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Enzyme Inhibition by Nitro and Nitroso Compounds

THEODORE A. ALSTON,* DAVID J. T. PORTER,* and HAROLD J. BRIGHT*

Department of Biochemistry and Biophysics, School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104
Received February 8, 1983 (Revised Manuscript Received June 29, 1983)

Our group became interested in mechanisms by
which nitro and nitroso compounds may inhibit en-
zymes when one of us (D.J.T.P.) found that nitro-
alkanes such as nitroethane are oxidized as substrates
by renal D-amino acid oxidase.! We were able to de-
duce the reaction mechanism in good chemical detail
because an FAD-substrate covalent intermediate could
be intercepted with cyanide and structurally charac-
terized (eq 1). The inactivation of D-amino acid oxidase
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by nitroethane in the presence of cyanide may be
viewed as an example of “mechanism-based” or
“suicide” inactivation of an enzyme. Suicide inactiva-
tors are substrate analogues that are converted by target
enzymes to bound species that then react irreversibly
with the active site. Suicide substrates do not form
stable linkages to an active site unless the catalytic
forces of that active site mediate the reaction. The
superposition of the high specificity of enzymatic ca-
talysis upon that of substrate binding to form the
Michaelis complex thus permits suicide substrates to
be highly specific inactivators. Hence, the term “suicide
substrate” was coined by Abeles and co-workers to em-
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phasize active catalysis by enzymes of their own inac-
tivation, and examples other than nitro and nitroso
compounds have been discussed in previous Accounts.?
Our work with D-amino acid oxidase and nitroethane
has prompted us to examine additional mechanisms by
which nitro and nitroso compounds may serve as spe-
cific suicide inactivators of enzymes. Furthermore,
some nonreactive nitro and nitroso compounds are not
suicide inactivators but, rather, are substrates converted
to highly reactive products that are released free in
solution.

While suicide substrates are pharmacologically in-
teresting as agents capable of highly selective enzyme
inactivation, compounds that are enzymatically con-
verted to reactive free products are pharmacologically
interesting as agents that can prove selectively toxic to
organisms or tissues possessing the requisite activating
enzymes. Only the latter type of these nitro compounds
is in clinical use at present. We have found in other
cases that nitro and nitroso compounds may serve as
reversible inhibitors that do not bind covalently to en-
zymes. In particular, the ionizable nitro group closely
resembles the carboxylate group, and nitro analogues
of carboxylic substrates are often potent inhibitors,
especially in those cases where the ionized nitro com-
pounds appear to function as “transition-state
analogues”. Although nitro compounds such as chior-
amphenicol are valuable drugs, no drugs yet exploit the
analogy of the nitro group to the carboxylate group, and
this and other features of the nitro group may permit
the rational design of additional pharmacologically
valuable inhibitors of enzymes.

Suicide Enzyme Inactivators

Stopped-flow kinetic analysis, as well as the imini-
um-trapping experiment outlined in eq 1, established
that the oxidation of nitroethane by D-amino acid ox-
idase proceeds via a substrate adduct at the N® position
of the flavin cofactor. Consideration of this mechanism
enabled us to predict that a nitroalkane bearing a sec-
ond leaving group would inactivate the enzyme without
the requirement of cyanide or other additional reagents.
Thus, 1-chloro-1-nitroethane (II) inactivates the enzyme
in a suicide reaction in which the flavin cofactor be-
comes acylated, rather than alkylated, at the N° posi-
tion Interestingly, the suicide substrate is competi-
tively oxidized to acetate in a noninactivating enzyme
turnover at about one-half the frequency of enzyme
suicide (eq 2). This flavin-acylation reaction clearly
requires active catalysis by the enzyme; other flavo-
enzymes such as lactate oxidase (Mycobacterium
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smegmatis), glycolate oxidase (spinach), glucose oxidase
(Aspergillus niger), and succinate dehydrogenase (bo-
vine heart) are not subject to inactivation by 1-chloro-
1-nitroethane. Of these, glucose oxidase accepts ni-
troethane as a substrate, but the oxidation of nitro-
ethane by glucose oxidase is not subject to inactivation
by cyanide and may occur in part via a free-radical-
mediated mechanism.* For that matter, the reactions
depicted as purely ionic in eq 1 and 2 may ultimately
prove further dissectable into one-electron-transfer

steps. In any event, the highly selective inactivation

of renal D-amino acid oxidase by 1-chloro-1-nitroethane
demonstrates that suicide substrates may sometimes be
designed on the basis of nonphysiological side reactions
catalyzed concomitantly with the ordinary reactions of
target enzymes.

