) double heterozygous lenses. There-
fore, the dense nuclear cataracts in double heterozygous mu-
tant lenses likely resulted from enhanced interaction between
�A-Y118D and �B-I4F mutant proteins.

DISCUSSION

This study provides direct in vivo evidence demonstrating
that lens transparency is influenced by the interactions
between �-crystallins and a native target substrate, �B-I4F
crystallin. Although �A(�/�) �B(�/�) mice develop normal
lenses, increased light scattering from cataractous �A(�/�)
�B(�/�) �B(I4F/�) lenses indicates that the function of
�-crystallin is impaired in �A(�/�) �B(�/�) mice. A normal
amount of �-crystallins is important for lens transparency. It
is well known that �A-crystallins undergo posttranslational
modifications to alter the chaperone-like activity during lens

FIGURE 3. Co-expression of wild-type or mutant �A- and �B-crystallins
in immortalized mouse lens epithelial cells. Fluorescent images are of
GFP-tagged �A-crystallins (green), RFP-tagged �B-crystallins (red), and the
merged images with DAPI-stained nuclei (blue) in transfected mouse lens
epithelial cells. A, co-expression of �A-WT and �B-WT. B, co-expression of
wild-type �A and �B-I4F. Wild-type �A-crystallin proteins were present in
the aggregates of mutant �B-I4F proteins. C, co-expression of mutant �A-
crystallin (�A-Y118D) and wild-type �B. The �A-Y118D aggregates con-
tained a small amount of �B-WT. D, co-expression of mutant �A-Y118D and
mutant �B-I4F. Mutant �A-Y118D proteins were present in the aggregates
of �B-I4F proteins. Scale bar, 20 �m.
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development or during aging of a normal lens (32). The pre-
cise regulation of the chaperone-like activity of �-crystallin
and the proper binding affinity between �-crystallin and other
lens proteins are likely required for establishing and maintain-
ing lens transparency.
Increased binding affinity of �A-Y118D mutant proteins to

�B-I4F mutant proteins probably generates more protein ag-
gregates, leading to light scattering in the lens. These results
reveal that the synergistic effect of �A-Y118D and �B-I4F
mutant protein interactions is detrimental to the transpar-
ency only in the lens core. Thus, �-crystallins with different
chaperone-like activity are likely needed in the lens cortex
and nucleus for maintaining transparency. This work sup-
ports the notion that lens transparency may require high
chaperone-like activity of �-crystallins in the lens cortex, but
low chaperone-like activity of �-crystallins in the lens
nucleus.
Aberrant Aggregates of �A-Y118D Mutant Proteins in Cul-

tured Cells—We have confirmed that the �A-Y118D crystal-
lin is a gain-of-function mutant that binds strongly to �B-I4F
mutant proteins in transfected cells and in recombinant pro-

tein binding assays. Endogenous �A-crystallin proteins were
not detectable in the immortalized mouse lens epithelial cells,
whereas �B-crystallins could be detected by Western blotting
(data not shown). Increased chaperone-like activity (or in-
creased binding affinity) of �A-Y118D mutant proteins may
cause abnormal �A-Y118D protein aggregation or binding to
other endogenous proteins. It is possible that the �A-Y118D
mutant protein by itself is unstable or causes precipitation of
normal proteins within lens cells. Currently, it is unclear why
�A-Y118D mutant proteins form aggregates in transfected
cells and what the other proteins are in these aggregates. We
confirmed that these �A-Y118D aggregates are not co-local-
ized with the lysosome marker Lamp-1, the Golgi marker gi-
antin, or the endoplasmic reticulum marker calreticulin (data
not shown). For future studies, it will be very interesting to
investigate the molecular basis for these aggregates and to
determine whether ubiquitination is associated with the mu-
tant protein aggregates.
In Vivo Chaperone-like Activity of �-Crystallins Is

Essential for Lens Transparency—Previous studies were un-
able to prove the necessity for utilizing both alleles of �A and

