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ABSTRACT: Arginase is a manganese metalloenzyme that catalyzes the hydrolysis ofL-arginine to form
L-ornithine and urea. The structure and stability of the binuclear manganese cluster are critical for catalytic
activity as it activates the catalytic nucleophile, metal-bridging hydroxide ion, and stabilizes the tetrahedral
intermediate and its flanking states. Here, we report X-ray structures of a series of inhibitors bound to the
active site of arginase, and each inhibitor exploits a different mode of coordination with the Mn2+

2 cluster.
Specifically, we have studied the binding of fluoride ion (F-; an uncompetitive inhibitor) andL-arginine,
L-valine, dinor-Nω-hydroxy-L-arginine, descarboxy-nor-Nω-hydroxy-L-arginine, and dehydro-2(S)-amino-
6-boronohexanoic acid. Some inhibitors, such as fluoride ion, dinor-Nω-hydroxy-L-arginine, and dehydro-
2(S)-amino-6-boronohexanoic acid, cause the net addition of one ligand to the Mn2+

2 cluster. Other
inhibitors, such as descarboxy-nor-Nω-hydroxy-L-arginine, simply displace the metal-bridging hydroxide
ion of the native enzyme and do not cause any net change in the metal coordination polyhedra. The
highest affinity inhibitors displace the metal-bridging hydroxide ion (and sometimes occupy a Mn2+

A site
found vacant in the native enzyme) and maintain a conserved array of hydrogen bonds with theirR-amino
and -carboxylate groups.

Arginase is a binuclear manganese metalloenzyme that
catalyzes the hydrolysis ofL-arginine to formL-ornithine and
urea (1-5). Two isozymes exist in mammals: the hepatic
arginase I and the extrahepatic arginase II. Arginase I
catalyzes the final cytosolic step of the urea cycle in liver
cells and is a 105 kDa homotrimer (6, 7). Each 35 kDa
monomer contains a binuclear manganese cluster that is
required for catalytic activity, located at the bottom of a 15

Å deep active site cleft (8). In the native enzyme, a hydroxide
ion symmetrically bridges the two manganese ions and
donates a hydrogen bond to Asp-128, thus leaving one lone
electron pair available for nucleophilic attack at the substrate
(8). Arginase II functions primarily inL-arginine homeostasis
in nonhepatic tissues (e.g., in regulatingL-arginine bioavail-
ability to nitric oxide synthase (1-5, 9-12)). Human
arginases I and II are related by 50% amino acid sequence
identity, and residues important for metal coordination and
substrate binding and catalysis are strictly conserved between
the two isozymes.

The simplest inhibitor of arginase is the fluoride ion (13-
16), which is an uncompetitive inhibitor withKi ) 1.3 mM
(13). As such, the binding of substrateL-arginine is required
to produce the form of the enzyme to which the F- ion binds.
Fluoride inhibition likely involves a novel coordination
interaction with the binuclear manganese cluster, but kinetic
analyses performed to date have not indicated the nature of
this interaction. Other simple inhibitors of arginase include
a number of inert amino acids (17), including branched
hydrophobic amino acids such asL-valine (Ki ) 3.6 mM)
(18, 19). It is proposed that inhibition arises from either the
displacement of the metal-bridging hydroxide ion or the
increase of the intermanganese separation, thus compromis-
ing the metal-activated hydroxide ion (20).

More complex amino acid inhibitors of arginase contain
functionalized side chains (Table 1), such as Nω-hydroxy-
L-arginine (NOHA) (21, 22). NOHA is an intermediate in
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the nitric oxide synthase-catalyzed oxidation ofL-arginine
to L-citrulline and nitric oxide (23-26), and it is also a
competitive inhibitor of arginase withKi ) 10-42 µM (21,
22, 27). Modified analogues of NOHA have been synthesized
(27-29) with striking structure-activity relationships:Nω-
hydroxy-nor-L-arginine (nor-NOHA) (27) is the most potent
analogue with IC50 ) 0.8 µM (30). X-ray crystal structures
of NOHA and nor-NOHA complexed with arginase I show
that the guanidinium hydroxyl group of each compound
displaces the metal-bridging hydroxide ion of the native
enzyme and asymmetrically bridges the binuclear manga-
nese cluster (31). The binding ofS-(2-sulfonamidoethyl)-L-
cysteine (SEC;Kd ) 52.0µM) similarly displaces the metal-
bridging hydroxide ion but in this case with an ionized
sulfonamide NH- group (32). Clearly, the exploitation of
effective coordination interactions with the metal cluster is
critical for inhibitor affinity.

The best inhibitor of arginase known to date is the reactive
substrate analogue 2(S)-amino-6-boronohexanoic acid (ABH,
Kd ) 0.11 µM against rat arginase I;Ki ) 8.5 nM against
human arginase II) (33, 34). The structure of the arginase
I-ABH complex (35) shows that the trigonal planar boronic
acid moiety of ABH undergoes nucleophilic attack by the
metal-bridging hydroxide ion to yield a tetrahedral boronate
anion: one boronate hydroxyl group symmetrically bridges
Mn2+

A and Mn2+
B, and a second boronate hydroxyl group

coordinates to a site on Mn2+
A found vacant in the native

enzyme. The same coordination chemistry accompanies the
binding of S-(2-boronoethyl)-L-cysteine (BEC) to arginase
I (Kd ) 2.22 µM) (36) and arginase II (Ki ) 30 nM) (34,
37). Accordingly, the binding modes of ABH and BEC
mimic the binding of the tetrahedral intermediate and its
flanking transition states in catalysis. Interestingly, the
introduction of a double bond between Cδ and Cε yields a
more weakly binding inhibitor (designated dehydro-ABH)
with IC50 ) 15 µM (38).

