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L-Arginine Binding to Liver Arginase Requires Proton Transfer to Gateway Residue
His141 and Coordination of the Guanidinium Group to the Dimanganese(ll,Il)
Centef
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Receied Naember 25, 1997; Résed Manuscript Receéd March 16, 1998

ABSTRACT. Rat liver arginase contains a dimanganese(ll,ll) center per subunit that is required for catalytic
hydrolysis ofL-arginine to form urea andornithine. A recent crystallographic study has shown that the
Mn; center consists of two coordinatively inequivalent manganese(ll) iong,avid Mrg, bridged by a

water (hydroxide) molecule and two aspartate residues [Kanyo et al. (NE6)e 383 554-557]. A
conserved residue, His141, is located near the proposed substrate binding region at 4.2 A from the bridging
solvent molecule. The present EPR studies reveal that there is no essential alteration of gite Mn
upon mutation of His141 to an Asn residue, which lacks a potential acid/base residue, while the catalytic
activity of the mutant enzyme is 10 times lowes wild-type enzyme. The binding affinity af-lysine,
L-arginine (substrate), ard’-OH-L-arginine (type 2 binders) increases inversely with tKe @f the side

chain. Binding ofL-lysine is more than 10 times weaker, and the substrate Michaelis conistgris (
>6-fold greater (weaker binding) in the His141Asn mutant than in wild-type arginadeysine and
Ne-OH-L-arginine, type 2 binders, induce extensive loss of the EPR intensity, suggesting direct coordination
to the Mn, center. From these data and the pH dependence of type 2 binders, we conclude that His141
functions as the base for deprotonation of the side-chain amino groupysfne and the substrate
guanidinium group, -NH-C(NbJ,* and that the unprotonated side chain of these amino acids is responsible
for binding to the active site. A different class of inhibitors (type 1), includisigoleucine-ornithine,
andL-citrulline, suppresses enzymatic activity, producing only minor change in the zero-field splitting of
the My EPR signal and no change in the EPR intensity, suggestive of minimal conformational
transformation. We propose that typexdamino acid inhibitors do not bind directly to either Mn ion,

but interact with the recognition site on arginase for thaminocarboxylate groups of the substrate. A
new mechanism for the arginase-catalyzed hydrolysisasfjinine is proposed which has general relevance

to all binuclear hydrolases: (1) Deprotonation of substradeginine(H") by His141 permits entry of the
neutral guanidinium group into the buried Mregion. Binding of the substrate imino group@=NH),

most likely to Mrg, is coupled to breaking of the Mn-(«-H-0) bond, forming a terminal aquo ligand on
Mna. (2) Proton transfer from the terminal Mraqua ligand to the substrai®-guanidino atom forms

the nucleophilic hydroxide on Mnand the cationic RH,™-guanidino leaving group. Protonation of the
substrate -RH,™-group is likely assisted by hydrogen bonding to the juxtaposed anionic carboxylate group
of Glu277. (3) Attack of the Ma-bound hydroxide at the electrophilic guanidino C-atom forms a
tetrahedral intermediate. (4) Formation of products is initiated by cleavage of ti¢’8," bond, yielding

urea and.-ornithine(H").

L-Arginine is utilized in living cells for the biosynthesis a primary intermediate of the urea cycle, which allows many
of proteins. It is a precursor to the polyamines, used as organisms to metabolize nitrogen-containing compounds with
growth factors, and a precursor to nitric oxide (NO), used excretion of urea. The concentrationiefirginine in tissues
for intracellular communicationl-3). L-Arginine is also is regulated by arginase, making this enzyme extremely
important for a variety of biochemical reactions and bio-
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Scheme 1: Schematic View of Coordination of Mn lons in

the Active Center of Rat Liver Arginase Based on the 2.1 A
Resolution X-ray Structure of the Resting Enzyhe
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aThe cluster includes M{ll) and Mng(ll) ions coordinated to
His101 and His126 residues, respectively. Arg21 and Aspl81 were
proposed to bind the charged carboxyl asdmino group of -arginine,
respectively. Glu277, located 4.5 A away from the Msenter, was
proposed to make a salt link to the positively charged guanidinium
group of substrate-arginine, while His141 was proposed to serve as
a proton shuttle in catalysig).  The distances between atoms (A):
2.24 (1), 2.29 (2), 2.36 (3), 2.81 (4), 2.02 (5), 2.12 (6), 2.41 (7), 2.45
(8), 2.10 (9), 2.30 (10), 2.08 (11), 2.05 (12).

for catalyzing the hydrolysis af-arginine (eq 1):

H NH, NH, NH

“gp 3 H B B3 nn ., IN\/
/ N + H,0 / 37 @
00c/</\, —<NH; o= A~/ I
L-arginine L-ornithine Urea

A recent study of the inhibition of liver arginase by
differentN“-hydroxyaminoe:-amino acids suggests that three
regions of the protein are critical ferarginine hydrolysis
(9). The “hydrolysis site” includes the binuclear MH)
center. The charged.“a-amino acid site” is responsible
for “anchoring” of the charged carboxyl group and the
a-amino group of the-arginine molecule. The “hydropho-
bic site” provides a proper orientation of thearginine side
chain, placing the guanidinium group in close proximity to
the Mn site.

A recent 2.1 A resolution X-ray diffraction map of the
uninhibited form of rat liver arginas&), as given in Scheme
1, reveals that the Mrcluster is located about 15 A from
the surface of the protein. The cluster includes.iin and
Mng(ll) ions coordinated to His101 and His126 residues,
respectively. The Mgion is five-coordinate and thus could
be imagined either to function in substrate binding or to
activate a bound water molecule by ionization to the
hydroxide anion. An t-o-amino acid recognition site”

Khangulov et al.

Scheme 2: Proposed Mechanism feArginine Hydrolysis
by Arginase Based on Crystallographic Study of the Free
Enzyme 7)
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(anchoring site) was proposed to include two polar residues,
Arg21 and Aspl181, which may bind the charged carboxyl
anda-amino group ot-arginine, respectively. The position
of substrata -arginine was not established crystallographi-
cally, but was modeled using the free enzyme coordinates.
Glu277, located 4.5 A away from the Mrcenter, was
proposed to make a salt link to the positively charged
substrate guanidinium group, thereby orienting the guani-
dinium carbon into a position favorable for nucleophilic
attack by the bridging hydroxide. Direct coordination of the
o-carboxylate group of the produgctornithine to the Arg21
residue was recently demonstratdd)(

The main features of the mechanism proposed on the basis
of the X-ray structure are given in Scheme 2. They are (1)
The charged guanidinium(bl group ofL-arginine binds to
the carboxylate anion side chain of Glu277, andtkexquo
ligand is ionized ta:-hydroxide upon substrate binding. (2)
The u-hydroxide attacks the guanidino carbon to form a
triply-bridging us-oxo adduct, following proton transfer from
uz-hydroxide to substrate NH via Asp128. (3) The next
step is an additional proton transfer to forrornithine(H")
and urea followed by product release and regeneration of
the native state.

