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Abstract

Divalent metal cations can play a role in protein aggregation diseases, including cataract. Here we 

compare the aggregation of human γS-crystallin, a key structural protein of the eye lens, via 

mutagenesis, UV light damage, and the addition of metal ions. All three aggregation pathways 

result in globular, amorphous-looking structures that do not elongate into fibers. We also 

investigate the molecular mechanism underlying copper (II)-induced aggregation. This work was 

motivated by the observation that zinc (II)-induced aggregation of γS-crystallin is driven by 

intermolecular bridging of solvent-accessible cysteine residues, while in contrast, copper (II)-

induced aggregation of this protein is exacerbated by the removal of solvent-accessible cysteines 

via mutation. Here we find that copper (II)-induced aggregation results from a complex 

mechanism involving multiple interactions with the protein. The initial protein-metal interactions 

result in the reduction of Cu(II) to Cu(I) with concomitant oxidation of γS-crystallin. In addition 

to the intermolecular disulfides that represent a starting point for aggregation, intramolecular 

disulfides also occur the cysteine loop, a region of the N-terminal domain that was previously 

found to mediate the early stages of cataract formation. This previously unobserved ability of γS-

crystallin to transfer disulfides intramolecularly suggests that it may serve as an oxidation sink for 

the lens after glutathione levels have become depleted during aging. γS-crystallin thus serves as 
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the last line of defense against oxidation in the eye lens, a result that underscores the chemical 

functionality of this protein, which is generally considered to play a purely structural role.

Introduction

The eye lens is a unique organ due to its optical transparency and minimal metabolic 

activity. Lens tissue is characterized by high protein concentrations, ranging to upwards of 

400 mg/mL in humans.1 90 % of lens proteins belong to the α-, β-, and γ-crystallin families. 

The α-crystallins are small heat-shock proteins that function as holdase chaperones, whereas 

the β- and γ-crystallins are structural proteins evolved for high refractivity and fluorescence 

quenching. Both β- and γ-crystallins contain two domains connected via a linker sequence 

and held tightly together by a hydrophobic interface. Each domain contains a double 

Greekkey motif in which two sets of four antiparallel β-strands create a β-sandwich 

structure. Even small disruptions to this highly stable structure can lead to stabilization of 

aggregation-prone intermediates, and ultimately to aggregation2–4

The lens crystallins are extremely long lived proteins (ELLPs) that face considerable 

challenges to their stability and solubility. Under a thin exterior layer of epithelial cells, the 

lens is made of elongated fiber cells that enucleate and lose their 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. The lens is routinely exposed to ultraviolet radiation, which can cause 

structural damage, and the α-crystallins that help maintain solubility can only solubilize 

damaged structural crystallins but are unable to refold them.5,6 Consequently, the β- and γ-

crystallins have evolved efficient fluorescence quenching mechanisms through conserved 

structural features and FRET interactions between the buried tryptophans in each domain.
7–10 The aggregation-promoting effect of mutating these Trp residues to Phe is especially 

strong for those that are most strongly quenched, consistent with the photoprotective 

quenching requiring multiple Trp residues.11 Trp residues are also susceptible to undergoing 

UV photochemistry, producing kynurenine, a small molecule that can act as a UV filter,12 

but can also covalently attach to crystallin proteins, exacerbating oxidative damage.13 The 

modified Trp residue left behind upon kynurenine formation can also promote aggregation, 

as demonstrated by investigating the properties of point variants mimicking this 

modification.14

The lens environment also contains high levels of glutathione and other antioxidants that 

serve as redox buffers.15 Despite these adaptation, deleterious post-translational 

modifications (PTMs) do accumulate over time.16,17 An array of PTMs are observed in both 

the soluble and insoluble fractions of aged lenses, and appear to promote protein 

aggregation, leading to age-related cataract formation.18,19 In many cases, the molecular-

level details of how PTMs exacerbate aggregation remain unclear. Two modifications of 

significant interest are deamidation and oxidation. Deamidation, the most commonly 

observed modification17,20 can lead to altered dynamics and reduced stability,21,22 and may 

occur in parallel with racemization or isomerization.23,24 Oxidation is arguably the second 

most common PTM, and is thought to accumulate with age as lens antioxidant levels 
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decrease. Mass spectrometric identification of aged lens γ-crystallins has given evidence for 

oxidative damage to numerous residues, focally methionine, histidine, tryptophan and 

cysteine.16,25 Although reactive oxygen species (ROS) formation in the lens can result from 

regular exposure to UVA26 (0.116 – 0.99 mW cm−1) and UVB (1.2×10−4 – 4.4×10−4 mW 

cm−1) radiation271, their formation may also be catalyzed by metal ions found in the lens.

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

released upon substrate binding.28 Whether this release contributes to a negative feedback 

cycle is currently unknown; however, elevated copper levels have been reported in cataract 

lenses.29–31 Increased copper concentration in the lens may also be a feature of diabetes32 

and smoking,33 but this is difficult to measure directly. Although the concentration of lens 

Zn2+ is several times higher than Cu2+,34 copper ions readily produce ROS and induce γ-

crystallin aggregation at lower equivalencies.35 The molecular mechanisms of aggregation 

due to copper ions and associated ROS are poorly understood, but are potentially relevant in 

other protein aggregation diseases such as Alzheimer’s, Parkinson’s, and Huntington’s.36,37 

The specific interactions with copper ions depend on the structure and function of the 

protein. Some disease-related proteins like α-synuclein,38,39 β-amyloid,40,41 and ubiquitin42 

aggregate in the presence of copper ions, whereas in prion43 and tau,44 aggregation is 

inhibited.

