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Arginase, a key metalloenzyme of the urea cycle that converts L-arginine into L-ornithine and urea, is
presently considered a pharmaceutical target for the management of diseases associated with aberrant
L-arginine homeostasis, such as asthma, cardiovascular diseases, and erectile dysfunction. We now report
the design, synthesis, and evaluation of a series of 2-aminoimidazole amino acid inhibitors in which the
2-aminoimidazole moiety serves as a guanidine mimetic. These compounds represent a new class of
arginase inhibitors. The most potent inhibitor identified in this study, 2-(S)-amino-5-(2-aminoimidazol-
I-yl)pentanoic acid (A1P, 10), binds to human arginase I with K4 =2 uM and significantly attenuates
airways hyperresponsiveness in a murine model of allergic airways inflammation. These findings suggest
that 2-aminoimidazole amino acids represent new leads for the development of arginase inhibitors with

promising pharmacological profiles.

Introduction

Arginase is a metalloenzyme that catalyzes the hydrolysis of
L-arginine to form L-ornithine and urea. Two distinct isozymes
with different tissue distributions, subcellular localizations,
and metabolic functions have been identified in mammals.'
The cytosolic isozyme, arginase I, is found mainly in the liver
where it catalyzes the final cytosolic step of the urea cycle.
Here, arginase activity allows for the ultimate excretion of
excess nitrogen resulting from protein catabolism in the form
of urea.” The mitochondrial isozyme, arginase II, is pre-
dominantly expressed in extrahepatic tissues® where it serves
to regulate L-arginine homeostasis and biosynthetic pathways
dependent on vr-arginine and r-ornithine. These pathways
include nitric oxide (NO“) biosynthesis, L-proline biosynthesis
to support collagen production (as an alternative to the
L-glutamate derived biosynthesis of L-proline), and polyamine
biosynthesis to facilitate cellular proliferation (Figure 1).*¢
Arginase I is also expressed in extrahepatic tissues to regulate
L-arginine homeostasis.” For example, arginase I expression
is significantly increased in the asthmatic lung.® Arginase I is
more strongly induced by Th2 cytokines such as IL-13 that
have a critical role in the development of asthma in experi-
mental models,” while arginase I and II single-nucleotide poly-
morphisms may contribute to atopic asthma.'® Additionally,
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arginase inhibition or posttranscriptional gene silencing of
arginase I significantly decreases airways hyperresponsiveness
induced by IL-13 or aeroallergens in different animal models.'"
The role of arginase in asthma has been recently reviewed.'? In
addition to asthma, the biochemical interplay between arginase
and nitric oxide synthase makes arginase an increasingly im-
portant pharmaceutical target for the management of various
diseases associated with aberrant L-arginine homeostasis and/or
NO biosynthesis, such as erectile dysfunction,'*'* pulmonary
diseases such as cystic fibrosis,® cardiovascular diseases includ-
ing atherosclerosis,'® and cancer tumor growth."”

In the active site of arginase, the binuclear manganese cluster
and residues that interact with the a-amino and a-carboxylate
groups of amino acid inhibitors constitute essential molecular
recognition elements for high affinity binding. X-ray crystallo-
graphic studies of rat arginase I and human arginase I
complexed with inhibitors such as 2-(.S)-amino-6-boronohex-
anoic acid (ABH)"**'%1 and S§-(2-boronoethyl)-L-cysteine
(BEC)"*™! serve to guide continuing studies toward the
structure-based design of new inhibitors that bear alternative
functional groups targeting coordination interactions with the
binuclear manganese cluster. New inhibitors with different
chemical properties may exhibit alternative pharmacokinetic
profiles that enable their study as potential lead compounds
for drug development.

We have previously shown that the guanidine side chain of
L-arginine is not a particularly effective metal ligand.*® The
positively charged guanidinium group has a high pK, value of
12.5—13,*! so protonation significantly competes with poten-
tial metal coordination behavior. However, the incorporation
of a guanidinium group within a 2-aminoimidazole hetero-
cycle reduces the pK, by 4—35 units,”® which in turn can
facilitate metal coordination interactions and improve the
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Figure 1. Pathways of L-arginine metabolism.

pharmacokinetic profile. Accordingly, 2-aminoimidazole deri-
vatives display a broad range of biological properties and repre-
sent significant precursors for drug design and natural products
synthesis. Interestingly, 2-aminoimidazoles have been isolated
from marine sponges as secondary metabolites known as oroi-
dins, which exhibit a wide range of biological activities.>> 2
Although certain 2-aminoimidazole amino acids have been
reported with potential applications in medicinal chemistry,*®
such compounds have never been investigated as arginase
inhibitors. Here, we report the structure-based design, syn-
thesis, and evaluation of a series of 2-aminoimidazole amino
acid inhibitors of human arginase I. The most active of these
compounds, 2-(S)-amino-5-(2-aminoimidazol-1-yl)pentanoic
acid (A1P, 10), binds to human arginase I with low micro-
molar affinity and significantly reduces airways hyperrespon-
siveness in a murine model of allergic airways inflammation.
On the basis of these findings, we advance that 2-amino-
imidazole amino acids may serve as valuable leads for the
development of a new class of arginase-directed drugs. More-
over, the utilization of a 2-aminoimidazole moiety to target
metal coordination interactions is potentially generalizable
toward the inhibition of other binuclear metallohydrolases.

Results

Chemistry and in Vitro Structure—Activity Relationships
(SARs). 2-Aminoimidazole (Table 1) is a weak noncompeti-
tive inhibitor of human arginase I with K; = 3.6 mM. The
X-ray crystal structure of the enzyme—inhibitor complex
(Figure 2) reveals that 2-aminoimidazole binds in the active
site but does not interact directly with the binuclear manga-
nese cluster. Instead, the inhibitor is aligned parallel to the
imidazole group of H126 with a mean interplane distance
of ~4 A. Additionally, the 2-amino group donates a hydro-
gen bond to a water molecule that in turn donates a hydrogen
bond to the metal-bridging hydroxide ion. In studying the
structure of this complex, we reasoned that the 2-aminoimi-
dazole moiety could be targeted to interact directly with the
binuclear manganese cluster by incorporating it within the
side chain of an L-amino acid.

