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Abstract

The Ser10 to Arg mutation in mouse yB-crystallin has been associated with protein aggregation,
dense nuclear opacity and the degeneration of fiber cells in the lens core. Overexpression of

the gap junction protein, connexin 46, was found to suppress the nuclear opacity and restore
normal cell-cell contact!2, However, the molecular basis for the protein aggregation and related
downstream effects, were not evident from these studies. Here we provide a comparison of the
structures and solution properties of wild-type mouse yB-crystallin and the S10R mutant /n

vitro, and show that, even though the mutation does not directly involve cysteine residues, some
cysteines in the mutant protein are activated, leading to the enhanced formation of intermolecular
disulfide-crosslinked protein aggregates relative to the wild-type. This occurs even as the protein
structure is essentially unaltered. Thus, the primary event is enhanced protein aggregation due

to the disulfide crosslinking of the mutant protein. We suggest that these aggregates eventually
get deposited on fiber cell membranes. Since the gap junction protein, connexin 46 (Cx46) is
involved in the transport of reduced glutathione, we posit that these deposits interfere in Cx46-
mediated glutathione transport and facilitate the oxidative stress-mediated downstream changes.
Overexpression of Cx46 suppresses such oxidative aggregation. These studies provide a plausible
explanation for the protein aggregation and other changes that accompany this mutation. If indeed
cysteine oxidation is the primary event for protein aggregation also /in vivo, then the S10R mutant
mouse, which is currently available, could serve as a viable animal model for human age-onset
cataract.
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1. INTRODUCTION

In 2008, Li et al.! reported a mutant mouse with a dense nuclear cataract that they

identified as a Serl11 to Arg or S11RT mutation in the vB-crystallin gene. This is a
dominant mutation that shows 100% penetrance. Dense deposits of mutant -yB-crystallin
were observed in the inner fiber cells, while the peripheral layers were normal. Homozygous
lenses showed a dense nuclear opacity while the heterozygous lenses showed only a hazy
nuclear region. Observation of a dense nucleus correlated with an increase in calcium,
cleavage of crystallins and their aggregation. These observations led the authors to suggest
that the mutation causes the mutant protein to aggregate, and is accompanied by an increase
in calcium concentration, triggering of proteases like the calpains leading to the cleavage of
crystallins, and the degeneration of fiber cells in the lens core.

In a subsequent report these authors? further showed that the fiber-to-fiber contacts in

mature fiber cells were severely disrupted in the homozygous mice. More importantly, in
compound homozygous mutant mice (i.e., those with homozygous a.3-connexin (Cx46)
knock-in), the nuclear cataract was suppressed and near-normal cell-cell contact restored.
Along with the restoration of lens transparency and levels of calcium, the integrities of the
crystallins and fiber cells were also restored. Clearly, the overexpression of Cx46 somehow
seemed to mitigate the deleterious effects due to the S11RT mutation in yB-crystallin.

These studies led to the hypothesis? that this mutation results in protein aggregation,
cytoskeletal damage, and increased calcium concentration, and the overexpression of Cx46 —
a gap-junction protein — normalizes calcium concentration and restores transparency.

Reviewing the literature for y—crystallin mutations, readily shows that in several cataract-
associated mutations in human -y—crystallins, Arg residues are substituted with a Ser.
However, there are no prior reports of opposite cases— namely the replacement of a Ser

by an Arg, in human or mouse y—crystallins (cat-map.wustl.edu). This apparent anomaly
raised the question as to how the substitution of a polar but uncharged Ser residue with a
polar and charged residue like Arg could lead — counterintuitively — to protein aggregation?
Even more intriguing was the observation of Li et al? that overexpression of Cx46 almost
totally mitigated the effect of mutation, and restored lens transparency. These puzzling
questions prompted us to examine the S10R mutation further. The results of those studies are
presented here.

To examine the effect of replacing a Ser with an Arg, we expressed both proteins — i.e.
wild-type recombinant mouse yB-crystallin (MGB), and its S10R mutant (SlORT), and
compared their solution properties under a defined set of experimental conditions. The data

TThe notation S11RY refers to the Serine mutation at position 11 in the yB-crystallin gene, counting the N-terminal methioninel:2.
For expressed proteins, the first Met is omitted, and the mutation is referred to as S10R, which is the notation used throughout this
report.
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show that replacement of Ser10 with an Arg activates some Cys residues in the S1I0R
mutant, even though the mutation by itself does not directly involve Cys residues. Such
replacement facilitates disulfide-crosslinked protein aggregation under oxidizing conditions
in solution, relative to MGB. A bioinformatic analysis of MGB and S10R points to the
involvement of multiple Cys residues in protein aggregation. These observations led us to
suggest that — in the lens — overexpression of the gap junction protein Cx46, reverses much
of the Cys-mediated protein aggregation and related, damaging downstream effects observed
by these authors, because Cx46 enables the transport of reduced glutathione (GSH) to the
lens nucleus3.

MATERIALS AND METHODS

2.1 Protein expression and purification

cDNA construct for MGB and S10R: Starting from the plasmid for bovine yB-
crystallin® (BGB), mutations were made using the Quickchange Multi Site-Directed
Mutagenesis kit (Agilent) and the appropriate primers, to produce the plasmid for mouse
vB-crystallin. The following primers and their reverse complements were used in producing
the cDNA construct for MGB and S10R from the BGB construct. As intermediate constructs
appeared important for other investigations, we chose to undertake the lengthy process of
stepwise mutations, instead of synthesizing the cDNA construct of interest directly. Listed
below are the amino acid substitutions, and the corresponding primers used to transform the
BGB construct.

