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ABSTRACT: N6022 is a novel, first-in-class drug with po-
tent inhibitory activity against S-nitrosoglutathione reductase
(GSNOR), an enzyme important in the metabolism of
S-nitrosoglutathione (GSNO) and in the maintenance of nitric
oxide (NO) homeostasis. Inhibition of GSNOR by N6022 and
related compounds has shown safety and efficacy in animal
models of asthma, chronic obstructive pulmonary disease, and
inflammatory bowel disease [Sun, X, et al. (2011) ACS Med.
Chem. Lett. 2, 402—406]. N6022 is currently in early phase
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clinical studies in humans. We show here that N6022 is a tight-binding, specific, and fully reversible inhibitor of GSNOR with an
ICs, of 8 nM and a K; of 2.5 nM. We accounted for the fact that the NAD*- and NADH-dependent oxidation and reduction
reactions, catalyzed by GSNOR are bisubstrate in nature in our calculations. N6022 binds in the GSNO substrate binding pocket
like a competitive inhibitor, although in kinetic assays it behaves with a mixed uncompetitive mode of inhibition (MOI) toward
the GSNO substrate and a mixed competitive MOI toward the formaldehyde adduct, S-hydroxymethylglutathione (HMGSH).
N6022 is uncompetitive with cofactors NAD" and NADH. The potency, specificity, and MOI of related GSNOR inhibitor

compounds are also reported.

SNOR is a zinc-dependent, NAD*- and NADH-depend-
ent, medium chain alcohol dehydrogenase (ADH) that
plays an important role in nitrosative biology by metabolizing
the S-nitrosothiol, GSNO. Human GSNOR is the same enzyme
as ADH class III (ADH III), also known as the ADH-y subunit
in earlier literature. Unlike the other ADH enzymes, GSNOR
has poor activity against ethanol, although it is modestly active
against hydrophobic, long chain primary alcohols and aldehydes,
particularly the -hydroxy fatty acids."* GSNOR is also known as
formaldehyde dehydrogenase (FDH) and plays a role in
formaldehyde detoxification.> > Formaldehyde metabolism by
GSNOR requires the presence of GSH, which spontaneously
reacts with formaldehyde to form S-hydroxymethylglutathione
(HMGSH), an efficient substrate for the enzyme. HMGSH and
GSNO are both glutathione adducts differing only in the
functional group attached to the single sulfur atom. GSNOR is
highly conserved among bacteria, plants, yeast, and animals and is
thought to be the ancestral ADH from which all other ADH
enzymes evolved by gene duplication.®® In mammals, GSNOR is
widely distributed across all tissue and organ systems,” " although
cell-type specific expression within tissues has been noted."*
Jensen et al. first discovered that GSNO was a highly efficient
substrate for the rat ADH III/FDH/GSNOR enzyme and
proposed that metabolism of GSNO by the enzyme played a
physiological role in NO exchange equilibrium and the signal
transduction processes that lead to protein S-nitrosation."> With a
catalytic efficiency, k,/K,, on the order of 1.9 X 10° M~ s7, the
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reduction of GSNO by GSNOR is the most efficient reaction of
any of the ADH enzymes characterized so far. By comparison, the
metabolically important ethanol oxidation reactions of the human
liver ADH I enzymes have k/K,, values on the order of only
100—1000 M~ 5717 The importance of GSNOR in controlling
levels of both intracellular GSNO and nitrosated proteins was
soon confirmed in knockout models of yeast and mice, and the
nomenclature “GSNO reductase” was introduced to reflect this
important physiological role."* The significance of GSNOR in
GSNO metabolism and nitrosative biology in both normal and
patho%lyls;ological states has been highlighted in recent re-
views.

GSNOR is a homodimeric enzyme with no evidence of
cooperativity between the subunits, and several crystal structures
of the enzyme have been published.'* ™' Each monomeric subunit
consists of a large catalytic domain comprised of the N-terminal
half of the protein and a C-terminal cofactor binding domain that
makes up much of the subunit dimerization interface. The active
site lies in a large cleft between the cofactor and catalytic domains.
There are two zinc molecules per subunit, both in the catalytic
domain: one zinc atom forms part of the active site and is essential
for catalysis, and the other zinc serves a purely structural function.
The reaction mechanism is generally thought to be random order
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bi-bi,”* but this has not been specifically reported for the GSNO
substrate.

Electrospray mass spectrometry identified glutathione sulfina-
mide as the major reaction product of GSNO reduction by
GSNOR™ (Supporting Information). The immediate reaction
product is the unstable intermediate semimercaptal, S-(N-
hydroxylamino)glutathione, which spontaneously rearranges to
form glutathione sulfinamide or, in the presence of GSH, forms
oxidized glutathione (GSSG) and hydroxyl amine.'***~*
Under acidic conditions, the glutathione sulfinamide is easily
hydrolyzed to glutathione sulfinic acid and ammonia."> The
GSNO reduction reaction is irreversible, and glutathione
sulfinamide, GSH, and GSSG are neither substrates nor
inhibitors of GSNOR activity.”>** The irreversible nature of
the GSNO reduction reaction is in contrast to the reversible
oxidation of HMGSH by GSNOR and the mostly reversible
alcohol/aldehyde oxido-reduction reactions catalyzed by the
other ADH enzymes. The irreversible reduction of GSNO by
GSNOR therefore removes GSNO from the NO-donating pool
without the concomitant release of NO.'***%¢

Recent mechanistic and preclinical studies provide exper-
imental support for GSNOR as a target for therapeutic
intervention.””?® Inhibition of GSNOR prevents GSNO
metabolism and allows accumulation of GSNO, which is a
broncho- and vasodilator as well as an initiator of anti-
inflammatory signaling.”” ' An increased level of GSNO as a
result of GSNOR inhibition leads to cellular signaling by direct
protein S-nitrosation and is also thought to influence the levels
of NO and nitrite (NO,”) that form via reactions of GSNO
with glutathione (GSH) or various reactive oxygen or nitrogen
species.””>> GSNOR inhibitors are being developed as a
therapeutic strategy for treating conditions under which GSNO
and NO homeostasis has been disrupted.** > As a first indication,
the GSNOR inhibitor N6022 is under clinical development for
the treatment of inflammatory lung diseases. In this study, we
examine the specificity, reversibility, and kinetic mode of inhibition
of N6022 and related compounds as they interact with GSNOR.
We calculated the inhibitor dissociation constant, K, using
Cheng—Prusoff equations that relate the ICg, to K; and that we
further adapted to account for the bisubstrate nature of GSNOR
and the tight-binding nature of these inhibitors.

B MATERIALS AND METHODS

Materials. Highly pure, pharmaceutical grade GSNO was
manufactured for N30 Pharmaceuticals under Good Manufactur-
ing Practices by Ricerca Biosciences (Concord, OH). N6022 was
synthesized at N30 Pharmaceuticals as previously described.*
[**C]IN6022 (65 mCi/mmol) was prepared at Moravek
Biochemicals (Brea, CA). Formaldehyde was purchased from
Thermo Scientific. All other chemicals and reagents were
purchased from either Sigma-Aldrich or VWR. Absorbance
assays were performed using either a Molecular Devices
Spectramax M2 plate reader or a Shimadzu UV—vis dual-beam
spectrophotometer. All experiments were conducted at room
temperature unless noted. Data analysis was performed using
GraphPad Prism version 5.03.

