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ABSTRACT: Although a number of γD-crystallin mutations
are associated with cataract formation, there is not a clear
understanding of the molecular mechanism(s) that lead to this
protein deposition disease. As part of our ongoing studies on
crystallins, we investigated the recently discovered Arg76 to
Ser (R76S) mutation that is correlated with childhood cataract
in an Indian family. We expressed the R76S γD-crystallin
protein in E. coli, characterized it by CD, fluorescence, and
NMR spectroscopy, and determined its stability with respect
to thermal and chemical denaturation. Surprisingly, no
significant biochemical or biophysical differences were
observed between the wild-type protein and the R76S variant,
except a lowered pI (6.8 compared to the wild-type value of
7.4). NMR assessment of the R76S γD-crystallin solution
structure, by RDCs, and of its motional properties, by relaxation measurements, also revealed a close resemblance to wild-type
crystallin. Further, kinetic unfolding/refolding experiments for R76S and wild-type protein showed similar degrees of off-pathway
aggregation suppression by αB-crystallin. Overall, our results suggest that neither structural nor stability changes in the protein
are responsible for the R76S γD-crystallin variant’s association with cataract. However, the change in pI and the associated surface
charge or the altered nature of the amino acid could influence interactions with other lens protein species.

Cataracts, the leading cause of blindness worldwide, are
predominantly an affliction of the elderly. Cataracts are

associated with a loss of lens transparency, which is related to
protein modifications that cause the lens proteins to form
insoluble aggregates, resulting in increased light scattering and,
hence, loss of vision.1 Protein modifications known to occur
with aging include oxidation, predominantly of cysteine and
methionine residues2,3 but also of tryptophan,4 deamidation of
asparagines and glutamines,5−8 glycosylation of lysine residues,9

and cleavage of peptide bonds.10−12 While age-related cataracts
occur only in adults, inherited cataracts manifest in early
childhood.13 At the present time, at least 60 cases of inherited
cataracts have been documented; these appear to be caused by
a single-gene disorder, and the amino acid substitutions have
been mapped.14 Nonsyndromic childhood congenital cataracts
occur at an estimated frequency of 1−6 per 10 000 live births,
with at least one-third of childhood cataracts having a familial
basis.15

The major prerequisite for lens transparency and a high
refractive index is a quasi-ordered arrangement and distribution
of proteins in the lens fiber cells. Crystallins, α, β, and γ-types,
make up over 90% of eye lens proteins16 and are thought to be
responsible for maintaining the favorable optical properties of
the lens.17 The β- and γ-crystallins are dimeric or monomeric β-
sheet proteins, while α-crystallins are multimeric assemblies
that function as chaperones.18 Human γD-crystallin (HGD)
comprises two structurally homologous domains, with each

domain containing two Greek key motifs. Over the past decade,
single amino acid changes in crystallins have been extensively
studied, with a goal of elucidating mechanisms that lead to
cataracts. For example, the R14C mutation causes disulfide
cross-linking that results in precipitation of oligomeric species
in solution.19,20 Two other mutants, R58H and R36S,
spontaneously crystallized under physiological condition.19,21

The P23T mutant is extremely insoluble compared to wild-type
HGD (WT-HGD) and forms high molecular weight aggregates
at physiological concentration.22−24 Interestingly, for all the
above mutant proteins, no significant changes have been
observed in their secondary and tertiary structures. Smaller
structural differences, however, can be detected. For example,
in the P23T mutant protein, the imidazole ring of H22 exists
predominantly as the Nδ1 tautomer instead of the Nε2
tautomer that is found in the wild-type protein, and this local
difference may initiate protein−protein contacts that serve as
nuclei for aggregation.25

