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ABSTRACT. Arginase is a binuclear Mn metalloenzyme that catalyzes the hydrolysis €drginine to
L-ornithine and urea. X-ray crystal structures of arginase complexed to substrate an&lodyesoxy-
L-arginine and\®-hydroxy-nor-L-arginine, as well as the produatornithine and urea, complete a set of
structural “snapshots” along the reaction coordinate of arginase catalysis when interpreted along with the
X-ray crystal structure of the arginase-transition-state analogue complex described in Kim et al. [Kim, N.
N., Cox, J. D., Baggio, R. F., Emig, F. A., Mistry, S., Harper, S. L., Speicher, D. W., Morris, Jr., S. M.,
Ash, D. E., Traish, A. M., and Christianson, D. W. (20@ipchemistry 402678-2688]. Taken together,

these structures render important insight on the structural determinants of tight binding inhibitors.
Furthermore, we demonstrate for the first time the structural mechanistic link between arginase and NO
synthase through their respective complexes Witkhydroxy-.-arginine. ThatN“-hydroxy-.-arginine is

a catalytic intermediate for NO synthase and an inhibitor of arginase reflects the reciprocal metabolic
relationship between these two critical enzymes-afginine catabolism.

Arginase, a 105 kDa homotrimer containing a binuclear reciprocal to some degree, since the stable intermediate in
manganese cluster in each protomer, catalyzes the hydrolysidNO biosynthesisiN“-hydroxy-.-arginine (NOHA} (18—22),
of L-arginine to formL-ornithine and urea through a metal- is a modest competitive inhibitor of arginase wikh= 10—
activated hydroxide mechanisri{4). Enzyme activity is 42 uM (Figure 1, Table 1), 23). Sufficient concentrations
found at highest levels in mammalian lives)(where this of NOHA are produced in endothelial cells and activated
reaction constitutes the final cytosolic step of the urea cycle. macrophages to inhibit arginas24(-25). NOHA binds to
The flux of substrate through this step is considerable, sinceNO synthase witiKy = 7—59 uM (18, 19, 26—29) in a
the average adult excretes about 10 kg of urealyear. Indeep active-site channel between the heme and surrounding
addition to liver, arginase activity is detected in several hydrophobic residues30—32). The hydroxyguanidinium
nonhepatic tissues lacking a complete urea cycle, such agmoiety of NOHA packs against the heme group in the
gastrointestinal smooth musck,(penile corpus cavernosum enzyme active site, but does not coordinate to the heme iron
smooth muscle”), and activated macrophage&—(16). In or hydrogen bond with any porphyrin ring aton8)(31).
these tissues, activity is believed to result primarily from a On the basis of the inhibitory properties of NOHA against
second isozyme (arginase II17) that is distinct in im- arginase9, 23), a number ofN-hydroxy analogues have been
munologic properties, amino acid sequence, and subcellularsynthesized and evaluated as arginase inhibi8,s33, 34).
location from the more abundant liver isozyme (arginase I). The most potent of these compoundNishydroxy-nor-L-
Arginase |l probably plays a more important role in arginine for-NOHA; K; = 0.5uM) (Table 1) £3), which
regulating NO biosynthesis by attenuating the levels of upon binding arginase, is proposed to either displace the
L-arginine available to NO synthase (Figure 1). The regula- metal-bridging hydroxide ion or form a hydrogen bond with
tory relationship between arginase and NO synthase isit (23).
The 2.1 A resolution crystal structure of trimeric rat liver
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Ficure 1: Reciprocal coordination of arginase and nitric oxide pathways; noté\thatydroxy--arginine is an intermediate in the NO

synthase reaction.

Table 1: Inhibition of Arginase by NOHAnor-NOHA, and Their Analogues

Compound IC5 (M) K (uM)
. NOH
b
co; M
HaN<_~_ "~
descarboxy-NOHA N° NM2 000 = 400
+ H
HzN N _NH,
+ H
HaN_~_-N__NH;
descarboxy-nor-NOHA NOH 300 50
H
N NH,
des-(o-amino)-nor-NOHA co; NOH 5000 £ 1000

2 Mean valuest standard deviation from four experimentfRefs9 and 23. © Ref 23.

belongs to then/s family, consisting of a parallel, eight-
strande@B-sheet flanked on both sides by numeratiselices
(35). Analysis of the crystal structure indicates thatrginine
hydrolysis proceeds via nucleophilic attack by a metal-
activated solvent molecule symmetrically bridging the two
Mn2* ions (Mréfa—Mn2*g separation= 3.3 A) (35). This

L-cysteine (BECKy = 2.22 uM) (38) bind to arginase as
the hydrated tetrahedral boronate anions, revealing active-
site interactions expected for the tetrahedral intermediate and
its flanking transition states/{ 36—38).

To provide additional “snapshots” of structures along the
reaction coordinate of arginase catalysis and to probe

binuclear manganese cluster is located at the bottom of astructural aspects of the reciprocal metabolic relationship

~15 A-deep active-site cleft in each monom&6) The
more deeply situated metal is designatec®MnHydroxide
ion symmetrically bridges M, and Mr?*g and donates a
hydrogen bond to @1 of Asp-128; &2 of Asp-128
coordinates to M#t 4. These interactions orient the remaining
lone electron pair of metal-bridging hydroxide for nucleo-
philic attack on the substratesarginine, which is postulated
to form a salt link with Glu-277 35). Nucleophilic attack

between arginase and NO synthase outlined in Figure 1, we
have determined the X-ray crystal structures of arginase
complexed with the substrate analogues NOHA aod
NOHA, as well as the productsornithine i = 1.0 mM)

and ureak; = 880 mM) 39—41). These structures highlight
new details in the reaction coordinate of arginase catalysis
and they render important insights on the structural deter-
minants of tight binding inhibitors. Furthermore, we outline

yields a tetrahedral intermediate that collapses to yield thethe structural and chemical link between arginase and NO

products -ornithine and urea. &-Amino-6-boronohexanoic
acid (ABH; Kg = 0.11uM) (36, 37) andS-(2-boronoethyl)-

synthase with the different molecular recognition strategies
for NOHA binding.
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MATERIALS AND METHODS KClin 50 mM HEPES-KOH (pH 7.5). Protein purity was
) ) ) determined to be>95% by SDS-PAGE analysis under
Enzyme PreparatiorNucleotide primers were purchased reducing conditions.

