2678 Biochemistry2001,40, 2678-2688

Probing Erectile FunctionS(2-Boronoethyl):-Cysteine Binds to Arginase as a
Transition State Analogue and Enhances Smooth Muscle Relaxation in Human
Penile Corpus Cavernoslifh

Noel N. Kim$ J. David Cox! Ricky F. Baggid! Frances A. Emig, Sanjay K. Mistry? Sandy L. Harpef,
David W. SpeicheF, Sidney M. Morris, Jr#, David E. Asht! Abdulmaged TraisR,and David W. Christiansor*

Departments of Urology and Biochemistry, Boston dénsity School of Medicine, 700 Albany Street,

Boston, Massachusetts 02118, Roy and Diana Vagelos Laboratories, Department of Chemisgisityrof Pennsylania,
Philadelphia, Pennsyhnia 19104-6323, Department of Biochemistry, Templevehsity School of Medicine,
Philadelphia, Pennsylnia 19140, Department of Molecular Genetics and Biochemistryyésgity of Pittsburgh School of
Medicine, Pittsburgh, Pennsynia 15261, and the Wistar Institute, 3601 Spruce Street, Philadelphia, Peangy[19104

Receied October 3, 2000; Résed Manuscript Recegéd December 21, 2000

ABSTRACT:. The boronic acid-based arginine analogB€2-boronoethyl)--cysteine (BEC) has been
synthesized and assayed as a slow-binding competitive inhibitor of the binuclear manganese metalloenzyme
arginase. Kinetic measurements indicatiavalue of 0.4-0.6 uM, which is in reasonable agreement

with the dissociation constant of 2.28 measured by isothermal titration calorimetry. The X-ray crystal
structure of the arginaseBEC complex has been determined at 2.3 A resolution from crystals perfectly
twinned by hemihedry. The structure of the complex reveals that the boronic acid moiety undergoes
nucleophilic attack by metal-bridging hydroxide ion to yield a tetrahedral boronate anion that bridges the
binuclear manganese cluster, thereby mimicking the tetrahedral intermediate (and its flanking transition
states) in the arginine hydrolysis reaction. Accordingly, the binding mode of BEC is consistent with the
structure-based mechanism proposed for arginase as outlined in Cox et al. [Cox, J. D., Cama, E., Colleluori
D. M., Pethe, S., Boucher, J. S., Mansuy, D., Ash, D. E., and Christianson, D. W. (B@zhemistry

40, 2689-2701.]. Since BEC does not inhibit nitric oxide synthase, BEC serves as a valuable reagent to
probe the physiological relationship between arginase and nitric oxide (NO) synthase in regulating the
NO-dependent smooth muscle relaxation in human penile corpus cavernosum tissue that is required for
erection. Consequently, we demonstrate that arginase is present in human penile corpus cavernosum tissue,
and that the arginase inhibitor BEC causes significant enhancement of NO-dependent smooth muscle
relaxation in this tissue. Therefore, human penile arginase is a potential target for the treatment of sexual
dysfunction in the male.

Approximately, one-half of the male population over the Nitric oxide (NO} is a principal regulator of erectile function
age of 40 suffers from minor, moderate, or severe erectile and mediates nonadrenergic, noncholinergic (NANC) neuro-
dysfunction, so this malady presents the broadest and mostransmission in penile corpus cavernosum smooth muscle,
insidious threat to satisfactory male reproductive hedlth (  causing rapid relaxation, which in turn leads to erectibn (

3). Erectile dysfunction, also referred to as impotence, can 12). Therefore, NO synthase is a critical enzyme in smooth
result from circulation defects in the smooth muscle vascu- muscle physiology.

lature of the corpus cavernosum, a chamber of spongelike In smooth muscle tissue, NO synthase is coexpressed with
tissue that engorges with blood during erection (Figure 1). another enzyme of arginine catabolism, arginase, which may
Defects that compromise cavernosal circulation presumablyplay a role in regulating arginine bioavailability to NO
arise from defects in the highly regulated cascade of enzyme-synthase 13, 14). Whereas NO synthase catalyzes the
catalyzed reactions that govern smooth muscle relaxation.oxidation of arginine to form citrulline and NO, arginase
catalyzes the hydrolysis of arginine to form ornithine plus
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Superficial dorsal vein H3N s /\/B‘OH
Deep dorsal vein co;
Dorsal artery FIGURE 2: Arginase inhibitolS{2-boronoethyl)-cysteine (BEC),
Helicine artery Kg = 2.22uM.
Cavernosal artery acid facilitates the addition of a protein-bound or solvent
Corpora cavernosa nucleophile to yield a tetrahedral boronate anion that mimics
(spongy erectile tissue) the corresponding tetrahedral intermediate (and the flanking
Urethra transition states) of a hydrolytic reactiop731).
Corpus spongiosum Here, we report the synthesis and evaluation of the arginine
R analogue BEC (Figure 2) as a slow-binding inhibitor of
b Arginase “s"w'su, * h o arginase. Additionally, we report the X-ray crystal structure
. womithine urea of the arginase BEC complex determined at 2.3 A resolution
Hg.;WNJf;Hz . from crystals perfectly twinned by hemihedry. This structure
co; " reveals that the trigonal planar boronic acid moiety of BEC,
warginine . 0 like that of ABH (19), is attacked by the metal-bridging
NO synthase HGNY_\/\E,’JLNHQ + o hydroxide ion upon binding to the active site, thereby
O dline  nitric oxide yielding the tetrahedral boronate anion. Finally, we demon-

Ficure 1: (a) Cross-section of the human penis illustrates the strate that BEC does_ not i_nhibit NO Syn_thase, and we
anatomy of the corpus cavernosum, a spongy, muscularized tissuedemonstrate that arginase is expressed in human penile
that becomes engorged with blood during the erectile process. NO-corpus cavernosum. These results set the foundation for

dependent smooth muscle relaxation in the corpus cavernosum isphysiological studies demonstrating that BEC enhances
required for erection. (b) Scheme illustrating the potential regulatory ; ; ;

relationship between NO synthase and arginase activities. ArginaseSmOOth musc_le relaxatlon_ n rab?lt and_l human_ corpus
activity can potentially deplete the flux of the arginine substrate to Cavernosum tissue, a requirement for penile erection.