Several approaches have been developed to describe and
explain the physical basis of lens transparency. One of these
involves characterizing the phase behavior of the lens protein
solution, interpreted as microscopic and collective protein−
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protein interactions that may also apply to their behavior in the
cataractous lens. For example, several mutations (i.e., R14C,
P23T, R36S, R58H) specifically change the homotypic γD −
γD interactions and form distinct condensed phases with
increased light scattering.26 Based on small-angle neutron
scattering and molecular dynamics simulation of heterotypic
α−γ mixtures, weak attractions between different proteins have
been postulated to help maintain lens transparency.27 For
example, the E107A mutant exhibited no difference in
biophysical properties, compared to WT-HGD, although the
interaction between γ- and α-crystallin appeared to be altered,
as mixtures containing both E107A and α-crystallin consistently
exhibited more pronounced light scattering compared to
mixtures of WT-HGD and α-crystallin.28 In addition, in γD
and βB1 mixtures, the energy of the γD−βB1 interaction is
significantly smaller than that of γD−γD, such that increasing
the amount of βB1 in solution lowers the phase separation
temperature.29 Indeed, all data available at present support the
notion that heterotypic interactions between the different types
of crystallins are delicately balanced in the eye lens, such that
even slight strengthening or weakening of such interactions
may lead to instability in mixtures of these proteins,30 with α-
crystallin, by virtue of its chaperone properties, playing a pivotal
role in preventing the aggregation and/or precipitation of other
lens crystallins.
Here, we present data on another congenital cataract-

associated mutation in human γD-crystallin as part of our
ongoing program to elucidate the structural basis of cataract
formation involving γD-crystallin. This mutant was identified in
an Indian family, with the affected individuals presenting with
juvenile autosomal dominant anterior polar and coronary
cataracts.18 The mutant is a single A/C change at position 229
in the CRYGD gene, leading to an R76S change in the protein.
At present, no information is available as to how the mutation
causes cataract.
We carried out biochemical, biophysical, and structural

analyses of R76S γD-crystallin (R76S). The overall protein
properties were assessed by CD and fluorescence spectroscopy;
thermodynamic stability was explored using thermal and
chemical denaturation experiments; and details of the three-
dimensional structure were investigated using residual dipolar
couplings (RDCs). The protein’s dynamic properties were
probed by 15N NMR relaxation. Kinetic unfolding/refolding
experiments were performed, and the influence of α-crystallin
was investigated. All combined data revealed no substantial
differences from WT-HGD in the properties of R76S, except
for a change in surface charge. Thus, interactions with other
proteins or factors in the lens may be the cause for R76S’s
association with cataract.

■ EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification. Wild-type and

mutant genes were inserted into pET14b vectors. E. coli BL21
(DE3) cells (EMD Chemicals) were transformed with these
vectors. For protein production, cells were grown at 37 °C to
an absorbance at 600 nm of 0.6 and induced by the addition of
0.5 mM IPTG at 18 °C for 16 h. For 15N and 13C labeling, cells
were grown in modified minimal medium containing 1 g/L
15NH4Cl and/or 2 g/L [13C] glucose as the sole nitrogen and/
or carbon sources, respectively.25

Proteins were purified essentially as described previously.25

Cells were lysed by passage through a microfluidizer (Micro-
fluidics, Newton, MA), and cell debris was removed by

centrifugation at 100000g for 1 h at 4 °C. Clarified cell lysate
was loaded onto a HiTrap Q XL anion exchange column (GE
Healthcare), equilibrated with 50 mM Tris buffer, pH 8.0, 1
mM EDTA, 1 mM DTT. The flow-through fraction was
collected and dialyzed overnight against 10 mM MES buffer,
pH 6.2, 1 mM DTT, 2% glycerol. The dialyzed sample was
loaded on a HiTrap SP cation exchange column (GE
Healthcare) and eluted using a linear NaCl gradient from 0
to 1 M over a 20-column volume. Fractions containing HGD
were subjected to gel filtration on a Superdex 75 26/60 column
(GE Healthcare) in 10 mM MES buffer, pH 6.2, with 5 mM
DTT, for final purification.
Protein concentration was determined spectrophotometri-

cally using an extinction coefficient of 42.86 mM−1 cm−1 at 280
nm. Protein purity and identity were assessed by matrix-assisted
laser desorption/ionization mass spectrometry on a Voyager-
DE PRO instrument, operated in a linear mode with external
calibration. WT-HGD and R76S exhibited experimental
molecular masses of 20 592.1 and 20 527.5 Da, respectively
(the theoretical molecular masses are 20 606.94 and 20 537.83
Da, respectively).

Circular Dichroism Spectroscopy. CD spectra were
recorded at 37 °C using a Jasco J-810 spectropolarimeter.
The protein concentration was 100 μg/mL in 10 mM sodium
phosphate buffer, pH 7.0. Far-UV CD spectra were collected
from 195 to 260 nm in a 1 cm path length quartz cuvette. The
buffer baseline signal was subtracted from all spectra.