Some nitroalkyl compounds occur naturally. The
first of these to be noted was 3-nitropropanoic acid,
bovinocidin (III), discovered because of the toxicity of
Indigofera and Astragalus species to grazing animals.
3-Nitropropanoate is an isoelectronic analogue of the
Krebs cycle intermediate succinate and is an inhibitor
of cellular respiration. Our experiments with nitro-
ethane and the flavoenzyme D-amino acid oxidase
prompted us to test 3-nitropropanoate as an inactivator
of the flavoenzyme succinate dehydrogenase. Bovino-
cidin proved to be a potent suicide inactivator of the
dehydrogenase.® It is probably oxidized by the enzyme
to 3-nitroacrylate, which alkylates a nucleophilic group
of the apoenzyme without diffusing from the active site
(eq 3).

o pK9.l FAD FADH,

O,N—CH—CH,—C0, 0,N—CH=CH—C0,

——> 0,N—CH,—CH (CT,)— Enzyme (3)
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In addition to vitamin B, dependent enzymes, vita-
min Bg dependent enzymes are subject to inactivation
by hitro compounds. Derivatives of alanine bearing a
leaving group such as sulfate, chloride, fluoride, acetate,
or carbamate in the 8-position are known to inactivate
several pyridoxal phosphate-dependent enzymes in su-
icide reactions.>> We have prepared 3-nitroalanine (IV)
and found that it inactivates alanine and aspartate
aminotransferases, probably by a mechanism analogous
to that of 3-fluoroalanine.” The enzymes catalyze the
elimination of nitrite or fluoride to yield a reactive
2-aminoacrylate Schiff base. By a different mechanism,
these enzymes are also inactivated by 5-nitro-L-
norvaline (V), the second higher homologue of 3-nitro-
alanine.” This é-nitro amine can condense with the
formyl group of the pyridoxal cofactor to afford a stable
six-membered cyclic adduct (eq 4). Similarly, y-nitro
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amines should afford five-membered cyclic adducts.
We have thus synthesized 3-nitro-1-propanamine (VI)
as an isoelectronic analogue of the neurotransmitter
y-aminobutyrate and confirmed that the analogue in-
activates GABA aminotransferase.

Compounds such as nitroalkanes and nitrosamino-
alkanes bearing acidic a-carbon atoms are generally
good substrates for heme-dependent oxidases and
peroxidases. Oxidation of nitroalkanes by horse radish
peroxidase was reported by Little in 1957.2 We have
found that this peroxidase initiates the free-radical-
mediated autoxidation of nitromethane and, in so doing,
suffers inactivation secondary to nitromethylation of
its heme prosthetic group (eq 5).°

peroxidase + Hy0, + CH,=NO,

CH,=NO, (5)

Other inactivation reactions of relevant interest have
been described in other laboratories. For instance,
Westheimer has reported that acetoacetate de-
carboxylase is potently inhibited by 5-nitrosalicylal-
dehyde.!® This reagent forms a metastable Schiff base
with the active-site lysyl residue, which ordinarily
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condenses with the carbonyl group of acetoacetate.
Thymidylate synthetase is another enzyme that em-
ploys covalent catalysis, and Wataya et al. have re-
ported that 5-nitro-2’-deoxyuridylate forms a stable
adduct with that enzyme.l! Nitronate esters are highly
electrophilic, and Schorstein et al. have shown that
3-chloro-1-nitropropane cyclizes to an ester capable of
covalently inactivating enzymes.!? N-Nitrosamides
spontaneously decompose into products reactive with
amino acid residues of proteins. However, White et al.
have described such a reagent that exploits covalent
catalysis by chymotrypsin.!®* The enzyme attacks an
N-nitroso lactam with its nucleophilic active-site seryl
residue to afford a diazonium alkylating agent bound
in ester linkage to the seryl residue. The bound di-
azonium functionality then reacts with an adjacent
active-gite residue. Enzymes such as aldolase and
transketolase that generate carbanionic reaction in-
termediates are subject to inactivation by tetranitro-
methane and other oxidants in a process that Christen
has termed “paracatalytic enzyme modification™.'*
Givot et al. have reacted the nitromethane anion with
an electrophilic group at the active site of histidine
ammonia-lyase in another interesting enzyme inacti-
vation that, similarly, is also not strictly a suicide re-
action.!?