from Ransom Hill Bioscience, Inc. DNA sequencing was 141 ¢ arginase was assayed as described by Cavalli and
provided by the University of Pennsylvania DNA Sequencing colleagues 42), with the following modifications. Assays

facility. Restriction enzymes were purchased from New .o performed in 100 mM CHESKOH (pH 9) containing
England Biolabfl_-[guanido—l“C]Arginine (specific activity  10,,M MnCl,. L-Arginine concentrations were varied from
2.5 GBq mmot”) was purchased from NEN Life Science 51 20 mm. Upon addition of the enzyme to the reaction

Products. All other reagents were of the highest purity iy re (final concentration of 1515 ug/mL), the reaction
commercially availaple. . was allowed to proceed for 60 min. The data were analyzed
Recombinant wild-type arginase was prepared as described,sing double-reciprocal plots of initial velocity measure-
by Cavalli and colleaguegt®). For the first PCR reaction, ments.
site-directed mutagenesis was carried out by the method of = gynthesis and Inhibitory Properties of NOHA, nor-NOHA,
Higuchi and colleaguegf), with modifications as described  and Their AnaloguesThe NOHA samples were purchased
by Cavalli and colleaguesA®). His-141 was mutated to  from Alexis Biochemicals (San Diego) anearginine from
cysteine using the oligonucleotidésGGGAATCTGIGC- Sigma. Thenor-NOHA samples were synthesized as previ-
GGGCAACCGG-3and 3-CCGGTTGCCGCACAGAT- ously described4d). The synthesis of descarboxy-NOHA,
TCCC-3 as the forward and reverse primers, respectively. gescarboxyior-NOHA, and des«-amino)nor-NOHA will
For the first primary PCR reaction, the pAR®st primer be published elsewhere. Structures were establishét by
was used with the appropriate sense mutagenic oligonucle-zng 3¢ NMR spectroscopy. The kg values of these
otide primer ¢2). For the second primary PCR reaction, the compounds toward purified rat liver arginase were deter-
following primer was paired with the appropriate antisense mined as reported previous|@J).
mutagenic oligonucleotide primer:-GAATTC ATATGA- Crystallography.Wild-type and H141C arginases were
GCTCCAAGCCAAAG-3, designated pARG-Ndel/ECOR1,  crystallized using the hanging drop vapor diffusion method
with the Ndd site underlined and th&cadR1 site in bold. as described previously4®). Briefly, 5 uL drops of

The secondary PCR was carried out using pARGH/ precipitant buffer containing 50 mM bicine (pH 8.5 at room
EcoR1l and pARGPst as primers and the two PCR  temperature), 1218% PEG 8000, and 5 mM Mngere
fragments from the primary reaction as templates. The gqded to sul drops containing approximately 26 mg/
resulting full-length mutated cONA was digested WEOOR1 | protein on a silanized cover slip at@. The cover slip
andPst and ligated intdEccR1 andPst-digested pBLUE-  \yas sealed over a reservoir containing 1 mL of the precipitant
SCRIPT, followed by transformation int. coli DHSo.. The  pyffer. Pyramidal crystals with approximate dimensions 0.3
DNA from positive colonies was sequenced to confirm the g3 0.3 mn? appeared after four weeks and were nearly
desired mutation and to ensure the absence of Unwameqsomorphous with those of wild-type arginagb). crystals

mutations. . . belonged to space grol8, with unit cell parameters listed
The pBLUESCRIPT vector carrying the arginase CDNA in Table 2. Crystals of the wild-type arginassOHA
and the pET29b vector (Novagen) were digested Wil complex and the H141C arginase-ornithine—urea ternary

and BanH1, and the DNA was separated by 1% agarose complex were prepared by soaking crystals for at least 6
gel. The linear pET29b vector and the 1-kb arginase cDNA days in 18% PEG 8000, 50 mM bicine (pH 8.5 at room
were extracted from the gel (Qiagen QIAquick Gel Extraction temperature), 5 mM MnGJ and 5 mM of either NOHA or
Kit), ligated, and transformed int&. coli BL21(DE3) for L-arginine; the buffer was refreshed once a day. Catalytic
expression. The DNA from a positive clone was purified turnover of H141C arginase in the crystal yieldedrnithine
and sequenced. Each positive clone was grown overnightand urea from the substraterginine contained in the crystal
with shaking at 37C in LB containing 3Qug/mL kanamy- soaking buffer. Due to the instability afor-NOHA at pH
cin. From this culture, 15% glycerol stocks were prepared >8.0, crystals of wild-type arginase were first equilibrated
and frozen at-70°C. The frozen stocks were the source of for 2 days in a stabilizing buffer solution of 18% PEG 8000,
cells for subsequent expression of protein. 50 mM HEPES (pH 7.5 at room temperature), and 5 mM
An aliquot of the frozen cell stock was streaked onto LB MnCl,, and then transferred to an identical buffer solution
plates containing 3Qug/mL Kanamycin and incubated containing 5 mMnor-NOHA for 6 days (the buffer was
overnight at 37°C. Cells from this plate were used to refreshed once a day).

inoculake 6 L of LB media containing 3@g/mL kanamycin. Prior to data collection, crystals were gradually transferred
This culture was grown at 37C with shaking to amso Of to a cryoprotectant solution containing 30% glycerol in

0.8 and then induced with 0.2 mg/mL IPTG. After 3 h, the addition to the original precipitant solution and flash-cooled
cells were harvested by centrifugation at 5@ 30 min. with liquid nitrogen. All X-ray diffraction data, with the

