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Advanced glycation end products (AGEs) are protein modi-
fications resulting from the chemical reaction between lysine
and arginine residues in proteins, and carbonyl compounds,
including glyoxal (GO) and methylglyoxal (MGO). N*-carbox-
ymethyllysine (CML) and N°-carboxyethyllysine (CEL), formed
by glycation from GO and MGO, are among the major AGEs in
tissue proteins. Incubation with GO or MGO resulted in higher
CML and CEL formation in the two cysteine residues con-
taining o/A-crystallin (¢AC) than in the cysteine lacking oB-
crystallin (aBC). Mass spectrometric data showed K70 and
K166 to be heavily modified with CML and CEL in GO- and
MGO-modified 2 AC. In silico analysis of the structure of 6.AC
showed K70 and K166 to be proximal to C142. Mutation or
reductive alkylation of cysteine residues in ®AC significantly
reduced CML and CEL formation. The addition of GSH or N-
acetylcysteine enhanced CML and CEL formation in aBC. The
introduction of a cysteine residue proximal to a lysine residue
in oBC increased the CML and CEL accumulation. Our data
showed that CML and CEL formation occurs through a hem-
ithioacetal intermediate formed from the reaction between
thiols and GO or MGO. Together, these results highlight a
mechanism by which thiols influence protein AGE levels. In
addition, CML and CEL are ligands for RAGE, a receptor for
AGEs, which has been implicated in several aging and diabetes-
associated diseases. Therefore, further understanding of the
biosynthesis of CML and CEL could lead to the development of
new therapies against those diseases.

Advanced glycation end product (AGE) formation repre-
sents a major chemical modification in biological macromol-
ecules, including proteins, lipoproteins, and nucleic acids (1).
AGEs are formed through the nonenzymatic reaction of the
carbonyl group of sugars and carbonyl compounds with the
amino group of lysine and arginine residues in proteins (2, 3).
Glucose, fructose, and ribose are the major sugars that form
AGEs in proteins in vivo (4, 5). Ascorbate oxidation products
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are another source (6, 7). However, the d-dicarbonyl com-
pounds, glyoxal (GO) and methylglyoxal (MGO), are the
dominant precursors of AGEs (8-10). These carbonyls are
formed through metabolic pathways, fragmentation of sugars,
degradation of Maillard reaction intermediates, ascorbate
oxidation, and lipid peroxidation (8, 11).

GO and MGO react with lysine residues to form AGEs, such
as N°-carboxymethyllysine (CML) and N°-carboxyethyllysine
(CEL) (8, 12). They also react with the guanidino group of
arginine residues to form dihydroxyimidazolidine and
N’-carboxymethylarginine (from GO), and hydroimidazolones
MG-H1, MG-H3, and N’-carboxyethylarginine (from MGO)
(13-15). Amino acid crosslinking AGEs, such as pentosidine
and glucosepane, are formed between lysine and arginine
residues, and glyoxal lysine-dimer (GOLD) and methylglyoxal
lysine-dimer (MOLD) are formed between two lysine residues
(14, 16). Regardless of how they are formed, AGEs cause
structural and functional changes in proteins that have path-
ological implications for aging and diabetes-associated dis-
eases. Several studies have shown that extracellular AGEs exert
biological activity by engaging with a cellular receptor known
as RAGE (receptor for AGEs; (17)). Previous work has linked
AGE formation in tissue proteins to aging and diabetic com-
plications (14, 18). Several methods to prevent AGE formation
and reverse AGEs have been attempted (19, 20), but none have
been successful in human clinical trials (19-21).

Human lens proteins have negligible turnover throughout
an individual’s life and, therefore, accumulate chemical mod-
ifications from oxidation, glycation, deamidation, and kynur-
enine- and dehydroalanine-mediated modifications during
aging (22-24). Some modifications are more prevalent in
cataractous lenses (24), implicating them in cataract forma-
tion. The lens contains high levels of reduced GSH (25), which
helps protect proteins from oxidative damage. GSH also in-
hibits ascorbate oxidation and prevents AGE formation from
ascorbate oxidation products (26). However, as the lens ages, it
loses GSH, and its antioxidative enzymes decrease (27), leading
to increased oxidative and glycation-mediated damage. Several
studies have reported AGEs in human lenses (28). Prior
research has shown the progressive accumulation of AGEs in
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Proximal cysteine residues facilitate N°-carboxyalkylation

human lenses with age and accelerated accumulation in cata-
ractous lenses (29). Our previous study has demonstrated a
strong correlation between the stiffness of the lens and AGEs
in lens proteins, suggesting a potential role for AGEs in
presbyopia (16). Furthermore, we have shown that carboxitin,
a chimeric compound consisting of mercaptoethylguanidine
linked through a disulfide bond to GSH diethyl ester, inhibits
AGE formation and supplies GSH to the lens and can reduce
lens stiffness (30), providing additional evidence for a role for
AGE:s in lens aging and presbyopia.

CML in lens proteins is derived from glycation by GO,
ascorbate oxidation products (31, 32), and products of glucose
auto-oxidation (33). On the other hand, CEL is exclusively
produced from MGO. Previous studies revealed that adding
cysteine enhanced CML formation from GO in proteins
(34, 35). The authors proposed that free thiol in cysteine sta-
bilizes the lysine-GO adduct and facilitates CML formation.
However, cysteine is likely more reactive than lysine for
nucleophilic adduction with GO under physiological condi-
tions. Based on this, we hypothesized that the thiols could
facilitate N°-carboxyalkylation of lysine residues by o-dicar-
bonyls in proteins through a hemithioacetal intermediate,
much like the acylation of lysine residues facilitated by the
S—N transfer of an acetyl group from a thioester to lysine
residues (36). In this study, we present evidence for thiol-
mediated enhancement of CML and CEL formation in pro-
teins. We propose that this mechanism may have implications
not only for lens proteins but also for other cellular and
extracellular proteins prone to CML and CEL modifications
during aging and under disease conditions.

