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ABSTRACT OF THE DISSERTATION

Investigation of gamma-crystallin biophysical properties and aggregation pathways relevant
to cataract formation

By
Kyle Roskamp
Doctor of Philosophy in Chemistry
University of California, Irvine, 2019

Professor Rachel W. Martin, Chair

This thesis examines the biophysical properties of Sv-crystallin proteins with a specific focus
on how exogenous factors such as UV and divalent cations drive the aggregation of eye lens
~vS-crystallin.  [Sv-crystallin superfamily proteins are found in archaeal, bacterial, and eu-
karyotic species, with varying functionalities that represent evolutionary adaptation. In this
work the eye lens yS-crystallin is shown to have orthogonal behavior to Ciona intestinalis
By-crystallin (Ci-f#7) — a Ca®T binding protein — in the presence of various divalent cations.
Ci-fB~ coordinates divalent cations at the same site, increasing its thermal stability, whereas
cystine coordination to some transition metal divalent cations induces aggregation in vS-
crystallin. Unlike other transitional metals, Cu?* induced aggregation of S is buffered
by the presence of free, solvent accessible cysteines. Cu?*-driven aggregation differs from
other underlying causes such as UV or missense point mutations and may be attributed to
a combination of different factors. Notably, Cu?* is able to catalyze intermolecular disulfide
bond formation as well as facilitate radical crosslinking. Reductions in 3-sheet content also
occur in aggregated species, further suggesting that hydrophobic interactions may drive ag-
gregation. Another physiologically relevant underlying mechanism, UV radiation, was used
to induced aggregates for comparative measurements with acid-induced fibrils that exhibit

amyloid character. The two groups are distinct in their biophysical characterization. High

x1



levels of turbidity but low thioflavin T binding for UV-induced aggregates while acid-induced
fibrils exhibit the opposite characteristics. In both cases, it is notable that mutations com-
promising stability exacerbate the observable characterization. These results suggest that
~v-crystallin aggregates resulting from accumulated UV exposure are unlikely to contain fib-

rillar character.
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Chapter 1

Introduction

1.1 The Lens Crystallins

1.1.1 Lens Development and Function

The lens is a transparent organ that aides in the refraction of light onto the retina. The
development of the vertebrate lens occurs through the maturation of surface ectoderm cells
into lens progenitor cells. The resulting embryonic structures defines the morphological
structure by folding back onto itself to form a cavity, forming the lens vesicle.[1, 2] The cells
at the anterior of the vesicle develop into lens epithelial cells while the cells at the posterior
cells develop into primary lens fiber cells. In the final stage of development, secondary lens
fiber cells are formed through terminal differentiation of the lens epithelial cells. As the
forming secondary lens fiber cells develop from the epithelial cells at the sides of the lens,
the primary lens fiber cells are encapsulated as the lens nucleus. During their differentiation,
fiber cells elongate and enucleate. The resulting mature fiber cells are void of sub-cellular

organelles, including the nucleus, and contain exceptional levels of crystallin protein. Nearly



90% of the dry weight of the human lens is composed of these crystallins, although the
expression level of different crystallins are regulated in a spatiotemporal manner during the

maturation of the lens.|[3, 4]

The differential expression of crystallins in lens fiber cells creates a gradient of refractive
power across the lens. In the vertebrate lens, this gradient — in conjunction with changes in
the lens shape due to the ciliary muscles attached to the top and bottom — enable changes in
optical depth-of-focus. Despite their consistent exposure to light, lens fiber cells generated
during and after development are never replaced and must function over an organism’s
lifetime. Similarly, the degradation of cellular machinery during development means that lens
proteins must remain functional, as protein turnover is negligible. For the lens crystallins,
their function to focus light onto the retina is seemingly risky, as photo-induced damage is

irreversible given their necessary longevity.

1.1.2 a-crystallins

The a-crystallins are one of the two families of crystallin proteins found in the lens and
compose roughly 40 % of human lens protein.[5] Two different a-crystallin proteins exist,
aA and oB. In the lens, the aA:aB ratio is roughly 3:1. a-crystallins are also found in the
heart, brain, and kidney where they function as holdase chaperones[6]. The two proteins are
highly similar in sequence (54 % identity for human oA and aB via SIM[7]) and structure,
and both contain ~175 residues with a molecular weight of ~20 kDa. Structurally, a-
crystallins are composed of primarily unstructured N- and C-terminal domains with a 90-
residue immunoglobulin-like “a-crystallin domain” in the middle. Monomers come together
to form hetero- and homo-dimers, which serve as the building blocks for high molecular

weight complexes ranging up to 48-mers, with mean sizes of 24-mers|8, 9.

Unlike other heat shock family proteins, the molecular mechanism enabling substrate recog-



nition for a-crystallins and heat shock family 20 (Hsp20) members is poorly understood. In
general, exposed hydrophobic surface of the client proteins is thought to enable a binding
interaction. The exact binding sequence from the a-crystallins and the oligomerization state
enabling binding, have not been definitively proven. Attempts to identify this site has shown
that residues in the a-crystallin core of the protein interact with hydrophobic polypeptides
including melittin[10] and insulin B chain[11]. Subsequent analysis and characterization of
these peptide sequences — named mini-aA /B crystallin (MaAC/MaBC) — in vitro has shown

that they retain chaperone activity|[? |.

1.1.3 By-crystallins

The lens (- and ~v-crystallins are structurally homologous proteins that belong to the -
crystallin superfamily. Members of this family contain a domain composed of a double
Greek key motif. The resulting f-sandwich contains two sheets of four antiparallel strands,
packing hydrophobic residues internally. Superfamily members contain at least one such
“Bry-crystallin domain”, with the lens - and 7-crystallins containing two. Independent of

other structural features, many [v-crystallins are observed to be calcium-binding proteins.

The capacity of a fvy-crystallin for calcium-binding can be readily assessed by the two loop
sequences that link the third and fourth strand of each Greek key. A conserved (N/D)-(N/D)-
x-x-(T/S)-S sequence is conserved in each of the two loops in calcium-binding 57-crystallins,
whereas only the final serine is strictly conserved otherwise. In the lens 8- and y-crystallins
positively charged residues are often found at the other positions. A conserved feature of the
Bry-crystallin superfamily is a (F/Y/W)-x-x-x-x-(F/Y)-x-G sequence found across the first -
hairpin of each Greek key. The aromatics of this motif participate in m-stacking interactions,

while the glycine is capable of adopting unconventional backbone torsional angles.



1.1.4 Lens p-crystallins

The lens (- and ~-crystallins are each composed of several different protein species. (-
crystallins are subdivided by their net charge; four are acidic S-crystallins (5A1, BA2, A3,
and $A4), and three are basic [-crystallins (6B1, B2, and B3)[12]. In one case, SAl
and A3, the proteins are isoforms with differing N-terminal extension lengths[13]. The
extensions, unstructured sequences at the N- and C-termini with varying lengths up to 65
residues, play an important role in oligomerization.[14] These, in addition to sufficiently
long interdomain linker sequences, enable the S-crystallins to form domain-swapped dimers.
B-crystallin dimers coordinate into oligomers up to 200 kDa,[15, 12] assays, supporting the
idea that the monomeric species are less energetically favorable. Both hetero- and homo-
oligomeric species have been observed using recombinantly expressed (-crystallins and are

assumed to be present in vivo.[16, 17|

1.1.5 Lens vy-crystallins

In contrast to the lens [-crystallins, the v-crystallins are natively monomeric. The eight
v-crystallin genes (yA, 7B, 7C, 4D, vE, vF, 7S, and yN) are conserved in most mammals,
although vE, ~F, and 4N are often unexpressed pseudogenes[18]. The interdomain linker
sequences of the v-crystallins are shorter than their S-crystallin cousins, and likewise lack
N- and C-terminal extensions. The exceptions are the S and «yN-crystallins. While not
expressed in the human lens, YN has been observed in the brain[19] and lenses[20] of rodents.
It is the most divergent of the ~-crystallins, as evidenced by its hybrid 8- and y-crystallin
gene structure and low sequence identity and is thought to represent an evolutionary hybrid

between the lens - and ~-crystallin families.

The other exception in the ~-crystallin family is «S. yS-crystallins are highly conserved

across and contains an extra four N-terminal and two interdomain linker residues with two



fewer C-terminal residues. While the exact function of the short N-terminal tail is unknown,
the increased linker length is considered significant as 7S is the only 7y-crystallin that has
been shown to capable of forming domain-swapped dimers. Of the highly expressed lens -
crystallins, only ~S is cortical while vC and D are found in the lens nucleus. The function of
the y-crystallins as highly soluble, long-lived, monomeric structural proteins has made them
idea subjects for investigating the molecular mechanisms underlying cataract formation. In

the research presented here, vS-crystallin has been examined extensively.

1.2 Biophysical Properties of y-crystallins

1.2.1 Stability in vivo

The timescale of protein turnover is variable, with half-life times as short as minutes for
ornithine decarboxylase[21] or up to a month for some immunoglobulins[22]. The need for
the lens crystallins to function over an organism’s lifetime without replacement places them
in a unique class known as extremely long-lived proteins (ELLPs). Well known members of
this class are the structural proteins of the extracellular matrix, collagen and elastin, that
form a crosslinked polymeric structure.[23] Others, such as the scaffold proteins of the nuclear
pore complex, exist within massive cellular machinery structures. Unlike other ELLPs, the
lens a- and S-crystallin oligomers are minuscule, while the «y-crystallins are idiosyncratic due

to their monomeric nature.

As monomers, the intermolecular interactions of the ~-crystallins are likely imperative to
their structural stability. Hydrophobic residues are almost exclusively packed into the core
of the (-sandwich in each domain and at the interdomain interface. Externally, the -
crystallin surface a patchwork of acidic, basic, and neutrally charged residues that form a

highly interconnected network of hydrogen bonds and salt-bridges. Interspersed internally



and externally are pairs and collections of aromatic residues that form m-m-stacking inter-
actions. Systematic removal of these residues has shown that each contributes to protein
stability, however, modifications of N-terminal residues result in greater destabilization.[24]
This observation, that the N-terminal domain of the ~-crystallins is less stable — and often
unfolds under extreme conditions — is consistent with the observation 30/35 known catarac-

tous point mutations in human and mice are found in the N-terminal domain (Appendix A:

Table Al, Figure Al).

1.2.2 Fluorescence Quenching and Intradomain Forster Resonance

Energy Transfer (FRET)

An omnipresent feature of lens [3- and y-crystallins, but one considerably less conserved
in non-lens [~v-crystallins, is a pair of buried tryptophans in each domain. These residues
function as a FRET pair and help to quench fluorescence. In vertebrate ~-crystallins, these
four tryptophans are remarkably conserved and almost always the only tryptophans, whereas
[-crystallins contain additional solvent-exposed tryptophans. The ability of these pairs to
quench fluorescence and the location of the - and v-crystallins in the lens suggests that

these lens proteins have been evolved to act as a sort of photo-protectant.

Extensive fluorescence characterization by the lab of Jonathan King has shown that intrado-
main FRET occurs between the donor tryptophan of the first Greek key and the acceptor
tryptophan of the second Greek key[25], with no interdomain FRET[26]. The conserved
structure surrounding the buried donor tryptophan is thought to help enable the ultrafast
quenching. Analysis of known crystal structures suggests two water molecules are proximal
for hydrogen bonding to the indole ring and backbone of the tryptophan. Further, the face of
the tryptophan ring is adjacent to the n - 3 residue backbone carbonyl with the tryptophan

CG always ~3.5 A from the carbonyl oxygen. This arrangement is proposed to stabilize



charge transfer events to enable excited state quenching, as similar mechanisms have been

proposed for other systems[27].

1.2.3 Refractive Index Increment (dn/dc)

The refractive index is defined as the ratio of the velocity of light in a vacuum to its velocity
in a given isotropic medium. When entering a new material, the extent to which light is
bent is a function of the refractive index and can be readily determined using Snell’s Law.
The lens, which aids in focusing incident light onto the retina, contains a radial gradient of
refraction that is attributable to the concentration and content of the corresponding fiber
cells. The crystallin proteins of the lens are therefore suspected to have be evolved to further

increase the refractive power of the lens.

The change in refractive index with concentration for solute is known as the refractive index
increment (dn/dc). Conventionally, a value of 0.185 is used for proteins in spectroscopic
measurements for convenience, as few proteins have measured dn/dc values in any solvent.
Predictions of protein dn/dc based solely on primary sequence indicate that the y-crystallins
are far more refractive (~0.199)[28] than the proteomic mean (0.1899 £ 0.003)[29]. These
values are in line with the observed values for extracted lens crystallins which show the
v-crystallins are the most refractive, followed [-crystallins and finally a-crystallins[30]. Ex-
perimental dc/dc measurements of recombinant y-crystallins evidence that strictly sequence
based models underestimate total protein refractivity. More accurate predictions of protein
dn/dc are observed by accounting for the number, distance, and type of aromatic interac-
tions in protein structure[31]; however, the further research is required to fully understand

all factors governing protein refractivity.



1.3 Aggregation Pathways of v-crystallins

The advent of recombinant protein expression has dramatically shifted the investigation of
lens protein aggregation from extracted homogenates to individual, highly purified lens pro-
teins. An array of mechanisms leading to aggregation have been proposed, with evidence
supporting each. Given the various phenotypes of cataract, genetic and environmental fac-
tors, and complexity of the lens fiber cell protein makeup, it is likely that cataract can occur
through a variety of pathways. Due to the intrinsically stable nature of the lens proteins,
many studies of protein destabilization leading to cataract have been conducted using con-
firmed cataractous point mutants. While these systems have provided insight into possible

avenues to protein aggregation, an array of other pathways are also possible.

1.3.1 Fibrillization

Fibrillar aggregates are observed in diseases such as Alzheimer’s, Huntington’s and Parkin-
son’s disease, and have become a source of significant research interest. In particular, the
amyloid fibrils characterized by cross-§ structures with spacings of 4.7 A and 10 A are
insoluble, contain some heterogeneity, and can be formed from a range of proteins. These
assemblies form long, unbranched chains that represent a seemingly irreversibly low energy
state of protein folding. Experimentally, however, limited evidence supports the hypoth-
esis that lens aggregates are fibrillar. While 2-dimensional infrared spectroscopy of whole
lenses show cross-sectional peaks similar to those observed from amyloid fibrils[32], searches
for insoluble amyloids have been unsuccessful. a-, -, and v-crystallins have been shown
to form fibrils in vitro under highly acidic conditions at elevated temperatures; however,
biophysical characterizations have evidenced that they bear little resemblance to aggregates

formed through ultraviolet (UV) damage and other physiologically relevant pathways[33].



1.3.2 Unfolding and Domain Swapping

Comparisons of the N- and C-terminal domains of ~-crystallins have shown that when ex-
pressed individually, the N-terminal domain (NTD) is more susceptible to chemical and
thermal denaturation than the C-terminal domain (CTD). Numerous 7-crystallin point mu-
tants also exhibit three state unfolding, with mutations in the NTD suspected to increase
its unfolding susceptibility. Similarly, the accumulation of PTMs has been proposed to suf-
ficiently destabilize the NTD. PTM’s of tryptophan of are particular interest due to their
location in the hydrophobic core; oxidation of tryptophan may facilitate unfolding from the
inside of the protein. Exactly how unfolding may initiate aggregation is unknown. Tran-
sient structures of partially unfolded protein may become more frequent with PTMs or other
exogenous factors that shift structural equilibrium. In this case, the probability of aggrega-
tion through intermolecular hydrophobic interactions increases as accumulated PTMs reduce

protein stability.

Domain swapping is another type of structural change that may occur to y-crystallins. In this
event, the N-terminal of one protein associates with the C-terminal of another protein using
the residues that normally contribute to intramolecular interdomain interactions. PTMs near
the interdomain interface have been proposed to result in a dissociation of the two domains
by reducing the specific stabilizing interactions. This phenomenon is a well-characterized
feature of fg-crystallins — resulting in hetero- and homo-dimer formation — but unobserved
in ~-crystallins. Recent work has shown domain swapping is possible for yS-crystallin, the
~v-crystallin with the longest interdomain linker. For S, domain swapping is proposed to
be catalyzed by a combination of intramolecular and intermolecular disulfide formation. As
outlined by Serebryany et. al.[34], domain swapping may play a role in initiating a daisy
chain-like polymerization, which may become exacerbated though interactions with damaged

proteins capable of unfolding.



1.3.3 Bridging and Cross-linking

The high density and monomeric nature of the ~-crystallins in the lens has led to inves-
tigations of short range ordering interactions that may aid in their longevity. The water
surrounding ~v-crystallins is dynamic and remains largely unchanged at high concentrations.
In contrast, the hydration layer of yS-crystallin G18V is highly susceptible to concentra-
tion, particularly when approaching physiological conditions in excess of 100 mg/mL.[35]
Beyond differences in structure, covalent crosslinking post-translational modifications are
another mechanism that may facilitate destabilizing interactions, and are observed to re-
sult from UV exposure.[36] Disulfide bonds have garnered the most addition as potentially
deleterious cross-linkings, as no native disulfides are observed in the 7-crystallins. Promi-
nently, intermolecular disulfides have been observed in the formation of domain-swapped
~vS-crystallin dimers while intra-molecular disulfides have been shown to trap non-native
confirmations. Other crosslinkings are possible through dityrosines formed though UV or
ROS mediated pathways and lysine glycation[37]. More recently, transition metals have
been observed induce aggregation of lens y-crystallins. Assayed metals include zinc, copper,
and mercury, with some to all of the intermolecular bridging being reversible through metal

chelation.[38, 39|

1.3.4 Protein Condensation

In addition to the aforementioned mechanisms, protein insolubilization and aggregation are
possible though alternative pathways that may be relevant to cataract. The common method
of ammonium sulfate precipitation is one example, where water becomes exuded from the
protein’s surface in the presence of excess salt until the solubility is compromised. In this case,
the protein structure is often uncompromised, an observation similarly observed in the solid-

state NMR (ssNMR) of aggregates from yD-P23T.[40] High levels of light scattering without
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structural changes also occur in cold-cataract. Following a sufficient drop in temperature,
protein solutions become opaque and separate into high and low density phases — a process
known as liquid-liquid phase separation (LLPS). This separation is reversible upon warming,
and the temperature at which LLPS occurs for a protein has been shown to be dependent
on the specific charged residues located on the proteins surface.[41] The unifying feature
of these methods, an absence of structural changes, suggests that the surface network of
the vy-crystallins is equally as important in regulating solubility as any other biophysical

characteristic.

