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Abstract: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is amultifaceted protein that is

involved in numerous processes including glycolysis, translational silencing, transcriptional regulation
of specific genes, and acting as a nitric oxide sensor. The precisemechanism on howGAPDH is

targeted to these different roles is unclear but believed to involve specific posttranslational

modification to the protein. Numerous studies have demonstrated that GAPDH is a target for tyrosine
nitration. However, the site of modification and themolecular consequence have not been defined.

Rabbit GAPDHwith a reversibly protected catalytic cysteine was nitrated in vitrowith

tetranitromethane, resulting in complete loss of GAPDH catalytic activity. Nitration was estimated as
0.32mol of nitrotyrosine residue permole of GAPDH.Mass spectrometry analysis of nitrated GAPDH

indicated that Tyr311 and Tyr317were the sole sites of nitration. The X-ray crystal structure revealed

that the distances between Tyr311 and Tyr317 and the cofactor nicotinamide adenine dinucleotide
(NAD1) were less than 7.2 and 3.7 Å, respectively, implying that nitration of these two residuesmay

affect NAD1 binding. This possibility was assessed using an NAD1 binding assay, which showed that

nitrated GAPDHwas incapable of binding NAD1. Thus, these results strongly suggest that Tyr311 and
Tyr317 nitration prohibits NAD1 binding, leading to the loss of catalytic activity.

Keywords: nitration; glyceraldehyde-3-phosphate dehydrogenase; GAPDH; nicotinamide adenine

dinucleotide; mechanism of inactivation

Introduction

The nitration of protein tyrosine residues is one of

the several possible chemical modifications that can

occur when a cell or organism is undergoing oxida-

tive stress.1–4 A number of inflammatory and neuro-

degenerative disorders have been associated with ty-

rosine nitration, including ocular inflammation,5,6

retinal ischemia,7 lung infection,8 cancer,9 and neu-

rodegenerative disorders.10,11 However, the conse-

quences of nitration in the pathogenesis of these dis-

orders remain unclear.

We recently found that alterations in protein

nitration occur in the outer segments of photorecep-

tor cells upon intense light exposure.12 One of the
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major target proteins for nitration was glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH), suggest-

ing possible involvement of GAPDH in the mecha-

nism of light-induced photoreceptor cell death.

GAPDH has also been reported to be nitrated in the

rat model of sepsis,1 diabetic retinopathy,13 Alzhei-

mer’s disease,14 and aging skeletal and cardiac mus-

cle.15,16 However, the effects of this modification on

the functions of GAPDH remain unanswered.

GAPDH has long been known as a metabolic

enzyme involved in energy production. However, its

presence in multiple organelles of the cell suggested

that it serves other important functions. Recent

investigations have begun to illuminate these roles.

These include endocytosis and membrane fusion,17

translational control,18 nuclear tRNA transport,19

signaling,20 pathogen virulence,21 and cell death.22

It is not clear how GAPDH can be targeted for these

specific functions in the cell, but is believed to

involve posttranslational modification of the pro-

tein.23 One such modification that has been exten-

sively studied involves nitric oxide (NO)-induced

modification of cysteine. Increased NO generation in

cells induces S-nitrosylation of the active site cyste-

ine, which inhibits the enzymatic activity but con-

fers the ability to bind Siah1, a E3 ubiquitin-ligase

with a nuclear localization signal.23 This GAPDH-

Siah1 complex then migrates to the nucleus and,

then following other posttranslational modification

of GAPDH, mediates cell death.

Several reports have documented that the cata-

lytic cysteine residue of GAPDH is susceptible to

oxidative modifications by nitrating agents, and that

these modifications result in the loss of enzymatic

activity.24,25 However, the same nitrating agents can

also cause nitration of tyrosine residues in GAPDH

resulting in as yet unknown effects on the enzyme’s

activity. The purpose of this study was to examine

solely the effect of tyrosine nitration on GAPDH en-

zymatic activity to better understand the consequen-

ces of this modification that might be occurring

in vivo. To achieve this goal, an in vitro system is

required in which S-nitrosylation of the catalytic

cysteine residue is blocked. Therefore, we used rab-

bit GAPDH whose catalytic cysteine residue had

been reversibly protected with 5,50-dithiobis-2-nitro-
benzoic acid (DTNB) and modified the S-protected

GAPDH with a nitrating agent, tetranitromethane

(TNM). The extent of nitration and localization of

nitrotyrosine residues were determined by mass

spectrometry. The effect of nitration on GAPDH en-

zymatic activity was studied, and the mechanism

behind the observed effect was uncovered.

