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Abstract: Numerous mutations and covalent modifications of the highly abundant, long-lived crys-
tallins of the eye lens cause their aggregation leading to progressive opacification of the lens, cat-
aract. The nature and biochemical mechanisms of the aggregation process are poorly understood,
as neither amyloid nor native-state polymers are commonly found in opaque lenses. The fy-
crystallin fold contains four highly conserved buried tryptophans, which can be oxidized to more
hydrophilic products, such as kynurenine, upon UV-B irradiation. We mimicked this class of oxida-
tive damage using Trp—Glu point mutants of human yD-crystallin. Such substitutions may repre-
sent a model of UV-induced photodamage —introduction of a charged group into the hydrophobic
core generating “denaturation from within.” The effects of Trp—Glu substitutions were highly posi-
tion dependent. While each was destabilizing, only the two located in the bottom of the double
Greek key fold—W42E and W130E —yielded robust aggregation of partially unfolded intermediates
at 37°C and pH 7. The aB-crystallin chaperone suppressed aggregation of W130E, but not W42E,
indicating distinct aggregation pathways from damage in the N-terminal vs C-terminal domain. The
W130E aggregates had loosely fibrillar morphology, yet were nonamyloid, noncovalent, showed lit-
tle surface hydrophobicity, and formed at least 20°C below the melting temperature of the native j-
sheets. These features are most consistent with domain-swapped polymerization. Aggregation of
partially destabilized crystallins under physiological conditions, as occurs in this class of point
mutants, could provide a simple in vitro model system for drug discovery and optimization.

Keywords: crystallin; cataract; protein misfolding; protein aggregation; oxidative damage; amyloid;
unfolding intermediate

Introduction

Cataract is the major cause of blindness worldwide.
It results from aggregation of proteins from the crys-
tallin class and consequent progressive opacification
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of the eye lens. The likelihood of cataract increases
exponentially with age, affecting >50% of those aged
75 or older.! Surgery is currently the only effective
treatment, although even in the United States,
~10% of patients do not have improved vision after
the surgery.? In the U.S. alone, about 3 million cata-
ract surgeries are performed every year, at a cost of
roughly $6-9 billion, most of it borne by Medicare.®*
In the developing world, where the need is greatest,
access to surgery is the least and the funding for it
is least available. A source of hope is that cataract is
a slow disease: a therapy to delay age of onset by 10
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years would halve the need for surgery and the
attendant costs. Recently, genetic studies and high-
throughput screens identified the first class of com-
pounds with efficacy in animal models of age-onset
cataract, but the mechanisms of their action are not
yet understood.>® Here we report that aggregation
of oxidation-mimicking mutants of a lens v-
crystallin offers a physiologically relevant in vitro
model of cataract onset that could facilitate drug
screening and development to slow the rate of
opacification.

Mature lens fiber cells are enucleated in utero or
shortly after birth and have no metabolism or protein
turnover.” Lack of nuclei or mitochondria increases
transparency and mitigates production of reactive
oxygen species and other damaging byproducts of
metabolism. However, the crystallins synthesized in
utero must maintain their native structure in the
face of environmental stresses for a lifetime.®° Crys-
tallins make up >90% of the total protein in this tis-
sue (~400 mg/mL), whose transparency depends on
their structural integrity and lack of long-range pack-
ing.’° Crystallins also form a refractive index gradi-
ent within the lens, allowing light to be properly
focused on the retina.!! The w-crystallins are mono-
meric, while B-crystallins self-associate into dimers
or tetramers. Both families have B-sheet-rich dupli-
cated Greek key folds. The a-crystallin chaperones
assemble into multimeric complexes in the lens and
sequester misfolded or damaged Bvy-crystallins to con-
tain aggregation at a stage where the aggregates are
too small to scatter significant amounts of light. This
passive chaperone capacity decreases with age, even
as destabilizing chemical modifications, such as oxi-
dation and deamidation, accumulate.'?> ¢ The result
is progressive increase in light scattering (lens tur-
bidity) due to aggregation. No amyloid or other long-
range structure has been found in age-onset catarac-
tous aggregates,® but disulfides are common'®!® as
reducing capacity of the lens core cytosol declines
during cataractogenesis.'®

