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1 The aim of this study was to investigate the structure-activity relationship of S-alkyl-L-
isothiocitrulline-containing dipeptides towards three partially purified recombinant human nitric
oxide synthase (NOS) isozymes, as well as the effects of these compounds on cytokine-induced NO
production by human DLD-1 cells.

2 In an in vitro assay, S-methyl-L-isothiocitrulline (L-MIT) was slightly selective for human
neuronal NOS (nNOS) over the inducible (iINOS) or endothelial (eNOS) isozyme, but the
combination of a hydrophobic L-amino acid (L-Phe, L-Leu or L-Trp) with L-MIT dramatically
altered the inhibition pattern to give selective iNOS inhibitors. Introduction of a hydroxy, nitro,
amino or methoxy group at the para position of the aromatic ring of L-MIT-L-Phe (MILF)
decreased the selectivity and inhibitory potency. A longer or larger S-alkyl group also decreased the
selectivity and potency. Dixon analysis showed that all of the dipeptides were competitive inhibitors
of the three isoforms of human NOS. The enzymatic time course curves indicated that MILF was a
slow binding inhibitor of human iNOS.

3 These results suggest that the human NOS isozymes have different-sized cavities in the binding
site near the position to which the C-terminal of L-arginine binds, and the cavity of iNOS is
hydrophobic. Interestingly, L-MIT-D-Phe (MIDF) showed little inhibitory activity or selectivity,
suggesting that the cavity of human iNOS is located in a well-defined direction from the o carbon
atom.

4 NO production in cytokine-stimulated human DLD-1 cells was measured with a fluorescent
indicator, DAF-FM. MILF, L-MIT-L-Trp(-CHO) (MILW) and L-MIT-L-Tyr (MILY) showed more
potent activity than L-MIT in this whole-cell assay.

5 Thus, S-alkyl-L-isothiocitrulline-containing dipeptides are selective inhibitors of human iNOS,
and work efficiently in cell-based assay.
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CaM, calmodulin; e, endothelial; EILF, S-ethyl-L-isothiocitrullinyl-L-phenylalanine; FAD, flavin adenine
dinucleotide; FMN, flavin mononucleotide; i, inducible; IPILF, S-isopropyl-L-isothiocitrullinyl-L-phenylalanine;
MIDF, S-methyl-L-isothiocitrullinyl-D-phenylalanine; MIG, S-methyl-L-isothiocitrullinyl-glycine; MILAF, S-
methyl-L-isothiocitrullinyl-4-amino-L-phenylalanine; MILF, S-methyl-L-isothiocitrullinyl-L-phenylalanine;
MILL, S-methyl-L-isothiocitrullinyl-L-leucine; MILMF, S-methyl-L-isothiocitrullinyl-4-methoxy-L-phenylala-
nine; MILNF, S-methyl-L-isothiocitrullinyl-4-nitro-L-phenylalanine; MILPG, S-methyl-L-isothiocitrullinyl-L-
phenylglycine; MILW, S-methyl-L-isothiocitrullinyl-L-tryptophan(-CHO); MILY, S-methyl-L-isothiocitrullinyl-
L-tyrosine; L-MIT, S-methyl-L-isothiocitrulline; n, neuronal; NADPH, nicotinamide adenine dinucleotide
phosphate; L-NAME, NS-nitro-L-arginine methyl ester; NOS, nitric oxide synthase; L-NMMA, N©-
monomethyl-L-arginine; TFA, trifluoroacetic acid

Introduction

Nitric oxide (NO) is involved in the regulation of diverse
physiological processes, including actions of immune cells
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(Schmitt & Walter, 1994). NO and L-citrulline are produced
in the two-step oxidation of L-arginine by the neuronal,
inducible and endothelial isozymes of nitric oxide synthase
(nNOS, iNOS and eNOS), all of which use NADPH, FAD,
FMN, haeme, and tetrahydrobiopterin as cofactors (Nathan
& Xie, 1994).

