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Abstract

Cataract affects 1 in 6 Americans over the age of 40, and is considered a global health problem.
Cataract is caused by the aggregation of unfolded or damaged proteins in the lens, which
accumulate as an individual ages. Currently, surgery is the only available treatment for cataract,
however, small molecules have been suggested as potential preventative therapies. In this work,
we study the effect of sodium citrate on the stability of Human yD Crystallin (HyD-Crys), a
structural protein of the eye lens, and two cataract-related mutants, L5S HyD-Crys and 190F
HyD-Crys. In equilibrium unfolding-refolding studies, the presence of 250 mM sodium citrate
increased the transition midpoint of the N-td of WT HyD-Crys and L5S HyD-Crys by 0.3 M
GuHCl, the C-td by 0.6M GuHCI, and the single transition of 190F HyD-Crys by 0.4M GuHCI. In
kinetic unfolding reactions, sodium citrate demonstrates a measurable stabilization effect only for
the mutant 190F HyD-Crys. In the presence of citrate, a kinetic unfolding intermediate of 190F
HyD-Crys can be observed, which was not observed in the absence of citrate. Rate of aggregation
was measured using solution turbidity, and sodium citrate demonstrates negligible effect on rate of
aggregation of WT HvyD-Crys, but considerably slows the rate of aggregation of both L5S HyD-
Crys and 190F HyD-Crys. The presence of sodium citrate dramatically slows refolding of WT
HyD-Crys and 190F HyD-Crys, but has a significantly smaller effect on the refolding of L5S
HyD-Crys. The differential stabilizing effect of sodium citrate suggests that the ion is binding to a
partially unfolded conformation of the C-td, but a solution-based Hofmeister effect cannot be
eliminated as a possible explanation for the effects observed. These results suggest that sodium
citrate may be a potential preventative agent for cataract.
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1. Introduction

Cataract, the accumulation of light-scattering aggregates in the eye lens, affects an estimated
20 million people, and is the leading cause of blindness worldwide (Brian and Taylor, 2001).
In the United States, cataract affects one in six persons over the age of 40, and with
prevalence increasing with age, affects 50% of persons over the age of 80 (Friedman et al.,
2008). No successful preventive therapies have been developed, and surgery remains the
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only effective treatment for cataract (Nanavaty, 2006). Though cataract surgery has a high
success rate, surgery is costly and remains unavailable to much of the developing world,
leading to a disproportionate occurrence of blindness in poverty-stricken regions (Brian and
Taylor, 2001).

The gamma crystallins are members of the By superfamily of structural proteins, and are a
major component in the mature fiber cells of the vertebrate lens (McFall-Ngai et al., 1985;
Siezen et al., 1987). These proteins are expressed early in lens development, and enriched in
the nucleus, the oldest part of the lens (Graw, 2009; Siezen et al., 1988). The nucleus is
densely packed with protein, where concentrations reach as high as 450 mg/ml, accounting
for nearly 70% of the wet cell mass (Fagerholm et al., 1981). Packing of crystallin proteins
into the fiber cells contributes structure to the lens tissue, and helps maintain the shape of the
lens, which is critical for focusing light on the retina (Cooper et al., 1994; Delaye and
Tardieu, 1983; Oyster, 1999).

HyD-Crys is one of the most abundant members of the B-y-crystallin family in the lens. This
173 residue protein has two homologous domains, each containing two greek-key motifs
with intercalated anti-parallel beta sheet structure (Basak et al., 2003; Slingsby and Clout,
1999). The folding and unfolding pathways of HyD-Crys have been extensively
characterized /n vitro. Equilibrium experiments with H-yD-Crys demonstrated that folding
proceeds via an intermediate consisting of an unfolded N-terminal domain (N-td) and a
folded C-terminal domain (C-td) (Flaugh et al., 20053, b; Mills et al., 2007). Kinetic
unfolding and refolding studies indicate that the folding of H-yD-Crys is nucleated by the
more stable C-td (Flaugh et al., 2005a, b;Mills, et al., 2007). Both hydrophobic and polar
interactions at the domain interface helps to stabilize the N-td (Das et al., 2010; Flaugh et
al., 20053, b; Mills et al., 2007).

Analysis of human cataract indicated that proteins found in lens aggregates are heavily
damaged and modified in comparison to soluble lens proteins (Hanson et al., 2000). As the
lens ages, proteins in the lens can experience damage due to post-translational modifications
such as truncation, deamidation, and glycation (Hains and Truscott, 2010; Hanson et al.,
2000; Lampi et al., 1998; Takemoto et al., 1985; Ueda et al., 2002), as well as photo-
oxidation of tryptophans and other residues (Kurzel et al., 1973; McCarty and Taylor, 2002).
These damages lower the kinetic barrier to unfolding, and induce partial unfolding of lens
proteins (David et al., 1996; Flaugh et al., 2006; Takata et al., 2008). The partial unfolding
of the protein structure exposes hydrophobic residues normally buried in the native state,
making them more susceptible to aggregation /7 vitro (Roder and Coldn, 1997). Glutamine
to glutamic acid replacement in HyD-Crys, which mimic oxidative damage in the lens,
destabilize HyD-Crys /n vitro, generating aggregation-prone partially unfolded
intermediates (Flaugh et al., 2006). In age-related cataract, damaged proteins can accumulate
over time without clearance from the lens, and these aggregation-prone conformations may
seed the formation of cataract (Hains and Truscott, 2007; Harrington et al., 2007; Zigler and
Goosey, 1984).

