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ARTICLE INFO ABSTRACT

Keywords: Protein S-nitrosylation is a reversible redox-based post-translational modification that plays an important role in
Cyste'ine thiol cell signaling by modulating protein function and stability. At the molecular level, S-nitrosylation consists of the
Docking ) formation of a nitrosothiol (-SNO) and is primarily induced by the trans-nitrosylating agent nitrosoglutathione
E;gzzztg;?;:hmne (GSNO). Triosephosphate isomerase (TPI), which catalyzes the interconversion of dihydroxyacetone phosphate

and glyceraldehyde-3-phosphate, has been identified as a putative target of S-nitrosylation in both plant and non-
plant systems. Here we investigate the molecular basis for GSNO-dependent regulation of chloroplast TPI from
the model green alga Chlamydomonas reinhardtii (CrTPI). Molecular modelling identified Cys14 and Cys219 as
potential sites for interaction with GSNO, though crystallography of GSNO-treated CrTPI revealed S-nitrosylation
only at Cys14. To disclose GSNO target sites, we generated and characterized Cys-to-Ser variants for Cys14 and
Cys219, identifying Cys219 as a key residue mediating the GSNO-dependent modulation of CrTPI activity.
Molecular dynamics simulations further revealed the stabilizing interactions of S-nitrosylated cysteines with
their local environments. Overall, our results indicate that CrTPI catalysis is modulated by GSNO through a
redox-based mechanism involving Cys219, which highlights a conserved regulatory strategy shared with human
TPL

S-nitrosylation
Crystal structure

1. Introduction

Triose phosphate isomerase (TPI) is a highly conserved enzyme with
a central role in carbon metabolism. In plants, TPI participates in the
glycolytic/gluconeogenic pathways and photosynthetic carbon fixation
via the Calvin-Benson-Bassham (CBB) cycle), catalyzing the reversible
interconversion of dihydroxyacetone phosphate (DHAP) and

glyceraldehyde-3-phosphate (G3P). The enzyme does not require any
cofactors and confers a remarkable catalytic efficiency, with a rate
enhancement of 10%-10°-fold compared to the nonenzymatic reaction
(Wierenga et al., 2010; Helliwell, 2021). The catalytic properties of TPI
isoforms from both plant and non-plant organisms rely on a conserved
structural architecture comprising a TIM-barrel fold and a catalytic
tetrad involving an asparagine (Asn), a lysine (Lys), a histidine (His),

Abbreviations: CBB, Calvin-Benson-Bassham; CD, circular dichroism; Cys, cysteine; DHAP, dihydroxyacetone phosphate; DLS, dynamic light scattering; DTNB,
5,5’-dithiobis-2-nitrobenzoic acid; DTT, dithiothreitol; G3P, glyceraldehyde-3-phosphate; GSNO, nitrosoglutathione; NO, nitric oxide; RMSD, root mean square

deviation; -SNOs, nitrosothiols; TPI, triose phosphate isomerase.
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and a glutamate (Glu) (Asn12, Lys14, His96, and Glu166 in human TPI).
The catalytic residues participate in the isomerization reaction by sta-
bilizing the substrate (Asn and Lys) or by acting as general acid/base
that facilitates the proton transfer required for catalysis (His and Glu)
(Wierenga et al., 2010; Helliwell, 2021). Considering its dual metabolic
role, in most eukaryotic phototrophs two genes code for the glycolytic
and photosynthetic isoforms. In this regard, the unicellular green alga
Chlamydomonas reinhardtii is an exception, as it possesses only a single
gene encoding TPI (Zaffagnini et al., 2014). This peculiar situation is
explained by the fact that in this microalga the portion of the glycolytic
pathway involving TPI takes place in the chloroplast rather than in the
cytosol (Johnson and Alric, 2013). A previous biochemical study on TPI
from Chlamydomonas reinhardtii (CrTPI) revealed that this enzyme
shares similar catalytic properties (i.e., kinetic parameters) with glyco-
lytic isoforms of heterotrophic and autotrophic organisms, but possesses
a catalytic proficiency higher than the photosynthetic isoforms from
land plants (Zaffagnini et al., 2014).

In cellular systems, metabolic fluxes are controlled through regula-
tory mechanisms operating at the molecular level, mainly through
modulation of enzyme activities. In this context, redox modifications of
cysteines act as regulatory molecular switches in response to physio-
logical or stress stimuli (Zaffagnini et al., 2012, 2019a). Among redox
modifications, S-nitrosylation, which consists of the formation of
nitrosothiols (-SNOs) between protein cysteines and nitric oxide (NO),
plays a central role in the regulation of protein function and structural
stability (Hess et al., 2005; Foster et al., 2009; Zaffagnini et al., 2016).
Over the past decades, numerous proteomics-based studies have iden-
tified hundreds of putative S-nitrosylation targets, including several CBB
cycle enzymes (Lindermayr et al., 2005; Shi et al., 2008; Tanou et al.,
2009; Lin et al., 2012; Tanou et al., 2012; Morisse et al., 2014b; Zahid
etal., 2014; Hu et al., 2015; Qiu et al., 2019). Among these, TPI isoforms
from both plant and non-plant sources have been detected, highlighting
the potential role of this redox modification in modulating carbon
metabolism under stress conditions associated with disrupted GSNO
homeostasis (Michelet et al., 2013; Morisse et al., 2014b; Chen et al.,
2016). Despite extensive proteomic evidence, functional characteriza-
tion of S-nitrosylation-dependent regulation of TPI activity has thus far
been established only for the Chlamydomonas reinhardtii and human
(HsTPI) isoforms (Zaffagnini et al., 2014; Romero et al., 2018). The
occurrence of S-nitrosylation and its effect on catalysis were ascertained
for both enzymes in vitro, but the identification of cysteine site(s) and
molecular mechanisms underlying S-nitrosylation have been solely
investigated for HsTPIL