iNOS activity is readily induced by bacterial endotoxins
and cytokines and NO plays an important role in host
defence against parasites (Liew et al., 1990). However, some
human tissues, such as human articular cartilage, produce
NO copiously in response to cytokine stimulation (Rediske et
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al., 1994). There is also evidence that iNOS is present in
diseased tissues — iNOS mRNA and protein are present in
joint tissues from patients with rheumatoid arthritis (Sakurai
et al., 1995) and calcium-independent NOS activity has been
detected in homogenates of colonic tissue from patients with
ulcerative colitis (Boughton-smith et al., 1993). The produc-
tion of NO in inflamed tissues is likely to contribute to
disease pathology by increasing blood flow, thereby poten-
tiating plasma leakage from inflamed microvessels (Laszlo et
al., 1994). In addition, NO may promote tissue injury by
reacting with superoxide anion to produce peroxynitrite in
vivo (Haddad et al., 1994). The finding that NO production is
enhanced in human inflamed tissues through the induction of
iNOS suggests that inhibitors of iNOS would modulate
smooth muscle contractility, platelet reactivity, and central
and peripheral neurotransmission, and have therapeutic
potential, particularly those that do not affect the protective
and physiological roles of eNOS.

The generation of NO by NOS can be inhibited by
analogues of the substrate, L-arginine. But, the most
commonly used inhibitors of NOS, namely N%-mono-
methyl-L-arginine (L-NMMA), NS-nitro-L-arginine (L-NA)
and its methyl ester (L-NAME), inhibits eNOS at least as
strongly as they inhibit iNOS (Gross et al., 1991). Non-amino
acid analogues of L-arginine such as aminoguanidine (Misako
et al., 1993), alkylguanidines (Hansan ez al., 1993) and S-
alkylisothiourea (Garvey et al., 1994) have also been reported
to inhibit NOS. These compounds show some selectivity for
iNOS. However, the need for isoform selectivity is critical,
and safe inhibitors that show high selectivity and good cell
penetration are also needed to delineate the role of the
isoforms of NOS in disease models.

Recently, we reported that L-arginine analogue-containing
dipeptides inhibit mouse iNOS without inhibiting rat nNOS
activity (Kobayashi et al., 1999). Accordingly, we proposed
that L-arginine analogue-containing dipeptides might provide
a good starting point for development of novel, clinically
useful analgesics. However, detailed structure-activity
relationship studies on the C-terminal of the L-arginine
derivatives had not been conducted, and we had used animal
NOS and neglected the effect of these agents on eNOS.

Here we describe the structure-activity relationship of S-
alkyl-L-isothiocitrulline-containing dipeptides towards three
recombinant human NOS isozymes and the effects of these
compounds on NO production by a human tumor cell line
(DLD-1).

Methods
Expression and purification of human NOS

Human NOS isozymes were expressed in Sf-9 (a Spodoptera
Sfrugiperda insect cell line) as described in detail previously
(Nakane et al., 1995). Baculovirus transfer vectors for human
nNOS (Ecol— EcoRI)/pVL1393, human iNOS (Notl— Dral)/
pVL1392 and human eNOS (Notl—-Xbal)/pVL1392 were
provided by Dr Masaki Nakane (Abbott Labs, 1L, U.S.A.).
Calmodulin (CaM) ¢cDNA was obtained from Dr Hiroyuki
Hori. An Ecol to BamHI fragment containing the coding
region of CaM was isolated and subcloned into a pBACgus-
2cp transfer plasmid (Novagen; baculovirus transfer vector).