Fluorescence Emission Spectroscopy. Fluorescence
spectra of WT-HGD and R76S were recorded at 37 °C using
a Cary Eclipse fluorescence spectrometer. Protein concen-
trations were 0.5 μM (10 μg/mL) in 100 mM sodium
phosphate buffer, pH 7.0, 5 mM DTT, 1 mM EDTA. An
excitation wavelength of 295 nm was used, and emission
spectra were recorded over a range of wavelengths from 305 to
400 nm with slit widths of 5 nm for excitation and 10 nm for
emission. All spectra were corrected for the buffer background.

Thermal and Chemical Denaturation. Samples for
denaturation contained 40 μg/mL protein in 10 mM sodium
phosphate buffer, pH 7.0, and were placed in an airtight, 1 cm
path length, quartz cuvette. Thermal denaturation was followed
by CD spectroscopy, monitoring the molar ellipticity at 218 nm
in 1 °C intervals over the temperature range of 25−95 °C.
Samples were equilibrated at each temperature for 1 min prior
to the measurements, and each spectrum was an average of
three consecutive scans.
Chemical unfolding by guanidinium hydrochloride

(GdnHCl) was monitored by tryptophan fluorescence. Samples
contained 10 μg/mL protein in 100 mM sodium phosphate
buffer, pH 7.0, 5 mM DTT, 1 mM EDTA, and 0−5.5 M
GdnHCl. Each sample was equilibrated at 37 °C for 24 h prior
to the measurements. Spectra were corrected for background
fluorescence from GdnHCl, and unfolding was monitored by
using the ratio of the fluorescence intensities at 360 and 320
nm.

Determination of Isoelectric Points. WT-HGD and
R76S proteins were subjected to electrophoresis on PhastGel
IEF gels (pH range, 3−9; GE Healthcare) using the Amersham
Isoelectric Focusing Calibration Kit (high range pI, pH 5−10.5)
for pI estimation. Protein bands were detected with Coomassie
Brilliant Blue R-250 staining.

Kinetics of Unfolding/Refolding. The time course of
unfolding in 5.5 M GdnHCl, 100 mM sodium phosphate
buffer, pH 7.0, 5 mM DTT, 1 mM EDTA was followed by
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fluorescence emission at 350 nm using an excitation wavelength
of 295 nm on a Hitachi F-4500 fluorometer. Protein at 100 μg/
mL was injected into the cuvette, yielding a final protein
concentration of 10 μg/mL at 37 °C, with constant stirring.
Fluorescence was monitored until no further changes were
observed. Each unfolding experiment was carried out in
triplicate. Refolding experiments were performed in an
analogous fashion. 100 μg/mL of protein that had been
incubated in 5.5 M GdnHCl, 100 mM sodium phosphate
buffer, pH 7.0, 5 mM DTT, 1 mM EDTA at 37 °C for 5 h, was
injected into 0.5 M GdnHCl in the same buffer. The final
GdnHCl concentration was 1.0 M.
Turbidity Measurements. Protein samples at a concen-

tration of 0.5 mg/mL were unfolded in 5 M GdnHCl, 100 mM
sodium phosphate buffer, pH 7.0, 5 mM DTT, 1 mM EDTA
overnight at 37 °C. Aggregation was initiated by diluting the
GdnHCl to 0.5 M with refolding buffer, yielding a final protein
concentration of 50 μg/mL. Immediately after the dilution step
the samples were thoroughly mixed and turbidity was measured
at 37 °C by absorbance at 350 nm using a temperature-
controlled Cary 50 UV/vis spectrophotometer (Varian Inc.).
For the aggregation suppression assays, the refolding buffer

also contained αB-crystallin at 250 μg/mL. The final
concentrations of WT-HGD and R76S were 50 μg/mL.
Turbidity of the solutions was measured as described above.
NMR Spectroscopy. All NMR spectra for resonance

