SCIENCE ADVANCES | RESEARCH ARTICLE

DISEASES AND DISORDERS

Prevention of age-related truncation of
v-glutamylcysteine ligase catalytic subunit (GCLC)

delays cataract formation

Zongbo Wei't, Caili Hao't, Kazi Rafsan Radeen’, Ramkumar Srinivasagan?,
Jian-Kang Chen’, Shruti Sharma®, Meghan E. McGee-Lawrence', Mark W. Hamrick’,

Vincent M. Monnier?, Xingjun Fan'*

A sharp drop in lenticular glutathione (GSH) plays a pivotal role in age-related cataract (ARC) formation. Despite
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recognizing GSH's importance in lens defense for decades, its decline with age remains puzzling. Our recent study
revealed an age-related truncation affecting the essential GSH biosynthesis enzyme, the y-glutamylcysteine ligase
catalytic subunit (GCLC), at aspartate residue 499. Intriguingly, these truncated GCLC fragments compete with
full-length GCLC in forming a heterocomplex with the modifier subunit (GCLM) but exhibit markedly reduced
enzymatic activity. Crucially, using an aspartate-to-glutamate mutation knock-in (D499E-KI) mouse model that
blocks GCLC truncation, we observed a notable delay in ARC formation compared to WT mice: Nearly 50% of
D499E-KI mice remained cataract-free versus ~20% of the WT mice at their age of 20 months. Our findings con-
cerning age-related GCLC truncation might be the key to understanding the profound reduction in lens GSH with
age. By halting GCLC truncation, we can rejuvenate lens GSH levels and considerably postpone cataract onset.

INTRODUCTION

Cataract, a disease characterized by lens cloudiness, is a leading
cause of blindness worldwide. Aging is the primary risk factor, and
age-related cataract accounts for the majority of cases (I). According
to the World Health Organization and the Global Burden of Disease
Study in 2020 (2), cataracts caused over 15 million of the 33.6 million
cases of global blindness in adults aged 50 and older, as well as 78.8
million cases of moderate and severe vision impairment of a total of
206 million cases in the same age group. With the global aging
population rapidly increasing, cataract cases are projected to rise
substantially.

Now, cataract can be effectively treated through surgery by
replacing the clouded lens with an artificial intraocular lens (3).
However, financial constraints and limited access to health care for
surgical treatment profoundly affect a large population. In addition,
cataract surgery can lead to complications such as posterior capsule
opacification (PCO), also known as secondary cataract, which is the
most common complication following cataract surgery. Severe PCO
may require further surgery, such as a Yttrium aluminum garnet (YAG)
laser capsulotomy, which can introduce additional complications,
such as increasing transient intraocular pressure, lens subluxation
and dislocation, retinal detachment and lens pitting, exacerbation of
local endophthalmitis, and free-floating fragments (4-7).

To address this challenge, the best option is to prevent or delay
cataract formation. Delaying the onset of cataracts by 10 years could
markedly improve the quality of life for more than half of the pa-
tients by reducing the need for surgery (8). Preventive measures for
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age-related cataracts can be complex due to multiple risk factors.
However, targeting common risk factors, such as reducing ultraviolet
(UV) exposure and quitting smoking, has been found to effectively
delay cataract onset, offering promising outcomes (9, 10).

During lens aging, various biological, biochemical, and physio-
logical changes occur, contributing to insult to the lens proteins and
cataract formation (11, 12). These changes include impaired chaperone
function of crystallin proteins (13, 14), accumulation of posttranslational
modifications [e.g., glycation (12, 15), deamidation (16, 17), su-
moylation (18), and isomerization (19)], elevated lipid peroxida-
tion(20, 21), and increased oxidative stress (22). Reactive oxygen
species accumulation is a recognized crucial factor in lens aging and
cataract formation (23, 24).

The lens is a unique tissue in that its proteins and lipids do not
turnover with age, and yet it maintains transparency for several
decades (12, 25). To protect itself against oxidative stress, the lens
evolved with an anaerobic biological system comprising high
concentrations of glutathione (GSH) (26, 27). GSH in the lens serves
multiple functions, including antioxidant defense, intracellular
redox homeostasis, cysteine carrier and storage, and detoxification
of certain aldehydes (27). Lens GSH homeostasis is maintained
through de novo synthesis in the lens epithelial and outer cortical
layers, and GSH recycles via y-glutamyltranspeptidase and dipepti-
dase (28, 29) and direct uptake from the aqueous and vitreous
(30-32).

While numerous studies have shown that acute or chronic deple-
tion of GSH by chemical or genetic means is associated with cataract
formation in vitro and in vivo (33-35), the role of aging in the
lenticular decline in GSH levels, particularly after the age of 65, is
unknown. Solving this conundrum is considered of key importance
for the prevention of age-related cataract formation (27, 36), as first
proposed 77 years ago (37). Our present study has discovered an
age-related truncation of the enzyme y-glutamylcysteine ligase
catalytic subunit (GCLC), a critical enzyme involved in GSH
biosynthesis. This truncation impairs intracellular GSH synthesis
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and contributes to diminished GSH levels in aged lenses. Blocking
GCLC truncation preserves GSH levels in aged lenses and significantly
delays cataract formation.

RESULTS

GCLC undergoes age-related truncation in mouse

and human lenses

y-Glutamylcysteine ligase (GCL) is a critical enzyme involved in the
biosynthesis of intracellular GSH, acting as the rate-limiting step.
GCL is composed of two subunits: the catalytic subunit (GCLC) and
the modifier subunit (GCLM). While GCLC has the catalytic do-
main, its interaction with GCLM is necessary for optimal enzymatic
activity (38). During our investigation of GCLC protein expression
in aged mouse lenses, we unexpectedly observed a smaller molecu-
lar weight band, approximately 60,000 Da (referred to as G60 in this
study). Intriguingly, G60 exhibited an age-related increase in mouse
lenses and reached similar levels to the full-length GCLC (termed
G73 in this study) in aged lenses (Fig. 1A). We also analyzed col-
lected human lenses with an average postmortem interval of 18 hours
and observed a similar age-related increase in G60 (Fig. 1B). Calcu-
lating the ratio of G60 to G73, we identified a positive age associa-
tion (R 0.6772) in human lenses (Fig. 1C). On the basis of age-related
human lens growth and physiological behavior, we categorized
lenses into four groups: below 20 years (group I) as a period of rap-
id growth, 21 to 40 years (group II) as the optimal performance
period, 41 to 65 years (group III) as a period prone to presbyopia
development, and beyond 65 years (66 to 100 years, group IV) as-
sociated with higher cataractogenesis. We observed a nearly linear
relationship of G60/G73 from groups I to IV (Fig. 1D). Notably, full-
length GCLC (G73) levels were also increased in aged mice and hu-
man lenses (Fig. 1, A and B). Through comparisons with Gclc
knockout (KO) mouse lenses (Fig. 1E), we confirmed that this band
represents a truncated form of GCLC (Fig. 1A). To examine the condi-
tion of the smaller truncated fragment with a size around 13 kDa
(termed G13 in this study), we generated an antibody that specifi-
cally recognizes G13 using a mouse G13 recombinant fragment
(fig. S1). With this antibody, we detected an age-related increase in
the G13 fragment in mouse lenses (Fig. 1A), suggesting that the
truncated G13 fragment is also stably present in the aged lens. Un-
fortunately, our homemade C-terminal antibody did not recognize
the human G13 fragment.