For Y6F, G10R, & H14R
5-3:CACTTTT TTC GAG GAC CGG CGC TTC CAG GGC CGC TGC TAC G
For P27T & 135V

5’-3’: CCC AAC CTG CAG ACC TAT TTC AGC CGC TGT AAC TCC GTC CGC
G

For D61E & N72S

5’-3’: GC GAG TAC CCC GAC TAC CAG CAG TGG ATG GGC TTC AGC GAC
TCC

For T85S & F88Y

5’-3": C CCG CAA CAC AGC GGC ACT TAC AGA ATG AG

For R95K

5’-3": G AGA ATC TAT GAG AAA GAT GAC TTC AGA GGA CAG ATG
For P110L

5’-3": G ATC ACA GAC GAT TGT CTC TCT CTT CAA GAC CGC

For L118F, T119S & V121l

5°-3": CAAGAC CGC TTC CAC TTC TCT GAG ATT CAC TCC CTC
For L127M & S130C
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5°-3’: CC CTT AAC GTG ATG GAG GGT TGC TGGGTC C

For M160A & L167F

5’-3": GG GGG GCA GCG AAT GCC AAAGTT GGTTCT TTC AGA CGG G
For R79C

5°-3: CCA TCC GCT CCT GCT GCC TCA TCC CGC

For G10S (i.e. WT-MGB)

5’-3’: C GAG GAC CGG AGC TTC CAG GGC C

Mutations were confirmed with sequence analysis by Eurofins Genomics. Protein expression
and purification were carried out as described below.

Procedures for protein expression and purification were almost identical to those used

for human yD-crystallin®. Briefly, £ coli (BL21 (DE3)) cells were grown at 37°C to an
absorbance of ~0.7. The protein of interest was overexpressed by induction with isopropyl
B-D-1-thiogalactopyranoside (IPTG) at a final concentration of 1 mM. Cell pellets were
lysed in a buffer containing 5 mM Tris—HCI, pH 8, 25 mM NaCl, 2 mM EDTA, 1 tablet
protease inhibitor (Complete, Roche biochemical), and lysozyme (250 ug/mL). Cells were
lysed using five cycles of a rapid freeze-thaw procedure, by rapid freezing in liquid nitrogen
and thawing in water at 30°C. The lysate was incubated with 25 pg/mL DNase (Sigma)
followed by centrifugation at 48,000 g, to collect the supernatant. The supernatant and
pellet were tested for the presence of crystallins by using SDS-PAGE. Both MGB and S10R
crystallins fractionated almost exclusively (>95%) into the supernatant.

Protein purification was carried out in two steps, first using size-exclusion chromatography,
followed by cation-exchange chromatography according to established procedures®.
Electrospray lonization Mass Spectroscopy (ESI-MS) analysis was performed as a criterion
of purity, using an Agilent 6500 series Q-TOF LC/MS System, with a Halo 12000A

C4 column. All molecular weights (MWs) determined by ESI-MS are consistent with

the “theoretical” MWs computed from the protein sequences (www.expasy.ch). Protein
concentrations were determined from the absorbance at 280 nm using molar extinction
coefficients obtained from Expasy (www.expasy.ch) (Table 1).

2.2 Gel electrophoresis and protein quantification

SDS-PAGE analyses were performed on a Bio-Rad Mini-Protean-11 gel electrophoresis
system, using 12-15% polyacrylamide gels under reducing and non-reducing conditions,
according to the protocols provided in the Bio-Rad manuals. Isoelectric focusing (IEF) runs
were made on a model 111 mini IEF apparatus from Bio-Rad. Coomassie Blue R-250 dye
and crocein scarlet were used to detect the protein bands.

2.3 Circular Dichroism and Fluorescence spectroscopy

Circular Dichroism (CD) spectra were recorded on a JASCO J-815 spectropolarimeter.
Near-UV CD spectra were measured using protein concentrations of 1 mg/mL in 100 mM
sodium phosphate buffer (pH 7.1) in a 10 mm path length cuvette. Far-UV CD spectra were
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measured using protein concentrations of 0.1 mg/mL in 10 mM sodium phosphate buffer
(pH 7.1) in a 1 mm path length cuvette. All CD measurements were collected at room
temperature using a bandwidth of 1.0 nm, a step interval of 1 nm, and a scanning speed of
50 nm/min (near-UV) or 100 nm/min (far-UV). Each CD spectrum was an average of nine
scans. All spectra were normalized with respect to protein concentration.

Tryptophan fluorescence spectra were recorded on a Horiba Jobin Yvon Fluorolog-3
spectrofluorometer using excitation at 295 nm. Emission spectra were recorded from 305
nm to 450 nm with both slits set to 5 nm. Protein samples at 0.1 mg/mL were prepared in
100 mM sodium phosphate buffer (pH 7.1).

2.4 Quantification of the thiol groups in MGB and S10R

Solutions of MGB and S10R were first reduced with 5 mM TCEP (tris (2-carboxyethyl)
phosphine) for 10 min, and the extra TCEP was washed out thoroughly with multiple
aliquots of 100 mM sodium phosphate buffer (pH 7.1) followed by centrifugation using
Amicon 10K cutoff filters. DTNB (5, 5’-dithio-bis-(2-nitrobenzoic acid) assays were
performed under native and unfolded conditions for both proteins. Reduced proteins at a
concentration of 0.1 mg/mL (5 uM) were added to a 1 mM DTNB solution with or without
6M GuHCI (guanidine hydrochloride) and incubated for 1 hr. Absorbance at 412 nm was
measured as a function of time after the addition of DTNB. The molar extinction coefficients
of the TNBZ" (2-nitro-5-thiobenzoic acid) moiety at 412 nm (14,150 M~lcm™1in 0.1 M
phosphate buffer without GUHCI, and 13,700 M~ cm™1 in buffered 6M GuHCI) were used
to estimate the number of free thiols in the unfolded and folded states respectively’ for both
proteins. For each experiment, three replicates were carried out.

2.5 Effect of biological and non-biological oxidants on protein aggregation

Reactions with each oxidant were carried out in triplicate and the values reported are the
average of the three runs.

