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ARTICLE INFO ABSTRACT

Triosephosphate isomerase (TPI), the glycolytic enzyme that catalyzes the isomerization of dihydroxyacetone
phosphate (DHAP) to glyceraldehyde-3-phosphate (G3P), has been frequently identified as a target of S-ni-
trosylation by proteomic studies. However, the effect of S-nitrosylation on its activity has only been explored in
plants and algae. Here, we describe the in vitro S-nitrosylation of human TPI (hTPI), and the effect of the
modification on its enzymatic parameters. NO-incorporation into the enzyme cysteine residues occurred by a
time-dependent S-transnitrosylation from both, S-nitrosocysteine (CySNO) and S-nitrosoglutathione (GSNO),
with CySNO being the more efficient NO-donor. Both X-ray crystal structure and mass spectrometry analyses
showed that only Cys217 was S-nitrosylated. hTPI S-nitrosylation produced a 30% inhibition of the Vmax of the
DHAP conversion to G3P, without affecting the Km for DHAP. This is the first study describing features of human
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1. Introduction

Nitric oxide (NO) is a diatomic gaseous free radical produced by the
NO synthase (NOS). In mammals, there are three isoforms of the en-
zyme: nNOS or type 1, which is expressed in the nervous system; iNOS
or type 2, expressed by macrophages; and eNOS or type 3, expressed
constitutively in several tissues [1]. iNOS is induced by proin-
flammatory cytokines such as tumor necrosis factor a and interferon-y
[2].

The biological role of NO will depend on the NOS responsible for its
production. While nNOS and eNOS release NO in a controlled manner
to either, up- or down-regulate biological functions in physiological
events, iINOS produces large amounts of NO on the target tissue exerting
toxic effects during inflammatory processes [3]. In all cases, one of the
major consequences of NO release is protein S-nitrosylation, consisting
of the reversible covalent attachment of NO to protein cysteine residues
that could produce alterations in their function [4,5].

The mechanism by which NO produces protein S-nitrosylation in
target cells is unclear. Once synthesized, NO can react with oxygen and
superoxide to give reactive nitrogen species such as dinitrogen trioxide
(N503) and peroxynitrite (ONOO ™) [6,7]. In addition, these species can
react with both thiol proteins and non-thiol proteins such as glutathione

and cysteine to give protein and non-protein S-nitrosothiols [5,8]. Both
N,0O3 and ONOO~ as well as the non-protein S-nitrosothiols were
proposed as mediators of paracrine protein S-nitrosylation [9]. ONOO ™~
is a highly reactive S-nitrosylating agent [10] having a t; » of less than
1s. Due to its short life, this species is not a viable intercellular S-ni-
trosylating agent since it is only able to reach targets in its close
proximity [11-13]. S-nitrosoglutathione (GSNO), S-nitrosocysteine
(CySNO) and N,O3, being relatively more stable, become candidates for
spreading the modification to other cells. On the other hand, some se-
lectivity of protein cysteine residues to NO donors has been observed
[14] although the molecular basis of this selectivity is still unknown.
The effects of this posttranslational modification on different types of
proteins have been reported, including: enzymes involved in mi-
tochondrial respiration [15], transcription factors [16] and membrane
receptors [17], which makes S-nitrosylation a very interesting tool to
structurally study the regulations of protein function.

TPI is a glycolytic enzyme that catalyzes the isomerization of di-
hydroxyacetone phosphate (DHAP) to glyceraldehyde-3-phosphate
(G3P), and is found in almost all organisms. Human TPI (hTPI) is a
homodimeric enzyme possessing five cysteine residues per subunit,
none of which is directly involved in the catalytic site. Full activity was
reported for the dimeric form despite the fact that each monomer has a
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complete set of catalytic residues [18]. hTPI as well as TPI from other
organisms has been found to be a target of S-nitrosylation [19-25].
However, there are no studies relating to the sites and mechanism of
this modification, or its effect on the human enzyme. In view of the
occurrence of nitrosative stress in several disorders and the key role of
TPI in glucose metabolism, it is of crucial importance to ascertain the
influence of this modification on protein properties. In the present
study, we analyze for the first time, the reactivity of recombinant hTPI
to different NO donors and the effect of this modification on enzyme
activity. In addition, we have crystallized S-nitrosylated hTPI enabling
us to determine the target cysteine residue of S-nitrosylation. The re-
sults demonstrated the following:

- hTPI is S-nitrosylated by direct transfer of the nitrosonium moiety
(NO™) from CySNO and GSNO, whereas no modification was ob-
served when the enzyme was exposed to a NO releaser compound.