To elucidate the molecular bases that underpin the redox control of
CrTPI exerted by S-nitrosylation, we combined computational modeling
with structural and functional studies to identify the cysteine residues
targeted by nitrosoglutathione (GSNO), a major physiological S-nitro-
sylating agent. Additionally, we generated Cys-to-Ser mutants at key
positions (C14S and C219S) to assess their impact on catalytic function
and GSNO sensitivity. Our findings provide mechanistic insights into the
significance of GSNO-dependent redox regulation of CrTPI, which
highlights a prominent role of Cys219 in this process. In addition, un-
derstanding this regulatory mechanism will broaden our knowledge of
how redox-based modulation influences carbon metabolism in the
model green alga Chlamydomonas reinhardtii. This insight may reveal
how redox signals integrate with metabolic pathways to fine-tune
photosynthetic efficiency and carbon flux under varying environ-
mental conditions.

2. Material and methods
2.1. Material
PD-10 and NAP-5 columns were obtained from Cytiva Life Science.

GSNO (nitrosoglutathione) was freshly prepared as described in Treffon
et al. (2021). All other chemicals and enzymes were obtained from
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Merck Life Science unless otherwise specified.
2.2. Site-directed mutagenesis

The two cysteine residues in CrTPI at positions 14 and 219 were
mutated into serines by PCR site-directed mutagenesis using the pET-3c/
CrTPI as a template (Zaffagnini et al., 2014) The mutagenic pairs of
primers (Table S1) were used according to the procedures of the Quik-
Change site-directed mutagenesis kit (Stratagene). All mutations were
confirmed by DNA sequencing.

2.3. Protein purification

Recombinant CrTPI (WT and Cys mutants) was produced using the
PET-3c-His/BL21 expression system as described previously with minor
modifications (Zaffagnini et al., 2014). Bacteria were grown at 37 °C in
LB medium supplemented with 100 pg/ml ampicillin, and protein pro-
duction was induced with 0.2 mM isopropyl-p-D-thiogalactopyranoside
at 37 °C for 3 h. Cells were then harvested by centrifugation and
resuspended in 30 mM Tris-HCl (pH 7.9) (buffer A). Cell lysis was per-
formed using a combination of lysozyme (100 pg per ml of cell sus-
pension) and sonication (5 cycles of 2 min each) (Meloni et al., 2024b).
Cell debris were removed by centrifugation (15 000 x g for 45 min) and
the supernatant was applied onto a Ni2*-Hitrap chelating resin (HIS--
Select Nickel Affinity Gel) equilibrated with buffer A containing 500 mM
NaCl and 5 mM imidazole. After extensive washing with buffer A sup-
plemented with 30 mM imidazole, the recombinant protein was eluted
from the column by using buffer A containing 250 mM imidazole. Eluted
fractions were immediately desalted using PD-10 equilibrated with
buffer A supplemented with 1 mM EDTA. The molecular mass and purity
of the protein were analyzed by SDS-PAGE, and the concentration of
purified CrTPI forms was determined spectrophotometrically using a

molar extinction coefficient at 280 nm of 37,930 M ! cm™.

2.4. Gel filtration and dynamic light scattering analysis of CrTPI

Before gel filtration analysis, CrTPI WT and Cys mutants (C14S and
C219S) were treated with 20 mM reduced dithiothreitol (DTT) for 1 h at
room temperature. Analytical gel filtration profiles of reduced CrTPI
forms were performed on a Superdex 200 10/300 GL column (Cytiva
Life Sciences) connected to an AKTA Purifier system (Cytiva Life Sci-
ences). The column was calibrated with standard proteins as described
in (Tagliani et al., 2021). The protein was eluted at a flow rate of
0.5 ml min~! with 50 mM Tris-HCl (pH 7.5) containing 150 mM KCL. For
each recombinant CrTPI form, fractions containing pure proteins were
collected, concentrated, desalted with NAP-5 columns equilibrated with
buffer A supplemented with 1 mM EDTA, and used for further
biochemical analyses. Dynamic light scattering measurements of CrTPI
WT and Cys mutants were carried out as in Zaffagnini et al. (2019b).
Briefly, protein solutions (10 mg ml™!) were incubated in buffer A con-
taining 0.5 mM EDTA. The size distribution of the particles in solution
and their hydrodynamic radius were measured. The data were obtained
using Zetasizer Nano (Malvern) cuvettes, and 10 spectra were acquired
for each DLS analysis. The above data were then averaged and used to
determine the hydrodynamic diameter and polydispersity using the
average autocorrelation function.

2.5. Determination of free sulfhydryl groups in CrTPI WT and Cys
mutants

The number of free thiols in CrTPI WT and Cys mutants (C14S and
C219S) was determined spectrophotometrically under non-denaturing
conditions with 5,5’-dithiobis-2-nitrobenzoic acid (DTNB) (Meloni
et al., 2024a). Briefly, 10 uM protein was incubated for 30 min with
20 mM dithiothreitol (DTT) and then desalted with PD-10 equilibrated
with buffer A. Subsequently, the pre-reduced protein was added to a
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solution containing 0.2 mM DTNB in 100 mM Tris-HCl (pH 7.9), and
after 30 min at room temperature, the absorbance at 412 nm was
determined spectrophotometrically using a Cary 60 UV-Vis spectro-
photometer (Agilent Technologies). A molar extinction coefficient of 14,
150 M! em™ was used to calculate the number of titrated sulfhydryl
groups (Morisse et al., 2014a).

