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ABSTRACT. 4-Hydroxy-2-nonenal (HNE), a major lipid peroxidation-derived reactive aldehyde, is a potent
inhibitor of sulfhydryl enzymes, such as the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). It has been suggested that HNE exerts an inhibitory effect on the enzyme due to the modification
of the cysteine residue (Cys-149) at the catalytic site generating the—didEeine Michael addition-

type adduct [Uchida, K., and Stadtman, E. R. (1998jiol. Chem 268 6388-6393]. In the study presented

here, to elucidate the mechanism for the inactivation of GAPDH by HNE, we attempted to identify the
modification sites of the enzyme by monitoring the formation of the HNE Michael adducts by mass
spectrometric methods. Incubation of GAPDH (1 mg/mL) with 1 mM HNE in 50 mM sodium phosphate
buffer (pH 7.4) at 37C resulted in a time-dependent loss of enzyme activity, which was associated with
the covalent binding of HNE to the enzyme. To identify the site of modification of GAPDH by HNE,
both the HNE-pretreated and untreated GAPDH were digested with trypsin and V8 protease, and the
resulting peptides were subjected to electrospray ionization liquid chromatogram@ss spectrometry
(ESI-LC—MS). This technique identified five peptides, which contained the HNE adducts at His-164,
Cys-244, Cys-281, His-327, and Lys-331 and revealed that both His-164 and Cys-281 were very rapidly
modified at 5 min, followed by Cys-244 at 15 min and His-327 and Lys-331 at 30 min. These observations
and the observation that the HNE modification of the catalytic center, Cys-149, was not observed suggest
that the HNE inactivation of GAPDH is not due to the modification of the catalytic center but to the
selective modification of amino acids primarily located in the surface of the GAPDH molecule.

Several lines of evidence indicate that the oxidative up by macrophages, leading to the formation of foam cells
modification of a protein and the subsequent accumulation (5, 6). 4-Hydroxy-2-nonenal (HNE),among the reactive
of the modified proteins have been found in cells during aldehydes, is a major product of lipid peroxidati@ T, 8)
aging, oxidative stress, and in various pathological states,and is believed to be largely responsible for the cytopatho-
including premature diseases, muscular dystrophy, rheuma-ogical effects observed during oxidative stre8y HNE
toid arthritis, and atherosclerosik @). The important agents  exerts these effects because of its facile reactivity with
that give rise to the modification of a protein may be biological materials, particularly sulfhydryl groups of proteins
represented by reactive aldehydic intermediates, such as ket¢9). The reaction of HNE with sulfhydryl groups leads to
aldehydes, 2-alkenals, and 4-hydroxy-2-alken@ld); These the formation of thioether adducts that further undergo
reactive aldehydes are considered important mediators of cellcyclization to form cyclic hemiacetal8,(10). The formation
damage due to their ability to covalently modify bio- of thiol-derived Michael adducts, stabilized as cyclic hemi-
molecules, which can disrupt important cellular functions acetals, was initially considered to constitute the main
and can cause mutatior®)( Furthermore, the adduction of  reactivity of HNE @). However, other studies led to the
aldehydes to apolipoprotein B in low-density lipoproteins realization that HNE could also form Michael adducts with
(LDLs) has been strongly implicated in the mechanism by the imidazole moiety of the histidine residuéid) and the
which LDL is converted to an atherogenic form that is taken e-amino group of the lysine residue$2j (Figure 1).

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a
key enzyme in intermediary metabolism, is highly sensitive
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Ficure 1: Formation of Michael addition-type HNEamino acid
adducts. HNE forms Michael adducts with cysteine, histidine, and
lysine residues of the protein. X represents the sulfhydryl group of
cysteine, the imidazole group of histidine, and ¢ghamino group

of the lysine residues.