Protein Purification. Full-length, recombinant human
GSNOR, ADH IB, ADH 1II, ADH IV, and human carbonyl
reductase 1 were produced in Escherichia coli as Smt fusion
proteins containing an N-terminal histidine affinity tag. E. coli
cell paste was lysed by nitrogen cavitation and the clarified
lysate purified by Ni affinity chromatography on an AKTA
FPLC system (Amersham Pharmacia). The column was eluted
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in 20 mM Tris (pH 8.0) and 250 mM NaCl with a 0 to
500 mM imidazole gradient. Eluted GSNOR, ADH 1B, ADH IJ,
ADH 1V, and carbonyl reductase 1 fractions containing the His-
Smt fusion tag were digested overnight with Ulp-1 at 4 °C to
remove the affinity tag and then run again on the Ni column
under the same conditions. Proteins were recovered in the
flow-through fraction and further purified with Q-Sepharose
and heparin flow-through chromatography (GE Healthcare
columns) in 20 mM Tris (pH 8.0), 1 mM DTT, and 10 uM
ZnSO,. Purity was confirmed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis.

GSNOR Assays. GSNOR activity for the reduction of GSNO
was determined by measuring the NADH- and GSNO-dependent
decrease in absorbance at 340 nm (As,,) as previously described."
Progress curves were depicted as a decrease in absorbance over
time due to NADH and GSNO consumption with a linear slope
equal to the reaction velocity. Kinetic constants were determined
at room temperature in 100 mM sodium phosphate buffer
(pH 7.4) with a GSNOR concentration of 11 nM. For GSNO
constants, NADH was at a fixed concentration of 300 M while
the GSNO concentration ranged from 0.5 to 240 uM. For the
NADH constants, the GSNO concentration was fixed at 300 yuM
and the NADH concentration ranged from 0.6 to 300 uM.
GSNOR activity for the oxidation of HMGSH by NAD* was
determined by measuring the increase in A4 due to reduction of
NAD"* to NADH using conditions similar to those described
previously.”> An HMGSH stock solution was prepared by mixing
methanol-free formaldehyde from sealed ampules and glutathione
both to 30 mM in 100 mM sodium phosphate (pH 7.4).
HMGSH concentrations for this stock solution and subsequent
dilutions were calculated with a K., for adduct dissociation of
177 mM as previously described.” Kinetic constants were
determined in 100 mM sodium phosphate buffer (pH 8.9) with
a GSNOR concentration of 40 nM. For HMGSH constants,
NAD* was at a fixed concentration of 300 #M while the HMGSH
concentration ranged from 0.003 to 44 uM. For the NAD®
constants, the HMGSH concentration was fixed at 83 M and the
NAD* concentration ranged from 04 to 200 uM. Kinetic
constants for all reactions were determined from a plot of the
initial linear reaction rate versus substrate concentration and fit to
a Michaelis—Menten model.

To measure the ICs, of N6022 and related compounds
against GSNOR, the compounds were first dissolved in DMSO.
The final assay conditions for the GSNO reduction reaction
were 100 mM sodium phosphate (pH 7.4), 240 uM GSNO,
300 uM NADH, 0.5 ug/mL GSNOR, and 1% DMSO. For the
determination of the ICy, of the HMGSH oxidation reaction,
the final assay conditions were 100 mM sodium phosphate
(pH 89), 58 uM HMGSH, 300 uM NAD*, 1.5 ug/mL
GSNOR, and 1% DMSO.

ADH Enzyme Assays. For ADH IB, ADH II, and ADH IV
assays, enzyme activity was determined by measuring the
increase in Ay, due to reduction of NAD" to NADH usin§
conditions similar to those described by Sanghani et al.’®
N6022 was dissolved and diluted in a PBS solution containing 1
N NaOH (1%). The ICq, values for N6022 versus ADH IB and
ADH 1II were determined with ethanol as the substrate. The
final assay conditions for ADH IB were 50 mM sodium
phosphate (pH 7.4), 20 ug/mL ADH IB, 2 mM NAD", and
2 mM ethanol, and the final assay conditions for ADH II were
90 mM sodium pyrophosphate (pH 8.9), 4.4 ug/mL ADH II,
23.6 mM NADY, and 144 mM ethanol. The ICy, value of
N6022 against ADH IV was determined using hexanol as a
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substrate. The hexanol was first dissolved in DMSO so that it
could be dissolved in assay buffer. The final assay conditions
were S0 mM sodium phosphate (pH 7.4), 1.2S ug/mL ADH
IV, 2 mM NAD", 400 M hexanol, and 1% DMSO. Other
inhibitors were either prepared in PBS containing 1 N NaOH
(1%) (for ADH IB and ADH II) or dissolved in DMSO (for
ADH IV and GSNOR). DMSO at 1% interfered with the
enzyme activity of ADH IB and ADH II, but not that of ADH IV
or GSNOR (not shown). The ICq assays for additional inhibitors
were performed as described for N6022 except for ADH 1V, in
which ethanol was used as a substrate with final assay conditions of
25 mM sodium pyrophosphate (pH 8.9), 2.5 ug/mL ADH 1V,
7.5 mM NAD*, 28 mM ethanol, and 1% DMSO.

Active Enzyme Concentration. The purified enzyme
concentration was determined spectrophotometrically at A,g,
using a calculated extinction coefficient of 33305 M~ cm™!
based on amino acid sequence. Standard assays contained
0.5 pg/mL GSNOR (equal to 12.6 nM GSNOR monomer with
a calculated molecular weight of 39593). Because even the
highly purified enzyme may not contain 100% active protein,
the amount of active GSNOR was determined by a method
described by Copeland, where ICy, is plotted as a function of
apparent enzyme concentration under conditions where the
K*P/[E]; ratio falls between 10 and 0.01.>” The ICs, values
were determined at seven GSNOR concentrations with 11
inhibitor dilutions. The ICy, versus GSNOR concentration was
plotted and fit by linear regression (not shown). By this
method, twice the slope (m) of the linear fit yields the fraction
of the apparent enzyme concentration that is active per the
equation [E], = 2m[E]*¥P. The active GSNOR concentration
was determined to be approximately 86% of the enzyme
concentration measured by absorbance or 11 nM GSNOR
monomer.

Dilution and Recovery Assay. GSNOR at 10 yug/mL was
preincubated with 100 nM N6022 (approximately 10-fold
above the ICy;) in 100 mM phosphate buffer (pH 7.4) for 10,
20, or 30 min at 25 °C. The GSNOR/inhibitor mixtures were
then diluted 100-fold directly into a substrate mixture to give
final assay conditions of 0.1 ug/mL GSNOR, 1 nM N6022, 240
uM GSNO, and 300 yuM NADH in 100 mM phosphate buffer
(pH 7.4). The GSNOR enzyme activity was determined
immediately after dilution by following the change in A4, for
S min. Under these conditions, theoretical recovery of a fully
reversible inhibitor is 91%, because an inhibitor at one-tenth of
the ICy, concentration remains in the diluted reaction. Control
reactions were performed under the same conditions as the
diluted assay, but without preincubation and dilution. Recovery
was determined as percent activity of a reaction performed
under the same conditions without inhibitor.