Results

aA-crystallin accumulates more AGEs than aB-crystallin and
YS-crystallin

To determine the role of cysteine residues in CML and CEL
formation, alA-crystallin (2¢AC), aB-crystallin (aBC), or YS-
crystallin (YSC) (2 mg/ml, each) were incubated with GO or
MGO (500 uM) for 3 days under physiological conditions.
LC-MS/MS analysis indicated that o AC is highly modified
with CML and CEL (Fig. 1, A and B). Results indicated a 5.5-
and 1.6-fold higher CML content in ®AC compared with «BC
and yYSC (Fig. 1A). CEL accumulation in these proteins showed
a similar trend of 7.1- and 2.5-fold higher levels in aAC
compared with aBC and ySC (Fig. 1B). The levels of CEL were
lower than CML, possibly because of MGO being less reactive
than GO. We also determined the levels of lysine-lysine
crosslinking AGEs, GOLD and MOLD (Fig. S1). The levels
were not significantly different between alAC and aBC. The
monoarginine  modifications, G-H3 (sum of GO-
dihydroxyimidazolidine and N’-carboxymethyl arginine after
acid hydrolysis), MG-H3, and MG-H1, were also similar be-
tween AC and aBC (Fig. S2). The MOLD levels in ySC were
significantly lower than AC and aBC (Fig. S1), and MG-H3
levels in YSC were significantly higher than o AC (Fig. S2).
CML and CEL levels were also measured in oAC, aBC, and
YSC after incubation with GO and MGO in PBS (Fig. S3).
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Results indicated a similar increase in CML and CEL content
in ®AC compared with aBC and YSC. Glycolaldehyde (GA) is
one of the precursors for the formation of CML. GA-incubated
oAC forms higher levels of CML than aBC and YSC, similar to
GO (Fig. S4). Together, these results demonstrated that only
CML and CEL, but not the lysine-lysine crosslinking AGEs or
hydroimidazolones, are affected by the proximal cysteine res-
idues in proteins.

Hotspots for CML and CEL formation in ¢ AC

To determine whether a particular lysine residue in proteins
is more susceptible to CML formation than others in proteins,
we first determined the conditions that lead to minimal CML
modification in &AC by altering the concentrations of GO and
the length of time for incubation. We found high levels of
CML in aAC after 3 days (at a concentration of 3 mg/ml)
incubated with 750 UM of GO (Fig. S5). Hence, we opted for a
3-day incubation period and varied the concentration of GO to
identify a concentration that produces minimal CML modifi-
cation (0-750 puM). By LC-MS/MS, we observed that alAC
treated with 75 UM of GO produced minimal CML modifi-
cation. This sample was used to detect hotspots for CML
modification. We replicated these conditions to modify aAC
with MGO to identify the CEL hotspots. By mass spectral
analysis, we identified five lysine residues, K70, K78, K88, K99,
and K166, which displayed CML and CEL modifications in
oAC (Table 1). A comparison of the peak area of GO- or
MGO-treated samples with the untreated control samples
revealed that CML and CEL modifications at K70 and K166
were higher than at other lysine residues. Intriguingly, the
positions of K70 and K166 are proximal to a cysteine residue
C142 in aAC. These data suggested that a cysteine residue
proximal to lysine residues promotes the formation of CML
and CEL in 0AC.

In silico modeling shows the proximity of cysteine residues to
lysine residues

oBC and aAC contain 10 and 7 lysine residues, respec-
tively (Fig. 1, C and D). aBC does not contain cysteine
residues, whereas ®AC contains two free cysteine residues
at 131 and 142. Figure 1D shows the 3D structure of aAC
where K70 and 166 are in close proximity to C142 at 5.18
and 3.16 A distances, respectively. These data suggested
that a distance within 6 A between cysteine and lysine
residues is conducive to the thiol-mediated CML and CEL
formation in 0lAC. Figure 1E shows the 3D crystal structure
of YSC, where none of the cysteine residues are within the
6 A distance of a lysine residue; all were at >9 A distance,
which suggested why YSC did not favor CML formation as
much as aAC, despite containing 7 cysteine and 10 lysine
residues.

Reductive alkylation of cysteine residues of €AC reduces CML
and CEL formation

We further investigated the impact of cysteine on N°-
carboxyalkylation of 2 AC. To block the cysteine residues, we
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Figure 1. CML and CEL formation is higher in ®AC than in aBC or YSC. Human recombinant aAC, aBC, and ySC (2 mg/ml) were incubated with or
without GO (500 M) or MGO (500 puM) for 3 days at 37 °C. The proteins were dialyzed, acid hydrolyzed, and subjected to CML (A) and CEL (B) analysis by
LC-MS/MS. In silico modeling shows the positions of lysine residues in aBC (PDB ID: 2YGD; C) and the proximity of cysteine and lysine residues in 2AC (PDB
ID: 6T1R; D) and YSC (PDB ID: 6T1R; E). The bar graphs represent the mean * SD of three independent experiments. ****p < 0.0001. aAC, atA-crystallin; aBC,
aB-crystallin; CEL, N°-carboxyethyllysine; CML, N°-carboxymethyllysine; GO, glyoxal; MGO, methylglyoxal; PDB, Protein Data Bank; ySC, yS-crystallin.