to inactivation by lipid peroxidation producta vitro and

in vivo (13—16). In addition, a previous study has shown
that the HNE treatment of cultured kidney cells results in
the formation of the HNE-modified GAPDHLY). The high
sensitivity of GAPDH to inactivation by lipid peroxidation
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Protein Carbonyl.An aliquot (0.5 mL) of the protein
samples was treated with an equal volume of 0.1% (w/v)
2,4-dinitrophenylhydrazine (DNPHNi2 N HCI and incu-
bated for 1 h at room temperature. This mixture was treated
with 0.5 mL of 20% trichloroacetic acid (w/v, final concen-
tration), and after centrifugation, the precipitate was extracted
three times with ethanol and ethyl acetate (1:1, v/v). The
protein sample was then dissolved with 2 mL of 8 M
guanidine hydrochloride, 13 mM EDTA, and 133 mM Tris
solution (pH 7.4), and the UV absorbance was measured at
365 nm. The results were expressed as moles of DNPH
incorporated per mole of protein based on an average
absorptivity of 21.0 mM?* cm™ (20).

Amino Acid AnalysisAn aliquot (0.1 mL) of the protein
samples incubated in the absence or presence of croton-
aldehyde was treated with 10 mM EDTA (ZQ), 1 N NaOH
(10 uL), and 100 mM NaBH (10 uL). After incubation for
1 h at 37°C, the mixture was treated with 10% trichloroacetic
acid. After centrifugation at 100@Cfor 3 min, the proteins

products, such as HNE, has been attributed to the modifica-were hydrolyzedn vacuowith 6 N HCI for 24 h at 105C.

tion of Cys-149, which is at the catalytic site of the enzyme.

The hydrolysates were then concentrated and dissolved in

However, this theory has not yet been proved. Thus, to gain50 mM sodium phosphate buffer (pH 7.4). The amino acid
a better understanding of the molecular basis of the HNE analysis was performed using a JEOL JLC-500 amino acid

inactivation of GAPDH, we attempted to identify the HNE

analyzer equipped with a JEOL LC30-DK20 data analyzing

modification sites of the enzyme using mass spectrometric system.

procedures.

EXPERIMENTAL PROCEDURES

Materials. The stock solution oftrans-4-hydroxy-2-
nonenal was prepared by the acid treatment (1 mM HCI) of

SDS-Polyacrylamide Gel Electrophoresis (SBBAGE).
SDS—polyacrylamide gel electrophoresis (SDBAGE) was
performed according to the method of Laemnai), The
protein was stained with Coomassie blue.

Immunoblot AnalysisA gel was transblotted onto a

HNE diethylacetal, which was synthesized according to the nitrocellulose membrane, incubated with Block Ace (40 mg/

procedure of De Montarbgt al. (18). The concentration of

mL) for blocking, washed, and treated with the primary

the HNE stock solution was determined by measurement of antibody. This procedure was followed by the addition of

the UV absorbance at 224 nm. Rabbit muscle GAPDH (10
mg/mL) suspended in a 3.2 M ammonium sulfate solution
(pH 7.5) containing 0.1 mM EDTA was obtained from
Rosche Diagnostics (Mannheim, Germany). The anti-HNE
histidine monoclonal antibody (mMAbHNEJ2) was kindly
provided by the Nihon Oil Factory (NOF) Co. (Tokyo, Japan)
(19). The horseradish peroxidase-linked anti-rabbit IgG

horseradish peroxidase conjugated to a goat anti-mouse IgG
F(ab), fragment and ECL reagents (Amersham Pharmacia
Biotech). The bands were visualized by exposure of the
membranes to autoradiography film.

Electrospray lonization Liquid Chromatographass
Spectrometry/Mass Spectrometry (ESHNS/MS) Analysis
The ESI-LC-MS/MS analyses were performed on an LCQ

immunoglobulin and ECL (enhanced chemiluminescence) ion trap mass system (ThermoQuest) equipped with an
Western blotting detection reagents were obtained from electrospray ion source. The electrospray system employed

Amersham Pharmacia Biotech (Buckinghamshire, U.K.).

a spray voltage of 5 kV and a capillary temperature of 260

Sequence-grade modified trypsin was purchased from Pro-°C.

