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ABSTRACT: QA-Crystallin is a small heat shock protein that functions as a molecular chaperone and a lens
structural protein. The R49C single-point mutation in aA-crystallin causes hereditary human cataracts.
We have previously investigated the in vivo properties of this mutant in a gene knock-in mouse model.
Remarkably, homozygous mice carrying the aA-R49C mutant exhibit nearly complete lens opacity
concurrent with small lenses and small eyes. Here we have investigated the 90° light scattering, viscosity,
refractive index, and bis-ANS fluorescence of lens proteins isolated from the aA-R49C mouse lenses and
found that the concentration of total water-soluble proteins showed a pronounced decrease in 0tA-R49C
homozygous lenses. Light scattering measurements on proteins separated by gel permeation chromatography
showed a small amount of high-molecular mass aggregated material in the void volume which still remains
soluble in tA-R49C homozygous lens homogenates. An increased level of binding of - and y-crystallin
to the o-crystallin fraction was observed in 0A-R49C heterozygous and homozygous lenses but not in
wild-type lenses. Quantitative analysis with the hydrophobic fluorescence probe bis-ANS showed a
pronounced increase in fluorescence yield upon binding to a-crystallin from mutant as compared with the
wild-type lenses. These results suggest that the decrease in the solubility of the aA-R49C mutant protein
was due to an increase in its hydrophobicity and supra-aggregation of otA-crystallin that leads to cataract
formation. Our study further shows that analysis of mutant proteins from the mouse model is an effective
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way to understand the mechanism of protein insolubilization in hereditary cataracts.

Small heat shock proteins are defined by their 15—30 kDa
subunit mass and a highly conserved “a-crystallin” domain
of approximately 90 amino acids in their C-terminal
region (/, 2). These proteins have recently received signifi-
cant attention due to their involvement in diverse human
pathologies, including neurological diseases and hereditary
cataracts (3-6). Two members of this family, cA- and oB-
crystallin, accumulate to very high concentrations in lens
fiber cells and are present in a 3:1 stoichiometry (7). Both
oA- and oB-crystallin function as molecular chaperones and
prevent nonspecific aggregation of denaturing proteins in
vitro (8, 9). aA-Crystallin is expressed in only a small
number of tissues outside the lens, whereas aB-crystallin is
widely distributed and is upregulated under a variety of stress
conditions (5). Targeted gene deletion studies of OA-
crystallin, oB-crystallin, or both proteins in mice have
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provided significant information about their roles in preserv-
ing lens transparency, growth, and development (3, 10-13).

The transparency of the human eye lens depends on the
properties of the crystallins which are expressed at very high
concentrations in lens fiber cells. The subunit mass of 0LA-
and aB-crystallin is approximately 20 kDa, and their amino
acid sequences are 57% identical. a A-Crystallin comprises
nearly 20% of the total water-soluble protein in newborn
human lenses (/4, 15). While the a-crystallins form oligo-
meric aggregates varying in molecular mass from 600 kDa
to 1.2 MDa in lens fiber cells, these cells also express an
abundance of another class of crystallins, Sy. The S-crys-
tallins form smaller oligomers (60—180 kDa), whereas
y-crystallins are monomeric polypeptides with molecular
masses of ~20 kDa (16, 17). Aggregation and insolubiliza-
tion of crystallins are considered major causes of formation
of age-related and hereditary human cataracts (I8, /9). Age-
related modifications in a-crystallin have been shown to
increase the level of formation of water-soluble high-
molecular mass protein aggregates which eventually become
insoluble (20, 217). The increase in protein aggregate size is
directly responsible for an increase in light scattering and
lens opacification. A decrease in protein solubility has also
been reported with several cataract-causing point mutations
in y-crystallins (22-24).

In recent years, a number of point mutations have been
discovered in the genes for A- and aB-crystallin that cause
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hereditary human cataracts (6). Point mutations in OLA-
crystallin (R116C, R49C, and G98R) have been shown to
cause human hereditary cataracts, and the R120G and D140N
mutations in aB-crystallin cause desmin-related myopathy
and/or hereditary human cataracts (4, 25-28). The mecha-
nisms that lead to cataract formation as a result of these
mutations are not fully understood. Among these mutations,
only the R49C mutation in olA-crystallin lies outside the
conserved a-crystallin domain of the small heat shock
proteins. The N-terminal region has been shown to be
important in oligomeric assembly of o-crystallin (29-31).
An increased level of exposure of the N-terminal region in
small heat shock protein Hsp16.5 correlates with enhanced
substrate binding of destabilized substrates, suggesting that
this region is important in determining the solubility of the
a-crystallin oligomeric complex (32, 33). However, the
mechanism by which a-crystallin becomes insoluble is
poorly understood.

