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Abstract

In this study, the involvement of S,D-lactoylglutathione in the modification of the isoform 1 of
cytosolic glyceraldehyde 3P dehydrogenase (GAPC1) is examined. Incubation of GAPC1 with S,D-
lactoylglutathione resulted in inhibition of enzyme activity. The inhibitory effect was concentration-
dependent and increased at alkaline pHs. Furthermore, inhibition of GAPCl1 by S,D-
lactoylglutathione was favored by oxidative conditions and reversed by reduction with
dithiothreitol. Analyses of the S,D-lactoylglutathione-treated protein by nano LC-MS/MS revealed S-
glutathionylation of its two Cys residues and N-lactoylation of six Lys residues. Protein structure
prediction showed that the double S-glutathionylation is accommodated by the GAPC1 catalytic
pocket which likely explains enzyme inhibition. N-lactoylated sites overlap partially with previously
reported N-acetylated sites at the surface of the GAPCI tetramer. The efficiency of cytosolic
glutaredoxin and thioredoxin isoforms was tested for reversing the S,D-lactoylglutathione-induced
modification. In these assays, recovery of GAPC1 activity after inhibition by S,D-lactoylglutathione
treatment was used as indicator of efficiency. Results show that both types of redoxins were able to
reverse inhibition. We propose a model describing the mechanisms involved in the two types of post-
translational modification found on GAPCI following exposure to S,D-lactoylglutathione. The
possible involvement of these findings for the control over glycolytic metabolism is discussed.

Keywords: S,D-lactoylglutathione; glyceraldehyde 3P dehydrogenase; post-translational
modification; S-glutathionylation; N-lactoylation; cysteine; lysine

1. Introduction

In their natural environment, plants are commonly exposed to a variety of stresses [1]. Because
of their sessile nature, they have evolved biochemical mechanisms that allow them to efficiently
detect harmful conditions and operate changes in gene expression, physiology, or development to
cope with stress [2—4]. A frequent consequence of plant exposure to stress is the production of reactive
oxygen species (ROS) and methylglyoxal (MG) [5]. These compounds are usually generated at low
levels and enzymatically detoxified under normal conditions [5]. ROS detoxification is achieved
through non-enzymatic and enzymatic processes, in which the Foyer-Halliwell-Asada cycle takes a
central part [6]. Under stress, ROS may have toxic effects, as well as signaling functions [7,8]. For
example, stress-generated ROS can attack proteins and induce oxidation that may lead to irreversible
damage [9]. However, regulatory or signaling functions may result from oxidation of Cys leading to
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sulfenylated or S-glutathionylated residues [9]. The latter is a reversible post-translational protein
modification (PTM) that occurs spontaneously through mechanisms such as the reaction of GSH with
a sulfenic acid Cys or a thiol-disulfide exchange between a protein thiol and oxidized glutathione
(GSSG) [9-11]. S-glutathionylation has been implicated in the inhibitory regulation of carbohydrate
metabolism and signaling pathways [12-17].

MG is constitutively produced in plant cells, mainly as a by-product of triose phosphate
metabolism. For instance, the triose phosphates in the glycolytic pathway can enzymatically or
spontaneously lose a phosphate group, causing the formation of this harmful metabolite [5]. The
cytotoxicity of MG is due to its highly reactive nature. It can generate advanced glycation end
products by reacting with proteins, nucleic acids, or lipids [18]. The glyoxalase pathway is involved
in its detoxification [5]. In this pathway, MG first undergoes a spontaneously condensation with
reduced glutathione (GSH) to generate hemithioacetal. This compound is then isomerized to S,D-
lactoylglutathione (SLG) by glyoxalase I (GLO1, EC 4.4.1.5) [19,20]. Next, glyoxalase II (GLO2, EC
3.1.2.6) catalyzes the hydrolysis of SLG to D-lactate [21]. The latter is then used by a cytochrome c
dependent D-lactate dehydrogenase (EC 1.1.2.4) to form pyruvate that can be used in the citric acid
cycle to produce energy and reducing power [22].

Lately, SLG has attracted interest with evidence that it could act as a protein modifier. Studies
conducted on mammalian cells provided evidence for the involvement of SLG in non-enzymatic Lys
N-lactoylation of proteins [23,24]. This PTM of the Lys e-amino group with a D-lactate moiety is also
called Lys lactylation [25,26]. The fermentative metabolite lactate can also promote lactoylation
[26,27], leading to the modification of Lys by L-lactate [26]. In the case of SLG-induced modification,
evidence for in vivo and in vitro protein modification was provided. In particular, incubation of
purified recombinant histone H4 or phosphoglycerate kinase 1 with SLG for 24 h led to specific Lys
N-lactoylation, as detected using MS/MS analysis [23]. Genome edition resulting in the loss of GLO2,
thereby hindering methylglyoxal detoxification, raised cellular SLG as well as protein Lys N-
lactoylation levels [23]. This same report showed an enrichment in the modification of glycolytic
proteins, including glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In addition, there is
evidence that SLG might be involved in S-glutathionylation. A study of human GLO2 showed that
this enzyme promoted malate dehydrogenase (MDH, EC 1.1.1.37) and actin S-glutathionylation in
the presence of SLG [28]. Interestingly, S-glutathionylation of these proteins also occurred, albeit at a
lesser extent, in the presence of SLG alone [28]. It was proposed that human GLO2 could dock with
MDH and actin and facilitate the modification of Cys residue(s) on these proteins. However, the
spontaneous modification with SLG was not investigated and the modified residue(s) was(were) not
identified.

Thus, there is evidence from the animal literature that SLG can induce spontaneous Lys N-
lactoylation and Cys S-glutathionylation. The tendency of a protein Cys to be S-glutathionylated is
influenced by its redox state, its pKa, and hence by the microenvironment in which the Cys is found
[9]. For instance, alkaline pHs or the presence of basic amino acids in their microenvironment lower
Cys pKas, promote deprotonation of the thiol group and favor S-glutathionylation reaction [9]. The
removal of the glutathione moiety (deglutathionylation reaction) can occur in vitro in the presence of
a strong reductant such as dithiotreitol (DTT). It can also be mediated by glutaredoxins (GRXs) and
thioredoxins (TRXs), two related classes of disulfide reductases [9]. In these cases, the disulfide
reductases are recycled to their reduced form in the presence of a regenerating system. For GRXSs, this
is done using GSH and NADPH-dependent glutathione reductase (GR, EC 1.8.1.7), whereas TRXs
can be reduced in the presence of NADPH-dependent TRX reductase (NTR, EC 1.8.1.9).