mega Corp.Staphylococcus aureu¥8 protease (endo-

Matrix-Assisted Laser Desorption and lonization Time-

proteinase Glu-C) was purchased from Wako Pure Chemicalof-Flight Mass Spectrometry (MALDI-TOF M$Jative and

Industries, Ltd. (Osaka, Japan).
Reaction of GAPDH with HNEThe GAPDH solution (2

HNE-modified GAPDH were mixed with a saturated solution
of 3,5-dimethoxy-4-hydroxycinnamic acid containing 75%

mg/mL) was prepared by dilution of the enzyme suspension acetonitrile and 0.1% trifluoroacetic acid and dried on

with 50 mM sodium phosphate buffer (pH 7.4). An aliquot
(0.5 mL) of the enzyme solution was mixed with an equal
volume of an HNE solution (2 mM) and incubated at 37
°C. The reaction was stopped by the addition of L0Q0of

10 mM N-acetylcysteine. For determination of the GAPDH
activity, a 10uL aliquot of the reaction mixture was assayed
in 3 mL of 15 mM sodium pyrophosphate and 30 mM
sodium arsenate buffer (pH 8.5). The reaction of GAPDH
was initiated by the addition of 100L of 7.5 mM NAD,

100 uL of 0.1 mM dithiothreitol, and 10Q:L of 15 mM

stainless steel targets at room temperature and pressure. The
analyses were performed using a Voyager matrix-assisted
laser desorption and ionization time-of-flight mass spec-
trometer (Applied Biosystems Japan, Ltd., Tokyo, Japan)
with a nitrogen laser (337 nm). All analyses were carried
out in the positive ion mode, and the instrument was
calibrated immediately prior to each series of studies.
Peptide MappingThe native and HNE-modified GAPDHs
(0.3 mg/mL) were digested with modified with trypsin in
0.25 mL of 50 mM sodium phosphate buffer (pH 8.0) at 37

pL-glyceraldehyde 3-phosphate. The mixture was incubated°C for 24 h using an enzyme:substrate ratio of 1:100 (w/w).
at room temparature for 5 min, and the absorbance at 340After the pH of the phosphate buffer had been adjusted by

nm was measured.

adding acetic acid, at pH 7.4, the samples were further
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Ficure 2: Covalent attachment of HNE to protein. BSA (1 mg/
mL) was incubated with 61 mM HNE in 50 mM sodium
phosphate buffer (pH 7.4) at 37TC. (A) Changes in GAPDH
activity. (B) Loss of amino acid residues. An aliquot (0.1 mL) was
taken from the reaction mixture, and the amount of amino acids
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Ficure 3: MALDI-TOF MS analysis of HNE-treated GAPDH.
The HNE-treated GAPDH was prepared upon incubation of
GAPDH (0.1 mg/mL) with 1 MM HNE in 0.1 M sodium phosphate
buffer (pH 7.4) at 37°C. A second higher-mass peak of native
GAPDH may represent a matrix adduct.

r
35000

the selective loss of cysteine, histidine, and lysine residues,

was determined by amino acid analysis as described in Experimentaland approximately 2 molecules of cysteine, 1.4 molecules

Procedures: cystein®j, histidine @), and lysine residuesa.

(C) Introduction of carbonyl groups into protein upon reaction with
crotonaldehyde. The protein carbonyl content was determined by
the procedure using DNPH. (D) SBAGE (top) and immunoblot
(bottom) analyses of the HNhhistidine Michael adduct with
mADbHNEJ2.

digested with V8 protease at 3C for 24 h using an enzyme:

of histidine, and 0.6 molecule of lysine residues per subunit
were lost after 30 min. In addition, the loss of the amino
acids was accompanied by a time-dependent increase in the
extent of protein carbonyl formation, and approximately 2.3
molecules of carbonyl groups per subunit were newly
generated in the protein after 30 min (Figure 2C). The results
depicted in panels B and C of Figure 2 suggest that at least

substrate ratio of 1:50 (w/w). Peptide samples were analyzeds0% of the HNE bound to the amino acids (cysteine,
by a reversed-phase HPLC system, which consisted of ahistidine, and lysine) constitute the Michael adducts which