The size, morphology, and temporal process of lens
opacification in human patients with the arginine 49 to
cysteine (A-R49C)" mutation are unknown at present. The
effects of the R49C mutation in aA-crystallin have been
investigated in cultured cells, and the mutation is known to
enhance lens epithelial cell death, cause the mislocalization
of aA-crystallin from the cytoplasm into the cellular nucleus,
and diminish the resistance of cells to stress conditions (26).
To understand how this point mutation in aA-crystallin
affects the lens in vivo, our laboratory recently generated a
knock-in mouse model for hereditary human cataracts caused
by the R49C mutation in otA-crystallin (34). The advantage
of this mouse model over in vitro expression of the mutant
protein is that it replicates the heterozygosity of the human
pathology in vivo. This model also allows the testing of gene
dosing effects via analyses of lens changes in heterozygous
and homozygous mice. We reported that *A-R49C heterozy-
gosity causes protein insolubility and lens opacities that were
apparent at an early postnatal age. ®A-R49C homozygosity
enhances protein insolubility and lens cell death in vivo,
leading to a small eye, small lens, and severe cataracts at
birth (34). The mechanism by which alA-R49C becomes
insoluble is not known. This report investigated the conse-
quence of the mutation on protein insolubility by measuring
the light scattering, refractive index, and viscosity of proteins
separated by gel permeation chromatography, in conjunction
with analysis of hydrophobicity using the fluorescent probe
bis-ANS. We demonstrate here that protein insolubility in
0A-R49C lenses is likely to be the result of an increase in
the hydrophobicity of a-crystallin and an increase in the level
of binding of - and y-crystallins to o-crystallin in the mutant
lenses.

MATERIALS AND METHODS

Animals and Lenses. Knock-in mice expressing the C to
T single-point mutation in codon 49 of the mouse OA-
crystallin gene (cryaa) resulting in the substitution of arginine
49 with cysteine (R49C) were generated by methods

! Abbreviations: otA-R49C, arginine to cysteine mutation in aA-
crystallin; bis-ANS, 1,1’-bis(4-anilino)naphthalene-5,5’-disulfonic acid;
DTT, dithiothreitol; HRP, horseradish peroxidase; IgG, immunoglo-
bulin; SDS—-PAGE, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis.
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described previously (34). Briefly, a knock-in plasmid was
generated by cloning the 5” and 3’ arms of the mouse aA-
crystallin gene, followed by mutation and homologous
recombination in mouse embryonic stem cells, which were
implanted into mice to generate the A A-R49C knock-in mice.
Heterozygous aA-R49C mice expressed one copy of the
mutant gene, while the second copy was the wild type.
Homozygous mice containing two copies of the mutant gene
were generated by interbreeding of heterozygous mice. Wild-
type littermates were used as controls. Mice used in this study
were from the 129 Sv strain backcrossed with the C57BL6
strain for several generations. PCR-based screening was
routinely used to genotype the animals. Mice were main-
tained at Washington University by the Division of Com-
parative Medicine by trained veterinary staff. All protocols
and procedures involving animals were approved by the
Animal Studies Committee. Mice were euthanized using CO,
inhalation, and lenses were dissected from 3—6-month-old
mice.

Preparation of Samples for Gel Chromatography. For each
chromatographic run, four mouse lenses (3—6 months old)
were used to isolate water-soluble proteins from wild-type
and oLA-R49C heterozygous mouse eyes, but because of their
smaller size, 12 lenses were used from tA-R49C homozy-
gous mice. Lenses were homogenized in 50 mM Tris-HCl
(pH 7.4) containing 100 mM NaCl, 1 mM DTT, and 1 mM
EDTA, and the water-soluble protein fraction was separated
by centrifugation at 15000g.

Analytical Chromatography and Analysis. HPLC gel
filtration chromatography (GPC) was performed using a
Spectraseries P200 pump (Thermo Separation Products,
Waltham, MA) with a MetaChem (Torrance, CA) degasser
equipped with triple detectors (Viscotek Corp., Houston, TX)
that measured the refractive index (RI), right angle laser light
scattering, and viscosity, supplemented with an additional
UV Waters 490E detector set at 280 nm (Waters Corp.,
Milford, MA). Two columns were connected in series, an
A4000PWXL column and a G4000PWXL column (Tosoh
Biosep, Montgomeryville, PA). Viscotek Trisec (Viscotek
Corp.) was used to calculate the RI area, weight-average
molecular mass, intrinsic viscosity, and radius of gyration.
Samples were injected at various volumes and concentrations.
The flow rate was 0.8 mL/min, and the column buffer was
comprised of 50 mM Tris, 100 mM NaCl, 1 mM EDTA, 1
mM DTT, and 0.1% NaN3 (pH 7.5). Samples from the
column were collected for further analysis as follows. The
amounts of protein present in the wild-type otA-crystallin,
0A-R49C heterozygous, and aA-R49C homozygous lens
samples were calculated using refractive index (RI) area.
Samples from each condition were then run using ap-
proximately equal amounts of total protein. Column fractions
for each condition were collected at 1 min intervals (800
uL/tube).