The synthesis of the simplest member of the series of
2-aminoimidazole amino acids shown in Table 1, L-2-amino-
histidine (2AH), was achieved using a previously pub-
lished procedure.?® This compound exhibits noncompetitive
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Table 1. 2-Aminoimidazole and Amino Acid Derivatives Synthesized
as Inhibitors of Human Arginase [

Compound K, (uM)“
2-Aminoimidazole
N 3600 + 20
2AH
*HSN\‘/X_NVNHQ 300+ 9
COO’\ NH
AHH
N NHe 3000 = 10
*HgN o NH
C00-
Al1P
‘HaNYv\N/z\‘HZ 40+0.2
boo 1N 2.020.1°
A4P
"HaN — > 800000
NH,
APP
N 500 £ 8
A

“Kinetic assay. Errors are standard deviations of experiments run in
triplicate.  Surface plasmon resonance measurement of the dissociation
constant, Kjy.

inhibition against human arginase I with a ~10-fold inc-
rease in inhibitor binding affinity (K; = 0.3 mM) relative to
2-aminoimidazole.

The X-ray crystal structure of the human arginase [-2AH
complex (Figure 3) reveals that the 2-aminoimidazole group
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Figure 2. Stereoview of a simulated annealing gradient map showing 2-aminoimidazole (3.00 contour, cyan) bound to human arginase I.
Dashed lines indicate manganese coordination (red) and hydrogen bond (green) interactions. Atom color codes are as follows: carbon (yellow),

oxygen (red), nitrogen (blue), manganese (violet).

Figure 3. Stereoview of a simulated annealing omit map showing the inhibitor 2AH and a sulfate ion bound to human arginase I. The inhibitor
(3.00 contour, cyan) and sulfate ion (3.50 contour, red) were omitted from the structure factor calculation. The sulfate ion coordinates to the
manganese ions and accepts hydrogen bonds from the side chain of 2AH. Dashed lines indicate manganese coordination (red) and hydrogen
bond (green) interactions. Atom color codes are as follows: carbon (yellow), oxygen (red), nitrogen (blue), manganese (violet), sulfur (green).

is repositioned in the active site, but the side chain is too short
to interact directly with the binuclear manganese cluster.
However, inhibitor binding recruits a tetrahedral anion inter-
preted as sulfate to achieve manganese coordination. As
observed for the binding of other amino acid inhibitors,'**
the a-amino group donates hydrogen bonds to D183 and two
water molecules, and the a-carboxylate group accepts hydro-
gen bonds from N130, S137, and two water molecules
(Figure 3). Hydrogen bond interactions between the 2-ami-
noimidazole group and the metal-bound sulfate anion stabilize
inhibitor binding and may contribute to the ~10-fold increase
in affinity relative to 2-aminoimidazole. Although the binding
affinity of 2AH is modest, the intermolecular interactions
observed in the human arginase I-2AH complex illuminate
anovel coordination mode to the binuclear manganese cluster.

Given that the side chain of 2AH is too short to allow the
2-aminoimidazole group to interact directly with the man-
ganese ions, we synthesized the congener 2-aminohomobhis-
tidine (AHH, Table 1), which bears a side chain one carbon
longer, using a previously published procedure.”” AHH is a
competitive inhibitor with K; = 3 mM for the racemic
mixture, indicating no significant improvement in the bind-
ing affinity compared with 2AH.

The X-ray crystal structure of the human arginase
I—-AHH complex (Figure 4) reveals that the a-amino and
a-carboxylate groups make the expected hydrogen bond

interactions in the active site as observed for the binding of
other amino acid inhibitors.'”** Additionally, the 2-aminoi-
midazole group of AHH displaces the metal-bridging hydro-
xide ion of the unliganded enzyme and coordinates to anJr A
with an average N---Mn?", separation of 2.5 A. The
N---Mn>"p separation is 2.8 A, which is too long to be
considered an inner sphere coordination interaction. The
imidazole group of AHH is sandwiched between the imida-
zole groups of H126 and H141 with mean interplane separa-
tions of 3.5 and 3.6 A, respectively. The lengthy metal
coordination interactions observed in this enzyme—inhibitor
complex, which should be closer to 2.0 A for optimal
N---Mn>" interactions, may be responsible for the lower
binding affinity of AHH.

Encouraged by these structural results, we opted to inves-
tigate three different derivatives bearing aminoimidazole side
chains one carbon longer than that of AHH: 2-(S)-amino-
5-(2-aminoimidazol-1-yl)pentanoic acid (A1P), 2-amino-5-
(2-aminoimidazol-4-yl)pentanoic acid (A4P), and (S)-2-ami-
no-5-(imidazol-2-ylamino)pentanoic acid (APP) (Table 1).
We used the protected r-amino acid aldehyde 4 and the
triprotected 2-aminoimidazole 5 as key intermediates in the
syntheses of these derivatives (Scheme 1).

The aldehyde 4 was synthesized from commercially avail-
able (S)-5-tert-butoxy-4-(tert-butoxycarbonylamino)-5-oxo-
pentanoic acid (1) that was first esterified with methyl
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Figure 4. Stereoview of a simulated annealing omit map showing the inhibitor AHH bound to human arginase 1. The inhibitor (3.00 contour,
cyan) was omitted from the structure factor calculation. Dashed lines indicate manganese coordination (red) and hydrogen bond (green)
interactions. Atom color codes are as follows: carbon (yellow), oxygen (red), nitrogen (blue), manganese (violet).

Scheme 1. Synthesis of the Key Intermediates 4 and 6
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Scheme 2. Synthesis of A1P
H Br
BocyN ' DIBAH Boc,N PPhy/CBry BocyN
Et;0 CH,Clp, 0°C
COOt-Bu 0 oC 1 hr COOt-Bu 22 COOt-Bu
0,
4 80% 5% 8
NBoc, NH3*
/—\ 3
8 + HN__N KCO; ~ BocoN N TFA/CH,Cl, "HsN
77 . N —M==» N \N
Y DMF. 70 °C coomu \=/ 92% COOH =
NBoc, 60%
6 9 10 (A1P)

chloroformate, then further N-protected with a second tert-
butoxycarbonyl group (intermediates 2 and 3, respectively).
Selective reduction of the less sterically hindered methyl ester
group of 3 with diisobutylaluminum hydride (DIBAH) at
—78 °C provided the corresponding aldehyde 4 in good over-
all yield.*® The heterocyclic intermediates were generated
by the treatment of 2-aminoimidazole with di-zert-butyl pyro-
carbonate, yielding the derivative 5 that was selectively de-
protected with ammonia in methanol to form 2-[bis(zerz-butoxy-
carbonyl)amino]imidazole (6).

