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Abstract

A high concentration of soluble crystallins in the eye lenses ensures transparency and maintains
vision acuity. Evolution selected special amino acids that promote high refractive power in
crystallins. Due to the aromaticity and the hydrophobic, redox-sensitive natures of these residues,
they are mostly buried in the core of crystallins. This not only maintains the stability and folding of
crystallins, but also protects the residues from hydrophobic interactions that cause protein unfolding,
phase separation, and aggregation. Stress responses including the formation of disulfide bonds, S-
glutathionylation, deamidation, and domain swapping can cause structural frustration and
conformational changes that expose these buried residues. The indole ring of melatonin is attached
to two unique side groups that support the scavenging of multiple reactive oxygen species via the
formation of potent metabolites in the free radical scavenging cascade. The amphiphilic nature of
melatonin allows binding to water molecules via hydrogen bonding and hydrophobic residues via
van der Waals forces and other noncovalent hydrophobic interactions. When the indole of melatonin
stacks with the adenosine moiety of ATP, their combined dipole moments can significantly increase
the strength of van der Waals forces, hydrogen bond, and m-cation interactions. This allows
melatonin to effectively shield exposed hydrophobic residues from the hydrophobic effect,
preventing hydrophobic collapse and molecular crowding that can cause phase separation and
aggregation. The ability of melatonin to change its conformation, enabled by its flexible side chain
with rotatable bonds, further amplifies its potential in the regulation of phase separation via
enhanced protein interactions. Melatonin may be the ideal candidate that maintains crystallin redox
balance to prevent irreversible phase separation and aggregation in cataractogenesis.

Keywords: melatonin indole ring; crystallins; phase separation; critical solution temperature;
disulfide bond; glutathione; Greek key motif; van der Waals forces; hydrophobic effect; adenosine
triphosphate

1. Introduction

The high concentration of transparent, multifunctional, refractive crystallin proteins in the eye
lens not only ensures transparency and flexibility of the lens but also generates a high refractive
power that promotes vision acuity [1,2]. Cataractogenesis in humans is inevitable during the natural
aging process. The formation of cataracts results in the loss of optical acuity, contrast sensitivity, and
uncorrected refractive error, all of which can contribute to blindness and vision impairment in adults
aged 50 years and older [3,4]. A systematic review and meta-analysis of 137 global and regional
population studies published between 2000 to 2020 on blindness (presenting visual acuity <3/60) and
severe vision impairment (presenting visual acuity < 6/18, > 3/60) reported that in 2020, 17.1 and 83.48
million people > 50 years (95% UI) were blind or exhibited severe vision impairment due to cataracts,
respectively [5]. It is estimated that the burdens of cataracts associated with health and economic
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consequences will continue to rise as a result of the increasing global aging population [6]. The
aberrant aggregation of lens crystallin proteins is believed to be the major cause of cataracts [1,7,8].

During the lifetime of lens maturation and aging, the lens epithelial cells elongate and
differentiate into new fiber cells devoid of nuclei and mitochondria that overlay existing ones, where
oldest fibers are located at the center of the lens [9]. As a result of the lack of turnover of lens fiber
cells, long-lived «,  and vy-crystallins must be able to maintain soluble, functional conformations
throughout the lifetime of the organism [1,10]. In order to focus light onto the retina to transmit a
sharp, clear image, the lens must maintain transparency and a high refractive power. The refractive
index gradient, which increases from the periphery to the nucleus of the lens, allows precise control
of image acuity [11]. The nucleus of vertebrate lenses consists mainly of extremely soluble y-
crystallins. The high refractive index increment of y-crystallins is the result of a unique combination
of aromatic and sulfur-containing amino acids that exhibit high polarizability and refractive index
increment, including tryptophan (Trp), phenylalanine (Phe), tyrosine (Tyr), histidine (His), cysteine
(Cys), arginine (Arg), and methionine (Met). Whereas, many species of fish with increased
requirement for refractive power due to their optically ineffective cornea under water have totally
eliminated amino acids with low refractivity such as alanine, lysine, and/or threonine from their lens
v-crystallins [12]. Accordingly, the non-uniform distribution of y-crystallins, responsible for the
maintenance of this refractive index gradient, differs from species to species. In the mammalian lens,
the difference in concentration gradient is approximately 100-250 mg/mL between the cortex (200-
350 mg/mL) and the nucleus (400-450 mg/mL) [13,14]. Whereas, the y-crystallin concentration in fish
often exceeds 850 mg/mL, with peak values at ~1,120 mg/mL to support the acute refractive power
requirements in aquatic environments [15-17]. Aging, exogenous and endogenous stress can cause
the irreversible aggregation of B/y-crystallins. Changes in protein conformation causes deviations in
the structural order and precise packing of lens crystallins that alter the refractive index gradient,
scattering light, causing opacity, and the eventual formation of cataracts [1,18].

This review will examine relevant molecular interactions and biochemical modulations that
result in irreversible phase separation and aggregation of [/y-crystallins. Importantly, the
antioxidant-dependent and -independent mechanisms employed by melatonin in the regulation of
[/y-crystallin redox chemistry, phase separation, as well as the attenuation of irreversible aggregates
responsible for the formation of cataracts will be thoroughly investigated (Figure 1).
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Figure 1. Schematic illustration of the antioxidant-dependent and antioxidant-independent features of
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melatonin in the maintenance of lens transparency by preventing irreversible crystallin phase separation and

aggregation.
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2. Cold Cataracts: The Epitome of p/y-Crystallin Phase Separation

Phase separation is understood to be an evolutionarily conserved, thermodynamic process that
is fundamental for maintaining biological processes in all living organisms [19,20]. In biological
systems, phase separation describes a physical phenomenon where a homogeneous mixture
separates into two or more distinct, inhomogeneous phases [21]. The spontaneous self-assembly of
these micron-scale, membraneless biomolecular condensates (BCs) enable the reversible
compartmentalization of specific proteins and nucleic acids. In essence, phase separation creates
versatile microenvironments that facilitate energy-efficient biochemical reactions and the
organization of cellular information to ensure cellular function and survival under physiological and
stressful conditions [22-24]. The multivalent molecular interactions that drive phase separation
include hydrogen bonding, electrostatic interactions, and hydrophobic interactions [25]; while -1t
stacking and other weak, non-covalent interactions can contribute to binding affinity and enhance
the overall multivalency to promote phase separation [26,27]. Importantly, the intrinsically
disordered regions (IDRs) and low complexity domains (LCDs) of proteins are easily affected by
changes in temperature, ion concentration, and pH. Subsequent alterations in the solubility,
interactions, and overall behavior of IDPs and LCDs as a result of these changes can dynamically
affect their ability to activate or modulate BC formation and dissolution [28-31].

Cold cataracts—experimentally defined by Zigman and Lerman in 1965—is a reversible, stress
response mechanism that employs phase separation of crystallin proteins to protect the lens during
cold exposure [32,33]. When exposed to cold temperatures, eye lenses of mammals, including pigs (4
°C) [34], cows (11.7 °C) [35], rats (25 °C—4 °C) [36], and hibernating ground squirrels (4 °C) [37], turn
opaque but become transparent again upon rewarming. It is possible that controlled phase-
separation of crystallin proteins effectively prevents the irreversible aggregation or misfolding of
proteins that could occur in extreme cold. Conceivably, the formation of cold cataracts safeguards the
optical properties of the lens until the ambient temperature rises again [34]. In contrast, lenses of cold-
blooded fish can withstand temperatures 10 to 40 °C lower than those for mammals [38]; while lenses
of unique cold-adapted species such as the Dissostichus mawsoni Antarctic toothfish can retain
transparency between -1.9 °C to -12 °C [39].

During the formation of reversible cold cataracts, the high concentration of y-crystallins in the
nucleus and cortex of mammalian lens phase separate into distinct, dense protein-rich and dilute
protein-poor phases. This reduces the refractive power of the lens, resulting in light-scattering and
opacity that are commonly observed in nuclear cataracts that develop during aging of the lens [34].
Since phase separation, and not protein unfolding, is largely responsible for the opacity in lenses
exposed to cold temperatures, the study of cold cataracts becomes relevant for understanding how
aberrant phase separation of crystallins can promote the formation of irreversible cataracts. Unlike
cold-blooded, ectothermic animals, warm-blooded mammals maintain stable core body temperatures
via thermoregulation [40]. Consequently, even when the external temperature is significantly
reduced, in vivo mammalian lenses under homeostatic conditions can be maintained at temperatures
where crystallins remain miscible and transparent. Conversely, cold cataracts in lenses of hibernators
develop when their core body temperatures drop dramatically, often to below 0 °C [41]. Nevertheless,
stress from endogenous and exogenous sources, biochemical modulation, and post-translational
modifications (PTMs) can modify the redox chemistry of 3/y-crystallin proteins. This changes the
critical solution temperatures of proteins and leads to aberrant phase separation that matures into
irreversible cataract-forming aggregates.

2.1. Phase Separation of p/y-Crystallins is Dependent Upon Critical Solution Temperatures

Reversible cold cataracts are formed when the lens temperature falls below that at which (/y-
crystallins in the lens precipitates from a single miscible phase into distinct, dense and dilute phases.
Since the lens nucleus contains a relatively higher proportion of y-crystallin, when phase separation
of this crystallin is triggered, lens opacity and cloudiness quickly develops [42]. Similar to many
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proteins, y-crystallins undergo reversible phase separation when temperatures fall below system-
specific upper critical solution temperature (UCST) [43,44]. Conversely, various RNAs and polymers
with lower critical solution temperature (LCST) will transition from one-phase regimes into two-
phase regimes when the temperature is increased above the LCST [45,46] (Figure 2).

The lens of pigs (4 °C) [34], cows (11.7 °C) [35], rats (25 °C—4 °C) [36], and hibernating ground
squirrels (4 °C) [37] exhibit classic UCST behavior, where nucleus and cortical y-crystallins reversibly
phase separate into protein-rich and protein-poor phases upon exposure to temperatures below their
respective UCSTs (identified in brackets). Upon rewarming, the lenses become transparent again
when the two-phase regimes revert back into a single phase as the temperature of the lenses rise
above the UCSTs. The lenses of Antarctic toothfish D. mawsoni contain a high level of yS-crystallins
with very low UCSTs that can prevent phase separation as low as —12 °C. This confers extreme cold
tolerance and high refractive index gradient to the cold-adapted fish [47].
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Figure 2. Illustration of reversible phase separation when critical solution temperature is breached. Upper
Critical Solution Temperature (UCST): Proteins with UCST behavior will phase separate when temperature falls
below their UCST. Conversely, proteins with LCST behavior will phase separate when temperature rises above
their LCST. When temperature is reverted back to the single-phase level, droplets formed via phase separation

will disassemble.