Molecular Mass Standards. Protein standards with known
molecular mass were used to standardize the column and
the detectors. Identical conditions were then used for the
separation of lens crystallins. Molecular mass protein stan-
dards were obtained from Amersham Biosciences (GE
Healthcare, Piscataway, NJ). The high-molecular mass
protein standards were dextran blue (2000 kDa), thyroglo-
bulin (669 kDa), catalase (232 kDa), and aldolase (158 kDa).
The low-molecular mass protein standards were bovine
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serum albumin (67 kDa), chymotrypsin (25 kDa), and
ribonuclease A (13.7 kDa).

Determination of Molecular Mass from Light Scattering
and Refractive Index. Using static light scattering as the
analytical tool, we determined the change in the weight-
average molecular mass of water-soluble a-crystallin isolated
from wild-type, aA-R49C heterozygous, and aA-R49C
homozygous mutant mouse lenses. In this modality, the
frequency of the scattered light is the same as that of the
incoming light and samples scatterers in the spatial domain
as the light beam encounters their refractive index fluctua-
tions along its optical pathway (/8). The viscosity measure-
ment is used to calculate the radius of gyration of the
o-crystallin aggregate. Light scattering data were collected
over a range of protein concentrations. Viscotek Trisec
(Viscotek Corp.) was used to calculate the refractive index
(RI) area, weight-average molecular mass, intrinsic viscosity,
and radius of gyration. The software uses an angular
correction calculation in determining molecular masses. This
method has been adapted from the Trisec GPC software
handbook (Viscotek Corp.).

Fluorescence Measurements. Fluorescence measurements
were taken with a Perkin-Elmer LS50 spectrofluorometer
with a FLWinlab data station. The concentration of the
protein was 0.1 mg/mL (approximately 0.125 uM). The
protein concentration was determined using an A%!% of 0.742.
The excitation and emission slits were set to 5 nm. Samples
with 4,4’-dianilino-1,1’-binaphthalene-5,5"-disulfonic acid
(bis-ANS) were excited at 360 nm, and fluorescence emission
was measured between 400 and 600 nm in a cuvette with a
path length of 1 cm at a scan rate of 100 nm/min. Bis-ANS
(1—5 uM) was either scanned alone in buffer or added to
the o-crystallin fraction from the gel permeation chroma-
tography column. All measurements were taken at 25 °C.

Thermal Stability. Time-dependent changes in the light
scattering of water-soluble protein fractions from wild-type,
heterozygous, and homozygous lenses were measured by
heating to 65 °C. Light scattering was measured in a
spectrofluorometer set at excitation and emission wavelengths
of 360 nm. Temperature-induced stability of protein solutions
was also measured by heating them to different temperatures
(25, 37, 42, 53, and 65 °C) for 30 min and measuring the
light scattering intensity at 360 nm (9, 28).

Immunoblot Analysis of Gel Permeation Chromatography
Fractions. Mouse lens crystallin fractions, harvested from
gel permeation chromatography columns, were mixed with
30 uL of SDS—PAGE sample buffer (5x) containing 0.02
M Tris-HCI1 (pH 6.8), 4% [-mercaptoethanol, 4 mg/mL
bromophenol blue, 5% SDS, and 60% glycerol. A 15 uL
aliquot was analyzed by SDS—PAGE using 15% gels.
Proteins were transferred to PVDF membranes and probed
with primary antibodies to oA-crystallin (a monoclonal
antibody to bovine otA-crystallin used at a 1:40 dilution) (10),
and polyclonal antibodies to the total bovine a-crystallin,
p-crystallin, and y-crystallin used at a 1:2000 dilution (35, 36).
The secondary antibodies were HRP-labeled anti-mouse or
HRP-labeled anti-rabbit IgGs. Blots were incubated with
luminol reagent (Santa Cruz Biotechnology) and exposed to
Kodak film to visualize the protein bands. In these analyses,
crystallins isolated by gel permeation chromatography from
human lenses were used as controls.
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The 0tA-R49C mutant is associated with cataracts. We
have generated knock-in mice expressing the aA-R49C
heterozygosity of human patients as well as otA-R49C
homozygous mice and analyzed their lens proteins. To
determine the effect of the mutation on the molecular mass
of the a-crystallin aggregate, gel permeation chromatography
of the water-soluble proteins from wild-type, otA-R49C
heterozygous, and aA-R49C homozygous mouse lenses was
performed. Figure 1 shows the chromatography profile for
wild-type water-soluble lens proteins measured by viscosity,
light scattering, and refractive index. o-, SH (3-heavy)-, L
(B-light)-, and y-crystallin lens protein fractions showed an
excellent separation based upon the differences in the
refractive indexes of these proteins. o-Crystallin is the major
contributor to light scattering. The viscosity curve parallels
the refractive index profile of the proteins and further shows
a small peak in the protein fractions eluting in the void
volume of the column. Table 1 shows the effect of the 0lA-
R49C mutation on the protein concentration of the water-
soluble lens fraction. The protein concentration of the water-
soluble fraction of the aA-R49C knock-in mouse lens
proteins decreased by 20% in heterozygous lenses and by
84% in homozygous lenses compared with wild-type proteins
(6.0 mg/mL for wild-type, 4.8 mg/mL for heterozygous, and
1 mg/mL for homozygous mouse lenses). The average of at
least two pooled lenses from two different preparations for
each genotype is shown. The significantly lower degree of
insolubilization in heterozygous knock-in mouse lenses that
express both the wild-type and mutant aA-crystallin suggests
that the presence of wild-type atA-crystallin protects against
protein insolubility. Furthermore, comparison of the light
scattering profiles showed that aA-R49C homozygous lenses
demonstrate a peak in the void volume corresponding to
aggregates of proteins of >2 MDa (Figure 2). Analysis of
the water-soluble proteins of A A-R49C homozygous lenses
by gel permeation chromatography showed a loss of the SL
fraction from the soluble phase of the 0 A-R49C homozygous
lenses (Figure 3A). Figure 3B shows a plot of the molecular
masses of protein fractions obtained from the gel permeation
chromatography column. A new low-molecular mass 15 kDa
protein (Figure 3B, arrow) and loss of an ~60 kDa protein
(Figure 3B, arrowhead) were observed in the homozygous
lenses. The weight-average molecular masses of the major
peaks were not significantly different among the three
genotypes, but the greatly reduced protein concentration
(Table 1) in the homozygous lenses suggests that the
formation of water-insoluble high-molecular mass aggregated
proteins is the major effect of the mutation. Table 2 shows
the weight-average molecular masses, viscosities, and radii
of gyration of the major protein peaks obtained by gel
permeation chromatography of the water-soluble lens pro-
teins. The UV chromatogram of the water-soluble lens
proteins also clearly demonstrated a loss of the SL- and
y-crystallin peak in aA-R49C homozygous lenses (Figure
4A). A comparison of the results in Figures 3A and 4A
suggests that the refractive index detector separated the SL-
and y-crystallins much better than the UV detector. The
identity of the protein peak fractions separated by gel
permeation chromatography was confirmed by immunoblot
analysis with antibodies specific to bovine a-, -, and
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FIGURE 1: Gel permeation profile of lens proteins from wild-type