Lens protein modifications resulting from mutations can also provide insight into cataract
formation. A progressive cataract phenotype in mice was found to be caused by a single
point mutation F9—S, in Murine yS Crystallin (Everett et al., 1994). Histological studies of
mutant homozygous mice revealed that F9S Murine -yS Crystallin impeded the
differentiation of lens epithelial cells to lens fiber cells, while biochemical experiments
revealed the protein is temperature-sensitive to unfolding /n vitro, which can lead to
aggregation (Sinha et al., 2001). When the analogous mutation was made in HyD-Crys, in
vitro folding studies demonstrated that the mutant destabilized the N-td, but had no effect on
the stability of the C-td (Moreau and King, 2009). Furthermore, these studies showed that
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destabilization in the N-td accelerates unfolding /in vitro, which suggests that reduced
stability of the mutant is related to the pathology of the cataract (Lee et al., 2010; Moreau
and King, 2009).

A congenital mutation shown to cause cataract, I90—F, was identified in Murine yD
Crystallin (Graw et al., 2004). Studies on the stability of the analogous mutation in HyD-
Crys demonstrated that the amino acid replacement disrupts the buried core of the C-td
(Moreau and King, 2009). This replacement destabilized the partially-folded intermediate in
the folding pathway, and induced a concerted unfolding-refolding mechanism (Moreau and
King, 2009). In this study, WT HyD and the two HyD-Crys mutants, 190—F and L5—S
were used to investigate the stabilizing effect of citrate on partially unfolded conformations
of HyD-Crys.

Developing pharmacological agents that can stabilize damaged proteins or slow the
aggregation of lens proteins may have a dramatic impact on public health. It has been
estimated that retarding the progress of cataract by ten years may reduce the number of
individuals affected by up to 50 percent (Livingston et al., 1995). Preliminary experiments
in vivo suggested that the antioxidant carnosine suppressed radical oxygen species in the
lens, and inhibited glycation of lens proteins in diabetic rats (Shi et al., 2009; Yan et al.,
2008). Topical ocular application of a carnosine derivative, N-acetylcarnosine was used in a
study of 75 patients with age-related cataract, which demonstrated that 9 months of
treatment increased visual acuity and in some cases cleared cataract from treated eyes
(Babizhayev et al., 2009).

Stabilization of proteins by ions in solution has been extensively studied (Street et al., 2006;
Tadeo et al., 2009). For a number of proteins, the binding of ions has a stabilizing effect
(Muzammil et al., 2000; Pace, 1992; Pace and McGrath, 1980; Ramos and Baldwin, 2002).
Structural studies of the molten globule protein a-lactalbumin demonstrated that the binding
of a single calcium ion induced a conformational change that stabilized the protein and
increased the AG of unfolding by 40 kJ (Kronman et al., 1981; Van Ceunebroeck et al.,
1985). Subsequent studies demonstrated that sodium, potassium, lithium and magnesium
bound to the same site, and also induced a more stable conformation (Permyakov and
Berliner, 2000). Similar studies using the enzyme superoxide dismutase showed that while
zinc binding plays no catalytic role, it is critical to stabilizing flexible loops between the B-
strands of the Greek key fold (Getzoff et al., 1989; Parge et al., 1992). The bound zinc ion
forms a hydrogen-bond network that bridges the active site channel and stabilizes critical
charged amino acids in Loop VII (Banci et al., 2003; Parge et al., 1992).

Recent studies of ancestral members of the By-crystallin superfamily revealed a common
calcium binding motif (Aravind et al., 2009; Barnwal et al., 2009). Thermodynamic studies
of several members of the crystallin family demonstrated that calcium binding increases
stability by bridging the loops which connect the p-strands of the Greek key fold (Wenk et
al., 1999; Kretschmar et al., 1999). These /n vitro studies have demonstrated that ion binding
can have a dramatic influence on tertiary structure and protein stability. In the physiological
context, these finding suggest that the kinetic intermediates populated on these unfolding
and aggregation pathways need to be considered, particularly for B-sheet proteins (Roder
and Coldn, 1997). Stabilization of Kinetic precursors to off-pathway aggregation may slow
unfolding and prevent aggregation. Conversely, stabilization of proteins on the aggregation
pathway may accelerate aggregation. Elucidation of the mechanism by which ions stabilize
crystallin to prevent unfolding may facilitate the development of new therapies that can
prevent the progression of cataract.
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Orally delivered citric acid was shown to slow the progression of cataract in diabetic rats,
and also reduce glycation end products in the lenses of treated animals (Nagai et al., 2010).
Recent studies demonstrated that sodium citrate slowed unfolding and aggregation of the
protease inhibitor a.1-Antitrypsin /n vitro, and increased inhibitory activity of the enzyme
(Bottomley and Tew, 2000; Pearce et al., 2008). The enzyme was crystallized in the
presence of sodium citrate, and it was found that citrate binds to A and B B-sheets of the
protein, a region known for maintaining stability. This result suggests that citrate binding
induces stabilization of the protein, which can slow unfolding and prevent aggregation
(Pearce et al., 2008). Sodium citrate was also found to stabilize soluble beta sheet structure
of Human yC Crystallin and slow aggregation at low pH (Wang et al., 2010). The purpose
of this work is to further investigate the stabilizing effect of sodium citrate and its potential
as a small molecule inhibitor of aggregation of Human -yD Crystallin (HyD-Crys).