11



Chapter 2

Divalent cations and the divergence of

B~-crystallin function

2.1 Introduction

The vertebrate - and ~-crystallins are structural proteins that make up the refractive tis-
sue of the eye lens, where they compose up to 50% of the dry weight. Their extraordinary
solubility enables them to pack at concentrations of more than 350 mg/mL in the lenses of
humans and 750 mg/mL in those of fish. These strongly conserved proteins contain two or
more [vy-crystallin domains, a [-sandwich structure comprising two sequential Greek key
motifs, and are thought to share a common ancestor with the Ca?*-binding 3v-crystallins
found in microbes and invertebrates. Microbial Sv-crystallins contain a characteristic double
clamp Ca?"-binding motif in which the loops situated atop the protein contribute binding
residues to both sites. The idea that vertebrate lens crystallins evolved from calcium-binding
[Bry-crystallins, based on structural homology, is well attested in the literature on lens pro-

tein evolution.[42, 43] The Ci-fv crystallin from the tunicate Ciona intestinalis appears to

12



bridge both crystallin functions: it is expressed in the papillae as well as the sensory vesicle,
a structure found in ascidians that contains the gravity-sensing otolith and the light-sensitive
ocellus.[44] A tunicate begins life as a free-swimming larva resembling a tadpole. During this
larval stage, the animal navigates its environment using sensory inputs from the otolith and
the ocellus.[45] Once it reaches the appropriate developmental stage, the tunicate attaches
to a suitable substrate location via an adhesive secreted by the papillae.[46] The expression
of Ci-f~y in both of these organs (and nowhere else) [47] underscores the significance of its
dual role, representing a transition between the microbial calcium-binding crystallins and
the vertebrate lens crystallins. Ci-87v contains two functional double clamp Ca*"-binding
sites and is also more highly refractive than its amino acid composition alone would sug-
gest (although to a lesser extent than vertebrate lens proteins),[31] further suggesting dual

functionality.

Despite their similar ancestry [48, 3], many of the vertebrate Sy-crystallins appear to have
eschewed calcium binding activity [49], possibly as a result of their evolution to the more
stable two domain structures, or simply through genetic drift.[50] Some reports have sug-
gested that the lens 8- and v-crystallins weakly interact with calcium;[51, 52] however, NMR
chemical shift perturbation suggests no structural changes upon addition of Ca?* for hu-
man 7yS-crystallin.[53] Moonlighting is seemingly omnipresent for vertebrate taxon-specific
crystallins, including J- (argininosuccinate lyase) [54], e- (lactate dehydrogenase) [55], (-
(quinone reductase) [56], A- (3-hydroxyacyl-CoA dehydrogenase) [57], and 7- (a-enolase)
[58], as a variety of small, soluble proteins were recruited to the lens via gene duplication,
raising the possibility that the ubiquitous vertebrate Sv-crystallins may have also retained

cation-binding functionality.

The interactions of fvy-crystallins with divalent cations have important implications for lens
homeostasis and cataractogenesis. For example, copper and zinc ions increase the chap-

erone activity of the lens a-crystallins, but become displaced upon substrate binding [59].

13



Incubation of free zinc and copper with yD-crystallin results in the formation of light scat-
tering aggregates,[39, 60| thus a positive feedback cycle could exacerbate cataract fromation.
Moreover, elemental analysis of cataract and diabetic lenses has shown that elevated levels
of copper are present [61, 62]. Likewise, elevated levels of cadmium, iron, zinc and other
metals have been reported in cataract by several groups.[63, 64, 65] Increased metal ion
concentration in the lens could promote y-crystallin aggregation directly [38] or indirectly
through the displacement of copper from a-crystallins. In prion and other protein aggre-
gation diseases, the displacement of copper alters protein-protein interactions and inhibits

protein function.[66]

In contrast to the vertebrate ~-crystallins, which appear not to have significant cation in-
teractions in the healthy lens, the cation-binding S+-crystallins such as M-crystallin [67],
clostrillin [68], rhodollin [68], spherulin [69], and protein S [70] exhibit dramatically in-
creased thermal and chemical stability in the presence of calcium ions. These changes are
often concomitant with binding-induced structural changes. The [fv-crystallin from Ciona
intestinalis (Ci-f7), is primarily found in the calcium carbonate-rich matrix of the otolith
located above the photoreceptive ocellus. In addition to its location in a lens-like organ,
the Ci-pv-crystallin gene promoter is functional in transgenic vertebrate assays, suggesting
that it is a close homolog of the lens fy-crystallins [71]. Unlike many other cation-binding
Bry-crystallin domains, which are found within a higher molecular weight protein, Ci-3v
has only a single domain. For these reasons, Ci-£v is an ideal candidate for investigating

stability differences between the lens v-crystallins and cation-binding (~-crystallins.

In the Ca?*-binding EF-hand motif of calmodulin [72] and ion channels [73, 74], other
divalent cations may compete with Ca®*" at its binding site. In fish otolith and lenses,
environmentally common cations such as Sr?* and Fe?" are present in addition to trace
metals including Mn?*, Co?*", and Pb?*[75]. The effect of non-calcium cation binding on

these proteins’ structure and stability, however, remains incompletely characterized. Simi-
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larly, limited research has been conducted on the effect of non-oxidizing cations on lens -
crystallin interactions and stability. Understanding the similarities and differences between
these crystallin subgroups beyond their overall structural fold is paramount to understanding
the evolutionary development of lens protein stability. Moreover, a comparative analysis is
also necessary for elucidating how exogenous factors influence fv-crystallin behavior and to
characterize the functional range of the crystallin double-clamp binding motif. In order to
address these questions, we have investigated the effect of the divalent cations of magnesium,
calcium, strontium, manganese, cobalt, nickel, zinc, and copper on the stability of human
vS-crystallin (HyS) and Ciona intestinalis fy-crystallin (Ci-37). We have also performed
structural and sequence analysis of lens and cation-binding [~v-crystallins to place these

experimental observations in an evolutionary context.

2.2 Materials and methods

2.2.1 Amino acid composition analysis

The DNA sequences of lens y-crystallins were collected from NCBI (https://www.ncbi.nlm.nih.gov/protein)
searches using the keywords “gamma crystallin”, “beta crystallin S”, “beta gamma crys-
tallin”, “betagamma crystallin” and filtered for ‘Animals’ and sequences between 170 and
185 residues. Low-quality, crystallin-like, homolog, related, point mutant, partial, and in-
complete sequences were removed by manual review of each entry. Leading methionine
residues were removed from applicable sequences. To avoid overweighting, only one paralog
of polymorphic 7y-crystallins was used in the final data set. To maintain similarity to the
experimentally characterized human ~S-crystallin, only ~v-crystallin sequences from terres-
trial vertebrates were analyzed. The final data set was composed of 50 vA-, 78 vB-, 62 vC-,

55 vD- and 62 yS-crystallins. Additionally, the DNA sequences corresponding to the 7 8-
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crystallin proteins for which PDB structures confirm cation-binding coordination through
the double clamp binding motif (PDBID: 1HDF [76], PDBID: 1INPS [70], PDBID: 2BV2
[47], PDBID: 3HZB [68], PDBID: 3HZ2 [68], PDBID: 3I9H [68], and PDBID: 4IAU [77])
were collected from the NCBI database. yE-, vF-, and yN-crystallins were excluded from

this study because they are either not expressed or are pseudogenes in humans.

2.2.2 Sequence alignments and selection analysis

The alignments for all DNA and protein sequences were generated using MEGAT [78]. Pro-
tein sequences were aligned using MUSCLE with default gap penalties and the UPGMB
clustering matrix.[79] Trees for each alignment were then constructed from the DNA of
the aligned protein sequences using the neighbor-joining method. Preliminary dN/dS cal-
culations for selection at each codon were subsequently calculated using Felsenstein 1981
(F1981), General Time Reversible (GTR), Hasegawa-Kishino-Yano (HKY), and Tamura-Nei
(TN) methods from MEGA7. Further codon selection analysis was also calculated using the
Single-Likelihood Ancestor Counting (SLAC) and Fixed Effects Likelihood (FEL) methods

using the program HyPhy, [80] which produced identical results.

2.2.3 Solvent-exposed surface area

The side chain solvent-accessible surface area (SASA) for cysteine residues was calculated
using VADAR (http://vadar.wishartlab.com/)[81]. Structures from the Protein Data Bank
were used for yB (PDBID: 2JDF [82]), vC (PDBID: 2NBR [83]), vD (PDBID: 1HKO [84]),
and S (PDBID: 2M3T[85]), whereas an ITASSER model [86] was generated for vA, for

which no experimental structure was available.
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2.2.4 Protein Expression and Purification

Expression and purification of natural abundance and uniformly *N-labeled tunicate 3v-
crystallin and human yS-crystallin were performed as previously described [53]. Briefly, the
genes encoding each protein were cloned into a pET28a(+) vector (Novagen, Darmstadt,
Germany) and overexpressed in a Rosetta E. coli cell line (DE3) using Studier’s autoinduc-
tion protocol [87]. Tunicate [v-crystallin lysate was purified via anion exchange and two
runs of size-exclusion chromatography. Human ~S-crystallin! with an N-terminal 6x His tag
and a TEV cleavage sequence (ENLFQG) was purified via nickel affinity chromatography,
digestion with TEV protease (produced in-house), subsequent nickel affinity chromatogra-
phy, and finally, two size exclusion chromatography (SEC) runs. The monomeric and dimeric
species were collected separately from the first SEC purification and then subjected to SEC
a second time. All samples were dialyzed into metal-free 10 mM HEPES, 0.05 % NaN3, pH
7.1 unless otherwise stated. Similarly, all samples were reduced via incubation with 5 mM
dithiothreitol (DTT) (made fresh) for 30 minutes at RT, dialyzed overnight to remove DTT,
and used for measurements immediately thereafter. This procedure was used to prevent
the spontaneous dimer formation that can occur at higher concentration in the absence of

reducing agent.[88§]

2.2.5 Turbidity (Light Scattering)

A Spark TECAN plate reader (Tecan Trading AG, Switzerland) was used to measure light
scattering (405 nm) of Ci-3v, HyS-WT and H~S variants in the presence of Cu®>" and Zn?*
at 30 °C, and Co?* and Ni?T at 42 °C. 200 pL of protein at 50 yM (10 mM HEPES, 50 mM

NaCl, pH 7.1) was placed in a 96-well plate and treated with variable equivalents of divalent

! Amino acid indices referenced in this paper include the glycine at the first position which is left after
TEV cleavage. This glycine is in the position where a start methionine would be, and is often not included in
the sequence numbering. The numbering used here therefore differ from some other vS-crystallins references
by 1.
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cation after a 5 minute baseline period. In Zn?* measurements, after two hours, 2, 10, or 20
equivalents (10 pL) of ethylenediaminetetraacetic acid (EDTA) were added to the solution
to chelate available cations. Measurements were recorded every 60 seconds with 5 seconds
of shaking before readings. The reported measurements were determined by subtracting the
absorbance of the buffer measured in parallel. The light scattering observed for the protein-
only solution was identical to the buffer-only samples and is omitted for clarity. To minimize

potential instrumental bias, the locations of all samples on a plate were assigned at random.

2.2.6 Tryptophan fluorescence

Thermal denaturation was detected via intrinsic tryptophan fluorescence for ('-35~ and HvyS-
WT. 5 uM protein solutions with 50 M divalent cation (CaCly, CoCly, MgCly, MnCly, NiCl,,
SrCly, or ZnCly) or EDTA added were assayed incrementally over a 17-99 °C temperature
range. Measurements were acquired using a Varian Cary Eclipse fluorescence spectropho-
tometer with an excitation wavelength of 280 nm and a 5 nm excitation slit. The sam-
ple temperatures were controlled using a Quantum Northwest TC 1 temperature controller
(Quantum Northwest, Inc.) with a two minute equilibration at each 1 °C temperature incre-
ment. The fraction unfolded was calculated from the 360/320 fluorescence ratio and fit to a
two-state equilibrium unfolding model to determine the denaturation midpoint temperature
(T,,) of each sample. Fluorescence changes at 330 nm were calculated by subtracting the
native protein fluorescence of each sample from the fluorescence following divalent cation
addition. Samples were allowed to thermally equilibrate to within instrument sensitivity at

20 °C for two minutes before measurements were made.

The change in intrinsic tryptophan fluorescence was measured for each aforementioned diva-
lent cation. A 1000 uL. sample containing 5 M protein was measured prior to and following

the addition of 10 uL of 5 mM divalent cation. Measurements were repeated six times for
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each divalent cation.

2.2.7 Dynamic light scattering

Thermal gradient dynamic light scattering (DLS) measurements were performed using a
Malvern Zetasizer NS for (-7 measurements and a Malvern Zetasizer uV for HyS mea-
surements. Each sample was composed of 150 uM protein with 975 uM divalent cation.
Experiments were performed at 1 °C increments from 20 to 92 °C with two minute equili-
brations before measurements and 1 °C/min temperature ramping between measurements.
10 second correlations were measured six times and repeated three times for each tempera-

ture step.

2.2.8 Mass Spectrometry

The insoluble aggregates of HyS-W'T and HyS-C, with 10 equivalent of CuCl, were prepared
via incubation at 30 °C for 12 hours and collected via centrifugation. Pellets were washed
four times with double deionized water, once with 20 equivalents of EDTA once with 10 mM
DTT, and twice more with double deionized water. The samples were then dialyzed into
double deionized water to remove urea. 0.5 mg/mL samples of both proteins were digested
using MS Grade Pierce Trypsin Protease (ThermoFischer Scientific, Rockford, IL, USA)
with or without DTT at 37 °C overnight. A Waters Synapt G2 mass spectrometer was used
to detect the resulting peptide fragments with a 30 minute separation on a Waters [-Class
UPLC column. The resulting MS and MSMS data was analyzed using BioPharmal.ynx
for peptide and post-translational modification identification. HyS-WT and HvS-C; digests
were only analyzed for cysteine oxidation products. HyS-C, and Ci-Sv were probed for
PTMs. The following PTMs were searched for based on previously observed modifications

in aged and cataractous lenses[89, 90] and known radical oxidative products[91, 92] : -18 Da
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(dehydration/succinimide - S,T/N,D ), +1 Da (deamidation - N,D or 2-amino-3-oxo-butanoic
acid - T), +4 Da (kynurenine - W), +16 Da (oxidation/hydroxylation - M,C,H,W FY N,D),
+28 Da (carbonylation - S,H,K), +32 Da (dioxidation - C, M), +55 Da (R). Missed trypsin
cleavages were required for modified arginine or lysine residues. Only peptides in which at
least 35% of b and y ions were observed and for the parent and modified fragments were

considered.

2.2.9 Isothermal titration calorimetry

ITC measurements were performed using a MicroCal PEAQ-ITC (Malvern Instruments,
Northampton, MA, USA). Each titration consisted of 1.5 uL injections of 2 mM (Casy,
SrCly) or 5 mM (Mgs, Mny, Coy, Nig, Zny) cation solution to a 200 uM protein sample
in 10 mM HEPES (pH 7). Injections were made every 180 seconds for CaCly and SrCl,.
The remaining samples had the initial 10 injections made every 300 seconds and every 200
seconds for the remaining injection In total, 25 titrations were performed. To control for the
heat of dilution, 10 mM divalent cation was titrated into 10 mM HEPES and the resulting
data were subtracted from the raw protein data. The I'TC data were initially analyzed using
Mathematica as previously described[53] to obtain reasonable initial values and then fit to
a two-state binding model using MicroCal PEAQ-ITC Analysis Software. The reported fit

parameters are the mean of two trials, while the error bars represent one standard deviation.

2.2.10 Solution-state NMR spectroscopy

Experiments were performed at 25 °C on a Varian V"INOVA system operating at 800
MHz proton Larmor frequency and equipped with a 'H/3C/N 5 mm tri-axis PFG triple-
resonance probe. PN-'H HSQC experiments were acquired with 4 scans in the direct di-

mension and 64 scans in the indirect dimension at protein concentrations of 1.7 mM in the
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presence of 1, 2, and 6.5 equivalents of MgCly, NiCl,, ZnCls, or SrCls.

Chemical shift perturbations (CSP) were calculated using the following equation: Adg,, =

\/ CL 5)22+(MH ) Chemical shift perturbation thresholds for strong (CSP > 0.2 ppm) and
moderate (0.2 < CSP > 0.06 ppm) were based on the chemical shift perturbation reported
previously for Ci-3v interactions with Ca®T.[53] CSP less than 0.06 ppm was classified as

unperturbed.

2.2.11 Far-UV circular dichroism

The far-UV circular dichroism (CD) spectra of 5 uM HvS were measured on a J-810 spec-
tropolarimeter (JASCO, Easton, MD). Spectra were recorded from 250 nm to 195 nm using

a 1 nm bandwidth and 4 s response.

2.3 Results and Discussion

2.3.1 Vertebrate lens and cation-binding (~v-crystallins differ in

amino acid composition

Irrespective of function, all Svy-crystallins are topologically similar. One important conserved
feature is an (F/Y/W)xxxx(F/Y)xG motif in the first two -strands of each Greek key (Fig-
ure 2.1). Additionally, disabled versions of the (N/D)(N/D)xx(T/S)S Ca®"-sequence char-
acteristic of cation-binding Bvy-crystallins are readily evident in vertebrate lens y-crystallins.
Point mutations in either motif can compromise protein solubility and result in cataract
93, 94, 95, 96, 97]. In particular, reintroduction of Ca** binding ability in lens v-crystallins
reduces protein stability, [98, 43, 99] raising questions about how vertebrate lens proteins

evolved from their metal-binding ancestors. In order to assess the conservation of residues
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Figure 2.1: (A) The sequence of Ci-3y-crystallin annotated with the residues comprising the
(F/Y/W)xxxx(F/Y)xG (motif 1) and cation-binding site (motif 2). The residues of the first
Greek key are colored orange; those of the second Greek key are colored blue. (B) Both
motifs are visualized within the calcium-bound X-ray crystal structure of Ci-5y (PDBID:
2BV2).[47] Secondary images are displayed on the right for clarity. The residues comprising
the first and second binding site are displayed to the left. The first binding site is made
up of the D75 sidechain carboxylate, S35 sidechain hydroxyl, E7 backbone carbonyl, and
[33 backbone carbonyl. The second binding site is made up of the D32 sidechain acid,
S78 sidechain hydroxyl, E48 backbone carbonyl, E76 backbone carbonyl and E76 sidechain
carboxylate.

associated with divalent cation binding during crystallin evolution, the amino acid sequences
of cation-binding [v-crystallins were compared to those of terrestrial vertebrate lens yA-,
B-, C-, D-, and S-crystallins. For this analysis, vA-D crystallins were clustered together
based on known similarities in gene structure, conservation, and sequence [100, 18], while

~vS-crystallins were analyzed separately.