Reaction with H,O,: To monitor H,O,-induced protein aggregation profiles, DTT-
reduced MGB and S10R samples (20 uM) were incubated with 10 mM H»0, in 100 mM
Tris-HCI buffer (pH 8.5) at 37°C. Absorbance at 360 nm was measured as a function of
time after the addition of H,O,. To check protein aggregation rates, samples withdrawn at
different time intervals were spun down and protein concentrations were measured in the
supernatants.

Reaction with oxidized glutathione (GSSG): To monitor GSSG-induced protein
aggregation profiles, DTT-reduced MGB and S10R samples (20 pM) were incubated with
15 mM GSSG in 100 mM Tris-HCI buffer (pH 8.5) at 37°C. Absorbance at 360 nm was
measured as a function of time after the addition of GSSG. To check protein aggregation
rates, samples withdrawn at 1 hr intervals were spun down and protein concentrations were
measured in the supernatants.

Reaction with diamide: To monitor diamide-induced protein aggregation profiles, DTT-
reduced MGB and S10R samples (40 uM) were reacted with 1 mM diamide in 100 mM
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sodium phosphate buffer (pH 7.1) at 37°C. Absorbance at 400 nm was measured as a
function of time after the addition of diamide. To check protein aggregation rates, samples
withdrawn at 1 hr intervals were spun down and protein concentrations were measured in the
supernatants.

2.6 Protein modeling and bioinformatics

To date, the 3D structure of MGB is not known, although the high-resolution x-ray crystal
and solution NMR structures of several y—crystallins have been determined. Therefore we
modeled the structures of MGB and S10R by homology modeling using the Phyre2 server®
for a quick assessment of the structures. For the more detailed analysis presented here,

we used the “best model or model 1” automatically-generated by the I-TASSER server®. I-
Tasser (or Zhang-server) uses an elaborate multiple template-based structure prediction. The
templates used in this case had at least a 1.7A resolution and better than 80% homology to
the target proteins (WT or S10R mutant). This gives us confidence in the accuracy of these
protein models. Our discussion of these proteins, and the reactivity of cysteines, is based
on these models. Accessibility values for the cysteines were determined using the program
NACCESS™0. Cysteine pK, values were determined using the CPIPEL, DelPhiPK,12, and
H*+ 13 servers.

To depict the predominantly hydrophobic regions as well as the acidic and basic charged
groups in Fig. 8, we used the highlighting scheme YRB proposed and implemented for
Pymol software by Hagemans et al.14.

3. RESULTS

3.1 Mouse yB-crystallin and its S10R mutant have nearly identical solution structures

MGB and S10R were expressed, purified and characterized by gel electrophoresis and
spectral methods. As shown in the IEF gel in Fig. 1, the pl values for MGB and S10R

are 7.05 and 7.3 respectively. The pl of WT-MGB found experimentally is identical to the
expected value (web.expasy.org/protparam/). Thus, MGB at pH 7 is close to its isoelectric
point and would normally be expected to show minimum solubility. The computed pl of the
S10R mutant, using web.expasy.org/protparam/ is ~ 7.6. Therefore, a Ser to Arg mutation
(or vice-versa), should result in a change of pl of about 0.6 pH units. This is the case, for
example, for the R76S mutation in human yD-crystallin (HGD®), in which the replacement
of Arg76 with a Ser lowers the pl of the mutant to 6.8 from 7.4 in WT-HGD. However, for
the S10R mutation, we observe an increase of only about 0.3 pH units, suggesting that the
positive charge in Arg10 is not fully realized and that Arg10 may be involved in additional
interactions.

With regard to their secondary and tertiary structures determined by the far-UV and
near-UV CD, and intrinsic tryptophan fluorescence (Fig. 2), the two proteins are nearly
indistinguishable.

We also compared the total number of free thiol groups in the two proteins in their native as
well as unfolded states in the presence of GUHCI, by using the DTNB assay. The number of
accessible thiol groups in the folded native state were determined to be 3.91 + 0.05 and 3.97
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+0.05 for MGB and S10R respectively, using a molar absorption coefficient of TNB2" at
412 nm of 14,150 M~ cm™1 (Fig. 3A). In the unfolded state, the number of accessible thiol
groups were estimated to be 6.92 + 0.05 and 6.98 + 0.05 for MGB and S10R respectively
using a molar absorption coefficient of TNBZ at 412 nm of 13,700 M~ cm™1 in solutions
of buffered GUHCI (Fig. 3B)’. The theoretical number of cysteines in each protein is 9.
Therefore, the DTNB assay estimates a shortfall of 2 sulfhydryls for both proteins in the
unfolded state. However, both proteins have an equal number of free thiol groups in the
folded as well as unfolded states.

At higher reaction times with DTNB (around 50-60 min), we noticed (Fig. 3C), that at 412
nm both proteins showed some precipitation which suggested possible protein aggregation
and prompted us to monitor the absorbance also at 600 nm (Fig. 3D). Surprisingly, we
found that the DTNB-treated solution of the mutant protein showed a higher rate of light
scattering at 600 nm relative to the wild-type after an initial lag period, even though both
proteins were estimated to have the same number of free thiol groups. Therefore, these
aggregation profiles at 600 nm suggested a possible, thiol-based oxidation and aggregation
behavior in both proteins - but with a clear difference in their aggregation profiles. The
mutant protein aggregates at a significantly higher rate. We note here that while DTNB, or
Ellman’s Reagent, is generally used for the quantification of the number or concentration
of free protein thiol groups?®, it is also a known “oxidizing agent” which preferentially
oxidizes cysteine, leading to the formation of either protein disulfide bonds or mixed
disulfides between protein and thiobenzoatel7:18, Thus, our data are suggestive of cysteine
oxidation-mediated protein aggregation.