2. Materials and Methods

2.1. Protein Expression and Purification

Plasmids for WT HyD-Crys, L5S HyD-Crys, and I190F HyD-Crys were the generous gift of
K.M. N-terminal His-tagged constructs of WT HyD-Crys and 190F HyD-Crys were
expressed as described previously (Kosinski-Collins et al., 2004). Briefly, M15 E.Coliwas
grown at 37°C to an ODgqq of 1.0, and expression was induced with 1 mM IPTG for 4
hours. Cells were pelleted and resuspended in lysis buffer (50 mM NaP;, 300 mM NacCl, 18
mM Imidazole, 1 mM EDTA, pH 8.0) and stored at —80°C. L5S HyD-Crys was expressed
as described previously (Moreau and King, 2009). M15 E.coliwas grown at 37°C to ODgqg
of 1.0, then expression was induced overnight at 17°C with 1 mM IPTG. For all HyD-Crys
variants, cells were lysed by sonication, and cell debris was pelleted by centrifugation at
20,000 x g for 45 minutes. DNA was precipitated using 0.12% PEI, followed by
centrifugation at 20,000 x g for 10 minutes. Supernatant was filtered and loaded onto a Ni-
NTA (Qiagen) affinity column, and purified using an AKTA fast protein liquid
chromatography system (GE Healthcare) by eluting the H-yD-Crys using an linear gradient
of imidazole from 0-100%. Fractions containing pure HyD-Crys were pooled and dialyzed
in 10 mM ammonium acetate, pH 7.0.

2.2. Equilibrium Unfolding-Refolding

Equilibrium unfolding-refolding experiments were performed as previously described
(Flaugh et al., 2006). Buffers were prepared as appropriate, adjusted to pH 7.0, and then
filtered. The unfolding-refolding curves were fit to a two-state (Greene and Pace, 1974) or
three-state model (Clark et al., 1993) using Kaleidagraph (Synergy Software). Increase in
fluorescence intensity due to light scattering at low concentrations of GuHCI in refolding
samples were not included in data used to fit refolding curve. Average and standard
deviation of transition midpoint, AG?, and m-values were calculated using three separate
trials.

2.3. Unfolding Kinetics

Unfolding kinetics were performed as previously described (Moreau and King, 2009).
Briefly, WT HyD-Crys was diluted into unfolding buffer (5.5 M GuHCI, 100 mM NaP;, 5
mM DTT, 1 mM EDTA, pH 7.0) at 18°C for a final protein concentration of 10 pg/ml.
Concentration of GUHCI was reduced to 3.5 M GuHCI in unfolding buffer for mutant H-yD-
Crys. In citrate samples, 250 mM sodium citrate was added to unfolding buffer. Excitation
wavelength was set to 295 nm, and fluorescence emission at 350 nm was measured over
time using a Hitachi F-4500 fluorimeter. Kinetic unfolding data was fit to single or double
exponentials using Kaleidagraph (Synergy Software). Best fits were chosen based on
random distribution of fit residuals, and agreement of parameters with previous results
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(Moreau and King, 2009). Experiments were performed in triplicate for each condition, and
fit parameters for the three trials were averaged.

2.4. Refolding Kinetics

WT, 190F and L5S HyD-Crys were unfolded in buffer containing 5.5 M GuHCI, 100 mM
NaPj, 5mM DTT, 1 mM EDTA, pH 7.0, at 37°C at a concentration of 100 pg/ml for 5
hours. Citrate samples were unfolded under identical conditions with the addition of 250
mM sodium citrate in the unfolding buffer. Samples were diluted to 10 pg/ml into refolding
buffer containing 1 M GuHCI, 100 mM NaP;j, 5 mM DTT, 1 mM EDTA, pH 7.0, at 37°C,
and citrate samples were diluted into refolding buffer containing 250 mM sodium citrate.
Excitation wavelength was set to 295 nm, and fluorescence emission at 350 nm was
measured over time using a Hitachi F-4500 fluorimeter. Kinetic refolding data was fit to
single or double exponentials using Kaleidagraph (Synergy Software). At high
concentrations of sodium citrate, long-lived intermediates prevented the fitting of the data
with a double exponential. In these cases, the discrete transitions were estimated, then fit
separately with single exponential equations. Best fits were chosen based on random
distribution of fit residuals, and agreement of parameters with previous results (Moreau and
King, 2009). Experiments were performed in triplicate for each condition, and fit parameters
for the three trials were averaged.

