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SUMMARY : N®-hydroxy-L-arginine, an intermediate in the
biosynthesis of nitric oxide (NO), has been found to be a uniquely
potent competitive inhibitor of rat 1liver arginase. Among
previously reported inhibitors of arginase and the eight arginine
analogs tested herein, only N°-hydroxy-L-arginine was found to be
strongly inhibitory. Significantly, the K, (42 uM) for inhibition
of rat liver arginase by NS-hydroxy-L-arginine was found to be 20-
40-fold lower than the K, (1~1.7 mM) for its natural substrate, L-
arginine. Since NY-hydroxy-L-arginine is the only known
intermediate in the biosynthesis of NO from L-arginine, this
finding may have significant implications for the regulation of NO
levels in tissues or cells, such as liver or macrophages, which
synthesize both NO and contain arginase. o 1994 academic press, Inc.

The metabolic fate of L-arginine follows two major and
distinct pathways: 1) hydrolysis by the enzyme arginase (EC
3.5.3.1) to form L-ornithine and urea and 2) oxidation by the
enzyme nitric oxide synthase (NOS) to give nitric oxide (NO) and L~-
citrulline. In spite of the fact that these two pathways share a
common substrate, the interaction of the pathways or possible
regulation of one enzyme by the other have not been considered or
investigated. The physiological utility of these two individual
enzyme systems is a topic of significant recent interest. The
physiologic functions of NO are varied and ubiquitous, as NO plays
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a role in the vascular system, in immune system response and in the
central and peripheral nervous systems (1). Nitric oxide synthases
have been purified and characterized from a number of sources (2).
Besides its obvious role in the urea cycle, arginase has also been
implicated in modulating some aspects of the immune response (3) as
well as in the production of L-ornithine for the synthesis of
proline (4) and the polyamines (5).

Isolated rat liver arginase contains tightly bound Mn(II), and
the enzyme is further activated upon the reversible binding of
additional Mn(II) (6). Studies in this laboratory have shown that
the fully Mn-activated enzyme contains 6 Mn(IIl) ions per trimer and
that the Mn(II) ions form a novel binuclear metal center that
appears to be essential for catalytic activity (7,8). The
development of potent arginase inhibitors would facilitate ongoing
spectroscopic and X-ray diffraction (9) studies of the enzyme, and
provide important insights into the chemical mechanism of this
enzyme. In addition, such inhibitors might also provide insight
into the relationship between arginase and NOS. L-Ornithine, one
of the products of arginine hydrolysis, is the most potent reported
competitive inhibitor of arginase, with a K; (1 mM) comparable to
the Ky of 1 ~ 1.7 nM for L-arginine (10,11). Boric acid is a non-
competitive inhibitor of the enzyme with XK; of 0.26 mM and K, of 1
mM (10). 1In the present study we have evaluated the inhibition of
rat liver arginase by a series of arginine analogs. Potent
inhibition of arginase activity is observed with N®-hydroxy-L-
arginine, an intermediate in the biosynthesis of nitric oxide from

L-arginine (12-14).

MATERIALS AND METHODS

Chemicals: L-[guanido-*Cj-Arginine, specific activity 2.5 GBq
mmole’, was from NEN/DuPont, NS-Hydroxy-L-arginine was synthesized
as described previously (12) or purchased from Alexis Biochemicals.
NS-amino-L-arginine was synthesized according to published
procedures (15). The synthesis of the other arginine analogs shown
in Table 1 was accomplished using the general procedures of Patthy
et al. (16) and Corbin and Reporter (17), and will be described
elsewhere.

Purification and Assay of Arginase: Arginase was purified to
homogeneity from fresh rat livers as described previously (7). The
enzyme was activated with MnCl, (6) and assayed by a modification
of the method of Rilegg and Russell (18). Assays were performed in
100 mM Bicine at pH 9, the pH optimum for enzyme activity.
Reactions were initiated by the addition of enzyme to a 1 mL
solution that contained the Bicine buffer, 0.1 - 20 mM L-arginine,
and ~1 x 10° cpm L~[{guanido-"C]-arginine. At various times, 50 uL
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of the assay mixture was added to 200 uL of a stop solution
containing 0.25 M acetic acid, 7 M urea at pH 4.5. ['"“C]-Urea was
separated from unreacted L-[guanido-!"C]-arginine by treatment of
this solution with 200 uL of a 1:1 v/v slurry of Dowex 50W-X8 in
water, and quantitated by adding 200 uL of the supernatant from the
Dowex treatment to 3 mL Liquiscint (National Diagnostics) for
liquid scintillation counting. The effect of N°~hydroxy-L-arginine
on arginase activity was evaluated using this assay and varying the
concentration of NP-hydroxy-L-arginine over the range of 20-140 uM.
The kinetic data for N°~hydroxy-L-arginine were fit to the equation
for competitive inhibition using the computer programs of Cleland
(19). Inhibition constants for weak inhibitors (K, > 4 mM) were
determined by titrating standard reaction mixtures containing 1 mM
L-arginine with increasing concentrations of inhibitor. The K; was
estimated from the equation for competitive inhibition, even though
complete inhibition patterns were not determined.