nanospace Sl-1 HPLC system (SHISEIDO Co., Ltd., Tokyo,
Japan) with a FP-1520 fluorescence detector (Jasco Co.
Tokyo, Japan), using a Capcell Pak C18 UG120 column [2.0
mm x 250 mm (inside diameter), Shiseido, Japan]. These
samples were eluted with a linear gradient of water contain-
ing 0.1% formic acid (solvent A) and acetonitrile containing
0.08% formic acid (solvent B) (10% B from 0 to 5 min and
55% B from 5 to 80 min). The flow rate was 0.2 mL/min,
and the column temperature was controlled at’@0 The
chromatograms were recorded at 215 nm.

Three-Dimensional Structure of GAPDHhe structure
was drawn using swis-PdbViewer version 3.7b2 (ExPASy
Molecular Biology Server), and the PDB coordinates for
rabbit GAPDH (AAAaOLY2A) were obtained from an
automated comparative protein modeling server (SWISS-
MODEL in EXPASy Molecular Biology Server).

RESULTS
Covalent Binding of HNE to GAPDHWe first examined

possess a carbonyl functionality. Moreover, consistent with
the loss of histidine residues in the enzyme, a time-dependent
increase in the immunoreactivity with the anti-HNE
histidine monoclonal antibody (mAbHNEJ2) was observed
(Figure 2D).

To further examine the covalent binding of HNE to the
enzyme, the native and the HNE-treated GAPDH fe13B
min were analyzed by MALDI-TOF MS. As shown in Figure
3, the analysis of the native GAPDH revealed a peak/at
35.699. When GAPDH was incubated with 1 mM HNE in
50 mM sodium phosphate buffer (pH 7.4) for 5 min at 37
°C, some unmodified GAPDH subunits were observat (
35.749) as well as the peakiz 35.993) corresponding to
the addition of one to two molecules of HNE per subunit.
Further incubations resulted in the appearance of peaks
corresponding to the addition of one to three molecules of
HNE. The sequential peaks in the spectrum of the HNE
GAPDH complex all differed in molecular mass bylL60
Da, which was close to the molecular mass of HNE (156

the correlation between the enzyme inactivation and covalentDa). This increase in the molecular mass provided strong

binding of HNE to GAPDH during 30 min of incubation.
As shown in Figure 2A, upon incubation of GAPDH (1 mg/
mL) with 1 mM HNE in 50 mM sodium phosphate buffer
(pH 7.4) at 37°C, the enzyme activity linearly decreased to
50% of the initial value after 30 min. To evaluate the binding
of HNE to the enzyme, we examined changes in the amino
acid composition, the generation of the protein-linked
carbonyl groups, and the increase in the immunoreactivity
with an anti-HNE-histidine monoclonal antibody. As shown
in Figure 2B, the exposure of GAPDH to HNE resulted in

evidence that the reaction between HNE and GAPDH
primarily occurredvia the Michael addition reaction.

Peptide Mass Mapping by ESI-E®S Analysis.To
characterize the structural modification of GAPDH by HNE,
the native and HNE-treated GAPDHs were digested with
trypsin and V8 protease and then analyzed by ESH-MS.
Peptide mass mapping by ESI-EGIS analysis of the
peptides from the native GAPDH provided identification of
the peptides accounting for approximately 70% of the protein
sequence (Figure 4 and Table 1). Relative to the calculated
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Ficure 4: ESI-LC-MS analysis of peptides from GAPDH digested 7 Native
with trypsin and V8 protease. Purified rabbit muscle GAPDH was
digested with trypsin and V8 protease, and ESHMS was
performed with an LCQ ion trap mass spectrometer as described
in Experimental Procedures. The elution positions of the identified

tryptic peptides are indicated in the total ion current and summarized
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in Table 1.

