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Background: Aldehyde dehydrogenase-2 (ALDH?2) catalyzes bioactivation of glyceryl trinitrate (GTN) resulting in

vasodilation. The exact mechanism is still unclear.

Results: Structures of ALDH2 in complex with GTN and of a thionitrate intermediate were obtained.
Conclusion: The structures represent snapshots of the first reaction step of GTN bioactivation by ALDH2.
Significance: The results provide new insight into the mechanism of vascular GTN bioactivation by ALDH2.

Aldehyde dehydrogenase-2 (ALDHZ2) catalyzes the bioactiva-
tion of nitroglycerin (glyceryl trinitrate, GTN) in blood vessels,
resulting in vasodilation by nitric oxide (NO) or a related spe-
cies. Because the mechanism of this reaction is still unclear we
determined the three-dimensional structures of wild-type (WT)
ALDH2 and of a triple mutant of the protein that exhibits low
denitration activity (E268Q/C301S/C303S) in complex with
GTN. The structure of the triple mutant showed that GTN binds
to the active site via polar contacts to the oxyanion hole and to
residues 268 and 301 as well as by van der Waals interactions to
hydrophobic residues of the catalytic pocket. The structure of
the GTN-soaked wild-type protein revealed a thionitrate adduct
to Cys-302 as the first reaction intermediate, which was also
found by mass spectrometry (MS) experiments. In addition, the
MS data identified sulfinic acid as the irreversibly inactivated
enzyme species. Assuming that the structures of the triple
mutant and wild-type ALDH2 reflect binding of GTN to the
catalytic site and the first reaction step, respectively, superposi-
tion of the two structures indicates that denitration of GTN is
initiated by nucleophilic attack of Cys-302 at one of the terminal
nitrate groups, resulting in formation of the observed thion-
itrate intermediate and release of 1,2-glyceryl dinitrate. Our
results shed light on the molecular mechanism of the GTN deni-
tration reaction and provide useful information on the struc-
tural requirements for high affinity binding of organic nitrates
to the catalytic site of ALDH2.
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Nitroglycerin (glyceryl trinitrate, GTN)> was first synthe-
sized in the nineteenth century when searching for new, highly
potent explosives and has been successfully used for the treat-
ment of angina pectoris and congestive heart failure for more
than 100 years (1). GTN belongs to the group of organic nitrates
that cause vasodilation via nitric oxide (NO)-mediated activa-
tion of soluble guanylate cyclase. The clinical use of GTN is
limited by a loss of efficacy upon continuous application, a phe-
nomenon referred to as vascular nitrate tolerance (2, 3).

There is large body of evidence that the bioactivation of GTN
is mediated by aldehyde dehydrogenase-2 (ALDH2) (4). Alde-
hyde dehydrogenases are NAD(P)-dependent oxidoreductases
that detoxify aldehydes through oxidation to the corresponding
acids (5) and can be found in animals, fungi, and bacteria (6).
Mature human ALDH?2 has 500 amino acids and a molecular
mass of ~54 kDa. It is expressed in tissues of liver, kidney, heart,
lung, and brain (7) and is involved in detoxification of ethanol
through the conversion of acetaldehyde to acetic acid (8).
About 40% of the East Asian population have an inactive
mutant of the enzyme leading to impaired alcohol tolerance,
which is accompanied by a decreased risk for alcoholism (9).
Besides, this mutation is also associated with an increased risk
for various cancers, alcoholic liver disease, and cirrhosis (7,
10, 11).

In addition to the dehydrogenase reaction, ALDH2 also
exhibits esterase (12) and the aforementioned denitration
activity (13). In 2002, Stamler and co-workers (13) showed that
the enzyme converts GTN to 1,2-GDN and nitrite. They rea-
soned that GTN denitration may resemble esterase activity in a
way that the substrate undergoes nucleophilic attack by the
active site Cys-302. Thus, a thionitrate would be formed, which

3 The abbreviations used are: GTN, glyceryl trinitrate; ALDH2, aldehyde dehy-
drogenase-2 (EC 1.2.1.3); GDN, glyceryl dinitrate; DTT, dithiothreitol; TCEP,
tris(2-carboxyethyl)phosphine; BisTris, bis(2-hydroxyethyl)imininotris(hy-
droxymethyl)methane; ADP, atomic displacement parameters; DTPA,
diethylenetriaminepentaacetic acid; ESI-TOF MS, electrospray ionization-
time of flight mass spectrometry.
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SCHEME 1. Proposed reaction mechanism of GTN denitration modified
from Ref. 16. After nucleophilic attack of Cys-302 on the first nitrate group of
GTN, a thionitrate, the central intermediate, is formed. The major reaction
pathway (a), in which Cys-301 and Cys-303 are involved, results in the forma-
tion of nitrite and an oxidized enzyme, presumably a species with a disulfide
bond in the active site, which can be regenerated by reductants like DTT.
b, depicts the pathway yielding an irreversibly inactivated enzyme, possibly
due to oxidation of Cys-302 to a sulfinic acid. For this pathway Glu-268 is
essential. ¢, leads to a reversibly inhibited enzyme and the production of NO.

in turn would be attacked by one of the two flanking cysteine
residues (301 or 303) to form a disulfide bond. Nitrite would be
released and further reduced to NO (13). However, our group
found that a fraction of 5-10% of GTN is directly reduced to
NO, which may be sufficient for ALDH2-mediated bioactiva-
tion in blood vessels (14, 15).