Compounds Enzymatically Converted to
Reactive Products

A number of intrinsically reactive nitro and nitroso
compounds enjoy limited biochemical or pharmaco-
logical application. Examples include Sanger’s reagent,
Ellman’s sulfhydryl reagent, chloropicrin, mutagens
such as N-methyl-N-nitroso-N ~nitroguanidine, and
antineoplastic nitrosourea drugs such as streptozotocin
and carmustine (BCNU). Vascular smooth muscle re-
laxants such as nitroprusside, nitrates, and nitrites are
intrinsically reactive but cause activation rather than
inhibition upon reaction with their apparent target
enzyme guanylate cyclase,'® whereas inorganic nitrite
inactivates hemoglobin and other metalloproteins.
Some organisms produce intringically reactive nitro and
nitroso compounds to their ecological advantage. For
instance, streptomycetes elaborate the reactive anti-
biotics enteromycin,!” aureothin,'® and streptozotocin,®
while certain soldier termites spray reactive 1-nitro-1-
alkenes at predators.” A more subtle strategy is
practiced by streptomycetes that elaborate azomyecin.
This structurally simple antibiotic, 2-nitroimidazole, has
only low-grade intrinsic reactivity?! until it undergoes
enzymatic reduction by susceptible organisms to a
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number of highly reactive products. It and its artifical
congeners such as the clinically important drug me-
tronidazole thus exhibit highly selective toxicity toward
H,-evolving anaerobic microorganisms including certain
pathogenic eukaryotes.?? The dramatic clinical efficacy
of the antimicrobial nitroheterocyclic “wonder drugs”
has been one inducement for us to examine other
mechanisms by which nitro and nitroso compounds may
be enzymatically converted to reactive products.
The suicide inactivation of mitochondrial succinate
dehydrogenase by bovinocidin (eq 3) prompted us to
consider other mechanisms to enzymatically generate
conjugated nitroalkenes such as 3-nitroacrylate. We
found no evidence for dehydration of 3-nitrolactate
(VII) to 3-nitroacrylate by fumarase. However, like
glycolate and lactate, 3-nitrolactate is readily phos-
phorylated by mammalian pyruvate kinase, and the
product spontaneously eliminates phosphate to afford
3-nitroacrylate. Pyruvate kinase is thus inactivated by
3-nitrolactate in an ATP-requiring reaction (eq 6).%

OH ATF  ADP oPO"
) ‘ -\ Lo
0N —CH, —CH--CT, > O,N—CH,—CH—~CO0p

———> O,N—CH=CH—CO, (6)

In addition to promoting o,8-eliminations, the nitro
group may itself serve as a leaving group to afford an
electrophilic Michael acceptor. For instance, locoweeds
and poison vetches of the Astragalus genus produce
3-nitropropanoate but are generally richer in 3-nitro-
1-propanol (miserotoxin aglycon), which in some cases
is more toxic than 3-nitropropanoate. Upon oxidation
by hepatic alcohol dehydrogenase, 3-nitro-1-propanol
affords inorganic nitrite and highly cytotoxic acrolein
(eq 7). 3-Nitropropanoate might similarly yield a
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reactive acrylyl thio ester after succinic thiokinase
catalyzed esterification of coenzyme A.

As in the case of the suicide inactivation of D-amino
acid oxidase by 1-chloro-1-nitroethane (eq 2), nitro
compounds may be enzymatically converted to acylat-
ing agents as well as alkylating agents. In addition to
the flavin-dependent oxidase, heme-dependent enzymes
such as horse radish peroxidase and probably others?
catalyze the oxidation of 1-chloro-1-nitroethane to