Mode of Inhibition. The inhibitor MOI was determined
for each substrate separately (i, substrate and cofactor),
where the concentration of one substrate was varied while that
of its cosubstrate was held at a fixed, saturating concentration.
Inhibitors were prepared in DSMO. The final conditions for
the GSNO reduction reaction were 0.5 ug/mL GSNOR,
240 uM (or varied) GSNO, 300 uM (or varied) NADH, 100 mM
sodium phosphate buffer (pH 7.4), 1% DMSO, and inhibitor.
The final conditions for the HMGSH oxidation assays were
1.5 pg/mL GSNOR, 58 uM (or varied) HMGSH, 300 M (or
varied) NAD*, 100 mM sodium phosphate (pH 8.9), 1%
DMSO, and inhibitor. ICy, values were determined from 11
concentrations of inhibitor at each of eight concentrations of
the varied substrate. A plot of ICy, versus substrate
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concentration was made, and the data were fit to the appropriate
Cheng—Prusoff equation (eq 1). Scheme 1 describes the
nomenclature we used in our equations.

Scheme 1. Simplified Reaction Scheme Illustrating the
Assignment of K;; and K;,*

E+S ——> ES ——> E+P

s

EI <——= ESI

“For the GSNOR reaction, the second substrate was held constant at a
saturating concentration and is not depicted in the schematic. The
reduction of GSNO by GSNOR and NADH is irreversible (pictured),
whereas the oxidation of HMGSH by GSNOR and NAD" is reversible
(not pictured). Abbreviations: E, enzyme; S, substrate; I, inhibitor; P,
product.

Equation 1, from Copeland,>” was used to fit the ICy, as a
function of substrate concentration data presented in Figure 3
and to solve for Kjj, Kj), and K, using user-defined equations in
GraphPad Prism. Because N6022 was determined to be a tight-
binding inhibitor (see Results), we followed the approach
described by Copeland and included a term to account for
total enzyme concentration. The term, '/,[E], represents the
limiting enzyme concentration that allows 50% of inhibitor to
be bound and is therefore the lowest IC, that can be measured.
The constant @ was determined from the relationship a = K,/
K, and we assigned a MOI for the inhibitor against each
substrate according to the a value.>® We categorized the MOI
as competitive (@ > 100), mixed competitive (100 > a > 1),
noncompetitive (& = 1), mixed uncompetitive (1 > a > 0.01),
or uncompetitive (@ < 0.01) toward a given substrate. The
concentration of active GSNOR enzyme ([E],) was fixed at 11
nM for the GSNO reaction and 33 nM for the HMGSH
reaction, and the K, for each substrate was not constrained.
MOI data were also analyzed with the Morrison quadratic
equations™”  that gave values for K, K, and a in good
agreement with the Cheng—Prusoff analysis (not shown).

[S] + K 1

- K /Kjy + [S]/Kpp i E[E]t

IC
¥ M
Equation 1 can be rearranged, ignoring the term for tight

binding, and solved for either K; or Kj,. The results are eqs 2

and 3. The equation for K; is used to describe a mixed

competitive inhibitor, and the equation for Kj, is used for a

mixed uncompetitive inhibitor. Note for both eqs 2 and 3, if the

MOI is either purely competitive or purely uncompetitive, the

term 1 — ICyy/K; in the denominator equals 1 and can be

ignored.

Ko ICs0
171§ [S)/K (1 — ICs0/Kyp) @)
2704 Kyn/[S](1 = 1Cs0/Kjy) 3)

GSNOR is a bisubstrate enzyme, so neither K;;, nor K, in our
experiment was measuring the true K; of the inhibitor for the
free enzyme, because there was always a saturating amount of
one of the substrates present. Further calculation was necessary
to determine the overall inhibitor dissociation constant, K, of
N6022 for GSNOR. This calculation must account for the MOI
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with respect to each substrate in the reaction, as well as the
concentration of each substrate in the ICy, assay and the K., of
each substrate. Therefore, to determine the final K; of the
inhibitor and GSNOR, we took the product of the terms for
each of the two substrates.*

We used eq 4 to calculate the K; from the IC;, data of the
GSNO reduction reaction. Equation 4 accounts for the purely
uncompetitive relationship of N6022 with NADH (1 + K*PH/
NADH) and the mixed uncompetitive relationship of N6022
with GSNO (term in braces in the denominator). We used eq §
to calculate the K; from ICy, data of the HMGSH oxidation
reaction. Equation S accounts for the mixed uncompetitive
relationship of N6022 against NAD* (first term in braces in the
denominator) and the mixed competitive relationship of N6022
against HMGSH (second term in braces in the denominator).
For tight-binding inhibitors, the active enzyme concentration
was accounted for by subtracting [E]/2 from the ICq, value.*”
In our calculations, the K, value used for each substrate was the
value that resulted from the fit of the ICy, versus substrate
concentration data to eq 1.

K = [Ic50 - [th] / [(1 + KNAPH/[NADH])

{1 + (KSSNO/[GSNO])[I - (Icso - [E_Z]t)/KSSNo]}]

K= [Icso - [F;i]/[{l + (KgAD/[NAD])
e e

{1 + ([HMGSH]/KmHMGSH)[l - (IC50 - [th)/KQMGSH]}]

©)

['*CIN6022 Filter Binding Assay. For the competition of
GSNO with the ["*C]N6022-GSNOR-NAD*" ternary complex,
a mixture of 33 nM ["*C]N6022, 330 nM GSNOR, and 50 uM
NAD" in 100 mM Na,HPO, (pH 8.9) was prepared. GSNO
dilutions to give final concentrations of GSNO ranging from
50 nM to 3 mM were added to 1 mL aliquots of the mixture
and allowed to equilibrate for 10 min. Each 1 mL aliquot was
filtered through prewashed nitrocellulose filters on a vacuum
manifold, followed by a 2 mL wash with buffer. The filters were
briefly placed on absorbent paper to remove buffer that adhered
to the back of the filters, moved to aluminum foil, and dried at
70 °C for S min in a convection oven. The dried filters were
transferred to scintillation vials; 4 mL of scintillation fluid was
added, and the counts per minute per vial were determined in a
Beckman LS6500 liquid scintillation counter. Two additional
filters were spotted with undiluted ['*C]N6022 equivalent to that

4)

in 1 mL aliquots of the competition mix, dried, and counted to
determine the total counts per minute per well (~10000 or
~20000 cpm with 30 or 60 nM ["*C]N6022, respectively). For
the HMGSH competition with the [**C]N6022-GSNOR-NADH
complex, a mixture of 50 nM [**C]N6022, 360 nM GSNOR, and
50 uM NADH in 100 mM Na,HPO, (pH 8.9) was prepared.
HMGSH dilutions to give final concentrations ranging from 0.001
to 480 uM were added to 1 mL aliquots of the mix. Equilibration,
filtration, washing, and counting were conducted as for the GSNO
experiment. The dissociation constant for HMGSH was
determined using the GraphPad Prism curve fitting software and
a one-binding site model with ligand depletion, because the
concentration of the enzyme was greater than the concentration of
the radioligand. The Ky for N6022 and the GSNOR-NADH
complex used in the calculation was the value of Kj; from Table 3.
The "C was incorporated randomly into the benzene ring of
N6022 with a low stoichiometry and should not affect the protein
binding interaction.