Wenzl et al. (16) proposed three different pathways for the
denitration reaction (Scheme 1). All of them have the first reac-
tion step in common, which is the formation of the thionitrate
and the release of 1,2-GDN. The proposed main reaction path-
way resembles the mechanism initially suggested by Stamler
and co-workers (13) and results in an inhibited enzyme that can
be reactivated by certain reducing agents such as dithiothreitol
(DTT). The second pathway potentially leads to an irreversibly
inactivated enzyme, presumably mediated by Glu-268, whereas
only the third pathway yields NO (16). Irreversible enzyme
inactivation as described in the second pathway (Scheme 1) is
thought to be a major factor in the development of nitrate tol-
erance (17).

In our study we soaked crystals of ALDH2 (wild-type (WT)
and the E268Q/C301S/C303S mutant) with GTN and deter-
mined the structures to 2.3- and 2.2-A resolution, respectively.
In crystals of the ALDH2 triple mutant we observed GTN
bound in the active site in close proximity to Cys-302, whereas
crystals of the wild-type enzyme contained the thionitrate
intermediate common to all proposed reaction pathways. A
thionitrate adduct was also observed by mass spectrometry of
ALDH2 treated with GTN in solution, strengthening the evi-
dence that it is indeed a central intermediate.

Thus, the two structures can be seen as snapshots of the first
reaction step of the bioactivation of GTN, i.e. the formation of
the thionitrate through the nucleophilic attack of Cys-302 on
GTN. Analysis of the structures also revealed residues impor-
tant for binding of GTN and provided information on the prop-
erties of organic nitrates required for bioactivation by ALDH2.
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EXPERIMENTAL PROCEDURES

Materials—Sephacryl S-300 HR was purchased from GE
Healthcare Europe GmbH. Resource Q column (6 ml) was
obtained from Pharmacia Biotech. Pierce unstained molecular
mass markers (14.4-116.0 kDa) for SDS-PAGE were from
Thermo Scientific. [2-'*C]GTN (50 — 60 mCi/mmol) was from
American Radiolabeled Compounds, purchased through Hart-
mann Analytics GmbH (Braunschweig, Germany). Nitropohl
ampoules (G. Pohl-Boskamp GmbH and Co., Hohenlockstedt
Germany), containing 4.4 mM GTN in 250 mM glucose, were
obtained from alocal pharmacy. 1,2-GDN, 1,3-GDN, and GTN,
used as standards in radio-thin layer chromatography, were
purchased from LGC Promochem (Wesel, Germany). Tris(2-
carboxyethyl)phosphine (TCEP) hydrochloride was obtained
from Biosynth AG (Staad, Switzerland). CrystalClear strips
were obtained from Douglas Instruments Ltd.

Professor Wing-Ming Keung (Harvard Medical School) and
Professor Andreas Daiber (Medical Center of Johannes Guten-
berg University, Germany) kindly provided daidzin and a 450
mM GTN solution in ethanol, respectively. All other chemicals
were purchased from Sigma.

Site-directed Mutagenesis—E268Q/C301S/C303S mutations
were inserted using the QuikChange II site-directed mutagen-
esis kit (Stratagene, Heidelberg, Germany). To introduce the
mutation (bold type) and to add the BamHI restriction site
(underlined) as a silent mutation for screening of mutants to the
¢DNA encoding for WT ALDH?2, the following mutagenic
sense primers were used: 5'-GTT CTT CAA CCA GGG CCA
GTCCTGCTCTGCCGGaTCCCGGACCTT CGT G-3' for
C301S/C303S. To introduce the E268Q mutation (bold type)
and to add the AfIII restriction site (underlined) as a silent
mutation for screening of mutants to the cDNA encoding for
C301S/C303S-ALDH2, the mutagenic sense primer 5-GCA
GCA ACC TtA AG-A GAG TGA CCT TGC AGC TGG GGG
GGA AG-3' was used. Sequencing of cDNAs was performed
with an ABI 373A automated DNA sequencer (Applied Biosys-
tems, Carlsbad, CA) to confirm the desired mutations.

Protein Purification—Human ALDH2 was expressed in
Escherichia coli BL21(DE3) and purified by affinity and size
exclusion chromatography as described (14, 18). Because pro-
tein samples from initial purification trials did not yield crystals
using the published conditions (19 -25) we further purified the
protein by ion exchange chromatography as described for horse
liver ALDH2 (26) in addition to optimizing the crystallization
conditions. The enzyme eluted from the size exclusion column
was diluted into a 20 mm 2-amino-2-(hydroxymethyl)-1,3-pro-
panediol hydrochloride (Tris-HCI) buffer containing 50 mm
sodium chloride and 200 um DTT (low salt buffer). This solu-
tion was applied to a Resource Q column (equilibrated with low
salt buffer), washed with 30 ml of low salt buffer, and eluted
using a gradient of high salt buffer (20 mm Tris-HCl, 1 M sodium
chloride, and 200 um DTT).

An SDS-PAGE gel was made with those fractions that gave
an absorption peak at 280 nm. Fractions that had a band at ~50
kDa were pooled and dialyzed against 100 mm MES buffer con-
taining 200 um MgCl,. The dialyzed enzyme was concentrated
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to ~4 mg/ml and stored at —20 °C. An SDS-PAGE gel of the
purified enzyme is provided as supplemental Fig. S1.