Table 1: Peptides Identified by ESI-L€MS from Native GAPDH

30 32 34 36 38 40 42 44 46 48 50 52 54
Retention time (min)

FicurRe 5: ESI-LC—MS analysis of peptides from HNE-modified
GAPDH digested with trypsin and V8 protease. Purified rabbit

sequence molecular peak muscle GAPDH was modified with HNE, digested with trypsin
positions  mass (Da) sequence no. and V8 protease, and analyzed by ESI-ti@S.
3-10 805.9 VGVNGFGR 23
14-17 488.2 LVTR 1 p-2 (Asp-GIn-Val-Val-Ser-Cys-Asp), angt3 (Leu-Thr-Cys-
18-24 694.2  AAFNSGK 3 Arg) (Figure 5). Furthermore, we also detected one peptide,
gg:gg 12;3% I\:/SZ\T/CLNDPF'D 42 p-4 (Leu-Met-Val-His-Met-Ala-Ser-Lys), which had an
61—69 940.4 NGKLVINGK 21 increase in mass of 312 Da corresponding to the addition of
64—69 643.2 LVINGK 15 two HNE Michael adducts. Peptidpsl andp-2 most rapidly
70-76 821 AITIFQE 38 appeared at 5 min, followed by peptige3 at 15 min and
;3:;; gzg ’Sg}')';?\ﬁg 35 peptidep-4 at 30 min. These peptides were also detected
78-83 657.1 DPANIK 7 without the HNE Michael gdducts, in_dicgting thellt.the. 30 min
84—94 1194.2 WGDAGAEYVVE 34 HNE treatment did not yield quantitative modifications of
ggtigi 1%% 2 %TI%\\//EI'I-:'I;";\A/IEK 32<; the intact protein. No other peptides with Michael adducts
95104 11162 STGVETTEMEK 19 were obse_rved by ESI—L€MS. Thesg data} strongly suggest
105-114 907.3 AGAHLKGGAK 24 that pOSSIbIe HNE mOdlf!Cathﬂ sites In these p_eptldes
116-124 913.4 VIISAPSXD 25 represent the histidine residue fl, the cysteine residues
igg—ig gg;-? %EIEEIIZK g of p-2 andp-3, and the histidine and lysine residuespef.
143-159 17035 IVSNASCTTNCLAPLAK 31 Ident|f|ca_t|on of HN_E Modification Sltgs by_ ESI-_I:GS/IS/
160-169 1165.3 VIHDHFGIVE 28 MS Analysis.To confirm the HNE modification sites, the
170-183 1800.9 GL#MTTVHAITATQKTVD 33 HNE-modified fragmentsg-1—p-4) were further analyzed
13;:%2‘2‘ 1‘%‘;-1 IE;VXE NIIPASTGAAK %g by ESI-LC—MS/MS without additional chromatography. The
ey e Aa G Al % MSIMS spectrum of the [M+ H]* ion atm/z 857.5 from
242-247 732.1 LTCRLE 4 the HNE-modified fragmentp1) with the sequence His-
246-251 660.9 LEKAAK 39 Phe-Gly-lle-Val-Glu is shown in Figure 6A. In the MS/MS
252-256 653.1 YDDIK 8 analysis, the singly charged C-terminal product ios) &nd
ggg:ggz ;géi \\;BE'KK > its H,O loss ion (¥-15) were observed. The masses of the
. QASE 20 . : L
261—268 8291 QASEGPLK 10 N-terminal fragment ions ¢b-bs and a-series ions) and the
265-276 1260.3 GPLKGILGYTED 16 H,0 or NH; loss fragment ions ¢h1g, bs-15, bs—15, and a-17)
269-275 752 GILGYTE 37 were observed to increase 156 Da, suggesting that the HNE
g??%g% 1;'22'2 S'LGYTEDQVVSCD 1 modification site in the sequence is on His-164. The MS/
— . QVVSCD 13 .
294—302 1312.4 AGAGIALND 29 MS Spectr_u'm of the ['VH‘ H] !on atm/z 919.4 from the
315-320 743.2 FGYSNR 14 HNE-modified fragmentg-2) with the sequence Asp-GIn-
ggi—ggi 1352-;1 \L/RA/\?H\“//'IXZ'\QASKE fg Val-Val-Ser-Cys-Asp is shown in Figure 6B. The singly
394-337 1045 2 LMVHMASKE 18 charged N-terminal product ions sjband the HO loss

product ion (l3-15) were observed in the MS/MS analysis.