The vectors were employed to prepare recombinant baculo-
virus using a BaculoGold kit from Pharmingen. Monolayer
cultures of Sf-9 cells were infected with each human NOS
recombinant baculovirus and incubated for 72 h at 27°C in
Ex-Cell 420 insect serum-free medium supplemented with
1.5 ug ml~" hemin, 1 um riboflavin, 5 uM nicotinic acid and
10 uM sepiapterin. For iNOS, Sf-9 cells were co-infected with
the CaM baculovirus. The cells were harvested by centrifuga-
tion and homogenized in 5 volumes of ice-cold buffer ((mm)
Tris-HCI 50, pH 7.5 containing EGTA 1, DTT 1, PMSF 1),
pepstatin 1 ug ml~', leupeptin 1 pg ml~', chymostatin 20 um,
FAD 5 uMm, FMN 5 uMm, BH; 10 um: for eNOS, 10 mm
CHAPS was included, and centrifuged at 40,000 x g for
30 min. The supernatant fractions were applied to a 2-ml 2',
5'-ADP Sepharose affinity column (Pharmacia). The column
was washed with 0.5M NaCl and eluted with 10 mm
NADPH. The eluted fraction was concentrated to
0.2 mg ml~' with a Centricon 30 (Amicon). For eNOS,
10 mM CHAPS was included in the buffer to maintain
solubility of the enzyme.

Enzyme assay

Recombinant human NOS activity was measured by
monitoring the conversion of ['*C]-L-arginine to ["“C]-L-
citrulline as described previously (Hori et al., 1997). Enzyme
solution (5 ul) was added to 25 ul of buffer containing
HEPES 50 mM (pH 7.4), ['*C]-L-arginine 4.2—16.7 um, CaCl,
1.8 mM, DTT 150 M, CaM 10 pg ml~', BHy 15 uM, EGTA
I mMm, FAD 15um, FMN 15uM, BSA 09 mgml!,
NADPH 1.5 mM and the test compound in the concentration
range from 0.1 uM—1 mM. After incubation for 10 min at
37°C, the reaction was terminated by adding 20 ul of 5 mm
cold L-arginine and 5 mM L-~citrulline and boiling the mixture
at 90-95°C for 3 min. An aliquot (5 ul) was spotted onto a
cellulose plate and separated by thin layer chromatography
using methanol-pyridine-water (20:1:5, v:v:v). Radioactivity
was measured by autoradiography with a Fuji BAS1500
Bioimaging analyzer.

Measurement of NO production by DLD-1

DLD-1 cells (JCRB, Tokyo, Japan; human colorectal
adenocarcinoma cell line) were grown in RPMI (Sigma) with
L-glutamine, penicillin-streptomycin and 10% heat-inacti-
vated foetal calf serum. Prior to assay, the cells were seeded
in 96-well plates (2 x 10° cells per well) and allowed to attach
overnight. NO production induced by exposure of the cells to
200 u ml~' human interferon-y (hIFN-y), 10 ng human
tumour necrosis factor-o (h"TNF-x) and 2 ng human inter-
leukin-1p (hIL-1p) for 24 h at 37°C (Sherman et al., 1993)
was measured with the recently described fluorescent
indicator DAF-FM (Kojima et al., 1999; Nakatsubo et al.,
1998). A dimethyl sulphoxide (DMSO; final concentration,
0.02%) solution of DAF-FM (1 uM) and the test compound
at a concentration of 0.3 uM—1 mM were added at the same
time as cytokines. L-Arginine (1.15 mM) was included in the
medium. After the incubation, 180 ul of the supernatant was
transferred to a black microplate well and fluorescence was
measured in a fluorescence microplate reader (Titertek
Fluorescence 11, Flow Laboratories) calibrated for excitation
at 485 nm and emission at 538 nm.
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Data analysis

The ICsy values of the inhibitors were calculated by using
linear regression between data points just above and below
50% activity. The kinetic data were obtained by Dixon
analysis (Dixon, 1953). Calculations were performed using
Excel software.

Synthesis and purification of
S-alkyl-L-isothiocitrulline-containing dipeptides

S-Alkyl-L-isothiocitrulline-containing dipeptides used in this
study, the structures of which are given in Table 1, were
obtained as follows: N-R-N*-Boc-L-ornithine was condensed
with various amino acid O-t-butyl esters. The R group (Z-
or Fmoc-) of N°-R-N*-Boc-L-ornithinyl-amino acid O-t-butyl
ester was cleaved with Pd-C and H, or dicthylamine,
respectively. N*-Boc-L-ornithinyl-amino acid O-t-butyl ester
was converted to N*-Boc-L-thiocitrullinyl-amino acid O-t-
butyl ester with thiophosgene and ammonia gas. After S-
methylation, S-methyl-N*-Boc-L-isothiocitrullinyl-amino acid
O-t-butyl ester was deprotected with trifluoroacetic acid.
Finally, the TFA salt was changed to the hydrochloride salt
with a (—) ion exchange column. In the case of synthesis of
S-methyl-L-isothiocitrullinyl-4-amino-L-phenylalanine, the 4-
nitro group was converted to a 4-amino group with Pt-C