Arginase inhibitors can enhance the bioavailability of
L-arginine to nitric oxide (NO) synthase, and we have
demonstrated that the arginase inhibitors ABH and BEC
enhance nitric oxide-dependent smooth muscle relaxation in
penile corpus cavernosumexViVo (35, 36) and erection and
genital engorgement in the male and female genitaliain ViVo
(37). Accordingly, arginase inhibitors are potentially useful
in the treatment of certain sexual arousal disorders. This
pharmaceutical importance motivates the search for new
amino acid inhibitors bearing different side-chain functional
groups. We now report crystal structures of the complexes
between arginase I andL-valine, dinor-NOHA, descarboxy-
nor-NOHA, and dehydro-ABH (Table 1). We also report the
first crystal structure of an arginase containing an intact
Mn2+

2 cluster bound to substrateL-arginine and two F- ions.
These structures reveal novel interactions that illuminate new
aspects of coordination chemistry in the Mn2+

2 cluster,
thereby providing possible clues regarding new targets for
inhibitor design efforts.

MATERIALS AND METHODS

Synthesis of Arginase Inhibitors.The dihydrochloride salts
of Nω-hydroxy-nor-L-arginine (nor-NOHA) andNω-hydroxy-
dinor-L-arginine (dinor-NOHA) were synthesized as de-
scribed previously (30). ABH and dehydro-ABH were
obtained using previously described protocols (38).

Synthesis of 1-Amino-3-hydroxyguanidinopropane (Des-
carboxy-nor-NOHA).Descarboxy-nor-NOHA was obtained
from 1,3-diamino propane by the following sequence of
reactions. Treatment of 1,3-diamino propane with 1 equiv
of di-tert-butylpyrocarbonate, (Boc)2O, offered the mono-
protected NH-Boc derivative. Addition of BrCN to this
compound formed a cyanamide on the unprotected NH2

group. Further addition of hydroxylamine hydrochloride to
intermediate cyanamide resulted in the formation of a mixture
of NH-Boc protectedN-hydroxyguanidine and NH-Boc
protected urea that was separated by column chromatography
over SiO2 (70:30:1 ethyl acetate/ethanol/acetic acid). Further
deprotection of the NH-Boc protectedN-hydroxyguanidine
by treatment with anhydrous HCl in dioxane gave the
dihydrochloride salt of descarboxy-nor-NOHA as an oil.
Thin-layer chromatography performed on Merck silica gel
60 F254 glass plates with descarboxy-nor-NOHA dissolved
in 2:1:2:2 acetone/water/2-propanol/acetic acid indicated a
single spot withRf ) 0.41.1H NMR (D2O): δ 2.04 (q, 2H,
J ) 7.2), 3.11 (t, 2H,J ) 7.2), 3.38 (t, 2H,J ) 7.2). 13C
NMR (D2O): δ 29.1, 39.7, 41.0, 169.6; MS (FAB) 133 (M
+ H+).

Synthesis of 4-(N-Hydroxyguanidino)-butyric Acid (Des-
amino-nor-NOHA).Desamino-nor-NOHA was obtained from
4-(N-benzyloxycarbonylamino)butyric acid (Novabiochem)
that was protected as itstert-butyl ester using a previously

Table 1: Arginase Inhibitors

a IC50 values (inµM) were determined by testing each compound at
eight concentrations and are means of at least four separate experiments.
Rat liver arginase activity was measured by monitoring the conversion
of [guanidino-14C]-L-arginine to [14C]urea in the presence of a final
concentration of 20 mML-arginine, as described in Materials and
Methods.b Ref 13. c Ref 30. d Ref 31. e Ref 38.
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described protocol (28). Hydrogenolysis of NH-benzyloxy-
carbonyl tert-butyl ester in the presence of Pd/C quantita-
tively led to the unstable amine that was immediately reacted
with BrCN to give the corresponding cyanamide. Further
addition of hydroxylamine hydrochloride resulted in the
formation ofN-hydroxyguanidine and urea that were sepa-
rated by column chromatography over SiO2 (70:30:1 ethyl
acetate/ethanol/acetic acid). Deprotection of thetert-butyl
ester by treatment with anhydrous HCl in dioxane gave the
hydrochloride salt of desamino-nor-NOHA as an oil. Thin-
layer chromatography performed under the previous condi-
tions indicated a single spot withRf ) 0.70. 1H NMR
(D2O): δ 2.05 (qt, 2H,J ) 7.1), 3.25 (t, 2H,J ) 7.3), 3.45
(t, 2H,J ) 6.9).13C NMR (D2O): δ 28.9, 39.8, 41.1, 162.5,
182.7; MS (FAB) 162 (M+ H+).

Arginase Assays.Assays quantitating the [14C]urea were
produced from [guanidino-14C]-L-arginine following a previ-
ously described method (13, 27). A typical assay was
performed in 100µL of 0.2 M Tris-HCl buffer containing
20 mM L-arginine, 0.1µCi [guanidino-14C]-L-arginine, and
variable concentrations of inhibitor. The reactions were
initiated by the addition of purified rat liver arginase, and
protein amounts were adjusted to yield less than 15%
substrate conversion. After 10 min at 37°C, 150µL of cold
stop buffer (0.25 M AcOH and 7 M urea) were added, and
[14C]urea was separated from unreacted [guanidino-14C]-L-
arginine by mixing with 250µL of a slurry of Dowex AG-
50W-X8 (H+ form in stop buffer) and centrifugation.
Aliquots of the supernatants were then counted after addition
of Pico-Fluor 40. Fluoride inhibition of arginase at pH 9.0
(200 mM Na+-CHES) was evaluated using the radioactive
assay as described previously.

Crystallography.Recombinant wild-type rat arginase I was
expressed inE. coli and purified by modification of previ-
ously described procedures (39). The C119A/ C168A/
C303A/H141A/Q19C arginase variant was prepared by
modification of previously described procedures (39). The
plasmid was then transformed intoE. coli BL21(DE3) cells.
Purification of the arginase variant was performed following
the published procedure (39). This variant was then chemi-
cally modified at C19 with 3-bromopropylamine and is

designated BPA-arginase I. Activity assays of BPA-arginase
I yield KM and kcat values of 0.4 mM and 0.55 s-1,
respectively, indicating 0.22% of wild-type activity (KM for
wild-type (39) is 1.4 mM, and kcat is 250 s-1). We
hypothesized that it would be easier to trap anL-arginine-
fluoride complex in the active site of arginase I due to the
significant activity loss measured for this variant.