One notable difference between the lens and cation-binding [~v-crystallins is in the num-
bers of positively and negatively charged residues. Cation-binding (v-crystallins have a net

negative charge to aid in the sequestration of cations. In particular, Ci-3v lacks positively
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charged residues in the vicinity of the Ca** binding sites; however, this feature is not strongly
conserved among other cation-binding [v-crystallins. The lens v-crystallins contain similar
levels of positively and negatively charged residues, with charged residues evenly dispersed
across the protein’s surface. On average, lens vy-crystallins contain similar total levels of
arginine and lysine (yA-D: 12.9 £+ 0.8%, ~S: 12.4 £+ 0.8%), histidine (yA-D: 3.2 + 1.0%,
7S: 3.2 £ 0.8%), and acidic residues (yA-D: 12.8 £ 0.6%, 7S: 13.5 £ 0.4%) (Figure 2.2,
Supplementary Table S1). Cation-binding S~v-crystallins contain comparable levels of neg-
atively charged residues (8v: 11.5 £ 2.6%) but lower levels of arginine and lysine residues
(By: 8.2 £ 2.5%). Similarly, low levels of histidine (0.7 £ 0.6%), cysteine (0.5 + 0.9%),
and methionine (0.6 + 0.9%) are found in the cation-binding crystallins. This observa-
tion is unsurprising, as cysteine and histidine are the most commonly observed residues in
protein metal binding sites and are therefore expected to be localized to the binding sites
and hence rare overall.[101] Furthermore, cysteine and methionine are readily oxidizable:
post-translational modifications at these sites could result in structural changes, either re-
ducing the stability of the apo- form or the binding affinity in the holo- form. Despite their
similar net charges, the yA-D and ~S-crystallins differ substantially in the distribution of
positively-charged residues between lysine and arginine. On average, yA-D-crystallins have
a 17:2 arginine to lysine ratio compared to the 3:2 ratio observed in the yS-crystallins. This
difference may be driven in part by the higher refractivity of arginine, as yA-D-crystallins
are located in the more highly refractive lens nucleus, while S-crystallins are more abundant

in the cortex.[102]

2.3.2 Solvent-exposed cysteines are strongly conserved in lens crys-

tallins but not calcium-binding crystallins

Methionine, cysteine, and histidine are more common in lens ~-crystallins than calcium-

binding crystallins, consistent with their high refractivity. Methionine is particularly abun-
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Figure 2.2: Combined and individual amino acid sequence percentages of lens yA-D (red),
lens S (green), and cation-binding f~y-crystallins (blue). Each box covers the 25th to 75th
percentiles and whiskers extend to 1.5 times the largest value in the respective quartile range.
(A) Percentages of positively charged (lysine and arginine) and negatively charged (aspartate
and glutamate) residues. (B) Lysine, arginine, cysteine, histidine, and methionine sequence
percentage of each group.
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dant in fish yM-crystallins, many of which contain up to 15% methionine.[103] Overall,
the refractive function of lens proteins leads to their being enriched in polarizable amino
acids.[29] Here, both groups of lens 7-crystallins are enriched in highly refractive amino
acids relative to their metal-binding counterparts (Supplementary Figure S1), consistent
with the measured difference in dn/dc values for human S (0.2073) and Ci-pvy (0.1985).
[31] Relative to side-chain size, cysteine is the most refractive whereas alanine is the least
of any amino acid (Supplementary Figure S2), leading to the hypothesis that cysteine plays
a critical functional role in the highly refractive lens crystallins. This idea is supported by
the sequence data, which indicate that many cysteine residues found in lens ~-crystallins
are replaced by other residues in cation-binding crystallins (Supplementary Table S2.) In
contrast to cation-binding fSvy-crystallins, where the few cysteines present are usually found
in disulfide bonds, lens proteins have free, solvent-exposed cysteines (Supplementary Table
S3-S4) whose function is not fully understood. Although serine is the most common alter-
nate residue at consensus cysteine positions, a variety of amino acids are observed at the

homologous positions in other y-crystallins (Supplementary Table S2).

In lens ~-crystallins, several conserved cysteine positions are found, predominately in the
N-terminal domain (Supplementary Table S5). For both domains, the cysteines closest to
one another in space are located in and around the third S-strand. The most concentrated
locus of conserved cysteines is found in the N-terminal domain of HyS. C23 and C27 are the
closest cysteine pair in this region, and are both spatially adjacent to C25 and C83 (Figure
2.3). The location of C23, C25, C27 across the second and third g-strands of the first
Greek key results in high solvent accessibility—21%, 77%, and 40% respectively—for each
side chain. Both of these features, close proximity and high solvent accessibility, were noted
by Thorn et al. as factors enabling this triad to drive the formation of domain-swapped
dimers [88]. Across the lens yA-D crystallins, the homologous positions to C23 and C83
are similarly occupied by cysteines. The position homologous to C27 is the most conserved

position across both domains of the lens ~-crystallins, and is replaced by a histidine only in
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the N-terminal domain of yD, while the C25 position is unique to the yS-crystallins.
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Figure 2.3: (A) A schematic of the y-crystallin structure showing the location of the external
[-sandwich faces of the N-terminal and C-terminal domains. The [-strands of the protein
are shown as green rectangles lines drawn between them to illustrate the relative strand
connectivity (black - top, gray - bottom). (B) The ribbon structure of N-terminal face of
vS (PDBID: 2M3T [85]) and and C-terminal face of yD-crystallin (PDBID: 1HKO [84]) are
shown overlaid with line renderings of relevant residues. The cysteines of both faces are
shown as sticks. vS-C83 is depicted in vS-NT face due to its proximity despite being located
one (-strand behind the N-terminal face.
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The apparent functional significance of these conserved cysteine residues raises questions
about the underlying selection process. Although these residues are highly refractive, they
are also capable of non-native intermolecular disulfide bond formation that can lead to ag-
gregation, complicating their utility in an environment where solubility is just as critical as
refractivity. Disulfide exchange in human lens ~-crystallins has recently been proposed to
help regulate the local redox potential of the lens [104], however, inter- and intramolecular
disulfide bonding has also been shown to facilitate domain swapping in yS-crystallin, pro-
viding a possible nucleation site for the formation of deleterious aggregates [88]. Cysteines
from each v-crystallin have also been identified as sites for post-translational modifications
in aged lenses [89, 105], while the more solvent-exposed cysteines of yD-crystallin have been

shown to be the primary contributors to copper-mediated aggregation [60].

For all conserved cysteine positions we calculated the non-synonymous and synonymous
codon substitutions to investigate potential selective pressure. For each v sequence align-
ment, a maximum-likelihood phylogenetic reconstruction was performed to enable calculation
of the nonsynonymous and synonymous substitution rates via SLAC (Single-Likelihood An-
cestor Counting) and FEL (Fixed Effects Likelihood) [106]. No positions exhibit evidence of
positive (diversifying) selection, while numerous cysteines, particularly in yS-crystallin, ex-
hibit evidence of strong negative (purifying) selection. Compared to the a- and S-crystallins,
the v-crystallins are the most enriched in cysteine. Moreover, in the six human S-crystallins a
cysteine is observed at the position homologous to C27 in HS, with only 15 total cysteines
elsewhere. Notably, no substitutions were observed for the codons of yA-C78, vC-C108
(human D numbering convention), and vS-C83 (human S numbering convention). No
evidence of positive selection was observed for any of the sites examined across all lens -
crystallins. Each of the seven conserved cysteines of the yS-crystallins appear to experience
strong negative selection (p < 0.05), while ~20% of vA-D crystallins experience similar

selection (Supplementary Table S6).
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The strong conservation of cysteines in all vy-crystallin sequences and the mutual proximity
of the cysteines in the N-terminal domain of «S-crystallin led us to design variants that
remove one or more prominently exposed Cys residues in HyS. We hypothesize that if di-
valent cation interactions are relevant to protein stability or lens homeostasis, mutating
C23, C25, and/or C27 would alter cation-binding activity. Therefore, variants with two
(HyS-Cy = 4S-C23S/C27S), one, (HyS-Cy = vS-C23S/C255/C27S) or zero (HyS-Cy = 7S-
C235/C255/C275/C115S) solvent-accessible cysteines were produced. For each mutation we
chose serine, as oppose to alanine, as a replacement due to its similar size and the obser-
vation that it is the most common alternative residue at these sites. The resulting variants
also enabled us to more directly compare the behavior of human ~S-crystallin and Ci-5v
crystallin, which does not contain cysteine, in the presence of various divalent cations. The

results of these experiments are described in subsequent sections.

2.3.3 C(C%-p~v can accommodate a wide range of divalent cations

Unlike better-characterized Ca?* motifs, such as the EF-hand [107, 108] or C2-domain [109],
the double clamp motif of 3y-crystallins has not yet been throughly tested for non-Ca?*
divalent cation interactions. Previous research has shown Protein S binds Mg?** with one
order of magnitude lower affinity [110], and M-crystallin has been crystallized in the presence
of Mg** (PDBID: 5HT9), however, neither domain of Yersinia crystallin interacts with Mg?*
[111]. Ci-B is a useful By-crystallin to investigate non-Ca?* divalent cation binding, due to
its high Ca?" affinity, native monomeric form, and the minor asymmetry between its binding
sites. Moreover, its native location in a light-sensing organ makes it the best cation-binding
Bry-crystallin for comparative analysis with lens v-crystallins. Ci-/3v binds Ca?" via two-site

sequential binding, with high affinity at both sites relative to other Sv-crystallins [99, 53].

Here we used isothermal titration calorimetry (ITC) to investigate the thermodynamics
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Table 2.1: Thermodynamic parameters for binding of Ca?* and Sr?* to Ci-37.

K (M) AH (kJ/mol) | AG (kJ/mol) | -TAS (kJ/mol)
Ca?* Site 1 | 3.5 x 10°4+2.2 x 10® -26.6+6.5 -48.5+1.7 -21.948.7
Ca?* Site 2 | 5.9 x 10°£1.2 x 107 -21.940.8 -44.440.5 -22.5+0.3
Sr?* Site 1 | 1.2 x 1084£1.8 x 107 -31.6+2.3 -46.0£0.4 -14.44£2.5
Sr¥* Site 2 | 5.6 x 10°4£3.2 x 10° -18.5£1.7 -38.3+1.6 -19.8+3.3

of interactions between ('i-$v and a variety of divalent cations. The binding isotherms
of Ci-By to Ca?t and Sr’** were exothermic, while the rest exhibited biphasic behavior.
Similar results have been previously reproted for other systems, e.g. [112, 113, 114] The
extent of exothermic character of the biphasic isotherms was Mg?™ > Mn?* > Co?* > Ni?*
> 7Zn** (Supplementary Figure S3). The isotherm produced by Sr** was highly similar
to that of Ca?*; the observed data for both cases could be fit to same exothermic two-
state model previously reported[53] (Supplementary Figure S4). The binding constants and
parameters calculated show slightly stronger binding than we previously reported for Ci-
Bv to Ca*™ in Tris buffer. The overall dissociation constant [K; = 1/1/(K;K3)] for Ca**
was found to be 0.004 uM and 0.039 pM for Sr?* (Table A.3)[53]. The identities of the
binding sites corresponding to the high and lower affinity binding of Ca?* and Sr** are not
yet known, however we suspect the higher-affinity binding of both cations occurs at the
5-coordinate site and the lower affinity binding occurs at the 4-coordinate site. The two
sites are nearly identical, differing only in their third residues. In the first binding site, 133
coordinates cations via its backbone carbonyl whereas the homologous E76 at the second
site also coordinates through its sidechain (Figure 2.1). The sidechain coordination from the
third residue of the second binding site in (i-£7 is not observed in any other cation-binding

By-crystallin, which may explain the remarkably high Ca?" affinity of this protein.
y p

Ci-B~ and M-crystallin (36.6%, identity 67.1% similarity via LALIGN[7]) both exhibit sim-
ilar structural changes upon Ca?* binding, contain two octahedral binding sites, and bind
via two-site sequential binding with one order of magnitude difference between sites [67].

A comparison of M-crystallin crystal structures bound to Ca®*" (PDBID: 3HZ2 [68]) and
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Mg?™ (PDBID: 5HT9) shows that the ligand-cation distances are shorter for Mg*" binding
(Supplementary Table S7). The tetrahedral volume between binding site ligands decreases
more at the second site from Ca?* and Mg?* binding. The greater reduction in ligand space
suggests a greater flexibility at the second binding site. We hypothesize that the second site

of (-8~ is similarly flexible, and would therefore bind with a higher affinity.

Residue-specific interactions of Sr?**, Mg?*, Ni?**, and Zn?" with Ci-3y were investigated
using solution-state NMR. 'H-"N HSQC [115] chemical shift perturbations (CSPs) were
measured to identify the residues involved in divalent cation interactions (Supplementary
Figures S5-S6). Classification of CSP strength was done according to standard threshold
levels: (strong > 0.2, moderate > 0.06). Strong and moderate CSPs from the addition of
6.5 equivalents of divalent cation are shown mapped onto the X-ray crystal structures of the
Ca?*-bound protein (PDBID: 2BV?2) [47] in Figure 2.4. The regions corresponding to strong
CSPs and absent peaks resulting from Sr?*, Mg**, Ni?*, and Zn%*" interactions exhibited

distributions that strongly resemble the CSP profile of Ca?*-bound Ci-37.

For all the divalent cation interactions, strong CSPs were concentrated in the loop regions
(31-36 and 72-79) containing three of the four binding moieties for each site (Site 1: 133-O,
S35-0OG, D75-OD1; Site 2: D32-OD1, E76-O/OE1, S78-OG). The residues completing the
binding site motifs (Site 1: E7-O/OEL; Site2: D42-0), located before the [-hairpins, also
displayed moderate to strong CSPs. Minor CSPs were also observed along the (-strands
of the Greek keys and in other solvent-exposed surfaces away from the two binding sites
for all divalent cations. Notably, above 3 equivalents of metal cation, Ni?* binding resulted
in the disappearance of chemical shifts from residues at and adjacent to the calcuim bind-
ing site, presumably due to paramagnetic relaxation enhancement, whereas Zn?", and to a
lesser extent Mg?*, yielded fewer assignable chemical shifts, possibly due to a transition into
the intermediate exchange dynamic regime. In general, each tested metal cation interacts

strongly with residues composing and adjacent to the Ca?* binding site. Although the abil-
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CSP

0.20

—0.13

0.06

Figure 2.4: 'H-N-HSQC CSPs of Ci-f~ resulting from the addition of 6.5 equivalents
of Ca?*, Sr?*  Mg*", Ni*" and Zn*' were mapped onto the structure of Ci-3v (PDBID:
2BV2). Weak CSPs (< 0.06) are colored white, strong CSPs (> 0.2) are colored red, and
moderate CSPs are colored using a red to white gradient. The color gradient is projected
onto the cartoon backbone and the spheres representing backbone amide nitrogens. Ca?*
ions found in the crystal structure are represented as tan spheres.
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ity of Mg?", Sr** and various transition metals to coordinate to Ca?* binding sites has been
reported for other Ca®T-binding proteins such as calmodulin [116, 117, 118], calcium- and
integrin-binding protein [119, 120], and parvalbumin [121], this represents the first demon-

stration of a Bv-crystallin coordinating a wide range of non-Ca?* cations.

2.3.4 Divalent cations increase the thermal stability of Cu-5v, but

not H~S

Biophysical characterization was performed for ('-35~ and HvS in the presence of a variety
of divalent cations to further investigate how the observed composition differences impact
protein stability. Thermal unfolding curves were measured for both proteins via the 360/320
nm ratio of tryptophan fluorescence intensities. Tryptophan side-chains in non-polar envi-
ronments have a peak fluorescence near 320 nm, while those in highly polar environments,
e.g. aqueous solution, fluoresce at 360 nm. All tryptophans in the folded structures of -3~
and H~S are buried in the hydrophobic core of the protein, therefore, the ratio of fluorescence
intensity at 360/320 as a function of temperature is a sensitive marker of protein unfolding,

as previously demonstrated for fy-crystallins.[122, 123]

As previously reported, the Ca?T-bound form of (i-37y has a greatly increased thermal
unfolding midpoint (T,,) over the apo-form, with a dramatic increase from 46 °C to 94 °C
(53] (Figure 2.5A). A similar stabilization was observed in the presence of Sr**, yielding a T,
of 91 °C. Of the tested divalent metal cations, the next greatest T,, was observed for Mn2*+
(84 °C) followed by Mg?* (71 °C), Co** (70 °C), Ni** (61 °C), and Zn** (53 °C) ((Figure
2.5B). For the tested cations, a higher T,, was observed to correlate with sharper unfolding
transition. The exception to this trend was Zn?*, where the Ci-3v unfolding temperature
range is similar to that of the Sr** and Ca?"-bound forms. The presence of Ca®>" did not alter

the T,, of HyS ((Figures 2.5C, 1D), consistent with its previously observed weak binding
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Figure 2.5: Protein thermal unfolding in the presence of 10 equivalents of divalent cation.
(A) Ci-Bv in the presence of Ca®" (red), Mg®" (aqua), Sr** (black), or no cation (blue).
(B) H4S in the presence of Ca?* (red), Mg®™ (aqua), Sr** (black), or no cation (blue). (C)
Ci-B~ in the presence of Co?* (brown), Mn?* (orange), Ni?* (green), Zn?* (purple), or no
cation (blue). (D) H4S in the presence of Co*" (brown), Mn?*" (orange), Ni** (green), or
no cation (blue).
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Table 2.2: Divalent cations classification and effect on C'%-3~ unfolding.

T,,> | T,° | Ionic radius? | Classification® | MESPUES CN° | CSD CN~

Ca’t | 94°C | 82°C 100 pm Hard 6-8 6, 7
Sr?t | 91°C | 79°C 118 pm Hard - 6, 8
Mn?* | 84°C | 72°C 83 pm® Borderline 6 6
MgZ™ | 71°C | 58°C 72 pm Hard 6 6
Co?**t | 70°C | 55°C 74.5pm” Borderline 6 4, 6
Ni?* | 61°C | 50°C 69 pm Borderline 4 4, 6
Zn*t | 53°C | 40°C 74 pm Borderline 410 4

Apo | 46°C | 60°C n -

and lack of changes to NMR chemical shifts upon cation addition [53]. None of the tested
divalent cations alter the thermal unfolding behavior of HvS: the T,, was ~72 °C for all

samples, consistent with previous literature reports.[124, 125, 126]

The wide range of effects on thermal stability of the divalent cations on (-7 warrants
some discussion of metal ion properties, given that all of these ions have a charge of +2 and
are similar in size. Notably, the thermal stabilization from Mn?" is 12-13 °C greater than
that due to Mg?*. Examination of different metal ion properties indicates that stabilization
Ci-B~y correlates most strongly with coordination number, followed by ionic radius (Table
2.2). In other proteins, the native binding sites of Mn?*" and Mg** are most often BCH
and BCB motifs, where binding is predominately coordinated via acid residues.[127] The
reduced affinity binding of Mn?** and Mg?** to Ca?* coordination sites has been suggested
to stem primarily from differences in ionic radius.[107] A small radius may alter the cation’s
interaction with some bidentate ligands. A similar argument can be made for Sr?* over Mn?*,
despite limited experimental data on Sr?" binding in proteins. Although its ionic radius is
slightly larger than that of Ca?*, Sr?* binding results in the same structural changes, with
small reductions in ligand-cation coordination. Any minor changes in backbone coordination
may then be accommodated by the flexibility of the aspartate and glutamate residues in the

binding site.