reduced disulfides in aAC by treating with Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) and DTT
and then alkylated cysteine residues with N-ethyl maleimide
(NEM). We confirmed the blocking of cysteine residues by
comparing the level of free thiols before and after RA
(Fig. 2A). The results showed a significant decrease in free
thiols after RA (p < 0.0001). 2,4,6-Trinitrobenzenesulfonic
acid (TNBS) assay result confirmed that NEM did not
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react with lysine residues (Fig. 2B). To compare the reac-
tivity of GO or MGO toward RA and control aAC, we
performed LC—-MS/MS analysis, and the results showed that
RA of oAC resulted in a 4.2- and 3.1-fold decrease in the
formation of CML and CEL, compared with control aAC
(Fig. 2, C and D). These results further supported that
cysteine residues promote N°-carboxyalkylation by a-dicar-
bonyls in 2 AC. Based on these results, we propose that an
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Table 1
K70 and 166 in aAC are the hotspots for CML and CEL formation

EIC intensity Fold change

Modification Lysine site Number of peptides Control GO MGO GO/control MGO/control
CML K70 5 2.37E + 06 7.14E + 07 4.51E + 06 30.13 1.90
K78 1 1.86E + 06 3.40E + 06 5.89E + 06 1.83 3.17
K88 2 3.49E + 06 6.52E + 06 9.93E + 06 1.87 2.84
K99 3 1.44E + 07 2.40E + 07 2.15E + 07 1.66 1.49
K166 4 9.99E + 06 2.68E + 08 9.48E + 06 26.81 0.95
CEL K70 6 6.64E + 05 0.00E + 00 8.53E + 07 0.00 128.45
K78 1 0.00E + 00 0.00E + 00 3.33E + 06 ND
K88 1 0.00E + 00 0.00E + 00 1.86E + 06 ND
K99 1 0.00E + 00 0.00E + 00 1.20E + 06 ND
K166 5 0.00E + 00 0.00E + 00 7.31E + 07 ND

Extracted ion chromatogram (EIC) intensities were summed per lysine site basis in control, GO- and MGO-treated 0!AC samples. Based on a fold-change analysis, K70 and 166 in
o AC were identified as the hotspots for CML formation with 30.13- and 26.81-fold changes, respectively. The summed peptide intensities for CEL formation on K70 and 166 were

at least an order of magnitude higher than other lysine sites.
Abbreviation: ND, not determined.

S—N transfer of a C-2- or C-3-based reactive intermediate
formed on cysteine residues is transferred to the e-amino
group of lysine residue to form CML and CEL.

C142A mutation in aAC reduced the levels of CML and CEL

To determine the role of spatial proximity of cysteine
residues in promoting N°-carboxyalkylation in aAC, we
mutated C131 and C142 to C131A and C142A (Fig. 3, A
and B). We also generated a double mutant C131AC142A
(Fig. 3C). These mutations had minimal impact on the
secondary and tertiary structure of aAC, as evident from
CD and fluorescence studies (Fig. S6). Upon incubation of
these mutant proteins along with WT protein, followed by
LC-MS/MS analyses, we observed a substantial reduction
in the CML (2.5- and 3.8-fold) and CEL (2.4- and 2.7-fold)
levels in C142A and C131AC142A oAC mutant proteins
(Fig. 3, D and E). Conversely, the single mutant C131A
exhibited a comparable accumulation of CML and CEL to
that of the WT aAC. Structural examination revealed the
spatial proximity of C142 to K70 (5.2 A) and K166 (3.2 A).
These observations suggested that C142 is the site where an
S—N from C-2 or C-3 carbon to K70 and K166 occurred in
®AC, leading to N*-carboxyalkylation.

External thiols increase the CML and CEL levels in aBC

We anticipated that adding GSH or N-acetylcysteine (NAC)
would promote CML and CEL formation in aBC by trans-
ferring the reactive intermediate group from cysteine to lysine.
LC-MS/MS analysis results showed a notable increase in CML
and CEL levels in aBC upon treatment of GSH or NAC along
with GO or MGO (Fig. 4, A and B). Results also indicated that
NAC increased CML and CEL formation by 1.7- and 1.9-fold
more than GSH. The higher reactivity of the thiol group in
NAC likely facilitates more efficient S=N transfer reactions,
thereby enhancing the CML and CEL formation in lysine
residues of aBC. However, the addition of GSSG in the place of
GSH did not alter the CML levels (Fig. S7). These results
suggested that external thiols have a role in elevating CML and
CEL formation.

4 ] Biol. Chem. (2025) 301(4) 108377

Introduction of a cysteine residue proximal to a lysine residue
increases the CML and CEL levels in aBC

We employed site-directed mutagenesis to strategically
introduce cysteine residues adjacent to lysine residues in aBC
to understand the S—N transfer mechanism. This approach
enabled us to explore the potential impact of proximal cyste-
ines on Nf-carboxyalkylation. We generated three aBC mu-
tants: K92C, V169C, and E99C. In silico structural analysis
showed distances between the introduced cysteine and lysine
residues (Fig. 5, A-C). In the K92C mutant, the distance be-
tween C92 and K90 was 5.0 A, whereas in the V169C mutant,
it was 2.9 A between C169 and K150. In the E99C mutant, the
distance between C99 and K92 was 4.8 A. After incubating
these mutant proteins with GO and MGO, we measured the
CML and CEL levels by LC-MS/MS. The K92C mutant of
oBC exhibited significantly (p < 0.0001) higher levels of CML
and CEL compared with WT-aBC (Fig. 5, D and E). However,
we observed no increase in CML and CEL levels in the V169C
and E99C mutants compared with WT oBC. In the K92C
mutant, C92 is separated from K90 by two peptide bonds.
However, in mutants V169C and E99C, the proximity of C169
and K150, and C99 and K92, is likely determined by the folding
of the protein’s secondary structure, and therefore, changes in
structural dynamics and spatial orientation of the protein
folding may have resulted in an increase in the distance be-
tween lysine and cysteine residues.