To confirm whether the observed aggregation did in fact involve the oxidation of Cys
residues, we examined the protein solutions at 60 min in Fig. 3C, using SDS-PAGE in the
absence (Fig. 4A), and presence (Fig. 4B), of the reducing agent, B—mercaptoethanol. Fig.
4A clearly shows that the DTNB-reacted wild-type protein aggregates to form dimers both
in the supernatant (lane 2), and more prominently in the pellet (lane 3). In contrast, the S10R
mutant shows not only dimers but a series of higher molecular weight aggregates (lane 6) —
with these aggregates being found predominantly in the pellet. Interestingly, the dimers in
MGB and the aggregate “ladder” in S10R, both appear to be almost completely reducible
to the monomeric state (Fig. 4B). These data thus strengthen our view that the observed
protein aggregation is mediated by the oxidation of cysteine residues in both proteins,
although the rate and extent of oxidation-mediated aggregation is significantly enhanced in
the cataract-associated S10R mutant.

These findings were highly intriguing in light of the fact that the Ser to Arg mutation has

no direct nvolvement of Cys residues. However, we also questioned whether the findings
could be an anomaly of the reaction of a non-biological oxidant such as DTNB with the
proteins. To address this issue, we reacted both proteins with two biologically relevant
oxidants (hydrogen peroxide and glutathione), as well as a second non-biological oxidant,
diamide, which was included for additional confirmation of the oxidation-mediated effects
(Fig. 5C). Diamide is also commonly used as a thiol-specific reagent in cell biology°. These
data are shown in Fig. 5A, B & C.
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3.2 Oxidation with H,O-

Fig. 5A shows the effect of H,O, on the light scattering profiles of MGB and S10R. When
oxidized with H,O, both proteins show increased light scattering at 360 nm, but scattering
from the mutant is higher (red open circles) than that of MGB (black solid circles). S10R
also shows a higher accumulation of insoluble protein aggregates (red open squares), and
consequently, a lower concentration of soluble protein remaining in the supernatant relative
to MGB (black solid squares). Thus, a pattern consistent with that due to DTNB emerges
also with the biologically relevant oxidant, H,O,. After about 2 and 4 hrs of reaction with
H»0,, the number of free thiols in both proteins was estimated using the DTNB assay. Both
show a reduction of about 2 + 0.5 free thiols after 2 hr, and 3 = 0.5 free thiols after 4 hr of
reaction relative to the controls (7 £ 0.5), at the start of the reaction (0 hr). It is thus evident
that, S10R, upon oxidation with H,O,, shows a higher propensity to aggregate than MGB,
although the loss of thiol groups in both proteins is comparable.

3.3 Oxidation with GSSG

Because glutathione plays a key role in redox processes in the lens, we selected oxidized
glutathione (GSSG) as our next biological oxidizing agent (Fig. 5B). Not surprisingly,
the trends observed with DTNB and H,0, are maintained also with oxidized glutathione
for both proteins with regard to light scattering as well as protein concentration in the
supernatant (Fig. 5B). Reaction with GSSG leads to a more rapid aggregation of SI0R
relative to MGB, again as revealed by the greater increase in Azgg. This is consistent with
the larger drop in soluble protein concentration of S10R in the supernatant.

3.4 Oxidation with Diamide

Diamide has been used?C to examine the reactive cysteine residues in human yD-crystallin.
Therefore, this non-biological oxidant was a logical choice to examine the effect on MGB
and S10R to determine if the trends observed thus far were maintained with diamide.
Because diamide has a broad A, around 360 nm, the aggregation profile was monitored at
400 nm instead. As shown in Fig. 5C, the trends observed with the other three reagents are
indeed maintained also with diamide — and are consistent with the aggregation behavior seen
previously, although the difference in aggregation is smaller.

3.5 Cysteine oxidation is directly responsible for the protein aggregation

To confirm that the three oxidants, H,O,, GSSG and diamide directly affect the cysteine
thiols, we performed an SDS-PAGE analysis in the absence and presence of the reducing
agent dithiothreitol (DTT, Fig. 6). The data clearly show that the “ladder of aggregates” seen
in the absence of DTT, are reduced to monomers in the presence of the reducing agent.
Interestingly however, the distinction between MGB and S10R in the extent of aggregation
was not so obvious on the SDS gel in Fig. 6, unlike in the Asgg/A4qp Solution assays (Figs.
5A-C), where they are clearly visible.

3.6 Comparison of the effects of oxidants

Thus, it is apparent from the above data that all four oxidants - both biologically relevant and
non-biological - lead to an increase in disulfide-crosslinked protein aggregates, evidenced
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by the increase in light scattering around 360-400 nm. S10R consistently shows a higher
magnitude of oxidation and higher yield of aggregates as well as enhanced light scattering
relative to MGB. In comparing the results of oxidation by the two non-biological reagents,
DTNB and diamide, it is apparent that oxidation with DTNB results in the largest magnitude
of difference between the two proteins, while diamide shows the smallest change. This
difference is likely to be a result of the disulfide in DTNB being relatively weak?!, which
makes it a better oxidizing agent for protein thiols. The DTNB reaction with thiols is driven
thermodynamically to completion (e.g., mixed disulfide formation for all available cysteines
in the target protein), — making DTNB the first choice for quantifying protein thiols’.
Diamide, by contrast, does not oxidize all available cysteine residues in proteins?2, and the
reaction is not -SH-SS exchange based. We used diamide with MGB and S10R because it
has been shown to oxidize human -yD-crystallin leading to the formation of both /nfra- and
inter-molecular disulfide bonds2°. We suggest that this may also be the case here.