Wild-type arginase I and BPA-arginase I were crystallized
using the hanging drop vapor diffusion method as previously
described (7). Briefly, a 3 µL drop of precipitant solution
(50 mM bicine (pH 8.3-8.5), 12-18% PEG 8000, 2 mM
MnCl2) was added to a 3µL drop of wild-type arginase I
protein solution (16-18 mg/mL arginase I, 50 mM bicine
(pH 8.5), 2 mM MnCl2) on a silanized cover slip at 4°C.
Alternatively, a 3µL drop of precipitant solution (50 mM
bicine (pH 8.2-8.5), 20-24% PEG 8000, 2-5 µM MnCl2)
was added to a 3µL drop of BPA-arginase I protein solution
(10-16 mg/mL BPA-arginase I, 50 mM bicine (pH 8.5),
100 µM MnCl2) on a silanized cover slip subsequently
inverted and sealed over a 1 mL reservoir of precipitant
buffer at room temperature. Crystals appeared after 4 weeks
and belonged to space groupP32 with unit cell parameters
listed in Table 2. Enzyme-inhibitor complexes were pre-
pared by soaking arginase I crystals for 3-8 days in 18%
PEG 8000, 100 mM bicine (pH 8.5), 3 mM MnCl2, and 5
mM inhibitor. Crystal-soaking solutions were changed twice
daily. The BPA-arginase I-L-arginine-fluoride complex was
prepared by soaking BPA-arginase I crystals in 26% PEG
8000, 50 mM bicine (pH 8.2-8.5), 100µM MnCl2, and 30
mM sodium fluoride for 2 days. The soaking solution was
changed twice daily. After 2 days, these crystals were soaked
in 26% PEG 8000, 50 mM bicine (pH 8.2-8.5), 100µM
MnCl2, 30 mM sodium fluoride, and 10 mML-arginine for
3 days. The crystal-soaking solution was changed thrice daily.

Prior to data collection, all crystals were gradually
transferred to a cryoprotectant solution containing 30%
glycerol in addition to the original precipitant solution and
flash-cooled with liquid nitrogen. X-ray diffraction data for
arginase-dinor NOHA, arginase-descarboxy-nor-NOHA, and
arginase-dehydro-ABH were collected on a CCD detector
at the Advanced Photon Light Source beamline 19-ID at the

Table 2: Data Collection and Refinement Statistics

arginase ligand(s) dehydro-ABH
descarboxy-
nor-NOHA dinor-NOHA L-valine L-arginine-F-

2

resolution (Å) 2.6 2.6 2.2 2.8 2.4
unit cell parameters (Å) a ) b ) 88.4 a ) b ) 88.3 a ) b ) 88.3 a ) b ) 87.8 a ) b ) 87.72

c ) 110.5 c ) 113.2 c ) 113.1 c ) 110.5 c ) 104.0
total reflections 175920 242701 346597 121030 167380
completeness (%)a 93.5 (91.7) 95.8 (85.4) 92.0 (86.7) 99.6 (100) 99.9 (99.6)
Rmerge(last shell)a,b 0.073 (0.240) 0.061 (0.189) 0.049 (0.176) 0.077 (0.422) 0.065 (0.119)
reflections used in refinement/test set 27963/2771 29877/2985 43094/4372 23147/1122 35725/1809
Rcryst

c 0.264 0.255 0.258 0.258 0.228
Rfree

c 0.292 0.291 0.281 0.292 0.254
rms deviations
bonds (Å) 0.010 0.013 0.009 0.009 0.006
angles (deg) 1.5 1.5 1.4 1.4 1.3
dihedral angles (deg) 23.8 23.9 22.4 23.2 22.8
improper dihedral angles (deg) 1.2 1.0 0.8 1.1 0.9
PDB accession code 1T4P 1T4R 1T4T 1T4S 1T5G
a Numbers in parentheses refer to the outer 0.1 Å shell of data.b Rmerge for replicate reflections,R ) Σ|Ih - 〈Ih〉|/Σ〈Ih〉; Ih ) intensity measured

for reflectionh; and〈Ih〉 ) average intensity for reflectionh calculated from replicate data.c CrystallographicR factor,Rcryst ) Σ||Fo| - |Fc||/Σ|Fo|
for reflections contained in the working set. FreeR factor, Rfree ) Σ||Fo| - |Fc||/Σ|Fo| for reflections contained in the test set held aside during
refinement (5% of total).|Fo| and |Fc| are the observed and calculated structure factor amplitudes, respectively.
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Argonne National Laboratory (Argonne, IL). Diffraction data
from the arginase I-L-valine complex were collected on a
Mar 345 mm image plate detector at Stanford Synchrotron
Radiation Laboratory beamline 7-1 at the Stanford Linear
Accelerator Center in Menlo Park, CA. X-ray diffraction data
for the arginase-L-arginine-fluoride complex were collected
at the Advance Light Source, beamline 5.0.1. For each
enzyme-inhibitor complex, intensity data integration and
reduction were performed using the HKL suite of programs
(40). Initial phases were determined by molecular replace-
ment with the program AmoRe (41, 42), using the trimer of
native rat liver arginase I as a search model (8). Iterative
rounds of refinement and rebuilding of the native model were
performed using the programs CNS (43) and O (44),
respectively. Each inhibitor was built into a simulated
annealing omit electron density map in the final stages of
refinement. Strict noncrystallographic symmetry was em-
ployed at the beginning of each refinement and later relaxed
to appropriately weighted constraints as judged byRfree.
Refinement statistics are reported in Table 2. Figures were
generated using BOBSCRIPT and Raster3D (45, 46). Atomic
coordinates have been deposited in the Protein Data Bank
(47) with accession codes listed in Table 2.

