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1. Introduction

The focusing power of the vertebrate eye is determined in
part by the concentration and distribution of the extremely
long-lived crystallin proteins making up the lens. In terres-
trial organisms, the air/water interface at the cornea also
plays a major roleY), whereas in fish, this functionality is
entirely determined by the shape and composition of the
lens. (234 Crystallins have evolved from diverse small, sol-
uble proteins 56 and comprise the majority of the lens tis-
sue. ("8 The majority of crystallins in the vertebrate lens
belong to two superfamilies, the chaperone a-crystalling
and the structural and refractive fy-crystallins. Unlike
most proteins, which are subject to continuous turnover
in the cell, erystallins are generally not replaced after their
expression during carly development. Crystallin aggrega-
tion leads to cataract, a leading cause of blindness and a
WHO priority eye discase. ¥l In addition to their biomedi-
cal relevance, the long-term solubility and stability of crys-
tallin proteins also represent a fascinating physical chem-
istry problem. How do these small, globular proteins main-
tain their solubility and transparency for prolonged peri-
ods, even at concentrations upwards of 400 mg/mL? In
terms of understanding the underlying phenomena, crys-
tallin longevity is thus the flip side of protein deposition
discases. Understanding the factors that enable these pro-
teins to resist aggregation in the crowded lens environment
for many years is critical to forming a complete picture of
protein solubility and aggregation.

In this review, we summarize the major types of struc-
tural crystallins found in vertebrate lenses, their evolution-
ary origins, and important structural features. We also con-
sider the many routes to cataract formation from a physical
chemistry perspective. We describe some of the experimen-
tal techniques that are most commonly used for studies of
crystallins. Hereditary cataract can be caused by muta-
tions to any of the major crystallin proteins that change
their folding stability or surface properties. Other muta-
tions can create conditions under which crystallin solubility
is compromised. Reduced crystallin solubility can also re-
sult from post-translational modifications (PTMs), which
can take the form of deamidation, oxidation, interactions
with metal cations, proteolysis, or derivatization with sug-
ars. UV light irradiation, a common factor in age-related
cataract, is one pathway to several types of cerystallin dam-
age. We discuss the role of protein-protein interactions in
mediating aggregation. Finally, we describe how liquid-
liquid phase separation (LLPS) can occur in lens proteins,
even under conditions where they are fully folded.

2.
mon origin and fulfill structural
and refractive functions

fy-crystallins are the primary structural and optical pro-

teins of the lens; they maintain transparency, increase the
refractive index, and protect the retina from UV light dam-

age. In the lens fiber cells, these proteins exist as an amor-
phous, dense liquid where transparency is governed by the
short-range spatial order, similar to a glass. 1% The key reg-
ulators of fy-crystallin expression are the transcription fac-
tors c-MAF and Pax6. 'Y Pax6 gene regulation is conserved
amongst all crystallins, including vertebrate a-crystallins
and unrelated taxon-specific crystallins (e.g., jellyfish J2-
and J3-crystallins and scallop Q-crystallins). Recent evi-
dence suggests that Pax6 regulation of these proteins may
have arisen from pre-existing cis-sites that are affiliated
with small heat shock proteins. (12]

The sequence and structural similarity of lens § and
v crystallins indicated that the two shared a common an-
cestor. 1314 The By-crystallins share a common fold char-
acterized by two double Greek key motifs (Figure 1) and
a per-monomer molecular mass of approximately 21 kDa.
The overall symmetry of the fy-crystallins suggests that
the crystallins were formed from two gene duplication events,
probably after their recruitment to serve a refractive func-
tion.[*5] The first duplication event transitioned the single
Greek key motif into a wedge-like domain containing two
Greek keys, and the second event formed the dimer. [16:8]
The sequence similarity between motifs one and three and
motifs two and four (Figure 1), but not in any other com-
bination, are further evidence supporting these duplication
cvents.
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Figure 1: H~S displayed to highlight the conserved struc-
ture among ~y-crystallins. Protein structures are rendered
using UCSF Chimera.['”) The N-terminus is circled and
the C-terminus is boxed. Greek-key motifs are numbered
from the N-terminus to the C-terminus. Conserved tryp-
tophan side-chains are shown as sticks. (A) HyS (PDB
ID: 2M3T) with individual Greek key motifs highlighted in
red and blue. The left and right side are two wedge-like
B-sandwich domains, where one Greek key (red) binds to
the other (blue). The hydrophobic interdomain interface
holds the two blue Greek key motifs together. (B) HyS

/[Sfy_crystallins evolved from a com-rotated 90°. (C) Schematic of the Greek key motif. Each

Grecek key is formed by antiperiplanar -sheets, which are
continuously connected via linker sequences.

In v-crystallins, cach domain is encoded by a single
exon, whereas in f-crystallins cach domain is encoded by
two exons separated by an intron. These alternative splic-
ing patterns present the question of when the divergence of
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the 8- and «-crystallin families occurred: were y-crystalling
formed from the g-type gene encoding pattern through in-
tron loss, or were - and «-crystallins formed from distinct
duplication events? The presence of the SB2-crystallin
outside of the lens is evidence for the former evolutionary
progression. ¥ The later evolutionary progression is sup-
ported by the existence of a two-domain crystallin-like pro-
tein from the sponge Geodia that lacks introns.*”) The rel-
ative likelihoods of these evolutionary progressions are con-
sidered in a review by Alessio ' who concludes that the
progression from the single Greek key motif to two-domain
proteins were separate events for the - and ~-crystallins.
In this hypothesis, the initial fusion event formed dimers
both with and without introns between the motif sequences.
The dimers with introns then further combined to create
the S-crystallins, whereas the latter formed ~-crystallins.
The structures of several Sy-crystallins are well charac-
terized, providing a basis for comparison among paralogs
(related proteins in the same organism) and orthologs (ho-
mologous proteins in different organisms). The structural
building block of all of the Sy-crystallins can be secen in
a relative of the vertebrate crystallins, the tunicate (-
crystallin (PDB ID: 2BV2) (Figure 2A). 2% The structure
of tunicate fy-crystallin consists of a single domain with
the familiar double Greek key motif (Figure 1). Along the
path to modern vertebrate Sy-crystalling, a second double
Greek key domain was added (Figure 2B), and the ability
to bind divalent cations was lost, possibly as a result of
selection for increased refractive index. 2! The single do-

Figure 2: Types of fy-crystallins. (A) Tunicate (-
crystallin (PDB ID: 2BV2) 2] is monomeric and has a sin-
gle domain. This protein can bind two calcium ions (shown
in red). (B) HyS (PDB ID:2M3T) ?2] in monomeric but
has two double Greek key domains. (C) S-crystallins have
the same domain organization, but are typically dimeric.
Human SB2-crystallin can form domain-swapped dimers
(PDB ID: 1YTQ). !

main fy-crystallin of the tunicate Ciona intestinalis is ex-
pressed in the light- and depth-sensing organs, but also in
the palps. 29 This protein binds Ca2+ [20] and is greatly sta-
bilized by doing so.?4 It also has a higher refractive index
than would be predicted by amino acid sequence alone (23]
giving it a unique position as a single-domain intermedi-
ate form with both Ca?t binding and refractive function.

Like the tunicate crystallin, other crystallins from phylum
Chordata26] and the more distantly related microbial or-
thologs 27:28:29] have provided a wealth of background in-
formation about the evolution of f+y-crystallins.

