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Pharmacological chaperone for
a-crystallin partially restores
transparency in cataract models
Leah N. Makley,1* Kathryn A. McMenimen,1* Brian T. DeVree,3 Joshua W. Goldman,2

Brittney N. McGlasson,2 Ponni Rajagopal,4 Bryan M. Dunyak,1 Thomas J. McQuade,5

Andrea D. Thompson,1 Roger Sunahara,3 Rachel E. Klevit,4

Usha P. Andley,2† Jason E. Gestwicki1,5†

Cataracts reduce vision in 50% of individuals over 70 years of age and are a common
form of blindness worldwide. Cataracts are caused when damage to the major lens
crystallin proteins causes their misfolding and aggregation into insoluble amyloids.
Using a thermal stability assay, we identified a class of molecules that bind a-crystallins
(cryAA and cryAB) and reversed their aggregation in vitro. The most promising compound
improved lens transparency in the R49C cryAA and R120G cryAB mouse models of
hereditary cataract. It also partially restored protein solubility in the lenses of aged
mice in vivo and in human lenses ex vivo. These findings suggest an approach to treating
cataracts by stabilizing a-crystallins.

T
he mammalian lens grows by terminal dif-
ferentiation of epithelial cells into elongated
fiber cells. Protein synthesis and turnover
in the mature fiber cell are halted, so that
the proteins of the lens can remain soluble

and transparent throughout life. This remarkable
feat is accomplished, in part, by aA-crystallin
(cryAA) and aB-crystallin (cryAB), which are
molecular chaperones that belong to a family of
small heat shock proteins (sHSPs) (1, 2). Together,
cryAA and cryAB constitute 30% of the protein
content of the lens, where they helpmaintain the

solubility of the other lens proteins, such as b- and
g-crystallins (2). Accumulated damage to these
proteins over an individual’s lifetime can lead to
age-related nuclear cataracts, which are composed
of aggregated crystallin proteins (3) (2, 4–6). Clues
to the mechanism(s) of age-associated cataracts
come from hereditary forms of the disease, which
are caused by mutations, such as R120G cryAB,
that destabilize the lens proteins (7). For example,
the R120G mutation disrupts ionic interactions
that normally stabilize the cryAB dimer (fig. S1A).
It is thought that the unstable protein then as-
sembles into amyloid-like fibers, formingaphysical
barrier to light and also, in the case of cryAA or
cryAB, reducing the available chaperone activity
in the lens. Thus, one potential way to treat cat-
aracts may be to identify molecules that bind
and stabilize crystallins, favoring the soluble native
forms (8).
Pharmacological chaperones (PCs) are small

molecules that bind and stabilize a native state of
a protein (9). A PC has been approved for clinical
use in the treatment of transthyretin amyloidosis
(10), and other PCs are being explored in late-

stage clinical trials for use in treating a number
of other misfolding diseases, such as Gaucher dis-
ease (11) and Anderson-Fabry disease (12). In the
current work, we wanted to identify PCs that
stabilize the soluble forms of cryAB to suppress
its aggregation. Unlike previous targets for PC
discovery (11), cryAB lacks natural substrates
that are suitable as a starting point for drug design
(13). Moreover, cryAB has no enzymatic activity,
making it more difficult to envision a convenient
high-throughput screen (HTS) strategy (10). These
featuresplace cryAB ina familyofdisease-associated
proteins, including tau, myocilin, a-synuclein,
and huntingtin, that are often considered to be
“undruggable” (14, 15).
We wondered whether differential scanning

fluorimetry (DSF) might provide a way to circum-
vent some of these challenges. In a typical DSF
experiment, an apparent melting transition (Tm)
of the protein target is measured in the presence
of potential ligands (16). Binding of a ligand
usually adds free energy to the state that it binds,
shifting the apparent Tm. DSF has been used for
decades in biochemical studies but has only
recently been adapted for high throughput
(15, 17–19). To see if high-throughput DSFmight
be applicable to the discovery of PCs for cryAB,
we first purified recombinant humanR120G cryAB
and wild-type cryAB and confirmed that both
proteins were soluble and nonaggregated in
solution (fig. S1B) (20). Upon gentle heating,
R120G cryAB formed amyloids more readily
than did wild-type cryAB, as measured by light
scattering and electron microscopy (EM) (fig. S1,
Aa and Ab). Because amyloids are relatively heat-
resistant structures, we suspected that samples
of R120G cryAB might be more difficult to melt.
To investigate this possibility, R120G cryAB and
wild-type cryABwere heated in the ThermoFluor
DSF platform. Consistent with the model, the
apparent Tmofwild-type cryABwas 64.1° ± 0.5°C,
whereas the Tm of the R120G cryAB mutant
was 68.3° ± 0.2°C (fig. S1Ac). Based on these ob-
servations, we hypothesized that molecules able
to reduce the apparent Tm of R120G cryABmight
be good candidates.
For the pilot screens, we turned to the model