2.6. Circular dichroism spectroscopy

Samples of CrTPI WT and Cys mutants (15 uM) were prepared in
50 mM Tris-HCl buffer (pH 7.5) containing 150 mM KCl, and quantified
by spectrophotometric analysis at 280 nm in a 1 cm cell (e2g0 =
37,930 M1 em™). Far-UV circular dichroism (CD) spectra
(250-195 nm) were measured at room temperature on a J-715 spec-
tropolarimeter (Jasco, Japan), using a QS-quartz cylindrical cell with
0.2 mm optical pathlength (Hellma Analytics, Germany), a 2 nm spectral
bandwidth, a 50 nm/min scanning speed, a 2 s data integration time, a
0.5 nm data interval, and an accumulation cycle of 3 scans per spectrum.
The resulting CD spectra were blank-corrected and converted to molar
units per residue (Agyes, in M!em™.

2.7. Activity assay

The catalytic activity of recombinant CrTPI forms was measured
spectrophotometrically as described in Zaffagnini et al. (2014). Briefly,
the reaction was measured in the G3P to DHAP direction in an assay
mixture containing 100 mM triethanolamine (pH 7.4), 10 mM EDTA,
0.01 % bovine serum albumin, 2 mM G3P, 2 units ml™! of S. cerevisiae
a-glycerophosphate dehydrogenase (a-GDH), and 0.2 mM NADH. The
reaction was initiated by adding CrTPI and its activity was calculated
from the decrease in absorbance at 340 nm (i.e. NADH oxidation).

2.8. Treatments of CrTPI WT and Cys mutants with thiol-modifying
agents

Inactivation treatments were performed at room temperature by
incubating CrTPI (WT and Cys mutants) in 100 mM Tris-HCl (pH 7.9)
with 0.2 mM DTNB or 1 mM GSNO. At the indicated times (15, 30, and
60 min), an aliquot of incubation mixtures was withdrawn in order to
evaluate enzyme activity monitored as described above.

2.9. Crystallization and data collection

Prior crystallization trials, purified CrTPI WT and Cys mutants (C14S
and C219S) were incubated in buffer A in the absence (untreated) or
presence of 2 mM GSNO (GSNO-treated). Subsequently, protein samples
were concentrated to 10 mg ml™! in buffer A containing 0.5 mM EDTA
and crystallized by hanging drop vapor-diffusion method at 293 K. Al-
iquots of 2 ul were then mixed with an equal volume of reservoir solu-
tion and the final drop was equilibrated against 700 pl of reservoir
solution. CrTPI and GSNO-treated CrTPI crystals were obtained in 0.1 M
Hepes-NaOH (pH 7.5) using 50 % and 55 % v/v MPD, respectively. For
C14S mutant, a reservoir solution containing 0.1 M Bis-Tris (pH 5.0) and
17.5 % w/v PEG 3350 was used. When present, crystals appeared as a
rectangular prism in case of CrTPI WT (untreated and GSNO-treated) or
needle-like in case of the C14S mutant. No crystals were obtained for
both C219S (untreated and GSNO-treated) and C14S mutants (GSNO-
treated). Some crystals from untreated CrTPI samples (WT and C14S
mutant) were soaked in the reservoir solution containing 2 mM of GSNO
for 120 min. Crystals of C14S mutant dissolved during soaking.

Crystals of GSNO-soaked and GSNO-treated CrTPI WT were directly
frozen in liquid nitrogen, while crystals of CrTPI-C14S were soaked into
a cryo-protectant solution containing 20 % w/v PEG 3350 and 20 % v/v
PEG 200. Diffraction data for crystals of CrTPI WT (GSNO-treated) and
C14S mutant were collected at 100 K at the European Synchrotron Ra-
diation Facility (Grenoble, beamline ID30A-3), while those of GSNO-
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soaked CrTPI were collected at Diamond Light Source (Oxford, beam-
line 103). Data were collected at a resolution of 1.2 A for GSNO-soaked
CrTPI, 1.55 A for GSNO-treated CrTPI, and 3.55 A for CrTPI-C14S, and
then processed using the beamline pipeline XIA2 DIALS (Gildea et al.,
2022) and AUTOPROC (Vonrhein et al., 2011) and then scaled with
AIMLESS (Evans and Murshudov, 2013). The correct space group was
determined by POINTLESS (Evans, 2006) and confirmed in the structure
solution stage. Data collection parameters and statistics are reported in
Table S2.

2.10. Structure solution and refinement

CrTPI structures were solved by molecular replacement using the
program PHASER (McCoy et al., 2007) from the CCP4 package (Winn
et al., 2011) using the structure of CrTPI (PDB ID: 4MKN; (Zaffagnini
et al., 2014) excluding non-protein atoms and water molecules, as a
search model. The refinement was performed with REFMAC5 7.1.004
(Murshudov et al., 1997) from the CCP4 package (Winn et al., 2011),
selecting 5 % of reflection for Rpe.. The molecular graphic software
COOT (Emsley and Cowtan, 2004) was used for manual rebuilding and
modelling. Water molecules were automatically added and, after a vi-
sual inspection, confirmed in the model if the relative electron density
value in the (2Fo - Fc) maps exceeded 0.19 e-A3 (1.0 o) and if they fell
into an appropriate hydrogen bonding environment. Inspection of the
Fourier difference maps of GSNO-soaked CrTPI crystals, showed an extra
electron density close to the thiol group of Cys14 that was attributed to
the NO group bound to the sulfur. Therefore, an S-nitrosylated cysteine
was inserted into the model with an occupation of 0.67. The last
refinement cycle was performed with PHENIX.REFINE (Adams et al.,
2010) from the PHENIX suite (Liebschner et al., 2019). Figures were
generated using Pymol (The PyMOL Molecular Graphics System,
Version 1.2r3pre, Schrodinger, LLC). Final refinement statistics are re-
ported in Table S2.