Results

Effect of nitration on GAPDH enzymatic activity
The catalytic cysteine residue, Cys149, has been

implicated in GAPDH inactivation following the ex-

posure to nitrating agents such as peroxynitrite.

Therefore, to study the effects of tyrosine nitration

on the enzymatic activity of GAPDH, it was neces-

sary to protect the sulfhydryl group of this residue.

This was achieved by treating GAPDH with DTNB,

which forms a disulfide bond with the catalytic sulf-

hydryl group.26

To determine the efficacy of protection and

ensure that the use of the protecting agent would

not affect the enzymatic assay for GAPDH activity,

the enzyme was incubated with DTNB for 30 min.

As shown in Figure 1(a), GAPDH activity was

reduced more than 95% following incubation with

DTNB [Fig. 1(a), bar 2], suggesting that the protec-

tion of the catalytic sulfhydryl group by DTNB was

Figure 1. Protection of the catalytic cysteine residue of GAPDH by DTNB and inactivation of S-protected GAPDH by TNM.

(a) Rabbit GAPDH was incubated with 5 mM DTNB for 30 min at 25�C. Excess DTNB was removed and the remaining

enzymatic activity was measured. Alternatively, an aliquot of S-protected GAPDH was reduced with 10 mM DTT and enzyme

activity measured. Bar 1: positive control GAPDH, bar 2: DTNB-treated (S-protected) GAPDH, bar 3: DTT-treated S-protected

GAPDH, and bar 4: DTT-treated GAPDH. (b) S-protected GAPDH was nitrated with TNM and aliquots were taken at 0, 5, 10,

15, and 30 min. Excess TNM was removed and the desalted fraction was reduced with 10 mM DTT before the measurement

of enzyme activity. The results represent the mean 6 standard deviation of three independent experiments.
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nearly complete. S-protected GAPDH regained

greater than 95% of its activity following reduction

with DTT [Fig. 1(a), bar 3], indicating that the loss

of activity induced by DTNB was entirely reversible.

No differences in activity were observed upon the

addition of DTT [Fig. 1(a), bar 4], showing that the

use of the protective agent and DTT did not inter-

fere with the enzyme activity assay.

S-protected GAPDH was nitrated with TNM for

different time intervals (0, 5, 10, 15, and 30 min),

and residual enzymatic activity was measured after

reductive cleavage of the S-protecting group. Figure

1(b) shows a plot of GAPDH activity following nitra-

tion relative to that of unmodified enzyme. After 5

min, enzyme activity decreased exponentially from

100 to 86%. The activity was further reduced to 60%

after a 10-min treatment. Likewise, treatment for 15

and 30 min reduced GAPDH activity to 32 and 6%,

respectively.

Identification of nitrated residues in GAPDH

To identify nitrated residues, GAPDH was S-pro-

tected and nitrated with TNM for 30 min followed

by reduction with DTT and S-alkylation with iodo-

acetamide. The resulting product was then digested

by trypsin before analysis by LC-MS/MS. A thorough

manual analysis of the data revealed only one

nitrated peptide, LISWYDNEFGYSNR, which con-

tained Tyr311 and Tyr317, under the experimental

conditions used. Supporting Information Figure S1

shows tandem mass spectra of the peptide with

nitration at only Tyr311 (nitroTyr311-peptide), Tyr317

(nitroTyr317-peptide), and both sites (nitroTyr311/317-

peptide). These spectra verify that Tyr311 and/or

Tyr317 are nitration sites within the peptide. Man-

ual analysis did not identify any other modifications

that might be possible due to the use of TNM. Only

a carboxamide methylated catalytic cysteine residue,

Cys149, was found within a peptide (position: 143–

159, amino acid sequence: IVSNASCTTNCLAPLAK)

after a 30-min TNM treatment (data not shown),

suggesting that the catalytic cysteine residue was

successfully protected against modification during

the treatment, and that the loss of catalytic activity

was not caused by modifications to Cys149.

