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Exploiting the Pyrazolo[3,4-d]pyrimidin-4-one Ring System as a Useful Template To Obtain
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A number of pyrazolo[3,4-d]pyrimidin-4-ones bearing either alkyl or arylalkyl substituents in position 2 of
the nucleus were synthesized and tested for their ability to inhibit adenosine deaminase (ADA) from bovine
spleen. The 2-arylalkyl derivatives exhibited excellent inhibitory activity, showing K; values in the nanomolar/
subnanomolar range. The most active compound, 1-(4-((4-oxo-4,5-dihydropyrazolo[3,4-d]pyrimidin-2-
yl)methyl)phenyl)-3-(4-(trifluoromethyl)phenyl)urea, 14d, was tested in rats with colitis induced by 2,4-
dinitrobenzenesulfonic acid to assess its efficacy to attenuate bowel inflammation. The treatment with 14d
induced a significant amelioration of both systemic and intestinal inflammatory alterations in animals with
experimental colitis. Docking simulations of the synthesized compounds into the ADA catalytic site were
also performed to rationalize the structure—activity relationships observed and to highlight the key
pharmacophoric elements of these products, thus prospectively guiding the design of novel ADA inhibitors.

Introduction

Adenosine deaminase (adenosine aminohydrolase, ADA,? EC
3.5.4.4) is a 41 kDa zinc protein involved in purine metabolism.
It catalyzes the irreversible hydrolytic deamination of adenosine
and 2'-deoxyadenosine to inosine and 2'-deoxyinosine, respec-
tively, thus regulating the endogenous levels of these nucleo-
sides. In addition, it plays a pivotal role in the development of
the lymphoid system. > The importance of ADA activity for
the maturation and differentiation of immune functions is
supported by the evidence that an inherited deficiency of this
enzyme in human beings triggers a form of severe combined
immunodeficiency disease (SCID), characterized by a serious
lymphoid cell shortage, leading to both a reduced number of T
cells and their altered response to mitogens or antigens.
Therefore, ADA inhibition can induce an immunosuppressive
status, which can be profitably exploited for the treatment of
different types of cancer affecting the immune system, such as
leukemia and lymphoma.®~*° In keeping with this concept, the
antitumor properties of two natural antibiotics, coformycin (CF,
1, Chart 1) and 2'-deoxycoformycin (dCF, 2, Chart 1), have
been associated with their ability to exert a potent inhibition of
ADA.11713

By preventing the breakdown of endogenous adenosine, ADA
inhibitors may also have a therapeutic potential for managing
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pathological processes involving site- or event-mediated ad-
enosine release. With regard to inflammation, high concentra-
tions of extracellular adenosine are generated as a consequence
of cellular stress, damage, or release of proinflammatory
mediators. Accumulated adenosine is then able to counteract
inflammation via reduction of cytokine biosynthesis and neu-
trophil functions, thus preventing phagocytosis, generation of
toxic oxygen metabolites, and cell adhesion. As the blockade
of ADA activity may increase the concentration of adenosine
at inflamed sites, ADA inhibitors might have therapeutic
relevance as novel anti-inflammatory drugs endowed with
limited adverse effects.**~*8

Several compounds have been shown to inhibit ADA with
various degrees of potency. They are generally grouped into
two main classes designated as “transition-state inhibitors”, and
“ground-state inhibitors”. CF, 1,*° and dCF, 2,%° are the most
potent compounds in the first class, while erythro-9-(2-hydroxy-
3-nonyl)adenine? ((+)-EHNA, 3, Chart 1) belongs to the second
one. Current “transition-state inhibitors” are bound to the
enzyme so tightly that their activity is nearly irreversible, thus
giving rise to serious toxic effects. Moreover, they suffer from
unfavorable pharmacokinetics, which reduces their oral bio-
availability. On the other hand, the rapid metabolism of “ground-
state inhibitors”, such as (+)-EHNA, allows a fast recovery of
the enzyme activity, with poor therapeutic effects. For these
reasons, research efforts in this area are currently focused on
the development of novel ADA inhibitors able to combine
potent, prolonged, and reversible activity with favorable phar-
macokinetic properties.