FIGURE 4. Comparison of cataracts in different mutant mouse lines. A, images of wild-type, �B(I4F/�), �A(�/�) �B(�/�) �B(I4F/�), �A(Y118D/�)
�B(I4F/�), and �A(Y118D/�) lenses at postnatal day 21. Scale bar, 1 mm. B, surface plots of opacity distribution in different lenses using ImageJ software.
These plots revealed that only the �A(Y118D/�) �B(I4F/�) lens has dense nuclear opacity in the lens core. C, plot profiles generated by ImageJ showed
cataract distribution (y axis) relative to the distance from the center of the lens (x axis). The diameter of the cataract, from peak to peak, is represented by
arrows above the plot. The cataract in the �A(Y118D/�) �B(I4F/�) lens is concentrated in the lens core.

�-Crystallin and Cataracts

DECEMBER 24, 2010 • VOLUME 285 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 41191



�B genes because �A(�/�) and �B(�/�) mice develop clear
lenses despite a decrease in the amount of �A and �B pro-
teins, respectively (25, 26). More severe cataracts in �A(�/�)
�B(�/�) �B(I4F/�) lenses indicate that �-crystallins ex-
pressed from both gene alleles are essential for maintaining
lens transparency. Decades of in vitro studies have suggested
that �-crystallins with chaperone-like activity may serve a
protective function in the lens (7, 8). Recessive cataracts
caused by �A-crystallin null mutations in humans and in mice
indicate that �A-crystallin is essential for establishing and/or
maintaining transparency in wild-type lenses (25, 33). How-
ever, �-crystallins have not been directly shown to prevent
cataract formation caused by other mutations in vivo. Opacity
differences between �B(I4F/�) and �A(�/�) �B(�/�)
�B(I4F/�) lenses reveal the first in vivo evidence that �-crys-
tallins suppress cataract formation induced by the unstable
�B-I4F mutant protein. Thus, �B-I4F mutant proteins are a
useful native “denatured” target protein for wild-type and mu-
tant �-crystallins for in vitro and in vivo chaperone-like activ-
ity assays.
Previous studies of the �B-I4F mutation suggested that mu-

tant �B-I4F proteins were less heat-stable (24). It is likely that
an insufficient amount of �-crystallin proteins results in the
aggregation of unstable �B-I4F mutant proteins shown in Fig.
1A (H.W. peak 2). The molar ratio of �-crystallin multimers
was much lower than that of �B-I4F protein monomers in the
in vitro binding assay. Presumably, an insufficient amount of
�-crystallins also cause increased aggregation and insolubility

of �B-I4F mutant proteins in �A(�/�) �B(�/�) �B(I4F/�)
mutant lenses in vivo. Further experiments will be needed to
elucidate the mechanisms for cataractogenesis in �A(�/�)
�B(�/�) �B(I4F/�) and �A(Y118D/�) �B(I4F/�) mutant
lenses. However, it is difficult to separate the effects of mu-
tant proteins versus increased chaperone-like activity in
vivo. It may be interesting to determine whether an extra
amount of wild-type �A-crystallin, expressed from a trans-
genic mouse line, can inhibit cataracts caused by the �B-
I4F mutation.
Quantitative Light Scattering Measurements Accurately

Determine Cataract Severity in Mouse Lenses—We have im-
plemented and tested a quantitative method to determine
light scattering in cataractous lenses among different mouse
strains using a fiber-optic cable and spectrometer. Previous
studies have used qualitative scoring methods that rely on the
judgment of researchers or imaging the lens on a grid back-
ground (34). These methods cannot be used to quantify cata-
ract severity. Without the light scattering intensity quantifica-
tion, it would be difficult to demonstrate a significant
difference between �B(I4F/�) and �A(�/�) �B(�/�)
�B(I4F/�) lenses. Moreover, this new quantification method
can be easily established in any laboratory and is an excellent
tool for vision researchers to use to quantitatively study cata-
ractogenesis in mice.
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