Quantitation of nitrated peptide by mass
spectrometry

Although nitroTyr311-peptide and nitroTyr317-peptide

exhibited the same m/z value, it was possible to sep-

arate them chromatographically and estimate the

fractional amount of the individual nonnitrated and

nitrated peptide species based on the peak intensity

of each species (Supporting Information Fig. S2).

The increase in fractional amount of nitration for

each nitrated peptide is shown for the different time

points in Supporting Information Figure S3(a), and

the decrease in the amount of nonnitrated peptide is

shown in Supporting Information Figure S3(b). The

amount of nitroTyr311-peptide increased from �4% at

5 min to 10% at 10 min without any further signifi-

cant increase at the subsequent time points

assessed. Likewise, the amount of nitroTyr317-pep-

tide increased from 2% at 5 min to 4.5% at 10 min

and remained the same thereafter. The amount of
nitroTyr311/317-peptide increased from 0% at 5 min

to �17.5% at 30 min. Thus, although the total

amount of nonnitrated peptide decreased from 100%

at the start of the experiment to about 68%, the

total amount of nitrated peptide increased from 0%

to about 32%.

Biophysical characterization of the effects of

nitration on GAPDH

GAPDH is an asymmetric homotetrameric molecule

composed of four functionally nonidentical monomers,

which consist of both catalytic and nicotinamide ade-

nine dinucleotide (NADþ)-binding domains.27 The tet-

ramer binds only two molecules of NADþ.27,28 Interac-
tions through NADþ and the catalytic domains exist

only between adjacent monomers.29 These complex

interactions form the structural basis for the func-

tional interplay between the oligomers within the tet-

ramer.30 The most important manifestations of such

interplay are negative cooperativity in NADþ binding

and half-of-sites reactivity, a nonequivalence of active

centers upon interaction with some substrate analogs

or inhibitors.30 Thus, the monomers are not function-

ally similar even though their covalent structures are

identical.

It is possible that nitration could disrupt oligo-

merization of the enzyme. Size exclusion chromatog-

raphy was used to test this possibility. Unmodified

and nitrated GAPDH eluted at the same time at

19.9 min [Supporting Information Fig. S4(b,c)], sug-

gesting that nitration did not disturb the oligomeric

organization of GAPDH. Circular dichroism spec-

troscopy was used to determine whether nitration

affected the secondary structure of the enzyme. The

spectrum of unmodified GAPDH showed the elliptic-

ity to be higher at 208–210 nm than at 200–222 nm

[Supporting Information Fig. S5(a)]. However, the el-

lipticity of nitrated GAPDH was approximately

equal at both wavelengths, suggesting the loss of

some secondary structure. Incubation with NADþ

did not alter the circular dichroism spectra [Support-

ing Information Fig. S5(b)], indicating that NADþ

binding also did not cause significant changes in sec-

ondary structure.

NAD1-binding studies
Computational analysis of the X-ray crystal struc-

ture of GAPDH revealed that the catalytic cysteine

residue is located near the two tyrosine residues

that undergo nitration [Fig. 2(a)]. Tyr317 can be

seen at the base of an a-helix, whereas Tyr311
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resides at the junction of the end of a strand and the

beginning of a turn. The phenolic ring side chains of

these two tyrosine residues are each �4.2 Å away

from the sulfhydryl group of the catalytic cysteine

residue. Although the phenolic ring of Tyr311 is

�7.2 Å away from the NADþ [Fig. 2(a)], only 3.7 Å

separates the phenolic side chain of Tyr317 from the

nicotinamide moiety of NADþ in GAPDH [Fig. 2(b)].

This is approximately the same distance as that

between the sulfhydryl groups of the catalytic cyste-

ine residue to NADþ, suggesting that NADþ binding

may be affected by nitration. Molecular modeling

demonstrated that adding a nitro group to Tyr317

would reduce this distance to 1.4 Å [Fig. 2(c)], which

is so short that the modeling software predicts a

bond between the nitro group and NADþ. Thus,

nitration might affect the binding of NADþ through

steric effects or destabilization of the base of the a-
helix on which the tyrosine resides.