Distance between cysteine and lysine dictates CML and CEL
formation

To further understand the effects of the proximity of
cysteine and lysine residues in forming CML and CEL, we
investigated five peptides with varying distances between
cysteine and lysine (Fig. 6A). All peptides (1 mg/ml) were
incubated with 100 uM GO or 500 pM MGO for 3 days at pH
7.4 in 100 mM sodium phosphate buffer at 37 °C. LC-MS/MS
analysis revealed a similar accumulation of CML and CEL
among these peptides (Fig. 6, B and C). The amount of CML or
CEL was lowest when cysteine and lysine were next to each
other, possibly because the side chain of these residues could
occupy opposite planes of the peptide bond. Interestingly, the
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Figure 2. Reductive alkylation (RA) of cysteine residues in ®AC reduces CML and CEL formation. Cysteine residues of aAC were reductive alkylated in
the presence of DTT and NEM. Free thiol fluorescence (A) and free amine levels (B) were quantified in reduced and reductive alkylated (RA) a/AC. Reduced
and RA aAC (2 mg/ml) were incubated with GO (500 M) or MGO (500 M) for 3 days at 37 °C. The proteins were dialyzed, acid hydrolyzed, and subjected
to CML (C) and CEL (D) analysis by LC-MS/MS. The bar graphs represent the mean = SD of three independent experiments. *p < 0.05, **p < 0.01,
**¥p < 0.001, and ****p < 0.0001. aAC, aA-crystallin; CEL, N-carboxyethyllysine; CML, N°-carboxymethyllysine; GO, glyoxal; MGO, methylglyoxal; NEM, N-

ethyl maleimide.

levels of CML and CEL were highest when there was an
alanine between cysteine and lysine, about 7.6 A apart. As the
distance increased from one to six amino acid residues, the
formation of CML and CEL progressively decreased. These
results indicated that the distance between cysteine and lysine
significantly affects the formation of AGEs.

We investigated the significance of the distance between C
and K residues in the formation of CML in proteins from
HUVEC cells (incubated with GO) with high CML modifica-
tions, as reported by Di Sanzo et al. (37). We specifically

SASBMB

focused on proteins with at least six CML modifications and
assumed a proximity distance of 15 A between C and K to
favor CML formation. The results, presented in Table S1,
revealed that while some CML-modified K residues were
within 15 A from C residues, others were not. In one protein,
myosin-9, none of the CML-modified K residues were prox-
imal to C residues. These findings suggested that while CML
formation may occur through proximal cysteine residues,
there are also additional mechanisms at play, potentially
involving protein-free thiols.

J. Biol. Chem. (2025) 301(4) 108377 5
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CML, N°-carboxymethyllysine; GO, glyoxal; MGO, methylglyoxal.

CML is formed through a hemithioacetal intermediate

GO and MGO react spontaneously with GSH and NAC to
form a reversible hemithioacetal (Figs. 7A and S8). Glyoxalase I
(GLO1) wuses this as a substrate and converts it to
S-2-hydroxyacylglutathione, which is then converted to an
aldonate by glyoxalase II (38). To determine whether the
hemithioacetal is an intermediate in the thiol-enhanced CML
formation, we incubated GSH with GO in the presence and
absence of GLO1 and monitored absorbance at 290 nm for
hemithioacetal formation. Hemithioacetal formation occurred
rapidly, saturating at ~25 min (Fig. 7A). However, in the
presence of recombinant human GLO1, the hemithioacetal
levels were minimal, suggesting that GLO1 effectively
catalyzed the conversion of hemithioacetal to S-2-
hydroxyacylglutathione. With the heat-inactivated GLO1, the
hemithioacetal levels were similar to those observed in the
absence of GLO1 (65 °C, for 3 min). We added ¢-Boc-lysine
(Boc-Lys) to a 50-min preincubated mixture of GSH and GO
in the presence and absence of GLO1 or heat-inactivated

6 . Biol. Chem. (2025) 301(4) 108377

GLO1 and incubated further for up to 2 days. We then
determined the levels of CML by LC-MS/MS in these incu-
bation mixtures. After 1 and 2 days of incubation, CML levels
were higher in the GSH + GO + Boc-Lys sample (Fig. 7B) than
in GSH + GO + Boc-Lys + GLO1 and GO + Boc-Lys samples.
However, in the GSH + GO + Boc-Lys + GLO1 (heat-inacti-
vated) sample, the CML levels were slightly higher. To deter-
mine whether GLO1 can reduce CML formation in proteins, a
mixture of GSH and GO was incubated for 3 days with aAC in
the presence and absence of GLO1 and heat-inactivated
GLO1. Results suggested that GLO1 significantly (p <
0.0001) reduced the GO-mediated formation of CML
compared with heat-inactivated GLO1 (Fig. 7C). Furthermore,
the active, but not the inactive, GLO1 decreased the GSH-
enhanced CML formation in aBC (Fig. S9). Together, these
data suggested that hemithioacetal is an important interme-
diate in CML formation. Moreover, we varied the GSH con-
centration from 0 to 2 mM and measured the CML levels in
aBC incubated with GO (500 uM) for 3 days (Fig. S10). The
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carboxymethyllysine; GO, glyoxal; MGO, methylglyoxal; NAC, N-acetylcysteine.
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results demonstrated that an increase in GSH concentration
(from 250 to 500 pM) led to greater CML synthesis in oBC.
When the GSH levels were increased to 1 and 2 mM, there was
no appreciable further increase in the levels of CML. Together,
our results suggested that hemithioacetal, formed from GSH,
promotes CML formation in proteins. In addition, the thiol-
catalyzed CML formation was not observed in ribose or
glucose-glycated aBC (Fig. S11). These results further reiter-
ated the requirement of a hemithioacetal intermediate in thiol-
catalyzed CML formation.

