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Mitochondrial aldehyde dehydrogenase-2 (ALDH2) plays an
essential role in nitroglycerin (GTN) bioactivation, resulting in for-
mation of NO or a related activator of soluble guanylate cyclase.
ALDH2 denitrates GTN to 1,2-glyceryl dinitrate and nitrite but
also catalyzes reduction of GTN to NO. To elucidate the relation-
ship between ALDH2-catalyzed GTN bioconversion and estab-
lished ALDH2 activities (dehydrogenase, esterase), we compared
the function of the wild type (WT) enzyme with mutants lacking
either the reactive Cys-302 (C302S) or the general base Glu-268
(E268Q). Although the C302S mutation led to >90% loss of all
enzyme activities, the E268Q mutant exhibited virtually unaffected
rates of GTN denitration despite low dehydrogenase and esterase
activities. The nucleotide co-factor NAD caused a pronounced
increase in the rates of 1,2-glyceryl dinitrate formation by WT-
ALDH2 but inhibited the reaction catalyzed by the E268Q mutant.
GTN bioactivation measured as activation of purified soluble gua-
nylate cyclase or release of NO in the presence of WT- or E268Q-
ALDH2 was markedly potentiated by superoxide dismutase, sug-
gesting that bioavailability of GTN-derived NO is limited by
co-generation of superoxide. Formation of superoxide was con-
firmed by determination of hydroethidine oxidation that was
inhibited by superoxide dismutase and the ALDH2 inhibitor chlo-
ral hydrate. E268Q-ALDH2 exhibited ~50% lower rates of super-
oxide formation than the WT enzyme. Our results suggest that
Glu-268 is involved in the structural organization of the NAD-
binding pocket but is not required for GTN denitration. ALDH2-
catalyzed superoxide formation may essentially contribute to oxi-
dative stress in GTN-exposed blood vessels.

Aldehyde dehydrogenases (ALDH; EC 1.2.1.3)” catalyze the
oxidation of aliphatic and aromatic aldehyde substrates to the
corresponding carboxylic acids with NAD(P) serving as elec-
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tron accepting co-factor (1). The mitochondrial isoform
(ALDH2), a homotetrameric protein with subunits of ~54 kDa,
appears to be essential for detoxification of ethanol-derived
acetaldehyde, as indicated by significantly lowered alcohol tol-
erance of individuals expressing a low activity mutant of the
protein (2, 3). Aldehyde oxidation by ALDH2 is thought to
involve nucleophilic reaction of the substrate with a critical
cysteine residue in the active site (Cys-302 in the human pro-
tein), resulting in formation of a thiohemiacetal intermediate,
followed by hydride transfer to NAD, yielding a thioester inter-
mediate that is hydrolyzed to the carboxylic acid product in a
reaction that involves activation of H,O by an adjacent gluta-
mate residue (Glu-268). In addition to aldehyde oxidation,
ALDH2 catalyzes ester hydrolysis (4). The esterase activity is
stimulated by NAD, but the co-factor is not essential for the
reaction, which is initiated by nucleophilic attack of the sub-
strate by Cys-302, resulting in formation of a thioester and
release of the corresponding alcohol by hydrolysis of the inter-
mediate through activation of water by Glu-268 (4).

The beneficial therapeutic effects of the antianginal drug
GTN are thought to involve bioactivation of the organic nitrate
in vascular smooth muscle to yield NO or a related species that
activates sGC, resulting in cGMP-mediated vasorelaxation (5).
In a seminal paper published in 2002, Stamler and co-workers
(6) discovered that ALDH?2 essentially contributes to vascular
GTN bioactivation, and this has been confirmed in numerous
later studies (for review see Ref. 7). Stamler and co-workers (6)
proposed that GTN denitration involves the established ester-
ase activity of ALDH2, i.e. nucleophilic attack of a nitro group of
GTN by Cys-302, resulting in formation of a thionitrate inter-
mediate and release of the corresponding alcohol, preferen-
tially 1,2-glyceryl dinitrate (1,2-GDN). The thionitrate inter-
mediate would then release nitrite either through nucleophilic
attack of one of the adjacent cysteine residues (Cys-301 or Cys-
303), resulting in formation of a disulfide in the active site, or
through Glu-268-aided hydrolysis yielding a sulfenic acid
derivative of Cys-302, which could undergo S-thiolation (8) to
form a cysteinyl disulfide with one of the adjacent cysteine res-
idues. This mechanism would be compatible both with the
effect of NAD, which is not essential but increases reaction
rates, and with GTN-triggered enzyme inactivation that is par-

3-morpholino sydnonimine; TEA, triethanolamine; SOD, superoxide dis-
mutase; WT, wild type; DTPA, diethylene triamine pentaacetic acid.
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tially prevented by reduced thiols with two SH groups like DTT
or dihydrolipoic acid. According to a brief statement in a paper
on the structure of the East Asian (E487K) variant, mutation of
Cys-302 and Glu-268 resulted in an almost complete loss of
GTN reductase activity of ALDH2 (3), but so far the proposed
role of these residues in GTN metabolism has not been thor-
oughly studied, and the mechanism underlying bioactivation of
the nitrate is still unknown.

