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AbstractÐThe nitric oxide synthases (NOS), which require heme, tetrahydrobiopterin, FMN, FAD, and NADPH, catalyze the O2-
dependent conversion of l-arginine to l-citrulline and nitric oxide. No-Allyl-l-arginine, a mechanism-based inactivator of neuronal
NOS, also is a substrate, producing l-arginine, acrolein, and H2O (Zhang, H. Q.; Dixon, R. P.; Marletta, M. A.; Nikolic, D.; Van
Breemen, R.; Silverman, R. B. J. Am. Chem. Soc. 1997, 119, 10888). Two possible mechanisms for this turnover are proposed,
one initiated by allyl C±H bond cleavage and the other by guanidino N±H cleavage, and these mechanisms are investigated with the
use of No-allyl-l-arginine (1), No-[1,1-2H2]allyl-l-arginine (7), No-allyl-No-hydroxy-l-arginine (2) and No-[1,1-2H2]allyl-N

o-
hydroxy-l-arginine (8) as substrates. Signi®cant isotope e�ects on the two kinetic parameters, kcat and kcat=Km, are observed in case
of 1 and 7 during turnover, but not with 2 and 8. No kinetic isotope e�ects are observed for either compound in their role as
inactivators. These results support a mechanism involving initial C±H bond cleavage of No-allyl-l-arginine followed by hydroxy-
lation and breakdown to products. # 2000 Published by Elsevier Science Ltd.

Introduction

Nitric oxide synthase (NOS, EC 1.14.13.39) requires ®ve
di�erent coenzymes, NADPH, FAD, FMN, heme, and
tetrahydrobiopterin, in a mixed function oxidase reaction
that uses molecular oxygen to convert l-arginine to
l-citrulline and the second messenger, nitric oxide.1 Nitric
oxide is implicated in a variety of biological functions2

that can be correlated with one of three isoforms of
NOS: inducible NOS (iNOS, immune response), endo-
thelial NOS3 (eNOS, smooth muscle relaxation), and
neuronal NOS4 (nNOS, neuronal signaling). However,
overproduction of nitric oxide has been a factor in
numerous disease states,5 including cerebral ischemia,
migraines, septic shock, Parkinson's disease, and arthri-
tis; therefore, the design of selective NOS inhibitors has
been of widespread interest.

Arginine analogues comprise the ®rst class of potent
reversible and irreversible inhibitors of NOS and
include a variety of No-alkyl substituted arginines with
varying potencies and isoform selectivities.6 No-Allyl-l-
arginine (1) was reported to be an inhibitor and inacti-
vator of iNOS by Olken and Marletta,7 and it was
shown to be not only a competitive inhibitor, but a
mechanism-based irreversible inactivator of nNOS.8

Inactivation is initiated by N-hydroxylation of No-allyl-
l-arginine (1) to give No-allyl-No-hydroxy-l-arginine
(2), which causes reductive allylation of the heme coen-
zyme. In addition to this inactivation reaction, No-allyl-
l-arginine also acts as a substrate for nNOS. No-[1-3H]
Allyl-l-arginine and No-allyl-l-[1-14C]arginine were
used to show that acrolein, water, and l-arginine are
generated, and the amount of acrolein produced corre-
sponds to the amount of water generated by loss of the
a-3H.8 Two pathways were proposed for the formation
of these turnover products (Scheme 1). Pathway (a)
involves hydrogen atom abstraction from the a-C-H
bond to give radical 3 and oxygen rebound to carbino-
lamine 4 (these may not be discrete steps), a typical path-
way for cytochrome P450-catalyzed amine oxidation;9 4
decomposes to acrolein (6) and l-arginine. Pathway (b)
follows the inactivation route of initial N-hydroxylation
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to 2, which loses a molecule of water to give the con-
jugated guanidine 5; hydrolysis of 5 produces acrolein
and l-arginine.