2.2. The Irreversible Aggregation of Crystallins by Sodium Selenite

Sodium selenite (Na25eO3) is an inorganic salt comprising sodium and selenite ions in a 2:1
ratio. In excess, sodium selenite supplementation can induce oxidative stress that causes acute
toxicity [48,49]. In rodent studies, sodium selenite can change the UCST of lens proteins, causing
rapid lens opacification. Since its first reported use in 1978, this chemical compound is preferred in
the study of cold cataracts as it can provide reproducible results in the investigation of biochemical
and molecular processes that may be responsible for cataractogenesis [50-52]. An acute overdose of
sodium selenite (3.8 mg/kg body weight) injected into 14 day old suckling rats can cause irreversible,
dense nuclear cataracts after 6 days [53]. Intriguingly, on the second day post-treatment, lenses of 10
day-old rat pups treated with 1.5 mg/kg body weight sodium selenite remained clear above 26.5 °C
but developed irreversible nuclear cataracts in 3-4 days. Conversely, lenses from control non-treated
pups increased opacity when temperature dropped below 32 °C [54]. At the time, it was unclear how
sodium selenite could lower the phase separation temperature (Tph) initially, but then cause a
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dramatic increase of Tph to above physiological temperature to induce dense opacification of the lens,
causing irreversible nuclear cataracts [55]

Under normal conditions, the Tph of animal lenses vary according to the age of the cell. Toh may
actually decrease to values below body temperature as the animal ages, possibly due to relocalization
and differential expression and accumulation of y-crystallins [56-58]. It is worth noting that the S-
crystallin (yS), a highly conserved protein in animal and human eyes [59], has been observed to
exhibit an extremely low UCST that allows it to withstand phase separation at temperatures as low
as —28 °C under experimental conditions [60]. In calf lenses, increasing the amount of vS can suppress
phase separation of y-crystallins in solution by lowering the mixture’s phase separation temperature
[61]. Notwithstanding, experimental results demonstrate that exposure to intense ionizing irradiation
or oxidative stress can elevate the Tph of y-crystallins in the rabbit and bovine eye lenses, respectively,
to cause opacification and the generation of irreversible cataracts [62,63]

Compared to normal controls, much higher levels of reactive oxygen species (ROS) levels and
lipid peroxidation products were detected in Wistar rats treated with sodium selenite [64,65]. Sodium
selenite, in excess, creates oxidative stress resulting in biochemical and biomolecular changes that
alters Tpn of lens crystallins to cause phase separation. The subsequent reduction of adenosine
triphosphate (ATP) and glutathione (GSH) [54,55,66,67], the increased formation of irreversible
disulfide bonds [68] from glutathionylation [69] and deamidation [70] results in the exposure of
hydrophobic residues leading to dehydration and hydrophobic collapse of protein shells [2,71-73].
In the crowded molecular environment of the lens [74,75] these forces all converge to promote the
elevation of Tpeh and the subsequent pathological, irreversible aggregation of crystallin proteins.
Consequently, increasing temperatures to as high as 50 °C was totally ineffective in reversing
crystallin aggregation formed after day 5 as a result of Tph elevation from sodium selenite treatment
[53] (Figure 3).

50°C
Irreverible Aggregation
38°C
Single Phase
2% ucsT
Two Phases
Day 2 Day 5

Figure 3. Sodium selenite treatment induces changes in UCST to cause rapid onset of nuclear cataracts by Day
5. Irreversible protein aggregation is observed when the UCST was elevated to >40 °C by sodium selenite. This
represents a deviation from the standard single to two phase regimes in phase separation studies. Clark and
Steele (1992) described this phenomenon as a transition from reversible LLPS (UCST) to irreversible aggregation,
with abnormal turbidity observed at physiological 37 °C.

While many small molecules—including phase separation inhibitors—have emerged in the
relentless search for viable candidates to attenuate cataractogenesis [53,65,67,76-83], perhaps none
has been more enduring than melatonin. Since 1994, melatonin has been intensively and extensively
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tested in experiments investigating the formation of cataracts under a wide variety of conditions that
involve oxidative stress, cold stress, heat stress, metabolic stress, mitochondrial dysfunction, as well
as exposure to cytotoxic UVB and ionizing gamma radiation [84-90]. Please refer to Table 1 for details
of study designs and results (studies arranged in chronological order). Conclusions from these
reports invariably showed that melatonin can prevent and attenuate the formation of cataracts due
to its widely acclaimed function as a scavenger of ROS and free radicals.

Table 1. In vivo and in vitro studies testing the effectiveness of melatonin against stressors that can cause

irreversible phase separation of crystallins to promote cataractogenesis.

Melatonin Dosage / Duration Study Design Results Ref.

Rat pups were treated with IP injections Melatonin treatment reduced cataract

o . of buthionine sulfoximine (BSO) (3 formation by 93.3% (1/15) and more than
injection daily x 15 days, . . . o [84]
mmol/kg BW) daily x 3 starting postnatal doubled the level of GSH* (wet weight) in

4 mg/kg BW melatonin via IP

starting on postnatal day 2. . .
day 2 to induce cataract formation. the lens of rat pups on postnatal day 9.

. L Melatonin treatment prevented accumulation
Rat pups were treated with IP injections

4 mg/kg BW melatonin via IP o o of lipid peroxidation (MDA, 4-HDA) in lens
L . of buthionine sulfoximine (BSO) (3 . L
injection daily x 7 or 15 days, . . and major organs, resulting in a 72% [85]
mmol/kg BW) daily x 3 starting postnatal
starting on postnatal day 2. reduction in cataract formation compared to

day 2 to induce cataract formation.
controls.

Melatonin treatment produced a significant
5 mg/kg BW melatonin via IP Adult female SD rat cranium, exposed to  3-fold reduction in cataract development
injection daily x 10 days, with ~a single 5 Gy ionizing gamma radiation (9/10 versus 3/10); MDA in MEL + IR group (861
first dose 30 mins before to damage eye lens, causing cataract was similar to control, whereas SOD and
irradiation on day 1. formation. GSH-Px* mean levels were actually higher

than control group levels.

Melatonin exerted anticataract activity by
10 mg/kg melatonin via IP* SD* rat pups administered with preventing (2/7) and lowering (5/7) nuclear
injection daily x 7, starting on subcutaneous sodium selenite injections  opacity in pup lenses, protecting lens and
postpartum day 8, 2 days before (30 nmol/g BW*) on postnatal day 10 to serum antioxidants (GSH*, SOD*, CAT*), and [87]
sodium selenite injection, until induce formation of senile nuclear reducing markers of protein oxidation (PC*)
day 15. cataract. and lipid peroxidation (MDA*) compared

to controls.

Melatonin treatment produced statistically-

significant prevention in the onset of nuclear
Single STZ* (50 mg/kg BW*) IP o . L
e 5 mg/kg BW melatonin daily x 8 wks via  cataracts compared to diabetic controls,
injection in healthy, adult SD . . . . . [88]
. . gavage, 1 wk after STZ* administration. while lowering mortality rate by ~30% (47%
male rats to induce diabetes. .
versus 33%) and reducing glucose and

HbAlc levels significantly.

Melatonin treatment significantly inhibited
200 mM melatonin (5 pl/eye,
. In vivo UVB-induced ARC* using 6-wk- ferroptosis and lipid peroxidation, reducing
total 232 ug) injected .
old male SD* rats exposed to 312nm  lens turbidity compared to development of

subconjunctivally 5 min before . . [89]
) o UVB at 5 W/m2 output for 30 min every C3NOP1 grade cataracts (LOCS III*) in 85% of
UVB irradiation, every other
other day for 9 weeks. UVB exposed rats (51/60) in a SIRT6-
day for 9 weeks.
dependent manner.
. o Melatonin application suppressed lipid
In vitro human lens epithelial cells B-3,
250 uM** melatonin applied to L peroxidation and ferroptosis by marked
SRA01/04, and human embryonic kidney
tested cell lines before UVB elevation of antioxidant gene expression,  [89]
HEK-293 T cells exposed to 312 nm UVB
irradiation preventing shriveling of mitochondria and

at 5 W/m? output, achieving 500 J/m? )
restoring normal features.

Purified, recombinant human aB- Lo . .

) . . Melatonin binds to aB-crystallin, reducing
crystallin protein at 15 uM concentration .
. . aggregation from 66°C exposure dose-
200-1200 uM melatonin exposed to 66°C temperature to induce . . [90]

o . . dependently; 800 pM melatonin achieved

precipitation/aggregation with and . . .
. i X best aggregation suppression when proteins

without preincubation at 4°C.
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were preincubated for 24 h at 4°C to induce

phase separation.

*Abbreviations: ARC, age-related cataracts; SD, Sprague-Dawley; LOCSIIL, Lens Opacities Classification System
IIL; IP, intraperitoneal; BW, body weight; GSH, glutathione; SOD, superoxide dismutase; CAT, catalase; MDA,
malondialdehyde; PC, protein carbonyl; 4-HDA, 4-hydroxyalkenals; STZ, streptozotocin; GSH-Px, glutathione
peroxidase. ** Unpublished dose. Note: Adapted from the preprint version “Melatonin, ATP, and Cataracts: The
Two Faces of Crystallin Phase Separation” by Loh D, Reiter R]. Qeios. doi:10.32388/D09YND. CC BY 4.0.

3. The Significance of Melatonin and its Indole Ring in Crystallin
Redox Chemistry

Ubiquitously synthesized by all tested living organisms in the three major domains of life—
Archaea, Eukarya, and Bacteria [91,92] —the highly evolutionary conserved, pleiotropic melatonin
(N-acetyl-5-methoxytryptamine) molecule [93] contains a heterocyclic aromatic indole ring (CsHzN)
comprising a six-membered benzene ring fused with a five-membered nitrogenous pyrrole ring
(Figure 4). The structure of the benzene six-carbon, hexagonal ring confers stability to the entire
indole structure [94]. There are a total of 10 m-electrons in indoles. 8 of these electrons are from the
double bonds within the fused benzene and pyrrole rings, and 2 additional electrons are from the
lone pair on the nitrogen atom. These delocalized rt-electrons in the indole molecular orbital system
enhance the chemical reactivity of indoles and facilitate electrophilic substitution reactions, making
indoles excellent electron donors [95-97]. Melatonin is regarded as an effective electron donor and
scavenger of an extensive range of both oxygen- and nitrogen-based reactants [98-100] partly due to
the reactivity of its indole. However, the attachment of the methoxy group (-OCHz) to the 5th carbon
and the N-acetyl-2-aminoethyl group to the 3rd carbon of the indole ring in melatonin [101] sets it
completely apart from other antioxidants and indoles (Figure 4).