(22) S. D. Nelson, J. Med. Chem., 25, 753 (1982); B. C. Millar, Bio-
chem. Pharmacol., 31, 2439 (1982); R. C. Knight, I. M. Skolimowski, and
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J. H. Weisburger, Biochem. Pharmacol., 23, 661 (1974).
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Biophys., 197, 516 (1979).
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They have been found in extracts from microorganisms, nitroalkane-
grown microorganisms, plants, mammalian liver, buttermilk, and reptile
venom; see H. N. Little, J. Biol. Chem., 193, 347 (1951); T. Kido, K. Soda,
T. Suzuki, and K. Asada, J. Biol. Chem., 251, 6994 (1976); M. R. Daha-
wale and U. Hornemann, J. Bacteriol., 137, 916 (1979); T. Kido, K.
Hashizume, and K. Soda, ibid., 133, 53 (1978); V. Ullrich, G. Hermann,
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G. Voet, and H. J. Bright, Z. Naturforsch. B, 27, 1052 (1972).
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N-acetyl nitrite. A similar enzymatic reaction may be
involved in the antifungal activity of gem-bromo ni-
troalkanes.? N-Acetyl nitrite is a potent acetylating
agent and may rearrange to O-acetyl nitrite, a strong
nitrosating agent.?’

Oxidation of secondary nitrosamines by heme-de-
pendent enzymes is responsible for the carcinogenic
action of these environmental hazards to human health.
Dialkylnitrosamines are oxidized by cytochrome P-450
to a-hydroxy compounds that decompose into primary
nitrosamines and thence to diazonium alkylating
agents.®® The secondary nitrosamines exhibit very low
reactivity under physiological conditions, whereas their
diazonium metabolites are extremely powerful electro-
philes. Little work has appeared on the deliberate
design of secondary nitrosamines that could be con-
verted to primary nitrosamines by enzymes other than
cytochrome P-450. The efficacy of the nonenzymati-
cally activated antineoplastic nitrosourea drugs should
spur such investigation. One approach might involve
y-oxidation rather than a-oxidation. For instance,
N-nitroso-8-(methylamino)isobutyl methyl ketone,
CH;N(NO)C(CH,),CH,COCHjg, has been employed as
a reagent for the generation of diazomethane. Because
of the y-carbonyl group, this secondary nitrosamine
decomposes into a labile primary nitrosamine in a
base-catalyzed reaction.?? Strongly alkaline conditions
are generally employed to generate diazomethane from
the nitrosamino ketone, but we have found the reaction
to proceed, albeit slowly, under mild conditions. As
judged by N, evolution followed manometrically, the
nitrosamino ketone has a decomposition rate of
0.7% /day at 25 °C in water buffered at pH 7.4 with 1.0
M potassium phosphate. This slow reaction ought to
occur more rapidly at body temperature in the cases of
aldehydes bearing electron-withdrawing halogen sub-
stituents. Thus, the (2-chloroethyl)diazonium ion is a
cross-linking agent produced by spontaneous hydrolysis
of the nitrosourea drugs carmustine (BCNU) and
loumstine (CCNU). That species could also be gener-
ated, for instance, in an alcohol dehydrogenase de-
pendent reaction proposed in eq 8. This scheme is

0
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reminiscent of the alcohol dehydrogenase prompted
evolution of diazomethane from the azoxy carcinogen
cycasin®® as well as the enzymatic conversion of mis-
erotoxin aglycon to acrolein (eq 7). The reaction pro-
posed in eq 8 should be generalizable to other secondary
nitrosamines and to other enzymes. Furthermore,
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C. H. Issidorides, Bioorg. Chem., 8, 97 (1979).
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lyases acting on secondary nitrosamino analogues of
substrates might actively catalyze the elimination of
reactive diazoates. As a hypothetical example, trypto-
phanase catalyzes the elimination of indole from tryp-
tophan and might release diazomethane from the com-
pound shown in eq 9.

c +
Hy—N=N
O 3
- ” -
CH3—N—CH2—(I:H—C02 —> CH3—C—CO0, (9)
H +
\Hs NH,

Tryptophanase has been reported to catalyze the
decomposition of alanosine,?! an antineoplastic anti-
biotic, which is shown in eq 10 and which resembles the
amino acid proposed in eq 9. In the case of alanosine,
tryptophanase catalyzes the release of nitrous oxide
(N;O) rather than diazomethane (N,CH,). Nitrous
oxide is sufficiently inert to be widely employed as an
anesthetic drug in humans, but the compound is ca-
pable of inactivating vitamin B,, dependent enzymes
such as methionine synthetase, and this reaction of
nitrous oxide may be clinically significant.?> We have
found with D. A. Cooney that alanosine may also be
enzymatically converted to other oxides of nitrogen.
Metabolism of this analogue of aspartate to the ana-
logue of oxalacetate, as by the action of L-amino acid
oxidase, permits its decomposition into nitric oxide, a
highly reative cytotoxic agent (eq 10).