Crystallization of GSNOR. Purified GSNOR was dialyzed
against 20 mM Tris (pH 8.0), 50 mM NaCl, 1 mM DTT, and
10 uM ZnSO, at 4 °C and then concentrated to ~14 mg/mL
for crystallization trials. For cocrystallization trials, N6022
and NAD" were added at 10- and S-fold molar excesses,
respectively, and incubated overnight at 4 °C prior to con-
centration. Apo-GSNOR and GSNOR:-inhibitor complexes
were crystallized in sitting drops by vapor diffusion in 19%
PEG 8000, 0.1 M potassium phosphate (pH 7.0), 0.1 mM
ZnSO,, 1 mM DTT, and 3% (v/v) 1,5-diaminopentane d-HCl at
4 °C. The crystal structure of the N6022-GSNOR-NAD" ternary
complex (Protein Data Bank entry 3QJS) was determined to
1.9 A by molecular replacement using IMCS as the search
model*® The model contains one GSNOR dimer in the
asymmetric unit with each monomer containing one inhibitor
molecule, one coenzyme molecule, and two zinc atoms. Images
were created using PyMOL.

B RESULTS

GSNOR Reaction Kinetics. Purified, recombinant human
GSNOR was used for all experiments. Two reactions were studied
to characterize the inhibitor mechanism of N6022: the reduction
of GSNO by NADH and the oxidation of the formaldehyde
adduct, HMGSH, by NAD" (see the Supporting Information).
The kinetic constants obtained in our system are listed in Table 1.
Our values generally agree with those published previously (ref 26
and references therein).

Activity of N6022 against Other Enzymes of the ADH
Family. N6022 is a pyrrole-based, small molecule inhibitor of
GSNOR and represents a novel class of compounds designed
for therapeutic inhibition of GSNOR (Supporting Informa-
tion). The chemical structures and relative potencies of N6022
and related compounds have been reported previously.*> >
N6022 is a high-potency compound with an ICy; of ap-
proximately 8 nM in our GSNO reduction assay and 32 nM in

Table 1. Kinetic Constants of GSNOR for Different Substrate Pairs”

GSNO NADH
K,, (uM) 37 £ 06 37+ 11
ke (min™") 71+ 12 70 + 1.8

kew/Ky M7 s7h) (1.9 + 0.02) x 10°

(19 + 0.03) x 10°

HMGSH NAD*
1.6 + 0.3 6.6 + 1.2
22 £ 0.10 2.3 +£0.14

(1.4 + 0.24) x 10° (3.5 £0.79) x 10°

“Kinetic constants are the means and standard deviation determined at room temperature and pH 7.4 for the reaction of GSNO with NADH

(n = 4) and pH 8.9 for the reaction of HMGSH with NAD"* (n = 3).
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our HMGSH oxidation assay. Because of the high degree of
conservation of amino acid sequence between ADH family
members, the specificity of N6022 and related compounds for
the GSNOR enzyme of the ADH family was investigated by
measuring the relative potency of N6022 against three other
human ADH enzymes: ADH IB, ADH I, and ADH IV (Figure 1).

1.017&

O GSNOR
>  0.81 Y ADHIV
= = ADHIB
3 0.6- & ADHII
=
=
S 041
<9
s
= 0.2

0.0 T T S T
0.0001 0.01 1 100 10000
N6022 pM

Figure 1. Inhibitor activity of N6022 against different classes of human
ADH enzymes. GSNOR (ADH III) IC, = 8 nM (GSNO substrate).
ADH 1V ICg, = 0.5 uM (hexanol substrate). AHD IB ICy, = 21 uM
(ethanol substrate). ADH II ICs, = 67 uM (ethanol substrate).

On the basis of ICy, values, inhibition by N6022 is roughly 1000-
fold more potent for GSNOR than for ADH IB and ADH IJ,
and more than 50-fold more potent than for ADH IV. N6022 was
also tested against human carbonyl reductase (hCBRI1), an
NADPH-dependent, short chain dehydrogenase, which has been
shown to metabolize GSNO in vitro.* N6022 poorly inhibited
hCBR1 activity with an ICg, of 221 uM, a value 4 orders of
magnitude less potent than that for GSNOR (not shown). Several
additional compounds related to N6022 that showed high
potency for GSNOR were also tested against the other ADH
enzymes. All compounds tested were found to be highly specific
for GSNOR compared to the other ADH classes (Table 2).

Table 2. IC,, Values for GSNOR Inhibitor Compounds for
Various ADH Enzymes®

ADH IB IC;, ADH IIIC,,> ADHIVICy, GSNOR ICy°
inhibitor (uM) (uM) (uM) (uM)
sa%e >250 ND >1000 0.320
5f° >500 ND >500 0.210
N6022° 21 67 0.50 0.008
13¢° >500 68 291 0.057
13b° >250 38 279 0.034
16° >500 ND >1000 0.044
st/ >125 ND 0.571 0.008
5§° >250 22 789 0.022

“The highest concentration of compound that could be tested was
often limited by its solubility or by an interfering absorbance at
340 nm; in such instances, the value is %resented as “greater than” the
highest inhibitor concentration tested. “ND, not determined. Only a
few compounds could be tested against ADH II because the enzyme
precipitated and lost activity during storage. “GSNOR ICy, values
differ slightly from those published elsewhere®**> because different
data sets were used and assays were performed under slightly different
formats. “Inhibitor Sb was the initial lead compound identified by
high-throughput screening. “From ref 33. fFrom ref 35.

N6022 Is a Tight-Binding, Fully Reversible Inhibitor.

Our enzyme inhibitor screening assay was performed under
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steady state assumptions, which assume that the enzyme-bound
inhibitor concentration ([EI]) is a small fraction of the free
inhibitor concentration ([I]) used in the activity assay. This
assumption is not true if the ICs, concentration approaches the
enzyme concentration, and under such conditions, the inhibitor
is considered a tight-binding inhibitor. Under our standard
assay conditions, the enzyme concentration determined by
absorbance was 12.6 nM (0.5 pg/mL), and the concentration
of active enzyme determined experimentally was 11 nM (see
Materials and Methods). Therefore, the ICy, of N6022 (8 nM)
is close to the active GSNOR concentration (e.g., [EI] is not <
[1]), and N6022 is considered a tight-binding inhibitor. Under
these conditions, steady state kinetic assumptions do not apply,
and kinetic models for determining MOI were adjusted to
account for the enzyme concentration.