Indole Ring

L N-Acetyl
Methoxy Group Group
(OCHs)

Figure 4. Melatonin Indole Ring and Side Groups—The indole ring in melatonin [102]] serves as the core scaffold,
with its pyrrole moiety (particularly the C3 position) being highly susceptible to electrophilic attack by radicals
due to its high electron density and resonance stability. This initiates the cascade through radical addition or
hydroxylation at C3, forming intermediates like the melatonyl cation radical or cyclic 3-hydroxymelatonin
(c30HM), which then continue scavenging additional radicals such as hydroxyl (OH*) or peroxyl
speciesMelatonin amide group—The N-C=O functional group, part of the N-acetyl group, is located on the N-
acetyl-2-aminoethyl side chain attached to the 3rd carbon of the indole ring in melatonin. Specifically, it is within
the acetyl portion (CHs-C=0O) bonded to the nitrogen of the aminoethyl group (-NH-CH2-CH>-). The N-acetyl

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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side chain, with its N-C=0O amide functionality, contributes by facilitating the formation of stable cyclic structures
(e.g., in cyclic 3-OHM) and enabling further metabolic transformations. The 5-methoxy group (-OCHs) acts as
an electron-donating substituent that enhances the indole ring’s reactivity, lowering the activation energy for
free radical interactions and stabilizing radical intermediates. This group is retained in key metabolites like N1-
acetyl-N2-formyl-5-methoxykynuramine (AFMK) and N1-acetyl-5-methoxykynuramine (AMK), which form via
pyrrole ring cleavage and continue the scavenging process by donating electrons to species like nitric oxide
(NO?) or peroxynitrite (ONOO"). Colors for atoms: Gray: Carbon © White: Hydrogen (H) Red: Oxygen (O) Blue:
Nitrogen (N).

3.1. The Free Radical Scavenging Cascade Sets Melatonin Apart from Other Antioxidants

Unlike classic antioxidants—including GSH, ascorbic acid, and vitamin E—that are
continuously regenerated/recycled, melatonin is a terminal antioxidant that is not
regenerated/recycled. Instead, melatonin’s unique free radical scavenging cascade reaction supports
the scavenging of multiple ROS via the successive formation of metabolites that retain potent or even
superior antioxidant properties, promoting a chain-like detoxification process [103]. The indole ring
is regarded as a privileged scaffold, where its core serves as a versatile, foundational structure that
allows for diverse chemical modifications that enhances its intrinsic functions [104,105]. The
melatonin scavenging cascade induces structural changes to its indole ring, and even minor
substitutions can have a large influence on the resulting interactions. Metabolites of melatonin can
acquire distinct properties and functions after interacting with ROS and free radicals in animals and
plants [106-110].

During the formation of the melatonin metabolites N1-acetyl-N2-formyl-5-methoxykynuramine
(AFMK) and N1-acetyl-5-methoxykynuramine (AMK), melatonin can scavenge up to 10 ROS and
reactive nitrogen species (RNS) molecules [111,112]. The N-acetyl group containing the N-C=O
functionality is retained in AFMK as the N1-acetyl group. While the 5-methoxy group is also retained,
a new N-formyl group at the N2 position is formed as the result of the transformation of the pyrrole
ring during oxidative cleavage. Alterations in the structure and biochemical reactivity of the
melatonin indole scaffold in the kynurenic AMK and AMFK may account for their enhanced
antioxidant activities [113-116]. Even though 6-hydroxymelatonin (6-OHM) is the major melatonin
metabolite in rats and mice ([117,118], due to the high specific requirement for ocular antioxidant
protection [119], intraperitoneal administration of melatonin at 40 mg/kg body weight significantly
elevated the formation of AFMK in the rat retina as a result of oxidation by hydrogen peroxide [120].
Statistically significant experiments showed that human lens epithelial cells (HLECs) exposed to 100
uM hydrogen peroxide but pretreated with melatonin, dose-dependently decreased the oxidative
stress-induced apoptosis ratio in HLECs [121].

The attachment of the methoxy group and the N-acetyl-2-aminoethyl group not only enhances
the antioxidant and radical scavenging effects of the electron-donating delocalized m-cloud, but also
may promote melatonin’s ability to regulate crystallin phase separation. Enhanced m-7t interactions
and hydrogen bonding with other aromatic systems—including the adenosine moiety in ATP and
aromatic residues in crystallins —can increase protein solubility and reduce hydrophobic aggregation
from aberrant phase separation. The ability to regulate BC dynamics may explain why melatonin
readily elevates transcription and expression of antioxidant enzymes associated with glutathione in
animals and plants [115,122-135]. The ability of melatonin to elevate the expression of glucose-6-
phosphate dehydrogenase (G6PD) and increase the NADPH/NADP* ratio is paramount for
maintaining GSH in the reduced state [134-136]. GSH concentration in the lens is reduced in the
nucleus, with no evidence, to date, of its ability to cross membranes [137]. Melatonin is believed to be
synthesized mainly in the mitochondria of possibly all cells and organs in living organisms [138].
Ocular production of melatonin has been identified in the lens [139-141], the retina [142], and the
retinal pigment epithelium [143]. Even though the lens nucleus is devoid of mitochondria, melatonin
is able to reach the nucleus efficiently to protect crystallins. Melatonin exhibits high membrane
permeability, enabling it to readily cross cell membranes in all subcellular locations. Melatonin is
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estimated to equilibrate across the plasma membrane in approximately 3.5 seconds, with a membrane
permeability of around 1.7 um/s [144,145]. This may be one of the reasons why melatonin treatment
exerted impressive anticataract effects, especially in the nucleus, in experiments employing chemicals
that alters redox chemistry in crystallins by depleting GSH (Table 1).

3.2. The Relevance of Maintaining a Balanced Lens Redox Environment in the Prevention of Phase
Separation and Aggregation

The toxic, soluble sodium selenite must be reduced by living organisms into the nontoxic,
insoluble elemental selenium that is an essential micronutrient required in vital biological functions
[146,147]. In eukaryotes, selenite is generally reduced to elemental selenium via enzymatic pathways
that involve GSH, thioredoxins, and various NADPH-dependent reductases, often linked to
oxidative stress and energy production [148]. Unreduced sodium selenite or even supranutritional
levels of selenium > 1 uM are pro-oxidants that elevate ROS. At low physiological levels, ROS are
important pleiotropic molecules that regulate important redox signaling events in cells [149].
Whereas, at high concentrations, ROS can exert detrimental effects that cause an extensive variety of
pathologies [150]. The catalysis of selenite produces metabolites that elevate oxidative stress [151-
153]. Excess ROS from sodium selenite results in mitochondrial dysfunction, endoplasmic reticulum
stress, DNA damage, and the suppression of Nrf2/Keapl dependent antioxidant protection that
exacerbate the production of ROS [154-156]. Therefore, the dramatic depletion of GSH by > 60%
within the first 24 h in the lens cortex of rat pups treated with sodium selenite is not unexpected
[67,157].

Nonetheless, the subsequent rapid onset of both cortical and nuclear opacity requires elucidation
of the multifaceted effects of Cys redox chemistry in crystallins. Afterall, the 60% decrease in ATP
level in cold cataract lenses is a direct result of sodium selenite inhibition of ATP synthesis by
modulating the redox chemistry of thiols in the FiFo-ATPase [67,158]. The redox chemistry of thiols
in crystallin Cys residues [159] is directly affected by the concentration of surrounding GSH. The
formation of disulfide bonds and glutathionylation can contribute to changes in phase separation
behavior of crystallins. Therefore, the ability of melatonin to scavenge ROS and elevate GSH
production are the most obvious reasons for its success in reversing cataractogenesis under different
experimental contexts (Table 1). Accordingly, the depletion of GSH in the lens merely reflects the
observable tip of the redox iceberg in lens crystallins. Ultimately, redox chemistry affects phase
separation and aggregation of B/y crystallins that can result in light scattering, lens opacity, and the
formation of reversible/irreversible cataracts.

4. The Redox Chemistry of Glutathione, B/y Crystallins, and Disulfide Bonds:
Location and Composition Determines the Outcome of Phase Separation and
Aggregation in the Lens

Inhumans, GSH is a potent, effective antioxidant due to its high cellular concentration (between
0.1 to 10 mM) and low standard redox potential (-240 mV) [160-162]. Importantly, GSH homeostasis
is rigorously maintained by the effective recycling of reduced and oxidized GSH (GSSG). The
interconversion of the GSH and GSSG redox pair is facilitated by the addition or loss of electrons.
The active site of this redox reaction is located in the sulfhydryl (or thiol) group comprising a sulfur
atom bonded to a hydrogen atom (-SH). -SH donates electrons in redox reactions to neutralize free
radicals and ROS. The oxidation of -SH forms disulfide bonds, creating oxidized glutathione (GSSG)
[163]. GSSG can be recycled back into its reduced form, GSH, by the enzyme glutathione reductase
(GR), using nicotinamide adenine dinucleotide phosphate (NADPH) as an electron donor. The
successful continuation of this recycling process protects cells from oxidative stress via redox
buffering that regulates cell signaling processes [161,164-166]. In an oxidative environment, a higher
concentration of GSSG can oxidize reactive thiols in Cys residues to form mixed disulfide bonds in
mitochondria complex I, elevating superoxide production [167]. This results in the inactivation of
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complex I that leads to significantly depressed ATP production [168,169]. In mitochondria, selenite
forms protein adducts that oxidize free thiol groups in GSH or Cys residues to form seleno-disulfide
bonds. This results in increased ATP hydrolysis and inhibition of ATP synthesis [158]. The oxidation
of free thiol groups by selenite to form disulfide bonds and intermediate seleno-sulfur compounds is
one of the main molecular mechanisms affecting crystallin redox chemistry responsible for the rapid
onset of nuclear cataracts [170-172].

4.1. Disulfide Bonds are Tunable Levers of Phase Separation

Oxidative stress in the lens due to ineffective antioxidant response is believed to be a major cause
for cataractogenesis [173,174]. Lens /vy crystallins contain Cys residues that can be directly oxidized
by sodium selenite and other endogenous oxidants [158,175,176]. This oxidative reaction creates
covalent bonds between the thiol (-SH) groups of two Cys residues within the same (intramolecular)
or different (intermolecular) protein polypeptides [177]. The removal of hydrogen atoms and
electrons from —SH results in a new sulfur-sulfur covalent bond, known as the disulfide bond (-S5-5-)
that is traditionally associated with increased protein stability by ‘locking’ the protein in its folded
state to suppress unfolding. The location and number of Cys residues in a protein can affect the phase
transition temperature and the viscoelastic properties of the condensates. Under oxidizing
conditions, disulfide bonds can act as tunable levers in regulating protein phase separation, with the
ability to drive the formation of liquid condensates and to be reversibly switched on and off by redox
chemistry. Variations in the protein’s Cys composition is directly associated with changes in the
viscoelastic behavior of phase-separated condensates [178].The formation of intermolecular disulfide
bonds is critical for activating the phase separation of RIG-1. This process leads to the
compartmentalization of the signalsome, which is requisite for immune signaling [179].