masses of the unmodified peptides, three peptides, whichThe masses of the fragment ions, (ya—Ys, and ) and the
showed an increased mass of 156 Da corresponding to theNH; loss fragment ions ¢y17 and k—;7) were observed to
addition of a single molecule of HNE, were detected by ESI- increase 156 Da. These results suggest that the HNE Michael
LC—MS analysis, namelyp-1 (His-Phe-Gly-lle-Val-Glu), adduct is associated with Cys-281. Figure 6C shows the MS/
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FiGure 6: ESI-LC-MS/MS spectra of the HNE-modified peptides.
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(A) Nanoelectrospray MS/MS spectrum of the Y ion atm/z

857.5 from the HNE-modified fragmenp{1) with the sequence His-Phe-Gly-lle-Val-Glu. (B) Nanoelectrospray MS/MS spectrum of the

[M + H]* ion atm/z 919.4 from the HNE-modified fragmenp{2) with t

he sequence Asp-GIn-Val-Val-Ser-Cys-Asp. (C) Nanoelectrospray

MS/MS spectrum of the [M+ H]* ion at vz 648.4 from the HNE-modified fragmenp{3) with the sequence Leu-Thr-Cys-Arg. (D)

Nanoelectrospray MS/MS spectrum of the fMH] " ion atm/z 1228.4

MS spectrum of the [M+ H]* ion at m/z 648.4 from the
HNE-modified fragment§-3) with the sequence Leu-Thr-
Cys-Arg. One singly charged product ion)lwas observed

in the MS/MS analysis. The masses of fragment ions (b
and a@) and NH; loss fragment ions @;7) were observed
to increase 156 Da. In addition, a neutral loss ion (HVH

— 156]") was also observed. These results confirmed that
the HNE Michael adduct is on Cys-281. Figure 6D shows
the MS/MS spectrum of the [M- H]* ion atm/z 1228.4
(p-4) with the sequence Leu-Met-Val-His-Met-Ala-Ser-Lys
plus the mass addition of 312 Da. In the MS/MS analysis,
one single charged product ionsfbwas observed. The
masses of several fragmeng Gnd y) and HO loss fragment
ions (y—18) were also observed to increase 312 Da. In
addition, the masses of several fragment ion$ #od HO
loss fragment ions gy15) were observed to increase 156 Da.

p-4) with the sequence Leu-Met-Val-His-Met-Ala-Ser-Lys.

they were constant during incubations: 1:34.0" at 0 min,
1.54 x 10’ at 5 min, 2.21x 10’ at 15 min, and 1.26« 10’

at 30 min. These observations suggest that the catalytic center
Cys-149 does not undergo HNE modification. Figure 7 shows
the location of the target amino acids on the GAPDH
molecule, indicating that HNE inactivation of GAPDH is
not due to the modification of the catalytic site but to the
selective modification of the amino acids primarily located

in the surface of the GAPDH molecule.

DISCUSSION

A variety of enzymes have been shown to be susceptible
to inactivation from the HNE active site adducts, including
the glucose-6-phosphate dehydrogenak®, (glutathione
Stransferase?), glutathione reductas@$), interleukin 1B
converting enzyme2d), and aldose reductasg25). These

These data indicated that His-327 and Lys-331 representedstudies used a variety of tools to assess HNE adduct

the HNE modification sites due to the 312 Da increase in
the mass value. Thus, we identified the five target amino
acids of the HNE maodification in GAPDH. Curiously, the
peptide mass for the HNE-modified peptide that would be
predicted to contain the HNECys-149 adduct (i.e., lle-143