3.7.1 Structural model of the S10R mutant and generation of a hydrophobic
patch on the protein surface—To date, the 3D structure of MGB is not known.
Therefore, we modeled the structures of MGB (not shown) and S10R (Fig. 7) as detailed
in Materials and Methods. We reviewed these models and found that Arg10 in the mutant
could help create a contiguous hydrophobic patch (Fig. 8), using the color schemes for
hydrophobic regions, and acidic and basic charged groups according to Hagemans et

al.1*. In the Discussion section, we suggest how the S10R mutation creates a contiguous
hydrophobic patch on the protein surface that could facilitate aggregation and enhance
membrane binding relative to MGB.

3.7.2 Bioinformatics analysis of the reactivities of cysteine residues—Using
our structural models (Fig. 7), we calculated the reactivities of all 9 Cys residues in MGB

and S10R using bioinformatics tools as stated in Materials and Methods (section 2.6). The
results of our bioinformatics analysis are presented in Table—2 and discussed in section 4.1.

4. DISCUSSION

Biologically relevant oxidants:

Oxidation with GSSG and H,0, are of direct relevance to lens biochemistry. Reduced
glutathione (GSH), plays a protective role in the lens, and the binding of two or three

GSH molecules to the Cys residues of bovine yB-crystallin (BGB) has been shown?3,

The effects of its oxidized form, GSSG, and H,0, however, are just the opposite?4. Thus,
depletion of GSH, and accumulation of GSSG are associated with oxidation of lens proteins
and cataract?>. GSSG forms adducts oxidatively with the y—crystallins leading to the
formation of both /ntra- and inter-molecular disulfide crosslinks and protein aggregation.
Such disulfide-crosslinked aggregation of the y—crystallins can occur even as a result of
aerial oxidation, as we showed previously in BGB2%, and suggested that Cys15 is most likely
to be one of the several cysteines involved. Since MGB has an 89% sequence identity with
BGB whose 3D x-ray crystal structure is known to a very high resolution [Pdb ID 4gcr], it is
reasonable to expect that similar oxidation-mediated effects would prevail also in MGB.
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Unlike GSSG, H,05 is a non-specific oxidizing agent, and besides thiols, can potentially
oxidize other amino acids?”. There is some evidence that it mainly oxidizes thiols in
crystallins?8. However, irrespective of the mechanisms of oxidation, both H,O5 and
GSSG eventually lead to oxidized crystallins which form protein aggregates. Under our
experimental conditions, it is apparent from SDS-PAGES analysis (Figs. 4 & 6) that
protein aggregates formed by such oxidation are S-S linked and are clearly reducible to
the monomeric form.

Oxidation of cysteine thiols in the lens proteins and their relationship to cataract formation
was noted as early as the 1950s2°. The y—crystallins have a high thiol content, and these
thiols, along with small molecule thiols such as GSH maintain a reducing environment in
the lens nucleus3, and perhaps in other cellular environments!®. Such an environment is
clearly crucial in preventing oxidative damage and nuclear cataract. A vivid example of its
importance is apparent in the treatment of human patients with hyperbaric oxygen which
leads to the development of distinct nuclear opacities, along with severely reduced levels of
GSH in the lens nucleus31:32,

MGB has one of the highest cysteine contents among the y—crystallins, (9 out of a total of
174 residues), and also contains the C(15)XXC(18)33, and a C(18)XXXC(22)3* motifs. The
former has been frequently cited as important in the redox functions of many proteins, and
the latter has occasionally been invoked in defining such a function. Thus, it is reasonable to
expect that the increasing oxidation of Cys thiols as we have observed in the S10R mutant,
would compromise the reducing atmosphere in the lens nucleus®, and be detrimental to
maintaining the redox balance in the nucleus3® and for nuclear transparency.

Our data clearly highlight how a missense mutation at a site not involving a Cys residue,

can activate multiple Cys residues in the protein — even as the mutant protein is structurally
indistinguishable from the wild type. To understand how individual Cys reactivities may

be altered by the S10R mutation and render them susceptible to oxidation, we turned to
bioinformatics tools. Since the 3D-structural information for MGB is not available, we
modeled the structures of MGB and S10R (Fig. 7) and calculated the reactivities of all 9 Cys
residues. The results of our bioinformatics analysis are presented in Table-2 (section 4.1).

4.1 Reactivity of cysteine residues: A bioinformatics-derived analysis

In general, the reactivities of cysteine residues in proteins depend on their solvent
accessibilities and microenvironments. Typically, these microenvironments consist of H-
bonding networks which establish the pK, values of the thiol groups, and the local polar
and/or hydrophobic environments which further influence individual pK;, values. Taking this
into account, we have examined in detail whether the solvent accessibilities of individual
Cys residues and/or their pK;, values are altered following the mutation of Ser10 in MGB

SWe noticed that, in our SDS-PAGE runs, the oxidized protein monomers typically appear to have lower apparent molecular weights
than the reduced proteins, and most bands are smeared rather than discrete. Such anomalously low protein bands on SDS-PAGE gels
have been seen also in other proteins36l37, especially those high in cysteine content like MGB. The common explanation is that
intramolecular disulfide crosslinks lead to multiple conformations (thereby causing fuzziness or smearing), and an apparent, lower size
leading to higher mobility36v37. The fact that these are multiple forms of the same protein is confirmed by their reduction to a single
band when treated with a reducing agent (Figs 4 & 6).

Proteins. Author manuscript; available in PMC 2023 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hou et al.

Page 11

(Table-2), even though the structural models, and experimental spectral signatures of the
structures of MGB and S10R are nearly identical.

The solvent accessibilities and computed pK, values of all nine Cys residues are listed

in Table—2. Our models show that Cys32 and Cys78 are totally buried and Cys109 is
almost fully buried in both proteins. Therefore, according to our criteria, they are not
predicted to be involved in oxidation-mediated aggregation in either protein. Cys18 has
comparable accessibility and pK, values, and Cys 15 is fairly solvent-accessible, and also
has comparable pK, values in both proteins, and hence, their reactivities are expected to be
comparable in MGB and S10R.

