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ABSTRACT: SeveralR-amino acids bearing a CdNOH function separated from the CR carbon by two to
five atoms have been synthesized and tested as substrates or inhibitors of recombinant nitric oxide synthases
(NOS) I and II and as inhibitors of rat liver arginase (RLA). These include fourN-hydroxyguanidines,
Nω-hydroxy-L-arginine (NOHA) and its analogues homo-NOHA, nor-NOHA, and dinor-NOHA, two
amidoximes bearing the-NH-C(CH3)dNOH group, and two amidoximes bearing the-CH2-C(NH2)d
NOH group. Their behavior toward NOS and RLA was compared to that of the corresponding compounds
bearing a CdNH function instead of the CdNOH function. The results obtained clearly show that efficient
recognition of theseR-amino acids by NOS and RLA involves very different structural determinants.
NOS favors molecules bearing a-NH-C(R)dNH motif separated from CR by three or four CH2 groups,
such as arginine itself, with the necessary presence ofδ-NH andω-NH groups and a more variable R
substituent. The corresponding molecules with a CdNOH function exhibit a much lower affinity for
NOS. On the contrary, RLA best recognizes molecules bearing a CdNOH function separated from CR
by three or four atoms, the highest affinity being observed in the case of three atoms. The presence of
two ω-nitrogen atoms is important for efficient recognition, as in the two best RLA inhibitors,
Nω-hydroxynorarginine andNω-hydroxynorindospicine, which exhibit IC50 values at the micromolar level.
However, contrary to what was observed in the case of NOS, the presence of aδ-NH group is not important.
These different structural requirements of NOS and RLA may be directly linked to the position of crucial
residues that have been identified from crystallographic data in the active sites of both enzymes. Thus,
binding of arginine analogues to NOS particularly relies on strong interactions of theirδ-NH andω-NH2

groups with glutamate 371 (of NOS II), whereas binding of CdNOH molecules to RLA is mainly based
on interactions of their terminal OH group with the binuclear Mn(II)‚‚‚Mn(II) cluster of the enzyme and
on possible additional bonds between theirω-NH2 group with histidine 141, glutamate 277, and one
Mn(II) ion. The different modes of interaction displayed by both enzymes depend on their different catalytic
functions and give interesting opportunities to design useful molecules to selectively regulate NOS and
arginase.

L-Arginine (Arg)1 is metabolized in cells by two major
pathways (1). The first one involves arginases that hydrolyze
Arg into urea andL-ornithine. This reaction is catalyzed by
the binuclear Mn(II) cluster of arginases (2). It serves two
major purposes depending on the cell type: either it allows
the disposal of the nitrogenous waste from protein catabolism
through the urea cycle or it provides polyamine synthesis
from the amino acid precursor ornithine (3). These two
functions seem to correlate with two distinct arginase genes,
which are termed AI and AII (3). The second pathway
involves other metalloenzymes called nitric oxide synthases

(NOS), which are responsible for the oxidation of Arg to
L-citrulline (Cit) and nitric oxide (NO) with intermediate
formation ofNω-hydroxy-L-arginine (NOHA) (4-7). NO is
a messenger molecule with extremely diverse functions in
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1 Abbreviations: AcOH, acetic acid; Arg,L-arginine; BH4, (6R)-
5,6,7,8-tetrahydro-L-biopterin; Boc, tert-butyloxycarbonyl; BTEAC,
benzyltriethylammonium chloride; CaM, calmodulin; CI, chemical
ionization; Cit,L-citrulline; DEAD, diethylazodicarboxylate; DMAC,
N,N-dimethylacetamide; EI, electron impact; FAB, fast atom bombard-
ment; FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide;
HEPES,N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid; homo-
Arg, homo-L-arginine; homo-NOHA,Nω-hydroxyhomo-L-arginine;
HRMS, high-resolution mass spectrometry; LDA, lithium diisopropyl-
amide; NIL, Nε-(1-iminoethyl)-L-lysine; NIO, Nδ-(1-iminoethyl)-L-
ornithine; NOHA,Nω-hydroxy-L-arginine; nor-NOHA,Nω-hydroxynor-
L-arginine; NOHI, Nω-hydroxy-D,L-indospicine; dinor-NOHA,Nω-
hydroxydinor-L-arginine; nor-NOHI, Nω-hydroxynor-D,L-indospicine;
NOS, nitric oxide synthase; OH-NIL,Nε-(1-N-hydroxyiminoethyl)-L-
lysine; OH-NIO, Nδ-(1-N-hydroxyiminoethyl)-L-ornithine; RLA, rat
liver arginase; SOD, superoxide dismutase; ZCl, benzyloxycarbonyl
chloride.
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mammals, ranging from regulation of blood pressure to
neurotransmission and host defense (8). Three main isoforms
of NOS have been isolated and characterized. NOS I and
NOS III are expressed constitutively and require Ca2+ and
calmodulin (CaM) for activity whereas NOS II is induced
by cytokines and bacterial lipopolysaccharides and is mostly
Ca2+- and CaM-independent (9, 10). All forms of NOS
require NADPH and dioxygen as cosubstrates and heme,
tetrahydrobiopterin (BH4), FAD, and FMN as cofactors (5-
7).

Identification of potent and selective inhibitors of NOS I
and II has recently been a subject of intense interest because
of their therapeutic potential for the treatment of diseases
caused by excessive production of NO (11). Of the hundreds
of molecules that have been tested, Arg competitors seem
to be promising targets and numerous studies have been
performed to determine the influence of substrate modifica-
tions on the interaction with the NOS active site. Thus, it
appears that theR-amino acid moiety of Arg can be removed
without detrimental consequences, while the integrity of the
guanidine function must be partially retained, as evidenced
by the large majority of NOS inhibitors (guanidines, ami-
dines, and isothioureas) that contain the amidine function
-C(NHR)dNH (12).

By comparison, far fewer inhibitors of arginases have been
described. All those that exhibitKi at the micromolar level
involve an L-R-amino acid function and an OH group
separated from the CR atom of the amino acid by five or six
atoms (13, 14). In that regard, NOHA, a NOS product that
can be released into the extracellular medium (15, 16), and
its shorter analogue,Nω-hydroxynor-L-arginine (nor-NOHA),
appear to be particularly interesting for comparing the active
sites of NOSs and arginases. NOHA is well recognized by
both enzymes as a good endogenous substrate of NOS (Km

∼ 10 µM) (4, 17) and a medium inhibitor of arginases (Ki

∼ 50 µM) (18-21), whereas nor-NOHA is a highly potent
inhibitor of arginases (Ki ∼ 0.5 µM) (13) but a very bad
substrate of NOS (22).

In an effort to exploit these preliminary results for a better
understanding of the different structures recognized by NOS
and arginase, we have synthesized severalR-amino acids
bearing a CdN-OH function separated from the CR amino
acid carbon by two to five atoms (Chart 1). These include
four N-hydroxyguanidines, NOHA and its analogues homo-
NOHA, nor-NOHA, and dinor-NOHA, two amidoximes of
the-NH-C(CH3)dNOH type, and two amidoximes of the
-CH2-C(NH2)dNOH type. The activity of these com-
pounds as substrates and/or inhibitors of NOS I and NOS II
and of rat liver arginase (RLA) has been studied and
compared to that of the corresponding molecules in which
the CdNOH function has been replaced with a CdNH
function (Chart 1). The very different behaviors of some of
the tested compounds toward NOS and RLA allow us to
identify the main structural factors that are important for
differential recognition by the active sites of NOS and RLA.