Reductive alkylation of cysteine residues of cytochrome c and
hemoglobin reduces CML and CEL formation

Cytochrome ¢ (Cyt ¢) and hemoglobin (Hgb) were used as
additional proteins to investigate the impact of cysteine on
carboxyalkylation of lysine. Cyt ¢ contains two cysteine resi-
dues at positions 14 and 17. There are 19 lysine residues.
Several cysteine and lysine residues in this protein are within
15 A distance from each other; for example, the distance be-
tween cysteine 14 and lysine 13 is approximately 7.8 A. The
Hgb subunit beta contains one cysteine residue (C93), and in
three instances, this cystine is proximal to a lysine residue in
the same chain (<15 A). Reductive alkylation (RA) of cysteine
residues in these proteins significantly reduced thiol levels but
had no effect on lysine residues (Fig. S12, A and B). Results
indicated that RA reduced CML and CEL levels in both Cyt ¢
and Hgb (Fig. S12, C and D), reiterating the requirement of
free thiols for the promotion of N°-carboxyalkylation by a-
dicarbonyls in proteins.

8 J Biol. Chem. (2025) 301(4) 108377

Formation of CML and CEL is preferred over acetylation of
lysine

To determine whether CML and CEL formation is preferred
over acetylation of lysine (AcK) formation in proteins, 1 mg/ml
of ¢ AC and aBC was treated with 500 UM GO or MGO in the
presence or the absence of 500 UM acetyl CoA (AcCoA).
Following a 3-day incubation, we conducted LC-MS/MS
analysis to determine the impact of AcCoA on CML and CEL
accumulation. Our results revealed that adding AcCoA does
not significantly affect the CML and CEL levels either in aAC
or aBC (Fig. 8, A-D). These results suggested that when
exposed to competing reactants, d-dicarbonyls and AcCoA,
which is likely in vivo, CML and CEL formation appears to be
independent of AcK formation.

Discussion

The purpose of this study was to investigate the mechanisms
by which thiols influence the o-dicarbonyl-mediated N®-car-
boxyalkylation in proteins. Through various approaches, we
have confirmed that cysteine residues in close proximity to
lysine residues promote the formation of CML and CEL in
proteins. First, our results showed that the formation of CML
and CEL is higher in 6AC compared with aBC. This difference
is due to the absence of cysteine in aBC and the proximity of
K70 and K166 to C142 in 2 AC. Second, a decreased formation
of CML and CEL in o AC was observed when cysteine residues
were reductively alkylated. Third, the mutation of C142 to
alanine led to a significant decrease in CML and CEL forma-
tion in aAC, and fourth, the introduction of cysteine residues
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Figure 7. Hemithioacetal is the key intermediate in thiol-mediated CML
formation. The formation of hemithioacetal was monitored by measuring
absorbance at 290 nm in the incubation mixture containing GO (5 mM) with
GSH (5 mM) in 100 mM sodium phosphate buffer, pH 7.4 at room tem-
perature (A). The addition of GLO1 (5 pg) dramatically reduced hemi-
thioacetal levels. Native GLO1 or heat-inactivated GLO1 was added to 50-
min GO + GSH-incubated samples. t-Boc-lysine (t-Boc-Lys; 5 mM) was
added to 50-min GO + GSH-incubated samples in the presence of native or
heat-inactivated GLO1, and the mixtures were incubated for up to 2 days.
CML levels measured by LC-MS/MS after acid hydrolysis of the mixtures
showed a substantial increase in CML formation by the addition of t-BOC-
Lys and a significant inhibition of CML formation upon the addition of
native but not heat-inactivated GLO1 (B). &AC (2 mg/ml) was incubated with
GO (500 pM) in the presence and absence of GLO1 for 3 days at 37 °C. Heat-
inactivated GLO1 was used as the control. Proteins were dialyzed, acid
hydrolyzed, and subjected to CML analysis by LC-MS/MS (Q).
***%p < 0.0001, ns, not significant. aAC, aA-crystallin; CML, N°-carbox-
ymethyllysine; GLO1, glyoxalase I; GO, glyoxal.

proximal to K92 in aBC led to enhanced formation of CML
and CEL in aBC. These observations suggest that cysteine
residues in close proximity to lysine residues promote N*-
carboxyalkylation by a-dicarbonyl compounds through an
S—N transfer mechanism.