Characterization of f-crystallins’ biophysical proper-
ties provides insight into the adaptation of the double-
Greek key motif to its function in the eye lens. The ad-
vent, of polydispersity in the eye lens from both a diverse
set. of fBy-crystalling and oligomeric domain-swapped (-
crystallins appears to have increased the overall protein
content that can be accommodated in the lens. ] The linker
sequence, the N- and C-terminal extensions, and the hy-
drophobic residues at interfaces between Greek key motifs,
arc all key structural features that promote domain associa-
tion in fv-crystallins. The extensive and sometimes contra-
dictory data revealing the extent to which these structural
features drive domain association in fv-crystallins were re-
viewed and were used to generate a likely sequence for the
evolutionary progression.'?®] Experiments with chimeric
protein sequences show that the exchange of a S-type linker
sequence or extensions for y-type features in a S-crystallin
can promote stabilization of a typically dimeric protein as
a monomer. This suggests that amino acid substitutions
in the interdomain linker sequence could be the key to di-
vergence of - and v-crystallins. Similarly, hydrophobic
residues at the f-crystallin interdomain interfaces tend to
promote dimerization more than in y-crystallins, suggest-
ing that substitutions in this region were critical for the
divergence of 8- and «-crystallins.

3. The [v-crystallins share a very

stable fold

The structures of wild-type human «-crystallins have been
solved, as have many cataract-related variants and struc-
tural crystallins from other vertebrates, including mouse 0]
chicken PV, and zebrafish. 2l NMR structures of HyB B3,
HyC (PDB ID: 2NBR) P4 H~S (PDB ID: 2M3T) %2 and
~D (PDB ID: 2KL.])[35] have been reported, as well as a
crystal structure of HyD (PDB ID: 1HK0).[*¢! g-crystallins
are typically dimeric, sometimes with multiple possible con-
figurations. For example, human SB2-crystallin has been
observed in different states in solution, including a domain-
swapped dimer in a crystal structure (PDB ID: 1YTQ) 2]
(Figure 2C) and a face-en-face dimer, without domain swap-
ping. 7 Studies of these molecules have mostly focused on
two aspects: the molecular basis of their extraordinary sta-
bility and solubility, and how changes due to mutation or
post-translational modification alter their biophysical prop-
crtics. The ~-crystallins have shown to be more stable
than S-crystallins in solution, suggesting that the inher-
ent stability of the Greek key motif is not the only con-
tributor to the stability of these proteins; the interdomain
interface also contributes to the overall stabilization. [38:39]
In general, the N-terminal domain is less stable than the
C-terminal domain. The C-terminal domain is more con-
served across the human lens paralogs, suggesting that it
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was strongly sclected for via evolution, as it was neces-
sary for stabilization. The N-terminal domain may there-
fore be more modular and able to adapt to new functions.
There are several aromatic residues that increase stabi-
lization through pi-stacking, notably in conserved tyrosine
corners (), and conserved tryptophans in the hydrophobic
core, which will be discussed in Section 4.#1 A thorough
account of these and other known factors that contribute to
the stability of gvy-crystallins were reviewed by Serebryany
and King. 2]

H~S and HyD have different solubility thresholds, and
different variants of these proteins exhibit a wide range of
aggregation propensities. 3 The recent NMR structure of
wild-type HyC shows that this protein is a typical well-
folded, highly soluble y-crystallin.*l An NMR structure
of zebrafish yM-crystallin ( Danio rerio) (PDB ID: 2M3C)
reveals different organization of hydrophobic packing in the
N-terminal domain relative to human ~-crystallins, prob-
ably due to the absence of one of the generally strongly
conserved Trp residues in the hydrophobic core. 32 Further
experiments using solution NMR and femtosecond fluores-
cence spectroscopy of strategically placed Trp probes have
shown that water molecules in the hydration shell of this
protein exhibit slow dynamics 4, in contrast to the fast
surface water dynamics shown for HyS.!*% This discrep-
ancy may reflect the different environments occupied by
these proteins, as the protein concentration in the fish lens
exceeds 1000 mg/mL, more than double the concentration
for the already crowded human lens.

4.
ing crystallins

Three-dimensional structures have been solved for many
fy-crystallin proteins using both X-ray crystallography and
solution-state NMR,, showing the similarities conferred by
their characteristic fold as well as important differences in
the details. X-ray crystallography is the traditional method
of choice for solving biomolecular structures, as excellent
tools are available for rapid data collection and structure
determination once suitable crystals are formed. However,
because of their high solubility, crystallins are often diffi-
cult to crystallize, and their solution structures and dynam-
ics are of particular interest due their being in solution in
the biologically relevant state. Therefore, many structural
studies have been performed using solution-state NMR, as
reviewed inl*®l and discussed for several cataract-related
variants in Section 5. In addition to providing ensembles
of structures in solution, this method enables the investi-
gation of dynamics over a wide range of timescales and to
detect rare conformational states. (174849 For example, the
solution NMR dynamics of HyD-W42R showed a partially
unfolded state in exchange with the native-like structure,
yielding insight into its increased susceptibility to proteol-
ysis. [0 NMR can also be used to probe protein-ligand and
protein-protein interactions, as has been demonstrated for
~vS-crystallin and its aggregation-prone variants binding to

Biophysical techniques for study-

a fluorescent dye P52 and to the molecular chaperone aB-
crystallin. [22:53]

Building on the strong foundation of information about
the monomers, the most urgent set of problems facing this
field is the detailed investigation of the insoluble aggregates
found in cataract. HPLC and GPC analysis of cataract
samples have shown that a cataract is made mostly of non-
crosslinked crystallin proteins.® Amorphous-looking ag-
gregates have been observed for HyD in the presence of
copper and zine ions(® and for the HyD-P23T variant "6
wherecas HyS and its G18V variant display a mixture of
amorphous aggregates and amyloid fibrils, with the rela-
tive populations varying based on the aggregation condi-
tions. 5758 Amyloid fibrils have also been observed in UV-
induced cataracts in both porcine® and human lenses 60,
raising the question of how prevalent cach type of aggre-
gate is, and under what conditions. A characteristic signa-
ture has been identified in the 2DIR spectrum that can
detect amyloid secondary structure, even if the individ-
ual domains contain only 4-5 -strands. (6! It has been re-
ported that aggregates in cataract lenses can be disrupted
by small molecules such as rosmarinic acid(®2 or lanos-
terol and other cholesterol derivatives, (636465 preventing
and even reversing cataract formation. However, other re-
scarchers report that full transparency is not achieved by
these compounds(%, and that lanosterol works in canine
7 underscoring the need for con-
tinued research on the mechanism of crystallin aggregation
and how it can be prevented or reversed.

For large complexes or insoluble aggregates, such as
the amorphous or amyloid aggregates formed in cataract,
solid-state NMR with magic angle spinning (MAS) is a
useful structural method. 68:69.70,71] This technique can be
used cither on its own or synergistically with other meth-
ods including small-angle X-ray scattering (SAXS), or for
larger complexes, electron microscopy.  Solid-state NMR
has been used to show native-like structure in aggregates
of the P23T variant of HyD-crystallin®® and to solve
the structures of aB-crystallin complexes. ™ Solid-state
NMR is a promising technique for future detailed studies
of the aggregates found in cataract because it has provided
some of the earliest detailed information available about the
structural arrangement of amyloid fibrils(™ | and it contin-
ues to be a workhorse technique for solving new fibril struc-
tures. [ Solid-state NMR structures have been solved for
fibrils formed for AB(;_49) [75,76,77] " finding multiple poly-
morphs, including one that displays the same antibody re-
activity as amyloid plaques from Alzheimer’s brain sam-
ples. (™8] Structural models generated from solid-state NMR
and eclectron microscopy data have revealed structures of
different polymorphs of the AB_40) peptide. [79.80,81] A)
though parallel, in-register f-sheets appear in both poly-
morphs, many other structural features differ, including
the overall symmetry of the complex, the conformation of
the inter-strand regions, and some of the intermolecular
contacts. We anticipate that this methodology will prove
similarly useful for elucidating the structures of crystallin
aggregates. Cryo-clectron microscopy can be used for ag-

but not human lenses!®
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gregates or complexes involving a-crystallin oligomers and
their client proteins, although it is not currently applicable
to individual crystallin molecules due to the lower size limit
of approximately 38 kDa for single particles. (52