EXPERIMENTAL PROCEDURES

Materials—Bovine lung sGC was purified as previously
described (9). Human ALDH2 was expressed in Escherichia coli
BL21(DE3) and purified as described (10, 11). Sephacryl S-300
HR and [a-**P]GTP (400 Ci/mmol) were obtained from GE
Healthcare. [2-**C]GTN (50 — 60 mCi/mmol) was from Amer-
ican Radiolabeled Compounds, purchased through Humos
Diagnostica GmbH (Maria Enzersdorf, Austria). Nitropohl®
ampoules (G. Pohl-Boskamp GmbH. & Co, Hohenlockstedt,
Germany) containing 4.4 mMm GTN in 250 mM glucose were
obtained from a local pharmacy; dilutions were made in 50 mm
TEA/HCl buffer. DEA/NO and SIN-1 were from Alexis Corpo-
ration (Lausen, Switzerland). All other chemicals, including
hydralazine and CuZnSOD, were from Sigma-Aldrich.

Site-directed Mutagenesis—C302S and E268Q mutations were
inserted using the QuikChange® II site-directed mutagenesis kit
(Stratagene). The mutagenic primers 5'-GTTCTTCAAC-
CAGGGCCAGTGCAGCTGTGCCGGATCCCGGACCTTC-
GTG-3’ (sense strand) and 5'-GAAGGTCCGGGATCCGGC-
ACAGCTGCACTGGCCCTGGTTGAAGAAC-3" (antisense
strand) were used to introduce C302S mutation (bold type) and
to add the BamHI restriction site (underlined) for a rapid
screening of mutants but without changing the final amino acid
sequence. The mutagenic primers 5'-GCAGCAACCTTAAG-
AGAGTGACCTTGCAGCTGGGGGGGAAG-3' (sense) and
5'-CTTCCCCCCCAGCTGCAAGGTCACTCTCTTAAGG-
TTGCTGC-3' (antisense) were used to introduce E268Q
mutation (bold) and to add the AfIII restriction site as a silent
mutation (underlined) for screening of mutants. C302S- and
E268Q-ALDH2 were expressed in E. coli BL21(DE3) and puri-
fied by p-hydroxyacetophenone affinity chromatography and
size exclusion chromatography as described (11).

Determination of Dehydrogenase and Esterase Activities—
Dehydrogenase activity of ALDH2 was measured as formation
of NADH from NAD by monitoring the increase in absorbance
at 340 nm (€,,, = 6.22 mM~ ' cm™ ') at 25 °C in the presence of
1.5 mMm formaldehyde and 10 mm MgCl, in 50 mm sodium pyro-
phosphate (pH 7.5 or 9.0) (12). Esterase activity was measured
by monitoring formation of p-nitrophenolate from 0.1 mm
p-nitrophenyl acetate (€50, = 16 mm~ ' cm ™ ') in 50 mm sodium
pyrophosphate buffer (pH 7.5), containing 10 mm MgCl, in the
absence and presence of 1 mm NAD.

ALDH? Inactivation by GTN—GTN-triggered inactivation
of ALDH2 was determined in the absence and presence of 5,000
units/ml SOD as described (13). Briefly, the dehydrogenase
activity of ALDH2 (33 pg/ml) was measured by monitoring the
formation of NADH spectrophotometrically at 340 nm. The
initial reaction mixture consisted of 0.4 mMm acetaldehyde and
0.4 mm NAD in 50 mMm phosphate buffer (pH 7.4) in the absence
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or presence of 5,000 units/ml SOD. After 1-2 min the reactions
were started by the addition of ALDH2. Approximately 10 min
after the start of the experiment, 50 uM GTN was added to
inactivate the enzyme. After complete inactivation, 0.4 mMm
DTT was added to reactivate the enzyme. The linear absorb-
ance increases after the addition of ALDH2 and DTT were used
to calculate initial and restored activities, respectively. The
gradual inactivation after GTN addition was fitted to a combi-
nation of a single exponential and a straight line, with the expo-
nential component yielding the apparent inactivation rate con-
stant and the linear part yielding the residual activity of the
enzyme.

Determination of GTN Denitration—The rates of GTN
metabolism yielding 1,2- and 1,3-GDN were determined
according to a described protocol (14). Unless indicated other-
wise, WT and mutated ALDH2 proteins (4 ug each) were incu-
bated with **C-labeled GTN (2 um; ~50,000 dpm) at 37 °C for
10 min in a final volume of 200 ul of 50 mm phosphate buffer
(pH 7.4), containing 3 mm MgCl, and 2 mm DTT in the absence
and presence of 1 mM NAD. GTN concentrations =10 uM were
adjusted by the addition of unlabeled GTN. Reaction products
were extracted twice with 1 ml of diethyl ether, separated by
thin layer chromatography, and quantified by liquid scintilla-
tion counting. Blank values were determined in the absence of
protein under identical conditions and subtracted. The results
are the mean values * S.E. determined in three independent
experiments. Because 1,2-/1,3-GDN ratios were not signifi-
cantly affected by the two mutations described here, the rates of
1,3-GDN formation are not shown.