In order to discover novel drug candidates for the treatment
of inflammatory bowel diseases (IBD), our group has started a
research program on ADA, disclosing a novel class of inhibitors
derived from the 4-aminopyrazolo[3,4-d]pyrimidine ring system
and designed as (+)-EHNA analogues. The lead compound 4,
(R)-4-amino-2-(2-hydroxy-1-decyl)pyrazolo[3,4-d]pyrimidine,
proved to be a highly potent ADA inhibitor, showing a K; value
of 53 pM.?? Moreover, when administered intraperitoneally to
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Chart 1. Adenosine Deaminase Inhibitors
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rats with colitis induced by 2,4-dinitrobenzenesulfonic acid
(DNBS), 4 was found to attenuate both systemic and intestinal
inflammatory parameters, improving macroscopic and histologi-
cal features of colonic tissue and reducing levels of inflammatory
mediators such as tumor necrosis factor-o. (TNF-a), interleu-
kin-6 (IL-6), and malondialdehyde (MDA).% In a subsequent
step of our studies, we focused our attention on the novel, potent,
and effective non-nucleoside inhibitors described by Terasaka
and co-workers, 5 and 6 (Chart 1), exploiting the carboxamide
moiety as a key framework for a fruitful and firm anchoring to
the enzyme binding pocket.?*~2® Moving from these observa-
tions, we planned to change the 4-aminopyrazolo[3,4-d]pyri-
midine heterocyclic core of our products into the pyrazolo[3,4-
d]pyrimidin-4-one scaffold, thus developing a novel class of
inhibitors as sterically constrained derivatives of 5 and 6.

In the present article, we report the synthesis and the in vitro
functional evaluation of a number of pyrazolopyrimidinones,
PPOs, bearing either alkyl or arylalkyl substituents in position
2 of the nucleus. Compound 14d, found to be the most active
among all derivatives, was investigated in vivo for its anti-
inflammatory activity in a rat model of IBD. Moreover, docking
simulations of PPOs into the ADA catalytic site were carried
out to propose their binding mode in the light of the
structure—activity relationships (SARS).

Synthesis

The synthesis of the target inhibitors, 9a—c, 13a—d,h, and
14a—h, was performed as outlined in Scheme 1. Alkylation of
the commercially available 3-amino-4-pyrazolecarbonitrile, 7,
with the suitable alkyl bromides in DMF at 100 °C and in the
presence of K,COj3 yielded the N-alkylpyrazoles 8a—c as the
main reaction products. Cyclization of 8a—c with boiling formic
acid provided the corresponding pyrazolo[3,4-d]pyrimidin-4-
ones 9a—c. Reaction of 7 with p-nitrobenzyl chloride gave the
N!-benzylpyrazole 10, which was then converted to the pyra-
zolopyrimidinone 11 with boiling formic acid. Upon catalytic
hydrogenation, performed under atmospheric pressure and room

temperature in the presence of Pd/C, 11 afforded the 2-(4-
aminobenzyl)pyrazolo[3,4-d]pyrimidin-4-one 12. The key in-
termediate 12 led to the desired inhibitors 13a—d,h by reaction
with the appropriate aroyl chloride in the presence of triethyl-
amine and to inhibitors 14a—h by treatment with the appropriate
isocyanate, both protocols being carried out under microwave
irradiation (Scheme 1).

Results and Discussion

Functional Evaluation. On the basis of a close parallel with
the previously developed 4-aminopyrazolo[3,4-d]pyrimidines,
APPs,?2 our program started with the synthesis of the inhibitors
9a—c, bearing a n-nonyl, n-decyl, and n-undecyl chains,
respectively, in position 2 of the heterocyclic core. Once tested
for their efficacy against ADA from bovine spleen, these
compounds did not show any appreciable inhibitory activity
(Table 1), at variance with the parent APPs. Therefore,
hypothesizing that the structural modification of the main
scaffold could lead to a different interaction with the active site
of the enzyme, we abandoned the substitution patterns of the
prior series, focusing our attention toward bulkier substituents.
Thus, we developed compounds 13a—d,h, carrying an aroyl-
aminoarylalkyl group in the same position 2 of the nucleus. As
shown in Table 1, all the novel compounds were able to inhibit
the in vitro activity of ADA, exhibiting K; values in the
nanomolar/subnanomolar range. In this subseries, the insertion
of an electron-donating group in the para position of the distal
phenyl ring did not affect significantly the inhibitory potency.
Indeed, compound 13b, bearing a methoxy function (K; = 15.56
nM), was almost as potent as the unsubstituted parent compound
13a (K; = 12.65 nM). Conversely, the presence of an electron-
withdrawing substituent in the same position of the pendent ring
gave rise to a remarkable increase in potency. The insertion of
a fluoro atom, as in 13c (K; = 0.96 nM), gave a 13-fold increase
in inhibitory potency with respect to 13a, while the presence
of the bulkier trifluoromethyl group resulted in an even more
remarkable increase in efficacy, and compound 13d, with a K;
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Scheme 1. Synthesis of Pyrazolo[3,4-d]pyrimidin-4-ones 9a—c, 13a—d,h, and 14a—h
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value of 0.51 nM, turned out to be the most potent of the whole
subseries, showing a 25-fold gain in activity when compared
to 13a. Finally, an increase in the distance between the phenyl
ring and the amide function through a methylene spacer, as in
13h (K;j = 47.91 nM), was tolerated, as it led to a moderate
decrease in activity with respect to 13a.

