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Abstract

Cataract disease results from non-amyloid aggregation of eye lens proteins and it is the
leading cause of blindness in the world. A variety of studies have implicated both
essential and xenobiotic metals as potential etiological agents in cataract disease.
Essential metal ions, such as copper and zinc, are known to induce the aggregation in
vitro of human yD-crystallin, one of the more abundant y-crystallins in the core of the
lens. In this study, we expand the investigation of metal-crystallin interactions to heavy
metal ions, such as divalent lead, cadmium and mercury. The impact of these metal ions
in the non-amyloid aggregation, protein folding and thermal stability of three
homologous human lens y-crystallins has been evaluated using turbidity assays, electron
microscopy, electronic absorption and circular dichroism spectroscopies. Our results
show that Hg(ll) ions can induce the non-amyloid aggregation of human yC- and yS-
crystallins, but not yD-crystallin. The mechanism of Hg-induced aggregation involves
direct metal-protein interactions, loss of thermal stability, partial unfolding of the N-
terminal domain of these proteins, and formation of disulfide-bridged dimers. Putative
Hg(1l) binding sites in y-crystallins involved in metal-induced aggregation are discussed.
This study reveals that mercury ions can induce the aggregation of human lens proteins,
uncovering a potential role of this heavy metal ion in the bioinorganic chemistry of

cataract disease.



Introduction

Cataract disease is the number one cause of blindness in the world, affecting over 60
million people worldwide [1]. Cataracts are formed upon aggregation of lens proteins
into light-scattering high molecular weight complexes that cause lens opacity. Human
lens transparency depends on the solubility and stability of crystallins, the most abundant
proteins in the lens [2, 3]. The only available treatment for cataract is eye surgery, which
is costly and it is not risk-free. Developed countries like the United States spend billions
of dollars per year in cataract surgery, while in developing countries cataract has become
the major cause of visual disability [4].

Congenital cataracts are due to mutations in the genes that code for lens crystallin
proteins [5], while sporadic cataract disease is caused by damage to these proteins
throughout lifetime, including oxidation, deamidation, glycation, racemization and
truncation [2, 6-9]. Covalent modifications of crystallins can lead to the formation of
partially folded intermediates that are prone to non-amyloid aggregation [2, 3].
Crystallins are classified as: a-crystallins, which are multimeric molecular chaperones
belonging to the family of small heat shock proteins; the dimeric and oligomeric B-
crystallins, and the monomeric vy-crystallins [3, 10, 11]. a-crystallins are able to
recognize partially folded damaged B- and y- crystallins, binding them to prevent their
aggregation [2, 12]. The lens is formed of elongated fiber cells with high protein content,
depleted of nuclei and organelles; this unique cell differentiation occurs in the embryonic
stage [13]. Fully differentiated fiber cells have a very low metabolism, and are unable to

synthesize new proteins, nor to degrade damaged lens proteins. Thus, in an aged lens,



when the chaperone a-crystallins are depleted, further damage to lens crystallins cause
development of cataract. Indeed, cataract incidence is strongly associated with aging.
Native y-crystallins are highly soluble and stable, but in vitro chemical or thermal
denaturation have shown to lead to the formation of partially folded intermediates that are
prone to aggregation [2, 3]. The N-terminal domain has shown to be less stable, as
compared to the C-terminal domain [14]. Studies of mutations associated to congenital
cataract have also shed light into the mechanisms of the non-amyloid aggregation of y-
crystallins [15-19]. Overall, a domain swapping mechanism has been proposed, involving
interactions between partially destabilized crystallins [2]. Interestingly, a recent structural
study has identified the conservation of a native-like fold in non-amyloid aggregates of a
cataract-associated mutation in human yD-crystallin [20]. Thus, small perturbations in the
protein fold and stability of y-crystallins may be enough to cause non-amyloid
aggregation, while a native-like fold is preserved.

A variety of studies have implicated metals as a potential etiological agent in cataract
disease. Cataract is well documented among workers in metal-working industries [21].
The concentration of metal ions, such as copper and zinc, in cataractous lenses are
increased significantly, as compared to normal lenses, suggesting a potential role of these
essential metals in cataract disease [22-24]. Indeed, metal ion levels in the human lens
change upon normal aging and can also be influenced by habits, such as smoking [24,
25]. Smoking is a major risk factor for cataract disease [26, 27], and it is well
documented as a major source of metals, such as cadmium and lead [28]. Accumulation
of copper, lead and cadmium has been identified in cataractous lenses from cigarette

smokers [24, 25]. On the other hand, environmental exposure and elevated blood levels



of mercury have been associated to an increased risk for age-related cataract disease [29].
These observations suggest a potential role of heavy metal ions in cataract disease
pathology. Environmental exposure to heavy metal ions - e.g. from airborne particles
from glass manufacturing [30]- is indeed a public concern, as xenobiotic metals such as
lead, cadmium and mercury can hijack the trafficking mechanisms in place for essential
metal ions in the human body, accumulating in several tissues and causing a variety of
toxic effects through oxidative mechanisms [31].