To determine whether GCLC truncation occurs in tissues other
than the lens as part of the aging process, we measured G60 levels by
immunoblotting in 12-month-old mice. We detected the presence
of G60 in the liver, lung, blood, and kidney but not in the brain,
muscle, heart, and spleen (Fig. 1E). However, G60-to-G73 ratios in
these tissues were much lower compared to the lens (Fig. 1E), and
no age-related increase was observed (fig. S2). G60 proteoform
was only detected in red blood cells and not in white blood cells
(fig. S3). In addition, we did not observe GCLC truncation in the
in vitro—cultured cell lines, such as retinal pigmented epithelial
(RPE), human lens epithelial (FHL124 and HLEB3), human embry-
onic kidney (HEK) 293, and colon cancer (SW480 and DLD1)
cell lines (Fig. 1F).

To examine the spatial distribution of the G60 proteoform, we
isolated lens epithelium and fiber sections from both mouse (12 months)
and human (45 years) lenses, revealing that G60 was specifically
present in the lens fiber cells (Fig. 1, G and H).
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Fig. 1. Age-related increase of GCLC truncation in mouse and human lenses.
Immunoblotting using specific antibodies was used to determine G73 and G60.
The C-terminal fragment (G13) was also measured using an antibody recognizing
the entire mouse G13 fragment. (A) Mouse lenses aged 1 month to 24 months were
analyzed. These data represent three individual mouse lenses from each age
group, and measurements were taken from a minimum of six mice in each group.
(B) Human lenses with ages ranging from 6 to 76 years were also studied. (C) The
relationship between the ratio of G60/G73 and age in human lenses was examined.
Regression analysis with 95% confidence intervals (Cl) yielded the following prediction:
y =0.0039x + 0.0138, r = 0.8229, P < 0.0001, n = 22. (D) The correlation between
the ratio of G60/G73 and age range groups in human lenses was investigated. The
regression line was found to be y = 0.0861x + 0.0286, r = 0.9976. (E) The occurrence
of GCLC truncation in other aged mouse tissues. Blood was effectively removed
through cardiac perfusion in all vascular tissues. (F) GCLC truncation in cultured cell
lines. Note: The kidney tissue used as an additional positive control in (F) was not
obtained through cardiac perfusion. Consequently, it reflects a mixture of G60 levels
from both kidney and red blood cells. (G) The spatial distribution of G73 truncation
in mouse lenses showed no detectable G60 in the lens epithelium, while notable G60
was observed in the lens fibers. (H) The spatial distribution of G73 truncation in
human lenses indicated no detectable G60 in the human lens epithelium, while
major G60 was present in the outer layer of the lens cortex, with no G60 detected
in the lens nucleus. GAPDH, glyceraldehyde phosphate dehydrogenase.

GCL activity continuously declines during aging in human
and mouse lenses

We further investigated the biological significance of GCLC trunca-
tion in the decline of lens GSH concentration during the aging
process. To begin with, we used the liquid chromatography-mass
spectrometry (LC-MS) method and observed a remarkable age-related
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decrease in GCL activity in the human lens (Fig. 2A). This finding
corroborated the results of a prior report that used a colorimetric-
based method (39). The decline in GCL activity associated with age
was also observed in the mouse lens. Notably, there was a significant
approximately twofold decrease in GCL activity in 20-month-old
lenses when compared to their 3-month-old counterparts (Fig. 2B).
Furthermore, in line with expectations, we noted a concurrent age-
related decrease in lens GSH levels (Fig. 2C). There was a clear
correlation between lenticular GSH levels and GCL activities, as de-
picted in Fig. 2D. These findings strongly emphasize the pivotal role
of GCL activity in maintaining lens GSH homeostasis.

To gain further insights, we conducted measurements of spatial
GCL activity in both young (2-month-old) and old (20-month-old)
lens epithelium and outer cortex, where cellular transcriptional and
translational machinery remains active. We observed that the GCL
activity in the lens epithelium remained relatively constant even at
an advanced age (Fig. 2E). However, the outer cortical region of the
lens exhibited a significant decrease in GCL activity as the lens aged
(Fig. 2E). This decrease correlated with the spatial and temporal
pattern of age-related GCLC truncation.

G60 proteoform is derived from GCLC cleavage at

aspartate 499 (D499)

To investigate the nature of the G60 proteoform, we performed
immunoprecipitation (IP) using a GCLC antibody specific to the
N-terminal region to purify the G60 proteoform from 114 lenses of
aged mice (>8 months old) (fig. S4). Mass spectrometry analysis
revealed a tryptic fragment resulting from cleavage between aspartic
acid 499 and glycine 500, as compared to full-length GCLC (Fig. 2,
F and G). This finding strongly suggests that G60 is the result of
cleavage at the D499-G500 site in the aged lens.

In 2002, Franklin et al. (40) discovered that in in vitro cell
cultures, the GCLC protein could undergo cleavage during apoptosis.
This cleavage was triggered by cell death receptor-mediated pathways,
such as tumor necrosis factor-a (TNFa) or anti-Fas. The resulting
60-kDa truncation band was attributed to the cleavage by caspase 3
at the D499 site. Recognizing the consistent GCLC cleavage site
both in vitro and in vivo, we experimented with in vitro-induced
conditions. Upon treatment with TNFa/cycloheximide (CHX) or
staurosporine (STS), we successfully induced GCLC truncation and
G60 formation in HeLa and mouse embryonic fibroblast (MEF)
cells, as shown in Fig. 2H and other figures.

To further validate the lens GCLC cleavage site observation,
we conducted mutagenesis experiments using in vitro culturing
models. We overexpressed wild-type (WT) GCLC, as well as D499A
and D499E mutant forms, all tag-free, in Gcle KO MEF cells. After
treating the cells with 500 nM STS for 4 hours, G60 production was
inhibited in both the D499A and D499E mutant GCLC constructs
(Fig. 2H).

Calpain, caspases 1, 3, 6, and 12, and fiber cell

differentiation are not responsible for lens GCLC cleavage
The pivotal role of caspase 3 in GCLC cleavage within the in vitro
cell culture system inspired us to explore whether it plays a similar
role in GCLC truncation during the aging process of the lens. We
conducted experiments to assess GCLC truncation in two distinct
KO lens models: caspase 3 KO (6 months old, as shown in fig. S5B)
and caspase 6 KO (9 months old, as shown in fig. S5C), both of
which are considered executioner caspases. In addition, we examined
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GCLC truncation in caspase 1 KO (20 months old, as shown in
fig. S5D) and caspase 12 KO (7 months old, as shown in fig. S5E) lenses,
which are associated with inflammatory responses. Intriguingly,
even with substantial inhibition of GCLC cleavage using pan-caspase,
caspase 3, and caspase 6 inhibitors in TNFa plus CHX-treated HeLa
cells (fig. S5A), we observed no significant reduction in GCLC
cleavage across all tested caspase KO mouse lenses. Further investi-
gation into the spatial expression of the two executioner caspases
revealed that both caspases 3 and 6 are primarily expressed in the
lens epithelium (fig. S5, F and G). These results suggest a distinct
cleavage mechanism between in vivo GCLC truncation and in vitro-
induced cell death cleavage, at least with regard to caspase 1, 3, 6,
and 12-mediated mechanisms. It is worth noting that we did
not conduct experiments involving executioner caspase 7 and
other caspases.