MATERIALS AND METHODS

Chemistry, General. Nε-Z-L-Lysine, Nδ-Z-L-ornithine, L-
glutamine,L-serine, and Boc-glycine were purchased from
Sigma. Other chemicals and reagents of the highest grade
commercially available were obtained from Aldrich, Fluka,

or Janssen and used without further purification. Dioxane
and diethyl ether were distilled over sodium benzophenone.
Chemical reactions were monitored by TLC on Merck
precoated silica gel 60F254 (0.25 mm thickness) plates. The
products on the plates were visualized by 254-nm UV light
or ninhydrin spray. Merck Kieselgel 60 (70-230 mesh
ASTM) was utilized for flash chromatography. Solvent A
was CHCl3/MeOH/H2O/acetic acid(AcOH) 7/3/0.6/0.3, sol-
vent B was acetone/H2O/iPrOH/AcOH 2/2/2/1, and solvent
C was acetone/H2O/iPrOH/AcOH 2/1/2/2. Analytical HPLC
was carried out after treatment of the samples with naph-
thalene dicarboxaldehyde and sodium cyanide (23) on a
Spectra Physics apparatus equipped with a Nova-Pak C18

column (150 mm× 3.9 mm, 4µm particle size, Waters
Associate Inc.). The HPLC retention times reported thereafter
are those of naphthalene dicarboxyaldehyde derivatives.
Proton (1H) and carbon (13C) NMR were recorded on a
Bruker ARX 250 MHz spectrometer. Chemical shifts are
reported in parts per million (δ) relative to tetramethylsilane
with peak multiplicities abbreviated as follows: singlet, s;
broad singlet, br s; doublet, d; triplet, t; multiplet, m.
Coupling constants (J) are reported in hertz. IR spectra were
recorded on a Perkin-Elmer 783 spectrometer (wavenumbers
in reciprocal centimeters). Mass spectra were recorded at
Ecole Normale Superieure, Paris, on a RiberMag system with
fast atom bombardment (FAB), electron impact (EI), and
chemical ionization (CI) capabilities. Electrospray mass
spectra were recorded at the University Paris VI mass spectra
facility. High-resolution mass spectrometry is indicated as
HRMS. Specific optical rotations were measured at the
sodium D line at 20°C on a Perkin-Elmer model 241C
polarimeter (1-dm and 0.1-dm cells).

Syntheses of Compounds3-10, 13, 14, 16, and17

These syntheses are described below by following the steps
indicated in Schemes 1 and 2. Preparation of precursors
18a-d (Scheme 2) is reported first, then reactions leading
from 18a-d to 3-10, 13, and 14, and finally reactions
leading to16 and17 (Scheme 1).

All the products described were found to be pure by TLC,
HPLC, and1H and13C NMR (for the most important ones)

Chart 1: Formula of the Compounds Studied in This Article
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spectroscopy. Their purity was confirmed by quantitative
analysis of the1H NMR spectrum of a mixture of each
product with a known amount of a standard (purity> 95%).
Their [R]D values are indicated below; they should be
optically pure as a similar synthesis procedure has been
reported not to racemize the CR of the starting, commercially
availableL-R amino acids (24).

Synthesis of the Protected Amino Acid Precursors18a-
d. Protection of theR-NH2 function ofNε-Z-L-lysine,Nδ-Z-
L-ornithine,L-glutamine, andL-serine with a Boc group (steps
a in Scheme 2) was performed by a classical procedure (24).

Synthesis of NR-Boc-Nγ-Z-nor-L-ornithine 23 (Step d of
Scheme 2) (25).A solution ofNR-Boc-L-glutamine (1 equiv,
21 mmol) and NaOH (2 equiv) in 30 mL of water was added
dropwise to a solution of bromine (1.3 equiv) and NaOH (7
equiv) in 90 mL of water maintained at 0°C. The green
mixture was then rapidly heated to 80°C and allowed to
stir at this temperature until the green color disappeared
(about 10 min). After cooling to room temperature, 20 mL
of toluene and a 50% solution of ZCl in toluene (1.1 equiv)
were added. The resulting mixture was allowed to stir at
room temperature for 18 h before extraction of the aqueous

Scheme 1: Synthetic Pathways Used for the Preparation of Compounds3-10, 13, 14, 16, and17a

a Molecules18-22are intermediates in the synthesis and are described under Materials and Methods. Steps a-g refer to the following conditions
for each step of the synthesis. These conditions are described under Materials and Methods. (a) BrCN, AcONa, CH3OH; (b) NH2OH-HCl, Na2CO3,
dioxane, 60°C; (c) HCl gas, dioxane, 20°C; (d) EtO-C(CH3)dNOH, EtOH, reflux; (e) (i) LDA, THF, 0°C, (ii) Br(CH2)nCN, -78 °C, (iii) H3O+;
(f) tBuBr, BTEAC, K2CO3, DMAC, 55 °C; (g) NH2OH-HCl, Na2CO3, EtOH, reflux.

Scheme 2: Synthetic Pathways Used for the Synthesis of Intermediates18a-da

a The starting compoundsNε-Z-L-lysine,Nδ-Z-L-ornithine,L-glutamine, andL-serine were obtained from commercial sources. Molecules23-25
are intermediates that are described under Materials and Methods. Steps a-f refer to the following conditions used for each step: (a) (Boc)2O,
dioxane+ H2O, NaHCO3, 20 °C; (b) tBuBr, BTEAC, K2CO3, DMAC, 55 °C; (c) H2, Pd/C, CH3OH, 20 °C; (d) Br2, NaOH in H2O, 0 °C for 30
min, then 80°C for 30 min, then ZCl, toluene, 20°C; (e) phthalimide, P(C6H5)3, DEAD, dioxane, 0°C; (f) NH2NH2, EtOH, 60°C.
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phase with EtOAc. The aqueous phase was then acidified to
pH 7 with NaH2PO4, extracted with EtOAc, and acidified
again to pH 5 and pH 3 successively. The title compound
23 was isolated as a pure product in the organic layers
obtained at pH 7 and 5. These phases were combined, dried
over MgSO4, filtered, and stripped under reduced pressure.
White foam (60%); TLC (EtOAc/solvent A 1/1)Rf 0.70;1H
NMR (CDCl3) δ 7.31 (m, 5H), 5.65 (br s, 1H), 5.42 (br s,
1H), 5.10 (s, 2H), 4.33 (m, 1H), 3.43 (br s, 1H), 3.11 (br s,
1H), 2.03 (m, 1H), 1.70 (m, 1H), 1.41 (s, 9H).

Protection of the COOH function of intermediates (steps
b in Scheme 2) astert-butyl esters was done with slight
changes of a previously reported method (26). The Boc-
protected amino acid (1 equiv) was dissolved inN,N-
dimethylacetamide (DMAC; 8 mL/mmol of amino acid) and
1 equiv of benzyltriethylammonium chloride (BTEAC), 46
equiv of tert-butyl bromide, and 26 equiv of K2CO3 were
added. The mixture was heated for 18 h at 55°C and cooled
to room temperature. The salts were filtered and washed with
AcOEt, and the resulting mixture was evaporated under
vacuum. Water was added to the residue and the mixture
was extracted with EtOAc. The combined organic layers
were dried (MgSO4), filtered, and stripped of solvent under
reduced pressure to provide the crudetert-butyl esters, which
were further purified by flash chromatography (gradient of
EtOAc/cyclohexane from 1/4 to 1/1).

NR-Boc-Nε-Z-L-Lysine tert-Butyl Ester.Colorless oil (99%);
TLC (EtOAc/cyclohexane 3/7)Rf 0.50;1H NMR (CDCl3) δ
7.32 (m, 5H), 5.06 (br s, 3H), 4.80 (br s, 1H), 4.08 (m, 1H),
3.15 (m, 2H), 1.50-1.70 (m, 6H), 1.43 (s, 9H), 1.41 (s, 9H);
MS (CI + NH3) 437 (MH+).