Recent advances, however, reveal that the location of disulfide bonds in the protein structure
determines whether mechanical stability is increased or decreased [180]. The location of disulfide
bonds in crystallins, the geographic distribution of crystallins with different composition and
conformation of sulfur and aromatic residues [181], and the differential location of GSH in the lens
may explain why sodium selenite-induced nuclear cataracts within 3-5 days were irreversible;
whereas cortical cataracts that developed 15-30 days post-injection were reversed within a few
months [182]. More importantly, the adequate presence of melatonin in all these locations may
determine whether pathological progression towards cataractogenesis can be attenuated.

4.2. Location and Aging Determine the Differential Glutathione Concentration in the Lens

The abundance of GSH in the young human lens creates a highly reducing environment that
naturally resists the formation of cataracts. Cataract formation and aging can lower GSH
concentration in the lens by > 50% [183,184]. De novo glutathione (GSH) synthesis in the lens,
primarily in the epithelial and outer cortical layers [185], is the primary source of high GSH
concentration in the anterior and posterior lens cortex. Even though GR in the lens is capable of
regenerating GSSG, the lens nucleus is incapable of synthesizing GSH and must obtain its supply
from the epithelium and cortex [186]. Both the vitreous humor and aqueous humor of LEGSKO
transgenic mice, incapable of de novo GSH synthesis in the lens, have been demonstrated to supply
GSH to the lens via passive high-flux transport and active carrier-mediated absorption, respectively
[187]. Even though the existence of a concentration gradient that supports the diffusion of GSH into
the nucleus via gap junctions mediated by connexins is widely accepted [188], the precise transport
mechanisms of GSH in the lens require further elucidation [189].

Maintaining homeostasis of GSH in the lens becomes paramount, especially when the lens
nucleus is particularly vulnerable to oxidative stress due to low availability and activity of the GSH
redox cycle in this location [190]. In the rat lens, even though the duration of light (12 h day/12 h dark)
and dark (24 h dark) cycles modulated the time-of-day expression patterns of clock and redox genes
that regulate GSH homeostasis, GSH levels remained constant [191]. However, results obtained from
matrix-assisted laser desorption/ionisation (MALDI) FT -ICR imaging mass spectrometry (IMS)
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studies that mapped the regional changes in GSH in the human lens showed not only a regional
difference, but also a significant age-dependent decline. The difference in GSH between the cortex
and nucleus in young 34 year old lenses was 24.3%. Despite a 27% decline in GHS in the cortex, 74
year old lenses showed a dramatic 70.3% difference in GSH between the cortex and nucleus [192].

Sodium selenite cold cataract experiments were usually conducted on young rodent pups. Due
to the relatively higher GSH content in the epithelium and cortex, the reversal of opacity in the cortex
is not unexpected [182]. Since GSH levels in the young rat lens are comparatively much higher than
those in older lenses [193], the rapid onset and irreversible formation of nuclear cataracts in young
rat lenses implies other mechanisms are critically involved.

4.3. The Differential Location of Crystallins Determines Refractive Index and Susceptibility to Aggregation

v-Crystallins are the smallest of the three crystallins—a, 3 and y—in the vertebrate lens. They
are the main structural proteins responsible for maintaining the high refractive index necessary for
vision acuity together with a- and B-crystallins [194]. The oligomeric a-crystallin that makes up ~40%
of lens proteins contains two subunits belonging to the small heat shock protein family [195,196]. In
addition to maintaining the refractive index with y-crystallins, a-crystallin behaves like a chaperone
that helps prevent pathological aggregation of crystallins [195]. Its function as a chaperone is
dependent and enhanced upon temperature-induced structural changes that expose hydrophobic
surfaces achieved at temperatures of 30°C and above [197,198]. Entropically-driven hydrophobic
contacts [199] allow a-crystallins to access newly-exposed hydrophobic sites of unfolding protein
targets. Thus, hydrophobicity of a-crystallin can be considered as a major determinant of the
effectiveness of its chaperone-like activity [200]. a-crystallins are largely absent in the nucleus of older
human lenses [201]. The lack of cellular turnover in the lens nucleus [202,203] implies the extremely
high concentration of y-crystallins in the nucleus must be able to maintain solubility, stability, and
transparency over the entire lifespan of the organism. For long-lived chordates including humans,
achieving kinetic stability that can resist protein unfolding and aggregation in the lens nucleus
becomes highly relevant.

4.3.1. The Greek Key Motif Maintains High Refractive Index, Kinetic and Structural Stability
in B/y-crystallins

The p/y-crystallin superfamily are evolutionarily conserved proteins found in all three major
kingdom:s of life [204,205]. The proteins in this superfamily share a structural motif where the single
polypeptide chain of the (3- and vy-crystallin folds into two distinct domains —an N-terminal and a C-
terminal domain—with each domain composed of two Greek key motifs. These two domains are
linked together to form the complete protein structure [206]. The Greek key motif, named for its
resemblance to ancient Greek pottery designs, consists of four beta () strands arranged in an
antiparallel, interlocking pattern that resembles a geometric Greek key. The first and fourth -strands
are connected by a longer loop to form a closed, compact structure. Greek key motifs promote protein
stability in folded domains [206-208] (Figure 5).

The unique composition of amino acids in the Greek key motif of (3/y-crystallins contribute to
the high solubility, transparency, and refractive index of vertebrate lenses through dense packing
and specialized non-covalent interactions. The inherent stability from the stable globular structures
formed as a result of the Greek motif effectively prevents proteins from unfolding under
physiological conditions [208,209]. These domains are hydrophobic and rich in aromatic Tyr and Phe
residues that contribute to high refractive index increments due to their polarizable aromatic side
chains with m-electron systems that can facilitate interact with light, leading to a greater change in
refractive index for a given concentration change [12,210].
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Figure 5. Illustrations of the Greek Key Motif and Structures of (3/y-crystallins (A) The Greek key motif is a
common supersecondary protein structure composed of four antiparallel 3-strands that are folded into a twisted
[-sandwich, resembling the decorative patterns on Greek vases. (B) The Greek key motif contains (3-hairpins
within its structure; the motif itself is formed by three connected beta-strands joined by hairpins, followed by a
fourth strand connected by a longer loop, all arranged in an antiparallel fashion. (C) The dimeric 3B2-crystallin
(PDB 9D1V) is formed when two B-crystallin monomers are linked by chemical bonds to form a stable two-
subunit complex. Dimerization is essential for the structural integrity and stability of B-crystallins. After
dimerization, oligomerization follows when dimers themselves add to each other to create complex, higher-
order structures of two to eight units often observed in the 3-crystallin family. (D) yS-crystallin structure with a
long, flexible linker. E) yD-crystallin structure with a shorter, more rigid linker. (F) The mouse yS-crystallin L-
16 octamer (PDB 7R]0) is induced upon exposure to mild-stress. Non-native disulfides from oxidative stress
result in strained domain swapping that oligomerizes a distorted octamer ring associated with partial
intermolecular disulfides. The partial unfolding of the asymmetrical octamer structure is prone to additional
aggregation [211].

4.3.2. The Interactions Between Aromatic and Sulfur Residues in Greek Key Motifs Contribute to
Lens Thermal Stability, Structural Integrity, and Transparency

Aromatic rings in Tyr and Phe are evolutionarily conserved to enhance protein folding [212,213].
The maintenance of nucleus y-crystallins in the folded state is essential for their solubility because a
lower level of exposed protein surface area reduces the energetic cost of solvation, and allows for
efficient hydration by water molecules that forms a stabilizing hydration shell around the protein
[214,215]. Conversely, unfolded crystallins present a much larger surface area and a higher entropic
cost for the solvent, leading to aggregation and a decrease in solubility [216], scattering light and
reducing transparency. Furthermore, Tyr and Phe in {3/y-crystallins form tyrosine corners and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0392.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 October 2025 d0i:10.20944/preprints202510.0392.v1

13 of 48

aromatic pairs that are essential for maintaining their structural integrity and thermal stability [217-
220].

Hydrophobic sulfur-containing Cys and Met residues are buried together with Tyr and Phe in
the hydrophobic core of B/y crystallins. The interaction between the Met side chain and aromatic
rings of Tyr and Phe greatly strengthen the three-dimensional structural stability of the 3/y crystallin
Greek key motif. The “3-bridge clusters” of the methionine-aromatic motif involve interactions
between the sulfur atom and the methylene and methyl groups of Met, and the m-systems of the
aromatic residues [221-223]. Additionally, Met can lower oxidative damage by acting as an
antioxidant [224-226]. Under oxidizing conditions, Cys residues with their reactive thiol (-SH) groups
form covalent disulfide bonds that stabilize protein structures by creating a strong bond via a shared
electron pair. The sulfur atoms of the disulfide bond act as electron donors from their lone pairs (n)
into the antibonding 7* orbital of neighboring carbonyl groups that are electron acceptors. Disulfide
n— m* interactions not only lower the p Ka value of the N-terminal Cys residue of the motif to increase
stability and nucleophilic reactivity, but also promote the formation of hyperstable (3-strands in Greek
key motifs [227-229].

Although this 3/y-crystallin fold is responsible for maintaining lens stability and transparency
[208], compared to yD-crystallins, 3B- and yS-crytallins are thermodynamically and kinetically less
stable. The domain pairing interfaces of B-crystallins are dynamic and prone to subunit exchanges,
rendering B2 the least thermodynamically stable among [3/ycrystallins [230,231]. Unfolding kinetic
experiments conducted at 18 °C (to minimize denaturing effects) on wild-type (WT) yD- and yS-
crystallins revealed that the kinetic stability of yDwt crystallins was superior to that of the ySwt.
Under an ideal environment, the initial unfolding step—first kinetic transition (kw)—and half life
(t12) of 19 years of YDWT was significantly higher when compared to the 1.6 years (extrapolated
values) for YSWT. While the difference in second kinetic transition (ku2) between yDwt and ySwt
were 129 and 2 days, respectively [232].

These results suggest that relative differences in structure and amino acid variations between
YSwt and yDwt contribute to the overall thermodynamic and kinetic stability of the proteins. Despite
sharing the common feature of a bilobed arrangement of four Greek key motifs, variations in amino
acid side-chain interactions at the hydrophobic interfaces of Greek key motifs can greatly influence
the stability and packing of crystallins [206,209,233]. Accordingly, once the initial unfolding barrier
is breached, further denaturation can proceed rapidly, albeit at different rates, explaining why the
onset of nuclear opacity in cold cataracts can happen within days. The differential protein structure
of B/y-crystallins can directly influence their domain-swapping behaviors, resulting in variations in
thermodynamic stability and protein aggregation [209,234].