We exclusively detected GCLC truncation within the lens fiber
cells. Lens fiber cells originate from lens epithelial cells through the
process of cell differentiation. Several studies suggest that non-
apoptotic caspase 3 activation plays a role in the lens epithelial cell
differentiation process (41-44). This suggests the plausible hypothesis
that GCLC is a byproduct of lens epithelial cell differentiation. To
test this hypothesis, we conducted an ex vivo lens capsular explant
culture system, inducing lens capsular epithelial cell differentiation
through fibroblast growth factor 2 (FGF-2) treatment (200 ng/ml).
As shown in fig. S6A, 48 hours after FGF-2 treatment, we observed
elongated cells in the lens capsule demonstrating fiber cell forma-
tion. Immunofluorescence staining (fig. S6B) and immunoblotting
(fig. S6C) using the P crystallin antibody demonstrated a significant
increase in P crystallin expression in the FGF-2-induced capsules
compared to the untreated control capsules. However, we did not
observe any GCLC cleavage in the FGF-2-treated or nontreated
capsules (fig. S6C).

Calpains, which are calcium-dependent cysteine proteases, have
been identified as responsible for the proteolytic cleavage of lens
crystallin and the formation of cataracts (45-47). This raises the
question of whether calpains may also play a role in the produc-
tion of age-related G60. To investigate this, we conducted an
in vitro calpain proteolytic digestion of recombinant GCLC protein
using native calpain-1. To ensure that the digestion conditions
activated calpain, we optimized the conditions using a fluorogenic
peptide substrate and further validated the results with a calpain
inhibitor (fig. S7A). As illustrated in fig. S7B, while calpain proteolytic
cleavage was able to partially digest G73, it was unable to gen-
erate G60.

G60 proteoform significantly impairs GCLM binding and
almost completely abolishes enzymatic activity

To investigate the structural changes caused by GCLC truncation,
we used AlphaFold to model human intact GCLC, truncated GCLC
(G60 and G13), and their interactions with GCLM. AlphaFold suc-
cessfully predicted the formation of the GCLC-GCLM heterodimer.
In the visualization (Fig. 3A), GCLM is represented in light red
color, while GCLC is depicted in blue (G60) and rainbow (G13). The
C-terminal G13 motif, particularly two helical structures, is predicted
to be critical for GCLM binding. To confirm that the G13 is indeed
a crucial motif for the heterodimer formation between GCLC and
GCLM, we overexpressed Flag-tagged G73 and G60 in HeLa cells,
pull down interacting proteins by a flag-tag antibody. The results
showed that GCLM was not detectable in G60 overexpressed cells
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Fig. 2. Aspartate 499 GCLC cleavage in cortical fibers correlates with age-related decline of GCL activity. (A) An age-related decline in GCL activity was observed in
human lenses. Regression analysis with 95% Cl yielded the following prediction: y = —0.08151x + 11.54, r = 0.7787, P < 0.0001, n = 21. (B) An age-related decline in GCL
activity was observed in mouse lenses. (C) An age-related decline in lens GSH was observed in mouse lenses. (D) The correlation between lens GSH level and GCL activity
was investigated. The regression line was found to be y = 5.606x + 9.325, r = 0.9741. (E) Significantly decreased GCL activity was found in the lens outer cortex but not
epithelium when comparing 20-month-old mouse lenses to 2-month-old mouse lenses. (F and G) G73 and G60 were immunoprecipitated under denaturing conditions
using a GCLC antibody recognizing the N-terminal region of protein GCLC. Mass spectrometry analysis revealed the detection of the theoretic tryptic peptide of the full-length
GCLC, DICKGGNAVVDGCSK (F), and the cleavage peptide DICKGGNAVVD (G). (H) Tag-free GCLC was expressed in Gclc KO MEF cells using retroviral particle infection.
Following induction of MEF cell death with 500 nM STS for 6 hours, G73 and G60 were determined by immunoblot (IB). Consistent with the findings, D499A and D499E
mutations prevented G73 cleavage. CT, control cells without viral infection. (E) Results were expressed as mean + SD and were analyzed using Student’s t test. (B and C)
Results were expressed as mean + SD and were analyzed using one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test. Only P < 0.05 is considered
significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ***#P < 0.0001. ns, not significant; m/z, mass/charge ratio.
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Fig. 3. GCLC cleavage fragment G60 abolishes GCLM binding and enzymatic
activity. (A) AlphaFold-multimer 2 predicted the protein complex, and the C-
terminal motif was found to be crucial for GCL holoenzyme formation by GCLC and
GCLM. (B) Co-IP in Hela cell culture revealed that overexpressing flag-tag G73
could pull down GCLM, while no detectable GCLM was found in G60 overexpressed
cells. (C) In Hela cell culture, substantial levels of GCLM were pulled down when
both flag-tag G73 and Myc-tag GCLM were overexpressed. Conversely, only a weak
GCLM band was detected in both flag-tag G60 and Myc-tag GCLM overexpressed
Hela cells. (D) G60 activity was assessed by expressing G73 and G60 in Gclc KO MEF
cells. The cell lysate, collected 48 hours after viral particle infection, was used for
GCL activity analysis. WT MEF cells were used as a control. (E) The results of GCL
activity from (D) demonstrate that G60 nearly completely abolishes its enzymatic
activity. One-way ANOVA with Tukey’s honest post hoc analysis was used to com-
pare between groups, and only P < 0.05 is considered significant. (****P < 0.0001).

when compared to G73 overexpression (Fig. 3B). We only observed
a weak G60 and GCLM binding when both G60 and GCLM were
overexpressed together (Fig. 3C). These findings indicate that G60
has a significantly weaker binding affinity with GCLM and cannot
compete with full-length GCLC in heterodimer enzyme formation.
Consequently, the disruption of heterodimer formation after GCLC
truncation is likely to have an impact on enzymatic activity.

To assess the enzymatic activity of G60 compared to G73, we
conducted measurements using WT and Gcle KO MEEF cell culture
systems (Fig. 3D). As demonstrated in Fig. 3E, G60 almost completely
abolished GCLC catalytic activity, highlighting the importance of
the C-terminal region, particularly the G13 motif, in maintaining
GCLC’s functional enzymatic activity.
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G60 competes with GCLM binding in the presence of the

G13 fragment

By cleaving GCLC at aspartate 499, two truncated fragments are
produced: the N-terminal fragment G60 and a C-terminal fragment
G13. The presence of both truncated fragments prompted us to in-
vestigate whether G60 can bind GCLM in conjunction with G13.

To explore this, we developed an intracellular ectopic protein
expression system in GCLC KO HelLa cells. These approaches not
only minimized interference from endogenous GCLC but also
avoided adding methionine to facilitate G13 overexpression. The
ectopic protein expression system used a ubiquitin-fusion approach,
resulting in self-cleavage and the production of an exact G13 frag-
ment as observed in vivo (fig. S8). When flag-tagged G73 or G60
was coexpressed with G13 in the GCLC KO HeLa cells, we observed
G13 pulldown with the flag-tag antibody only in the presence of
G60 and G13 coexpression (Fig. 4A). No binding was observed
between G73 and G13, indicating that G60 still interacts with G13.
Subsequently, we investigated the potential binding of G60 to GCLM
in coordination with G13. Using the same GCLC KO HeLa cell sys-
tem, we coexpressed G13, flag-tagged G73, and G60. IP using the
flag-tag antibody yielded consistent levels of GCLM between cells
cooverexpressing G73 and those cooverexpressing G60 plus G13,
implying a similar binding propensity of G60 plus G13 to GCLM
(Fig. 4, B and C). In addition, when we coexpressed tag-free versions
of G73, G60, G13, or G60 plus G13 alongside flag-tagged G73 in the
GCLC KO HelLa cells, both tag-free G73 and combination of G60
and G13 demonstrated equal binding competitiveness with flag-
tagged G73 for GCLM (Fig. 4D). This was not observed when G60
or G13 was expressed individually (Fig. 4D). These outcomes com-
pellingly show that the combination of G60 and G13 has the same
binding competition as G73 when it comes to GCLM.