NO synthase, which would attenuate NO-dependent smooth muscle
relaxation required for penile erection. Therefore, an arginase MATERIALS AND METHODS

inlrwl_ion_r siuch as I?(;EC %ould erlllhoargjce sutéstr:;lte ﬂuxttt:) NO s?/nthellse, Synthesis of S-(2-Boronoethyleysteine (BEC).The
wnich In turn could enhance -aependent smootn muscie relax- ; i H
ation in the corpus cavernosum and t%ereby enhance penile erectionhydrOChlorlde salt of BEC was synthesized as descrlbed_ by
Matteson, except that the Grignard reagent vinylmagnesium
bromide was utilized in the reaction with trimethylborate in
arginine that would otherwise be available to NO synthase the first step of the synthesi8Z, 33). All reagents were
(Figure 1) (L4—18). Given the recent identification of argi-  purchased from Aldrich and used without further purification.
nase activity in rabbit and human penile corpus cavernosumThin-layer chromatography performed on E. Merck silica
tissue (9) and the observation that the arginase inhibitor gel 60 ks4 glass plates with BEC dissolved in 80:10:10
(9-2-amino-6-boronohexanoic acid (ABH2Q) facilitates n-butanol:acetic acid:water indicated a single spot with
smooth muscle relaxation in rabbit penile corpus cavernosumR; = 0.44.'"H NMR (D;O): 6 0.95 (t, 2H), 2.50 (t, 2H),
tissue (9), it appears that arginase inhibition indeed enhances2.75-3.05 (m, 2H), 3.72 (m, 1H)}*B NMR (D;0): ¢
NO synthase activity by enhancing the substrate pool of 31.33 (s).*H NMR and *'B—NMR spectra were recorded
arginine that is available for NO biosynthesis. This conclu- on a Bruker AC-250 (250 MHz) NMR and on a Bruker
sion is also supported by detailed studies of ABH-induced AC-200 (200 MHz) NMR, respectivelyH chemical shifts
gastrointestinal smooth muscle relaxatidd)( are referenced to HDO antB chemical shifts are referenced
Arginase requires a spin-coupled Ma-Mn?" pair for to BF; diethyl ether.
arginine hydrolysisZ1—25), and the X-ray crystal structure Kinetics of Arginase Inhibition by BE®Recombinant rat
of the arginase trimer reveals that this binuclear manganesdiver arginase was expressedischerichia coliand purified
cluster resides at the bottom of~al5 A deep active site by modification of the procedure described by Cavalli and
cleft in each protomer2g). Enzymological measurements colleagues34). Specifically, partially purified protein samples
interpreted in light of the three-dimensional enzyme structure were prepared by chromatography on a Reactive Red-120
implicate a metal-activated hydroxide mechanism, where thedye ligand column (Sigma; 3.% 25 cm) instead of the
first step of catalysis involves nucleophilic attack of a metal- Amicon-Green dye ligand column employed previouSi)(
bridging hydroxide ion at the scissile guanidinium carbon and eluted with a linear gradient of 0.0 to 0.3 M KCl in 50
of arginine to form a tetrahedral intermediate, which subse- mM HEPES-KOH (pH 7.5). The concentrations of enzyme
quently collapses to form products ornithine and ui2g).( stock solutions were determined by measuring the absorbance
The recently determined structure of the argira&BH at 280 nm using an extinction coefficient of 1.09 mL mhg
complex provides the first glimpse of transition state binding cm™ (35). Arginase inhibition was evaluated using a
in the arginase mechanisrg). Although, as synthesized, modified version of the fixed-point radioactive assay devel-
ABH contains a trigonal planar boronic acid that mimics the oped by Regg and RusselBg). Slow onset inhibition was
trigonal planar guanidinium group of the substrate arginine measured by the addition of 0.14 of enzyme to assay
(20), this boronic acid moiety undergoes nucleophilic attack mixtures containing 100M MnCl,, 100 mM CHES-NaOH
by metal-bridging hydroxide ion to yield the tetrahedral (pH 9.0), 0.054Ci L-[guanidino#‘C]-arginine (NEN Life
boronate anion upon binding to arginaskd)( Generally Science Products), 10 mM unlabeleéarginine (approxi-
speaking, the electron-deficient boron atom of the boronic mately 6 x Ky), and varying concentrations of BEC in a
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total volume of 1 mL. At the indicated times, b aliquots

were removed and the reactions quenched by the addition

of 400uL of a stop solution containing 0.25 M acetic acid,
7 M urea and a 1:1 v/v slurry of Dowex 50W-X8 at pH 4.5.
The resulting mixtures were immediately vortexed, gently
mixed for an additional 10 min, and then subject to
centrifugation at 6000 rpm for 10 min. Finally, 3 mL of
Ecoscint solution (National Diagnostics) was added to 200
uL of supernatant for liquid scintillation counting in a
Beckman model LS5000E counter. To study inhibitor release
kinetics, the enzyme was incubated with/8@ BEC in 50
mM HEPES-KOH (pH 7.5) at room temperature. After 10
min, 10 uL of the solution was diluted 100-fold with the
standard assay mixture to a final volume of 1 mL, and the
production of [*Clurea was monitored as described above.
Inhibition constants were determined from the ratidked
kon and were also estimated from the final steady-state
velocities using the equation for competitive inhibition.
Kinetic assays were also performed using the new chro-

Kim et al.

Table 1: Data Collection and Refinement Statistics

resolution (A) 2.3 solvent atoms (N) 27

total reflections (N) 41944  manganese ions?(N) 2

unique reflections (N) 14 462 Rwin® 0.158

completeness (%) 98.1  Ruwiniree 0.194

Rinergd 0.098 Rms deviations

reflections used in 14 033 bonds (A) 0.007
refinement ¢ 20) angles (deg) 1.4

protein atoms (N) 2345 dihedrals (deg) 23.3

inhibitor atoms (NY 13 impropers (deg) 0.9

@ Rmerge= > |li — OVY |0, wherel; is the intensity measurement
for reflectioni, and;Tis the mean intensity calculated for reflection
i from replicate data? Per monomerS Ryin = S ||Fobd — [|Fcaicial® +
|Feaiesl 1YY |[Fond, Where |Fopd is the observed structure factor
amplitude derived from twinned intensity,s and|Fcacal and |Feacsl
are the structure factor amplitudes calculated for the separate twin
domains A and B, respectivelfRwin underestimates the residual error
in the model by averaging the difference between observed and
calculated structure factor amplitudes over the two twin-related
reflections. The same expression descriR@sree Which was calculated
for 1367 test set reflections held aside during refinement.

mogenic arginase substrate 1-guanidino-3-nitrobenzene de-

scribed by Baggio and colleague®r). Reaction velocities

chemicals and used without further purification. The Nitric

were measured at 372 nm, where the liberated chromophore Oxide Synthase Colorimetric Assay Kit was purchased from

m-nitroaniline, has an extinction coefficient of 1.28 10°
M~! cm . Assays were performed in 1QM MnCl,, 50
mM bicine-NaOH (pH 9.0), 0.82.3 mM 1-guanidino-3-
nitrobenzene, and 0:3.0u4M BEC. Plots of inverse velocity
as a function of inhibitor concentration were nonlinear (data
not shown), consistent with the results obtained in the fixed-
point radioactive assay.