RESULTS

Inhibitory Effects Against Rat Arginase I.The inhibitory
effects of the studied compounds toward rat arginase I have
been previously reported (13, 27-31, 33, 38). However, we
report here their IC50 values measured under strictly identical
conditions by quantifying the [14C]urea produced from
[guanidino-14C]-L-arginine following a previously described
protocol (13, 28). The IC50 values were determined at pH
7.4 and 9.0 (where rat liver arginase displays its highest
activity) and are presented in Table 1. The most potent
inhibitors at both pH values are nor-NOHA and ABH; any
modification of theR-amino acid functionalities of these
compounds results in a dramatic loss of inhibitory activity.
However, the loss of inhibitory activity of nor-NOHA is more
sensitive to removal of theR-amino group in desamino-nor-
NOHA than removal of theR-carboxylate in descarboxy-
nor-NOHA. In addition, introducing a double bond between
Cδ and Cε of ABH (in dehydro-ABH), or shortening the
side chain of nor-NOHA (in dinor-NOHA), results in 10-
and 40-fold losses of inhibitory activity, respectively. Inhibi-
tors exhibit 2-5-fold enhanced inhibitory activity at pH 7.4
than at pH 9.0, except for dinor-NOHA and ABH that are
10-fold more active at pH 7.4 than at pH 9.0 (Table 1). The
inhibition of arginase by ABH and nor-NOHA has been
investigated in detail and involves different mechanisms (28,
31, 34, 35). We have investigated arginase inhibition by
dinor-NOHA at pH 7.4 and 9.0 and found that inhibition is
fully reversible and competitive with substrateL-arginine,
with Ki values of 35 and 380µM at pH 7.4 and 9.0,
respectively (Figure 1).

At pH 7.4, the F- ion is a linear uncompetitive inhibitor
of arginase (13). At pH 9.0 (the pH optimum of enzyme
activity), the F- ion is also an uncompetitive inhibitor of
arginase, but replots of 1/Km,app or 1/Vmax as a function of
[NaF] are nonlinear (Figure 2a). These results are consistent
with partial uncompetitive inhibition and may indicate a more
complex mode of interaction between the F- ion and the
enzyme (e.g., the binding of two F- ions). The replot of

1/Km,appas a function of [NaF]2 is linear, which is consistent
with the binding of two F- ions (Figure 2b).

Structure of the BPA Arginase I-L-Arginine-Fluoride
Complex.The structure of a BPA-modified arginase complex
with L-arginine and fluoride was examined with the aim of
trapping an intact substrate in the enzyme active site.
Significantly, the crystal structure of this complex reveals
that the unusual mode of uncompetitive inhibition involves
the binding of two nonprotein ligands to the binuclear
manganese cluster, both of which are interpreted as F- ions.
Metal-bound F- ions are further stabilized by short hydrogen
bond interactions with the positively charged guanidinium
group of substrateL-arginine. Ligand binding does not trigger
any major tertiary or quaternary structural changes, and the
rms deviation of 314 CR atoms is 0.26 Å between the
structures of native arginase I and the BPA-arginase I-L-
arginine-F-

2 complex. The electron density map of Figure
3a reveals clear and unambiguous density forL-arginine in
the arginase active site. Withη-NH2‚‚‚‚Mn2+ separations of
2.8-2.9 Å, L-arginine does not coordinate to the binuclear
manganese cluster. The Mn2+

A-Mn2+
B separation is 3.3 Å,

unchanged from that of the native enzyme. The Mn2+
A ion

is coordinated by H101 (Nδ1), D124 (Oδ1), D232 (Oδ2),
D128 (Oδ1), and two F- ions with distorted octahedral
geometry. One F- ion occupies the Mn2+

A coordination site
that is vacant in the native enzyme (8) and is 2.8 Å away
from E277. The second F- ion bridges Mn2+

A and Mn2+
B

with separations of 2.4 and 2.2 Å, respectively, and the
Mn2+

B coordination polyhedron is completed by D124 (Oδ2),
H126 (Nδ1), D232 (Oδ1), and D234 (Oδ1 and Oδ2) with
distorted octahedral geometry. Metal-bound F- ions make
short hydrogen bond interactions withL-arginine (η-NH2‚‚
‚F- separations) 2.4 and 2.5 Å). These hydrogen bonds
comprise the structural basis of uncompetitive inhibition (i.e.,
the requirement for substrate binding to stabilize inhibitor
binding).

Intriguingly, electron paramagnetic resonance experiments
indicate that the F- ion interacts with the binuclear manga-
nese cluster of arginase in the absence of substrate (13), but
this mode of interaction cannot correspond to an inhibitory

FIGURE 1: Determination ofKi values for rat arginase I inhibition
by dinor-NOHA at pH 7.4 (0) and at pH 9.0 (9). Enzyme was
incubated in the presence of increasing concentrations ofL-arginine
alone, and in the presence of differing concentrations of dinor-
NOHA, to yield apparentKm values. The replot of apparentKm as
a function of dinor-NOHA concentration gives a line that intercepts
the x-axis at theKi value. Data are representative of a typical
experiment.
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binding mode for a purely uncompetitive inhibitor. Perhaps
a F- ion binds weakly to the vacant coordination site on
Mn2+

A in the native enzyme, but this binding mode does
not cause measurable inhibition. The extra positive charge
and hydrogen bonding opportunities afforded byL-arginine
binding might stabilize the F-‚‚‚Mn2+

A interaction as well
as facilitate the subsequent displacement of the metal-
bridging hydroxide ion by an inhibitory F- ion. Such a
scenario could explain why F- ion binds more tightly at
acidic pH, as it would be easier to displace a metal-bridging
water molecule than a metal-bridging hydroxide ion (13).

We note that although the fluoride and hydroxide ions are
isoelectronic and would be essentially indistinguishable in
the electron density map (Figure 3a), the fact that electron
paramagnetic resonance experiments indicate the binding of
F- ion to the Mn2+

2 cluster (13) supports the assignment of
F- binding to the Mn2+

A site; the fact that an intactL-arginine
molecule is bound suggests that the reactive nucleophile,
metal-bridging hydroxide ion, has been replaced by an inert
F- ion that cannot attack the substrate. The binding of two
F- ions at high pH is also consistent with the kinetic replots
in Figure 2.