NR-Boc-Nδ-Z-L-Ornithine tert-Butyl Ester.Spectral char-
acteristics were as previously described (20, 27).

NR-Boc-Nγ-Z-Nor-L-ornithine tert-Butyl Ester.Colorless
oil (99%); TLC (EtOAc/cyclohexane 1/4)Rf 0.30;1H NMR
(CDCl3) δ 7.31 (m, 5H), 5.45 (br s, 1H), 5.20 (br s, 1H),
5.10 (s, 2H), 4.20 (m, 1H), 3.45 (m, 1H), 3.00 (m, 1H), 2.10
(m, 1H), 1.60 (m, 1H), 1.43 (s, 9H), 1.41 (s, 9H).

NR-Boc-L-Serine tert-Butyl Ester.White solid (74%); mp
80 °C [lit. (28) 76-78 °C]; TLC (EtOAc/cyclohexane 3/7)
Rf 0.25;1H NMR (CDCl3) δ 5.37 (br s, 1H), 4.22 (br s, 1H),
3.87 (m, 2H), 2.30 (br s, 1H), 1.46 (s, 9H), 1.43 (s, 9H);
MS (FAB) 262 (MH+); [R]D ) -21° (EtOH) [lit. (28) [R]D

) -20°].
Compounds18a-c were obtained from selective depro-

tection of the NH2 function protected with a Z group (steps
c of Scheme 2) by a classical procedure (27).

NR-Boc-L-Lysine tert-Butyl Ester18a. Colorless oil (99%);
TLC (MeOH) Rf 0.05;1H NMR (CDCl3) δ 5.00 (d, 1H,J )
7.6 Hz), 4.12 (br s, 1H), 2.68 (t, 2H,J ) 6.4 Hz), 2.26 (m,
2H), 1.60-1.90 (m, 6H), 1.44 (s, 9H), 1.41 (s, 9H).

NR-Boc-L-Ornithine tert-Butyl Ester18b. Spectral char-
acteristics were as previously described (20, 27).

NR-Boc-Nor-L-Ornithine tert-Butyl Ester18c. Colorless oil
(99%); TLC (EtOAc/solvent A 1/1)Rf 0.18; 1H NMR
(CDCl3) δ 5.37 (d, 1H,J ) 7.2 Hz), 4.20 (m, 1H), 2.80 (t,
2H, J ) 6.8 Hz), 1.85 (m, 3H), 1.72 (m, 1H), 1.45 (s, 9H),
1.42 (s, 9H).

Synthesis of NR-Boc-Nâ-Phthalimidodinor-L-ornithine tert-
Butyl Ester25 (step e of Scheme 2). NR-Boc-L-Serinetert-
butyl ester (1 equiv, 7.3 mmol) dissolved in 50 mL of
dioxane was stirred at 0°C in the presence of triphenylphos-

phine (1.3 equiv) and phthalimide (1.3 equiv). Diethylazodi-
carboxylate (DEAD, 1.3 equiv) was added dropwise over
10 min and the solution was allowed to warm to room
temperature. After 2 h, the mixture was evaporated, chro-
matographed on silica gel with EtOAc/cyclohexane 1/9, and
recrystallized from the same solvent. White solid (50%); TLC
(EtOAc/cyclohexane 3/7)Rf 0.38;1H NMR (CDCl3) δ 7.83
(m, 2H), 7.68 (m, 2H), 5.28 (d, 1H,J ) 6.8 Hz), 4.56 (m,
1H), 3.98 (m, 2H), 1.41 (s, 9H), 1.28 (s, 9H);13C NMR
(CDCl3) δ 169.0, 168.0, 155.2, 132.0, 134.0, 123.3, 82.8,
52.9, 39.2, 28.0, 27.8; MS (CI+ NH3) 391 (MH+).

Synthesis of NR-Boc-Dinor-L-ornithine tert-Butyl Ester18d
(Step f of Scheme 2). NR-Boc-Nâ-Phthalimidodinor-L-orni-
thine tert-butyl ester25 (3.8 mmol) was dissolved in 5 mL
of MeOH with 1.5 mL of hydrazine hydrate. The mixture
was heated at 60°C for 2 h, filtered, evaporated to dryness,
and dissolved in EtOAc. Extraction with water and brine
and evaporation under reduced pressure afforded the title
compound18d, which was used for the next step without
further purification.

Formation of Cyanamides19a-d (Step a of Scheme 1
According to Reference 27)

NR-Boc-Nε-Cyano-L-lysine tert-Butyl Ester19a. Yellow oil
(72%); TLC (EtOAc/cyclohexane 1/9)Rf 0.55; 1H NMR
(CDCl3) δ 5.11 (br s, 1H), 4.72 (br s, 1H), 4.13 (m, 1H),
2.97 (m, 2H), 1.60-1.80 (m, 6H), 1.38 (s, 9H), 1.35 (s, 9H);
13C NMR (CDCl3) δ 171.6, 155.5, 116.6, 81.9, 79.7, 53.5,
45.5, 32.4, 28.9, 28.2, 27.8, 21.8; IR (neat) 2220 cm-1; MS
(CI + NH3) 328 (MH+).

NR-Boc-Nδ-Cyano-L-ornithine tert-Butyl Ester19b. Spec-
tral characteristics were as previously described (20, 27).

NR-Boc-Nγ-Cyanonor-L-ornithine tert-Butyl Ester19c.
Yellow oil (68%); TLC (EtOAc/cyclohexane 1/1)Rf 0.50;
1H NMR (CDCl3) δ 5.26 (d, 1H,J ) 4.9 Hz), 5.06 (br s,
1H), 4.19 (br s, 1H), 3.17 (m, 1H), 3.09 (m, 1H), 2.16 (m,
1H), 1.53 (m, 1H), 1.45 (s, 9H), 1.40 (s, 9H);13C NMR
(CDCl3) δ 171.1, 156.5, 116.3, 83.0, 80.7, 50.7, 42.7, 29.6,
28.2, 27.9; IR (neat) 2220 cm-1; MS (CI + NH3) 300 (MH+).

NR-Boc-Nâ-Cyanodinor-L-ornithine tert-Butyl Ester19d.
Yellow oil (46%); TLC (EtOAc/cyclohexane 3/7)Rf 0.20;
1H NMR (CDCl3) δ 5.38 (d, 1H,J ) 5.6 Hz), 4.98 (br s,
1H), 4.18 (br s, 1H), 3.37 (m, 2H), 1.48 (s, 9H), 1.43 (s,
9H); 13C NMR (CDCl3) δ 168.7, 155.6, 116.2, 83.5, 80.5,
54.6, 48.2, 28.2, 27.8; IR (neat) 2230 cm-1; MS (CI + NH3)
286 (MH+).

General Procedure for N-Hydroxyguanidine20a-d and
Urea 21a-d Synthesis (Steps b of Scheme 1) (20, 27).A
mixture containing one of the above compounds19a, 19b,
19c, or 19d (1 equiv), NH2OH, HCl (5 equiv), Na2CO3 (2.5
equiv) and dioxane (9 mL/mmol of amino acid) was heated
at 60 °C for approximately 1 h. After filtration, the crude
product was chromatographed on silica gel with EtOAc/
solvent A 1/1 or EtOAc/EtOH 7/3+ 1% AcOH.

NR-Boc-Nω-Hydroxyhomo-L-arginine tert-Butyl Ester20a.
Yellow oil (68%); TLC (EtOAc/solvent A 1/3)Rf 0.36; 1H
NMR (CDCl3) δ 8.20 (br s, 1H), 7.32 (br s, 1H), 7.06 (br s,
1H), 5.89 (br s, 1H), 5.30 (d, 1H,J ) 7.2 Hz), 4.07 (m,
1H), 3.26 (m, 2H), 1.60-1.90 (m, 6H), 1.44 (s, 9H), 1.41
(s, 9H);13C NMR (CDCl3) δ 171.1, 158.3, 155.8, 81.9, 79.8,
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54.0, 41.5, 32.1, 30.1, 28.3, 28.0, 22.5; HRMS (EI) 360.2398
(M; calcd 360.2373).