Determination of sGC Activity—Purified bovine lung sGC (50
ng) was incubated at 37 °C for 2 or 10 min as indicated in a final
volume of 100 ul with the indicated concentrations of donor
compounds (GTN and DEA/NO) in the presence of WT- or
E268Q-ALDH2 as indicated in the text and figure legends.
Assay mixtures contained 50 mm TEA/HCI (pH 7.4), 0.5 mm
[@-**P]GTP (~250,000 cpm), 3 mm MgCl,, 0.1 mm DTPA, and
1 mm cGMP. DTT, NAD, and SOD were present as indicated in
the text and figure legends. To test for NO scavenging by
ALDH2/GTN, sGC was incubated under otherwise identical
conditions with WT- or E268Q-ALDH2 (25 ug each) in the
presence of 1 um DEA/NO. GTN (0.1 mm) and SOD (1,000
units/ml) were present as specified in the text. The reactions
were terminated by the addition of 0.45 ml of zinc acetate (120
mu) and 0.45 ml of sodium bicarbonate (120 mm), followed by
isolation and quantification of [**P]cGMP as previously
described (15). The blank values were determined in the
absence of sGC.

Determination of GTN-derived NO—NO formation was
measured with a Clark-type electrode (World Precision Instru-
ments, Berlin, Germany), calibrated daily with acidified nitrite
as previously described (16). The electrode was equilibrated in
50 mm TEA/HCI (pH 7.4), containing SOD (1,000 units/ml
unless indicated otherwise), 0.1 mm DTPA, 2 mm DTT, 3 mm
MgCl,, and purified WT- or E268Q-ALDH2 (10- 100 ug/0.1
ml), followed by the addition of GTN (final concentration, 0.1
mM). The incubation volume was 0.5 ml. Output current was
recorded in three separate experiments. The experiment shown
in Fig. 2 was performed with 100 ug/0.1 ml of ALDH2 proteins.
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TABLE 1

Dehydrogenase, esterase, and GTN reductase activities of WT-, C302S-, and E268Q-ALDH2

Enzyme activities were determined as described under “Experimental Procedures” and are expressed as nmol X min~' X mg™~". The activities of the mutants are also given
relative to WT (WT = 100%). The data are the mean values * S.E. of three independent experiments.

C302S E268Q
Enzyme activity WT activity — - — -
Activity Activity relative to WT Activity Activity relative to WT
% %

Dehydrogenase (pH 9.0) 4,042 £ 57 11.9 = 2.2° 0.29 = 0.06 56.1 = 0.7% 1.39 £ 0.01
Dehydrogenase (pH 7.5) 2,690 = 26 8.7 = 1.2° 0.32 = 0.05 23.5 + 0.60° 0.88 = 0.02
Esterase

—NAD 199.9 = 0.5 0.71 + 0.14> 0.36 = 0.07 5.33 + 0.39° 2.67 = 0.20

+NAD 1,180 + 31 0.40 + 0.14” 0.03 = 0.01 0.64 + 0.07%7 0.06 = 0.01
GTN reductase(1,2-GDN formation)

—NAD 1.21 = 0.18 0.12 = 0.03¢ 9.37 £1.18 1.57 = 0.13 133 £ 11

+NAD 8.73 = 0.09* 0.17 + 0.06* 1.97 = 0.65 0.29 + 0.18%¢ 3.36 + 2.05

“p < 0.0001 vs. no NAD.
? p < 0.0001 vs. WT.

€p <0.001vs. WT.

4 p < 0.005 vs. no NAD.

NO formation relative to 1,2-GDN formation (shown in Table
2) was calculated from the initial rates of product formation
catalyzed by 10100 ug/0.1 ml WT- and E268Q-ALDH2 in the
absence and presence of NAD. The errors of the ratios were
calculated according to Ref. 17.

Determination of GTN-derived Superoxide—Formation of
superoxide/peroxynitrite was measured as hydroethidine oxi-
dation. The reaction mixtures (final volume, 0.7 ml) contained
50 mm TEA buffer (pH 7.4), 3 mm MgCl,, 0.1 mm DTPA, 2 mm
DTT, 2.5 uM hydroethidine, 0.45 mg WT- or E268Q-ALDH2
(corresponding to 65 ug/0.1 ml), and where indicated 0.1 mm
GTN, 10 mm chloral hydrate, and 1000 units/ml SOD. The
experiments were performed at 37 °C, and fluorescence was
monitored at excitation and emission wavelengths of 490 nm
(slit width, 5 nm) and 585 nm (slit width 20 nm), respectively.
The data are the mean values = S.E. of the increase in fluores-
cence read-outs (arbitrary units) monitored over 5 min in three
to six independent experiments.

RESULTS

Basic Characterization of WT and Mutated ALDH2—Wild
type, C302S-ALDH2, and E268Q-ALDH?2 were assayed for oxi-
dation of acetaldehyde (at pH 9.0 and 7.5), hydrolysis of p-ni-
trophenyl acetate (esterase activity), and denitration of GTN to
1,2-GDN. As shown in Table 1, mutation of the reactive cys-
teine residue Cys-302 resulted in virtual loss of dehydrogenase
and esterase activities. Residual GTN reductase activity of the
C302S mutant (~10% of WT) may be due to reaction of GTN
with one of the adjacent cysteine residues. Mutagenesis of Glu-
268 caused virtually complete loss of dehydrogenase activity,
but determination of the esterase activity in the absence and
presence of NAD revealed an interesting, hitherto unrecog-
nized effect of the E268Q mutation. Although NAD caused an
approximately 6-fold increase of WT esterase activity, the
activity of the E268Q mutant was decreased in the presence of
the nicotinamide co-factor by ~90%. The distinct effects of
NAD on WT- and E268Q-ALDH2 were also apparent in assays
of GTN denitration. Although both variants of the enzyme
exhibited virtually identical rates of 1,2-GDN formation in the
absence of NAD, the E268Q mutation resulted in an almost
complete loss of GTN denitrating activity (~3% of WT) in the
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presence of NAD. Thus, resembling ester hydrolysis, GTN
denitration catalyzed by E268Q-ALDH2 was decreased
~5-fold by the nicotinamide.