The interaction of metal ions with lens crystallin proteins has been relatively unexplored.
Essential metal ions such as Cu(ll) and Zn(ll) are known to bind to the chaperone o-
crystallins [32-35], while they can also induce the non-amyloid aggregation of human
yD-crystallin (HyD), one of the more abundant y-crystallins in the core of the lens [36].
In particular, the mechanism of copper-induced aggregation of HyD crystallin involves
loss of protein stability and formation of partially folded intermediates that lead to high
molecular weight light-scattering aggregates. Metal-induced aggregation of HyD
crystallin involves site-specific interactions with the protein, revealing a novel
bioinorganic facet of cataract disease. In this study, we expand these investigations to
evaluate the impact of heavy metal ions in the stability and aggregation of y-crystallins.
The monomeric y-crystallins are structural lens proteins that contain four Greek key
motifs organized into two domains [3]. The mammalian genome contains seven
y—crystallin genes; the y-A-F-crystallin genes are most copiously expressed in early lens
development, thus their products are mainly found in the lens core region, while yS-

crystallin is expressed solely in the cortical region of the lens [5]. The human yD-, yS-

(HyS), and yC- (HyC) crystallins are among the most abundant structural proteins in the



human lens, comprising 11%, 9% and 7%, respectively, of the total protein content in
young human eye lenses [37]. In this study, we use these three y—crystallin proteins as a
case study to explore the effects of heavy metal ions, such as Pb(Il), Hg(ll), Cd(ll), in
protein stability and aggregation, events that could be associated with the mechanisms of
toxicity of heavy metal ions and particularly with the potential role of these metals in the

development of cataract disease.



Materials and Methods

Plasmids and site-directed mutagenesis. Plasmids encoding tagless HyC, HyD, and HyS
crystallins were used. For HyC and HyD crystallins, pET16b plasmids lacking the His tag
were used, as previously described [38-41]. For HyS crystallin, the coding sequence was
amplified from a pQE1-HyS plasmid [42], flanked by Ncol and Xhol restriction enzyme
sites. The HyS insert was ligated into a pET15b Ncol/Xhol plasmid, using a Gibson
Assembly kit (New England Biolabs), yielding a tagless HyS contruct. For HaB-
crystallin a pAED4 plasmid was used, as previously described [43].

Site-directed mutagenesis of y-crystallins was performed using a Q5 site-directed
mutagenesis kit from BioLabs. Table S1 lists the oligonucleotide primers used for each
mutation. The DNA plasmids obtained after mutagenesis were sequenced with the T7
promoter primer and were found to contain the desired mutation but no other sequence

changes.

Recombinant human y-crystallin expression and purification. Recombinant HyC,
HyD, and HyS crystallins were expressed in BL21-RIL E. Coli, and purified by
ammonium sulfate precipitation followed by size exclusion chromatography (SEC), as
previously described [36, 38-41]. Briefly, this involves growing cells at 37 °C in super
broth to an optical density of ~5 at 600 nm. Protein expression was induced with 1 mM
isopropyl B-D-1-thiogalactopyranoside (ITPG) at 18 °C overnight. Harvested cells from a
2 L culture growth were resuspended with 10 mM ammonium acetate buffer pH 7, 50
mM NacCl, to a total volume of 50 mL. Cells were lysed by incubation with lysozyme (1

mg/mL) and DNase (20 ng/mL) for 30 min, in the presence of EDTA-free Complete-mini



protease inhibitor cocktail (Roche), followed by 10-15 sonication cycles (30 s each) in
ice. Lysate was centrifuged at 17,000 g for 45 min, and ammonium sulfate was slowly
added to the supernatant to reach 30% (w/v), while stirring in ice. The proteins that
precipitated at 30 % ammonium sulfate were discarded, and more ammonium sulfate was
added to reach 50% (w/v) and cause y-crystallin precipitation. The precipitate was
resuspended in 10 mM ammonium acetate buffer pH 7, with 50 mM NaCl, spun down,
and passed through a 0.2 um filter before loading into a SEC column (Hi-Prep Sephacryl
S-100), using a fast protein liquid chromatography (FPLC) instrument (GE Life
Sciences). Eluted y-crystallin fractions were analyzed by SDS-PAGE to verify purity,
pooled and stored at 4 °C. Protein concentration was determined by electronic absorption
spectroscopy, using the extinction coefficient e= 41 cm™mM™ for all y-crystallins.

Turbidity Assays. Crystallin proteins (50 uM) were incubated in 10 mM ammonium
sulfate buffer pH 7.0 with 50 mM NacCl, in the absence or presence of metal ions, at 37
°C (unless otherwise stated), in a total volume of 200 uL. Metal ions were added to the
buffer solutions and pre-equilibrated at 37°C before addition of the protein. Samples were
incubated and analyzed in a FluoStar Optima 96-well plate reader. Absorbance at 400 nm
was monitored every 60 s, shaking 10 s before each measurement. CdCl,, Pb(NO3), and
HgCl, salts were used as source of Cd(Il), Pb(Il) and Hg(ll) ions; however, it should be
noted that no effect of the counter-ion was observed, as mercury or cadmium acetate and
lead chloride salt yielded identical results. No turbidity was detected in the control
experiments with protein in sample buffer, nor for sample buffer with 10 equiv of metal

ions in the absence of protein. For each experiment, Kinetic traces were baseline corrected



using the control trace of sample buffer only. Turbidity assays were run at least four
times for each condition.