- X-ray diffraction studies enabled us to detect a NO moiety only in
Cys217.

- S-nitrosylation inhibited the activity of hTPI by about 30%, a value
similar to that observed in the S-nitrosylated Chlamydomonas re-
inhardtii TPL.

This study is relevant to understanding the possible effects that S-
nitrosylation upon nitrosative stress could have on a key enzyme of the
glycolytic pathway, in disorders characterized by excessive NO pro-
duction.

2. Materials and methods
2.1. Chemicals

Ascorbic acid, 1-cysteine, 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB
or Ellman's reagent), B-Nicotinamide adenine dinucleotide (NAD), L-
glutathione, Spermine NONOate, i-cysteine and Dihydroxyacetone
phosphate (DHAP), were purchased from Sigma. Sodium azide was
obtained from J.T. Baker. HPDP-biotin was from Thermo Scientific. N-
ethylmaleimide was from Fluka. DTT was from Promega. Escherichia
coli strain Rosetta (DE3) and vector pET15b were from Novagen.
Human GAPDH (GenBank number BC029618) and human
Triosephosphate isomerase (hTPI, GenBank number BC015100) cDNA
clones were from Open Biosystems. HisTrap FF and PD SpinTrap G-25
columns were from GE Healthcare. Primary antibodies and horseradish
peroxidase-conjugated secondary antibody were from Abcam and dye-
labeled secondary antibodies were from LI-COR. S-nitrosoglutathione
(GSNO) and S-nitrosocysteine (CySNO) were prepared as previously
described [26]. Briefly, 40 mM l-glutathione or i-cysteine was in-
cubated for 2 min in the dark with 80 mM NaNO, in 0.1 N HCI and the
solutions were immediately used after neutralization with 0.2vol of
0.5 M Tris base.

2.2. Human TPI mutagenesis, expression and purification

cDNA of hTPI was inserted into the expression vector pET15b,
downstream of the Hisg-tag encoding sequence of the plasmid. The
resulting construct was used as template to generate hTPI-C217A mu-
tant by site-directed mutagenesis utilizing the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA, USA). Hisg-hTPI and C217A
mutant were expressed in Escherichia coli strain Rosetta (DE3) and
purified by affinity chromatography on HisTrap FF columns (1 mL).
Fractions containing the protein were pooled, incubated with 10 mM
DTT for 2hat room temperature, desalted with HEN buffer (50 mM
HEPES pH 7.7, 1mM EDTA, and 0.1 mM neocuproine) and con-
centrated. Proteins concentrations were measured at 280 nm using
33460 M~ ' ecm ™! molar extinction coefficient. hTPI and hTPI-C217A
mutant (Fig. 1 A) were purified to apparent homogeneity according to
SDS-PAGE analysis.
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2.3. Determination of reduced cysteine residues

The reduced cysteine residues of hTPI accessible to solvent were
assessed spectrophotometrically under non-denaturing conditions using
5,5’-dithiobis-(2- nitrobenzoic acid) (DTNB). Briefly, the absorbance at
412 nm of a mix containing 32 uM hTPI, 0.1 mM Tris-HCI pH 7.5 and
1 mM DTNB was measured up to 2h and the thionitrobenzoate anion
(TNB ™) concentration was determined using a 13600 M~ ! em ™! molar
extinction coefficient.

2.4. Incubation of hTPI with the NO-donors

hTPI was incubated with the indicated NO-donors in HEN buffer to
prevent chemical denitrosylation. After incubation, the samples were
processed for fluorometric assay, mass spectrometry, and western blot
analysis of protein S-nitrosothiols as detailed below.

2.5. Detection of S-nitrosylated hTPI on western blots

S-nitrosylated hTPI was identified using the biotin-switch assay
[27]. In brief, S-nitrosylated hTPI (150 ug) dissolved in HEN buffer
containing 2% sodium dodecyl sulfate (SDS) was incubated with N-
ethylmaleimide (NEM) to block free thiol groups. Thiol groups bound to
NO were exposed to 3 mM ascorbic acid and titrated with HPDP-biotin
in HEN buffer. Biotin-containing enzyme was separated by SDS-poly-
acrylamide gel electrophoresis (PAGE) and blotted to polyvinylidene
fluoride (PVDF) membranes. Before western blot analysis, total trans-
ferred proteins were stained with Coomassie blue. Western blot analysis
was performed with mouse polyclonal anti-biotin primary antibody and
IRDye” 800 goat anti-mouse IgG secondary antibody using the Odyssey
Infrared Imaging System (LI-COR, Lincoln, NE, USA). The fluorescent
signals were quantified by densitometric analysis using IMAGEJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).