In this research, we investigated the possibility that SLG could induce post-translational
modifications of cytosolic GAPDH isoform 1 (GAPC1) of Arabidopsis thaliana (Arabidopsis). GAPC1
is known to be sensitive to various oxidative modifications, including S-glutathionylation [13,29,30].
GAPC1 only contains two Cys at positions 156 and 160 (also sometimes referred to as Cys'* and
Cys?3 [13,31] or Cys'% and Cys'® [29] in the literature). GAPC1 Cys'% is an acidic Cys exposed to the
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solvent and the active site of the enzyme. This residue is involved in reversible regulatory S-
glutathionylation leading to inhibition of enzyme activity [13].

2. Results

2.1. Inhibition of GAPC1 Activity by SLG and Factors Modulating this Effect

We first investigated whether SLG could affect activity of purified GAPCI used as a target, and
whether this effect could be sensitive to redox conditions. GAPC1 is sensitive to oxidative conditions,
including S-glutathionylation at its catalytic site, which leads to a reversible inhibition of activity. An
inactivation of enzyme activity can therefore be used as a proxy to study this PTM. The sequence
encoding GAPC1 from Arabidopsis was cloned and the recombinant protein was expressed in E. coli
(Figure S1). The protein was purified (Figure 52) and used to perform enzymatic assays. GAPC1 was
incubated for 10 min with concentrations of SLG ranging from 0 to 1 mM (these conditions
correspond to a SLG/GAPC1 molar ratio of up to 2000:1) and activity was then measured on an
aliquot of the mixture. Ten mM DTT was then added to the SLG-treated GAPC1. Following a further
10 min incubation, the resulting GAPC1 activity was measured. Incubation with SLG alone resulted
in a significant reduction in GAPC1 activity at ImM SLG (Figure 1A-C).
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Figure 1. Characterization of parameters affecting the inhibition of GAPC1 activity by SLG. (A) Inhibition by
SLG and its reversion by DTT. Recombinant GAPC1 was incubated for 10 min with concentrations of SLG
between 0 and 1 mM. Remaining GAPC1 activity was measured immediately (blue bars), or after a further 10
min incubation with 10 mM DTT (black bars). (B) Effect of pH on inhibition by SLG. Recombinant GAPC1 was
incubated for 10 min with or without 1 mM SLG in buffers of different pH values ranging between 6.8 and 8.8.
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GAPCI1 activity was then measured on aliquots of these incubation mixtures. To calculate % GAPCI inhibition,
the activity without SLG was set at 100% for each pH value. (C) Effect of mild oxidative conditions on inhibition
by SLG. Recombinant GAPC1 was first incubated for 20 min in the presence or absence of 5 uM H20:. The protein
was then treated for 10 min with or without 1 mM SLG. For the SLG control, H20O2 was replaced by water for 30
min. For the H202 control, GAPC1 was treated for 30 min with H202 and SLG was replaced by water for the 10
min incubation. An asterisk (*) marks a statistical difference between a treatment and the no SLG control as
determined using a Student’s t-test (p< 0.05). A pound sign (#) marks a statistical difference between two

treatments identified by brackets as determined using a t-test (p< 0.05). Mean +/- SD of three replicates are shown.

The addition of 10 mM DTT to the SLG-inhibited GAPC1 reversed the inhibition at all SLG
concentrations, leading to a recovery of activity (Figure 1A). Next, the influence of the medium pH
over this effect of SLG was evaluated. For this, the pH of the SLG incubation mixture was adjusted
between 6.8 and 8.8 (Figure 1B). For each pH value, we compared the activity of GAPC1 in the
absence and in the presence of SLG using a SLG/GAPC1 molar ratio of 2000:1. The data show
inhibition at all tested pHs. The effect of SLG was nevertheless most effective with pH values above
7.5. We then explored GAPC1 inhibition by SLG in the presence of H202. As demonstrated above
(Figure 1A), the effect of SLG on GAPC1 is sensitive to DTT. GAPC1 is also known to be sensitive to
oxidative conditions. We therefore investigated the effect of a mild oxidative treatment on GAPC1
inhibition by SLG. In a preliminary experiment, we exposed GAPC1 to 5 uM H20: (Figure S3). This
led to a decrease in enzyme activity over time. We next evaluated whether this oxidative treatment
could influence the inhibitory effect of SLG. Following a 20 min pretreatment with 5 uM H:0: (or
H20 as control), GAPC1 was incubated with 1 mM SLG (or H20 as control) for a further 10 min.
Enzyme activity was then measured (Figure 1C). GAPC1 was inhibited by H2O: and by SLG in
separate incubations. However, the data show that GAPC1 inhibition obtained with successive
treatments with H202 and SLG was more important than those obtained with SLG or H20: alone. This
indicates that inhibition of GAPC1 activity by SLG increases under oxidative conditions.

2.2. Inhibition of GAPC1 by SLG is Associated with Covalent Modifications

To further characterize the inhibitory effect of SLG on GAPC1, we investigated whether this
compound could be involved in PTM(s). S-glutathionylation and N-lactoylation can be characterized
with the help of nano LC-MS/MS analyses, enabling the identification of modified amino acid
residues. We therefore prepared samples by incubating GAPC1 with SLG. After trypsin digestion,
tryptic peptides were subjected to nano LC-MS/MS analysis.

2.2.1. SLG Induces GAPC1 S-Glutathionylation

Both GAPC1 Cys (at positions 156 and 160) are carried by the same tryptic peptide
(“SDLDIVSNASCTTNCLAPLAK' ). The analysis of non-reduced samples containing GAPC1
treated with SLG revealed S-glutathionylation modifications of the two Cys residues (Figure 2).
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Figure 2. Higher-energy Collision Dissociation (HCD) tandem mass spectrum of the precursor peptide ion
[M+3H]** at m/z 916.06> reveals the presence of two S-glutathionylation sites at Cys'>® and Cys'® residues.
Sequence specific b- and y-type fragment ion signals, and a-type ions that derive from the corresponding b-type
ion by losing CO, identify the peptide sequence “SDLDIVSNASCTTNCLAPLAK!® (top right corner). The peaks
denoted b® and y?, or b” and y” are the result of water (-18 Da) or ammonia (-17 Da) loss from corresponding ions,
respectively. Internal peptide fragments labeled with "by" nomenclature indicate ions formed by double
cleavage events in the peptide backbone, specifically cleavages on both the N-terminal (b) and C-terminal (y)
sides of the fragment [32]. The spectral portion of precursor ion MS scan with isotopically resolved peaks
indicating the parent ion charge state [M+3H]** is shown in the insert.

For instance, in Figure 2, the fragment ion y12>* at m/z 916.39% contains both glutathione
modifications of the main peptide intact, whereas the fragment ion y*s at m/z 988.41* resulted from
partial fragmentation of glutathione at Cys'® residue with a neutral loss of 129 Da (yGlu). Specific
fragmentation features of glutathionylation sites included the conversion of glutathionylated Cys'¢
into a dehydroalanine (Dha) moiety due to the loss of both glutathione (-305.07 Da) and —-HS group
from Cys residue (-33 Da) via the B-elimination mechanism. In [b%2 — glutathione] cysteinyl is a
radical, whereas in [y - yGluCysGly] the loss of glutathione during fragmentation involves a
protonated form (-305.07 Da).