The cell pellet was stored frozen af70 °C overnight. The exception of those collected from crystals of the argirase
cells were thawed and resuspended in 1 mM PMSF, 10 mM nor-NOHA complex, were collected on a Mar 345 mm image
EDTA, and 50 mM HEPESKOH (pH 7.5). The H141C plate detector at Stanford Synchrotron Radiation Laboratory
arginase was purified from the lysed cells by a modification beamline 7-14 = 1.08 A) at the Stanford Linear Accelerator
of the method described by Cavalli and colleagué®).( Center in Menlo Park, CA. Intensity data for the arginase
Specifically, partially purified protein samples were subject nor-NOHA complex were collected on a Mar 165 mm single
to chromatography on a Sigma-Red 120 dye ligand column, element CCD detector at the Advanced Photon Light Source
instead of the Amicon-Green dye ligand column described beamline 17-ID f = 1.00 A) at the Argonne National
previously, and eluted with a linear gradient of 6@3 M Laboratory (Argonne, IL). Intensity data integration and
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Table 2: Data Collection and Refinement Statistics for Arginase-Ligand Complexes

arginase ligand(s) Ne-hydroxy-.-arginine L-ornithine+ urea

Ne-hydroxy-nor-L-arginine

unit cell parameters (A) a=b=288.0 a=b=288.0 a=b=288.2
c=112.0 c=1124 c=106.5

no. of crystals 2 1 1

no. of measured reflections 31263 55 538 111757

no. of unique reflections 17524 22 632 59 154

resolution range (A) 30:62.9 25.0-2.8 30.6-2.0

completeness of data overall 83.7 (86.7) 98.9 (100.0) 94.3 (96.9)

(last shell) (%)

Rsym overall (last shel 0.064 (0.302) 0.045 (0.319) 0.061 (0.350)

no. of reflections used in refinement 16 344 (781) 22 623 (1074) 56 392 (2841)

(in test set)

Rcryst(Rfree)b

no. of water molecules in final
cycle of refinement

rms deviation from ideal

bond lengths (A)

rms deviation from ideal

bond angles (deg)

rms deviation from ideal
dihedral angles (deg)

rms deviation from ideal improper
dihedral angles (deg)

RCSB accession codes

0.265 (0.289)
5

0.008
15
23.4
11

1HQF

0.259 (0.286)
8

0.008
15
23.2
11

1HQH

0.232 (0.243)
57

0.005
1.3
22.6
0.8

1HQG

a Ryym for replicate reflectionsR = Y |In — VY [hC) 1 = intensity measured for reflectidn O,C= average intensity for reflectidmcalculated
from replicate data? CrystallographicR factor, Reyyst = ¥ ||Fol — |Fc||/Y|Fo| for reflections contained in the working set. Friedfactor, Ryee =
S|IFol — [Fc||/3|Fo| for reflections contained in the test set held aside during refinement (5% of t&talund|Fc| are the observed and calculated
structure factor amplitudes, respectively.

reduction were performed using the HKL suite of programs targeted a urea molecule with either an oxygen or nitrogen
(46). atom within 1.9-3.0 A of any metal ion, excluding actinides
Initial phasing was achieved by molecular replacement and lanthanides. After the elimination of structures with
using AMoORe 47, 48), the structure of the native arginase Crystallographid?—factors greater than 0.10 or other EXp“CItly
trimer less the atoms of the variant side chain (for H141C) defined errors, a total of 45 coordinate entries remained. Of
and all water molecules was used as a search probe, whichese, 41 entries yielded 93 unique and independent urea
yielded unique and unambiguous solutions for each structure.0Xygen-metal coordination interactions; four entries yielded
All structures were refined using torsion angle molecular five unique and independent urea nitrogenetal coordina-
dynamics Tiniias = 5000 K) with energy minimization, using  tion interactions. Microsoft Excel was used to determine the
the maximum likelihood algorithm as implemented in CNS average lengths and angles of retrieved coordination interac-
(49). Strict noncrystallographic symmetry constraints were tions. Scatterplots were generated by superimposing the urea
|n|t|a||y emp|0yed in refinement, and these were relaxed to molecules of each retrieval and alIOWing the coordinated
appropriately weighted restraints as judged Bye as metal ions to fall into their positions relative to the reference
refinement progressed. After initial rounds of refinement, urea molecule. This procedure was performed on a Silicon
electron density for the ligands and the variant C141 side Graphics terminal using the program 60).
chain was clear and unambiguous in electron density maps
generated with Fourier coefficient$R2| — |F¢| and|Fo| — RESULTS
|Fc| and phases calculated from the in-progress atomic model. H141C Arginase-L-Ornithine—Urea Ternary Complex.
A continuous electron density peak adjacent to the variant Activity assays of H141C arginase yield, andke values
C141 side chain was modeled as a disulfide-linKeaher- of 3.0 mM and 0.3 ., respectively, indicating 0.06% of
captoethanol molecule. Iterative rounds of refinement and wild-type activity (for the wild-type enzyméy = 1.4 mM
rebuilding were performed with CNS and O, respectively andk., = 250 s?%) (42). Initially, we hypothesized that we
(49, 50). Individual B factors were refined and a bulk solvent might trap an intact enzymesubstrate complex using
correction was applied. Refinement ultimately converged to crystalline H141C arginase due to the significant activity loss
final crystallographid-factors of 0.232-0.265 Rree 0.243- of this variant. However, on the time-scale of the X-ray
0.289) and excellent stereochemistry. Data collection and crystallographic experiment, H141C arginase is sufficiently
refinement statistics are reported in Table 2. Figures were active that incubation of the crystalline enzyme with substrate
generated using BOBSCRIPT and Raster3D, £2). L-arginine exclusively yields the bound productsrnithine
Cambridge Structural Database Analysi® assistinthe  and urea.
interpretation of the electron density map of the argirase The binding of products-ornithine and urea to arginase
L-ornithine—urea ternary complex, we extracted and analyzed does not trigger any significant tertiary or quaternary
the stereochemistry of ureanetal coordination interactions  structural changes, and the rms deviation of 3tdaoms
in the Cambridge Structural Database (CSE8)(The CSD is 0.3 A between native arginase and the H141C arginase
was installed on a Dell computer and coordinate entries wereproducts complex. The average thermal B factors of the
searched using the program ConQuest. The initial searchprotein, ornithine, and urea are 26, 49, and 62 l&spec-
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Ficure 2: H141C ArginaseL-ornithine-urea ternary complex. (a) Omit electron density map.-afrnithine and urea in the arginase