35



2.3.5 Divalent cations alter thermal aggregation in both Ci-3vy
and H~S

Thermal gradient DLS was used to probe divalent cation-mediated changes in protein-protein
interactions leading to the formation of soluble oligomers and insoluble aggregates. In DLS,
a translational diffusion coefficient is measured via scattering correlation times, providing a
sensitive tool for the detection of oligomer formation. v-crystallin aggregation under thermal
stress often proceeds via a step function in which a sudden onset of oligomerization occurs
directly from the monomeric population. We use the notation T; to refer to the initial
temperature at which oligomers or aggregates form from the starting solution of monomers.
These early-stage soluble oligomers formed are one to two orders of magnitude larger in size
than the monomers or dimers they were derived from. These particles grow in size until they
precipitate from solution, resulting in a decrease in scattering intensity, at which point the

measurement was terminated.

Thermal unfolding data for (-3, in the apo form and bound to a variety of divalent cations,
are shown in Figure 2.6 A-C. The T; of apo-Ci-Sv occurs near 60 °C, resulting in 20 nm-
diameter oligomers. The oligomers remain soluble and increase in diameter to 50 nm at 92
°C. Ca?*- and Sr?**-bound Ci-B~ exhibit T; values of 82 °C and 79 °C, respectively, above
which the oligomer diameter immediately exceeds 100 nm. The addition of Mg?** to Ci-Bv
does not alter the T; (58 °C) relative to the apo-form, but yields 35 nm diameter oligomers.
The soluble oligomers increase in size with increasing temperature, with 50 nm oligomers

forming at 70 °C. Of the tested transition metal cations, only Mn?* significantly increased

2Thermal denaturation midpoint (T,,) determined via intrinsic fluorescence.

3Initial temperature of aggregation (T;) determined via DLS.

4All ionic radius values are taken from Shannon et al [128] using the 6-coordinate, 2+ charge state.
°From Pearson’s classification of hard and soft acids and bases. [129]

6Coordination number (CN) collected from MESPEUS 10 and Hsin et al [130]

"Coordination number (CN) taken from Dudev et al[131], Tables 1, 2, and 3 for frequencies > 33 %.
8High-spin ionic radius.

9High-spin ionic radius.

10Taken form Harding et al[132], Table 5.
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Figure 2.6: DLS was used to monitor the diameter of protein monomers and oligomers to
access the temperature of aggregate formation under thermal stress and in the presence of
10 equivalents of divalent cation. (A) DLS measurements for Ci-3~ in the presence of Ca*"
(red), Mg?" (aqua), Sr** (black), or no cation (blue). (B) DLS of Ci-fv in the presence
of Co?* (brown), Mn** (orange), Ni** (green), Zn®* (purple), or no cation (blue). Each
measurement trace reflects one representative measurement, where error bars correspond to
one standard deviation collected from triplicate sampling at each temperature. (C) The
initial temperature of oligomer formation (T;) for Ci-fy under thermal stress measured
via DLS. The T; refers to the lowest temperature at which species larger than the native
monomers are observed. This plot is derived from the data shown in Panels (A) and (B); this
alternative visualization facilitates comparison of the aggregation onset temperatures and
allows more straightforward presentation of the measurement error. Error bars represent
one standard deviation. (D) DLS for HyS in the presence of Ca?" (red), Mg*" (aqua),
Sr?* (black), or no cation (blue). (E) DLS of HyS in the presence of Co?* (brown), Mn*"
(orange), Ni*t (green), or no cation (blue). Ci-3v (top), were measured (E) The initial
temperature of oligomer formation (T;) for HyS (diamonds), and HyS-Cy (Xs), presented as

in Panel (C)
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the T; of C'i-Bv. As observed for Ca?T and Sr**, oligomers formed at the T; (70 °C) rapidly
exceed the observable size. The addition of Co?*, Ni**, or Zn?* reduces the T; of Ci-37.
Co?" reduces the T; from 60 °C to 55 °C. The oligomers initially formed in the presence of
Co?* are 30 nm in diameter and grow to 70 nm by 65 °C, above which the scattering signal
is saturated. The T; values for Ni>* and Zn?* are 50 °C and 40 °C, respectively, where both
form relatively small oligomers between 10 nm and 20 nm, with slow growth producing 50

nm oligomers at 70 °C. More rapid increases are observed at higher temperatures.

The analogous data for HyS are presented in Figure 2.6 D-F. In the absence of divalent
cations, HvS rapidly forms insoluble aggregates around 53 °C, consistent with prior studies
of HyS alone [125]. The T; of HYS does not change in the presence of Ca?*, Sr?*, or Mg*T;
immediate formation of aggregates is observed in the presence of each of these cations. The
transition metal divalent cations Co?* and Ni?* reduced the T; of HvS, to 50 °C and 46 °C,
respectively, whereas Mn?* did not alter the T;. For all HyS measurements, the aggregate
size rapidly exceeded 100 nm. The addition of Zn?* immediately produced large aggregates
that precipitated out of solution, therefore, no DLS data are reported for treatment of
H~S with this cation. Although Ci-B~v-crystallin resists Cu®**-induced aggregation more
effectively than vS-WT, upward of six equivalents results in light scattering (Supplementary
Figure S7). In comparison, Zn?" similarly aggregates vS-W'T, whereas the presence of up to
10-fold Zn** does not reduce the solubility of Ci-37. For the variant HyS-Cy, which does
not contain solvent-accessible cysteines, the T; in the presence of Co?T and Ni** are both

around 49 °C.
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2.3.6 Zn’"-driven aggregation of HyS proceeds through cysteine
coordination, whereas Cu?"-driven aggregation results from

methionine oxidation

In the healthy eye lens, v-crystallins undergo only weak and transient interactions. Previous
studies measuring y-crystallin interaction with exogenous peptides,[133] small molecules,[134]
and cations[39] have highlighted the ability of the lens -crystallins to tolerate potentially
destabilizing interactions to a certain extent; however this capacity is limited and aggregation
results from excessive intermolecular contacts. We therefore focused on changes to protein
solubility as a practical approach to determine the potential effects of divalent cations on
v-crystallin behavior. The addition of excess Ca?*, Sr?T, Mg?**, and Mn?* did not alter the
fluorescence or thermal unfolding of HvS, consistent with previous research demonstrating
that HyD-crystallin does not aggregate upon addition of Mn?*, Fe?*, or Ca%* [39, 135] and
that yB and yS-crystallins do not interact with Ca®T.[53, 97] Co®T and Ni** did not alter the
thermal unfolding of HvS, but when present in excess (6.5 fold), produced soluble aggregates
under thermal stress, and detectable light scattering after 2 hours at 42 °C (Supplementary
Figure S8). The addition of Zn?T results in appreciable aggregation without thermal stress
in low excess; therefore, further light scattering measurements were performed on the Cys to
Ser variants HyS-Cs, HyS-Cy, and HyS-Cy, which were designed to test the hypothesis that
solvent-exposed cysteines are responsible for aggregation-promoting interactions with metal

cations in H~vS.

At room temperature, aggregates of HyS readily form following the addition of 5 equivalents
of Zn?* or 1 equivalent of Cu?*. Characterization of metal-induced aggregation was therefore
measured via light scattering at 405 nm. Zinc-induced aggregation of HvyS was measured
for both the monomeric and dimeric forms (Figure 2.7). 1 equivalent of Zn?" produced

limited aggregation of monomeric HyS, while 5 and 10 equivalents induced elevated levels
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of light scattering. Upon addition of 10, but not 5, equivalents of Zn?**, a small increase in
light scattering of HyS dimers was observed. Similar measurements were performed using
monomeric HyS-Cy, HyS-C;, and HyS-Cy. Similar to HyS-WT, each of the Cys-to-Ser
variants produced negligible aggregation in the presence of 1 equivalent of Zn?*. Appreciable
7S-Cy aggregation was observed for the addition of 10 equivalents of Zn?*, while 5 equivalents
produced slightly less aggregation. 10 and 5 equivalents of Zn?* yielded similarly low levels
of aggregation for vS-Cy, while detectable aggregation of vS-Cy was only observable at two
hours with 10 equivalents. For all proteins and zinc ion equivalents, the addition of EDTA

reduced the light scattering intensity to background levels (Figure 2.7).

The removal of surface-exposed cysteines in HyS-C, abrogated Zn?**-mediated aggregation
(Figure 2.7A) as well as Ni*T and Co*"-induced aggregation under mild thermal stress.
For all proteins tested, Zn?' aggregation was reversible upon addition of EDTA (Figure
2.7B), supporting our hypothesis that zinc ions coordinate to HyS via solvent-accessible
cysteines and cause intermolecular bridging. Dimerization of HvS, presumably via C25
disulfide bond formation, limits cysteine solvent accessibility. The dramatically reduced
aggregation in HyS dimer-only solutions further supports the idea that cysteine solvent
accessibility regulates Zn?*-mediated intermolecular bridging aggregation. Dominguez et al.
previously reported that Zn?* induces trace aggregation of H~S, but did not specify the
extent of dimerization.[135] Therefore, we suspect that dimerization is responsible for the

discrepancy between our results and those reported in this prior study.

Although Hy-WT aggregates to a greater total extent than HvyS-C, and HvS-Cy, it does
so more slowly. We hypothesize that Zn®>T may interact with the more buried C23 (21%
SASA) or C27 (40% SASA), resulting in a lesser solvent-accessible surface area for the zinc
ion. In this case, the clustered cysteines may serve as a weak buffer against intermolecular
bridging. In HyS-Cy and H~+S-C;, where the remaining solvent-exposed cysteines are not

spatially proximal to each other, most of the increase in light scattering occurs immediately.
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Figure 2.7: Treatment of human ~S-crystallin and its cysteine-to-serine variants with 1
(small dashed lines), 5 (long dashed lines) or 10 (solid lines) equivalents of Zn?*. (A) Light
scattering of monomeric HyS wild-type (green), HyS-Cy (cyan), HyS-C; (purple), and H~S-
Co (brown). (B) Light scattering of monomeric HyS (green) and dimeric HyS (dark green).
The H~S wild-type dimer was collected from the protein purification process without further
modification.



For these two variants, the extent of aggregation is considerably reduced despite a higher

ratio of Zn?* to solvent-accessible cysteines.

In addition to Zn?", we also observed Cu**-induced aggregation of HyS. The addition of 1
equivalent of Cu?* produced considerable levels of aggregation for HyS-WT and each Cys-
to-Ser variant (Supplementary Figure S9), to the extent that precipitation occurred. The
dimer of HyS-W'T exhibited similar total aggregation under the same conditions. Prior in-
vestigations of yD-crystallin have shown that the solvent-accessible residues C109 and C111
are primarily responsible for Cu?*-induced aggregation, which can be blocked using GSSG.
[60] 'H-°N HSQC peak intensity disappearances in HyD prepared with Cu2+ provide fur-
ther evidence that the strongest interactions occur at the solvent accessible-cysteines.[39] We
felt confident that the removal of the solvent-accessible cysteines in yS-crystallin, which we
observed led to decreased Zn?*-induced aggregation, would have a similar effect for Cu?*.
However, this hypothesis proved to be incorrect. In contrast to Zn?*, the removal or re-
duction of solvent-accessible cysteine side chains does not strongly impact Cu?*-induced
aggregation, although the scattering intensity of all samples is decreased upon EDTA addi-
tion, suggesting that superficial cross-linking is partially responsible. No changes in protein
structure are evident upon the addition of either Cu?* or Zn?* for HyS-WT based on far-UV

circular dichroism (Supplementary Figure S10).

To further investigate the mechanism of Cu?*-induced aggregation, we digested the insoluble
aggregates of HyS-WT and H~S-Cy with trypsin to search for oxidative PTMs or modifi-
cations observed in aged lenses via mass spectrometry (Supplementary Table S8, Supple-
mentary Figure 11).The light-scattering samples of HyS and HvyS-Cy incubated with 10
equivalents of Cu?" were analyzed via mass spectrometry to determine if post-translational
modifications (PTMs) were present. Trypsin digests were performed using the HyS-WT and
H~S-Cy pellets collected via centrifugation with MSMS mapping to confirm PTMs. Mass

shifts of +16 Da and +32 Da (corresponding to cysteine oxidation) for peptides containing
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€23, C25, C27, and C115 were the only modifications investigated from the HyS-W'T digest.
Across several measurements, MSMS mapping of modification showed C25 was the most
consistently modified of the C23-C25-C27 triad. Digests of vS-Cy produced fewer detectable
mass shifted peptides. The observed shifts of +16 Da were observed for 2 peptides, cor-
responding to oxidation of M59 and M124. Why these two methionines are more readily
oxidized than M74, M108 or M119 is yet unclear, given that the latter residues all have a
larger solvent accessible surface area. We speculate that local electrostatics are involved,

however, further investigation is required.

Functional characterization of the interactions of (-7 is highly relevant to understanding
its role in the tunicate sensory vesicle. This structure, which contains both the ocellus
and the otolith, is highly enriched in several metal cations, including Ca** and Zn*" as a
means of controlling its specific gravity.[45] We previously reported that the fluorescence
intensity of Ci-B~v changes in response to Ca?" binding, therefore, a preliminary analysis of
fluorescence intensity changes was performed using Mg?*, Sr?*, Mn?*, Co?*, Ni?*, and Zn?*+
(Supplementary Figure S12). The changes in Ci-/7 fluorescence intensity were comparable
to those observed upon binding Ca?", prompting us to continue with thermal unfolding and
aggregation measurements. Interestingly, thermal aggregates of apo-Ci-8~ do not form until
60 °C, despite its thermal unfolding midpoint of 46 °C. The addition of divalent cations
reverses this trend, resulting in a 10-15 °C lower T,, than T; (Figure 2.5, Table 2.2). The
persistence of this trend, independent of the degree of thermal stabilization, suggests that the
underlying interactions of Ci-8vy with different divalent cations are highly similar. Further,
the difference in aggregate size between apo-Ci-8v (< 50 nm) and cation bound Ci-fGy

(>1000 nm) suggests that increased structural rigidity may alter the aggregation pathway.
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2.4 Conclusion

The double clamp motif of the Sv-crystallin domain is capable of binding to a broad range
of divalent cations beyond Ca2?*. This functionality is aided by the absence of readily ox-
idizable and cation-coordinating residues such as cysteine, histidine and methionine. In
contrast, vertebrate lens y-crystallins, which mostly do not bind divalent metal cations, are
structurally similar but compositionally different. Notably the amino acid composition of
the lens ~-crystallins favor more refractive residues, and their sequences were apparently
not shaped by selective pressure against cysteines. In human ~S-crystallin, solvent-exposed
cysteine residues increase susceptibility to Zn?*-induced aggregation through cross-linking,

whereas Cu?*-induced aggregation is driven by methionine oxidation.
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Chapter 3

Copper-induced aggregation of human
vS-crystallin involves multiple

mechanisms

3.1 Introduction

The eye lens is a unique organ due to its optical transparency and minimal metabolic activity.
In addition to a thin exterior layer of epithelial cells, the lens is made of elongated fiber cells
which enucleate and lose their cellular organelles during maturation in order to eliminate
light scattering. This process removes the cellular machinery necessary for protein turnover,
thus, lens proteins are not replaced during an organism’s lifetime. In human lens fiber cells,
protein concentrations range to upwards of 400 mg/mL [136]. 90 % of lens proteins belong
to the a-, 8-, and vy-crystallin families. The a-crystallins are small heat-shock proteins that
function as holdase chaperones. The (- and ~v-crystallins are structural proteins evolved

for high refractivity and fluorescence quenching. Both - and ~v-crystallins contain two
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domains connected via a linker sequence and a hydrophobic interface. Each domain contains
a double Greek-key motif in which two sets of four antiparallel S-strands create a S-sandwich

structure.

The lens crystallins are extremely long lived proteins (ELLPs) that are consistently ex-
posed to ultraviolet radiation, which can cause structural damage. Consequently, the (-
and ~-crystallins have evolved efficient fluorescence quenching capacity through conserved
structural features and FRET interactions between the two highly conserved, buried tryp-
tophans in each domain [25, 137, 26]. The lens environment also contains high levels of
glutathione and other antioxidants that serve as redox buffers [138]. Despite these features,
post-translational modifications (PTMs) accumulate over time [89, 90]. An array of PTMs
are observed in both the soluble and insoluble fractions of aged lenses and are suspected to

facilitate protein aggregation [139, 140].

In many cases, the molecular-level details of how PTMs enable aggregation remains unclear.
Two modifications of significant interest are deamidation and oxidation. Deamidation is the
most commonly observed modification and may occur in parallel racemization or isomeriza-
tion [90, 141, 142]. Oxidation is arguably the second most common PTM and is thought to
accumulate with age as lens antioxidant levels decrease. Mass spectrometric identification of
aged lens vy-crystallin has evidenced oxidative damage to numerous residues, focally methio-
nine, histidine, tryptophan and cysteine [89, 143]. Although the lens is regularly exposed to
UVA (0.116 — 0.99 mW cm™') and UVB (1.2x107* — 4.4x10™* mW c¢m™1!) radiation [144] !,
the formation of reactive oxygen species (ROS) may also be catalyzed by metal ions found

in the lens.

Copper and zinc ions in the lens serve as cofactors for the chaperone a-crystallins but are

released upon substrate binding [59]. Whether this release contributes to a negative feedback

'Ranges represent 2% — 17% impingement of solar radiation in summer at 40°N applied to data for UVB
(295 — 315 nm) and UVA (315 — 400 nm) light.
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cycle is currently unknown; however, elevated of Cu®* concentrations have been reported in
cataract lenses [63, 145, 146]. This may also be a feature of diabetes[62] and smoking[147]
but is difficult to directly measure. Although the concentration of lens Zn?* is several times
higher than Cu?* [148], copper ions readily produce ROS and induce y-crystallin aggregation
at lower equivalencies [149]. The molecular mechanisms of aggregation due to copper and
associated ROS are poorly understood but are also possibly relevant in other protein aggre-
gation diseases such as Alzheimer’s, Parkinson’s, and Huntington’s [150, 151]. The specific
interactions with copper ions depend on the structure and function of the protein. Some
disease-related proteins like a-synuclein [152, 153], S-amyloid[154, 155], and ubiquitin[156]
aggregate in the presence of copper, whereas in prion [157] and tau [158], aggregation is

inhibited.