Transmission Electron Microscopy. Protein aggregates from the end point of turbidity
assays were diluted by 2-fold with water, incubated onto glow-discharged carbon coated
Cu-Formvar grids (Ted Pella) for 1 min, blotted with filter paper, stained with uranyl
acetate (1.5 % w/v) for 30 s, and dried. Grids were imaged in a Jeol-1400 EX
transmission electron microscope.

CD Spectroscopy. y-crystallins were characterized by circular dichroism, in the absence
and presence of Hg, Cd or Pb ions. Independent solutions of 2 uM protein in 5 mM
potassium phosphate buffer pH 7.0 with 5 mM NaCl with the indicated amount of metal
ion were prepared. CD spectra were collected in a Jasco J-815 CD spectropolarimeter.
UV-Visible Absorption Spectroscopy. Room temperarure absorption titrations were
recorded using an Agilent 8453 diode array spectrometer at room temperatura. A 1 cm
path length quartz cell was used, and spectra were recorded between 200 and 400 nm
sampling points. Independent solutions of 5 uM protein in 5 mM potassium phosphate

buffer pH 7.0 with 5 mM NaCl with the indicated amount of metal ion were prepared.



Results and Discussion

1. Hg(Il) ions specifically induce the aggregation of HyC and HyS crystallins, but
not HyD crystallin.

The effect of adding 0 to 10 equiv of Pb(ll), Cd(lI) or Hg(ll) ions to a 50 uM solution of
HyD, HyC or HyS crystallin was evaluated by turbidity assays (Figure S1). In these
assays, an increase in turbidity reports the formation of large light-scattering protein
aggregates. While Pb(Il) and Cd(Il) had very small effects in the aggregation of these
proteins, Hg(ll) ions specifically induced significant aggregation of HyC and HyS
crystallins, but not HyD crystallin at the protein concentration used (Figures 1A-C). It
should be noted that the effect of the Hg(l1) ions is independent on the counter anion used
(Figure S2). Although these y-crystallins are homologous and have a double Greek key
fold with high B-sheet content (Figure 1D), it is very interesting to note that HyD
crystallin is not susceptible to Hg-induced aggregation, in spite of its homology with the
other two y-crystallins. The nature of the Hg-induced aggregates is non-amyloid, as
probed by electron microscopy (Figures 1E-F). Turbidity assays reveal that the extent of
Hg-induced aggregation of HyC and HyS crystallins highly depends on the metal:protein
ratio, but with distinct features for each protein (Figure 2). For HyS crystallin, the extent
of aggregation increases steadily with the number of equiv of Hg(l1) added and saturates
at 4 equiv (Figure 2B and blue trace in Figure 2H). This behavior indicates that there is a
metal-dependent event that initiates mercury-induced aggregation of HyS crystallin, and
it saturates at 4 equiv of metal ion. In contrast, Hg-induced aggregation of HyC crystallin
reaches a maximum at 3 equiv of metal ion and then it significantly decreases at higher

metal:protein ratios (Figure 2A and blue trace in Figure 1G), revealing that different
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competing mechanisms may be at work, with opposing effects on the mercury-induced
aggregation of HyC crystallin.

2. Hg(I) ions induce loss of thermal stability and secondary structure of HyC and
HyS crystallins.

Thermal denaturation experiments on HyC and HyS crystallins were performed to assess
the impact of Hg(ll) ions in the thermal stability of these proteins. This was assessed by
circular dichroism (CD) spectroscopy, monitoring the intensity of the negative signal at
218 nm that is indicative of B-sheet secondary structure, as a function of the temperature
of the protein sample. HyC and HyS crystallins are stable proteins that can be heated up
to 70 °C with no apparent effect on their secondary structure. However, at higher
temperatures the CD signal at 218 nm decreases significantly, indicating thermal
denaturation. Figures 2C and 2D show thermal denaturation curves for HyC and HyS
crystallin, respectively, expressing the fraction of the protein that has unfolded as a
function of temperature. The midpoint of each curve corresponds to the temperature at
which approximately half of the protein retains its native conformation (Tr). For HyS
crystallin, a T, = 76.78 = 0.16 °C can be determined (Figure 2D and Table S2),
consistent with previous reports [44]. However, when the thermal denaturation
experiment is performed in the presence of 1 to 10 equiv of Hg(ll) ions, the value of the
Tm significantly decreases (down to 48.01 + 0.02 °C for 10 equiv), while the shape of the
curve is also affected (Figure 2D and Table S2). The impact of Hg(ll) ions in the thermal
stability of HyS crystallin is directly proportional to the metal:protein ratio, as shown in

the red trace in Figure 2H, while it is inversely proportional to the extent of aggregation
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observed at the end point of the turbidity assay at each metal concentration (blue trace in
Figure 2H).