The molecular recognition of the substrateL-arginine
differs from that inferred from the binding of the reactive
substrate analogue ABH (35). An anomalous substrate
binding interaction might be expected in the presence of an
uncompetitive inhibitor. TheR-amino group ofL-arginine
hydrogen bonds to a solvent molecule, which in turn
hydrogen bonds to D183 Oδ1 and D181 Oδ1 (Figure 3b).
One of theR-carboxylate oxygen atoms ofL-arginine accepts
a hydrogen bond from a solvent molecule. This solvent
molecule hydrogen bonds to the side-chain hydroxyl group
and backbone NH group of S136. The otherR-carboxylate
oxygen accepts hydrogen bonds from N130 Nδ2 and two
solvent molecules. One of these solvent molecules donates
a hydrogen bond to the backbone carbonyl group of N139.

Structure of the Arginase I-L-Valine Complex.The
binding of the inert amino acidL-valine does not cause any
major changes in the tertiary or quaternary structure of
arginase I. The rms deviation of 314 CR atoms between the
native and inhibitor complexed enzymes is 0.24 Å. An
electron density map is found in Figure 4a. The Mn2+

A-
Mn2+

B separation is 3.1 Å, and Mn2+
A is coordinated by

H101 (Nδ1), D124 (Oδ1), D232 (Oδ2), D128 (Oδ1), and a
solvent molecule with distorted square pyramidal geometry,

while Mn2+
B is coordinated by D124 (Oδ2), H126 (Nδ1),

D232 (Oδ1), and D234 (Oδ1 and Oδ2) with distorted square
pyramidal geometry (Figure 4b). The Mn2+

A-bound solvent
molecule is 2.7 Å away from Mn2+

B, too long to be
considered innersphere metal coordination. However, given
the moderate resolution of this structure, the solvent molecule
may be coordinated within experimental error. This solvent
molecule in turn donates a hydrogen bond to D128. The
R-amino and -carboxylate groups ofL-valine occupy the
same general positions as those of other arginase inhibitors
with functionalized side chains such as NOHA (31) and ABH
(35). The R-amino group ofL-valine hydrogen bonds with
D183 (Oδ2), N130, and a solvent molecule. This solvent
molecule forms additional hydrogen bonds with the Oε2
carboxylate oxygen of E186 and the backbone carbonyl
group of G142. TheR-carboxylate moiety hydrogen bonds
with a single solvent molecule that, in turn, hydrogen bonds
with the side-chain hydroxyl group of T135 and the backbone
carbonyl group of N139.

Structure of the Arginase I-Dinor-NOHA Complex.There
are no major tertiary or quaternary changes in the arginase
I-dinor-NOHA complex as compared with the arginase
I-nor-NOHA complex (31) (the rms deviation of 314 CR
atoms between the two structures is 0.29 Å) and the arginase
I-NOHA complex (31) (the rms deviation of 314 CR atoms
between the two structures is 0.34 Å). An electron density
map is found in Figure 5a. The hydroxyl group of dinor-
NOHA coordinates solely to Mn2+

B. At a distance of 2.9 Å
away from Mn2+

A, the inhibitor hydroxyl group is too far
from Mn2+

A to make an innersphere coordination interaction.

Surprisingly, a solvent molecule coordinates to Mn2+
A at

the formerly vacant site observed in the native enzyme (8),
which also corresponds to the binding site of one of the F-

ions in theL-arginine-F-
2 complex (Figure 3). In the dinor-

NOHA complex, the Mn2+
A-bound solvent molecule donates

a hydrogen bond to D128. Thus, in contrast to the binding
of nor-NOHA and NOHA (31), the hydroxyl group of dinor-
NOHA does not bridge the binuclear manganese cluster.
Instead, by coordinating solely to Mn2+

B, the inhibitor
hydroxyl group bumps the metal-bridging hydroxide ion over
to exclusive Mn2+

A coordination. That dinor-NOHA causes
such structural changes in the binuclear manganese cluster
while maintaining affinity comparable to that of NOHA
(Table 1) is striking. The pH-dependent differences in IC50

and Ki values for N-hydroxyguanidine and F- inhibitors

FIGURE 2: (a) Replot of 1/Km,app as a function of [NaF] for the inhibition of arginase by the F- ion at pH 9.0. (b) Replot of 1/Km,app as a
function of [NaF]2 for the inhibition of arginase by the F- ion at pH 9.0. The linearity of this plot is interpreted to indicate the binding of
two F- ions.
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generally indicate tighter binding at pH 7.4 than pH 9.0
(Table 1 and Figure 1). Accordingly, the movement of the
metal-bridging solvent molecule by these inhibitors may be
easier to achieve at lower pH values where the H2O form
likely predominates, rather than at higher pH values where
the HO- form predominates. The activity-linked pKa value
of 7.9 likely corresponds to the ionization of the metal-
bridging solvent molecule (3, 4, 48).

The Mn2+
A-Mn2+

B separation is 3.4 Å. The Mn2+
A ion

is coordinated by H101 (Nδ1), D124 (Oδ1), D128 (Oδ1),
D232 (Oδ1), and a solvent molecule with distorted square
planar geometry. The Mn2+

B ion is coordinated by H126
(Nδ1), D232 (Oδ1), D124 (Oδ2), D234 (Oδ1 and Oδ2), and
the hydroxyl group of dinor-NOHA with distorted octahedral
geometry (Figure 5). Theε-NH2 group of dinor-NOHA
donates a hydrogen bond to the side-chain hydroxyl group

of T246. Theγ-NH group hydrogen bonds with a solvent
molecule.

The R-amino moiety of dinor-NOHA donates hydrogen
bonds to D183 (Oδ2), E186 (Oε1), and two solvent
molecules. One of these solvent molecules forms additional
hydrogen bonds with G142 and E186, while the other solvent
molecule hydrogen bonds to D181. One of theR-carboxylate
oxygens hydrogen bonds with N130, while the other accepts
a hydrogen bond from a solvent molecule that in turn
hydrogen bonds with H141 (Nε2). This hydrogen bonding
network is comparable to that observed in the arginase I-nor-
NOHA complex and is more extensive than that observed
in the arginase I-NOHA complex (31), but the modest
resolution of these two structures may obscure the observa-
tion of some hydrogen bonds, especially those involving
solvent atoms. Nevertheless, the extensive hydrogen bonding

FIGURE 3: Arginase I-L-arginine-F-2 complex. (a) Omit electron density maps of the active site. TheL-arginine omit map is contoured at
3.5σ, and the fluoride ion omit maps are contoured at 4σ. Selected active site residues are indicated. Atoms are color-coded as follows: C
) yellow, O ) red, and N) blue; manganese ions appear as light pink spheres, and fluoride ions appear as red spheres. (b) Summary of
intermolecular interactions. Manganese coordination interactions are designated by green dashed lines, and hydrogen bonds are indicated
by black dashed lines.
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network that is observed may account for the relative
retention of arginase I affinity for dinor-NOHA as compared
to that for NOHA and nor-NOHA (Table 1).