The etiological agents for cataract development
are not well-defined. Exposure to a number of
agents induces cataract in experimental animals,
including selenium, heavy metals, and ionizing radi-
ation.®!® The best-defined environmental contribut-
ing factors to age of cataract onset in people are
tobacco use and exposure to ultraviolet light.?° Both
are thought to act via oxidative damage to the lens
crystallins. 52!

yD-crystallin is most abundant in the oldest part
of the lens, the nucleus, where its concentrations are
on the order of 10 mg/mL.222* Studies of its folding
and unfolding have revealed a distinctive intermedi-
ate with the N-terminal domain unstructured, but
the C-terminal domain’s structure intact. The domain
interface of the C-terminal domain acts as a template
for the folding of the N-terminus.?®> Many cases of
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congenital cataracts are due to mutations in the yD-
crystallin gene,263° and we and others have charac-
terized most of the known mutant proteins such as
P23T, R14C, W42R, R58H, and V75D.%3'-3% However,
the millions of cases of mature-onset cataract arise
without mutations; instead, modified (e.g., oxida-
tively damaged) forms of the wild-type protein appear
to be the precursor.®'® Mass spectrometry of surgi-
cally removed cataracts has revealed aggregated yD
polypeptide chains with oxidative damage.'®1” Such
damage may generate partially unfolded intermedi-
ate conformations which polymerize into light-
scattering aggregates that either include or over-
whelm the passive chaperone content of the lens.®1°

Several distinct aggregation pathways have been
defined for yD-crystallin in vitro.® During dilution
from denaturant into buffer, partially folded inter-
mediates partition between refolding and aggrega-
tion.?® However, owing to the crystalling’ extreme
thermodynamic stability, full denaturation is unlikely
to ever occur in the lens. Incubation of native protein
at pH 3 results in polymerization into well-defined
amyloid fibrils.>"2° However, pH 3 is much more
acidic than the physiological pH of lens cytosol, and
biophysical investigations have not revealed any
amyloid in lenses with the common age-related cata-
ract.*%*! Cold-induced phase separation (“cold cata-
ract”) has been the subject of extensive research, but
these reversible native-state aggregates typically dis-
solve near body temperature.?®*3 Crystallization can
also be a source of cataractous light scattering, but
only rare surface mutants in yD-crystallin, R58H and
R368S, form such “crystal cataracts”.® The wild-type
crystallins (whose name refers to the glassy appear-
ance of the lens) are highly resistant to crystalliza-
tion. More common are -cataractogenic point
mutations in the core, leading to partial or transient
unfolding of the native structure and consequent
polymerization, at physiological pH, concentration,
and temperature, into nonamyloid, light-scattering,
high-molecular-weight complexes .342%4446 Remark-
ably, even when the concentration of such a mutant
protein is too low to generate significant aggregation,
interaction with the wild-type protein may greatly
enhance it.*® Direct UV-B exposure causes Trp and
Cys oxidation and subsequent non-native polymeriza-
tion,?%47 likely by a similar pathway as the core
mutations. Finally, copper and zinc ions can shift
even undamaged, WT ~-crystallins into a non-
amyloid aggregated state whose nature remains to be
fully characterized.*®

The duplicated Greek key structure of +y-
crystallins (Fig. 1) relies on four conserved Trp resi-
dues for thermodynamic stability. When ultraviolet
light reaches the lens,*® it is efficiently absorbed by
Trp residues. Though the resulting excited states
can be quenched by energy transfer mechanisms,
occasionally they result in the opening and oxidation
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/7 L/ Trp 130

Figure 1. A backbone ribbon representation of the HyD crys-
tal structure (PDB ID 1HKO) (32) showing the four conserved
buried Trp residues.