In contrast, thermal denaturation experiments of HyC crystallin in the presence of 1 to 10
equiv of Hg(ll) ions display a distinct behavior (Figure 2C and Table S2). A T, =80.38 +
0.05 °C can be determined for HyC crystallin in the absence of metal ions. However,
while the first 3 equiv of Hg(l1) induce a drastic loss of thermal stability (T, decreases to
43.31 £+ 0.05 °C for 3 equiv), the addition of 4, 5 or 10 equiv of metal ion have a milder
impact on the T, value (Figure 2C and Table S2); in fact, the T, at 10 equiv of Hg(Il)
recovers to 59.05 + 0.02 °C. The biphasic behavior of the thermal stability of HyC
crystallin as a function of metal:protein ratio (red trace in Figure 2G) is inversely
proportional to the biphasic behavior of the extent of aggregation observed at the end
point of the turbidity assay at each metal concentration (blue trace in Figure 2G). In fact
the two traces correlate well, indicating that at 3 equiv of Hg(ll) ions there is a maximum
of Hg-induced aggregation that is likely due to a minimum in thermal stability at such
metal:protein ratio. This correlation reveals that very distinct Hg-protein interactions
must be occurring at low (< 3 equiv of Hg) and high (> 3 equiv) metal:protein ratios,
leading to the formation of different metal-protein complexes with competing effects on
thermal stability and extent of Hg-induced aggregation of HyC crystallin.

CD spectroscopy was also used to evaluate the impact of Hg(ll) ions in protein folding.
Titrations of HyC and HyS crystallin with the metal ion were followed by CD at 20 °C, as
shown in Figures 2E and 2F, respectively. For HyS crystallin, the addition of 1 to 4 equiv
of Hg(l1) ions causes a gradual and mild decrease on the intensity of the 218 nm negative

CD signal, indicating loss of B-sheet secondary structure (Figure 2F). A trace of the
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remaining folded fraction is plotted against the number of equiv of metal ion in Figure H,
and it correlates well with the loss of thermal stability in the first 4 equiv of Hg(ll). The
loss of secondary structure also correlates well with an increase in the extent of Hg-
induced aggregation of HyS crystallin, as in both cases the effects reach a plateau at 4
equiv of metal ion. Overall, these results indicate that the key Hg-protein interactions that
lead to loss of protein folding, decreased thermal stability, and metal-induced aggregation
of HyS crystallin must occur upon addition of the first 4 equiv of metal ion.

On the other hand, for HyC crystallin, while the addition of the first 3 equiv of Hg(ll)
causes a drastic decrease on the intensity of the 218 nm negative CD signal, indicating
the loss of ~40% of the secondary structure, the addition of more equivalents have little
further effect (Figure 2E and green trace in Figure 2G). It should be noted that the drastic
loss of secondary structure caused by the first equivalents of Hg(ll) ions correlate well
with a loss of thermal stability and an increased Hg-induced aggregation of HyC
crystallin, reaching a maximum at 3 equiv (Figure 2G). Thus, these results indicate that
the metal-protein interactions that occur at low metal:protein ratios (< 3 equiv of HQ)
must be associated to partial unfolding of the protein, loss of thermal stability and Hg-
induced aggregation of HyC crystallin.

3. Differential effects of Hg(Il) ions in the N- and C- terminal domains of HyC and
HyS crystallins.

In order to gain further insight into the mechanism of Hg-induced aggregation of HyC
and HyS crystallins, the impact of this metal ion in the aggregation, folding and thermal
stability of the separate domains of the proteins was evaluated (Figures 3&4). Constructs

for the separate N- and C- terminal domains of each protein could be produced, yielding
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stable proteins that do not aggregate, even after incubation at 37 °C (black traces in
Figures 3A-B and 4A-B). However, turbidity assays show that both, the N-terminal and
the C-terminal domains of both crystallins are susceptible to mercury-induced
aggregation. The differentials effects of Hg(ll) ions on the domains are discussed below
for each protein.

For HyC crystallin, the N- (Figure 3A) and C-terminal (Figure 3B) domains are both
prone to Hg-induced aggregation, the extent of aggregation increases with the
metal:protein ratio and saturates after 2 or 3 equiv of Hg(Il) (blue traces in Figures
3G&H). Interestingly, none of the domains show the biphasic behavior displayed by the
full protein (Figures 2A&G). Thermal denaturation experiments with the separate
domains of HyC crystallin in the presence of 0 to 4 equiv of Hg(ll) ions are shown in
Figures 3C&D. A T, = 73.02 + 1.44 °C can be determined for the N-terminal domain,
while the value for the C-term is T, = 74.14 £ 1.81 °C. In both cases, the addition of
Hg(ll) ions cause a decrease in thermal stability (Figures 3C&D, Table S3); however, in
contrast to that observed in the full protein, no biphasic behavior was observed (red traces
in Figures 3G&H). These results clearly indicate that the metal-protein interactions that
lead to the biphasic behavior in Hg-induced aggregation and loss of thermal stability
require both domains to be present. Finally, the impact of Hg(ll) ions in the protein
folding of each domain was assessed by CD spectroscopy at 20 °C. For both, the N-term
(Figure 3E) and the C-term (Figure 3F) domains, the addition of mercury causes a
gradual and mild decrease on the intensity of the 218 nm negative CD signal, indicating
loss of B-sheet secondary structure. However, the extent of Hg-induced protein unfolding

is much larger in the N-terminal domain, for which only 50% of the protein remains
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folded upon addition of > 4 equiv of Hg(ll) ions; as compared to the C-term domain,
where 70% of the protein remains folded even after the addition of 5 equiv of metal ion
(green traces in Figures 3G and 3H).