Studies that monitor changes in tryptophan flu-

orescence upon incubation with NADþ were per-

formed on nitrated GAPDH to test whether nitration

affects NADþ binding. Unmodified and nitrated

GAPDH were incubated with different concentra-

tions of NADþ for 30 min before determining fluores-

cence [Fig. 3(a)]. Unmodified GAPDH showed a sig-

nificant decrease (P < 0.05 as per the Student’s t-

test) in fluorescence at all concentrations of NADþ

compared with nitrated GAPDH. These results sug-

gest that nitrated GAPDH may not be able to bind

NADþ efficiently.

Radioactive ligand-binding studies were per-

formed with 32P-labeled NADþ to confirm the results

of the fluorescence studies. Unmodified and nitrated

GAPDH were incubated with a constant amount of
32P-labeled NADþ, and different concentrations of

NADþ were added to competitively inhibit the bind-

ing of labeled ligand to the enzyme. GAPDH was

incubated with labeled and unlabeled NADþ for 1 h

before excess ligand was removed using gel filtra-

tion. The amount of radioactivity bound to GAPDH

was determined by scintillation counting [Fig. 3(b)].

GAPDH exhibited ligand binding and the Kd was

calculated to be �200 nM. In contrast, nitrated

GAPDH essentially did not bind NADþ as shown by

the straight line of the binding curve, thereby con-

firming that nitration of GAPDH causes the loss of

NADþ binding.

Discussion

GAPDH was one of the proteins found to be tyrosine

nitrated in many tissues and cells, including the

photoreceptor outer segments following light expo-

sure. Studies on the effect of nitrating agents on the

catalytic activity of GAPDH have generally focused

on S-nitrosylation of the catalytic cysteine residue.

In this article, we attempted to examine the effects

of tyrosine nitration alone on GAPDH activity. As

in vitro treatment of GAPDH by peroxynitrite

causes rapid S-nitrosylation of the catalytic cysteine

residue before appreciable amount of tyrosine nitra-

tion is detected,33 we used GAPDH whose catalytic

sulfhydryl group had been protected. The protecting

agent, DTNB, was identified as an agent capable of

protecting the catalytic cysteine residue in a reversi-

ble manner without affecting enzymatic activity

[Fig. 1(a)]. Other agents, such as dimethyldisulfide

and 2,20-dithiodiethanol, were also tested; however,

these were ineffective as the extent of protection

Figure 2. Enlarged view of the GAPDH active site. (a) The

active site cysteine (Cys149), Tyr311, Tyr317, and NADþ

reside in close proximity to each other. Distance between

Tyr317 and NADþ in native (b) and nitrated (c) GAPDH. This

image was derived from the GAPDH crystal structure

stored in the Protein Data Bank.31 The distance

measurements were performed using either the molecular

biology toolkit viewer32 (a) or the PyMOL Molecular

Graphics System software (b, c). The following color coding

was used: blue ¼ turn, pink ¼ coil, green ¼ helix, violet ¼
strand, and unknown regions ¼ gray.
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was too low or the agents caused precipitation of the

protein (data not shown). Peroxynitrite is believed to

be one of the major precursor nitrating agents in

vivo.34 However, peroxynitrite can react with multi-

ple targets resulting in numerous reaction prod-

ucts.35 Because the focus of this study was to under-

stand the mechanism behind the effects observed

upon tyrosine nitration of GAPDH, TNM was chosen

as a nitrating agent.

The effect of nitration by TNM was studied by

following the loss of enzymatic activity with

increased nitration of S-protected GAPDH in vitro.

The enzyme showed an exponential loss of activity

over time [Fig. 1(b)], indicating that tryrosine nitra-

tion was adequate for the loss of activity. This loss

ranged from 14% at 5 min to 94% at 30 min,

whereas the quantity of nitrated tyrosine residues

increased from 6.0% at 5 min to 32% at 30 min [Sup-

porting Information Fig. S3(a)]. These results indi-

cate that �0.32 mol of tyrosine nitration per mole of

GAPDH can lead to a near complete loss of activity.

This may suggest that nitration of only one tyrosine

residue within a tetramer is sufficient for the loss of

activity. Nitration also appeared to affect the second-

ary structure of the enzyme (see Supporting Infor-

mation Fig. S5). This loss of secondary structure

may affect the intersubunit interactions formed

between the catalytic domains of adjacent mono-

mers. This, along with the inability of the enzyme to

bind NADþ could be a contributing factor for the

loss of activity with only 32% of the enzyme being

affected. Tyr311 and Tyr317 were found to be

nitrated and located close to the NADþ-binding site.