Heme-dependent enzymes, such as cytochrome P450s,
are known to catalyze both aliphatic and aromatic
hydroxylations as well as N-hydroxylations, particularly
of amines with low oxidation potentials.9 Tetrahydro-
biopterin-dependent enzymes are known to catalyze both
aliphatic and aromatic hydroxylation.10ÿ12 Because
most tetrahydrobiopterin enzymes also contain Fe2+, it
is thought that the actual hydroxylating species may be a
hypervalent iron-oxo species, possibly generated by the
tetrahydrobiopterin13,14 (originally, it was thought that a
tetrahydrobiopterin-dependent phenylalanine hydroxyl-
ase from Chromobacterium violaceum did not require a
metal ion for phenylalanine hydroxylation,12 but that
appears not to be the case15). To the best of our
knowledge, the only tetrahydrobiopterin-dependent
enzyme that is known to catalyze an N-hydroxylation
reaction is NOS, but there has been some debate as
to whether the hydroxylation is heme dependent16 or
tetrahydrobiopterin dependent.17 Recently, Marletta and
co-workers observed a tetrahydrobiopterin radical in the
presence of l-arginine with the heme domain of inducible
NOS.18 The conclusion was that the tetrahydrobiopterin
is an intermediary electron transfer cofactor between
a ¯avin in the reductase domain and the heme in the
oxygenase domain, but the tetrahydrobiopterin is not
directly involved in substrate hydroxylation.

We report a NOS-catalyzed reaction of a substrate that
undergoes both C- and N-oxidation. If the turnover of
No-allyl-l-arginine proceeds via pathway (a) in Scheme
1, the a-C±H bond cleavage step would be the rate-deter-
mining step in the entire process.19 However, if pathway (b)
is important, then N-hydroxylation or dehydration could
be the rate-determining step. To di�erentiate whether

pathway (a) or (b) is the principal pathway of NOS-cata-
lyzed N-deallylation, No-allyl-l-arginine (1), No-
[1,1-2H2]allyl-l-arginine (7), No-allyl-No-hydroxy-l-argi-
nine (2), and No-[1,1-2H2]allyl-N

o-hydroxy-l-arginine (8)
were synthesized and the kinetics of nNOS-catalyzed oxi-
dation of each were determined. The results support a
mechanism via both pathways (a) and (b), but principally
by pathway (a).

Results

Syntheses ofN!-[1,1-2H2]Allyl-L-arginine (7) and N
!-

[1,1-2H2]Allyl-N
!-hydroxy-L-arginine (8)

No-[1,1-2H2]Allyl-l-arginine (7) was synthesized by the
same route employed for No-allyl-l-arginine (1),8 except
using [1,1-2H2]allyl amine.20 No-[1,1-2H2]Allyl-No-hy-
droxy-l-arginine (8) was synthesized as previously repor-
ted for No-allyl-No-hydroxy-l-arginine (2),8 using N-[1,
1-2H2]allyl acetyl hydroxylamine, which was prepared
by a Mitsunobu reaction (Scheme 2).

Kinetic constants for N!-allyl-L-arginine (1), N!-allyl-
N!-hydroxy-L-arginine (2), N!-[1,1-2H2]allyl-L-arginine
(7), and N!-[1,1-2H2]allyl-N

!-hydroxy-L-arginine (8)

No-Allyl-l-arginine (1) and No-allyl-No-hydroxy-l-
arginine (2) are alternate substrates for nNOS. The
apparent Km and kcat values for 1, 2, 7 and 8, determined
by the method of Hanes and Woolf21 (Fig. 1), are given
in Table 1. The isotope e�ect on kcat for 7 is 3.4 (Table 2),
but there is no isotope e�ect on the kcat for 8. The corre-
sponding isotope e�ects on kcat/Km are 4.6 and 1.2,
respectively. The products,NO2

ÿ andNO3
ÿ, weremeasured

by the Griess method.22 Nonenzymatically produced
NO2

ÿ/NO3
ÿ, determined from identical assays without

nNOS, was subtracted from each concentration. Inactiva-
tion kinetic constants also are given in Table 1.

Scheme 1.
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Detection of acrolein as a coproduct of turnover

Following incubation of nNOS with 1 or 2, detection of
acrolein was accomplished by LC-ESMS as the 2,4-dini-
trophenylhydrazone of the b-mercaptoethanol Michael
adduct (m+1/z of 315).

Discussion

Substrate turnover was measured by following the for-
mation of nitric oxide (and its oxidation products)22

from No-allyl-l-arginine (1) and No-allyl-No-hydroxy-
l-arginine (2). This assay is based on earlier work,8 in

Scheme 2.

Figure 1. Hanes±Woolf plot for No-allyl-l-arginine (1, &) and No-
[1,1-2H2]allyl-l-arginine (7, *).

