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Given the prominence of arginine catabolism in the regulation
of diverse metabolic pathways such as ureagehasid nitric
oxide biosynthesidthe synthesis and evaluation of nonreactive

arginine analogues as possible enzyme inhibitors or receptor

antagonists is a rapidly-growing focus of medicinal chemiatry.
To date, only one enzyme of mammalian arginine catabolism,
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Figure 1. (a) The proposed tetrahedral intermediate of arginase-

rat liver arginase, has yielded an X-ray crystal structure to guide catalyzed arginine hydrolysis resulting from nucleophilic attack of

structure-based inhibitor design effoftsThis trimeric metal-

metal-bridging hydroxide ion at the guanidinium carbon of argidine.

loenzyme contains a binuclear manganese cluster in the active(b) Arginine analogue Z)-amino-6-boronohexanoic acié)( which

site of each subunit required for maximal catalytic activity.
Arginine hydrolysis is achieved by a metal-activated solvent
molecule that symmetrically bridges the kta-Mn2* ion pair

in the native enzyme. The reaction coordinate of hydrolysis is
postulated to proceed through a tetrahedral intermediate resultin
from nucleophilic attack of metal-bridging hydroxide ion at the
guanidinium carbon of arginine (Figure ¥a).

in the hydrated form illustrated is a structural analogue of the tetrahedral
intermediate.

interactions postulated for the tetrahedral transition state(s) in

9the catalytic reaction (Figure 14&).This result provides an

Important foundation for the design, synthesis, and evaluation
of the first boronic acid analogue of arginine, Sp@mino-6-

The tetrahedral borate anion is a modest, noncompetitive boronohexanoic acid]. The high affinity of this inhibitor for

inhibitor of arginase, witlKis = 1.0 mM andK; = 0.26 mM,;

arginase is proposed to result from the structural similarity

inhibition is even more pronounced in the presence of product Petween its hydrated form and the proposed tetrahedral inter-

ornithine, which is a competitive inhibitor witl; = 1.0 mM8&7
In order to understand the mode of inhibition, we now report
the X-ray crystal structure of the ternary arginasenithine—
borate complex. The tetrahedral borate anion mimics binding

* Corresponding author: phone: (215) 898-5714; fax: (215) 573-2201.
E-mail: chris@xtal.chem.upenn.edu.

T University of Pennsylvania.

¥ Current address: Vertex Pharmaceuticals, Inc., 130 Waverly Street,
Cambridge, MA 02138.

8 Current address: Department of Neurology, University of California
San Francisco, California 94143.

HTemple University School of Medicine.

(1) (@) Krebs, H. A.; Henseleit, KHoppe-Seyler's Z. Physiol. Chem.
1932 210, 33-66. (b) Herzfeld, A.; Raper, S. MBiochem. J1976 153
469-478.

(2) (a) Griffith, O. W.; Stuehr, D. JAnnu. Re. Physiol.1995 57, 707—
736. (b) Morris, S. M. InCellular and Molecular Biology of Nitric Oxide
Laskin, J., Laskin, D., Eds.; Marcel Dekker, Inc.: 1997; in press.

(3) For example, see: (a) Gross, S. S.; Stuehr, D. J.; Aisaka, K.; Jaffe,
E. A.; Levi, R.; Griffith, O. W. Biochem. Biophys. Res. Commua®9Q
170 96—103. (b) Hibbs, J. B.; Vavrin, Z.; Taintor, R. R. Immunol.1987,
138 550-565. (c) Lambert, L. E.; Whitten, J. P.; Baron, B. M.; Cheng, H.
C.; Doherty, N. S.; McDonald, I. ALife Sci.1991, 48, 69—75. (d) Olken,

N. M.; Marletta, M. A.J. Med. Chem1992 35, 1137-1144. (e) Feldman,
P. L.; Griffith, O. W.; Hong, H.; Stuehr, D. JI. Med. Chem1993 36,
491-496. (f) Narayanan, K.; Spack, L.; Hayward, M.; Griffith, O. W.
FASEB J1994 8, A360. (g) Narayanan, K.; Griffith, O. Wl. Med. Chem.
1994 37, 885-887. (h) Moore, W. M.; Webber, R. K.; Jerome, G. M.;
Tjoeng, F. S.; Misko, T. P.; Currie, M. G. Med. Chem1994 37, 3886~
3888. (i) Moynihan, H. A.; Roberts, S. M.; Weldon, H.; Allcock, G. H.;
Anggard, E. E.; Warner, T. DI. Chem. Soc., Perkin Tran$994 769-
771. (j) Robertson, J. G.; Bernatowicz, M. S.; Dhalla, A. M.; Muhoberac,
B. B.; Yanchunas, J.; Matsueda, G. R.; Villafranca, Bidorganic Chem.
1995 23, 144-151.

(4) Kanyo, Z. F.; Scolnick, L. R.; Ash, D. E.; Christianson, D. Mature
1996 383 554-557.

(5) Reczkowski, R. S.; Ash, D. B. Am. Chem. S04992 114, 10992~
10994.

(6) (a) Pace, C. N.; Landers, R. Riochem. Biophys. Actd981, 658
410-412. (b) Reczkowski, R. S.; Ash, D. Brch. Biochem. Biophy4.994
312 31-37.

(7) Khangulov, S. V.; Pessiki, P. J.; Barynin, V. V.; Ash, D. E;
Dismukes, G. CBiochemistryl995 34, 2015-2025.

S0002-7863(97)01312-7 CCC: $14.00

mediate (and flanking transition states) for arginase-catalyzed
arginine hydrolysis (Figure 1b).