Isothermal Titration Calorimetry of ArginaseBEC
ComplexationAll calorimetry experiments were conducted
on a MCS isothermal calorimeter from MicroCal, Inc.
(Northampton, MA). Arginase was exhaustively dialyzed
against 10«M MnClI; and 50 mM bicine-NaOH (pH 8.5).

Calbiochem. Materials were used without further purification.
The effect of BEC on nitric oxide synthesis was assayed by
monitoring the sum of N@ and NQ~ production 40). The
enzyme solution of 0.02 mg/mL NO synthase in 50 mM
HEPES (pH 7.4), 10eM NADPH, 4 uM FAD, 4 uM FMN,

6 uM BH,4, 100uM L-arginine, and 0.61.0 mM BEC in a
total volume of 100uL was shaken for 15 min at 37C.
Reactions were stopped/fa 3 min incubation at 100C.
Nitrate was reduced to nitrite by use of nitrate reductase (40
min at room temperature) and the remaining NADPH was
depleted by incubation with lactate dehydrogenase and
sodium pyruvate for 20 min at room temperature. Addition

Inhibitor was dissolved at a concentration of 1.5 mM in an ©f the Griess reagents, sulfanilamide aNe(1-naphthyl)-
aliquot of the same buffer. Prior to the titration experiment, €thylenediamine, converted all available nitrite into a deep
samples were degassed under vacuum for 5 min. The sampldurple azo compound; absorbance at 540 nm quantified the
cell (effective volume 1.366 mL) was overfilled with 1.8 extent of NQ production.

mL of arginase at a concentration of 0.0358 mM and the Crystallization, Data Collection, and Refinement of the
reference cell was filled with water. The contents of the Arginase-BEC Complex.Crystals of the arginaseBEC
sample cell were titrated with 340 aliquots (2.5:L each) complex were prepared at°€ by equilibrating a hanging

of inhibitor (an initial 1L injection was made, but not used drop containing %L of protein solution [10 mg/mL arginase,
in data analysis). After each injection, the heat change was3 mM BEC, 5 mM MnC}, and 25 mM bicine-NaOH (pH
measured and converted to the corresponding enthalpy value8.5)] and 5ulL of precipitant solution [24% poly(ethylene
The reaction mixture was continuously stirred at 400 rpm glycol) 1500, 100 mM bicine-NaOH (pH 8.5)] against 1 mL
during titration. Control experiments were carried out by of precipitant solution in the well reservoir. Hexagonal rod-
titrating the inhibitor into the buffer solution under identical shaped crystals with approximate dimensions>0(.1 x 0.5
experimental conditions. Data analysis was performed usingmm?® appeared within 4 weeks. Diffraction data to 2.3 A
Origin software provided with the instrument. The calori- resolution were collected from a single flash-cooled crystal
metric data are presented with the background titrations of the arginase BEC complex on an R-AXIS lic image plate
subtracted from the experimental data. The amount of heatdetector using a Rigaku RU-200HB rotating anode X-ray
produced per injection was calculated by integration of the generator to provide CuK radiation at 50 kV/100 mA
area under each peak. Data were fit to the equagicn (A = 1.5418 A) (Table 1). Intensity data integration and

VAH[E]K[L)/(1 + K[L]), whereqis the heat evolved during
the course of the reactioW, is the cell volumeAH is the
binding enthalpy per mole of ligand, [E$ the total enzyme
concentrationK is the binding constant, and [L] is inhibitor
concentration 38, 39).

NO SynthaseBEC AssayThe reagents NADPH, FAD,
FMN, L-arginine, HEPES, (®)-5,6,7,8-tetrahydra-biopterin
(BH4), and aminoguanidine were purchased from Sigma.
Inducible NO synthase was purchased from Alexis Bio-

reduction were performed using DENZO and SCALEPACK,
respectively 41).

