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Mammalian arginases specifically require a Mn{INIn(Il)
cluster for their catalytic activity, the hydrolysis ofarginine
(L-arg) to L-ornithine and ured. Quite recently, the crystal
structure of rat liver arginase has shown that the two Mn ions
are bridged by two carboxylate side chains of aspartates from
the protein and a water molecule (or hydroxide idnt has
been proposed thatarg binds in close proximity of the Mn-
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Figure 1. Schematic view of the postulated arginase transition state
and a proposed model for interaction of arginase with nor-HOHA and

cluster and that the transition state of the reaction is a tetrahedralNOHA.

species resulting from nucleophilic attack of the metal-bridging
hydroxide at the guanidinium carbonisfirg (Figure 153 Very

few data are presently available about the accessibility of the
Mn-cluster to molecules different fromarg, and borate was
the only compound described so far to significantly modify the
EPR spectrum of arginadelnhibitors often are interesting tools
to explore enzyme active sites. For arginase, for a long time
the best known inhibitor was-valine, which exhibits a modest

Ki value (in the millimolar ranged. More recentlyN-hydroxy-
L-arginine (NOHAY (Scheme 1), an intermediate in the bio-
synthesis of NO from.-arginine, and som&l®-hydroxy+-o.-
aminoacid$ have been shown to act as much more potent
inhibitors of arginases witK; values in the 2650 uM range.

A model has been proposed for the interaction of those inhibitors
with arginase, which postulated that they could be of the
transition state analog type, the-fOH group being able to
replace the hydroxo ligand of the arginase Mn-clu&tér.On

the basis of this model, it appeared to us tNathydroxy-nor-
L-arginine (nor-NOHA) should be a very good arginase inhibitor,
well suited to interact with the Mn clusteria its N—OH
function (better than NOHA, Figure 1).
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Scheme 1.Synthesis ofN“-Hydroxy-nor+-arginine
(nor-NOHA) and Formula of NOHA and homo-NORA
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aBoc: —COOtBu; Z= COOCHPh; (a) according to the general
procedure of ref 10; (b) conditions as in ref 11; (c) conditions of those
steps and the following ones as described for the synthesis of NOHA.

This paper reports preliminary results about (i) the first
synthesis ofN®-hydroxy-nort-arginine and its homologN®-
hydroxy-homot-arginine, (i) a comparison of the inhibitory
effects of NOHA, homo-NOHA, and nor-NOHA toward argi-
nases, and (i) EPR studies of the interaction of these
compounds with purified rat liver arginase. They show that
nor-NOHA not only is the best inhibitok{ = 0.5 uM) but
also specifically modifies the arginase EPR spectrum.

Ne-hydroxy-homot-arginine (homo-NOHA) (Scheme 1)
was synthesized fromtlysine following a procedure previously
described for the synthesis of NOHA.Nor-NOHA® was
obtained fromL-glutamine from reactions shown in Scheme 1
(15% overall yield). The key step was the decarboxylation of
N*-Boc--glutamine by sodium hypobromite to intermediate
Ne-Boc-nor+-ornithine which was readily protected as\g-

(9) Both homo- and nor-NOHA were characterized'byand3C NMR
spectroscopiesd13C(D,0) 24.3, 30.3, 32, 43.5, 55.9, 161.6, 175.3 and 31.8,
40.1, 53.2, 161.5, 174.2, respectively. Mass spectromm@ayES): 205.23
and 177.18 (M+ H™1), respectively.
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Figure 2. Effects of nor-NOHA on the EPR spectrum of rat liver
arginase: (A) 1 mM arginase in 50 mM Tris-HCI buffer, pH 7.4, at 15
K (microwave frequency 9.42 GHz); jBpectrum after addition of 2
mM nor-NOHA,; (C) spectrum of sample B after ultrafiltration through
a Bio-spin column.
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benzyloxycarbonyl (Boc) derivative before esterification to the
correspondingert-butyl ester.