mouse lenses. (A) Light scattering (solid gray line) and refractive index

(dotted black line) measurements on proteins eluting from the column. The column was calibrated using molecular mass markers (1)
dextran blue (2 MDa), (2) thyroglobulin (669 kDa), (3) ferritin (440 kDa), (4) catalase (232 kDa), (5) aldolase (156 kDa), (6) bovine serum
albumin (67 kDa), (7) chymotrypsin (25 kDa), and (8) ribonuclease A (12.5 kDa). (B) The dashed line indicates the viscosity of proteins
that eluted from the column. The first peak is a-crystallin (oA + oB), the second SH-crystallin, the third SL-crystallin, and the fourth

y-crystallin.

Table 1: Protein Concentrations of Water-Soluble Crystallins Isolated
from Wild-Type, aA-R49C Heterozygous, and atA-R49C Homozygous
Mouse Lenses”

lens genotype protein concentration (mg/mL)

wild type 6.0
aA-R49C heterozygous 4.8
aA-R49C homozygous 1.0

“We prepared lens water-soluble proteins by homogenizing mouse
lenses in 1 mL of Tris-HCI buffer (pH 7.5) containing 100 mM NaCl, 1
mM DTT, 1 mM EDTA, and 0.1% NaN3 and centrifuging them at
15000g as described in Materials and Methods. Four lenses were used
for wild-type and 0A-R49C heterozygous mice. Because of the
significantly smaller size of the lenses of the atA-R49C homozygous
mice, 12 lenses were used. Note the pronounced decrease in the
concentration of the soluble proteins in the ®A-R49C homozygous
lenses.

y-crystallins (Figure 4B). Surprisingly, the amount of low-
molecular mass material in ®A-R49C homozygous lenses
was much smaller than expected on the basis of the refractive
index (Figure 3A) and UV absorption (280 nm) profiles
(Figure 4B), suggesting that the level of epitope interacting
with the y-crystallin antibody was drastically reduced in these
lenses. The immunoblot analysis with an oA-crystallin-
specific antibody (Figure 4B) clearly demonstrated that a
small amount of alA-crystallin remained soluble in the 0lA-
R49C homozygous lenses. aA-Crystallin is known to bind
partially unfolded, denaturing substrates in its role as a

chaperone. To determine the effect of the *A-R49C mutation
on the binding of §- and vy-crystallins to the o-crystallin
fraction, we next analyzed the a-crystallin fractions from
wild-type, heterozygous, and homozygous lenses with an-
tibodies to - and y-crystallin. Ilmmunoblot analysis indicated
a stable binding of - and y-crystallin to the o-crystallin
fraction from the aA-R49C mutant lenses (Figure 4C). In
contrast, - and y-crystallin were not associated with
o-crystallin from wild-type lenses. This is a clear demonstra-
tion that a-crystallin is associated with - and y-crystallin
in the mutant lenses.