Fortunately, in many cases relevant biophysical ques-
tions can be answered even in the absence of a detailed
structural model. Along the way to high-resolution struc-
ture determination, several relatively simple experiments
can be used to test hypotheses about stability, solubility
and protein-protein interactions. Circular dichroism (CD)
spectroscopy provides a rapid means of assessing the pro-
tein’s secondary structure. In CD, the absorbance of a
beam composed of equal intensities of left and right circu-
larly polarized light is measured after passing through the
sample. Because proteins are highly chiral molecules, the
protein backbone absorbs different amounts of left-rotating
or right-rotating light, depending on its secondary structure
features.®3 The effective rotation of the plane of the beam
is then recorded as a function of the frequency, providing
an estimate of the relative amounts of a-helix, S-sheet, and
random coil. Different variants of the same protein can be
compared to cach other, enabling detection of partial un-
folding due to mutation or PTMs. The CD spectrum can
also be monitored with increasing temperature or denat-
urant concentration to measure protein unfolding. If the
sccondary structure is already known or not needed, un-
folding can alternatively be monitored using fluorescence
spectroscopy experiments.

Built right into the fvy-crystallins is a set of very sen-
sitive fluorescent probes that allow for characterization of
disturbances to the protein structure, in the form of four
highly conserved tryptophan residues. A common feature
of vertebrate lens fv-crystallins is an arrangement of two
tryptophans in the hydrophobic core of each domain, which
naturally acts as a FRET pair to protect the retina from

the hydrodynamic radius and mass. 3% Because scattering
also depends on the molecular orientation, the intensity
of scattering is measured at a varicty of angles in what is
known as Multi-Angle Light Scattering (MALS). Particu-
larly when combined with size exclusion chromatography to
isolate individual species®, MALS enables determination
of the second virial coefficient or A2B7:88] which effectively
reports on the favorability of protein-protein interactions.
A2 is a measurement of the mean potential force between
two particles in a solution.®] In contrast, DLS measures
fluctuations in scattering intensity at a single angle over
time, which can be used to estimate particle size as well as
the diffusion coefficient. [® This makes DLS an excellent
tool for investigating aggregation of particles over time, or
as a function of changing conditions. DLS is often used
to characterize the aggregation of crystallins as a function
of temperature or pH, or upon addition of salts or other
solution components.

Small-molecule fluorophores, such as Thioflavin T (ThT)
and 8-anilino-1-naphthalenesulfonic acid (ANS), are use-
ful probes for investigating crystallin structure and inter-
actions. These fluorophores bind to the protein of interest,
producing observable changes in their fluorescence spec-
tra such as frequency shifts and changes in intensity (Fig-
ure 3). ThT fluoresces strongly when bound to amyloid
fibrils?1929] enabling detection of fibrils and monitoring
the kinetics of their formation. ®4? ANS and bis-ANS are
commonly used as a probe of exposed hydrophobic sur-
face area, although the binding mode also involves electro-
static interactions between the negatively charged sulfate
groups on the dye and positive charges on the target pro-
tein. 9697 For example, ANS fluorescence has been used to
characterize the placement of hydrophobic patches on HyS
to better understand the a-crystallin-client protein binding
interface. (2 These small molecule probes can be used to

UV light. 4 The fluorescence of these tryptophans is strongly quickly and inexpensively probe the aggregation state of a

affected by the surrounding chemical environment, making
them excellent reporters of the overall fold of the protein.
This method is most useful in comparative mode, investi-
gating differences between variants or measuring unfolding
during thermal or chemical denaturation. Gathering a large
body of data about how crystallin stability is affected by
temperature, denaturants, mutation, or modification is es-
sential for understanding the specific mechanisms of protein
folding and aggregation.

Light scattering is an accessible method for studying
protein-protein interactions and, importantly, aggregation
of fy-crystallins. Scattering experiments are complemen-
tary to spectroscopic measurements: the latter clucidate
different aspects of the internal structure of the molecule,
based on clectronic structure, vibrational modes, or the
arrangements of nuclear or clectron spins, while the for-
mer provide information about properties of the proteins
as physical particles. Light scattering techniques for in-
vestigating protein solution properties can be split into
two categories, Static Light Scattering (SLS) and Dynamic
Light Scattering (DLS). SLS measures the intensity of light
scattered from particles in a solution, which depends on

protein and detect partially unfolded intermediates.

The absorption spectra of transition metals overlap with
the fluorescence emission spectra of protein functional groups,
thereby providing a donor (fluorophore)/ acceptor (metal)
pair. Non-fluorescent transition metals quench donor emis-
sion over a distance range between 10 and 20 A | on ac-
count of a small Forster distance (R,) that is on the scale
of the biomarcomolecule’s length. The short R, coupled
with an inherent inverse-sixth-power distance dependence
makes tmFRET a powerful tool for studying intramolec-
ular interactions. ¥ A schematic illustrating tmFRET is
shown in (Figure 4). The wide range of absorption spec-
tra between transition metals and transition metal chelator
complexes allows for donor/acceptor-pair tuning. (98] Fur-
thermore, transition metals are advantageous aceeptors, as
they can be used in either native or synthetic metal-binding
sites, can be reversibly bound through chelation, and are
less restricted by orientation as they have several absorp-
tion dipoles.[®8] For proteins without native metal binding
sites, di-histidine binding sites can be introduced through
mutagenesis, or chelators such as EDTA can be attached
with short linkers. (%)
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Figure 3: ANS binding can be used to probe hydropho-
bic surface arca. (A) ANS is a mostly hydrophobic small
molecule with a negatively charged sulfate group. This
allows the molecule to bind to exposed hydrophobic pock-
cts on a protein, as shown in this docking simulation of a
predicted structure for the G18A variant of yS-crystallin
binding to ANS. The protein structure is color coded from
blue (hydrophobic) to orange (hydrophilic). (B) When
ANS binds to a protein, it will fluoresce more strongly;
hydrophobic surface exposure correlates with intensity, as
shown in this simulation of a yS-G18A (green) compared
to ¥S-WT (blue) suggesting that the hydrophobic core of
the protein is more exposed in the variant. (C) This flo-
rescence in the bound state is caused by the absorption of
a photon, causing clectronic excitation; when the electron
relaxes back to the ground state, energy is released as a
lower-energy photon.

Cataract-related mutations in
structural crystallins often cause
increased aggregation propensity

5.

So far, there are over 30 reported mutations associated
with hereditary cataract, many of which are summarized
in a review by Vendra et al.['°) To give a few examples,
structures have been solved for cataract-related variants of
HyD-crystallin, including yD-R58H 6], yD-p23T [101,102]
AD-R76S 193 4D-V75D 1% and a variety of deamidation
variants. [1%] For HyS, structures have been solved for 4S-
G18V (22 4S8 G57W [106:107] "and the deamidation variants
N14D and N76D. %] Themes have emerged from biophys-
ical and structural characterization of Svy-crystallin vari-
ants, including relatively subtle structural differences from
wild-type, increased hydrophobic surface exposure, higher
susceptibility of the N-terminal domain to unfolding, and
the formation of multiple unfolding intermediates.