nor-NOHA was found to be much more potent than NOHA
and homo-NOHA to inhibit the rat liver arginase-dependent
hydrolysis ofL-arg (respective 16 of 2 + 0.5, 40+ 10, and
30004 500uM at pH 7.4)12 nor-NOHA is also a much better
inhibitor of the arginase activity of mouse macrophages than
NOHA (ICsp of 50 + 10 and 450+ 50 uM, respectively).
Lineweaver-Burk plots of data from incubations of purified
rat liver arginase with.--arg and either nor-NOHA or NOHA,
at pH 7.4, clearly indicated that the two latter compounds were
competitive inhibitors with respect to-arg (K; = 0.5 £+ 0.1
and 10+ 2 uM, respectively). Experiments based on prein-
cubations of arginase with nor-NOHA showed that this com-
pound is, as NOHA,a reversible inhibitor. Finally, in double-
inhibition experiments performed with arginase, NOHA, and
nor-NOHA, plots of 1/activity as a function of nor-NOHA and
NOHA concentrations led to parallel curves, with a ratio of
about 20 between the tw§ values (data not shown). All these

J. Am. Chem. Soc., Vol. 119, No. 17, 19887

enhanced. Other changes concern troughs at high-field related
to the zero-field splitting structure and observed between 460
and 700 mT. Three troughs at 505, 546, and 606 mT found
for native arginase were replaced by a new trough centered at
542 mT. Clear changes were already obtained after addition
of 1 equiv of nor-NOHA per Mn-dimer (1 mM); further
additions (up to 2 equiv) only slightly modified the spectrum
except for an increase of a six-line signal centered at 335 mT
with a 90 G hyperfine coupling constant (Figure 2B). The latter
signal could be due to loosely bound Mn ions (or Mn ions not
coupled as in native arginadéps it disappeared after ultrafil-
tration of the incubate. Moreover, the EPR spectrum of the
recovered sample was almost identical to the one obtained after
addition of 2 equiv of nor-NOHA to arginase, except for the
region around 335 mT which now showed a signal with at least
11 lines and hyperfine constants of 45 G that was masked by
the six-line (90 G) signal due to loosely bound Mn (Figure 2C).
These data suggest that nor-NOHA stoichiometrically interacts
with the Mn-cluster of arginase and leads to a marked change
of its EPR spectrum which is indicative of a change in the
Mn---Mn distancé and could be due to the replacement of the
arginaset-OH ligand by its N~OH moiety. Upon addition of
excess nor-NOHA, nonspecific demetallation of the active site
could occur. Similar experiments performed with homo-NOHA
failed to induce any EPR spectral change on arginase, whereas
preliminary studies performed with NOHA only led to a marked
increase of the signal centered at 335 mT with a 90 G hyperfine
coupling constant. However, the other spectral changes ob-
served after addition of-12 equiv of nor-NOHA to arginase
(Figure 2) were not observed with either NOHA or homo-
NOHA.

The aforementioned results show that the length of the chain
linking the amino acid andN-hydroxyguanidine functions of
NOHA is very important for recognition by arginase. Addition
of a CH, moiety (homo-NOHA) led to a dramatic decrease of
this recognition (75-fold increase of 4§}, whereas removal of
one CH group markedly improved it (20-fold decreasekqy.

This particularly high affinity of nor-NOHA for arginase appears

to be correlated to its specific interaction with the Mn-cluster
of the enzyme active site, which occurs with a 1:1 stoichiometry,
as suggested by EPR data. Additional experiments are required
in order to determine the molecular nature of the interaction of
nor-NOHA with arginase. A possible explanation for the
specific effects of this molecule is that it acts, as previously

results indicate that both compounds are reversible, competitiveassumed (Figure 1), by replacement of th®Hor OH) bridging

inhibitors of arginase, with nor-NOHA having a much better
affinity.
Stepwise additions of nor-NOHA to purified rat liver arginase

ligand of the Mn-cluster by itdl-hydroxy function. Molecular
models suggest that it would be better than NOHA to play this
role (Figure 1). The new-amino acid, nor-NOHA, is the most

led to a progressive change of the EPR spectrum of this potent inhibitor of arginase (both from rat liver or mouse

metalloprotein (Figure 2). Almost all EPR features previously
reported for native arginaevere changed; for instance, the

macrophages) reported so far. Its use for better understanding
the physiological roles of arginasés vitro andin vivo is

signal set at 272 mT markedly decreased and that at 183 mTunderway.

disappeared, while the intensity of the 413 mT signal was

(12) Rat liver arginase was purified as described in ref 1 and its activity
measured as reported in ref 7.
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