NR-Boc-Nω-Hydroxy-L-arginine tert-Butyl Ester20b. Spec-
tral characteristics were as previously described (20, 27).

NR-Boc-Nω-Hydroxy-nor-L-arginine tert-Butyl Ester20c.
White foam (57%); TLC (EtOAc/solvent A 1/1)Rf 0.20;1H
NMR (CDCl3) δ 9.6 (br s, 1H), 7.40 (br s, 1H), 7.20 (br s,
integration masked by solvent), 5.57 (br s, 1H), 4.08 (br s,
1H), 3.40 (m, 2H), 2.10 (m, 1H), 1.90 (m, 1H), 1.43 (s, 9H),
1.40 (s, 9H);13C NMR (CDCl3) δ 171.5, 158.4, 156.3, 82.8,
80.4, 52.1, 38.8, 28.3, 28.0, 26.9; HRMS (CI+ NH3)
333.2166 (MH+; calcd 333.2138).

NR-Boc-Nω-Hydroxydinor-L-arginine tert-Butyl Ester20d.
White foam (27%); TLC (EtOAc/solvent A 1/1)Rf 0.18;1H
NMR (CDCl3) δ 7.45 (br s, 2H), 5.60 (br s, 1H), 4.05 (m,
1H), 3.50 (m, 2H), 1.51 (s, 9H), 1.42 (s, 9H); MS (CI+
NH3) 319 (MH+).

NR-Boc-Homo-L-citrulline tert-Butyl Ester21a. Colorless
oil (23%); TLC (EtOAc/solvent A 1/3)Rf 0.64; 1H NMR
(CDCl3) δ 5.18 (m, 2H), 4.74 (s, 2H), 4.10 (m, 1H), 3.12
(m, 2H), 1.45-1.80 (m, 6H), 1.43 (s, 9H), 1.41 (s, 9H).

NR-Boc-L-Citrulline tert-Butyl Ester21b. This product was
not isolated since it is the precursor ofL-citrulline.

NR-Boc-Nor-L-citrulline tert-Butyl Ester21c. Colorless oil
(30%); TLC (EtOAc/solvent A 1/1)Rf 0.55; 1H NMR
(CDCl3) δ 5.54 (br s, 1H), 5.25 (d, 1H,J ) 8.0 Hz), 4.38 (s,
2H), 4.20 (m, 1H), 3.60 (m, 1H), 2.90 (m, 1H), 2.00 (m,
1H), 1.60 (m, 1H), 1.45 (s, 9H), 1.43 (s, 9H); MS (CI+
NH3) 318 (MH+).

NR-Boc-Dinor-L-citrulline tert-Butyl Ester21d. White foam
(27%); TLC (EtOAc/solvent A 1/1)Rf 0.50; 1H NMR
(CDCl3) δ 5.60 (br s, 1H), 5.30 (br s, 1H), 4.85 (br s, 2H),
4.14 (m, 1H), 3.50 (m, 2H), 1.45 (s, 9H), 1.41 (s, 9H); MS
(CI + NH3) 304 (MH+).

General Procedure for Preparation of22aand22b (Step
d of Scheme 1).One equivalent of amino acid18a or 18b
and 2 equiv of ethylN-hydroxyacetimidate were refluxed in
EtOH for 48 h. After evaporation, the mixture was poured
onto a column of silica gel and eluted with EtOAc/EtOH
7/3 + 1% AcOH.

NR-Boc-Nε-[1-(N-Hydroxyimino)ethyl]-L-lysine tert-Butyl
Ester22a. Yellow oil (53%); TLC (EtOAc/EtOH 7/3+ 1%
AcOH) Rf 0.60; 1H NMR (CDCl3) δ 6.43 (s, 1H), 5.06 (d,
1H, J ) 7.6 Hz), 4.14 (br s, 1H), 3.10 (br s, 2H), 1.84 (s,
3H), 1.50-1.80 (m, 6H), 1.44 (s, 9H), 1.42 (s, 9H);13C NMR
(CDCl3) δ 171.9, 155.4, 152.8, 81.9, 79.7, 53.7, 42.2, 32.7,
30.6, 28.3, 28.0, 22.4, 14.7; HRMS (EI) 359.2426 (M; calcd
359.2420).

NR-Boc-Nδ-[1-N-Hydroxyimino)ethyl]-L-ornithine tert-
Butyl Ester22b. Yellow oil (27%); TLC (EtOAc/EtOH 7/3
+ 1% AcOH)Rf 0.41;1H NMR (CDCl3) δ 6.19 (br s, 1H),
5.18 (d, 1H,J ) 7.3 Hz), 4.12 (br s, 1H), 3.21 (br s, 2H),
1.99 (s, 3H), 1.60-1.80 (m, 4H), 1.42 (s, 9H), 1.40 (s, 9H);
13C NMR (CDCl3 + CD3OD) δ 171.6, 155.6, 154.3, 82.1,
79.8, 53.3, 41.8, 29.5, 28.0, 27.7, 26.3, 13.8; HRMS (EI)
329.2315 (M- 16; calcd 329.2314).

Preparation of3-10, 13 and 14 from Deprotection (20,
24, 27) of Compounds20a-d, 21a-d, and22a,b (Steps c
of Scheme 1)

Nω-Hydroxyhomo-L-arginine Dihydrochloride3. White
solid (66%; 32% fromNε-Z-L-lysine); TLC (solvent C)Rf

0.35; HPLC 12.7 min;1H NMR (D2O) δ 4.10 (t, 1H,J )
6.2 Hz), 3.29 (t, 2H,J ) 6.6 Hz), 2.00 (m, 2H), 1.70 (m,
2H), 1.54 (m, 2H);13C NMR (D2O) δ 175.3, 161.6, 55.9,
43.5, 32.0, 30.3, 24.3; MS (electrospray) 205 (MH+); [R]D

) +19° (MeOH, c ) 0.6).
Nω-Hydroxy-L-arginine Dihydrochloride4. Spectral char-

acteristics were as previously described (20, 24, 27).
Nω-Hydroxynor-L-arginine Dihydrochloride5. White solid

(67%; 15% fromL-glutamine); TLC (solvent B)Rf 0.40;
HPLC 8.7 min;1H NMR (D2O) δ 4.12 (t, 1H,J ) 6.6 Hz),
3.52 (t, 2H,J ) 7.4 Hz), 2.28 (m, 2H);13C NMR (D2O) δ
174.2, 161.5, 53.2, 40.1, 31.8; MS (electrospray) 177 (MH+);
[R]D ) +16° (H2O, c ) 1.1).

Nω-Hydroxydinor-L-arginine Dihydrochloride6. White
solid (96%; 4% fromL-serine); TLC (solvent B)Rf 0.35;
HPLC 5.3 min;1H NMR (D2O) δ 4.23 (t, 1H,J ) 5.6 Hz),
3.87 (d, 2H,J ) 5.6 Hz); 13C NMR (D2O) δ 172.7, 161.7,
55.2, 43.5; MS (electrospray) 163 (MH+); [R]D ) +14°
(H2O, c ) 0.2).

Homo-L-citrulline 7. White powder (60% from21a and
10% from Nε-Z-L-lysine). Spectral characteristics were as
previously described (22).