Diffraction intensities exhibited symmetry consistent with
space groupP6 (unit cell parametera=b =91.3 A c=
69.4 A; one monomer in the asymmetric unit), but this
assignment was inconsistent with the molecular symmetry
of the arginase trimer. Subsequent analysis of measured
intensities revealed deviations from Wilson statistics with
203 ~ 1.5 for thin resolution shells, indicative of perfect
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hemihedral twinning 42) that obscured the true crystal- Amplified products were resolved on a 1% agarose gel
lographic symmetry of space groug3. Two monomers containing ethidium bromide. The following PCR primer
(from two separate trimers) occupy the asymmetric unit.  pairs (synthesized by Life Technologies, Inc.) and conditions
For structure determination by the difference Fourier were used: arginase | (249 bp product), GTA TAT TGG
method, initial protein coordinates were those of the complex CTT GAG AGA CG (sense) and GAG ACC TTC TCT GTA
between arginase an®){2-amino-6-boronohexanoic acid TGA CAG [antisense; sequence reported by Haraguchi and
(ABH) (19) less the atoms of the inhibitor and all water colleagues46)], one cycle at 94C for 2 min, followed by
molecules. The arginaséABH complex forms perfectly 25 (liver sample) or 45 cycles (penile samples) at@4or
twinned crystals that are isomorphous with those of the 30 s, 58°C for 45 s, and 72C for 45 s; arginase Il (346 bp
arginase-BEC complex. For calculation of electron density product), GCG AGT GCA TTC CAT CCT G (sense) and
maps, structure factor amplitudes were calculated from CTA ATG GTA CCG ATT GCC AG [antisense; sequence
deconvoluted intensities using the structure-based algorithmreported by Morris and colleague&7], one cycle at 94C
of Redinbo and Yeate4 ). Initial difference electron density  for 2 min; followed by 25 (kidney sample) or 45 cycles
maps calculated for both twin domains with the correspond- (penile samples) at 924C for 30 s, 60°C for 45 s, and 72
ing deconvoluted structure factor amplitudes revealed that°C for 55 s; glyceraldehyde phosphate dehydrogenase
BEC binds to the arginase active site as the tetrahedral(GAPDH; 184 bp product), ATG ACC ACA GTC CAT
boronate anion. Iterative rounds of refinement and rebuilding GCC ATC ACT (sense) and ACA CGG AAG GCC ATG
of the native model were performed using the programs CNS CCA GTG AG [antisense; sequence reported by Tokunaga
and O, respectivelydd, 45). For simultaneous refinement and colleaguesig)], one cycle at 94C for 2 min, followed
of the arginase BEC complex in both twin domains against by 30 cycles at 94C for 30 s, 62°C for 35 s, and 72C for
the structure factor amplitudeg=,,{ derived from the 45 s. To clearly distinguish authentic RT-PCR products from
measured twinned intensitids,, the target residual was PCR products due to possible genomic DNA contamination,
based on the numerator Bf,in (Table 1) as implemented in  each primer in a PCR primer pair was specific for a different
CNS (version 1.0). In the final stages of refinement, the exon of the target gene.
inhibitor BEC was built into the electron density map when  Arginase Actiity in Human Penile Corpus G&rnosum.
Rwin decreased to 0.189. Strict noncrystallographic symmetry Crude tissue extracts were derived from homogenates of
constraints were initially employed in refinement, and these human penile corpus cavernosum as previously described
were ultimately relaxed to appropriately weighted restraints (19). Arginase enzyme activity in cytosolic extracts of human
as judged byRuiniree Data collection and refinement statistics cavernosal tissue was assessed by the methodegdrand
are reported in Table 1. Russell 86). To determine the inhibitory efficiency of BEC,
Arginase Expression in Human Penile Corpusv€ano- 10 uL of tissue extract (triplicate aliquots) were incubated
sum.To identify the arginase isoform(s) expressed in human in buffer (75 mM glycine, pH 9.0, 0.25 mM Mng)l
penile corpus cavernosum, reverse transcriptase-polymeraseontaining 300 000 dpm of{C-guanidino]t-arginine (51.5
chain reaction (RT-PCR) analysis was performed. Human mCi/mmol; NEN Life Science Products, Boston, MA), 2 or
penile corpus cavernosum tissue was obtained from patients4 mM of unlabeled -arginine and increasing concentrations
diagnosed with erectile dysfunction of various etiologies who of BEC (5-50 uM) in a final volume of 100uL. Samples
elected to undergo penile prosthesis implantation. Thesewere incubated for 60 min at 37C and reactions were
protocols were approved by the Institutional Review Board terminated by the addition of 4Q@L of 0.25 M acetic acid
for Human Studies at the Boston University Medical Center. (pH 4.5) 7 M urea, 10 mM.-arginine. After the addition of
Cavernosal biopsies were transported to the laboratory in500 4L of water, samples were passed through a 0.5 mL
ice-cold physiological salt solution (PSS; 118.3 mM NaCl, column of Dowex 50W-X8 resin (Bio-Rad Laboratories,
4.7 mM KCI, 0.6 mM MgSQ, 1.2 mM KH,PQ,, 2.5 mM Hercules, CA). Tubes were rinsed twice with 5000f water
CaClh, 25 mM NaHCQ, 0.026 mM CaNgEDTA, and 11.1 and both rinses were poured onto the columns. Columns were
mM glucose). Cavernosal tissue was rinsed to remove blood,washed with 1 mL of water and all effluent was collected in
cut into strips (3x 3 x 10 mn¥), and frozen in liquid 20 mL vials. After the addition of 16 mL of Liquiscint
nitrogen. (National Diagnostics, Atlanta, GA), radioactivity was quan-
Total RNA was isolated from penile tissue samples using tified by liquid scintillation spectroscopy. Urea production
TRIzol reagent (Life Technologies, Inc.). Total RNA from (pmol/min) was normalized to total protein in the tissue
human liver (CLONTECH Laboratories, Inc.) and kidney extract.
(Ambion) served as positive controls for expression of  Organ Bath Experiment&ll protocols for studies involv-
arginase | and I, respectively. Five micrograms total RNA ing human and animal tissues were approved by the
was reverse-transcribed in a 20-reaction mixture contain-  Institutional Review Board for Human Studies and the
ing 25 ng of oligo dTs 500uM deoxynucleoside triphos-  Animal Care and Use Committee at the Boston University
phates, 10 mM dithiothreitol, 4L 5 x RT reaction buffer Medical Center. Human penile corpus cavernosum tissue was
(Roche Molecular Biochemicals) and 24 units of avian obtained as described in the preceding section and used
myeloblastosis virus reverse transcriptase (Roche Molecularimmediately in organ bath experiments. Rabbit penile corpus
Biochemicals) at 42C for 1 h. Using the conditions listed cavernosum tissue was obtained from euthanized male New
below, PCR reactions were carried out in a;d5feaction Zealand White rabbits (3-54.0 kg body weight), as previ-
mixture containing 8Q«M deoxynucleoside triphosphates, ously describeds). Cavernosal tissue from each rabbit was
1.5 mM MgCh, 2.5uL 10 x PCR reaction buffer (Roche cut into 4 strips for organ bath experiments.
Molecular Biochemicals), 4 pmol of specific primers, cDNA, Human or rabbit cavernosal tissues were mounted onto
and 0.8 units of AmpliTaq DNA polymerase (Perkin-Elmer). force transducers (model FT03; Grass Instruments, Quincy,
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Scheme 1 5000 T
000 e 0BEC
E+S m—|/—— E§ — E+ P 5=
4000 45 oo
!G: 1pM
Ko || Kkal s 3000 2pM
Q. 3uM
ks o 2000 - 4uM
El —/—— EI* 5uM
ks 1000 -
MA) and immersed in 25 mL baths of PSS at 37 which 0 —
were aerated with 5% C0O19% G, 76% N.. All tissues 0 2 4 6 8 10 12

were treated with 3:M indomethacin, 1M atropine, and
10 uM bretylium to inhibit prostanoid production and isolate R ]
nonadrenergic, noncholinergc (NANC) responses. Tissue FEVSE 2 Siow s Tl o nase b BEC rogress,
Stl’lp.S were progressively strejtched unFlI optimal isometric indicated concentrations of BEC. The curves represent best fits of
tension was reached, as described previouglygavernosal the data to eq 1. (Inset) Release of BEC from the arginB&C
tissue strips were contracted withuM phenylephrine and  complex. The straight lines correspond to a control assay performed
subjected to electrical field stimulation (EFS) by means of in the absence of BEC and an assay carried out in the presence of
two platinum plate electrodes, positioned on either side of 2-3#M BEC. The curve represents the regain of activity following

) L . . a 100-fold dilution of the preformed arginasBEC complex to
the tissue, and a current amplifier in series with a square yiye 4 final concentration of 0@Vl BEC. The data are fit to eq 1.
pulse stimulator (model SD9; Grass Instruments, Quincy,
MA). Each stimulation period lasted 20 s with trains of (v,) appear to be independent of inhibitor concentration. This
square waves having a pulse duration of 0.5 ms and anraises the possibility that the dissociation constant for the
amplitude of 10 V. Frequency was varied from 0.5 to 15 EI complex may be larger than the range of inhibitor
Hz. All tissues were first subjected to EFS in the absence of concentrations used to generate the progress curves, thereby
arginase inhibitor (vehicle only). Tissues were then incubated preventing the observation of the steady-state intermediate
with varying concentrations of BEC (G-1L mM) for 20 min El under initial rate conditions (Scheme 1). Due to these
and electrical stimulations were then repeated. After all limitations, the binding of inhibitor to the enzyme is assumed
stimulations were completed, tissue strips were washed withto be a single step process with = ko/kon:
fresh PSS and treated with 10 papaverine and 1g@M
nitroprusside to induce maximal relaxation. Changes in tone E+l Jon, El*
induced by EFS were expressed as a percentage of maximal Koft
relaxation. Responses at each frequency of stimulation, before ) o ) )
and after addition of BEC, were compared using pairtest. Accordingly, the association rate congtzka{ is estimated
Comparisons were judged statistically significant if the two- Tom @ plot ofkeps versus [BEC] according to eq 2:
tailed p-value was less than or equal to 0.05.