γS-crystallin is highly expressed in the lens epithelial and cortical fiber cells,45 while γC 

and γD – the other highly expressed γ-crystallins – are primarily concentrated in the lens 

nucleus.46,47 Because copper ions are relatively evenly distributed throughout the lens,48 

their interactions with all of the structural crystallins are physiologically relevant. We 

previously reported that divalent cations of zinc, nickel, and cobalt drive γS-crystallin 

aggregation through intermolecular bridging via cysteines, whereas copper-induced 

aggregation occurs even in the absence of solvent-accessible cysteines.35 Solution-state 

nuclear magnetic resonance (NMR) studies of γD-crystallin suggest that the strongest 

copper interactions occur at sites with at least two proximal cysteines or histidines.49 Here 

we focus on investigating the mechanistic pathways of copper-mediated aggregation of γS-

crystallin, which contains a unique cysteine tetrad.50

Three of the cysteines, C23, C25, and C27, are solvent-accessible and within disulfide 

bonding distance of one another. The fourth cysteine, C83, is located on an adjacent β-

strand, within hydrogen-bonding distance of C23 and C27. Although no function is yet 

known for this tetrad, other γ-crystallins have been observed to have an oxidoreductase-like 

property where intramolecular disulfides are transferred between proteins.51 It has been 

proposed that continual transfers amongst the highly concentrated γ-crystallins may act as a 

final redox buffer. A diffusion barrier at the boundary between the lens nucleus and cortex 

impedes gluathione transport into the nucleus,52 raising the possibility that proteins in the 

cortex remain reduced longer. However, given the low protein turnover in this environment, 

oxidation and associated post-translational modifications are inevitable consequences of 

aging for all of the lens proteins. Since the cysteines of γS are the most solvent-exposed and 

1Ranges 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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highest density cysteines in the γ-crystallin, they may serve as a sink for any disulfide 

transfer mechanism in the lens.

In order to better understand the aggregation pathways of γS-crystallin, we have investigated 

copper (II)-mediated aggregation alongside UV-induced aggregation and point mutations 

implicated in hereditary cataract. Although the morphologies of all γS-crystallin aggregates 

examined here are indistinguishable, their relative hydrophobic surface exposures vary. 

Copper-induced aggregation itself is buffered by the solvent-accessible cysteine residues and 

is partly reversible through the chelation of copper ions. Aggregation of γS-crystallin can be 

attributed to copper ion binding and oxidation, which further results in structural changes in 

the protein. Unsurprisingly, the process of Cu2+-induced aggregation involves several 

mechanisms, however, the ability of γS to limit oxidative damage further suggests that the 

lens γ-crystallins have evolved to act as a final redox buffer in the lens.

Materials and methods

Protein Expression and Purification

The human γS-crystallin variants γS-G18V, γS-D26G, and γS-V42M, and γS-C23S-C25S-

C27S-C115S (γS-C0) were made using site-directed mutagenesis of the wild-type (γS-WT) 

construct containing an N-terminal 6× His tag and a TEV cleavage sequence (ENLFQG), 

which leaves a glycine in place of the initiator 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.53 Cell pellets were 

collected via centrifugation at 4,000 rpm for 30 minutes, resuspended, lysed via sonication, 

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 to remove the His tag, 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 of copper-treated 

samples were measured using a GE Superdex 75 Increase 10/300 GL (GE Healthcare, 

Pittsburgh, PA).

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/cm2 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 

consistent with our previous investigation of UVA-irradiated crystallins.54
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UV-B Induced Aggregation

Aggregation of 6 mg/mL or 100 mg/mL γS-crystallins via 278 nm UVB radiation was 

accomplished using two 70mW light emitting diodes (LEUVA66H70HF00, Seoul, Korea) at 

5 mm distances (120 degree view angle) yielding a mean power density of 58 mW/cm2. 

Samples used for TEM and FTIR measurements were irradiated for 30 minutes as 

preliminary tests showed that this was the shortest exposure time that provided a sufficient 

amount of aggregated material. TEM images of samples measured at all time points showed 

morphologically similar aggregates.

Absorbance

Resolubilization assays were performed by adding 200 μL of CuCl2 stock solutions to 200 

μL of protein to achieve final solutions of 50 μM protein varying molar equivalents of 

CuCl2. 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 supernatant 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 μL 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 samples was 

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

Tryptophan Fluorescence

All fluorescence measurements were performed using a Varian Cary Eclipse fluorescence 

spectrophotometer with 5 μM concentrations. The intrinsic tryptophan fluorescence spectra 

of protein samples was measured via excitation at 295 nm and emission spectra collected 

from 310 nm to 400 nm.

ANS Fluorescence

Fluorescence of 8-Anilinonaphthalene-1-sulfonic acid (ANS) was used as an indicator for 

hydrophobic surface exposure. Samples were prepared at final concentration of 50 μM with 

750 μM ANS (based on previous work55) 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.

Isothermal Titration Calorimetry (ITC)

ITC measurements of copper ion binding were performed using a MicroCal PEAQ-ITC 

(Malvern Instruments, Northampton, MA, USA). Two hundred μL of freshly reduced γS-

WT (135 μM) and γS-C0 were titrated with 4 mM of CuCl2 at 25 °C. Injections were made 

every 225 seconds, with 25 titrations in total. The ITC data were initially analyzed using 

MicroCal PEAQ-ITC Analysis Software. The reported parameters are the mean and standard 

deviation of three independent trials. Based on the similarity of the transition metal FRET 

(tmFRET) and initial ITC binding data, the binding parameters for γS-C0 were determined 
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first using a single binding site model. The number of sites was constrained between 0.25 

and 1.5, and the binding constant was limited to 1×10−8 based on preliminary model fitting 

performed in R56 using the ‘Ritc’ package.57 For γS-WT, the data was fit to a two site 

binding model, using the γS-C0 parameters and initial values for the second γS-WT binding 

event.

Fluorescence Quenching

Fluorescence quenching of γS-WT and γS-C0 was done by adding 2 μL of 125 μM CuCl2 

to 500 μL of 5 μM protein yielding 0.1 molar equivalent steps. Following CuCl2 addition, 

the sample was gently shaken and then allowed to equilibrate for 20 seconds prior to 

measurement. The emission spectra were measured from 320 nm to 360 nm using 295 nm 

excitation to minimize tyrosine and phenylalanine absorbance. The Stern-Volmer binding 

constants were calculated assuming static quenching using the equation F0/F = 1 + KSV [Q], 

where F0/F is the ratio of the initial fluorescence intensity at 330 nm, KSV is the Stern-

Volmer binding constant, and [Q] is the concentration of CuCl2. For γS-WT, two separate 

models were generated to fit the data from amounts less than and greater than 0.5 

equivalents of CuCl2, as a clear difference in quenching is observed. The KSV of γS-C0 was 

calculated through ~1.5 molar equivalents. After this point the behavior F0/F data exhibits 

logarithmic behavior, consistent with binding saturation in fluorescence quenching studies of 

proteins containing buried tryptophans.58,59 Further, after 1.5 molar equivalents, linear 

regression models maintain an r-squared above 0.99. No significant changes were observed 

in the KSV of either protein when calculated for all measured emission wavelengths, 

therefore, the data presented uses the 330 nm emission intensities.