Previous solution-state nuclear magnetic resonance (NMR) studies of yD-crystallin suggest
that the strongest copper interactions occur at sites where with at least two proximal cys-
teines or histidines [39]. We previously reported that divalent cations of zinc, nickel, and
cobalt drive vS-crystallin aggregation through intermolecular bridging via cysteines, whereas
copper-induced aggregation occurs even in the absence of solvent-accessible cysteines [149].
Investigating the mechanistic pathways of Cu?*-mediated aggregation of yS-crystallin is of
particular interest for multiple reasons. S is highly expressed in the lens epithelial and
cortical fiber cells[159], while vC and D — the other highly expressed ~-crystallins — are
primarily concentrated in the lens nucleus[160, 161]. The accumulation of copper in the
lens may therefore impact S before other ~-crystallins, leading to protein damage and
cataract. Further, yS-crystallins contain a unique cysteine tetrad. Three of the cysteines,
C23, C25, and C27, are highly solvent accessible and within disulfide bonding distance of
one another. The fourth cysteine, C83, is located on an adjacent [-strand, within hydrogen-
bonding distance of C27. Although no function is known for this tetrad, v-crystallins have
been observed to have an oxidoreductase-like property where intramolecular disulfides are

transferred between proteins [104]. It has been proposed that continual transfers amongst
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the highly concentrated ~-crystallins may act as a final redox buffer. Since the cysteines of
~S are the most solvent exposed and highest density cysteines in the v-crystallin, they may

serve as a sink for any disulfide transfer mechanism in the lens.

In order to better understand the aggregation pathways of vS-crystallin, we have investi-
gated Cu?t-mediated aggregation alongside UV-induced aggregation and amino acid point
mutations implicated in hereditary cataract. UV irradiation drives ROS formation, but the
extent to which oxidative modifications from UV- and copper-induced aggregation are similar
is unknown. In contrast, genetic mutations that cause aggregation may or may not proceed
through similar mechanistic pathways than copper-induced aggregation. Comparative mea-
surements can therefore provide insight into how copper-induced aggregates may resemble
or differ from cases in which the underlying cause of aggregation is known. Here we show
that Cu?*-induces aggregation through intermolecular bridging, disulfide bond formation,
and covalent crosslinking. These aggregates are distinct from UV-induced and cataractous
point mutants with respect to their biophysical stability. Copper binding occurs at two or

more sites, with cysteine coordination buffering the effects of Cu?T-induced aggregation.

3.2 Materials and methods

3.2.1 Protein Expression and Purification

The human ~vS-crystallin variants vS-G18V, vS-D26G, and vS-V42M, and S-C23S-C25S-
C27S-C115S (yS-9) were made using site-directed mutagenesis of the wild-type (yS-WT)
construct containing an N-terminal 6x His tag and a TEV cleavage sequence (ENLFQG)
which leaves a glycine in place of the start methionine. The genes encoding each protein
were cloned into a pET28a(+) vector (Novagen, Darmstadt, Germany) and overexpressed

in a Rosetta E. coli cell line (DE3) using Studier’s autoinduction protocol [87]. Cell pellets
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were collected via centrifugation at 4,000 rpm for 30 minutes, resuspended, lysed, and respun
at 14,000 rpm for 60 minutes. Each protein was purified via nickel affinity chromatography;,
digestion with TEV protease (produced in-house), subsequent nickel affinity chromatography,
and finally, two separate size exclusion chromatography (SEC) runs on a GE Superdex 75
10/300 (GE Healthcare, Pittsburgh, PA) to ensure pure monomeric protein. All samples
were dialyzed into 10 mM HEPES, 50 mM NaCl, pH 7 unless otherwise stated. Prior to
measurement, proteins were reduced using 5 mM fresh dithiothreitol (DTT) and dialyzed.
Analytical size exclusion Cu?*-treated samples were measured using a GE Superdex 75

Increase 10/300 GL (GE Healthcare, Pittsburgh, PA).

3.2.2 UV-A Induced Aggregation

Protein solutions at 6 mg/mL (2.5 mL) or 100 mg/mL (1.5 mL) were irradiated with 355 nm
light generated using a 10 Hz Nd:YAG laser (Continuum Surelite II; Surelite, San Jose, CA,
USA) coupled to a Surelite Separation Package (SSP) 2A (Surelite) to change the pump laser
wavelength (1064 nm) via third harmonic generation (laser flux was 29 mJ/cm? at 10 Hz).
The solutions were continuously stirred and kept between 22 °C and 24 °C using a Quantum
Northwest Luma 40/Eclipse with a Peltier element and recirculator (Quantum Northwest

Inc., Liberty Lake, WA, USA). Samples were irradiated for 180 minutes.

3.2.3 UV-B Induced Aggregation

Aggregation of 6 mg/mL or 100 mg/mL ~S-crystallins via 278 nm UVB radiation was accom-
plished using two 70mW light emitting diodes (LEUVAG66H70HF00, Seoul, Korea) at 5 mm
distances (120 degree view angle) yielding a mean power density of 58 mW /cm?. Samples
used for TEM and FTIR measurements irradiated for 30 minutes. Mass spectrometry and

resolubilization assays were irradiated for 90 minutes.
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3.2.4 Absorbance

Resolubilization assays were performed by adding 200 uL of copper (II) chloride stock solu-
tions to 200 uL of protein to achieve final solutions of 50 M protein varying molar equiva-
lents of Cu?*. Samples were incubated at 25 °C for 8 hours and then left at 4 °C overnight
prior to measurement. Samples were then spun at 6000 rpm for 20 minutes, and the su-
pernatant was carefully removed so as to not disrupt any pelleted aggregates. Aggregates
were resuspended in 400 uL of buffer with 10 mM ethylenediaminetetraacetic acid (EDTA),
vortexed, incubated at 37 °C for 30 minutes, sonicated for 15 minutes, and respun at 6000
rpm. This procedure was then repeated with the addition of dithiothreitol (DTT) for a final
concentration of 5 mM (2 uL of 1 M DTT). EDTA and DTT treatments were also applied
to the initial soluble samples following measurements. Absorbances were measured using a
NanoDrop2000. Three samples were prepared for each concentration and each sample was

measured in triplicate. Final absorbance values were corrected for dilution.

3.2.5 Fluorescence

All fluorescence measurements were performed using a Varian Cary Eclipse fluorescence
spectrophotometer. Changes in the intrinsic fluorescence were measured for 1000 pL of 50
M protein samples by adding 10 pL of a copper (II) chloride stock solution. Samples were
excited at 280 nm and emission spectra collected from 300 nm to 400 nm. Absorbance
spectra were measured after each Cu?* addition to ensure that observed differences were not

due to protein deposition.

The tryptophan fluorescence was measured for vS-W'T and vS-Cy by using a 295 nm exci-
tation to minimize tyrosine and phenylalanine absorbance. The samples were collected from
the aggregation recovery and diluted to a concentration of 5 uM with emission measured

from 310 nm to 500 nm. Each sample was also tested for dityrosine fluorescence using a 320
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nm excitation and 330 nm to 500 nm emission.

Hydrophobic surface exposure was measured using M 8-Anilinonaphthalene-1-sulfonic acid
(ANS). Samples were prepared at final concentration of 50 pM with 750 uM ANS (based on
previous work [134]) and allowed to incubate at room temperature for one hour. Fluorescence
spectra were measured from 450 nm to 600 nm with an excitation of 390 nm, using 20 nm

slit widths.

3.2.6 Fourier-transform infrared spectroscopy (FTIR)

Aggregates of vS-G18V, 7S-D26G, and vS-V42M were collected from samples stored at
5 mg/mL at 4 °C for several weeks. All aggregates and soluble protein were separated
via centrifugation and lyophilized. Samples were then resuspended in D,O for 24 hrs and
lyophilized again. Measurements of all powders were made using a Jasco FT /IR-4700-ATR-
PRO ONE (JASCO, Easton, MD) over the 400-4000 cm™~! range with 47! resolution. Data

from 1700 cm~! to 1475 cm ™! normalized to peak amide I band absorbance.

3.2.7 Mass Spectrometry

Irradiated samples of vS-W'T were centrifuged at 13000 x g for 15 minutes and the insoluble
portion was redissolved in 50 pL of 8 M urea, 1 M ammonium bicarbonate. A control sam-
ples of unexposed vS-WT was prepared identically and concentrated to reach 12 mg/mL.
All samples were sonicated for 5 minutes in pulses of 20 seconds on and 10 seconds off. The
samples were then diluted to 0.5 mg/mL protein concentration and to a buffer concentration
of 1.6 M urea, 1 M ammonium bicarbonate. The intact protein mass was collected to con-
firm that any observed post-translational modifications did not arise from the denaturation

procedure. 3 pg of trypsin was then added, and samples were incubated overnight at 37 °C.
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The samples were then diluted to 0.2 mg/mL with water, treated with 10 pL of 100 mM
DTT, and heated to 80 °C for 3 minutes. Mass spectra were collected on a Waters Xevo
XS-QTOF over 30 minutes on a C4 column with a 0 — 100 gradient solvent B (solvent A:
100% 0.1% formic acid in water, solvent B: acetonitrile). The data analysis was performed
in BioPharmalLynx. Native and modified peptides were confirmed with MS/MS spectra and
quantified by ion count. For each sample, (unexposed, UVA-exposed, and UVB-exposed),

the experiment was performed in triplicate.

3.2.8 SDS-PAGE

vS-WT (200 uL total volume, 150 uM) was aggregated using 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5,
2, 3, or 5 equivalents of Cu?" at 25 °C for 4 hours and then left at 4 °C overnight. The
samples were then centrifuged, and the supernatant was removed without disturbing the
pellet. Prior to loading, 10 puL of protein was mixed with 10u of loading dye (62.5 mM
Tris-HC1, 2% sodium dodecyl sulfate, 25% glycerol, 0.01% bromophenol blue, pH 6.8), 1 uL
2-mercaptoethanol, 1 pL of EDTA (final concentration 1 mM) and heated at 70 °C for 90
seconds. Samples were run on 12% Mini-Protean TGX gel at 115 V for 85 minutes and

stained using Coomassie blue. Each gel was run at least twice to ensure reproducibility.

3.2.9 Transmission electron microscopy

The morphology of the yS-crystallin aggregates formed subject to acidic buffer, UV irradia-
tion, and metal ion treatment were investigated by transmission electron microscopy (TEM).
Negatively stained samples for TEM were prepared on commercial Carbon-coated 400 mesh
Copper grids (Plano GmbH, Wetzlar, Germany). The grids were made hydrophilic by glow
discharge treatment, whereupon 2 pl. of sample solution was applied and allowed to soak

for 45 seconds before blotting. The grids were then rinsed twice with 50 L. deionized water,
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followed by blotting. Negative staining was performed by applying 4 uL of a 1 percent uranyl
acetate solution, followed by immediate blotting. Application of 4 ul of uranyl acetate was
then repeated; this time being allowed to soak for 20 seconds before a final blotting step.
TEM micrographs were then recorded in a JEOL JEM 2100 instrument with an accelerating

voltage setting of 120 kV.

3.3 Results and Discussion

3.3.1 Cu’"-damaged 7S-crystallin aggregates differ from point vari-

ant and UV-induced aggregates

Crystallin aggregates taken from cataract lenses are characterized as amorphous, indicating
a lack of identifiable structure. Likewise, the extent to which whole lens aggregates exem-
plify the underlying cause of aggregation is unknown. Here we investigated aggregates from
~vS-crystallin in vitro using several different methods in order to probe for potential charac-
teristic features. We began our investigation by comparing the morphology of yS-crystallin
aggregates resulting from point mutations, UV-irradiation, and Cu?* treatment. Transmis-
sion electron microscopy was used to image aggregates of vS-G18V, vS-D26G, and vS-V42M
formed by allowing them to incubate for several months at 4 °C (Figure 3.1A-C). For each
variant, larger aggregates are composed of smaller, globular particles roughly 20 nm in diam-
eter on average (SI Figure 1). The clustering of smaller, component aggregates observable in
each case is similar to that observed for yD-P23T [162]. The similarity observed here does
not explicitly inform the us about underlying mechanism of aggregation for each mutation
but is interesting nonetheless as the D26G mutation — in which the only major change is
a surface salt bridge [163] — is considerably different from G18V and V42M, both of which

cause more substantial structural changes[164, 85].
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Micrographs of yS-crystallin were taken following UVA and UVB irradiation (Figure 3.1D-
E). While UVA and UVB are both capable of ROS formation, UVB is more effectively
absorbed by aromatic residues, focally tryptophan, which acts to help quench fluorescence
in the y-crystallins[137]. Irradiation at both wavelengths produces aggregates that are similar
in size to point mutant aggregates and lack a well-defined morphology. To ensure that the
UV aggregates were representative, we varied the concentration and irradiation times of the
samples to assess potential differences. In all cases, once formed, the size and morphology
of the aggregates did not appear to exhibit any clear differences (SI Figures 2-3). Likewise,
photodamaged point mutants also show distinct, small component aggregates of the same

size even when densely clustered (SI Figure 4).

Figure 3.1: TEM micrograms of yS-crystallin aggregates. Native aggregates of vS-D26G
(A), vS-G18V (B), and vS-V42M (C). Photodamaged aggregates form using UVA (D) or
UVB (E) radiation. Aggregates resulting from the treatment of 0.5 equivalents of Cu** (F).

As observed for point mutants and UV irradiated samples, no consistent, distinctive mor-
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phological features were observable for Cu®**-induced aggregates (Figure 3.1F). This result
is consistent with observations of Cu?*-induced aggregates of yD-crystallin [39]. In order
to probe for differences that would enable investigation of specific aggregation pathways, we
probed the structure of the resulting aggregates via FTIR. The amide absorption frequencies
of protein secondary structures differ from one another; therefore, one can infer changes in
protein structure by comparing the amide I and II bands between samples. The amide I
band largely results from C=O0 stretching vibration, while the amide II band is mainly com-
posed of the N-H bending vibration and C-N stretching vibration. Between the soluble and
aggregated mutant yS-crystallins, minimal changes were observed to the amide 1 band line
shape, suggesting that an overall S-sheet structure is retained for each of the solid aggregates
(SI Figure 5). Likewise, the changes observed following UVB irradiation or treatment with
Cu?+ are also minimal. Interestingly, the relative absorption of the amide I peak to amide
IT peak decreases for all aggregates, as well as the soluble UVB and Cu?*-treated species.
We suspect this change is possibly the result of minor conformational changes; however, no

specific changes can be readily determined from this method alone.

We next turned to potential changes in hydrophobic surface exposure in order to better
understand the effect of Cu?* treatment. Cataract-causing point mutations serve as con-
venient references, as increased hydrophobic surface exposure can result from mutations
within the hydrophobic core[165, 166] or on the protein surface [85, 167] but is not necessary
for aggregation. We investigated changes in hydrophobic surface exposure of yS-crystallin
following Cu?* and UVB treatment using ANS, a small molecular probe that fluoresces
strongly when coordinated to a protein through electrostatic and hydrophobic interactions
[168]. Soluble vS-WT from Cu?* treatment has a similar ANS fluorescence spectrum to
that of vS-D26G (Figure 3.2), for which no structural changes are known. The spectra have
minimally greater intensities than vS-W'T. In contrast, the two point mutants with known
increases hydrophobic surface exposure, ¥S-G18V and vS-V42M, show considerable increases

in ANS fluorescence intensity.
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Interestingly, UVB-exposed 7S samples exhibit the greatest fluorescence, with an intensity
more than twice vS-V42M. While UV irradiation and free copper can both catalyze ROS
formation, the differences in ANS fluorescence suggest the two methods drive aggregation
rather differently. While larger changes in hydrophobic surface exposure may occur for UVB
due to the oxidation of the internal tryptophan residues, the lack of hydrophobic surface
exposure following Cu?" treatment suggests a highly efficient precipitation of modified or
an alternative mechanism such an intermolecular bridging that occurs for other transition
metals.[? |

1000

s vS-WT + UVB
—S-V42M
m— S-G18V
e vS-WT + Cu?*
m 1S-D26G
m— S-WT

750 4

500 1

250 4
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450 560 5%0 G(IJO
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Figure 3.2: Fluorescence spectra of ANS binding to yS-crystallins. 50 uM of soluble protein
was incubated with 750 M of ANS in order to probe changes in hydrophobic surface ex-
posure. UVB irradiation produces considerable hydrophobic exposure. The soluble vS-W'T
remaining after Cu?* addition yields minimally changes relative to vS-WT. Point mutant
ANS fluorescence changes are consistent with previous reports.

3.3.2 Cu?"-induced aggregates are composed of different species

The presence of transition metals, notably zinc, can drive aggregation through intermolecular

bridging. We previously observed in yS-crystallin that this bridging is abolished by the
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removal of solvent-accessible cysteines for all but Cu®*, in which cysteine removal accelerated
aggregation [149]. In order to systematically evaluate the effect of Cu®", we began by
investigating the aggregation of ¥S-W'T and the yS-Cy variant in which the four solvent
accessible cysteines (C23, C25, C27, and C115) were mutated to serine. Consistent with
our previous results, vS-WT aggregates to a lesser total extent than vS-Cy (Figure 3.3A-
B). In order to quantify aggregative factors, we treated insoluble Cu?"-induced aggregates
with excess EDTA (10 mM) to recover protein precipitated through intermolecular bridging.
Both proteins show comparable amounts of recovery relative to the amount of insoluble
aggregate formed (Figure 3.3C). Subsequently, we resuspended the remaining aggregates in
the presence of DTT (5 mM) in order to disrupt potential disulfide crosslinks contributing
to aggregation (Figure 3.3D). Unexpectedly, we observed resolubilization of both proteins.
While a disulfide trapped fold is possible, we suspect the thiol character of DTT may allow
it to chelate protein-bound copper more effectively than EDTA, as the reported binding
affinity of DTT for Cu** (Kp 107 M at pH 7)[170, 171], is lower than EDTA (Kp of 107188
M)[172]. The ability of a second, different chelating agent to resolubilize aggregates suggests
that the process of Cu?*-induced aggregation may occur though at least two mechanisms
and may involve binding to at least two sites. In addition to intermolecular bridging and
intermolecular disulfide bonding, we suspected that the tightly bound copper may induced

structural modifications leading to an additional aggregation pathways.