The difference between the solubility of the mutant 0lA-
crystallin in the native state and those of the wild type may
be caused by local changes in protein conformation of the
mutant 0tA-crystallin that expose hydrophobic patches as a
result of point mutations. To test this possibility, we
compared the surface hydrophobicity of wild-type and mutant
otA-crystallin. The surface hydrophobicity was determined
by bis-ANS fluorescence. Bis-ANS, a hydrophobic probe,
is nonfluorescent in aqueous solution and becomes fluores-
cent when bound to the hydrophobic residues on the surface
of a molecule (37, 38). Figure 5 shows that the bis-ANS
fluorescence increased in direct proportion to the increase
in the level of alA-R49C expression in the o-crystallin
fractions from wild-type, 0tA-R49C heterozygous, and 0.A-
R49C homozygous mouse lenses. The fluorescence intensity



Small Heat Shock Protein Insolubilization

100

90

80

70

60

50

40

Relataive Response

30

IV o~
0

10.0 13.0 16.0 19.0 22,0 25.0
Retention Volume (ml)

FIGURE 2: Abundance of a high-molecular mass soluble protein

species in A-R49C homozygous lenses detected by light scattering:

wild-type (dashed line), aA-R49C heterozygous (dotted line), and

aA-R49C homozygous lenses (solid gray line). Note the protein

peak in the void volume of the gel permeation chromatography

column in 0tA-R49C homozygous lens proteins but not in wild-
type or tA-R49C heterozygous proteins.

of bis-ANS in buffer increased 8-fold in the presence of
o-crystallin from wild-type lenses. The bis-ANS fluorescence
further increased 1.5- and 2.2-fold over that of the wild type
in the presence of a-crystallin isolated from oA-R49C
heterozygous and 0l A-R49C homozygous lenses, respectively.
Previous studies showed that the thermodynamic stability
of 0lA- and aB-crystallin can be determined by measuring
temperature-induced unfolding and insolubility (28, 39, 40).
Therefore, we next compared the thermal stability of the
o-crystallin fraction from wild-type and mutant lenses. The
mutant protein was susceptible to heat-induced aggregation
at 65 °C within 10 min, whereas the wild-type protein
exhibited much lower light scattering (Figure 6). The mutant
protein formed light scattering aggregates above 42 °C,
whereas the wild-type protein remained clear and stable in
solution up to 53 °C (data not shown). This suggested that

the mutant protein was sensitive to temperature above 42
°C

DISCUSSION

The lenses of hereditary cataract patients in the family
described by Mackay et al. (26) with the ®A-R49C mutation
develop a “nuclear” cataract at an early age. These patients
have one chromosomal copy of normal 0lA-crystallin allele
and one copy of the mutant allele that produces the otA-
R49C protein. Thus in lens cells of these patients, an 0tA-
crystallin molecule consists of complexes containing an equal
amount of normal and mutant alA-crystallin subunits. To gain
a better understanding of the effect of the mutation in vivo,
we have created a knock-in mouse model to genetically
recapitulate this cataract-causing mutation in atA-crystallin
using a novel embryonic stem cell-based genetic approach
(34). The 0.A-R49C heterozygous mice develop anterior and
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FIGURE 3: Refractive indexes and differential molecular mass
distributions of crystallins isolated from wild-type and tA-R49C
mutant lenses. (A) Refractive index profile of crystallins separated
by gel permeation chromatography: wild-type (dashed line), atA-
R49C heterozygous (dotted line), and 0t A-R49C homozygous lenses
(solid gray line). Note the dramatic decrease in the level of SL-
crystallin in the soluble fraction of ®A-R49C homozygous lenses.
(B) Differential molecular mass distribution of wild-type (dashed
line), 0A-R49C heterozygous (dotted line), and atA-R49C homozy-
gous lenses (solid gray line). Note the diminution in the level of of
PL-crystallin (60 kDa) in the oA-R49C homozygous lenses
(arrowhead). Also note the increase in the level of a 15 kDa protein
in the 0 A-R49C homozygous lenses (arrow).

posterior lens changes at eye opening (3 weeks old), and at
4 months of age, these mice also develop a nuclear opacity.
The aA-R49C heterozygous mice have been interbred to
generate 0LA-R49C homozygous mice. The homozygous
mice not only develop cataracts but also demonstrate a small
eye phenotype not observed in the heterozygous mice or
human patients which are heterozygous for the mutation,
although micro-ophthalmia has been reported with another
cataract-causing mutation in aA-crystallin, aA-R116C (4).