The solution-state NMR structures of the G18V (22 and
G57W 7 variants of HyS (HyS-G18V and HyS-G57TW,
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Figure 4: Transition metal Forster resonance energy
transfer (tmFRET) and an example of a crystallin
protein where it is useful. (A) A model of one of the
Cu?t-binding sites of HyS, showing the Cys residues that
coordinate the metal ion FRET donor, and the nearby Trp
47, which acts as a FRET acceptor. (B) Schematic depic-
tion of the interactions in (A), with key distances labeled.
Both (A) and (B) are based on data from.® (C) Draw-
ing showing the approximate positions of relevant spectral
peaks. Trp in a protein has a strong absorption peak cen-
tered at around 280 nm, and fluorescence at around 350
nm (although this can vary considerably depending on the
local environment.) Transition metals such as Cu®*t often
have a relatively broad absorbance peak at around 400 nm,
allowing for substantial overlap with the Trp fluorescence,
and hence FRET. (D) Jablonski diagram indicating the
various energy transfer mechanisms, including excitation,
fluorescence, FRET, and vibrational relaxation (small red
arrows.)

respectively) are both similar to that of the wild-type pro-
tein (HyS-WT) without major structural rearrangement.
However, for both proteins, biophysical experiments had
previously showed that these variants are less stable and
more aggregation prone. [109:110:106] Solid_state NMR spec-
tra of HyD-P23T aggregated under physiological conditions
arc consistent with the local structure of the protein be-
ing nearly identical to HyS-WT.[%6] These are described as
amorphous-looking; however, their solid state NMR peak
dispersion and linewidths are consistent with a high degree
of structural homogeneity. °9)

Although they are not misfolded, HyS-G18V %2, HyS-
G57W 107 and yD-P23T B9 all have increased hydropho-
bic surface arca compared to vS-WT, as well as subtle
but widespread perturbations to the N-terminal domain
(NTD), where cach mutation is located, whereas the C-
terminal domain (CTD) remains unchanged. Despite their
minimal structural perturbations, cataract-related variants
of yS-crystallin behave differently in the crowded solution
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of the eye lens, as evidenced by differing interactions with
surface water®® and with small molecules in the lens. 111

The isolated domains of HyS and HyD are cach very
stable, although in both cases the NTD is less stable than
the CTD.B8 The many observations of crystallin aggre-
gation mediated by partial unfolding of the NTD, while
largely leaving the CTD unchanged, furthers the hypoth-
esis that the NTD is stabilized by the interdomain inter-
face. BO11211338] A particularly dramatic example of this
effect occurs in HyD-V75D, where denaturation experi-
ments in urea revealed that it is possible to unfold the entire
NTD while the CTD retained a native structure. %4 The
residues of the NTD occupy more conformations than those
found in the CTD 4 and the NTD shows a higher degree
of flexibility in the HyD-G57W variant over WT. ' In a
cataract-related variant of mouse yS-crystallin, a single mu-
tation, I9S in the first f-strand destabilizes the first Greek
key motif, promoting unfolding of the NTD under even
mild heat stress.[''% The HyS-Y67N, was recently discov-
cred in a Chinese family with autosomal dominant nuclear
congenital cataracts.[''7 In this protein, structural desta-
bilization leading to reduced thermal and chemical stability
relative to HyS-WT 18] takes the form of disrupting one of
the tyrosine corners that are essential for stabilizing Greek
key motifs. [197)

Another example of this unfolding mechanism was found
in the zebrafish yM7 crystallin, which has a CTD that
is highly similar to that of HyS and, in contrast, an N-
terminus with key sequence differences, especially between
residues 67-72. Specifically, this protein lacks one of the
strongly conserved tryptophan residues found in other ver-
tebrate y-crystallins, leading to a restructuring of the loop
between 88 and 7. This amplifies hydrophobic packing,
presumably to compensate for the loss of the bulky Trp
in the hydrophobic core while maintaining the Greek key
motif. These structural differences likely reflect the evolu-
tionary constraints of the fish crystallins to perform in a
more densely packed eye lens that is under less UV stress
compared to its land counterparts. 32

Destabilization is strongly associated with aggregation,
although the correlation is not always straightforward. [110:42]
Complete unfolding is often prevented by intramolecular
hydrophobic contacts, salt bridges, disulfide bonds, or by
the chaperone activity of a-crystallin. This can give rise to
an accumulation of partially unfolded intermediates, which
may be more physiological relevant than completely de-
natured proteins, given the preserving nature of the eye
lens9 | though there is some evidence of fully denatured
proteins in cataractous lenses as well. [120]

Similar aggregation-prone variants are also observed in
S-crystallins. Compared to their WT counterparts, the mu-
tants HAB2-W59C[121 HAB2-W151C [121]]
HBB2-S175G/H181Q 122 and HAB2-R188H['23] all have
increased hydrophobic exposure, decreased stability, de-
creased solubility and an increased propensity to aggregate.
The dependence of the NTD stability on that of the CTD
is highlighted in the comparison of stability and solubility
between the HAB2-W59C and HSB2-W151C variants. 12!

Both of these tryptophan residues are conserved in all hu-
man lens fy-crystallins, although these studies indicate
that mutating them is not equivalent in terms of structural
disruption. Every form of characterization used indicates
that the W151C mutant is far more perturbed relative to
WT than W59C. Both mutations of H5B2-S175G/H181Q
are in the fourth Greek key motif. Hydrogen/deuterium ex-
change mass spectrometry experiments revealed significant
conformational changes in the loop region that transverses
the CTD and connects the two Greek keys'22) suggest-
ing that this loop region is critical for stabilization. In
HpBB2, R188 forms an ion pair with E75 in the intrado-
main interface between the Greek keys. 28] H3B2-R188H
disrupts this pairing and, therefore, the equilibrium among
different oligomeric states: this variant exists mostly as a
tetramer, rather than the native dimer.?*! The reduced
solubility and stability can therefore be associated with
the loss of stabilization from homodimer formation. HSB2-
V187E aggregated rapidly upon expression in bacteria, and
was found almost solely in inclusion bodies. [123] Molecular
dynamics simulations suggested the mutation completely
disrupted folding of the domain. Across all crystallins, a
hydrophobic residue is conserved in this position, support-
ing the idea that this position is a critical part of the hy-
drophobic core. In contrast, the CTD was only slightly
loosened by the HAB2-V187M mutation, a conversion to
another hydrophobic residue. 127

At neutral pH, HB1-R233H does not greatly alter the
degree of hydrophobic exposure or solubility compared to
HAB1-WT HpB1. The mutation slightly alters the struc-
ture and increased aggregation propensity at high temper-
atures. However, this aggregation did not correlate to de-
creased stability; in fact, HSB1-R233H had an increased
stability compared to WT. Rather, the increased aggre-
gation propensity may be due to the increased hydropho-
bic character of the C-terminal extension. ™24 Increased
hydrophobicity of the C-terminal extension was also con-
sidered as the cause of aggregation for HGB1-X253R, a
cataract-associated variant with a 26-amino acid C-terminal
extension. The mutation had only minor effects on stabil-
ity and structure, but a large increase in the aggregation
propensity. (129]

Heterooligomerization has been shown to increase the
solubility of B-crystallins(126:127:128] 45 coexpression has
been used as a tool to stabilize and solubilize these pro-
teins. 1291 In general, acidic S-crystallins are less stable
than basic S-crystallins. 139131 Although HAB1-R233H in-
creased the stability of the protein in isolation, the SA3/5B1
heterodimer was destabilized. The formation of the het-
crodimer was unaffected, suggesting that R233 plays a role
in heterodimer stabilization.'?4 Xi et. al. argue that
these trends in stability imply that R233 destabilizes SB1
and plays a functional role in beneficial heterodimer for-
mation rather than contributing to the inherent stability.
This could be extended to the C-terminal extension, gen-
crally, as the X253R mutation also weakened the dimer-
ization of SA3/BBl. Therefore, mutations in this region
could cause cataract by disturbing heteroligomerization in
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vivo.[125] The HBA4-G64W variant is destabilized and im-

properly folded. This mutation caused an increase in ag-

gregation that was not amecliorated by coexpression with
HpB1. Therefore, HBA4-G64W is likely unable to bind to
HJBI1, suggesting a role for G64 in heterodimerization. 132

HpBB2-R188H was unable to stabilize HBA3 like WT, sug-

gesting this mutation also affects the heterodimer forma-

tion. In contrast to the monomeric y-crystallins, S-crystallin
functionality is not a simple function of individual protein
solubility and stability: these proteins must be considered
in the context of the chemical milicu of the lens.