2.2.2. SLG Also Induces Lys N-Lactoylation on GAPC1

GAPC1 incubated with SLG was also analyzed in an attempt to find evidence for the possible
modification of Lys residues. We were able to detect the N-lactoylation of a total of 6 Lys residues.
An  example of a fragmentation spectrum  obtained with tryptic  peptide
205A ASFNIIPSSTGAAKAVGK?® carrying N-lactoylated Lys?!? is shown in Figure 3. Evidence for
other N-lactoylated residues (Lys’, Lys'®, Lys!®8, Lys?® and Lys®"%) is shown in Supplementary
Figures 4-8.

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


https://doi.org/10.20944/preprints202509.0264.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2025

6 of 22

b, bg bg by es
a \L\LI\LTLI\L\L\L\L\L\LI\L\N\L\L -
Yar o Y13 Y12 Y Y7 Vs Vs Ya Y2 yseries
= AAK, AVG
100 [g:ﬂ;w] bs . Lactoyl
- *f K 60431 y12
o SFNI IPSSTG
B b «
wl [nf,y”] bayi] 3 b
5 .3a% \ - 587.28 1
9. | b Tﬁ ‘ o % v B/ by
= . \ \ [ Precursor [M+2H]>*
13 ‘ 36015 Va \ 47420 ‘ ‘ 55925935\ | I‘m‘n?mg Ih2H]
° @ 37424 \ | N Y | ay |
3 | / ‘tgmg e ‘51\5 % |58 52034/ 672 375g { sse 93201
5 60 mawu / maag " 0.5D.
e % ] m 2 auzT Tws 26 ‘ i 72575 £ .5 Da
5 w\ [T WLACT ] I
< N = ” 2 o281
@ miz 2
g 40 Kiacton e
A200.11 Da b, *" PSSTGAAK o0 A ST TR
6
D [oreysal
. PSSTGAAK 10y
b% b7 [bssysad PSSTGAAK‘ ctoyAV Y
20 bs v 587.29 o -‘ / / [bnynj 125870
h: Y& b 57439 545‘ B b / y
201 37424 47420‘ 5 29| |\ 71739 f / yu Y
4 a, | 0.3 / -
L 26212 iq4s av223[TaZ,01 || 2o R % 38 84342 gadag 104355 112760 [M-llePro-CO]
\ \ \
807.38 N 1 1623.43
0 i .M || \‘HI\ 1) Ll 1% | | | \

200

400 500

600 700

800

200 1000 1100

1200

1300 1400 1500 1600

d0i:10.20944/preprints202509.0264.v1

miz

Figure 3. HCD fragmentation spectrum of the precursor peptide ion [M+2H]?** at m/z 931.50% obtained during
nano LC-MS/MS analysis identifies an N-lactoyl Lys modification site at Lys?"”. Sequence specific b- and y-type
fragment ion signals, and a-type ions that derive from the corresponding b-type ion by losing CO, identify the
peptide sequence 25AASFNIIPSSTGAAKAVGK?? (top right corner). The lactoyl Lys modification site was
assigned by the 200.11 Da mass difference between ys and ys ions of C-terminal peptide fragments. The peaks
denoted b® and y?, or b* and y* are the result of water (-18 Da) or ammonia (-17 Da) loss from corresponding
ions, respectively. Internal peptide fragments labeled with "by" nomenclature indicate ions formed by double
cleavage events in the peptide backbone, specifically cleavages on both the N-terminal (b) and C-terminal (y)
sides of the fragment [32]. The expanded region of the product ion spectrum showing detailed fragmentation
pathways of N-lactoylated peptide is given on the top left side of the panel. The spectral portion of precursor ion
MS scan with isotopically resolved peaks indicating the parent ion charge state [M+2H]?** is shown in the insert.

In the fragmentation spectrum shown in Figure 3, internal fragment ions bisy7, bisy12, bisy12, and
bizy12, as well as the sequence specific ys to y13 and bis to biz ions provided high confidence evidence
for the assignment of lactoyl Lys modification site at Lys?" residue. A Pro effect on the peptide
fragmentation pattern was clearly observed and was enhanced by the presence of Ile residue. This
selective fragmentation leading to the preferential cleavage of the peptide bond on the N-terminal
side of Pro residue generated abundant y12ion containing modified N-lactoyl Lys residue. Moreover,
a peptide scrambling effect [33] resulted in sequence rearrangement followed by the loss of Ile-Pro
pair and -CO (28 Da). A singly protonated y-type ion was detected at m/z 1623.43+, which
corresponded to the rearranged sequence SSTGAAKiactoy AVGKAASFENI containing the intact N-
Lactoyl Lys?® modification.

2.3. Modeling of the SLG-Induced S-Glutathionylation Pattern on the GAPCI Structure

Although not unique in the literature [34,35] the double S-glutathionylation pattern observed in
Figure 2 is uncommon. We therefore investigated how the modification of both GAPC1 Cys residues
could be accommodated by the protein. For this, the structure of the GAPC1 tetramer was predicted
using Alphafold3. Since the single modification of Cys' is the most commonly observed GAPC1 S-
glutathionylation, we first analyzed the AlphaFold3-predicted structure of tetrameric GAPCI1
modified on Cys'* (Figure 4A).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. AlphaFold3 predicted structure of tetrameric GAPC1 S-glutathionylated on either (A) Cys'> alone or
(B) both Cys!® and Cys'®. GSH1 is colored in white and corresponds to the glutathione covalently attached to
Cys'% whereas GSH2 is colored in grey and corresponds to the glutathione covalently attached to Cys!®. The
purple and green colors represent two different subunits. Residues near GSH1 or GSH2 are in stick

representation. H bond and salt bridge interactions are represented as yellow dash lines.

As expected, the GSH moiety on Cys' is well accommodated by the structure. The model
reveals that it sits in a cavity where it establishes a salt bridge with Arg?$, H bond interactions with
the side chains of Thr!¥’, Ser?3, Glu?3! and Asn3, as well as an H bond with the main chain Ala!®’.
Attempts to model GAPC1 solely modified on Cys'®, which is localized in a hydrophobic
environment, resulted in a mixture of accommodated and non-accommodated GSH. In the latter case,
clashes were observed between GAPC1 residues and GSH. However, in the AlphaFold3-predicted
structure of tetrameric GAPC1 doubly glutathionylated on Cys'**and Cys'® (Figure 2B), the two GSH
molecules are accommodated by the structure and are located close to one another. Accommodation
of both GSHs is permitted by a slight movement of the N-terminal helix where both Cys'> and Cys!®
are located. In this conformation, both molecules interact with adjacent residues. Precisely, GSH1 —
attached to Cys!% — interacts with the main chains of Cys'%, Thr' and Ala'®” as well as the side chain
of Thr'®, whereas GSH2 — attached to Cys'® — interacts with the side chains of Thr?'5, Ser? and Arg?®.