Corroborating our findings, AlphaFold’s predictions also discerned
the two fragments, G60 and G13, in tandem with the formation of a
GCLM complex. These data suggest that G13 may act as a bridge
connecting GCLM and G60 (Fig. 4E).

The equivalent binding affinity of G60 plus G13 to GCLM raises
critical questions regarding enzymatic activity. To investigate this
further, we gradually overexpressed tag-free G73, G60, and G13 in
GCLC KO HelLa cells and measured both enzymatic activity and
intracellular synthesis of the substrate GSH. Despite exhibiting
similar GCLM binding affinity, G60 plus G13 coexpression displayed
significantly lower enzymatic activity (Fig. 5, A and B) and intra-
cellular GSH synthesis (Fig. 5, C and D) compared to G73 alone. We
observed rapid degradation of G13 when it was overexpressed alone,
but coexpression with G60 significantly prolonged the presence of
intracellular G13 (Fig. 5, E and F). These findings suggest that the
formation of the G60 and G13 heterodimer may stabilize G13, protect-
ing it from degradation.

D499E knock-in mouse inhibits GCLC truncation and
maintains lens GSH levels

If GCLC truncation does indeed impair intracellular GSH bio-
synthesis during lens aging, then preventing GCLC fragmentation
could potentially help maintain GSH levels in the aged lens. To
explore this possibility, we decided to create a knock-in (KI) mouse
model carrying mutations that could effectively block GCLC trun-
cation, and the optimal mutation site for this purpose was identified
as aspartate 499. We conducted an in vitro cell apoptosis culture
assay to evaluate the efficacy of D499E and D499A mutations in
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coexpressing G60 and G13 could pull down an equal amount of GCLM compared
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amount of endogenous GCLM. (C) Quantitative results from three repeats (n = 3) of
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considered significant. (ns, not significant).

blocking GCLC truncation. As depicted in Fig. 6A, both D499A and
D499E mutations were successful in preventing GCLC truncation.
Notably, in the case of the D499E mutant GCLC, partial truncation
was observed after prolonged exposure (Fig. 6A). Furthermore, we
assessed the GCL enzymatic activity of these mutations in compari-
son to the WT and found that D499E maintained a similar GCL
enzymatic activity as compared to WT, while D499A significantly
compromised GCL enzymatic activity (Fig. 6B). Considering the
similar binding affinity with GCLM and enzymatic activity relative
to WT GCLC for D499E (Fig. 6, B and C), we opted for the D499E-
KI model for our subsequent in vivo animal studies to avoid major
charge shifts. D499E-KI mouse model was created by CRISPR-Cas9
technology with only a single mutation (GAC > GAA) to convert
aspartate to glutamate.

Wei et al., Sci. Adv. 10, eadl1088 (2024) 26 April 2024

Considering that caspases have the potential to cleave GCLC and
given the reported important role of cell apoptosis in lens develop-
ment (48-50), we measured lens cell apoptosis using terminal de-
oxynucleotidyl transferase-mediated deoxyuridine triphosphate nick
end labeling (TUNEL) assay at key developmental time points, spe-
cifically embryonic day 13.5 (E13.5), E15.5, and E18.5, in both WT
and D499E-KI homozygous embryos. Our observations revealed the
presence of TUNEL-positive signals at E18.5, primarily localized
within the active cell differentiation zone (fig. S9, A to F). However,
we did not detect reliable TUNEL-positive signals at E13.5 and
E15.5. In our analysis, we found no significant differences between
WT and D499E-KI mice in terms of lens cell apoptosis (fig. S9G).
Furthermore, conducting thorough comparative studies of lens
morphology at E13.5, E15.5, E18.5, and postnatal day 0 (P0) did not
yield any discernible distinctions between WT and D499E-KI mice
(fig. S10). These collective findings strongly suggest that the aspartate-
to-glutamate mutation at residue 499 does not exert any influence
on lens cell apoptosis during lens development, nor does it affect
overall lens development.

If GCLC truncation indeed impairs intracellular GSH biosynthesis
during lens aging, then blocking GCLC cleavage could maintain
GSH levels in the aged lens. When we measured 14- and 20-month-old
mouse lenses, GCLC truncation was significantly suppressed in the
D499E-KI mouse lenses (Fig. 6, D and E). Unexpectedly, although
we expected milder protein truncation in the in vivo lens, a substantial
amount of GCLC truncation was still detected in aged D499E-KI
mouse lenses. Nevertheless, suppressing GCLC truncation led to a
significant increase in aged lens GSH levels (Fig. 6F).

To assess the impact on age-related cataract formation, we screened
94 20-month-old WT C57BL/6 mice (54 males and 40 females) and
100 D499E-KI mice (54 males and 46 females) using slit lamp ex-
amination. Cataracts were classified into three distinct grades based
on their size and density: grade I (no cataracts), grade II (mild cata-
racts), and grade III (severe cataracts). In Fig. 7 (A to C), we present
a comprehensive view of the degree of cataract severity using full eye
images captured by slit lamp examination. Figure 7 (D to F) depicts
the slit images for further clarity, while Fig. 7 (G to I) provides a
visual representation of dissected lens dark-field images. In addition,
Fig. 7 (J to L) presents a grid view of these lenses at their respective
grades. Both grade IT and grade III lenses exhibit noticeable aggre-
gation in the central anterior region of the lens. To pinpoint the
exact location of these aggregates, we conducted isolation of lens fibers
and capsules. As depicted in fig. S11, our observations revealed that
aggregates were exclusively present in the outer cortical layer of
grade II lenses, with no opacification detected in the lens capsules.
In lenses with severe cataracts (grade III), we observed intense ag-
gregation and opacification in the outer cortical layer, coupled with
minor aggregation in the lens capsule and epithelium. These find-
ings collectively suggest that the initiation of lens aggregation and
opacification predominantly occurs within the fiber layer, and se-
vere fiber aggregation can subsequently lead to opacification in the
lens capsule. In addition, these findings closely parallel the GCLC
truncation, which primarily inhibits GSH synthesis in the outer
cortical layer of the lens.

By 20 months of age, approximately 19.9% of WT mouse lenses
were cataract-free, while about 49.5% of KI mouse lenses showed no
cataracts—a 2.5-fold increase in cataract-free lenses when GCLC
truncation was suppressed (Fig. 7M). Moreover, both mild and
severe cataracts (grades II and IIT) were reduced in D499E-KI
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(**P < 0.01 and ***P < 0.001).

compared to WT lenses (Fig. 7M). We conducted a chi-square test
to compare the rate of cataract formation and found that D499E-KI
mice exhibited a significant reduction (P < 0.0001) in cataract for-
mation compared to WT mice. Furthermore, measurements of both
cataract size and density, as depicted in Fig. 7 (N and O), also
demonstrated a significant reduction (P < 0.0001) in cataract size
and density in D499E-KI mice.

There was no significant difference in the rate of cataract forma-
tion between male and female mice at 20 months of age. It is important
to note that our D499E-KI mice were maintained on the C57BL/6]
genetic background, while the WT mice used as controls in this
study were on the C57BL/6]JN genetic background. This minor dis-
crepancy in genetic background raised concerns regarding whether
C57BL/6JN mice might exhibit a higher rate of cataract formation
compared to C57BL/6] mice. To address this concern and pro-
vide clarification, we conducted a thorough screening of 20 mice

Wei et al., Sci. Adv. 10, eadl1088 (2024) 26 April 2024

(comprising 10 males and 10 females) on the C57BL/6] genetic
background to compare their cataract formation rates with those of
C57BL/6]JN mice. As depicted in fig. S12, both strains exhibited
nearly identical rates of cataract formation. These data validation
reinforces and supports our research findings.

