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Background: The mechanism of cataract formation by the recently discovered yD-crystallin W42R mutant is unknown.
Results: Structural, biochemical, and biophysical studies revealed a partially unfolded species of the W42R mutant.
Conclusion: Partially unfolded species serve as nuclei for aggregation.

Significance: The properties of the W42R mutant yD-crystallin provide the link to the pathogenesis of age-related cataract

caused by photodamaged wild-type yD-crystallin.

Some mutants of human yD-crystallin are closely linked to
congenital cataracts, although the detailed molecular mecha-
nisms of mutant-associated cataract formation are generally not
known. Here we report on a recently discovered yD-crystallin
mutant (W42R) that has been linked to autosomal dominant,
congenital cataracts in a Chinese family. The mutant protein is
much less soluble and stable than wild-type yD-crystallin. We
solved the crystal structure of W42R at 1.7 A resolution, which
revealed only minor differences from the wild-type structure.
Interestingly, the W42R variant is highly susceptible to protease
digestion, suggesting the presence of a small population of par-
tially unfolded protein. This partially unfolded species was con-
firmed and quantified by NMR spectroscopy. Hydrogen/deute-
rium exchange experiments revealed chemical exchange
between the folded and unfolded species. Exposure of wild-type
yD-crystallin to UV caused damage to the N-terminal domain of
the protein, resulting in very similar proteolytic susceptibility as
observed for the W42R mutant. Altogether, our combined data
allowed us to propose a model for W42R pathogenesis, with the
W42R mutant serving as a mimic for photodamaged yD-crystal-
lin involved in age-related cataract.

Cataract, referred to as opacification of all or part of the crys-
talline lens of the eye (1), can be broadly divided into two class-
es: early onset (congenital or juvenile) and age-related cataract
(2). The congenital cataracts occur at an estimated prevalence
of 2.2-2.5 cases per 10,000 live births (3), and ~50% of congen-
ital cataracts are inherited (4). Cataract-associated mutations in
the crystallin genes are known to occur in all three crystallin
families (5, 6) and show a variety of phenotypes. At the present
time, at least 60 cases of inherited cataracts have been docu-
mented; these appear to be caused by a single-gene disorder,

* This work was supported, in whole or in part, by National Institutes of Health
GrantEY021193 (to A. M. G). This work was also supported by a scholarship
from the China Scholarship Council (to F. J.).

¢ This article was selected as a Paper of the Week.

The atomic coordinates and structure factors (code 4GR7) have been deposited in
the Protein Data Bank (http://wwpdb.org/).

" To whom correspondence should be addressed: Dept. of Structural Biology,
University of Pittsburgh School of Medicine, 3501 Fifth Ave., Pittsburgh, PA
15261. Tel.: 412-648-9959; Fax: 412-648-9008; E-mail: amg100@pitt.edu.

JANUARY 4, 2013 -VOLUME 288+NUMBER 1

and amino acid substitutions have been mapped to the affected
genes (7).

Human yD-crystallin (HGD)? is the second most abundant
y-crystallin of the lens nucleus (8). It is monomeric and con-
tains 173 amino acids. The overall architecture of HGD shows
two highly homologous, duplicated -sheet domains, each with
two buried tryptophans: Trp-42 and Trp-68 in the N-terminal
domain (N-td) and Trp-130 and Trp-156 in the C-terminal
domain (C-td). These four tryptophans are conserved in all ver-
tebrate y-crystallins.

Mutations of hydrophobic residues associated with congen-
ital or early onset cataract in mice have been identified, includ-
ing F9S in murine yS-crystallin (9-11) and V75D (12) and I90F
(13) in murine yD-crystallin. King and co-workers (14) per-
formed systematic mutational studies on HGD, revealing the
critical role of the hydrophobic core and important features of
the domain interface for folding and stability of HGD. These
mutants, including F56A, I181A, V132A, and L145A, possess a
destabilized N-td that results in a non-negligible population of
partially folded species. Indeed, it was observed that under
mildly denaturing conditions, one domain can be folded and
the other domain unfolded (14-17).

For other crystallin mutants such as murine yS-F9S (9) and
human yC-T5P (18), a transient unfolding intermediate was
observed under physiological conditions (19). R, relaxation dis-
persion experiments on the murine yS-F9S mutant showed an
~2% population of a loosely structured intermediate at 37 °C
that increased with temperature (20). However, no such data
exist for any human yD-crystallin variant.

Human eyes are directly exposed to ambient sunlight,
including potentially damaging UV. In native crystallins, which
constitute the major eye lens proteins, it is assumed that exten-
sive tryptophan fluorescence quenching influences the lens
response to ultraviolet light and protects the retina from ambi-
ent ultraviolet damage (21-23). Indeed, oxidized tryptophan
has been identified in HGD in the mature-onset cataractous
human lens by mass spectrometry (24), and tryptophan pho-

2The abbreviations used are: HGD, human yD-crystallin; N-td, N-terminal
domain; C-td, C-terminal domain; GdnHCI, guanidinium hydrochloride;
HSQC, heteronuclear single quantum correlation; r.m.s.d., root mean
square deviation; H/D, hydrogen/deuterium.
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todamage in the crystallins may be one of the factors in the
etiology of cataract formation (25).