4.3.3. Domain Swapping and Hydrophobic Interactions: Trading Protein Aggregation for Increased
Thermodynamic Stability

Monomeric crystallins in the (/y-crystallin superfamily all contain the same number of Greek
key motifs—four arranged into a double Greek key structure. 3B crystallins contain a longer and
more flexible linker sequence connecting the N- and C-terminal domains, whereas yD-crystallins
have shorter and more rigid linkers. The longer, more flexible linker peptide in B crystallin
monomers promotes the ready exchange of N- and C-terminal domains with the same domain from
an adjacent crystallin, leading to the formation of stable, native dimeric and multimeric assemblies
characteristic of 3B crystallins [207,208,235-238]. Similarly, the relatively longer length and flexible
structure of yS-crystallin linker, compared to yD-crystallins, results in differences in protein
structures and interactions [209,239,240] (Figure 5). Under stressful conditions including low pH and
excess ROS, monomeric yS-crystallin can produce intermediates that undergo domain swapping,
forming strained dimers that are partially unfolded and prone to aggregation [211].

Domain swapping involves exchanging intramolecular contacts that stabilize a monomer for
intermolecular contacts that stabilize an oligomer [241,242]. However, oligomer formation is
entropically disfavored due to reduced translational and rotational freedom compared to monomers
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[243-245]. To maintain thermodynamic stability, the entropy loss —often due to the ordering of water
molecules in the solvation shell of the oligomeric complex—must be offset by a favorable enthalpy
gain [245,246]. Thermodynamic stability is determined by the Gibbs free energy change (AG), where
a negative AG indicates a spontaneous process. This is defined by the equation:

AG=AH-TAS

Under stress, oligomers formed via non-native domain swapping must remain
thermodynamically stable by offsetting entropic loss with enthalpic gains [247,248]. yD-crystallins
undergo non-native disulfide bonding and domain swapping, forming non-native dimers stabilized
by intermolecular hydrophobic contacts and hydrogen bonds at domain-swapped interfaces. The
exposure of hydrophobic residues, via the extrusion of the N-terminal (-hairpin, allows formerly
buried hydrophobic regions to interact with complementary surfaces on other molecules [249]. This
hydrophobic effect lowers the system’s free energy by excluding water molecules from non-polar
surfaces, while the negative enthalpy change from new hydrogen bonds or van der Waals (vdW)
contacts at swapped interfaces further stabilizes the oligomer [247,250,251]. Despite this stabilization,
the cost of maintaining monomeric yD- and +vyS-crystallins under stress is the formation of
pathological aggregates that result in opacity over time [211,234,249,252-256].

4.4. Cysteines in B/y-crystallins: Beyond the Role of Phase Separation Redox Rheostats

Redox-sensitive Cys residues in {3/y-crystallins form native, intramolecular covalent disulfide
bonds that stabilize protein structures under physiological conditions. These disulfide bonds act as
tunable redox levers that activate or terminate phase separation of crystallins [178]. Within the 3/v-
crystallin superfamily, monomeric yD crystallins in the lens nucleus contain the highest level of Cys
that are buried deep within the hydrophobic core. Of the four major amino acids in yD-crystallins
that contribute to refractive index increment, Cys has the highest molar residue refractivity (cm3) at
48.58 > Tyr (44.34) > Phe (42.21) > Met (34.45) [257]. In order to maintain sharp visual focus, the
concentration gradient of crystallins in the lens nucleus is the highest. When amino acids that have a
higher refractive index increment, such as Cys, are selected, the same lens refractive index can be
achieved with a lower concentration of crystallins [2]. This suggests that Cys is not only a significant
contributor to the high refractive power of yD-crystallins in the lens nucleus, but also reduces
molecular crowding that can elevate critical solution temperature that activates phase separation and
aggregation [72].

4.4.1. Exposed Cys in (/y-crystallins Form Non-Native Disulfides Under Oxidizing Conditions

In general, buried Cys are less likely to form native disulfides than those that are exposed. Due
to the large sulfur atom that facilitates displacement of its valence electrons, exposed Cys is highly
polarizable [258]. Consequently, the enhanced interaction with proteins and charged molecules in the
vicinity increases local protein concentration and reduces diffusion. Accordingly, exposed Cys that
act as nucleophilic redox switches can promote phase separation by forming reversible disulfide
cross-links and lowering the local concentration threshold [178,259]. Ultimately, under physiological
conditions, reversible phase separation are protective processes. Due to a lack of cellular turnover
and limited access to GSH in the lens nucleus, Cys residues in yD-crystallins are mostly buried in the
hydrophobic cores of the proteins. Oxidizing conditions can cause the formation of non-native,
internal disulfide bonds that pair Cys residues that normally do not form covalent bonds in their
native, functional conformation [260]. Native disulfides are specific Cys-Cys bonds present in the
folded protein under physiological conditions and evolutionarily selected to maintain structure. 3B-
crystallins have a highly conserved disulfidome that functions to stabilize their dimeric interfaces
[261]. Conversely, non-native disulfides can disrupt the native fold by locking non-functional
confirmations. Non-native disulfides in yD-crystallins lock the N-terminal domain in a partially
unfolded, aggregation-prone intermediate state that may be irreversible under oxidizing conditions
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[249]. Since disulfides can only be reversed by GSH and thioredoxins, the fate of most of these non-
native disulfides in nuclear yD-crystallins likely follows the inevitable path of aggregation and
cataractogenesis [68,224,249,261,262].

4.4.2. Exposed Cys in yD-Crystallins Prevents Nucleation in Phase Separation

vD-crystallins have a total of six Cys residues [68]. Native exposed Cys in yD-crystallins are rare
and exceptions are often justified by considerable advantages. Consider the evolutionary trade-off
for the single, unpaired, most solvent-exposed Cys residue (29%) [263] in human yD-crystallins at
position 110 (Cys110), which is also referred to as Cysll1l due to minor differences in sequence
numbering conventions. The exposed Cysl10 has been demonstrated to prevent nucleation and
suppress crystallization upon phase separation of the yD-crystallin [264]. It is possible that exposed
Cys110, with a less-structured protein hydration shell, releases fewer water molecules into the bulk
solution during phase separation. The higher negative entropy of crystallization is
thermodynamically unfavorable, leading to the suppression of nucleation in phase separation
[265,266]. Accordingly, when Cys110 is replaced by Met, the surface entropy is greatly reduced. With
increased hydrophobicity and structuring of water molecules on the surfaces, the exposed Met that
replaced Cys110 in yD-crystallins rapidly nucleated and crystallized, forming aggregates that can
result in opacity of the lens [264]. Conversely, in an oxidizing environment, the exposed Cys110
readily formed intermolecular disulfide bonds resulting in dimers that elevated UCST of yD-
crystallins to cause phase separation and aggregation [263]. This exposed yD Cys110 was even
reported to form native disulfide bonds under physiological conditions in tested human lenses [267].

In essence, the native exposed Cys acts as a redox sentinel that can prevent nucleation and
further aggregation when phase separation is triggered. However, the sentinel is sacrificed under
pathological oxidizing conditions when the disulfide bonds cannot be reversed. One can imagine that
this trade-off was a calculated risk that outweighed the major challenge of macromolecular crowding-
induced phase separation versus the potential of excess, unneutralized oxidative stress in the nucleus.
Under most physiological conditions, this evolutionary bet should generate favorable outcomes,
especially in younger lenses. Conversely, due to cellular turnover, higher mitochondrial respiration,
and active glutathione synthesis and activity, the outer regions of the lens face a different redox
environment. In this region, the ability of BB and yS crystallins to form native and non-native
disulfides, which result in domain swapping and domain pairing, presents unique opportunities and
challenges in the lens outer regions.

4.5. The Lens Redox Environment Dictates the Fate of Non-Native Disulfide Bonds in p/y-Crystallins

Cys in most y-crystallins must undergo prior conformational changes that expose the Cys
residue before disulfide bonds are formed. In the nucleus, Cys in yD-crystallins are mostly buried in
the core, with only one that is exposed in its native state. Conversely, BB- and yS-crystallins in the
outer cortex regions of the lens have fewer Cys residues, but they are exposed and readily form
disulfide bonds. Unlike yS-crystallins, $B-crystallins exhibit native, conserved disulfide bonds [261].
Most native disulfide bonds formed in the lenses of young healthy humans and mice are
intramolecular, shifting to multimeric intermolecular disulfides in older lenses with lower levels of
GSH. Compared to wild types, Cys 83 and Cys130 in vS of young LEGSKO mice (with reduced lens
GSH synthesis knocked out) formed four- to 12-fold more disulfides, respectively [261]. It would
appear that the selective oxidation of Cys residues in crystallins and the formation of non-native
disulfides is highly dependent upon the accessibility of the Cys and the redox environment of the
crystallins. The lens nucleus contains less GSH than the outer regions. Accordingly, yD-crystallins
bury their Cys, whereas (3B- and yS-crystallins contain a higher number of exposed Cys to act as
redox sentinels that can help balance temporary elevations of ROS [68,233,262].
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4.5.1. Structural Frustration from Disulfides Eventually Results in Aggregation

In the early stages of oxidative stress, S-glutathionylation of a Cys residue covalently bonds a
glutathionyl moiety from GSSG, forming a disulfide bond that releases a GSH molecule. This is a
highly effective, reversible protective mechanism that prevents the formation of irreversible disulfide
crosslinks in crystallins under oxidizing conditions. The formation of the protein-GSH adduct
(Pr-SSG) quickly stops the Cys thiol from undergoing further, irreversible oxidation
[283,289,292,293]. Intermolecular disulfide bonds are usually associated with increased stability of
proteins in folded states [294]. Quantitative dynamics investigating intermolecular disulfides in a
peroxiredoxin revealed extensive structural frustration and conformational fluctuations occurring
over microseconds (us). The disulfide bonds induced structural strain that disrupted the stable fold
of the protein. The increased ps dynamics enhance disorder, raising conformational entropy and
exposing hydrophobic patches [295,296]. This lowers the free energy barrier for phase separation,
shifting the UCST higher to cause phase separation and aggregation [297]. Since structural frustration
can drive domain swapping, it becomes clear why non-native intermolecular disulfides under
oxidizing environments result in domain swapping that eventually leads to aggregation
[248,298,299].

4.5.2. Transferring “Redox Hot Potatotes”: Playing Musical Chair with Protein Aggregation

The level of GSH is lower in the lens nucleus [192]. Under oxidizing environments, higher GSSG
oxidizes Cys in yD-crystallins, forming disulfides that are not reversed due to lack of GSH [176,300].
In order to remain amorphous, WT yD crystallins transfer the disulfides to neighboring variants with
non-native exposed Cys residues and lower kinetic stability. This redox reaction produces fully
reduced, soluble WT yD crystallins and variants with non-native disulfide bonds that lock the
molecules in intermediate states, exposing hydrophobic contacts prone to aggregation [68,249,301].
S-glutathionylation of crystallins is ultimately a reversible PTM that closely reflects the redox
environment. In the lens outer regions, yS dimers can be reversed when the GSH content returns to
normal levels [69,286,287]. Conversely, in the GSH-poor regions of the lens nucleus, yD-crystallins
can only play musical chair with protein aggregation, shuffling the “redox hot potatoes” to kinetically
less stable variants while remaining soluble [68,302].