2.4. Modeling of N-Lactoylated GAPC1 and Sequence Features Around N-Lactoylated Lys Residues

The N-lactoylated Lys residues were localized on the tetrameric structure of GAPC1 using
Alphafold3. Analysis of the predicted structure (Supplementary Figure 9) revealed that
Lys76190198219.255 0r 310 are relatively dispersed on the protein surface. In all cases, the primary amine of
the side chain is oriented towards the solvent, supporting the idea that those residues are accessible
prior to their lactoylation.

To understand the structural context of the lactoylated Lys residues, we predicted the GAPC1
tetramer structure individually lactoylated on individual Lys76190198219255 or 310 Iny all cases, GAPC1
adopts the same tetrameric arrangement (Figure 5A). Furthermore, all structures are superimposable
to the wild-type structure with root mean square deviation always inferior to 0.5 A, thus suggesting
that N-lactoylation of individual Lys residues does not significantly perturb the overall or local
structure of GAPCL1. In particular, this implies that modified residues Lys!%019 and 219 which are
localized within 25 A of the GAPC]1 active site, have no major impact on its structure. Further analyses
of the structures reveals no strong similarity in the structural context of the N-lactoylated Lys residues
(Figure 5B-G). Nevertheless, we note the presence of a Glu residue in the position preceding the Lys
and the presence of a Phe close to the aliphatic portion of the Lys for Lys”¢ 2% (compare Figure 5B
and 5F).
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Figure 5. Structural impact of Lys N-lactoylation on GAPCI. (A) Structural alignment of AlphaFold3 predicted
structures of non-modified tetrameric GAPC1 and GAPC1 individually lactoylated on Lys7® 19 198 219, 255 and 310,

The catalytic Cys of GAPCI is indicated with a grey sphere in each subunit. N-lactoylated Lys residues are in

sphere representation and colored based on their originating subunit. In all cases, the lactoyl moieties are in
sphere representation colored in white. (B to G) Close-up on the structural context of GAPCI individually
lactoylated on (B) Lys”, (C) Lys', (D) Lys'8, (E) Lys?", (F) Lys?> and (G) Lys®°.

We wanted to further evaluate whether SLG-associated modifications of GAPC1 Lys residues
were associated with a local primary sequence pattern. For this, the sequences ranging from positions
-10 to +10 around the modified Lys residues identified above were analyzed using the WebLogo tool
[36]. Lys modifications were associated with an aliphatic residue at position +2 and a tendency (4/6)
towards Val at this position (Supplementary Figure 10A). For comparison, a similar analysis was
conducted on Lys residues for which there was no evidence of N-lactoylation in the GAPC1 sequence
(Supplementary Figure 10B). The data show the sequence around non N-lactoylated Lys residues
appears featureless.

2.5. SLG Inhibition of GAPC1 is Reversible In Vitro by Treatments with Redoxins

The above experiments provided evidence that the inhibitory effect of SLG on GAPC1 activity
was related to S-glutathionylation and could be reversed by DTT. GRXs and TRXs have the ability to
remove GSH moieties from proteins in vitro and are likely involved in the physiological reduction of
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mixed disulfide bridges. However, so far, observations for the involvement of GRXs and TRXs in this
reaction have solely been made using GAPCI1 solely modified on the catalytic Cys [13,31]. The ability
of the redoxins to deglutathionylate may be negatively affected because of the occurrence of two
adjacent S-glutathionylated residues or by restricted access to the more buried vicinal Cys. In
addition, the interference of nearby N-lactoylated residues may also impact enzymatic
deglutathionylation. More generally, this issue is related to the possibility to reverse SLG-induced S-
glutathionylation using physiologically relevant cytosolic redoxins. We therefore investigated
reversibility of GAPC1 inhibition by SLG using a glutaredoxin (GRXC1) and five TRXs (TRXhI-h5)
(Figure 6). In these assays, we used a GRX recycling system (GRS) and TRX recycling system (TRS),
respectively corresponding to NADPH-dependent recycling systems for GRXC1 and TRXs. The GRS
contained commercial glutathione reductase (GR), NADPH and GSH whereas the TRS contained
recombinant NADPH-dependent thioredoxin reductase A and NADPH. The sequences of all the
recombinant proteins used in these assays are shown in Supplementary Figure 1 and their
purification is shown in Supplementary Figures 11 (GRXC1), 12 (NTRA) and 13 (TRXh1-k5). Control
incubations were carried out in the presence of the redoxin, but in absence of their recycling system
to verify dependence of the reactivation on GRS or TRS. An additional control for reactivation was
carried out by incubating SLG-treated GAPC1 with DTT, shown above to reverse SLG-induced

inhibition.
T |A ., |B £
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£15 £15 E15
S 10 £ 10 S0
= = =
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3 3 3
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SLG SLG: SLG: + + +
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GRXC1: - - + - TRXM: - - + - TRXh2: - - +
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Figure 6. The inhibition of GAPC1 by SLG can be reversed by GRXC1 and TRXs h1-h5. Reactivation was achieved
with (A) GRXC1, (B) TRXH1, (C) TRXh2, (D)TRXAK3, (E) TRXh4 and (F) TRXA5. In all the panels, recombinant
GAPC1 was first treated with SLG. In panel A, GAPC1 was then further incubated for an additional 40 min with
or without GRS (containing commercial GR, GSH and NADPH), or with GRS + 15 pM GRXC1, or with 10 mM
DTT. In panels B-F, GAPC1 was further incubated for an additional 30 min with or without TRS (containing
NTRA and NADPH), or with TRS + 20 uM TRX or with 10 mM DTT. Following these incubations, GAPC1
activity was measured on an aliquot of the incubation medium. In all the panels, + and - signs below each bar
indicate incubation conditions. Within each panel, an asterisk (*) marks a statistical difference between a

treatment and the SLG-inhibited enzyme, as determined using a Student’s t-test (p< 0.05).

In these experiments, the reactivation of SLG-inhibited GAPC1 was expressed relative to the
activity of the inhibited enzyme. Arabidopsis recombinant GRXC1 was first used to reactivate SLG-
treated GAPCI (Figure 6A). Incubation with GRS alone did not lead to any reactivation, whereas the
addition of GRXC1 plus GRS significantly increased GAPC1 activity. A higher level of reactivation
was obtained with DTT. GRXC1 was therefore able to reverse inhibition in a GRS-dependent manner.
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Under the conditions used, GRXC1 reactivation is however not as effective as DTT. The reactivation
of the SLG-treated GAPC1 was also tested with five cytosolic TRXs. Recombinant Arabidopsis TRXh1
(Figure 6B), TRXh2 (Figure 6C), TRXh3 (Figure 6D), TRXh4 (Figure 6E) and TRXAh5 (Figure 6F) were
used with or without the TRS. In these experiments, incubation with the TRS was accompanied with
a small but significant decrease in activity. However, when a TRX was added to the TRS, a strong
reactivation of GAPC1 was achieved. Taken as a whole, these results indicate that GRXC1 and the
five TRXs tested were able to reactivate SLG-inhibited GAPC1, and that, under the experimental
conditions used, this reactivation was dependent on the TRS.