Tight-binding inhibitors may also be slow binding; i.e., the
equilibrium between the free and enzyme-bound inhibitor is
established slowly, which requires special consideration in
determining true enzyme affinity. The ICy, was measured with
and without preincubation of the inhibitor and enzyme. No
changes were seen after preincubation of N6022 with GSNOR
for 0—30 min (not shown). Therefore, N6022 is not a slow-
binding inhibitor. The order of addition of reagents also did not
affect the reaction progress curve or ICs, value.

The reversibility of inhibition of GSNOR by N6022 was
tested by measuring the recovery of enzyme activity after a large
and rapid dilution of the enzyme—inhibitor complex. Enzyme at
a concentration 100-fold above that required for an activity assay
was incubated with inhibitor at 10-fold the ICy, and allowed to
equilibrate. The mixture was then diluted 100-fold into reaction
buffer containing substrate to initiate the reaction. The diluted
mixture contained inhibitor at a concentration of one-tenth the
ICs, and therefore, the theoretical expected activity for a fully and
rapidly reversible inhibitor under these conditions was 91%. The
GSNOR activity relative to control (no inhibitor) was determined
immediately after dilution (Figure 2). The recovered activity after
dilution was 88.7 + 2.5% (n = 3) of uninhibited activity, which was

-104

207 o N6022

=301 O Control
-40

-50

A mAU340

-60-

=704

-80-

=904

0 50

100

150
Time (secs)

200

Figure 2. Reversibility of N6022 inhibitor activity. Example progress
curves for the recovery of GSNOR activity after dilution are shown.
The uninhibited control reaction is depicted with empty squares, and
the reaction of the mixture preincubated with N6022 is depicted with
empty circles. The progress curves have a negative slope, because they
are monitoring the consumption of NADH (and to a lesser extent
GSNO) by GSNOR.
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indistinguishable from the result of control assays in which N6022
at one-tenth the ICy, was measured directly with a recovery of
89.0 & 3.6% (n = 3) of uninhibited activity. The rate of GSNOR
activity remained linear over the 5 min measurement time. N6022
is a rapidly and fully reversible GSNOR inhibitor.

Mode of Inhibition. Once we established that N6022 was a
tight-binding (but not a slow-binding), fully reversible inhibitor,
we determined the kinetic MOI and calculated the various
inhibitor dissociation constants (K;) for both the reduction of
GSNO by NADH and the oxidation of HMGSH by NAD". The
K; values for various steps in the reaction pathways (Scheme 1)
were calculated using Cheng—Prusoff equations that provide
a means of relating determinations of ICs, to K, provided
one knows the MOI (ie, competitive, noncompetitive, or
uncompetitive), substrate concentration, and substrate Km.40 The
equations and analysis we devised are detailed in Materials and
Methods.

Because of the bisubstrate nature of the GSNOR reactions,
we necessarily simplified our experimental analysis by holding
one substrate at a constant, saturating concentration while that
of the second substrate was varied. For the GSNO reduction
reaction, the IC, values for N6022 were determined over a
range of GSNO concentrations while the NADH concentration
was held constant. A plot of the IC, values versus substrate
concentration shows a decrease in ICy, as the substrate
concentration increases, a characteristic of uncompetitive

inhibition (Figure 3A). The data were fit to a Cheng—Prusoff
model with a term for tight binding (eq 1, Materials and
Methods) with a K;; of 133 nM, a K,, of 3.2 nM, and an « of
0.024. The same experiment was performed with variation of
the NADH concentration while the concentration of GSNO
was held constant. The ICs; value decreased with an increasing
NADH concentration, and the MOI was purely uncompet-
itive with K, approaching infinity, K, equaling 1.4 nM, and
a equaling 0 (Figure 3B).

The same analysis was performed for the HMGSH oxidation
assay with NAD™ as the cofactor. For the HMGSH substrate,
the IC;, increased with an increasing substrate concentration,
characteristic of a competitive inhibitor, until a plateau was
reached at a high HMGSH concentration (Figure 3C). The
plateau is likely the result of the reverse reduction reaction
becoming sufficiently significant at high substrate concen-
trations to influence the overall absorbance signal. The MOI
was mixed competitive with a K, of 2.8 nM, a K, of 12.8 nM,
and an a of 4.6. For the NAD™ cofactor, the mode of inhibition
was mixed uncompetitive with a Kj; of 145 nM, a K, of
13.6 nM, and an a of 0.09 (Figure 3D). The results are
summarized in Table 3.

K, for N6022 and Other GSNOR Inhibitors. It is
important to note that the K, or K;, values from Table 3 do
not represent the K; of N6022 for free GSNOR, because one of
the two cosubstrates was present at a saturating concentration
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Figure 3. Mode of inhibition for N6022 against different substrates determined by measuring inhibitor ICs, as a function of substrate levels. The
concentration of the varied substrate is given along the x-axis. (A and B) Reaction of GSNO with NADH. N6022 was mixed uncompetitive when the
concentration of GSNO was varied and purely uncompetitive when the concentration of NADH was varied. (C and D) Reaction of HMGSH with
NAD*. N6022 was mixed competitive when the concentration of HMGSH was varied and mixed uncompetitive when the concentration of NAD" was

varied.
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Table 3. N6022 Dissociation Constants and Modes of
Inhibition Relative to a Varied Substrate”

varied constant

substrate substrate K,; (nM) K, (nM) a MO1®
GSNO NADH 133 32 0.024 mU
NADH GSNO 0 1.4 0 U
HMGSH NAD* 2.8 12.8 4.6 mC
NAD* HMGSH 145 13.6 0.09 mU

“The MOI relative to a varied substrate was determined by the value
of @ as defined in Materials and Methods. ®Abbreviations: mU, mixed
uncompetitive; U, uncompetitive; mC, mixed competitive.

in all the experiments. However, by incorporating the MOI
results for each substrate considered separately, we were able to
calculate the K; of the N6022—GSNOR interaction. Equations
4 and 5 (Materials and Methods) were used to calculate the K;
of N6022 for GSNOR in the GSNO reduction assay and the K;
of N6022 for GSNOR in the HMGSH oxidation reaction,
respectively. The second equation is similar to the first
equation, except the enzyme concentration was 3 times higher
for the HMGSH assay and the MOI for each substrate differed.
For the GSNO reduction assay, the K; for N6022 was 2.5 +
0.2 nM (n = 2), and for the HMGSH oxidation reaction, the K;
for N6022 was 3.1 + 0.5 nM (n = 2). The calculated K, values
are in good agreement between the GSNO and HMGSH
reactions, despite the different reactions being studied and
despite the different enzyme and substrate concentrations used
for the two assays. Agreement in K; values is to be expected for
the two reactions, because we are calculating the dissociation
constant of the inhibitor and free enzyme, and unlike the ICy,
value, the K is not dependent on enzyme and substrate
concentrations in the two assays.