Time (min)

Kobs = Kot T Kon BECJ/(1 + [S)/Ky) )
RESULTS o _ . _
o . ) The dissociation rate constaky; is determined by monitor-
Kinetics and Thermodynamics of Arginad8EC Com-  ing the rate of return of activity from the enzymmhibitor

plexation. Nonlinearity of kinetic replots in fix-point and  complex through eq 1. Replots &fys versus [BEC] yield
continuous arginase assays indicates a complex binding modg . = 1.3 x 10® M~1 s~L. The best fits of inhibitor release

for BEC, and slow-onset inhibition is observed in additional Jata (Figure 3) yieldy = 4.7 x 107* L. The resultank;
fixed-point assays. Typically, slow-binding inhibition is  vajue of 0.4uM calculated from these rate constants is in
characterized by the initial and rapid formation of a reversible good agreement with the value of Q81 estimated from
E—I complex, followed by a slow isomerization or confor- the steady-state velocities (data not shown).
mational change to yield the inhibitory-H* complex (49) Importantly, the estimate of arginasBEC affinity made
(Scheme 1). from kinetic measurements is in reasonable agreement with
Progress curves for the arginase-catalyzed production ofthe direct measurement of the thermodynamic equilibrium
urea in the presence of BEC are fit by nonlinear least-squaresconstant, Ky = 2.22 uM, made by isothermal titration
analysis to the integrated expression calorimetry (Figure 4). These experiments additionally
confirm the expected stoichiometry of inhibitor binding of
P = u(t) + (v, — v)(1 — & “0bs")/kyp 1) 0.964/monomer, which indicates essentially complete satura-
tion of arginase active sites by BEC.
whereP is the amount of urea formed (in cpmy, is the BEC Does Not Inhibit NO Synthas&s found for ABH
initial rate of urea formationys is the steady-state rate of (19), BEC does not inhibit NO synthase. Neither 0.1 mM
urea formation, and<s is the apparent first-order rate nor 1.0 mM BEC affects NO production (124 0.9 and
constant for the establishment of the equilibrium between 12.4 & 1.4 nmol mg! min~, respectively) relative to
El and EI* @9). Progress curves exhibit time-dependent the negative control reaction run in the absence of BEC
changes in slope, indicative of slow-onset inhibition (Figure (13.6+ 1.3 nmol/mg/min). For reference, inhibition of NO
3). Within the limitations of the assay, the initial velocities synthase by 10.0 mM aminoguanidine in the positive control



Arginase-Inhibitor Complex and Erectile Function Biochemistry, Vol. 40, No. 9, 20012683

Time (sec) the enzyme-inhibitor complex, but this difference may be
within the experimental error of the crystal structure deter-
mination. One boronate hydroxyl group symmetrically
bridges the binuclear manganese cluster{®h?" separa-

0 2000 4000 6000 8000 10000
M 1
'{ "'[‘"”””nnm!”""""'r ] tions = 2.2 A) and donates a hydrogen bond to Asp-128,

T T T T T Y T

0.0

and a second boronate hydroxyl group makes a long
coordination interaction with the formerly vacan6f
coordination site on M, (O2—Mn?*, separation= 2.5
A) and donates a hydrogen bond to the backbomeOf
His-141 (O2-0 separatior= 2.9 A). Consequently, Mt
undergoes a change in coordination geometry from square
pyramidal in the native enzyme#®) to distorted octahedral
in the enzyme-inhibitor complex; there is no net change in
L L L L L the coordination geometry of Mhs. The third boronate
: hydroxyl group hydrogen bonds with a water molecule,
7 which in turn hydrogen bonds with the side chain of Thr-
_4_' ] 246 and a second water molecule. A detailed scheme of
1 1 enzyme-inhibitor interactions is presented in Figure 5b.
-6 1 7 The binding mode of BEC is generally similar to that of
8 ] ABH (19), so the structural basis of the 20-fold affinity
. 1 difference between the two inhibitors is subtle. The tetra-
-107 ] hedral boronate anions of BEC and ABH make identical
4 coordination interactions with the binuclear manganese
T T T T T T cluster and hydrogen bond interactions with Asp-128 and
00 05 10 15 20 25 30 35 the backbone carbonyl of His-141. However, the hydrogen
[BEC}/[arginase] bond interactions of the-carboxylate an@d-amino groups
FIGURE 4: Isothermal titration calorimetry of the arginasBEC of BEC and ABH have slightly different geometries and bond
complex in 100uM MnCl, and 50 mM bicine (pH 8.5) at 25C. lengths. These subtle differences appear to arise from
Shown are the raw data obtained by titration of 0.0358 mM arginase geometric differences in the thioester moiety of BEC. In BEC
with 40 x 2.5ul injections of 1.5 mM BEC. The area under each g ABH, the C-S and G-C bond lengths are 1.8 and 1.5

peak is integrated and plotted against [BEC]/[arginase]. The solid . _ T~
line represents the best fit of the experimental data using nonIinearA’ respectively, and the €5—C and C-C—C bond angles

least-squares fitting, indicating (i) a stoichiometny ¢f 0.964 mol are 97 and 11% respectively. Givep the S[ightly differe.nt
of BEC bound/mol of arginase monomer; (i) an association constant molecular geometry for the BEC side chain in comparison
(Kg) of 4.50 x 10° M™%, which corresponds to a dissociation with the ABH side chain, and given the resulting subtle
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SoanS'?;tkKCdalcl)lfn(z)iZZﬂM; and (iii) an enthalpy changeAt) of differences in enzymeinhibitor hydrogen bond geometries,
’ : it is reasonable that arginasBEC affinity is slightly
reaction decreases the rate of NO production to+2.4.3 compromised in comparison with arginaseBH affinity.