Analysis of the resolubilized proteins was performed via fluorescence and circular dichroism
(CD) in order to probe for structural changes. Tryptophan fluorescence is a sensitive mea-
sure of minor structural perturbations in yS-crystallin, as the two buried tryptophans of
each domain act to effectively quench fluorescence. Therefore, minor structural changes are
observable through red shifting — resulting from a more polar environment — and increased
fluorescence peak intensity. We used samples from the treatment of 2 equivalents of Cu?*,
as the most similar protein concentrations were present across each treatment group. Sol-

uble ¥S-WT and ~+S-Cy after Cu?* treatment exhibited reduced fluorescence intensity but

57



similar peak intensity near 330 nm (Figure 3.4A-B), with appreciable shouldering for vS-Cj.
In contrast, resolubilized vS-WT from EDTA treatment exhibited peak broadening and red
shifting while vS-Cy showed dramatically increased fluorescence intensity in addition to red
shifting. DTT resolubilized proteins resembled their respective soluble fractions, with vS-Cy
showing reduced fluorescence intensity. We attribute the reductions in fluorescence intensity
for each of the treated samples to interactions with Cu®* (Figure 3.4C). vS-WT is quenched
more than vSCy, which suggests the solvent accessible cysteines of ¥vS-W'T — C23, C25, and

C27 — that are proximal to W47 may be a binding site.

The extent of unfolding for soluble and resolubilized proteins was assessed via the 355/325
fluorescence ratio. Soluble and DTT resolubilized vS-W'T and 7S-Cy were minimally altered.
The fluorescence ratio of EDTA resolubilized proteins increased from 0.57 to 0.78 for ~vS-
WT and from 0.59 to 0.96 for vS-Cy. Both changes are non-trivial; the ratio for EDTA
resolubilized 7-Cy is comparable to the first unfolding transition observed in vS-G18V[124],
vS-S39C[95], and vS-V42M[165] due to guanidinium hydrochloride, which is assumed to

correspond to the partial unfolding of the N-terminal domain.

We subsequently measured the CD spectra for all samples to evaluate whether large-scale
unfolding contributes to Cu?T-induced aggregation. The CD spectrum of vS-WT exhibits a
minimum at 218 nm, indicative of high -sheet character, consistent with the solution-state
NMR structure [85]. Soluble and DTT-resolubilized vS-WT after Cu?*-treatment show
a similar minimum at 218 nm, but with considerable broadening towards 212 nm. The
spectrum of DTT-resolubilized vS-W'T is reduced in intensity and shows distinct minima at
218 nm and 212 nm. As observed via fluorescence for vS- and yD-crystallin, the reduction in
signal suggests that some Cu®" may still be bound to the yS-WT [39]. The spectrum of ~S-
Cyp resolubilized using DTT resembles the untreated control, whereas the soluble protein is
similar in shape, but considerably reduced in intensity. The minimum of EDTA-resolubilized

~vS-Cy appears at 212 nm, similar to that of EDTA-resolubilized vS-W'T, as well as a distinct
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minimum near 200 nm, indicative of random coil character.
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Figure 3.3: The 280 nm absorbance of vS-WT (green) and 7S-Cy (gold) was measured
following Cu?* addition. (A) Aggregation kinetics of vS-WT (green) and 7S-Cy (gold)
following the addition of 0.5, 0.75, or 1 equivalent of Cu?** (listed on right). After 150
minutes, no turbidity was observed for vS-W'T, whereas the onset and extent of vS-Cy
turbidity increased with Cu** concentration. (B) Absorbance of the supernatant following
centrifugation. (C) The absorbance of proteins resuspended from Cu?-induced aggregation
via EDTA. (D) The absorbance of proteins resuspended from Cu?*-induced aggregation via
DTT. Error bars represent one standard deviation. The added lines are meant to serve as a
visual guide.
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Figure 3.4: Fluorescence of soluble and aggregate vS-W'T and «S-Cj after incubation with 2
equivalents of Cu?*. (A) Untreated and Cu®"-incubated samples of yS-WT. (B) Untreated
and Cu®-incubated samples of ¥S-Cy. (C) The 355 nm over 325 nm fluorescence intensity
ratio for each of the samples measured in parts (A) and (B). Error bars represent one standard
deviation. (D) Fluorescence spectra of yS-WT (green) and S-Cy (pink) in the presence of
0, 0.25, 0.5, 0.75, and 1 equivalent of Cu?*. Increasing transparency translates to higher
concentrations of Cu?>". The fluorescence intensity of ¥S-WT decreases more rapidly than
vS-Cp when incubated with increasing equivalents of Cu®* (inset).
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Figure 3.5: Circular dichroism of soluble and aggregate vS-W'T and «S-C, after incubation
with 2 equivalents of Cu?".
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3.3.3 Covalent modifications alter yS-crystallin behavior

While resolubilization of aggregates was possible via DTT and EDTA, whether factors such
as covalent crosslinking also contribute to Cu?-induced aggregation necessitated further
investigation. To start, we measured the distribution of soluble and resolubilized vS-W'T
and vS-Cy sizes via analytical SEC (SI Figure 7). For each 7S-WT sample, increasing size
resulted in lower abundance, with a clear predominance of monomers. vS-Cgy, with the
exception of the EDTA resolubilized sample in which the dimeric elution peak was the most
populated. The presence of non-monomeric species suggested to us that crosslinkings may

also be involved in driving aggregation.

We next analyzed the dimeric weight range peaks for the EDTA resolubilized proteins via
UPLC-MS on a C4 column (Figure 3.6) Multiple peaks were present in both the yS-WT and
~vS-Cy traces, allowing us to perform independent mass reconstructions. For both proteins
the first peak contained a shoulder with an earlier elution and mass consistent with m+16
mass likely corresponding to a single oxidation while the main peak contains the parent
mass. The later eluting peak of vS-WT was split in two. The reconstruction resolution
of the earlier part of the second peak was limited by poor signal to noise but indicated
the parent mass and an m+164 species to be present. The latter half of the second peak
was more well resolved, reconstructing a m+221 mass. Likewise, the second peak of vS-Cy,
which eluted at the same time as the latter half of the second vS-W'T peak, also contained

an m+221 peak as well as an m+329 peak.

Analytical SEC measurements of vS-WT were also made for samples treated with substoi-
chiometric equivalents of Cu?* and subsequently with excess EDTA. The monomeric peak
of the untreated vS-WT (U) decreases and is split into left (L) and right (R) peaks at
roughly the same elution time after Cu?* treatment (Figure 3.7A). The mass reconstruction

of both peaks show oxidation and dimerization is present, with a high extent of dimerization
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Figure 3.6: The dimer peaks of yS-WT (A) and vS-Cq collect following analytical SEC were
analyzed through separation on a C4 separation prior to mass spectroscopy. Two distinct
peaks are visible for both proteins, with shouldering or splitting present for most peaks. The
selected time frames drawn across the chromatographic traces correspond to the data used
for the corresponding mass reconstructions.

present in the right peak (Figure 3.7B). A portion of the dimerization and higher molecular
weight species observed from Cu?* addition are likely attributable to disulfide bridging as
the monomeric species almost exclusively present after reduction with DTT. Critically, the
mass reconstructed for the left and right peaks are 2-3 Da lower than the observed vS-W'T
for mass, and do not change following reduction. We suspected that this was due to an
intramolecular disulfide bond, as the soluble fraction of vS-Cy does not exhibit the same

mass shift.

In order to further probe the sensitivity of ¥S-WT to Cu?", we measured the distribution of
aggregates sizes via SDS-PAGE. In measuring the soluble fraction of vS-W'T after variable
Cu?* addition, we observed a predominance of monomeric protein, with noticeable dimer
formation and trace high molecular weight complexes. Interestingly, the monomeric molec-
ular weight range contains two distinct bands that are present at substoichiometric Cu?*

equivalents (SI Figure 3.8A). Additional analysis performed via lower sample loading and

64



<N

1007 —20931.9 N =
A =0.00 eq Cu* B ]
50+
20947.9
1 I'g

x0.167
24

’é‘ =025 0 Cu 100 —41859.8 R
£ | /209290

] 41876.4
8 Af\/\ 50 20938.0 ¥
& Tososaon ; 4 09614210069 119227
® . —_— ; '
8 1001 +-20929.6 21007.0 L
= M 1
8 41859.3
= =(0.75eq Cu® % : (
g . ] R j /209616 210228 418755
) d ]
o y *
<C ‘_J\/\/\/\ I\'\\,—\ 1007 T 209302 | ) ) ) ]

L+ DTT mm

= 1.00 eq Cu?

= 1.00 eq Cu?* (+DTT) 504 20946.4
4 ’ 21007.2
r I'4 41859.6
, A A M . . ; "‘./\’]B. r T 4 T T T T
5 10 15 20 20925 20975 21025 41850 41950 42050
Elution Volume (mL) Mass (Da)

Figure 3.7: (A) Analytical SEC measurements of yS-W'T treated with increasing equivalents
of Cu?" followed by excess EDTA. The addition of Cu®" results in dimerization of 7S,
with a shift towards high molecular weight species with increasing concentration. These
larger species are partly reversible via DTT reduction. (bottom panel). (B) Protein masses
reconstructed using MaxEnt1 for individual peaks collected in (A). The untreated vS-WT
(U) is strictly monomeric, whereas the peaks eluting at the same time (R) and just before
(L) following copper treatment exhibit dimer character. Reduction via DTT considerably
increases the total monomeric content of the L peak.

longer destaining showed that each of the initial two bands was a composite of two bands, in-
dicating four distinct species. The presence of these four bands was consistent across several
gels, with even fainter, lower bands also appearing in some gels. Reduction via BME results
in the disappearance of the lower two bands (SI Figure 3.8B), but also occurred through
treatment with EDTA (Figure 3.8B). These results indicate that the lower band are likely
a result of Cu?" binding and are consistent with previous observations of nickel-induced gel
shifts[173]. 4S-Cq similarly produces two lower bands that were eliminated through EDTA

addition.

The formation of intermolecular disulfide bonds between yS-crystallins is unsurprising given
the high level of solvent accessibility of several cysteine residues. Similarly, the observation

of intramolecular disulfide is not completely unexpected considering the proximity of the
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Figure 3.8: SDS-PAGE analysis of vS-crystallins (A) Soluble vS-WT after incubation with
0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 3, and 5 equivalents of Cu?". Two bands are observed
at ~20kDa beginning at 0.1 equivalent of Cu?>*. A lower band below the 17 kDa protein
standard is also present after the addition of Cu?* with a second band also present, most
clearly visible at 1 and 2 equiv. (B) A: vS-WT, B: ¥S-WT treated 1 equivalent Cu*" alone,
C: sample B with EDTA, D: sample B with EDTA and BME, E: vS-C; treated 1 equivalent
Cu?*, F: sample E with EDTA, G: sample E with EDTA and BME, H: soluble UV-B treated
vS-WT, I: sample H with BME.

(C23, C25, C27, and C83 residues. What remains unclear, however, is the utility of these
disulfide bonds as a buffering mechanism against Cu?"-induced aggregation. Disulfides are
observed in the crystal structures of human and mouse S-crystallin (PDBID 6FD8J8§],
6MYG, 6MYG), and are proposed to help enable domain-swapping and potentially drive
aggregation. Conversely, the ability of yD to transfer an intramolecular disulfide bond

to yD-W42Q[104] raises the possibility that S could transfer disulfides internally as an

oxidation buffering mechanism.

3.4 Conclusion

Several recent investigation of 7-crystallins have probed how cysteine may exacerbate or
buffer aggregation. In this study we observe that the removal of the solvent accessible

cysteines increases the susceptibility of yS-crystallin to Cu?T-induced aggregation. The
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reversibility of Cu?T-binding to both ¥S-WT and ~S-Cj strongly indicates that multiple
binding sites are present, raising the possibility that the cysteine tetrad of S buffers further
aggregation by coordinating to Cu?*. The greater retention in structure of aggregated and
soluble vS-WT compared to vS-Cy also strongly suggests that the cysteine residues are im-
portant in buffering alternate aggregation mechanisms. While the exact mechanistic details
of the Cu?T-induced aggregation process require further investigation, crosslinking through
intermolecular disulfide and other, unknown covalent bonds and hydrophobic interactions
also contribute to this process. Intramolecular disulfide bonds also occur, although whether
they destabilize the protein by locking it in a non-native confirmation or act as part of a
buffering mechanism against oxidation in unknown. Further investigations are necessary to
determine the binding sites of Cu?* and refine our understanding of the molecular mecha-

nisms underscoring the aggregation process.
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Chapter 4

Multiple Aggregation Pathways in
Human +S-Crystallin and Its

Aggregation-Prone G18V Variant

4.1 Background

Cataract results from aggregation of the structural crystallin proteins of the eye lens. Several
aggregation states have been observed in cataract, including fibrils, crystals, and most com-
monly, amorphous aggregates.[174] In the healthy eye lens, attractive interactions are present
among the crystallin proteins, and fv-crystallins maintain their refractive index gradient
through short-range interprotein interactions.[175] Nevertheless, the $7-crystallins exhibit a
very low aggregation propensity, even at the high concentrations present in this specialized
tissue.[176] Unmodified wild-type crystallin proteins are extremely stable in the lens envi-
ronment; however, their solubility is readily compromised by changes in solution conditions,

mutations, or posttranslational modifications. Most of the available literature indicates that
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senile cataract primarily consists of amorphous aggregates[177, 178, 179, 180, 181]; how-
ever, several studies have shown that crystallins readily fibrillize in vitro under a variety of
conditions,[182, 183, 184, 185, 186, 187, 33| and amyloid aggregates have been observed in

vivo in mouse models of cataract.[177]

In general, protein aggregation has been implicated in numerous diseases as well as in vital
cellular processes in organisms ranging from bacteria to humans. Aggregation mechanisms
include nonspecific denaturation, native-like assemblies of the monomeric building block, or
refolding into an alternate stable state. A wide variety of proteins are known to form amyloid
fibrils, in which short b-strands stack upon one another and interact to form a characteristic
cross-b structure.[188] This aggregation mechanism has been observed for many proteins,
including those that are extremely soluble in their native conformations (e.g., lysozyme),[189,
190] leading to the hypothesis that the amyloid fibril state represents a generally stable state
that any protein may adopt under appropriate conditions. Fibrillar structures have been
observed for bovine a-, -, and y-crystallins,[191] as well as yD- and yC-crystallins.[183, 182]
In yD-crystallin, elevated temperature promotes an increase in fibrillar aggregate formation

at acidic pH.[33]

Many protein-deposition diseases are hereditary, with point mutations leading to protein
products with reduced solubility. Some sequences are prone to misfolding to form amyloids,
as in the case of the mutations causing early-onset Alzheimer’s disease.[192] Alternatively,
insoluble structures can be assembled from folded monomers having altered intermolecular
interactions, as in sickle cell anemia.[193] Point mutations or posttranslational modifications
can result in local unfolding, providing hotspots for aggregation despite the retention of
all or most native structure.[194, 195, 196, 197, 198] At the other extreme, reduced overall
stability leads to equilibrium unfolded states that promote nonspecific denaturation by ex-
posing regions where hydrophobic interactions may occur between monomers, as in familial

amyotrophic lateral sclerosis.[199]
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To date more than 30 human vy-crystallin mutations have been linked to congenital cataract,
including six truncations and two frameshifts (see Vendra et al.).[95, 200] Examples for hu-
man yD-crystallin include the G61C variant[201] and W42Q) variant, which has increased
aggregation propensity in the presence of the wild-type protein.[34] In ~S-crystallin, the
G18V,[93, 125, 124] G57W,[202] and D26G[163] variants are associated with hereditary
cataract. The focus of the present study is yS-crystallin, the primary protein component
in the cortex of the human eye lens and the most conserved of the mammalian crystallins,
and its G18V variant. ~S-G18V has been shown to be less thermally stable and more
aggregation-prone than wildtype. Here we investigate whether the mutation alters the rel-
ative populations of different types of aggregates or changes the protein’s susceptibility to

UV light damage.

Crystallin aggregation can be induced or exacerbated by posttranslational modifications
(PTMs) and UV-induced photodamage. UV-induced aggregates are of particular interest
because the human eye lens is exposed to incident UV radiation from the sun on a daily
basis. Although the cornea absorbs the bulk of the UV radiation reaching the eye, over a
lifetime the total UV exposure of the lens is considerable. UV irradiation causes fragmenta-
tion and aggregate formation due to cross-linking in bovine 3 -crystallin.[203] This process
is inhibited by the chaperone protein a-crystallin in vivo,[204] but as the lens ages, the
aggregates accumulate until the chaperone is overwhelmed, resulting in cataract.[205, 206]
Furthermore, UV-A radiation can cause dimerization and degradation of a-crystallin protein
molecules themselves.[207] Many previous studies have focused on UV-B[185] or UV-CJ|208]
irradiation. Here we investigate the effects of UV-A because lens fiber cells are exposed to a
large flux of UV-A radiation over time, nearly 100 times greater than UV-B.[209] This poten-
tial source of cumulative photodamage is mitigated somewhat by UV-A-filtering metabolites
present in the lens; however, wavelengths between 350 and 375 nm are nonetheless also ab-
sorbed by 7-crystallins.[210] Direct UV damage of crystallin proteins is implicated in cortical

cataract, while the breakdown products of the small-molecule UV filters themselves play a
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more important role in age-related nuclear cataract.[211] Characterization of the aggregates
formed via all of these mechanisms is necessary in order to understand the interaction be-
tween protein mutations and environmental effects and to identify appropriate model systems

for studying these processes in the laboratory.

4.2 Methods

4.2.1 Protein Expression and Purification

Expression and purification of wild-type human ~«S-crystallin (yS-WT) and 7S-G18V was
performed as described in Brubaker et al.[125] Briefly, pET28a(+) vectors (Novagen, Darm-
stadt, Germany) containing vS-WT and 7S-G18V ¢DNA with an Nterminal 6x-His tag
and a tobacco etch virus (TEV) protease cleavage sequence were transformed into Rosetta
(DE3) Escherichia coli. Proteins were then overexpressed using standard isopropyl b-D-1-
thiogalactopyranoside induction and lysed via sonication. Cell lysate was loaded on to a
Ni-NTA column (Applied Biosystems, Foster City, CA, USA) and eluted using imidazole.
His-tags were cleaved by TEV protease (produced in-house) and separated by reapplication
to the Ni-NTA column. Finally, proteins were run over a HilLoad 16/ 600 Superdex 75 pg
column (GE Healthcare Life Sciences, Piscataway, NJ, USA) and dialyzed into phosphate
buffer (10 mM sodium phosphate, 150 mM NaCl, pH 6.9) prior to use.

4.2.2 Thermal and pH Aggregate Preparation

Purified vS-WT and vS-G18V were prepared at eight pH conditions using carbonate (pH
9), phosphate (pH 2, 3, 6, 7, 8), and acetate (pH 4, 5) buffers at 0.01 M with 150 mM NaCl.

Samples were dialyzed by single pH increments over 12-hour periods to their final pH. Next,
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aliquots of both proteins at 1 mg/mL were prepared and incubated at 25 °C or 37 °C in a

water bath for 48 hours.