2.11. Computational analysis for docking of GSNO with CrTPI

To identify the most probable interaction sites between GSNO and
CrTPI a molecular docking study was carried out using the program
AutoDock VINA (Trott and Olson, 2010). CrTPI structure (PDB: 4MKN)
was prepared for docking by removing water, organic molecules, and
ions. Protons were added using the H+ + websever setting a pH equal to
7.4 (Anandakrishnan et al., 2012). The grid for the docking was centered
in each available cysteine of the CrTPI structure.

2.12. Molecular mechanics calculations

The best docking poses were used to generate the initial coordinates
for molecular mechanics (MM) calculations. MM calculations were
performed using the AMBER 22 package (Case et al., 2005). The FF14SB
force field (Maier et al., 2015) was used to model CrTPI. Parameters for
GSNO developed in Mattioli et al. (2022) were used. 2500 steps of
steepest descent minimization, followed by additional 2500 steps of
conjugate gradient minimization were performed with the “Sander”
module of Amber (Case et al., 2005). The minimized structures were
used to estimate the interaction energy between GSNO and CrTPI using
the MM-generalized Born surface area (MM-GBSA) protocol (Kollman
et al., 2000).

Molecular dynamic (MD) simulations of the WT and S-nitrosylated
CrTPI proteins were carried out using the Particle Mesh Ewald sum-
mation (with cut off radius of 10.0 A). H-atoms were considered by the
SHAKE algorithm, and a time step of 2 fs was applied in all MD runs. For
the S-nitrosylated cysteine an ad hoc force field developed by Han was
used (Han, 2008). All simulations were performed with explicit solvent
by using the TIP3P water model. Starting from the CrTPI structure and
the corresponding S-nitrosylated forms, 500 steps of steepest descent
minimization, followed by additional 9500 steps of conjugate gradient
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minimization were performed with PMEMD (Case et al., 2005). To
equilibrate the systems, 1 ns of heating to 298 K within an NPT ensemble
and temperature coupling according to Langevin was used. Production
runs of 100 ns were carried out. Trajectories obtained from the MD
simulations were post-processed using CPPTRAJ (Case et al., 2005). One
snapshot each 0.1 ns was extracted from the calculated MD trajectories
to estimate the contributions to the binding of the single amino acids of
CrTPI with Cys-SH and Cys-SNO (decomposition analysis), using the
MM-GBSA approach (Kollman et al., 2000).

2.13. Replicates and statistical analyses

All the experimental results reported are representative of at least 3
independent biological replicates and expressed as mean =+ SD. Statis-
tical analysis was performed using an unpaired t-test with Welch’s
correction in the case of two categories or two-way ANOVA followed by
a Tukey’s post hoc test for multiple comparisons. Letters were used to
distinguish groups that differ significantly, as indicated in the figure
legends. Asterisks were used to indicate P-values (*P < 0.05, **P < 0.01,
***p < 0.001, ****Pp < 0.0001).

2.14. Accession numbers

The atomic coordinates and structure factors of GSNO-soaked CrTPI
and CrTPI-C14S structures have been deposited in Protein Data Bank
with the accession number 9QM?7, 9R6M, respectively. The coordinates
of GSNO-treated CrTPI were not deposited since the structure of the WT
protein was already present in the data bank.

3. Results and discussion

3.1. Conservation, accessibility, and reactivity of cysteine residues in TPI
from Chlamydomonas reinhardtii

CrTPI is a homodimer that contains five cysteine residues per subunit
(Cysl4, Cys126, Cys194, Cys219, and Cys247) (Fig. 1a and b), none of
which is directly involved in the catalytic cycle (Zaffagnini et al., 2014).
A comparative analysis of cysteine residue conservation between CrTPI
and HsTPI (ie., TPI isoforms showing sensitivity to S-nitrosylation
(Zaffagnini et al., 2014; Romero et al., 2018)) revealed that only Cys126
(Cys1l26 in HsTPI) and Cys219 (Cys217 in HsTPI) are conserved
(Fig. la-c). Cys126 is widely conserved across most organisms, while
Cys219 is not conserved in chloroplast TPIs of land plants but is present
in cytoplasmic isoforms of plant origin and in those of mammalian cells
and certain endoparasites (Zaffagnini et al., 2014). The remaining cys-
teines of CrTPI (Cysl4, Cys194, and Cys247) are found either in
oxygenic phototrophs, heterotrophic prokaryotes and eukaryotes, and
endoparasites (Cys14), or are uniquely conserved in green algae (Cys194
and Cys247) (Zaffagnini et al., 2014).

Solvent accessibility of CrTPI cysteines was previously determined
by analyzing the three-dimensional structure of native CrTPI (ie.,
dimeric conformation; PDB ID: 4MKN) (Zaffagnini et al., 2014). In this
protein conformation, Cys219 appeared as the sole cysteine exposed to
the solvent, while all remaining cysteine residues showed low or no
accessibility. To investigate whether this structural observation corre-
lates with the reactivity of thiol groups, we quantified the number of free
thiols in native dimeric reduced CrTPI using the chromogenic Ellman’s
reagent (5,5-dithiobis-(2-nitrobenzoic acid), DTNB) following treat-
ment with reducing agents. In contrast with structural predictions, we
found that pre-reduced CrTPI contains ~4 cysteine thiols reactive to-
wards DTNB (4.14 +0.12). The discrepancy between crystal
structure-based solvent accessibility and DTNB-dependent thiol titration
as measured in solution may reflect the intrinsic flexibility of the protein
backbone or the Cys side chains in solution. Such dynamic conforma-
tional changes could transiently expose otherwise buried thiol groups,
rendering them chemically reactive.
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3.2. Docking analysis reveals that GSNO can potentially interact with two
CrTPI sites located in proximity of Cys14 and Cys219