2.6. Fluorometric determination of NO-hTPI

Levels of NO-hTPI were assayed with a fluorometric technique [28].
Briefly, after S-nitrosylation NO-hTPI was separated from the excess
NO-donors using PD SpinTrap G-25 columns. Aliquots corresponding to
50 ug of purified NO-hTPI were dissolved in 190 uL of 60 mM HCl
containing 3.2uM 2,3-diaminonaphthalene with and without 0.2 mM
HgCl,, and incubated at room temperature. After 10 min, 10 pL of 2.8 N
NaOH was added to stabilize the fluorescent 2,3-naphthotriazole pro-
duct. Fluorescence was measured using a FluoroMax-P fluorimeter
(Horiba Jobin Yvon, Edison, NJ, USA) with excitation and emission
wavelengths of 363 nm and 450 nm, respectively. Emission intensity
was converted to NO-TPI concentration using a calibration curve gen-
erated by increasing amounts of sodium nitrite.

2.7. Mass spectrometry analysis

hTPI was incubated with CySNO for 1.5 or 3 h in order to obtain two
NO-hTPI samples with different S-nitrosylation degree (0.41 + 0.01
and 0.76 * 0.06 mol S-NO/mole hTPI monomer, respectively). Non S-
nitrosylated hTPI (control) and NO-TPI samples were purified by PD
SpinTrap G-25 columns and incubated with 40 mM NEM, 2.5% SDS in
HEN buffer, to block free SH groups. Excess NEM was removed by
several acetone precipitations, the samples were incubated with 10 mM
DTT and 1% SDS to reduce S-nitrosylated thiols and subjected to
acetone precipitation once again to remove DTT and the protein pellets
were then dried in a Speedvac at room temperature. Mass Spectrometry
analysis of the precipitated protein was performed at the Proteomics
Core Facility CEQUIBIEM, at the University of Buenos Aires/CONICET
(National Research Council). Briefly, the samples were digested with
100 ng Trypsin (Promega V5111) in 25 mM ammonium bicarbonate pH
8 overnight at 37 °C. Peptides were desalted using C18 zip tips (Merck
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A B Fig. 1. A) SDS-PAGE of purified recombinant hTPI-
'(\V' wt and hTPI-C217A. 10 pg of wild type and mutant
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Millipore) and eluted in 10puL of water:acetonitrile:formic acid
40:60:0.1%. The digests were analyzed by nano LC-MS/MS in a nano
HPLC EASY-nLC 1000 (Thermo Scientific) coupled to a QExactive Mass
Spectrometer. A 75 min gradient of water:acetonitrile at a flow of 33 nl/
min was used with a C18 2mm Easy Spray column x 150 mm. Data
Dependent MS2 method, was used to fragment the top 12 peaks in each
cycle. The raw data from mass spectrometry analysis were processed
using the Proteome Discoverer — version 2.1.1.21 — (Thermo Scientific)
software for database searching with the SEQUEST search algorithm.
Precursor mass tolerance was set to 10 ppm and product ion tolerance
to 0.05Da. Dynamic modifications were set to cysteine-sulfenate, cy-
steine-sulfinate, cysteine-sulfonate, and cysteine-alkylation by NEM.
Hits were filtered for high confidence peptide matches with a maximum
protein and peptide false discovery rate of 1% calculated by employing
a reverse data base strategy.

2.8. Crystallization, data collection and structure determination

NO-hTPI was crystallized in 0.1 M HEPES pH 7.5, 20% PEG 4000,
and 10% 2-propanol as previously described [29]. The crystals were
grown using the hanging drop vapor diffusion method at 10 °C. The
crystal was cryo-protected by soaking in a solution containing 70%
mother liquor and 30% glycerol before being flash-frozen. Data were
collected at the Protein Crystallography Beamline WO1AMX2 of the
Laboratério Nacional de Luz Sincrotron (LNLS), Campinas, Brazil (wa-
velength = 1.459 A), at 100K using a PILATUS 2M detector (Dectris).
The data were processed and scaled using MOSFLM [30] and Scala
[31], and subsequent analysis was performed using the CCP4 suite [32].
The crystal was isomorphous with the wild type hTPI crystal (PDB ID
2JK2) [18]. Thus, this structure without solvent molecules was used as
a starting model for the refinement of the data, using the program
REFMACS [33]. Positive difference electron density at Cys 217 in A
subunit was interpreted as incomplete S-nitrosylation and modeled as S-
nitrosocysteine (NO-Cys) with partial occupancy. This model was sub-
jected to alternating cycles of refinement in REFMAC5 and manual
inspection and model building with the program Coot [34]. Solvent
molecules were added to the models in the final stages of refinement
based on examination of difference density maps. The atomic co-
ordinates and structure factors (code 6D43) have been deposited in
Protein Data Bank (PDB).