Crystal Structure of the Arginase—Ornithine —Borate
Complex. Crystals of rat liver arginase were prepared as
described and gradually transferred to a buffer solution
containing 10 mM ornithine and 10 mM sodium borate. X-ray
diffraction data to 3.0 A resolution were collected and processed
as previously describéd28 047 total reflections (263 A),

13 114 unique reflections (8B A) used in refinement, 74%
complete withRnerge= 0.062). The atomic coordinates of native
rat liver arginastserved as the starting model for refinement
with X-PLOR? Refinement of the arginas@rnithine-borate
complex converged smoothly to a final crystallographic R factor
of 0.190 for 9-3 A data Riee = 0.301), with root-mean-square
deviations from ideal bond lengths and angles of 0.013 A and
1.6°, respectively.

The crystal structure of the arginasernithine—borate
complex reveals the net displacement of the manganese-bridging
solvent molecule of the native enzyme by an oxygen of the
tetrahedral borate anion. No other structural changes are
observed in the manganese coordination polyhedra, and the
average metalmetal separation is 3.5 A as predicted from EPR
studieg (the average separation is 3.3 A in the native enZyme
Although the low resolution of this structure determination
precludes a definitive conclusion on the binding conformation
of ornithine, an interaction between the-carboxylate of
ornithine and the side chain of Arg-21 is evident in two of the
three arginase subunits (data not shown).

Synthesis and Evaluation of 2§)-Amino-6-boronohexanoic
Acid (6). Boronic acids are effective aminopeptidase and serine
protease inhibitors because they presumably bind as tetrahedral
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Figure 2. Inhibition of arginase byN-hydroxyarginine @) and6 ().
Inset: expanded plot showing inhibition I8y ICso = 0.8 uM.
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transition state analogué%.The electron-deficient boron atom
of a boronic acid invites the addition of a suitable nucleophile
(e.g., a protein-bound nucleophile or a solvent molecule) to yield
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of compoundd—6 and the crystal structure determinationéof
are found in the Supporting Information.

The inhibitory activity of6 against arginase was evaluated
using the radioactivel{C-guanidino]arginine assay of 'Bgg
and Russe¥ as describe®® In initial experiments, Ig values
for 6 and N-hydroxyarginine K; = 42 uM)18 were compared.
Assays performed in 100 mM CHES (pH 9.0) containing 1
mM arginine yield an IG of 80 uM for N-hydroxyarginine
and an 1Gp of 0.8uM for 6 (Figure 2). A more complete kinetic
analysis o6 was complicated by nonlinearity of kinetic replots.
The origin of this nonlinearity is not clear, sin6és a reversible
inhibitor that shows no evidence of slow-binding behavior (a
detailed analysis of the inhibition kinetics 6fas well as other
boronic acid-based inhibitors, will be published at a future date).
Additional evidence for high affinity o6 was derived from
competition binding experiments usitigand N-hydroxyargi-
nine, as monitored by fluorescence spectroscopy (data not
shown)!® These experiments indicate tH&f < 0.1 uM for 6

a stable, anionic tetrahedral species. Based on the structure ofit pH 7.5 and pH 9.0.

the ternary arginaseornithine—borate complex and based on
the previously-characterized behavior of boronic acid-based
inhibitors of aminopeptidases, we postulated that the boronic
acid analogue of arginine, @famino-6-boronohexanoic acid
(6), would bind avidly to arginase as the hydrated anion to

The compound 2-amino-6-boronohexanoic aéidg one of
the most potent inhibitors of Mf,-arginase reported to date.
Previously reported inhibitors include various free amino acids
(millimolar K; values), N-hydroxyarginine K; = 42 uM),
N-hydroxyindospicinel{; = 20 uM), N-hydroxylysine K;

mimic the tetrahedral intermediate and its flanking transition «M), and N-hydroxy-nor-arginine ; = 0.5 uM).1820 |t is

states (Figure 1b).
The compound Z&)-amino-6-boronohexanoic acig)(is the

generally agreed that the closer the structural analogy between
an inhibitor and the catalytic transition state, the tighter the

first example of a boronic acid-based arginine isostere, and theinhibitor is expected to biné: We propose that the high affinity

synthesis is outlined in Scheme 1. Sodium borohydride
reduction of the ethyl carbonate anhydride Jofaffords the
primary alcohoR (45% yield)1! Swern oxidatiof? of 2 yields

the desired aldehyd® which is used directly without further
purification. The subsequent Wittig reactiéof crude3 with
triphenylphosphonium methylide yields olefihin 22% yield
over the two steps. The one-pot synthesi$ @& achieved by
hydroboration (4-fold excess of borane-af8 °C)* followed

of 6 toward arginase arises from the fact that in the hydrated
form, it is the closest structural analogue of the tetrahedral
intermediate (and its flanking transition states) generated to date.
Future work will involve the X-ray crystal structure determi-
nation of the complex between arginase &nd order to verify

the proposed binding mode outlined in Figuré?1.

Supporting Information Available: Details of synthesis and

by treatment with methanol to quench unreacted borane andcharacterization of intermediates and final prodiiand X-ray crystal

protection with (52S3R,59-(+)-pinanediol (31% yield}®
Complete deprotection with BgYields 2&)-amino-6-borono-
hexanoic acid§) as a white semicrystalline solid (42% vyield;
1.3% overall yield):® Crystal structure determination &
confirms the trigonal planar geometry of the boronic acid
moiety. Complete details of the synthesis and characterization
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