6. Age-related cataract often results

from post-translational modifica-
tion

Although studying the aggregation mechanism of cataract-
associated variants of the v-crystallins is very instructive
from the standpoint of protein biophysics and sequence-
structure-function relationships, most instances of cataract
disease are not congenital but result from post-translational
modifications (PTMs) accumulated during aging. (133] These
PTMs include deamidation, glycation, acetylation, and prod-
ucts of oxidative damage 34, all of which can dramat-
ically effect protein stability and intermolecular interac-
tions. Here we discuss the chemical mechanisms under-
pinning the formation of these PTMs, as well as their im-
plications for protein solubility.

6.1 Deamidation

Deamidation is a spontancous process where the amide
group on an asparagine or glutamine side chain is replaced
with a carboxylic acid (Figure 5). The mechanism pro-
ceeds via a cyclic intermediate, which leads to a mixture
of the D and L versions of both aspartate and isoaspar-
tate. 135 These deamidation events play a functional role
in some tissues'3%137 but in structural lens proteins they
arc primarily a deleterious effect of aging and exposure to
UV radiation. '3%139] In irradiated rat lenses, proteomic
analysis revealed many different PTMs; however deamida-
tion of Asp and Glu residues were among the most com-
mon. 1% The degree to which deamidation at any particu-
lar site contributes to the formation of cataract is an open
question, as the solubility impact appears to depends on
both which isomer is formed and where in the protein it
is located. 141:142.143] Many detailed investigations of spe-
cific deamidation-mimicking variants have been performed,
some examples of which are discussed below.

In human B1, deamidation leads to destabilization and
a less compact dimer structure, whereas truncation of ei-
ther the N- or C-terminal extensions does not impact sta-
bility with respect to urea denaturation. 144145 gpB2_[146]
and SA3-crystallins 147 are similarly destabilized by single
or double deamidation, although their overall structures
remain largely native-like. Deamidations also impact the

dynamics of S-crystallins in the context of homo- and het-
crodimers: enhanced flexibility, especially for B2, may
promote the formation of larger oligomers that could lead
to cataract. [148]
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Figure 5: Deamidation Mechanisms Deamidation of as-
paragine and glutamine residues yield their acidic coun-
terparts, altering the biophysical properties of the protein.
Backbone amide attack of asparagine or glutamine residues
result in succinimide or glutarimide intermediates, respec-
tively. Hydrolysis results in cither conversion of the starting
amide to an acidic residue (top) or breaking of backbone
amide bonds to form iso-aspartic acid (v

or iso-glutamic acid (bottom), respectively.

Deamidation also causes destabilization and altered in-
termolecular interactions in ~-crystallins. Although the
structures of the N76D and N143D variants of HyS are sim-
ilar to HyS-W'T, these variants exhibit increased attractive
forces to other proteins.23456789 149 The deamidation-mimicking
N76D and N14D variants of HyS exhibit increased aggre-
gation propensity and are more susceptible to oxidative
damage. 1% This investigation also showed that both the
N- and CTDs of these variants are more flexible and ex-
pose more of the hydrophobic core, leading to two possible
drivers of aggregation. One is that the increase in flexibility
drives aggregation directly via the presence of aggregation-
prone unfolding intermediates, and the other is that deami-
dation events make the protein more susceptible to other
PTMs, further impacting solubility. HyS-N76D has an
increased propensity for dimer formation and decreased
resistance to denaturants relative to HyS-WT, although
it is resistant to thermal aggregation.™ A triple mu-
tant mimicking the effects of multiple deamidations (H~S-
N14D/N76D/N143D) is more destabilized and aggregation-
prone than any of the single mutants, and resists solubiliza-
tion by aA-crystallin.™) On the other hand, a thorough
study of HyD where all 7 of its Asn residues were individ-
ually mutated to Asp revealed no major changes in stabil-
ity, solubility, or aggregation propensity. The structures of
all these variants, as measured by both x-ray crystallogra-
phy and solution NMR were also largely unchanged. This
provides evidence that deamidation of individual residues
in HyD does not initiate aggregation leading to cataract,
although the imapct of multiple deamidations is not ad-
dressed. 19 An interesting topic for future investigation
is whether deamidation variants of HyD are more suscep-
tible to oxidation and other deleterious modification, as
observed for HyS by Forsythe et al.['°8 which would pro-
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vide a mechanism for their involvement in cataractogenesis
even if the impact of the deamidations themselves on pro-
tein structure is minimal.

6.2 Oxidation

Another important set of modifications that are relevant
to crystallin aggregation are those brought about by ox-
idative damage. Although the lens contains a reservoir of
glutathione('2] it is depleted with age[15%154]  and thus
oxidative damage is one of the most abundant types of post-
translational modifications in the lens nucleus. '%°! Oxida-
tive damage can truncate the protein through backbone
cleavage*®® or sidechain modification. In particular, the
sidechains of Met, Trp, and Cys are prone to oxidation-
driven modifications that accumulate over time and are
found in high rates in cataractous lenses. 157:1%8] Cysteine
oxidation and the formation of disulfide bonds can perturb
native structure or form intermolecular disulfide bridges
that decrease solubility and lead to larger aggregates. (159
Tryptophan oxidation has been shown to destabilize the
protein (199 and would also disrupt the UV-filtering capa-
bility of the two highly conserved tryptophan pairs 16184
which effectively absorb potentially damaging radiation and
redistributes the energy via thermal motion. 162

Despite the various protective features in the lens, fre-
quent exposure to UV radiation can cause free radical for-
mation that leads to oxidation products. Cations of redox-
active metals such as iron'%) and copper are also impli-
cated in crystallin oxidation. It is difficult to predict and
isolate all the potential products; however, oxidative dam-
age has been localized to specific side chains such as me-
thionine, cysteine, and tryptophan in proteins of mouse
lenses. %8 The chemical and biophysical properties of bovine
~-crystallins are altered after treatment with a strong ox-
idizing agent, with increased hydrophobic exposure and
more disulfide-based protein cross-linking. %4 A more de-
tailed discussion of disulfide cross-linking in the crystalling
can be found in section 7.2. In addition to their baseline
increase in aggregation propensity, many cataract-related
crystallin variants also have increased susceptibility to ox-
idative damage. Six cataract-related variants of HyD- and
H~C were found to be more aggregation-prone than WT
after treatment with UV light or hydrogen peroxide. 16%
Aggregates with different morphologies have been reported
upon oxidation. UV-B irradiated mixtures of «, 3, and
y-crystallins result in amyloid fibril based aggregates(156],
while amorphous-looking aggregates have been formed from
UV-irradiated H~S.[") Small-molecule antioxidants that
can prevent or mitigate oxidative damage are of great inter-
est, as they may have some prophylactic value for cataract
prevention. Compounds such as
(-)-cpigallocatenchingallate 167:168,169] 1,
green tea flavonols 'Y have been shown to prevent oxida-
tive damage to crystallins in vitro. These compounds could
serve as an important starting point for finding effective
preventative measures for age related cataract.

erperetin 179 and

6.3 Proteolysis

Truncation of crystallins is another form of age-related dam-
age observed in aged lenses; however, proteolysis has a
complex role in the development and maintenance of the
healthy lens. Enzymatic digestion by proteases in the eye
lens has a beneficial function during lens development and
sven into adulthood.'72 The ubiquitin-proteasome path-
way is functional in lens fiber cells['™] although activity
of both the ubiquitination machinery and and protecasomes
arc reduced with age, probably due to depletion of the nec-
essary enzymes. '™ While it is active, this cellular dis-
posal system can remove crystalling that are damaged by
oxidation or repeated exposure to UV light, but as the
lens ages and the diffusion barrier between the nucleus and
the outer part of the lens becomes more pronounced 179
damaged proteins are accumulated rather than removed by
proteolysis. (1761 The ubiquitin-dependent proteolytic path-
way is critical for the degradation of oxidatively modified
proteins '™ which otherwise aggregate and bind to mem-
branes 177178 contributing to the hindrance of diffusion
in aged lenses. At least one congenital cataract mutation
where the lack of solubility is due to increased sensitivity
to these natural housckeeping proteases. The S129R. vari-
ant of human fFBl-crystallin has enhanced sensitivity to
proteolysis, and is associated with an autosomal dominant
congenital cataract-microcornea syndrome. [179)