2.9. hTPI activity assay

hTPI activity was measured in the direction of DHAP conversion to
G3P. The reaction was coupled to purified recombinant hGAPDH [35]
under conditions in which the overall reaction was limited by the iso-
merase reaction. The increase in the absorbance at 340 nm, due to the
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formation of NADH (extinction coefficient = 6220M~'cm™1), was
monitored at 30 °C using a Shimadzu UV-PC 1600 spectrophotometer
equipped with a Peltier control of temperature. The incubation mixture
contained 10nM hTPI, 20nM hGAPDH, 100 mM glycine, 100 mM
NaH,PO,, 2mM NAD*, HEN buffer, and 0.1 mM-5mM DHAP. All re-
actions were performed in triplicate. The initial rate was calculated
over a DHAP range of concentrations and fit to the Michaelis-Menten
equation in GraphPad Prism 5.0 software.

2.10. Statistical analysis

Results were analyzed for statistical significance with One-sample t-
test utilizing GraphPad Prism 5.0 software.

3. Results
3.1. Accessibility of hTPI cysteine thiols

A first approach to determine the hTPI cysteine residues accessible
to S-nitrosylation was carried out by calculating the accessible surface
area (ASA) of these residues on hTPI 3D structures deposited in the
Protein Data Bank (PDB ID 4POC, 1HTI, 1WYI and 2JK2)
[18,29,36,37]. The results indicated that Cys86 was highly accessible
followed by Cys66, with the others, Cys41, Cys126 and Cys217 showing
poor accessibility (Table 1). This was in contrast with results reported
by a proteomic analysis in human cells [19] which found S-nitrosylated
Cys217, the residue with the lowest calculated ASA value. To explore
the hTPI cysteines accessible to solvent, and hence able to be S-ni-
trosylated, the Ellman's reagent (DTNB) was used to titrate reduced
thiols under non-denaturing conditions. The number of moles of free SH
groups per mole of hTPI monomer was 0.81 + 0.03 (n = 3, Fig. 1) a

Table 1

Accessible surface area (ASA) of hTPI-cysteine residues. Accessibility for the
dimeric A and B subunits of the hTPI resolved structures (PDB ID 4POC, 1HTI,
1WYIL, and 2JK2) was calculated with the Arealmol program from CCP4
package using a probe radius of 1.4 A.

ASA (A%
PDB ID: 4POC 1HTI 1WYI 2JK2

Subunit A/B Subunit A/B Subunit A/B Subunit A/B
Cys41 0.3/0.0 0.3/0.9 0.1/0.2 0.2/0.1
Cys66 1.2/1.4 0.6/0.7 1.4/1.9 1.2/1.4
Cys86 6.7/6.0 9.7/6.9 5.2/7.0 6.6/6.5
Cys126 0.1/2.7 0.5/0.3 0.0/0.1 0.0/0.1
Cys217 0.0/0.5 0.0/0.3 0.1/3.1 1.1/1.0
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Fig. 2. S-nitrosylation of hTPI. hTPI (100 uM) was
incubated for the indicated times with A) CySNO
(10mM) or B) GSNO (10 mM). NO-hTPI was de-
tected by western blotting using the “biotin switch”
method (see Materials and Methods). Relative levels
of NO-TPI were also determined by scanning densi-
tometry of western blots. Values are expressed as
arbitrary units (AU) per total TPI (Coomassie blue
4 stained band). Immunoblotting results are re-
presentative of three independent experiments. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web ver-
sion of this article.)

value that is about one-fifth of the SH groups determined in the pre-
sence of SDS (4.22 * 0.04 mol SH/mole hTPI monomer, n = 11). This
result suggests that only one of the five cysteine-thiol groups of each
subunit was accessible to the reagent.