DISCUSSION

Several factors contribute to the age-related decline of lens GSH. The
primary and most crucial contributor is impaired GSH biosynthesis
enzyme activity. Our present study, in line with previous research
(39), reveals a profound decline in GCL activity in the human lens.
However, the underlying mechanisms responsible for this impairment
have yet to be fully understood. Our discovery of an age-related
GCLC truncation provides a compelling explanation for the pro-
found decline of lens GSH during the aging process. Conversely,
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lens GSH levels are restored, and cataract formation is remarkably
delayed if we block the GCLC truncation.

GCL serves as the rate-limiting enzyme in GSH biosynthesis
(51). GCL is a holoenzyme composed of a 73-kDa catalytic subunit
(GCLCQC) and a 28-kDa modifier subunit (GCLM). While GCLC has
catalytic activity, GCLM lacks enzymatic function but plays a crucial
role in GSH biosynthesis intracellularly by significantly reducing the
K and increasing K., of GCLC when interacting with its substrate,
glutamate (38). Therefore, GCLM is essential for the successful pro-
duction of GSH. Notably, GCLM is less abundant compared to GCLC,
making it a vital factor in the formation of the GCL holoenzyme (38, 52).

Wei et al., Sci. Adv. 10, eadl1088 (2024) 26 April 2024

This importance is further confirmed by studies involving GCLM
KO mice, where a reduction of more than 70% in GSH levels was
observed in mouse tissues (53). Historically, research pinpointed
that GCLC protein can be cleaved in in vitro—cultured cells. This
cleavage can be incited either through cell death receptor-mediated
pathways or when subjected to UV irradiation or transforming
growth factor-p challenges (40, 54, 55). Until now, studies have only
found GCLC truncation during in vitro cell culture when substan-
tial apoptosis was induced. However, our present study has revealed
that GCLC cleavage occurs in vivo, particularly in the lens fiber
cells, in an age-related manner. Our study demonstrated that the
two cleavage fragments compete with full-length GCLC for GCLM
binding, resulting in a significant impairment of enzymatic activity
when compared to the GCL holoenzyme formed by the full-length
GCLC and GCLM (Fig. 8).

The intracellular GSH levels significantly decreased in the in vitro
cytotoxin-mediated apoptotic cells associated with GCLC cleavage
(40). Several reports stated that GSH depletion was because of ele-
vated cellular GSH efflux since several reports have shown increased
GSH efflux in cells triggered by the death receptor pathway. While
GSH efflux indeed contributes to intracellular GSH depletion in
death receptor-mediated cell apoptosis (56, 57), we speculate that
impaired GSH de novo synthesis plays a crucial role in cellular GSH
homeostasis. Regarding in vivo conditions, particularly during the
lens aging process, death receptor-mediated cell death has not been
reported. Our present study indicates that impaired GCL activity
resulting from GCLC truncation plays a critical role in the profound
reduction of lens GSH content. It is worth noting that a study in-
volving the chemotherapeutic drug etoposide-treated myeloblastic
leukemia cells did observe GCLC cleavage (58), but there was no sig-
nificant decrease in GCL activity. Another study using UV-B-irradiated
human keratinocytes observed GCLC cleavage and a trend of de-
creased GCL activity, but the activity did not reach statistical sig-
nificance. These findings were derived from cells undergoing cell
death due to harsh stimulation (54), and the total protein levels for
normalization may significantly differ.

In our study, we used GCLC KO cells to precisely quantify G73,
G60, and G13 expression levels. In addition, we used a more accu-
rate LC-MS method to measure GCL activity. These approaches
should better reflect in vivo and physiological conditions. The
evidence from D499E-KI mice, which maintained a higher level of
GSH in the aged lens compared to WT mice, strongly supports our
hypothesis. Notably, we still observed substantial G73 truncation in
the lenses of D499E-KI mice. The primary reason for choosing the
aspartate to glutamate mutation was their similar charges, ensuring
that it would not significantly affect GCL enzymatic activity. How-
ever, it appears that the glutamate residue at position 499 is a much
weaker substrate for the protease but could not completely block the
cleavage. Even under caspase 3-mediated cleavage, we observed
partial G73 cleavage in the apoptotic-induced in vitro cell culture
model. The aspartate to alanine mutation had a much better preven-
tion in blocking GCLC cleavage. However, the D > A mutation
seems to negatively affect GCL activity. Future studies are needed to
identify a suitable amino acid residue that can not only maintain
GCL enzymatic activity but also completely block GCLC cleavage.

Our initial investigations involved in silico analysis, which high-
lighted the VVDG motif as a potential caspase substrate, particularly
caspase 3. Furthermore, our in vitro assays demonstrated that pan-
caspase, caspase 3, and caspase 6 inhibitors could nearly completely
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Fig. 8. Model of the role of GCLC truncation in lens GSH homeostasis during
aging. In the lens at a young age, minimal GCLC cleavage occurs, leading to normal
GSH biosynthesis and maintenance of GSH concentration. However, at older ages,
GCLC truncation fragments compete with full-length GCLC for GCLM complex
formation, resulting in impaired intracellular GSH synthesis and reduced lens GSH
concentration. This age-related GCLC truncation may contribute to the decline in
lens function and the development of age-related lens disorders.

block GCLC truncation in a rigorous apoptotic-induced cell culture
system. However, when we conducted measurements on caspase 3
KO mice, we did not observe any prevention of GCLC truncation.
Subsequently, we expanded our study to include caspase 1, 12, and
6 KO mice and found very similar results. An important discovery
was that we mapped the spatial expression of key executioner cas-
pases 3 and 6, primarily finding their expression in the lens epithe-
lium. This observation may explain why caspases 3 and 6 are
unlikely to be responsible, as GCLC truncation was only detected in
the lens fibers. Our further study also excluded calpain as one of the
mechanisms in age-related GCLC truncation. The mechanism of
GCLC cleavage in the lens during aging remains to be elucidated.
The level of GSH in the lens decreases with age, especially in the
lens nucleus, and this is widely believed to be a key factor contribut-
ing to age-related nuclear cataract formation (24, 36, 59). Apart
from the notable impairment of GCL activity, there are other mech-
anisms that also contribute to age-related decline of GSH in the lens.
Disruption of lens GSH homeostasis is influenced by factors such as
decreased sources of extralenticular GSH or its constituent amino
acids due to aging changes in the ciliary body, including sclerosis
and reduced vascularization in the ciliary body processes (60, 61).
Furthermore, the age-related increase in lens stifftness and barrier
formation (62-66) is associated with a decline in GSH diffusion into
the inner layer of the lens. This decrease in GSH diffusion has been
considered one of the mechanisms involved in age-related nuclear
cataract formation. However, the precise mechanism of barrier for-
mation is not yet fully understood. It is suggested that increased
crosslinking between cytoskeletal, membrane proteins and lipids,
and crystallins may contribute to the formation of this barrier.
Oxidative stress-induced protein crosslinks and remodeling of mem-
brane lipids have been identified as crucial contributors during the
aging process, including protein disulfides (67), glycation (15),
ascorbylation (68), and lipoxidation (69). The truncation of GCLC
occurs around the mid-20s, just before the appearance of the lens
barrier, which usually occurs around the 30s (62). This raises the
question of whether the decreasing lens GSH and barrier formation
are causally related or if they fall into a “chicken or the egg” causality
dilemma. It is possible that the impairment of GSH biosynthesis and

Wei et al., Sci. Adv. 10, eadl1088 (2024) 26 April 2024

the decline in GSH levels early on might at least accelerate the
barrier formation. In addition, impaired GSH regeneration in the
aging lens further contributes to the GSH decline. GSH typically
works in conjunction with GSH peroxidase, GSH reductase (GR),
and glutaredoxin to form a “GSH antioxidant network” The age-
related dysfunction of these redox enzymes (70, 71) can hinder GSH
regeneration. This is evidenced by the elevated protein-S-S-GSH
mixed disulfides in the aged human lens, which have been exten-
sively documented in previous research (59, 72, 73). In contrast, our
study provides clear evidence that cataract formation can be significant-
ly delayed by restoring lens GSH levels in aged mice. Our findings
lead us to believe that preventing the cleavage of the key enzyme
GCLC during lens aging may become an effective approach to re-
storing lens GSH levels and delaying the onset of cataract.