nmol mg™* min~*. Therefore, we conclude that BEC is highly The binding mode of the tetrahedral boronate anion of
selective for inhibition of arginase and not NO synthase. The BEC, like that of ABH (L9), mimics the first step of the
structural basis for the selectivity of BEC against arginase arginase mechanism proposed upon the completed X-ray
is that very different transition state structures are required crystal structure determination of the native enzyr6).(
for hydrolysis or oxidation reactions of arginine as catalyzed Just as a metal-bridging hydroxide ion is proposed to attack
by arginase and NO synthase, respectively. The boronatethe trigonal planar guanidinium group of the arginine
anion form of BEC only mimics the transition state for substrate to form the tetrahedral intermediate (Figure 5c),
arginine hydrolysis and not that for arginine oxidation. we posit that the metal-bridging hydroxide ion attacks the
Structure of the ArginaseBEC Complex.No major electrophilic, trigonal planar boronic acid moiety of BEC to
tertiary or quaternary structural changes are triggered by form the tetrahedral boronate anion. Accordingly, intermo-
inhibitor binding to arginase, and the rms deviation of 308 lecular interactions observed in the arginaB&C complex
Co. atoms is 0.35 A between the native and BEC-complexed should correspond to those that contribute to the stabilization
arginase monomers. The average therrBafactors of of the tetrahedral transition state in arginase catalysis. Both
arginase monomers A and B in the asymmetric unit are 23 manganese ions of the binuclear manganese cluster play a
and 22 R, respectively; the averagB-factors of BEC role in activating the nucleophilic bridging hydroxide ion,
binding to arginase monomers A and B are 36 and 25 A and both manganese ions play a role in stabilizing the
respectively. The difference in thermBifactors for BEC corresponding hydroxyl group in the tetrahedral intermediate.
binding to monomers A and B may arise from slightly The Mr¢*, ion appears to play an additional role beyond
different occupancy of inhibitor binding to each monomer the activation of nucleophilic hydroxide ion, and that role is
in the asymmetric unit of the crystal. An omit map of the the stabilization of the tetrahedral intermediate and its
arginase-BEC complex shows that the trigonal planar flanking transition states. As mentioned above, boronate
boronic acid group of BEC is bound as the tetrahedral hydroxyl group O2 coordinates to M. By analogy, we
boronate anion, which bridges the binuclear manganesepredict that the corresponding amino group of the tetrahedral
cluster (Figure 5a). The Mha—Mn?*g separation increases intermediate coordinates to NI, in arginine hydrolysis as
slightly, from 3.3 A in the native enzyme&6) to 3.4 A in depicted in Figure 5c. This coordination site is vacant in the
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Ficure 5: (a) Omit electron density map of the argina&EC complex calculated with SIGMAA-weighted (78) coefficietfewin —

|Fead averaged over the two monomers in the asymmetric unit. The atoms of BEC were omitted prior to structure-based deconvolution of

twinned intensities to minimize model bias in the detwinned structure factor amplitBgles,. The map is contoured avdand selected
active site residues are indicated. Atoms are color-coded as follows:y€llow, O = red, N= blue, S= dark green, B= pale green;
water molecules appear as red spheres. Figure generated with BOBSCB)IRfMd Raster3Dg0). (b) Scheme of arginasBEC interactions;

manganese coordination interactions are indicated by green dashed lines, and hydrogen bonds are indicated by black dashed lines. (c)
Stabilization of the tetrahedral intermediate (and flanking transition states) in the arginase mechanism based on the binding mode of BEC.
Note that the MAf,-amino coordination interaction is achieved only as the transition state and tetrahedral intermediate are approached.
This coordination interaction is impossible for the substrate prior to catalysis since the corresponding lone electron pair on nitrogen are

locked in the guanidiniunr system of arginine. Therefore, Min-amino coordination represents a unique mode of transition state stabilization
in the arginase mechanism that may partially explain the requirements for two metal ions in catalysis.

native enzyme 26), although smeared electron density (i.e., Mrf*a) not only assists in the activation of the
corresponding to a weakly bound water molecule is observedhydroxide ion nucleophile, but it also stabilizes a chemical
in one monomer of the native enzym&0). Therefore, the  functionality unique to the transition state and tetrahedral
vacant (or readily exchangeable) site onnappears to  intermediate in the reaction coordinate of catalysis.

be reserved specifically for coordination by the developing Although it makes van der Waals contacts with BEC

tsrfﬁ I(t)ne e'l[ectror: |t3a|r on the forrr]nzr gl;uam({m%mtrt(r)]ger? 35 hydroxyl groups 02 and O3, Glu-277 does not hydrogen
elgctrrggg ;OP sscé)ln(la |fs |?pg;0ae(ioee d mhpeonr ?r:]e );étralf?ec(l)rr;(la bond with the boronate anion. Modeling experiments indicate
) pairi y tully i veloped w - that a salt link between Glu-277 and the arginine substrate
intermediate is fully formed; prior to nucleophilic attack, the . o L . L

; : - . - would orient the scissile guanidinium carbon directly in line
corresponding electron pair on the guanidino nitrogen is for nucleophilic attack by the metal-bridging hydroxide ion
delocalized in the “Y”-shaped guanidiniumsystem and is P y : ging nye
unavailable for metal coordination: (26). In support of a precatalytic substrate binding role for

’ Glu-277, subsequent X-ray crystallographic studies of the

s - complex between inactivated arginase fr@&ncaldaelox
HN HN: and arginine confirm the salt link between the guanidinium
X group of arginine and Glu-2775%). Additionally, the
HN NH —~ N NH structure of the arginasernithine—urea ternary complex
& e % 2 reveals a hydrogen bond between the urea Nidup and
/5\ S .20~ Glu-277, thereby implicating Glu-277 in product binding
Mn3* H S Mn3* Mna* H Mn3" (52). That the corresponding hydrogen bond is not observed

between the BEC boronate anion and Glu-277 indicates that
This elegant catalytic strategy underlies the requirement either (a) electrostatic repulsion between the negatively
for two manganese ions in catalysis: the second metal ioncharged boronate anion and carboxylate group hinders a
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FIGURE 6: Reverse transcriptase-polymerase chain reaction (RT- 400 75 0 28 0 25 50 75
PCR) analysis of arginase expression in human penile corpus [BEC] (uM)
cavernosum. RNA samples from seven individuals have been Frequency (Hz) Frequency (Hz)
analyzed by RT-PCR as described in Materials and Methods (lanes 05 1 2 5 15 05 1 2 5 15

1-7). RNA samples from human liver (lane L) and kidney (lane
K) serve as positive controls for arginase | (Arg 1) and arginase Il
(Arg 1) MRNAs, respectively. The RT-PCR of GAPDH mRNA
confirms mRNA content and integrity of the various samples. The
PCR reactions run without added cDNA (lane B) serve as negative
controls.
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closer interaction or (b) this interaction is important for 80
substrate binding but becomes less important for stabilizationFicure 7: Effect of BEC in human penile corpus cavernosum

of the transition state and tetrahedral intermediate. The tissue. (a) Arginase activity in the presence of increasing concentra-
structure-based arginase mechanism presented in the acions of BEC is assessed at two different concentrations of substrate.