Overall, there results indicate that the mechanism of Hg-induced aggregation of the
separate domains of HyC crystallin involves loss of thermal stability and protein folding,
although the impact on the folding is significantly larger for the N-terminal domain.
However, most importantly, the interesting biphasic behavior observed for the Hg-
induced aggregation of the full protein (Figure 2G) is abolished when the experiment is
performed with the separate domains. Thus, the metal-protein interactions that occur at
higher metal:protein ratios and lead to a decreased effect in aggregation must involve
interactions between both domains of HyC crystallin.

On the other hand, the N- (Figure 4A) and C-terminal (Figure 4B) domains of HyS
crystallin are also both prone to Hg-induced aggregation. While the extent of aggregation
of the N-terminal domain increases gradually with the metal:protein ratio, the effect on
the C-term domain saturates after 2 or 3 equiv of Hg(ll) (blue traces in Figures 4G&H).
Thermal denaturation experiments show that the addition of Hg(ll) ions cause a drastic
decrease in thermal stability for both domains (Figures 4C&D, Table S4). Although a
lower T, value (65.12 + 1.56 °C) can be determined for the N-terminal domain, as
compared to that of the C-terminal domain (T, = 73.22 + 0.5 °C), the addition of the first
equiv of Hg(ll) yields a drastic decrease in both domains, down to 27.08 + 0.79 and 30.02
+ 1.96 °C, respectively. Finally, the addition of mercury also causes a gradual and mild
decrease on the intensity of the 218 nm negative CD signal at 20 °C, indicating loss of -

sheet secondary structure for both, the N-term (Figure 4E) and the C-term (Figure 4F)
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domains. Similarly to the case of HyC crystallin, the extent of Hg-induced protein
unfolding is much larger in the N-terminal domain of HyS crystallin, for which only 50%
of the protein remains folded upon addition of > 3 equiv of Hg(ll) ions; as compared to
the C-term domain, where 70% of the protein remains folded even after the addition of 5
equiv of metal ion (green traces in Figures 4G and 4H). Overall, these results indicate
that the mechanism of Hg-induced aggregation of the separate domains of HyS crystallin
involves loss of thermal stability and protein folding, although the impact on the folding

is significantly larger for the N-terminal domain.

4. Hg(l1) ions induce formation of disulfide-bridged dimers involving the N-terminal
domains. SDS-PAGE analysis of the Hg-induced aggregates of HyC and HyS crystallins
was performed; in both cases, the denatured aggregates led to a very intense band at ~20
kDa, which corresponds to the molecular weight of the monomeric proteins (Figures 5A
and 5D, respectively). These results indicate that the metal-induced aggregates are
composed of mostly monomeric units of y-crystallin. However, a second band at ~37 kDa
was also detected at higher Hg:protein ratios (red arrows in Figures 5A&D), which might
correspond to a dimeric species. The intensity of the band at ~37 kDa is very faint for the
HyC aggregates (Figure 5A), while it is significantly more intense for HyS crystallin and
it appears at Hg:protein ratios higher than 3 equiv (Figure 5D). It is important to note that
this band at ~37 kDa completely disappears when the SDS-PAGE analysis of the Hg-
induced aggregates is performed in the presence of reducing agents, such as B-

mercaptoethanol (data not shown), suggesting that these dimeric species may be disulfide

bridged.
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The Hg-induced aggregates of the separate domains of both proteins were also analyzed
by SDS-PAGE (Figures 5 B, C, E&F). In all cases, a very intense band at ~10 kDa is
observed, which corresponds to the molecular weight of the monomeric domains.
However, a second species is also observed between 15 and 20 kDa, only in the Hg-
induced aggregates of the N-terminal domains of HyC (Figure 5B) and HyS (Figure 5E)
crystallins. These bands might correspond to disulfide-bridged dimeric species for each
domain, since they are no longer observed when the SDS-PAGE analysis is performed in
the presence of -mercaptoethanol (data not shown). Similarly to the case of the full
proteins, the presence of disulfide-bridged species is much more evident for the N-
terminal domain of HyS at Hg:protein ratios higher than 2 equiv (Figure 5E), as
compared to HyC (Figure 5B). It is important to note that SDS-PAGE analysis of
aggregates formed with the C-terminal domains does not display any disulfide-bridged
species (Figures 5C&F).

Overall these results suggest that the mechanism of Hg-induced aggregation of HyC and
HyS crystallins may involve formation of disulfide-bridged dimeric species, where amino
acid residues at the N-terminal domains of these proteins may be engaged.

5. Putative Hg(l1) binding sites and mechanisms of Hg-induced aggregation of HyC
and HyS crystallins. Hg(ll) ions have a preference to coordinate soft ligands, such as
Cys residues, usually in a bi-coordinate fashion. Indeed, preliminary electronic
absorption data of titrations of HyC and HyS crystallins with Hg(ll) ions display ligand to
metal charge transfer (LMCT) bands at ~ 297 nm (~ 33,670 cm™) and ~ 235 nm (~
42,550 cm™), which are indicative of Cys sulfur-based coordination to Hg ions (Figure

S3) [45]. A more detailed spectroscopic characterization of the interactions of Hg(ll) ions
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with HyC and HyS crystallins would be needed to elucidate the coordination modes
involved; however, it is clear that Cys sulfur-based ligands are involved in Hg(lIl)
coordination.