In conclusion, our study represents a groundbreaking discovery,
identifying an age-related truncation of the GSH biosynthesis enzyme
GCLC. This cleavage does not lead to a decrease in GCL holoenzyme
complex formation, but it does significantly impair GCL enzymatic
activity. By generating KI mice without GCLC cleavage, we demon-
strated that blocking GCLC cleavage successfully maintained lens
GSH levels even in older mice, and it significantly delayed age-
related cataract formation. These findings open up a crucial path for
developing a therapeutic approach to delay age-related cataracto-
genesis, potentially offering strategies to mitigate the impact of
cataracts associated with aging.

METHODS

Reagents

All chemicals used were of analytical reagent grade. Milli-Q water
was used for the preparation of standards and reagents. STS (A8192)
was purchased from ApexBio (Boston, MA). TNFa (T7924), CHX
(C1988), L-glutamic acid (G1251), L-2-aminobutyric acid (A1879),
benzylamine (B5136), pyruvate kinase (10109045001), phosphoenol-
pyruvate (10108294001), calpain-1 (208713), calpain inhibitor III
(208722), calpain substrate III fluorogenic (208771), In Situ Cell
Death Detection kit TMR red (12156792910), FGF-2 (SRP4037),
and adenosine triphosphate (ATP; A1852) were purchased from
Millipore Sigma (St. Louis, MO). y-Glutamylaminobutyric acid
(B095384) was purchased from BenchChem (Pasadena, CA). All
other chemicals were obtained from Sigma-Aldrich and Thermo
Fisher Scientific.

Human donor eye tissue collection

Normal human eye globe span of 5 to 76 years old was obtained
from the Georgia Eye Bank with an average postmortem time of
18 hours. The lens was then dissected and immediately processed
for individual assays as described.

Animal

All animal experiments were conducted in strict adherence to the
approved protocols by the Augusta University Animal Care and Use
Committee, following the Association for Research in Vision and
Ophthalmology guidelines for the ethical use of animals in Ophthal-
mic and Vision Research. The animals were housed in conditions
with diurnal lighting and provided unrestricted access to food and
water. The Gclc floxed mice in C57BL/6 genetic background was created
by our group, as described in our previous report (35). The caspase
3 KO mice (006233) and caspase 1 KO mice (032662) were procured
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from the Jackson Laboratory. Caspase 12 KO mice were purchased
from Mutant Mouse Regional Resource Centers, while WT C57BL/6
mice were obtained from the National Institute of Aging.

D499E-Gclc KI mice

We introduced a specific mutation into the Gclc gene, converting
aspartic acid to glutamic acid (GAC > GAA) at position 499. This
genetic alteration led to the creation of D499E-Gclc KI (D499E-KI)
mice using CRISPR technology, conducted by Applied StemCell
located in Milpitas, California. No additional gene modifications,
such as the addition or removal of restriction sites, were made. The
Gele.g2 guide RNA (gRNA), which targeted the mutation site, was
used in conjunction with a single-stranded oligodeoxynucleotide
(ssODN) donor molecule serving as an HDR (homology-directed
repair) template to introduce the required point mutation (fig. S13).
The process involved cytoplasmic microinjection of Gele.g2 gRNA,
ssODN, and Cas9 protein, followed by the identification of founder
mice through DNA Sanger sequencing. Heterozygous D499E-KI
mice were subsequently bred with WT C57BL/6] mice for a mini-
mum of six generations. Subsequently, homozygous D499E-KI mice
were produced by mating heterozygous D499E-KI individuals.
Genomic DNA containing the GCLC gene was amplified from mouse
tail genomic DNA extracts. The gene mutation was confirmed
through Sanger DNA sequencing, with representative sequencing
chromatograms provided in fig. S14. Colonies of homozygous D499E-
KI mice within the C57BL/6 genetic background were consistently
maintained throughout the duration of the study.

Mouse lens capsule explant culture and FGF-induced
epithelial cell differentiation

Lens capsule culture was conducted using 2-month-old mice, following
the procedures outlined in a previous publication (21I). Briefly, a
small incision was made at the posterior pole of the lens capsule.
Subsequently, four to six flaps of the posterior capsule were deli-
cately peeled from the posterior pore to the equator of the lens using
fine forceps. The attached fibers were meticulously removed, and the
lens capsule was then flattened and secured to the culture dish. The
culture medium consisted of serum-free M 199, supplemented with
antibiotics and amphotericin B. Twenty-four hours after the initial
culture, a final concentration of FGF-2 (200 ng/ml) was introduced,
and the capsules were continuously cultured for an additional 48 hours.
Capsules without FGF-2 served as the control group. Cell morphology
was observed at 24-hour intervals, and at the end of the culture
period, capsules were either fixed for immunofluorescence staining
or lysed for immunoblotting assays.

Cell culture and treatment

The human lens epithelial cell line of FHL124 cells (obtained from
M. Wormstone at the University of East Anglia, UK) (74) were cul-
tured in minimum essential media supplemented with 5% fetal
bovine serum (FBS), 2 mM glutamine, and penicillin/streptomycin
(50 U/ml; HyClone, Cytiva) at 35°C in a humidified 5% CO, incuba-
tor. RPE, HeLa, HLE-B3, SW480, DLD1, and HEK293T cells were
grown in Dulbeccos modified Eagle’s medium (DMEM) with 10%
EBS, 2 mM glutamine, and penicillin/streptomycin (50 U/ml; HyClone,
Cytiva) at 37°C in a humidified 5% CO, incubator. MEF cells were
cultured from WT and Gclc E13.5 embryos following the protocol
described in a previous report (75). Gcle KO MEF cells were gener-
ated by introducing stable Cre expression using retroviral particles
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carrying puromycin-resistant genes. MEF cells were cultured in
DMEM medium with 10% FBS, 2 mM glutamine, and penicillin/
streptomycin (50 U/ml; HyClone, Cytiva). In addition, 2 mM N-
acetylcysteine was included in the culture medium and refreshed
every 48 hours in Gcle KO MEF cells. To induce GCLC cleavage in
FHL124 and MEEF cells, overnight seeded cells were treated with 500 nM
STS for 4 to 6 hours. For HeLa cells, overnight seeded cells were
treated with TNFa (30 ng/ml) and CHX (10 pg/ml) for 4 to 6 hours
to induce GCLC cleavage. Cells were then harvested at various time
points as described in each assay.