Trp 42

of the indole ring.?® Oxidation products such as kynu-
renine form via a charged intermediate.’® The net
effect is that a hydrophobic core residue becomes
hydrophilic. To mimic this physiologically relevant
class of aggregation, we examined four point mutants
of human yD crystallin, in which one of the four Trp
residues was replaced by Glu. These substitutions
produced aggregation under near-physiological condi-
tions, but in a strongly site-dependent manner.
Inhibitors of crystallin aggregation could retard
cataract development. The search for small-molecule

aggregation inhibitors has been hampered by the diffi-
culty of recapitulating at high speed in vitro the
aggregation pathway that proceeds in the eye lens on
the time scale of decades. In the case of cataract, the
most promising current drug candidates, for example,
lanosterol, were found either by genetic analysis or by
high-throughput screening, so their mechanism of
action is not well understood.>® Here we report a
class of mutants of human yD crystallin that shows
fast, controllable, non-amyloid aggregation under
near-physiological conditions, with aggregate morphol-
ogy similar to that resulting from direct UV-induced
oxidation. We have not yet examined whether specific
small molecules can modulate these aggregation reac-
tions. However, because these mutations are at the
same sites as are prone to oxidative damage, this
class of mutants may be a good model for in vitro bio-
chemical and biophysical investigation and offers a
simple screening assay for anticataract drugs.

Results

Protein expression and purification

In addition to wild-type HyD, four Trp > Glu point
mutants were expressed in M15 Escherichia coli for
the purpose of this study. They are designated WT,
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Figure 2. Equilibrium unfolding and refolding curves for the four W > E mutants, with the equilibrium unfolding curve for WT
shown on each panel for reference. Deviations in the refolding curves relative to the respective unfolding curves are due to

aggregation.
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Figure 3. Aggregation of yD at 40.5°C in 10 mM ammonium
acetate buffer at pH 7. All proteins are at 1 mg/mL
concentration.

W42E, W68E, W130E, and W156E. All constructs
carried N-terminal hexahistidine tags (MKHHHH
HHQ) for purification. Protein expression following
induction by IPTG was carried out overnight at 16°C
because expressing the mutants, particularly W130E
and W42E, at a higher temperature resulted in little
or no soluble protein; instead, the polypeptide chains
accumulated as inclusion bodies. For this reason, all
steps of the purification were routinely carried out
at temperatures not exceeding 16°C. High concentra-
tions of imidazole (~100 mM) resulted in the W42E
mutant protein forming aggregates in the fraction
tubes overnight following elution from the NiZ?" or
Co®* column, so dialysis out of imidazole was car-
ried out soon after fraction collection.

Following purification and dialysis, the proteins
were stored in 10 mM ammonium acetate, pH 7, at 4—
6°C and remained stable for several weeks. If a small
amount of precipitate developed during storage, the
sample was refiltered to clear it with little loss of pro-
tein concentration. The exception was the W42E con-
struct, which, when concentrated to 1.2 mg/mL and
stored as usual, was found to aggregate significantly
within 2-3 days. For this reason, W42E was stored at
a concentration of <0.5 mg/mL and concentrated fur-
ther only immediately before any experiment requir-
ing high protein concentration.

Yields of soluble W42E and W130E from bacte-
rial preparations were 10-20% of the wild-type yield.
The yield of purified protein from the W156E con-
struct was ~50% of wild type. The yield of W6SE
was comparable to WT.

Folding and stability

All the Trp > Glu mutants showed decreased resist-
ance to chemical denaturation compared to WT, as
shown in Figure 2. The curves for the two N-
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terminal mutants [Fig. 2(A,B)] show the general
three-state folding and unfolding pattern found in
the PBvy-crystallins,® where the plateau represents
folded C-terminal domain, but unfolded N-terminal
domain.?! In contrast, folding and unfolding of the
two C-terminal mutants [Fig. 2(C,D)] is more cooper-
ative, consistent with our previous findings that the
domain interface stabilizes or templates the native
structure of the N-terminal domain.?>°? However,
intrinsic fluorescence spectra measured under non-
denaturing conditions were consistent with native-
like structures for all constructs (Supporting Infor-
mation, Figs. S1 and S2), including the anomalous
Trp quenching characteristic of the y-crystallins.>3

Equilibrium refolding of the N-terminal domain
could not be achieved for the W42E construct due to
its high degree of destabilization. In the case of the
W130E construct, off-pathway aggregation competed
with refolding; the apparent increase in the 360/320
ratio, particularly below 1M GdnHCI, is due to light
scattering. However, the W42E N-terminal domain
was at least partly folded at 37°C without denatur-
ant. In fact, it showed only a modest further
decrease in chemical stability relative to the previ-
ously reported W42Q and W42R mutants,*>*% sug-
gesting that in this case, the origin of destabilization
lies largely in the hydrophilicity of the substitutions,
rather than the negative charge.®® Every refolded
sample formed light scattering aggregates below
~0.5M GdnHCI, as reflected in the upturned refold-
ing curve at these low denaturant concentrations.>®
Any apparent hysteresis between the unfolding and
refolding scenarios®® was suppressed by the over-
night incubation at 37°C.