A thermodynamically plausible feature of this mechanism
is the use of the second metal site for further lowering the
pKa for proton ionization from 10.6 to as low &s. 7.2 for
a bridging water moleculeld). This role has been suggested
for a number of dimetallo-hydrolase$l( 12). There are
also three unexpected features of this mechanism: no direct
role for either Mn(ll) ion in substrate binding is invoked;
no role for His141, located 4.2 A from the metal-bridging
solvent molecule, was proposed (it was assumed to function
only as a transient proton shuttle); the propagéd/droxide
bridge is invoked as the nucleophile which attacks the
guanidino carbon to form a trivalepi-oxo bridge, even
though hydroxides that bridge between two electropositive
metal centers are predicted to be ineffective nucleophiles due
to stabilization by the metal ion4.).

Wild-type arginase also catalyzes the disproportionation
of hydrogen peroxide, although at a rate 10° slower than
Mn catalases 14). The presence of an intact Mil,lIl)
center is essential for botharginine hydrolysis and D,
decomposition. Both the His101Asn and His126Asn mu-
tants, which are ligands to Mn, have decreased Mn content
of about 3 Mn/trimer and exhibit neither catalase nor
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hydrolytic activity (L4, 15). Mutation of His141 to Asn

produces no change in the Mn content or the catalase activity,

but decreases the hydrolytic activity by 10-fold. Wild type
Herein, we have employed variable-temperature EPR  arginase

measurements to test how the mutation His141Asn influences

the coordination-sensitive zero-field splittin@)(and the

intermanganese electron spin exchange interaciijoof the

Mn; center, and to evaluate the nature of the interaction with

a variety ofL.-amino acid inhibitors. EPR reveals a flexible

Mn; site that undergoes cleavage of the solvent bridge during

the catalytic process that was not apparent from the X-ray  His141Asn b

structure.

bl
MATERIALS AND METHODS LV\/J\/\/\//
Rat Liver Arginase. The replacement of the conserved
histidine residues His 101, His126, and His141 by Asn was /
performed as described by Cavalli et al. (1994). Purification ¢ M
of repombinant rat I_iver arginas_e was performed as described 1i5126Asn
previously (L5). Wild-type arginase and mutant enzymes
were stored as crystalline precipitates in 80% saturated
ammonium sulfate at 4C. To prepare EPR samples, an
excess of ammonium sulfate was removed by centrifugation
in Centricon-10 concentrators against 25 mM Hep€®H d
buffer, pH 7.5; otherwise, the pH values are indicated in the
text or in the corresponding figure legends. The EPR d
samples contain about 1 of concentrated enzyme .
solution (3-6 mg/mL). o Hisl01Asn

EPR SpectroscopyX-band EPR spectra were obtained
at 9.46 GHz on a Bruker ESP-300 spectrometer as previously
described 16). | T | | |

Temperature Dependencies of the EPR Signal$ie 1000 3000 5000
methods used for estimation of the MMn separation,
r(Mn—Mn), and the intermanganese exchange interaction FIGURE 1. Low-temperature EPR spectra of wild-type arginase (a),
(—2JSS) in Mn, enzymes are essentially identical to our His141Asn mutant (b), His126Asn mutant (c arf)d and His101Asn

. K Th | d . | d mutant (d and J. Spectra were recorded at 14.0, 15.6, 16.0, and
previous work 17). The general procedure involves decon- 174k respectively, and microwave power 1.61 mW. Inserts a

volution by multicomponent analysis, using eq 2, of the field- b, ¢, and d are expansions of the spectra. Each sample contains
and temperature-dependent MEPR signal, Ma(H,T), into about 100uL of enzyme solution (2836 mg/mL) in 50 mM
temperature-independent excited triplet and quintet stateHEPES, pH 7.0. The samples were prepared by washing against

spectrags-1(H)! andes—»(H), as a function of temperature: tcr?ne]frtczg iﬁgg)and contained 6 Mn/trimer (a and b) and 3.6 Mn/

[G]

Mn,(H,T) = [175(Tes,(H) + 7(Nes,(H)] TP 2 (2) correspondence between the peaks and turning points of the
experimental derivative spectrum and the theoretical spec-

whereH andP are the external magnetic field and microwave frum predicted using the Baranowski diagram; (vs
power, respectively. The coefficieng(T) andz(T) contain resonance field diagram) as we described in detail in Figure
all of the temperature dependence and were fit to Boltzmann 7 of ref (17). According to this diagram, there are six EPR
population coefficientsn(T) andny(T), for the singlet and resonances that are predicted, including their line shape. Once
quintet states, respectively. The Boltzmann coefficients were this is done, the most accurate determinatioibgican be
calculated using an energy diagram for two Mn(ll) ions, made from the position of the highest field peak, since this

coupled by Heisenberg spirexchange interactiond = transition exhibits the strongest magnetic field dependence
—2)($Ss) with S« = S = 5,. The line shape of the and does not overlap with other transitions. The-Nn
spectrumg, depends on the zero-field spitting valuRs;. separation was estimated using a linear correlation diagram

For the quintet state, thes—, value was estimated from the ~ for Ds=2 vs (Mn—Mn), derived from five Ma(Il,11) model
position of the highest field resonance peak of each spectrumcomplexes 17).
(Hry), based on the linear dependenc®ef, versus H (18). RESULTS

The value ofD, was determined by obtaining the best
Wild-type arginase and the His141Asn mutant contain

1 Abbreviations: Mn(His141Asn) and Mgwt), Mn(ll)-binuclear exclusively a binuclear type, M(l) center (Figure 1).

centers and EPR signals in His141Asn mutant enzyme and wild-type Characteristic EPR parameters of these signals are given in
arginase, respectivelgs—; andDs-;, EPR signal and zero-field splitting Table 1

values of paramagnetic species with spin state 1, 2, ..., 5, ) . .

respectivelyHy, magnetic field corresponding to the highest field peak ~ EPR spectra of the His126Asn and His101Asn mutants,

of the quintet EPR signal. containing predominantly mononuclear M) centers, are
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Table 1: EPR Properties of the Mil,Il) EPR Signals of
Wild-Type Arginase and the His141Asn Mutant

enzyme a
property wild-type His141Asn \/\/A/J\/ ff/”“
|D2J? (cmY) 0.055, 0.067, 0.104 0.05, 0.066, 0.104 /
r(Mn—Mn)® (A) 3.6,3.5,3.4 3.6,3.5 3.4

X (cmY) —2.0+05 —25+05

azero-field splitting of quintet spin staté Mn—Mn separation.
¢ Exchange integralH = —2J(S,S), estimated based on non-Curie

Iy
temperature dependencies of the Alinll) EPR signals. \
b,

also included in Figure 1 for comparison (spectra ¢ and d, \/\/\/ﬂ”

respectively). A detailed characterization of the EPR proper-
ties of these mutants will be discussed in another publication