active site calculated with SIGMAA-weighted9) coefficients|F,| — |F.| averaged over the three monomers in the asymmetric unit. The

map is contoured at 3v5and selected active-site residues are indicated. Atoms are color-coded as followsel@®w, O = red, N=

blue, S= green; water molecules appear as red spheres. The side chain of Cys-141 forms a disulfide linkage with a molecule of
p-mercaptoethanol. (b) Summary of intermolecular interactions. Manganese coordination interactions are designated by green dashed lines,
and hydrogen bonds are indicated by black dashed lines.

tively. The omit map in Figure 2a reveals clear and the hydroxyl group of the Cys-141-linkgidmercaptoethanol
unambiguous density farornithine. Thee-NHz"™ group of molecule, it is likely that the Cys-141 modification and
L-ornithine donates a hydrogen bond to the metal bridging L-ornithine binding are mutually exclusive. Since the average
hydroxide ion (N---O separation= 2.7 A). Additionally, thermalB factors forL-ornithine and Cys-14B-mercapto-

this amino nitrogen is within 2.8 A of both nitrogen atoms ethanol (both 49 A are higher than that of the protein (26

of urea; however, this must reflect a van der Waals A?), this may reflect compensation for diminished occupancy
interaction and not a hydrogen bond interaction, since the during temperature factor refinement.

urea nitrogen lone electron pairs are delocalized in the ureido  The a-carboxylate andx-amino groups ofL-ornithine

ot system and are not available for hydrogen bonding. The make numerous direct and water-mediated hydrogen bonds
e-NHs* group ofL-ornithine is 2.7 A from the sulfur atom  with numerous conserved residues in the arginase active site
of f-mercaptoethanol that is disulfide-linked to the Cys-141 (Figure 2b). Carboxylate oxygen O1 accepts a hydrogen bond
side chain. Although an unreasonably close contact of 1.4 from the hydroxyl oxygen of Ser-137; carboxylate oxygen
A is observed between the carboxylateLedrnithine and 02 accepts a hydrogen bond from Asn-130-(@0 separa-
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around thesp-lone electron pairs of the urea carbonyl
oxygen. In the arginase.-ornithine—urea complex, the urea
C=0---Mn?*, separation and angle are 1.8 A and 141.5
" respectively, consistent with the parameters obtained from
" the CSD analysis. Since the complex was refined without

by
& &

o2
[ 5 1_\ - o
f".(
Y

s

N . 9 restraining urea €0---Mn?*, interactions, that refinement
L ot converged to parameters consistent with those derived from
G 6 the CSD analysis strengthens our interpretation of the urea

FiGURE 3: Scatterplot showing two perpendicular orientations of €/€ctron density peak. _ .
urea G=0O---metal interactions @, Symmetry equivalents are Parenthetically, we note that for the five urea nitrogen-