Aggregation under near-physiological
conditions
At physiological temperatures and pH, wild-type yD-
crystallin showed no tendency to aggregate, as
shown in Figure 3. We found very different aggrega-
tion propensities among the four mutants when
incubated at physiological temperature and pH. Rep-
resentative turbidity traces are shown in Figure 3.
WA42E had by far the highest aggregation propensity
under these conditions; however, W130E aggregation
was also strong. On the other hand, W156E showed
only modest aggregation, while W68E and the wild-
type protein did not aggregate detectably.

The W42E and W130E constructs aggregated in
a temperature-dependent manner [Fig. 4(A,B)], with
W42E in particular showing a transition between
almost undetectable aggregation and fast, robust
aggregation with subsequent condensation and set-
tling of the aggregated sample over a range of at
most 5°C. This suggests a highly cooperative unfold-
ing transition occurring between 32°C and 37°C in
this mutant leading to aggregation. As previously
reported,*® the W42Q mutant, which does not change

Crystallin Trp Mutants Leading to Aggregation
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Figure 4. (A,B) Temperature-dependence and (C,D) concentration-dependence of W130E and W42E aggregation.

the charge of the protein, showed a comparably sharp
soluble-to-aggregated transition, but the temperature
range was ~5°C higher. Compared to W42E, W130E
exhibited a broader aggregation temperature range,
as well as a weaker concentration dependence of
aggregation [Fig. 4(C,D)]. The conformational transi-
tion that enables aggregation of W130E may be less
cooperative than for W42E. However, it is also possible
that the W130E aggregates have a smaller nucleus
size than those of W42E.

Amyloid aggregation propensities
It is known that HyD forms amyloid fibrils under
acidic conditions,>”3° and this type of aggregation
has been proposed as a possible mechanism for cata-
ractogenesis.*?®> On the other hand, no amyloid
aggregates have been found to date in eye lenses
from patients with age-related cataract,***! unlike
rare congenital cases.'®%® Figure 5 shows the differ-
ential ability of the four Trp > Glu mutants to form
amyloid fibrils, monitored by thioflavin T fluores-
cence. Remarkably, aggregation propensity at pH 3
did not correlate with aggregation at pH 7. Thus,
W68E aggregated more strongly, albeit somewhat
less rapidly, than W130E at pH 3, yet W130E, not
WG68E, showed strong aggregation at pH 7 (Fig. 5).
Comparing two measures of the extent of amy-
loid aggregation—turbidity and Thioflavin T fluores-

Serebryany et al.

cence—suggests that the amyloid aggregates
themselves are distinct for the various mutants.
Thus, W130E exhibited ~4X lower amplitude of tur-
bidity after 30 min than W68E, yet comparable ThT
binding. W42E showed no more ThT binding than
WT under these conditions. We attribute the late
rise in turbidity of the W42E sample, which is not
accompanied by any increase in ThT binding, to
residual ability of this mutant to form pH7-like
aggregates even at pH 3.

We investigated the morphology of the pH 3
aggregates formed by WT and W68E mutants by
transmission electron microscopy. As shown in Fig-
ure 6, both formed extensive amyloid fibrils even at
time zero, which represents the 1.5 min dead time
that it takes to extract the sample from the reaction
mixture, blot onto the EM sample grid, and allow it
to adhere onto the grid. W68E formed abundant,
thin amyloid fibril-like aggregates at the early
stages of aggregation.