Fourier-transform infrared spectroscopy (FTIR)

Aggregates of γS-G18V, γS-D26G, and γS-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 D2O 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−1 range with 4 cm−1 resolution. 

Data from 1700 cm−1 to 1475 cm−1 normalized to peak amide I band absorbance.

Liquid Chromatography - Mass Spectrometry (LC-MS)

In-line separation of protein and peptide fragments and subsequent mass spectrometry 

measurements were performed on a Waters Xevo XS-QTOF using a Waters BEH C4 50mm 

column with a 0.3 mL/min flow rate. Protein samples were diluted 10:1 in 0.1% formic acid 

and separated using a gradient where solvent A = 100% 0.1% formic acid in water and 

solvent B = acetonitrile. The gradient started at 3% solvent B for one minute followed by a 

linear ramp to 27% B over 5 minutes. Peptide samples were generated from aggregates 

produced by incubating freshly reduced γS-WT with 1 equivalent of CuCl2 for 24 hours at 

room temperature. Protein samples of 1 mL at 200 μM were incubated overnight with 3 μg 

of trypsin at 37 °C. Samples were diluted and measured in an identical manner to protein 

samples except for an extended separation time of 25 minutes. Reduced peptide samples 

were treated with fresh DTT for 5 minutes at room temperature prior measurement. All data 

analysis was performed using BioPharmaLynx software for fragment identification. Peptide 
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fragment identities were confirmed via direct inspection of the raw data and isotope pattern 

analysis. Over several replicates the sequence coverage varied between 70% and 85%. For 

each of the cysteines, at least one fragment was identified. The presence of disulfide bonded 

fragments was confirmed via the disappearance of identified peaks in reduced samples.

SDS-PAGE

The γS-WT (200 μL total volume, 150 μM) samples were aggregated using 0.1, 0.2, 0.4, 

0.6, 0.8, 1, 1.5, 2, 3, or 5 equivalents of CuCl2 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 μL of protein was mixed with 10μ of loading dye 

(62.5 mM Tris-HCl, 2% sodium dodecyl sulfate, 25% glycerol, 0.01% bromophenyl blue, 

pH 6.8), 1 μL 2-mercaptoethanol, 1 μ 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 dye. Each gel was run at least twice to verify 

reproducibility.

Analytical Size Exclusion Chromatography (SEC)

Samples of freshly reduced γS-crystallins were mixed with CuCl2 in 1:1 ratios resulting in a 

final sample at 50 μM with 0, 0.25, 0.5, 0.75, or 1 equivalent of CuCl2. The samples were 

allowed to incubate at room temperature overnight and were subsequently stored at 4 °C 

until use. Prior to measurement, samples were treated with 100-fold excess of EDTA. For re-

reduced samples, subsequent treatment with fresh DTT followed by incubation at 37 °C for 

30 minutes was also performed. Prior to measurement, samples were passed through a 0.45 

μm filter to eliminate potential aggregates. The separation of soluble aggregated species was 

achieved by loading 500 μL of sample onto a Superdex 75 Increase 10/300 GL column. The 

sample and column temperature were maintained at 4 °C and the flow rate was 0.8 mL/min. 

Elution was monitored via the absorbance at 280 nm.

Transmission electron microscopy

The morphology of the γS-crystallin aggregates formed on exposure to acidic buffer, UV 

irradiation, or metal ion treatment were investigated by transmission electron microscopy 

(TEM). Samples were prepared at concentrations of 6 mg/mL or 100 mg/mL and used 

without further dilution. 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 μl of sample solution was 

applied and allowed to soak for 45 seconds before blotting. The grids were then rinsed twice 

with 50 μL deionized water, followed by blotting. Negative staining was performed by 

applying 4 μl of a 1 percent uranyl acetate solution, followed by immediate blotting. 

Application of 4 μl 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.
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Results and Discussion

Amorphous-looking aggregates are formed from point variant, UV-irradiated, and copper-
damaged γS-crystallins

Unlike the amyloid fibrils central to many protein deposition diseases, crystallin aggregates 

are frequently characterized as amorphous-looking, although fibrillization of lens crystallins 

is readily induced in vitro using extreme pH conditions. Herein, we have investigated the 

aggregation of wild-type human γS-crystallin(γS-WT) resulting from treatment with copper 

(II), and compared the aggregates to those resulting from known cataractous point mutations 

and UV irradiation. Transmission electron microscopy (TEM) was used to image aggregates 

of γS-G18V, γS-D26G, and γS-V42M that formed after being stored at 4 °C for over one 

month (Figure 1A–C), which we will refer to as “native aggregates”. For each variant, the 

native aggregates have a granular appearance and are composed of smaller globular particles 

roughly 25 nm in diameter on average (SI Figure S1), similar to those we have previously 

observed for UV-aggregated γS-crystallin samples.54 The clustering of smaller, component 

aggregates observable in each case is similar to that observed for the γD-P23T point variant 

in prior studies by other groups.60,61 Furthermore, the morphological similarity of 

aggregates observed here is striking, as the D26G variant – in which only a surface salt 

bridge is lost62 – is qualitatively different from G18V and V42M, both of which cause more 

substantial structural changes to the N-terminal domain.63,64

TEM micrographs of γS-crystallin were collected following UVA and UVB irradiation 

(Figure 1D–E). Although UVA and UVB can both catalyze ROS formation, the lower levels 

of UVB reaching the lens are effectively quenched due to their absorption by aromatic 

residues, particularly the four strongly-conserved tryptophans.8 Irradiation over both 

wavelength ranges produces aggregates that are similar in size to the point variant 

aggregates, and similarly appear to lack any well-defined morphology that would be 

consistent with an ordered, repeating structure. To ensure that the UV aggregates formed 

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 

observed aggregates did not exhibit any notable differences (SI Figures S2–S3). Likewise, 

photodamaged point variants also show distinct, small component aggregates similar in size 

to native aggregates (SI Figure S4).