indicated). The urea oxygen is red, nitrogens are blue, and themetal coordination interactions retrieved from the CSD, the
aqt?ii?e% i?%;p?ﬁéeé é%prfﬁgnév@gaéi%?;é Egé 5292903 E‘t:;f:‘jc‘tiﬁgﬁverage urea N-metal separation is 2.36 0.04 A and the
I . .
a?/erage angle is 1355hc;rt, strong ir?teractions tend to cluster at 2Verage & N---metal anglg IS 113.'5: 2.3 I.n e.aCh of the
smaller G=O-+-metal angles, indicative of an interaction with the five structures, the urea nitrogen is pyramidalized such that
sp*-lone electron pairs of the urea carbonyl oxygen. metal coordination is achieved by a nitrogam lone electron
pair. Notably, these structures involve only Agnd Cé*
tion = 2.9 A) and is within hydrogen-bonding distance to interactions and the urea molecules form novel polymer
two water molecules, 842 and 843, with-€D separations  sheets in the crystal lattice. Possibly, this unusual aspect of
of 2.8 and 3.0 A, respectively. Water 842 in turn hydrogen the crystal lattice plays a role in directing the less-favorable
bonds to the side-chain hydroxyl of Thr-135 (2.8 A) and urea N--metal coordination interaction.
the backbone carbonyl of Asn-139 (2.7 A). Water 843  Intriguingly, a metal-bridging hydroxide ion is also
also hydrogen bonds to the-amino group ofL-ornithine observed in the arginase-ornithine—urea ternary complex,
(2.6 A), 02 of Glu-186 (2.7 A), and the backbone carbonyl and it symmetrically bridges the binuclear manganese cluster
of Gly-142 (2.8 A). Thea-amino group ofL-ornithine with O-+-Mn2* separations of 2.1 A. The Mhy,—Mn2*
donates hydrogen bonds t@@®of Asp-183 and @1 of Glu- separation is 3.3 A, which is identical to that found in the
186. native enzyme35). On the basis of this structure, we now
The product urea molecule is also visible in the omit map, clarify an additional feature of the catalytic mechanism of
although one urea nitrogen atom is not entirely well-defined arginase: the release of productsrnithine and urea can
by electron density (Figure 2a). Nevertheless, this electron occurafterthe binding of the water molecule that regenerates
density is consistent with coordination of the urea carbonyl the catalytic nucleophile, metal-bridging hydroxide.
oxygen to Mi*, (O-+*Mn separation= 2.0 A). This changes Wild-Type Arginase NOHA Complex.The binding of
the coordination geometry of Mh, from square pyramidal NOHA does not trigger any major tertiary or quaternary
in native arginase 35) to distorted octahedral (Mhg structural changes, and the rms deviation of 3b4afoms
coordination remains unchanged as distorted octahedral). Thés 0.37 A between native arginase and the argird®@HA
ureido NH: groups contact several active-site residues. Urea complex. The average thermal B factors of the protein and
nitrogen N1 is within 3.2 A of Asp-232, the metal-bridging NOHA are 85 and 60 A respectively. The omit map of
solvent molecule, and theNH3* group ofL-ornithine. Urea Figure 4a reveals that the hydroxyl oxygen of NOHA
nitrogen N2 is within 3.2 A of the backbone carbonyl oxygen displaces the metal-bridging hydroxide ion of the native
of Cys-141, Glu-277, &of Cys-1418-mercaptoethanol, and  enzyme and asymmetrically bridges the binuclear?Mn
the e-NH3™ group ofL-ornithine. Importantly, the hydrogen  cluster with G--Mn?*4 and O--Mn?'g separations of 2.6
bond observed between urea nitrogen N2 aré 6f Glu- and 2.2 A, respectively. Importantly, Daghigh and colleagues
277 is reminiscent of the proposal that Glu-277 salt links first predicted that the hydroxyl group of NOHA would
with the substrate,-arginine, prior to catalysis3g). Here, displace metal-bound hydroxid@)( Additionally, this is in
Glu-277 is now implicated in product binding as well. agreement with subsequent electron paramagnetic resonance
Given the moderate quality of the urea peak in the electron studies of the arginaseNOHA complex showing that
density map of Figure 2a, we used the results of our CSD NOHA displaces the metal-bridging hydroxide i&28(54—
analysis to strengthen our interpretation of the urea binding 55). The hydroxyl oxygen resides deeper in the active-site
mode in the arginase active site. Since our analysis of thecleft in a location 1.7 A away from that of the metal-bridging
CSD yields 93 unique and independent urea oxygestal hydroxide ion in the native enzyme. Additionally, the
coordination interactions, but only five unique and indepen- Mn2f,—Mn?*g separation increases from 3.3 A in the native
dent urea nitrogeametal coordination interactions, we enzyme 85) to 3.9 A in the NOHA complex. Due to the
conclude that urea preferentially coordinates to a metal ion close proximity of the NOHA hydroxyl oxygen to direct
through its carbonyl oxygen atom. Our interpretation of urea metal ligands Asp-232 and Asp-234, these side chains move
binding to arginase reflects this preference. The statistics slightly relative to the native enzyme and Asp-232 weakens
calculated from the CSD retrievals indicate that for the group its coordination interaction to the outer sphere of 2Vn
of 93 urea oxygermetal interactions, the average ureeC ~ (002:--Mn?*, separation= 3.1 A). If the outer-sphere
O---metal separation is 2.06 0.11 A and the average=€ interaction between the NOHA hydroxyl oxygetMn?
O---metal angle is 134.2+ 5.4°; for a subgroup of five is considered, then the coordination geometry ofMnis
interactions occurring specifically with manganese, the distorted tetrahedral: Asp-124, His-101, Asp-128, and the
average urea€0---metal separation is 2.1# 0.09 A and hydroxyl oxygen of NOHA coordinate to Mha. The metal
the average €O---metal angle is 134.6t 1.9°. The coordination geometry of Mg remains distorted octahe-
scatterplot of Figure 3 reveals that metal ions tend to cluster dral.
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Ficure 4: Arginase-NOHA complex. (a) Omit electron density map of NOHA in the arginase active site calculated with SIGMAA-
weighted 79) coefficients|F,| — |F| averaged over the three monomers in the asymmetric unit. The map is contouredrat delected
active-site residues are indicated. Atoms are color-coded as follows: y€llow, O = red, N = blue; 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.

The n-NH, group of NOHA donates a hydrogen bond to
Glu-277 (N++Oe2 separation= 2.5 A) and the side chain
of His-141 (N-*No1 separatior= 2.9 A). This is consistent
with the role of substrate binding proposed for Glu-277 upon
inspection of the structure of native argina36)( Addition-
ally, this is consistent with the role of His-141 in substrate
binding implicated in the site-directed mutagenesis experi-
ments of Cavalli and colleagues, in which His-141Asn
arginase exhibits 6-fold increaséq, values 42). Finally,
the e-NH group of NOHA is in close proximity to B2 of
His-141, withe-NH:--Ne2 separatior= 3.1 A.

The a-carboxylate of NOHA makes no hydrogen bond
interactions with the protein and tlkeamino nitrogen makes
a single hydrogen bond with Glu-186 {INOe2 separation
= 3.2 A). We cannot rule out the possibility of water-bridged
hydrogen bonds between tloesubstituents of NOHA and

active-site residues: at the modest resolution of the crystal
structure determination, not all such water molecules are
expected to be observable. Even so, the relative dearth of
interactions betweea-substituents of NOHA and arginase
is in stark contrast to the binding of other amino acids such
as ABH (7), BEC (38), andL-ornithine (this work). The
bulky, rigid nature of the NOHA hydroxyguanidino group
may restrict theo-substituents from achieving an optimal
constellation of hydrogen bond interactions in the arginase
active site, and this may account for the relatively modest
binding affinity with K; = 10—42uM (9, 23). It is interesting
that the 1Go value of descarboxyNOHA toward arginase

is 50 times higher than that of NOHA (Table 1). This
indicates that thex-carboxylate group of NOHA plays an
important role in the binding of NOHA to arginase, despite
the lack of hydrogen bond interactions deduced from the
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Ficure 5: Arginase-nor-NOHA complex. (a) Omit electron density maprasr-NOHA in the arginase active site calculated with SIGMAA-
weighted 79) coefficients|F,| — |F| averaged over the three monomers in the asymmetric unit. The map is contouredrat delected
active-site residues are indicated. Atoms are color-coded as follows: y€llow, O = red, N = blue; water molecules appear as red
spheres. The orientation is rotate®0° in the plane of the page relative to Figure 4 for clarity. (b) Summary of intermolecular interactions.
Manganese coordination interactions are designated by green dashed lines, and hydrogen bonds are indicated by black dashed lines.