Effects of GTN and Protein Concentration on 1,2-GDN
Formation—In the presence of NAD, GTN was denitrated by
WT-ALDH2 with an EC, of ~3 uMm (Fig. 14). Maximal rates of
1,2-GDN formation, corresponding to a specific activity of ~25
nmol X min~" X mg~" after 10 min were observed at =30 um
GTN. As reported previously (14), the reaction rates measured
at low GTN concentrations were ~5-fold lower in the absence
of NAD, whereas the nicotinamide had a comparably moderate
effect in the presence of high GTN (0.1 mm). In the absence of
NAD the EC,, of GTN was increased to =30 uMm. In contrast to
the WT enzyme, E268Q-ALDH2 did not catalyze significant
1,2-GDN formation in the presence of NAD at any GTN con-
centration. In the absence of the nicotinamide, the mutant
exhibited identical rates of GTN denitration as the WT enzyme
over the whole GTN concentration range (Fig. 1A4). A similar
pattern was obtained when the initial rates of GTN denitration
were measured as a function of the protein concentration after
1 min of incubation. As shown in Fig. 1B, 1,2-GDN formation
increased in a roughly linear manner at ALDH2 concentrations
up to 50 ug/0.1 ml. At the highest concentration of the WT
enzyme tested (100 ug/0.1 ml), product formation declined,
indicating rapid enzyme inactivation under high turnover con-
ditions. Maximal activity of WT-ALDH2 measured with 10 ug
of protein/0.1 ml in the presence of NAD after 1 min of incu-
bation was 106 = 8.1 nmol 1,2-GDN X min~ " X mg™'. This
value is 3—4-fold higher than the activity measured after 10
min, confirming a previous study on turnover-dependent
enzyme inactivation that is only partially prevented by DTT
(13). The activity of the WT enzyme was markedly increased by
NAD, whereas the activity of the mutant was decreased at all of
the protein concentrations tested. However, higher concentra-
tions of the mutant showed significant activity even in the pres-
ence of NAD, resulting in less pronounced inhibition of GTN
denitration by the nicotinamide.

Formation of GTN-derived NO— As reported previously (11),
the presence of SOD is essential for detection of GTN-derived
NO formed by WT-ALDH?2. However, as shown in Fig. 2, the
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FIGURE 1. Formation of 1,2-GDN from GTN by WT- and E268Q-ALDH2 in
the absence and presence of NAD. A, effect of GTN concentration. Purified
proteins (4 ug each) were incubated at 37 °C for 10 min in 0.2 ml phosphate
buffer (pH 7.4) containing increasing concentrations of ['*CIGTN, 3 mmMgCl,,
and 2 mm DTT in the absence and presence of T mm NAD. B, effect of protein
concentration. Purified proteins (20-200 ng each) were incubated at 37 °C
for 1 min in 0.2 ml of phosphate buffer (pH 7.4) containing 0.1 mm [*CIGTN, 3
mm MgCl,, and 2 mm DTT in the absence and presence of 1 mm NAD. 1,2-and
1,3-GDN were extracted and quantified by radio thin layer chromatography
as described previously (14). The data are the mean values * S.E. of three
independent experiments.

0.8- E268Q + SOD
0.6 -
s
2
o 041
z
0.2 1
WT
0 4
0 100 200 300 400
Time (sec)

FIGURE 2. Formation of GTN-derived NO by WT-and E268Q-ALDH2 in the
absence and presence of SOD. WT- and E268Q-ALDH2 (0.5 mg each) were
incubated in 0.5 ml of 50 mm TEA buffer (pH 7.4), containing 3 mm MgCl,, 0.1
mm DTPA, 2 mm DTT, and 0.1 mm GTN in the absence and presence of 1,000
units/ml SOD. NO formation was monitored with a Clark-type NO electrode.
The traces shown are representative for three similar experiments.
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TABLE 2

Formation of GTN-derived NO relative to denitration catalyzed by
WT- and E268Q-ALDH2

Initial rates of NO formation were divided by the initial rates of 1,2-GDN formation
catalyzed by 10100 ug/0.1 ml of WT- and E268Q-ALDH2. The data are the mean
values * S.E. of relative NO formation (expressed as percentages of 1,2-GDN for-
mation) calculated from three independent experiments.

v;(NO)/v,(1,2-GDN) X 100

ALDH2 wWT E268Q
—NAD +NAD —NAD +NAD
10 ng/0.1 ml 10.6 =055 134 *161 8.69 *243 31.7* 583
25 ug/0.1 ml 639+ 052 811=*0.84 812*129 48.2=*6.59"
50 ng/0.1 ml 697 034 634043 8.03*048 374 =*4.16"
100 ug/0.1ml  6.06 £0.68 653 *1.29 9.12*049 40.3 *1.85°

“p <0.001 vs. WT = NAD and E268Q without NAD (analysis of variance, Holm-
Sidak method).