(29).
No Alteration of the Mg Site Occurs upon Mutation of c \/\\/\/
His141 to an Asn ResidueThe EPR signal of the wild-

type arginase, Magwt) (Figure 1, a), has been reported and
analyzed previouslyg 17).
The EPR spectrum of the His141Asn mutant signalMn | . | | | L
(H_|sl41Asn), is very similar to t_h(_—) wild-type arginase signal 1000 3000 5000
(Figure 1, a and b). The defining features of these, Mn

signals i”C',U‘?'e extensivéMn hyperfine structure with FIGURE 2: Spectrum a is the MNEPR signal of the His141Asn
average splitting (4247 G) equal to half the value observed mutant. This temperature-dependent signal is a superposition of two
for monomeric manganese, a large spectral breadth extendingemperature-independent spectg(spectrum c) and, (spectrum

over 6000 G due to zero-field splitting, and a non-Curie b), attributed to the excited triplet stat8 £ 1) and the quintet
temperature dependence of the EPR intensity. We showedate 6= 2), respectively (see text). EPR conditions for spectrum

. - . . . a: T=21K; P= 2.5 mW; enzyme concentration 36 mg/mL.
previously that wild-type arginase contains a pair of Mn(ll)

ions spin-coupled by a weak, antiferromagnetic exchange 06 1

interaction,J ~ —2.0 cnT®. The center has a diamagnetic

singlet ground stateS(= 0) and EPR-detectable triplet and o 05 1

quintet spin statess = 1 andS = 2. Similar to the wild-

type arginase, the temperature-dependeni(Mis141Asn) 0.4

EPR signal, detected under nonsaturated conditions, is a |

superposition of two temperature-independent speetra, 03

(H) and es—(H), attributed to triplet and quintet states,

respectively, and shown in Figure 2, ¢ and b. 0.2 1
The contribution of the triplet and quintet state signals to

the observed signal at any temperature, Figure 2, a, is 0.17

expressed entirely by coefficientg(T) (open trianglesa) [

andy(T) (closed circles®) which fit well to the predicted O T e 0 3 40 so

Boltzmann populationss-1(T) andns—»(T) calculated for a

Mny(11,I) pair using a simple Heisenberg spin exchange _ . -
interaction withd = —2.5 et (Figure 3). Ficure 3: Temperature dependencies of the population coefficients
. . 71 (») andy, (@) assigned to the contributions from thg, (triplet)
The temperature dependencies of the quintet state EPRandes_,(H) (quintet) EPR signals for MiHis141Asn) (see eq 2).
signal in wild-type arginase and the His141Asn mutant are Open circles©) are the temperature dependence of the(M)
indistinguishable, as shown in Figure 3, indicating that the EPR signal of wild-type arginase; the amplitude of the signal was

substitution of the His141 residue for Asn does not produce Nomalized to fit the quintet starg(T) curve. Solid lines are the
predicted Boltzmann populations of the excited triplet and quintet

a substantial change of thevalue. ~ states calculated for a pair of antiferromagnetically coupled Mn(l)
We have previously demonstrated that all of the major ions § = —2.0 cnt?).

ZFS peaks are predicted by the standard magnetic dipole

transition probability expression|[BM|uxHix| SM'OP (17). peaks and, therefore, the MiMn distances are indistin-
The positions of the resonance peaks allow an accurateguishable from those found for wild-type arginase (compare
estimation of the axial ZFS parameteg-,, which in turn Figure 1, spectra’and b).

yields an estimated MaMn distance (Materials and Meth- Effect of Inhibitors and-Arginine. Two different spectral
ods). For the His141Asn mutant, two distances of 3.61 and effects can be observed on the )mt) signal upon addition
3.55 A are indicated by the resolution of the high-field of various inhibitors of arginase activityl4).

transition into two components at field positions 5000 and  (A) Type 1 Inhibitors. L-Ornithine,L-citrulline, L-isoleu-
5440 G (see arrows inserted in Figure 2, b). A weak third cine, borate [B(OHj], and hydroxylamine (NkOH) induce
ZFS peak may be resolved at 6000 G, corresponding to athe same minor transformation of the line shape of the
Mn—Mn distance of 3.4 A. The positions of all the major Mn,(wt) EPR signal, without appreciable change in intensity.

Temperature (K)
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Ficure 4: Effect of different inhibitors on the Miwt) EPR
signal: control (a); in the presence of 4.0 mMbrnithine (b); 1.2
mM L-citrulline (c); 3.0 mML-lysine (d). In traces e and f, the
Mn; signal from d that is suppressed by 3.0 mNysine is restored
by 1.8 mM isoleucine (e) and 2.2 mM borate (f). EPR conditions:
T = 22 K; P = 3.2 mW; enzyme concentration 3.7 mg/mL.

This indicates that neither the zero-field splitting nor the
inter-manganese exchange coupling is appreciably affected

(B) Type 2 Inhibitors. By contrast, addition of-lysine

Biochemistry, Vol. 37, No. 23, 1998543
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Ficure 5: EPR spectra of wild-type arginase (top) and His141Asn
mutant (bottom) in the absence (solid) and the presence (dotted)
of 3.0 mMv-lysine. EPR conditionsT = 21 K andP = 3.2 mW;
enzyme concentrations for top and bottom spectra are 3.7 and 1.8
mg/mL, respectively.

Table 2: Reversible Suppression of the MEPR Signals of the
Wild-Type Arginase and Mutant Enzymes byLysine

Mn; EPR signal
sample (relative amplitude)
(1) wild type + 3.0 mML-lysine <0.1
(I) + 1.8 mMLt-isoleucine 0.76
() +2.2 mM B(OH)} 0.83
(1) His141Asn+ 3.0 mML-lysine 1.0
(Il His141Asn+ 8.9 mML-lysine 0.97

change in the intensities and resolution of the high-field

peaks. Each of the signals exhibits non-Curie temperature
dependence of the intensities that fits to a Heisenberg

or N*-OH-L-arginine induces “disappearance” of the EPR exchange ladde§ = 0, 1, ..., 5 for a binuclear Ml lI)

signal. The disappearance is not related to redox transforma

site with small negativel values,|J| < 3.0 cnt?! (Figure

tion of the Mn center, since no optical absorption for Mn(lll) g4 panel A, in Supporting Information).

or Mn(1V) could be observed, but rather is due to broadening

of the Mn(ll) EPR signals. This effect is reversible upon
removal of the inhibitor by dialysis.

(a) Inhibition by L-Ornithine, L-Lysine, and.-Citrulline.
L-Ornithine and.-lysine are competitive inhibitors of rat liver
arginase withK; values of 0.4-1.0 mM (20, 21). Addition
of a saturating amount efornithine (4.0 mM) to a solution

By contrasty -lysine, which has one additional methylene
group in its side chain compared teornithine, acts very
differently. This inhibitor causes partial disappearance of
the Mny(wt) EPR signal at a concentration that inhibits
catalytic activity (3.0 mM) (Figure 4, d). The sample was
analyzed over a wide range of temperatures from 7 to 150
K, and no new Mg ground or excited state EPR signals,

of the wild-type arginase changes the line shape but not thenor free Mn(l1), were detected. The effect is reversible upon

intensity of the Ma(wt) signal, replacing it with a similar,
binuclear Mn-type EPR signal shown in Figure 4, b.
The same effect is observed with 1.2 mivcitrulline
(Figure 4, c). Although th&;-value forL-citrulline is not
available, our EPR data indicate thatiigis about 1.0 mM.
Both the L-citrulline- and L-ornithine-induced Mp EPR

dialysis to remove -lysine.