Recently, a novel mutation in HGD was discovered in a Chi-
nese family, with the affected individuals exhibiting nuclear
congenital cataracts (26). A single T/C change at position 127 in
the CRYGD gene was mapped, translating into a tryptophan to
arginine change at position 42 (W42R) in the amino acid
sequence of the mature protein, i.e. the loss of one of the four
conserved tryptophans from the protein. The W42R mutant
protein was reported to be less stable and more prone to aggre-
gate when subjected to environmental stresses, such as heat and
UV irradiation, when compared with HGD (26). However, no
structural or other biochemical characterizations were carried
out to elucidate how this mutation could lead to cataract
formation.

To address whether the loss of the tryptophan residue in the
mutant alters the protein such as to make it more susceptible to
aggregation and precipitation, we investigated W42R yD-crys-
tallin by NMR spectroscopy and determined its high resolution
x-ray structure. In addition, the thermodynamic behavior was
probed by guanidinium hydrochloride (GdnHCI)-induced
unfolding, and a comparative proteolysis study was performed
for W42R and HGD. We show that W42R exhibits the HGD
fold with no major, discernable conformational differences
between mutant and wild type, although the relative domain
orientation in the two x-ray structures is slightly different.
Interestingly, however, a small, but noteworthy fraction of par-
tially unfolded protein was detected for the W42R mutant in
solution by NMR spectroscopy. Based on our overall results, we
conclude that the W42R mutation introduces partial unfolding
in the N-td, mimicking the effect of photodamage caused by UV
exposure of HGD. This partially folded species may act as the
seed for aggregation and precipitation of the mutant protein,
nucleating cataract formation.

EXPERIMENTAL PROCEDURES

Expression and Purification of Proteins—Cloning, expres-
sion, and purification of the W42R mutant was essentially sim-
ilar to that previously reported for wild-type HGD and the R76S
mutant (27, 28). Briefly, Escherichia coli cells that harbored
pET-14b with the mutant yD-crystallin gene were grown at
37 °C, induced with 1 mm isopropyl-1-thio-f3-p-galactopyrano-
side, and further grown at 16 °C for 16 h. Cells were then har-
vested by centrifugation and resuspended in 50 mm Tris buffer
(pH 8.0), containing 1% (v/v) 100X Halt™ protease inhibitor
mixture (Thermo Scientific), 1 mm DTT, 1 mMm PMSF, and 1 mm
EDTA, and lysed by passage through a Microfluidizer (Micro-
fluidics, Newton, MA). The cell lysate was clarified by centrif-
ugation at 100,000 X g for 1 h, and the supernatant was loaded
onto a HiTrap Q XL anion exchange column (GE Healthcare)
in 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) in the presence of 1 mm
EDTA, 1 mm DTT, and 2% glycerol. The dialyzed sample was
loaded on a HiTrap SP cation exchange column (GE Health-
care) and eluted using a linear NaCl gradient from 0 to 1 M over
a 20-column volume. Fractions containing the protein were
collected, concentrated, and subjected to gel filtration on a
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Superdex 75 26/60 column (GE Healthcare) in 20 mMm sodium
phosphate buffer (pH 6.2), 1 mm EDTA, 5 mMm DTT as the final
purification step.

All purified proteins were characterized by matrix-assisted
laser desorption/ionization (MALDI) mass spectrometry on a
Voyager-DE PRO instrument, operated in a linear mode with
external calibration. HGD and W42R exhibited experimental
molecular masses of 20,592.10 and 20,558.05 Da, respectively
(the theoretical molecular masses are 20,606.94 and 20,576.91
Da, respectively). Protein concentrations were determined
using a NanoDrop 1000 spectrophotometer (Thermo Scien-
tific), using extinction coefficients of 42.86 and 37.36 mm ™'
cm ™! at 280 nm for HGD and W42R, respectively.

Crystallization—Small and low quality crystals of W42R
were initially grown using the sitting drop vapor diffusion
method from a solution containing 0.17 m Li,SO,, 0.085 M Tris-
HCI (pH 8.5), 25.5% (w/v) PEG 4000, and 15% (v/v) glycerol.
Subsequent optimization was performed by adding 1% (w/v) of
octyl B-p-glucopyranoside to the protein solution (8, 12, and 16
mg/ml) and by varying both Li,SO,, (0.14, 0.18,0.22, and 0.26 m)
and PEG 4000 (18, 20, 22, 24, 26, and 28%) concentrations. The
ratio of protein to mother liquor was kept constant at 2:2 ul.
The final diffraction data were collected from a crystal grown in
0.18 m Li,SO,, 0.1 m Tris-HCI (pH 8.5), 22% (w/v) PEG 4000,
and 15% (v/v) glycerol at a protein concentration of 16 mg/ml.