E268Q mutant generated significant amounts of NO even in
the absence of SOD, presumably because of reduced superoxide
generation in the course of GTN turnover (see below). The time
course of NO formation by E268Q-ALDH?2 as compared with
WT in the presence of SOD shows that the E268Q substitution
led to significantly delayed NO decay, indicating slower rates of
mechanism-based enzyme inactivation.

To see whether the partitioning between 1,2-GDN and NO
formation was affected by the E268Q substitution and/or NAD,
we measured the initial rates of NO formation catalyzed by
10-100 pg of WT- and E268Q-ALDH2/0.1 ml in the presence
of 1,000 units/ml SOD with and without NAD and compared
the data with the initial rates of 1,2-GDN formation (shown in
Fig. 1B). As shown in Table 2, the rates of NO formation cata-
lyzed by WT-ALDH2 were between 5 and 10% of the denitra-
tion rates, and product distribution was not significantly
affected by NAD. However, the E268Q mutant showed an
interesting difference. Although relative NO formation was
similar to WT (8- 9%) in the absence of NAD, the decrease of
GTN reductase activity was not paralleled by a comparable
decrease in the rates of NO formation in the presence of the
nucleotide, resulting in a consistent increase of relative NO
formation to 30-50% of the denitration rates over the whole
range of protein concentrations tested.

Activation of Purified sGC by GTN in the Presence of WT- and
E268Q-ALDH2—As shown in Fig. 34, sGC was activated by
GTN in the presence of increasing amounts of WT-ALDH2,
but the effect reached a plateau of ~15% of maximal sGC activ-
ity at 50 —100 pg of ALDH2 (4.7 = 0.34 wmol cGMP X min ™" X
mg~'). In the presence of 2 mm DTT, the rates of cGMP for-
mation were increased ~2-fold, but again a plateau of submaxi-
mal sGC activation was reached with 50-100 ug of protein
(9.0 = 0.38 wmol cGMP X min~' X mg~"'). To test whether
sGC activation is limited by co-generation of superoxide, which
rapidly reacts with NO to yield peroxynitrite, we measured
GTN-triggered cGMP accumulation in the presence of SOD.
SOD (1,000 units/ml) markedly potentiated the effect of
ALDH2, resulting in maximal sGC activation with 25 pg of
protein, and DTT further increased the rates of cGMP forma-
tion by ~20%. Fig. 3B shows that the rates of cGMP formation
measured with E268Q-ALDH2 in the absence of DTT were
~2-fold higher than with WT at all protein concentrations
tested. In the presence of SOD, the effect of the mutant was
virtually identical to that of WT-ALDH2. Intriguingly, a pro-
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FIGURE 3. Activation of sGC by GTN in the presence of WT-ALDH2 (A) and
E268Q-ALDH2 (B). Purified sGC (50 ng) was incubated at 37 °C for 10 min
with 0.1 mm GTN and the indicated concentrations of WT- or E268Q-ALDH2 in
0.1 ml of 50 mm TEA/HCI (pH 7.4), containing 0.5 mm [a->2P]GTP (~250,000
cpm), 3mmMgCl,, 0.1 mm DTPA, and 1 mm cGMP in the absence and presence
of DTT (2 mm) and SOD (1,000 units/ml). The samples were analyzed for
[*2P1cGMP as described under “Experimental Procedures.” The data are the
mean values = S.E. of three independent experiments.

200

nounced difference between the two ALDH2 variants became
apparent when sGC activation was measured in the presence of
DTT without SOD. Instead of reaching a plateau at ~50 ug of
protein/0.1 ml, sGC activity further increased with increasing
E268Q-ALDH2 concentrations, and maximal sGC activation
was observed with 100 ug/0.1 ml of the protein even in the
absence of SOD. As shown in Fig. 2, this difference between the
two ALDH2 variants was also apparent as formation of detect-
able GTN-derived NO by the E268Q mutant but not by the WT
enzyme in the absence of SOD.

The SOD concentration-response curves shown in Fig. 4
revealed close similarities between ALDH2/GTN and the
NO/superoxide donor SIN-1 in terms of sGC activation (Fig.
4A) and NO release (Fig. 4B), although SIN-1 released consid-
erably more NO than ALDH/GTN at the highest SOD concen-
tration tested (1,000 units/ml). The reason underlying this dif-
ference was not further investigated. The data also show that
the sensitivity of the NO electrode is too low to detect the sub-
nanomolar concentrations of NO that are sufficient for signif-
icant sGC activation.
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FIGURE 4. Effects of SOD concentration on sGC activation and NO for-
mation from ALDH2/GTN and SIN-1. A, purified sGC was incubated for
10 min as described in the legend to Fig. 3 in the presence of 25 ug
WT-ALDH2/100 um GTN or 100 um SIN-1 and the indicated concentrations
of SOD. B, SIN-1 (100 um) or 0.25 mg of WT-ALDH2/100 um GTN was incu-
bated in 0.5 ml of 50 mm TEA buffer (pH 7.4) in presence of the indicated
concentrations of SOD as described in the legend to Fig. 2. NO formation
was monitored with a Clark-type NO electrode. The data are the mean
values = S.E. of three experiments.