The same concentration oflysine (3.0 mM) that elimi-
nates the binuclear MrEPR signal in wild-type arginase
has almost no effect on the Milis141Asn) mutant EPR
signal (Figure 5 and Table 2). A 50% decrease of the-Mn
(His141Asn) EPR signal could be observed only at much

signals (Figure 4, b and c) exhibit more extensively resolved higher concentration of-lysine (59 mM, not shown),

5SMn hyperfine splittings (4645 G), loss of one or the other

suggesting that the affinity is reduced by at least 20-fold

of two low-field transitions (between 100 and 1500 G), and compared to wild-type arginase.
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(b) Restoration of the-Lysine-Suppressed Mwt) EPR
Signal byL-Isoleucine and Borate Both L-isoleucine and
borate are noncompetitive inhibitors of arginase with enzyme
inhibitor dissociation constants of 0.4 mi2) and 1.0 mM
(22), respectively. Both inhibitors restore the spin-coupled
Mn, EPR signal in the-lysine-treated sample (Figure 4, e
and f). Addition of 1.8 mML-isoleucine or 2.2 mM borate
to a sample of wild-type arginase, whose MEPR signal
was suppressed by 90% upon addition of 3.0 miysine,
restores about 80% of the MEPR signal intensity (Table
2 and Figure 4). The line shape of these restored $ifmals
is similar in shape to original untreated wt sample, except
that the ZFS is slightly different.

(c) Interaction with Substrate-Arginine and N-OH-L-
Arginine. We were not able to trap intermediates formed
upon reaction of wild-type arginase witkarginine, because
the hydrolytic reaction is relatively fast on the time scale of
sample mixing k.ot = 250 s%, pH 9, 5)]. In contrast to
L-arginine,N°-OH-L-arginine is hydrolyzed by the wild-type
arginase very slowly. It was shown to be a high-affinity,
competitive inhibitor with &; of 42 uM (23). Analogous
to L-lysine, N®-OH-L-arginine reversibly eliminates the
binuclear Mp(wt) EPR signal. 1.0 mM\®-OH-L-arginine
completely eliminates the signal, leaving only a minor
residual mononuclear Mn(ll) EPR signal (Figure S2, Sup-
porting Information). The dissociation constalig, of N*-
OH-L-arginine with wild-type arginase was estimated to be
about less than 5@M based on the concentration dependence
of the Mry(wt) signal. At least 30% of the intensity of the
binuclear Mn(wt) signal that was suppressed by 1.0 mM
N@-OH-L-arginine could be restored after 12 h dialysis of
the enzyme against 25 mM Hepes buffer, pH 7.5 (Figure

Khangulov et al.

Table 3: Comparison of Substrate Bindirj and Inhibitor
Binding, Kq, to Wild-Type and Mutant Arginases

addition wild type His141Asn
L-arginine ~1.5 mM? >40 mMP
N®-OH-L-arginine <50uM <20uM
L-lysine <2 mMmP >40 m\P

2K, for L-arginine hydrolysis (pH 9.0) from refl@). ®ICs, is the
concentration that induces 50% suppression of the BR signal at
pH 7.5.

0.4+
n(S=2)

0= T T T T 1
30 40 50

Temperature (K)

FiGure 6: Temperature dependencies of the NEPR signals of
wild-type arginase at pH 9.2)) and pH 6.3 @). Solid (—) and
dashed (---) curves are the theoretically predicted Boltzmann
populations of the quintet statey(T), for a pair of spinsSy = S

= 5/,, coupled by an isotropic Heisenberg interactie?0$ S with

J values of—1.5 and—2.0 cnm?, respectively.

munication). TheK; value forL-lysine drops from &7 to
about 1 mM for wild-type arginase and from 28 to 1 mM

S2, Supporting Information). Borate addition also acceleratesfor the His141Asn mutant. Th&, value for L-arginine

the recovery of the binuclear Mfwt) EPR signal.

No effect ofL-arginine on the Mg(His141Asn) EPR signal
has been found at concentrations lower than 5 mM. A 2-fold
decrease in the binuclear MBPR signal (with the exception

drops from 2.3 to about 1.4 mM for wild-type arginase and
from 40 to 19 mM for the His141Asn mutant. The observed
pH dependencies fdf,, andK; are consistent with a model

for L-arginine hydrolysis that involves deprotonation of the

of the central peak at 2700 G) was observed in the presencesypstrate guanidinium group. A wider pH range needs to

of a high concentration (70 mM) afarginine (Figure S3,
Supporting Information). Addition of-arginine does not

be examined for the mutant in order to obtain the enzymatic
pKa value for substrate turnover for comparison with the

change the oxidation state of Mn in arginase. The samplesknown K, for wild-type arginase.

do not change color, nor were oxidized paramagnetig-Mn
(IL1n or Mn (Il1L,1V) species detected by EPR spectroscopy.

A 2—3-fold loss of signal intensity of the M(His141Asn)
signal was observed in the presence of /88 N?-OH-L-
arginine, as shown in Figure S4 (Supporting Information).
A central six-line component at 3300 G due to a minor
mononuclear Mn impurity is not affected. The dissociation
constant for loss of the EPR signal was estimated to-hE86
uM. Therefore, substitution of His141 by Asn preserves the
high affinity that the enzyme has fol*-OH-L-arginine (weak
base), in contrast to the considerably reduced affinity for
L-lysine andL-arginine (stronger bases). A comparison of
the substrateK, for L-arginine and inhibitor dissociation
constants (I6) for N®-OH-L-arginine is given in Table 3
for both wild-type and His141Asn mutant proteins.

(d) pH Dependence of Arginase Adty. A study of the
rate of substrate hydrolysis was performed over a limited

(e) pH Dependence of the Binuclear MEPR of WT
Arginase. We expected that an increase in pH in the range
which activates arginase hydrolytic activity might result in
the ionization of the water bridge to hydroxide ion and,
therefore, would affect the EPR signals. We found, however,
that an increase of pH from 6.3 to 9.2 does not produce any
appreciable transformation of the line shape nor the tem-
perature dependence of the MEPR signals (Figures 6 and
7). We conclude that although the increase of pH from 6.3
to 9.2 activates arginaselp= 7.5), the solvent bridge does
not undergo ionization in this pH region. Hence, a different
endogenous base than tirsolvent must be responsible for
the alkaline activation of enzymatic activity Our data support
the assignment of His141 as this base.