At the physiological level, nitrosoglutathione (GSNO) is considered
the main bioactive form of NO, acting as a trans-nitrosylating agent of
protein cysteines. GSNO interaction with a cysteine residue requires not
only thiol accessibility, but also a favorable local microenvironment that
enhances thiol reactivity, particularly by promoting thiol deprotonation
to the more nucleophilic thiolate (-S-) form, and supports stable binding
of the oxidizing molecule (Mattioli et al., 2022). To investigate potential
S-nitrosylation sites in CrTPI, we carried out a docking analysis using the
structural coordinates of the native enzyme (PDB ID 4MKN; (Zaffagnini
et al., 2014) to identify favorable GSNO binding sites (Fig. 2). Given the
dimeric structure of CrTPI, Cys219 emerged as the preferred site for
GSNO binding (AGpinding = —16.6 kcal mol™) (Fig. 2a). This suggests
that this residue, besides being solvent exposed, is surrounded by a
microenvironment favoring the interaction with GSNO. Since
biochemical assays had indicated the presence of four reactive cysteine
thiols, docking experiments were repeated using the monomeric form of
CrTPL In this conformation, Cys 14 was found to be solvent-exposed
(ASA of 128 A?), consistent with previous observations for both glyco-
lytic and photosynthetic TPI isoforms from the model plant Arabidopsis
thaliana (AtTPIs) (ASA of 129.3 A and 127.2 A2 for Cys13/Cys15 cor-
responding to Cys14 in CrTPI, respectively) (Lopez-Castillo et al., 2016).
Docking analysis revealed that in the monomeric structure of the pro-
tein, the binding site of GSNO in the proximity of Cys219 was obviously
maintained (AGpinding = —16.6 kcal mol™), but a second GSNO binding
site, close to Cys14 and less accessible in the dimer, appears preferred
(AGbinding = ~18.4 keal mol ™) (Fig. 2b).

3.3. Crystal structure of S-nitrosylated CrTPI reveals the presence of a
nitrosothiol at Cys14

After determining possible GSNO-binding cysteine residues, we
analyzed the structural consequences of S-nitrosylation by determining
the crystal structure of CrTPI treated with GSNO in solution (hereafter
GSNO-treated CrTPI) or in crystallo (CrTPI crystals treated with GSNO;
hereafter GSNO-soaked CrTPI). The 3D-structures of GSNO-soaked and
GSNO-treated CrTPI were obtained and solved at 1.20 A and 1.55 A
resolution, respectively. As with the native structure, the asymmetric
units of both structures contain one monomer that shows the typical
(B/a)g-barrel fold (Figure Sla) (Banner et al., 1975) and forms a
homodimer by a two-fold crystallographic axis (Figure S1b). By
inspecting the electron density maps, we observed no difference be-
tween native and GSNO-treated CrTPI, indicating that exposure to the
trans-nitrosylating agent did not induce any stable redox modification of
cysteine residues. Indeed, we have to consider that nitrosothiols form
inherently labile covalent bonds and X-ray irradiation can speed up their
degradation.

In contrast, GSNO-soaked CrTPI showed an extra electron density
near Cys14 side chain, which was attributed to the presence of a cova-
lently bound nitrosothiol group(-SNO) (Fig. 3a). Refinement of GSNO-
soaked CrTPI revealed that Cysl4-SNO has a dual conformation
(conformation 1 and 2), with one of the two being more populated than
the other (q=0.67) (Fig. 3b).

As depicted in Figure S1b, Cys14 is located at the dimer interface,
within a loop between strand 1 and helix a1l which also includes the
catalytic residues Asnll and Lys13. S-nitrosylation of Cys14 did not
induce a global conformation change, as evidenced by the root mean
square deviation (RMSD) of 0.29 A for the superposition of C, atoms of
WT and GSNO-soaked CrTPI structure. In the most populated confor-
mation (conformation 1), the nitrosothiol is inserted into a hydrophobic
cavity defined by residues from the adjacent subunit (Trp67, Phe74, the
aliphatic chain of Glu77 and Val78) and forms a n-staking interaction
with Trp67 (Fig. 3c). Additional stabilization is provided by three
hydrogen bonds with the main chain amino group of Val78 and Ser79
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Fig. 1. Comparison of primary sequence and cysteine residues position between CrTPI and HsTPI. (a) Primary and secondary structure alignment of 3D-solved
CrTPI and HsTPIL The alignment was performed with Espript (http://espript.ibcp.fr) (Gouet et al., 1999) using the sequence and the structure of TPI from Chla-
mydomonas reinhardtii (CrTPI, PDB ID: 4MKN; UniProtKB: Q5S7Y5) and TPI from Homo sapiens (HsTPI, PDB ID: 2JK2; UniProt: P60174). The conserved residues are
shown in red background; blue boxes represent conserved amino acid stretches (>70 %). Residues with similar physico-chemical properties are indicated in red.
a-helices, p-strands and 3;¢-helices are marked with o, B, n respectively. Conserved and non-conserved cysteine residues are indicated by closed and open triangles,
respectively. Numbering of cysteine residues in CrTPI is shown. Open circles denote catalytic residues, while closed circles indicated residues likely involved in the
direct/indirect interaction with Cys219-SNO and Cys217-SNO in CrTPI and HsTPI, respectively. The primary sequence alignment was made using Clustal Omega
(Sievers et al., 2011). (b) Ribbon representation of CrTPI dimer (top) and cartoon representation of the protein main chain with cysteine residues (bottom). (c)
Ribbon representation of HsTPI dimer (top) and cartoon representation of the protein main chain with cysteine residues (bottom).
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Fig. 2. Crystal structure of CrTPI dimer and monomer highlighting GSNO binding sites. (a) Ribbon representation of the CrTPI dimer with GSNO positioned in
the proximity of Cys219. (b) Ribbon representation of the CrTPI monomer with GSNO positioned in the proximity of Cys14.