As observed for point variants and UV irradiated samples, copper (II)-induced aggregates 

lacked distinctive repetitive structure (Figure 1F), consistent with observations of copper 

(II)-induced aggregates of γD-crystallin.49 In order to test for differences that would enable 

investigation of specific aggregation pathways, we probed the structure of the resulting 

aggregates via FTIR. In FTIR of proteins, the amide I band largely results from C=O 

stretching vibration, while the amide II band is mainly composed of the N-H bending 

vibration and C-N stretching vibration.65 The amide absorption frequencies of protein 

secondary structures differ from one another; therefore one can infer structural differences 

by comparing the amide I and II bands. Between the soluble and aggregated variant γS-

crystallins, minimal differences were observed in the amide I band line shape, suggesting 

that the overall β-sheet structure is retained for each of the solid aggregates (SI Figure S5). 
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Likewise, the changes observed following UVB irradiation or treatment with copper ions are 

also minimal. Interestingly, the absorption of the amide I mode relative to amide II decreases 

for all aggregates, as well as the soluble UVB and copper salt-treated species. The extent to 

which the amide I and amide II peaks are modified for the UVB-treated samples differs 

noticeably from those observed in the one previous study of structural changes in UV-treated 

γB-crystallin.66 We hypothesize that the smaller changes we observe are the result of minor 

conformational changes; however, specific structural modifications cannot be readily 

determined via FTIR alone, making this a promising direction for future high-resolution 

structural studies.

We next turned to potential changes in hydrophobic surface exposure in order to better 

understand the effect of copper treatment. Cataract-causing point mutations serve as 

convenient references, as increased hydrophobic surface exposure can result from mutations 

within the hydrophobic core67,68 or on the protein surface,55,69 although not all aggregation-

prone variants exhibit increased hydrophobic surface exposure.62 We assessed differences in 

exposed hydrophobic surface of γS-crystallin following copper and UVB treatment using 

ANS, a small molecule probe that fluoresces strongly when coordinated to a protein through 

a combination of electrostatic and hydrophobic interactions.70 The soluble fraction of γS-

WT that remains after CuCL2 treatment has a similar ANS fluorescence spectrum to that of 

γS-D26G (Figure 2), for which no structural changes are known. Both spectra have slightly 

greater fluorescence maxima than that of untreated γS-WT. In contrast, the two point 

variants with known increases in hydrophobic surface exposure, γS-G18V and γS-V42M, 

show considerable increases in ANS fluorescence intensity upon binding the dye.

Interestingly, UVB-exposed γS-WT exhibits the greatest increase in ANS fluorescence, with 

an intensity more than double that of γS-V42M. UV-induced damage of γ-crystallins 

primarily occurs via tryptophan, cystine, and methionine oxidation,71 and is able to disrupt 

the hydrophobic core of the protein, as all four tryptophans are buried and integral to the 

Greek key domain structure. In contrast, given the absence of large-scale unfolding, we 

hypothesize that copper-mediated damage is limited to binding or oxidation of surface 

residues. In contrast, given the absence of large-scale unfolding, we hypothesize that copper-

mediated damage is limited to binding or oxidation of surface residues. In a prior study, we 

observed small amounts of methionine and cysteine oxidation at high CuCl2 concentration, 

which was part of the rationale for further investigation of the mechanism.35 Our results 

indicate that the remaining soluble γS-WT following UVB and copper treatment differ in 

their extent of hydrophobic surface exposure, with aggregation likely occurring through 

different pathways. We previously observed that γS-WT aggregates from copper treatment 

contain PTMs, albeit at low levels.35 Taken together, these data indicate that the binding 

interactions of copper and γS-crystallin promote the onset of aggregation.

Copper induces aggregation via multiple mechanisms

Recently, divalent cations of transition metals such as copper,49,72 zinc,35,73 and mercury74 

have been shown to facilitate γ-crystallin aggregation. We previously observed that γS-

crystallin samples treated with Zn2+, Ni2+, and Co2+ aggregate through an intermolecular 

bridging type mechanism, which becomes negligible upon the mutation of all solvent-
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accessible cysteines to serines. Surprisingly, removing these cysteines accelerated copper-

induced aggregation.35 In order to systematically evaluate the effect of copper ions, we 

began by investigating the aggregation of γS-WT and the engineered γS-C0 variant, in 

which all four solvent accessible cysteines (C23, C25, C27, and C115) were mutated to 

serine. Consistent with our previous results, γS-WT aggregates to a lesser total extent than 

γS-C0 when treated with varying equivalents of CuCl2 (Figure 3A–B). In order to quantify 

aggregation-promoting factors, we treated insoluble copper-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 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 3D). Unexpectedly, we observed apparent resolubilization of both proteins, although 

small aggregates may still be present. Although intermolecular disulfides or non-native 

disulfide trapped folds may play a role in causing aggregation, we suspected that the copper 

oxidation state may explain the observed behavior. EDTA is an effective Cu(II) chelator (Kd 

of 10−18.8 M),75 however, its ability to abstract Cu(I) is more limited. In comparison, DTT 

binds Cu(II) strongly and Cu(I) less so,76,77 and is capable of generating Cu(I) from Cu(II). 

Therefore, DTT resolubilization may proceed via coordination of bound Cu(I), or by 

reduction of tightly bound Cu(II) to Cu(I), resulting in more weakly bound ion. 

Alternatively, protein-bound copper may result in steric shielding, limiting the EDTA to 

fewer accessible coordination sites, but still allowing for bidentate binding by DTT. In each 

case, the ability of a second chelating agent to resolubilize aggregates following EDTA 

treatment suggests that copper ion-induced aggregation occurs though more than one 

mechanism and may involve binding to at least two sites. In addition to intermolecular 

bridging and intermolecular disulfide bonding, we hypothesized that the tightly bound 

copper ions may induce local structural modifications leading to additional aggregation 

pathways.

Structural changes to the resolubilized proteins were investigated via fluorescence and 

circular dichroism (CD) spectroscopy. The tryptophan fluorescence of γ-crystallin is a 

sensitive measure of conformational changes observable through reduced FRET efficiency 

and red-shifting due to increased polarity in the local tryptophan environment.7,9 For both 

proteins, the EDTA-resolubilized species exhibit the greatest extent of red shifting of the 

fluorescence signal, indicating the most unfolding. The extent of unfolding for all copper-

treated species was assessed via the 355/325 nm fluorescence intensity ratio.78,79 This 

method is preferable to measuring at a single frequency, as it provides a quantitative measure 

of unfolding, which is particularly useful for detecting incomplete unfolding, as in the case 

where one domain unfolds before the other. The ratio is also useful for comparing samples 

where different degrees of partial unfolding have occurred.