assignments and backbone 15N relaxation data collection were
acquired at 25 °C, using either 15N-labeled or 13C,15N-labeled
samples on Bruker AVANCE 800, AVANCE 700, or AVANCE
600 spectrometers, equipped with 5 mm triple-resonance,
three-axis gradient probes or a z-axis gradient cryoprobe.
Temperature calibration was performed using the chemical shift
differences between methyl and hydroxyl protons of 100%
methanol. All samples contained protein at a concentration of
∼1 mM in NMR buffer (10 mM MES buffer, pH 6.2, 0.02%
NaN3, 5 mM DTT, 5% (v/v) D2O). HNCA, HNCACB,
CBCA(CO)NH, and HBHA(CO)NH experiments were
recorded for backbone, Cβ, and Hβ atom resonance assign-
ments.31,32 Residual 1J 1H−15N dipolar couplings were
measured on protein samples in C12E5/hexanol mixtures
(5% w/v, molar ratio 0.96)33 as the alignment medium, using
in-phase/antiphase 2D 1H,15N-HSQC spectroscopy.34 Samples

were kept in the magnet prior to RDC measurements for at
least 2 h to ensure complete alignment. Measured RDC values
were compared with predicted values based on the crystal
structure of the WT-HGD (PDB: 1hk0). The alignment tensor
was determined using single value decomposition for
calculating the Saupe order matrix with the program
PALES.35 Backbone 15N T1, T2 relaxation data were recorded
at 25 °C on 15N-labeled 1 mM protein samples in NMR buffer
at 600 MHz. Relaxation delays in the T1 experiments were 20,
50, 100, 300, 700, 900, 1200, 1500, 2000, and 2500 ms. The
experiments with 20 and 300 ms delays were repeated twice for
error estimation. CPMG mixing times in the T2 experiments
were 15.84, 31.68, 47.52, 63.36, 79.19, 95.04, 110.88, 126.72,
142.56, and 158.39 ms using 1024 × 128 complex points. The
experiments with 31.68 and 47.52 ms mixing times were
recorded twice for error estimation. Repetition delays in both
experiments were 2 s. Peak intensities were fitted using the
CURVEFIT program (A.G. Palmer III, Columbia University).
All spectra were processed with NMRPipe36 and analyzed using
CARA37 or SPARKY3 (version 3.113).38 Amide 1H,15N-
combined chemical shift differences were calculated using Δδ
= [(0.15ΔδN)2 + ΔδH2]1/2.

■ RESULTS

Protein Solubility. Since previous work established that
some cataract-associated mutations result in dramatically lower
solubility of the mutant proteins,23,25,39 we evaluated the
solubility of the R76S variant and compared it to that of WT-
HGD. The initial sample was concentrated at 4 °C and
subsequently kept at 25 °C. Even for the highest concentration
tested (320 mg/mL), no differences were noted between the
mutant and wild-type protein, suggesting that the R76S mutant
is extremely soluble and that reduced solubility cannot play a
role in cataract formation.

Conformational Properties. The overall structure of the
R76S protein was assessed by CD and fluorescence spectros-
copy. As evidenced by the data displayed in Figure 1, R76S and
WT-HGD exhibit identical far-UV CD and fluorescence
spectra. The CD spectra show distinct minima at 218 nm,
indicative of the proteins’ high β-sheet content, and a small
shoulder at 208 nm.40 The fluorescence spectrum of native
WT-HGD exhibits an emission maximum at 326 nm that shifts

Figure 1. Far-UV CD and fluorescence spectra of R76S and WT-HGD. (A) Far-UV CD spectra of R76S (dashed red line) and WT-HGD (solid
black line). All samples contained 100 μg/mL protein in 10 mM sodium phosphate buffer, pH 7.0 at 37 °C. (B) Fluorescence spectra of native WT-
HGD (red solid line) and R76S mutant (blue dashed line) at pH7.0 and denatured WT-HGD (green dashed line) and R76S mutant (black short
dotted line) in 5.5 M GdnHCl. Samples contained 10 μg/mL protein in 100 mM sodium phosphate buffer, pH 7.0, 5 mM DTT, 1 mM EDTA, at 37
°C.
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to 353 nm after denaturation in 5.5 M GdnHCl. The same
behavior is seen for the mutant protein. Since there are no
changes in tryptophan or tyrosine content (4 Trp, 14 Tyr), it is
clear from this data that no changes in the secondary structure
and overall conformation result from the R76S mutation.
Thermodynamic Stability. The thermal stability of R76S