(Fig. 3c). In the minor conformation, the SNO moiety is stabilized by
more extensive intra- and inter-chain hydrogen bonds including the
main chain amino group of Asnl5 and the side chains of Asn71 of the
same subunit (Fig. 3d). Moreover, the main chain atoms of Cys14-SNO
are hydrogen bonded to the amino and carbonyl groups of Gly72 of
the adjacent subunit. All these residues interacting and stabilizing the
NO group of the modified Cys14 lie in a long loop (Q64-A80; Fig. 1a)
between strand $3 and helix a3, which protrudes toward the active site
of the adjacent subunit and concurs to its completion (Figure S1b). On
this basis, we can hypothesize that S-nitrosylation of Cys14 could alter
active site geometry by restricting the conformational flexibility of the
loop. This structural limitation is absent in the CrTPI WT as Cys14 forms
a single interaction with Ser79 involving its thiol group, besides the
conserved interactions with Asn71 and Gly72 involving the atoms of its
main chain (Figure S1c).

No evidence of redox modification was detected at Cys219 or any of
the other cysteine residues (Cys126, Cys194 and Cys247). The lack of
nitrosothiol formation at Cys219 after GSNO treatment is likely due to
restricted accessibility of the thiol group, which can be significantly
influenced by crystal packing constraints. Indeed, the inspection of the
crystal packing of CrTPI WT shows that Cysl4 seems more easily
reachable through solvent channels than Cys219, which is shielded by a
symmetry molecule (Figure S2).

3.4. Functional and structural features of CrTPI mutants lacking Cys14
and Cys219

Based on structural and computational evidence, we identified Cys14
and Cys219 as potential redox-regulatory thiols susceptible to GSNO-
dependent modification. To experimentally assess their functional
relevance, we produced and purified Cys-to-Ser mutants (C14S and
C219S) and compared their functional and structural properties to the
WT enzyme. In terms of specific activity, the C219S mutant retained full
catalytic efficiency, while the C14S variant was less active, retaining
~80 % of WT activity (Fig. 4). Given that Cysl4 lies at the dimer
interface (Fig. 1b and Figure S1b), its mutation might destabilize the
dimeric formation and impair activity. However, gel filtration analysis
revealed that the elution profile of the C14S mutant was identical to that
of WT (Figure S3a and S3b), indicating that the mutation of Cys14 does
not alter dimer conformation. The same result was obtained for the
C219S mutant (Figure S3c). To assess whether the decrease in the ac-
tivity of C14S may depend on conformational changes related to alter-
ations in secondary structure, we conducted circular dichroism (CD)
analysis in the 250-195 nm range. CD spectra revealed no significant
differences between the WT and Cys mutants (Figure S4).

Crystals were obtained only for the C14S mutant, but they diffracted
at very low resolution (Table S2), likely due to heterogeneity in the
protein solution. Despite SEC purification, the C14S mutant displayed an
intrinsic tendency to form oligomers as evidenced by dynamic light

scattering (DLS) analysis performed on concentrated protein solutions
(10 mg mI™). DLS measurements revealed a hydrodynamic radius of
6.3 £ 1.6 nm for the C14S variant, compared to 3.48 + 0.2 nm for the
WT (i.e., dimeric conformation). The crystal structure of C14S confirmed
that the point-mutation does not alter global folding or the dimer
interface, and differently from the WT protein, the asymmetric unit
contains a whole dimer (subunits A and B). The overall structure was
conserved, with RMSD values of 0.81 A for dimer superposition, and
0.56 A and 0.54 A for CrTPI-C14S (subunit A) — CrTPI and CrTPI-C14S
(subunit B) — CrTPI monomers superimposition, respectively.

Altogether, these results indicate that the substitution of Cys14 and
Cys219 does not perturb the structural integrity of CrTPI. Hence, the
mild decrease in the activity of the C14S mutant is likely due to its
proximity with the catalytic residues such as Lys13. Moreover,
substituting Cys14 with a more hydrophilic Ser increases the number of
interchain hydrogen bonds, stiffening the dimer interface (Figure S1d).
The residues involved (Gly70, Gly72, Phe74, Glu77, Ser79 and GIn82)
belong to the loop of the adjacent subunit between strand 3 and helix
a3, which contributes to active site formation. A decreased flexibility of
this loop may explain the decreased activity of the C14S mutant.