3.2. Mechanism and degree of hTPI S-nitrosylation

During this study, three different NO donors were used: CySNO,
GSNO and Spermine NONOate (NONOate). CySNO and GSNO can po-
tentially S-nitrosylate by two mechanisms. One is through N,Os3, the
main autooxidation product of the NO released by homolytic cleavage
of the donor S-NO linkage. The other is S-transnitrosylation by the di-
rect transfer of NO* to cysteinyl-SH groups. Instead, NONOQate only
releases free NO and therefore it S-nitrosylates thiol groups via N5Os.
Using the biotin-switch method and western blot analysis, it was ob-
served that CySNO and GSNO S-nitrosylated hTPI in a time-dependent
manner while NONOate failed to modify the enzyme (Fig. 2 and Fig. 3
A). The N,03-scavenger sodium azide was included in the S-nitrosyla-
tion assays in order to establish whether the modification was mediated
by N,O3 or S-transnitrosylation. The presence of sodium azide did not
affect the reaction produced by CySNO or GSNO, indicating that in both
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cases it occurred by S-transnitrosylation (Fig. 3 B). Quantitative
fluorometric determination of NO-hTPI was carried out after removal of
unreacted NO-donors by size-exclusion chromatography. The level of
NO-hTPI generated by incubation of 100 uM hTPI with 10 mM CySNO
was approximately 0.8 mol per mole of hTPI monomer in 3 h; a similar
value was obtained at 20 h of incubation (Fig. 4), in accordance with
the DTNB assay (Fig. 1). GSNO on the other hand produced about
0.4 mol S-NO/mole hTPI monomer at 3h and at 20 h reached a similar
level to that obtained by CySNO incubation (Fig. 4 A), indicating that
both GSNO and CySNO were able to equally S-nitrosylate hTPI, the
latter at a higher rate. These results are consistent with those of the
biotin-switch assay shown in Fig. 2. However, incubation with 1 mM
CySNO generated around 0.1 mol NO/mole hTPI monomer in 3 h while
the use of 0.1 mM CySNO did not produce detectable amounts of NO-
hTPI in the same incubation time (Fig. 4 B).

3.3. Mass spectrometry identification of hTPI S-nitrosylated cysteine

The identification of the modified cysteines by LC-MS/MS was
performed through the analysis of Cys-NO-harboring peptides whose
degree of abundance changed in accordance with a time-dependent S-

Fig. 3. S-nitrosylation in the presence of N,Oj-sca-
venger and hGAPDH. A) hTPI (100 pM) was incubated
for 3h with the releasing NO donor NONOate (A),
CySNO or GSNO (B) (all of them in a concentration of
10mM) in the presence or absence of sodium azide
(10 mM) and SDS (1%). In A), incubation of hTPI with
NONOate (line 2) and NONOate plus sodium azide
(lane 3) in presence of SDS were included as positive
controls of NONOate reactivity and azide scavenger

o
c:‘\%'\A

il activity, respectively. C) hTPI (Control) and NO-hTPI

(40 uM each) were incubated with 80 pM hGAPDH for

<—hGApDH  10minat 30°C and NO-bound protein determined by
western blotting using the “biotin switch” method (see

e €= nhTPI Materials and Methods). Immunoblotting results are

representative of three independent experiments.
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Fig. 4. Fluorometric determination of NO-hTPI. A)
hTPI (100 uM) was incubated for 3 h or 20 h with
10 mM CySNO or GSNO, or B) incubated for 3 h
with CySNO concentration indicated. Zero-time
control was included (TO). The resultant NO-hTPI
was determined by fluorometric assay (see
Materials and Methods). Values represent the
mean =+ SEM of three separate experiments.
*Significantly different (P < 0.05) from 10 mM
CySNO 3 h *Significantly different (P < 0.05) from
1 mM CySNO.