crystal structure. Possibly, thecarboxylate group engages by about 0.35 A to an outer-sphere coordination interaction
in a water-bridged hydrogen bond with the active site, but with Mn2*, (02:+-Mn?*, separatior= 2.7 A). The Mi#*y—
the bridging water molecule is not observed due to the Mn2"g separation increases to 3.5 A. These observations are
modest resolution of the crystal structure determination. in agreement with electron paramagnetic resonance studies
Observed intermolecular interactions are summarized in of the arginasenor-NOHA complex, which indicated that
Figure 4b. the hydroxyl group ofnor-NOHA displaces the metal-
Wild-Type Arginasenor-NOHA Complex.No major bridging hydroxide 23).
changes are observed in the overall structure of the arginase ~ The {-NH, group ofnor-NOHA donates a hydrogen bond
nor-NOHA complex relative to native arginase; the rms to the side-chain hydroxyl group of Thr-246 (2.6 A) and
deviation of 314 @ atoms between the two structures is water 607. Water 607 hydrogen bonds to the carboxylate
0.34 A. The average thermal B factors of the protein and side chain of Asp-234 and the side-chain oxygen and
nor-NOHA are 87 and 86 A respectively. The omit map  backbone nitrogen atoms of Thr-246 (both 2.9 A). Finally,
of Figure 5a reveals that the hydroxyl oxygemaof-NOHA the a-amino acid moiety ohor-NOHA makes an array of
displaces the metal-bridging hydroxide ion of the native interactions (Figure 5b), many of which are observed in the
enzyme 85) and asymmetrically bridges Mhy and Mr?'g binding of ABH (7), BEC (38), andL-ornithine (Figure 2b).
with oxygen-metal separations of 2.5 and 2.6 A, respec- Compared with NOHA, the removal of a side-chain meth-
tively. The hydroxyl oxygen ohor-NOHA is located 0.8 A ylene group innor-NOHA allows the o-carboxylate and
from the position of the metal-bridging hydroxide ion in the a-amino groups to engage in several additional hydrogen
native structure. Upon bindingor-NOHA, Asp-232 moves  bond interactions. These structural features likely account
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for the increased affinity ofior-NOHA [K; = 0.5uM (23)] 68). This is consistent with the three-dimensional active-
relative to NOHA K; = 10—42 uM (9, 23)]. A comparison site contour, which is sterically constricted such that nu-
of the 1G;o values ofnor-NOHA and its descarboxy and des- cleophilic attack of metal-bound hydroxide (bridging or
(a-amino) analogues toward arginase (Table 1) shows a moreterminal) at a putative metal-bound guanidinium group is
dramatic decrease in the affinity nbr-NOHA after deletion geometrically hindered.

of theo-amino group than after deletion of tbecarboxylate Despite these arguments, structural studies ofl¥in
group. This suggests that the chargdarge interactions of  depletedB. caldaelox arginase complexed withrarginine

the a-amino group with Asp-183 and Glu-186 provide are interpreted to reveal a long-range coordination interaction
greater stabilization than the charge-dipole interactions of between they;-NH; of the substrate and Mhy (N---Mn?*

the o-carboxylate group with Ser-137, Asn-130, and Thr- separation= 2.52 A) (66). Baker and colleagues argue that

135 via a bridging water molecule (Figure 5b). the bond angles of this nitrogen with ¥, and hydrogen-
bonding partners are consistent wip® hybridization,
DISCUSSION therefore implying that unprotonatedarginine binds to

arginase. As proposed by Dismukégl), L-arginine could

The structures reported herein, when interpreted in view pe deprotonated by His-141 prior to metal coordination.
of enzymological data as well as other recently determined However, this mechanistic alternative does not explain the
arginase structures, provide an unparalleled view of structure-~109% residual activity measure for His-1441 Asn arginase
mechanism relationships for arginase. The structure-based42); furthermore, mechanistic proposals that invoke a
mechanism is discussed below and summarized in Figure 6.precatalytic guanidine-metal interactioB4( 66) must pro-

Substrate BindingModeling studies accompanying the ceed through an unusual tetrahedral intermediate bearing a
structure determination of the native enzyn3®)(suggest negative charge on an electropositive nitrogen atom. It is
that the substrate guanidinium group can salt link with Glu- clear that unprotonated-arginine from solution is not the
277, which would position the scissile guanidinium carbon substrate, which would require an exceptionally léwvalue
directly in-line with the metal-bridging hydroxide ion for  of ~1079 M at physiological pH. Withkee = 250 s, this
nucleophilic attack. Accordingly, a metal-activated hydroxide would yield ke/Ky = 2.5 x 10 M~ s7L, clearly violating
mechanism is favored fararginine hydrolysis, and thekp the limit of diffusion control.
of 7.9 in the pH-rate profile may correspond to the ionization  Transition State/Tetrahedral Intermediate Bindingu-
that yields the nucleophilic metal-bridging hydroxide ion cleophilic attack of the metal-bridging hydroxide ion at
(56). There is ample precedent for nucleophilic metal- substrate-arginine aligned by Glu-277 and His-141 results
bridging hydroxide ions in other hydrolytic metalloenzymes in a neutral tetrahedral intermediate (Figure 6). The tight
(57—-60) as well as examples found in biomimetic systems hinding of tetrahedral transition-state analogue inhibitors is