While the synthesis of A 1P has been previously reported,*!
we developed an alternative synthetic route with a compar-
able overall yield. We reduced the aldehyde intermediate 4
with DIBAH to form alcohol 7 (Scheme 2). Bromination
of 7 with triphenylphosphine and carbon tetrabromide led
to the corresponding bromo derivative 8 (as previously
reported by our group®?), which was then coupled to the
selectively protected 2-aminoimidazole 6 with potassium
carbonate in dimethylformamide (DMF) to yield protected
AI1P (9); complete deprotection with trifluoroacetic acid

(TFA) in methylene chloride generated A1P (10) in good
overall yield. While it is conceivable that racemization
of the amino acid could occur under these conditions,
racemization of a related amino acid was blocked by the
utilization of a bulky rert-butyl protecting group on the
a-carboxylate,*® as we have similarly utilized for the pre-
paration of A1P.

Two different assays indicate that AIP binds to human
arginase [ with low micromolar affinity. The fixed-point
kinetic assay using '*C-labeled L-arginine®* demonstrates that
AI1P is a competitive inhibitor with K; =4 uM (Figure 5A).
Surface plasmon resonance analysis®> confirms low micro-
molar affinity with K3 =2 uM in a 1:1 Langmuir binding
model (Figure 5B). Unfortunately, we were unable to prepare
crystals of human arginase I complexed with A1P by crystal
soaking or cocrystallization approaches.

The N-alkylated derivative (APP, 12) was synthesized by the
reductive coupling of aldehyde intermediate 4 with 2-amino-
imidazole to yield protected APP (11); deprotection with TFA
in methylene chloride generated APP (12) (Scheme 3).
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Figure 5. (A) Kinetic replot of the inhibition of human arginase I by A1P yields K; = 4 uM. (B) Surface plasmon resonance sensorgram

showing the binding of A1P to human arginase I; K4 = 2 uM.

Scheme 3. Synthesis of APP
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Enzymological measurements indicate that APP binds
to human arginase I with modest affinity (K; = 500 uM,
Table 1). Alkylation via the 2-amino group increases the
length of the amino acid side chain, which may contribute to
decreased affinity relative to A1P.

The synthesis of A4P (Scheme 4) started from the com-
mercially available 2,6-diaminoheptanedioic acid, which was
diesterified with thionyl chloride in methanol, then N-pro-
tected with di-zerz-butyl pyrocarbonate in acetonitrile in the
presence of dimethylaminopyridine (DM AP) to generate the
protected intermediate 13. One ester group of 13 was then
selectively reduced to the corresponding aldehyde 14 by
using 1 equiv of DIBAH. Deprotection with 4 N HCI and
ethyl acetate (EtOAc) generated the diaminoaldehyde 15
that was condensed with cyanamide in water*® at pH 4.5 to
afford A4P (16). Enzymological assay indicates that A4P
lacks inhibitory activity (K; > 0.8 M).

Arginase Inhibition by A1P in a Murine Model of Allergic
Airways Inflammation. To determine the effectiveness of the
tightest binding 2-aminoimidazole amino acid, AP, for
reducing airways hyperresponsiveness in vivo, we used an
acute (3-week) ovalbumin (OVA)-sensitization and -chal-
lenge murine model, as previously described.® In this model,
mice sensitized with OVA but challenged with PBS (OVA/
PBS) serve as controls, while OVA-sensitized and -chal-
lenged mice (OVA/OVA) develop lung-specific airways in-
flammation and airways hyperresponsiveness, as a model of
asthma. We have previously shown that pharmacologic

inhibition of arginase with BEC attenuates maximum central
airways responsiveness (Rnmax) to methacholine in this
model.®* Consistent with the effective in vivo inhibition of
arginase, treatment with nebulized A1P (80 ug/g) attenuated
significantly the total resistance of the respiratory system (R)
following methacholine challenge in OVA/OVA mice
(Figure 6A). Similarly, the maximum resistance of the cen-
tral airways (Ry) was significantly attenuated by A1P treat-
ment in the same mice (Figure 6B).

Discussion

Imidazole and related azoles are well-known ligands
in metalloenzyme active sites, and ongoing explorations of
azole derivatives as potential pharmacophores have inspired
the current study. For example, spectroscopic studies on the
binding of imidazole and its analogues 1,2,3-triazole, 1,2,4-
triazole, and tetrazole to Co**-substituted human carbonic
anhydrase I and bovine carbonic anhydrase II suggest that
1,2,3-triazole forms a pentacoordinated metal complex while
1,2,4-triazole and tetrazole bind in tetrahedral metal com-
plexes.?” The crystal structure of human carbonic anhydrase I
complexed with imidazole reveals the inhibitor bound via one
of its nitrogen atoms as a fifth ligand to the Zn*" ion,*® and the
structure of human carbonic anhydrase II complexed with
1,2,4-triazole shows that the heterocycle coordinates to Znt
through the N4 atom.*” In other systems, the X-ray crystal
structure of methionine aminopeptidase-2 in complex with a
1,2,4-triazole derivative reveals a novel binding mode that
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Figure 6. Impact of arginase inhibition by A1P in the acute ovalbumin (OVA)-sensitization and -challenge murine model of allergic airways
inflammation. (A) A1P attenuated significantly the maximum total lung resistance (R) evoked by methacholine challenge in mice sensitized to
OVA and challenged with nebulized vehicle (OVA/PBS) or OVA (OVA/OVA and OVA/OVA AI1P). (B) A1P also notably decreased the
maximum methacholine-induced increase in central airways responsiveness (Ry) in the same animal model. Values are expressed as the mean +
SE (n = 12/group): (x) P < 0.05; (xxx) P < 0.0001 to OVA/PBS; (##) P < 0.01 to OVA/OVA.

may account for nanomolar affinity: two of the heterocyclic N
atoms coordinate the Co>* ion, while the third one makes a
hydrogen bond to a histidine residue in the active site.*’
Finally, a common binding mode for imidazole-based heme
oxygenase-1 inhibitors has been recently reported, revealing
that the imidazole group coordinates to the heme iron.*!