3.5. Redox response of CrTPI WT and Cys variants to oxidative
treatments

After characterizing the functional and structural properties of C14S
and C219S, we assessed their redox sensitivity by examining their cat-
alytic response to the thiol-modifying agent DTNB and the trans-
nitrosylating agent GSNO. Whereas the reaction of DTNB with
cysteine residues is driven primarily by solvent accessibility of thiol
groups, the interaction between GSNO and cysteine residues also de-
pends on thiol reactivity and the cysteine local microenvironment
(Mattioli et al., 2022). As shown in Fig. 5a and 5b, WT CrTPI and the
C14S variant were similarly sensitive to DTNB retaining ~20 % and
~5 % residual activity after incubation for 15 and 30 min, respectively.
By contrast, the C219S mutant proved to be less sensitive to DTNB with
60 % inhibition after 30 min treatment (Fig. 5¢), indicating that Cys219
contributes significantly to DTNB sensitivity. We then examined the
response to GSNO (1 mM) by assaying residual activities at different
time points. As previously observed, GSNO caused a 50 % inhibition of
WT activity after 30 min, which did not diminish after prolonged in-
cubation (60 min) (Fig. 5d). In contrast, the C14S mutant exhibited a
greater sensitivity with 60 % inhibition at 30 min, further decreasing to
80 % by 60 min (Fig. 5e). Strikingly, the C219S mutant completely lost
sensitivity to GSNO treatment, showing no significant loss of activity at
any time point (Fig. 5f). Taken together, these results indicate that
Cys219 is the principle site mediating GSNO-dependent inhibition of
CrTPI activity, whereas Cys14 does not seem to play a direct role in this
redox regulation. Indeed, C14S showed a stronger inhibition than WT,
suggesting that the absence of Cys14 might indirectly influence redox
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Fig. 3. Electron density and interaction of S-nitrosylated Cys14 in CrTPI. (a) 2F, - F,. electron density map (contoured at 1.0 ¢) showing an extra density at
Cys14-SH (C14). (b) 2F, - F,. electron density map (contoured at 1.0 6) of Cys14-SNO (SNC14) highlighting two possible conformations (conf. 1 and 2) of the
nitrosothiol (see “results and discussion” for further details). (¢) Hydrogen bonds (distance <4 A) of Cys14-SNO (SNC14) in the conf. 1 with protein residues. As
highlighted in the panel, Cys14-SNO is stabilized by three hydrogen bonds with the main chain amino group of Val78 and Ser79 (SNC14(A) ND - Val78(B) N 3.9 A;
SNC14(A) ND - Ser79(B) N 3.4 A; SNC14(A) SG — Ser79(B) N 3.6 f\). (d) Hydrogen bonds (distance <4 1“\) of Cys14-SNO in the conf. 2 with protein residues. As
highlighted in the panel, the SNO group of Cys14 is stabilized by a higher number of intra- and inter-chain hydrogen bonds involving the main chain amino group of
Asn15 (SNC14(A) OE — Asn15(A) N 3.7 A; SNC14(A) OE — Asn15(A) N 3.8 A) and Ser79 (SNC14(A) OE — Ser79(B) N 3.9 A; SNC14(A) ND - Ser79(B) N 3.4 A; SNC14
(A) SG — Ser79(B) N 3.8 A), the side chains of Asn71 (SNC14(A) OE — Asn71(B) ND2 3.8 &), Ser79 (SNC14(A) OE — Ser79(B) OG 3.3 A; SNC14(A) ND - Ser79(B) OG
3.7 10\), and GIn82 (SNC14(A) OE - GIn82(B) NE2 3.2 A; SNC14(A) ND - GIn82(B) NE2 3.3 f\). In addition, the main chain atoms of Cys14-SNO are hydrogen bonded
to the amino and carbonyl groups of Gly72 of the adjacent subunit (SNC14(A) N — Gly72(B) O 3.0 10\; SNC14(A) O - Gly72(B) N 2.8 10\).

sensitivity.

3.6. Molecular dynamics calculation to assess the stability and interaction
of S-nitrosothiols in CrTPI

After establishing that Cys219 plays a key role in determining the
redox sensitivity of CrTPI to GSNO, we investigated the structural
context and stability of its S-nitrosylated form (Cys219-SNO) within its
microenvironment using molecular dynamics (MD) simulations. The
same computational analysis was also conducted for Cys14-SNO, which

was experimentally confirmed to undergo S-nitrosylation by X-ray
crystallography. We carried out per-residue molecular mechanics-
generalized Born surface area (MM-GBSA) decomposition analysis of
the MD trajectories to calculate the binding energies of cysteine residues
in both reduced (-SH) and S-nitrosylated (-SNO) forms (Table 1). This
analysis showed that the local protein microenvironment more strongly
stabilizes the S-nitrosylated forms than the corresponding thiols for both
Cys14 and Cys219. Notably, Cys14-SNO was stabilized to a greater
extent than Cys219-SNO, with binding energy differences of
5.9 kcal mol ! and 2.0 kcal mol’l, respectively (Table 1). The chemical
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Fig. 4. Specific activities of CrTPI WT and Cys mutants. Activity of re-
combinant CrTPI WT (gray bar), CrTPI-C14S (C14S, orange bar), and CrTPI-
C219S (C219S, light blue bar) was measured as described in “Material and
Methods™ section. Activity of CrTPI WT (2788.5 + 89.9 ymol min™ mg™") was
set to 100 % and used to calculate the percentage of C14S and C219S activities
(2250.8 + 203.2 and 2728.6 + 153.6 ymol min™' mg™', respectively). Data are
represented as mean =+ SD (n = 4). Statistical analysis was performed using an
unpaired t-test and P values are reported on graphs as follows: **P < 0.01, ns:
not significant.

origin of the stabilization provided by the various protein residues was
then analyzed (Fig. 6). For Cys14-SNO, several residues belonging to
both monomers contributed to the stabilization through a network of
hydrogen bonds or n-staking interactions involving Trp67, as already
identified by crystallographic investigation (Fig. 6a and c). In contrast,
the stabilization of Cys219-SNO was limited to only one residue, namely
Lys220 that is solvent-exposed in CrTPI (Fig. 6b and d). Increased sta-
bilization of the nitrosyl group and limited accessibility of Cys14-SNO,
which is located at the dimer interface, may further explain the pres-
ence of the nitrosothiol in the crystal structure of CrTPI exposed to
GSNO.