X-ray Data Collection and Processing—X-ray diffraction data
were collected up to 1.6 A on flash-cooled crystals (—180 °C)
using a Rigaku FR-E generator with Saturn 944 charge-coupled
device detectors at the wavelength corresponding to the copper
edge (1.54 A). Initial indexing of the diffraction patterns indi-
cated that W42R crystallized in the P3,21 space group with unit
cell dimensions: a2 = 68.61 A, b = 68.61 A, and ¢ = 133.38 A
(¢ = B =90° and y = 120°). Two molecules are present per
asymmetric unit with an estimated solvent content of ~44.11%
(V,, = 2.2 A3/Da) based on the Matthews Probability Calcula-
tor (29). All diffraction data were processed, integrated, and
scaled using the d*TREK software (30) and eventually con-
verted to MTZ format using the CCP4 package (31).

The structure for W42R was solved by molecular replace-
ment using wild-type HGD (Protein Data Bank (PDB) ID:
1HKO) as the search model in PHASER (32). After generation of
the initial model, the chain was rebuilt using Coot (33) followed
by iterative refinement that involved alternating between man-
ual rebuilding and automated refinement in REFMAC (34).
Due to relatively incomplete reflections and intensity decay
(high R,,,....) at the highest resolution range (1.7-1.6 A), the
final W42R structure was refined to 1.70 A, with a final R-factor
value of 20.0% and a free R value of 24.5%. 97.7 and 100% of all
residues are located in the favored and allowed regions of the
Ramachandran plot, respectively, and no residues were found
in the disallowed region, as judged by MOLPROBITY (35). Per-
tinent data collection and refinement statistics are listed in
Table 1. All structure figures were generated using the program
PyMOL (36).

Chemical Denaturation—Chemical unfolding by GdnHCl
was monitored by tryptophan fluorescence, using an excitation
wavelength of 295 nm, and emission was measured over 305—
420 nm. Spectra were recorded at 37 °C on a Cary Eclipse fluo-
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TABLE 1

Data collection and refinement statistics (molecular replacement) for
W42R

Data collection

Space group P3,21

Cell dimensions

a,b,c(A) 68.61, 68.61, 133.38

aBy() | 90, 90, 120

Resolution (A) 33.22-1.60 (1.66-1.60)

R croe 0.115 (0.574)

/oty 112 (2.1)

Completeness (%) 92.1 (84.0)

(Redundancy) 10.59 (6.33)
Refinement

Resolution (A)
No. of reflections

30.50-1.70 (1.74-1.70)
36,152 (2495)

R ol Riee 0.200/0.245 (0.315/0.418)
No. of atoms
Protein 2932
Water 235
B-factors
Protein 27.41
Water 35.20
r.m.s. deviations
Bond lengths (A) 0.008
Bond angles (°) 1.081

rescence spectrophotometer (Agilent Technology Inc., Santa
Clara, CA), equipped with a circulating water bath. Samples
were prepared at 10 ug/ml protein concentration in 100 mm
sodium phosphate buffer (pH 7.0), 5 mMm DTT, 1 mm EDTA in
the absence or presence of increasing GdnHCI concentrations
(0-5.5 M). Prior to the measurements, the samples were incu-
bated at 37 °C for 24 h to ensure that equilibrium had been
reached. Spectra were corrected for background fluorescence
from GdnHCl, and the unfolding curve was obtained by plot-
ting the 360:320 nm fluorescence intensity ratio versus the con-
centration of GdnHCI. Equivalent data were collected for the
urea unfolding experiments, conducted over the concentration
range of 0—3 M urea.

Trypsin Digestion—HGD and W42R proteins (20 ug) were
incubated overnight at 37 °C in the presence and absence of
sequencing-grade trypsin (Promega, Madison, WI) at an
enzyme-to-substrate ratio of 1:100, in 20 mMm sodium phos-
phate buffer, pH 7.0, 5 mm DTT, 0.02% NaNj.

UV-C Irradiation—Solutions of unlabeled wild-type protein
(1 mg/ml) in a 3-ml quartz cuvette were exposed to UV light of
254 nm at different total energy doses (1.0, 2.0, 3.0, 4.0, 5.0
J/cm?) using a Spectrolinker ™ UV source (Spectronics Corp.).
Following irradiation, a small aliquot of each sample was saved,
whereas the remainder was digested with trypsin as described
above. Electrophoretic analysis was carried out for all irradiated
samples, both with and without trypsin digestion. Similarly, a
solution of ®N-labeled HGD (2 mg/ml) in an NMR tube was
also exposed to UV light of 254 nm at an energy dose of 1.0
J/cm?. Like unlabeled HGD, a small aliquot was saved, and
another aliquot was digested with trypsin. Both samples were
analyzed on SDS-PAGE. For the remainder of the sample, a
two-dimensional 'H-""N HSQC spectrum was recorded and
compared with that of nonirradiated '°N-labeled HGD.