. Shown is a representative Dixon plot for tissue acquired from one
companying paper by Cox and colleagugg) (incorporates of six human patients diagnosed with erectile dysfunction; the mean

the mechanistic insight arising from the structure of the ; value for six different tissue samples is 103:22.3uM. (b, c)

arginase-BEC complex. Effects of BEC on smooth muscle function are assessed in organ
Arginase Expression in Human Penile Corpuss€ano- bath preparations of human cavernosal tissues. The NANC relax-

sum.Although we have recently measured arginase activity ation responses are elicited by electric field stimulation in the

; . . presence of vehicle (white bars). Tissues were then treated with
in extracts from rabbit and human penile corpus cavernosumy, ving concentrations of BEC for 20 min and electric stimulations

tissue (9), we have not confirmeq arginase expressi_on iN were repeated (black bars). Data are expressed as eEM
human penile tissue until now. Using RT-PCR analysis, we [(*) p < 0.05; (t)p < 0.005].

have identified arginase mRNA in human male corpus
cavernosum tissue. Although there appears to be somemediated relaxation is significantly enhanced by BEC in both
individual variation in abundance, both arginase | and Il human and rabbit tissues (Figure 7, panels b and c, and Table
MRNAs are clearly detected by RT-PCR analysis of RNA 2). On average, the largest enhancement is 5.1-fold in human
from human penile corpus cavernosum. Analysis of tissue tissue at 0.5 mM BEC and 3.3-fold in rabbit tissues at 1
samples from a total of nine individuals diagnosed with mM BEC. Interestingly, the highest concentration of BEC
erectile dysfunction reveals the presence of arginase | mMRNA(1 mM) is the most effective at potentiating neurogenic
in eight of the nine samples and arginase Il mRNA in all relaxation in rabbit tissue, whereas responses were not further
nine samples (results from seven samples are shown in Figureenhanced by concentrations greater than 0.5 mM BEC in
6). As indicated by the differences in PCR cycle number human tissue.
required for detection (25 cycles for liver and kidney samples
versus 45 cycles for penile tissue samples), abundance ofD|SCUSSION
arginase mRNAs in human penile tissue is much lower than
in human liver or kidney (Figure 6), which are the sites of ~ Structural Aspects of BEC Binding and the Arginase
highest expression of arginases | and I, respectivélgy ( MechanismThe boronic acid moiety is suitable for incor-
53). These results are consistent with the low levels of poration into a reaction coordinate analogue due to the
arginase activity detected in human penile tiss1@.( electron-deficient nature of boro@{—31), which facilitates
Effect of BEC on Penile Gernosal Tissue Arginase and hucleophilic attack of a solvent molecule to generate the
Smooth Muscle Contractilitypon the basis of the activity ~boronate anion. Indeed, the neutral trigonal planar boronic
of BEC against rat liver arginase and the lack of activity acid exists in solution in a pH-dependent equilibrium with
against NO synthase, we have tested its efficacy in penilethe tetrahedral boronate anion: at alkaline pH values, i.e.,
cavernosal tissue extracts by measuring the conversion ofhigh (HO), the tetrahedral boronate anion predominates. For
[1C]arginine to [*C]urea. In samples of human cavernosal €xample, 1-butane boronic acid ¥99% trigonal planar
tissue acquired from six men diagnosed with erectile dys- boronic acid at pH 8.0, and the hydration reaction RB(©H)
function, BEC inhibits arginase activity with a mervalue ~ + H20 < RB(OH)™ + H* has K, = 10.6 64). Since the
of 105.5+ 22.3uM as determined by Dixon plot analyses; crystal structure of the arginas8EC complex conclusively
representative data acquired from one sample are illustrated€veals that the tetrahedral BEC boronate anion binds to
in Figure 7a. Further studies on smooth muscle function havearginase, the boronic acid hydration reaction contributes to
been performed using organ bath preparations of isolatedthe observed dissociation constant for the enzymhibitor
cavernosal tissue strips. Electrical stimulation of tissue strips COmplex.
treated with an adrenergic nerve blocker (bretylium) and a  Strictly speaking, boronic acid inhibitors of hydrolytic
muscarinic receptor antagonist (atropine) elicits frequency- enzymes cannot be classified as chemically inert, preformed
dependent, neurogenic relaxation responses, which areransition state analogues, since a discrete chemicat-step
primarily mediated by nitric oxide4(7). Nitric oxide- the boronic acid hydration reactietis required to convert
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Table 2: Effect of BEC on Non-Adrenergic, Non-Cholinergic Relaxation Responses in Rabbit and Human Penile Corpus Cavernosum

percent relaxation

treatment N 0.5 Hz 1Hz 2 Hz 5Hz 15 Hz
human
vehicle 5 12.0£ 9.3 19.9+10.4 27.5+£10.1 30.2+10.1 43.9+ 16.0
0.1 mM BEC 5 21.6- 9.2 32.6+10.5 40.94 8.4 46.8+ 5.9 52.2+ 6.1
vehicle 6 6.3:2.9 19.9+ 8.9 38.945.3 42.8+5.4 4594+ 5.4
0.5 mM BEC 6 32.3t 6.4 422+ 7.3 51.8+ 6.3 515+ 5.4 57.9+ 4.3
vehicle 3 14.3+ 11.0 16.3+ 12.7 36.5+ 10.4 37.3t+14.1 35.9+ 8.0
1.0 mM BEC 3 23.H9.9 34.7+£9.5 37.74:11.4 35.1+11.7 40.1+ 13.3
rabbit
vehicle 4 19.4-6.4 42.7+ 8.7 59.1+ 7.2 70.6+ 6.2 79.1+£ 3.5
0.1 mM BEC 4 42.4-7.9 60.7+ 4.7 73.9+: 4.2 81.2+ 2.6 87.7+ 4.6
vehicle 4 23.8-6.4 52.1+ 14.8 64.14+16.5 70.7+ 13.6 78.5+ 10.2
0.5 mM BEC 4 46.0+ 13.5 64.3+18.2 74.2+15.9 77.9+14.4 82.8-9.2
vehicle 4 7.08+ 1.64 20.5+ 4.5 36.1+-6.4 51.3+:6.1 62.94+6.5
1.0 mM BEC 4 23.8- 3.3 36.4+ 6.2 62.3+ 4.6 68.94+ 2.C¢ 79.2+ 6.5

a]solated tissue strips were treated with bretylium and atropine, contracted willh ghenylephrine and subjected to electrical stimulation
in the presence of vehicle. Tissue strips were treated for 20 min with BEC and electrical stimulations were repeated. All data are expressed as
mean+ SEM.Pp < 0.005.¢p < 0.05, compared to vehicle at same frequency of stimulation.