In contrast with imidazole and the azoles described above,
2-aminoimidazoles have had only limited study in the design
of metalloenzymes inhibitors. To our knowledge, the only
examples reported to date are those studied as inhibitors of
NO synthase.?®** Optical absorption, magnetic circular di-
chroism, and electronic paramagnetic resonance analyses of
endothelial nitric oxide synthase complexed with imidazole
derivatives suggest the direct binding of 2-aminoimidazole to
the guanidine binding subdomain near the catalytic heme
group.*? Accordingly, such derivatives are considered promis-
ing ligands for exploring the active sites of different forms of
nitric oxide synthase and for the development of isozyme-
selective inhibitors. Some 2-amino-5-azolylpentanoic acids
related to L-ornithine have also been reported as nitric oxide
synthase inhibitors.”® However, we have determined that the
2-aminoimidazole amino acids shown in Table 1 are only
weak or modest inhibitors of recombinant rat neuronal nitric
oxide synthase (nNOS) or recombinant murine inducible
nitric oxide synthase (iNOS), with ICs, values ranging from
65 to 3300 uM (data not shown). Moreover, the new lead
arginase inhibitor identified in the current study, A1P (10), is
only a weak inhibitor of iNOS and nNOS, with ICs, values of
480 and 135 uM, respectively (data not shown). Such selec-
tivity for arginase inhibition may facilitate the use of AI1P
and its derivatives for the selective modulation of L-arginine
levels in the management of diseases associated with aberrant
L-arginine homeostasis.

Notably, in vitro SARs based on biological assays and
X-ray crystallographic studies show a clear correlation of
inhibitor potency with the length of the carbon linker separ-
ating the heterocycle and the amino acid moieties; the highest
efficacy observed for A1P is associated with a side chain that is
the same length as that of the natural substrate, L-arginine.
Interestingly, 2-aminoimidazoles smaller than L-arginine (2AI
and 2AH) are noncompetitive inhibitors, whereas inhibitors
that are more isosteric with L-arginine (AHH and A1P) are
competitive inhibitors. The orientation of the 2-aminoimida-
zole moiety as it is attached to the amino acid side chain
is a critical affinity determinant, as shown by differences in
the inhibitory potencies of AIP, A4P, and APP. Since the
pK, of the 2-aminoimidazole moiety is relatively invariant to

alkylation on imidazole N or C atoms,?* differences in pK,
cannot contribute to differences in inhibitor affinity. Accord-
ingly, the optimal affinity of A1P in the series of compounds
shown in Table 1 correlates with a 2-aminoimidazole orienta-
tion that is most closely isosteric with the guanidinium moiety
of the arginase substrate L-arginine. We speculate that this
optimizes enzyme—inhibitor metal coordination interactions.

Human asthma patients have increased levels of expression
and activity of arginase I in the airways,® similar to the mouse
model of OVA-induced airways inflammation® used in this
study. Recently, we have demonstrated that arginase inhibi-
tion by the boronic acid derivative BEC reduces airways
hyperresponsiveness in murine models of allergic airways
inflammation.®® The current study indicates that AIP is
similarly effective in vivo as an arginase inhibitor in this acute
asthma model.

Summary and Conclusions

This is the first investigation of arginase inhibition using
the 2-aminoimidazole moiety as a “warhead” to target the
binuclear manganese cluster. Importantly, A1P is a mimetic
of the substrate L-arginine in which the side chain N, and N,,
atoms are covalently linked via the imidazole heterocycle:

i b
HgN *HaN
TN YO,
C00~ CooH =/
L-arginine AlP

Incorporation of the guanidinium nitrogen atoms within the
imidazole moiety serves to depress the pK, of the side chain
to ~7—8, which can also lead to improved bioavailability.
Our SAR analysis demonstrates that the 2-aminoimidazole
moiety can target metal coordination and hydrogen bond
interactions in the enzyme active site. The most potent
inhibitor studied, A1P, exhibits low micromolar binding
affinity. Moreover, AIP inhibits arginase in vivo and sig-
nificantly reduces airways hyperresponsiveness to metha-
choline in OVA-sensitized and -challenged Balb/C mice.
Only three other types of amino acid inhibitors are known
to bind to arginase with low micromolar affinity or better:
those bearing boronic acid side chains,'**'® one bearing an
N-hydroxyguanidinium side chain,** and one bearing an N-
hydroxyamino side chain (N-hydroxy-L-lysine).*’ Therefore,
we now add the 2-aminoimidazole amino acid A1P to this
important group of lead compounds for the development of
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new arginase inhibitors that may exhibit alternative and
improved pharmacokinetic profiles.

Experimental Section

Synthesis of 2-Aminoimidazole Amino Acids. General Proce-
dures. All reagents were of at least 95% purity, purchased from
Sigma Aldrich Co., Fisher Scientific, or Alfa Aesar and used as
received. All solvents were of HPLC grade and purchased from
Fisher Scientific or Sigma Aldrich Co. For anhydrous condi-
tions, solvents were freshly distilled under N, (Et,O from Na,
CH,Cl, from P,Os, and THF from Na/benzophenone). Reac-
tions were monitored by TLC with Sigma-Aldrich aluminum
plates (silica gel F;s4, 60 A, 0.25 mm), visualized by quenching
under UV light, equilibrating in a glass chamber containing
iodine, and/or staining with ninhydrin solution. Flash column
chromatography was performed using Fisher Scientific silica gel
60 (230—400 mesh). HPLC was performed on a Waters system
with a 1525 binary pump and a 2487 dual 4 absorbance UV
detector (detection at 254 nm), using a Symmetry (C18) 5 uM
column (4.6 mm x 150 mm) (MeCN/H,O/TFA, 10:90:0.1;
isocratic elution). Mass spectrometry was carried out on Waters
Acquity SQD UPLC-MS (low resolution) and on LCT Premier
XE Micromass/Waters MS Technologies (high resolution)
spectrometers. Purities of all synthesized and tested compounds
were greater than 95%.

"H and '*C NMR spectra were recorded on Bruker DMX 360
and DRX 500 spectrometers at 360 and 500 MHz, res?ectively,
for "H and at 90.6 and 125.6 MHz, respectively, for °C NMR.
Assignments were made on the basis of chemical shifts, signal
intensity, COSY, and HMQC sequences. 'H and *C NMR
chemical shifts (0) are reported in ppm relative to the residual
solvent peaks. "H NMR coupling constants (J) are reported in
Hz, and multiplicities are denoted as follows: s, singlet; d,
doublet; t, triplet; m, multiplet; bs, broad singlet.