2.5. Aggregation Turbidity

3. Results
3.1. Sodium

Aggregation experiments were performed as described previously (Knee et al., 2011)
(Acosta-Sampson and King, 2010) WT, L5S and 190F H-yD-Crys were incubated in
unfolding buffer (5.5 M GuHCI, 100 MM NaP; 1 mM EDTA, 5 mM DTT) for 16 hours at
37°C at a concentration of 0.5 mg/ml in the presence and absence of stabilizing anions.
Unfolded protein was then rapidly diluted ten-fold into buffer (100 mM NaP;, 1 mM EDTA,
5mM DTT) at 37°C in the presence and absence of stabilizing anions for a final protein
concentration of 50 pg/ml. Solution turbidity was measured by apparent absorbance at 350
nm using a Cary 50 UV/Vis Spectrophotometer (Varian).

Citrate Stabilizes the Equilibrium Unfolding of WT HyD-Crys

The unfolding-refolding pathway of WT HyD-Crys follows a three-state folding pathway,
and populates a meta-stable intermediate consisting of an unfolded N-td and a folded C-td
(Flaugh et al., 2005a; Kosinski-Collins et al., 2004; Kosinski-Collins and King, 2003; Mills
et al., 2007). When either 100 mM sodium phosphate or 100 mM sodium phosphate and 250
mM sodium citrate was included in the buffer, the characteristic three state transition of
HyD-Crys was observed. In the presence of 100 mM sodium phosphate, the N-td had an
unfolding midpoint of 2.2 + 0.1 M GuHCI, and the C-td had an unfolding midpoint of 2.8 £
0.1 M GuHCI (Table 1), values consistent with previous reports (Kosinski-Collins et al.,
2004). In the presence of 250 mM sodium citrate both of the unfolding midpoints increased,
from 2.2 £ 0.1t0 2.5 £ 0.1 M GuHClI for the N-td and from 2.8+0.1 to 3.4+0.1 M GuHClI for
the C-td (Figure 1, Table 1). Sodium citrate increased the AG of unfolding of WT H-yD-
Crys from 16.6 kcal/mol to 22.2 kcal/mol (Table 1). In these unfolding-refolding
experiments, the ionic strength of the sample is dominated by the high concentration of
GuHCI. The observed effect of the citrate ion must be through specific interactions with the
protein or the solvent. Though not as effective as sodium citrate, increased stability was also
observed for other kosmotropic anions in the Hofmeister series (Zhang and Cremer, 2010),
including sodium phosphate and sodium sulfate (data not shown).
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The stabilizing effect of the sodium citrate on the unfolding of HyD-Crys was further
examined by varying the concentration of sodium citrate; the stability of each domain
increased linearly with increasing concentration of sodium citrate, but the effect was more
pronounced in the C-td than in the N-td (Figure 2, Table 1). The presence of sodium citrate
had a greater effect on the C-td of WT HyD-Crys as shown by the 0.6 M GuHCI increase in
the unfolding midpoint in the presence of sodium citrate, as compared to 0.3M GuHCI
increase observed for the N-td.

The kinetic unfolding of WT HvyD-Crys was also measured in the presence and absence of
sodium citrate. Previous studies have established that HyD-Crys has a 3 state unfolding
pathway, in which the N-td unfolds, followed by the C-td (Kosinski-Collins and King, 2003;
Mills et al., 2007). In 200 mM sodium phosphate buffer, the N-td unfolded with a half-time
of 900 = 60 seconds, followed by the more-stable C-td, which unfolded with a half-time of
6000 £ 300 seconds, consistent with previous reports (Moreau and King, 2009). When 250
mM sodium citrate was added to the buffer, no change was observed in the unfolding
kinetics. In the presence of 250 mM sodium citrate, the N-td unfolded with a half time of
910 * 90 seconds, and C-td unfolded with a half time of 6500+£900 seconds. This result
suggests that citrate does not act by stabilizing the native state, but more likely by an effect
on a partially folded intermediate.

3.2. Stabilization of N-terminal Domain Mutant L5S HyD-Crys

Previous work extensively characterized the thermodynamic properties of the congenital
cataract associated mutant L5S, which has a destabilized N-td, but an unaffected C-td
(Moreau and King, 2009).The unfolding of L5S HyD-Crys creates a long-lived folding
intermediate consisting of an unfolded N-td and a folded C-td, as evidenced by a plateau in
the equilibrium unfolding-refolding curves from 1 M to 2.3 M GuHCI (Figure 4). When L5S
HyD-Crys was equilibrated with 250 mM sodium citrate, the stabilizing effect was of
similar magnitude to the effect observed for WT HyD-Crys. In the presence of 250 mM
sodium citrate, the unfolding midpoint of the N-td was increased by 0.3 M GuHCI, from 0.7
+ 0.1 M GuHCI, to 1.0 £ 0.1 M GuHCl, and the unfolding midpoint of the C-td was
increased by 0.6 M GuHCI from 2.8 £ 0.1 M GuHCI to 3.4 £ 0.1 M GuHCI (Figure 4, Table
2).