y-crystallins contain several Cys residues (Scheme 1 and Figure 6). HyD crystallin
contains a total of 6 Cys residues. Two of them, Cys 109 and 111, are located in the C-
terminal domain, and are arranged in a way that they could accommodate a linear bi-
coordinate geometry. Since this pair of Cys residues is absent in HyC and HyS crystallins,
where only Cys109 is conserved, we speculate that the Cys109/Cys111 pair might be a
binding site for Hg(lIl) ions in HyD crystallin that does not cause aggregation. In contrast,
for HyC and HyS crystallins, their C-terminal domains have a second Cys residue that is
solvent exposed (Cys153 and Cys130, respectively), which could engage in metal-
bridging mechanisms. Indeed, our results indicate that the mechanism of Hg-induced
aggregation of the C-terminal domains does not involve di-sulfide bridged species and it
has a smaller contribution of partial unfolding events (as compared to the N-terminals);
thus, it is likely that the dominant mechanism at the C-terminal domains involves the
formation of metal-bridged species (Figure 7).

On the other hand, the N-terminal domains of y-crystallins generally contain a higher
number of Cys residues, as compared to their C-terminal domains; and these residues are
present in a localized region of the protein (Figure 6). While the N-terminal domain of
HyD crystallin only contains 4 Cys residues, and two of them are in an arrangement that
could accommodate a bi-coordinate Hg(ll); HyC and HyS crystallins have five Cys
residues, and most of them are clustered in a solvent-exposed region of the N-terminal

domain. In particular, it is interesting to note that Cys22 is conserved in HyC and HyS
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crystallins, while that residue is a His22 in HyD crystallin, which is not susceptible to Hg-
induced aggregation; thus, it is tempting to propose that having a Cys residue at position
22 may be key for the Hg-induced aggregation of HyC and HyS crystallins, and perhaps
the formation of disulfide-bridged species at the N-terminal region. HyC and HyS
crystallin aggregates only contain monomeric or disulfide-bridged dimers, while no
evidence for covalently linked higher molecular weight species was observed. This
observation, along with the fact that only the N-terminal domains of these proteins can
yield disulfide-bridged species, strongly suggests that the disulfide bridge in the dimeric
species must be formed between N-terminal Cys residues of two monomers, leading to a
closed dimer (Figure 7). Further aggregation of these dimeric species likely involves
metal bridging mechanisms using Cys residues from the C-terminal domains, as
discussed above.

Our results indicate that Hg-induced unfolding plays an important role in metal-induced
aggregation of y-crystallins, and this phenomenon is more pronounced at the N-terminal
domain, consistent with the fact that this domain is more susceptible to loss of protein
folding, as compared to the C-terminal domain [14]. Several Cys residues engaged in -
sheet secondary structural elements could be identified in the structures of HyC and HyS
crystallins. A unique arrangement for a Cys pair, Cys78 and Cys79, contained in a -
sheet structure is found in HyC crystallin, and it might be the structural motif responsible
for the drastic Hg-induced unfolding observed in this protein upon addition of the first 3
equiv of metal ion. Interestingly, these two Cys residues were found to form a disulfide
bond in a lens proteomic study [46]. Cys 41 and Cys129 constitute another unique Cys

pair in HyC crystallin (Figure 6), which is located at the interface between the N- and C-
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terminal domains. It is likely that the Cys41/Cys129 pair is responsible for the unique
biphasic behavior observed in Hg-induced aggregation of HyC crystallin, as this protein
is the only y-crystallin with such a unique pair. Bi-coordinate Hg(ll) coordination at this
site might strengthen the inter-domain interaction, leading to the stabilizing effects
observed for HyC crystallin at metal:protein ratios higher than 3 equivalents (Figure 7).
This proposal is consistent with the observation that the biphasic behavior was abolished

when using the separate domains.

Conclusions

In this study we have evaluated the effect of heavy metal ions in the protein stability and
aggregation of three of the more abundant y-crystallin proteins in the human lens: HyD,
HyC and HyS crystallins. Our study reveals that Hg(l1) ions specifically induce the non-
amyloid aggregation of HyC and HyS crystallins, while HyD crystallin is not sensitive to
this metal ion. Mercury-induced aggregation of HyC and HyS crystallins occurs through
diverse mechanisms including: metal-induced loss of stability and partial unfolding of the
proteins, formation of disulfide-bridged dimeric species, and potentially through metal-
bridging pathways (Figure 7). The interaction of Hg(Il) with these y-crystallins likely
involves Cys residues, especially at the Cys-rich N-terminal domains of HyC and HyS,
where the metal ion causes partial unfolding of the protein. Further spectroscopic and
site-directed mutagenesis studies must shed light into the nature of these mercury-
crystallin interactions and their role in the mechanism of metal-induced protein
aggregation. While Hg ions are not normally present in a healthy human lens,

environmental exposure to this metal is a concern; and since crystallins in the core of the