GTN Concentration Dependence and Effects of NAD—Fig.
5A shows the effect of GTN concentration on sGC activation
with WT- or E268Q-ALDH?2 in the presence of 2 mm DTT.
GTN moderately activated sGC in the presence of WT-
ALDH2 with an EC., of ~5 uM. The E268Q mutant was
identical to WT in the presence of up to 1 um GTN but much
more efficient at higher concentrations of the nitrate, caus-
ing maximal sGC activation in the presence of 100 um GTN
even in the absence of SOD. The EC,, of GTN was 20-30
M, similar to denitration catalyzed by the E268Q mutant in
the absence of NAD. SOD (1,000 units/ml) led to pro-
nounced leftward shifts of the GTN concentration response
curves (EC;, ~ 1 uM) in the presence of both WT- and
E268Q-ALDH2.

The effect of NAD on GTN-triggered sGC activation was
measured in 2-min incubations in the presence of SOD to allow
better comparison with the 1,2-GDN and NO data. As shown in
Fig. 5B, NAD had no significant effect on cGMP formation in
the presence of either WT-ALDH2 or GTN alone, and neither
affected DEA/NO-stimulated sGC activity. Similarly to GTN
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FIGURE 5. Effects of GTN concentration and NAD on sGC activation.
A, purified sGC was incubated for 10 min as described in the legend to Fig. 2
with increasing concentrations of GTN in the presence of 100 ug WT- or
E268Q-ALDH2 with and without SOD (1,000 units/ml). B, purified sGC was
incubated for 2 min as described in the legend to Fig. 2 with 0.1 mm GTN and
WT- or E268Q-ALDH2 (2 g each) in the presence of 1,000 units/ml SOD with
and without T mm NAD. Control experiments were performed in the presence
of 1 um DEA/NO, WT-ALDH2 (2 ng) in the absence of GTN, and GTN (0.1 mm) in
the absence of ALDH2. Samples were analyzed for [*2P]cGMP as described
under “Experimental Procedures”. Data are mean values = S.E. of 3 independ-
ent experiments.

denitration, the rates of cGMP formation measured in the pres-
ence of 2 ug/0.1 ml WT-ALDH2 were increased by NAD,
whereas the nucleotide significantly inhibited sGC activation in
the presence of the E268Q mutant.

GTN Metabolism Resulting in Superoxide-mediated Scav-
enging of NO—The pronounced effect of SOD on GTN-trig-
gered sGC activation suggested that ALDH2-catalyzed GTN
metabolism is associated with superoxide formation. There-
fore, we tested for interference of the ALDH2/GTN reaction
with sGC activation by DEA/NO-derived NO. As shown in
Fig. 6A, neither GTN nor WT- or E268Q-ALDH2 had any
effect when given alone, but the combined presence of WT
enzyme and GTN resulted in significant reduction of NO-
stimulated sGC activity that was restored by SOD. Although
NO scavenging was also prevented by the combined super-
oxide/peroxynitrite scavenger hydralazine (18), the per-
oxynitrite/NO, scavengers methionine and urate (1 mm
each) had no effect (data not shown). In contrast to WT-
ALDH2, reaction of GTN with the E268Q mutant did not
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FIGURE 6. Scavenging of NO and hydroethidine oxidation by ALDH2/
GTN. A, purified sGC was incubated for 10 min as described in the legend to
Fig.2 with WT- or E268Q-ALDH2 (25 g each) in the presence of 1 um DEA/NO.
GTN (0.1 mm) and SOD (1,000 units/ml) were present as indicated. The sam-
ples were analyzed for [*?P]cGMP as described under “Experimental Proce-
dures.” The data (mean values = S.E.; n = 3) are expressed as percentages of
maximally NO-stimulated sGC activity. B, purified proteins (0.45 mg each)
were incubated at 37 °C in 0.7 ml of 50 mm TEA buffer (pH 7.4), containing 3
mm MgCl,, 0.1 mm DTPA, 2 mm DTT, 2.5 um hydroethidine, and, where indi-
cated, 0.1 mm GTN, 10 mm chloral hydrate (CH), and 1000 units/ml SOD. Fluo-
rescence was monitored at excitation and emission wavelengths of 490 nm
(slit width, 5 nm) and 585 nm (slit width, 20 nm), respectively. The data are the
mean values =+ S.E. of the increase in fluorescence read-outs (arbitrary units)
monitored over 5 min in three to six independent experiments.

cause detectable NO scavenging. Fig. 6B shows that GTN
turnover catalyzed by WT-ALDH2 resulted in significant
oxidation of hydroethidine, reflecting formation of reactive
oxygen species (superoxide and/or peroxynitrite). Hydro-
ethidine oxidation was significantly inhibited by chloral
hydrate and SOD and reduced by ~50% when GTN was
incubated with the E268Q mutant instead of the WT
enzyme. E268Q-triggered hydroethidine oxidation was not
significantly inhibited by SOD, suggesting the involvement
of reactive species other than superoxide/peroxynitrite.