NMR Spectroscopy—NMR spectra for resonance assign-
ments were acquired at 25°C, using both '*N-labeled and
13C,">N-labeled samples on Bruker AVANCE 900, AVANCE
800, or AVANCE 600 spectrometers, equipped with 5-mm tri-
ple-resonance z-axis gradient cryoprobes. Temperature cali-
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bration was performed using the chemical shift differences
between methyl and hydroxyl protons of 100% methanol. All
samples contained 0.1 mM protein in NMR buffer (20 mm phos-
phate buffer (pH 6.2), 0.02% NaN;, 5 mm DTT, 5% (v/v) D,O).
HNCA and HNCACB experiments were recorded and used for
backbone resonance assignments. The combined amide proton
and nitrogen chemical shift differences between mutant and
HGD were calculated using A8 = 1/((0.15 X Ad)*+(Ady,)?).
For hydrogen/deuterium (H/D) exchange experiments, 'H-"°N
HSQC spectra were recorded at 25 °C over a total time interval
of 30 h on **N-labeled 0.1 mm protein samples in NMR buffer in
50% (v/v) D,O at 600 MHz. Time points of 0, 6, 11, 22, and 30 h
were chosen for analysis. Temperature-dependent 'H-'°N
HSQC spectra were recorded at 25, 37, and 42 °C at 900 MHz.
All spectra were processed with NMRPipe (37) and analyzed
using CARA (38) or SPARKY3 (version 3.113) (39).

RESULTS

Protein Purification and Solubility—Native recombinant
W42R mutant protein without a His-tag was prepared because
we previously observed that the presence of a His-tag signifi-
cantly increased the solubility of the P23T yD-crystallin (27).
Therefore, to assess the solubility and stability of the W42R
mutant, we incubated the native mutant protein solution, con-
centrated at 10 mg/ml, and the wild-type protein as a control, at
37 °C overnight. After removal of protein precipitation by cen-
trifugation, observed solely in the mutant sample, the final pro-
tein concentration in the supernatant was found to be 2.3
mg/ml. This is different from our findings for the wild-type
protein, for which the solution stays clear and at the same pro-
tein concentration as initially measured. Indeed, the wild-type
protein can be concentrated to ~350 mg/ml, whereas the
mutant protein readily precipitates when the protein concen-
tration reaches ~20 mg/ml. Our finding is therefore different
from a previous report that found no noticeable difference
between HGD and W42R solubility (26). Note that both protein
constructs that were used in the previous study contained His
tags and that the analysis was carried out at low protein con-
centration (5 mg/ml) at a single temperature (26).

Structure Assessment Using NMR—To assess the W42R
mutant structure, we recorded 'H->N HSQC spectra of the
mutant and the wild-type protein under identical buffer condi-
tions. Because backbone 'H-'>N amide group resonances are
very sensitive to conformation and electronic environment,
'H-'*N HSQC spectra can be used as a fingerprint of the con-
formation of a protein. In the W42R mutant spectrum, 166 of
168 possible amide resonances were assigned. As evidenced by
the superposition of the '"H-">N HSQC spectra of W42R and
HGD shown in Fig. 14, the mutant exhibits equally well dis-
persed resonances of uniform line widths as the wild-type pro-
tein, with most resonances overlapping or shifted only by a
small amount. This suggests that the structure of the mutant is
very similar to that of HGD. A quantitative comparison of the
backbone chemical shifts between W42R and HGD reveals that
all effects of the mutation are confined to the N-td, and per-
turbed resonances belong to amino acids close in either
sequence or structure to the site of mutation (Fig. 1B). The
largest combined amide '"H-'"N chemical shift differences are
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FIGURE 1. 'H-">N HSQC spectra and chemical shift differences between the W42R mutant and HGD. A, superposition of the "H-'>N HSQC spectra of ~0.1
mm WA42R (blue contours) and ~1 mm HGD (red contours) at 25 °C. 166 of 168 amide resonances were assigned and are labeled with amino acid name and
number. HGD amide resonances are labeled in italic. B, combined amide "H, >N chemical shift differences between the W42R mutant and HGD versus residue

number (Res.). Unassigned resonances are given an arbitrary value of 0.1 ppm.

associated with Ile-3, Ser-39, Cys-41, and Ile-81, with a maxi-
mum value of ~1.25 ppm. As expected, removal of the trypto-
phan side chain is expected to affect amide resonances of resi-
dues located above or below the large aromatic ring because
ring current shifts will no longer be present in the mutant.
Indeed, such changes are observed for Arg-2-Lys-5, Val-75,
Cys-78—Ile-81, and Ser-84.

Atfirst sight, it seemed surprising that the replacement of the
large hydrophobic side chain (Trp) by a long, positively charged
side chain (Arg) did not cause a significant structural change.
Given that in the HGD structure the Trp residue is positioned
in the hydrophobic core of the N-td, one would have assumed
that the positive charged Arg side chain would perturb the
structure considerably. However, this appeared not to be the
case.

X-ray Structure—Conformation of our NMR findings was
obtained by crystallography. Superposition of the N-td (resi-
dues 1-81) and C-td (residues 89 -171) domains of the W42R
mutant (Fig. 24, colored red and magenta, respectively) onto
those of HGD (Fig. 24, colored cyan) yielded average pairwise
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r.m.s.d. values of 0.363 and 0.280 A, respectively, for the back-
bone atoms. These low r.m.s.d. values confirm that the domain
structures of the W42R mutant and HGD are extremely similar
(Fig. 2A). Note that the two molecules of W42R in the asym-
metric unit exhibit an average pairwise backbone atom r.m.s.d.
value of 0.205 A.