20



lens are not replaced, a one-time exposure would be enough to damage lens proteins.
Thus, this study points to a potential role of this xenobiotic metal ion in the development
of cataract, underscoring the bioinorganic facet of this disease.
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Figure 1. Turbidity assays of HyD (A), HyC (B), HyS (C) crystallins (50 uM) in the absence
(gray trace) or presence of 6 equiv of Pb(Il) (red trace), Cd(lIl) (green trace) or Hg(ll) (blue trace).
All assays were performed at 37 °C, and turbidity at 400 nm was followed after the addition of
metal ion. A structure alignment of HyD (light blue), HyC (green) and HyS (orange) crystallins is
shown in (D). Electron microscopy images for Hg-induced aggregates of HyC (E) and HyS (F)
crystallins, at the end point of the turbidity assays with 4 equiv of Hg(ll).
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Figure 2. Turbidity assays of HyC (A) and HyS (B) crystallins (50 uM) in the absence (dark
trace) or presence of 1, 1.5, 2, 2.5, 3, 3.5 (light to dark blue), 4, 5, 6, 8 and 10 equiv of Hg(ll)
(light to dark purple traces). All assays were performed at 37 °C, and turbidity at 400 nm was
followed after the addition of Hg(ll). Thermal denaturation of HyC (C) and HyS (D) crystallins (2
uM) was followed by CD in the presence of 0, 1, 2, 3, 4, or 5 equiv of Hg(Il). The fraction of
unfolded protein is plotted as a function of temperature, and the associated T,, values are listed in
Table S2. Titrations of HyC (E) and HyS (F) crystallins (2 uM) with 0 (black spectra), 1, 2, 3, 4,
5, 6, 7, 8, 9 and 10 equiv of Hg(ll) (light to dark traces), as followed by CD at 20 °C. Traces for
turbidity, fraction of folded protein, and relative thermal stability, as a function of the number of
equivalents of Hg(l1) ions for HyC (G) and HyS (H) crystallins are also plotted.
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Figure 3. Turbidity assays of the N- (A) and C- terminal (B) domains of HyC crystallin (50 puM)
in the absence (black) or presence 1, 2, 4, 6, 8 and 10 equiv of Hg(ll) (light to dark blue traces).
All assays were performed at 37 °C, and turbidity at 400 nm was followed after the addition of
Hg(ll). Thermal denaturation of the N- (C) and C- terminal (D) domains of HyC crystallin (2 uM)
was followed by CD in the presence of 0, 1, 2, 3, 4, or 5 equiv of Hg(Il). The fraction of unfolded
protein is plotted as a function of temperature, and the associated Ty, values are listed in Table S3.
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Titrations of the N- (E) and C- terminal (F) domains of HyC crystallin (2 uM) with 0 (black), 1, 2,
3,4,5,6,7,8,9and 10 equiv of Hg(ll) (light to dark blue traces), as followed by CD at 20 °C.
Traces for turbidity, fraction of folded protein, and relative thermal stability, as a function of the
number of equivalents of Hg(ll) ions for the N- (G) and C-terminal (H) domains of HyC crystallin
are also plotted.
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Figure 4. Turbidity assays of the N- (A) and C- terminal (B) domains of HyS crystallin (50 uM)
in the absence (black) or presence 1, 2, 4, 6, 8 and 10 equiv of Hg(ll) (light to dark blue traces).
All assays were performed at 37 °C, and turbidity at 400 nm was followed after the addition of

Hg(l1). Thermal denaturation of the N- (C) and C- terminal (D) domains of HyS crystallin (2 uM)
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was followed by CD in the presence of 0, 1, 2, 3, 4, or 5 equiv of Hg(ll). The fraction of unfolded
protein is plotted as a function of temperature, and the associated Ty, values are listed in Table S4.
Titrations of the N- (E) and C- terminal (F) domains of HyS crystallin (2 uM) with 0 (black), 1, 2,
3,4,5,6,7,8,9and 10 equiv of Hg(ll) (light to dark blue traces), as followed by CD at 20 °C.
Traces for turbidity, fraction of folded protein, and relative thermal stability, as a function of the
number of equivalents of Hg(ll) ions for the N- (G) and C-terminal (H) domains of HyS crystallin
are also plotted.
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Figure 5. SDS-PAGE analysis of the metal-induced aggregates of wt (A), N- (B), and C- (C)
terminal domains of HyC crystallin, and wt (D), N- (E), C- terminal (F) domains of HyS
crystallin. Aggregates of wt HyC and HyS crystallins were obtained at the end of turbidity assays
with increasing amounts of Hg(l1) (0,1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8, and 10 equiv). Aggregates of N-
(B and E) and C-terminal (C and F) domains of HyC and HyS crystallin were obtained at the end
of turbidity assays with 2, 4, 6, 8, and 10 equiv of Hg(Il). All aggregates were analyzed by SDS-
PAGE after denaturation by boiling samples in SDS solutions without 3-mercaptoethanol.
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HyD Homo sapiens 1-173 1 S=s== GKITLYEDRGFQGRHYECSSDHPNLQPYLSRCNSARVDSGCWMLYEQPNYSGLQY 55
HyC Homo sapiens 1-173 1 ===== GKITFYEDRAFQGRSYETTTDCPNLQPYFSRCNSIRVESGCWMLYERPNYQGQQY 55
1 GSKTGTKITFYEDKNFQGRRYDCDCDCADFHTYLSRCNSIKVEGGTWAVYERPNFAGYMY 60