3. Discussion

SLG is a key intermediate in the glyoxalase pathway, which is involved in the detoxification of
methylglyoxal in biological systems. SLG is produced from hemithioacetal by GLO1 [19] and
catabolized to D-lactate and GSH by GLO2 [21]. In recent years, the possibility that SLG could act as
a protein modifier has emerged. Some evidence for this comes from studies of Human Embryonic
Kidney 293 (HEK293) cells in which the deletion of GLO2 is accompanied by a raise in SLG and a
large increase in Lys N-lactoylation when cells are treated with MG [23]. Moreover, a spontaneous in
vitro N-lactoylation of Lys in the presence of SLG has been shown to occur on recombinant histone
H4 and phosphoglycerate kinase [23]. Literature data also suggest that SLG could induce
spontaneous S-glutathionylation [28]. Here we sought to further characterize the involvement of SLG
as a protein modifier by investigating its role in the modulation of GAPC1 activity and structure.

3.1. Inhibition of GAPC1 in the Presence of SLG is Reversed by DTT

In vitro incubation of GAPC1 with SLG led to a decrease in enzyme activity which was sensitive
to redox conditions (Figure 1). Activity decrease due to SLG was reversed in a subsequent incubation
with DTT (Figure 1A), whereas mild oxidative conditions brought by 5 pM H20x2 facilitated inhibition
by SLG (Figure 1C). Due to the reversibility of the inhibition by DTT, these results are compatible
with the interpretation that SLG causes a redox modification of GAPC1, and point to the possible
involvement of S-glutathionylation. The latter takes place when a Cys residue forms a mixed
disulfide bridge with reduced glutathione. GAPC1, like other proteins of the GAPDH family, is prone
to Cys sulfenylation, an oxidized state that can be promoted by Hx0: and facilitate S-
glutathionylation [13,29,37]. Moreover, we found that inhibition by SLG was increased under alkaline
pH conditions (Figure 1B). Surface-accessible Cys residues in proteins can become deprotonated at
physiological pH values (slightly above neutrality) [38]. It is the case for example with GAPC1
catalytic Cys'5 which has a pKa below pH 6 [13]. Thiol ionization makes Cys much more reactive and
susceptible to oxidation and to S-glutathionylation [9,39]. Interestingly, GAPC1 vicinal Cys'® is more
buried in the structure of GAPC1 and thus, is considered less available than Cys'* for PTMs [39]. This
is consistent with published observations in which incubation of oxidized GAPC1 with GSH leads to
the modification by S-glutathionylation of catalytic Cys and to enzyme inhibition [13,29]. Similar
observations have been made with the chloroplastic A4 GAPDH isoform [40]. In related modification
mechanisms, nitrosoglutathione and the bulkier oxidized form of GSH (GSSG) were shown to
mediate the addition of a glutathione moiety on GAPCs [29]. So far, S-glutathionylation of GAPC1
has not been connected to any other protein modifier.

3.2. SLG Causes Spontaneous Lys N-Lactoylation and Cys S-Glutathionylation of GAPC1

The nano LC-MS/MS analysis conducted after GAPC1 incubation with SLG revealed multiple
modifications on the protein. Here, we report for the first time the Lys N-lactoylation of SLG-treated
GAPC1 and the identification of six modified residues. The spontaneous N-lactoylation (an acylation
reaction) and S-glutathionylation discussed below implies a series of reactions that logically first
involves a S to N nucleophilic acyl substitution. The general chemical process causing this type of
protein modification has been described [41] and a parallel can also be made with the mechanism
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involved in other Lys modifications [42]. Thus, we propose a possible series of reactions that can
account for the two types of spontaneous PTMs that were found on GAPC1 (Figure 7).
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Figure 7. Scheme representing the hypothetical chemical reactions leading to the observed spontaneous Cys S-
glutathionylation and Lys N-lactoylation of GAPC1. The representation of GAPCI (1) carrying Cys residues in
thiol and sulfenic acid forms is only shown to illustrate two possible pathways leading to S-glutathionylation
and does not imply that they occur simultaneously. The C backbone of SLG’s glutathione moiety is highlighted

’

in blue (2) and is subsequently symbolized by ‘G" on a blue background in the rest of the figure. (3) The
nucleophilic attack of a Lys e-amino group on the carbon of SLG’s thioester bond leads to the formation of a
tetrahedral intermediate (4) which is resolved by the N-lactoylation of the Lys residue (5) with a with a D-lactate
moiety. This reaction releases glutathione thiolate which can attack a Cys thiol (6) or become protonated in
solution, generating GSH which can modify a Cys sulfenic acid (7). Both reactions of GAPC1 with the glutathione

moieties can lead to the S-glutathionylation of Cys residues (8).

In this scheme, the C atom engaged in the thioester bond of the SLG structure has electrophilic
properties since electrons are attracted to the neighboring oxygen. In a proper microenvironment, a
protein Lys e-amino group can then act as a nucleophile by attacking the C atom, leading to the
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formation of a tetrahedral reaction intermediate between SLG and the Lys side chain. This structure
is resolved by a redistribution of electrons from the O atom leading to the acylation of the Lys side
chain and the liberation of a negatively charged glutathione thiolate (GS). The latter is highly reactive
and can modify a Cys thiol, leading to S-glutathionylation [43]. It can also undergo protonation in
solution, and subsequently modify a Cys sulfenic acid. We found a greater inhibitory effect of SLG
with increasing pH (Figure 2B). This observation could be influenced by the pKa value of the GSH
thiol group (around 8.6 [44]), meaning that, in that pH range, 50% of the GSH liberated from the
tetrahedral intermediate remains in its thiolate form. Interestingly, the generation of deprotonated
GSH is part of the catalytic mechanism of glutathione-S-transferases (GSTs), [45]. This leads to a
stabilization of GS-at the enzyme active site and is seen as a preliminary step towards its activation
and transfer to an electrophilic acceptor [45]. This mechanism is present in the Pi-class GSTs [46]
which are known to be involved in protein S-glutathionylation in animals [47].

Compared to GSH and GSSG, SLG therefore seems to generate a different pattern of S-
glutathionylation. Indeed, our data also provide a rare example of GAPC1 S-glutathionylation on
both its Cys (Figure 2A). The simplest explanation is that this pattern is due to the reaction of SLG
with Lys residues generating GS-. The modification of both catalytic and vicinal Cys residues by
glutathione, concomitant with the inactivation of enzyme activity and modification of protein
conformation has however been detected in animal GAPDHs [34,35]. The methods used here do not
allow a quantitative evaluation of the proportion of modified GAPC1. Nevertheless, based on the
well-known inhibition of the enzyme by S-glutathionylation, it appears likely the modified enzyme
would be inactive. Furthermore, S-glutathionylation of GAPC1 has also been shown to start a self-
aggregation process of the protein, which may lead to irreversible insolubility [31].