DISCUSSION

pH range (Table 5). The data show that increasing the pH Discrimination betweem-Hydroxo andu-H,O Bridging

from 7.5 to 9.0 leads to a decrease of bothKhevalue for
L-arginine hydrolysis and thk; value for inhibition of the
reaction byL-lysine (Colleluori and Ash, personal com-

Ligands. Variable-temperature (460 K) EPR measure-
ments of wild-type arginase and the His141Asn mutant reveal
antiferromagnetic coupling between Mn(ll) ions with small
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Mn—O bond lengths to the bridging solvent molecule were
found to be symmetrical at 2.4 A7\ This distance is
exceptionally long for a hydroxide bridge [2.05 A for
Mn,(OH)(OACc)(L4)2](26) and hence is best modelled as an
unusually long water bridge. The proposed ionization of
u-water to form au-hydroxide bridge in this crystalline form
of arginase was suggested primarily on the basis of a
a predicted lower K of 7.2 vs Mrf*,, which was estimated
for the bridging water molecule in an aquo dimer, [Mn
(H20)—Mn]**t.q where the Mr-O bond lengths are un-
known, but presumed to be shorter than the long distances
seen in arginaself).

A recent Mn EXAFS study of wild-type arginase revealed
b that there was no evidence for detectable Mn...Mn EXAFS
scattering, which was interpreted as evidence for the absence
of a strongly bound bridging ligand €O or OH") and in
favor of a bridging water molecule8Q). Taken together,
the low |J| value detected in our EPR experiments, the
) . | . ) ) absence of the strong Mn..Mn scattering in EXAFS, and the

1000 3000 5000 (G unusually long MAR-O bond lengths deduced by X-ray
FIGURE 7: Spectra a and b are the binuclear MEPR signals of diffraction indicate that the bridging solvent molecule in
wild-type arginase at pH 7.0 and pH 9.0, respectiv@lys 17 K; arginase is water, not hydroxide.
microwave power of 4.1 mW; enzyme concentrations about 26 mg/

The His141Asn Mutation Lowers the Affinity fot.ysine
and L-Arginine. His141 is not coordinated to either of the
Mn ions. It is located in the putative substrate binding
channel, between the proposed docking site forotkaami-
nocarboxylate group at the surface of the protein and 4.5 A
away from Mn,. Replacement of this residue by Asn was
shown to retain a composition of 6 Mn/trimer and to increase
by at least 6-fold th&,, value for arginine hydrolysislg).

mL.

J values of—2.0 and—2.5 cnt?, respectively. Relatively
small J values, |J] < 3 cnt!, were found also for the
complexes of wild-type arginase withrornithine andL-
citrulline, respectively. The accuracy of the fits of the
populations used to obtain thkvalues (20%) precludes
values larger than 3 cm. For comparison, the temperature
behavior of a hypothetical M(il,1) complex with aJ value

of =5 cnrt versus—2 cnr! is shown in Figure S1, panel The present EPR study shows that this mutant also retains
B. an essentially unaltered MIEPR signal. Neither the line
For u-OH- andu-H,O-containing Ma(ll,Il) model com- shape (ZFS), the resolvéMn hyperfine structure, the spin

ylate ligands, the strength of the exchange interaction differs appreciably from that observed in the wild-type
depends on the state of protonation of the bridging oxygen €nzyme. Therefore, we conclude that the;Menter of the
atom in the order OH > H,0 (24—27). The correlation H|sl41A_sn mutant is likely unpe_rturbed compared to that
betweend and the type of bridging ligand is based on the ©f the wild-type enzyme, shown in Scheme 1.

magnetic properties of the following Mtl,Il) compounds The Mr, center of wild type arginase is essential for the
with known X-ray structures: MiH20)(Im)s(OAC),, catalase activity (hydrogen peroxide disproportionatidd).(
Mn,(H20)3(FsC,COON(L1Y),, Mno(H20)(L?)4(Mesbipy)z, and The relatively distant location of His141 from the closest
Mn,(H,0)(OAck(L3), with J = —1.29,—1.65,—2.73, and Mn ion (=4.2 A) may account for the recent observation
—2.95 cn1?, respectively 24, 25, 28) (here, Im is imidazole,  that the His141Asn mutation does not affect the catalase rate
OAc is acetate, Lis 2-ethyl-4,4,5,5-tetramethyl-3-0x0-4,5-  (31). Because both the wild-type enzyme and the His141Asn
dihydro-1H-imidazolyl-1-oxyl, bipy is bipyridine, B is mutant exhibit the same catalase activity, and EPR properties
pivalate, and B is N,N,N',N'-tetramethylethylenediamine). of the Mny(ll) centers, we concluded that the conserved
For the u-OH-containing Ma(ll,11) compound Mny,(OH)- His141 residue plays no essential role in the catalase activity
(OAC)(LH," (L* = N,N',N"-trimethyl-1,4,7-triazacyclononane), of arginase. This is somewhat surprising considering the
the J value is—9 cm? (26). Three other examples with  essential need for proton transfer steps during dispropor-
(u-acetato), plusu-phenoxyl oru-alkoxyl bridges in place  tionation of hydrogen peroxide. Presumably, the rate-

of u-OH fall in the range] = —3.8 to —5.5 (17). In the limiting step in the catalase activity of arginase does not
only example of a Mg(ll,11) complex with a singlex-OH involve transfer of a proton to His141. By contrast, the 10-
bridge and no other bridging atoms, thevalue is—2.65 fold reduction in the rate constank.) of L-arginine

(29). If structures are considered with other thascar- hydrolysis by the His141Asn mutant is consistent with

boxylate bridges, then there is more overlap in the range of His141 functioning as a general base required for catalysis,
J values. From this comparison, we see that the small for example, for deprotonation of the substrate water
negativel coupling of|J| < 3 cnr? for wild-type and mutant ~ molecule in eq 1, as suggested by Cavalli et al. (1994). At
arginases is most consistent witlyd,0 rather than-OH the same time, the substantially decreased affinity for
bridge. L-arginine by the His141Asn mutant (Table 3) fully accounts

This conclusion is further supported by the 2.1 A resolution for the increasedy, value for hydrolysis of the mutants
X-ray structure of the resting state of arginase, where the wild-type enzyme 15).
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EPR Spectroscopy Reals Two Different Types of Inhibi-
tors. Two different effects on the MrEPR signal have been
observed upon addition of inhibitors to wild-type arginase.

Type 1 inhibitors: L-ornithine, L-citrulline, L-isoleucine,
boric acid [B(OH}], and hydroxylamine (NEOH) induce
only minor transformation of the line shape of the Jat)
EPR signal without loss of signal amplitude, suggesting no
strong interaction with the Mncenter. We propose that
these.-a-amino acids may bind to ana-aminocarboxylate
recognition site on the surface of the protein where inhibition
of substrate binding occurs. Borate and hydroxylamine differ
structurally from these inhibitors and are presumed to bind
to different sites which likewise do not alter the EPR
properties. A recer3 A resolution X-ray crystallographic
study of the inhibition complex between arginase and “boric
acidplusL-ornithine” reveals that one of the O atoms of the
presumed tetrahedral borate anion coordinates theckfhter,
probably displacing the bridging aquo ligand between the
two Mn ions (@0). Although an idealized tetrahedral
structure for au-borate anion was assumed in refining the
X-ray model, this could not be distinguished from an
asymmetrical Lewis acid complex between:#H~ and
boric acid, obtained by ionization of a proton from thél,0
by classical Lewis acid/base chemistry. The resultisdO-
B(OH);~ anion is electronically analogous to water rather

Khangulov et al.

induces an increase of the ZFS value of thesMm, which
could also result, if it were to occur in the case of the wild
type arginase, in an increase of the ZFS value of the binuclear
Mny(I111) center 32). A manuscript describing EPR proper-
ties of both the His101Asn and His126Asn mutant enzymes,
both containing only one manganese ion, will be published
separately X9).