Nonamyloid aggregation of W130E proceeds
from a native-like state

Electron micrographs of the heat-induced W130E
and W42E aggregates at pH 7 are presented in Fig-
ure 7. The morphology of these aggregates, taken
after ~2 h at 40.5°C, is distinct from anything
observed at pH 3. Both constructs are able to form
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Figure 5. Amyloid aggregation of wild-type and mutant HyD under acidic conditions (pH 3), followed by turbidity (A) and Thio-

flavin T fluorescence (B).

irregular fibrils; however, extensive condensation
into globular particles is also observed in the case of
W42E. The appearance of such particles likely
explains the declining phase of aggregation observed
in Figure 3. They also bear resemblance to the
“protein particulates” class of aggregation products
examined by Donald et al.?®
Aggregation of the WI130E
temperature-sensitive not only for the initiation/
nucleation phase but also for the growth phase. As
demonstrated in Figure 8(A), dropping the tempera-
from (37°C) to
aggregation-restrictive (27°C) after turbidity develop-
ment was already well underway resulted in a grad-
ual but complete stop in further development of
turbidity. When temperature was subsequently raised
to 37°C again, the increase in turbidity resumed.
However, the pre-existing aggregates appeared
unable to seed aggregation of new ones since the slope
and lag phase of turbidity development during the
second 37°C phase were similar to the first phase.
Similar to the W42Q aggregates we reported pre-
viously,® the pH 7 aggregates of W130E showed no
binding to the amyloid-staining dye Thioflavin T and
very little surface hydrophobicity as reported by bis-
ANS binding [Fig. 8(B)]. W130E formed amyloids at
pH 3 more readily than WT (Fig. 5), consistent with
previous observations using UV-catalyzed Trp oxida-
tion.?® However, dropping the pH from 7 to 3 during
the course of the 37°C aggregation reaction resulted
in immediate loss of most of the turbidity, followed by
the initiation of amyloid aggregation with kinetics
comparable to aggregation from natively folded pro-
tein. Thus, it appears that the pH 7, 37°C aggregates
neither contain abundant amyloid fibers nor efficiently
seed their formation. At the same time, the physiologi-
cal aggregates did not contain disulfide-bridged or
other covalently linked oligomers [Fig. 8(C,D)], which

construct was

ture aggregation-permissive
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leaves some form of domain-swapping as the most
plausibly applicable of currently known models of pro-
tein aggregation. TEM data showing loosely fibrillar
morphology of the aggregates (Fig. 7, left) are consist-
ent with this interpretation.

Since WI130E aggregation is temperature-
sensitive, we measured this construct’s thermostabil-
ity by circular dichroism. The native spectrum of
W130E showed at most a very slight difference from
WT in the far-UV region [Fig. 9(A)]. Near-UV CD [Fig.
9(B)] showed somewhat less structure than WT, but
this difference could also be attributed to the missing
Trp residue in W130E. The mutant protein had a
melting temperature of 60°C, approximately 22°C
lower than the WT protein,® but highly stable none-
theless. Most importantly, W130E showed no detecta-
ble loss of the native secondary structure in the
temperature range of heat-induced aggregation [Fig.
9(C) vs (A)]l. We conclude that W130E aggregation
requires either a very early unfolding intermediate,
such that native secondary structure is not detectably
perturbed, or else a very rare and transient conforma-
tional excursion, such that the amount of conforma-
tionally rearranged protein is undetectably small.

HyD has an extensive surface charge network,
which may contribute to its high stability. We there-
fore tested the effect of added salt on the W130E
aggregation kinetics. Addition of 150 mM NaCl
increased both the speed and the amplitude of
aggregation. Adding a divalent cation (Mg2") did not
have any added effect [Fig. 10]. Screening of surface
charges may contribute to aggregation in vivo.

In the case of W42Q, formation of a non-native
disulfide bond is required for aggregation.*® We exam-
ined whether the same is true of W130E. As shown in
Figure 11, incubation in a reducing environment sig-
nificantly diminished the amplitude, though not the
kinetics, of aggregation for the W130E mutant.

Crystallin Trp Mutants Leading to Aggregation



Figure 6. Electron micrographs of acid-induced amyloid fibrils formed by (A-C) WT and (D-F) W68E H+vD at different times of
aggregation at pH 3. The protein was incubated at 1 mg/mL concentration at 37°C, in 50 mM sodium acetate and 100 mM
NaCl, pH 3.0. Aliquotes were taken at (A, D) 0 min, (B, E) 2 min, and (C, F) 5 min after the initiation of aggregation. Scale bars

are 100 nm.