The lenses of A-R49C homozygous mice allowed us to
assess the effect on protein insolubility in vivo in the absence
of any normal oA-crystallin subunits in this study. We
demonstrate that the in vivo effect of ®A-R49C is to make
a large proportion of the soluble crystallins insoluble in the
homozygous knock-in lenses. Most small heat shock proteins
assemble into polydisperse and dynamic oligomers, and their
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Table 2: Effect of the a A-R49C Mutation on Molecular Mass, Intrinsic
Viscosity, and Radius of Gyration of Major Crystallin Peaks

intrinsic radius of
molecular viscosity gyration
mass (kDa) (dL/g) (R,) (nm)
a-crystallin fraction
wild-type lens 1004 0.065 13.29
aA-R49C heterozygous lens 1061 0.063 13.22
aA-R49C homozygous lens 1150 0.077 14.28
[H-crystallin fraction
wild-type lens 105.2 0.044 5.32
aA-R49C heterozygous lens  114.5 0.046 5.54
aA-R49C homozygous lens 123.0 0.052 5.85
PL-crystallin fraction
wild-type lens 63.1 0.057 5.04
aA-R49C heterozygous lens ~ 65.0 0.043 4.64
aA-R49C homozygous lens ~ ND“ ND“ ND“
y-crystallin fraction
wild-type lens 22.6 0.0418 3.24
aA-R49C heterozygous lens  19.2 0.044 3.11
aA-R49C homozygous lens 19.8 0.038 2.80

“ Not determined.

heterogeneity is enhanced by substrate binding. Investigators
have shown that both otA- and aB-crystallin form oligomers
of different sizes and shapes (47). The oligomeric assembly
of mutant aA-crystallin indicates that oligomers larger than
the wild-type protein are formed (40). The cataract-causing
R116C mutant of aA-crystallin forms water-soluble oligo-
mers with a weight-average molecular mass twice as high
as that of the wild-type protein (42). Similarly, the G98R
otA-crystallin mutant protein forms highly polydisperse
aggregates with an average molecular mass 5-fold higher
than that of the normal protein (40). Likewise, cataract-
causing mutations in aB-crystallin also give rise to water-
soluble aggregates with average masses 1.5—2-fold higher
than that of the wild-type protein (28, 43). Our results with
the a-crystallin fraction isolated from the in vivo knock-in
lenses showed that the radius of gyration (R,) of the water-
soluble o-crystallin aggregate increased from a value of 13.3
nm in wild-type lenses to 14.3 nm in homozygous lenses.
These values are based on intrinsic viscosity measurements,
which are generally low for compact proteins. Our software
performed the R, calculation but did not have the hydrody-
namic radius (Ry) calculating capability. R, values are
30—40% higher than Ry, values. For example, the published
Ry, of wild-type lens a-crystallin is 8—9 nm (40). Nonethe-
less, the R, values reported here are reliable and useful
parameters for assessing changes in protein aggregation.
The molecular mass determinations reported here are based
on light scattering measurements. The water-soluble a-crys-
tallin molecular mass increased slightly from 1004 kDa for
the wild type to 1061 and 1150 kDa for heterozygous and
homozygous lenses, respectively. In contrast to previous
studies, however, our results show that the major effect in
vivo of the aA-R49C mutation in the homozygous lenses
was a drastic reduction in overall protein solubility. These
results show that when alA-R49C starts to become a higher-
molecular mass species, it just becomes water-insoluble. The
high-molecular mass peak eluting in the void volume of the
light scattering profile shows a small amount of high-
molecular mass aggregated material in aA-R49C homozy-
gous lenses which is still water-soluble. The presence of this
high-molecular mass soluble protein aggregate in the 0tA-
R49C homozygous lenses provides direct evidence of the
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FIGURE 4: UV absorbance and immunoblot analysis of lens protein
fractions from wild-type and 0tA-R49C mutant lenses. Wild-type
lenses (dashed line), 0lA-R49C heterozygous lenses (dotted line),
and 0tA-R49C homozygous lenses (solid gray line). (A) UV
absorbance at 280 nm. (B) Immunoblots represent the peak fractions
of o-crystallin, SH-crystallin, and SL- and y-crystallin obtained
from chromatographic separation of wild-type, ®A-R49C heterozy-
gous, and 0A-R49C homozygous lens water-soluble proteins,
respectively. Immunoblot analysis of the chromatography peak
fractions with antibodies to aA-crystallin, total S-crystallin, and
total y-crystallin was performed. Note the distinct loss of immu-
noreactivity to y-crystallin antibody in the aA-R49C homozygous
lens proteins. Note also that the concentration of the water-soluble
a-crystallin fraction (A + aB) was the highest in the wild type
and decreased gradually in the 0A-R49C heterozygous and ho-
mozygous lenses. (C) Immunoblot analysis of the o-crystallin
fraction of wild-type, tA-R49C heterozygous, and aA-R49C
homozygous lenses with antibodies to [5- and y-crystallin. Note
the gradual increase in - and y-crystallin immunoreactivity in the
heterozygous and homozygous o-crystallin fractions. Note also that
f- and y-crystallin immunoreactivity was absent in the wild-type
a-crystallin fraction.

formation of an unstable, intermediate species in the ho-
mozygous lenses.