Nor-L-citrulline Hydrochloride9. White solid (90%; 11%
from L-glutamine); TLC (solvent B)Rf 0.55; HPLC 3.9 min;
1H NMR (D2O) δ 4.15 (t, 1H,J ) 6.6 Hz), 3.36 (td, 2H,J
) 6.6 and 1.2 Hz), 2.20 (m, 2H);13C NMR (D2O) δ 174.8,
164.6, 53.2, 38.2, 33.8; MS (electrospray) 162 (MH+); [R]D

) +19° (2 N HCl, c ) 0.6).
Dinor-L-citrulline Hydrochloride10. White solid (100%;

4% fromL-serine); TLC (nBuOH/AcOH/H2O 4/1/1)Rf 0.31
[lit. ( 29) Rf 0.34]; HPLC 3.1 min;1H NMR (D2O) δ 4.23
(dd, 1H, J ) 5.6 and 4.2 Hz), 3.72 (2 dd, ABX, 2H,J )
15.3, 5.6, and 4.2 Hz);13C NMR (D2O) δ 173.0, 164.4, 56.5,
42.4; MS (electrospray) 148 (MH+); [R]D ) -17° (H2O, c
) 1).

Nε-[1-(N-Hydroxyimino)ethyl]-L-lysine Dihydrochloride
13. White solid (70%; 37% fromNε-Z-L-lysine); TLC
(solvent B)Rf 0.35; HPLC 11.3 min;1H NMR (D2O) δ 4.12
(t, 1H, J ) 6.1 Hz), 3.47 (t, 2H,J ) 7.0 Hz), 2.24 (s, 3H),
2.02 (m, 2H), 1.74 (m, 2H), 1.56 (m, 2H);13C NMR (D2O)
δ 175.1, 165.4, 55.7, 45.2, 32.3, 31.1, 24.3, 15.5; MS
(electrospray) 204 (MH+); [R]D ) +19° (MeOH, c ) 0.6).

Nδ-[1-(N-Hydroxyiminoethyl)-L-ornithine Dihydrochloride
14. White solid (60%; 16% fromNδ-Z-L-ornithine); TLC
(solvent B)Rf 0.38; HPLC 9.5 min;1H NMR (D2O) δ 4.13
(t, 1H, J ) 6.0 Hz), 3.50 (t, 2H,J ) 6.9 Hz), 2.34 (s, 3H),
2.01 (m, 2H), 1.80 (m, 2H);13C NMR (D2O) δ 174.8, 164.2,
55.5, 44.9, 29.7, 27.5, 15.5; MS (electrospray) 190 (MH+);
[R]D ) +21° (MeOH, c ) 0.6).

Synthesis of compounds16 and 17 (Steps e-g of Scheme
1)

NR-Boc-6-Cyanonor-D,L-leucine.This compound was syn-
thesized as previously described (30).

NR-Boc-5-Cyanonor-D,L-Valine. Boc-glycine (1 equiv, 11.4
mmol) dissolved in 30 mL of dry THF was added to a
solution of lithium diisopropylamide (LDA, 2 M in THF; 3
equiv) in 90 mL of THF at 0°C under Ar. After 90 min at
0 °C, the mixture was cooled to-78 °C and 4-bromobuty-
ronitrile (1.5 equiv) was added dropwise. The solution was
then allowed to warm to room temperature for 2 h and the
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reaction was quenched with 10 mL of saturated NaH2PO4

and 50 mL of water. The aqueous phase was acidified with
concentrated HCl and extracted with EtOAc, and the
combined organic layers were extracted with water and brine,
dried (MgSO4), filtered, and evaporated. The crude product
contained a mixture of Boc-glycine and of the title compound
(40%), which was used without further purification. TLC
(EtOAc/solvent A 1/1)Rf 0.58; 1H NMR (CDCl3) δ 4.30
(br s, 1H), 2.39 (t, 2H,J ) 6.4 Hz), 2.10 (m, 2H), 1.60 (m,
2H), 1.43 (s, 9H).

NR-Boc-6-Cyanonor-D,L-leucine tert-Butyl Ester.Spectral
characteristics were as previously described (30).

NR-Boc-5-Cyanonor-D,L-Valine tert-Butyl Ester.Yellow oil
(46%); TLC (EtOAc/cyclohexane 1/4)Rf 0.23; 1H NMR
(CDCl3) δ 5.05 (br s, 1H), 4.17 (br s, 1H), 2.38 (t, 2H,J )
6.0 Hz), 1.60-2.00 (m, 4H), 1.45 (s, 9H), 1.42 (s, 9H);13C
NMR (CDCl3) δ 171.1, 155.3, 119.1, 82.1, 79.6, 53.0, 31.7,
28.1, 27.8, 21.4, 16.6; MS (CI+ NH3) 299 (MH+).

NR-Boc-Nω-Hydroxy-D,L-indospicine tert-Butyl Ester. This
compound was synthesized as previously described (30).

NR-Boc-Nω-Hydroxynor-D,L-indospicine tert-Butyl Ester.
NR-Boc-5-Cyanonor-D,L-valine tert-butyl ester (1 equiv; 0.3
mmol), NH2OH-HCl (6.4 equiv), Na2CO3 (4.3 equiv), and
5 mL of absolute EtOH were stirred at 110°C (external
temperature) in a sealed glass tube for 1 h. The mixture was
then filtered, washed with EtOH, and concentrated under
vacuum to yield crude product, which was purified on silica
gel (EtOAc/cyclohexane 1/4). White foam (64%); TLC
(EtOAc/solvent A 1/1)Rf 0.40; 1H NMR (CDCl3) δ 5.93
(m, 2H), 5.40 (d, 1H,J ) 7.5 Hz), 4.00 (br s, 1H), 2.18 (m,
2H), 1.50-1.70 (m, 4H), 1.34 (s, 9H), 1.31 (s, 9H);13C NMR
(CDCl3) δ 171.7, 155.9, 155.0, 82.0, 80.8, 53.3, 31.9, 29.3,
28.2, 27.8, 22.5; MS (EI) 331 (M).

Nω-Hydroxy-D,L-indospicine Dihydrochloride16. Spectral
characteristics were as previously described (30).

Nω-Hydroxynor-D,L-indospicine Dihydrochloride17. White
solid (80%; 5% from34); TLC (solvent B)Rf 0.40; HPLC
6.4 min;1H NMR (D2O) δ 4.05 (t, 1H,J ) 6.2 Hz), 2.59 (t,
2H, J ) 7.4 Hz), 2.10 (m, 2H), 1.70 (m, 2H);13C NMR
(D2O) δ 174.8, 166.5, 55.5, 31.7, 30.8, 24.6; MS (electro-
spray) 176 (MH+).

Biochemistry, General.Arg, Cit, homo-Arg, bovine brain
CaM, and bovine erythrocyte superoxide dismutase (SOD)
were purchased from Sigma. NADPH was from Boehringer
Mannheim Biochemicals. [guanidino-14C]Arg (55 mCi/
mmol) was from DuPont-NEN. BH4, Nδ-(1-iminoethyl)-L-
ornithine (NIO) andNε-(1-iminoethyl)-L-lysine (NIL) were
purchased from Alexis. Recombinant rat brain NOS I was
overexpressed inSaccharomyces cereVisiaeand purified with
a CaM-agarose (Sigma) column as previously described
(31). NOS I was filtered over a Bio-Spin column (Bio-Rad)
just prior to use. Recombinant mouse macrophage inducible
NOS II with a His6 tag attached to the C-terminus of the
protein was overexpressed inEscherichia coliand purified
with a Ni2+-nitrilotriacetic acid-Sepharose CL 4B column
as described elsewhere (32). RLA was purified from rat liver
homogenates with an Amicon Green (Bio-Rad) column
following a previously described procedure (33). Protein
concentrations were determined by the Bradford assay with
bovine serum albumin as a standard. Proteins were more than
80% pure as judged by SDS-PAGE.