Unfortunately, no conclusion can be made regarding

whether only one or both of the nitrated tyrosine

residues was responsible for this loss of activity.

Only one nitrated peptide could be confirmed by

analyzing tryptic digests of nitrated GAPDH by LC-

MS/MS. Other possible modifications that were

investigated included nitrotryptophane,36 nitrophe-

nylalanine,37 hydroxyphenylalanine,37 nitrohisti-

dine,35 and conversion of sulfhydryl to sulfenic and

sulfonic acid in cysteine.38 The mass spectral data

did not show evidence for any of these modifications.

This suggests that these other modifications either

did not occur or, if they did, were present in such a

low yield that they were not likely to be significant.

The major physicochemical difference between

tyrosine and nitrotyrosine is the decrease in pKa of

the phenolic AOH group from 10.1 in tyrosine to 6.8

in nitrotyrosine.39 This may result in different ioni-

zation efficiencies between nitrated and unmodified

peptides. However, like phenolic AOH group of tyro-

sine, the majority of phenolic AOH group of nitrotyr-

osine should be protonated under the acidic condi-

tions used (pH < 2.5) for LC-MS/MS analysis;

therefore, the lower pKa value of nitrotyrosine is

unlikely to affect significantly to the ionization effi-

ciencies of nitrated peptides. Thus, the estimated

fractions of nitrated peptide species are unlikely to

be far different from the true values.

Studies assessing changes in tryptophan fluores-

cence were performed to determine the binding of

NADþ to GAPDH. Our data showed that the change

in tryptophan fluorescence following incubation with

NADþ was significantly different for native GAPDH,

whereas the nitrated enzyme showed only a minimal

change [Fig. 3(a)], implying that nitrated GAPDH

may not bind NADþ efficiently. These results are

consistent with the concept that when small ligands

like NADþ bind larger proteins like GAPDH, the

rotational and translational diffusion coefficients

will change leading to alterations in fluorescence in-

tensity.40 Competitive ligand-binding studies using

Figure 3. NADþ-binding studies. (a) Change in fluorescence of unmodified and nitrated GAPDH upon binding NADþ. GAPDH

(l) and nitrated GAPDH (~) were incubated with different concentrations of NADþ for 30 min at room temperature.

The fluorescence of tryptophan within the enzyme was measured by monitoring the emission at 340 nm following excitation

at 277 nm in a fluorescence spectrophotometer at 25�C. Tryptophan fluorescence in the enzyme before NADþ addition was

considered to be 100%. (b) Competitive NADþ-binding assay of native and nitrated GAPDH. Native (l) or nitrated GAPDH

(~) was incubated with a constant amount of 32P-labeled NADþ along with different concentrations of unlabeled NADþ for

1 h at room temperature. Excess NADþ was removed and bound radioactivity was determined by scintillation counting. The

results represent the mean 6 standard deviation of three independent experiments.
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radioactively labeled ligands clearly showed that

nitrated GAPDH lost its capability to bind NADþ,
whereas native GAPDH was able to bind NADþ

with a Kd of 200 nM [Fig. 3(b)]. We also investigated

whether incubation of GAPDH with NADþ could

protect the enzyme from losing activity upon expo-

sure to TNM. However, the enzyme still showed the

loss of activity (data not shown) that could be attrib-

uted to the fact that the GAPDH tetramer binds

only two molecules of NADþ.27,28 Therefore, even in

the presence of NADþ, the other two vacant subu-

nits are subject to nitration. This hypothesis is rea-

sonable because only 0.32 mol of tyrosine nitration

per mole of GAPDH is sufficient to cause a near

complete loss of activity.