Fig. 5. Tandem mass spectra of the oxidized cysteine
peptides. hTPI was S-nitrosylated with CySNO for
1.5h or 3h. The generated NO-hTPI was incubated
with NEM to alkylate the non-S-nitrosylated thiols,
and then with DTT to reduce the S-nitrosylated cy-
steines. The samples were digested with trypsin and
the resulting peptides were analyzed by LC-MS/MS.
Non-alkylated cysteines were detected in peptides
containing Cys41, Cys126 and Cys217. Tandem mass
spectra of Cys217-containig peptide from (A) 1.5h
and (B) 3h hTPI S-nitrosylation are shown. The
peptide ions that confirm non-alkylated cysteine are:
b373* (A) and b14* (B) (arrow). (C) Fractional
amounts of non-alkylated peptide species. The
chromatographic peak intensities of non-alkylated
hTPI peptides and the corresponding alkylated pep-
tides were obtained and the fractional amount of
individual peptides species were calculated. The io-
nization efficiencies of all the peptide species were
assumed to be the same.
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nitrosylation increase as shown in Fig. 2. For this purpose, samples were
assayed as follow: NO-hTPI generated by incubation with CySNO for
1.5h (0.41 = 0.01 mol S-NO/mole hTPI monomer), and 3h
(0.76 = 0.06 mol S-NO/mole hTPI monomer) were separated from
unreacted NO-donor and incubated with NEM to alkylate the non S-
nitrosylated thiols. Unmodified hTPI was processed in parallel as a
control. After removal of the unreacted NEM, the samples were in-
cubated with DTT to reduce those cysteine residues that were S-ni-
trosylated, washed by several acetone precipitations, digested with
trypsin and analyzed by LC-MS/MS. The setting for cysteine-containing
peptide identification involved residues alkylated by NEM and non-al-
kylated. The latter covered reduced-cysteine, sulfenate-cysteine,
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sulfinate-cysteine and sulfonate-cysteine since oxidation reactions may
have occurred on reduced thiols during acetone precipitation. Only
thiols alkylated with NEM were detected in peptides harboring the five
cysteine residues in the control sample (data not shown). In S-ni-
trosylated samples, non-alkylated cysteines were found in peptides
harboring Cys41, Cys126 and Cys217 (Fig. 5). In these cases cysteine-
sulfinate or -sulfonate were detected. The analysis of the integrated
chromatographic peak area values for individual oxidized peptides
harboring either cysteine-sulfinate or cysteine-sulfonate, normalized by
the sum of the integrated peak areas of those peptides both alkylated
and oxidized, showed that Cys217 was the most abundant (Fig. 5 C) and
the only peptide reflecting the expected increase in S-nitrosylation
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Table 2

Data collection and refinement statistics.
Data set NO-hTPI
Space group P212121
a(A) 64.92
b &) 73.98
cA) 93.80

Resolution Range A
Observed reflections

58.09-2.04 (2.09-2.04)
131,346

Independent reflections 27,988
Rmerge (%)* 12.6 (30.1)
I/o 3.3(1.6)
Completeness (%) 95.2 (89.7)
Refinement

Reflections in refinement 26,617
Reryse. (%)° 20.18

Rfree (%) (test set 5%)¢ 25.63
r.m.s.d. on bond lengths (A)" 0.008
r.m.s.d. on bond angles ()" 1.286

The values in parentheses refer to the highest resolution shells.

@ Rmerge = ThZi | lih - < 1h > |/ZhZi < Ih >, where < Ih > is the mean
intensity of the i observations of reflection h.

> Reryst = = | |Fobs| - |Fcalc| |/Z |Fobs|, where |Fobs| and |Fcalc| are the
observed and calculated structure factor amplitudes, respectively. The sum-
mation includes all reflections used in the refinement.

¢ Rfree = T | |Fobs| - |Fcalc| |/Z |Fobs|, evaluated for a randomly chosen
subset of 5% of the diffraction data not included in the refinement.

4 Root mean square deviation from ideal values.

levels among the samples subjected to 1.5h and 3h CySNO incubation
(Fig. 5 C).

3.4. Crystal structure of NO-hTPI

To gain further insight into the modification sites, the NO-hTPI
crystal structure was solved (Table 2). A dimeric form was present in
the asymmetric unit and the overall structure was similar to other hTPI
reported previously [18,29,36,37]. The fo — fc electron density map
showed an extra electron density on Cys217 that was attributed to S-
nitrosylation. Interestingly, the extra electron density was only ob-
served in A protomer of the dimer (Fig. 6 A). After refinement, the final
model showed S-nitrosylated and unmodified Cys217 in the A subunit,
and unmodified Cys217 in the B subunit (Fig. 6 B). The electron density
map around the other four cysteine residues was assigned to a free
thiolate anion form (Fig. 7). The same result was observed in another
hTPI crystal grown in a different precipitant solution that diffracted to a
lower resolution (data not shown). It is worth mentioning that due to
the labile nature of the S-NO bond, its breakdown during X-ray irra-
diation cannot be discarded. Although both subunits crystallized with
the active site loop (residues 166-167) [38] in open conformation, the
electron density map around these residues in B subunit is not clearly
visible, suggesting mobility in this region (data not shown). Cys217 is
located at approximately 20A from the active site. However, the
oxygen atom of NO moiety of NO-Cys217 was positioned at 3.17 A from
the main chain amide nitrogen of Ile243 so as to allow hydrogen
bonding. At the same time, Ile243 belongs to a helix-turn-helix motif
harboring the residues Gly232 and Gly233 that interact with the
phosphate moiety of DHAP (data not shown).