Table 1 Structures of the dipeptides

and H,, to which the Fmoc group is stable. The 4-amino
group was protected with a Boc group to prevent
methylation at the time of S-methylation. When S-methyl-
L-isothiocitrullinyl-4-methoxy-L-phenylalanine was synthe-
sized, the hydroxy group of the N°-Z-N”-Boc-L-Orn-L-Tyr
O-t-butyl ester was converted to a methoxy group with
methyl iodide. In the case of synthesis of S-ethyl-L-
isothiocitrullinyl-L-phenylalanine and S-isopropyl-L-isothioci-
trullinyl-L-phenylalanine, L-thiocitrullinyl-L-phenylalanine
was S-alkylated with ethyl iodide or isopropyl iodide. All
dipeptides were confirmed to be pure by 'H-NMR spectral
examination.

Materials

S-Alkyl-L-isothiocitrulline-containing dipeptides were synthe-
sized in our own laboratories (see Methods). hIFN-y,
hTNF-« and hIL-18 were purchased from Boehringer
Mannheim (Tokyo, Japan). DAF-FM was synthesized
according to the reported method in our own laboratories
(Kojima et al., 1999). ["*C]-L-Arginine was purchased from
NEN Life Science Products (Boston, MA, U.S.A.). §-
Methylisothiocitrulline (L-MIT) was purchased from Wako
(Osaka, Japan). Cellulose plates were from Funakoshi
(Tokyo, Japan). All other chemicals were of the highest
grade available.

H

S-R;-L-isothiocitrullinyl-R ,

Compound

S-L-isothiocitrulline
S-methyl-L-isothiocitrullinyl-L-phenylalanine
S-methyl-L-isothiocitrullinyl-D-phenylalanine

S-methyl-L-isothiocitrullinyl-L-leucine

S-methyl-L-isothiocitrullinyl-L-tryptophan(-CHO)

S-methyl-L-isothiocitrullinyl-L-phenylglycine
S-methyl-L-isothiocitrullinyl-glycine

S-methyl-L-isothiocitrullinyl-L-tyrosine

S-methyl-L-isothiocitrullinyl-4-nitro-L-phenylalanine
S-methyl-1-isothiocitrullinyl-4-amino-L-phenylalanine

S-methyl-1-isothiocitrullinyl-4-methoxy-L-phenylalanine M1 MF

S-ethyl-L-isothiocitrullinyl-L-phenylalanine

S-isopropyl-L-isothiocitrullinyl-L-phenylalanine

0
R;
NH, °*2HCI
R; Ry

L-MIT methyl OH
MILF methyl L-Phe
MIDF methyl D-Phe
MILL methyl L-Leu
MILW methyl L-Trp(-CHO)
MILPG methyl L-PhenylGly
MIG methy] Gly
MILY methyl L-Tyr
MILNF  methyl 4-Nitro-L-Phe
MILAF methyl 4-Amino-L-Phe

methyl 4-Methoxy-L-Phe
EILF ethyl L-Phe
IPILF isopropyl L-Phe

British Journal of Pharmacology vol 132 (8)
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Results

Inhibitory activity of
S-alkyl-L-isothiocitrulline-containing dipeptides on
partially purified recombinant human NOS isozymes