4.5.3. Irreversible Deamidation Decreases Stability and Increases Aggregation of B/y-Crystallins

The differences in the number of native exposed Cys in [3/y-crystallins may also determine
whether the irreversible spontaneous PTM deamidation can compromise the integrity and stability
of the crystallins, causing phase separation and aggregation of crystallins. Deamidation is a
physiological, nonenzymatic process that involves a nucleophilic attack on the side-chain amide
group, hydrolyzing asparagine (Asn) and glutamine (GIn) residues into their acidic forms [303].
Thiols in exposed Cys are reactive nucleophiles that can exacerbate deamidation in nearby Asn/Glu
residues, or contribute to non-native disulfide bond formation [267,304]. It is not surprising that the
deamidation of Asn to Asp in yD-crystallins did not produce any meaningful changes in structure or
stability that would produce protein aggregation [305]. Conversely, yS- and (3B-crystallins all harbor
native exposed Cys. Consequently, deamidation was associated with substantial alterations in
stability and aggregation propensity of yS-crystallins [70,306-310]] and (3B-crystallins [311-314].

Deamidation changes the surface charge and hydrophobicity of crystallins by converting neutral
Asn and Glu residues to negatively charged aspartic acid (Asp) and glutamic acid (Glu). The change
in charge exposes buried aromatic hydrophobic residues Tyr and Phe that impact structure, function,
and interactions with other molecules that lead to the formation of insoluble aggregates
[306,308,311,315-318]. Deamidation can prevent a-crystallins from effectively engaging deamidated
[BB- and yS-crystallins to prevent insoluble aggregation [311,315,316,319]. When crystallins in the lens
are deamidated, the exposure of buried hydrophobic residues promotes protein aggregation.
Deamidated human vyS-crystallins exhibited exposed hydrophobic cores that downshifted the
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isoelectric point, increasing phase separation via the hydrophobic effect that was exacerbated by the
high molecular crowding in the lens [308]. The rapid unfolding of hydrophobic residues can be
mitigated by small molecules that compete with the hydrophobic surfaces and protect crystallins
from further oxidation and denaturing [320]. Melatonin, an endogenous molecule, engages in
hydrogen bonds, m-mt stacking, and other non-covalent hydrophobic interactions to stabilize lens
crystallins, reducing hydrophobic-driven aggregation and inhibiting pathological phase separation
under oxidative and stressful conditions.

5. Melatonin: The Multifaceted Regulation of Crystallin Phase Separation and
Protein Aggregation in Crystallins

Under oxidizing conditions, the exposure of buried aromatic residues including Tyr and Phe in
[/y crystallins promotes hydrophobic attractive forces that drive aggregation by minimizing water
contact. The expulsion of the stable, organized water molecules as a result of hydrophobic clustering
increases entropy that favors phase separation and aggregation [43,63,271,321-323]. The inclusion of
Tyr and Phe in 3/y crystallins not only strengthens the three-dimensional structural stability of the
[-hairpins in Greek key motifs [324], but also elevates the refractive index increment. However, when
these aromatic “sticky’ residues are exposed, their hydrophobic interactions elevates the hydrophobic
effect that can significantly influence phase separation and aggregation. The nonpolar aromatic ring
of Phe and the polar hydroxyl group of Tyr contribute to a large range of attractive forces including
vdW forces, hydrogen bonds, and hydrophobic interactions that promote the formation of BCs [325-
327]. When deamidation decreases the ability of a-crystallins chaperones to bind to exposed
hydrophobic residues [328,329], lens crystallins rely on small molecules such as melatonin and ATP
to help prevent phase separation and aggregation.

5.1. Melatonin Prevents Phase Separation and Aggregation via Van der Waals Forces, Hydrogen Bonds, and
Hydrophobic Interactions

The aromatic rings in Phe and Tyr exhibit an electrostatic potential with a negatively charged
center and a positively charged periphery that create dipoles. Dipoles allow aromatic residues to
participate effectively in weak vdW m—m interactions and strong, noncovalent mt-cation/mt-alkyl
interactions involving a m-system and positively charged cations and the non-polar electron cloud of
an alkyl group, respectively [330-335]. vdW forces contribute to phase separation by inducing short-
range, temporary fluctuations in electron distributions, creating instantaneous dipoles that induce
complementary dipoles in neighboring molecules. These weak, non-specific interactions — primarily
London dispersion forces and, to a lesser extent, dipole-dipole interactions—stabilize the aggregated
state, particularly in proteins with exposed aromatic residues. Additionally, m-mt stacking, a
specialized vdW interaction between aromatic rings, plays a prominent role in such proteins,
enhancing phase separation alongside the dominant hydrophobic effect [336-338]. In folded proteins,
these molecular forces allow proteins to maintain stability by exploring different conformations and
binding interactions. In exposed, unfolded proteins, the same molecular forces can contribute to
protein phase separation and aggregation [337].

5.1.1. The Promotion and Inhibition of Phase Separation by Van der Waals Forces: The Dynamic
Relationships Between Entropy, Enthalpy, and the Hydrophobic Effect

Both phase separation and protein folding are driven by the hydrophobic effect (AS > 0) that
represents a significant increase in the entropy (AS) of the water molecules surrounding the protein.
Proteins bury their non-polar residues in the core to reduce solvent-exposure in the surface area. This
displaces water molecules from ordered structures around the nonpolar surface, allowing these water
molecules to become more disordered and free, which increases the overall entropy of the system
[339,340]. Similar to protein folding, phase separation is also entropy-driven (AS > 0), with entropic
gains from the release of structured water around exposed hydrophobic residues. In both cases, the
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ordered structures of proteins (folded protein or phase-separated condensates) minimize their
contact with water, leading to more disorder in the solvent. This increases overall entropy leading to
higher stability and lower Gibbs free energy (AG = AH—TAS). In the folded state, the gains in
enthalpy (AH < 0) from vdW forces, reflecting the energy released when aromatic residues align in
the folded state, can stabilize the folded conformation, preventing unfolding and phase separation
[73,341-343].

The hydrophobic effect, supported by vdW forces, drives exposed hydrophobic cores towards
phase separation and aggregation [338,344,345]. However, when the vdW interactions involve
hydrophilic molecules, including melatonin and ATP, the resulting protein-water or protein-
hydrophilic interactions modulate protein hydration. This action disrupts protein-protein clustering
via weak but stabilizing non-covalent forces (e.g., -1 stacking) and hydrogen bonds that shield
exposed hydrophobic patches, thereby inhibiting phase separation and aggregation. Protein surface
hydrophilicity, hydrogen bonding, and dynamic polarization fluctuations at interfaces are forces that
modulate phase separation [346-349]. Melatonin has been observed to interact with Phe, Tyr, and
Cys and other amino acid residues in different proteins and enzymes, lipids and cholesterol in
membrane bilayers, tau fibrils and Ap42 protofibrils, and even the SARS-CoV-2 virus. Melatonin
binds to its molecular targets via m—m, m-alkyl, rt-sigma, hydrogen bond, and other hydrophobic
interactions to induce different effects, including the regulation of phase separation [350-357]. Please
see Table 2 for additional details on methodologies and results observed in studies, listed in
chronological order.

Table 2. Melatonin binds to molecular targets via vdW forces, hydrogen bonds, and non-covalent hydrophobic

interactions under different contexts.

Methodology Results Ref.

Computational docking analysis was used to predict melatonin direct molecular
interactions with the catalytic groove of FUNDC1 via vdW forces (PHE A:108,
. . . ASP A:19, PRO A:32, ILE A:34, VAL A:33), conventional hydrogen bond (LEU
protein-molecule interaction . [350]
A:53), carbon hydrogen bond (PHE A:52), m-cation (LYS A:51), and m-alkyl (ILE

A:23). These interactions validate the in vitro functional observations on the

In silico molecular docking and

simulation analysis.

suppression of FUNDCI signaling in mitochondria by melatonin..

. Melatonin engages in strong m-m stacking interactions, cation— interactions,
Microsecond all-atom molecular . . .
. . . and hydrogen bonds that destabilize structural components and intermediates ~ [351]
dynamics (MD) simulations. L
of tau fibril assembly.

MD simulations, umbrella Melatonin formed hydrogen bonds with water and lipid headgroups and
sampling, radial distribution engaged in van der Waals (vdW) interactions with the
function analysis, hydrogen bond dimyristoylphosphatidylcholine (DMPC) bilayer. These interactions help [352]
analysis, and density profile stabilize melatonin in its membrane-bound state that facilitates its biological

analysis. functions.

All atom MD simulations
(GROMACS 5.1.4). Post simulation

analysis include Molecular
. . Melatonin destabilized AB42 protofibrils through strong m—m stacking
Mechanics-Poisson—-Boltzmann
interactions with N-terminal and central residues (perpendicular with F4, Y10,
Surface Area, Secondary Structure [353]
F19; herringbone with H14, F19) and disrupted hydrophobic cores across central
Analysis (DSSP), Salt Bridge and

. and C-terminal regions via hydrophobic and additional rt—m interactions.
Contact Number Analysis, and

Probability Density Function and

Potential of Mean Force Analysis.

Density functional theory (DFT), . . . .
. Melatonin engages in conventional and carbon hydrogen bonding, m—m (T-
time-dependent DFT, and . . . . . [354]
. . . shaped), m-alkyl, and m-sigma interactions with the SARS-CoV-2 virus.
molecular docking simulations.

. . Melatonin interacted with lipids in DMPC-cholesterol membranes via hydrogen
MD simulations, umbrella
bonds (with water and lipid headgroups), hydrophobic interactions (indole ring ]355[
sampling, RDF analysis, hydrogen =~~~ . . . .
with lipid tails and cholesterol), inferred vdW interactions (via CHARMM36m's
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bond analysis, density profile Lennard-Jones potentials, supporting bilayer partitioning), and minor

analysis, and orientation analysis. electrostatic interactions.

Isothermal titration calorimetry,

UV-vis absorption spectroscopy, Thermodynamic analysis revealed melatonin interacts with human serum
Fourier transform infrared (FT-IR) albumin via hydrogen bonds and vdW forces, a process characterized by [356]

spectroscopy, and circular favorable enthalpy and unfavorable entropy.
dichroism (CD).