— Lys-159+ 156 Da= 1859 Da) was not found. In addition,
the unmodified peptide encompassing Cys-149 (i.e., peak
31 consisting of lle-143- Lys-159 with a molecular mass
of 1703.5 Da) is found without any modification. We indeed
measured the relative ion abundances of the unmodified
peptide as a function of HNE reaction time and found that

formation, including quantification of the thioether linkages
between the HNE and thiols using Raney nickEs, (26)

and immunochemical detection with anti-HNE antibodies
(27). Despite much information about the inactivation of
enzymes by HNE 3), a detailed mechanism of the HNE
modification of enzymes had rarely been characterized.
However, a recent mass spectrometry approach, using ESI-
LC—MS and MALDI-TOF MS, has permitted the direct
identification of the modification sites in the enzymes. Crabb
et al (28) demonstrated that, by using a combination of
immunochemical and mass spectrometric methods, HNE
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Ficure 7: Formation of HNE Michael adducts in GAPDH. The structure of the rabbit muscle GAPDH is shown with the cysteine, histidine,
and lysine residues that are modified by HNE at 30 min. The structure was drawn using swis-PdbViewer version 3.7b2 (ExPASy Molecular
Biology Server), and the PDB coordinates for rabbit GAPDH (AAAaOLY2A) were obtained from an automated comparative protein modeling
server (SWISS-MODEL in ExPASy Molecular Biology Server).

treatment of the purified bovine cathepsin B results in amino acids 32, 33). This invariant sequence is Ser-Asn-
selective modification of active site residues, Cys-29 (A Ala-Ser-Cys*-149-Thr-Thr-Asn-Cys-153-Leu-Ala-Pro. Cys-
chain) and His-150 (B chain), with the generation of Michael 153 is very close to the active site Cys-149 and is also one
adducts and significantly reduced enzyme activity. Musatov of the evolutionally conservative amino acids. Thus, Cys-
et al. (29) identified a bovine heart cytochrongeoxidase 153 also seems to be important for enzyme activity.
subunit, subunit VIII, which is modified more than any other However, the target of HNE in GAPDH was not either Cys-
subunit by HNE, and identified His-36 as the HNE-modified 149 or Cys-153, but the targets were the other two cysteine
amino acid residue within subunit VIII by tandem mass residues, Cys-244 and Cys-281, outside the active center.
analysis. In addition, as the target amino acids, we identified other
In the study presented here, we investigated the covalentthree amino acids, His-164, His-327, and Lys-331, located
binding of HNE to GAPDH during the early stage within in the surface of the protein molecule (Figure 7). Among
30 min of incubation. We observed that, upon incubation of these five target amino acids, both Cys-281 and His-164 most
GAPDH (1 mg/mL) with 1 mM HNE for 30 min, the enzyme  rapidly underwent HNE modification. Whether both Cys-
activity linearly declined to 50% of the initial value (Figure 281 and His-164 are modified in the same GAPDH molecule
2A) and that the loss in activity was accompanied by the is not clear as unmodified peptides containing these residues
loss of three amino acid residues, cysteine (sulfhydryl were detected in the LEMS analysis (Figure 4). Therefore,
groups), lysine, and histidine (Figure 2B). It is evident that the HNE maodification of Cys-281 and/or His-164 would
the loss of catalytic activity is correlated with the loss of disrupt the enzyme reaction mechanism. On the basis of the
these amino acids after incubation for 15 min, where 2 reactivity of HNE toward sulfhydryl groups, we speculate
cysteine, 1 histidine, and 0.2 lysine residues per subunit werethat HNE first reacts with Cys-281, rendering His-164 also
lost and 30% of the catalytic activity was lost. The loss of susceptible to electrophilic attack by HNE. Such a mecha-
enzyme activity and modification of the histidine and lysine nism of selective HNE modification could have an impact
continued with further incubation, while the modification of on the activity of the thiol enzymes in an oxidative stress
the cysteine was nearly complete. The 30 min treatment with environment. On the basis of the observations that the
HNE modified 2 cysteine, 1.3 histidine, and 0.5 lysine alkylation of Cys-281 causes a rapid and complete precipita-
residues per subunit (Figure 2B). Covalent binding of HNE tion of the protein whereas, as a control, the yeast enzyme,
to these amino acids was also confirmed by the protein which does not contain a cysteine at position 281, cannot
carbonyl assay (Figure 2C), by the immnuoblot analysis using be precipitated under the alkylation conditions, it has been
the anti-HNE-histidine monoclonal antibody (Figure 2D), suggested that one of the earliest targets, Cys-281, plays an
and by MALDI-TOF MS analysis (Figure 3), providing important role in the maintenance of the GAPDH structure
strong evidence that the reaction between HNE and GAPDH (34). The significance of covalent modification of other