Quite surprisingly, superposition of the overall W42R
mutant and HGD structures (residues 1-171) yielded a some-
what larger, average backbone r.m.s.d. value of 0.795 A. Indeed,
the relative orientation between the N-td and C-td in the W42R
mutant and HGD is slightly different with a tilt angle of 9.1°
between the domains (Fig. 2B). This either could be caused by
the Trp-Arg substitution or may simply be the result of crystal
packing. Further detailed analysis of the W42R and the HGD
structures revealed that there is some minor structural read-
justment around the Arg side chain, involving hydrogen bond-
ing and hydrophobic interactions, as detailed below.

The final refined electron density map of the W42R mutant
reveals well defined electron density for the Arg residue (Fig.
2C). Surprisingly, a similar positioning of the Arg side chain
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FIGURE 2. Crystal structure of human W42R yD-crystallin. A, superposition of the N-td (red, residues 1-81) and C-td (magenta, residues 82-171) coordinates
of W42R onto those of full-length HGD (cyan, PDB ID: 1HKO). B, best-fitting the W42R N-td-only coordinates (magenta, residues 1-81) onto full-length HGD
(cyan, PDBID: THKO). C, the electron density of residue Arg-42 in W42R, contoured at 1.0 electron density standard deviation. D, contacts around the Arg-42 side
chain in the W42R mutant structure (left) and around Trp-42 in the HGD structure (PDB ID: 1HKO, right). Hydrogen bonds are labeled with black dots, and

hydrophobic contacts are labeled with black semicircles.

within the hydrophobic core of the N-td to that of the Trp
residue in the HGD structure is observed (Fig. 2D). Several
interactions of the Arg residue with the surrounding atoms are
identical to those seen for the Trp side chain, with several minor
differences as detailed below. The backbone amide and car-
bonyl groups of Arg-42 form hydrogen bonds with the carbonyl
and amide groups of Leu-57, respectively, and these are identi-
cal in wild-type HGD. Hydrogen bonds are formed between the
He of the Arg-42 side chain and the backbone carbonyl oxygen
atom of Ser-39, mediated by a buried water molecule inside the
cavity, between one of the Arg-42 guanidino Hn atoms and the
carbonyl group of Gly-1 and between the other Arg-42 gua-
nidino Hn and the carbonyl group of Ser-20. There is only one
hydrogen bond formed by the corresponding Trp-42 residue in
the HGD structure (PDB ID: 1HKO0), namely between the He of
Trp-42 side chain and the backbone carbonyl group of Gly-1.
Hydrophobic interactions involve the aliphatic portion of the
Arg-42 side chain (HB, Hy, and Hd) and the side chains of Ile-3
and Leu-5 (Fig. 2D). In the HGD structure, the side chains of
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Ile-3 and Leu-5 also form similar hydrophobic contacts with the
aromatic ring of the Trp-42 side chain. However, the hydropho-
bic contact between the side chain of Leu-80 and the six-mem-
bered ring of the Trp-42 side chain in the HGD structure is no
longer observed in the W42R mutant because the guanidino
group of the Arg-42 side chain occupies that position.

The presence of a buried water molecule inside the cavity of
W42R is intriguing. As described above, it forms two hydrogen
bonds: first, to the amide He of the Arg-42 side chain and, sec-
ond, to the backbone carbonyl oxygen atom of Ser-39, bridging
Arg-42 and Ser-39. In addition to these hydrogen bonds, it is
also engaged in hydrogen bonding to the backbone carbonyl
oxygen atom of Gly-40. In the HGD structure, such a water
molecule is not present, and the backbone carbonyl oxygen
of Gly-40 is directly hydrogen-bonded to the amide proton of
Arg-59. In the W42R structure, however, the amide proton of
Arg-59 is now hydrogen-bonded to the carbonyl oxygen atom
(082) of the Asp-171 side chain. Thus, the additional contact
from the Arg-59 backbone to Asp-171 located in the C-td of the
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FIGURE 3. Denaturant induced unfolding of W42R (red) and HGD (blue) by
GdnHClI or urea (inset) at 37 °C. All samples contained 10 wg/ml protein in
100 mm sodium phosphate buffer, pH 7.0, 5 mm DTT, 1 mm EDTA and GdnHCI
from 0 to 5.5 M and urea from 0 to 3 m. Fl, fluorescence intensity ratio.

protein appears to pull the C-terminal tail closer to the bottom
of the N-td domain, causing the top part of the C-td to be
slightly tilted away relative to the top of the N-td (Fig. 2B).

Whether the above interaction is responsible for the slightly
different domain orientation or whether it is caused by a bound
phosphate ion located between the two protein molecules in
the crystal of the W42R mutant cannot be established unam-
biguously. This phosphate is coordinated by the side chains of
Arg-59 and Arg-168 from each polypeptide, with each of the
four oxygen atoms held by one guanidino group.

Because solubility of globular proteins may be associated
with the extent of protein-protein interactions in solution, we
carefully assessed whether the Arg-42 substitution could cause
changes in the solvent-accessible surface of the protein. How-
ever, both the wild-type HGD and the W42R structures possess
essentially identical solvent-accessible surface areas (8894.32
and 8546.23 A?, respectively, as calculated by VMD (40), or
8669.40 and 8520.40 A respectively, as calculated by NAC-
CESS (41)). Therefore, no features of the globular structure of
the W42R mutant protein can explain its involvement in cata-
ract formation, and other properties needed to be considered
and examined.