Des-aminoarginine was evaluated as an alternate substrate with
a colorimetric assay for arginase (11) that incorporates the
ammonia produced via the hydrolysis of urea by urease into
indophenol, which is measured spectrophotometrically at 590 nm.
Assay mixtures of 1 mL contained 10 mM concentrations of L-arginine
or des-aminoarginine in 5 mM sodium bicarbonate at pH 9.5. The
hydrolysis of NY-hydroxy-L-arginine can be detected with this
assay; however, quantitation of rates is not possible due the time-
dependent inactivation of urease during turnover of hydroxyurea
(20).

Alternate substrate activity of N°-hydroxy-L-arginine and N°-
amino-L-arginine was evaluated by 'H NMR spectroscopy. Samples for
NMR were prepared in aqueous solution containing 5 mM Tris-KOH at
pH 9 and 5-10 mM of L-arginine or the arginine analog. The solvent
was removed with a Speed-vac, and the samples were redissolved in
99.9% D,0. 'H NMR spectra were recorded on a Bruker WM-300
spectrometer with a sweep width of 1500 Hz, an acquisition time of
3 s, a relaxation delay of 4 s, and a 45° flip angle. After
recording a control spectrum, the reactions were initiated by the
addition of 0.33 to 33 ug of arginase to the 0.5 mL sample. The
hydrolysis reaction is readily monitored by the change in chemical
shift of the §-protons of L-arginine (3.2 ppm) upon conversion to
L-ornithine (2.9 ppm).

RESULTS AND DISCUSSION

N°hydroxy-L-arginine, an intermediate in the biosynthesis of
nitric oxide, 1is a potent competitive inhibitor of rat 1liver
arginase, with a K, of 42 uM (Table 1). In contrast, the other N°®-
substituted arginine analogs such as N°-amino-L-arginine shown in
Table 1 are poor inhibitors of the enzyme, with K, values in the
millimolar range. The relatively high uncertainties associated
with the estimated K; values for N°-methyl-L-arginine, N®-methoxy-L-
arginine, and 4,5-dihydroimidazol-2-N¥-L-ornithine result from the
limited practical concentration ranges for these compounds due to
their poor inhibitory properties. Des-aminoarginine has a K, of
approximately 14 mM, and although this analog has an unsubstituted
guanidino group it is not a substrate for rat liver arginase.
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Table I: Inhibition Constants for Analogs of L-Arginine
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4,5-dihydroimidizol- Trans-cyclohexyl-L-arginine
2.NY-L-ornithine

Ki= 49 t 11.4 mM Ki= 20.7 = 6.1 aM

that the
very poor

this have shown
corresponding des-carboxyarginine

Thus, arginase shows specificity for

Previous studies in laboratory
(agmatine) is a
substrate for arginase (10).
the presence of both the a-amino and a-carboxyl groups,

D-arginine is not a substrate for the enzyme, strict stereochemical

and since

constraints also apply.

Previous studies have shown that the nitric oxide synthase
inhibitors N®-monomethyl-L-arginine, NS-nitro-L-arginine, and
aminoguanidine are very poor inhibitors of rat liver arginase in
crude extracts (21). Similarly, N°-monomethyl-L-arginine, N°-nitro-
L-arginine, and N%-tosyl-L-arginine have virtually no effect on the
activities of the arginases from bovine liver or rat macrophages
(22).

competitive inhibition of purified rat liver arginase by N9-

In contrast, in the present study we have shown potent

hydroxy-L-arginine. The X, value for NP-hydroxy-L-arginine is

approximately 40 uM, compared to the K, of 1 mM for L-arginine and
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the K, of 1 mM for the product of the arginase reaction, L-
ornithine. Thus, the inhibition data indicate that N°-hydroxy-L-
arginine is bound to the enzyme with 25-fold higher affinity than
L-ornithine. Preliminary binding studies at physiclogic pH have
shown that the K, for N°~hydroxy-L-arginine is ~25 uM, while the Ky
for L-arginine is in the range of 2-5 nM. Both NY-hydroxy-L-
arginine and N®-amino-L-arginine are hydrolyzed upon prolonged
incubations with arginase. Under the conditions of the NMR
experiments, NY-hydroxy-L-arginine was hydrolyzed at a rate
approximately 10°‘ of that observed for L-arginine, while the rate
of N°-amino-L-arginine hydrolysis was ~5 x 10 % of that for L-

arginine. The relative activity of the enzyme with N°-amino-L-
arginine represents a lower limit, since unlike N°-hydroxy-L-
arginine, this compound was not present at saturating levels in the
experiments.