Interestingly, the formation of hydroimidazolones, which
are arginine modifications by GO and MGO, was not
affected. Therefore, the observed effects are restricted to
glycation of lysine residues. One caveat to this principle is
that it only applies to N®-carboxyalkylation. The formation
of GOLD and MOLD, which are lysine modifications by GO
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and MGO, were unaffected by the proximal cysteine resi-
dues. The apparent restrictive effect can be explained as
follows: the formation of CML and CEL involves a nucleo-
philic attack by the thiol group of cysteine on the carbonyl
functions of a-dicarbonyls, forming a hemithioacetal inter-
mediate. Subsequent nucleophilic substitution and elimina-
tion of cysteine by the e-lysine function lead to the transfer
of the reactive hemiacetal group of the former t-dicarbonyl
to lysine as S—=N transfer (probably through a hemiaminal
intermediate), resulting after rearrangement in the formation
of CML or CEL (Fig. 9). This mechanism is in line with the
well-established tautomeric isomerization during the syn-
thesis of amide-AGEs, such as glycolic acid lysine amide,
glyoxal-lysine-amide-crosslink and amidine-AGE, glyoxal
amidine crosslink (39, 40). The catalytic effect of cysteine
takes into account both the potent nucleophilic properties of
thiols as well as their excellent leaving qualities in substi-
tution reactions. A more in-depth investigation of the
mechanism of the carbonyl isomerization cascade is in
progress.

In addition, work on aBC supports hemithioacetal inter-
mediate in CML and CEL formation. oBC does not contain
any cysteine residues and, therefore, does not favor CML
formation from GO. However, CML formation is substantially
increased when GSH or NAC is present along with GO (Figs. 4
and S7). Moreover, GLO1 significantly reduced the GSH-
mediated enhancement in CML formation in ¢BC. Interest-
ingly, when a cysteine residue is introduced at position 92 in
aBC, there was a significant increase in the CML formation.
These observations suggested the formation of a hemi-
thioacetal intermediate as a key factor in the formation of
CML and CEL. In fact, when the hemithioacetal levels were
reduced by the addition of GLO1, CML levels were reduced
significantly, reiterating the notion that the hemithioacetal, not
cysteine or GSH, is the intermediate driving the formation of
CML in proteins.

Schwarzenbolz et al. (34) described a thiol-dependent in-
crease in CML levels in proteins. In their proposed mechanism
(35), they suggested the nucleophilic attack of the Schiff base
by cysteine leading to the formation of a hemithioaminal in-
termediate and its cleavage leading to the formation of CML.
However, the potential formation of a more stable hemi-
thioacetal as an intermediate in CML formation was not
considered. Further, cysteine is likely more reactive than lysine
for nucleophilic adduction with GO to form a hemithioacetal
under physiological conditions. Our study clearly demon-
strated that the hemithioacetal rather than hemithioaminal is
an intermediate in thiol-catalyzed N°-carboxyalkylation.

Whether proximal cysteine residues affect other AGEs, not
investigated in this study, remains unknown. Coukos et al. (41)
recently reported the formation of mercaptomethylimidazole
from the reaction of MGO with proximal cysteine and arginine
residues in proteins. They proposed that it was synthesized
through a hemithioacetal formed from the reaction between
MGO and cysteine. In addition, hemithioacetal formed from
the reaction of MGO and thiols is a precursor for lactoyllysine
modification in proteins (38). These observations suggest that
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Figure 8. The formation of CML and CEL is independent of lysine acetylation. o AC and aBC (1 mg/ml, each) were incubated with or without AcCoA
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aAC, aA-crystallin; AcCoA, acetyl CoA; aBC, aB-crystallin; CEL, N®-carboxyethyllysine; CML, N°-carboxymethyllysine; GO, glyoxal; MGO, methylglyoxal.

hemithioacetals could play a wider role in protein modifica-
tions than previously thought.

The implications of proximal cysteine—mediated N*-car-
boxyalkylation extend beyond the basic biochemical under-
standing of glycation. Given the link between AGEs and
various pathologies, including diabetes-associated complica-
tions and neurodegenerative diseases, understanding the mo-
lecular mechanisms underlying AGE formation is of utmost
clinical relevance. In addition, CML and CEL are the major
ligands for RAGE (42, 43), and AGE-RAGE-mediated
signaling has been implicated in several diseases associated
with aging and diabetes (44, 45). Thus, targeting specific res-
idues or structural motifs that promote AGE-mediated protein
modifications could offer novel therapeutic strategies for
mitigating AGE-related pathologies. Several compounds,
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including guanidine compounds and polyphenols, have been
tested for inhibition of AGE formation in tissue proteins.
These inhibitors work by scavenging free radicals, chelating
metal ions, capturing active carbonyl compounds, and
lowering blood glucose levels (46). However, no AGE inhibitor
has been developed yet to counteract the hemithioacetal for-
mation, which this study proved to be an important interme-
diate in CML and CEL formation. In this context, it may be
beneficial to increase GLO1 activity through small molecules,
as attempted previously (47), enhance GLO1 expression
through genetic techniques, or develop more advanced
a-dicarbonyl trapping agents to prevent AGE formation from
a-dicarbonyls.

AcK is a significant modification in proteins, including lens
proteins (48). We recently reported that AcK accumulation in
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a-crystallin involves the S—N transfer of the acetyl group from
cysteine to lysine residues (36). Contrary to the S—N transfer
reported in this study, the mechanism was different and fol-
lowed by thiol-catalyzed transacylation. This study suggests
that thiol-catalyzed CML and CEL formation by tautomeric
isomerization is independent of AcCoA-mediated AcK for-
mation in proteins. However, a previous study indicated that
prior AcK residue significantly decreases AGE formation in
proteins (49). Therefore, further development of acetylating
agents, such as aggrelytes (49-51), could have implications for
AGE formation in tissue proteins.