GAPC1’s N-lactoylated Lys were mapped. They localize to exposed areas at the protein surface
(Supplementary Figure 9, Figure 5). Some modified Lys localize near the two GAPC1 Cys residues.
However, this does not seem to perturb the structure of this region. Nevertheless, this proximity
could facilitate the diffusion of GS- or GSH towards Cys residues. The six modified Lys on GAPC1
were associated with an aliphatic residue located two positions downstream in the sequence.
Obviously, this feature will need to be confirmed in future studies of SLG-dependent N-lactoylation
with other proteins. Nonetheless, it is worth noting that an aliphatic amino acid residue was also
present at position +2 relative to the N-lactoylated Lys sites detected in human histone H4 (Ala) and
phosphoglycerate kinase 1 (Leu) after in vitro treatment with SLG [23]. Another Lys modification, N-
acetylation, has been described in rice GAPC1 [48], Capsicum annum GAPCs [49] and reported to
inhibit Arabidopsis GAPC2, which shares 98% sequence identity with GAPC1 [50]. It is interesting to
note the occurrence of a partial overlap between GAPC1’s N-lactoylated sites and N-acetylated sites
in rice GAPC1 (Lys76190219.25 [48]), Arabidopsis GAPC2 (Lys?'92%, [50]) and C. annum GAPCs (Lys71%,
[49]). At this time, the possible physiological relevance of SLG-induced N-lactoylation of GAPC1 is
not known. At physiological pH, Lys normally carries a positive charge. N-lactoylation or N-
acetylation of the side chain would both suppress this charge. In turn, this change can potentially
affect GAPC1’s activity, properties or functions. The fact that we were able to recover GAPC1 activity
after reducing treatments (Figure 1A, Figure 6), suggests that S-glutathionylation is solely or
principally responsible for the loss of activity following SLG treatment. However, our experiments
do not allow us to completely rule out a participation of N-lactoylation to GAPC1 inhibition. Besides
its role as a glycolytic pathway enzyme, GAPC1 has also been implicated in a number of
moonlighting functions [51]. These include among others, H2O: signaling [52], the negative regulation
of resistance to Pseudomonas syringae pathogenicity, cell death and autophagy [53], a function as DNA
binding factor and/or transcriptional regulator of glycolytic genes [29,48], an activity as a
transcriptional regulator of heat stress response [54] and involvement in RNA translation inhibition
during the dark/light transition [55]. Several of these activities involve interaction of GAPC1 with
partners and/or modification of its subcellular localization [48,52,54]. In particular, N-acetylation of
rice GAPC1 was shown to stimulate its translocation to the nucleus and its function as a
transcriptional regulator [48]. As mentioned above, there is an overlap between N-acetylated and N-
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lactoylated sites on GAPDHs. This suggests a possible interaction between the two modifications. It
will therefore be interesting to study if there is a cross-talk between the two types of Lys
modifications. In addition to N-acetylation and N-lactoylation, GAPC1 Lys’ has also been identified
as the mono-ubiquitination site of E3 ubiquitin-ligase SEVEN IN ABSENTIA like 7 (SINAL?) [56].
SINALY is required for nuclear translocation of GAPC1. Hence, if it occurs in vivo, N-lactoylation of
Lys’ may also interact with GAPC1’s nuclear translocation. Further investigations will be required
to understand the interplay between Lys” PTMs.

3.3. SLG-Induced Inhibition of GAPC1 Can Be Reversed by GRXC1 and TRXs

Our results constitute a first report of an inhibition of GAPC1 activity by SLG. This effect was
sensitive to DTT and H20: and was shown to be concomitant with an atypical S-glutathionylation
pattern of the protein. GRXs and TRXs are known to catalyze protein deglutathionylation. GRXC1
and TRXs h1-h5 have been predicted to localize to the cytosol [57,58], while alternative localization
may also take place for TRXh2 and h5 [59]. They are therefore likely physiological candidates for the
reversion of GAPC1 S-glutathionylation. The TRXs and GRX used here display differences in their
redox centers. The active site of TRXs h1 and /2 is WCGPC, while the WCPPC motif is found in TRXs
h3-h5, and GRXC1 carry CGYC [59,60]. These proteins have a broad, overlapping substrate specificity
that may be influenced by parameters such as electrostatic complementarity with their targets [61].
During their reaction, the redoxins become oxidized and they must be reduced to start a new catalytic
cycle. Here, we showed that reactivation of SLG-inhibited GAPC1 could be achieved with GRXC1
and TRXs h1-h5 (Figure 6). In all cases, reactivation was dependent on the presence a redoxin
recycling system. Thus, our in vitro assays provide evidence that multiple physiological redoxins,
with different catalytic mechanisms, may be involved in the reversion of the atypical SLG-promoted
GAPC1 S-glutathionylation pattern. This result is important since in published trials of plant
GAPDHs deglutathionylation, assays were carried out with enzymes carrying a single GSH moiety
on the catalytic Cys [13,31,62]. Our results are consistent with the conclusion that the double S-
glutathionylation and the N-lactoylation of GAPC1 do not prevent the redoxins’ capacity to reactivate
GAPCL. They thus appear to be good candidates to conduct this reaction in vivo.

3.4. Physiological Relevance of SLG-Dependent PTMs of GAPC1

SLG is a key intermediate of the glyoxalase pathway, which is considered as the main
detoxification route for the highly reactive compound MG [63]. The latter is produced at low levels
during normal operation of the glycolytic and photosynthetic pathways [5]. Multiple abiotic and
biotic stress conditions have been shown to significantly increase MG production and the activity of
the glyoxalase pathway [64-68]. Thus, MG detoxification under stress, may raise cellular SLG levels.
This situation alone is conducive to the N-lactoylation and S-glutathionylation of GAPC1, leading to
its inhibition. Moreover, multiple stresses also lead to a rise in cellular H202 [5]. As we showed (Figure
1), the combination of SLG and oxidative conditions increase the inhibition of GAPCI1. Thus, we
hypothesize that the generation of SLG by the glyoxalase pathway under stress could lead to the
multiple PTMs of GAPC1 described in this report. In turn, these modifications could impact GAPC1
activity and/or affect its moonlighting functions.