3.5. Effect of S-nitrosylation on hTPI enzymatic activity

In order to analyze the effect of S-nitrosylation on TPI activity, the
Vo for hTPI and NO-hTPI with different concentrations of DHAP was
determined (Fig. 8 A) and used for Vmax and Km calculation. Although
no significant difference was observed in the Km, the Vmax of NO-hTPI
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Fig. 6. Electron density maps showing the S-nitrosylation of Cys217 of NO-
hTPI. (A) 2Fo — Fc electron density map in gray contoured at 1o and Fo — Fc
electron density map in red contoured at 2.4 o for Cys217 of A subunit (left) and
B subunit (right). (B) 2Fo — Fc electron density map after modeling the residue
of A subunit as S-nitrosylated cysteine (left) and as thiolate for B subunit (right).

was 30% lower than that of the unmodified hTPI (Fig. 8 B, C). Since
hGAPDH was part of the coupled enzyme assay used for hTPI activity
determination, and it is known that GAPDH S-nitrosylation inhibits its
activity, we discarded S-transnitrosylation between the two enzymes
during the assay, since no NO-hGAPDH formation could be detected by
the biotin switch assay (Fig. 3 C).

4. Discussion

Here we demonstrate for the first time that the in vitro S-nitrosyla-
tion of human TPI occurs by S-transnitrosylation from non-protein S-
nitrosothiol mediators as CySNO and GSNO and not through N,O3, the
autooxidation product of released NO. We have investigated the solvent
accessibility of hTPI cysteines by ASA calculation from four reported X-
ray crystal structures and by reaction with the cysteine-derivatizing
reagent DTNB. The ASA calculation showed higher accessibility of
Cys86 and, to a lesser extent to Cys66, while Cys41, Cys126 and Cys217
appeared to be poorly accessible. On the other hand, measurement of
the wild type hTPI cysteines accessible to DTNB as well as the fluoro-
metric quantification of NO-hTPI suggested that only one of the five
cysteine-thiols was S-nitrosylated (Figs. 1 and 4). Though poorly ac-
cessible to the solvent according to the ASA calculation, Cys217 was
nevertheless found to be S-nitrosylated by LC-MS/MS and X-ray dif-
fraction (Figs. 6 and 7). A possible explanation for this discrepancy
might be that conformational fluctuations of hTPI in solution could lead
to exposure of Cys217, a dynamism restricted after crystal formation. In
agreement with these results, Cys217 of hTPI was identified as a target
of S-nitrosylation in a proteomic study carried out in human pulmonary
arterial endothelial cell lysates [19].

Our LC-MS/MS study using purified NO-hTPI detected three pep-
tides harboring Cys41, Cys126 and Cys217, respectively (Fig. 5). Semi-
quantitative analysis showed that the peptide harboring Cys217 was the
only one whose higher relative abundance increased in response to a
higher degree of S-nitrosylation (Fig. 5). This increase together with the
quantification of about 1 mol of S-NO per mole hTPI led us to consider
Cys217 as the unique target of hTPI S-nitrosylation.
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Fig. 7. 2Fo — Fc electron density map in gray contoured at 10 and Fo — Fc electron density map in red contoured at 2.4 o for (A) Cys41, (B) Cys66, (C) Cys86, and (E)
Cys126 of A subunit (left) and B subunit (right).
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Fig. 8. Effect of S-nitrosylation on hTPI activity. A) Michaelis-Menten kinetic profiles. hTPI was incubated with CySNO and the initial reaction rate (Vo) was
determined for the indicated DHAP concentrations. B) Vmax and C) DHAP Km were calculated by fitting with the Michaelis-Menten equation using nonlinear

regression in GraphPad Prism 5.0b (GraphPad Software). D) Initial velocity (Vo) with 5 mM DHAP of hTPI, NO-hTPI, TNB-hTPI and hTPI-C217A mutant. Values are
the means + SEM of triplicate determinations. *Significantly different (P < 0.05) from hTPIL
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Interestingly, despite the fact that the S-nitrosylation quantification
assay yielded around 1mol S-NO/mole hTPI monomer, the crystal
structure of NO-hTPI revealed that the S-nitrosylation was observed
only in Cys217 of the A subunit of the dimer. It is not known whether
the NO-Cys217 of B subunit was decomposed during protein crystal-
lization or X-ray irradiation. This asymmetric phenomenon was ob-
served in the other hTPI structures. As mentioned before, there are four
wild-type hTPI structures deposited in the PDB. Three of them crys-
tallized with the active site loop in different conformations between the
A and B subunits (1HTI, 1WYI, 4POC) and with a substrate analog
bound only to one subunit in two cases (4POC and 1HTI). It has been
speculated that in solution, some dimers are composed of con-
formationally asymmetric subunits, causing substrate binding in only
one of them [39]. Differences in crystal growth intake rates between
dimers with conformationally symmetric and asymmetric subunits
could therefore favor the crystallization of the second one. In solution,
the S-nitrosylation could be either favored or more stable in only one
subunit of a dimer with conformationally asymmetric subunits, this
dimer possibly being the crystallized species as mentioned before.