We considered that formation of superoxide and/or per-
oxynitrite in the course of GTN denitration could contribute
to mechanism-based inactivation of ALDH2. However, as
shown in Fig. 7, scavenging of superoxide by SOD had no
effect on the rates of 1,2-GDN formation, and neither
affected ALDH2 inactivation kinetics measured as acetalde-
hyde oxidation in the presence of GTN before and after the
addition of DTT.
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FIGURE 7. Effects of SOD on GTN denitration (A) and ALDH2 inactivation
(B). A, ALDH2 (50 g/0.1 ml) was incubated for 10 min at 37 °C in 0.2 ml of
phosphate buffer (pH 7.4) containing 100 um ['*CIGTN, 3 mm MgCl, in the
absence and presence of 2 mm DTT and 1,000 units/ml SOD. 1,2-GDN was
extracted and quantified by radio thin layer chromatography as described
under “Experimental Procedures.” The data shown are the mean values = S.E.
of three independent experiments. B, GTN-induced inactivation of the dehy-
drogenase activity of WT-ALDH2 in the absence and presence of SOD (5,000
units/ml). For experimental details see “Experimental Procedures” and Ref.
13. v,, rate of acetaldehyde oxidation; ki, ..., rate of GTN-triggered enzyme
inactivation; v,.qua, residual dehydrogenase activity of ALDH2 exposed to 50
M GTN; V,eqroreas dehydrogenase activity restored by 0.4 mm DTT.

DISCUSSION

This study revealed several interesting and unexpected fea-
tures of ALDH2-catalyzed bioactivation of GTN: (i) E268 is
essential for aldehyde oxidation and ester hydrolysis but not for
GTN denitration, (ii) E268Q-ALDH2-catalyzed GTN biocon-
version is inhibited by NAD, and (iii) the ALDH2/GTN reac-
tion results in mechanism-based superoxide formation that
limits NO bioavailability and is significantly reduced upon
mutation of Glu-268. In their original report Stamler and co-
workers (6) proposed a reaction of GTN with the nucleophilic
Cys-302 residue of ALDH2 as the initial step of GTN biocon-
version. Our results with C302S-ALDH2 support this proposal,
even though residual GTN reductase activity of the mutant
(~10% of WT) suggests minor contributions of other nucleo-
philic residues, e.g. Cys-301 or Cys-303, to the overall reaction.
The loss of aldehyde dehydrogenase and esterase activities
upon mutation of Glu-268 agrees well with a previous report
showing that this residue is essentially involved in hydride
transfer, activation of Cys-302, hydrolysis of thioester interme-
diates (19), and, of note, GTN denitration measured in the pres-
ence of NAD (3). Although the presence of NAD as hydride
acceptor is obligatory for the dehydrogenase reaction, signifi-
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cant ester hydrolysis occurs also in the absence of NAD, indi-
cating that the nucleotide is not an essential co-factor but accel-
erates reaction rates through a conformational change of the
active site (see below). Surprisingly, NAD did not stimulate but
inhibited the residual esterase activity of E268Q-ALDH2 by
~90%. The divergent effects of NAD were also apparent in
GTN denitration assays showing identical reaction rates of
WT- and E268Q-ALDH2 in the absence of NAD, whereas the
nicotinamide increased the activity of WT but decreased GTN
denitration by the E268Q mutant. The effect of NAD on WT-
ALDH2 was mainly because of an increase in apparent GTN
affinity, resulting in diminished stimulation by the nucleotide
with increasing GTN concentrations as observed previously
(14). With the mutant, the inhibitory effect of NAD was not
overcome by high GTN, but at increasing protein concentra-
tions the E268Q variant exhibited significant activity even in
the presence of NAD.

Structural Basis for the Divergent Effects of NAD—In the apo
form of WT-ALDH2 two different side chain conformations of
E268 have been observed (Protein Data Bank code 1005) (20); in
the first the carboxylate points toward Cys-302, whereas it is
more remote (~6.5 A) in the second conformation. The latter
state is supposed to be catalytically competent by accommodat-
ing and activating a water molecule positioned between the
carboxylate and the thioester intermediate (19). Among the
eight crystallographically independent active sites in the apo
structure, five have the Glu-268 side chain in the “active” and
three in the “inactive” conformation. The situation changes
completely when NAD is bound (with the nicotinamide mono-
nucleotide moiety in the hydrolysis conformation), because all
Glu-268 side chains are in the active conformation (Protein
Data Bank codes 1000, 1001, and 1002) (19). This shift in the
equilibrium in favor of the active conformation could explain
the observed increase in esterase activity. Additional effects
on the activity caused by interactions of the esterase substrate
or the tetrahedral intermediate with the bound co-factor can-
not be excluded. Similarly, alternate conformations have also
been observed for the nicotinamide moiety in structures of
ALDH2 with bound co-factor. In one conformation, termed
“hydride transfer conformation,” the pyridine ring is close to
Cys-302, whereas in the other, the “hydrolysis conformation,” it
has moved away toward the entrance to the active site. It has
been hypothesized that NAD can be bound in both states some-
what favoring the “hydride transfer” conformation. In the latter
state, the nicotinamide ring is positioned between Glu-268 and
Cys-302, which is very well compatible with hydride transfer
(hence the name) but incompatible with hydrolysis of an acyl
enzyme intermediate at Cys-302. The opposite applies to the
other NAD conformation (19).