The fluorescence ratios of EDTA-resolubilized γS-WT and γS-C0 increased from 0.57 to 

0.78 and from 0.59 to 0.96, respectively. The 355/325 nm fluorescence ratios around ~ 0.9 

are indicative of partial domain unfolding. Similar fluorescence ratios have been reported for 

the chemical denaturation of γS-G18V,80 γS-S39C,3 γS-V42M67 and γD-V75D.81 NMR 

and SAXS of chemically denatured γD-V75D have shown the CTD remains folded while 

the NTD becomes unfolded.82 In the case of copper-induced unfolding, we hypothesize that 
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the NTD similarly unfolds. The three NTD cysteines are significantly more solvent-exposed 

than the lone CTD cysteine and thus likely to interact with copper, leading to structural 

modifications. Interestingly, the fluorescence ratios for both DTT-resolubilized proteins 

suggest negligible unfolding, further evidencing that multiple mechanisms are involved in 

copper-induced aggregation.

The CD spectra were also measured for all copper-treated species in order to compare to the 

fluorescence ratio unfolding results. For γS-WT, the CD spectrum exhibits a minimum at 

218 nm, indicative of high β-sheet character, consistent with the solution-state NMR 

structure.64 Minimal structural changes were evidenced in the soluble γS-WT. For soluble 

γS-C0, the CD absorbance is low relative to the untreated sample and shows an increased 

absorbance around 205 nm. This result is likely from a minor reduction in the β-sheet 

character with a concomitant increase in random coil character, but is more dramatic than 

the change observed in the fluorescence ratio. In comparison, the CD spectra for the both 

DTT-resolubilized species exhibit minimal differences relative to the untreated protein; 

indicating only minor structural differences, while the EDTA-resolubilized species of both 

proteins indicate considerable structural changes. For γS-C0, the minima near 200 nm and 

from 212 to 218 nm, indicating a considerable reduction in β-sheet character with no 

changes in the α-helix content and an increase in random coil content. The CD spectra of 

EDTA-resolubilized γS-WT is similar, but lacks the minima near 200 nm, suggesting the 

structural changes are not nearly as severe as those in C0. These results are consistent with 

the observed fluorescence ratio data, indicating the extent of unfolding in the EDTA- and 

DTT-resolubilized species differ considerably. Further, these observations support a function 

for the NTD cysteines in preventing the copper-induced unfolding.

The cysteine loop in γS-WT is responsible for high-affinity copper binding

While analyzing the γS-crystallin fluorescence data, we suspected that the reduced intensity 

of the copper-treated species resulted from transition metal FRET (tmFRET) interactions 

with bound copper. Although no metal-binding site has previously been identified for human 

γS-crystallin, several transition metals are able to drive intermolecular bridging via the 

cysteine loop.35 As copper appeared to bind γS at two or more sites, we presumed one to be 

the cysteine loop. TmFRET interactions can be used to calculate binding constants from 

fluorescence quenching when the interactions occur between the metal and fluorophore. The 

observed tmFRET from yS-crystallin is complicated by the presence of four buried 

tryptophans; therefore, we measured the quenching constants for γS-WT and γS-C0 to 

probe how the solvent-accessible cysteines affect the copper ion binding.

Stern-Volmer plots and binding constants (KSV) were generated from fluorescence 

measurements of CuCl2 titrations (Figure 5A). In the Stern-Volmer plot for γS-WT, the ratio 

of the initial to CuCl2-treated fluorescence intensity – used to measure the extent of 

quenching – sharply changes at 0.5 equivalents of CuCl2. Two KSV were calculated around 

this point, and show that the strong initial binding of γS-WT (KSV 1 = 12.1 × 103) is reduced 

over two fold in the second regime (KSV 2 = 4.5 × 103) (Table 1). The KSV 2 of γS-WT is 

similar to the KSV 1 of γS-C0 (6.1 × 103). We posit that the second copper-binding event 

with γS-WT is equivalent to the γS-C0 binding, and occurs following saturation of cysteine 
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loop. Further, the binding and subsequent change in behavior at 0.5 copper equivalents for 

γS-WT is suspected to result from metal-bridging bridging between two cysteine loops.

Although tmFRET measurements give evidence for clear differences in copper binding by 

γS-WT and γS-C0, we were unable to directly calculate binding constants from these data. 

Therefore, we used isothermal titration calorimetry (ITC) to probe the binding interactions 

(Figure 5B–D). Consistent with the tmFRET quenching, γS-WT exhibits two binding events 

and was analyzed using a two-site model. The first γS-WT binding event exhibits a higher 

affinity (Kd = 50 μM) than the second (Kd = 4 mM) (Table 2). For γS-C0, the single binding 

event is similar in affinity to the second γS-WT event, further suggesting that the initial, 

high-affinity binding occurs at the cysteine loop.

In comparing known copper-binding sites to the cysteine loop, no similar structural motifs 

were observed, although several copper-transport proteins have similar local concentrations 

of cysteine residues. The binding sites of these metalloproteins coordinate to Cu(I) with 

remarkable affinity – up to 10−21 M for CueR83 – and primarily use linear bicysteinate 

coordination. We suspect that a similar binding mode may occur for γS-WT, as the C23-

C25, C23-C27, and C25-C27 side chain sulfurs (minimized sidechain rotamer distances of 

3.8 ± 0.5 Å, 3.1 ± 0.3 Å, and 4.3 ± 0.1 Å, respectively64) are sufficiently proximal in the 20 

lowest energy NMR confirmations of the native protein. Predictions of Cu(I) binding to γS-

WT generated using MIB84,85 also highlight the cysteine loop as the most likely binding site 

(SI Figure S6).

The calculated binding constant of the first γS event is considerably weaker than 

characterized domains of Atx1,86 HMA7,87 WLN5,76 and other metalloproteins employing 

cysteinate binding motifs. As shown for Pseudomonas aeruginosa azurin, the 

thermodynamics of strong Cu(I) and Cu(II) binding are obscured in ITC analysis by 

sidechain deprotonations and metal-buffer interactions.88 For the γ-WT copper binding 

measured here, potential disulfide bond formation and other unknown interactions with the 

protein may also contribute to the observed binding thermodynamics. Given these 

considerations, we hypothesize that the affinity of the cysteine loop for Cu(I) may be higher 

than reported here.

Cation-mediated bridging and disulfide bonding are the primary modifications resulting 
from copper treatment of γS-crystallin

In order to determine whether the copper-induced structural changes observed at the protein 

level translate into any higher-order structure, we probed aggregate size distributions via 

analytical SEC. In order to probe the smallest component sizes of the γS-WT and γSC0 

species, all samples were treated with EDTA and DTT prior to separation. The SEC traces of 

soluble and DTT-resolubilized γS-C0 are primarily monomeric (SI Figure S7). This result is 

consistent with the minimal structural changes observed via CD and fluorescence, and 

supports a copper-induced aggregation mechanism involving metal-bridged crosslinking 

with coordination to non-cysteine residues. Despite the predominance of monomeric 

species, soluble and DTT-resolubilized γS-WT, but not γS-C0, also contain a dimeric peak. 