First crystallization experiments (see below) were done in
parallel with enzyme batches purified with the conventional
purification method as well as with batches purified with the
additional ion exchange chromatography step. The best dif-
fracting crystals of the wild-type enzyme were produced from
protein that was further purified using ion exchange chroma-
tography. However, subsequent experiments showed that this
additional purification step was not absolutely necessary for
crystallization. Therefore, the additional step was dropped
from the purification of the ALDH2 mutant E268Q/C301S/
C303S.

Crystallization—For crystallization the triple mutant and the
wild-type enzyme were used. Crystals were obtained using the
vapor diffusion sitting drop method at 20 °C from solutions
containing ~5 (triple mutant) or ~3 mg/ml (wild-type)
enzyme. The following compounds were added to these solu-
tions at the given final concentrations: 6.9 mm MgCl,, 4.6 mm
TCEP, 2.3 mMm NAD™, and 47.6 mm glucose were added to the
triple mutant and 13.3 mm MgCl,, 8.9 mm TCEP, 4.4 mMm
NAD™, and 45.8 mMm glucose were added to the wild-type.
These solutions were equilibrated for 4 h at room temperature
before mixing them with an equal volume (1 ul) of reservoir
solution consisting of 100 mm BisTris, pH 6.4, 25% PEG 3350,
and 60 mM urea. After about 16 h the drops were streak-seeded
and crystals were harvested after 9 to 10 days.

Soaking—For the soaking of wild-type crystals 0.5 ul of 4.4
mM GTN solution were added to the drop. After 3 min an addi-
tional 0.5 ul of GTN solution were pipetted onto the drop so
that the final GTN concentration was about 1.5 mM. The crystal
was harvested immediately afterward and flash-cooled in liquid
nitrogen.

Crystals of the triple mutant were soaked using a different
approach. Crystals were transferred to a new drop differing
from the original one only in that it additionally contained 0.2
wl of a 450 mm GTN solution, which gives an estimated GTN
concentration of about 41 mm. The crystals were left in this
solution for about 10 min before they were mounted and
flash-cooled.

Data Collection and Structure Determination—Diffraction
data were collected at the European Synchrotron Radiation
Facility (ESRF), beamline ID 14-4 (27), and at the Deutsche
Elektronen-Synchrotron (DESY), beamline X13. These data
were indexed and integrated using the XDS package (28) and
scaled using the program Scala (29).

ALDH2 crystals are known to crystallize either in space
groups P2,2,2, or C222, (19). The C-centered orthorhombic
ALDH2 crystals often suffer from pseudomerohedral twinning
and diffraction data had to be processed in P2,. However, the
dataset obtained from our WT crystal could be processed in the
(€222, without any indication of twinning. In contrast, data for
the triple mutant had to be processed in P2, and showed clear
signs of pseudomerohedral twinning with a (refined) twin frac-
tion of 0.21 and a twin law of /,-k,/1. Therefore, the selection of
reflections for the calculation of Ry, took the twin law into
account (30).
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The structures were solved by molecular replacement using the
program Phaser (31). A sole monomer of the human ALDH2 wild-
type structure served as the search model (19, 23).

Refinement was done with the programs Phenix (version
1.7.3) (30) and Coot (32). The weights of the x-ray target relative
to stereochemical and ADP restraints were optimized during
last rounds of refinement.

After several rounds of refinement of the triple mutant struc-
ture, difference electron density appeared in one of eight chains
in the asymmetric unit, which could not be explained by water.
Using the program Phenix LigandFit (33, 34) this density was
interpreted as GTN bound in the active site (supplemental Fig.
S2). Its occupancy was refined to 0.58 in the final model. The
R, and R, factors were 13.2 and 16.7%, respectively.

Initial refinement of the wild-type structure revealed a den-
sity blob in the F, — F, map as well as the 2F, — F_ map at the
sulfur atom of Cys-302, which could best be fitted by a thion-
itrate (supplemental Fig. S3). In this case, the thionitrate is found
in all four chains of the asymmetric unit. The occupancy of the
adduct was refined and converged at values from 0.86 to 0.97 in the
final structure. Final R-values were 17.0 and 20.9% (Rj...)-

Geometric restraints for GTN and the thionitrate adduct
were generated using the PRODRG server (35) and were
adjusted according to the Cambridge Structural Database
entries CORYIR10 (36) and VIQDUU (37), respectively. A
detailed description of the data collection, processing, and
refinement statistics can be found in supplemental Table S1.

Mass Spectrometry—Wild-type and the triple mutant of
ALDH2 (126 and 130 M, respectively) were preincubated with
1 mm NAD, 0.1 mwm diethylenetriaminepentaacetic acid
(DTPA), and 3 mm MgCl, in 50 mm phosphate buffer, pH 7.4.
Aliquots of 30 ul were then incubated with 100 um GTN at
25 °C for 10 min. The reaction was stopped by loading the reac-
tion mixture on a BioGel P6 spin column equilibrated with
0.003% formic acid in water. Electrospray ionization-time of
flight mass spectrometry (ESI-TOF MS) analysis was per-
formed on an Agilent MSD TOF system in positive ion mode
with the following settings: capillary voltage (VCap) 3500 V,
nebulizer gas 30 psig (~3.1 bar), drying gas 5.0 liter min™";
fragmentor 140 V; gas temperature 325 °C. The samples were
injected at a flow rate of 20 ul min ™", using a syringe pump (KD
Scientific). The averaged MS spectra were deconvoluted using
Agilent MassHunter Work station software version B.01.03.