proteinHsp27.Hsp27was used because, although
it retains the highly conserved crystallin domain
found in cryAA and cryAB (fig. S1C), we found
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that it had a relatively high melting transition
(Tm = 72°C by three independent biophysical
methods; fig. S1D). This feature provided a su-
perior signal:noise ratio in the high-throughput
DSF platform, with Z′ factor values, a measure of
assay robustness, between 0.5 and 0.8 and an ave-
rage coefficient of variation of 8% at a final vo-
lume of only 7 ml in 384-well plates. Accordingly,
we screened ~2450 compounds from theMS2000
and NCC collections at a screening concentration
between 20 and 40 mM. These compound collec-
tions include both natural and synthetic mole-
cules that are known to have activity in a wide
variety of assays. The primary screen identified 45
compounds (1.8%) that decreased the apparent
Tm by at least three standard deviations (±0.6°C)
(Fig. 1B). All 45 of these “actives”were explored in
dose-dependence experiments, revealing 32 (71%;
1.3% overall) that decreased the Tm at half-maximal
concentrations less than 20 mM. Twelve of the 32
confirmed actives belonged to a single class of re-
lated sterols, so we selected this scaffold for further
investigation. One of the weakly active sterols was
lanosterol. While this manuscript was under re-
view, Zhao et al. reported that lanosterol has anti-

cataract activity (21). However, this compound
has limited solubility, and it was only weakly
active byHT-DSF, which inspired us to collect 32
additional sterols similar to compound 1 and
screen them against R120G cryAB using the DSF
procedure. Two compounds (28, 5a-cholestan-
3b-ol-6-one; and 29, 5-cholesten-3b,25-diol) were
at least two to three times more potent than
sterol 1 (Fig. 1C), reducing the apparent Tm by at
least 2°C (Fig. 1D and fig. S2, A and E). Many of
the other sterols were inactive, suggesting a
specific interaction. For example, compound 16
is structurally related to compounds 28 and 29
(fig. S2B), yet it was inactive (Fig. 1D). To con-
firm the direct interaction of compound 29 with
R120G cryAB, we used biolayer interferometry.
Immobilized R120G cryAB bound to compound 29
with a dissociation constant (Kd) of 10.1 ± 4.4 mM
(Fig. 1D and fig. S2, C andD), whereas compound
16 did not bind (Kd > 50 mM). To examine where
on R120G cryAB this interaction takes place, we
used 15N–heteronuclear single quantum coherence
nuclear magnetic resonance (NMR) experiments
to show that compound 29, but not compound
16, bound to the crystallin domain at the dimer

interface (fig. S3, A to C). Based on the chemical
shift perturbations, we docked compound 29
to cryAB, revealing that this compound fits into a
groove that lies between the two protomers
(Fig. 2B). In this configuration, compound 29
is predicted to make contacts with both cryAB
subunits, suggesting that it might stabilize the
native state.
To test whether compound 29might block am-

yloid formation, we treated R120G cryAB (15 mM)
with compounds 29 or 16 (100 mM), and the extent
of aggregationwas examinedbyEM.These studies
confirmed that compound 29, but not 16 or the
vehicle control, partially suppressed amyloid
formation when added before the initiation of
aggregation (Fig. 2A). To test whether 29might
also have an effect on pre-formed aggregates, we
pre-generated R120G cryAB amyloids and then
treated them with compound 29 or 16. Again,
compound 29, but not 16, was able to partially
reverse amyloid formation (Fig. 2A). The rever-
sal took approximately 2 days, suggesting a slow
equilibriumbetween the amyloid and the soluble
forms of cryAB. To quantify these activities, we
again treated R120G cryAB with 29 or 16, then
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were screened at 20 mM for the ability to restore the Tm of R120G cryAB.
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Fig. 2. Compound 29 reverses cataract formation in vitro and in the
R120G cryAB knockinmouse. (A) Purified R120G cryAB (20 mM) was treated
with compound 29 (100 mM), 16 (100 mM,) or a DMSO control (1%) and then
aggregated at ambient temperature with shaking for 30min for the aggregation
study. For the disaggregation study, amyloid fibrils were formed using the
conditions above (40 mM), and then the samples were treated with 100 mM
compound. Aliquots were visualized at 44 hours after treatment. Samples were
visualized by EM and then centrifuged to remove insoluble material. The levels
of soluble and insoluble R120G cryAB were assessed by absorbance at
280 nm. Results are the average of independent triplicates, and the error
bars represent SEM. Electron micrographs are representative of independent
triplicates. Scale bar, 1 mm. (B) Docking of compound 29 to the crystallin domain