Work is underway to discern whether proteins that accu-
mulate high levels of CML during glycoxidative stress have
cysteine and lysine residues in close proximity to each other.
Whether cysteine oxidation under oxidative stress leads to
decreased CML and CEL formation because of the unavail-
ability of the thiol group in cysteine for the S—N transfer
inducing carboxyalkylation in proteins needs to be investi-
gated. Several lysine residues in serum albumin have been
reported to be modified by CML in vivo (52). Though CML
and CEL can form without the aid of cysteine in proteins, the
availability of proximal thiols can greatly enhance their for-
mation. A recent study showed that K233 and K525 in human
serum albumin are the main sites where CML is formed (53).
These lysine residues are located at a distance of 13.8 and 8.9 A
away from cysteine 265 and 559, respectively, and most of the
cysteine residues are oxidized in HSA. The only unoxidized
cysteine is at C34, but it is not proximal to K233 or K525.
These observations suggest that in HSA, CML and CEL for-
mation might occur through the direct reaction of GO and
MGO. We cannot rule out the possibility that cysteine residues
in other proteins bound to HSA contribute to CML and CEL
formation. Our data showed that CML formation from glucose
and ribose in aBC was unaffected by NAC. CML formation
from these sugars possibly occurred through oxidative frag-
mentation of Amadori product (32), which was unaffected by
NAC. This notion is supported by the observation that the
accumulation of CML in tissues like the human lens increases
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with age (16, 54), whereas GSH levels decrease (55). This in-
verse correlation does not entirely support the thiol-mediated
promotion of CML formation; instead, it points to the oxida-
tive fragmentation of Amadori products as a major additional
mechanism in CML formation.

The involvement of cysteine in glycation remains poorly
documented. For the first time, this study provides new in-
sights into the impact of proximal cysteine residues on lysine,
which significantly influences protein glycation, particularly
in the formation of CML and CEL. In proteins, the solvent
accessibility of cysteine and lysine residues regulates their
nucleophilic character (56), thereby potentially affecting their
accessibility for glycation. Mechanistically, as an intermediate
state, the balance between kinetically favored and thermo-
dynamically stable hemithioacetal formation is the key factor
for the glycation process. Under physiological conditions,
hemithioacetal formation is kinetically favored but thermo-
dynamically unstable (41, 57). Consequently, proximal lysine
may capture the labile alkyl group from cysteine via a hem-
iaminal to form thermodynamically stable N°-carboxyalky-
lated lysine derivatives. However, the availability of cysteine
residues for the promotion of N*-carboxyalkylation of lysine
residues in proteins could be limited by the susceptibility of
cysteine residues to oxidation (like in aged human lenses) and
other reactions. For example, in the presence of molecular
oxygen, proximal cysteine and lysine side chains can form a
redox-sensitive nitrogen-oxygen-sulfur bridge (58).

In conclusion, the discovery of proximal cysteine residues
as promoters of N°-carboxyalkylation of lysine residues by
a-dicarbonyl compounds in proteins represents a significant
advancement in our understanding of protein chemistry and
its implications for health and disease. This phenomenon
highlights the intricate interplay of amino acid residues
within protein structures and underscores the importance
of protein context and conformational dynamics in CML
and CEL formation. Furthermore, it offers promising ave-
nues for therapeutic intervention in AGE-related
pathologies.
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Experimental procedures
Reagents

GO (catalog no.: 128465), MGO (catalog no.: M0252), GA
(catalog no.: G6805), NAC (catalog no.: A7250), GSH (catalog
no.. G6529), TCEP (catalog no.. C4706), DTT (catalog
no.: D9163), NEM (catalog no.: 23030), AcCoA (catalog no.:
A2056), GLO1 (catalog no.. G4252), TNBS (catalog
no.: P2297), Cyt ¢ (catalog no.. C7752), and Hgb (catalog
no.: H2500) were purchased from Sigma—Aldrich. All other
chemicals were of analytical grade.

Cloning, expression, and purification of aAC, aBC, ySC, aAC,
and aBC mutants

The genes for proteins were cloned, proteins were expressed
in Escherichia coli, and purified as previously described (36).
Briefly, genes that encode crystallins were synthesized by Twist
Bioscience and then inserted into a pET-SUMO expression
vector using BamH1 and Xhol sites. After cloning the genes,
they were transformed into E. coli BL21 (DE3) cells. A
construct for YSC was encoded in pE-SUMO vector (Addgene
plasmid #80753) and was transformed into E. coli BL21 (DE3)
cells. The plasmids were isolated from the transformed cells
using a plasmid miniprep kit from Qiagen, and the sequence
was confirmed. The bacterial constructs encoding the proteins
were grown in lysogeny broth media at 37 °C. Protein
expression was induced using 0.5 mM isopropyl-B,D-thio-
galactopyranoside at a cell density that corresponded to an
absorbance 0.6-0.8 at 600 nm. All proteins were expressed in a
soluble form and purified using a Ni-Sepharose affinity column
from Cytiva. The N-terminal polyhistidine-SUMO tag was
removed using Ulpl protease. Finally, purified proteins were
dialyzed in 100 mM phosphate buffer, pH 7.4. The homoge-
neity of the proteins was confirmed by SDS-PAGE.

Incubation of crystallin with GO and MGO

Human recombinant aAC, aBC, ySC, mutant 2AC, or
mutant aBC (1 or 2 mg/ml, each) were incubated for 72 h at 37
°C with or without 500 ptM GO or MGO in 100 mM sodium
phosphate buffer, pH 7.4. After incubation, proteins were
dialyzed against PBS for 16 h at 4 °C.