Table 1. Kinetic constants forNo-allyl-l-arginine (1),No-[1,1-2H2]allyl-

l-arginine (7),No-allyl-No-hydroxy-l-arginine (2), andNo-[1,1-2H2]allyl-

No-hydroxy-l-arginine (8)

Compound Km

(mM)
kcat

(minÿ1)
kcat/Km

(minÿ1 mMÿ1)
KI

(mM)
kinact
(minÿ1)

1 11.1 3.48 0.31 19.0 0.095
7 15.0 1.03 0.07 20.0 0.096
2 2.70 0.73 0.27 3.49 0.091
8 3.40 0.77 0.23 3.47 0.090

Table 2. Kinetic deuterium isotope e�ects on kinetic parameters for

the reaction of No-allyl-l-arginine (NAA) and No-allyl-No-hydroxy-l-
arginine (NAHA) with neuronal nitric oxide synthase

Kinetic constants Kinetic isotope e�ect

NAA NAHA

(Km)D/(Km)H 1.351�0.003 1.271�0.148
(kcat)H/(kcat)D 3.379�0.042 1.055�0.028
[kcat/Km]H/[kcat/Km]D 4.604�0.082 1.207�0.173

Figure 2. Hanes±Woolf plot for No-allyl-No-hydroxy-l-arginine (2,
&) and No-[1,1-2H2]allyl-N

o-hydroxy-l-arginine (8, *).
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which it was observed that the oxidation of l-arginine,
the initial product of No-allyl-No-hydroxy-l-arginine
oxidation, is faster than the oxidation of No-allyl-No-
hydroxy-l-arginine. Therefore, the rate-determining
step is No-allyl-No-hydroxy-l-arginine oxidation, not
l-arginine oxidation, and the rate of formation of nitric
oxide is a measure of the rate of oxidation ofNo-allyl-No-
hydroxy-l-arginine. It also was found that oxidation of
No-allyl-No-hydroxy-l-arginine is faster than oxidation
of No-allyl-l-arginine, indicating that nitric oxide forma-
tion from No-allyl-l-arginine also is a measure of the rate
of allyl oxidation.8 We were not able to monitor the rate
of formation of acrolein, because it involves trapping the
acrolein with b-mercaptoethanol followed by derivatiza-
tion with 2,4-dinitrophenylhydrazine and HPLC detec-
tion, and accurate time-dependent formation of acrolein
was not dependable.

No-Allyl-l-arginine (1) and No-[1,1-2H2]allyl-l-arginine
(7) are moderately good substrates for recombinant
nNOS;23 the ratio of kcat values for formation of nitric
oxide and l-citrulline by l-arginine relative to that by 1
is 8.2. There is a signi®cant deuterium isotope e�ect on
kcat and kcat/Km (Tables 1 and 2). Isotope e�ects of 3.4
and 4.6 on the kcat and kcat/Km values, respectively,
suggest that cleavage of the a-C±H bond is at least par-
tially rate-determining; isotope e�ects of about four are
large enough to be consistent with complete rate control
by C±H bond cleavage, for example, in the case of early
or late transition states.

As a control for the isotope e�ect on turnover, and to
corroborate the mechanism of inactivation of NOS by
No-allyl-l-arginine, which was shown to occur by initial
N-H bond cleavage and formation of No-allyl-No-
hydroxy-l-arginine (2),8 the isotope e�ect on inactivation
of nNOS by 1 and 7 was investigated as well as inactiv-
ation by 2 and 8. No isotope e�ect was observed on
inactivation (either on KI or kinact) by either 7 or 8 (Table
1), consistent with the observed formation ofNo-allyl-No-
hydroxy-l-arginine as an intermediate to inactivation and
the proposed inactivation mechanism, which does not
involve a-C±H bond cleavage.8

Furthermore, no isotope e�ect was observed on the
turnover ofNo-[1,1-2H2]allyl-N

o-hydroxy-l-arginine (8),
indicating that the dehydration step in pathway (b) is not
the rate-limiting step in the turnover of 2 and 8. This is
reasonable because N-hydroxylation to 2 should be an
energetic step, but loss of water to the conjugated 5
should be facile. Compound 2 was stable in the incuba-
tion medium in the absence of NOS, implying that
dehydration of 2 to 5 is an active site-directed enzymatic
process. Therefore, the lack of an isotope e�ect observed
on turnover of 2 suggests that pathway (a) in Scheme 1 is
the major pathway for turnover of 1. However, the fact
that acrolein (as the 2,4-dinitrophenylhydrazone of the
b-mercaptoethanol adduct) and nitric oxide are observed
as products of nNOS-catalyzed oxidation of 2 indicates
that pathway (b) is a minor pathway for oxidation of 1.

Previously, it was found that No-methyl-l-arginine also
was a substrate and inactivator of NOS; in that case, the

corresponding oxidation product, formaldehyde, was iso-
lated,24 indicating that this N-dealkylation reaction is
general for No-substituted-l-arginines. As in the case of
No-allyl-l-arginine, however, formation of formaldehyde
from NOS-catalyzed oxidation of No-methyl-l-arginine
can occur by either of the mechanisms shown in
Scheme 1.