A second possible mechanism for loss of the,NEPR
signal intensity involves uncoupling of the Mn electron spins
(J = 0) upon complex formation with type 2 inhibitors.
Because the distance between the two Mn(ll) ions is
relatively small €4 A), only the magnetic dipotedipole
interaction remains following loss of the exchange interac-
tion. The dipolar interaction causes broadening of the EPR
signal of the individual Mn(ll) ions that is much greater than
occurs for the case #is larger than the dipolar interaction.
The magnetic interaction increases in magnitude upon loss
of the electron spin exchange interaction because the value
of the magnetic moment increases. The average value of
[ELdncreases upon spin uncoupling of an antiferromagnetic
pair of spins. The magnitude of the increase is proportional
to [S? — Y3YS+ 1)]. Hence, for a spin-coupled Mhpair,
the maximum dipolar interaction in the excited quintet state
(5= 2,5 = 2) will increase upon uncoupling to form two
Mn2* spins § = %,, S, = %,) by an amount of 13/8. The

than hydroxide and would be expected to propagate a similarincrease in the dipolar interaction upon spin uncoupling is

(weak) inter-manganese exchange coupli)@d zero-field

3x larger for the triplet state than for the quintet state. Both

splitting, as is observed. Thus, the EPR data are consistentriplet and quintet states are populated and contribute to the

with the X-ray structure model, suggesting that-410-
B(OH);~ anion bridges the Mn pair.

It is also noteworthy that the location afornithine in
the X-ray map of the “boratplusL-ornithine” complex with

EPR spectrum under the conditions given in Figure 5. If
the Mn ions also move upon uncoupling, as is intuitively

expected, an additional change in the dipolar interaction is
predicted based on th& 2 dependence on MrMn distance.

arginase places the product outside of the active site channel We favor the latter interpretation that the loss of EPR

and well separated from the Moenter (0). In agreement
with our EPR datayi-ornithine binding induces no loss of

intensity upon binding of type 2 inhibitors is due to spin
uncoupling of the Mn ions, resulting from breaking the

the Mn, EPR signal intensity, consistent with a weak or outer u-aquo bridge, possibly by displacing the water molecule to

sphere interaction with the Mrcenter.

By contrast,-lysine induces loss of the MrEPR signal
which is related neither to oxidation of the Moenter nor
to loss of Mn ions. Subsequent addition of type 1 inhibitors
to enzyme preinhibited with-lysine or N®-OH-L-arginine
restores the binuclear MrEPR signal, demonstrating that
the Mn ions can be restored to a spin-coupled state.
Moreover, the binding affinity ofN®-OH-L-arginine is
reduced in the presence of type 1 inhibitors, indicating that
the two binding sites are competitive, although they produce
distinct affects at the Mncenter.

The reversible loss of the MIEEPR signal caused by type

a terminal site on one of the Mn ions (probably Mbecause
the Mns site appears to be more sensitive to binding of
substrate), as depicted schematically in Scheme 3. This
binding mode differs from that proposed on the basis of
inhibitor binding affinities @, 23) and from modeling of
substrate binding to the native enzyn¢. (Providing more
evidence for the geometry and site of substrate/inhibitor
binding is a goal of our future studies.

Models for the Strong Inhibition by “NOH-L-Arginine.
A wide class ofL-o-amino acids bearing a side chain with
an N-OH group in the form of N-hydroxyguanidines,
amidoximes, and hydroxylamines are known to be strong

2 binders could either be due to an increase in the ZFS frominhibitors of arginase activity, Table 49,(23).

an initial value|ZFS/gssH <1 to > 1 or be due to uncoupling
of the Mn ionsvia a decrease of thgl| value, |J] < 0.3
cm™1. The first mechanism involves an unusually large
increase in the ZFS value of the MH,II) center, as might
be caused by the direct coordination of the termi@mino
group of type 2 inhibitors to the Mrcenter. A large ZFS
value will make the EPR transitions very broad and more
difficult to detect by an X-band spectrometer (9.5 GHz).
Evidence in support of this interpretation comes from an
experiment showing that addition oflysine to the His101Asn
mutant, which contains only one manganese iong)ylalso

The distance between the-carbon andN-OH groups
appears to be crucial for inhibition by these moleculbg:
OH-L-Ornithine, for example, is a 37-fold weaker inhibitor
of arginase than i®N‘-OH-L-lysine, differing only by one
additional methylene unit in the length of the side ch&n (

A high inhibitory strength was found for compounds with
N-OH side chains having their N atom in the same relative
position as the side chain as the&om ofL-arginine. An
explanation for the strong inhibition bi-OH-containing
compounds such as¥”-OH-L-arginine and\¢-OH-L-lysine
was proposed by Daghigh et al. (1994) and Custot et al.

induces almost complete disappearance of the EPR signal(1996). In both molecules, the geometry and position of the

as shown in Figure 1, d. This result shows thdysine

protonated form -Nki*-OH side chain groups were proposed
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Scheme 3: Schematic View of the Postulated Transition
State inL-Arginine Hydrolysis ¢) (a) and Binding of

L-N¢-OH-Lysine Q) (b)2

Biochemistry, Vol. 37, No. 23, 1998547

Table 4: Correlation of the Inhibitor Strength with the Structure of
L-Arginine Analogs

Kj pK, | State of
Bound molecu} .

A Ppostulated transition state of v Q'H} Nle ound molecule (mM) Mn-dimer
L-arginine hydrolysis. }(/\/ﬂ —C—NH, No additions 5 ¢ o ;{
Kanyo et al. (1996) ooc (')H B M, My
Nature 383, 554, AN L-arginine P g d 0 N,

) (substrate) M‘,C" 1.0" | 13.2P
MnA..MnB ooc : _\NH
w .. B oNEy
b  Proposed binding of . H L-N-OH-arginine _OOC")(/\/{,"_C:)'"O" 0.9 8° | Mn, Mn,
L TRNH
L-N “OH-lysine to the Mn, o N b s Sy
— /</\/C_N_H w Ny O H H
center based on inhibitory 00C | L-citrulline Y H g e
study of arginase. OH -ooc ’: NN, ~1.09] 0.of MnA.hnB
Custot et al. (1996) —_—— —~
MnA..MnB . H_ NHy H
JBIC 1,73. L-NEOH-lysine .00:‘ S\NH(H 0.008] b
. . +
¢ Proposed coordination of HoONH; o
Y 2
L-lysine based on _OOC/</\/ c—N-H Lilysine B M _
our EPR data. l -00c N 0.9 1 10.8°| Mn,. Mn
MnA..MnB : 2
' Hy Nig HnH
0 L-ornithine LY 2 . /O\
H (product) -ooc)oVNHz 1.0' | 10.7°%) Mn, My
d H, N H LN OH-ornithi H)&;‘;: h
Proposed coordination of =0 S | --oraithune NHOH 0.158] 6
e , A —N-0H oot _
L-N -OH-lysine. “00C | aK,, value forL-arginine hydrolysis at pH 9.08( 15). P Ref (33).
Mn,..Mng ¢At pH 7.4 9) and at pH 9.0Z3). ¢ Kq value based on titration of the
| Mn; EPR signal at pH 7.5; this stud§Ref (35). f pKa for acetylamine
) (33). 9 Bovine liver arginase at pH 7.8). " pK, for hydroxylamine
H (34). ' At pH 9.0 @).