This article has focused on elucidating the

mechanism of inactivation observed in GAPDH upon

nitration. The situation in vivo is likely to be differ-

ent. Peroxynitrite, one of the biological precursor

nitrating agents, reacts with not only tyrosine resi-

dues but also with other amino acid residues includ-

ing cysteine. Peroxynitrite reacts with greater effi-

ciency at the cysteine residue when compared with

the tyrosine residue, especially in GAPDH.33 The

apparent second-order rate constant of peroxynitrite

reacting with the catalytic Cys149 in GAPDH (6 �
104 M�1 s�1) (leading to loss of activity) is one order

of magnitude faster than that with cysteine, gluta-

thione, and the single thiol group of bovine serum

albumin (1.3, 1.5, and 4.5 � 103 M�1 s�1, respec-

tively).41,42 Thus, the modifications on GAPDH

in vivo would probably include the combination of

S-nitrosylation of cysteine, nitration of tyrosine, oxi-

dation of methionine, and other minor modifications

(e.g., oxidation of tryptophan), all of which play a

role in determining the effects of nitration. Further

studies are planned to determine the precise in vivo

role of this specific modification in cells.

Materials and Methods

Materials
Rabbit GAPDH, diethylenetriaminepentaacetic acid

(DTPA), 5,50-dithiobis-2-nitrobenzoic acid (DTNB),

tetranitromethane (TNM), and other chemical

reagents used in this article were purchased from

Sigma-Aldrich (St. Louis, MO). Sephadex-G25 col-

umns and 32P-labeled nicotinamide dinucleotide

(NADþ) were purchased from GE Healthcare (Piscat-

away, NJ). Trypsin for proteolytic digestion was pur-

chased from Promega Corporation (Madison, WI).

Nitration of glyceraldehyde-3-phosphate

dehydrogenase

Rabbit GAPDH was dissolved in degassed 50 mM

Tris-HCl/0.1 mM DTPA, pH 8.0 buffer to a final con-

centration of 50 lM. GAPDH was then mixed with

activated carbon (1:2 w/w) for 1 h at 4�C to remove

any bound NADþ.28,43 The solution was centrifuged

at 3000g for 1 min in a tabletop centrifuge and the

supernatant removed. The sulfhydryl group of the

catalytic cysteine residue (Cys149) was protected via

a reaction with 10 mM DTNB in 50 mM Tris-HCl/

0.1 mM DTPA, pH 8.0 buffer for 30 min at 25�C.
Excess reagent and reaction byproducts were

removed by desalting on a Sephadex-G25 column

equilibrated with 50 mM Tris-HCl/0.1 mM DTPA,

pH 8.0. The S-protected GAPDH (2.5 lM) was

nitrated through reaction with 1 mM TNM for dif-

ferent time intervals (i.e., 0, 5, 10, 15, and 30 min)

at 25�C. The reaction was stopped by immediately

desalting the solution on a Sephadex-G25 column

equilibrated with 50 mM sodium phosphate/0.1 mM

DTPA, pH 8.0 buffer. The nitrated S-protected

GAPDH was treated with 10 mM dithiothreitol

(DTT) for 1 h at 25�C to reduce the disulfide bond

between the catalytic cysteine residue and 2-nitro-5-

thiobenzoic acid and then desalted on an equili-

brated Sephadex-G25 column again.

Measurement of GAPDH enzymatic activity

In a 1-cm path length cuvette, 0.04 lM GAPDH or

nitrated GAPDH was preincubated with 0.4 mM

NADþ in 50 mM sodium phosphate/0.1 mM DTPA

for 15 min at 25�C. The enzyme reaction was initi-

ated by adding 0.4 mM DL-glyceraldehye-3-phos-

phate to the solution, which was subsequently

mixed. Reaction progress was tracked by monitoring

the increase in the absorbance of NADH at 340 nm

for 2 min using a diode array UV–vis spectropho-

tometer (Agilent Technologies, Santa Clara, CA).

Identification of the nitrated peptide

Nitrated GAPDH in 50 mM Tris-HCl/0.1 mM DTPA

was prepared as described earlier except that so-

dium bicarbonate was used to elute the protein in

the last desalting step. The nitrated protein was

denatured by boiling at 80�C for 5 min and then

reduced with 10 mM DTT and alkylated with

25 mM iodoacetamide before overnight trypsin diges-

tion. The tryptic digests were concentrated using a

Speed-vac and reconstituted in 0.1% formic acid

before analysis by liquid chromatography tandem

mass spectrometry. Data acquisition was performed

on a LTQ Orbitrap hybrid mass spectrometer

(Thermo Fisher Scientific, Waltham, MA) with a

nanospray ion source connected to an Eksigent

nanoLC-2D pump (Dublin, CA). After injection, the

peptides were trapped using an Optipak trap car-

tridge packed with Magic C8 (Michrom Bioresources,

Auburn, CA) plumbed into a Valco 10-port valve.