For kinetic unfolding experiments, the destabilization caused by the mutation necessitated a
change in the concentration of denaturant from 5.5 M to 3.5 M GuHClI, in order to more
accurately observe the rapid unfolding of the N-td. Dilution of L5S HyD-Crys into 100 mM
sodium phosphate unfolding buffer resulted in rapid unfolding of the destabilized N-td with
a half-time of 1.5 £ 0.2 seconds, which is in agreement with previous reports (Moreau and
King, 2009). The addition of 250 mM sodium citrate to the unfolding buffer resulted in a
half-time of unfolding of the N-td of 1.9 £+ 0.1 seconds (Figure 5, Table 2). Thus, the
presence of citrate did not appreciably slow the rate of unfolding of the N-td. As a result of
the low concentration of denaturant used in the experiment, the C-td did not fully unfold,
and therefore no observations could be made concerning the unfolding of the C-td of L5S
HyD-Crys. These kinetic unfolding results are consist with those found for wild-type,
suggesting that citrate does not act by stabilizing the native state.

3.3. Stabilization of C-terminal Mutant 190F HyD-Crys

Previous studies demonstrated that the cataract associated 190F mutation in the C-td
eliminates the intermediate in the folding pathway and induces a two-state concerted
unfolding mechanism (Moreau and King, 2009). Equilibrium unfolding-refolding
experiments indicated that in the presence of 100 mM sodium phosphate, the unfolding
midpoint of I90F HyD-Crys was 1.7 = 0.1 M GuHCI. In the presence of 250 mM sodium
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citrate, the unfolding midpoint was increased by 0.4 M GuHCI to 2.1 + 0.1 M GuHClI
(Figure 6, Table 3). In the presence of citrate, the increase in stability of the two-state
unfolding midpoint of 190F HyD-Crys was larger than the increase in stability of the N-td of
WT HyD-Crys, but smaller than the increase in stability of the C-td of WT HyD-Crys. This
may be the result of conformational change in the C-td caused by perturbation of the
hydrophobic core of 190F HyD-Crys.

In the presence of 100 mM sodium phosphate, 190F HyD-Crys was observed to unfold with
a half time of 380 + 20 seconds (Figure 7), in agreement with previously published results
(Moreau and King, 2009). When 250 mM sodium citrate was added, a folding intermediate
appeared in the unfolding pathway, which was not apparent in the absence of citrate. In the
presence of 250 mM sodium citrate, the first transition has a half time of 173 + 4 seconds,
while the second transition has a half time of 2600 £ 200 seconds (Figure 7, Table 3).
Sequential unfolding of the N-td and C-td was previously observed in kinetic unfolding
studies of WT HvyD, therefore, it is likely that the two transitions observed for 190F HyD
unfolding in the presence of sodium citrate can be attributed to the unfolding of N-td and C-
td (Kosinski-Collins and King, 2003; Mills et al., 2007).

3.4. Sodium Citrate Slows Aggregation of Mutant HyD-Crys

When HvyD is rapidly diluted from high to low denaturant concentration, the proteins do not
spontaneously refold to a native state, but rather associate into amorphous aggregates. The
rate of aggregation of H-yD-Crys can be measured /n vitro by solution turbidity, and can be
used to quantify the effects of small molecules on the HyD-Crys aggregation pathway. WT,
L5S, and 190F HyD-Crys were rapidly diluted from 5.5 M GuHCI to 0.55 M GuHCI, in the
presence and absence of 250 mM sodium citrate, and the rate of aggregation was measured.
For WT HyD-Crys, an aggregation rate of 45 + 5 seconds was observed in 100 mM sodium
phosphate, and a rate of 50 + 10 seconds was observed in the presence of 250 mM sodium
citrate (Table 4). These rates are consistent with previously published aggregation rates for
HyD-Crys (Knee et al., 2011) and indicate that sodium citrate had little effect on the
aggregation of WT HyD-Crys, a result similar to that seen in the kinetic unfolding
experiments.

For the N-td mutant L5S HyD-Crys, an aggregation rate of 21 + 1 seconds was observed for
100 mM sodium phosphate. However, in the presence of 250 mM sodium citrate, the
aggregation rate was slowed by 120%, to 46 + 6 seconds (Table 4). The decreased rate
suggests that the presence of the sodium citrate is influencing the aggregation of L5S HyD-
Crys to a greater degree than WT HyD-Crys. The largest effect of sodium citrate on
aggregation rate was seen with the C-td mutant 190F HyD-Crys. In 100 mM sodium
phosphate, the rate of I90F HyD-Crys aggregation was 34 + 5 seconds, while in the
presence of 250 mM sodium citrate, the rate of aggregation was slowed by 135%, to 80 + 10
seconds (Table 4), the slowest rate of aggregation for all three H-yD variants used in this
study. This result mirrors what was observed for the unfolding kinetics, in which the
presence of the sodium citrate had the largest effect on the kinetic unfolding of 190F H-yD-
Crys.