a Coordination of theN¢-amino group otL-lysine () andL-N¢-OH-

lysine @) to Mna is proposed on our EPR data. Our model predicts that the difference in binding affinity

of L-lysine and\¢-OH-L-lysine to arginase is determined by

to be close to the position of the tetrahedral intermediate, the difference in their proton ionization constants. A

resulting from nucleophilic attack of activated water on the correlation exists between thip of the inhibitors and their

C atom ofL-arginine (Schem(_e 3a,b). o inhibition constants (Table 4), with stronger binding cor-
_ Although structures a and b in Scheme 3 look very similar, g|ating with the ease of proton ionization. The available
it is difficult to reconcile the formation of the:-(N¢- data indicate that-lysine at pH 9.0 andN--OH-L-lysine at
hydroxyl)-bridged species in complex b with the mechanism 7 4 are competitive inhibitors af-arginine hydrolysis with

of theL-arginine hydrolysis proposed by Kanyo et al. (1996) k. yajues of 1.0 mM and 4M, respectively 9, 21).
in Scheme 2. Particularly, it is not clear why the weakly

basic N atom of Ne-OH-L-lysine (K, ~ 6) should become
protonated upon binding. Moreover, the replacement of
u-aquo in the uninhibited enzyme by:aN¢-hydroxyl group,
with no further alteration of the site, could not lead to spin When the pH of the buffer solution is lower than thé.mf
uncoupling of the Mn(ll) ions, in contrast to our results | -lysine (10.8), only a minor fraction of deprotonatetysine
showing loss of the EPR signal. is present:

A Proposed Model for Coordination afLysine, N-OH-
L-Lysine, and M-OH-L-Arginine. The EPR data indicate that
the Né-amino group ofi-lysine could be a direct ligand to
the Mn, center, particularly to the Mnion. A model that The intrinsic inhibition constank;*, can thus be calculated
is supported by our data for substrate and inhibitor binding assuming that only the unprotonated form.df/sine binds
is given in panel ¢ of Scheme 3, where it is compared to to arginase:
two other models. Our model involves deprotonation of the
Né-amino group of -lysine (orN®-OH-arginine) by transfer
to His141 and binding of the neutrdlamine atom to Mp.
Since Mny is known from the X-ray structure to have six
ligands coordinated to if7§, our model requires that one of  This intrinsic inhibition constant is close to tig value for
the ligands must be displaced upon inhibitor binding. Loss N¢-OH-L-lysine also measured under conditions of deproto-
of the bridging water ligand is proposed, because this nation 86), suggesting that coordination of the &tom rather
displacement would also account for the disappearance ofthan the hydroxyl group to the Mrcenter can account for
the EPR signal through the loss of spin exchange coupling. the high affinity of both inhibitors.

arginase(-lysine)= arginaset L-lysine
K~ 1.0 mM, pH=9.0

L-lysine(-NH, ") = L-lysine(-NH,) + H"  pK,~ 10.8

arginaset L-lysine(-NH,) =

arginasel[-lysine(-NH,)] F~16uM
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Table 5: Effect of pH oK, andK; Values forL-Arginine indicating some (weak) interaction (direct or indirect?) with

Hydrolysis and Inhibition of This Reaction hyLysine, the Mn ions. This behaviour is analogous to the nonbinding
Respectively type 1 inhibitors described herein. However, they did not
wild-type His141Asn report the effect of nor-NOHA on the EPR intensity of
addition pH75 pH90 pH75 pHY.0 arginase. By analogy witiN-OH-L-lysine K; = 4 uM),

our model predicts that the extremely high inhibitory
efficiency of nor-NOHA K; = 0.5 uM) (36) could be
explained by the low Ig, value of its hydroxyguanidinium
_ ) ) group, thereby creating a higher concentration of the neutral
An alternative explanation to consider for the decreased (unprotonated) form that is necessary for high-affinity
affinity of the His141Asn mutant for-lysine could be that  inging. Like other type 2 inhibitors, the uncharged form
for some reason the asparagine 141 residue provides anyf the side chain has no charge constraints and can gain
unfavorable condition for coordination aflysine. Our access to the Mnsite. We propose that nor-NOHA binds
experiments withN”-OH-L-arginine do not support this  girectly to the Mn site by coordination of the Natom to
suggestion. Th.e.H|sl41Asn m_uta}nt r_etalns a high affinity Mng and breaking of the-aquo bridge, like the other type
for N*-OH-L-arginine (Table 3), indicating that replacement 5 jnhibitors. This contrasts with the proposal by Custot et
of th(_e h|st|d|r_1e (eS|due by asparagine does not play a crucial 5| (1997), who attribute the high-affinity binding to the
role in the binding ofN“-OH-L-arginine. formation of theu-hydroxy bridging geometry, analogous
The critical role of His141 as a proton acceptor for o5 Scheme 3a. To sort this difference out, both labs need

substrate binding becomes obvious after comparing thefirst to compare the EPR properties of arginase inhibited by
affinities of L-argininevs N*-OH-L-arginine for the His141Asn  ihe same inhibitors.

mutant. Although the mutant retains a high affinity for the
weakly basidN®-OH-L-arginine molecule, it exhibits greater
than 40-fold lower affinity for the extremely basic guani-
dinium group of_-arginine (Table 3). This is consistent with

L-arginine Ky (MM) 2.3 1.4 19 40
L-lysine,K; (mM) 6—7 1 28 1

A New Proposal for the Mechanism of Hydrolytic Clea
age of L-Arginine. A new mechanism for catalysis by
arginase based on our EPR studies is depicted in Scheme 4.

our previous study indicating a 6-fold decrease of ke (1) The first step involves entry of protonate@rginine-
value for substrate hydrolysis by the His141Asn mutant (H") into the active site region by transfer of the guanidinium
compared to that of the wild-type arginaskb) proton to His141 and binding of the terminal imino N atom