was investigated by monitoring the ellipticity at 218 nm over
the temperature range from 25 to 95 °C. The data in Figure 2A
suggest that the transitions are two-state, without any major
intermediates. The melting temperatures (Tm) for both
proteins (midpoint of the transition) were ∼85.5 and ∼86
°C, indistinguishable within the error of the measurement.
Figure 2B displays GdnHCl unfolding curves for WT-HGD and
R76S, monitored by tryptophan fluorescence at 37 °C. Again,
no differences between WT-HGD and R76S are present. The
data were fit using a two-state model and, for R76S, yielded an
unfolding midpoint of 2.9 ± 0.1 M GdnHCl and an apparent
ΔGN→U

0 of 5.0 ± 0.4 kcal/mol. For WT-HGD, the unfolding
midpoint was 2.8 ± 0.1 M GdnHCl, and the apparent ΔGN→U

0

was 6.0 ± 0.3 kcal/mol. These values are very similar to those
previously calculated for WT-HGD.41 These data clearly
indicate that the thermodynamic stability of the mutant protein
is unchanged from wild-type crystallin.
Net Surface Charge. Since the change from a positive

arginine side chain to a polar, but neutral serine is expected to
alter the pI of the mutant, we determined experimental pI
values by isoelectric focusing (Figure 3). For WT-HGD and
R76S, pI values of 7.4 ± 0.1 and 6.8 ± 0.1, respectively, were
measured. The former is in excellent agreement with a previous
report,28 and the decrease by ∼0.6 units for R76S is in accord
with the loss of one positive charge on the surface of the
protein.
Kinetics of Unfolding/Refolding. Having found no

differences in equilibrium parameters when comparing WT-
HGD and R76S, we next examined whether any differences
may be present in the kinetics of un/folding. As can be
appreciated from the kinetic traces displayed in Figure 4, no
substantive differences are apparent. This makes it unlikely that
the amino acid substitution is acting through changing the
properties and/or presence of distinct intermediates in the un/
folding pathway.

Suppression of Aggregate formation by the Chaper-
one αB-Crystallin. It is generally accepted that α-crystallins
act as chaperones to keep γ- and β-crystallins soluble in the
highly concentrated protein environment of the eye lens. We,
therefore, investigated whether any differences in heterotypic
interactions between HGD and the αB-crystallin chaperone
could be detected for R76S compared to WT-HGD. The
influence of αB-crystallin on un/folding was tested in an
aggregation assay.42 Aggregation during refolding of denatured
WT-HGD and R76S at 37 °C was used to monitor αB-
crystallin chaperone activity. HGD aggregation reached a
plateau after 3 min in the absence of αB-crystallin (Figure 5).
Addition of the chaperone reduced protein aggregation, and for
a molar ratio of 5:1 of αB-crystallin to HGD, the light-
scattering intensity after 2 min was decreased to 25%, for both
WT-HGD and the R76S. The almost perfect superposition of
the kinetic traces displayed in Figure 5 clearly demonstrates
that the αB-crystallin chaperone has essentially identical effects
on WT-HGD and R76S refolding, suppressing aggregation
completely.

Structural Differences between WT-HGD and R76S.
To evaluate whether a protein undergoes small or significant

Figure 2. Thermal and chemical unfolding of R76S and WT-HGD. (A) Thermal denaturation of R76S (red) and WT-HGD (black) monitored by
CD spectroscopy. All samples contained 40 μg/mL purified protein in 10 mM sodium phosphate buffer, pH 7.0. (B) Chemical unfolding of R76S
(red) and WT-HGD (black). All samples contained 10 μg/mL protein in 100 mM sodium phosphate buffer, pH 7.0, 5 mM DTT, 1 mM EDTA and
GdnHCl from 0 to 5.5 M at 37 °C.

Figure 3. Isoelectric focusing of R76S and WT-HGD. Marker proteins
with pI values ranging from 5 to 10.5 are shown in lane 1; lanes 2 and
3 contain R76S and WT-HGD, respectively.