3.5. Sodium Citrate Slows HyD Crystallin Refolding

Previous reports have demonstrated that refolding of HyD-Crys begins with the folding of
the C-td, followed by the folding of the N-td, passing through an intermediate likely
consisting of a folded C-td and an unfolded N-td (Das et al., 2010; Kosinski-Collins and
King, 2003; Mills et al., 2007). Rapid dilution of HyD-Crys into buffer containing varying
amounts of sodium citrate initiated the refolding reaction. In phosphate buffer, the C-
terminal domain of WT HyD-Crys refolded with a half-time of 10.9 + 0.2 seconds, and the
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N-terminal domain refolds with a half-time of 60 + 4 seconds (Figure 8, Table 5), consistent
with previous reports (Kosinski-Collins and King, 2003; Mills et al., 2007). When refolded
in the presence of 250 mM sodium citrate, an additional intermediate was observed in WT
HyD-Crys. Initial collapse of the protein structure occurred with a half-time of 130 + 3
seconds, which populated a stable intermediate. Following the formation of the stable
intermediate, WT HyD-Crys followed a three-state folding pathway beginning with
refolding of the C-td with a half-time of 600 + 100 seconds, followed by refolding of the N-
td with a half-time of 8000 + 1000 seconds (Figure 8, Table 5). These results suggest that
citrate interacts with and stabilizes a partially folded intermediate, thus retarding the rate of
refolding.

In refolding studies of L5S HyD-Crys, the N-td of L5S HyD-Crys, which was significantly
destabilized in equilibrium unfolding-refolding studies, refolded with a half-time of 1970 +
280 seconds, thirty-three times slower than the rate of refolding of WT HyD-Crys N-td
(Figure 8, Table 5). On the other hand, the C-td refolded on a similar time scale to WT
HyD-Crys, with a half-time of 14.2 £ 0.7 seconds (Figure 8, Table 5), further demonstrating
that the N-td mutation has no effect on the folding and stability of the C-td. In refolding
studies of L5S HyD-Crys in the presence of 250 mM sodium citrate, the lag phase observed
in the refolding of WT HyD-Crys was no longer present, and the C-td refolds rapidly with a
half time 39 £ 2 seconds (Figure 8, Table 5). Folding of the N-td follows with a half time of
1630 = 60 seconds. The decreased stability of the N-terminal domain of L5S HyD slowed
the refolding, which influencing the populations of intermediate conformations in the
folding pathway. As a result, citrate may interact differently with these intermediates than
those which dominate the folding pathway of WT HyD-Crys.

In the case of 190F HyD-Crys, in which both the C-td and N-td are destabilized, kinetic
refolding was slower when compared to WT HyD-Crys. In phosphate buffer, the C-td of
I90F HyD-Crys refolded with a half-time 55.2 + 0.6 seconds (Figure 8, Table 5), five times
slower than the refolding of the C-td of WT HyD-Crys. The N-td of 190F HyD-Crys
refolded with a half-time of 2200 + 200 seconds in (Figure 8, Table 5), over thirty times
slower than the refolding of the N-td in WT HyD-Crys. In the presence of 250 mM sodium
citrate, the refolding of 190F HyD-Crys was further slowed when compared to refolding in
phosphate. After an initial lag phase, the C-td refolded with a half time of 540 + 10 seconds
(Figure 8, Table 5), and the N-td followed with a half-time of 5700 + 600 seconds (Figure 8,
Table 5). Kinetic and equilibrium results indicate that the interaction of citrate is strongest
when the buried hydrophobic core of the protein is exposed, and this interaction can
interfere with the folding pathway of all three HyD-Crys variants.

4. Discussion

Numerous studies on the interaction of proteins with ions in solution have demonstrated that
cosolutes are critical to maintaining protein solubility and stability (Busby et al., 1981;
Ramos and Baldwin, 2002; Tadeo et al., 2009). In this study, equilibrium unfolding-
refolding results with WT HvyD-Crys demonstrated that the presence of sodium citrate
increased protein stability. The free energy of unfolding increased 5.6 kcal/mol in the
presence of sodium citrate, which is similar to the increase in AG of unfolding of
Ribonuclease A in the presence of 200 mM sodium sulfate (Ramos and Baldwin, 2002). The
presence of sodium sulfate has also been shown to increase the thermal stability of
immunoglobulin light chain, increasing the T, from 46.1°C to 59.3°C (Sikkink and
Ramirez-Alvarado, 2008). A comp rehensive study of protein stability in the presence of salt
demonstrated that a specific interaction with neutral salts increased the stability of
Ribonuclease A in a linear manner as measured by thermal unfolding (VVon Hippel and
Wong, 1965).
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Despite the increase in protein stability observed in equilibrium unfoldingrefolding studies,
the presence of sodium citrate had no effect on the rate of kinetic unfolding of WT and L5S
HyD-Crys. However, the presence of citrate did have an effect on the kinetic unfolding of
I90F HyD-Crys. In the presence of citrate, unfolding of the mutant was slowed significantly,
and a kinetic intermediate was observed that was not observed in the absence of citrate
(Figure 7). Kinetic analysis of the folding and unfolding of 190F H-yD-Crys reveal that the
lifetimes and rates of the mutant intermediates differ from that of the wild-type (Figures 3, 5,
7, 8) (Moreau and King, 2009). It is also reasonable to infer that the conformation of the
mutant intermediates differs from that of the wild-type. We propose that the kinetic
unfolding data demonstrate that the I90F mutant has a longer-lived conformation accessible
to citrate binding.