2-Bis(tert-butyloxycarbonyl)amino-1-tert-butyloxycarbonyli-
midazole (5). 2-Aminoimidazolium sulfate (5.5 g, 41.5 mmol)
was dissolved in water (25 mL) and treated with a solution of
NaOH (1.7 g, 42.5 mmol) in water (3 mL). The water was
removed under reduced pressure. The residue was extracted
with MeOH (30 mL), and the methanolic extracts were rotoe-
vaporated to dryness. The resulting light-brown oil was sus-
pended in MeCN (30 mL). Then NEt; (20 mL) and DMAP (1 g)
were added. The suspension was cooled to 0 °C. Then di-zert-
butyl pyrocarbonate (27.6 g, 166 mmol) in MeCN (30 mL) was
added dropwise. The mixture was stirred at 20 °C for 16 h, after
which di-zert-butyl pyrocarbonate (6.9 g, 41.5 mmol) in MeCN
(15 mL) was added. The resulting suspension was refluxed for
8 h. The solvent was rotoevaporated and the residue partitioned
between CH,Cl, (200 mL) and water (100 mL). The aqueous
layer was reextracted with CH,Cl, (4 x 50 mL), and the
combined organic extracts were washed with water (100 mL),
saturated aqueous NaHCO5 (100 mL), brine (100 mL), dried
(Na,S0,), filtered, and concentrated under reduced pressure.
Purification by flash column chromatography on SiO, (hexane/
EtOAc gradients) afforded pure product 5 (10.1 g, 63%) as a
colorless oil. "H NMR (CDCl5): 6 7.39 (d, J=1.9, |H, HC-4 of
imidazole), 6.93 (d, /J=1.9, 1H, HC-5 of imidazole), 1.58 (s, 9H,
N-1Boc), 1.43 (s, 18H, 2-NBoc,). '*C NMR (CDCls): 0 149.4
(2CO, 2-NBoc,), 146.4 (CO, N1-Boc), 138.3 (C-2 of imidazole),
126.7 (C-4/C-5 of imidazole), 118.5 (C-5/C-4 of imidazole), 86.1
(CMejs, N-1Boc), 83.6 (2CMe;, 2-NBoc,), 27.9 (9CH;, 3Boc).
MS ES+ m/z 384.2 (M + H)*

2-Bis(tert-butyloxycarbonyl)aminoimidazole (6). To a solu-
tion of 5 (1.48 g, 3.9 mmol) in MeOH (20 mL) at room
temperature, NHz in MeOH (3 mL, 7N) was added. The mixture
was stirred at room temperature for 48 h. Then the solvent was
removed in vacuo. Purification by flash column chromatogra-
phy on SiO, (hexane/EtOAc gradient) yielded 6 (0.83 g, 56%) as
a white solid. '"H NMR (DMSO-dq): ¢ 12.13 (s, 1H, NH of
imidazole), 7.07 (s, 1H, HC-4/C-5 of imidazole), 6.80 (s, 1H,
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HC-5/C-4 of imidazole), 1.38 (s, I8H, 2Boc). *C NMR (DMSO-
ds): 0 156.2(2CO, 2Boc), 140.7 (C-2 of imidazole), 126.5 (C-4/C-5
of imidazole), 116.3 (C-5/C-4 of imidazole), 82.6 (2CMes, 2Boc),
27.4 (6CHj3, 2Boc). MS ES+ m/z 284.2 (M + H)™.
2-[Bis(tert-butyloxycarbonyl)amino]-5-[2-bis(tert-butyloxycar-
bonyl)aminoimidazol-1-yl]pentanoic Acid tert-Butyl Ester (9).
Anhydrous K,CO; (0.77 g, 5.6 mmol) was suspended in DMF
(7.5 mL) and purged with N, for 5 min. 6 (0.80 g, 2.8 mmol) was
added in one portion under N, purging, followed by the bromide
8 (1.3 g,2.9 mmol) in DMF (3 mL). The mixture was warmed to
60 °C while stirring vigorously and purging with N,. Then the N,
line was removed and stirring was continued overnight at 60 °C
under inert atmosphere. The reaction mixture was allowed to
cool at room temperature, poured into cold water (50 mL), and
extracted with CH,Cl, (5 x 40 mL). The combined organic
extracts were washed with water (50 mL), brine (50 mL), dried
(Na,SO,), filtered, and concentrated. Flash chromatography on
silica gel (hexane/EtOAc gradients) afforded 9 (1.1 g, 60%) as a
light-brown oil. "H NMR (CDCls): 6 7.00 (d, J=1.2, 1H, HC-4/
C-5 of imidazole), 6.89 (d, /= 1.2, 1H, HC-5/C-4 of imidazole),
4.69 (dd, J=8.4, 5.6, 1H, CHCOO), 3.73 (dd, /="7.1, 5.8, 2H,
CH;N), 2.1-1.81 (m, 4H, CHCH, + CHCH,CH,), 1.48 (s,
18H, 2Boc), 1.42 (s, 18H, 2Boc), 1.41 (s, 9H, 3CH;3 of COO'Bu).
13C NMR (CDCls): 6 169.5 (CO, COOBu), 152.9 (3CO, 3Boc),
150.1 (CO, Boc), 138.2 (C-2 of imidazole), 127.2 (C-4/C-5 of
imidazole), 118.7 (C-5/C-4 of imidazole), 83.4 (2CMejs, 2Boc),
81.9 (2CMe;, 2Boc), 77.6 (CMes;, COO'Bu), 58.5 (CHCOO),
45.3 (CH;N), 28.4 (6CH3, 2Boc), 28.2 (6CHj3, 2Boc), 28.1 (3CH;
of COO'Bu), 27.2 (CHCHy,), 26.9 (CHCH,CH,). MS ES+ m/z
655.4 (M + H)*.
2-(.S)-Amino-5-(2-aminoimidazol-1-yl)pentanoic Acid Ammo-
nium Salt (A1P, 10). The Boc-protected derivative 9 (0.65 g,
1 mmol) was dissolved in CH,Cl, (4 mL), cooled at 0 °C (water/
ice bath), and treated dropwise with TFA (4 mL) with constant
stirring. The flask was allowed to reach room temperature and
the mixture stirred for another 4 h until TLC monitoring
(MeOH/CH,Cl,, 5:95) revealed complete deprotection. Eva-
poration, washing with CHCl;, and drying under vacuum
yielded 10 (0.39 g, 92%) as a bis-trifluoroacetate salt. Further
purification by flash column chromatography (CHCl;/MeOH/
NH; gradients) afforded 10 (0.31 g) as a colorless oil. '"H NMR
(D,0): 6 6.80 (s, 1H, HC-4 of imidazole), 6.70 (s, 1H, HC-5 of
imidazole), 3.86 (m, 2H, CH,N), 3.66 (m, |H, CHCOO), 1.83
(m, 4H, 2CH>). '*C NMR (D,0): d 176.2 (CO), 147.5 (C-2 of
imidazole), 119.1 (C-4 of imidazole), 116.4 (C-5 of imidazole),
54.5 (CHCOO), 44.1 (CH;,N), 28.2 (CHCH,CH,CH,N), 24.6
(CHCH,CH,CH,N). AIP"Na™ (pH 14): '"H NMR (D,O +
NaOD): 6 6.61 (s, 1H, HC-4 of imidazole), 6.46 (s, |H, HC-5 of
imidazole), 3.63 (m, 2H, CH,N), 3.11 (m, I|H, CHCOO), 1.60
(m, 2H, CHCH,CH,CH,N), 1.44 (m, 2H, CHCH,CH,CH,N).
A1P-2HCI (pH 1): '"H NMR (D,0): 6 6.75 (bs, 2H, HC-4, HC-5
of imidazole), 3.96 (t, J=15.8, IH, CHCOO), 3.84 (t, J=6.4, 2H,
CH;N), 1.84 (m, 4H). HRMS m/z 199.1188 (calcd for M + H,
199.1195).
2-[Bis(tert-butyloxycarbonyl)amino]-5-(imidazol-2-ylamino)-
pentanoic Acid zert-Butyl Ester (11). 2-Aminoimidazolium sul-
fate (2 g, 15 mmol) was dissolved in water (10 mL) and treated
with NaOH (0.6 g, 15 mmol) in water (3 mL). The solvent was
removed under vacuum and the evaporation residue washed
with EtOH (50 mL), then sonicated in EtOH (50 mL) for 10 min
to ensure the complete extraction of 11 from the inorganic salt
matrix. The resulting light-brown solution was filtered and the
inorganic precipitate washed with EtOH (3 x 10 mL). Rotoe-
vaporation to dryness of the combined EtOH extracts yielded
the 2-aminoimidazole free base (1.25 g,99%) as a brown oil. The
crude product was retaken in MeOH (10 mL), aldehyde 4 (3 g,
7.75 mmol) was added, and the resulting mixture was treated
with NaBH3;CN (300 mg, 4.7 mmol) and activated molecular
sieves (4 A, 2 g). The suspension was stirred at room temperature
until TLC indicated no further advancement of the reaction
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(48 h). Column chromatography of the residue (silica gel,
hexane/EtOAc gradient) yielded 11 (1.05 g, 30%) as a purple
oil (the alcohol 7 was the major byproduct and could be
recovered: 1.8 g, 60% conversion). "H NMR (CDCl5): 6 10.03
(s, IH, NH of imidazole), 6.55 (s, IH, HC-4/C-5 of imidazole),
6.49 (s, IH, HC-5/C-4 of imidazole), 5.22 (t,J=6.1, 1H, NH-2 of
imidazole), 4.64 (dd, J=9.8,4.8, IH, CHCOO), 3.30 (dd, J=7.0,
6.5, 2H, CH,N), 2.10—1.67 (m, 4H, CHCH, + CHCH,CH,),
1.50 (s, 18H, 2Boc), 1.43 (s, 9H, 3CH; of COO'Bu). '*C NMR
(CDCl3): 6 169.8 (CO, COO'Bu), 153.4 (2CO, 2Boc), 148.1 (C-2
of imidazole), 121.8 (C-4 of imidazole), 111.0 (C-5 of imidazole),
84.0 (2CMes, 2Boc), 82.1 (CMes;, COOBu), 58.7 (CHCOO),
43.3 (CH,N), 28.3 (6CH3, 2Boc), 28.2 (3CH; of COO'Bu), 26.6
(CHCH,), 25.8 (CHCH,CH,). HRMS m/z 455.2856 (calcd for
M + H, 455.2870).