Creating GCLC KO Hela cells by CRISPR-Cas9 editing

The single guide RNA was successfully inserted into the lentiCRISPR
v2 vector (a gift from E Zhang, Addgene plasmid #52961). Lentiviral
particles were then generated from HEK293T cells through cotrans-
fection of lentiCRISPR v2, VSV-G, BH10 ¢~ env™, and pRev ¢ (provided
by J. Skowronski at Case Western Reserve University). Subsequently,
FHL124 cells were infected with these lentiviral particles and al-
lowed to grow for 48 hours. The stably infected cells were selected
using puromycin (2 pg/ml). For single-cell expansion, the infected
cells were diluted and plated in a 96-well plate. The individual clonal
cell lines with GCLC deletion were validated through immunoblot
analysis. Two sets of GCLC gRNA were used: GCLC gRNA1 with
the sequence AGGCCAACATGCGAAAACGC and GCLC gRNA2
with the sequence AGAAATATCCGACATAGGAG.

Mammalian gene expression using retroviral particles and
transient transfection

Human GCLM, GCLC (G73), and its truncated fragments G60 and
G13 were cloned into pCG (76) expression vector. Both tag-free and
N-terminal FLAG- and Myc-tagged expression vectors were used.
For transient transfection, approximately 0.2 x 10° HeLa cells were
seeded into a six-well plate at least 16 hours before the transfection.
The plasmids were introduced into the cells using TransIT-LT1
reagent (Mirus Bio LLC) following the manufacturer’s instructions.
To achieve viral particle-based overexpression, tagged and tag-free
G73, G60, and G13 were subcloned into the MSCV (puro) vector.
Retroviral particles were produced from HEK293 cells, as previously
described (77). For viral particle infection, FHL124 and HeLa cells
were seeded overnight and then incubated with the viral particles
for 48 hours, followed by puromycin selection. The gene expression
of the stably infected cells was verified by immunoblot analysis, and
the cells were cultured in the presence puromycin (2 pg/ml).

Mammalian ectopic protein expression

To achieve overexpression of the G13 fragment with the exact same
amino acid sequence as the in vivo truncated form in cell culture, we
used a ubiquitin fusion protein system at the N-terminal of the G13
protein. This system allowed the G13 fragment to be released by
intracellular ubiquitin-specific proteases. We used a mutated form of
ubiquitin (UbK48R) expression vector (78), provided by M. Scheffner
from the University of Konstanz, Germany. The UbK48R-G13 con-
struct was subcloned into the pCG expression vector containing a
puromycin-resistant gene. Both transient transfection and generation
of stably transfected cells were performed using the TransIT-LT1
reagent (Mirus Bio LLC)-mediated approach. To account for the
potential impact of the ubiquitin fusion expression system, we also
expressed G73 and G60 using the same system in all our ectopic
expression experiments.
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GSH assay

GSH levels were determined using the colorimetric assay method,
as described in (21, 79). Briefly, cultured cells and lenses were
homogenized in an ice-cold mixture of 0.6% sulfosalicylic acid and
freshly prepared 0.1 M potassium phosphate buffer with a pH of
7.5 and containing 5 mM EDTA. The resulting supernatant was
used for the GSH assay. This assay involved the utilization of GR and
B-NADPH enzymatic recycle colorimetric assay after derivatization
by 5,5'-dithio-bis (2-nitrobenzoic acid).

Nondenaturing IP

The cells were collected and washed three times with ice-cold
phosphate-buffered saline (PBS). Subsequently, they were lysed
using a cell lysis buffer containing 20 mM tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100, supple-
mented with protease inhibitors. To reduce nonspecific binding, the
lysate was precleared by incubating it with protein A agarose resin at
4°C for 1 hour. After preclearing, the lysate was mixed with the
primary antibody specific to the protein of interest, protein A resin,
and gently rotated for 2 hours at 4°C. The protein A resin was washed
five times with the cell lysis buffer to remove any nonspecifically
bound proteins. Subsequently, the target protein was released from
the protein A resin by incubating the beads in 2x Laemmli SDS
sample buffer for 10 min at 95°C. This allowed for the elution of the
immunoprecipitated protein for downstream analysis.

IP under denaturing conditions and G60 separation

To perform the denaturing IP and pull down the G60 fragment, the
following steps were carried out. A pool of 114 lenses older than
8 months was homogenized in 11.4-ml denaturing lysis buffer
(pH 7.4), which contained 1% SDS, 5 mM EDTA, 10 mM dithiothreitol,
and proteinase inhibitors. The lysate was incubated at 95°C for
5 min and then diluted 10 times with cell lysis buffer [20 mM tris-
HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1%
Triton X-100] and incubated on ice for 5 min. The supernatant
obtained after spinning at 21,000g for 15 min at 4°C was further
concentrated using a 10-kDa cutoft centricon. The concentrated
lysate was mixed with the GCLC antibody (ab190685, Abcam, Boston,
MA) and incubated for 16 hours at 4°C with gentle rotation. Subse-
quently, protein A beads were added to the mixture and incubated
for an additional 16 hours at 4°C with gentle rotation. The protein A
beads were pelleted after centrifugation and then washed six times
with the cell lysis buffer containing protease inhibitors. To release
the G60 fragment, 200 pl of 2X Laemmli SDS sample buffer was
added to the protein A beads and incubated for 10 min at 95°C.

For mass spectrometry analysis, the eluted samples were sepa-
rated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using
PROTEAN II XL Cell (18.5 x 20 cm, Bio-Rad, Hercules, CA). The
G73 and G60 protein bands were visualized by staining with Bio-
Safe Coomassie (161-078, Bio-Rad) and then excised for protein
extraction and mass spectrometry analysis.

Mass spectrometry to determine GCLC cleavage site

The gel bands were digested using a ProGest robot (DigiLab). Brief-
ly, the gel bands were washed with 25 mM ammonium bicarbonate
followed by acetonitrile. The protein was then reduced with 10 mM
dithiothreitol at 60°C and subsequently alkylated with 50 mM iodo-
acetamide at room temperature. The digestion was carried out using
trypsin (Promega) at 37°C for 4 hours. After digestion, the peptides
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were extracted with formic acid, and the supernatant was directly
analyzed without further processing. The gel digests were subjected
to analysis by nano LC-tandem mass spectrometry (LC-MS/MS)
using a Waters NanoAcquity high-performance liquid chromatog-
raphy system interfaced with a Thermo Fisher Scientific Q Exactive
mass spectrometer. Peptides were loaded onto a trapping column
and eluted over a 75-pm analytical column, both packed with Luna
C18 resin (Phenomenex), at a flow rate of 350 nl/min.

The mass spectrometer was operated in data-dependent mode, per-
forming MS and MS/MS in the Orbitrap at 70,000 full width at half
maximum (FWHM) resolution and 17,500 FWHM resolution, respec-
tively. The 15 most abundant ions were selected for MS/MS. Data were
searched using Mascot with a peptide tolerance of 10 parts per million,
fragment mass tolerance of 0.02 Da, and a maximum of two missed
cleavages.

Protein structure and protein complex prediction by
AlphaFold and AlphaFold-multimer

We used both AlphaFold2 and AlphaFold-multimer 2 on UCSF
ChimeraX, a software developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California (80).
We input the amino acid sequences of human GCLC(G73) and its
truncated fragments, G60 and G13, for protein structure prediction.
In addition, we used the amino acid sequence of human GCLM to
predict the protein complexes between GCLM and G73, G60, G13,
as well as the combination of G60 and G13.