The 190F mutation destabilizes the hydrophobic core of HgD-Crys, leading to increased
solvent exposure. 190F HyD-Crys is the most destabilized of the three H-yD-Crys proteins
studied, and thus it is reasonable that the sodium citrate would have the strongest stabilizing
effect. Simulations by Das and colleagues show that folding of WT HyD-Crys is nucleated
by the A and B strands in motif 4 of the C-td, which is stabilized by a non-native salt bridge
between Q135 and R142 (Das et al., 2010). Citrate stabilization of these critical charge-
charge interactions may play a role in slowing the unfolding of the perturbed hydrophobic
core of the C-td of 190F HyD-Crys. A systematic study of surface mutants of Protein L from
Streptococcal magnus demonstrated that an increase in solvent-exposed surface area
increases the stabilization effect of solvated ions (Tadeo et al., 2009). Furthermore, studies
have shown that the presence of sodium citrate slowed the unfolding of a;-Antitrypsin by
direct binding (Pearce et al., 2008). These results indicate that citrate can bind directly to p-
strands, thereby stabilizing the protein and slowing the unfolding.

To better understand the interaction of sodium citrate with folding intermediates, kinetic
refolding of HyD-Crys was studied in the presence and absence of sodium citrate. In kinetic
unfolding studies of WT and L5S HgD-Crys, presence of citrate showed no effect on the
rate of unfolding. However, in the presence of citrate, the refolding kinetics of both WT and
L5D HgD-Crys slowed dramatically. This suggests that citrate stabilizes partially folded
intermediates in the folding pathway, which slows progress to the native state. A similar
slowing of the refolding kinetics of 190F HgD-Crys is observed, further indicating that
citrate interacts with partially folded conformations.

In aggregation experiments in this study, sodium citrate demonstrated negligible effect on
rate of aggregation of WT HyD-Crys, but adding 250 mM sodium citrate considerably
slows the rate of aggregation of both L5S HyD-Crys and 190F HyD-Crys. Similar results
were reported in studies of a1-Antitrypsin, which showed that the presence of sodium citrate
slowed aggregation /n vitro (Bottomley and Tew, 2000; Pearce et al., 2008). These results
suggest that citrate may slow the rate of aggregation of destabilized or damaged proteins by
stabilizing partially unfolded conformations. If we assume that the precursor conformer in
aggregation is derived from the partially unfolded intermediate on the productive pathway,
then stabilization of partially unfolded intermediates would slow the rate of unfolding and
aggregation. A second possibility is that citrate acts directly to inhibit the aggregation
reaction without interacting with the productive intermediate. Recent studies have shown
that molecules which do not interact strongly with the protein in solution can slow
aggregation by increasing the energy required to exclude the solvent from hydrophobic
interactions in the aggregated state (Trout, 2009; Vagenende et al., 2009).

There are two different mechanisms which may explain the observed stabilization of HgD-
Crys by citrate; a global stabilization via the Hofmeister effect, or direct ion binding.
Computational models suggest that solvated ions can stabilize native protein structure by
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increasing surface tension surrounding aliphatic side chains, and stabilizing the surface
charge interaction by polarizing the first hydration shell of the protein (Baldwin, 1996; Dill
et al., 2005; Ramos and Baldwin, 2002; Tadeo et al., 2009). These effects can combine to
shift equilibrium to favor the folded state by stabilizing both surface charge interaction and
hydrophobic interaction between aliphatic side chains without direct ion binding.

However, the domain-specific effect of citrate stabilization of H-yD-Crys is not completely
explained by the Hofmeister effect. In equilibrium unfolding-refolding studies of both WT
and L5S HyD-Crys, the C-td was stabilized to a much higher degree than the N-td,
suggesting that citrate preferentially interacts with the C-td. The presence of 250 mM
sodium citrate had the same effect on the N-td of WT HyD-Crys as on the N-td of L5S
HgD-Crys, which is significantly destabilized (Table 1, 2). The presence of sodium citrate
increased the stability of the N-td of L5S HyD-Crys by 0.3 M GuHClI, and the C-td by 0.6
M GuHCI, the same effect as observed in WT HvyD-Crys. This difference may be attributed
to the increased dipole moment of the C-td, resulting in chargecharge interactions between
the C-td and citrate anions (Purkiss et al., 2007), but direct binding of citrate to a partially
unfolded conformation of the C-td cannot be excluded. Studies of the effect of ions on the
equilibrium unfolding-refolding of human serum albumin (HSA) show that the first
transition in unfolding of HSA is stabilized in the presence of 1 M potassium chloride, while
the second transition remains unaffected (Muzammil et al., 2000). Muzammil and
colleagues attribute this stabilization effect to a direct binding of the ion to the protein,
rather than interaction at protein-water interface. Protein stabilization by sodium citrate was
also observed in equilibrium unfolding studies of a.1-Antitrypsin, and these studies
concluded that the effect was the result of binding of citrate in the turn between strand A and
B, a region of the protein known for importance to stability (Pearce et al., 2008).