Equilibrium Unfolding of W42R Mutant—Because there
were no noticeable changes in the structure that could explain
the low solubility of the mutant, we analyzed the thermody-
namic stability of W42R and compared this with HGD under
close to physiological conditions (37 °C, pH 7.0). We performed
equilibrium unfolding/refolding experiments and monitored
the denaturation by tryptophan fluorescence. The unfolding
curve of W42R clearly shows two-step unfolding (Fig. 3), indi-
cating that a stable, highly populated unfolding intermediate
exists. The first unfolding transition occurs with a GdnHCI
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half-point of 0.19 m followed by a prominent plateau through-
out the interval of GAnHCI concentrations from 1.2—2.4 M (Fig.
3). The second transition exhibits a GdnHCI half-point of 3.1 m.
The presence of an intermediate was previously observed for
the Q54E mutant of HGD, for which it was shown that the
unfolded portion of the protein comprised the N-td, whereas
the C-td remained in a native-like structure (22). The unfolding
isotherm for W42R was fit to a three-state model. This yielded
a AG%; of 2.4 = 1.1 kcal/mol for the first transition and
AG° ; = 9.8 = 0.8 kcal/mol for the second transition. Under
identical conditions, HGD unfolds with a midpoint at 3.1 M
GdnHC], and no intermediate state is observed. Therefore, the
unfolding isotherm was fit to a two-state model with an appar-
ent AG% , = 6.0 = 0.3 kcal/mol. This demonstrates that the
substitution of Trp-42 by Arg-42 results in a dramatic destabi-
lization of the N-td, consistent with the location of the amino
acid substitution.

Because the GdnHCIl unfolding curve revealed that the
W42R mutant was already starting to unfold at the lowest Gdn-
HCl concentration employed, we repeated the unfolding exper-
iment with urea as the chaotropic agent under identical condi-
tions. These data are provided in the inset of Fig. 3. As can be
seen, at low urea concentrations (<1 m), the W42R protein
starts to unfold, whereas HGD displays no sign of unfolding up
to 3 M urea. The above results demonstrate that although no
significant changes in the overall three-dimensional structure
of the W42R protein when compared with HGD are observed,
dramatic stability changes can occur. In the context of yD-crys-
tallins, this may well relate to the aggregation and precipitation
properties of destabilizing mutants that are associated with cat-
aract formation. Indeed, protein aggregation and precipitation
prevented us from extracting accurate data for thermal dena-
turation; precipitation occurred prior to the completion of the
unfolding, and therefore, unfolding was irreversible.

Protease Susceptibility of W42R—During purification of the
W42R mutant protein, we noticed that degradation products
were present, whereas this was not the case for HGD or other
mutants. In particular, an ~11-kDa species was observed, and
its size was accurately determined by MALDI as 11,313.54 Da.
Adding protease inhibitor mixture to the cell lysate, as well as
including PMSF and EDTA in all purification buffers, sup-
pressed the degradation. This suggested that the W42R mutant
protein was particularly susceptible to proteases.

Therefore, we subjected intact W42R protein to trypsin
cleavage and compared the mutant behavior with that of HGD.
Overnight incubation of the W42R protein with trypsin gener-
ated an ~11-kDa species (Fig. 4, inset, lanes 4 and 5), whereas
no such band was observed with HGD under identical condi-
tions. The molecular mass of the ~11-kDa band from the '*N-
labeled sample was determined by MALDI as 11,453.78 Da
(when compared with 11,313.54 Da from the unlabeled sample;
see above). These masses suggest that the final cleavage
occurred between Arg-79 and Leu-80 because the calculated
molecular masses for a fragment from Leu-80 to Ser-173 are
11,323.69 and 11,472.69 Da for natural abundance and °N-
labeled W42R, respectively. Comparison of the '"H-'"N HSQC
spectra prior to and after trypsin treatment shows that all res-
onances of N-td have disappeared, whereas those belonging to
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FIGURE 4. Superposition of the "H-">N HSQC spectra of untreated (red) and

overnight at 37 °C in 20 mm sodium phosphate, pH 7.0, 5 mm DTT, 0.02% NaN,

trypsin-digested (blue) W42R. Trypsin cleavage reactions were performed
with an enzyme-to-substrate ratio of 1:100 (w/w). A comparison between

trypsin-digested wild-type HGD and the W42R mutant by SDS-PAGE is shown in the inset. Note that /ane 7 contains protein standards, lanes 2 and 3 contain HGD
in the absence and presence of trypsin, respectively, and lanes 4 and 5 contain W42R in the absence and presence of trypsin, respectively.

the C-td are present with the same chemical shifts (Fig. 4). Sev-
eral smaller fragments (<2000 Da) were also detected by
MALDI (data not show), and the "H-'>N HSQC spectrum of
the trypsin-treated sample displays resonances in the random
coil region, indicating that N-td is degraded into small peptides.
These results indicate that W42R contains a small population
of a species with an unfolded N-td that can be effectively pro-
teolyzed by trypsin.