Non-enzymatic cleavage of crystallins is also an impor-
tant process in the lens, as the long-lived crystallin pro-
teins are susceptible to various forms of damage that ren-
der them aggregation-prone, especially in the absence of
a functional ubiquitin-proteasome system, as in the ag-
ing lens. This type of modification is often concomitant
with both oxidative damage and deamidation. At necu-
tral to mildly basic pH, spontancous deamidation of Asp
and Gln residues often occurs via formation of a succin-
imide intermediate'80:181 but if formation of this inter-
mediate is prevented by the local tertiary structure, the
amide nitrogen of the backbone may act as the nucleophile
instead of the sidechain NHs, leading to backbone cleavage
rither as a competing pathway, or after deamidation has oc-
curred (Figure 5). [182,183] Ag expected from the dependence
on three-dimensional structure, these modifications are not
randomly distributed but instead depend on the neighbor-
ing residues. 184185 The side chains of nearby residues may
also be involved in the chemistry, with serine being particu-
larly likely to participate in truncation 86 or racemization,
albeit via distinct chemical mechanisms. 87 In some cases,
backbone cleavage can also lead to interprotein cross-link,
further compromising solubility. [188:189]

6.4 Tryptophan derivatives in the lens

Tryptophan metabolites produced from the kynurenine path-
way in the anterior cortical epithelial cells (Figure 6) are
capable of mitigating the damage of frequent ultraviolet ra-
diation exposure in the eye lens. These small molecules ab-
sorb some of the radiation that passes through the cornea,
particularly in the 300-400nm wavelength range, and dissi-
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pate the energy as vibrational motion. 190:133] These UV-
filtering metabolites are depleted in aged lenses (191 mak-
ing the lens proteins more susceptible to UV-induced dam-
age.[1921 Although kynurenine and its derivatives play a
photoprotective role on their own, their chemical reactiv-
ity can also promote oxidative damage and aggregation
and are under investigation as an accelerant of brunes-
cent cataracts. Oxidized tryptophan metabolites can form

covalent linkages to crystallins or GSH, a major route of
30HKyn depletion. [192]

Kynurenine Pathway
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Figure 6: The formation of tryptophan metabolites through
the kynurenine pathway. Enzymes are indicated adjacent
to cach arrow. At the beginning and the end of the path-
way arc drawings illustrating the healthy lens and the de-
velopment of brunescent cataract as a result of tryptophan
metabolite production. [193:194]

The covalent linkage of tryptophan metabolites to nu-
cleophilic residues, especially lysine and histidine, desta-
bilizes the protein, leading to cataractogenisis. [195:196] A
possible source of oxidation could be through hydrogen per-
oxide produced from the interactions 3-hydroxykynurenine
(30HKyn) and 3-hydroxyanthranilic acid (30HAA) with
Cu?t.[97 The 30HKyn and 30HAA precursors (Figure 6)
lack the o-aminophenol group and do not promote metal
ion-mediated hydrogen peroxide, emphasizing the necessity
of the hydroxyl group for redox activity, possibly due to
resonance stabilization of the radical species. [197]

Cross-linked crystallins are found extensively in catarac-
tous lenses. (198191 Tryptophan metabolites are known to
form covalent linkages on crystallins and are readily oxi-

dized into reactive species. Indeed, incubations of a-crystallin
with 30HKyn or 30OHAA produce crosslinks that are greatly
amplified in the presence of Cu?t, even without UV expo-
sure. Similarly, incubations of 30HKyn and 30HAA with
bovine lens protein (BLP) in the dark produced no ap-
preciable amount of higher molecular weight species until
Cu®t or, to a lesser extent, Fe?t was co-incubated. 19
Cu?*t was rapidly converted to Cu't with accompanying
oxidation of the o-aminophenol group. One proposed mech-
anism of cross-linking requires two equivalents of metal ion
per 3OHAA or 30HKyn to perform one-clectron trans-
fers that form quinonimine species that are susceptible to
Michael additions. %) These investigations highlight the com-
plexity of crystallin aggregation in the eye lens and support
the assertion that clevated levels of metal ions found in the
eye are causative agents of cataract.

7. Metal ion-induced interactions

The ubiquitous S+-crystallins of the vertebrate lens are be-
lieved to have evolved from ancestral Ca®*-binding pro-
teins, and orthologs that bind divalent cations are found
in a variety of organisms, including many that lack eyes.
The pathway for crystallin evolution is generally assumed
to be selection for stability and solubility, often followed
by loss of the original activity, in this case metal bind-
ing, along the way to gaining its new optical function. 6:21]
This process is illustrated by the Neurospora crassa abun-
dant perithecial protein (APP), an early crystallin ortholog
that is highly aggregation-resistant at high protein concen-
trations and lacks functional calcium ion binding sites. 19
Unlike related proteins, human Svy-crystallins lack the abil-
ity to bind Ca2t.[200]

Increased divalent cation concentration in the eye lens,
which can be caused by aging'%%), smoking[201:292] or dia-
betes203:204] s associated with lens opacification and cataract
formation. Each crystallin protein has idiosyncratic inter-
actions with cach metal ion, even among crystallins in the
same family and for ions of the same charge and similar
size. Here we discuss several mechanisms by which metal
ions can induce aggregation. Though these mechanisms are
considered separately, even in vitro synergistic interactions
between different mechanisms is likely to be important, and
in vivo additional factors such as cellular density 2%, pro-
tein diversity, point mutations, and post translational mod-
ifications will also affect metal ion-crystallin interactions.

Metal ions in the eye lens can destabilize crystallins
through coordination of residues that are forced to adopt
distorted conformations to make contact with the ion. As
with hereditary point mutations, this structural perturba-
tion can lead to aggregation. For example, tryptophan flu-
orescence and CD experiments show that human HyD is
significantly destabilized and often aggregates in the pres-
ence of Cu?t and Zn?t.P% Separately from or in addition
to their destabilizing effects, coordination of metal ions can
also lead to intermolecular metal ion-bridged aggregates:
these are often detected by testing whether metal chelators
such as EDTA or DTT diminish or reverse aggregation.
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Copper and zine ions, which have distinct bioinorganic
properties, interact very differently with human v-crystallins.
Zinc has been found in higher concentrations 2% in catarac-
tous cye lenses, whereas copper is less abundant but has a
higher propensity for inducing aggregation. HyD does not
appear to interact with Mn?t, Ca?t, Fe?t, or Ni2t.[5%
Copper (II)-induced aggregation of HyD exhibits bipha-
sic behavior with respect to concentration: partial unfold-
ing dominated at low Cu?t concentration, whereas ion-
mediated disulfide bonding becomes more important at high
(> 4 equivalents) Cu?t concentration. A deeper investi-
gation into copper mediated disulfide bond formation in-
dicated Cys111 as a highly likely position for cross-linking
formation ') In contrast to Cu?t-induced aggregation, no
biphasic behavior was observed for Zn?*-induced aggrega-
tion of HyD. No disulfide bonds were formed, and there
was little evidence of HyD destabilization in the presence of
Zn?t, consistent with this ion’s lack of redox activity. 27
These observations suggest the formation of intermolecu-
lar cation-bridged species. Further corroboration of this
mechanism came when the elimination of His22 of HyD
climinated aggregation. Conversely, the introduction of a
histidine at the homologous positions in HyC and HvS pro-
moted Zn*t-induced aggregation of these proteins that did
not occur with either wild-type protein. 207