(61-69). consistent with such an intermediate in catalysis. Among the
X-ray crystallographic studies of tH. caldaelox argi- tightest-binding arginase inhibitors are the boronic acid
nase-L-arginine complex inactivated by depletion of kg analogues of-arginine, ABH and BECK4 = 0.11u4M and

partially support this proposal;;-NH, of L-arginine donates Ky = 2.22 uM, respectively) 86—38). Although designed
hydrogen bonds to € of Glu-277 (Glu-271 irB. caldaelox and synthesized as trigonal planar isosteres of the substrate,
arginase) and the backbone carbonyl of His-141 (His-139 both ABH and BEC bhind to arginase as the tetrahedral
in B. caldaelox arginase), andj-NH, donates hydrogen  boronate anions7( 38). The metal-bridging hydroxide ion
bonds to the hydroxyl side chain of Thr-246 (Thr-24@in may attack the trigonal planar boronic acid to yield the
caldavelox arginase) and a metal-bound solvent molecule tetrahedral boronate anion, thereby mimicking the nucleo-
(66). In the current study, thg-NH, group of the substrate  philic attack of metal-bridging hydroxide ion at the trigonal
analogue NOHA donates hydrogen bonds to Glu-277 and planar guanidinium group of the substrate in catalysis.
the side chain of His-141. In the arginaser-NOHA Both ABH and BEC bind with one boronate hydroxyl
complex, Thr-246 accepts a hydrogen bond fromaiiH, group symmetrically bridging the binuclear manganese
group of the inhibitor. Only the hydroxyl groups of NOHA  cluster and donating a hydrogen bond to Asp-128. A second
andnor-NOHA coordinate to MA", so a metal coordination  boronate hydroxyl group engages in a coordination interac-
interaction is unlikely for the substratearginine, which of tion with the open coordination site on i and also
course lacks a hydroxyl group. Sinkg values do notvary  donates a hydrogen bond to the backbone carbonyl of His-
significantly among His-141 variantdZ, 67), it is the main- 141. Upon binding the transition-state inhibitors, M¥n
chain carbonyl oxygen of His-141 that makes the more undergoes a change in coordination geometry from square
important interaction with an actual substrate. Therefore, we pyramidal in the native enzyme to distorted octahedral in
conclude that Glu-277, Thr-246, and the backbone carbonylthe enzyme-inhibitor complex. The coordination geometry
of His-141 are critical for substrate binding and alignment of Mn2'g remains distorted octahedral. The interactions
of the guanidinium group in the first step of the arginase observed in these arginase complexes yield important insight
mechanism. on the transition-state stabilization afforded by the arginase
Enzymological and structural data argue against a directactive site. The binuclear manganese cluster of arginase not
substrate guanidinremetal coordination interaction in the only activates metal-bridging hydroxide, but it also stabilizes
precatalytic Michaelis complex: the substrdfg, value the corresponding hydroxyl group in the tetrahedral inter-
(which reflects enzymesubstrate affinity) does not change mediate. Additionally, MA", stabilizes the transition state
significantly when the binuclear manganese cluster is by coordinating the lone electron pair that develops on the
perturbed by site-directed mutagenesi®){ nor does it terminal amino group of the tetrahedral intermediate. Nota-
change when Mtt, is dialyzed out of the active sitel2, bly, this interaction is specific for the transition state and



2698 Biochemistry, Vol. 40, No. 9, 2001 Cox et al.

a

) Glu 277
S N . .
H./F}\’ i OY,/\/
is 141

MH jNH'g

-0
Moy H

5

HN—n
Glu 277
SN
/——K/ - SE/\/

NN

Mg

H* transfer via
Asp-128

HN—{\
N Glu 277
ﬁNH? Y/

His 141

Asp 128
H* transfer via
His-141

HN-—‘|l Glu 277
MH:
His 141 + B
iy o
s

Mne, Mng

/
J oS

Asp 128

.

/ %
His 141 JrNHz - .g/‘v
S iy o
'O
:\nrﬁ'a ,H\"I-In""e

Asp 128

FIGURE 6: Structure-based arginase mechanism. (Left) Schematic representation of the arginase mechanism clarified by structural inferences
emanating from the current study;amino ando-carboxylate substrate groups are omitted for clarity. (Middle, right) Stereoview of the
arginase mechanism. Protein atoms are color-coded as followsgi@y, O= red, N= blue; ligand atoms are color-coded the same with

the exception: G= yellow; water molecules appear as red spheres. Manganese coordination interactions are designated by red dashed
lines, and hydrogen bonds by black dashed lines. (a) Binding of the subs@eg@ine to arginase; the substrate guanidium group does

not coordinate to the manganese ions. Model constructed manually and based on structures ofHnaattl@elox arginase-L-arginine

complex 66), rat liver arginase NOHA and arginasenor-NOHA complexes (this work), and analysis of native arginase struc88e (

(b) Nucleophilic attack of metal-bridging hydroxide at the substrate guanidinium group leads to formation of a tetrahedral intermediate.
Model constructed manually and based on arginase-ABH and arginase-BEC comigle3@s (c, d) Following a proton transfer to the

leaving amino group mediated by Asp-12&hich is consistent with binding conformations of tetrahedral transition-state analogues ABH

and BEC {, 38)—the collapse of the tetrahedral intermediate yields producisithine and urea. Model constructed manually and based

on analysis of native enzyme structuBs); (e) A water molecule enters to bridge the binucleaMcluster, causing the urea product to

move to a terminal coordination site on &m; product dissociation facilitates ionization of the metal-bridging water molecule to yield the
catalytically active hydroxide ion. Proton transfer from metal-bridging water to bulk-solvent is mediated by the side chain of His-141.
Possibly, the produat-ornithine could abstract a proton from metal-bridging water prior to product dissociation, but this would not account

for the catalytic importance of His-144%, 67—68). Model shows the structure of the arginaseornithine-urea complex (this work).
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tetrahedral intermediatenly. this interaction cannot be arginase
achieved by the substrate because the nitrogen lone electron NO synthase
pair is delocalized in the guanidinium system.