The ICs, values of the dipeptides were obtained from data on
the concentration dependence of inhibitory activity. As
shown in Table 2, L-MIT was slightly selective for nNOS,
but S-methyl-L-isothiocitrullinyl-L-phenylalanine (MILF), S-
methyl-L-isothiocitrullinyl-L-leucine (MILL), S-methyl-L-iso-
thiocitrullinyl-L-tryptophan(-CHO) (MILW), in which hydro-
phobic L-amino acids are combined with L-MIT, showed a
dramatically altered inhibition pattern, exhibiting selectivity
to iNOS. Interestingly, S-methyl-L-isothiocitrullinyl-D-pheny-
lalanine (MIDF) showed only very weak inhibition with
no selectivity. S-Methyl-L-isothiocitrullinyl-L-phenylglycine
(MILPG) inhibited both nNOS and iNOS, but its iNOS
inhibitory activity was less potent than that of MILF. S-
Methyl-L-isothiocitrullinyl-glycine (MIG) showed similar
selectivity to L-MIT, but with weaker inhibitor potency for
all the NOS isozymes. S-Methyl-L-isothiocitrullinyl-L-tyrosine
(MILY), bearing a hydroxy group at the para position of the
aromatic ring of MILF, inhibited nNOS as well as iNOS,
and its iNOS inhibitory activity was weaker than that of
MILF. Introduction of a nitro (S-methyl-L-isothiocitrullinyl-
4-nitro-L-phenylalanine; MILNF), amino (S-methyl-L-iso-
thiocitrullinyl-4-amino-L-phenylalanine; MILAF), or meth-
oxy (S-methyl-L-isothiocitrullinyl-4-methoxy-L-phenylalanine;
MILMF) group at the para position of the aromatic ring of
MILF resulted in a reduction of selectivity and inhibitory
potency. Furthermore, a longer or larger S-alkyl group, as in
(S-ethyl-L-isothiocitrullinyl-L-phenylalanine (EILF) and S-
isopropyl-L-isothiocitrullinyl-L-phenylalanine (IPILF)), also
decreased selectivity and inhibitory potency. The dipeptides
generally had little or no inhibitory effect on human eNOS
activity. The greatest selectivity was observed with MILF,
which was at least 256-fold more potent against human iNOS
than human eNOS.

Table 2 1Csy values (um) for inhibition of human NOS
isozymes by L-MIT and the dipeptides

Compound nNOS iNOS eNOS
L-MIT 0.06 0.3 0.4
MILF 36 3.9 >1000
MIDF 110 490 670
MILL 30 9.7 230
MILW 70 15 >1000
MILPG 6.1 6.7 900
MIG 10 17 120
MILY 6.1 6.7 150
MILNF 36 14 790
MILAF 220 81 >1000
MILMF 94 90 720
EILF 90 13 > 1000
IPILF 150 190 670

The concentrations

of the

dipeptides

producing  50%

inhibition (ICsy) were obtained by measuring per cent
inhibition with at least seven concentrations of inhibitor,
as described under Methods. The assay media contained
16.7 um [*C]-L-arginine. The ICsy values are the means of

three individual experiments.

Dixon plots for inhibition by MILF are shown in Figure 1.
All of the dipeptides were competitive inhibitors of the three
isoforms of human NOS (Table 3). These results suggest that
the dipeptides bind at the L-arginine-binding site.

Inhibition of human iNOS by MILF was time-dependent.
The first-order rate constant for the onset of inhibition of
iNOS by 10 um MILF at 16.7 uM L-arginine was 0.0026 s~
(Figure 2).

Effect of S-alkyl-L-isothiocitrulline-containing dipeptides
on NO production by human colorectal adenocarcinoma
cell line DLD-1

We investigated their effect on cytokine-induced NO
production by human DLD-1 cells. NO production was
measured with the fluorescent indicator DAF-FM. As shown
in Table 4, NO production in cytokine-stimulated DLD-1
was highly sensitive to inhibition by the dipeptides. Although
the dipeptides showed lower inhibitory activity than L-MIT
in the assay of recombinant human iNOS (IC5,=0.3 uM for

-[1-8.4uM
80 -@-167 M

10 5 0 5 I 15

MILF (uM)

Figure 1 Dixon analysis of inhibition of human iNOS by MILF.
Measurement of human iNOS activity under initial velocity
conditions is described under Methods. ['*C]-L-Arginine concentra-
tion was 8.4 or 16.7 um. The data represent the mean+s.e.mean of
three individual experiments.