0 0
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N
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—> | +CH=C-C0———>20=N  (10)
o

Alanosine exhibits sufficient antineoplastic activity
to have warranted clinical trials in humans. Its mech-
anism of antineoplastic activity probably does not in-
volve nitric oxide evolution but, rather, inhibition of
purine biosynthesis from aspartate. In particular, ala-
nosine is conjugated to 5-aminoimidazole-4-carboxylic
acid ribonucleotide by the action of phosphoribosyl-
aminoimidazole-succinocarboxamide (SAICAR)
synthetase, and the resultant nucleotide is a potent
reversible inhibitor of adenylosuccinate synthetase.3034
Alanosine also inhibits pyrimidine biosynthesis.?3 Since
N-hydroxy-N-nitrosamines bind zinc avidly®® and since
dihydroorotase is subject to inactivation by zinc-che-
lating agents,® it is tempting to spectulate that the

(31) H. N. Jayaram, A. K. Tyagi, S. Anandaraj, J. A. Montgomery, J.
A. Kelley, J. Kelley, R. H. Adamson, and D. A. Cooney, Biochem.
Pharmacol., 28, 3551 (1979).

(32) K. Yasuhiko, S. Sakamoto, K. Sakuraya, T. Kubota, K. Hida, K.
Suda, and F. Takaku, Cancer Res., 41, 4698 (1981); I. Chanarin, J. Clin.
Pathol., 33, 909 (1980).

(33) T. A. Alston and H. J. Bright, Biophys. Res. Commun., 105, 560
(1982).

(34) J. M. Kelley, R. H. Adamson, D. A. Cooney, H. N. Jayaram, and
S. Anadaraj, Cancer Treat. Rep., 61, 471 (1977); H. N. Jayaram and D.
A. Cooney, ibid., 63, 1095 (1979); S. J. Anadaraj. H. N. Jayaram, D. A.
Cooney, A. K. Tyagi, N. Han, J. H. Thomas, M. Chitnis, and J. A.
Montgomery, Biochem. Pharmacol., 29, 227 (1980).

(35) G. R. Gale, W. E. Ostrander, and L. M. Atkins, Biochem. Phar-
macol., 17, 1823 (1968).

(36) G. Powis and J. S. Kovach, Biochem. Pharmacol., 80, 771 (1981).
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inhibition of pyrimidine biosynthesis by alanosine in-
volves inactivation of dihydroorotase by the N-carbamyl
derivative of alanosine (synthesized by aspartate tran-
scarbamylase, the preceding enzyme in the pyrimidine
biosynthetic pathway). Furthermore, N-hydroxy-N-
nitrosamines bear chemical analogy to hydroxamic acids
and may thus also prove to inactivate hydoxamate-
sensitive enzymes such as ribonucleotide reductase.®
In this regard, we have observed that, like hydroxamic
acids,® alanosine and other hydroxynitrosamines are
readily oxidized by peroxidases to nitroxide free radi-
cals; this reaction provides another mechanism for en-
zymatic generation of nitric oxide from hydroxy-
nitrosamines.

Nitroaryl and nitro heterocyclic compounds are
readily reduced to toxic products by anaerobic mi-
croorganisms. To a lesser extent such reduction can
occur in mammalian tissues via heme-dependent en-
zymes such as cytochrome P-450 and via molybdenum-
dependent enzymes such as xanthine oxidase.l® Hy-
poxia favors metabolic reduction of nitro compounds.
Since malignant tumors frequently outgrow their blood
supply and thus contain hypoxic cells that are resistant
to radiation and to drugs that kill rapidly dividing
normoxic cells, nitro compounds have been designed as
enzyme-activated chemotherapeutic agents for hypoxic
tumor cells. One approach to the design of so-called
“bioreductive alkylating agents™ is illustrated by p-
nitroaniline mustard, p-O,NC;HN(CH,CH,Cl),.#* The
electron-withdrawing nitro group retards cyclization of
this mustard to a reactive aziridinium ion, but enzy-
matic reduction of the nitro group to an electron-do-
nating amino group facilitates aziridinium ion forma-
tion. 1,3-Dichloro-2-methyl-nitropropane has also been
synthesized as a potential mustard-type bioreductive
alkylating agent.?