Biochemistry Article

dx.doi.org/10.1021/bi300199d | Biochemistry 2012, 51, 2588−25962591



structural changes upon mutation, 1H−15N HSQC spectrosco-
py is a useful tool and can be used as a “fingerprint” of the
three-dimensional structure.43 As is evident from the super-
position of the two 1H−15N HSQC spectra provided in Figure
6, most resonances, especially for residues in the C-terminal
domain, superimpose extremely well, suggesting a similar
structure for the mutant. The overall appearance of the
spectrum, well dispersed and sharp cross-peaks, also confirms
that no significant unfolding or destabilization of the protein
conformation is induced by the mutation, in agreement with
the data discussed above. In the R76S mutant spectrum, 162
amide resonances were assigned (of 168 possible). Assignments
for N24 and Q66 could not be obtained due to extreme
broadening of the resonances in agreement with the R2 data
(see below). Most chemical shift differences pertain to residues
in the N-terminal domain, with the largest differences observed

for resonances of amino acids in the vicinity of position 76, in
particular L71-S77. In addition, Q47 and L25 also exhibit
substantial differences in shifts, with Δδ values of 0.46 and 0.26
ppm, respectively. Overall, 18 resonances of residues located in
the N-terminal domain exhibited chemical shift differences
larger than 0.05 ppm. In contrast, resonances associated with
residues in the C-terminal domain exhibit average chemical
shift differences of ±0.006 ppm, with differences <0.02 ppm,
except L144 and Y143 for which Δδ values of 0.054 and 0.024
ppm, respectively, were observed. Two of the affected areas in
the N-terminal domain are close to the site of mutation,
centered around L25 and Q47, respectively. The Q47 amide
proton exhibited an exceptionally large perturbation. In the
WT-HGD crystal structure, the backbone carbonyl atom of E46
is located only 2.8 Å away from the R76 Nε atom, suggesting
that replacement of the arginine side chain with that of serine
removes the interaction between the R76 guanidinium group
and the E46 carboxyl group. R76 is also located at the start of
the last β-strand of the N-terminal domain and participates in a
hydrogen-bonding network of the Greek-key motif. Therefore,
the effect of the R76S mutation could propagate to other parts
of the polypeptide chain via perturbations in this hydrogen
bond network.
Although chemical shifts can provide a qualitative assessment

of where and why potential conformational changes are found,
residual dipolar couplings (RDCs) allow for a quantitative
evaluation of differences. We measured 137 1H−15N RDCs and
compared the experimental values with predicted values based
on the structure of WT-HGD. The correlation between
observed and calculated RDC values is provided in Figure
7A. No significant outliers are noted, and excellent agreement
between measured and predicted RDC values exists, with
average rms deviations of 4.57 Hz, a Q-factor of 0.19, and a
correlation coefficient of 0.97. Residues that exhibited differ-
ences >8 Hz are labeled, and most of them are located on the
surface of protein and engaged in crystal contacts. Thus, they
reflect differences between the solution and crystal states and
not necessarily differences in structure between WT-HGD and
the R76S mutant. For some residues, the RDC data suggest
that moderate structural changes are present in regions around

Figure 4. Kinetic unfolding/refolding experiments of R76S and WT-HGD. (A) Kinetic unfolding for R76S (red) and WT-HGD (black) at 37 °C.
All samples contained 10 μg/mL protein in 100 mM sodium phosphate buffer, pH 7.0, 5 mM DTT, 1 mM EDTA. Unfolding was initiated by
injecting folded native protein into a solution containing 5.5 M GdnHCl. (B) Kinetic refolding for R76S (red) and WT-HGD (black). All samples
contained 10 μg/mL protein in 100 mM sodium phosphate buffer, pH 7.0, 5 mM DTT, 1 mM EDTA, at 37 °C. Refolding was initiated by injecting
unfolded protein in 5.5 M GdnHCl into a solution containing 1.0 M GdnHCl. Fluorescence was monitored at 350 nm, and the intensity was
normalized with respect to native and unfolded protein controls.