Determination of GTN Denitration Activity—The rates of
GTN conversion to 1,2- and 1,3-GDN were determined accord-
ing to a protocol described previously (38). Wild-type ALDH2
protein (4 ug) was incubated with 4 um **C-labeled GTN and 6
uM unlabeled GTN or 6 um **C-labeled GTN and 94 um unla-
beled GTN, respectively, at 37 °C for 1 min in a final volume of
0.2 ml of 50 mm potassium phosphate buffer, pH 7.4, containing
3 mm MgCl,, 1 mm NAD™, 1 mm DTT, 0.1 mm DTPA, and 1%
dimethyl sulfoxide (DMSO). Daidzin was added to the reaction
mixture at final concentrations of 10, 30, 100, 300 uM, and 1 and
10 mm. Reaction products were extracted twice with 1 ml of
diethyl ether and separated by thin-layer chromatography.
Quantification was done by liquid scintillation counting. Blank
values were determined in the absence of protein under identi-
cal conditions (with and without 100 um daidzin) and sub-
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FIGURE 1. Structure of the triple mutant of ALDH2 in complex with GTN
and NAD(H). A, the cofactor binding domain is colored red, the catalytic
domain blue, and the oligomerization domain green. One ALDH2 chain is
shown. The arrow indicates the position of the active site. B, surface represen-
tation highlighting the cofactor binding site and the active site of ALDH2.
GTN is shown in black and the cofactor in green. Active site residues (Ser-301,
Cys-302, and Ser-303) are shown as sticks.

tracted. The results are mean = S.E. determined in three inde-
pendent experiments. The rates of 1,3-GDN formation were
negligible and are not shown. Assuming competitive inhibition
by daidzin, the results were fitted to Equation 1.

_ Vmax'[s]
~[S]+ K,(1 + [11/K)

v (Ea. 1)
Atany given GTN concentration of [S] there is an infinite num-
ber of the parameters, V, .., K, and, K,, that might fit the
observations, but there can only be one combination of param-
eters that will fit the results at both substrate concentrations (10
and 100 um) simultaneously. We therefore determined values
for V... and K; for a range of pre-set K,, values to determine
whether there was such a combination. We obtained virtually
identical values for V. and K; at 10 and 100 um GTN with a

K, of 8.7 um (see text).

RESULTS

Overall Structure of ALDH2—We have determined the
structure of the ALDH2 triple mutant (E268Q/C301S/C303S)
in complex with GTN to a 2.2-A resolution as well as of the
wild-type enzyme with a covalent thionitrate adduct at the cat-
alytically competent Cys-302 to a 2.3-A resolution. Details of
the data collection and processing as well as refinement statis-
tics can be found in supplemental Table S1.

The crystal of the triple mutant contained eight independent
protein chains forming two tetramers, whereas the crystal of
the wild-type enzyme contained four chains again forming a
tetramer. All subunits were virtually identical (with average Ca
root mean square deviation values of less than 0.2 A) and con-
sisted of three domains: the catalytic, the cofactor binding, and
the oligomerization domain (Fig. 14).

Formation of a homotetramer is generally observed for
ALDH?2 (25). In addition, superposition of each subunit with
subunit A of the apo wild-type enzyme (PDB code 1005)
revealed average root mean square deviation values of about 0.2
A, pointing at the overall high similarity between our and pub-
lished ALDH2 structures.
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The catalytic pocket is situated between the catalytic and the
cofactor binding domain and expands toward the key active site
residue Cys-302 (25) (Fig. 1B), which is flanked by two cys-
teines, Cys-301 and Cys-303. According to a recent publication
(16) these are involved in reversible enzyme inhibition, presum-
ably through the formation of a disulfide bond with Cys-302.
Glu-268, on the other hand, has been proposed to be a major
player in irreversible enzyme inactivation (15, 16). The triple
mutant exhibits reduced activity and slower irreversible inacti-
vation. Unlike the wild-type it almost exclusively produces 1,2-
GDN and NO (16).

The NAD binding site is located next to the catalytic pocket,
on the opposite site of Cys-302 (Fig. 1B). NAD(H) is bound by a
domain showing a variation of the Rossman-fold (39). In con-
trast to NAD(H) binding to a typical Rossman-fold, the diphos-
phate linkage of the cofactor is more flexible in this case (22)
with the consequence that the nicotinamide moiety can occur
in different, alternate conformations (40). Two of those have
been observed in ALDH2 crystal structures. They are called the
“hydrolysis” and “hydride transfer” conformation (22). In the
latter the cofactor extends into the catalytic pocket and is ready
to accept a hydride ion during aldehyde oxidation, whereas it is
more contracted in the hydrolysis conformation, allowing
product dissociation (22).

Structure of the Triple Mutant in Complex with GTN—Dur-
ing the refinement of the structure of the triple mutant, clear
residual electron density was observed in the active site of one
of the eight independent chains. This density was best fitted by
a molecule of GTN bound to the enzyme with a final, refined
occupancy of 0.58. GTN interacts with the side chain of Asn-
169 and the main chain amide group of Cys-302 (Fig. 24),
which are part of the so-called “oxyanion hole” (41). The O1
atom of the pro-S nitrate group is 3.1 A away from the main
chain nitrogen of Cys-302 and 3.6 A from the side chain of
Asn-169. Additionally, O2 of the same group is within 2.9 A of
the side chain of GIn-268 (Fig. 24).