The MOI analysis (ICq, as a function of substrate concentration)
and K; calculation were applied using the GSNOR-catalyzed
reduction of GSNO by NADH for several other highly potent
inhibitors (Table 4). All the inhibitors were fully reversible and best

Table 4. IC,, Values Compared to K; Values for Different
GSNOR Inhibitors®

inhibitor ICy, (nM) K; (nM)
sa® 320 240
N6022° 8 2.5
13¢? 57 %)
13b® 34 21
16° 44 30
Sw 30 20
8f° 8 1.6
sj° 22 14

“K; values were determined from the reaction of GSNO with NADH
as described for N6022. The MOI for all inhibitors was either
uncompetitive or mixed uncompetitive against GSNO and purely
uncompetitive against NADH as defined by the experimentally
determined a value. “From ref 33. “From ref 35. “From ref 49.

fit uncompetitive or mixed uncompetitive models against GSNO and
were uncompetitive against NADH. The uncompetitive nature of
these inhibitors toward GSNO meant that the ICy, value was
approaching the K; under our typical screening assay conditions
(concentrations of substrate and cofactor greater than their K,
values), and generally, the ICg, value performed well as a measure of
relative potency in our screening assay. For the most potent
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compounds, however, the relative potency by ICs, was limited by the
enzyme concentration of the assay (ie, N6022 and 8f).
Dissociation of ['*CIN6022 Using Filter Binding
Assays. Filter binding experiments using radiolabeled
[*CIN6022 were performed to measure directly the inhibitor
dissociation constants of N6022 from the various enzyme species
in an attempt to verify the results obtained from the kinetic
studies. Unfortunately, the specific activity of [**C]N6022 was not
sufficiently high, and the K; values were too low (low nanomolar
range, per kinetic MOI studies) to perform most of the experi-
ments successfully. We were, however, able to use the radiolabeled
inhibitor to measure the ability of HMGSH to compete off
["*C]N6022 bound to the [**C]N6022-GSNOR-NADH ternary
complex and of GSNO to compete off [*C]N6022 from the
['*CIN6022:GSNOR-NAD" complex (Figure 4). Substrates were
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Figure 4. Substrate competition of GSNO and HMGSH for the

[4C]N6022-GSNOR-NAD* and [C]N6022-GSNOR-NADH ter-
nary complexes, respectively.

tested against the complex containing the noncomplementary
cofactor, because binding against the complementary cofactor
complex would have resulted in catalysis. HMGSH, which forms
the abortive ternary complex with NADH,**** successfully
competes off ['*C]N6022 from the ["*C]N6022-GSNOR-NADH
complex with a calculated Ky of 400 nM for HMGSH and
the GSNOR'NADH complex. GSNO, on the other hand, was
unable to compete off the ['*C]N6022 from the ["*C]N6022-
GSNOR:NAD" complex, even at very high GSNO concentrations,
suggesting that GSNO is unable to form the abortive GSNO-
GSNOR:NAD* complex. The inability of GSNO to form the
abortive GSNO-GSNOR:NAD" ternary complex is an important
observation that can explain why the MOI of N6022 is uncom-
petitive toward GSNO, even though GSNO and N6022 bind to
the same site on the enzyme (see Discussion).

Structure of the N6022-GSNOR:NAD"* Ternary Com-
plex Compared to the HMGSH-GSNOR:NADH Ternary
Complex. The structure of N6022 bound to the substrate
binding pocket of the GSNOR-NAD' complex has been
previously published®® [Protein Data Bank (PDB) entry 3QJ5].
There is no structure of GSNO bound to GSNOR available, so
we compared inhibitor binding in the N6022-GSNOR-NAD"
ternary complex structure to substrate binding in the HMGSH-
GSNOR-NADH ternary complex structure’® (PDB entry 1MCS).
A superimposition of these two structures shows a similar bind-
ing pose for N6022 and HMGSH in the GSNOR active site
pocket [root-mean-square deviation of 0.43 A (not shown)].
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A.

Figure 5. Comparison of N6022 and HMGSH binding within the GSNOR active site. (A) Interactions of N6022 with the GSNOR binding pocket
in the N6022-GSNOR-NAD" ternary complex. (B) Interactions of HMGSH with the GSNOR binding pocket in the HMGSH-GSNOR-NADH
ternary complex. Note that the viewing angle for the two images is not identical, and not all interactions are depicted. Bond distances represented by

dashed lines are in angstroms.

The acid substituent of both compounds is oriented toward the
anionic pocket, while the N6022 imidazole and HMGSH
hydroxyl are directed toward the catalytic zinc where both
compounds form part of the zinc coordination tetrahedron
(Figure S).

In the N6022 structure (Figure SA), the propionic acid projects
deeply into an anionic pocket within the GSNOR active site and
engages in hydrogen bonding and salt bridge interactions with
Glnl1l, Argll4, and Lys283 (from monomer B). Additional
stabilization is provided by a hydrogen bond between the N6022
benzamide and GIn117 with additional water-mediated contacts.
The central pyrrole moiety and adjacent hydrocarbon chains of
N6022 make hydrophobic contacts with cleft residues Tyr92,
Ile93, Metl40, Val293, Ala317, and Val308/Thr309 (from
monomer B). Finally, the alignment of N6022 along the substrate
cleft orients the compound imidazole toward the catalytic zinc,
and the imidazole nitrogen forms part of the active zinc
coordination tetrahedron along with residues Cys44, His66, and
Cys173. The imidazole ring is also stabilized through n—n
interactions with the nicatinamide ring of NAD". Generally, these
inhibitor interactions with GSNOR resemble those observed for
the HMGSH substrate (Figure SB). HMGSH is tethered to the
anionic pocket via the glycinyl carboxylate that interacts directly
with Argl14 and indirectly with Glulll via a water molecule.
Additionally, the a-amino group from the y-glutamate residue
forms hydrogen bonds with AspSS and Glu57. HMGSH also
makes a number of hydrophobic interactions with the nonpolar
residues that line the active site, and the hydroxyl group of
HMGSH coordinates the active site zinc along with residues
Cys44, His66, and Cys173. There were no discernible differences
in the way the NAD* or NADH cofactor was bound in the two
ternary structures compared here.

B DISCUSSION

N6022 and related compounds were designed by structure—
activity relationship to be potent and specific inhibitors of GSNOR,
also known as the ADH Class IIl enzyme.** > Members of the
human ADH family of enzymes share up to 60% amino acid
sequence identity, and roughly 80—90% homology, and overall,
they share a very similar structure. However, they have a number of

important differences in amino acids and structure that affect the
substrate specificity and reaction mechanism. For example, the
unbound ADH I enzymes have an “open” active site that
necessitates an ordered reaction mechanism and requires
cofactor binding prior to substrate binding. Binding of a
cofactor to ADH I causes substantial domain movement and
closure of the active site cleft allowing subsequent binding of
small substrates such as ethanol (reviewed in ref 42). GSNOR,
on the other hand, has a “semi-open” active site, and it
undergoes only small structural changes upon binding either
cofactor or substrate, thus allowing for larger substrates as well
as a random order of addition of the substrate and cofactor.'”™>*
The structure and mechanism of ADH IV more closely
resemble those of ADH I than those of GSNOR with an
ordered reaction mechanism and large domain closure.** The
structure of human ADH II has not been reported, although a
structure of the mouse homologue suggests an openness of the
active site intermediate between ADH I and ADH IIL* As a
consequence of these structural differences, the different classes
of ADH vary greatly in their substrate preferences, with ADH I
and ADH II preferring small alcohols such as ethanol, ADH IV
preferring retinol and hexanol, and GSNOR preferring the
glutathione adducts GSNO and HMGSH. GSNOR does not
oxidize ethanol to any significant degree. Therefore, given the
substrate and mechanistic differences among the ADH family
members, it might be expected that rational drug design efforts
to maximize inhibitor interactions with the GSNOR substrate
binding pocket could lead to novel compounds that do not bind
well to other ADH family members. Nonetheless, it is important
to screen for cross-reactivity with other enzyme family members
to minimize possible off-target activities of any potential
therapeutic compounds.