(.5)-2-Amino-5-(imidazol-2-ylamino)pentanoic Acid (APP) (12).
The same general procedure as for the synthesis of 10 afforded 12
as a bis-trifluoroacetate salt (90%). '"H NMR (D,0): 6 6.87 (bs,
2H, HC-4, HC-5 of imidazole), 4.01 (m, 1H, CHCOO), 3.32 (m,
2H, CH,N), 2.05 (m, 2H, CHCH,), 1.80 (m, 2H, CHCH,CH,).
13C NMR (D,0): 6 165.5 (CO), 146.7 (C-2 of imidazole), 113.4
(C-4 of imidazole), 112.9 (C-5 of imidazole), 60.6 (CHCOO), 42.5
(CH;,N), 29.5 (CHCH,CH,CH,N), 26.5 (CHCH,CH,CH,N)
(signals from TFA were omitted).

Dimethyl 2,6-Bis(zert-butoxycarbonylamino)heptanedioate (13).
2,6-Diaminopimelicacid (6 g, 31.5 mmol) was dissolved in MeOH
(50 mL) under N, purging in an oven-dried flask. The suspen-
sion was cooled to —5 to —10 °C (ice/acetone bath) and treated
dropwise with thionyl chloride (5.1 mL, 69.4 mmol). The mixture
was stirred at —5 to —10 °C for 1 h, then overnight at room
temperature, when 'H NMR and TLC monitoring (CHCl3/
MeOH/NH4OH, 2:8:1) indicated completion of the reaction.
The solvent was rotoevaporated and the crude product washed
with Et,O, then dried overnight under vacuum to yield the
corresponding amino ester (8.5 g) as a dihydrochloride salt.
NEt; (12.3 mL) and DMAP (2.9 g) were added to a suspension
of the amino ester in MeCN (80 mL). The suspension was cooled
to 0 °C. Then di-fert-butyl pyrocarbonate (25.8 g, 118.1 mmol) in
MeCN (30 mL) was added dropwise. The mixture was stirred at
room temperature for 48 h. Solvent rotoevaporation and purifica-
tion by flash column chromatography (silica gel, hexane/EtOAc
gradients) afforded 13 as a light-yellow oil (88%). 'H NMR
(CDCly): 6 5.09 (m, 2H, 2CHCOO), 4.26 (m, 2H, 2NH), 3.72
(s, 6H, 2COOCH3), 1.82 (m, 2H, CAH>CH), 1.63 (m, 2H,
CgH>CH), 1.43 (s, 18H, 2Boc), 1.39 (m, 2H, CH,CH,CH). '*C
NMR (CDCly): 6 173.5 (2CO, 2COOMe), 155.8 (2CO, 2Boc),
80.34 (2CMes, 2Boc), 53.5 (CAH), 52.7 (CgH), 32.7 (CAH,CH),
32.6 (CgH,CH), 28.6 (6CH3, 2Boc), 21.8 (CAH,CH,CH), 21.6
(CgH,CH,CH). MS ES+ m/z 419.2 (M + H)™".