3.7. Molecular basis for CrTPI regulation by S-nitrosylation

A characteristic feature of the TPI enzyme is the presence of four
conserved catalytic residues, namely Asnl1, Lys13, His95, and Glul67
(CrTPI numbering; Fig. 1). Although these residues are distantly located
in the primary sequence of CrTPI (Fig. 1a), they are structurally located
at a maximum distance of about 5 A (Fig. 7a). None of these residues
contains redox -sensitive side chains, suggesting that GSNO-mediated
inhibition of CrTPI activity arises from structural effects induced by
other residues, particularly Cys219. As already mentioned, it was re-
ported that human TPI is S-nitrosylated by GSNO at Cys217 (corre-
sponding to Cys219 in CrTPI) (Romero et al., 2018). Although this
cysteine residue is located at approximately 20 A from the active site,
the partial GSNO-dependent inhibition (~30 % decrease of maximal
velocity) of HsTPI was hypothesized to be dependent on long-range
structural interactions between the modified amino acid and two gly-
cines (Gly232 and Gly233 in HsTPI) (Fig. 7b). These two residues are
involved in the stabilization of the phosphate group of the substrate
DHAP (Noble et al., 1991), and belong to a helix-turn-helix motif
harboring Ile243 (Fig. 7b). The main chain amide nitrogen of I1e243 is
located at a suitable distance to allow hydrogen bonding with the
nitrosyl group of Cys219. Therefore, the interaction between
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S-nitrosylated Cys219 and Ile243 could result in a conformational
change in the position of the two glycines resulting in a decrease in both
substrate stabilization and enzymatic catalysis. In CrTPI, Cys219 is the
primary target of GSNO-dependent inhibition of enzyme activity, and
the two glycines and the isoleucine are conserved (Gly234, Gly235, and
Ile246 in CrTPI; Fig. la and Fig. 7a), supporting a similar allosteric
mechanism of redox regulation for the algal enzyme. Interestingly,
CrTPI and HsTPI exhibit similar extents of GSNO-dependent inhibition
(~40 % and ~30 %, respectively), further supporting a conserved mode
of regulation (Fig. 5). Additional studies will be needed to fully delineate
the molecular pathway connecting Cys219 modification to altered
catalysis in CrTPL

4. Conclusion

Numerous studies have highlighted that plant TPI is a target of S-
nitrosylation (Lindermayr et al., 2005; Tanou et al., 2009; Lin et al.,
2012; Tanou et al., 2012; Morisse et al., 2014b; Hu et al., 2015), sug-
gesting that this redox modification may constitute a regulatory mech-
anism of enzyme activity under specific physiological or stress-related
circumstances. Since GSNO is the principal S-nitrosylating agent, we
aimed to elucidate the molecular mechanisms underlying
GSNO-dependent S-nitrosylation and to identify the regulatory Cys site
(s) responsible for GSNO-dependent oxidation of TPI from the model
green alga Chlamydomonas reinhardtii. This microalga has been widely
exploited as model organism to better understand how thiol-based redox
modifications (e.g., S-nitrosylation) can modulate the activity of meta-
bolic enzymes, but the potential impact of redox regulation on the
Calvin-Benson cycle is still limited.

In this work, we exploited molecular modelling coupled with
biochemical assays to demonstrate that GSNO-dependent modulation of
CrTPI activity occurs through redox alteration of Cys219, although S-
nitrosylation of this residue was not observed in the crystal of CrTPI
exposed to GSNO probably for the constrains of the crystal packing
(Figure S2). Conversely, Cys14 undergoes S-nitrosylation as revealed by
structural data, but its removal does not prevent GSNO-induced
inhibition.

Our experimental results evidenced that CrTPI shares with HsTPI the
S-nitrosylation site (Cys219 in CrTPI corresponding to Cys217 in HsTPI)
along with a network of residues potentially mediating redox-induced
conformational changes, which supports the hypothesis that GSNO-
dependent modulation of TPI activity is a conserved mechanism. This
would enable modulation of TPI-dependent metabolic pathways in both
human cells and microalgae under stress conditions. We further hy-
pothesize that GSNO-dependent thiol switching of algal TPI may extend
beyond the simple modulation of its catalytic activity, integrating redox
signals into both glycolysis and carbon fixation. Indeed, TPI catalyzes
the interconversion of G3P and DHAP with high efficiency and main-
taining the equilibrium of these two sugar phosphates is critical for
proper carbon allocation towards pyruvate formation in glycolysis and
ribulose-1,5-bisphosphate regeneration in the carbon fixation pathway.
Therefore, modulation of TPI activity may act both as a sensor and an
effector of cellular redox balance, orchestrating adaptive responses to
oxidative stress and metabolic fluctuations. Finally, the redox sensitivity
of CrTPI could also involve other types of thiol-based post-translational
modifications, including S-glutathionylation, sulfenylation, and irre-
versible oxidation to sulfinic and sulfonic acids. This would add a layer
of complexity to its regulatory mechanisms and offer new insights into
the dynamic nature of cellular metabolism in response to altered redox
homeostasis. Whether such thiol-switching mechanisms (i.e., S-nitro-
sylation and other redox modifications) regulate TPI enzymes in other
organisms remains an open question. In this context, we speculate that
the partial conservation of Cys219 (CrTPI numbering) in TPI isoforms
from plant and non-plant organisms is instrumental in allowing redox
modulation of these enzymes, although the involvement of other cys-
teines cannot be excluded.
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Fig. 5. Determination of redox sensitivity of CrTPI WT and Cys mutants after treatment with DTNB and GSNO. Inactivation treatments of CtrTPI WT (a), C14S
(b), and C219S (c) with 0.2 mM DTNB (see “Material and Methods” for further details). Data are represented as mean + SD (n = 3). Inactivation treatments of CrTPI
WT (d), C14S (e), and C219S (f) with 1 mM GSNO (see “Material and Methods” for further details). For all panels, control activity measured at each time point was
set to 100 % (see Fig. 4 for specific activities of CrTPI forms) and used to calculate the percentage of residual TPI activity after incubation with 0.2 mM DTNB or
1 mM GSNO. Statistical analysis was performed as described in “Material and Methods”. For each panel, letters indicate statistical differences between conditions
(P < 0.05, ns: not significant; condition 1: residual activity compared to control activity at each time points, and condition 2: residual activities at different time
points). Statistical differences between residual activities of WT with Cys variants (C14S and C219S) at each time points (15, 30, or 60 min) are provided as P-values

in Fig. S5.

Table 1
Per-residue decomposition analysis of unmodified/S-nitrosylated
Cys14 and Cys219 of CrTPL

Residue Binding energy (kcal mol™)
Cys14-SH -39.7
Cys14-SNO —45.6
Cys219-SH —26.8
Cys219-SNO —28.8
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