Cu?t and Zn?*t also play contrasting roles in the aggre-
gation of HyS. As with HyD, both Zn?* and Cu®* strongly
promote aggregation, whereas a variety of other metal ions
induce it weakly or not at all. 28] Zn?t_induced aggrega-
tion was markedly reduced when all solvent-exposed Cys
residues were replaced by Ser, and addition of EDTA abol-
ished all aggregation in both the variant and WT pro-
tein, consistent with Cys-mediated bridging. Surprisingly,
removal of the solvent-exposed cysteine residues acceler-
ated and increased the extent of Cu?*t-induced aggrega-
tion. 2] Two distinet binding events were observed us-
ing tmFRET and ITC experiments: one at the site of the
cysteine loop and the other at a different location, possi-
bly involving normally buried residues that become acces-
sible due to partial unfolding. ®® The Cu?*-induced ag-
gregates could be partially resolubilized using EDTA, and
further resolubilized by DTT, which alone produced stable
monomers, indicating different aggregation pathways. (58]
The presence of oxidized cysteine and methionine residues
found through mass spectrometric analysis of trypsin di-
gests suggested that Cu?t was being reduced to Cut, which
would allow for the possibility that Cut is forming metal
ion-bridged aggregates that can only be broken by DTT
and not EDTA. %58 Ag was the case for HyD, HyS ag-
gregation studies suggest that zine ion-induced aggregation
is primarily promoted by bridging, wherecas copper ion-
induced aggregation proceeds though a complex mixture of
oxidation, destabilization, and metal bridging mechanisms.

H~S and HyC are also susceptible to mercury ion-induced

aggregation through destabilization and intermolecular disul-

fide bonding. Increasing equivalents of Hg?t ions steadily
decreased thermal stability and increased aggregation and
unfolding. 2°°! Investigations of the N- and C-terminal do-

mains separately found that only the NTD was susceptible
to intermolecular disulfide bonds. HyC aggregation in the
presence of mercury ions exhibits biphasic behavior. At
Hg?* < 3 equivalents, aggregation increased and thermal
stability decreased with increasing Hg?t to protein ratios.
After 3 equivalents, thermal stability began to increase and
aggregation decreased, although there was still an increase
relative to the protein in the absence of mercury. Studies of
the individual N- and C-terminal domains found that cach
domain followed the pattern scen at low equivalents, sug-
gesting that the biphasic behavior requires both domains
to be present. There is evidence of intermolecular disul-
fide bonds, suggesting that both destabilization and oxida-
tive mechanisms are necessary for aggregation. (209 For this
process and for Cu?*-induced aggregation of HyS, more de-
tailed investigation, for example NMR chemical shift per-
turbation, would be necessary to determine the origin of
the biphasic behavior.

8. Protein-protein interactions

Altered protein-protein interactions are an important driver
of crystallin aggregation, leading to varied aggregation path-
ways. MD simulations of the R85D variant of HyD suggest
that the biggest difference between R85D and wild-type is
an increase in hydrogen bonds, leading to a more rigid pro-
tein that is better able to form stable intermolecular con-
tacts, leading to aggregation.21°) MD simulations of the
WA42R variant of HvS suggest that the critical structural
change is a loss of hydrophobic interactions holding the
two domains together. ') Computational models of a va-
riety of HyD variants suggested that increases in attractive
forces between proteins leads to an increase in aggrega-
tion propensity. 22 Simulating HyD under acidic condi-
tions shows that the CTD forms a novel S-sheet. 23 The
increased aggregation propensity of HyS-G75V could be
related to an increase in the exposure of the hydrophobic
core. 214 To provide a more accurate model of charge states
influencing the potential energy landscape, a screened elec-
trostatic model was used to define the charge state of HyD,
accounting for the effects of neighboring residues on local
pKa values of potentially charged side-chains. ' All of
this is confounded by the fact that aggregates are formed by
many different mechanisms, often producing a mixed pop-
ulation of aggregates. For example, UV-irradiated samples
of HyS-G18V formed amorphous-looking aggregates, while
those aggregated under low pH conditions were more fib-
rillar in nature, although both types are often present in
the same sample. 57) HyD also forms both native-like and
amyloid aggregates(216:56] with both having been observed
in samples from cataractous lenses. [60:217,122]

8.1 Condensation/ domain swapping

Domain swapping occurs when two or more identical pro-
tein chains or monomers swap clements of their structure
to form dimers or open-ended chains. (2'8] Although this
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type of exchange or swapping is often found in discase-
related aggregates, it can also be used to control and mod-
ulate protein function. 2191 For example, domain swapping
is observed in the native structure of S-crystallins, which
comprise highly similar Greek key domains connected by a
short inter-domain linker region. *7] Although ~-crystallins
are monomeric, f-crystallins are dimers or multimers and
exist as a wide range of homo- and hetero-oligomers. [*7)
BB2-crystallin exists as a domain-swapped dimer in the
crystal structure. (37]

In ~v-crystallins; domain swapping does not occur in
the native state. When it does occur, it can make cither
closed dimers, which are soluble, or long polymeric chains,
which can lead to aggregation. This process often involves
partially unfolded states that swap portions of S-sheets to
form extended oligomers. For example, HyD can partially
unfold in either the NTD22) or the CTD?2Y, allowing
mixed [-sheets containing strands from both monomers.
In oxidation-mimicking point variants where tryptophan
is replaced by glutamic acid (HyD-W42E, W68E, W130E
and W156E), aggregation occurs via domain-swapped poly-
merization. 222] In HyD-W42E and W42Q, an intramolec-
ular disulfide bond traps the protein in a partially unfolded
conformation that exposes -strand edges, facilitating this
kind of aggregation.?® Surprisingly, mixing this variant
with the wild-type protein exacerbates its aggregation (150,
which has important implications for how oxidation dam-
age can promote cataract, as oxidized proteins in vivo are
in contact with a large reservoir of undamaged ones.

8.2 Disulfide bonds

Intra- and intermolecular disulfide bonds are common PTMs,
particularly in aged and cataractous lenses where protec-
tive antioxidants are depleted. % Intramolecular disulfide
bonds may perform an oxidoreductase function, serving as
a buffering system through a disulfide exchange mecha-
nism, especially as a last resort mechanism after eye lens
antioxidants have been depleted. (224 Key to this theory
was the observation that aggregation of the W42(Q variant
was initiated by WT H4D in a prion-like model. (169 The
proximal cause of aggregation is the transfer of a disul-
fide bond from an oxidized WT H~D to the variant. The
transferred disulfide bond acts as a thermodynamic sink,
trapping the protein in a conformation that favors aggre-
gation. (224 Using this exchange model as a buffering system
would require the formation of thermodynamically equiv-
alent disulfide bonds. TFurthermore, oxidized WT HvD,
which contains only one disulfide bond between Cys108 and
Cys110, is capable of oxidizing the Cys32-Cysdl disulfide
bond (Figure 7), leading to aggregation. [224] Other investi-
gators have found independently that Cu?t can oxidize the
intramolecular Cys108-Cys110 disulfide bond on HyD (Fig-
ure 7).1% In protein disulfide isomerases (PDIs), a family
of enzymes that catalyze the oxidation, reduction, and iso-
merization of disulfides, intra- and intermolecular disulfide
exchange is rapid and reversible. [22°! PDIs have a CXXC
motif; however, the functional sequence can be further min-

imized, as viable PDI mimics were prepared with a CXC
motif. 2261 Other examples of redox-functionalized disulfide
bonds in CXC motifs are found in thiol oxidase Erv2p(227]
and Hsp33.228 This is relevant to crystallin disulfide ex-
change because HyD contains a similar CSC motif, which
is believed to form a strained disulfide bond that is suscep-
tible to reductive cleavage.
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Figure 7: Disulfide bond schematic view (A) Cu’*t
oxidization of the intramolecular Cys108-Cys110 disulfide
bond on HyD (PDB: 1HKO). (B) Oxidization of the Cys32-

Cysd1 disulfide bond leading to aggregation of HyD (PDB:
1HKO).