The pro-R nitrate group of GTN is bound to the enzyme via
polar contacts to the side chain of Ser-301 and through a hydro-
gen bond to an ordered water molecule (Fig. 24). This water in
turn is hydrogen bonded to Asp-457, which also exhibits polar
contacts to Ser-303. Ser-303 does not participate in substrate
binding in any other way. In addition to these polar contacts,
the bound GTN molecule is surrounded by mostly hydrophobic
residues: Phe-170, Leu-173, Met-174, Trp-177, Phe-296, Phe-
459, and Phe-465. Superposition of the active site of the triple
mutant with the active site of the wild-type enzyme shows that
neither these mutations nor binding of GTN induce gross con-
formational changes (Fig. 2B).

The side chain of Cys-302 has previously been shown to
adopt two different conformations (19 —25, 42—46), which are
both also observed in the active site of the triple mutant in
complex with GTN. One s called the “resting” and the other the
“attacking” conformation (47). The resting conformation
points away from the substrate (and in the direction of the
cofactor in the hydrolysis conformation). In the present struc-
ture the resting conformation has a x1 torsion angle of —58°,
whereas this angle is 68° in the attacking conformation. This is
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FIGURE 2. Stereoscopic representation of the complex of the ALDH2 triple mutant with GTN. A, GTN (yellow) is shown in a ball and stick representation.
Active site residues are shown as sticks. The resting conformation of Cys-302 has been omitted for clarity. Dashed lines indicate polar interactions. B, superpo-
sition of the active site of the triple mutant (green) with that of the apo wild-type enzyme (blue, PDB 1005). Labels refer to the wild-type.

in good agreement with previously published ALDH2 struc-
tures (19-25, 48).

Three different conformations of the side chain of Glu-268
have so far been observed in crystal structures of ALDH2 (19—
25, 48). They were called the “inside,” “intermediate,” and “out-
side” conformation (47). The “outside” conformation is pre-
dominantly observed in the “Asian” mutant and is suggested
to be the most transitory conformation (48, 49). In contrast,
the other two conformations were both observed in the apo
wild-type structure with a slight preference for the interme-
diate conformation (23). In the intermediate conformation,
Glu-268 is about 6 A away from the catalytic cysteine,
whereas it is within hydrogen bonding distance of Cys-302 in
the inside conformation.

In the structure of the triple mutant all GIn-268 residues
(corresponding to Glu-268 in the wild-type) are in the inside
conformation. The side chain carbonyl oxygen is hydrogen-
bonded to an ordered water molecule. An additional polar con-
tact is formed between the side chain amide group of GIn-268
and the main chain oxygen of Leu-269. If the carboxamide
group is flipped, a hydrogen bond between the amide group and
the pro-S nitrate of the bound GTN can be established (Fig. 24).
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The triple mutant was co-crystallized with NAD (see
“Experimental Procedures”). In the structure, the density of
the AMP part was well defined, whereas the electron density
for the nicotinamide moiety was weak. Accordingly, we have
not included the nicotinamide ring in four out of the eight
chains in the asymmetric unit. The other four chains also
lack clear density for the nicotinamide-ribose and therefore
we only included ADP in the model. In all chains the pyro-
phosphate and the ribose, respectively, are in the hydrolysis
conformation. Weak or missing electron density for the nic-
otinamide part is a feature present in several ALDH2 struc-
tures (21, 22, 50).

Structure of the Wild-type Thionitrate Adduct—Soaking of
crystals of wild-type ALDH2 with GTN resulted in a covalent
modification on Cys-302, which is observed in all four chains of
the asymmetric unit. We interpreted this modification as a
thionitrate adduct (Fig. 3), which is proposed to be the main
intermediate of the denitration reaction (Scheme 1). Refined
occupancies of this adduct were found between 0.86 and 0.97.
The subsequent analysis focused on chain A, because the elec-
tron density was clearest in this chain and no significant differ-
ences were observed between the chains.
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FIGURE 3. Structure of the thionitrate intermediate as observed in the
GTN-soaked WT ALDH2 crystals. Active site residues as well as the thion-
itrate adduct are shown as sticks. Dashed lines indicate polar interactions of
the thionitrate. The ordered water molecule is shown as a red sphere. The
alternate conformation of Cys-301 is not shown for clarity.

Cys-302 is only present in the attacking conformation. The
intermediate is stabilized by hydrogen bonds to the side chain
amide group of Asn-169 (3.0 A) and main chain amide of Cys-
302 (2.8 A). Glu-268 is in the intermediate conformation
(Fig. 3).

As seen in most ALDH2 structures, the adenine moiety of
NAD(H) is well defined, whereas the density for the nicotina-
mide part is weaker. Increasing flexibility from the adenine to
the nicotinamide is also suggested by increasing B-factors,
which are 14.5 for adenine and ribose, 21.4 for the diphosphate
group, and 27.7 for the following ribose and the nicotinamide.
Therefore the occupancy of the latter two groups was set to 0.8.
In the thus refined structure the cofactor adopts the hydrolysis
conformation.

ESI-TOF MS Analysis of the Effect of GTN on WT and the
Triple Mutant—To further elucidate the nature of the reaction
intermediates, we conducted mass spectrometry experiments.
We incubated both the WT and the triple mutant with and
without GTN for 10 min under nonreducing conditions (Fig. 4).
The calculated mass of the reduced WT (54,431 Da) matched
very well the predominant peak at 54,432.26 * 0.38 Da (from
three independent measurements) observed in the WT control
experiment.