Measurement of CML and CEL by LC-MS/MS

Samples were acid hydrolyzed and dried using a previously
established protocol (59). The digested samples were then
analyzed for AGEs using the LC-MS/MS method with stan-
dard addition, as previously described (59). The AGE levels
were determined based on the initial protein or peptide
concentrations.

Site-specific CML and CEL measurement by LC-MS/MS

One replicate of 10 g of control, MGO-treated, and GO-
treated human recombinant 2AC was prepared using an iST
Kit (Preomics), analyzed on an Orbitrap Eclipse with an EZ-
Spray Nano source and Ultimate 3000 RSCLnano LC system
(Thermo Scientific) as previously described (36). The data
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were searched in PEAKS Proteomics Studio, version 10.5. All
intensity values were manually checked in FreeStyle software
(Thermo Scientific) for quantitation of CML- and CEL-
containing peptide hits from the database search using the
m/z and retention values to confirm the absence or the pres-
ence of the modified peptides. Samples were searched against
the SwissProt Homo sapiens downloaded from UniProt
Knowledgebase on July 23, 2023 using a trypsin enzyme search
with two missed cleavages allowed, and monoisotopic peptide
mass tolerance was set to £10.0 ppm and the MS/MS tolerance
to £0.4 Da since MS/MS spectra were collected in the linear
ion trap. The modifications allowed were fixed carbamido-
methylation (C) and variable oxidation (M), deamidation
(NQ), CML (K, N-Term [58.01 mass shift]), CEL (K, N-term
[72.02 mass shift]), MGO-derived hydroimidazolone (R [54.01
mass shift]), and GO-derived hydroimidazolone (R [39.99 mass
shift]). Peptides were validated by setting the false discovery
rate to 1%, corresponding to a log 10 p value score greater than
or equal to 30.5 in the dataset. Only peptides containing an
internal lysine modification of CML or CEL with an A-Score
(modification site score) greater than or equal to 20 were used
for site-specific quantitation of CML and CEL modifications.

RA of aAC, Cyt ¢, and Hgb

One milliliter of 2 AC, Cyt ¢, and Hgb (3 mg/ml, each) was
mixed with 5 mM TCEP and 5 mM DTT and incubated at
room temperature for 2 h. The protein was dialyzed against
50 mM sodium phosphate buffer, pH 7.0, which was bubbled
with N at 4 °C before dialysis. To verify the reduction of ®AC,
protein-thiol content was measured. Afterward, 600 {l of
3 mg/ml of reduced aAC, Cyt ¢, and Hgb was alkylated with
2 mM NEM in the dark for 4 h at room temperature. The
protein was dialyzed again against 50 mM sodium phosphate
buffer, pH 7.0 at 4 °C. Next, 0lAC, Cyt ¢, and Hgb and alkylated
proteins (2 mg/ml) were incubated with 500 tM GO or MGO
at pH 7.4 for 72 h and then dialyzed against PBS for 16 h at
4 °C. The samples were then used for LC-MS/MS analysis of
CML and CEL.

Protein-thiol estimation

Ten micrograms of dialyzed reduced and alkylated proteins
were used to estimate thiol content using the Thiol Quantifi-
cation Assay Kit (Abcam), with reduced GSH as the standard.

TNBS assay

RA or control protein (200 1g/0.3 ml) was incubated with
0.15 ml of 0.01% TNBS in 0.1M sodium bicarbonate buffer, pH
8.5, at room temperature for 2 h. After incubation, 0.15 ml of
10% SDS was added, and the reaction was neutralized by
adding 0.075 ml of 1 M HCI. The absorbance was measured at
335 nm.

CD measurements

Far- and near-UV CD spectra were recorded in a Chirascan
Plus spectrometer (Applied Photophysics) at 25 °C. Far-UV
CD recorded at spectral wavelength from 260 to 190 nm
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with a scanning speed of 50 nm/min and a 1 nm bandwidth. A
concentration of 0.25 mg/ml was used for WT-aAC or
mutated aAC. The spectra were measured using quartz cu-
vettes with a path length of 1 mm for far-UV CD.

Fluorescence measurements

Intrinsic fluorescence spectra of WT-a.AC or mutant 0 AC
(0.25 mg/ml) were recorded in a spectrofluorometer (Fluo-
romax 4P; Horiba Jobin Mayer). The excitation wavelength
used was 280 nm. The emission spectra were recorded be-
tween 310 and 450 nm. The excitation and emission slit widths
were 2.5 and 5 nm, respectively.

Hemithioacetal formation and incubation with Boc-Lys

GSH (5 mM) was mixed with GO (5 mM), and the hemi-
thioacetal formation was measured at 290 nm over 100 min.
Five micrograms of GLO1 was added to a 50 min preincubated
GO + GSH mixture, and the hemithioacetal decrease was
monitored. In some samples, Boc-Lys (5 mM) was added to a
50 min preincubated GO + GSH mixture. In other samples,
heat-inactivated GLO1 (~65 °C for 3 min) was added to the
mixture of GO + GSH + Boc-Lys. The hemithioacetal level was
measured at 290 nm at 0, 4, 24, and 48 h. Subsequently, the
CML level was measured at 0, 24, and 48 h.

Statistics

The data are presented as the mean + SD, based on ex-
periments conducted with at least three samples. Two groups
were compared using an unpaired Student’s ¢ test, whereas
multiple groups were compared using one-way ANOVA
multiple comparison tests.

Data availability

All data are contained within the article.

Supporting information—This article contains supporting informa-
tion (37).
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