A possible explanation for the decrease of the esterolytic
activity of the E268Q variant of ALDH2 upon NAD binding is,
again, a shift in the equilibrium between the two co-factor con-
formations. If the hydride transfer conformation is relatively
favored by the enzyme variant over the hydrolysis conforma-
tion, this would lead to the observed activity loss. In
WT-ALDH2, Glu-268 forms a single hydrogen bond to the nic-
otinamide in the hydride transfer conformation. Thus, a shift
toward this co-factor conformation (which inhibits ester

ACEVEN

VOLUME 284 +NUMBER 30-JULY 24, 2009



hydrolysis) could be accomplished by additional interactions
possible for a glutamine compared with a glutamate side chain
(e.g. two hydrogen bonds formed with the carboxamide of the
co-factor).

Formation of GTN-derived NO—Formation of 1,2-GDN cor-
related reasonably well with GTN bioactivation assayed as NO
release or sGC activation in the presence of SOD, suggesting
that 1,2-GDN and NO are derived from a common reaction
intermediate, presumably a thionitrate involving Cys-302 or, to
minor extent, one of the adjacent cysteine residues. The mech-
anism of NO formation is unknown, but our data indicate that
the thionitrate intermediate is converted through two distinct
pathways that both yield 1,2-GDN but either nitrite or NO as
co-products. The three-electron reduction pathway yielding
NO appears to account for 5-10% of total GTN turnover cata-
lyzed by WT-ALDH2. However, in the reaction catalyzed by
E268Q-ALDH?2 in the presence of NAD, fractional NO forma-
tion increased to up to 50% of total turnover, suggesting that the
two pathways are not necessarily linked. Although this pro-
nounced increase in relative NO formation occurred under
conditions of very low rates of GTN denitration, there was no
obvious correlation between the rates of GTN turnover and the
fraction of GTN converted to NO. At present we can only con-
clude that the partitioning between the two- and three-electron
reduction pathways of GTN denitration appears to be deter-
mined by the active site structure involving Glu-268 of human
ALDH2.

The present study showing significant cGMP accumulation
in the presence of submicromolar concentrations of GTN
strongly suggests that ALDH2-catalyzed three-electron reduc-
tion of GTN to yield NO mediates vascular GTN bioactivity in
vivo. However, this may not be the complete story, because
several laboratories failed to detect GTN-derived NO in blood
vessels (21-23). There are several possibilities to explain this
discrepancy. First, despite the impressive activation of sGC that
we observed in the course of the ALDH2/GTN reaction, we
cannot rule out the possibility that ALDH2-catalyzed NO for-
mation is a peculiarity of the purified enzyme unrelated to vas-
cular GTN bioactivation. Second, GTN-derived NO could be
converted efficiently to a stable transport form that delivers NO
to cytosolic sGC without significant release of free NO. Finally,
taking into account that a considerable amount of vascular
ALDH2 is found in soluble fractions of blood vessels (24), GTN
bioactivation may occur in the cytosol rather than in mitochon-
dria and involve local interaction of ALDH2 with sGC. Further
work is needed to clarify this issue.

Mechanism-based Superoxide Formation—Our data provide
strong evidence for co-generation of superoxide that limits the
bioavailability of GTN-derived NO. First, SOD markedly
potentiated sGC activation by GTN without having any effect
on the rates of GTN denitration or turnover-dependent
enzyme inactivation (Fig. 7). Second, ALDH2-catalyzed GTN
turnover compromised NO stimulation of sGC, and this was
prevented by the superoxide scavengers SOD and hydralazine.
Finally, ALDH2-catalyzed GTN metabolism resulted in signif-
icant oxidation of hydroethidine that was inhibited by SOD and
chloral hydrate. The source of the apparent superoxide gener-
ation is unknown. The two- and three-electron reduction path-
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ways of GTN metabolism probably involve cysteine oxidation
and could give rise to formation of reactive cysteine oxides, e.g.
disulfide anion radical intermediates, that reduce O, to super-
oxide (25, 26). Accordingly, lower reactivity of a critical cysteine
residue in ALDH2 lacking the general base Glu-268 could
explain reduced superoxide formation by the E268Q mutant
and thus the observed increase in NO bioavailability as com-
pared with the WT enzyme that was apparent as significant
formation of detectable NO in the absence of SOD (Fig. 2).

Despite ample evidence that exposure of blood vessels to
GTN causes superoxide formation that limits NO bioavailabil-
ity in nitrate tolerance and beneficial effects of antioxidants
documented by both animal and clinical studies, the actual
source of superoxide in the vasculature is still a matter of debate
(27). The proposed pathways of GTN-induced vascular super-
oxide formation include activation of NADPH oxidase (28),
endothelial NO synthase uncoupling (29-31), and dysregula-
tion of the mitochondrial respiratory chain (32—34). Consider-
ing the present findings in conjunction with the essential role of
ALDH?2? in vascular GTN bioactivation (35), it is tempting to
speculate that superoxide-mediated nitrate tolerance is a direct
consequence of the ALDH2/GTN reaction and that superoxide
scavengers like ascorbate (36, 37) or Mn-SOD (33) exert their
beneficial effects at least partially through scavenging of
ALDH2/GTN-derived superoxide. Work is ongoing in our lab-
oratory to study the potential implications of our results to the
hemodynamic effects of GTN and development of nitrate tol-
erance iz vivo.
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