Assuming equal ionization efficiency of protein and protein-
adduct complex as has been shown previously for chymotryp-
sin (51), the reaction of WT with GTN resulted in three differ-
ent m/z species compared with WT control. The most
pronounced peak corresponding to a mass of 54,430.74 Da =
0.20 (around 2/3 of GTN-treated WT) is shifted by —1.52 Da
from the reduced enzyme. This shift is statistically significant
(p = 0.004) and indicates the formation of a disulfide bridge
caused by GTN.

The second most prominent enzyme reaction product is
shifted +31.4 Da from the reduced enzyme and, notably, dis-
tinct from the small apparent impurity present in the enzyme
preparation, implying that a fraction of around %5 of GTN-
treated W'T was oxidized to cysteine sulfinic acid at the active
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FIGURE 4. ESI-TOF mass spectrometric analysis of the wild-type (left
panel) and the triple mutant, abbreviated as ECC (right panel). The
enzymes were incubated for 10 min with and without GTN (lower and upper
panel, respectively).

site. The third small but visible peak shifted +45.5 Da away
from the reduced enzyme could point to the existence of a thio-
nitrate intermediate. These results correlate reasonably well
with the enzyme reaction products proposed in Scheme 1.

Similarly, the triple mutant showed three distinct m/z spe-
cies, but with a peak of around 25% of GTN-treated enzyme a
more pronounced shift toward the thionitrate intermediate was
found (+46.4 Da). Another ~25% of GTN-treated enzyme
showed a shift similar to the sulfinic acid peak of GTN-treated
WT (+30.2 Da). Evidently, in the case of the triple mutant the
m/z shift of —2.6 cannot be explained by the formation of a
disulfide bond. An attractive explanation would be the forma-
tion of an intramolecular sulfenamide of the sulfur atom of
Cys-302 with the backbone nitrogen of Cys-303 as has been
described for protein-tyrosine phosphatases (52—-54).

Inhibition of GTN Denitration Activity by Daidzin—The
established ALDH2-selective inhibitor daidzin inhibits both
aldehyde oxidation and GTN denitration (14, 38). For acetalde-
hyde dehydrogenation, inhibition was shown to be of the
mixed-type with a strong competitive component (55). Com-
parison of the wild-type-daidzin structure (PDB 2vle) with the
triple mutant-GTN structure shows that the binding sites of
daidzin and GTN are overlapping (Fig. 54), suggesting that
inhibition of denitration is GTN competitive.

As shown in Fig. 5B, daidzin inhibited formation of 1,2-GDN
from 10 and 100 um GTN with IC;, values of 35 * 4 and 222 *
18 umM, respectively, indicating GTN-competitive inhibition.
With a K, for GTN of 8.7 um and assuming competitive inhi-
bition, the best fits gave K, values of 16.3 = 1.7 and 17.7 = 1.4
uM daidzin at 10 and 100 um GTN, respectively. The corre-
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FIGURE 5. Effect of daidzin on the denitration activity of ALDH2. A, sche-
matic representation of the GTN complexed triple mutant (light green) super-
imposed onto the daidzin bound wild-type enzyme (dark green) (PDB 2vle).
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sponding V.. values were 119 * 3 and 118 * 2 nmol of 1,2-
GDN X min~' X mg™". The value of 8.7 uM for the K, of GTN
is in excellent agreement with the value of 7 um determined by
us previously (56). The corresponding Dixon plots (Fig. 5C) also
clearly indicated competition between GTN and daidzin with
values for K; and V,,,,, of 15.0 um and 116.3 nmol 0of 1,2-GDN X
min~' X mg~ ', respectively.

DISCUSSION

Subsequent to the identification of ALDH2 as the key
enzyme of vascular GTN bioactivation (13) substantial work
has been done to clarify the mechanism of the ALDH2/GTN
reaction (14 -16, 38, 56 —58). Site-directed mutagenesis studies
confirmed the assumption that GTN reacts with the active site
Cys-302 (15). However, the exact binding mode of GTN has so
far been elusive.

Therefore, we tried to determine the x-ray crystal structure
of the ALDH2-GTN complex by soaking enzyme crystals with
GTN. As initial attempts with crystals of the wild-type enzyme
were not successful, we chose the triple mutant E268Q/C310S/
C303S for further experiments. This mutant was a promising
alternative, because the crystals were bigger and more robust
compared with those of the wild-type. Moreover, it has a lower
activity and is more slowly inactivated (16), making it a better
candidate for soaking experiments.

Indeed, soaking crystals of the triple mutant gave a structure
with a residual density in the active site that could best be
explained by a bound GTN molecule. This interpretation is
supported by the fact that GTN denitration is competitively
inhibited by daidzin, which itself has been shown crystallo-
graphically to bind to the active site of ALDH2 (20).

The K; value of daidzin for GTN denitration of 17 um deter-
mined in the present study is much higher than for acetalde-
hyde dehydrogenation (0.29 um at pH 7.5, Ref. 55). This obser-
vation is reminiscent of previous reports on the inhibition of
dehydrogenation by esterase substrates and vice versa (59, 60),
on the inhibition of GTN denitration by acetaldehyde (13), and
on the inhibition of dehydrogenation and esterase activities by
GTN (56), which also yielded much higher K values than
expected. In line with previous suggestions (56), we propose
that the phenomenon is due to imperfect overlap between the
respective binding sites.