The finding that disruption of the atA-crystallin N-terminal
arginine 49 residue profoundly affects the solubility agrees
with the paradigm that sequence divergence in the N-terminal
domain of small heat shock proteins is a primary mechanism
for regulating the oligomer solubility and degree of
order (29, 44, 45). The N-terminal domain of small heat
shock proteins is known to be important in recognition of
substrates (33, 46). Investigators have suggested that per-
turbation in the N-terminal region is transmitted to the
C-terminal region of the a-crystallin domain, leading to an
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FIGURE 5: Bis-ANS fluorescence in wild-type and 0cA-R49C mutant
lenses. The fluorescence of bis-ANS (5 uM) was measured using
an excitation wavelength of 360 nm. The emission was measured
from 400 to 600 nm. Emission spectra of bis-ANS in buffer (dashed
gray line), a 0.1 mg/mL a-crystallin fraction from wild-type mouse
lenses (black dashed line), an o-crystallin fraction from otA-R49C
heterozygous mouse lenses (dotted line), and an o-crystallin fraction
from aA-R49C homozygous mouse lenses (solid gray line). Note
the fluorescence emission maximum of bis-ANS at 480 nm upon
binding to a-crystallin. Note also the prominent enhancement in
fluorescence intensity of bis-ANS bound to the a-crystallin fraction
isolated from alA-R49C mutant lenses.
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FIGURE 6: Thermal stability of lens proteins from wild-type and
aA-R49C mutant lenses. The thermal stability of the a-crystallin
fraction was determined by the time-dependent change in light
scattering as monitored at 360 nm and 65 °C: wild-type (dashed
line), ®A-R49C heterozygous (dotted line), and otA-R49C homozy-
gous (solid gray line). By the 10 min incubation point, the
a-crystallin fraction of the aA-R49C lenses began to aggregate
and precipitate out of solution. In contrast, wild-type o-crystallin
exhibited significantly lower light scattering.

expansion of the structure of Hsp16.5 (32). Previous studies
of substrate binding to mutant oLA-crystallin indicated an
expansion of the oligomeric assembly, and this was attributed
to greater substrate binding and an increase in the insolubility
of the substrate—chaperone complex. These mutants also
exhibited a higher affinity for their substrates (32). In our
A-R49C heterozygous and homozygous mutant lenses but
not the wild type, the a-crystallin fraction separated by gel
permeation chromatography had increasing amounts of stably
bound - and y-crystallins, two proteins strongly expressed
in lens fiber cells. These results indicate that as oLA-crystallin
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starts to bind (- and y-crystallin, it begins to become
insoluble, which corresponds with the phenotype of the
cataractous lens. The stably bound (- and y-crystallin
identified in the o-crystallin fraction are assumed to be in
an extensively unfolded state and are recognized by the
chaperone protein (32). These interactions are likely to be
crucial in determining the ultimate fate of the o-crystallin
oligomer. The data presented in this study can be interpreted
by the model in which the aggregate size of mutant 0tA-
crystallin increases to produce a water-soluble high-molecular
mass intermediate species that precipitates out of solution.
As lens crystallins exist at a high protein concentration in
lens fiber cells, the mechanism described above could be an
important factor underlying the human disease phenotype.

The results of this study show that a significant proportion
of the oLA-crystallin was insoluble in tA-R49C homozygous
lenses. To understand the mechanism of insolubilization by
the A-R49C mutation, the hydrophobicity of the a-crystallin
fraction isolated by gel permeation chromatography was
measured (Figure 5). Bis-ANS is a sensitive probe that has
been shown to bind to a hydrophobic region of the protein
(47). Investigators have shown that increasing the temper-
ature increases the level of binding of bis-ANS to o-crystallin
due to the exposure of hydrophobic sites on the protein
(48, 49). It has also been found that denaturation and
refolding of a-crystallin enhance the binding of bis-ANS to
the protein due to an increase in the level of exposure of
hydrophobic sites (47, 48). The gradual enhancement of the
fluorescence yield of bis-ANS from wild-type to heterozy-
gous to homozygous o-crystallin fractions indicates that the
hydrophobicity of the protein increases with the 0tA-R49C
mutation. Interestingly, a hydrophobic sequence from residue
41 to 58 in the related protein oB-crystallin has been shown
to be selective for interactions with fully unfolded substrates
(46). Similarly, studies on aB-crystallin have shown that the
D140N mutation associated with hereditary cataracts leads
to an increase in hydrophobicity and partial unfolding of the
protein (28). In addition, with aging, o-crystallin undergoes
partial unfolding and an increased level of aggregation (14, 50).
Solvent exposure of hydrophobic interfaces has been shown
to cause a loss of protein solubility (57, 52). A delicate
balance between the positions of hydrophobic and charged
amino acids can also contribute to the aggregation behavior
of proteins (53). Although the increased hydrophobicity of
proteins may not always correlate with protein insolubility,
it is likely to be one of the factors contributing to protein
insolubility of the ®A-R49C mutant lenses. The results of
this study suggest that the aA-R49C mutation exposes
hydrophobic sites and leads to stronger bis-ANS binding.
The adverse effect of exposure of these hydrophobic patches
in the aA-R49C mutant is that the proteins aggregate at high
concentrations present in the lens fiber cells in vivo. The
bis-ANS fluorescence enhancement uncovers a change in the
protein aggregation dynamics of the a-crystallin fraction of
0.A-R49C mutant lenses.