Figure 5. Refolding of R76S and WT-HGD in the presence of the αB-
crystallin chaperone. R76S and WT-HGD were unfolded in 5.0 M
GdnHCl for 24 h at 37 °C. Refolding was initiated by dilution to 0.5
M GdnHCl at 37 °C. The final HGD protein concentration was 50
μg/mL in all samples, and the final αB-crystallin protein concentration
was 250 μg/mL.
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Q47 and R76, residues that also exhibited chemical shift
perturbation, since some clustered and systematic difference
between observed and calculated RDC values were seen
(Figure 7B).
To assess whether the mutation affected the domain−

domain orientation in the structure, RDCs of each domain were
back-calculated from the Saupe matrix obtained from the other
domain. Q-factors of 0.20 and 0.23 were obtained for the N-
terminal and C-terminal domains, respectively. No significant
differences between two Saupe frames were seen. Therefore,
the mutation does not cause any significant change in the
relative domain orientation.
Dynamics of WT-HGD and R76S. Even if no significant

structural differences exist between WT-HGD and R76S, the
motional properties of the protein may be affected by the
mutation. We measured R1, R2, and steady-state heteronuclear
{1H}−15N NOE data to evaluate whether the observed
chemical shift changes are associated with local unfolding.

Figure 8 summarizes the experimental values versus the residue
number. For WT-HGD and R76S, average R2 values of 14.62 ±
0.29 and 15.23 ± 0.28 s−1 were obtained. Only for H22 in the
R76S mutant a slightly larger R2 value of 47.19 s

−1 compared to
40.98 s−1 for WT-HGD was measured, indicating a slight local
increase in motion for the amide group. Overall, however, very
similar dynamics throughout both proteins prevail.
We also investigated whether any possible protein−protein

association of the R76S mutant protein was manifest in the T1

Figure 6. Superposition of the 1H−15N HSQC spectra and chemical
shift differences between R76S and WT-HGD. (A) 1H−15N HSQC
spectra of ∼1 mM R76S (red contours) and WT-HGD (blue
contours) at 25 °C. 162/168 amide resonances were assigned and are
labeled by amino acid name and number. Residues with 1H,15N
chemical shift differences >0.05 ppm compared to WT-HGD are
labeled in red. The amide resonance of R76 in WT-HGD is labeled in
blue. (B) Combined amide 1H,15N chemical shift differences versus
residue number. Unassigned resonances are shown with an arbitrary
value of 0.1 ppm. The inset depicts the backbone structure of WT-
HGD (1hk0) onto which the chemical differences are mapped. The
location of R76 is marked by a blue sphere. Positions of residues
whose amide resonances exhibit Δδ > 0.1 and 0.1 ppm > Δδ > 0.05
ppm are shown with orange and magenta spheres, respectively.

Figure 7. Comparison between observed and calculated 1H−15N
RDCs. (A) Calculated RDCs were predicted based on the crystal
structure of HGD (PDB: 1hk0), and experimental values were
measured in 5% C12E5/hexanol (r = 0.96) at 25 °C. Red and black
data points relate to resonances of residues in the N-terminal (3−81)
and C-terminal (89−171) domains, respectively. (B) Difference
between observed and calculated RDC values are plotted versus
residue number.

Figure 8. Backbone 15N R2 transverse relaxation rates for R76S (red)
and WT-HGD (black). All NMR samples contained 1 mM protein in
10 mM MES buffer, pH 6.2, 5 mM DTT. All data were collected at
600 MHz and 25 °C.
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and T2
15N relaxation data. The rotational correlation time τc

for each residue was calculated, and after discarding the top and
bottom 10%, an average τc of 11.61 ± 1.61 ns was obtained.
Based on the Stokes−Einstein relationship, this τc value
translates to a molecular mass of 19.35 kDa, indicating that
the R76S mutant protein is monomeric, with no indication of
multimerization.

■ DISCUSSION
Characterization of proteins isolated from cataractous lenses
suggested that increased light scattering is associated with
accumulation of high molecular mass aggregates lens crystallins.
In the lens fiber cell where protein catabolism and novel
synthesis are limited, protein depositions can cause serious
problems. Given that the R76S mutation was found to be
associated with juvenile cataracts, it is important to consider
how any mutation could cause the cataract. First, the mutation
could destroy the protein’s native, 3D fold, resulting in
aggregation of the unfolded polypeptide. This scenario appears
to be the case for W158X mutations of the CRYGD gene.
Second, a mutation can partially and locally destabilize the
protein, thereby increasing the population of a less soluble,
partially unfolded species, which deposits gradually. This may
be the case for the V75D mutant.44 Third, a mutation may have
no effect on protein folding or stability but simply decreases the
folded protein’s solubility. R14C, P23T, R36S, and R58H
mutants appear to belong to this class.
We thoroughly investigated the biochemical and biophysical