Another approach involves o-nitrobenzyl carbamates,
0-0;NC¢H,CH,0,CNR,, which are enzymatically re-
duced to o-aminobenzyl carbamates. These products
spontaneously eliminate carbamate to afford reactive
methide compounds.** However, nitroaromatic com-
pounds need not undergo complete bioreduction to
amino compounds in six-electron redox reactions in
order to yield reactive species. The intermediate aro-
matic free radicals, nitroso compounds, and hydroxyl-
amines can themselves covalently damage cellular
constituents.?? Although aromatic nitroso compounds
are intrinsically reactive with protoplasmic nucleophiles,
their reactivities can be enzymatically enhanced. For
instance, p-nitrosoanilines are reduced by NADH in an
alcohol dehydrogenase catalyzed reaction to yield p-
{(hydroxyamino)anilines, which lose hydroxide to afford
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reactive quinonediimine cations.** Similarly, 4-(di-
methylamino)-1-nitrosobenzene reacts with the “active
acetylaldehyde” form of pyruvate decarboxylase to yield
N-[4-(dimethylamino)phenyl]acetohydroxamic acid,
p-Me,NCgH,N(OH)COCHj, which then loses hydroxide
to afford a reactive N-acetylquinonediimine cation.*®
Although hydrolysis of the nitrosourea drugs to reactive
diazonium ions occurs spontaneously, that process may
also be enzymatically facilitated.!®* For instance, dia-
zomethane evolution from streptozotocin, N-(methyl-
nitrosocarbamyl)glucosamine, might be promoted by
the enzymes that ordinarily catalyze hydrolysis of N-
acetylglucosamine.

Competitive Inhibitors and Substrates

The nitro group closely resembles the carboxylate
group, and we have found that nitro analogues of car-
boxylic substrates generally bind well to enzymes. The
similarity to carboxylates is increased upon ionization
of nitroalkanes to the nitronate state. However, ni-
troalkanes are weak carbon acids that are predomi-
nantly not ionized at equlibrium at physiological pH.*
The acidity of nitroalkanes is enhanced by electron-
withdrawing substituents, though, so that the pK of
1-chloro-1-nitroethane is 7.0, while that of nitroethane
is 8.6 in water at 25 °C.* N-Nitro compounds (nitr-
amines) may also serve as carboxylate analogues and
are more acidic than the corresponding C-nitro com-
pounds.*’ Thus, the second ionizations of succinate,
nitraminoacetate (VIII), and 3-nitropropanoate (I1II)
have pK values of 5.6, 6.6, and 9.1, respectively. N-
hydroxy-N-nitrosamines, on the other hand, are fairly
strong acids. For instance, the hydroxynitrosamino
group of alanosine (eq 10) has a pK of 4.8. Cooney and
co-workers have shown that alanosine and its metabo-
lites thus interact with the active sites of numerous
enzymes involved in the metabolism of aspartate and
glutamate 313