Product Binding.Upon proton transfer to the leaving Glu-186 Bk Mn'  Gly-365
amino group of ornithine mediated by Asp-128, the final Heme-CO; s
tetrahedral intermediate collapses to yield products AN o ke
ornithine and urea (Figure 6). As demonstrated in site- /HaN\‘/\/\N NHp =
directed mutagenesis and chemical labeling experimdats ( Glu-371 oL0 H.\ / L\
67), His-141 is a catalytically important residue and may -
play a role in catalysis as a proton shuttle. The side chain of \  auart Guer

A Asp-376 GIn-257 Tyr-367
His-141 may shuttle a proton from bulk solvent to the P " .

e-amino group of-ornithine before product dissociation in FIGUrRe 7: Scheme contrasting the molecular recognition of NOHA

- . L : . by arginase and NO synthase. Arginad#OHA interactions are
the hydrolysis reaction. This is consistent with the structure 054 in red: manganese coordination interactions are designated

of the H141C arginase-products complex, in which the py red dashed lines, and hydrogen bonds are indicated by red
e-NHs* group of L-ornithine is ~3 A from the former arrows. NO synthaseNOHA hydrogen bond interactions are
position of the His-141 side chain in the wild-type enzyme. designated by blue arrows.
Notably, His-141 may facilitate the ionization of a metal-
bridging water molecule by shuttling the dissociated proton Synthase. The molecular recognition of NOHA contrasts
to bulk solvent, thereby regenerating the nucleophilic metal- between arginase and NO syntha3@, 81, 44) (Figure 7).
bridging hydroxide ion. Such a role is analogous to the proton X-ray crystal structures of the NO synthaséOHA complex
shuttle role of His-64 in the zinc metalloenzyme carbonic (30, 31) reveal numerous hydrogen bond interactions.
anhydrase I1§9—71). In arginase, this important catalytic ~Specifically, Glu-371 (NO synthase Il sequence) accepts
step may be hindered by the His-144Cys mutation, which ~ hydrogen bonds from the side-chaiNH andz,-NH; groups
may account for the diminisheég,; measured for this variant.  0f NOHA, and the#-NH, group of NOHA donates a
The structure of the H141C arginaseornithine—urea  hydrogen bond to the backbone carbonyl of Trp-366. These
complex reveals that the hydrogen bond initially formed interactions position the hydroxyguanidinium moiety above
between thej;-NH, group of substrate-arginine and Glu-  the active-site heme group. However, NOHA does not
277 prior to catalysis is preserved upon product urea coordinate to the heme iron. The backbone NH group of Gly-
formation. However, collapse of the tetrahedral intermediate 365 donates a hydrogen bond to the NOHA hydroxyl group,
returns the nitrogen lone electron pair into the delocalized Which may contribute to the slight {8L0°) distortion from
m system of urea, thereby disrupting the amino2iin planarity. This contrasts with hydroxyguanidinium interac-
coordination interaction that stabilized the preceding tetra- tions in the arginaseNOHA complex, where the metal
hedral intermediate and its flanking transition states. How- coordination interaction by the hydroxyl group dominates
ever, the urea oxygen, which derives from the metal-bridging NOHA recognition (Figures 4 and 7). Although no deforma-
hydroxyl group of the preceding tetrahedral intermediate, tion of the NOHA hydroxyguanidinium group is apparent
moves to a terminal coordination site on Mg in orderto  in the arginaseNOHA complex, it is notable that two
facilitate the binding of a metal-bridging solvent molecule. hydroxyguanidinium structures retrieved from the CSD
Accordingly, the release of productsornithine and urea  €xhibit ~7—14° hydroxyl deformations12—-73).
can occurafter the binding of the water molecule that The a-amino andx-carboxylate moieties of NOHA make
regenerates the catalytic nucleophile, metal-bridging hydrox- numerous interactions in the active-site channel of NO
ide. Since the arginase reaction is characterized as a uni-bsynthase30—31), including hydrogen bonds with Tyr-367,
reaction with a rapid equilibrium-random mechanism, there Asp-376, GIn-257, Glu-371, and a heme carboxylate. This
is no preferential order of product release from the arginase contrasts with recognition of the NOH&-substituents by
L-ornithine—urea complex39). arginase, which engages in only a single hydrogen bond with
the a-amino group of NOHA (Figures 4 and 7).
ﬁ\lcl):,\Elgll_ELliI[()ZlENSG REMARKS AND METABOLIC The inhibition of arginase by NOHA, the key intermediate
in NO biosynthesis, reflects a potential metabolic relationship
The structural data presented in this paper interpreted inbetween NO synthase and arginase. The concentration of
light of previous enzymological and structural data are NOHA in human plasma is aboutM (74) and rises to 37
consistent with a metal-activated hydroxide mechanism for «M in lipopolysaccharide-treated rats due to elevated levels
catalysis by arginase. The structure-based mechanism if inducible NO synthase2f). These NOHA concentrations
summarized in Figure 6. The electrophilic carbon of the are sufficient to cause appreciable arginase inhibitish-(
substrate is oriented in-line with the metal-bridging hydroxide 25, 74): for example, 10Q«M NOHA in endothelial cells
ion by hydrogen bonds with Glu-277, Thr-246, and the causes a 2-fold reduction in urea productid@¥)( The
backbone carbonyl of His-141. The tetrahedral intermediate effective concentration of NOHA required for arginase
and its flanking transition states are stabilized by bridging inhibition is probably lower than 100M due to the relatively
and terminal metal coordination interactions with the bi- short half-life of NOHA (24 h) 24) and the fact that NOHA
nuclear manganese cluster. Product release is facilitated byis a substrate for other enzymes in addition to NO synthase,
the binding of water to the metal cluster to regenerate the including peroxidases, cytochromes P-450, hemoglobin, and
nucleophilic metal-bridging hydroxide ion. catalase{5—76). Therefore, the observed arginase inhibition
Additionally, the arginaseNOHA complex provides the  is consistent with th&; for NOHA of 10—42 uM (9, 23).
first structural mechanistic link between arginase and NO Since arginase can regulate NO synthase by depleting the
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substrate pool of-arginine available for NO biosynthesis,

as discussed in the preceding paper in this issue by Kim and

colleagues38), the reciprocal relationship between these two

enzymes is manifest not only at the level of transcriptional

regulation 8, 12—16, 77—78) but also at the level of catalytic
activity. Another facet of this reciprocal catalytic relationship
is now evident in the contrasting molecular recognition of
NOHA by arginase and NO synthase.
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