As intermolecular disulfides between γS-crystallin are readily reducible, it is plausible that 

the cysteines are responsible for this alternative dimerization. The 2:1 stoichiometry 
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observed in the binding assay also suggests that copper-mediated dimerization via the 

cysteine loop may be responsible, however, alternate mechanisms such as covalent 

intermolecular bond, e.g. dityrosine,89 also require further investigation.

The chromatograms of EDTA-resolubilized γS-WT and γS-C0 show higher molecular-

weight species than soluble and DTT-resolubilized samples. Notably, γS-C0 contains a 

greater proportion of non-monomeric species. This results is consistent with the extent of 

structural changes, and suggest that the both the dimer and high molecular species may be 

attributable to structural modifications.

To further characterize the EDTA-resolubilized dimers of both proteins, the fractions were 

collected and subjected to intact protein LC-MS using a C4 UPLC column, as different γ-

crystallin conformations have been shown to be separable90 (Figure 6). Multiple peaks were 

present in both the γS-WT and γS-C0 traces, allowing us to perform independent mass 

reconstructions. The major elution peak for both proteins corresponded to an unmodified 

protein mass. The major peak in both protein traces also contained an earlier-eluting 

shoulder with a m+17 mass, likely due to methionine sulfoxide or cysteine sulfenic acid 

formation, as methionine and cysteine oxidations have previously reported for γS-crystallin.
35

The later-eluting chromatographic peak of γS-WT was split in two. Reconstruction of the 

earlier peak showed the parent mass and an m+164 species. The later half of the second peak 

exhibited masses of m+221 and m+327. Likewise, the second peak of γS-C0 – which eluted 

at the same time as the later half of the second γS-WT peak – contained an m+221 peak as 

well as an m+329 peak. Although interactions with the column may alter the observed eluted 

species, the bulk of the eluted protein is copper-free and a minority of protein species have 

mass shifts indicating the presence of multiple copper ligands. Assuming bound copper and 

oxidation account for most if not all of the observed mass shifts, an m+221 species may 

result from three bound copper ions and two oxidations. Similarly, a m+331 mass shift 

resulting from five bound copper ions and a single oxidation is similar to the observed m

+327 and m+329 mass shifts.

In order to investigate the contribution of disulfide bonding to copper-induced aggregation, 

we subjected copper-treated γS-WT peaks from analytical SEC separations to LC-MS using 

only EDTA, but not DTT, prior to chromatographic separation. At only 0.25 equivalents of 

CuCl2, a variety of high molecular weight species are readily observable, and become more 

pronounced with increased concentration of CuCl2 (Figure 7A). A substantial recovery of 

low molecular weight species is possible via DTT addition; however the splitting of the final 

elution peak that is lost at 1 equivalent of CuCl2 is not recoverable.

Mass reconstructions were used to probe the cause of the splitting observed in the final peak 

of the analytical SEC chromatograms. Notably, the left and right halves of the final peak 

contain monomeric and dimeric species (Figure 7B). A −2 Da mass shift occurs in the 

monomeric species of both final peaks, while a −4 Da mass shift occurs in both peaks’ 

dimeric species. The persistence of the −2 Da mass shift in the monomeric species suggests 

an intramolecular disulfide bond, while the elimination of the dimeric 2m-4 peak follow 
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DTT treatment suggest the presence of an additional intermolecular disulfide bond. Copper 

oxidation has been shown to facilitate disulfide bond formation in other γ-crystallins 

previously,49,72 and intramolecular disulfide bond formation via the cysteine loop in γS has 

also been reported.91

Mass shifts characteristic of mono- and dioxidation are also present, consistent with intact 

mass spectrometry of C4-separated dimeric species and previously reported digests.35 The 

combination of oxidation and disulfide bond formation accounts for the observed m+14, m

+30, and 2m+12 peaks (Figure 7C). The remaining m+75 and m+91 monomeric peaks are 

+61 Da greater from the m+14 and m+30 peaks, respectively. This mass difference is 

consistent with copper binding via bicysteinate coordination. Although it is low in relative 

abundance, the presence of a 2m+59 peak also suggests bicysteinate coordination may be 

responsible for metal-bridged dimerization of two γS-crystallins. This observation is in line 

with the ITC and tmFRET data changes at 0.5 copper equivalents. Dimerization via an 

interface Cu(I) ligand involving a two-coordinate cysteinate binding site has previously been 

observed in metalloproteins such as Cox 17,92 Hah1,93 yCCS,94 and Atx1.95

Intramolecular disulfides are present in addition to bound copper

In order to further characterize intramolecular disulfide bond formation and metal-binding 

resulting from copper addition, we turned to native SDS-PAGE. Proteins that remain more 

compact through conformational trapping96–98 have been observed to migrate faster through 

a gel than their native counterparts. Metal binding can also exert a similar effect, whereby 

the extent of protein unfolding is limited by the geometry of the bound metal.99 Native SDS-

PAGE of CuCl2-treated γS-WT shows four closely-spaced bands in the monomeric 

molecular weight range (Figure 8). The smaller splitting observed between the top and 

bottom pairs is attributable to the formation of an intramolecular disulfide (SI Figures S8–

S9), while the larger splitting of the band pairs results from copper binding. Notably, similar 

metal-gel shifts are also apparent for γD-crystallin when incubated with copper ions.49,72

As little as 0.1 equivalent of copper is required to observe intramolecular disulfide bond 

formation and copper binding. Overloaded SDS-PAGE gels indicate that a small population 

of dimeric species is also present (SI Figure S8C). At higher copper:protein ratio, increased 

amounts of dimer are present, as are gel-shifted dimer bands indicating copper-bound 

species. Notably absent are any high molecular-weight bands corresponding to large 

aggregates. Although they are sometimes observed via analytical SEC, intact mass 

reconstructions show no evidence of species larger than the dimers. In contrast, aggregates 

of γD-crystallin produced with equivalent amounts of copper do exhibit high molecular 

weight species, which are reducible.49 The SDS-PAGE bands corresponding to copper-

bound γS-WT and γS-C0 are eliminated upon addition of EDTA (SI Figure S10). The 

intramolecular disulfide band of γS-WT, however, is not eliminated by either EDTA or DTT 

addition.