Remarkably, the same held true for the construct lack-
ing the N-terminal domain completely [Fig. 11(B)],
and the aggregation kinetics of this single-domain
mutant were similar to the full-length protein.

Aggregation of W130E, but not W42E, can be
suppressed by the aB crystallin chaperone

The chaperone system of the eye lens fiber cells, com-
prised by the a-crystallins, serves to mitigate the
effects of aggregation of other crystallins, thereby

Serebryany et al.

delaying the onset of cataract.® However, a class of
mutants has been found that escapes this chaperone
pathway.”” We therefore studied whether the aggre-
gation of Trp > Glu mutants can be suppressed by the
chaperone. As shown in Figure 12, aB was able to
suppress aggregation of W130E. In contrast, W42E
not only aggregated in the presence of the chaperone
but also produced greater turbidity in the presence of
the chaperone than in its absence. This experiment
cannot determine whether W42E induces aggregation

PROTEIN SCIENCE | VOL 25:1115-1128 1121



Figure 7. Representative electron micrographs of aggregates formed by W130E and W42E HyD mutants after 2 h at 37°C.

Scale bars are 100 nm.

of aB or the interaction with «B enhances the aggre-
gation of W42E by itself. However, the experimental
result indicates that aggregation of the W42E mutant
cannot be suppressed by the presence of the «-
crystallin.

Discussion

Cataract is a widespread but slowly developing dis-
order, presumably dependent on the kinetics of both
initiation and propagation of crystallin aggregation.
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also protect the protein against UV-induced aggrega-
tion.*” We report a class of mutants that mimics a
possible effect of UV-B exposure on By-crystallins, as
well as connects genetic and environmental aggrega-
tion pathways.?>465! Intrinsic fluorescence (Sup-
porting Information, Figs. S1 and S2) and, for
W130E, circular dichroism (Fig. 9) suggest that
these mutant proteins are able to fold into the
native state. These observations are consistent with
the native-like crystal structure of the W42R
mutant.?®> However, both W42E and W130E aggre-
gate at physiological temperature and concentration
into high-molecular-weight complexes.

The precise pathway of aggregation as a result
of the Trp > Glu substitutions will require further
study. We have been able to observe that these
aggregates are of a nonamyloid nature, and that the
physiological aggregation pathway is in competition
with amyloid aggregation. The W130E mutation in
particular causes little detectable change in second-
ary or tertiary structure even under temperatures
permissive for aggregation. We cannot rule out that
the mutations result in increased susceptibility to
further chemical modification of the polypeptide,
such as oxidation or deamidation; however, any asso-
ciated conformational change is subtle, without sig-
nificant loss of overall B-sheet character or change
in the fluorescence spectrum. These properties are
consistent with polymerization from early unfolding
intermediates, such as via domain swapping.

UV irradiation has long been known to contrib-
ute to cataract development® 1291958 a5q has been
shown directly in vitro to induce oxidation of Trp
residues in HyD, as well as at least one nearby Cys
residue, and open up polymerization pathways.?%-¢2
Long-timescale dynamics
have revealed that Trp oxidation to kynurenine
increases water penetration into the hydrophobic
core,® which may lead to the generation of partially
unfolded conformations capable of domain swap-
ping.%* The oxidation-mimicking W42Q substitution

molecular simulations
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indeed leads to an aggregation pathway without
broad denaturation; this pathway requires formation
of an internal disulfide bond.*® This study has
revealed that oxidation-mimicking substitution at
Trp130 leads to a comparable phenomenon of aggre-
gation with minimal denaturation, whose biochemi-
cal and structural properties are broadly consistent
with the predictions of the prior simulations. This
pathway is redox-sensitive, although unlike W42Q,
presence of a reducing agent inhibits it incompletely
(Fig. 11). We therefore speculate that UV-induced
aggregation is a three-step process. First, oxidative
damage creates hydrophilic and/or charged residues
within the tight, hydrophobic core of HyD. Second,
an oxidation-sensitive conformational rearrange-
ment, perhaps via domain swapping or strand inser-
tion, leads to the formation of dimers and higher-
order oligomers and, ultimately, nonamyloid fibrils.