Methyl 2,6-Bis(tert-butoxycarbonylamino)-7-oxoheptanoate
(14). 13 (1.2 g, 2.86 mmol) was dissolved in Et,O (30 mL) with
stirring at room temperature and nitrogen purging, then cooled
to —78 °C (acetone/dry ice bath). DIBAH (1 M) in hexane (1.86
mL, 1.86 mmol) was added dropwise. '"H NMR monitoring
indicated completion of the reaction after 1 h. The reaction
mixture was quenched with water (5 mL) and filtered. The
filtrate was rotoevaporated to dryness, washed with CHCl;,
and dried overnight under vacuum to afford 14 (0.99 g, 89%) as
a colorless oil. "H NMR (CDCls): 6 9.57 (s, I1H, CHO), 5.09 (m,
2H, CHCHO + CHCOOMe), 4.27 (m, 2H, 2NH), 3.73 (s, 3H,
COOCHs3), 1.80 (m, 2H, CAH,CH), 1.64 (m, 2H, CgH,CH),
1.44 (s, 18H, 2Boc), 1.40 (m, 2H, CH,CH,CH). *C NMR
(CDCl3): 6 200.0 (CHO), 173.4 (CO, COOMe), 155.9 (2CO,
2Boc), 80.3 (2CMes, 2Boc), 59.8 (CHCHO), 53.4 (CAH), 52.6
(CgH), 32.8 (CAH,CH), 32.6 (CgH,CH), 28.6 (6CH3, 2Boc),
21.7 (CAH,CH,CH), 21.5 (CgH,CH,CH), 21.3 (CcH,CH,-
CH). MS ES+ m/z389.2 (M + H)".

2-Amino-5-(2-aminoimidazol-4-yl)pentanoic Acid (A4P, 16). 14
(1.6 g, 4.12 mmol) was stirred in EtOAc (32 mL) and 4 N HCI (30
mL) at room temperature for 2 h. The solvent was rotoevaporated,
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and the resulting light-brown oil was dried overnight under
vacuum, then resolubilized in water (18 mL). The pH was
adjusted to 4.5 with 2 N NaOH, and cyanamide (1.04 g) was
added in one portion. The reaction mixture was refluxed at 95 °C
for 3 h, then rotoevaporated to dryness. Purification by flash
column chromatography (CHCl;/MeOH/NH,OH fgradients)
generated 16 (0.23 g, 30%) as a light-yellow oil. 'H NMR
(D>0): 0 6.77 (s, IH, HC-4 of imidazole), 3.75 (m, 1H, CHCOO),
2.55 (m, 2H, CHCH,CH,CH,-imidazole), 1.88 (m, 2H, CHCH,-
CH,CH»-imidazole), 1.68 (m, 2H, CHCH,CH,CH,-imidazole).
3C NMR (D,0): 6 175.1 (CO), 147.1 (C-2 of imidazole), 128.4
(C-4 of imidazole), 109.4 (C-5 of imidazole), 54.6 (CHCOO),
29.9 (CHCH,CH,CH;-imidazole), 23.9 (CHCH,CH,CH,-imi-
dazole), 23.3 (CHCH,CH,CH,-imidazole). HRMS m2/z 199.1189
(caled for M + H, 199.1195).

Kinetic Assays. 2-Aminoimidazole amino acids affinities for
human arginase | were determined using the fixed point assay
with ["*C-guanidino]-L-arginine™ as previously reported.*® Re-
combinant human arginase I was prepared as previously de-
scribed.'® The final working concentrations in the reaction tubes
were 1 mM for the unlabeled r-arginine and 0.07 ug/uL for
human arginase I. Data analysis was based on the kinetic replot
vo/v; as a function of inhibitor concentration, where v, and v; were
the observed velocities in the absence and presence of inhibitor,
respectively. The mode of inhibition (i.e., noncompetive or
competitive) was determined from Lineweaver—Burk plots of
kinetic data at several different inhibitor concentrations.

Surface Plasmon Resonance. The binding affinity of A1P was
determined on a Biacore 3000 instrument, following a pre-
viously reported procedure,” except that all measurements were
made at pH 8.5 and the analyte concentrations ranged from 0 to
800 uM. Binding data were analyzed using a 1:1 Langmuir
interaction model.*’

Crystallography. Crystals of human arginase I complexed
with 2AH were prepared by soaking 2AH into preformed
crystals of the native enzyme, which were prepared by the
hanging drop vapor diffusion method at 21 °C. Drops contain-
ing 3 uL of protein solution [3.5 mg/mL protein, 50.0 mM bicine
(pH 8.5), 2 mM thymine, 100 «uM MnCl,] and 3 uL of precipitant
solution [0.1 M HEPES (pH 7.0), 28% Jeffamine] were equili-
brated against a 1 mL reservoir of precipitant buffer. Crystals
generally formed within 3—4 days. Crystals were harvested and
soaked in a precipitant solution augmented with 20 mM 2AH
for 1 week and then cryoprotected in a precipitant solution
containing 32% Jeffamine prior to flash cooling in liquid
nitrogen.

Crystals of the human arginase [I-AHH and human arginase
1—2 aminoimidazole complexes were prepared by cocrystalliza-
tion in hanging drops at 21 °C. Drops containing 3 uL of protein
solution [3.5 mg/mL protein, 50 mM bicine (pH 8.5), 2 mM
AHH or 2 mM 2-aminoimidazole, 100 uM MnCl,] and 3 uL of
precipitant solution [0.1 M HEPES (pH 7.0), 28% Jeffamine]
were equilibrated against a 1 mL reservoir of precipitant solu-
tion. Crystals appeared overnight and grew with typical dimen-
sions of 0.5mm x 0.2 mm x 0.2 mm within 1 week. Crystals were
soaked for 24 h in a precipitant solution augmented with 5 mM
AHH or 2-aminoimidazole and cryoprotected as described
above.