HyD Homo sapiens 1-173 56 FLRRGDYADHQQWMGLSDSVRSCR--LIPHSGSHRIRLYEREDYRGQMIEFTEDCSCLQD 113
HyC Homo sapiens 1-173 56 LLRRGEYPDYQQWMGLSDSIRSCC--LIPQTVSHRLRLYEREDHKGLMMELSEDCPSIQD 113
61 ILPQGEYPEYQRWMGLNDRLSSCRAVHLPSGGQYKIQIFEKGDFSGQMYETTEDCPSIME 120

HyD Homo sapiens 1-173 114 RFRFNEIHSLNVLEGSWVLYELSNYRGRQYLLMPGDYRRYQDWGATNARVGSLRRVIDFS 173
HyC Homo sapiens 1-173 114 RFHLSEIRSLHVLEGCWVLYELPNYRGRQYLLRPQEYRRCQDWGAMDAKAGSLRRVVDLY 173
121 QFHMREIHSCKVLEGVWIFYELPNYRGRQYLLDKKEYRKPIDWGAASPAVQSFRRIVE-- 178

Scheme 1. Sequence alignment of HyD (PDB: 1HKO0), HyC (PDB: 2NBR) and HyS
(PDB: 2M3T) crystallin proteins. All cysteine residues are highlighted with red color.
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Figure 6. Structures of HyD (A), HyC (B) and HyS (C) crystallins, showing the positions
of all cysteine residues in each protein.
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Figure 7. Proposed mechanisms for Hg(Il)-induced aggregation of HyC and HyS
crystallins. At low (< 4) equiv of metal ion, in both cases three mechanisms have been
identified: i) loss of protein folding, predominantly at the N-terminal domain; ii)
formation of disulfide-bridged dimers involving Cys residues from the N-terminal
domain; and iii) formation of metal-bridged species, likely involving Cys residues from
the C-terminal domain. For HyC crystallin, at high (>4 equiv) metal:protein ratios,
interaction of Hg(l1) with Cys residues in the domain interface stabilizes the protein and
reduces metal-induced aggregation.
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Table S1. Primers used for site-directed mutagenesis.

Mutation

Forward Primer

Reverse Primer

N-terminal domain of

HyC crystallin

3 -TCTCATCCCCTAAACAGTCTCCC-37

5'- CAACAGGAGCGGATGGAG -3

C-terminal domain of

HyC crystallin

5'- AGGCTGCGGCTGTACGAG -3

5

CATGGTATATCTCCTTCTTAAAGTTAAACA

AAATTATTC -3

N-terminal domain of

HYS crystallin

8-

CAGAGCTGTTTAACTGCCTAGTGGAGG

-3

57- CAGGAGCTGAGGCGGICG -37

C-terminal domain of

HyS crystallin

S-TATAAGATTCAGATCTTTGAGAAAG-

s

5- CATGGTATATCTCCTTCTTAAAG-3
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Table 52. Tm values for HyC and HyS crystallins in the presence of Hg(Il) ions

Equiv OI'HE[Il]

Tm (°C) for HyC

Tm (°C) for HyS

0

1
2
3
4
5

(=1

0

820.38 £ 0.05
6417 £ 0.10
51.34 £ 1.50
43.31 £ 0.05
45.21 £ 1.50
53.81 £ 0.10
59.05 £ 0.02

T6.78+ 016
7097 + 046
6557 £ 2.5
60.94 + 1.62
48.83
5197+ 1.26
48.01 + 0.02

Table 53. Tm values for N- and C-terminal domain of HyC crystallin in the presence of

Hg(II) ions

Equiv of Hg[II)

Tim (°C) for N terminal

Tim [°C) for C terminal

o

73.02 £ 1.44
61.22 £ 0.47
535.66 £ 0.91
47.55 £ 0.8B3
49.30 £ 0.05

7414+ 1.81
53.56 % 1.40
39.12 £ 0.97
29.27 + 1.40

Table 54 Tm values for N- and C-terminal domain of HyS crystallin in the presence of

Hg(1l) ions

Equiv of Hg(11)

Tm (°C] for N terminal

Tm [(°C) for C terminal

W= =

6512 £ 1.56
27.08 £ 0.79
29.03 £ 1.50

7322+ 05

30,02 £ 1.96

255415

27.33 + 0.06
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Figure 51. Turbidity assays of HyD (A, D. G). HyC (B. E. H). HyS (C, F. I) crystallins (50 pM) in
the absence (black) or presence of increasing mumber (1 to 10) of equivalents of Ph(II) (A. B. C),
Cd(IT} (D, E. F) or Hg(I) (G. H, I). All assays were performed at 37 °C, and twrbidity at 400 nm
was followed after the addition of metal ion.
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Figure 52. Turbidity assays of HyD (A), HyC (B). HyS (C) crystallins (30 pM) in the absence
(black) or presence of different salts of Pb(Il) (orange and red traces), Cd(II) (Green traces) or
Hg(II) (blue traces). All assays were performed at 37 °C, and turbidity at 400 nm was followed after
the addition of metal ion.
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Figure S3. Titrations of HyD (A). HyS (B) and HyC (C) from 0.2 to 2.0 equiv of Hg(Il). as

followed by UV—vis absorption spectroscopy. Comparison of absotption spectra of buffer without

(gray) or with 2 equiv of Hg(II) (black), and HyD (blue). HYC (green) or HYS (red) with 2 equiv of

metal ion.
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