In order to narrow down the location of the intramolecular disulfide bond, trypsin digests 

were performed on freshly prepared γS-WT that was allowed to incubate with 1 equivalent 

of CuCl2 for 24 hours. The resulting peptides were separated and analyzed via liquid 

chromatography tandem mass spectrometry. The only observable intramolecular disulfide 
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occurred between a peptide fragment containing the cysteine loop and a fragment containing 

C83. The disulfide bond between the fragments was confirmed through elimination by DTT 

(RT, 5 mins) and isotope pattern analysis. Secondary fragmentation patterns also indicated 

that the fragments were disulfide bonded, but were insufficient for determining which 

cysteine was bonded to C83. The structure of the loop region between the second and third 

β-strands projects the C25 sidechain outward (77 % SASA35) away from the C83 residue, 

making this residue unlikely to form the observed intramolecular disulfide without 

considerable structural rearrangement.64 A C23-C83 (PDBID 6MYG) intramolecular 

disulfide has been observed in the X-ray crystal structures of mouse γS-crystallins, while a 

C27-C83 is also plausible as the residues are adjacent to one another in the three-

dimensional structure.

γS-crystallin oxidation may act as a buffer against other copper-induced aggregation 
mechanisms

Relative to the α- and β-crystallins, γ-crystallins contain high levels of cysteine (SI Table 

S2). At first glance, it appears paradoxical that a protein that is functionally required to 

maintain a soluble monomeric state over the lifetime of an organism is enriched in this 

reactive amino acid. However, high cysteine content can be partially rationalized by this 

residue’s considerable contribution to to the protein’s refractive index.35,100 Despite this, the 

solvent exposure of several γ-crystallin cysteines, particularly those of cysteine loop, seems 

incongruent with the importance of resisting oxidation and disulfide bonding in healthy 

lenses. In aged and cataract lenses, such PTMs have indeed been reported.16 For γS-

crystallin specifically, deamidation and disulfide bonding are particularly common 

modifications in aged lenses101,102 and in oxidized samples.103

Recently, oxidized γD-crystallin was shown to transfer an intramolecular disulfide bond to 

the variant γD-W42Q, leading to the hypothesis that intramolecular disulfide bond transfer 

between γ-crystallins may serve as a final redox buffer for the lens after glutathione 

depletion.51 Intermolecular and intramolecular disulfides have also been observed in recent 

x-ray crystal structures of human and mouse γS-crystallin dimers.91 Given the high level of 

solvent exposure of the cysteine loop of human γS, we advance the hypothesis that the 

tetrad of cysteines in γS acts as a potential oxidation sink of last resort in the lens cortex. 

Our findings suggest an intramolecular disulfide bond involving C83, which would enable 

an internal disulfide bond isomerization mechanism for γS (Figure 10). This idea follows 

from the observation that C83 is buried within γS behind three proximal cysteines. The low 

abundance of dimeric species across several assays, the observation that γS-crystallin 

samples stored at higher concentration for extended periods of time result in more 

intramolecular than intermolecular disulfides (SI Figure S9), and the previous observation of 

disulfide bond transfer between γD-crystallins supports the hypothesis that γS-crystallin is 

able to exchange intermolecular disulfide bonds for intramolecular ones in order to remain 

monomeric. Potential intramolecular disulfide bonds and Cu2+ binding sites are shown in 

Figure 11. Alternatively, an intermolecular disulfide could also function as a lock to prevent 

unfolding of the native structure, as is observed for the homologous disulfide bond in 

simulations of γ-D crystallin.104
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Further experiments are needed to determine the precise locations of intra- and 

intermolecular disulfide bonds. However, based on the results available so far, we propose a 

hypothesis in which the cysteine loop could play a role in oxidative buffering mechanism, 

suggesting a purpose for the solvent-accessible cysteines of γS-crystallin beyond their 

generic role in enhancing refractivity. The proposed ability of the protein to store a disulfide 

internally is of considerable import given the recent observation that αA-crystallin oxidation 

reduces stability, but enables transfer of a disulfide bond to a substrate protein.105 Future 

work will be required to determine whether γS-crystallin can accept a disulfide bond from 

αA in vivo as part of a tradeoff between increased αA activity and modification of this 

structural lens protein.

Conclusion

In this study, we observe that the removal of the solvent-accessible cysteines via 

mutagenesis increases the susceptibility of γS-crystallin to copper-induced aggregation. The 

reversibility of copper binding to both γS-WT and γS-C0 – which lacks solvent exposed 

cysteines – indicates that multiple binding sites are present, raising the possibility that the 

cysteine tetrad of γS buffers against further aggregation by coordinating to a copper ion. The 

greater retention in structure of aggregated and soluble γS-WT compared to γS-C0 also 

strongly suggests that the cysteine residues are important in buffering unfolding mediated 

aggregation. Part of the copper-buffering capacity of γS-WT is tied to the formation of 

intramolecular disulfide bonds. The intramolecular disulfide observed involves the buried 

C83 residue, highlighting the ability of the protein to isomerize a disulfide and also 

participate in copper binding. The extent to which the intramolecular disulfide may act to 

alter protein stability is yet unknown. Further experiments will be necessary to determine the 

additional copper-binding site beyond the cysteine loop, and thus refine our understanding of 

the copper-mediated unfolding mechanisms contributing to aggregation.
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Figure 1: 
TEM micrographs of γS-crystallin aggregates. (A) Native aggregates of γS-D26G, (B) γS-

G18V, and (C) γS-V42M. Photodamaged aggregates formed using (D) UVA or (E) UVB 

radiation. (F) Aggregates resulting from the treatment of 0.5 equivalents of CuCl2.
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Figure 2: 
Fluorescence spectra of ANS upon binding to γS-crystallins. In each case, 50 μM of soluble 

protein was incubated with 750 μM of ANS in order to probe changes in hydrophobic 

surface exposure. UVB irradiation produces considerable hydrophobic exposure. The 

soluble γS-WT remaining after CuCl2 addition exhibits minimal changes in its ANS 

fluorescence spectrum relative to that of γS-WT. Point-variant ANS fluorescence 

differences are consistent with previous reports.
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Figure 3: 
The 280 nm absorbance of γS-WT (green) and γS-C0 (gold) was measured following CuCl2 

addition. (A) Aggregation kinetics of γS-WT (green) and S-C0 (gold) following the addition 

of 0.5, 0.75, or 1 equivalent of CuCl2 (listed on right). After 150 minutes, no turbidity was 

observed for γS-WT, whereas the onset and extent of γS-C0 turbidity increased with copper 

concentration. (B) Absorbance of the supernatant following centrifugation. (C) The 

absorbance of proteins resuspended from copper-induced aggregation via EDTA. (D) The 

absorbance of proteins resuspended from copper-induced aggregation via DTT. Error bars 

represent one standard deviation. The lines serve as a visual guide.
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Figure 4: 
Fluorescence and CD spectra of soluble and aggregated γS-WT and γS-C0 after incubation 

with 2 equivalents of CuCl2. Both EDTA-resolubilized species exhibit the greatest extent of 

unfolding, with considerably more unfolding occurring in γS-C0 than γS-WT. (A) 