In summary, fy-crystallin aggregation can result from
mutations or a number of environmental factors. A schematic
illustrating the currently known types of Svy-crystallin ag-
gregation is shown in Figure 8.

8.3 LLPS

Liquid-liquid phase separation (LLPS) occurs when a pro-
tein solution spontancously separates into dense liquid droplets
dispersed in a dilute solution. 22923 LLPS can be triggered
by changes in temperature, pH, salt concentration, or inter-
actions with other macromolecules. 229 This type of phase
separation is a functional mechanism for cells to organize
and maintain different cellular compartments (23 produc-
ing membraneless organcelles to segregate particular chemi-
cal components without lipid bilayers. [231:232] The dark side
of LLPS is protein aggregation: aggregation of misfolded
proteins in neurodegenerative discases often starts with the
formation of dense liquid droplets. 23]

Some structural crystallins and their mixtures are sus-
ceptible to formation of LLPS, often in response to lowered
temperature, a phenomenon called cold cataract, which
is schematically depicted in Figure 9. This phenomenon
has been known in the eye lens since at least the carly
1980s, when light scattering experiments were first used
to characterize the size of the droplets in different ver-
tebrate lenses. [233:234.235] Bovine yB-crystallin undergoes
LLPS near 0 °C, but this transition can be suppressed by
the addition of an appropriate concentration of a-crystallin. (23]
Cold cataract resistance in fish is of particular interest, be-
cause deep-sea fish are adapted to withstand low tempera-
ture and high pressure, a challenging environment for the
lens proteins. The Antarctic toothfish, Dissostichus maw-
soni, has at least 13 expressed y-crystallin paralogs. (237 Al-
though the whole lens of D. mawsoni resists cold cataract
down to at least -12 °C, below which it freezes solid 238
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currently known mechanisms.

the individual y-crystallins vary greatly in cold-cataract re-
sistance despite their high sequence identity. [2*? Wild-type
toothfish yM8b phase separates at -4.8 °C, but mutating
only three Arg residues on the surface to Lys makes it more
resistant to cold cataract than any of the wild-type proteins
tested, with an onset temperature of -13.7 °C, illustrat-
ing the importance of specific protein-protein interactions.
Conversely, mutating three Lys residues to Arg raises the
onsct temperature of LLPS by an equivalent amount, to
3.5 °C[2%] demonstrating that LLPS can be controlled by
making subtle changes to protein surface properties, even
in well-folded proteins. The importance of specific surface
interactions were hinted at in carly studies, for example
the finding that phase separation induces major changes
to the Raman spectrum of tyrosine in lens proteins. 249
Recently, high pressure was found to drive phase-separated
solutions of human and rat yD-crystallin back into homoge-
nous solution, hinting at a mechanism for deep sea fish to
avoid cold cataract. Addition of trimethylamine-N-oxide
(TMAO), which is found in the tissues of organisms living
at high pressure(241]| induced LLPS under the same condi-
tions ?4? suggesting that this piczolyte may assist in the
formation of functional membraneless organelles in deep
ocean environments.

9. Conclusion and outlook

All of the fy-crystallins share very similar three-dimensional
structures, but they differ in details such as surface proper-
ties and the lengths of the extensions at the termini. Even

in cataract-related variants, the basic structural unit com-
prising two double Greck-key domains is maintained, and
unfolding is often minor and transient or happens only un-
der stress conditions. However, because of the unforgiv-
ing constraints on lens protein solubility, even subtle struc-
tural changes can have a large impact on their solution
properties. Small differences in hydrophobic exposure and
salt-bridging interactions, which can be observed using CD,
intrinsic fluorescence, dye binding, and light scattering ex-
periments, appear to be main drivers of fy-crystallin ag-
gregation, along with alterations in the surface hydration
layer. These observations are in contrast to the large-scale
misfolding and structural rearrangement often observed in
other protein deposition discases. The altered protein dy-
namics resulting from these small changes can be observed
in NMR experiments?*3)| informing our understanding of
solvent accessibility and expansion of the Sy-crystallin in-
teractome to include new disulfide bonds, metal-protein in-
teractions, and protein-small molecule interactions, poten-
tially allowing for future design of therapeutics that target
vulnerable conformational states.

For the next phase of crystallin research, it is critical
to move beyond the solution-phase behavior of monomers
and dimers toward high-resolution structures of crystallin
aggregates and a detailed understanding of their forma-
tion kinetics. One potential complication for studying G-
crystallin aggregation is the difficulty in distinguishing na-
tive protein, amorphous aggregates, and amyloid fibrils, all
of which have primarily S-sheet secondary structure. Sort-
ing out and classifying the different species involved will
require a mixture of physical chemistry and structural bi-

12
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Figure 9: Schematic view of liquid-liquid phase sep-
aration (LLPS). (A) Drawing of the human eye, showing
the position of the lens. (B) A ~v-crystallin protein in a
homogencous phase. (C) In LLPS, the solution partitions
into protein-rich and protein-poor phases, forming droplets
and producing reversible opacification.

ology techniques. Fortunately, the intense interest in amy-
loid fibrils over the last two decades has yiclded a useful
suite of experimental modalities for distinguishing different
B-sheet structures. In particular, solid-state NMR contin-
ues to provide many of the high-resolution structures avail-
able for amyloid fibrils.["™ Optical spectroscopy provides
another route to distinguishing aggregates and oligomers
with similar secondary structures, as variations in -sheet
structure correlate with infrared (IR) spectroscopic observ-
ables.[244] 2D IR spectroscopy has been used to observe
the divergence of different fibril polymorphs in human islet
amyloid polypeptide (hIAPP) from a common intermedi-
ate in solution [245], and to monitor the transformation of
Ap oligomers to fibrils. ?%6] A recently developed topolog-
ical classification for amyloid fibril structures247:248] could
also be extended to provide a more systematic description
of B-sheet oligomers and non-amyloid aggregates.

For proteins that are supposed to be chemically in-
ert, crystallins undergo rich and varied chemistry that al-
ways scems to surprise the investigator. In this review
we have discussed PTMs that arise from interaction with
products of the kynurenine pathway, metal ion interac-
tions, oxidations and deamidations that have been uncov-
cred in lenses with age-related cataract. Recent evidence
suggests that disulfide bond formation between solvent ex-
posed cysteines in v-crystallins may serve as a buffering
system, through disulfide exchange, to prevent harmful ox-
idations. [?%224:249] Formation of these dimers appears to
be a last resort buffer, since high concentrations of these
dimers eventually promote the formation of larger aggre-
gates. The mechanisms by which aggregates are formed
in the eye lens, whether they be amorphous-looking aggre-
gates, amyloid fibrils, or a combination of the two, is still

largely unknown. Understanding these phenomena requires
details of protein-protein interactions that happen during
normal homecostasis and after perturbation. Here we re-
viewed protein-protein interactions via domain-swapping
and condensation, disulfide bond formation, and LLPS.
Identification of site-specific interactions via NMR and X-
ray crystallography in known cataract-causing variants and
PTMs represent an important basis for developing an over-
all understanding. The vertebrate lens proteins serve as a
counterpoint to the emphasis on amyloid fibril formation as
the mechanism underlying protein deposition discases: un-
derstanding protein solubility also requires studying highly
soluble proteins, the flip side of aggregation. In addition
to the direct impact on cataract, understanding how these
extraordinary proteins maintain their solubility will enable
the design of highly soluble proteins and provide more gen-
cral insight into hydration of complex molecules with a va-
riety of functional groups.
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