Human and mouse lens dissection for protein spatial
distribution studies
For the spatial distribution study, human lenses were carefully dis-
sected into several layers, progressing from the capsule to the nucleus.
The average size of the human lens in our study was approximately
8 mm in diameter. Once the lens capsule was removed, we selectively
peeled approximately 1-mm-sized fiber cells in each fraction, desig-
nating them as cortex 1 to 3. The remaining core section, which was
about 5 mm in size, was analyzed as the lens nucleus.

As for mouse lenses, we adhered to the established procedure for
isolating capsules and fibers (77).

GCL enzymatic activity assay using LC-MS method

We have developed a method for measuring GCL activity in both
cell culture and lens tissues using LC-MS, building on previous
research. The method is briefly described as follows:

Initially, a cell pellet or lens tissue is homogenized in a mixture
containing 25 mM tris, 150 mM KCl, 20 mM MgCl,, and 2 mM EDTA,
and pH was adjusted at pH 8.6 with NH,OH. This is done on ice and
followed by a sonication process for 40 s, with 5 s on and 5 s off inter-
vals. A 10-pl sample of the supernatant is then incubated with 70-pl
freshly prepared reaction buffer. The reaction buffer contains 5.6 mM
ATP, 2.1 mM phosphoenolpyruvate, 5 M benzylamine hydrochloride,
pyruvate kinase (30,000 U/liter), and 40 mM glutamate. The pre-
incubation period lasts for 2 min at a temperature of 37°C. The reaction
is initiated by adding 20 pl of 20 mM L-2-aminobutyric acid, with the
incubation period extending for another 15 to 45 min. The reaction
is subsequently halted by introducing 40 pl of 6% sulfosalicylic acid.
The reaction mixture is then centrifuged at a speed of 21,000g for a dura-
tion of 5 min at 4°C. The supernatant from this centrifugation is sub-
jected to LC-MS analysis. y-Glutamylaminobutyric acid (GGAB) is used
as a standard, while benzylamine serves as the internal standard (IS).
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For sample separation and analysis, sample separation was exe-
cuted on a Shimadzu Nexera UHPLC system using a Phenomenex
Kinetex C18 column (100 mm by 2.1 mm, 1.7 um). The procedure
maintained a flow rate of 0.16 ml/min, transitioning from 1 to 80%
acetonitrile (supplemented with 0.1% formic acid) over 5 min. The
entire analysis spanned 10 min. The effluent underwent ionization
through ion electrospray in a positive mode, using a TSQ Quantiva
triple-quadrupole mass spectrometer, with the following settings:
ion spray voltage: 3500 V, sheath gas: 35, ion transfer tube temperature:
325°C, aux gas: 10, FWHM: 0.7 for Q1/Q3 resolution. Commercial
standards were used to ascertain the ideal collision energy and radio
frequency (RF) lens. For the compounds GGAB and benzylamine (IS),
transitions 233.0/104.1 and 108.3/65.1 were observed, respectively.
The peak areas for these transitions across samples were computed
using Skyline software (version 20.0, University of Washington).

White and red blood cell isolation

One millilter of mouse blood was collected via cardiac puncture and
combined with 0.1 ml of EDTA (20 mg/ml) (pH 8.0). Following
centrifugation at 400g for 10 min at room temperature, the blood
separated into three distinct layers. The white blood cells were found
in the middle layer, while the red blood cells settled in the bottom
layer. Both white and red blood cells were transferred to a fresh tube
and rinsed twice with PBS. Subsequently, the cells were lysed using
a cell lysis buffer composed of 20 mM tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100. The resultant
supernatant was then analyzed using an immunoblotting assay.

Calpain digestion

To optimize the digestion conditions for calpain-1, we used the fluo-
rogenic calpain substrate III. The efficiency of calpain-1 digestion
was monitored by measuring the maximum fluorescence production.
These optimized digestion conditions were subsequently applied to
the GCLC cleavage test. For the GCLC digestion, 50 pg of recombi-
nant human GCLC was combined with 1 milliunit of calpain-1 in a
digestion buffer comprising 50 mM tris-HCl, 50 mM NaCl, 0.25 mM
CaCly, and 5% glycerol, all maintained at 37°C for 1 hour. The
resulting protein was then subjected to an immunoblotting assay. A
calpain inhibitor III, at a concentration of 5 nM, was used to inhibit
calpain digestion.

Lens opacity analysis by the slit lamp

The lens opacity was assessed using a slit lamp (SL-D4, Topcon,
Livermore, CA) with x40 magnification. The severity of cataract
was categorized into three grades: grade I denoting no cataract,
grade II indicating mild cataract, and grade III representing severe
cataract. Mice aged 20 months were included in the study, and any
mice exhibiting corneal opacity were excluded from the cohort. To
facilitate the examination, a mydriatic eye drop (0.5% tropicamide
ophthalmic solution, catalog no. NDC 1748-101-12, Akorn, Lake Forest,
IL) was administered 5 min before the slit lamp recording. Throughout
the procedure, mice were anesthetized with isoflurane (catalog no.
46066-755-04, Aspen Veterinary Resources, Liberty, MO).

Dark-field, grid view microscopy, and lens capsule and fiber
phase contrast microscopy

Dark-field images of the lens were acquired in accordance with the
methods described in a previous publication (81). For lens grid view
microscopy, we followed the procedures outlined in another prior

Wei et al., Sci. Adv. 10, eadl1088 (2024) 26 April 2024

publication (82). Briefly, the lenses were incubated in prewarmed
Hanks’ balanced salt solution. Each lens was positioned with its
anterior side facing a copper electron microscope specimen grid
and then imaged using a Leica M80 microscope (Leica, Buffalo
Grove, IL). Subsequently, the lenses were inverted to have the anterior
side facing up, and dark-field images were captured without the
electron microscope specimen grid. Following this, the lenses were
dissected to isolate the lens capsule and fiber mass, and phase contrast
images of both components were obtained.

TUNEL staining and quantification

The paraffin-embedded sections underwent deparaffinization and
followed standard rehydration procedures. Staining steps were per-
formed in accordance with the manufacturer’s instructions. To
quantify TUNEL-positive cells, three consecutive sections from a
single lens were examined. The average count of TUNEL-positive
dots from these three sections was regarded as representative of one
lens. In total, the analysis included four lenses from four dif-
ferent mice.

Immunoblot assay

Immunoblot assays were performed as previously described (83).
Briefly, the protein concentration from the supernatant was measured
by protein bicinchoninic acid assay (Thermo Fisher Scientific). Equal
amounts of protein were subjected to appropriate SDS-PAGE gel
electrophoresis and transferred to a 0.45-pm-pore size polyvinylidene
difluoride membrane. Detection was done using the enhanced che-
miluminesence Western blotting detection system. All antibodies
used in this study are listed in table S1.

Confocal microscope
All images were captured by a Leica STELLARIS confocal microscopy
and analyzed by the LAS X Life Science Microscope Software.

Statistical analysis

The experiments were repeated at least three times, and the specific
sample size (n) for each experiment is indicated in the correspond-
ing figure legend. All statistical analyses were conducted using
GraphPad Prism 10.0.1 software. For multiple group comparisons,
analysis of variance (ANOVA) with post hoc Tukey test was used,
while ¢ tests were used for comparisons between two groups. The
chi-square test was used to compare cataract prevalence among the
groups. In addition, a Mann-Whitney test was used to compare
cataract area and density between each group. The data are presented
as mean =+ SD. A significance level of P < 0.05 was considered statis-
tically significant. The levels of significance are denoted by asterisks
(*P <0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

Supplementary Materials
This PDF file includes:

Figs.S1toS14

Table S1
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