of cryAB, based on NMR titrations and chemical shift perturbations (see the
supplementary materials for details). (C) Summary of the treatment of R120G
cryAB knockin mice with compound 29. Slit lamp images and corresponding
densitometry plots are shown for wild-type mice aged 60 to 240 days; cryAB
R120G heterozygotes aged 66 to 366 days, treated with vehicle control or
29 (5 mM) every other day for 2 weeks; and cryAB R120G heterozygotes
aged 260 to 469 days treated with vehicle or compound 29 (1 mM) daily
for 2 weeks. The transparency of the treated mice was measured using a
LOCS III scoring system on masked images. In both dosing schedules, com-
pound 29 significantly improved transparency (P < 0.001). (D) Treatment with
compound 29 improved the solubility of mouse and human lens proteins, as
measured by BCA assays.
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separated the insoluble and soluble material by
centrifugation and measured the amount of
protein in these fractions using bicinchininic
acid (BCA) assays. Consistent with the EM re-
sults, compound 29, but not 16 or the vehicle
control, shifted cryAB into the soluble fraction
when added either before or after aggregation
(Fig. 2A). Together, these results show that com-
pound 29 can block aggregation and partially
reverse R120G cryAB insolubility in vitro. To test
whether this activity was restricted to the R120G
model, we next used the DSF platform to test
whether compound 29 could restore the solubil-
ity of other cataract-associated proteins.We found
that compound 29 could improve the Tm of three
mutants in cryAA (R49C, F71L, and R116C) by at
least 2°C (fig. S4). This effect might be expected,
because cryAA and cryAB are highly conserved,
especially in the region that binds compound 29
(fig. S1C). However, compound 29 had no effect on
twomutants of the structurally unrelated lens pro-
tein g-crystallin (P23T or W42R cryGD) (fig. S4),
which lacks the a-crystallin domain. Thus, com-
pound 29 appears to bind a specific region of
cryAA and cryAB to restore solubility and par-
tially reverse aggregation.
The R120G cryAB knockin mouse develops

severe age-associated cataracts,with 100%showing
lens opacities by 20 weeks of age (22). To test
whether compound 29 can reverse this process, a
single drop of compound 29 or vehicle (cyclo-
dextrin) was delivered to the right eye of aged
R120G cryAB knockin mice three times per week
for 2 weeks. These mice had already developed
severe cataracts before the treatments. Lens
opacity was then assessed with a video slit lamp
and scored using a five-grade scale adapted from
the Lens Opacities Classification System III
(LOCS III) cataract scoring system. In hetero-
zygous R120G cryAB mice (age 36 to 366 days),
we observed a substantial improvement in lens
opacity grade (lens opacity grade 0.98 ± 0.46;
n = 22; P < 0.001) (Fig. 2C). Compound 16 was
inactive (lens opacity grade 2 ± 0; n = 3; P > 0.2).
The effect of compound 29 was striking by
visual inspection (Fig. 2C), quantification of
the pixel intensities (Fig. 2C), or quantitative
reconstructions of the slit lamp videos (fig. S5).
To examine the durability of this effect, we ex-
amined the mice 4 weeks after ending treat-
ment with compound 29. In thesemice, the LOCS
III cataract score was indistinguishable from
the values taken immediately after treatment
(lens opacity grade ~1.0). The cataracts in R120G
cryABmice becomemore dramatic with age. To
test whether compound 29 could act on these
cataracts, a second group of older heterozygotes
was treated with a 1 mM solution three times
per week for 2 weeks, revealing that lens opacity
was significantly improved (lens opacity grade
1.25 ± 0.46; n = 10; P < 0.001) (Fig. 2C). Thus,
compound 29 could even partially restore the
transparency of older cryAB R120G heterozy-
gous mice.
The R49C cryAA heterozygous knockin mouse