Third, prolonged incubation or continued UV
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Figure 10. W130E aggregation is sensitive to redox condi-
tions and ionic strength. W130E (1 mg/mL) incubated at
40.5°C in sample buffer alone (10 mM ammonium acetate,
black lines), sample buffer with 150 mM NaCl (red solid line),
and 150 mM NaCl plus 5 mM MgCl, (red dashed line).
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Figure 11. Redox-dependence of aggregation of the W130E mutant and its isolated C-terminal domain. (A) 1.25 mg/mL
W130E (59 uM) was incubated at 40.5°C in the presence or absence of 1 mM DTT, (B) Isolated C-terminal domain carrying the
W130E mutation incubated at 0.5 mg/mL (47 uM) incubated as in (A).

exposure creates tightly packed aggregates, which
may be covalently cross-linked and not easily revers-
ible. The mutations studied here are intended to
mimic early stages of cataractogenesis when it is
most likely to be reversible.

The observation of strong temperature depend-
ence of propagation [Fig. 8(A)] coupled with rela-
tively weak concentration dependence [Fig. 4(C)]
argues that the rate-limiting step in W130E aggre-
gation is unimolecular conformational rearrange-
ment. The fact that the isolated C-terminal domain
carrying the WI130E mutation exhibits similar
aggregation behavior to the full-length W130E sug-
gests this rearrangement occurs within the mutated
domain itself. The aggregation process does depend
on redox state although not as dramatically as the
W42Q mutant.*® No disulfides have been found in
the native state of HyD.??>%% Since disulfide-bridged
oligomers were not found during the course of
W130E aggregation [Fig. 8(D)], any potential disul-
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fide involved in stabilizing the misfolded conforma-
tion should be internal. Only two Cys residues are
located in the HyD C-terminal domain (Cys108 and
Cys110), so it is tempting to speculate that the mis-
folded, aggregation-prone conformation of the
W130E mutant protein is stabilized by a disulfide
bridge between these two residues. Though the dis-
tance between these Cys residues is small (6.6 Ain
PDB 1HKO), the protein is notably sensitive to per-
turbation in this area, since the E107A mutation is
known to cause cataract.

Redox homeostasis is lost during the course of
lens aging, leading to both intra- and intermolecular
disuflide bonds in the lens crystallins, as well as glu-
tathionylation.'181966-68  We  have previously
reported that reducing agents are able to suppress
or even completely eliminate aggregation of the
W42Q mutant of ~yD-crystallin.®® Although the
reversal is less dramatic for WI130E, strategies
designed to restore the redox potential of the lens
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Figure 12. Aggregation of W130E, but not W42E, can be suppressed by fivefold excess of human oB crystallin. (A) Final rela-
tive turbidity of W42E incubated for 2 h at 0.125 mg/mL and 40.5°C with or without fivefold excess (0.625 mg/mL) of the chap-
erone. (B) 1 mg/mL W130E incubated as in (A) with or without fivefold excess (5 mg/mL) of the chaperone. Error bars represent

standard errors of the mean of 3 replicates.
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are likely to have a beneficial effect in the treatment
of cataract.

Despite continuous oxidation over time, cataract
onset is delayed in vivo by the action of the «-
crystallin passive chaperone system present in the
lens. Indeed, at least some mutations in the HvyD
gene appear to exert their cataractogenic effects pri-
marily via altered interactions with the «-crystal-
lins.®® We have found that aggregation of the W130E
mutant is suppressed by aB-crystallin. By contrast,
W42E not only escapes suppression by this chaperone
but also produces enhanced aggregation when the
chaperone is present. Since the V75D mutant is
known to also escape from the chaperone®” «-
crystallin may be unable to suppress aggregation of
yD-crystallin with a damaged N-terminal core.

Recent work has shown that lanosterol, which
suppresses aggregation of the W42R mutant of HyD
in vitro, is capable of mitigating cataractogenesis in
animal models as well.> This connection suggests
that oxidation-mimicking Trp substitutions of HyD
can be used as one approach for identifying potential
drug candidates against crystallin aggregation.
Mutants such as those reported here could also be
useful for elucidating the biochemical mechanisms of
action of such drugs.