Because there is an isotope e�ect on kcat for 7 relative to
1, but no isotope e�ect on kinact for 7 relative to 1, the
partition ratio (the ratio of turnover to inactivation or
kcat/kinact) decreases from 37 to 11 (i.e. more inactivation
occurs), as expected for partitioning from a common ES
complex. a-Deuteration shifts the ¯ux from C±H cleavage
toward an increase in N-oxidation (metabolic switching),
leading to 2 and inactivation (a lower partition ratio),
instead of C±H cleavage to 3 and turnover. Further
support that pathway (b) is a minor pathway for turn-
over comes from the lack of an e�ect on the partition
ratio by 8 versus 2.

The ratio of the kcat for 1, which represents C-hydroxy-
lation (actually kcatÿkinact, because one equivalent of
nitric oxide is produced per inactivation event) to the kcat
(again kcatÿkinact) for 2, which represents N-hydroxyl-
ation, is 5.3. This number represents the lower limit for
the formation of nitric oxide via pathway (a) relative to
pathway (b) in Scheme 1, because starting from 2 gives
the saturated rate, but in starting from 1 there is some
leakage via pathway (b).

Conclusion

The lack of a deuterium isotope e�ect on product for-
mation by No-[1,1-2H2]allyl-N

o-hydroxy-l-arginine (8)
versus No-allyl-No-hydroxy-l-arginine (2) suggests that
the dehydration step in pathway (b) of Scheme 1 is not
rate determining. Therefore, the kinetic isotope e�ect
displayed by the oxidation of No-[1,1-2H2]allyl-l-argi-
nine (7) relative to No-allyl-l-arginine (1) supports a C-
hydroxylation mechanism (pathway (a)) as the major
pathway in the turnover. However, observation of the
products nitric oxide and acrolein from NOS-catalyzed
oxidation of 2 and 8 indicates that N-hydroxylation
(pathway (b)) is a minor pathway.

Experimental

General methods

NMR spectra were recorded on either a Varian Inova
500MHz or a Varian Gemini 300MHz spectrometer.
Chemical shifts are reported as d values in parts per
million down®eld from Me4Si as the internal standard in
CDCl3. Thin-layer chromatography was performed on
EM/UV silica gel plates with a UV indicator. Mass spectra
were obtained on a VG Instruments VG70-250E high-
resolution spectrometer. Electrospray mass spectra were
measuredwith aMicromass Quattro II mass spectrometer.
UV spectra were recorded on a Perkin±Elmer Lambda
10UV±vis spectrometer. Column chromatography was
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performed with Merck silica gel (230±400 mesh). Che-
micals were purchased from Aldrich Chemical Co. Bio-
chemicals and coenzymes were purchased from Sigma
Chemical Co.

N!-[1,1-2H2]Allyl-L-arginine (7). To a stirred solution of
Na-Boc-Nd-cyano-l-ornithine tert-butyl ester8 (480mg,
1.53mmol) and [1,1-2H2] allyl amine toluic acid salt
(598mg, 3.06mmol)20 in ethanol (20mL) was added
triethylamine hydrochloride (421.2mg, 3.06mmol), and
the reaction mixture was heated to re¯ux for 48 h. After
the reaction was completed, the volatile materials were
removed by rotary evaporation, resulting in a yellowish
oil, which was chromatographed on silica gel (180 g, 6:1
methylene chloride:methanol), yielding 403mg (1.08
mmol, 35%) of Na-Boc-No[1,1-2H2]-l-arginine tert-butyl
ester. To 390mg (1.05mmol) of this ester was added
tri¯uoroacetic acid (5.5mL) and methylene chloride
(5.5mL), and the reaction mixture was allowed to stir
for 2 h. After the reaction was completed, the volatile
materials were removed by rotary evaporation, resulting
in a yellowish oil, which was chromatographed on a
Dowex 50W-X8 cation exchange column (resin 200±400
mesh, H+ form), washing the column with water
(50mL) and then eluting the product from the column
with 0.25M ammonium hydroxide. The water was
removed by lyophilization, yielding 150mg (0.69mmol,
65%) of 7. TLC, 1H NMR, and HPLC analyses demon-
strated that the compound was 98% chemically and iso-
topically pure; 1H NMR (D2O) d 5.761 (dd, 1H, J=17,
10.25Hz), 5.148 (m, 2H), 3.436 (t, 1H, J=10.0Hz), d
3.137 (t, 2H, J=7.0Hz) 1.486±1.680 (m, 4H). HRMS
(APCI) calcd for C9H16N4O2D2 (MH+) 217.1628, found
217.1603.