Our studies on the effect of sodium citrate on H-yD-Crys demonstrate that the presence of an
anion can have a profound influence on both the stability of protein in solution and the
intermediate conformations along the folding and unfolding pathways. Structural studies of
a-antitrypsin show that citrate can bind in the turn between two p-strands, which suggests
that citrate may stabilize other B-sheet proteins in a similar manner (Bottomley and Tew,
2000; Pearce et al., 2008). Evolutionary studies of the p-y-crystallin superfamily have
demonstrated that members of this family are known to bind ions, which stabilize tertiary
structure (Aravind et al., 2009; Barnwal et al., 2009). Comparative analysis of protein ion
binding sites revealed that ions bind tightly to charged amino acids buried within a
hydrophobic shell (Yamashita et al., 1990). The hydrophobic interface of HyD-Crys
contains a number of glutamine residues, and it is possible that citrate binds to these residues
at the interface between the N-td and the C-td. Citrate may also bind to charged residues that
are exposed in kinetic intermediates of HyD-Crys folding (Das et al., 2010; Flaugh et al.,
2005b; Flaugh et al., 2006). Alternatively, many studies have demonstrated that solvated
ions can strengthen hydrophobic interactions in the native state via the Hofmeister effect
(Ramos and Baldwin, 2002; Zhang and Cremer, 2006).

Slowing the progression of cataract by preventing the formation of light-scattering
aggregates is an important public health concern as life expectancy increases and the
average age of the world population rises (Abraham et al., 2006). In a recently proposed
model of cataract formation, damage to the Crystallins accumulates over time, inducing
partially unfolded conformations which aggregate and scatter light (Acosta-Sampson and
King, 2010). The stabilizing effect of sodium citrate on the unfolding of HyD-Crys may
have implications for individuals who are at risk of developing cataract. These results
demonstrate that citrate may slow the unfolding of damaged or partially unfolded
conformations by stabilizing hydrophobic interactions of buried resides that are exposed to
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solvent over time, suggesting that this ubiquitous, non-toxic small molecule may be a
possible treatment for cataract in the future.
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Figure 1.

Equilibrium Unfolding-Refolding of WT HyD-Crys. (Top) Equilibrium unfolding of WT
HyD-Crys in the absence (@) and presence (@) of 250 mM sodium citrate. (Bottom)
Equilibrium refolding of WT HyD-Crys in the absence (4) and presence (4) of 250 mM
sodium citrate.
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Figure 2.

Linear Dependence of Transition Midpoint on Concentration of Sodium Citrate. WT HyD-
Crys C-td unfolding midpoints (4») and N-td unfolding midpoints (@) plotted as a function
of concentration of sodium citrate. Midpoints were fit with linear fit for transition 1 (solid
line) and transition 2 (dashed line).
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Figure 3.
Kinetic Unfolding of WT H-yD-Crys. Sample was rapidly diluted into unfolding buffer
containing 5M GuHCI in the absence (M) and presence (@) of 250 mM sodium citrate.
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Equilibrium Unfolding-Refolding of L5S HyD-Crys. (Top) Equilibrium unfolding of L5S

HyD-Crys in the absence (@) and presence (@) of 250 mM sodium citrate. (Bottom)

Equilibrium refolding of L5S HyD-Crys in the absence (4) and presence (4) of 250 mM

sodium citrate.
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Figure 5.

Kinetic Unfolding of the N-td of L5S HyD-Crys. Sample was rapidly diluted into unfolding
buffer containing 3.5 M GuHCI in the absence (@) and presence (@) of 250 mM sodium
citrate.
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Equilibrium Unfolding-Refolding of 190F HyD-Crys. (Top) Equilibrium unfolding of 190F

HyD-Crys in the absence (@) and presence (@) of 250 mM sodium citrate. (Bottom)

Equilibrium refolding of 190F HyD-Crys in the absence (4) and presence (4) of 250 mM

sodium citrate.
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8000

10000

Kinetic Unfolding of 190F HyD-Crys. Sample was rapidly diluted into unfolding buffer
containing 3.5 M GuHCI in the absence (@) and presence (@) of 250 mM sodium citrate.
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Figure 8.

Kinetic Refolding of WT, L5S, and 190F HyD-Crys. (WT) Kinetic refolding of WT H-yD-
Crys in the absence (H) and presence (@) of 250 mM sodium citrate. (L5S) Kinetic
refolding of L5S HyD-Crys in the absence (M) and presence (@) of 250 mM sodium citrate.
(190F) Kinetic refolding of I90F HyD-Crys in the absence (M) and presence (@) of 250 mM
sodium citrate
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Table 3

Thermodynamic Parameters for Equilibrium Unfolding/Refolding and Kinetic Unfolding of L5S HyD-Crys

Equilibrium Unfolding
f my AG, AAG

100 mM Napia 1.7+0.1 55+1.2 94+21 N/A

250 MM NaCit  2.1+0.1 65+06 13412 1.2

Kinetic Unfolding

kl k2 2] t
100 mM NaP;  0.0026 + 1x1074 N/A 385+ 17 N/A
250 mM NaCit  0.0058 + 1x10™%  0.00039 + 3x10™5  173+4  2595+179

aFrom Moreau and King, 2009.
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Table 4
Half-time of Aggregation for HyD-Crys

TV TV
100 mM sodium phosphate 250 mM sodium citrate

WT 45+5s 46+10s
L5S 21+1s 46+65s
190F 34+5s 76+10s
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