Though none of the five cysteine residues are directly involved in
the catalytic site, this does not exclude them from a potentially im-
portant role in enzyme function. Amino acids not involved in the cat-
alytic site, but essential for hTPI function were discovered during stu-
dies on TPI deficiency. TPI deficiency is a rare genetic disease
characterized by a decrease in enzyme activity in all the tissues studied,
causing hemolytic anemia and neurological disorder frequently leading
to death in early childhood [40,41]. From eleven missense mutations
described, nine occur on residues that do not show a direct relationship
with the catalytic site when analyzed in the static models of wild-type
hTPI obtained by X-ray crystallography [40]. However, these mutations
induced impairment of hTPI function. Some of them are located near
the dimer interface, and were therefore proposed to alter dimer stability
[40,42].

We found that hTPI S-nitrosylation produced approximately 30%
inhibition in Vmax (25% inhibition in Vo with 5mM DHAP, Fig. 8 D),
while Km for DHAP was not significantly modified. As shown in Fig. 1
B, DTNB reacted with one cysteine residue of hTPI to form TNB™~ and
TNB-hTPI. This modification reduced the Vo around 37% (Fig. 8 D), the
same order than S-nitrosylation. This inhibitory effect can be attributed
to TNB-hTPI species since intermolecular disulfide hTPI species were
not found in non-reducing SDS-PAGE analysis (result not shown). In
order to evaluate the role of Cys217 in hTPI activity, the hTPI-C217A
mutant was generated by site-directed mutagenesis. The amount of
cysteine accessible to solvent of hTPI-C217A determined with Ellman's
reagent was around 10% of the value found for hTPI
(0.082 + 0.004 mol SH/mole hTPI-C217A monomer, n = 3) and the
level of NO-hTPI-C217A measured by a fluorometric method was the
same as the background (TO, data not shown) confirming that Cys217 is
the main target of S-nitrosylation. However, the Vo with 5 mM DHAP of
the mutant was the same as that determined with hTPI (Fig. 8 D). These
results suggest that the inhibitory effect could be due to NO moiety
presence instead of absence of Cys217 thiol. Some inhibition was also
observed in the S-nitrosylated Chlamydomonas reinhardtii TPI [21]. It is
not yet known whether this attenuation in activity could affect the
glycolysis rate. In this connection it was reported that a 37% inhibition
of GAPDH activity in reperfused myocardial tissue produced a twofold
elevation in G3P concentration and reduction in the glucose metabolic
rate [43]. As in the NO-hTPI case, no change in the Km of GAPDH for
G3P was observed. This inhibition could be caused by covalent mod-
ification of GAPDH by reactive oxygen/nitrogen species during re-
perfusion. Therefore, in addition to the effect of GAPDH activity in-
hibition, the possibility that S-nitrosylated hTPI activity inhibition
contributes to glycolysis impairment during oxidative/nitrosative da-
mage cannot be discarded.

Cys217 is located far from the dimer interface and at around 20 A
from the active site. However, the DHAP phosphate moiety interacting
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residues, Gly232 and Gly233 [29], are part of a helix-turn-helix motif
where 1le243 is also located. [1e243 main chain amide nitrogen would
form a hydrogen bond with the oxygen atom of NO of NO-Cys217.
Although S-nitrosylation of hTPI did not affect Km for DHAP, more
studies will be necessary to ascertain whether this interaction could
have any effect on the enzyme activity.

The amount of biosynthesized NO depends on the physiological
event. During inflammatory processes, large amounts of NO are re-
leased from macrophages upon iNOS activation [2,3]. It is believed that
the way to spread NO is through non-protein S-nitrosothiols as CySNO
and/or GSNO [9,26]. Here we show that CySNO is more effective than
GSNO for hTPI S-nitrosylation. Thiol accessibility and interaction be-
tween donor and thiol target might be determining factors behind this
preference, suggesting that CySNO could be considered the NO-donor of
election in future studies related to the effect of NO on hTPI in cellular
environments.

In conclusion, we have investigated how hTPI is S-nitrosylated,
which cysteine residue is modified, and how it affects the enzyme ac-
tivity. This study is relevant to understanding the effects that ni-
trosative stress may have on a key enzyme of the glycolytic pathway.
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