The inhibitory activity of N6022 and several related compounds
was tested against human ADH IB, ADH II, and ADH IV. These
compounds showed potent and specific inhibitor activity against
GSNOR, with orders of magnitude less activity toward the other
ADH enzymes as measured by ICq, for select substrates. Although
they exhibit excellent specificity for GSNOR overall, some minor
differences in specificity, particularly with regard to ADH IV, were
noted. Compounds $j, 13b, 13¢, and 16 showed less inhibitory
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activity toward ADH IV than N6022 (Table 2), but also less
potency toward GSNOR, which is evident in their K; values
(Table 4). However, none of these compounds would be excluded
as clinical candidates on the basis of either their specificity or
potency as characterized so far. With N6022, for example, any
inhibition of ADH IV should be minimal at the doses required to
produce the optimal pharmacological effect observed in preclinical
mouse models (C,. = 0.25 ug/mL*®). Furthermore, the
pharmacological consequences of any low-level, off-target
inhibition of ADH IV are not expected to be significant.
The physiological role of the enzyme, aside from its general
alcohol detoxification properties and minor role in retinol
metabolism, is not well understood, but ADH IV knockout mice
were viable and fertile and displayed no obvious deficiencies,
except if exposed to severe gestational vitamin A deficiency.*
In addition to testing the specificity of our GSNOR inhibitors
against other human ADH isozymes, we studied the basic
biochemical mechanism of inhibition. The crystal structure of the
N6022-GSNOR:NAD" complex shows the inhibitor bound in the
substrate binding pocket like a competitive inhibitor.*> Compar-
ison of the N6022-GSNOR-NAD" structure with the HMGSH-
GSNOR-NADH structure reveals that the inhibitor engages in
active site interactions generally similar to those of the substrate
HMGSH. The acid component of both compounds interacts with
the anionic pocket of the active site; the central regions of the
compounds participate in hydrophobic interactions with a number
of residues lining the binding cleft; and both HMGSH and N6022
form part of the active site zinc coordination tetrahedron. The
GSNOR inhibitors presented here have been optimized to fit the
volume of the binding pocket even better than substrate, and the
additional contacts made by these compounds can account for
their high potency and specific affinity. None of the inhibitors
presented here participate in any covalent interactions with the
enzyme, and none are substrates or show mechanism-based
inhibition of GSNOR. Dilution and recovery experiments
confirmed that the inhibitors were fully and rapidly reversible.
Several of the inhibitors, in particular N6022, were considered
tight-binding because their ICs, concentrations approached
the enzyme concentration of the assay. The inhibitors were not
slow-binding. With this information, we developed a strategy to
characterize the kinetic mode of inhibition and to calculate the K;
of the inhibitors based on the Cheng—Prussoff approach.*’
Using the Cheng—Prusoff approach, along with modifications
described by Copeland, we determined the kinetic MOI so that we
could calculate the K; of the inhibitor—GSNOR interaction for
several of our more potent inhibitors. Unlike the ICq,, the K; is
independent of the enzyme, substrate, and cofactor concentrations,
and the K; value is not limited by the tight-binding nature of our
inhibitors. We accounted for the bisubstrate nature of GSNOR, as
well as the tight-binding nature of the inhibitor in our equations.
This approach could be used to evaluate the inhibitor mechanism
for other bisubstrate enzyme reactions. Determining the K;
allowed us to distinguish differences in our high-potency
compounds that were not apparent in the ICs, values, thus aiding
our rational drug design program and lead optimization. For
example, N6022 and compound 8f had K; values in the low
nanomolar range. The high potency of these two compounds can
be explained because they both contain an imidazole group that,
based on X-ray crystallography data, makes an additional contact
with the catalytic zinc of GSNOR and, if a cofactor is also bound,
forms a 7—7 interaction with the nicatinamide ring.*>**
Surprisingly, despite the competitive-like binding of our
inhibitors in the substrate binding pocket, the GSNOR inhibitors
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studied here behaved operationally like uncompetitive inhibitors
against the GSNO substrate in the kinetic MOI assays. Increasing
the GSNO concentration in the GSNO reduction reaction did not
overcome inhibition but improved apparent potency based on the
ICy, value, a defining characteristic of uncompetitive inhibition.***
The inhibitors behaved with the expected competitive MOI
against the HMGSH substrate in the oxidation assay. A similar
phenomenon was also observed for the lower-potency inhib-
itors reported by others, which behaved like noncompetitive
inhibitors (same as mixed uncompetitive by our definitions) in
the GSNO reduction assay.>>**

These pieces of data present a conundrum. On one hand,
crystallography data clearly show N6022 and related com-
pounds bound in the substrate binding pocket, in a way that
excludes substrate and in a manner classically considered
competitive inhibition.*® On the other hand, the kinetic analysis
following established Cheng—Prusoff definitions categorizes
inhibition against the GSNO substrate as uncompetitive, although
the inhibition against the HMGSH substrate showed the expected
competitive MOIL Although the structure of GSNO bound to
GSNOR has not been reported, it is readily assumed to bind to
the substrate binding pocket in a manner analogous to that of
HMGSH. Docking simulations of GSNO bound in the substrate
binding site have been published™ GSNO and HMGSH are
glutathione adducts identical except for the functional group
attached to the sulfur atom (see the Supporting Information).

We propose a model for resolving this conundrum and explain
the uncompetitive MOI toward the GSNO substrate, based on
our observation that GSNO was not able to displace the
radiolabeled inhibitor from the [“*C]N6022-GSNOR-NAD*
ternary complex. We concluded that GSNO was unable to bind
to the GSNOR-NAD" complex and form a stable abortive
GSNO-GSNOR:NAD" structure. Further evidence, albeit circum-
stantial, supporting this conclusion comes from our inability to
obtain crystals of the abortive GSNO-GSNOR-NAD" ternary
complex despite repeated attempts (not published). The
HMGSH-GSNOR-NADH abortive structure, on the other hand,
forms readily, and a crystal structure has been published.”’