4.2.3 UV-A Induced Aggregation

Both proteins were concentrated to 6 mg/mL in phosphate buffer and filtered with a 0.22-lm
filter. Samples were held in a 1-cm pathlength quartz cuvette (Starna Cells, Atascadero, CA,
USA) and maintained between 22 °C and 24 °C using a temperature controller (Quantum
Northwest Luma 40/Eclipse with Peletier element and recirculator; Quantum Northwest Inc.,
Liberty Lake, WA, USA). Continuous stirring was maintained throughout the experiment,
with 100-1L aliquots taken every 10 minutes for 90 minutes. UV-A irradiation was produced
using a 20 Hz Nd:YAG laser (Continuum Surelite IT; Surelite, San Jose, CA, USA) coupled
to a Surelite Separation Package (SSP) 2A (Surelite) to change the pump laser wavelength
(1064 nm) to 355 nm via third harmonic generation. The laser flux was 89 mJ/cm2 at 10

Hz.

4.2.4 Turbidity Measurements

UV-irradiated samples were diluted with phosphate buffer to a concentration of 1 mg/mL.
Samples were resuspended immediately prior to measurement in which 400-1L aliquots were
loaded into a 1-cm pathlength quartz cuvette and measured using a spectrophotometer

(JASCO V-730 UV-Vis; Jasco Analytical Instruments, Easton, MD, USA). The measured

absorbance at 600 nm was used as the turbidity value.
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4.2.5 Thioflavin T and Aromatic Fluorescence

To investigate amyloid fibril character, thioflavin T (ThT) assays were conducted as described
by Nilsson et al.[212] A ThT working solution (25 IM ThT, 10 mM phosphate, 150 mM NaCl,
pH 7) was prepared the day of analysis and used as a reference blank for all measurements.
Aliquots (50 uLi) of thermal or UV-treated protein were mixed with the ThT working solution
to prepare 0.05 mg/mL samples for analysis. Fluorescence was recorded using a Gemini EM
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) with 440 nm excitation and

482 nm emission. Measurements were performed in triplicate.

Intrinsic S-crystallin tryptophan (Trp) fluorescence was measured using an excitation wave-

length of 280 nm and emission range from 310 to 400 nm, in the instrument described above.

4.2.6 X-ray Diffraction

Aggregates were prepared for diffraction experiments by adding glycerol to the protein sam-
ples to a final concentration of 50% by volume. Each sample was mounted on a loop and
frozen using a cryogenic nitrogen gas stream. X-ray diffraction data were collected using
an in-house Rigaku MicroMax 007 rotating anode for x-ray generation and detected with a
Saturn 944 detector (Crystal Logic, Los Angeles, CA, USA). Samples exhibiting diffraction
bands corresponding to approximately 4.7 and 10 A in real space contain amyloid fibrils.
Lysozyme amyloid fibril samples prepared according to Xu et al. were used as a positive

control.[213]
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4.2.7 Matrix Assisted Laser Desorption lonization-Time of Flight
(MALDI-TOF) Mass Spectrometry

UV-irradiated and unexposed proteins were digested using MS Grade Pierce Trypsin Protease
(ThermoFischer Scientific, Rockford, IL, USA) at 37 °C. The digest was mixed with saturated
solution of a-cyano-4-hydrocinnamic acid in 50% acetonitrile and 1% trifluoroacetic acid
and spotted onto a dry plate. MALDI-TOF analysis was performed using an AB SCIEX
TOF/TOF 5800 System (SCIEX, Foster City, CA, USA and the resulting masses were
referenced against the fragments predicted by Protein Prospector MS-Digest[214] (http://

prospector.ucsf.edu, in the public domain).

4.3 Results

In order to measure the effects of pH on aggregate formation, the pH of vS-WT and ~S-
G18V solutions was varied over the range 2 through 9 while incubating the samples at room
temperature (25 °C) and physiological temperature (37 °C). The ThT fluorescence of vS-
WT and vS-G18V under all pH and both temperature conditions is summarized in Figure
4.1. Trace ThT fluorescence is observed for vS-W'T held at 25 °C under all conditions
examined, while for vS-G18V, elevated ThT fluorescence is observed at both low (2-3) and
high (8-9) pH values (Fig. 4.1A). At 37 °C, samples of yS-WT incubated at pH 2 and 9
exhibit dramatic increases in fluorescence, while only minimal increases are observed at all
remaining pH conditions. In contrast, vS-G18V exhibits elevated fluorescence over a larger
pH range (pH 2-4 and 8-9). Roughly a 5-fold increase in ThT fluorescence is observed under
acidic conditions (pH 2, 3, 4), while the signals observed from samples heated under basic
conditions double in intensity. At 37 °C, vS-W'T likewise displays a greater increase in ThT

fluorescence at pH 2 than at pH 9.
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Figure 4.1: ThT fluorescence of vS-WT and vS-G18V prepared at variable pH and two
temperatures. (A) For vS-WT at 25 °C, only background fluorescence is observed. For

vS-G18V, elevated ThT fluorescence is observed at both low (2-3) and high (8-9) pH. Only
heated samples (37 °C) at pH 2 and 9 exhibit elevated fluorescence. (B) At physiological
temperature (37 °C), elevated ThT fluorescence is seen in vS-WT at pH 2 and 9, while
vS-G18V displays significant increases in signal at pH 2, 3, 8, and 9.

In order to determine whether other aggregates were present that did not produce the ele-
vated ThT fluorescence consistent with amyloid fibril formation, the solution turbidity was
measured as the optical density at 600 nm (Figure 4.2). For vS-WT, increased turbidity was
observed only at pH 9, despite increased ThT fluorescence at pH 2 and 9. The turbidity
of ¥S-WT at pH 9 was roughly half that observed for vS-G18V under the same conditions.
Increased turbidity for vS-G18V was greatest at pH 8 and 9, but also was elevated compared

to neutral conditions at pH 2, 3, and 4.

The intrinsic Trp fluorescence of vS-WT and 7S-G18V was measured in order to assess the
degree of structural disruption to the crystallin fold upon changing the pH. Partial unfolding
and changes to the local environment surrounding Trp residues alter the spectrum in both
Amae and intensity. In more polar environments, the Trp fluorescence maximum occurs
at a longer wavelength; therefore, redshifting of the fluorescence peak indicates changes in

conformation consistent with increased solvent exposure of the Trp residues. Trp fluorescence
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Figure 4.2: The ThT fluorescence and turbid-
ity of yS-WT (A) and vS-G18V (B) from sam-
ples incubated at 37 °C plotted by pH. (A)
Minimal vS-WT ThT fluorescence (light gray)
and turbidity (dark gray) are observed over
the pH range of 3 through 8. At pH 2, only
ThT fluorescence increases, while both tur-
bidity and ThT fluorescence increase at pH
9. (B) In vS-G18V, ThT fluorescence (light
gray) and turbidity (dark gray) are elevated
at basic and acidic conditions (pH 2, 3, 4, 8,
9). Acidic conditions result in the greatest vS-
G18V ThT fluorescence levels, while basic con-
ditions result in the greatest turbidity for ~S-
G18V. In both assays, only minimal changes
are observed under neutral to weakly acidic
conditions (pH 5, 6, 7).
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Figure 4.3: The intrinsic Trp fluorescence in-
tensity for yS-WT (light gray) and vS-G18V
(dark gray) at different pH values. The wave-
length of the emission maximum is labeled
next to each data point. Greater fluorescence
for both proteins occurs under acidic condi-
tions, with slight redshifting of the emission
maxima for vS-G18V at pH 2 and 3. Un-
der basic conditions, vS-G18V produces the
greatest fluorescence intensity and maximum
redshift, whereas the fluorescence intensity of
vS-WT changes minimally and redshifts only

slightly at pH 9.

results are summarized in Figure 4.3, while the full spectra for vS-WT and vS-G18V from
pH 2 to 9 are shown in Supplementary Figure S1. The total Trp fluorescence signal decreases
from pH 2 to 7 for both proteins, with only a slight redshift occurring for the fluorescence
maxima at pH 2 and 3 in vS-G18V. Increased quenching is observed at pH 8 for vS-W'T,
and at pH 9 slight redshifting is also observed. The vS-G18V fluorescence signals at pH 8
and 9 are the most intense and redshifted observed for either protein, indicating that G18V
is vulnerable to structural disruption at high pH, while vS-W'T maintains the integrity of its

fold over a wide range of solution conditions.

Aggregation of both vS-W'T and vS-G18V was induced via UV-A irradiation at neutral pH
and monitored using turbidity and ThT fluorescence. Samples of both proteins were irradi-
ated for 90 minutes, at which point increases in solution turbidity leveled off (Supplementary
Fig. S2). Both proteins exhibit large increases in turbidity following UV-A exposure. As for
the samples incubated at physiological temperature, more aggregation is observed for vS-
G18V than for vS-WT (Figure 4.4). In the case of both proteins, the UV-exposed samples

exhibit only small increases in ThT fluorescence, suggesting that amyloid fibrils are not the
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primary aggregation product produced under UV-A irradiation.

X-ray diffraction experiments were performed on low-pH and UV-treated vS-W'T and ~S-
G18V in order to characterize the nature of the aggregates. Representative diffraction pat-
terns are shown in Figure 5. Image analysis was conducted on a horizontal slice of the image,
and all relevant peaks in the image intensity profile were labeled with their corresponding
real-space resolution measurement, in angstrom units. The principal signals observed were

sharp rings at 4.7 A and broader rings at 10-11 A.

PTMs from UV-A photodamage were identified using MALDI-TOF mass spectrometry of
trypsin-digested samples after 90 minutes of irradiation. Modifications were considered to be
caused by UV-A irradiation if both the modified and unmodified fragments were observed
and the peak corresponding to the modified fragment was uniquely observed in the UV-
irradiated sample. Mass differences corresponding to deamidation (m + 1), oxidation (m
+ 16, m + 32), and Trp modifications such as kynurenine (m + 4) were observed in both

proteins (Fig. 6).
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Figure 4.5: Representative x-ray diffraction patterns for fibrillar aggregates of vS-W'T and
vS-G18V. Lysozyme fibrils prepared by incubation at 60 °C and pH 2 for 2 days prior to
the experiment were used as a positive control. Below each image, its corresponding image
intensity profile is shown for the area of the image designated with a black line. Relevant
peaks are labeled with their resolution measurement, in angstrom units, and the location of
each peak is correlated to the location on the diffraction pattern with light gray or dark gray
dots.
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Figure 4.6: Representative MALDI-TOF spectra of trypsin-digested samples of vS-WT and
vS-G18V after UV-A irradiation. Mass fragments were identified by manual comparison
of mass-to-charge ratio peaks to the theoretical peaks and isotopic mass distributions from
MS-Digest (http://prospector.ucsf.edu, in the public domain). Additional mass fragments
corresponding to identifiable molecular weight changes are labeled with the specific mass
difference, that is, m+16. Top: The vS-WT spectrum is shown with selected fragments
annotated. Insets A and B display the observed cases of m+4 peaks in matched fragments
containing a Trp residue. An m-+4 mass difference matches a Trp-to-Kyn PTM. The masses
for each peak are labeled as mp,, and mg,,. Bottom: The vS-G18V distribution is shown
with annotations indicating each of the observed peaks matching an MSDigest fragment.
Kyn, kynurenine.

80



4.4 Discussion

Several pathways have been proposed to explain the mechanism of y-crystallin aggregation.[215,
123, 216, 174, 217] Photochemical damage has been shown to cause intermolecular cross-
linking, which may increase noncovalent aggregation due to redistributed charge altering
the proteins’ isoelectric points.[215] UV exposure may also produce reactive oxygen species
via Fenton chemistry, resulting in nonspecific oxidation and crosslinking.[218] Other non-
specific PTMs such as glycation,[219] acetylation,[90] and deamidation[220] may destabi-
lize the protein structure, similar to the effects of point mutations.[200, 221, 164, 165, 85]
Unfolding within either domain or at the domain interface may lead to different domain-
swapped aggregation pathways,[34] precede amyloid fibril formation,[183] or result in non-
specific aggregation.[222; 223, 224] Furthermore, two or more of these pathways may be
in competition under a particular set of conditions, as is observed for both vS-WT and

vS-G18V.

From these data, it is clear that low-pH conditions are necessary for vS-WT to form amyloid
fibrils at physiological temperature. Under every other condition that was tested, the samples
remained translucent with no visible signs of aggregation, and there was little to no increase
in ThT fluorescence intensity, indicating the absence of b-amyloid structure. This result is
not surprising given that vS-W'T is a highly stable protein that has been selected for a very
low propensity to aggregate, even under harsh conditions. By contrast, 7S-G18V exhibits
large increases in ThT fluorescence intensity under conditions where none was observed
for vS-WT. For vS-G18V, increased ThT fluorescence signals were observed in all samples
incubated at 37 °C, save for the pH 7 sample, and in two of the room-temperature samples

as well (pH 2 and pH 9).

Although increased ThT fluorescence intensity was not observed in the vS-G18V pH 4, 25

°C sample or the pH 7, 37 °C sample, the incubated samples had visibly aggregated at the
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time of the fluorescence measurement, indicating the formation of nonamyloid aggregates
and supporting the hypothesis that more than one aggregation state is available to vS-
crystallin. The increase in turbidity seen in these two samples without an accompanying
increase in ThT fluorescence indicates that these aggregates are not fibrillar and instead
adopt a more disordered aggregation state. Likewise, for vS-W'T incubated at pH 2, strong
ThT fluorescence but only weak turbidity were observed, consistent with reports for vD-
crystallin under similar conditions.15 Similar changes were observed for vS-G18V at pH 2
and 3. However, correlated increases in ThT fluorescence and turbidity were seen for vS-
WT at pH 9 and vS-G18V at pH 4, 8, and 9, indicating that the pH strongly influences the

balance of different aggregation states.

Intrinsic Trp fluorescence was used to assess the degree of protein unfolding implicated in
these different aggregation pathways. Trp fluorescence is a sensitive probe of native struc-
ture in this system because each Greek key domain contains two critical Trp residues in its
hydrophobic core. These residues absorb UV-B light and are thought to participate in a
proposed fluorescence resonance energy transfer quenching mechanism to dissipate energy
that might otherwise damage the lens or retina.[26, 25, 137] The intrinsic aromatic Forster of
vS-WT and vS-G18V showed similar quenching patterns under acidic (pH 2) to neutral (pH
7) conditions, with a slight redshift in the signal for vS-G18V under acidic conditions. The
reduction in fluorescence quenching under acidic conditions may be correlated with changes
in the protonation states of carboxyl side chains, which can disrupt hydrogen-bonding inter-
actions and salt bridges. Under mildly basic conditions (pH 8 and 9), vS-G18V exhibits a
larger redshift of 4-5 nm, along with significant increases in fluorescence compared to pH 7.

For vS-WT, only minor changes are observed, even at pH 9.

In vS-G18V, significant structural changes are apparent from the large redshift at pH 8-
9. These may be related to changes in cysteine protonation (pKa ~8) and are consistent

with the large structural rearrangement of the area around the cysteine loop of vS-G18V
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relative to that of ¥yS-W'T, as observed in the solution-nuclear magnetic resonance structures
(Protein Data Bank ID 2M3U and 2M3T).65 These data suggest that basic pH conditions
favor partial unfolding of ¥S-G18V, while vS-W'T does not appear to experience even partial
unfolding under any conditions tested here. The observed redshifts in the Trp fluorescence
maxima correlate with the increased optical densities: vS-G18V at pH 8 and 9 are the most
turbid and display the greatest redshifts, while vS-WT at pH 9 and vS-G18V at pH 2 and

3 exhibit smaller redshifts and reduced optical density.

UV-A irradiation was also explored as a more biologically relevant mechanism of aggregation
initiation. In our experiments, prolonged irradiation resulted in elevated solution turbidity,
yet produced weaker ThT fluorescence than samples treated under acidic and basic condi-
tions at physiological temperature. The minimal ThT fluorescence and elevated turbidity
of UV-irradiated samples is most comparable to thermally treated vS-WT and ~S-G18V
under basic conditions. The reduced ThT response following the initial turbidity increases
correlated with visible yellowing in irradiated sample precipitates, which were initially white,

but progressively darkened with UV exposure.

To identify some of the protein modifications produced via UV-A exposure, endpoint samples
were digested using trypsin and analyzed via MALDI-TOF mass spectrometry. The resulting
data were compared to theoretical molecular weight values predicted by Protein Prospec-
tor MS-Digest with modifications reported from mass spectrometry analysis of cataractous
lenses.[225, 89] Deamidation and oxidation products were both observed, consistent with
literature reports of digested normal and cataract lenses.[90, 226] In particular, mass differ-
ences of 4 and 20 Da were observed, suggesting the presence of the tryptophan oxidation
products kynurenine and N-formylkynurenine. This result is consistent with the yellowing
of the UV aggregates over time, because kynurenine absorbs blue light, contributing to the

color changes ranging from yellowing to browning often seen in aged lenses.[226]

To test for the presence of amyloid fibril character in our different aggregates, x-ray diffrac-
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tion experiments were conducted. Powder diffraction techniques can be utilized to gain
structural information about the degree of local order in solid samples. Diffraction patterns
of noncrystalline structures can yield valuable information about the average distances be-
tween molecules. Due to the repeating cross-b structure of the fibril, the appearance of
characteristic diffraction bands in the reciprocal space diffraction pattern corresponding to
4.7 and 10 A in real space will be observed in samples containing amyloid fibrils. These
distances represent the interstrand distance between b-strands along the fibril axis and the
intersheet spacing distance within the fibril, respectively. Powder x-ray diffraction (repre-
sentative data shown in Fig. 5) indicates that amyloid fibrils were detectable even under
conditions that produced only weak ThT fluorescence, in this case UV-irradiated samples at

neutral pH.

The results of these experiments support the hypothesis that there are at least two aggre-
gation states available to both vS-WT and «S-G18V. One of these states is a disordered
aggregate with little to no amyloid fibril character, which nonetheless results in the opacifi-
cation of the sample, as seen through the increase in turbidity without an increase in Th'T
fluorescence or the amyloid fibril diffraction bands in the x-ray diffraction pattern. The
second state has significant amyloid fibril character, as shown in both the increased ThT
fluorescence and the appearance of the fibril diffraction bands in the x-ray diffraction exper-
iments. The vS-G18V variant samples formed this second type of aggregate more readily,
and under a broader range of conditions than the WT protein. UV-A exposure at neutral
pH leads to aggregation as indicated by increased solution turbidity. Although only a weak
ThT response is observed in these samples, amyloid fibril character is confirmed via powder
x-ray diffraction. Taken together, these data suggest that changing the solution can shift
the population of the two aggregation states to favor one or the other, but both forms are

detectable under all conditions where aggregation was observed.

The visible coloration of UV samples provides a clue that photodamage may occur during
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UV-A exposure. MALDI-TOF mass spectrometry of digested samples of UV-A-irradiated
~vS-WT and vS-G18V confirmed but does not inform us about, the mechanism driving ag-
gregation or differentiate it from similar results produced via other methods; further studies

are needed to elucidate the mechanisms underlying these disparate aggregation pathways.