Cys22 is totally buried in the mutant, but fairly accessible in MGB (Sy accessibility 14
A2), and their pK, values are comparable. Thus, based on accessibility values alone, Cys22
Is likely to be slightly reactive in the wild type but unreactive in the mutant. Cys130

is marginally accessible (accessibility 5.2 A2) in the wild-type relative to the mutant
(accessibility 0.18 A2) but given that its pK is nearly 3 pH units higher than that in

S10R, it cannot be activated in MGB. Therefore, despite its limited exposure in S10R, the
much lower pK, of Cys130 would render it far more reactive in the mutant. Interestingly,
Cys 41 meets both criteria in S10R —i.e., higher solvent accessibility and a pK; which is
almost 2 pH units lower than in MGB. Thus, the combined effect of a lower pK; and higher
accessibility would make Cys41 more reactive in S10R than in MGB. Finally, Cys79, with
a significantly higher solvent accessibility in S10R, is predicted to exhibit higher reactivity
despite a comparable pKj in the wild type.

We conclude that, the surface localized Cys 15 is reactive in both MGB and S10R. Cys 22
is likely to be more reactive in the wild-type due to its accessibility, and Cys 79 and Cys
130 would be more so in the mutant based on accessibility alone (Cys 79), and pK, alone
(Cys 130). However, Cys 41 stands out in the mutant because of the combined effects of
its significantly lowered pK, and enhanced accessibility. Overall, the active Cys residues in
the wild type are predicted to be Cys 15 and 22, and those in the mutant are Cys15, 41,

79 and 130, by our bioinformatics analysis. We recognize that our analysis does not take
into account protein structural fluctuations or dynamics, which is an important, additional
component of reactivity. If such fluctuations enhance the exposure of Cys 130 in S10R,
which already has a low pK, the combined effect will clearly enhance its reactivity and
also the overall reactivity of the mutant protein. Because several servers currently provide
pKj values, the absolute numerical values obtained from them vary considerably, but the
differences in pK, values for individual cysteines in MGB and S10R are quite close. While
we have mainly used the CPIPE server!!, we have also used the DelPhiPKal2 and the H**
servers13 to compare pKj, values. Thus, our bioinformatics analysis provides a plausible
basis for cysteine activation and oxidation — even though as stated above — the mutation
itself does not involve a Cys residue and the solution structures of the two proteins are
nearly identical. Our bioinformatics analysis simply suggests how certain Cys residues
may be rendered more reactive in the mutant relative to the wild type, based on their
solvent accessibilities and microenvironments. A definitive identification of the Cys residues
involved in disulfide formation is ongoing38, and is beyond the scope of this report.
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Our in vitro work only demonstrates the observed effects in a homogeneous solution of

a single protein, but the concentration of protein thiols is significantly higher in the lens
nucleus. In that milieu, the introduction of readily oxidizable Cys residues from S10R can
lead to heterogeneous intermolecular disulfides (i.e., among different proteins). Aggregation
of the y—crystallins, due to intermolecular disulfides is well known, and has long been cited
in the etiology of cataract>3%40, Spurious intermolecular disulfides are also known to be
involved in other diseases besides cataract#1:42,

The S10R mutation generates a hydrophobic patch on the protein surface

The S10R mutation creates an arginine-pair motif (R°R19), similar to those found frequently
in proteins, and believed to afford stability to protein structures*3. These motifs are

also known to create local hydrophobic patches that help the proteins to aggregate on
cell-membrane surfaces*4. The side chain of Arg residues consist of delocalized charged
guanidinium head and an aliphatic hydrophobic tail, consisting of C and Cy atoms.

While the interactions of the charged head group often result in unexpected hydrophobic
interactions, the hydrophobic tails also contribute to such interactions, although they

also - counterintuitively - appear to play a major role in preventing peptide and protein
aggregation?®. Notwithstanding the ambiguous and unpredictable behavior of arginine
clusters in proteins, it is clear that when they helps create hydrophobic surface patches,

they render the surface interactive, facilitating protein aggregation and membrane-binding*®,
as discussed below.

We have tried to pictorially depict the putative hydrophobic patch due to the S10R mutation
(Fig. 8) based on the color representation provided in Hagemans et al.,14. However, we
recognize that to substantively define a hydrophobic patch one would need to take several
other factors into account*®. Fig. 8 clearly shows how the Arg10 side chain, inserted
between Arg9, Asp8 and GIn12, completes a hydrophobic patch on the one hand, and on

the other connects with another patch consisting of Phe6, Phell, Glu61, and Arg36, and
extends further to include Pro63 and Tyr62 (Fig. 8A & Table — 3). Introduction of Arg10 in
the mutant leads to a much larger contiguous hydrophobic surface patch, with a potential to
enhance protein aggregation and membrane binding observed by Li et all. Such a contiguous
patch is not realized in MGB (Fig. 8C, D). While this is one plausible mechanism to explain
protein deposits along the cell membrane, alternative mechanisms may be operational — such
as ionic and chemical interactions with the cell membrane that would facilitate binding of
the aggregated mutant protein to the membrane.

We should state that, experimentally we did not find a significant increase in hydrophobicity
in S10R relative to MGB as measured by ANS and bis-ANS binding (data not shown).
However, such small local changes in surface hydrophobicity may be difficult to detect by
this method.

4.3 Effect of the overexpression of Cx46

The Gong group-2 also showed that, to a large extent, overexpression of Cx46 restores lens
transparency in the S10R mutant mice. A significant question — still outstanding — is how the
overexpression of Cx46 restores transparency in the mutant mouse lens nucleus?
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These authors have also shown that protein aggregation in the mutant mouse lens is
accompanied by the depletion of Cx46 followed by the disruption of the membrane-
cytoskeleton structure of inner fiber cells1#7:48, We suggest that as a result of the S10R
mutation, the Cys-activation and oxidation-mediated protein aggregates bind to the fiber
cell membrane via hydrophobic or other interactions and block the gap junction channels
containing the connexins. Many of thesel:2 and similar effects following protein aggregation
have been seen in other cases. For example, in the rat model of selenite cataract, insoluble
protein aggregates were shown to correlate with the loss of cytoskeletal proteins®. Protein
aggregates in the lens are also known to lead to the degradation of lens fiber cells®,

Taken together these observations support our view that the primary event in cataract
formation in the S10R mouse is oxidation-mediated protein aggregation, and that all
other changes observed — such as the gradual disruption of lens microarchitecture®! — are
downstream events.