Assays of NOS ActiVity. Nitrite detection was performed
on incubated mixtures containing 50 mMN-(2-hydroxyeth-
yl)piperazine-N′-2-ethanesulfonate (HEPES) (pH 7.4), 500
µM substrate, 100µM NADPH, 4 µM FAD, 4 µM FMN, 6
µM BH4, 0.4-1 mM dithiothreitol (DTT), 50 units of SOD/
mL, and 0.5-1 µg of NOS in a 100µL final volume. For
NOS I, 1 mM CaCl2 and 10µg/mL CaM were also added.
After 10 min at 37°C, reactions were stopped with 25µL
of EtOH. Griess reagent [250µL; 125 µL of 1% sulfanil-
amide in 0.5 N HCl and 125µL of 0.1% N-(1-naphthyl-
)ethylenediamine] was added and absorbances were measured
at 543 nm (22, 34). Calibration curves were obtained from
identical incubated mixtures (without NOS) containing
increasing concentrations of NaNO2.

NOS Inhibition Assay.Inhibition constants (IC50) were
determined with at least eight concentrations of inhibitor
added to a mixture containing, in a 100µL final volume: 50
mM HEPES (pH 7.4), 10µM Arg, 0.2-1 mM NADPH, 4
µM FAD, 4 µM FMN, 6 µM BH4, 0.4-1 mM DTT, 1 mM
CaCl2 (NOS I only), 10µg/mL CaM (NOS I only), 0.1µg
of NOS, and 0.05µCi of [guanidino-14C]Arg (final concen-
tration of Arg 11.5µM). Following incubation at 37°C for
5-15 min, the reactions were stopped by the addition of
500µL of cold stop buffer (20 mM sodium acetate, pH 5.5,
1 mM L-Cit, 2 mM EDTA, and 0.2 mM ethylene glycol bis-
(â-aminoethyl ether)-N,N,N′,N′-tetraacetic acid. Samples (500
µL) were applied to columns containing 1 mL of Dowex
AG-50W-X8 resin (Na+ form, prepared from the H+ form)
preequilibrated with stop buffer, and a total of 1.5 mL of
stop buffer was added to elute [ureido-14C]Cit. Aliquots were
then counted on a Packard Tri-Carb 2300 liquid scintillation
spectrometer after addition of Pico-Fluor 40 scintillation
cocktail. Control samples without NOS, NADPH, or CaM
were included for background determinations.

Assays of Rat LiVer Arginase ActiVity. Assays quantitated
the [14C]urea produced from [guanidino-14C]Arg following
a previously described method (35). A typical assay was
performed in 100µL of 0.2 M Tris-HCl (pH 7.4) containing
20 mM L-Arg, 0.1µCi of [guanidino-14C]Arg, and variable
concentrations of inhibitors. The reactions were initiated by
the addition of RLA. Protein amounts were adjusted to yield
less than 15% substrate conversion. After 10 min at 37°C,
150 µL of cold stop buffer (0.25 M AcOH and 7 M urea)
were added and [14C]urea was separated from unreacted
[guanidino-14C]Arg by mixing with 250µL of a 1:1 slurry
of Dowex AG-50W-X8 (H+ form) and centrifugation.
Aliquots of the supernatant were then counted after addition
of Pico-Fluor 40.

RESULTS

Synthesis of the Target Molecules.All the target N-
hydroxyguanidines and amidoximes, except16and17, were
synthesized from the amine precursor of the desired chain
length protected on theR-COOH function by atert-butyl
ester and on theR-NH2 function by atert-butyloxycarbonyl
(Boc) group, 18a-d (Scheme 1). Synthesis of theN-
hydroxyguanidines3-6 followed the procedure described
by Wallace and Fukuto (27) for the synthesis of NOHA4.
The key step of this method was the nucleophilic addition
of hydroxylamine on a cyanamide compound19a-d result-
ing from the reaction of the starting amine18a-d with
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cyanogen bromide. This procedure yielded a mixture of the
desiredN-hydroxyguanidines20a-d and of the correspond-
ing ureas21a-d (36, 37). Careful control of the reaction
time was needed sinceN-hydroxyguanidines were labile
under the reaction conditions. Removal of the protecting
groups onN-hydroxyguanidines and ureas was achieved in
the presence of gaseous HCl dissolved in anhydrous dioxane,
yielding white solids that were thoroughly dried. The
resulting compounds were highly hygroscopic and needed
to be handled in a dry atmosphere.

The reactions described in Scheme 1 were straighforward
with good to moderate yields. More difficulties were
encountered during the preparation of the starting amines
18a-d. Actually, whereas compounds18a and 18b were
easily obtained from the commercially availableNε-Z-L-lysine
andNδ-Z-L-ornithine by a well-described procedure (Scheme
2), this was not the case for the shorter derivatives of
L-ornithine 18c and 18d (26, 27, 30). Thus, the latter
compounds were synthesized fromL-glutamine andL-serine
by totally different procedures that are shown in Scheme 2
and completely described under Materials and Methods.

Finally, nor-NOHI 17 was prepared as a racemate from
Boc-glycine and 4-bromobutyronitrile (Scheme 1), following
the alkylation procedure already described for the synthesis
of N-hydroxyindospicine, NOHI,16 (30, 38).

As far as the eightN-hydroxyguanidines and amidoximes
shown in Chart 1 are concerned, only the syntheses of NOHA
(20, 24, 27, 30) and NOHI (30) have been completely
described so far. Only preliminary indications about the
synthesis method of homo-, nor-, and dinor-NOHA have
been previously mentioned (13). The first complete descrip-
tion of the synthesis and characteristics of these compounds,
as well as that of the new products OH-NIL13, OH-NIO
14, and nor-NOHI17, is presented under Materials and
Methods.

Study of the Various Compounds as NOS Substrates.
Formation of nitrite was followed upon incubation of each
compound with recombinant NOS I or NOS II in the
presence of NADPH and under the usual conditions for NOS
activity measurements (22). Figure 1 shows that only four
compounds led to significant formation of nitrite under those
conditions, namely, Arg2 and NOHA 4, the endogenous
NOS substrates, and homo-Arg1 and its Nω-hydroxy

derivative3. As reported recently (22), the shorter analogues
of NOHA, nor-NOHA 5 and dinor-NOHA 6, failed to
produce significant amounts of nitrite and did not act as
substrates of NOS I and II under the conditions used.
Compounds11, 12, 13, and 14, that simply derive from
homo-Arg, Arg, homo-NOHA, and NOHA by replacement
of their ω-NH2 group with a CH3 group, were also inactive.
This was also the case for NOHI16and nor-NOHI17, which
derive from NOHA and nor-NOHA by replacement of their
δ-NH group with a CH2 group (Chart 1).

These results once again illustrate the strict substrate
specificity for NOS-dependent formation of NO. The only
change in the structure of Arg or NOHA accepted by the
enzyme for NO2

- formation is an increase of their chain
lengths by one CH2, whereas any shortening of the chain or
any replacement of an NH group of the guanidine (or
N-hydroxyguanidine) function with a CH2 group are not
tolerated.

Properties of the Studied Compounds as NOS and Argi-
nase Inhibitors.Table 1 summarizes the results obtained from
inhibition studies with recombinant NOS I and II and purified
RLA with Arg as the substrate.