Fluorescence of untreated and copper-incubated samples of γS-WT. (B) Fluorescence of 

untreated and copper-incubated samples of γS-C0. (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) CD of untreated and copper-incubated samples of γS-

WT. (E) CD of untreated and copper-incubated samples of γS-C0.
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Figure 5: 
(A) Stern-Volmer plots of the fluorescence quenching for γS-WT (green) and γS-C0 (gold) 

resulting from CuCl2 titration. The plotted data show the ratio of the initial fluorescence 

intensity at 330 nm to the intensity following CuCl2 addition. The S-WT data after 0.5 

equivalents were fit to a second model. Data up to 1.5 equivalents were used for for γS-C0. 

(B-C) Integrated heat and (D-E) raw data from isothermal titration calorimetry 

measurements of γS-WT (B, D) and γS-C0 (C, E) titrations with CuCl2 at 25 °C.
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Figure 6: 
The dimer peaks from chromatographic separation (analytical SEC) of γS-WT (A) and γS-

C0 (B) after EDTA resolubilization were separated on a C4 column prior to mass 

spectrometry. 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. The fourth selected 

time frame for γS-WT and third selected time frame of γS-C0 correspond to the same 

chromatographic retention time.
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Figure 7: 
(A) Analytical SEC measurements of γS-WT treated with increasing equivalents of CuCl2 

followed by excess EDTA. The addition of CuCl2 results in dimerization of γS-WT, with a 

shift towards high molecular weight species with increasing concentration. Formation of 

these larger species is partly reversible upon DTT reduction. (bottom panel). (B) Protein 

masses reconstructed using MaxEnt1 for individual peaks collected in (A). The untreated 

γS-WT (U) is strictly monomeric, whereas the fractions 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. (C) Modifications 

accounting for the observed mass shifts observed in part (B).
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Figure 8: 
SDS-PAGE analysis of γS-crystallin treated with variable amounts of CuCl2. Soluble γS-

WT after incubation with 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 3, and 5 equiv of CuCl2. Two 

bands are observed near ~20kDa beginning at 0.1 equiv of CuCl2. A lower band below the 

17 kDa protein standard is also clearly present after the addition of 0.2 equiv of CuCl2. The 

lower gel band similarly splits into two close bands with increasing CuCl2 concentrations. 

The small additional migration within each band pair corresponds to the formation of an 

intramolecular disulfide bond. The larger additionally migration causing the splitting of the 

band pairs is due to copper binding.
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Figure 9: 
(A) Primary structure of one peptide fragment containing an intramolecular disulfide bond. 

Gray bars indicate the location of fragmentation observed via MS/MS (detailed in SI Figures 

S11–S12 and SI Table S1).The location of the disulfide is not definitively assignable, but is 

most likely between C83 and either C23 or C27 based on the protein structure. (B) The mass 

to charge ratio peaks of the parent fragment with (yellow line) or without (black) DTT. 

Green bars represent the predicted isotope pattern of the parent fragment. The elimination of 

the parent peaks confirms a disulfide linkage.
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Figure 10: 
Potential interactions of γS-crystallin involving copper and disulfide bond (shown in gold) 

transfers. (A) Reduction of Cu(II) to Cu(I) and oxidation of two γS-crystallins resulting in 

an intermolecular disulfide. (B) Cu(II) is reduced to Cu(I) while γS is oxidized. Oxidation 

may cause methionine sulfoxide, cysteine sulfenic acid, or intramolecular disulfide bond 

formation. (C) Cu(I) binding to γS-crystallin may lead to the formation of a metal-bridged 

dimer. (D) Disulfide bond transfer between γS-crystallins most likely involves C25. 

Although the exact transfer pathway is not yet known, it is clear that C83 is involved in the 

final intramolecular disulfide. So far the partner cysteine has not been definitively identified; 

however, barring a large structural rearrangement, C23 and/or C27 must be involved in any 

intermediary isomerization.
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Figure 11: 
Potential intramolecular disulfide bond and copper binding site interactions for γS-

crystallin. The copper binding sites shown here involve ligands 180° apart with bond 

distances less than 2.4 Å. (Top left) The bonding interactions are localized to the cysteine 

loop area of the NTD. (Top right) Potential C23-C83 intramolecular disulfide bond and 

C25/C27 copper binding site modeled in γS-crystallin using PDBID 6MYG.106 (Bottom 
right) Alternative possible intramolecular disulfide between C27-C83 and copper binding 

sites in γS-crystallin modeled using PDBID 2M3T.64 (Bottom left) Copper binding site in 

S-crystallin between C23 and C27 modeled using PDBID 2M3T.64
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Table 1:

Stern-Volmer binding constants determined via tmFRET for γS-crystallins and CuCl2 at pH 7 and 25 °C. 

Rows 1 and 2 are different isotherms from the same sample of γS-WT.

Protein KSV 1 KSV 2

γS-WT 12.1 (± 1.4) × 103 4.51 (± 0.4) × 103

γS-C0 6.11 (± 0.3) × 103
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Table 2:

Average thermodynamic parameters for γS-crystallins and CuCl2 at pH 7.0 and 25 °C.

Protein n KITC (M−1) ΔH (kJ/mol) ΔG (kJ/mol) −TΔS (kJ/mol)

γS-WT 0.38 ± 0.01 4.7 (± 3.8) × 108 −55.6 ± 6.4 −42.6 ± 1.8 12.9 ± 7.5

γS-WT 3.70 ± 0.20 4.0 (± 4.0) × 106 −5.1 ± 1.0 −31.8 ± 2.3 −26.7 ± 3.4

γS-C0 0.84 ± 0.15 6.2 (± 1.2) × 106 −10.3 ± 1.2 −29.8 ± 0.5 −19.5 ± 0.4
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