Table 3 Kinetic constants (uM) of the dipeptides for
recombinant human NOS isozymes

Compound nNOS iNOS eNOS
L-Arginine (K,,,) 1.5 4.0 2.0
MILF 27 7.5 520
MLDF 130 330 200
MILL 6.5 11 46
MILW 14 29 310
MILY 3.0 12 39
MIG 3.8 19 48
MILPG 9.0 14 170

The K; and K,, values shown are averages of at least
duplicate determinations made under initial rate conditions
as described under Methods. The results were analysed by
means of Dixon analysis as exemplified in Figure 1.

British Journal of Pharmacology vol 132 (8)
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Figure 2 Time dependence of human iNOS inhibition by MILF.
Progress curves for L-citrulline formation with 16.7 um ["*C]-L-
arginine in assay media (Methods) and 0 or 10 um MILF. The data
represent the mean+s.e.mean of three individual experiments.

Table 4 1Cs, values (um) of the dipeptides for the cytokine-
induced NO production in DLD-1

Compound ICsy (um)
L-MIT 33
MILF 9.9
MILL 47
MILW 11
MILY 18
MIG 32
MILPG 43
MILNF 51
EILF 420
IPILF 560

The concentrations of the dipeptides producing 50%
inhibition (ICso) were obtained by measuring per cent
inhibition with at least eight concentrations of inhibitor as
described under Methods. The ICs, values are the means of
three individual experiments.

L-MIT, ICsy=3.9 um for MILF, ICso=15 um for MILW
and 1C50=6.7 um for MILY), MILF, MILW and MILY
showed more potent inhibitory activity than L-MIT in the
whole-cell assay. MILW most efficiently entered DLD-1 cells.
However, EILF did not efficiently inhibit cellular NO
production (ICso=13 uM for recombinant human iNOS).

Discussion

A series of S-alkyl-L-isothiocitrulline-containing dipeptides
was synthesized and screened for biological activity in vitro
against the three isoforms of human NOS. L-MIT was
slightly selective for human nNOS, but the combination of a
hydrophobic L-amino acid (L-Phe, L-Leu or L-Trp) with L-
MIT dramatically altered the inhibition pattern, affording
selective iNOS inhibitors. Introduction of a hydroxy, nitro,
amino or methoxy group at the para position of the aromatic
ring of MILF resulted in a reduction of selectivity and

inhibitory activity. Dixon analysis showed that all of the
dipeptides were competitive inhibitors of the three isoforms
of human NOS. Further, MILF showed higher affinity for
human iNOS than MIG, which contains glycine without a
functional group (K;=7.5 um for MILF and K;=19 um for
MIG). These results suggest that the NOS isozymes have
different-sized cavities in the binding site near the position at
which the C-terminal of L-arginine binds, and the cavity of
human iNOS is hydrophobic. The cavity of human iNOS is
well fitted by a benzyl group, since the dipeptide containing
L-phenylalanine was more potent than that containing L-
leucine or L-tryptophan(-CHO) (ICs50=3.9 um for MILF,
IC50=9.7 um for MILL and ICso=15pum for MILW).
Further, the distance of the cavity from the C-terminal is
optimal for L-phenylalanine, because the iNOS-inhibitory
activity of MILPG, containing L-phenylglycine, is reduced in
contrast with that of MILF (IC5y=6.7 um for MILPG).
Interestingly, MIDF showed little inhibitory activity or
selectivity. These results indicate that the hydrophobic cavity
of human iNOS has affinity for L-amino acid, but not D-
amino acid. This may reflect its location in a specific direction
from the o carbon atom. Furthermore, a longer or larger S-
alkyl group decreased selectivity and inhibition. The X-ray
structure of the complex of human iNOS and S-ethyli-
sothiourea has been reported (Fischmann ez al., 1999). Unlike
the substrate side chain, the ethyl group of S-ethylisothiourea
is packed near the haeme and Phe 369 side chain. In the
structure-activity relationship data of S-ethylisothioureas
(Garvey et al., 1994), ethyl and isopropyl moieties appear
optimal for the NOS binding cavity (K;=0.019 um for S-
ethylisothiourea and 0.0098 uM for S-isopropylisothiourea),
and the cavity is relatively small and narrow (K;=0.24 uMm for
S-n-propylisothiourea and 11 um for S-n-butylisothiourea).
Grounded on that finding, we suggest that introduction of an
S-alkyl group into an L-arginine analogue impairs binding of
the hydrophobic amino acid and the S-alkyl group to their
respective binding sites.