Binding of GTN to the Active Site—The structure of the active
site of the ALDH2 triple mutant is virtually identical to that of
the wild-type enzyme (Fig. 2B). This supports the assumption
that its altered activity profile was truly due to the different
chemical properties of the mutated residues and not due to
structural perturbations of the catalytic pocket.

GTN is bound to the enzyme by hydrogen bonds of the two
terminal nitrate groups and by van der Waals interactions with
hydrophobic residues of the active site (Fig. 24). Most remark-
ably, one oxygen atom of the pro-S nitrate group is bound to the

GTN and daidzin are shown as sticks in blue and red, respectively. B, the activity
of GTN denitration (10 and 100 um GTN) was determined for varying daidzin
concentrations (10 um to 10 mm). Data are mean = S.E. of three independent
experiments. A best fit of both curves to a model assuming competitive inhi-
bition was obtained with a K, for GTN of 8.7 um. C, corresponding Dixon plots.
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oxyanion hole in a manner similar to what has been proposed
for aldehydes (41). The second oxygen atom is hydrogen-
bonded to the side chain of GIn-268. In this way the nitrogen of
the pro-S nitrate group of GTN is held in a position ideal for
nucleophilic attack of Cys-302 leading to thionitrate formation
and release of 1,2-GDN.

Asin the present structure, the side chain of Cys-302 is some-
times observed in two different conformations in ALDH2
structures denoted as the resting and the attacking conforma-
tion (47). In the resting conformation, the SH-group of Cys-302
is too far away from the substrate to be catalytically competent,
whereas in the attacking conformation it is in the right position
to perform the nucleophilic attack on the pro-S nitrate group of
GTN.

In the investigated mutant the two cysteines flanking the cat-
alytically competent Cys-302 were replaced by serines. These
mutations influence the catalytic activity of ALDH2 (16);
inspection of the model, however, suggests that they do not
change the binding mode of GTN. Ser-301 forms hydrogen
bonds to the pro-R nitrate group of GTN, which could also be
accomplished by Cys-301. Ser-303 (and by analogy Cys-303) is
not directly involved in the binding of GTN at all.

In the structure of the triple mutant GIn-268 was only
observed in the inside conformation. Its interaction with the
pro-S nitrate group of GTN is only possible if the carboxamide
group is in the right orientation. Without a substrate in the
active site, the NH,-group of GIn-268 maintains a hydrogen
bond with the main chain carbonyl oxygen of Leu-269. How-
ever, if GTN is bound, an oxygen atom of the pro-S nitrate
group is in close proximity to the side chain carboxamide of
Gln-268, requiring a flip of this residue to establish a hydrogen
bond.

In the wild-type enzyme the equivalent interaction with Glu-
268 would only be possible, if the side chain of this residue were
protonated. There are no clear reports in the literature regard-
ing the protonation state of Glu-268 (in the inside conforma-
tion) except for calculations indicating an increased pK, value
(~7.6) of this residue (41). A recent study from our lab has also
shown that the exchange of Glu-268 by glutamine does not
significantly influence the denitration activity of the enzyme (in
the absence of NAD™) (15). We thus conclude that the binding
mode of GTN, which we observe in the structure of the triple
mutant should at least closely resemble binding of GTN to wild-
type ALDH2.

1,2-GDN Formation—According to the current view (4, 61)
the first step of ALDH2-catalyzed denitration is the nucleo-
philic attack of Cys-302 on one terminal nitrogen of GTN,
resulting in a thionitrate adduct and release of 1,2-GDN
(Scheme 1). Whereas nonenzymatic reactions produce roughly
stoichiometric amounts of 1,2-GDN and 1,3-GDN (4), the spe-
cific formation of 1,2-GDN is a characteristic feature of the
enzymatic bioactivation of GTN (13, 62, 63). We placed GTN in
two different conformations into the density so that the result-
ing product would either be 1,2-GDN or 1,3-GDN. Inspection
of the density strongly argued for a binding mode of GTN that
yields 1,2-GDN (supplemental Fig. S2).

Although 1,2-GDN is a chiral molecule, to the best of our
knowledge there are no reports in the literature showing the
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reaction to be stereoselective. The stereochemical outcome of
the reaction depends on whether the pro-S or pro-R nitrate
group interacts with Cys-302. We checked both binding modes
against the experimental electron density and found one of
them to fit the density slightly better (Fig. 24). Our structure
would thus predict the formation of the R-enantiomer of 1,2-
GDN. However, the difference between the two binding modes
was not big enough to rule out at least partial formation of the
S-enantiomer.

Implications for the Development of New Organic Nitrates—
There has been substantial debate on the properties an organic
nitrate should have to be a substrate for ALDH2 (64—-67). A
physicochemical parameter that takes into account the propen-
sity for two oxygen atoms in a molecule to be situated 5.8 A
apart from one another was proposed by Tzeng and Fung (68)
to reliably predict the pharmacological activity of organic
nitrates. This proposal is consistent with our structure, in
which two oxygen atoms from each of the terminal nitrate
groups are hydrogen-bonded to the enzyme and are 5.3 A apart
from each other (Fig. 2A4). Thus we conclude that to be a good
substrate for ALDH2, an organic nitrate should not only be
lipophilic enough to maintain van der Waals contacts with
hydrophobic residues of the catalytic pocket but should also
have a polar region that can bind to residue 301.