primarily occurredvia the Michael addition reaction. amino acids, Cys-244, His-327, and Lys-331, on GAPDH
GAPDH, an important enzyme, which catalyzes the function and/or structure remains unknown.
oxidation and phosphorylation ofglyceraldehyde 3-phos- It should be noted that the key active site peptide, having

phate to 1,3-diphosphoglycerate, is a tetrameric enzymea theoretical molecular mass of 1706.0 Da, gave an average
consisting of four identical catalytically active subunits. Each molecular mass of 1703.5 Da (peak 31 in Table 1). The loss
subunit has four cysteine residues, of which Cys-149 is at of 2 Da might be due to the formation of a disulfide bond
the active site. This cysteine is involved in the catalysis and between Cys-149 and Cys-153. Because Cys-149 represents
is highly reactive 80). Alkylation of this cysteine residue the active site of the enzyme, formation of the disulfide bond
by agents such as iodoacetate or iodoacetamide has beehetween two cysteine residues should directly lead to the
shown to lead to irreversible inhibition of enzyme activity inactivation of the enzyme. However, no detectable decrease
and, therefore, glycolytic ATP synthes(j. In addition to in enzyme activity was observed during incubation of the
Cys-149, Cys-153 has also been suggested to be sensitivenzyme alone (E. Tatsuda, T. Ishii, and K. Uchida, unpub-
to oxidizing agents31). Comparative studies on the primary lished observation), suggesting that the disulfide bond might
structures of GAPDH from different species of animals have be formed during proteolysis and/or EG/S.

shown that the amino acid sequence around the active site  GAPDH is a sensitive enzyme in oxidant-mediated cell
cysteine residue is highly conservative over a range of 12 injury (35). In addition, GAPDH is known to be potentially
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modified by many other processes, including S-glutathiol-
ation 36, 37) and S-nitrosylation 38), both of which

decrease its activity in response to some form of stress. We

12.

13.

have previously shown that cells exposed to HNE resulted 14.
in the partial loss of cellular GAPDH activityly). The
inhibition of GAPDH may represent the metabolic perturba-
tion during glycolysis. Therefore, this study suggests a
possible contribution of impaired energy homeostasis during
HNE-mediated cellular injury to the process of cell dysfunc-
tion and cell death. In addition to its role as a glycolytic
enzyme, the HNE modification of GAPDH followed by its
inactivation may seriously affect other cellular functions
because GAPDH is known to take part in a broad array of
biological activities: (i) regulation of microtubule bundling
(39), (i) binding to erythroid cell membrane<t@), (iii)
muscle triad junction formation4(), (iv) function as a
protein kinase42) and a uracil DNA glycosylaselB), and

(v) and RNA nuclear export4d).

Time-resolved alkylation studies with mass spectrometry
readouts have been carried out previously (e.g., protein
folding work with cysteine alkylation to map disulfide bond
formation during protein refolding)46). The alkylated

structure of various intermediates determined in a time course

manner should provide clues to the alkylation pathway of
protein in the particular medium. In this study, we character-
ized the time-resolved HNE modification of GAPDH by

LC—MS and identified five peptides, which contained the
HNE Michael adducts at His-164, Cys-244, Cys-281, His-

327, and Lys-331. We also revealed that the catalytic center

Cys-149 did not undergo HNE modification. These data
suggest that the HNE inactivation of GAPDH is due not to

the

modification of the catalytic center but to the selective

modification of the amino acids primarily located in the
surface of the GAPDH molecule.
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