also develops cataracts. To investigate the ef-
fect of compound 29 on this second model of

hereditary cataract, we treated mice with 5 mM
compound 29 or vehicle control three times
per week for 4 weeks. We found that the lens
transparency was significantly increased (lens
opacity grade 1.11 ± 0.72; n = 14; P < 0.001) (fig.
S6A). Similarly, a second group of R49C cryAA
heterozygotes was treated with a lower dose (1
mM solution of compound 29) three times per
week for 2 weeks, showing similar efficacy
(lens opacity grade 1.3 ± 0.51; n = 5; P = 0.006)
(fig.. S6A). Thus, compound 29 could partially
restore transparency to two distinct models of
hereditary cataract.
Although cataracts and the amount of total

insoluble lens protein are only indirectly related
(1), an improvement in overall protein solubility
might be expected for compounds that have sub-
stantial anti-aggregation activity. To test whether
compound 29 could restore protein solubility, we
separated the soluble and insoluble fractions of
treated lenses by centrifugation andmeasured the
amount of crystallins (a, b, and g) by gel perme-
ation chromatography (GPC). We found that
compound 29 improved the solubility of the
a-crystallins (including cryAA and cryAB) by
63% (S6B). Moreover, the shape of this curvewas
similar to that of the untreated a-crystallins,
suggesting that compound 29 favors a normal
structure of the proteins. To verify this finding
using a different method, we measured the total
amount of soluble and insoluble protein in a subset
of the treated lenses by BCA assays. Consistent
with this model, compound 29 increased the
ratio of soluble:insoluble protein by 16 ± 5% (Fig.
2D). Again, older heterozygous mice showed a
more robust response (fig. S6C).
Hereditary cataracts are relatively rare in hu-

mans, so we next explored whether compound
29might have an effect on themore prevalent, age-
related cataracts. The exact mechanisms of age-
associated cataracts are not clear, but are likely to
involve oxidative and other damage to crystallin
proteins, resulting in aggregation. Five C57BL/6J
wild-type mice (aged 118 to 263 days) with spon-
taneous age-associated opacities were treated with
compound 29 for 2 weeks and then examined by
slit lampbiomicroscopy.We found that compound
29, but not vehicle control, improved transparency
by at least one grade on the LOCS III scoring
system in four of the five mice. Finally, we col-
lected lens material from human patients (aged
63 to 80 years) with grade 1 to 4 cataracts and
treated themwith either vehicle or compound 29
for 6 days ex vivo. Compound 29, but not the
vehicle, increased the amount of soluble protein
by 18%, as assessed by BCA assays (Fig. 2D and
fig. S6D). Thus, compound 29 may be a promis-
ing lead toward the nonsurgical treatment of
both hereditary and age-associated cataracts.
This molecule partially reversed protein aggre-
gation by binding and stabilizing the more so-
luble forms of cryAA and cryAB, suggesting
that it is a PC for these crystallins. Based on the
in vitro, in vivo, and ex vivo studies, we suggest
that compound 29 stabilizes the native forms
of cryAB, which are in slow equilibrium with
the amyloid forms. Once stabilized, the bound

cryAB is less likely to misfold, a key feature of
a PC. The GPC results also suggest that the
treated cryAB is now partly capable of keeping
other lens crystallin proteins soluble, suggest-
ing that its chaperone activity is at least partially
intact. Finally, and more broadly, these findings
suggest that DSF-based HTS campaigns might
be ideally suited for identifying PCs with activity
against other “undruggable” targets.
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stabilize the soluble form of crystallin. In proof-of-concept studies, one of these compounds improved
of ligands on temperature-dependent protein unfolding and identified several compounds that bind and 
require surgery (see the Perspective by Quinlan). They used a screening method that monitors the effect
that reverse this aggregation might have therapeutic potential for treating cataracts, which normally 

 explored whether small moleculeset al.aggregate, which causes the lens to become cloudy. Makley 
population. Cataracts arise when crystallin, a major protein component of the eye lens, begins to 

Cataracts are the most common cause of vision loss, especially in our ever-increasing elderly
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