The best inhibitor for both NOSs was NIO12 with IC50

values around 2µM. Its longer analogue NIL11 also acted
as a good inhibitor, although with a markedly larger IC50

value in the case of NOS I. However, all the other analogues
that involve aN-hydroxyguanidine (5, 6) or an amidoxime
(13, 14, 16, 17) function were very bad inhibitors of NOS I
and II, with IC50 values higher than 170µM. It is noteworthy
that introduction of aNω-hydroxy substituent generally leads
to a marked decrease of the affinity of the corresponding
compound for NOSs. This has been previously reported for
NOHA and homo-NOHA, whoseKm values are 3-9-fold
higher than those of Arg and homo-Arg (22). Table 1 shows
that this is also true for OH-NIL13 and OH-NIO14 when
compared to NIL11 and NIO 12. In fact, the IC50 values
found for these two amidoximes are 2 orders of magnitude
higher than those of the corresponding amidines11 and12.

FIGURE 1: Nitrite production by NOS I (open bars) and NOS II
(solid bars) in the presence of the guanidines,N-hydroxyguanidines,
amidines, and amidoximes shown in Chart 1. Nitrite production
was measured by the Griess assay, as described under Materials
and Methods, from incubations containing 500µM potential
substrate and run at 37°C for 10 min. Means( SD (n ) 3) are
shown.

Table 1: IC50 Values for Inhibition of NOS I, NOS II, and RLA by
Various Analogues of Arg and NOHA

IC50
a (µM)

NOS I NOS II RLA

homo-Arg1 23b 33b 60 000
Arg 2 2.7b 13b 6000c

homo-NOHA3 68b 146b 200
NOHA 4 13b 59b 20
nor-NOHA5 1150 >1500 1
dinor-NOHA6 360 465 40
NIL 11 35 2.5 20 000
NIO 12 2 2 >10 000
OH-NIL 13 >1500 410 3000
OH-NIO 14 170 290 1400
NOHI 16 1200 >1500 5
nor-NOHI17 >1500 >1500 2
a IC50 values were determined by testing each compound at eight

concentrations. NOS activities were measured in the presence of a final
Arg concentration of 11.5µM by monitoring the conversion of
[guanidino-14C]Arg to [ureido-14C]Cit as described under Materials and
Methods. Similarly, RLA activity was measured by monitoring the
conversion of [guanidino-14C]Arg to [14C]urea in the presence of a final
Arg concentration of 20 mM. The data are reported as means of at
least three separate experiments (SD< 20%). b Km values previously
described for the NOS-dependent oxidation of these substrates (22).
c Km value for RLA-dependent hydrolysis of Arg (55).
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Our results on NOS I and II also further illustrate that,
although many compounds are recognized by NOS and act
as strong inhibitors of this enzyme, only very few of them
are oxidized by NOS with formation of NO (Figure 1).
Clearly, additional structural factors are required for a
molecule well recognized by NOS, such as those described
above, to become a substrate producing NO. Further studies
are necessary to clarify this point.

Very different results were obtained with purified RLA.
Here, on the contrary,Nω-hydroxylated compounds are very
good inhibitors of RLA, with IC50 values between 1 and 40
µM for the Nω-hydroxyguanidines nor-NOHA, NOHA, and
dinor-NOHA. The two amidoximes, NOHI16and nor-NOHI
17, are among the best RLA inhibitors known so far (IC50

of 5 and 2µM). However, interestingly enough, the two
amidoximes bearing a terminal CH3 group, OH-NIL13 and
OH-NIO 14, are bad inhibitors of RLA with IC50 values 3
orders of magnitude higher than amidoximes16and17. The
difference in the behavior of the studied compounds toward
NOS and RLA is particularly striking if one considers that
the two best inhibitors of RLA, nor-NOHA5 and nor-NOHI
17 (IC50 around 1µM), are among the worst inhibitors of
NOS I and II (IC50 > 1 mM), whereas the compounds that
show the highest affinities for NOSs, Arg, NIL and NIO
(IC50 or Km at the micromolar level) exhibit a very low
affinity for RLA (IC50 or Km in the case of Arg> 1 mM)
(Table 1).

Finally, the strongest RLA inhibitors in the studied
R-amino acid series, nor-NOHA5 and nor-NOHI17, are
compounds with a chain of five atoms between the CR amino
acid atom and the terminal OH function.

DISCUSSION

The results of Table 1 clearly show that the main structural
determinants for efficient recognition ofR-amino acids by
NOS and arginase are very different. In the case of NOS,
the recognition is based on the presence of a-NH-C(R)d
NH or -NH-C(NH2)dNOH motif separated from the amino
acid CR atom by three or four CH2 groups (Figure 2A),
whereas in the case of RLA it involves the presence of a
N-OH function separated from the amino acid CR carbon
by four or five atoms, the highest affinities being observed
in the case of four atoms (Figure 2B).

The best structural motif recognized by NOS, depicted in
Figure 2A, is found in Arg itself, which has a relatively high
affinity for NOS I and II (Km or Ks values at the micromolar
level) (5-7), and in some of its close analogues such as NIO
and NIL (R ) CH3) and NOHA and homo-NOHA (R)
NH2 and presence of a CdNOH function) (Table 1). This is
in agreement with literature data previously reported for these
compounds (39, 40), as well as on other Arg analogues in
which R (see Figure 2A) is a slightly longer alkyl chain (NIO
analogues) (41), a NHR′ group (Nω-substituted arginines)
(41-43), or a SR′′ group (R-amino acids bearing an
isothiourea function) (44, 45). These data are easily explained
by considering the X-ray structure published recently for the
Arg complex of the oxygenase domain of NOS II (46) and
III ( 47, 48), which shows the existence of key interactions
of the protein with the Argδ-NH and ω-NH2 groups, in
addition to specific bonds with the ArgR-NH2 andR-COOH
functions. Figure 3 illustrates these interactions and indicates

howR-amino acids bearing the-NH-C(R)dNH or -NH-
C(NH2)dNOH motif could be bound in the NOS active site.
The R substituent of the guanidine carbon is less restricted
and may be an alkyl (39-41), NHR′ (41-43), or SR′′ (44,
45) group.

Our data show that Nω-hydroxylation of theR-amino acid
derivatives always leads to a marked decrease in the affinity
for NOS I and II. This is true not only for NOHA compared
to Arg but also for homo-NOHA, OH-NIL, and OH-NIO
compared to homo-Arg, NIL, and NIO, respectively. How-
ever, it is noteworthy that the decrease in affinity upon Nω-
hydroxylation is clearly larger in the case of the amidines
NIL and NIO (about 100-fold increase in IC50) than in the
case of the guanidines homo-Arg and Arg (3-4-fold increase
in Km). The much lower affinity of the amidoximes OH-
NIL, OH-NIO, and NOHI when compared to the corre-
spondingN-hydroxyguanidines (homo-NOHA and NOHA)
could be due, at least in part, to the different pKa values of

FIGURE 2: Structural determinants of the studiedR-amino acid
series best recognized by NOS (A) and RLA (B).

FIGURE 3: Modes of interaction between NOS andR-amino acids
studied in this article. These are based on the X-ray structure
published for NOS-Arg complexes (46-48). Labeling of NOS
residues corresponds to that of NOS II.
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these two functions. AliphaticN-hydroxyguanidines have pKa

values around 8 (49-51) and should mainly exist as their
protonated form at physiological pH, as aliphatic guanidines
such as Arg and amidines such as NIO exhibit pKa values
around 13 (49, 50). On the contrary, aliphatic amidoximes
such as OH-NIL, OH-NIO, NOHI, and nor-NOHI appear to
have lower pKa values between 4 and 6 (49, 50) and should
be not protonated at physiological pH. These data suggest
that the presence of a positive charge coming from proto-
nation of the guanidine, amidine, orN-hydroxyguanidine
function plays an important role in recognition of such
R-amino acids by NOS (Figure 3). An exception to this rule
is thiocitrulline, a well-known strong inhibitor of NOS (52),
whose thiourea function is not protonated. However, the high
affinity of this compound for NOS could be due, at least in
part, to an additional bond between its CdS function and
the NOS iron (46, 52), which does not exist in theR-amino
acids studied here.