The most interesting finding in this study is that a minor
change in the molecular mass of the o-crystallin fraction
causes a substantial increase in the amount of (- and
y-crystallin associated with the water-soluble fraction of
homozygous lenses (Figure 4C). The reduction in the level
of SL-crystallin and the disappearance of y-crystallin from
the soluble fraction of atA-R49C homozygous lenses (Figures
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3 and 4) may be explained by the enhanced hydrophobicity
of the mutant a-crystallin in the aA-R49C homozygous
lenses. BL-Crystallin disappeared from the proteins separated
by gel permeation chromatography, suggesting that it became
insoluble. In 3-week-old knock-in mouse lenses, the degree
of interaction between olA-crystallin and S-crystallin was
found to increase in heterozygous lenses by co-immunopre-
cipitation analysis (34). The loss of the BL-crystallin in
homozygous lenses in gel permeation chromatography sug-
gests that the interaction between SL-crystallin and 0 A-R49C
may not be sufficiently strong to persist during gel perme-
ation chromatography. Alternatively, a-crystallin may be
partly responsible for keeping the SL-crystallin in the soluble
phase, and when aA-crystallin is mutated and becomes
insoluble, the solubility of S-crystallin is also diminished.
Furthermore, the appearance of the lower-molecular mass
peak and the dramatic reduction in the immunoreactivity of
y-crystallin from homozygous lenses suggest a change in
the y-crystallin epitope reacting with the antibody. Future
studies will examine whether the presence of wild-type
o-crystallin inhibits the loss of this low-molecular mass
y-crystallin.

The results of our study with aA-R49C heterozygous lens
homogenates suggest that the presence of wild-type aA-
crystallin likely plays a role in buffering the impact of the
0A-R49C mutant protein by diluting its deleterious effect
on long-term protein stability. The complete loss of func-
tional otA-crystallin in homozygous lenses enhances the
binding of the substrate to unfolding states, leading to an
increased level of insolubilization. These results clearly
demonstrate that the biological effect of the olA-R49C
mutation is to increase the level of aggregation of the water-
soluble a-crystallin, ultimately causing insolubilization and
lens opacification.

The 0tA-R49C mutation lies outside the conserved a-crys-
tallin domain. Investigators have examined the properties of
several arginine mutants in the C-terminal domain of aA-
crystallin in vitro (42, 54, 55). The N-terminal mutant 0tA-
crystallin with the arginine 49 to alanine (R49A) mutation
had a molar mass significantly higher than that of the wild-
type protein (56). The aA-R49C mutant proteins isolated
from the heterozygous and homozygous lenses had slightly
greater radii of gyration. While most of the o-crystallin from
homozygous knock-in lenses becomes water-insoluble, a
small amount of otA-crystallin could be detected in the
soluble fraction. As the lens fiber cells express aA- and aB-
crystallin in a 3:1 stoichiometry, the fact that even in the
absence of any wild-type aA-crystallin in 0tA-R49C ho-
mozygous lenses, a small amount of aA-crystallin does
remain water-soluble indicates a protective role of aB-
crystallin. Other studies indicate that the ctA-crystallin R54H
mutation, which also lies outside the conserved a-crystallin
domain, produces high-molecular mass aggregates and
recessive cataracts in mice (57). It is also well established
that the molecular mass of a-crystallin increases with aging
and cataracts, and a water-soluble high-molecular mass
a-crystallin has been reported in aged human lenses (50, 58).
It should be noted that this study characterizes only the water-
soluble proteins of the lens, which is not one and the same
as lens transparency (/4). A clear adult human lens has a
significant amount of water-insoluble material. Because of
the differences in water solubility observed in this study
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(Table 1), the percentage of total lens proteins being analyzed
in the water-soluble protein fraction probably represents a
significant proportion (80—90%, based on studies in the
literature) of the total lens protein in wild-type lenses, but a
markedly smaller fraction in the atA-R49C homozygous
lenses, with heterozygous lenses being intermediate between
these two values.

In summary, using a mouse model for human hereditary
cataracts, the results of this study provide key insights into
the mechanism of protein insolubilization by a point mutation
in aA-crystallin, show clear evidence that 8- and y-crystallin
stably bind oa-crystallin in mutant lenses, reveal an increase
in the surface hydrophobicity of the mutant protein, and
demonstrate the existence of a water-soluble high-molecular
mass intermediate in the cataractous lenses. These data
suggest that 0lA-R49C has a tendency to become unstable
and bind more unfolded substrate proteins. Expression of
both wild-type and mutant ctA-crystallin in the heterozygous
lenses reduces the level of formation of proteins containing
exposed hydrophobic regions, reducing the rate of their
transition into high-molecular mass water-insoluble species.
Although the molecular mass of the water-soluble a-crys-
tallin fraction was not very different among the three different
genotypes studied, the binding of - and y-crystallins was
different, probably because of the differences in hydropho-
bicity of a-crystallin. Further studies of o-crystallin with
neutron scattering in solution are in progress to determine
the molecular structure of the aA-R49C protein.
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