N!-[1,1-2H2]Allyl-N
!-hydroxy-L-arginine (8). Com-

pound 8 was synthesized and puri®ed following the
synthesis of No-allyl-No-hydroxy-l-arginine (2),8 except
using N-[1,1-2H2]allyl acetyl hydroxylamine instead of
N-allyl acetyl hydroxylamine. N-[1,1-2H2]allyl acetyl
hydroxylamine was prepared from N-[1,1-2H2]allyl N,O-
diacetyl hydroxylamine (see below).25 TLC, 1H NMR,
and HPLC analyses demonstrated that the the com-
pound was 98% chemically and isotopically pure; 1H
NMR (D2O) d 5.781 (m, 1H), 5.234 (m, 2H), 3.887 (t,
1H, J=6.0Hz), 3.246 (t, 2H, J=6.5Hz) 1.822±1.905 (m,
2H), 1.592±1.712 (m, 2H). HRMS (APCI) calcd for
C9H16N4O3D2 (MH+) 233.1577, found 233.1584.

N-[1,1-2H2]Allyl-N,O-diacetyl hydroxylamine. To a mag-
netically-stirred solution of [1,1-2H2]allyl alcohol

26 (1 g,
16.7mmol), triphenylphosphine (4.37 g, 16.7 mmol), and
diethylazodicarboxylate (3.49 g, 16.7mmol) in dry tetra-
hydrofuran, was added a solution of N,O-diacetylhy-
droxyl amine (1.95 g, 16.7mmol)27 over a period of 15
min and stirred for about 24 h. When the solvent was
removed from the reaction mixture on a rotary eva-
porator under reduced pressure, a thick, oily, yellow
liquid was obtained which was chromatographed on
silica gel (900 g, EtOAc:n-hexane 1:3), yielding 1.425 g
(8.96mmol, 54%) of N-[1,1-2H2]allyl N,O-diacetyl
hydroxylamine. 1H NMR (CDCl3) d 5.78 (m, 1H), 5.20
(m, 2H), 2.20 (s, 3H), 2.05 (s, 3H).

Expression and puri®cation of recombinant nNOS. A
recombinant rat neuronalNOS overexpression system inE.
coliwas used,23 and the enzyme was puri®ed as described.28

Assay for enzymatic activity by analysis of nitrite and
nitrate. A pre-incubation mixture containing nNOS
(1.2 nmol), CaCl2 (10mM), calmodulin (70mg/mL),
NADPH (0.93mM), tetrahydrobiopterin (0.07mM), DTT
(1mM), Hepes bu�er (50mM, pH 7.5), and No-allyl-l-
arginine or No-[1,1-2H2]allyl-l-arginine (1.78, 2.37, 5.94,
7.13, 10.7 mM) in a total volume of 700 mL was incu-
bated at room temperature. After the homogenization
was completed (around 1min of stirring), 100 mL of the
reaction mixture was removed every minute (seven times)
and was quenched by heating in hot water (90 �C). The
production of nitric oxide under each condition was
measured by analyzing the concentration of the sum of
the nitrite and nitrate in these seven reaction aliquots.
Nitric oxide was analyzed using the LDH method of the
nitrate/nitrite assay kit from Cayman Chemicals, Ann
Arbor, MI. An aliquot (90mL from 100mL) of the sample
was diluted in water (HPLC grade, 300mL) and was
transferred to a cuvette, and then nitrate reductase (15mL,
nitrate/nitrite assay kit, LDH Method from Cayman
Chemicals, Ann Arbor, MI) and NADPH (1mM, 15 mL)
were added. The cuvette was covered, and the mixture
was incubated for 4.5 h at room temperature. Lactate
dehydrogenase (from the same kit, 15 mL) and its cofac-
tors (from the same kit, 15 mL) were added to destroy the
excess amount of NADPH, which could interfere with
the chemistry of the Griess reagents, then it was incu-
bated for another 30 min. The Griess reagents (150 mL,
1% sulfanilamide, 0.1% (naphthyl)ethylene diamine
dihydrochloride, and 5% H3PO4 from the same kit)
were added to the cuvette, the color was allowed to
develop for 10min at room temperature, and absor-
bances were recorded at 540 nm. A standard curve was
constructed with known concentrations of nitrate and
nitrite to convert the change of absorbances to nitrite
concentrations.
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