Our findings that succinate dehydrogenase and ~-
aminobutyrate aminotransferase are inactivated by the
respective suicide substrates 3-nitropropanoate and
3-nitro-1-propanamine prompted us to examine the
corresponding N-nitro compounds as inhibitors. Ni-
traminoacetate (VIII) is a toxic antibiotic from Strep-
tomyces noursei,” and 2-nitraminoethylamine (IX) is
produced by the mushroom Agaricus silvaticus.®® The
former compound is a strong competitive inhibitor of
the dehydrogenase,*” and the latter is oxidized as a
substrate by the aminotransferase.*® Our experiments
with C-nitro and N-nitro analogues as competitive in-
hibitors and substrates of enzymes acting on carboxylic
substrates are summarized in Table . There are, in-
cidentally, many examples of nitroaromatic compounds
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Vol. 16, 1983 Enzyme Inhibition 423
Table I
Representative Examples of Nitro Analogues of Carboxylic Substrates
activ-
compound ity® enzyme ref
~0,N=CHCH, (I) S D-amino acid oxidase (porcine kidney), EC 1.4.3.3 1
~0,N=CCICH, (II) X D-amino acid oxidase 3
“0,N=CHCH,CO," (III) X succinate dehydrogenase (rat liver, bovine heart), EC 1.3.99.1 5
] succinic thiokinase (porcine heart), EC 6.2.1.4 b
I aspartase (Bacterium cadaveris), EC 4.3.1.1 52
I fumarase (porcine heart), EC 4,2.1.2 52
I isocitrate lyase (Pseudomonas indigofera), EC 4.1.3.1 56
~0,N=CHCH(*NH,)CO,” (IV) X aspartate aminotransferase (porcine heart), EC 2.6.1.1 7
S adenylosuccinate synthetase (Azotobacter vinelandii), EC 6.3.4.4 58
S D-amino acid oxidase b
I aspartase 52
“0,N=CHCH,CH,CH(*NH,)CO," (V) X alanine aminotransferase (porcine heart), EC 2.6.1.2 7
X aspartate aminotransferase 7
X GABA aminotransferase (Pseudomonas fluorescens, porcine brain), 7
EC 2.6.1.19
"0,N=CHCH,CH,*NH, (VI) X GABA aminotransferase b
“0,N=CHCHOHCO," (VII) S malate dehydrogenase (rabbit muscle), EC 1.1.1.37 52
I fumarase 52
I malic enzyme (chicken liver), EC 1.1.1.40 52
“0,N=NCH,CO," (VIII) S succinic thiokinase b
I aspartase 47
1 fumarase 47
1 succinate dehydrogenase 47
-0,N=NCH,CH,*NH, (IX) S GABA aminotransferase 50
“0,N=CHCOH(CO, )CH,CO," (X) S ATP-citrate lyase (rat liver), EC 4.1.3.8 b
S citrate lyase (Enterobacter aerogenes), EC 4.1.3.6 b
I aconitase (porcine heart), EC 4.2.1.3 55
“0,N=C(CH,C0," )CHOHCO," (XI) I aconitase 55
I isocitrate dehydrogenase (porcine heart), EC 1.1.1.41 b
“0,N=CHCOCO," (XII) S citrate synthetase (pigeon liver), EC 4.1.3.7 b
S malate dehydrogenase 52
I pyruvate kinase/oxalacetate decarboxylase (rabbit muscle), b
EC 2.7.1.40
-0,N=CH, S carbamate kinase (Streptococcus faecalis), EC 2.7.2.2 b
"0,N=CHCO," I succinate dehydrogenase 47
“0,N=CCICH,CO," I succinate dehydrogenase 3
“0,N=NCH,CHO S succinic semialdehyde dehydrogenase (Pseudomonas fluorescens), 50
EC1.2.1.16
“0,N=CHCHOHCH, S 3-hydroxybutyrate dehydrogenase (Pseudomonas lemoignei), b
EC1.1.1.30
"0,N=C(CH,)CHOHCH, 1 3-hydroxybutyrate dehydrogenase b
“0,N=NCH,CH(*NH,)CO," S glutamate dehydrogenase (bovine liver), EC 1.4.1.3 b
I glutamine synthetase (ovine brain), EC 6.3.1.2 b
“0,N=NCH(CO,")CH,CO," I aconitase b
"0,N=CHCH(AMP)CO," I adenylosuccinate lyase (brewers yeast), EC 4.3.2.2 58

a I = reversible inhibitor, S = substrate, X = suicide inactivator. ® Unpublished observation.

that have been employed as chromogenic substrates for
enzymes,®! but these compounds are not accepted by
the enzymes by virtue of structural analogy to carbox-
ylic substrates.

Transition-State Analogues

In view of the suicide inactivation of succinate de-
hydrogenase by 3-nitroacrylate generated enzymatically
from the nitronate of 3-nitropropanoate (eq 3), we have
tested the nitronates of 3-nitrolactate (VII) and 3-
nitroalanine (IV) as 3-nitroacrylate-generating sub-
strates of fumarase and aspartase, respectively.”? No
production of 3-nitroacrylate was detectable, but the
nitronates proved to be potent reversible inhibitors of
those enzymes. The 3-nitrolactate nitronate binds 900
times more tightly than malate binds to fumarase, and
the 3-nitroalanine nitronate binds 1600 times more
tightly than aspartate binds to aspartase.’>5® As dis-
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aspartate-utilizing enzymes is 1-amino-2-nitrocyclopentanecarboxylic
acid, a phytopathic antibiotic; see B. F. Burrows and W. B. Turner, J.
Chem. Soc. C, 255 (1966).