4. Materials and Methods

4.1. Chemicals

Unless otherwise indicated, the chemicals, enzymes and buffers used in this study were of
analytical grade and obtained from Fischer Scientific (Mississauga, ON, Canada) or Sigma-Aldrich
(Oakville, ON, Canada). Sequences coding for (10xHis)-tagged recombinant A. thaliana Thioredoxin h1
(TRXh1, At3g51030) and NTRA (At2g17420) were generated using DNA synthesis at Gene Universal
(Newark, DE). These constructs were made in the pET-19b vector and were transformed in competent
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Escherichia coli (BL21 DE3pLysS strain). The plasmids carrying the constructs were purified and
verified by sequencing. The sequences of the recombinant proteins are shown in Figure S1. The
construction of the plasmid expressing (6xHis)-tagged recombinant Arabidopsis glutaredoxin C1
(GRXC1) used here was previously described [14].

4.2. Plasmid Constructions

Plasmids carrying Arabidopsis NAD-dependent glyceraldehyde-3-phosphate dehydrogenase C1
(GAPC1), thioredoxins h2 (TRXh2), h3 (TRXh3), h4 (TRXh4), and h5 (TRXh5) were obtained from the
Arabidopsis Biological Resource Center (ABRC) [69] (Table S1). The vector was pUNI51 for all
cDNAs, except for TRXh3 which was in pENTR/SD/DTOPO. = All recombinant DNA manipulations
were carried out according to standard techniques [70]. PCR was used to amplify the coding
sequences using primers listed in Supplementary Table 1. Amplicons were purified and digested
with Not1 (or Xbal for TRXh3). The digested inserts were ligated in frame with an N-terminal (6xHis)
tag into the pProExHTb vector previously digested with Ehel/Notl (or with Xbal for TRXh3).
Recombinant pProExHTb plasmids containing the wanted coding sequences were used to transform
competent E. coli cells (HB1011- strain) and single E. coli colonies were isolated to verify constructs by
sequencing. The sequences of the recombinant proteins generated using recombinant DNA
techniques in this study can be found in Supplementary Figure 1.

4.3. Production, Purification and Quantification of Recombinant Enzymes

Expression of GAPC1, GRXC1, NTRA and TRXh1-k5 in E. coli was achieved by growing cells in
Luria-Bertani broth medium at 37°C to an absorbance of 0.5 at 600 nm. Recombinant protein
production was induced with isopropyl 3-D-1-thiogalactopyranoside (IPTG). Induction conditions
(IPTG concentration, culture time and temperature), were selected for the various recombinant
proteins. For GAPCI, cells were induced during 16 h at 17°C with 0.6 mM IPTG. Cultures were
induced during 4 h at 37°C with 0.6 mM for the expression of GRXC1 and TRXh2-h5 and with 1 mM
IPTG for the expression of TRXh1 and NTRA. After induction, cells were collected by centrifugation
(2,000 x g) for 20 min at room temperature (RT). The pellets were frozen and kept at -80°C until used.
Poly His-tagged proteins were purified by affinity chromatography on Ni-NTA resin columns under
native conditions according to the manufacturer’s instructions (Invitrogen Canada, Burlington, ON,
Canada). Eluted fractions containing recombinant proteins were pooled and dialyzed against a 50
mM Tris-HCl buffer, pH 7.5 containing 1 mM MgCl2 and 1 mM DTT. The Bradford method was used
to measure protein concentration using bovine serum albumin as a standard [71]. Following
purification, enzymes were stored at -20°C in 50% (v/v) glycerol. Purity of the preparations was
analyzed by SDS-PAGE on polyacrylamide gels (12% (w/v) for GAPC1 and NTRA and 15% (w/v) for
GRXC1 and TRXh1-h5). The low range protein molecular weight marker used for the analysis of
TRXh1-h5 was from Bio-Rad (Saint-Laurent, QC, Canada, catalog number 161-0304). The other
analyses were done with a wide range protein molecular weight marker from Bio Basic (Markham
ON, Canada, catalog number BSM0431).

4.4. Redox Treatments of Proteins

All experiments were carried out in low retention tubes. Before experiments, recombinant
GAPC1 was aliquoted in 120 ul GAPCI1 dilution buffer (75 uM final concentration) containing 50 mM
Tris-HCI pH 7.8, 4 mM MgCl> and 30% (v/v) glycerol. The protein was reduced with 10 mM
dithiothreitol (DTT) for 15 min at 4°C and then desalted using a NAP-5 column following the
manufacturer’s instructions (Cytiva, Vancouver, BC, Canada) to remove DTT. Reduced GAPC1 was
then quantified using the Bradford method and used for different redox treatments. For the oxidative
treatments, GAPC1 (60.15 nM final concentration) was incubated for different times at 4°C with 5 uM
H:0:. For treatments with SLG, unless otherwise stated, GAPC1 was incubated with SLG in a
GAPC1/SLG molar ratio of 1/2,000 for 10 min at room temperature. Reactivation of GAPCI activity
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was tested with recombinant GRXC1 or TRXs. For the GRXC1- and TRXs-mediated reactivations, 1.5
UM GAPC1 was treated at room temperature with 3 mM SLG in 100 mM Tris-HCI pH 7.8. After 10
min incubation, the samples were diluted to obtain a GAPC1 concentration of 0.625 uM. For GRXC1
reactivation, the enzyme was further incubated for 40 min at room temperature in 100 mM Tris-HCl
pH 7.8 with the GRS containing 0.2 mM NADPH, 2 mM GSH and 6 pg/ml commercial glutathione
reductase in the presence or absence of 15 uM GRXC1 and in a final volume of 150 pl. For reactivation
with TRXs, GAPC1 was incubated for 30 min with the TRX recycling system (TRS) containing 0.2 mM
NADPH and 0.22 uM NTRA in the presence or absence of 20 pM TRX in a final volume of 150 ul. In
parallel with the different enzymatic reactivation reactions, GAPC1 samples were also reactivated
with 10 mM DTT.

4.5. Enzyme Activity Measurements

Before their use in the experiments described in this study, we verified that the various
recombinant proteins were active using spectrophotometric assays performed on a VERSAmax
microplate reader (Molecular Devices, San Diego, CA, USA). GRXC1 was assayed using a previously
described GSH-Disulfide transhydrogenase activity assay [14]. TRX activity was measured with an
insulin precipitation assay [72] in which solution turbidity was measured spectrophotometrically at
650 nm and 30°C for 60 min. For this, commercial bovine insulin was diluted to 2 mg/ml in sterile
milli-Q water adjusted to a pH of 2.2 with HCl and the pH of the solution was readjusted at 7.5-8.0
with 0.1 N NaOH before use. The activity of the five recombinant TRXs (2 uM in the assay mixture)
was measured in a buffer containing 0.1 M Tris-HCl pH 8.0, 2 mM EDTA, 0.13 mM bovine insulin
and 0.33 mM DTT in a final volume of 200 ul. NTRA activity was assayed by following the oxidation
of NADPH at 340 nm by the TRX-NTR system in presence of insulin. The assay buffer contained 0.1
M Tris-HCI pH 8.0, 2 mM EDTA, 0.1 mM NADPH, 2 uM TRX, 130 uM bovine insulin (prepared as
above) and recombinant NTRA [73]. The decrease in absorbance was measured for 30 min at 30°C.
For measuring GAPC1 activity, a coupled enzyme assay was used [74]. The decrease in absorbance
was measured at 340 nm and 30°C.