We now consider the question of how transparency is restored following the overexpression
of Cx46. Since GSH is not produced in the lens nucleus, it must be transported through

the epithelial cells and lens cortex, or through the vitreous humor®2. The supply of GSH is
critical to maintaining the reducing environment in the nucleus. The GSH concentration is
6 mM, for example, in the normal, young human lens, but decreases in aged or cataractous
lenses25:5354_ |t follows that depletion of GSH — possibly arising from the loss of its
transport through the disrupted fiber cell contacts in the SIOR mouse — would render the
proteins more susceptible to oxidative stress.

It has been shown that Cx46, whether in the gap junctions® or in hemichannels®® acts
precisely to deliver GSH from the cortex to the nucleus. Therefore, it is reasonable to
surmise that the excess supply of GSH to the nucleus generated by the overexpression

of Cx46, would ameliorate the effect of cysteine oxidation and subsequent formation of
light-scattering protein aggregates. We suggest that this in fact, may be the most important
function of Cx46 in the lens — i.e., to maintain the essential, reducing environment in the
nucleus by ensuring a steady influx of glutathione — the primary antioxidant in the lens. Our
conclusions regarding the role of the overexpression of Cx46 are based on the findings of
other laboratories.

As our data strongly point to a Cys-mediated oxidative insult mechanism for the nuclear
cataract in the SI0R mutant mouse, we can argue how this could relate to human
age-onset cataract (ARC). With few exceptions®6:57, the various animal models of ARC
currently available do not strictly resemble its progression, metabolite composition, or the
phenotype®’. Therefore, better animal models are needed to test intervention strategies to
delay or prevent ARC58 .The S10R mouse model meets two important criteria: 1) The lens
nucleus is depleted in GSH, and 2) the opacity seems restricted to the nucleus. Since the
lens opacity in these mice seems primarily due to a failure of the redox apparatus — as it
appears from our findings /n7 vitro— we suggest that these mice could very well serve as
appropriate animal models for ARC in which oxidative insult is a dominant mechanism.
These mice are currently available at JAX (The Jackson Laboratory, B6.A-Crygb>1RBoc),
Strain #:003838, RRID: IMSR_JAX:003838)).
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5. CONCLUDING REMARKS

Our study provides a plausible mechanism and explanation for the two key findings of Gong
and coworkers: (i) nuclear cataract due to the S10R mutation in a mouse -y—crystallin, and
(ii) the restoration of lens transparency by the overexpression of connexin Cx46. The main
result from our work is that the primary cataractous event due to the mutation is protein thiol
activation and oxidation, followed by protein aggregation. Other downstream changes are
likely to follow eventually. We propose that overexpression of Cx46 restores transparency
by replenishing the supply of reduced glutathione, thereby restoring the redox balance in the
nucleus. Furthermore, we suggest that the SIOR mouse could serve as a viable animal model
for human age-onset cataract in which oxidative stress is the dominant risk factor for nuclear
cataract.

Supplementary Material
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HIGHLIGHTS

The Ser10 to Arg mutation in mouse yB-crystallin leads to the activation of
Cys residues without significant conformational change in the protein

Under oxidizing conditions, activated Cys residues form intermolecular
disulfide-crosslinked protein aggregates and lead to further downstream
effects

This work suggests a plausible explanation for the restoration of lens
transparency following overexpression of connexin Cx46
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Fig. 1: A representative IEF gel showing the pl values of MGB and S10R.
pl values correspond to the prominent single bands on the IEF gel run in the presence of

DTT. Based on three replicates of IEF, the pl values of MGB and S10R are estimated to be
7.05 £ 0.05 and 7.3 = 0.1 respectively.
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Figure 3: DTNB assay of WT and S10R.
(A) 0.1 mg/ml (5 puM) protein with 1 mM DTNB in mM phosphate buffer in the absence

of GUHCI. (B) 0.1 mg/ml (5 uM) protein with 1 mM DTNB in mM phosphate buffer in

the presence of GUHCI. (C) and (D) 0.2 mg/ml (10 uM) protein with 2 mM DTNB in mM
phosphate buffer in the absence of GUHCI. Scattering at 412nm was first observed after the
addition of 2 mM DTNB (C). Then scattering at 600 nm was measured as a function of time
after the addition of DTNB (D). Each experiment was run in triplicate.
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Figure 4: A representative SDS-PAGE of the DTNB-induced aggregation of proteins under (A)
Nonreducing and (B) reducing conditions.