cussed elsewhere,? since enzymes must stabilize tran-
sition-state species in order to catalyze their reactions,
then it is reasonable to expect that structural analogues
of transition-state species should bind more tightly than
substrates or products to enzymes. Since enzymes ac-
celerate reaction rates by orders of magnitude, so-called
transition-state analogues can theoretically bind more
tightly than substrates by orders of magnitude. The
nitronate inhibitors are plausible transition-state ana-
logues for fumarase and aspartase because nitronates
are isoelectronic with a-carbanions of carboxylates.
Those enzymes probably abstract protons from the C-3
position of their substrates to transiently generate such
a-carbanions. The aconitase reaction is similar to that
of fumarase, and aconitase is exquisitely sensitive to the
nitronate analogues of citrate and isocitrate.’® The
nitronate of 2-hydroxy-3-nitropropane-1,2-dicarboxylic
acid (X) binds 2700 times more tightly than citrate
binds to aconitase, and the nitronate of 1-hydroxy-2-

(54) G. E. Lienhard, Science, 180, 149 (1973); R. Wolfenden, Methods
Enzymol., 46, 15 (1977).

(55) J. V. Schloss, D. J. T. Porter, H. J. Bright, and W. W. Cleland,
Biochemistry, 19, 2358 (1980).
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nitropropane-1,3-dicarboxylic acid (XI) binds 72000
times more tightly than isocitrate. Interestingly, the
onset and release of inhibition of aconitase by the ni-
tronate analogue of isocitrate is not instantaneous. The
analogue rapidly associates with the enzyme to form a
loose complex that rearranges to a tight complex in a
first-order reaction with a rate constant of 6.6 min™.
The inhibition is only slowly reversible as the tight
complex rearranges back to the loose complex in a
first-order reaction with a sluggish rate constant of only
0.063 min™!. The apparent K; value for the inhibitor
is 6.8 X 1071 M, and such hysteretic behavior is com-
monly seen with extremely tight-binding inhibitors of
enzymes.

It is tempting to speculate that the nitronate analogue
of isocitrate functions as a suicide substrate for aco-
nitase. The enzyme might catalyze transformation of
the inhibitor to a nitroalkene analogue of aconitate,
which then alkylates an active-site nucleophilic group
in a slowly reversible Michael reaction. However, the
structural resemblance of the nitronate of 1-hydroxy-
2-nitropropane-1,3-dicarboxylic acid to a plausible
transition-state species in the aconitase reaction sug-
gests that noncovalent forces may entirely account for
the remarkably tight binding. In another case, the
nitronate of 3-nitropropanoate binds 65000 times more
tightly than succinate to isocitrate lyase, and the dis-
sociation rate is less than 0.0011 min™! in that instance.5
Nitro compounds that are not strict nitro analogues of
carboxylic substrates might also serve as transition-state
analogues. For instance, 3-nitropyruvate (XII) binds
much more tightly than pyruvate to pyruvate kinase.

(56) J. V. Schloss and W, W. Cleland, Biochemistry, 21, 4420 (1982).
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In that case the nitro substituent may facilitate binding
of the oxo acid to the active site by promoting enola-
tization and thus resemblance to the enolate of pyru-
vate. However, pyruvate kinase actively catalyzes the
decarboxylation of oxalacetate as a side reaction,”” and
the dianion of 3-nitropyruvate is an eminently plausible
transition-state analogue for that reaction.

Concluding Remarks

The rich chemistry of the nitro and nitroso groups
should permit the rational design of numerous potent
and selective inhibitors of enzymes. In particular,
ionizable nitro and related compounds may serve as
close analogues of carboxylic substrates for enzymes.
The nitro group is more reactive than the carboxy
group, though, and this reactivity may result in enzyme
inactivation in special cases. Examples in this Account
include reactions in which the nitro or nitroalkyl group
functions as a reductant,"*%% oxidant,224-43 nucleo-
phile,1®7 electrophile,>1221% and leaving group.b%2*
There are no nitroalkyl, halonitroalkyl, nitramino, di-
alkylnitrosamino, nor N-hydroxy-N-nitrosamino com-
pounds currently in clinical use as drugs. We anticipate
that further work along the lines described herein will
fruitfully add such compounds to the armamentarium
of medicinal chemistry.
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