4.5 Conclusions

Our results indicate that multiple aggregation pathways are accessible to both wild-type
~vS-crystallin and its aggregation prone G18V variant. The method used to initiate aggre-
gation strongly determines the relative populations of the two types of aggregates, although
both types are present under the conditions tested. The disease-related variant forms more
aggregates than wild-type, and under milder conditions, but it does not apparently favor
a particular type of aggregate. Future studies will focus on further characterization of the

aggregates induced by UV-A irradiation.
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Chapter 5

Conclusion

The ~-crystallins are unique structural proteins that have evolved to meet the demands of the
eye lens environment. As seen through comparative biophysical characterizations to Ci-f3,
the y-crystallins have eschewed stabilizing interactions with Ca?" and other divalent cations.
One aspect of this evolution has been the increased prevalence of cysteine residues, which
strongly contribute to the proteins elevated dn/dc. While these cysteines enable aggregation
through transition metal intermolecular crosslinkings, they also serve to buffer against Cu?*-
induced aggregation as aggregates without cysteines exhibit more unfolded character and
aggregate more readily. Investigating the mechanisms behind Cu?* mediated aggregation
evidences that the several, interconnected mechanism are involved. Intermolecular copper-
bridged crosslinkings occurs at multiple sites in addition to inter-/intra-molecular disulfide
bonding and covalent crosslinkings that likely proceeds through a radical mechanism. Some
of the indicators of ROS damage are similar to those observed from UV damage, but manifest
differently. UV-induced aggregation was shown to occur from UVA and UVB irradiation with
similar effects. These types of damage manifest in elevated levels of turbidity but do not
respond to thioflavin T, unlike acid-induced fibrils of yS-crystallin. These results indicate

that amyloid fibrils are unlikely to occur as a result of UV exposure.
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Table A.1: Cataractous ~y-crystallin substitution point mutants

Species Mutation Research
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Mus musculus | vA-D74G [268]

Mus musculus ~vB-I14F [269]

Mus musculus | yB-S11R [270]

Mus musculus | ~vD-L45P [268]

Mus musculus | yD-V76D [268, 271, 272, 273, 274, 275]
Mus musculus | yD-I90F [268, 272, 273]
Mus musculus | ~E-L45P [268]

Mus musculus | yE-V126M [268]

Mus musculus | ~vF-V38E [268]

Mus musculus | ~vS-F9S (276, 277
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Appendix B

2: Supplementary material for
Divalent cations and the divergence of

Bv-crystallin function
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Table B.1: Mean amino acid composition of cation-binding fv-, lens vA-D, and lens vS-
crystallins

YA-D 7S By

20+£07 41+09 53+30
43409 37404 05+09
6.8+09 57+06 7.1+20
6.0+08 7.8+07 44427
36+11 54+05 45+23
76+£06 81+07 102+27
32+10 32+08 07+06
36409 47409 62+23
14406 49406 50+20
89+13 52405 62+23
34+08 33+05 06+0.9
31+07 33+04 83425
40+£06 41+05 38+22
54+10 49+05 33+14
115+£09 75+09 27422
80+09 66+09 98+27
21408 33+06 62+46
38+08 47+10 88427
23402 22+01 18415
88 +10 7.2+06 47421

KE<HTOIUZECDR~ID QOO aE

The mean amino acid composition of lens yA-D, 7S, and cation-binding Sv-crystallins with
+ standard deviation. The variability across all amino acids is similar for the lens yA-D and

~S. Variability is higher for the cation-binding Sv-crystallins.
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Figure A.1: Amino acid composition difference between lens ~-crystallins and cation-binding
pry-crystallins. The difference in the mean amino acid composition of lens yA-D (red) and
vS-crystallins (green) from cation-binding [S~v-crystallins is plotted against the refractive
index increment (dn/dc) for each amino acid [29]. Regression lines were plotted as a visual
guide. Both groups of lens 7-crystallins are more enriched in highly refractive amino acids

than the cation-binding [~-crystallins.
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Figure A.2: The dn/dc of each amino acid was scaled by its volume after subtracting the
corresponding value for glycine to account for the contribution of the backbone atoms. Cys-
teine is the most refractive amino acid for the size of its sidechain, whereas alanine is the
least refractive. The amino acid dn/dc values and volumes were taken from Zhou et al. and
Zamyatnin et al., respectively [29, 278].
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Table B.2: Comparison of conserved lens ~-crystallin cysteine positions to cation-binding
[Bry-crystallins

Lens yA-NTD Ci; Cigs 5 Cop N Cs I Cyu Cxi R

Lens ’}/B—NTD Cl5 C18 S CZQ N C32 I C41 C78 R
Lens ’)/C—NTD Cl5 Clg S CQQ N ng I C41 C78 C79

Lens vyD-NTD H Cig S H N Czp V Cyu Crpi R

Lens vS-NTD R Cq3 Cys Cor N Csy I T Cg3 R

Lens yA-CTD \Y L E Cis Ciio | L Ciy L R

Lens vB-CTD M I D Cig S I L S L R

Lens vC-CTD M L o Cis Cig V L Cu L R

Lens vD-CTD M F E o Cips S I L S L R

Lens vS-CTD M T E Cps S [ Ci3 A/V F R

Geodia cydonium [By-CTD E L N N R \Y A Q M E
Ciona intestinalis By K L P \Y% D \Y I T \Y% K
Methanosarcina acetivorans By 5 A S Q B I L T F R
Clostridium beijerinckii 5~ S L P N T M \Y W \Y% K
Muyzxococcus xanthus By Q L P N T | \Y \Y I R
Flavobacterium johnsoniae By S L I D N \Y L Y I R
Physarum polycephalum [~y S \Y G \Y D \Y \Y T I I

Alignment of the consensus cysteine positions between the N-terminal (NTD) and C-terminal
(CTD) domains of lens y-crystallins and cation-binding 7-crystallins. Only positions con-
taining a cysteine in a lens ~-crystallin consensus sequence are shown for clarity. The se-
quence position for each cysteine is given as a subscript, where the yA-D crystallins are
annotated using the sequence index of human ~D-crystallin. The NTD of Geodia cydonium

[By-crystallin does not bind any cations, and is therefore excluded from the analysis.

The observed state of cysteine residues from fv-crystallins that have 3D structures deposited
in the PDB. The cysteines of cation-binding [~v-crystallins are found in disulfide bonds.
The one cysteine from P. polycephalum participates in an intermolecular disulfide bond.
Non-calcium-binding Sv-crystallins from bacteria (PDBID: 1IWKT, PDBID: 4EL6, PDBID:
1BHU, PDBID: 2KP5) show disulfide bonding of all cysteine residues. The three mammalian

[Bry-crystallins contain cysteines that are not found in disulfide bonds.
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Table B.3: Status of cysteine residues in solved structures of fy-crystallins

PDBID Organism Free Cys | Disulfide Cys | Cation Binding
1HDF [76] Physarum polycephalum 0 1 Yes
INPS [70] Myzococcus zanthus 0 0 Yes
2BV2 [47] Ciona intestinalis 0 0 Yes
3HZB [68] | Flavobacterium johnsoniae 0 2 Yes
3HZ2 [68] | Methanosarcina acetivorans 0 0 Yes
S5HT9 Methanosarcina acetivorans 0 0 Yes
3I9H [68] Clostridium beijerinckii 0 0 Yes
ATAU [77] Geodia cydonium 0 0 Yes
IWKT [279] Cyberlindnera mrakii 0 10 No
4EL6 [280] Schistosoma mansoni 0 6 No
1BHU [281] Streptomyces nigrescens 0 4 No
2KP5 [282] Hahella chejuensis 0 0 No
4FD9 [283] Mus musculus 1 0 No
1PNE [284] Bos taurus 3 0 No
3CW3 [285] Homo sapiens 3 0 No
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Table B.4: Cysteine solvent-accessible surface area in human ~-crystallins

15 18 20 22 32 41 78 79 108 110 123 129 153

YA 50% 11% 21% 0% 4% 0% 0% 14% 1%
vB 9% 16% 0% 6% 0% 8% %
~C 16% 0% 2% 2% 10% 9% 9% 13%
~vD 18% 0% 5% 0% 8% 26%

20 23 25 27 37 46 83 84 115 117 130 136 159
~S 21% 7% 40% 2% 1% 1% 1%

Solvent-accessible surface area for all cysteines from human vA, vB, vC, vD, and ~+S crys-
tallin. The top indices refer to the position of each yA-D cysteine with respect to the human
vD sequence. The bottom indices refer to the position of each vS cysteine with respect to

the human ~S sequence. The solvent-accessible surface area was determined using VADAR.
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Table B.5: Cysteine conservation in terrestrial animal lens yA-D and «S-crystallins

15 18 22 32 41 78 79 108 110 129
vA 80.0 98.0 S 8.0 100 96.0 100 R 100 98.0 L  84.0
vB 667 974 S 756 100 91.0 100 R 987 S L S/D
~C 629 823 S 871 100 96.8 100 61.3 100 67.7 L 855
~D H 100 S H 100 98.2 100 R 100 S L S

23 25 27 37 83 115 130
S R 742 726 968 100 T" 100 R 100 S 952 A/V

Alignment and percent conservation for the conserved cysteines from terrestrial vertebrate
vA-, vB-, 7C-, 7vD-, and yS-crystallins. The top indices refer to the positions of the yA-D
cysteines aligned to the human D sequence. The bottom indices refer to the position of the
~S cysteines in the human S sequence. Typical lens y-crystallin sequence are ~170 residues

long, which near identical numbers of residues in the N-terminal and C-terminal domains.
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Figure A.3: Isothermal titration calorimetry measurements of 111 yM Ci-3~v crystallin with
5 mM Mg?*, Co?*, Mn?*, Ni?*, and Zn?*. Each of the tested divalent cations exhibited an
endothermic isotherm.
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Figure A.4: Isothermal titration calorimetry measurements of 111 yM Ci-3~v crystallin with
2 mM Ca?t and Sr?T. An exothermic isotherm was observed for both divalent cations,
consistent with previous Ci-8~ binding of Ca?*, and of other Sv-crystallin to Ca?".
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Table B.7: Cation binding distances and tetrahedral volumes of M-crystallin.

| | Ca¥ | Mg® |
Cation — E9 (A) [249 +0.02 | 2.12 £+ 0.19"
Cation — N76 (A) [ 2.43 £ 0.01 | 2.25 £ 0.12
Cation — K34 (A) | 2.54 + 0.01 | 2.40 £ 0.01
Cation — S36 (A) | 2.50 + 0.01 | 2.28 £+ 0.10
Site 1 (A%) 4.93 4+ 0.07 | 3.87 £ 0.44
Cation — E49 (A) [ 2.42 +0.02 | 2.03 £ 0.06
Cation — D33 (A) [ 2.47 £ 0.01 | 2.11 £ 0.02
Cation — S77 (A) | 2.48 £ 0.02 | 2.09 + 0.02
Cation — S79 (A) | 2.59 + 0.03 | 2.04 £ 0.08
Site 2 (A%) 5.09 £ 0.10 | 2.86 & 0.17

The distances and corresponding tetrahedral binding site volume from the X-ray crystal
structures of M-crystallin bound to Mg?" (PDBID: 5HT9) and Ca®" (PDBID: 3HZ2). The
standard deviation for each distance and volume were calculated from the variance between
monomer crystal structures. Two monomers were present for the Ca?T-bound M-crystallin

while four monomers were present in the Mg?*-bound M-crystallin.

!The E9 and H10 sidechains coordinate a highly solvated Ni?* which may be responsible for the increased
variance.
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Figure A.5: Overlaid N-'H HSQC spectra of Ci-3v crystallin in with Sr** (a, b), Mg*"
(c, d), Ni?* (e, f), and Zn** (g, h). Spectra of the entire relevant 'H and >N regions are
shown in (a), (c¢), (e), and (g) with representative subplots expanded in (b), (d), (f), and
(h), respectively, to exemplify concentration-dependent changes in chemical shift. For each
divalent cation, samples prepared with 0 (yellow), 1 (blue), 2 (green), and 6.5 (red) molar

equivalents were measured.
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Figure A.6: 'H-""N-HSQC CSPs of Ci-Bv from the titration of 1.7 (dark blue), 3.4 (cyan),
and 10 (red) mM (1, 2, and 6.5 molar equivalents) Ca?*, Sr?*, Mg?*, Ni?*, and Zn?". The
classification for strong (> 0.2) and moderate (0.2 <, > 0.06) CSPs is based on previously
reported chemical shift changes of Ci-3v upon binding Ca?*.
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Figure A.7: Light scattering at 405 nm of Ci-f7v in the presence of 0 to 10 equivalents of
Cu?*. Traces are labeled on the right with the number of molar equivalents of Cu*" and
colored from black (0 equivalents) to red (10 equivalents) to indicate the molar equivalents
of Cu?*. Appreciable levels of light scattering are observed at seven equivalents of Cu?*
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Figure A.8: Light scattering at 405 nm of monomeric HyS-WT (green) and yS-Cqy (brown).
10 equivalents of Co** or Ni** added to 50 M protein and allowed to incubate for two hours
at 42 °C. Error bars represent one standard deviation.
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Figure A.9: Light scattering at 405 nm of monomeric forms of S-WT (green),
vS-C23S/C27S (cyan), ~S-C23S/C25S/C27S (purple), and ~S-C23S/C25S/C27S/C115S
(brown). 2 equivalent of Cu®*" was added to a final concentration of 50 M protein and
allowed to incubate for three hours at 30 °C. The point at which protein precipitation is
estimated to occur is denoted by a change from a solid line to a dashed line in each trace.
Error bars represent one standard deviation.
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Figure A.10: Far-UV circular dichroism spectra of monomeric HyS and HyS-C; with Cu?*
or Zn?*. The line shape following the addition of divalent cation in both cases remains
unchanged.
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Table B.8: Cu?"-induced post-translational modifications of ¥S-WT and ~S-C

Protein Start End Modification Modified Residues

vS-WT 20 36 m+-32 C23 and/or C25
vS-WT 21 36 m+32 C23 and/or C25
AS-WT 102 125 m+16 Cl15
vS-Co 42 72 m+16 M59
4S-Cy 102 125 m+16 M124
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Figure A.11: Observed secondary ion fragmentation for the GDFSGQMYETTEDCPSIME-
QFHMR peptide derived from vS-WT. The b (green) and y (purple) ions containing an
m+16 mass difference are denoted with an asterisk.
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Appendix C

3: Supplementary material for
Copper-induced aggregation of human
vS-crystallin involves multiple

mechanisms
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Figure A.2: Trradiation of yS-WT from UVA (1.6 kJ/cm?) and UVB (104.4 J/cm? ) produces
aggregates with similar morphology independent of sample concentration during irradiation.
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Figure A.3: vS-WT irradiated using UVA or 9B radiation for 10 (0.5 kJ/em?, 34.8 J/cm?),
20 (1.1 kJ/em?, 69.6 J/cm?), and 30 minutes (1.6 kJ/cm?, 104.4 J/cm?). Under both treat-
ments, globular aggregates form and these constituents associate to generate larger aggre-
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Figure A.4: Native aggregates resulting froml(@aractous mutations are highly similar in size
and morphology to those formed via UVA photodamage.
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Figure A.5: The amide I and II band absorbances of
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Figure A.6: The cysteine rich loop between the second and third f-strands of the N-terminal
in vS-crystallin is a potential binding site for copper ions. Assuming a tetrahedral geometry
with bond angles of 109.45° and binding distances of 2.3 A for Cu?* binding, the resulting
interatomic distances of the C23, C25, and C27 sulfurs are 3.75 A. Imparting these distances
on the y-crystallin structure (PDBID: 2M3T[85]) yields symmetric 7 A distances to the
C6 atom of W43. The resulting distance between the copper ion and W43s6, assuming
coordination of the ion in a concave manner, generates a 5.4 A distance.
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Figure A.7: Analytical SEC measurements of vS-WT and vS-Cj collected separately follow-
ing Cu?t treatment. All samples were treated with EDTA and DTT after collection, prior
to measurement.
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Figure A.8: SDS-PAGE analysis of yS-crystallin. (Top left) Soluble 4S-WT after incubation
with 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 3, and 5 equiv of CuZJr Each sample contained equal
protein concentrations, with the exception of the b equivalents sample which contained trace
soluble protein. (Top right) Soluble ¥S-WT after incubation with 0, 0.1, 0.2, 0.4, 0.6, 0.8,
1, 1.5, 2, 3, and 5 equiv of Cu?* and reduction with BME. Each sample contained equal
protein concentrations, with the exception of the 5 equivalents sample which contained trace
soluble protein. (Bottom left) Soluble vS-WT after incubation with 0, 0.1, 0.2, 0.4, 0.6, 0.8,
1, 1.5, 2, 3, and 5 equiv of Cu?*. The samples were prepared with equal volumes of the
remaining soluble protein such that the observed loss of protein is representative of increased
aggregation. (Bottom right) A: yS-WT, B-D: yS-WT treated 1 equiv Cu*" alone (B), with
EDTA (C), or with EDTA and BME (D), E-G: 7S-Cy treated 1 equiv Cu®* alone (E), with
EDTA (F), or with EDTA and BME (G), H: soluble UV-B treated ~S, I: soluble UV-B
treated vS with BME.
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Figure A.9: The spectra and reconstructed masses of yS-WT (A, B) and vS-Cy (C,D) taken
for the soluble fractions following incubation with 2 equivalents of Cu?*. Dimeric species are
evidenced as a doubly charge species in the raw mass spectrum of yS-W'T' and the resulting
mass reconstruction. In contrast, minimal levels of dimer are observed for vS-C.
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Appendix D

4: Supplementary material for
Multiple Aggregation Pathways in
Human +S-Crystallin and Its

Aggregation-Prone G18V Variant.
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Figure A.1: Trp Fluorescence of yS-WT (left panel) and vS-G18V (right panel) for a range of
pH values. Basic conditions result in both red shifting and reduced fluorescence quenching.
The total fluorescence in both proteins decreases from acidic to neutral conditions. The
largest red shifting of vS-G18V Trp fluorescence occurs under basic conditions, while smaller
red shifts occur at pH 2 and 3. The Trp fluorescence of vS-G18V is significantly greater at
pH 8 and 9 than under any other conditions.
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Figure A.2: Turbidity measurements for UV-irradiated samples of vS-WT (green) and ~S-
G18V (blue) (6 mg/mL concentration, pH 7). The solution temperature was held between
22 °C and 24 °C to prevent thermal aggregation. vS-G18V is consistently more turbid than
vS-WT, with both proteins displaying the greatest increase aggregation between 10 and 30
minutes of exposure.
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