Interestingly, two isomers, OH-NIO and NOHI, that both
involve an amidoxime function exhibit markedly different
IC50 values (Table 1). The lower affinity of NOSs for NOHI
than for OH-NIO further illustrates the importance of the
bond between glutamate 371 and theδ-NH group of the
inhibitor (or substrate), which is lacking in NOHI (Figure
3). A similar result showing that indospicine (15, Chart 1),
which is derived from Arg by replacement of theδ-NH group
with a δ-CH2 group, is a much weaker inhibitor of NOS II
than its isomer NIO has been reported previously (53).

Finally, the crucial importance of the chain length between
theR-amino acid and-NH-C(R)dNOH function, is clearly
shown by the IC50 or Km values found for NOHA and its
homo, nor, and dinor analogues, which are low for NOHA,
slightly higher in the case of homo-NOHA, and greatly
increased for nor-NOHA (Table 1).

Efficient recognition of the sameR-amino acids by RLA
is based on very different structural characteristics. Here the
presence of a N-OH group separated from CR by four or
five atoms appears to be crucial. The lowest IC50 values (at
the micromolar level) are observed for nor-NOHA and nor-
NOHI that involve a four atom chain between CR and
N-OH, exactly as found inNω-hydroxylysine, a previously
described good inhibitor of RLA (IC50 ) 15 µM) (20). An
increase or a decrease in the chain length of nor-NOHA by

one CH2 group leads to a 20-fold or 40-fold increase of the
IC50 value, respectively. The same increase in the chain
length of nor-NOHI by one carbon leads to a smaller (2.5-
fold) increase of IC50 (Table 1). The higher affinity of RLA
for NOHI than for NOHA could be due to the greater
flexibility of the -(CH2)4- chain of NOHI as compared to
the -(CH2)3-NH- chain of NOHA. The presence of a
positive charge, due to protonation of the-NH-C(R)dNOH
function, does not seem to be as important as in the case of
NOS, since NOHI that bears an amidoxime function not
protonated at physiological pH exhibits a higher affinity for
RLA than the correspondingN-hydroxyguanidine NOHA.
Finally, contrary to what was found in the case of NOS, the
presence of aδ-NH group is not important for RLA
recognition (see, for instance, the almost identical IC50 values
of nor-NOHI and nor-NOHA), whereas the presence of two
terminal Nω nitrogen atoms is very important for RLA
recognition, as shown by the much higher IC50 value found
for OH-NIO than for its isomer NOHI (1.4 mM instead of
5 µM for NOHI).

In its three main characteristics for efficient recognition
of R-amino acids, i.e. (i) the greater preference for a Cd
Nω-OH group than for a CdNH group, (ii) the importance
of the presence of two Nω nitrogen atoms, and (iii) the lack
of recognition ofδ-NH groups, RLA exhibits a behavior
opposite to that of NOS. This can be explained by consider-
ing the X-ray structure published for RLA (2). The much
higher affinity of compounds bearing a terminal N-OH
group than that of their N-H analogues could be due to
a strong interaction between the OH group and the
Mn(II) ‚‚‚Mn(II) cluster of the RLA active site.

In the structure postulated for the transition state of RLA-
catalyzed hydrolysis of Arg (2, 54) (Figure 4c), theµ-hy-
droxo ligand that bridges the two Mn(II) ions interacts with
the electrophilic guanidino carbon, establishing a six-atom
O-C-N-(CH2)3- chain bound to the CR atom. A very
similar motif with a six-atom O-B-C-(CH2)3- chain has
been found very recently in the X-ray structure of the
complex between RLA and the boronic isostere of Arg, 2(S)-
amino-6-boronohexanoic acid, a strong RLA inhibitor of the
transition-state analogue type (54). This compound binds as
the tetrahedral boronate anion with one hydroxyl oxygen
bridging the binuclear manganese cluster (Figure 4b). The

FIGURE 4: Comparison between the structure of the RLA-(2-amino-6-boronohexanoic acid) complex (54) (b) and those proposed for the
transition state of RLA-catalyzed Arg hydrolysis (54) (c) and the RLA-nor-NOHA (or -NOHI) complex (this article) (a).
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structure postulated for the RLA complex with nor-NOHA
(13) (or nor-NOHI) is strikingly similar if one considers that
the OH group of nor-NOHA replaces theµ-hydroxo bridging
ligand of the Mn cluster (Figure 4a). This structure is based
on an -O-N-C-N-(CH2)2- motif between the amino
acid CR atom and the Mn cluster, involving an identical
number of atoms and a length similar to those of the RLA-
boronic acid complex and the transition state of the RLA-
catalyzed reaction (Figure 4). This could explain why nor-
NOHA is a much better RLA inhibitor than its longer
(NOHA and homo-NOHA) or shorter (dinor-NOHA) ana-
logues.

The importance of the presence of two Nω nitrogen atoms
(point (ii) mentioned above) for efficient recognition of
R-amino acids by RLA is also easily explained when the
X-ray structures of RLA (2) and of the RLA-boronic acid
(54) complex are considered. Actually, oneω-OH group of
the boronic acid that corresponds to theω-NH2 group of
Arg is bound to RLA via a hydrogen bond with the CO
function of His 141 and via its oxygen atom to MnA, whereas
the secondω-OH group is only bound to a water molecule
(54). Modeling experiments on the possible transition state
of RLA-catalyzed hydrolysis of Arg (Figure 4c) suggest the
existence of hydrogen bonds between anω-NH2 group of
Arg and the CO function of His 141 and the COO- function
of Glu 277, whereas the secondω-NH2 group of Arg would
only interact with a water molecule (2). The much higher
affinity of RLA for NOHI than for its isomer OH-NIO (Table
1) indicates that relatively strong bonds could also exist
between theω-NH2 group of NOHI, nor-NOHI, or nor-
NOHA and residues of RLA, possibly MnA, Glu 277, and
His 141.

The proposed model for the transition state of the RLA-
catalyzed hydrolysis of Arg does not show any bond with
the δ-NH group of Arg. Our results showing that the IC50

values of nor-NOHI and nor-NOHA are almost identical
strongly suggest that the lack of interaction withδ-NH groups
postulated from model studies (2) is likely to be real.

Finally, comparison of Figures 3 and 4 also explains why
optimal chain length (between CR and terminal Nω) involves
five atoms in NOS but four atoms in RLA. The five-atom
motif is found in Arg and NIO, which are the best ligands
in the studied series withKm or IC50 values at the micromolar
level, because they fit best into the Arg recognition site of
NOS. The four-atom motif corresponds to nor-NOHA and
nor-NOHI (IC50 at the micromolar level), a situation of
optimal interaction of RLA not with Arg itself, which has a
highKm value (at the millimolar level), but with the transition
state of Arg hydrolysis, which involves a presumably strong
additional interaction with the Mn cluster.

The different modes of interaction displayed by both
enzymes depend on their different catalytic functions and
give interesting opportunities to design useful molecules to
selectively regulate NOS and arginase. However, it is
noteworthy that the main modes of interactions described in
this paper are based on a particular class of compounds that
all contain anR-amino acid function. These compounds have
a marked tendency to strongly interact with the protein
residues that specifically recognize the NH3

+ and COO-

R-amino acid functions. This appears to be crucial in the
case of arginase since all its strong inhibitors known so far
contain this function. This could be less important in the

case of NOS, as many strong NOS inhibitors (Ki between
10 and 1000 nM) are notR-amino acids (12). With inhibitors
such asN-alkylisothioureas, other sites of the protein than
those discussed in this article could be involved in inhibitor
recognition.
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