(A) Protein samples at 60 min time point from the DTNB assay were spun down and the
supernatant and pellet were analyzed by SDS-PAGE in the absence of p-mercaptoethanol.
Lane 1, MGB control; lane 2, MGB-DTNB supernatant; lane 3, MGB-DTNB pellet;

lane 4, S10R control; lane 5, SLOR-DTNB supernatant; lane 6, SIO0R-DTNB pellet (B)
Protein samples at the end of the DTNB assay analyzed by SDS-PAGE in the presence

of B-mercaptoethanol. Lane 1, MGB control; lane 2, MGB-DTNB product; lane 3, S10R
control; lane 4, SI0R-DTNB product.
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Figure 5: Effect of oxidizing agents on protein aggregation.
A) H,0,: 20 uM of each protein was incubated with 10 mM H»O, in 100 mM Tris-HCI

buffer, pH 8.5 at 37°C. Absorbance at 360 nm was measured as a function of time after

the addition of oxidant. Samples withdrawn at different time intervals were spun down

65
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and protein concentration in the supernatant was measured. Data are the average of three
experiments. B) GSSG: 20 uM of each protein was incubated with 15 mM GSSG in 100
mM Tris-HCI buffer (pH 8.5) at 37°C. A3go Was measured as a function of time. Samples
withdrawn at 1 hr intervals were spun down and protein concentration in the supernatant
was measured. The supernatant was first dialyzed three times until the GSSG concentration

was significantly lowered, and the last filtrate was used as a blank to measure A280 in

the supernatant. Data are the average of three experiments. C) Diamide: 40 pM of each
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protein was incubated with 1 mM diamide in 100 mM sodium phosphate buffer (pH 7.1)

at 37°C. Absorbance at 400 nm was measured as a function of time after the addition of
oxidant. Samples withdrawn at 1 hr intervals were spun down and protein concentration

in the supernatant was measured. The supernatant was first dialyzed until the diamide
concentration was less than 10 uM, and the last filtrate was used as a blank to measure

Aogg in the supernatant. Data are the average of two experiments. A), B), Solid circles,
MGB (Aszgg); open circles, S1I0R (Aszgg); solid squares, MGB (% protein concentration in
supernatant); open squares, S10R (% protein concentration in supernatant). C), Solid circles,
MGB (A4q0); open circles, S1I0R (A4qg); solid squares, MGB (% protein concentration in
supernatant); open squares, S10R (% protein concentration in supernatant).
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Figure 6: SDS-PAGE of MGB and S10R after reaction with the three oxidants, diamide, H,O»
and GSSG, in the absence and presence of DTT.

Following the reactions, whole samples were solubilized in 5% SDS and analyzed. Lane 1,
MGB without DTT; lane 2, S10R without DTT; lane 3, MGB with DTT; lane 4, S10R with
DTT.
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Fig. 7: Structural model of the S10R mutant.
Model shows the Cys residues in yellow and Arg10 in blue. Figure generated using the

Chimera 1.13.1 software (Pettersen et al., 2004). (See Materials and Methods for additional
details).
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Figure 8:
(A): Structural model of the S1I0R mutant. A color-scheme denoting hydrophobic atoms

as yellow, and positive and negative charges as blue and red respectively is used. Only
residues within 10A of the Ca of Arg10 are displayed. Hydrophobic atoms in Arg10 bridge
those in Arg9, Asp8 and GIn12; they also connect the hydrophobic atoms of Phe6, Phell,
Arg36 and Glu6l. Thus, an almost contiguous hydrophobic patch consisting of these side
chains, as well as those Trp67 and Tyr62 are created. Dotted lines and numbers (in A)
represent distances between various atoms, as shown. (B) Surface representation of the
structure of S10R in (A). Contribution of the side chain of Arg10 is shown as a black
rectangle. (C) Structural model of WT-MGB. Only residues within 10A of the Ca of
Ser10 are shown in almost the same orientation as in (A) for comparison. (D) Surface

Proteins. Author manuscript; available in PMC 2023 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hou et al.

Page 28

representation of the structure of MGB in (C). A comparison with (B) shows what we
describe as a contiguous hydrophobic patch in (B), as opposed to distinct hydrophobic atoms
intermingled with charged atoms here. The color schemes in Fig. 8 (A, B, C and D) are
according to Hagemans et all4., “A script to highlight hydrophobicity and charge on protein
surfaces”, Front Mol Biosci. 2015;2:56. See main text for additional details.
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Table - |
Protein Molecular Weights (MW) and molar extinction coefficients: MGB, mouse yB-crystallin, S10R, Ser10
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to Arg mutant of MGB

Proteins | Theoretical MW (Da) | Experimental MW (Da) | Molar extinction coefficients (M1 cm™)
MGB 20,954.53 20,954.93 £ 0.05 44,350
S10R 21,023.63 21,024.22 £0.03 44,350
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Comparison of the Sy accessibilities and pKj, values of Cys residues of MGB & S10R.

Table — Il

MGB

S10R

Residue no.  Accessibility Sy (A2  pKa

Cys15

§Cy518

§Cy522

§Cys32

Cys4l

§Cys78

Cys79
Cys109
Cys130

48.82
3.76

13.96

0.00

0.03
0.00

1.68
0.46
5.19

8.34
6.97

7.23

6.58

10.26
7.50

10.29
7.33
8.45

Accessibility Sy (A?)
51.14
3.03
0.00
0.0

6.18
0.00

17.95
0.64
0.18

8.74
6.66

7.58

6.60

8.27
7.54

10.16
6.36
5.15

Solvent accessibility of Sy was determined using the NACCESS software and is expressed as (AZ).

Page 30

§pKa values of Cys18, Cys22, Cys32 and Cys78 were determined using the DelPhiPKg webserver. All other pKg values were determined using the

CPIPE webserver.
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Area of accessibility (A2) of exposed atoms of residues as shown in Fig. 8.A for S10R.

Table - 11l

R9
D8

R10
Q12
F6

F11
R36
E61
P63
Y62

CB (2.57), Cy (23.30)

CP (12.11)

CB (10.36), Cy (16.90)

CB (8.64), Cy (11.71)

CZ (9.11), CD2 (0.86), CE2 (14.60)

CP (7.81), CD2 (8.78), CE2 (6.90), CZ (1.27)
CPB (3.42)

CP (12.28), Cy (13.40)

CB (14.74), Cy (37.86)

CD1 (0.03), CE1 (3.36), CD2 (0.10), CE2 (3.95)

Page 31

Atomic accessibility was computed using NACCESS software (see main text), only non-zero values are shown. Residue R10 is highlighted. Its

exposed hydrophobic atoms contribute ~27.3 AZ in surface area
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