Scheme 2 illustrates our model of how GSNOR inhibitors
could appear uncompetitive toward the GSNO substrate in the

Scheme 2. Illustration of the Reaction Pathway for the
Reduction of GSNO by GSNOR in a Closed Assay System”

EeNADHel
EeNADH
Z
E EeNADHeGSNO—> E+NAD*+P < EeNAD*
H \ EeGSNO / H
Eel EeNAD*e|

“Abbreviations: E, GSNOR; 1, inhibitor; P, product. The reaction is
assumed to be random order,” and either GSNO or NADH can bind
the enzyme first. The inhibitor can bind to the free enzyme or to either
enzyme-cofactor binary complex. GSNO cannot bind to the
enzyme-NAD" species and so does not “compete” with the inhibitor
for that enzyme species.

GSNO reduction reaction, despite the fact that they displace
GSNO from the substrate binding pocket like a traditionally
competitive inhibitor. In our closed assay system, the starting
components are only GSNOR, NADH, GSNO, and the inhibitor.
The GSNO used in these studies is a highly purified,
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pharmaceutical grade material and not contaminated with GSH, so
there is no free GSH in our assay to interact with product or
substrate. As soon as the reaction is initiated, even in the presence
of inhibitor, some of the GSNOR catalyzes the reduction of
GSNO, and some NAD" is produced. Glutathione sulfinamide
product is also produced, but it is already established that it is
neither an inhibitor nor a substrate for GSNOR.?® In our scheme,
GSNO can bind free GSNOR, or the GSNOR-NADH complex,
but cannot bind the GSNOR-NAD" complex. On the other hand,
the inhibitor can bind to all three complexes. At higher starting
GSNO concentrations, more NAD" will be produced at the
initiation of the reaction (high concentrations of GSNO displace
the lower concentrations of the inhibitor initially), and there will
be more GSNOR-NAD" complex early in the reaction than at
lower concentrations of GSNO. Almost immediately, however, the
inhibitor will now bind more enzyme species than GSNO. The
overall result is that the inhibitor behaves with an uncompetitive
MOI and has a lower ICg, (higher relative potency) at high
GSNO concentrations because more NAD" will be present.
HMGSH shows the more expected competitive MOI in the
kinetic experiments (ICs, increases as the HMGSH concentration
increases) because, like inhibitor, it can bind free enzyme and
either the GSNOR-NAD" or GSNOR-NADH binary complexes,
and HMGSH displaces the inhibitor from all complexes. The MOI
result for the HMGSH oxidation reaction was determined as
mixed competitive rather than purely competitive in our
experiments because the reversible nature of the reaction, as
well as product inhibition, can contribute significantly to the
absorbance signal at higher substrate concentrations. The filter
binding experiment with a radiolabeled inhibitor, however,
demonstrated that HMGSH can fully displace the inhibitor from
the ["*C]N6022-GSNOR-NADH complex in a truly competitive
manner. The fact that an inhibitor can have two different
mechanisms for two different substrates that bind the same active
site on an enzyme is a reminder that conclusions about the
location of inhibitor binding relative to substrate cannot be drawn
from MOI studies relating K; to ICs, alone, nor do structural data
give a definitive picture of the kinetic inhibitor mechanism in the
absence of biochemical data.

We have considered alternative situations that might explain
how our GSNOR inhibitors could have an uncompetitive MOI
against the GSNO reaction despite binding in the substrate
binding pocket. We considered whether high concentrations of
GSNO could modify (i.e., either by nitrosation or glutathio-
nation) the enzyme and decrease the activity. However,
preincubation of GSNO with GSNOR did not have any effect
on enzyme activity (not shown). Another possible explanation
would be that GSNO and N6022 bind simultaneously to
GSNOR. However, this explanation seems unlikely as both
compounds are known to bind the substrate active site, the
active site is not sufficiently large to accommodate both
molecules at once, and there is no known alternative binding
site on the enzyme that would allow for allosteric inhibition by
N6022. Therefore, with the data so far available, Scheme 2
provides the best way to resolve the kinetic and structural data.

Our model requires that the oxidation state of the cofactor
strongly influences GSNO binding. A high-resolution structure
of GSNO bound to GSNOR, so far elusive, would provide
valuable information to address this question. We do know that
the oxidation state of the cofactor substantially affects the
dissociation constant of the cofactor for GSNOR; the reduced
cofactor binds with an affinity roughly 250 times greater
than that of the oxidized cofactor (K; = 0.043 uM for NADH;
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Ky = 11.5 uM for NAD*).>* An explanation for this large
difference in binding affinity has not been determined. Addition-
ally, despite the high degree of similarity between the HMGSH
and GSNO substrates, they must have significant differences in
how they interact with the catalytic site on the enzyme and
how the proton relay is performed for the two opposite oxido-
reduction reactions. Much remains to be learned to understand
the catalytic details of reduction of GSNO by GSNOR.

The inhibitor mechanism has important effects on the

pharmacological properties of a drug and can even determine
d.46,47

the clinical success or failure of a particular compoun
Beyond being a valuable exercise for ranking relative inhibitor
potency and aiding lead optimization, what implications might
the MOI studies presented here have for the pharmacological
properties of N6022 and this class of GSNOR inhibitors? Of
particular interest for these compounds is whether they will
behave as competitive or uncompetitive inhibitors in vivo. The
pharmacological disadvantage of purely competitive enzyme
inhibitors as drugs is that accumulation of the substrate
following inhibition may overcome the inhibition, leading to
larger doses of drug needed to sustain the desired level of
inhibition.*”*® Although the GSNOR inhibitors discussed here
at first appear competitive because structural data show they
bind in the substrate pocket, increasing the GSNO concen-
tration does not overcome inhibition but rather enhances it in
our assay system. Our data suggest that the uncompetitive
mechanism may translate pharmacologically for the GSNO
substrate and that GSNO accumulation in vivo will not
overcome inhibition of the GSNO reduction reaction, because
our inhibitors bind with very high affinity to more GSNOR
species than does the GSNO substrate. However the in vivo
scenario remains very complicated, and the degree of GSNOR
inhibition, and subsequent GSNO accumulation, will depend
on the enzyme and GSNO concentrations, the concentration
and oxidation state of the cofactor, and the presence of any
competing substrates such as HMGSH.

In conclusion, we have identified reversible, highly potent,
specific inhibitors of GSNOR for therapeutic use in cases where
GSNO homeostasis has been disrupted. Nonoptimized
inhibitors of GSNOR have been reported previously,”>* but
N6022 and the other compounds mentioned here are 100—
1000-fold more potent than those structures and are more able
to distinguish specificity between ADH family members. The
GSNOR inhibitors described here were also shown to be
specific when screened against a broad panel of human
receptors commonly used in preliminary safety screens of
potential drug candidates.>>™>> These are the first GSNOR
inhibitors of suitable potency and specificity for pharmaco-
logical development. Several compounds have already shown
tolerability and efficacy in preclinical animal models, and
N6022 is currently in early phase clinical studies in humans.

B ASSOCIATED CONTENT

© Supporting Information

A figure comparing the GSNO reduction and HMGSH
oxidation reactions performed by GSNOR, as well as the
chemical structure of inhibitor N6022. This material is available
free of charge via the Internet at http://pubs.acs.org.
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