Our model predicts that the binding affinity of type 2 Mng. There is compelling chemiclal'evid.ence from model
inhibitors should be weaker at pH pK, (His141) than at ~ complexes that the neutral guanidine ligand prefers to
pH > pK. Although a complete pH dependence has not coordinate to both hard and soft metal iana ligation of
yet been obtained, the data in Table 5 at pH 7.5 and 9 for the terminal imino NH and not the amino Nigroup by at
inhibition by L-lysine and for substrate hydrolysik;(and ~l€ast 10-fold higher probability3(). Analogous to the
Km, respectively) are consistent with a model fearginine ~ Pinding ofL-lysine and\N”-OH-L-arginine, we propose that
hydrolysis that involves deprotonation of the substrate L-arginine also binds like a type 2 inhibitor, causing loss of
guanidinium group or thal:-amine ofi-lysine as precursor ~ inter-manganese electronic coupling by breaking of the
to binding the side chains of these compounds at the activex-2quo bridge and increasing the inter-manganese distance.
site. We hypothesize that breaking theaquo bridge is facilitated

A recent study has compared the concentration dependenc®Y @ “carboxylate shift”88) of the monodenate: -Asp232
for inhibition of arginase by two new-hydroxyl-type amino ~ Pridge to the O,0bridging mode.
acid inhibitors, N*-OH-nor+-arginine (nor-NOHA) and (2) The second step involves proton transfer from the aquo
homo-NOHA, with two and four CEHimoieties between the  ligand on Mn, to the most basic amine site on the substrate,
C, atom andN-hydroxyl atom, respectively86). These were  theN°-guanidino atom. This step also forms a nucleophilic
compared to the inhibitor we have studied hexie;OH-L- hydroxide ion bound to a single Mn ion. Protonation of the
arginine (NOHA), with three Ckimoieties. At pH 7.4, the  N°-guanidino atom should be assisted by the close proximity
efficiency to inhibit L-arginine hydrolysis was found to  of the negatively charged carboxylate group of the Glu277
decrease with an increase in the number of, @sgments, which has O and Oatoms separated from Mrby 6.7 and
with 1Csq values of 2, 40, and 3000M for nor-NOHA, 5.6 A in the unliganded structure. This position places the
NOHA, and homo-NOHA, respectively. These results are anionic carboxylate of Glu277 juxtaposed to the cationic
consistent with our EPR experiments showing thitsine, -N°H,- group ofiL-arginine in the proposed mechanism. Here
an inhibitor like nor-NOHA with a five-atom-long side chain is where we can understand the reason why arginase favors
length, binds with high affinity to the Mncenter, while havingu-aquo instead qf-hydroxide, as it requires breaking
L-ornithine, with only four atoms in its side chain, binds of a weaker Mr-u-aquo bond. Step 2 in this mechanism
weakly and not directly to the Mncenter. The relatively  would have to be modified slightly if the reactive form of
high inhibitory efficiency of nor-NOHA was attributed to  the enzyme contains the-hydroxide bridging conformer
formation of a "nor-NOHA-arginase" complex which instead of theu-aquo form deduced herein. In this case,
imitates the transition state afarginine hydrolysis, with breaking of the stronger Mnu-hydroxide bond upon
the bridging HO molecule replaced by the N-hydroxo group, substrate coordination to Mnmoves the nucleophile hy-
analogous to the proposed structure given in Scheme 3a andiroxide to Mn, without need for further proton transfer. In
relatedN-hydroxo derivatives36, 23). this case, protonation of the substrate &lom must occur

Custot et al. (1997) report that the ZFS of the binuclear at a later stage in the mechanism from a different proton
Mn, center was slightly changed upon binding of nor-NOHA, donor than the«-aquo [possibly His(H)141].
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Scheme 4: Model of-Arginine Hydrolysis Based on This Work
(L-arginine -H*)
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(3) The third step involves dissociation of hydroxide from bridges between metal ions functioning directly as a nucleo-
Mna and attack at the guanidinium carbon atom to form a phile in any hydrolysis reaction, without first breaking one
tetrahedral intermediate. This step should be driven by the of the M—OH bonds. On the other hand, there is compelling
highly electrophilic character of the guanidinium carbon evidence that terminal hydroxide ligands in bimetallic
caused both by coordination of its terminal imino N atom to complexes do function as efficient nucleophiles for hydroly-
Mng and by protonation of the Natom. sis of peptide and phosphate est@&%$+41) and triphosphate

(4) The catalytic cycle is completed by collapse of the esters 42). The available evidence indicates that metal-
tetrahedral intermediate by cleavage of the-8° bond bridging hydroxo ligands are not sufficiently strong nucleo-
initiated by transfer of the second proton té, forming the philes because they are bound to two electropositive metal
productsL-ornithine(H") and coordinated urea. Release of ions, using two lone pairs of electrons that are unavailable
L-ornithine(H") can occur immediately, while release of urea for initiating nucleophilic hydrolysis reactiond ). How-
occurs by proton transfer from His141, thereby restoring the ever, if the u-hydroxide can be released by coupling to
resting state. This sequence is consistent with the inhibitory substrate binding, a strong nucleophile is unleashed in the
studies of Reczkowski and Ash (1994) and Sossong et al. majority of centers.

(1997). Our mechanism for catalysis by arginase differs in several

lTheb?bO\r']e mecranism dprop_oses (ijntlermedilates that haV"?mportant aspects from the recent proposal based on model-
plausible chemical precedent in model complexgs 89, ing of the possible nonbonded interactions. edrginine to

40). It also shares features in common with the mechanisms _ . ; ; . o

. ; native enzyme?) in the following ways: (1) the binding of
.Of Sﬁvzrall ot_her ]E)lnuclek?r metallohycirlcilas_lfs @-2)h, 'nd#dt' substrate -arginine to Glu277 and not to either Mn ion; (2)
Ing Nydrolysis of urea by urease [, 11) site], phosp ate the His141 residue is not involved in deprotonation of the
ester hydrolysis by purple acid phosphatases [containing aNgpstrate or inhibitors upon binding; and (3) in the critical

Fe(ll)—=2Zn(ll) center], and phosphoprotein hydrolases like bond-forming step the (nonnucleophilic) bridginghydrox-

?:;?L?:gg?ﬁrsn%l%ﬁgxgﬂ t%?tev:/s; b-gﬂg\r; ?rzz tv;/]c;\llrgpgrntzglide ion is proposed to attack the guanidinium carbon to form
y 9 a trivalentus-oxo bridge.

applicability to other binuclear hydrolases. First, although
u-aquo bridges are predicted to have lowEp values than ACKNOWLEDGMENT
terminal aquo ligands, thereby increasing their concentration,
they are not necessarily good nucleophiles unless there is a e thank D. Colleluori for measurements of the hydrolytic
mechanism for dissociation or first converting them to activity of wild-type and mutant arginase.
kinetically more accessible terminal sites. Second, this
required activation of the nucleophile could be achieved by sSUPPORTING INFORMATION AVAILABLE
coupling substrate binding at one metal ion to dissociation
of the u-aquo bridge, forming the kinetically accessible Four figures illustrating temperature dependencies of the
hydroxide, as illustrated in our model. EPR signals of-ornithine- and_-citrulline-treated wild-type

To our knowledge, there is no demonstrated evidence in arginase, the effect afarginine on the His141Asn mutant,
any chemical system faz-aquo, -hydroxo, or -oxo atom and the effect oN®-OH-L-arginine on wild-type arginase
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and the His141Asn mutant (6 pages). Ordering information
is given on any current masthead page.
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