During inhibitory interactions with the oxidized E-FAD form of human quinone
Genetic Optimization for Ligand reductase 2 enzyme, the hydrophobic methoxy group of melatonin made close
Docking (GOLD), X-Ray vdW contact with Phel06 (4 A®); Phe 106, Phe126, Phel78, Tyr 67, and Cys 121
Crystallography, Isothermal  exhibited hydrophobic interactions with the indole ring; the nitrogen side chain [357]
Titration Calorimetry, and Kinetic of melatonin formed a hydrogen bond with Asn161 via a relay through a water
Inhibition Assays. molecule; and the parallel stacking of the indole moiety with FAD involved nt-nt

and vdW contributions.

5.1.2. Melatonin Binds with Exposed Hydrophobic Residues to Prevent Phase Separation
and Aggregation

The amphiphilic nature of melatonin’s indole ring allows it to participate in both hydrophobic
and hydrophilic interactions, including vdW forces, hydrophobic interactions, and hydrogen bonds
[104]. The bulk of the indole system is inherently hydrophobic due to its nonpolar structure,
consisting of carbon and hydrogen atoms in fused aromatic rings. Notwithstanding, the hydrogen
atom on the ring’s nitrogen is capable of forming hydrogen bonds that contribute to hydrophilic
interactions. The electrostatic potential of indoles, with negatively charged centers and positively
charged peripheries, creates dipoles that facilitate -1t and other vdW interactions [358,359]. Car-
Parrinello Molecular Dynamics (CPMD) simulations revealed that melatonin forms hydrogen bonds
with water, characterized by significant mean resident times, a finding confirmed by Helmholtz free
energy calculations. At least one water molecule coordinates with the oxygen (O) of the methoxy
group, the N-H hydrogen (H) of the indole ring, and the N-acetyl group. Furthermore, the
simulations showed that two hydrogen atoms from two separate water molecules remained
associated with the N-acetyl O for a duration exceeding the simulation time, indicating a highly stable
hydration at that site [360].

When melatonin binds to exposed hydrophobic residues in crystallins via vdW interactions, its
ability to form hydrogen bonds with water may stabilize these residues, thereby preventing
hydrophobic collapse [73] and mitigating phase separation and aggregation driven by the
hydrophobic effect [297,361]. Computational studies confirmed by experimental observations
showed melatonin employed different molecular interactions to suppress FUN14 domain-containing
1 (FUNDC1) mitochondrial signaling by binding to the catalytic groove in FUNDC1. The binding
region spanned the N-terminal cytosolic region (exposed), particularly overlapping with or adjacent
to the LC3-Interacting Region (LIR) of FUNDCI. The binding site is mostly an exposed, hydrophobic
pocket stabilized by specific aromatic and electrostatic contacts. This allows melatonin to engage in
vdW forces with PHE A:108, ASP A:19, PRO A:32, ILE A:34, and VAL A:33; a conventional hydrogen
bond with LEU A:53; a carbon-hydrogen bond with PHE A:52; and mt-cation and m-alkyl interactions
with LYS A:51 and ILE A:23, respectively [350]. The stabilization of phase-separated condensates
facilitated by FUNDCI is integral to its ability to regulate mitophagy [362,363]. By suppressing
FUNDC1 phase separation, melatonin alleviated hyperglycemia-induced mitochondrial
fragmentation, a process linked to dysregulated mitophagy under stress [350,364].

In the study of neurodegenerative diseases, the formation of tau [365-369] and amyloid-beta
(AP) fibrils [370-372] via phase separation is well-documented. The increased formation of amyloid
fibrils in lens crystallins is associated with cataractogenesis [373-378]. Molecular dynamics (MD)
simulations and computational analyses revealed that melatonin can destabilize tau structural
components and prevent tau fibril assembly via strong m-m stacking interactions, cation-mt
interactions, and the formation of hydrogen bonds [351]. Similarly, the binding of melatonin to the
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N-terminal and central residues of AP42 protofibrils via strong m—mt stacking interactions caused
destabilization. Melatonin also disrupted Ap42 hydrophobic cores across the central and C-terminal
regions via hydrophobic and additional m—mt interactions [353]. The disruption and destabilization of
AP fibrils can suppress further pathological aggregation that contributes to diseases including
neurodegeneration and cataractogenesis. The unique amphiphilic features of melatonin and its
indole ring are essential for understanding the wide range of molecular mechanisms employed by
melatonin to prevent irreversible redox reactions leading to the phase separation of crystallins and
cataractogenesis under different contexts (Table 1).

5.2. The Synergy Between Melatonin and the Hydrophilic ATP Prevents Phase Separation and Aggregation
of Crystallins

The aromatic purine ring of the adenosine moiety in ATP also engages in 7-mt, Tt-cation, and
hydrogen bonding interactions [379]. The hydrophilic, triphosphate moiety of ATP is surrounded by
3—4 layers of hypermobile water molecules [380]. The amphiphilic adenosine purine ring in ATP
participates in vdW forces, m-mt stacking, and m-cation interactions with hydrophobic amino acids.
The combined effect of the adenosine moiety and the triphosphate moiety enables the regulation of
condensate phase separation behavior in a biphasic manner [381-386]. At lower concentrations (5-10
mM), ATP can induce phase separation and aggregation [387-391]. Conversely, ATP can dissolve
BCs and prevent aggregation at higher concentrations [392-395].

The concentration of ATP in the mammalian lenses obtained from experimental studies is
around 3 mM [396]; while the calculated molarity of intracellular ATP in human noncataractous
lenses is 4.1 mM in the cortex and 1.3 mM in the nucleus, devoid of mitochondria [397]. In the human
lens, about 70% of ATP is derived from anaerobic glycolysis [398]. The levels of ATP required to
dissolve condensates is usually > 5 mM [395]. In vitro studies demonstrated that at 5 mM
concentrations, ATP antagonized the crowding-induced destabilization of human yS-crystallins—
found primarily in the outer regions of the lens where ATP concentration is higher —via reducing the
hydrodynamic radius of yS-crystallins. ATP undermined the hydrophobic effect by interacting
strongly with water molecules in the protein hydration shell of yS-crystallins, preventing the
hydrophobic collapse and overlap of hydration shells [73,399]. This effectively suppresses the phase
separation and aggregation of yS-crystallin under crowding conditions [400—402].

Extensive evidence presented in experimental in vitro and in vivo studies indicate that the
presence of ATP augments the ability of melatonin to prevent protein aggregation and enhance
solubilization of condensates formed via phase separation [403—405]. The synergy between melatonin
and ATP is facilitated primarily by the vdW m—mt stacking of the indole and purine rings in melatonin
and the ATP adenosine moiety, respectively (Figure 6). Experimental and theoretical studies revealed
that the electronic coupling and mechanical stability of m—mt stacking are significantly enhanced when
the antiparallel alignment of the dipole moment is higher [406,407]. Depending on the different
isomer conformations that are modulated by binding with water molecules, the calculated dipole
moment for melatonin is high, often between 2.67 and 6.0 Debye (D), with an average of 4.08 D
[354,408-410]. The aromatic purine ring of the adenosine moiety in ATP also engages in m—m, T—
cation, and hydrogen bonding interactions [379]. The calculated dipole moment for the adenosine
moiety in ATP can vary between 2.8 -- 5.6 D, depending on the conformation adopted [411].

Melatonin can stack comfortably with ATP to augment the adenosine moiety effect [403-405].
Assuming a dipole moment of 4.5 for melatonin, the stacking of melatonin’s indole ring with ATP’s
adenosine moiety would likely increase their combined dipole moments. The net dipole would
conceivably rise from ~5.6 D (adenosine) to approximately 6-7 D, depending on the stacking angle
and local charge effects, due to partial vector addition of melatonin’s 4.5 D and adenosine’s 5.6 D
[27,354,412]. A molecular dynamics study of melatonin in water showed that its hydrophobic indolyl
ring favors interactions at the water-air interface, whereas its N-acetyl group group favors hydrogen
bonding with water molecules, resulting in specific structural arrangements and enhanced molecular
dynamics compared to bulk water [413]. Computational chemistry methods identified 52 unique
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conformers of melatonin, representing the possible spatial arrangements and conformational
energies, enabled by its flexible side chain with rotatable bonds [414] (Figure 4). Hence, the combined
effect of melatonin and adenosine m—mt stacking can be further magnified by conformational changes
in melatonin as a result of vdW interactions and hydrogen bonding [360,408,409,414].

Vel - Adenosine
elatonin Triphosphate

&

Pi-Pi
Stacking

Indole Ring Purine Ring

Figure 6. Visual Representation of vdW m-m stacking between melatonin’s indole ring and the purine ring of
the adenosine moiety of ATP.

5.3. Melatonin Prevents Lipid Peroxidation-Induced a-Crystallin Membrane Aggregation by Enhancing
Cholesterol Liquid-Ordered Domain Stability

a-Crystallins are effective chaperones that help maintain lens transparency by binding to
damaged crystallins, preventing pathological aggregation [195]. Entropically-driven hydrophobic
contacts allow a-crystallins to access newly-exposed hydrophobic sites of unfolded crystallins in the
outer regions of the younger lenses where intact a-crystallins are mainly located [[200,415]]. Age-
related changes and molecular crowding can induce the phase separation of a-crystallins [416]. The
insoluble, phase-separated, pathological aggregates of a-crystallin are reported to bind to lens
membranes via hydrophobic interactions, contributing to cataract formation not only in the lens outer
regions, but also the lens nucleus [417-419]. It is not a coincidence that the binding of a-crystallin
aggregates to lens membranes is increased with age and/or cataractogenesis [420,421].

5.3.1. Increased Chol in Membranes Reduces Aggregation of a-Crystallins

Inadequate GSH during the aging process and/or cataractogenesis results in peroxidation of
lipids in lens membranes. However, the binding of a-crystallin aggregates to lens membranes is
decreased according to cholesterol (Chol) saturation. Increased Chol decreases membrane surface
hydrophobicity, suppressing the hydrophobic binding of a-crystallins to lens membranes and
increasing their content in lens cytoplasm. A complete inhibition of a-crystallin membrane binding
was achieved by saturating Chol content in the membrane bilayer [422,423]. Chol phase separates
into liquid-ordered (Lo) and liquid-disordered (Lp) domains. The co-existence of these distinct phases
creates lateral heterogeneity within the membrane, allowing for the distinct organization of different
lipid and protein components into functional domains [424-426]. Chol modulates the membrane
hydrophobicity whereby its presence significantly decreases membrane surface hydrophobicity but
increases hydrophobicity in the central regions of the membrane bilayer. Increased Chol content in
membranes transitions Lo domains into Lo domains. Consequently, Lo domains contain significantly
higher levels of Chol [427]. The increased Chol in Lo domains elevates hydrophobic thickness,
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thereby enhancing overall hydrophobicity of the central bilayer core while decreasing membrane
surface hydrophobicity [428,429], leading to inhibition of binding by a-crystallins.