Unfolded Species Determined by NMR Spectroscopy—TIt has
been hypothesized that cataracts may be caused by an off-path-
way aggregation under (un)folding equilibrium conditions, and
a few studies showed that yD-crystallin is prone to aggregation
under partially denaturing conditions (42). Evidence for a par-
tially folded species was obtained by NMR spectroscopy.
'H-'*N HSQC spectra of W42R were recorded at 900 MHz
with a large number of scans at 25, 37, and 42 °C. Several small,
well resolved resonances that were not observed at 600 MHz
were detected. For assignment of these resonances, this spec-
trum was compared with that of the V75D mutant of HGD
(V75D) that is known to possesses an unfolded N-td and folded
C-td at 3.6 Murea and 37 °C, as shown by fluorescence spectros-
copy (15) and solution NMR spectroscopy.®> Comparing the
'H-""N HSQC spectra of native W42R, trypsin-digested W42R,
HGD C-td, and V75D in 3.6 M urea, many minor resonances
were assigned to residues that belong to the C-td (Fig. 54).

To estimate the amount of the partially folded species of the
W42R mutant under native conditions, we selected the Trp-68
Hel and Leu-145 amide resonances as representative reso-

3J.Jung, unpublished data.
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nances for the N-td and the C-td. The relative peak volumes in
the 900-MHz "H-'°N HSQC spectrum at 37 °C for the natively
folded, major state (N) of W42R and for the partially folded,
minor state (I) (Fig. 5B) yielded 92:8 for the Trp-68 Hel reso-
nance and 91:9 for the Leu-145 amide resonance. Given the
identical percentages, it seems likely that these small reso-
nances belong to the same chemical species. With increasing
temperature, the amount of the I-state increased, implying that
an unfolding process is involved.

To further confirm that the small resonances do not arise
from an unrelated chemical species, but belong to the partially
folded minor I-state that can exchange with the major N-state,
we also performed H/D exchange experiments for *N-labeled
HGD and the W42R variant. After the addition of 50% (v/v)
D,O to the '*N-labeled samples, 'H-'>N HSQC spectra were
recorded as a function of time. In the folded state, slow
exchange of amide hydrogens with deuterons occurs (43),
whereas in the unfolded state, exchange is fast. Therefore, if any
changes in H/D exchange for the folded state are observed over
time, this would support the notion that chemical exchange
between the partially folded and native state takes place. As
shown in Fig. 6, the W42R protein exhibited pronounced H/D
exchange of amide protons, throughout the entire N-td,
whereas residues in the C-td displayed no detectable changes.
Thus, the H/D exchange also supports the view that the I-state
possesses an unfolded N-td and a folded C-td.

UV-C Irradiation—Given that Trp-42 appears to be impor-
tant for protein stability and that the loss of this residue leads to
aggregate formation, possibly causing cataract, we probed
whether the loss of a Trp could be associated with photodam-
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FIGURE 5. NMR evidence for the presence of a partially (un)folded species of W42R. A, expanded regions of the superposition of the 'H-">N HSQC spectra
of W42R, trypsin-digested >N W42R, HGD C-td, and V75D. Spectra of W42R were recorded at 900 MHz at 37 °C (blue contours), spectra of trypsin-digested '°N
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FIGURE 6. H/D exchange of HGD and W42R mutant proteins. A, relative intensities of HGD resonances in 50% D,0 to HGD resonances in 5% D,0 at 0 h (red)
and 30 h (blue). B, relative intensities of W42R resonances in 50% D,O to HGD resonances in 5% D,O at 0 h (red) and 30 h (blue). The average relative intensity

of resonances in the "H-">N HSQC spectra the N-td of W42R is indicated by the dotted line.

age of HGD. UV is an environmental factor that damages tryp-
tophans, and Trp-42 is the most UV-sensitive tryptophan in
yD-crystallin (44). Covalent damage of Trp residues leads to
ring cleavage, originating from a short-lived Trp cation radical
(45, 46) that, upon photooxidation, turns to kynurenine or
derivatives. Therefore, the mutation of tryptophan to arginine
in the W42R mutant may serve a model for photodamaged
yD-crystallin and UV-induced cataract. To evaluate whether
UV damage in the tryptophans of HGD results in similar prop-
erties as seen in the W42R mutant, we exposed HGD to differ-
ent doses of UV.

15N-labeled wild-type protein was exposed to UV-C (254
nm) light, and "H-'*N HSQC spectra were recorded before and
after irradiation with increasing energy doses until new reso-
nances appeared (data not show). After irradiation, the inten-
sity of the Trp-42 Hel resonance was reduced by 50%, that of
Trp-68 was reduced by 37%, whereas that of Trp-156 was only
decreased by 5% (Fig. 7A). Due to overlap of Trp-130 Hel and
Phe-115 amide resonances, the intensity decrease of the Trp-
130 Hel resonance could not be calculated reliably. Overall,
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many new resonances appeared in the 'H-">N HSQC spectrum
after irradiation, indicating that new protein species had
appeared. We estimated which parts (amino acids) of HGD
experienced damage by measuring the intensities of resonances
that were associated with undamaged protein over the time
course of the irradiation. These data for a UV exposure <1
J/cm? are provided in Fig. 7B. The largest changes occurred in
resonances belonging to residues in N-td, with changes
observed for resonances of amino acids 2-5, 1625, 37—46,
55-61, and 74— 80. Some changes were also seen in the C-td,
namely for residues ~144 and 170-173. Interestingly, the UV-
affected regions are essentially identical to those for which dif-
ferences in the spectra between the W42R mutant and HGD
were noted (Fig. 1). This suggests that the changes observed in
the irradiated HGD spectrum were caused by damage of Trp-
42, rather than by damage to all the residues that experience
changes.