Chromatographic separation was performed using a

15 cm � 200 lm C18 reverse phase column (Michrom

Bioresources) with a 40-min linear gradient from 10

to 45% of acetonitrile in 0.15% formic acid/0.05%
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trifluoroacetic acid at a flow rate of 400 nL/min. The

column effluent was passed to a capillary sprayer.

The parameters used to obtain the total ion current

in the positive ion mode with a mass range of 375–

1600 m/z were as follows: resolution equals 60,000,

isolation width of 1.0 for the precursor and 2.0 for

the data dependent scans, normalized collision

energy of 35 V, and an activation Q of 0.25. The

mass spectrometer was operated in the data-depend-

ent MS to MS/MS switching mode with the three

most abundant ions in each precursor scan subjected

to tandem mass spectrometry analysis. All acquisi-

tion and method development was performed using

Xcalibur version 2.0 (Thermo Fisher Scientific). The

data were interpreted manually to determine nitra-

tion sites.

Measurement of nitrated peptide amount by

mass spectrometry

The amount of nitrotyrosine was estimated in a rela-

tive manner as follows. The intensity of the chro-

matographic peaks for individual peptides under-

going nitration and the corresponding nonnitrated

peptide was determined. A relative estimate of the

amount of nitrated and nonnitrated peptides was

calculated by normalizing the individual intensities

relative to the sum total of both the nitrated and

corresponding non-nitrated peptides.

Circular dichroism

GAPDH and nitrated GAPDH were eluted with 10

mM Tris-HCl/0.2 mM DTPA from Sephadex-G25 col-

umns after the reduction step. Equal amount of

GAPDH and nitrated GAPDH (2.5 lM) was used to

record circular dichroism spectra using a spectropo-

larimeter (Aviv Biomedical, Lakewood, NJ) from 190

to 250 nm with a 1-mm bandwidth and 1.356-mm

slit. GAPDH and nitrated GAPDH (2.5 lM) were

incubated with 0.2 mM NADþ for 30 min at 25�C,
and then circular dichroism spectra were recorded.

The data were collected every 2 nm with an averag-

ing time of 10 s per scan using quartz cells with a

light path of 0.1 cm.

Size exclusion chromatography

Size exclusion chromatography was carried out

using a Shodex KW-800 series column (Shoko Amer-

ica, La Jolla, CA) using 50 mM Tris–HCl, pH 8.0 as

the buffer at a flow rate of 0.5 mL/min at 25�C on a

Surveyor HPLC system (Thermo Fisher Scientific),

and absorbance was monitored at 215 nm with a

diode array UV–vis spectrophotometer for detection

(Agilent Technologies, Santa Clara, CA).

Spectrofluorometry

GAPDH and nitrated GAPDH (2 lM) prepared were

incubated for 30 min at 25�C with different concen-

trations of NADþ (e.g., final concentrations were 0,

6, 12, and 24 lM). The fluorescence emission of tryp-

tophan from the enzyme was measured by monitor-

ing the emission spectra at 340 nm following excita-

tion at 277 nm in a fluorescence spectrophotometer

(HORIBA Jobin Yvon, Edison, NJ) at 25�C.

Binding assay
GAPDH and nitrated GAPDH (2.5 lM) were incu-

bated with a constant amount of 32P-labeled NADþ

(0.5 pM) along with various concentrations of unla-

beled NADþ for 1 h at 25�C. Excess NADþ was

removed by desalting on a Sephadex G25 column

equilibrated with 50 mM Tris-HCl/0.1 mM DTPA,

pH 8. Radioactivity of bound protein was measured

using a liquid scintillation detection system (Beck-

man Coulter, Fullerton, CA).

Modeling of nitrated GAPDH

The crystal structure of nitrated GAPDH was mod-

eled based on that of rabbit GAPDH27 using either

the PyMOL Molecular Graphics System software

(DeLano Scientific, Palo Alto, CA) or the molecular

biology toolkit.32
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