5.3.2. Membrane Lipid Peroxidation Promotes Extensive Aggregation of a-Crystallins

During the aging process, increased ROS and decreased GSH in the lens elevate lipid
peroxidation that induces phase separation of membranes into Lo and Lo domains, with increased
abundance of the Lp, Chol-poor phase. The accumulation of peroxidized lipids and their chemically
modified products in the Lo phase disturbs lipid packing and lipid raft locations in lipid bilayers
[430]. Lipid peroxidation that disturbs lens membrane orders is one of the primary reasons why aging
and cataractogenesis is associated with increased binding of a-crystallin to membranes that inactivate
their chaperone, protective features and exacerbating aggregation of crystallins. Imbalances in Cys
redox chemistry can lead to the peroxidation of Chol and lipids in lens membranes [431]. Kadka and
co-workers (2025) reported the photosensitized peroxidation of Chol and lipids in the bovine lens
nuclear membrane (NM) promoted the extensive aggregation of aAc, aBc, and aABc crystallins in
the nucleus. In addition, the use of atomic force microscopy (AFM) method revealed that Chol and
lipid peroxidation in the NM of a 67-year-old male donor with grade 2 cortical and nuclear cataracts
was 1.5-fold higher than those detected in bovine NM oxidized for 1 hour [432].

5.3.3. Melatonin Increases Chol in Membranes and Prevents Lipid Peroxidation by Promoting Phase
Separation of Lipid Domains and Dampening Dissipative Processes

Melatonin is a potent antioxidant known for its ability to inhibit peroxidation of lipids [433—440].
More importantly, melatonin stabilizes phase separation of Chol and lipids, preserving the
coexistence of Lo and Lp phases over an extended range of temperatures in model phospholipid
membranes. Starting at 25 °C, the lateral diffusion coefficient (Di) of lipids increases. When the
temperature reaches ~45 °C, bilayer lipids become highly disordered, promoting a single fluid Lo
phase [441,442]. This phenomenon is suppressed by the addition of 20 mol% melatonin, maintaining
the coexistence of Lo and Lo phases even at 45 °C [442]. The features of melatonin in suppressing
membrane lipids from peroxidation and maintaining Chol-rich Lo domains are intimately related,
with the former, surprisingly, dependent on the latter and not vice versa.

Bolmatov and  co-workers  (2020) probed the nanoscale  dynamics  of
dimyristoylphosphatidylcholine (DMPC)-Chol model membranes with melatonin at 27 mol%,
employing all-atom molecular dynamics (MD) simulations and inelastic X-ray scattering (IXS). The
results of their investigations revealed that melatonin stabilizes Lo domains by dampening
dissipative processes. The insertion of melatonin into the membrane, anchoring near phospholipid
heads and interacting with tails, modifies the viscoelastic properties, shifting the membrane toward
a more elastic state with reduced viscosity. This curbs the rapid rattling and relaxation that drive raft
transience, stabilizing the Lo phase structurally by reinforcing the rigidity and packing of Lo domains.
Accordingly, melatonin inclusion in lipids promotes resistance to thermal disorder and lipid
exchange, effectively prolonging their persistence against dissipation via self-diffusion. The increased
rigidity, coupled with the reduced D creates a protective barrier that hinders the lateral and
transverse movement of lipids. More importantly, it limits the pathways available for small molecules
like oxygen to permeate through the bilayer. The fact that the D: is reduced by 6.37-fold upon
melatonin inclusion is directly correlated with the protective barrier function because lower lipid
mobility restricts the dynamic fluctuations (e.g., pore formation or undulations) that small molecules
exploit to cross membranes. Therefore, melatonin’s suppressive feature on membrane lipid
peroxidation is dependent upon its ability to maintain Lo domains and by reducing dissipation via
self-diffusion [443].

Lipid peroxidation is a chain reaction initiated by ROS molecules that abstract hydrogen atoms
from polyunsaturated fatty acid chains in membrane phospholipids. The formation and propagation
of lipid radicals results in membrane damage, altered fluidity, and cell dysfunction. Accordingly, the
availability of oxygen and lipid mobility are critical for this process to proceed efficiently. Sodium
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selenite causes rapid opacification in the lens nucleus by oxidizing free thiol groups in GSH or Cys
residues to form seleno-disulfide. In the lens nucleus where GSH availability is limited to begin with,
depletion of GSH results not only in lipid peroxidation, but the formation of irreversible disulfides
and S-glutathionylation. This chain of events quickly results in phase separation and pathological
aggregation of crystallins—including a-crystallins—via molecular crowding and the hydrophobic
effect. Melatonin is able to quickly reduce nuclear membrane lipid peroxidation by stabilizing Chol
Lo domains in sodium selenite treated rat pups. Compared to selenite-treated groups, melatonin
treatment (10 mg/kg, intraperitoneal injection) was associated with significant reductions in oxidative
stress biomarkers. The lipid peroxidation product malonaldehyde [444] was reduced by 48.9%.
Additionally, the antioxidant enzyme catalase was increased by a staggering 71.3%. Rat pups that
did not receive melatonin all developed dense nuclear cataracts from sodium selenite. Conversely,
71% of rat pups treated with melatonin exhibited slight nuclear opacity while the rest of the group
had completely clear lenses [87] (Table 1).

5.4. Melatonin Determines the Outcome of Ultraviolet Exposure in the Human Lens

The cascading effects of lipid peroxidation caused by exposure to UV exposure are a major long-
term causative factor for cataractogenesis [445]. The chronic and cumulative exposure to ultraviolet
(UV) radiation is an established, significant risk factor in cataractogenesis [446—448]. UV-A exposure-
induced deamidation of aB-crystallins caused complete loss of chaperone activity due to structural
alterations from increased oxidation [449]. Deleterious oxidative effects of chronic, low-level UVA
light exposure in guinea pigs increased lipid peroxidation and protein aggregation, and decreased
the already low levels of GSH in the lens nucleus at the same time [450]. a:f:y crystallin protein
mixtures exposed to UV-B radiation formed amyloid-like, cataractous fibrils [451]. Under UV-C light,
human yD-crystallin proteins formed intermediate and structurally different aggregate species [452],
whereas under UV-B irradiation, the native (3-sandwich in human yD-crystallin Greek key motif
formed amyloid fibril 3-sheets [453]. Nevertheless, controversial evidence points to a dualistic role of
UV radiation in eye lenses.

Experimental results report extensive PTMs and oxidation of Cys in human yS-crystallins (HYS)
upon exposure to >10.8 kGy of gamma radiation. Despite the formation of protein-protein crosslinks,
(HyS) remain stubbornly folded [454]. In vitro studies reported that upon exposure to low dose UVB,
Trp residues in human yD-crystallins served a protective function by absorbing UV radiation to
minimize photooxidation damage, safeguarding the retina. Notwithstanding, UV exposure leads to
the covalent scission and breakdown of the Trp indole rings, forming degradation products that
accelerate aggregation and cataractogenesis [455-457]. Surprisingly, an in vitro study employing
crystallographic structures demonstrated that UV illumination cleaved disulfide bonds formed in
human yD-crystallins as a result of UV oxidation. Specifically, the photolysis restored free thiols,
preventing dimerization and aggregation [458]. Although this appears to be a “rescue pathway” for
maintaining lens protein stability, its effects may be unsustainable over a longer timeframe. The UV
irradiation-induced cleavage of disulfide bonds is dependent upon the availability of Trp and Tyr in
the vicinity, acting as photosensitizers. yD-crystallins have multiple Trp and Tyr residues near Cys
that help support and enhance disulfide cleavage by transferring energy/electrons to oxidized cystine
disulfide bonds [459]. Nonetheless, long-term UV exposure can easily exhaust the support pool,
rendering the rescue pathway unsustainable. Accordingly, chronic UV photooxidizes Trp and Tyr,
reducing their photosensitizing capacity while depleting lens antioxidants and promoting the re-
oxidation of thiols or the formation of damaging sulfur species, leading to protein aggregation and
cataract progression.

A cross-sectional analytical study based on data from the 5th Korean National Health and
Nutrition Examination Survey (KNHANES V, conducted 2010-2012) with 952 participants examined
the relationship between sunlight exposure time and the prevalence of cataracts. Results indicate that
daily sunlight exposure time of > 5 h is correlated with a higher prevalence of cataracts in both men
and women. However, women with 2-5 h of sunlight exposure had a higher incidence of cataracts
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compared to men with the same exposure time. Individuals aged > 45 reported significantly higher
incidence of cataracts regardless of gender and exposure time [460]. Experimental results
demonstrated that melatonin can effectively prevent the formation of cataracts caused by exposure
to UVB [89] and ionizing gamma irradiation [86]. It is perhaps not a coincidence that older women
exhibited significantly lower overnight urinary 6-sulfatoxymelatonin excretion than men [461]. The
higher melatonin in males could have delayed cataractogenesis in the Korean population study.
However, the decline in endogenous melatonin production in both genders eventually results in the
failure to counter the long-term effects of chronic, prolonged UV exposure.

6. Conclusions and Perspectives

The inherent nature of crystallins predisposes the lens to the formation of aggregates as a direct
consequence of redox-mediated molecular interactions that promote irreversible phase separation.
Melatonin can act as a potent free radical scavenger that reduces excess ROS and free radicals to
maintain GSH:GSSG redox balance, and prevent lipid peroxidation in membranes to protect the
chaperone function of a-crystallins. Concurrently, melatonin can bind to exposed aromatic,
hydrophobic residues in (/y crystallins, preventing phase separation and aggregation. Melatonin
achieves these effects by employing vdW forces, hydrogen bonds, and other hydrophobic
interactions to shield exposed hydrophobic residues from hydrophobic interactions that elevate
molecular crowding and hydrophobic collapse. The effective application of melatonin in the
prevention and attenuation of cataractogenesis may be dependent upon the redox environment of
the lens. In older adults and younger individuals with chronic high sun exposure, a higher dose may
be necessary to counterbalance lower antioxidants responses and higher oxidative stress status. Even
though topical melatonin is viewed as a low-risk, affordable adjunctive therapy, at present, surgery
remains the gold standard for advanced cataracts. Human clinical trials on ocular melatonin
application remain scarce. There is an urgent need for large-scale, randomized controlled trials to
establish efficacy, optimal dosing, safety, and formulations, specifically nanoparticle-enhanced drops
for better solubility, bioavailability, and penetration.
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Abbreviations

ATP Adenosine triphosphate
BC Biomolecular condensate
Chol Cholesterol

Cys Cysteine

D, Lateral diffusion coefficient
GSH Glutathione

Lo Liquid-ordered

Lo Liquid-disordered

Met Methionine

NADPH Nicotinamide adenine dinucleotide phosphate
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Phe Phenylalanine

ROS Reactive oxygen species

Tph Phase separation temperature

Trp Tryptophan

Tyr Tyrosine

UCST Upper critical solution temperature
LCST Lower critical solution temperature
uv Ultraviolet

vdW Van der Waals

WT Wild-type
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