X-ray diffraction data from all crystals were collected at the
National Synchrotron Light Source beamline X6A. Diffraction
intensities measured from human arginase [—inhibitor com-
plexes exhibited symmetry consistent with apparent space group
P6 (unit cell parameters a=b=90.1 A, c=69.7 A). Intensity data
integration and reduction were performed using the HK1.2000
suite of programs.*® Data reduction statistics are recorded in
Table 2. As with crystals of other human arginase I complexes,*
deviations from ideal Wilson statistics were observed with (/%)/
(I* = 1.5, indicating perfect hemihedral twinning.>® The struc-
ture of each enzyme—inhibitor complex was solved by molecular
replacement using the program Phaser®' with chain A of the
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Table 2. Data Collection and Refinement Statistics

human human human
arginase arginase arginase
1-2A1 I- 2AH I-AHH

Data Collection

resolution, A 50.0—1.90 50.0—1.47 50.0—1.90
total/unique reflections ~ 91110/50007 196796/107754  95366/50344
measured
Rme,.ge“‘l’ 0.061 (0.265)  0.059 (0.616) 0.086 (0.310)
Ijo(D)“ 13.9 (4.0) 21.1(2.3) 15.4 (3.8)
completeness, % ¢ 99.1 (98.7) 99.4 (99.6) 99.8 (100.0)
Refinement
reflections used in 47507/2500 102365/5389 49288/2184
refinement/test set
Riwin € 0.168 0.149 0.141
Riwinfree 0.176 0.162 0.190
Protein atoms? 4772 4772 4762
water molecules” 246 460 338
inhibitor atoms? 12 24 26
manganese ions’ 4 4 4
sulfate ions? 2
Root-Mean-Square Deviation
bond length, A 0.007 0.011 0.008
bond angle, deg 2.1 2.2 2.1
PDB accession code 3MJL 3MFW 3MFV

“Number in parentheses refer to the outer 0.1 A shell of data.
lenerge = Y |1 — {D|/> 1, where I is the observed intensity and (/) is
the average intensity calculated for replicate data. © Riwin = Y I[| Fale/ A2+
|Featen 7% = [Fops |/> | Fops| for reflections contained in the working set.
[Feaie/al and | Fouie/p| are the structure factor amplitudes calculated for the
separate twin domains A and B, respectively. R, underestimates the
residual error in the model over the two twin-related reflections by a factor
of approximately 0.7. The same expression describes Riyin free, Which was
calculated for test set reflections excluded from refinement. “Per asym-
metric unit.

unliganded human arginase I (PDB accession code 2ZAV, less
water molecules)* used as a search probe against twinned data.
In order to calculate electron density maps, structure factor
amplitudes (| Fops|) derived from twinned intensity data (|Z,ps|)
were deconvoluted into structure factor amplitudes correspond-
ing to individual twin domains A and B (| Fops/al and [Fopssl,
respectively) using the structure-based algorithm of Redinbo
and Yeates*® implemented in CNS.>

Crystallographic refinement of each enzyme—inhibitor com-
plex against twinned data was performed as previously de-
scribed using CNS.* In the later stages of each refinement,
after the majority of water molecules were located, gradient omit
maps revealed the inhibitor bound in the active site of each
monomer in the asymmetric unit.

Inhibitors were refined with full occupancy and atomic B
factors consistent with the average B-factor calculated for the
entire protein. For the refinement of the human arginase 1—
2-aminoimidazole and human arginase [-2AH complexes, full-
matrix least-squares refinement was performed against twinned
data using the program Shelx’? in the final stages of refinement.
Isotropic B factors were used in refinement with the exception of
the manganese ions and sulfur atoms in the human arginase
I—2AH complex, which were refined anisotropically (Table 2).

Disordered segments were excluded from the final models of
the human arginase [—AHH complex (M1-S5 and N319-K322),
the human arginase I—2-aminoimidazole complex (M1-S5 and
N319-K322), and the human arginase [I-2AH complex (M1-K4
and N319-K322). The quality of each refined model was
assessed using PROCHECK.>*

Acute Murine OV A-Sensitization and Challenge Model of
Allergic Airways Inflammation. These protocols were approved
by the University of Toronto Faculty Advisory Committee on
Animal Services and were conducted in accordance with the
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guidelines of the Canadian Council on Animal Care. The acute
model utilized a 3-week OVA-sensitization and -challenge pro-
tocol, as described previously.®® Briefly, female Balb/C mice (6—
8 weeks old, Charles River Laboratories, Saint-Constant, PQ)
were sensitized to chicken OVA on days 0 and 7 (ip, 25 ug of
chicken OVA; grade V, >98% pure; Sigma Chemical Company,
Mississauga, Ontario, Canada), with 1 mg of aluminum hydro-
xide gel (Invitrogen, Grand Island, NY). Beginning on day 14,
animals were randomized to repeated exposure to nebulized 6%
OVA in PBS or PBS alone for 25 min/day on days 14—20, using
an AeroNebLab nebulizer (SciReq Inc., Montréal PQ).

In Vivo Arginase Inhibition with A1P and Methacholine
Challenge. On day 21, 24 h after the final OVA or PBS challenge,
mice were anesthetized with 50 mg/kg ketamine (Bioniche,
Belleville, Ontario, Canada) and 10 mg/kg xylazine (Bayer Inc.,
Toronto, Ontario, Canada) prior to intubation with an 18G
stainless steel cannula (BD Biosciences Canada, Mississauga,
Ontario, Canada) for in vivo, ventilator-based assessment of
methacholine-responsiveness using the FlexiVent system Scireq.
After determination of baseline pulmonary resistance para-
meters, A1P (80 ug/g body weight) was delivered via nebulization
directly into the ventilatory circuit of a randomly selected sub-
group of OVA/OVA mice. In a previous study we showed that
arginase inhibition did not exhibit any effect on OVA/PBS mice.
Fifteen minutes after delivery of the drug, baseline pulmonary
resistance was reassessed and the methacholine dose—response
curve was initiated, as previously described.®* In brief, mice
were challenged with methacholine (0—100 mg/mL in sterile
PBS: Sigma) nebulized directly into the ventilatory circuit
(AeroNebLab nebulizer). All data points were collected using
the FlexiVent software (Scireq Inc.) and analyzed off-line using
Excel (Microsoft Corp., Redmond, WA). We have previously
shown®® that this treatment-based protocol completely abrogates
the allergic airways-induced hyperresponsiveness to methacho-
line in several murine models of allergic airways inflammation.
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