Materials and Methods

Protein expression and purification

All HyD constructs were expressed from bacterial
IPTG-inducible pQE1l plasmids (Qiagen) and con-
tained an N-terminal Hisg tag (MKHHHHHHQ) for
purification. M15 E. coli were cultured in Super-
Broth (3.2% peptone, 2% yeast extract, 0.5% NaCl)
overnight at 16°C following induction with 1 mM
IPTG. Cells were resuspended in lysis buffer
(560 mM sodium phosphate, pH 7.4, with or without
10 mM imidazole) in the presence of EDTA-free
Complete protease inhibitor cocktail (Promega),
incubated with ~5 mg/mL lysozyme and ~10 pg/mL
DNase for 30 min, and lysed by 20-30 30 s bursts of
sonication on ice. Lysate was cleared by centrifuga-
tion and filtration and applied to either a nickel col-
umn or a HisPur (Thermo Fisher) cobalt column for
purification (imidazole-free lysis buffer was used
with the cobalt column). Columns were washed with
6-50 mM imidazole, and the protein was eluted with
a linear gradient of elution buffer. Elution buffer
contained 300 mM NaCl and 250 mM imidazole, pH
8 (nickel) or 150 mM imidazole, pH 7.4 (cobalt).
Imidazole purchased Sigma
(ReagentPlus®, 99% pure). Size and purity of eluted
sample was confirmed by SDS-PAGE, and the best
fractions pooled and dialyzed against 3 X 100 vol-
umes of 10 mM ammonium acetate, pH 7, for at
least 4 h each time. For experiments requiring high
concentrations of sample, the dialysate was concen-

was from

Serebryany et al.

trated using an Amicon centrifugal concentrator
unit. All samples were 0.2 pum filtered before storage
to remove pre-existing aggregates or other particu-
late matter.

Equilibrium denaturation and refolding
Equilibrium folding curves were built as described
previously.?® Briefly, protein samples were diluted
into varying concentrations of guanidinium chloride
and incubated overnight at 37°C. Subsequently, fluo-
rescence spectra were recorded with a Hitachi F-
4500 fluorimeter, and the ratio of fluorescence inten-
sities at 360 and 320 nm was used as a reporter of
folding state. These wavelengths were chosen
because they represent the emission peaks of
unfolded and natively folded +vD, respectively.
Refolding was done by first denaturing the protein
in 5 M guanidinium chloride at 37°C for at least 3 h,
and then diluting into varying final concentrations
of GAnHCI.

Circular dichroism spectroscopy

Far-UV spectra and thermal melts were obtained
using a Jasco J-715 spectropolarimeter. All samples
were in storage buffer (10 mM ammonium acetate).
Protein concentration was 0.025 mg/mL. Ellipticity
at 218 nm was monitored in the case of thermal
melts in order to measure the extent of B-sheet
structure. Thermal melting experiments were per-
formed with various rates of heating in order to
ascertain that the sample had sufficient equilibra-
tion time at each temperature.

Turbidity measurement

Turbidity development during protein aggregation
was measured with a UV-Vis spectrophotometer
(Varian) equipped with a water bath for temperature
control, without stirring. Turbidity as a function of
time was recorded at 350 nm. Amyloid aggregation
was induced by adding low-pH acetate buffer to a
final pH of 3 at 37°C. Nonamyloid aggregation was
induced by heat; 40.5°C was typically used to speed
up the reaction.

Thioflavin T binding

Samples taken during the course of the heat-
induced aggregation reaction were mixed immedi-
ately with a solution of 25 pM ThT in 50 mM sodium
phosphate pH 7 buffer. This buffer was used to effi-
ciently neutralize the pH of the solution prior to
measuring ThT fluorescence.

Transmission electron microscopy

Samples from the aggregation reactions were with-
drawn and either diluted or placed directly on a glow-
discharged carbon-coated formvar-filmed copper grid
(Ted Pella), dried, and then stained for 45 s in 1%
uranyl acetate. The grid was then dried again and
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imaged using a JEOL-1200 transmission electron
microscope.
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