A model for the arginase catalyzed hydrolysis of L-arginine
involves attack at the substrate guanidino carbon by a water
molecule that is bound to one or both of the Mn(II) ions in the
binuclear metal center (Scheme 1A). Inhibition by N®-hydroxy-L-
arginine is readily accommodated in this model if the hydroxyl
group of the inhibitor displaces the metal bound water and enters
the first coordination sphere of one of the metal ions as shown in
Scheme 1B. In this scheme N9-hydroxy-L-arginine is best considered
as a bisubstrate analog for the arginase reaction. The low
substrate activity of NY-hydroxy-L-arginine may result from an
alternate binding mode in which the hydroxyl group is not
coordinated to the metal ion.

A mechanism for regulating the competing pathways of L~
arginine metabolism 1is 1likely to exist in those tissues that
possess both arginase and NOS activities. The disparate Ky, values
for L-arginine of NOS (K, in the micromolar range (2)) and arginase

(Ky of approximately 1 mM) may provide one level of requlation,
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Scheme |. Proposed model for the binding of
L-arginine (A), and N°-hydroxy-L-arginine (B) to
arginase.
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dependant upon the relative amounts of the two enzymes and their
corresponding k, values. The unique and relatively potent
inhibition of arginase by the biosynthetic intermediate in NO
generation, NY-hydroxy-L-arginine, suggests an alternate means of
regulation. For example, in tissues or cells (such as liver or
macrophages) that contain both NOS and arginase, it is possible
that the inhibition of arginase by N°-hydroxy-L-arginine may ensure
an adequate supply of substrate L-arginine for NOS. Since the
level to which NS-hydroxy-L-arginine accumulates during NO
synthesis in vivo is not known, it is difficult to evaluate this
possible means of regulation. However, it 1is interesting and
provocative that N°-hydroxy-L-arginine appears to be unique in its
ability to potently inhibit arginase activity.

ACKNOWLEDGMENTS

This work was supported by NIH grants DK44841 (DEA) and HL46388
{JMF) .

REFERENCES

1. Moncada, S., Palmer, R.M.J., and Higgs, E.A. (1991) Pharmacol.
Rev. 43, 109-141.

2. Stuehr, D.J., and Griffith, 0.W. (1992) Advances Enzymol. 65,
287-346,

3. Shinomiya, T., Ohara, T., Wada, N., Omori, A., and Kamada, N.
(1990) J. Biochem. 107, 435-439.

4. Yip, M.C.M., and Knox, W.E. (1972) Biochem. J. 127, 839-899.

5. Tabor, C.W., and Tabor, H. (1984) Annu. Rev. Biochem. 53, 749-
890.

6. Hirsch-Kolb, H., Kolb, H.J., and Greenberg, D.M. (1971) J.
Biol. Chem. 246, 395-401.

7. Reczkowski, R.S., and Ash, D.E. (1992) J. Amer. Chem. Soc.
114, 10992-10994.

8. Daghigh, F., and Ash, D. E., in preparation.

S. Kanyo, Z.F., Chen, <¢.-Y., Daghigh, F., Ash, D.E., and

Christianson, D.W. (1992) J. Mol. Biol. 224, 1175-1177.
10. Reczkowski, R.S., and Ash, D.E. Arch. Biochem. Biophys., in

press.
11. Garganta, C.L., and Bond, J.S. (1986) Anal. Biochem. 154, 388-
394.
12. Wallace, G.C., and Fukuto, J.M. (1991) J. Med. Chem. 34, 1746-
1748.

13. Stuehr, D.J., Kwon, N.S., Nathan, C.F., Griffith, O0.W.,
Feldman, P.L., and Wiseman, J. (1991) J. Biol. Chem. 266,
6259-6263.

14. Pufahl, R.A., Nanjappan, P.G., Woodard, R.W., and Marletta,
M.A. (1992) Biochemistry 31, 6822-6828.

15. fTuran, A., Patthy, A., and Bajusz, S. (1975) Acta Chim. Acad.
Sci. Hung. 85, 307-332.

16. Patthy, A., Bajusz, S., and Patthy, L. (1977) Acta Biochim. et
Biophys. Acad. Sci. Hung. 12, 191-196.

179



Vol. 202, No. 1, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

17.
18.

19.
20.

21.

22.

Corbin, J.L., and Reporter, M. (1974) Anal. Biochem. 57, 310-
312.

Rilegg, U.T., and Russell, A.S. (1980) Anal. Biochem. 102, 206-
212.

Cleland, W.W. (1379) Methods Enzymol. 63, 103-138.

Fishbein, W.N., and Carbone, P.P. (1965) J. Biol. Chem. 240,
2407-2414.

Robertson, C.A., Green, B.G., Niedzwiecki, L., Harrison, R.K.,
and Grant, S.K. (1993) Biochem. Biophys. Res. Commun. 197,
523-528.

Hrabak, A., Bajor, T., and Temesi, A. (1994) Biochem. Biophys.
Res. Commun. 198, 206-212.

180