Structure of the Arginase I-Descarboxy-nor-NOHA Com-
plex. The binding of descarboxy-nor-NOHA to the active
site of arginase I does not trigger any major tertiary or
quaternary changes, and the rms deviation of 314 CR atoms
between the native and inhibitor-complexed enzymes is 0.28
Å. The hydroxyl oxygen of descarboxy-nor-NOHA displaces
the metal-bridging hydroxide ion and asymmetrically coor-
dinates to the binuclear manganese cluster with Mn2+

A-O
and Mn2+

B-O separations of 2.3 and 2.5 Å, respectively
(Figure 6). In the nor-NOHA complex (31), the correspond-
ing separations are 2.5 and 2.6 Å, respectively, and the D232
side chain moves away from Mn2+

A. In the descarboxy-nor-
NOHA complex, D232 does not move: Mn2+

A is coordinated
by H101 (Nδ1), D128 (Oδ1), D124 (Oδ1), D232 (Oδ1), and
the hydroxyl group of descarboxy-nor-NOHA with distorted
square pyramidal geometry. A solvent molecule is located
2.8 Å away from Mn2+

A, a distance too long to be considered

innersphere metal coordination. However, given the moderate
resolution of this structure, the solvent molecule may be
coordinated within experimental error. The Mn2+

B ion is
coordinated by D232 (Oδ1), D124 (Oδ2), H126 (Nδ1), D234
(Oδ1 and Oδ2), and the hydroxyl group of descarboxy-nor-
NOHA with distorted octahedral geometry. The Mn2+

A-
Mn2+

B separation is 3.0 Å, shorter than the corresponding
separation in the arginase I-nor-NOHA complex (3.5 Å) (31)
or that in the native enzyme (3.3 Å) (8).

The hydroxyl group of descarboxy-nor-NOHA asymmetri-
cally bridges the binuclear manganese cluster and appears
to make a bifurcated hydrogen bond with D128 and a solvent
molecule. Theê-NH2 group donates a hydrogen bond to the
side-chain hydroxyl group of T246. TheR-amino moiety of
descarboxy-nor-NOHA hydrogen bonds to two solvent
molecules. One of these solvent molecules hydrogen bonds
with the S137 side chain and a solvent molecule, while the
other solvent molecule hydrogen bonds with the backbone
carbonyl groups of N139 and G142 (Figure 6b). The IC50

values of the descarboxy and desamino analogues (Table 1)

FIGURE 4: Arginase I-L-valine complex. (a) Omit electron density map contoured at 6.4σ; selected active site residues are indicated.
Atoms are color-coded as follows: C) yellow, O) red, and N) blue; manganese ions appear as light pink spheres, and water molecules
appear as red spheres. (b) Summary of intermolecular interactions. Manganese coordination interactions are designated by green dashed
lines, and hydrogen bonds are indicated by black dashed lines.
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show that inhibitor affinity is more sensitive to the deletion
of the R-amino group than theR-carboxylate group. The
direct hydrogen bonds with D183 and E186 made by the
R-amino group of nor-NOHA (31) are not observed in the
structure of the arginase-descarboxy-nor-NOHA complex.
Instead, theR-amino group is positioned to form solvent-
mediated hydrogen bonds with S137, G142, and N139.

Structure of the Arginase-Dehydro-ABH Complex.There
are no major changes in the tertiary or quaternary structure
of this complex, with the rms deviation of 308 CR atoms
being 0.33 Å between the arginase I-dehydro-ABH and
arginase I-ABH complexes. A simulated annealing omit
map (Figure 7) shows that the tetrahedral boronate anion
group binds in a fashion similar to that of ABH (35).
Boronate hydroxyl group O1 bridges the binuclear manga-
nese cluster slightly asymmetrically (O1-Mn2+

A separation
) 2.2 Å, O1-Mn2+

B separation) 2.0 Å) and donates a
hydrogen bond to D128. Boronate hydroxyl group O2 makes
a weak coordination interaction with Mn2+

A (Mn2+
A-O2

separation) 2.5 Å) and donates a hydrogen bond to the

backbone carbonyl group of H141 and the carboxylate side
chain of E277. Boronate hydroxyl group O3 hydrogen bonds
with a solvent molecule.

The Mn2+
A-Mn2+

B separation is 3.3 Å, identical to that
in the native enzyme (8). The Mn2+

A ion is coordinated by
D128 (Oδ1), D124 (Oδ1), H101 (Nδ1), D232 (Oδ1), and
boronate hydroxyl groups O1 and O2 in distorted octahedral
fashion (Figure 7). The Mn2+

B ion is coordinated by D124
(Oδ2), H126 (Nδ1), D234 (Oδ1 and Oδ2), D232 (Oδ1), and
boronate hydroxyl group O1 with distorted octahedral
geometry.