4.6. Sample Preparation and Nano LC-MS/MS Proteomic Analysis

Recombinant GAPC1 was reduced by incubation with 10 mM DTT for 15 min at 4°C, desalted
and quantified as described above. Reduced GAPC1 (0.5 pM) was then treated for 10 min at room
temperature with 1 mM SLG or left untreated (control). Samples containing 100 pmol GAPC1 were
then either dialyzed overnight at room temperature in a buffer containing 100 mM NHs:HCOs or
reduced with 30 mM DTT at 56°C for 45 min, alkylated in the dark with 70 mM iodoacetamide at
room temperature for 30 min and then dialyzed in 100 mM NHsHCO: buffer overnight at room
temperature. After dialysis, the samples were digested overnight at 37°C in a buffer containing 100
mM NHs:HCOs, 10% (v/v) acetonitrile, 2.5 mM CaClz and trypsin (modified, sequencing grade,
Promega, Madison, WI, USA) using a trypsin/protein ratio of 1:50. The digested samples were dried
down and rehydrated in 15l of buffer containing 2% (v/v) acetonitrile, 1% (v/v) formic acid, vortexed
for 30 min, centrifuged at 20,000 g for 30 min, and aliquots were used for nano LC-MS/MS analysis.
The automated nano LC-MS/MS analysis of peptide digests with 30 pmol of the initial protein sample
at the final concentration of 6.6 pmol/ ul was performed using Q Exactive™ Hybrid Quadrupole-
Orbitrap mass spectrometer equipped with a nanospray Flex NG source, connected on-line with
EASY-nLC 1000 system (Thermo Fisher Scientific, San Jose, CA). Five microliter aliquots were
separated by on-line liquid chromatography using an in-house packed reversed-phase nano-column
Luna C18 (75um ID, 360 pm OD, 18 cm length, 5um, 100A, Phenomenex Inc., Torrance, CA), ata flow
rate of 300 nl/min. The column was evaluated for quality control with 200 ng Pierce HeLa Protein
Digest Standard (Thermo Fisher Scientific, San Jose, CA) with over 2,800 identified unique proteins.
The peptide elution was performed using a linear 135 min gradient of 2-20% (v/v) ACN for 105 min,
followed by a gradient of 20-32% (v/v) ACN for 20 min, 32-95% (v/v) ACN for 2 min, and 99.9% (v/v)
ACN for 8 min in 0.1% (v/v) formic acid.
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Data-dependent acquisition in the Q Exactive instrument proceeded with nano-electrospray
voltage 2.1 kV, capillary temperature 275°C, in 1.8 s scan cycles, starting by a single full scan MS at
m/z range 400-1800 in a profile mode, resolution 70,000 full width at half-maximum (FWHM) at 200
m/z, one microscan with maximum inject time 100 ms. Survey spectra were followed by MS/MS
fragmentation of 12 most intense ions charge state 2-7, selected from the full scan MS for HCD at
normalized collision energy of 27% with profile mode detection, the Orbitrap resolution 17,500
FWHM at 200 m/z, 80 m/z fixed first mass scan range to 2000 m/z, 1 microscan, and 120 ms maximum
injection time. The automatic gain control target values for full MS and MS/MS were 3e6 and 2e5,
respectively. Dynamic exclusion of 15 s was employed as well as rejection of charge state unassigned,
8, >8 with precursors isolated at 2 m/z width.

4.7. Proteomics Data Analysis and Interpretation

Peptide HCD fragmentation spectra were searched using Mascot Server v. 2.8.3 (Matrix Science,
London, UK) against the Araportll (48,270 sequences; 20,842,213 residues) Arabidopsis protein
database using a general search with specified modifications, followed by the Error Tolerant Search
to allow for protein modification screening, and finally Mascot searches with crosslinking analysis
and mapping of the disulfide bridges. The Mascot MS/MS Ion Search parameters were as follows: (1)
tryptic digest with maximum two missed cleavage; (2) monoisotopic peptide masses were used; (3)
the peptide mass tolerance was kept at 20 ppm; and the fragment ions mass tolerance was set at 20
ppm; (4) variable modifications Glutathione (C), Carbamidomethyl (C), Oxidation (M), Deamidation
(NQ), and Dehydro (C) were used; (5) peptide charge state +1, +2 and +3 for nano LC-MS/MS spectra.
The Error Tolerant Search was done with two variable modifications allowed: Glutathione (C) and
LactoylLys (K). Crosslinking Search for a disulfide bridge mapping in GAPC1 was done with variable
modifications: Oxidation ™M), LactoylLys (K. SIM-XL software
(http://patternlabforproteomics.org/sim-xl) was also used for the identification of Xlinked Disulfides
[75]. Spectra with modifications were verified manually using the GPMAW 12.11 (Lighthouse Data,
Odense, Denmark) software, Freestyle v1.5 and Qual Browser Xcalibur v4.2.47 software programs
(Thermo Fisher Scientific, San Jose, CA) for visualizing and analyzing chromatograms and spectra.

4.8. Structural Prediction of GAPC1 Structures

The tetrameric structures of GAPCl apo, GAPC1 glutathionylated on Cys!%, GAPCI1
glutathionylated on both Cys'> and Cys!% or GAPC1 lactoylated on individual Lys76190198219.255,310 were
predicted using AlphaFold v3.0.0 [76] installed on the Narval cluster of the Digital Research Alliance
of Canada. AlphaFold3 predictions contained an extraneous OXT atom on the lactoyl groups that
was manually removed prior to analysis. Figures were generated using PyMOL v3.1.0.

4.9. Statistical Analyses

All experiments were conducted with at least three independent experimental replicates and
each individual experiment included three technical replicates. The reported data are mean + SD
which were analyzed using the Student's t-test with p<0.05 considered as a significant difference.
Statistical analyses were performed using Microsoft Excel.
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Abbreviations

The following abbreviations are used in this manuscript:

GAPC1 cytosolic glyceraldehyde 3P dehydrogenase 1

ROS reactive oxygen species

MG methylglyoxal

PTM post-translational protein modification
GSH glutathione

GSSG oxidized glutathione

SLG S,D-lactoylglutathione

GLO1 glyoxalase I

GLO2 glyoxalase II

GAPDH glyceraldehyde 3P dehydrogenase

MDH malate dehydrogenase

DTT dithiotreitol

GRX Glutaredoxin

TRX thioredoxin

GR NADPH-dependent glutathione reductase
NTR NADPH-dependent thioredoxin reductase

LC-MS/MS liquid chromatography-tandem mass spectrometry
FWHM full width at half-maximum

HCD Higher-energy Collision Dissociation
Dha dehydroalanine

GRS glutaredoxin recycling system

TRS thioredoxin recycling system
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