We have previously reported that L-arginine analogue-
containing dipeptides show isozyme-selective inhibition of
mouse iINOS over rat nNOS (Kobayashi et al., 1999). The
1Cs, values of MILF, MIDF and MILL for rat nNOS were
39, 50 and 20 pm, respectively, and those for mouse iNOS
were 0.59, 47 and 1 uM, respectively. There seems to be no
marked difference between rat nNOS and human nNOS, but
the dipeptides were stronger inhibitors of mouse iNOS than
human iNOS. The dipeptide binding sites of human and
mouse iINOS may be structurally distinct. Indeed, rat and
human nNOS have very similar amino acid sequences (93%
identical; Nakane et al., 1993), whereas iNOS exhibits only
80% amino acid identity between mouse and human (Geller
et al., 1993).

The dipeptides were next assayed in cultured cells (DLD-1;
human colorectal adenocarcinoma cell line). MILF
(IC5=9.9 um), MILW (ICso=11 M) and MILY
(IC5o=18 uM) exhibited more potent iNOS-inhibitory activ-
ity than L-MIT (IC5p=33 uM) in this whole-cell assay. When
these results are compared with those using recombinant
human NOS isozymes (IC5o=0.3 um for L-MIT,
IC50=3.9 um for MILF, ICs5o=15um for MILW,
IC50=6.7 um for MILY), it is clear that the inhibitory
activity towards cellular NO production increased with
increasing hydrophobicity of the L-amino acid at the C-

British Journal of Pharmacology vol 132 (8)
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terminal. At present, the mechanism involved is not clear. We
hypothesize that the introduction of a hydrophobic L-amino
acid enhanced cell permeability by allowing the dipeptides to
be taken up by system L, a transporter of large neutral amino
acids such as Phe and Tyr. Addition of L-phenylalanine to an
enkephalin analogue, DPDPE, significantly increased permea-
tion across bovine endothelial cell monolayers (Greene et al.,
1996), but this compound had a short life in both serum and
brain homogenate, being cleaved by aminopeptidase. S-Alkyl-
L-isothiocitrulline-containing dipeptides may also be enzyma-
tically cleaved in blood. However, it is conceivable that this
may be overcome by isosteric replacement of the peptidic
bond, e.g. conversion to sulfonamide, N-methylation or
replacement of the amidic bond with an ester (Fauchere,
1986).

EILF did not inhibit well the cellular NO production
(IC5o=13 uM for recombinant human iNOS, ICs5,=420 uMm
for NO production in DLD-1 cells). L-MIT and S-
ethylisothiocitrulline (L-EIT) have been identified as inhibi-
tors of nNOS (Furfine et al., 1994), with L-EIT showing
similar inhibitory activity to L-MIT in rat brain cytosol.
However, L-EIT did not inhibit nNOS as potently as did L-
MIT in rat brain slices. Although detailed analysis of the
inhibition in rat brain slices was not done, the data suggest
that L-EIT does not enter well into neuronal cells. This is
consistent with the idea that EILF enters DLD-1 cells
somewhat more inefficiently than MILF.

Recently, dipeptides containing NS-nitro-L-arginine were
reported (Huang ez al., 1999) to be selective inhibitors of
bovine nNOS. The most potent compound was N®-nitro-L-
arginine-L-2, 4-diaminobutyramide, which also exhibited the
highest selectivity over bovine eNOS (> 1500 fold), together
with a 192-fold selectivity over mouse iNOS. These authors
suggested an electrostatic or hydrogen bonding interaction
between the dipeptide side chain and nNOS, but not eNOS
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