The extensive hydrogen bond network withR-substituents
observed in the arginase I-ABH complex (35) is retained
to a certain degree in the arginase I-dehydro-ABH complex.
The R-amino group hydrogen bonds to D183 (Oδ2) and a
solvent molecule, which in turn hydrogen bonds to D183
and the backbone carbonyl group of D181. TheR-carboxylate
group O1 hydrogen bonds with N130 and a solvent molecule
that in turn hydrogen bonds to the backbone carbonyl group
of N139 (Figure 7b). The otherR-carboxylate oxygen

FIGURE 5: Arginase I-dinor-NOHA complex. (a) Omit electron density map contoured at 5.5σ; selected active site residues are indicated.
Atoms are color-coded as follows: C) yellow, O) red, and N) blue; manganese ions appear as light pink spheres, and water molecules
appear as red spheres. (b) Summary of intermolecular interactions. Manganese coordination interactions are designated by green dashed
lines, and hydrogen bonds are indicated by black dashed lines.
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hydrogen bonds to S137 and a solvent molecule that forms
an additional hydrogen bond with H141 (Nε2). Although the
binding mode of unsaturated ABH is generally similar to
that of ABH (35), subtle differences exist among the two
structures, especially in the hydrogen bond interactions of
the R-amino andR-carboxylate groups. These differences
might arise from the geometric differences in the Cδ-Cε

bond order between ABH and dehydro-ABH. Additionally,
theR-substituents may engage in additional direct or solvent-
mediated hydrogen bonds with the protein that remain
unobserved due to the 2.6 Å resolution of this structure as
compared with the 1.7 Å resolution of the arginase I-ABH
structure (35).

The CδdCε double bond in the dehydro-ABH side chain
alters the distance between theR-amino and theR-carbox-
ylate groups and the boronate anion. As affinity trends
indicate with NOHA (30, 31), nor-NOHA (30, 31), dinor-
NOHA (30), and with the hydroxylaminesNε-hydroxy-L-
lysine (28) andNδ-hydroxy-L-ornithine (28), altering the side-
chain length alters the affinity of amino acid inhibitors. The
observed difference in the affinity of dehydro-ABH between

pH 7.4 and 9.0 might arise due to the fact that at pH 7.4, the
predominant form of the boronic acid is trigonal planar and
is available for nucleophilic attack by the metal-bridging
hydroxide ion; at pH 9.0, the tetrahedral boronate anion
nearly predominates (the pKa of ABH and its derivatives
should be similar to that of BEC, which is 9.3) (34) and
cannot undergo nucleophilic attack by the metal-bridging
hydroxide ion.

DISCUSSION

Direct or solvent-mediated hydrogen bonds with the
R-amino and -carboxylate groups of substrate or inhibitors
are key affinity determinants in the arginase active site.
Catalytic activity against alternative substrates is extremely
sensitive to the presence or absence of unmodifiedR-sub-
stituents (17), and the high-resolution X-ray crystal structures
of ABH bound to rat arginase I andL-arginine bound to
inactivated arginase fromBacillus caldoVelox first revealed
that the molecular recognition of inhibitorR-substituents
saturates the hydrogen bonding potential of these substituents
(i.e., four hydrogen bonds donated to theR-carboxylate and

FIGURE 6: Arginase I-descarboxy-nor-NOHA complex. (a) Omit electron density map contoured at 3.2σ; selected active site residues are
indicated. Atoms are color-coded as follows: C) yellow, O ) red, and N) blue; manganese ions appear as light pink spheres, and water
molecules appear as red spheres. (b) Summary of intermolecular interactions. Manganese coordination interactions are designated by green
dashed lines, and hydrogen bonds are indicated by black dashed lines.
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three hydrogen bonds accepted from theR-amino group) (35,
49). Given the array of structural information now available
regarding the binding of substrate and amino acid inhibitors
to bacterial arginase (49), rat arginase I (31, 32, 35, 36),
and human arginase II (37), common themes emerge
regarding the molecular recognition ofR-substituents upon
merging previously reported information with the wealth of
structural results emanating from the current study.

First, theR-amino group of every amino acid inhibitor
studied except for NOHA donates a hydrogen bond to the
R-carboxylate group of D183 (theR-amino group of NOHA
(31) interacts more closely with E186). In some arginase-
inhibitor complexes, both D183 and E186 interact directly
with the inhibitor R-amino group (L-ornithine (31), nor-
NOHA (31), dinor-NOHA (Figure 5)), and in others the
hydrogen bond interaction with E186 is bridged by a water
molecule (ABH (35), BEC (36), and L-valine (Figure 4)).

Water-mediated hydrogen bonds are observed between the
R-amino group and the backbone carbonyl of G142 (ABH
(35), BEC (36), L-valine (Figure 4), descarboxy-nor-NOHA
(Figure 6)) and/or D181 (ABH (35), BEC (36), and dehydro-
ABH (Figure 7)). That water-mediated interactions are not
uniformly observed in all arginase-inhibitor complexes is
probably a consequence of varying resolutions of the X-ray
crystal structure determinations. Accordingly, we conclude
that the tightest-binding inhibitors will exploit a direct
R-amino hydrogen bond and salt-link interaction with D183,
a direct or water-mediated interaction with E186, and a
water-mediated interaction with the backbone of the carbonyl
groups of G142 and/or D181. The direct interaction with
D183 appears to be the most important, whereas the water-
mediated hydrogen bonds appear to have more structural
variability/flexibility. All of the residues involved in these
interactions except for D181 (serine in bacterial arginase)

FIGURE 7: Arginase I-dehydro-ABH complex. (a) Omit electron density map contoured at 5.5σ; selected active site residues are indicated.
Atoms are color-coded as follows: C) yellow, O) red, and N) blue; manganese ions appear as light pink spheres, and water molecules
appear as red spheres. (b) Summary of intermolecular interactions. Manganese coordination interactions are designated by green dashed
lines, and hydrogen bonds are indicated by black dashed lines.
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are conserved in bacterial arginase and human arginase II
(37, 49).

The molecular recognition of theR-carboxylate group
appears to be dominated by two direct hydrogen bonds with
protein residues: the N130 carboxamide NH2 group donates
a hydrogen bond to theR-carboxylate groups of ABH (35),
BEC (36), L-ornithine (31), L-arginine (Figure 3), dinor-
NOHA (Figure 5), and dehydro-ABH (Figure 7), and the
S137 hydroxyl group donates a hydrogen bond to the
R-carboxylate groups of ABH (35), BEC (36), L-ornithine
(31), and dehydro-ABH (Figure 7). Water-mediated hydrogen
bond interactions are observed with T135, N139, and H141
in several but not all complexes, which may again be due in
part to the varying resolutions of the crystal structure
determinations. Accordingly, we conclude that the tightest-
binding inhibitors will exploit directR-carboxylate hydrogen
bond interactions with N130 and S137 and water-mediated
interactions with T135, N139, and H141. All of these
residues except for T135 (serine in bacterial arginase) are
conserved in bacterial arginase and human arginase II (37,
48). It is interesting that in contrast with the molecular
recognition of theR-amino group, salt-link interactions do
not play a role inR-carboxylate recognition. It is also
interesting that inhibitor affinity appears to be more sensitive
to the deletion of theR-amino group than theR-carboxylate
group (Table 1). This is consistent with structure-activity
relationships observed for the arginase-catalyzed hydrolysis
of modified L-arginine substrates (17) as well as desamino
and descarboxy analogues of the alternative substrateL-
thioarginine (50).