Modifications of ALDH2 Caused by GTN—Although the
production of 1,2-GDN has been confirmed experimentally
(13, 38), the thionitrate intermediate has so far eluded direct
observation.

The residual density of the soaked WT structure indicates a
modification at the sulfur atom of Cys-302 that is trigonal pla-
nar with three additional atoms. The thionitrate that is
expected to be formed in the reaction with GTN seems to be the
only reasonable candidate for this species (Scheme 1).

A superposition of the structures of the soaked wild-type
with that of the triple mutant revealed that the thionitrate
adduct occupies the same space as the terminal nitrate group of
GTN (Fig. 6). Especially, the position of the nitrogen atom and
of one of the oxygen atoms (bound to the oxyanion hole) is
preserved. A slight rotation of the nitro group in the interme-
diate precludes polar contacts with Glu-268, the side chain of
which flips from the inside to the intermediate conformation.
We propose that our two structures represent snapshots along
the first step of GTN denitration.

The existence of the thionitrate intermediate is supported by
the mass spectrometry results. The peak corresponding to the
thionitrate (or sulfenyl nitrite, respectively) is more pro-
nounced in the triple mutant, whereas it is only a small fraction
in the wild-type.

In line with kinetic experiments (16), these data indicate that
after 10 min of incubation with GTN under nonreducing con-
ditions, the WT has undergone one turnover and the two main
species found are the reversibly and irreversibly inhibited
enzyme. In contrast, the activity of the triple mutant was
strongly reduced, which is reflected by the presence of the thio-
nitrate intermediate.

Paradoxically, when the crystals of the WT and the triple
mutant were soaked with GTN, the thionitrate was only
observed in the structure of the WT enzyme. Although crystal-
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FIGURE 6. Stereoscopic representation of the superposition of the triple mutant GTN complexed (green) and the WT thionitrate intermediate (blue)
ALDH2 structures. Active site residues as well as GTN and the thionitrate are shown as sticks. GTN is colored yellow. Alternate conformations of Cys-301 and

Cys-302 are not shown. Labels refer to the wild-type.

lographic studies are unsuited for kinetic observations, some
inferences about the relative stabilities of intermediates can be
made on the basis of the present results. Because we grew our
crystals in the presence of TCEP (which is an effective re-acti-
vator of oxidized ALDH2 (61)), the enzyme was probably capa-
ble of multiple catalytic turnover upon soaking with GTN.
Under such conditions the state immediately before the slowest
step in the cycle will accumulate. For the wild-type enzyme this
suggests that the reaction of the thionitrate intermediate
(release of nitrite, formation of a disulfide bond) is slowest
under the crystallization conditions.

The situation appears to be quite different for the triple mutant.
On the basis of Scheme 1, one might perhaps have expected even
stronger accumulation of the thionitrate, because the main reac-
tion pathway of the WT is blocked. The fact that we did not
observe a thionitrate intermediate implies that its formation is
much slower in the triple mutant. This may be explained by a
strongly diminished acidity of Cys-302 in the absence of the two
neighboring cysteines. The results therefore suggest that a major
role of Cys-301 and Cys-303 in GTN catabolism is the stimulation
of thionitrate formation.

The different behavior in the mass spectrometric experi-
ments may be explained by the absence of a thiol regenerating
compound. Consequently, the WT enzyme ends up as a 2:1
mixture of disulfide and sulfinic acid, which probably reflects
the relative rates of steps a and b in Scheme 1. In the triple
mutant both pathways are blocked and the thionitrate accumu-
lated on the time scale of the experiment, although the cyclic
sulfenamide and the sulfinic acid species still constituted the
majority of the observed products.

Implications for the Reaction Mechanism—Our MS data of
the WT support the original hypothesis of Chen et al. (13) that
disulfide bond formation is the last step of the ADLH2/GTN
reaction under nonreducing conditions (Scheme 1). However,
because a similar shift is observed in the triple mutant, it is
conceivable that sulfenic acid is formed during catalysis which,
in the case of the mutant, undergoes cyclization to an intramo-
lecular sulfenamide. The sulfenic acid would be generated by
the attack of the thionitrate by an activated water molecule as
has been proposed by Chen et al. (61). Indeed, in our structure
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of the WT-thionitrate complex, an ordered water molecule is
situated between Glu-268 and Cys-302, which could fulfill this
role (Fig. 3).

Based on our results we cannot discern whether sulfenic acid
formation is a peculiarity of the triple mutant or if it also occurs
inthe WT. Ifa sulfenic acid is formed in the WT reaction, it may
be rapidly attacked by one of the two flanking cysteine residues
to form a disulfide bond because sulfenic acids are known to be
quite reactive with thiol groups (69). The demonstration of sul-
finic acid formation in the WT reaction (Fig. 4) strengthens the
hypothesis by Wenzl et al. (16) that irreversible ALDH inhibi-
tion is caused by sulfenyl nitrite rearrangement followed by
Glu-268-mediated oxidation (Scheme 1).

Summary—Taken together our results give insight into the
different reaction steps of ALDH2 catalyzed GTN denitration,
revealed the binding mode of GTN, and confirmed thionitrate
as the central intermediate. Reversibly and irreversibly inhib-
ited ALDH2 were identified by mass spectrometry as enzyme
species with a disulfide or a sulfinic acid in the active site,
respectively. Finally, we obtained circumstantial evidence for
sulfenic acid as an intermediate in the denitration reaction.
Additional studies will be required to corroborate the latter
observations.
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