the inhibitor into a species that more closely resembles the nucleophilic attack by metal-bridging hydroxide ion, we
transition state. Instead, boronic acid inhibitors such as BEC cannot conclusively rule out that the preformed tetrahedral
can be considered chemically reactive substrate analoguedoronate anion form of BEC directly displaces metal-bridging
that can be reversibly converted into transition state ana- hydroxide ion to yield the inhibitory complex observed in
logues upon binding to a target enzyme. Such inhibitors havethe crystal structure.
been informally designated as “reaction coordinate ana- Arginase in Erectile Physiologylhe selectivity of BEC
logues” 65), since the discrete chemical step required for toward arginase and the lack of activity against NO synthase
tight-binding inhibition precisely mimics a chemical step allow us to probe the role of arginase in the regulation of
leading to the transition state(s) along the reaction coordinatehuman corpus cavernosum smooth muscle tone. The detec-
of hydrolysis. In the example of arginasBEC association,  tion of mRNA for arginase types | and Il in this tissue (Figure
the tighter-binding form of BEC is one that resembles the 6) further supports our detection of arginase activity in human
tetrahedral intermediate [which by Hammond’s Postula® ( corpus cavernosum tissue extradt8)((Figure 7a). Interest-
is energetically and structurally similar to its flanking ingly, BEC exhibits a significantly higheK; value against
transition states]. Thus, the preferential binding of BEC as the arginase activity measured in tissue extracts than against
the tetrahedral boronate anion directly reflects Pauling’s the activity of purified enzyme preparations. This difference
observation that an enzyme preferentially binds the transition may be rationalized by the presence of endogenous arginine
state (or a corresponding analogue), rather than the substratin tissue preparations and also the potential interactions of
or product b7, 58). We conclude that the tetrahedral boronate BEC with other cellular constituents. Notably, however, the
anion form of BEC is a faithful analogue of the tetrahedral related inhibitor ABH exhibits virtually identicak; values
intermediate and its flanking transition states in arginase of ~0.1uM against the arginase activities of gastrointestinal
catalysis, and the observed intermolecular interactions sum-smooth muscle extracts and purified enzyme preparations
marized in Figure 5b stabilize the actual tetrahedral inter- (16, 37), so differences between in vitro and ex vivo
mediate and its flanking transition states in arginase catalysismeasurements with BEC may arise from other factors. For
as depicted in Figure 5c. example, it is conceivable that oxidation of the BEC thioester
Given the slow-binding kinetics measured for arginrase results in a sulfoxide or sulfone derivative with attenuated
BEC complexation (Figure 3), it is tempting to speculate arginase affinity and biological activity, and that such
that the slow El— EI* conversion (Scheme 1) corresponds oxidation is facilitated in tissue extracts. Regardless, the
to the nucleophilic attack of metal-bridging hydroxide ion functional enhancement of neurogenic relaxation in penile
at the trigonal planar boronic acid. Studies with microsomal cavernosal tissue exposed to BEC (Figure 7), as well as
and cytosolic leucine aminopeptidases (which are both comparable levels of enhancement achieved with ABH
binuclear metallohydrolases) amdaminoboronic acid in-  treatment19), supports a role for arginase in regulating NO
hibitors similarly reveal slow-binding inhibition kinetics, and biosynthesis. This interaction between arginase and NO
detailed analysis suggests that the slow-binding step repre-synthase may become particularly important in disease states
sents the formation of the tetrahedral boronate anion from resulting from neuropathies, endothelial dysfunction and/or
the trigonal planar boronic acid substrate analog8®. ( compromised smooth muscle responsiveness. This is sug-
Moreover, the binding of 1-butaneboronic acid to the gested by our observation that BEC causes a greater degree
binuclear zinc aminopeptidase froheromonas proteolytica ~ of enhancement in human tissue derived from men with
reveals that the boronic acid moiety is trapped in an arrestederectile dysfunction, relative to “healthy” rabbit tissue.
form between the Michaelis complex and the transition state  Previous reports by other investigators document the
for hydration in the enzyme active sit®é9). Despite the influence of arginase on inducible NO synthad&18);
analogous implication that the trigonal planar form of BEC however, these situations only arise during conditions of
initially binds to arginase and subsequently undergoes sepsis, in which an abnormally high demand is made on
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available arginine stores by inducible NO synthase and asubstrate, which would require higher effective concentra-
consequent overproduction of NO. To date, the only ex- tions of arginine.

amples of nonpathological regulation of NO production by  Since the arginase inhibitors ABH and BEC enhance NO-
arginase are in gastrointestinal smooth muscle tisdde (  dependent smooth muscle relaxation (Figureld) 19), and

and genito-urinary smooth muscle tissdg)( It remains to since ABH and BEC are highly selective toward arginase
be seen whether other tissues containing arginase and NQnhibition due to the specific boronic acid hydration chem-
synthase exhibit such a mechanism of regulation or whetheristry required to convert these reaction coordinate analogues
gastrointestinal and genito-urinary tissues are unique in thisinto tight-binding inhibitors (Figure 5)10), arginase is
regard. While it is presumed that arginase is co-localized strongly implicated in the modulation of arginine pools that
with NO synthase in the nerves and endothelial cells of are delivered to neuronal and endothelial NO synthase.
cavernosal tissue, its distribution has yet to be confirmed. Whether arginase can modulate the trafficking of arginine
By way of comparison, a recent study suggests that arginaseo NO synthase localized in neurons and in the Golgi and
and NO synthase may be localized in different but neighbor- caveolae of endothelial cells’%, 76), remains a critical

ing cells @0). Future studies investigating the cellular question to be addressed in future studies.

distribution of arginase and correlating these findings with  Concluding Remarkd.he results of these interdisciplinary
NO synthase distribution patterns in penile erectile tissue studies in structural biology, chemistry, and physiology
will aid in the distinction between intercellular and intra- confirm the presence and activity of arginase in human
cellular mechanisms of regulation. corpus cavernosum tissue. Moreover, the arginase inhibitor

The Arginine ParadaxThat BEC enhances NANC nerve- BEC enhances the NO-dependent relaxation of human corpus
mediated smooth muscle relaxation is consistent with the cavernosum smooth muscle, which implicates arginase as a
proposal that arginase regulates arginine bioavailability for regulator of arginine bioavailability to NO synthase. There-
NO biosynthesis and NO-dependent relaxation of human fore, we conclude that human penile arginase is a potential
corpus cavernosum smooth muscle. However, that argininetarget for the treatment of sexual dysfunction in the male.
bioavailability appears to limit NO biosynthesis is somewhat The localization of NO synthase in human clitoral corpus
surprising, since intracellular arginine concentrations 0100 cavernosum may similarly implicate arginase as a regulator
800 uM (61, 62) greatly exceed th&y value of 1uM of arginine bioavailability in this tissu&’{), so we speculate
measured for endothelial NO syntha8)( At such substrate  that arginase may likewise be a potential target for the
concentrations, the rate of NO biosynthesis ought to exceedtreatment of sexual dysfunction in the female.

99% maximal velocity, so modest increases in arginine
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