Parenthetically, we note that the binding ofL-arginine to
arginase I appears to be somewhat perturbed by the binding
of two F- ions to the binuclear manganese cluster. A slight
reorganization of theR-substituents consequently alters
interactions of theR-amino group (i.e., the hydrogen bond
interaction with D183 becomes water-mediated instead of
direct (Figure 3)). Also, we note that in the arginase I
complex withS-(2-sulfonamidoethyl)-L-cysteine (SEC), the
directR-amino group-D183 hydrogen bond is preserved, but
the R-carboxylate interaction with N130 is lost, and the
R-carboxylate-S137 interaction becomes water-mediated
(32). This may account for the weaker affinity of SEC
relative to the boronic acid inhibitors ABH or BEC.

Certain aspects of manganese coordination chemistry
should be highlighted for this series of enzyme-inhibitor
complexes. First, the crystal structure of the arginase I-L-
arginine-F-

2 complex provides the first view of aµ-fluoro
bridge in a Mn2+

2 cluster in a protein, and it also provides
the first view of substrate binding to an arginase containing
an intact binuclear manganese cluster (Figure 3). Addition-
ally, this structure provides a rare example of an enzyme
complexed with an uncompetitive inhibitor and its biological
substratesthat two F- ions bind, one bridging and one
terminalsis even more remarkable and also consistent with
the data reported in Figure 2. Strong hydrogen bond
interactions observed between the F- ions and the guani-
dinium group ofL-arginine provide a dramatically simple
illustration of how interactions with the substrate stabilize
the binding of an uncompetitive inhibitor. Given that fluoride
inhibition is uncompetitive and not noncompetitive, it is
likely that the binuclear manganese cluster, already liganded
by four negatively charged aspartate residues, cannot ac-

commodate the binding of two additional negatively charged
fluoride ions without the electrostatic assistance of the
positively charged guanidinium moiety of the substrate.

The coordination chemistry of the Mn2+
A ion is especially

notable in the binding of inhibitors. In native rat arginase I,
Mn2+

A is coordinated with square pyramidal geometry, thus
leaving a vacant coordination site (8). This coordination site
is occupied by a hydroxyl group of ABH and BEC and by
a sulfonamide oxygen of SEC in the respective enzyme-
inhibitor complexes (32, 35, 36). These coordination phe-
nomena suggest that the vacant site on Mn2+

A is important
for the binding and stabilization of the tetrahedral intermedi-
ate and its flanking transition states. In other arginase
I-inhibitor complexes, the vacant site on Mn2+

A is occasion-
ally occupied in a surprising fashion. In the complex with
L-arginine-F-

2, the Mn2+
A site is occupied by one of the

F- ions, and in the complex with dinor-NOHA, a solvent
molecule binds to this site while the inhibitor hydroxyl group
interacts exclusively with Mn2+

B. Thus, the Mn2+
A site

appears to be kept vacant for purposes of transition state
stabilization in catalysis, but tight-binding inhibitors may
exploit a coordination interaction at this site with beneficial
consequences for affinity. It should be noted that this site is
observed occupied by a water molecule in the native bacterial
arginase structure (49). Moreover, smeared electron density
is observed at this site in monomer C of native rat liver
arginase (51). Therefore, the vacant site on Mn2+

A may
actually contain a weakly bound, poorly occupied water
molecule that is nevertheless readily displaced for catalysis
and inhibitor binding. It is likely that F- can bind to the
Mn2+

A site in the absence of substrate, consistent with the
results of electron paramagnetic resonance experiments (13).

On the basis of this structural work, a new class of arginase
inhibitors can be considered to target the Mn2+

A site alone
and not the site corresponding to the metal-bridging hydrox-
ide ion. Since coordination to the Mn2+

A site occurs readily,
and coordination to the bridging site is more difficult due to
displacement of the tightly bound hydroxide ion, an alterna-
tive design strategy targeting interactions with the vacant
Mn2+

A site in the binuclear manganese cluster may lead to
new types of inhibitors.

In closing, it is interesting to note that in the arginase I
complexes withL-valine (Figure 4) and dinor-NOHA (Figure
5) the metal-bound solvent molecule makes an innersphere
coordination interaction solely with Mn2+

A. The loss of the
metal-bridging solvent molecule may account for the disap-
pearance of the binuclear electron paramagnetic resonance
signal upon formation of the complex withL-valine (20).
Whether inhibitor binding sterically requires the metal-bound
solvent molecule to shift from a bridging coordination
interaction to a terminal coordination interaction in the
binuclear manganese cluster (e.g., as in the dinor-NOHA
complex), or not (e.g., as in theL-valine complex), these
complexes are among the first to reveal a metal cluster in
arginase with only two bridging ligands. Site-specific variants
of arginase I that perturb the coordination polyhedron of
either Mn2+

A or Mn2+
B reveal that the metal-bridging solvent

molecule of the native enzyme (8) shifts to a terminal
coordination mode on the metal with the intact set of protein
ligands (i.e., if a ligand to Mn2+

A is perturbed, the solvent
shifts to exclusive Mn2+

B coordination, and vice versa (52)).
Accordingly, this coordination chemistry may exemplify the
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entactic state hypothesis, namely, that the enzyme stabilizes
the metal coordination polyhedra in an energized or strained
configuration, the energetic benefit of which is harnessed
for catalysis upon substrate binding (53). Additional high-
resolution structural studies of arginase I may further
illuminate these aspects of coordination chemistry and
catalysis.
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