We further investigated whether the Trp-42-damaged HGD
protein behaved similar to the W42R mutant protein in the
trypsin digestion experiment. Not surprisingly, the HGD pro-
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tein became susceptible to degradation by trypsin after having
been irradiated at 254 nm (Fig. 84). The trypsin digestion prod-
uct (indicated by the lower arrow on the SDS-PAGE gel) was
also analyzed by MALDI, and this fragment had a molecular
mass of 11,464.82 Da, very similar (~120-Da difference) to that
found for the trypsin-generated W42R C-td fragment. The UV-
irradiated "N HGD NMR sample was also subjected to trypsin
cleavage and analyzed by SDS-PAGE as well as MALDI, reveal-
ing that a fragment of 11,468.34 Da is generated (Fig. 8B) whose
molecular mass is in agreement with the previously observed
and predicted mass of a '°N-labeled fragment, comprising res-
idues Leu-80 to Ser-173. Although the native HGD protein is
resistant to trypsin digestion (Fig. 4), UV irradiation appears to
damage Trp-42, as shown by NMR, and initiates the formation
of a partially folded species that is easily cleaved by protease. At
UV-C doses above 5 J/cm?, the irradiated HGD was completely
digested by trypsin, suggesting more widespread damage also to
the C-td.

UV irradiation appears to cause other changes in the protein
as well because increased molecular masses were observed for
the HGD protein, namely 20,559.77 Da (1 ]/cm?), 20,736.57 Da
(2 J/em?), 21,197.66 Da (3 J/cm?), 21,630.29 Da (4 J/cm?), and
21,525.03 Da (5 J/cm?). All the above findings strongly suggest
that UV-mediated protein damage, in particular Trp-42 oxida-
tion, plays a critical role in destabilizing yD-crystallin, contrib-
uting to the etiology of age-related cataract.

DISCUSSION

Many proteins are associated with deposition diseases in
humans, including Alzheimer disease, prion-related Creutzfeldt-
Jakob disease, type II diabetes, and cataract. The proteins
involved exhibit a common feature: the presence of a partially
unfolded or non-native conformation (47-50). Elucidating how
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these proteins lose their structure by environmental factors is
crucial for understanding the pathology of protein deposition
diseases. One of the prevailing models for cataract formation
evokes off-pathway folding and aggregation. In this model,
unfolded protein escapes from sequestration by a-crystallin
and forms aggregates. Support for this model is based on results
with hydrophobic core mutants of yD-crystallin under dena-
turing conditions (15). Although suggestive, there was no direct
evidence linking protein damage to aggregation under physio-
logical conditions up to now.

Our current research appears to supply this missing link
since it revealed that the mutant protein contains a population
of partially folded protein, although no significant difference in
the overall structure from HGD can be discerned for the major
conformer. At 37 °C, a noticeable amount (~10%) of partially
folded species is present, similar to related observations for a
F9S mutant of mouse yS-crystallin that is associated with Opj
cataract in mice and for which an unfolding intermediate was
found to be populated to ~1-2% at physiological conditions
(19, 20).

It is also worth noting that the structures of other HGD
mutants, such as R36S and R58H (51, 52), do not exhibit major
structural changes when compared with wild type. As to causes
for their solubility changes, for the R36S mutant, it has been
suggested that the elimination of the surface charge by the sub-
stitution of the Arg-36 side chain by Ser induces the mutant
protein to engage in protein-protein contacts that are not pos-
sible in the wild-type protein (52). Similarly, for the R58H
mutant, it has been proposed that the reduced solubility is
mainly due to an effect of the mutation on the solution phase
(51). Altogether, our current results and combined previous
data clearly show that no major conformational changes of
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HGD are necessary, as evidenced by the very similar x-ray
structures, but that it is solution behavior and in particular
(un)folding dynamics of the different mutants that play critical
roles in cataract formation. Indeed, this notion is unambigu-
ously borne out by the results of the study presented here.

Most importantly, our findings link the behavior of the cata-
ract-associated W42R mutant to UV-damaged HGD. Although
effects of UV damage on crystallins have been studied previ-
ously (44), no biophysical data about the structural conse-
quences have been analyzed. Here we investigated whether the
W42R mutant protein and UV-damaged HGD share common
properties. Our NMR data revealed that the UV-induced dam-
age was confined to the area around Trp-42, essentially limited
to the N-td, supporting previous observations on the suscepti-
bility of this Trp-42 residue upon UV exposure (53).

The combined data on the W42R mutant and UV-irradiated
HGD demonstrate that modification of even a single residue is
sufficient to destabilize yD-crystallin enough to induce protein
aggregation in vitro, even if the x-ray structure of the mutant is
essentially identical to that of HGD.
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