properties of the cataract associated R76S variant in parallel
with WT-HGD protein in order to derive a classification for
this mutant. Intriguingly, none of the above scenarios appears
to apply to the R76S. The R76S protein is as soluble as WT-
HGD (>300 mg/mL). In addition, no differences in
thermodynamic stability were noted, with no change in melting
temperature or other thermodynamic parameters (unfolding
transition midpoint of ∼2.8 M GdnHCl). Likewise, no
significant structural differences between WT-HGD and the
mutant could be detected, using a variety of spectroscopic
methods, including NMR.
Even the heterotypic interaction with αB-crystallin did not

reveal any differences, and mixtures of R76S with WT-HGD at
high concentration also did not result in aggregation (data not
shown).
The only difference found between HGD and the R76S

mutant was their isoelectric points. However, the isoelectric
point reflects a macroscopic property and does not inform
about changes at the atomic level. In order to evaluate whether
any significant changes in surface charge properties may have
been caused by the mutation, we calculated the electrostatic
potential for both WT-HGD and the R76S protein, using APBS
(Adaptive Poisson−Boltzmann Solver).45 Only a very localized
effect was noticed, and this change did not result in an overall
significant difference, such as creating a larger area or patch of
one kind of charge, positive or negative, and therefore cannot
explain the difference associating with cataract formation.
These findings indicate that the proposed relationship

between the R76S mutation and the occurrence of cataract is
not simply a property of the mutant protein itself, but most
likely depends on interactions with other lens molecules. Since
the replacement of arginine by serine changes the pI of the
protein, but the net γD−γD interactions are essentially
unaltered in R76S relative to HGD, interactions with other
proteins in the lens could play a role. Alternatively, the different

nature of the amino acid side chain could cause a loss of contact
with other lens components. The direct measurement of
aggregation suppression by the chaperone αB-crystallin argues
against αB-crystallin being involved in this interaction.
In addition to the chaperones, the lens contains high

concentrations of structurally homologous crystallins, including
γC- and γS-crystallins that belong to the β-subfamily. The
diversity of these closely related β-sheet proteins may provide a
means to suppress crystallization or aggregation of the very
concentrated crystallins. Indeed, Pande et al. showed that the
replacement of arginine 36 by serine removed a kinetic barrier
to nucleation of crystallization.46

We, therefore, hypothesize that R76S may cause cataract
through interactions with other structural crystallins. In human
lens cells, all crystallins pack into a liquid crystal-like material,
exhibiting strong short-range order, thereby suppressing
fluctuations in refractive index and reducing light scattering.47

This ordering seems maintained by heterotypic interactions of
α-, β-, and γ-crystallins, and it could be affected by even small
changes on any of the proteins’ surfaces. Juvenile onset
cataracts have also been associated with mutations in genes
encoding other lens proteins, such as the connexins,48,49 and
very little is known about the interplay between the soluble
crystallins of the fiber cell cytoplasm and these cell envelope
proteins.
Since most models of cataract focus on mature onset forms

in which the crystallin proteins have aged and been damaged by
oxidation or other chemical modifications, these models may
not be appropriate for juvenile onset cataracts, for which a
different mechanism could apply. In that regard, it is interesting
to speculate that the defect could reside in the initial folding of
the polypeptide chain after synthesis on the ribosome. Recent
evidence indicates that a group II chaperonin recognizes and
aids HGD folding. In particular, Mn-Cpn, a homologue of the
group II chaperonin from methanogenic archaea M. maripali-
dus, can suppress aggregation during refolding and can refold
HGD actively in vitro.50 Thus, the R76S substitutions could
cause a defect in productive folding of the newly synthesized
chain that is not corrected by interaction with the human CCT
chaperonin in the lens fiber cells.
Another possibility could be a mutant-only protein

modification. A recent report indicated that crystallins can be
phosphorylated,51 with S74 of HGD as one of the dominant
phosphorylation sites. Given the close proximity of residue R76
to this phosphorylation site, S76, in the mutant, could also
become phosphorylated, causing unexpected changes in the
protein. Further studies are necessary to address these
possibilities and aid in deciphering the structural basis of the
R76S mutant crystallin pathogenesis.
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