Taking into account the favorable results obtained by
Terasaka and co-workers through a similar modification on ADA
inhibitors,?® we then replaced the amide linker connecting the
two phenyl rings of 13 with an urea residue, thus developing
derivatives 14a—h. This structural change led to opposed
outcomes. While the unsubstituted urea derivative 14a (K; =
2.42 nM) proved to be a more potent inhibitor than the parent
amide 14a (K; = 12.65 nM), compounds 14b,c, bearing either
an electron-donating group, such as methoxy (14b, K; = 28.27
nM), or an electron-withdrawing substituent, such as fluoro (14c,
Ki = 1.15 nM), in the para position of the phenyl ring, were
less effective than the corresponding 13b,c. The same was also
true for the benzyl derivative 14h (K; = 85.7 nM), which showed
an almost 2-fold decrease in inhibitory activity when compared
to the parent 13h. In contrast, an opposite trend was shown by
compound 14d (K; = 0.16 nM), carrying a trifluoromethyl
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group: it exhibited a 3-fold increase in efficacy with respect to
the amide 13d, proving it to be the most potent among all the
synthesized PPOs. However, it has to be pointed out that, similar
to inhibitors 13, in the subseries 14 the insertion of an electron-
withdrawing group in the para position of the distal phenyl ring
produced an enhancement in inhibitory potency (compounds
14c and 14d with respect to 14a). A further structure—activity
investigation for this class of inhibitors was carried out through
the insertion of a dimethylamino group, as in 14e, a benzyl
group, as in 14f, and a benzyloxy group, as in 14g. Compound
14e (K;j = 2.01 nM) resulted a potent ADA inhibitor, showing
a K; value in the nanomolar range, while both derivatives 14f
(Ki = 186.0 nM) and 14g (K; = 108.0 nM) displayed a low
inhibitory activity in the submicromolar range, thus proving that
the substitution pattern, providing an additional aromatic ring,
was detrimental against a favorable interaction with the active
site of the enzyme.

Pharmacological Evaluation of Compound 14d. The main
purpose of our research program was to identify potent ADA
inhibitors as novel anti-inflammatory drug candidates. Therefore,
we tested the efficacy of the most potent compound 14d in an
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Table 1. ADA Inhibition Data of Derivatives 9a—c, 13a—e,i, and 14a—i
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compd n R Ki (nM)2
9a 8 na®
9 9 na®
9% 10 na®
13a 0 H 12.65 £+ 1.15
13b 0 OCHg3; 15.56 + 1.52
13c 0 F 0.96 + 0.081
13d 0 CF; 0.51 + 0.042
13h 1 H 4791 + 4.13
14a 0 H 242 +£0.19
14b 0 OCHg3 28.27 + 2.45
14c 0 F 1.15 + 0.10
14d 0 CF; 0.16 £+ 0.010
14e 0 N(CHs), 2.01 +0.17
14f 0 CH,CgHs 186 + 16.58
14g 0 OCH,CgHs 108 + 9.70
14h 1 H 85.7 + 6.60
(H)-EHNA 1.14 + 0.10

aThe K; values are mean values + SEM. ° na: nonactive. Inhibition occurred at a concentration higher than 10 uM.

animal model of experimental colitis, induced in rats through
administration of DNBS, according to a previously reported
protocol.?

The test compound, 14d, was administered ip for 7 days in
a dose regimen ranging from 5 to 45 umol/kg, starting 1 day
before the induction of colitis. Its effectiveness was evaluated
with respect to dexamethasone, a synthetic glucocorticoid
derivative endowed with potent anti-inflammatory activity. At
day 6 after colitis induction, a significant body weight loss was
recorded: inflamed rats displayed a mean decrease of —20 +
4.5 g in their body weight, while normal animals showed a
weight gain (+25.5 £ 7.5 g) (Figure 1a). A significant reduction
in weight loss was observed in animals treated with 45 umol/
kg 14d (+2.30 £+ 2.80 g), while 5 umol/kg 14d (—16.50 +
2.10 g), 15 umol/kg 14d (—10.40 £ 1.80 g), and 0.25 umol/kg
dexamethasone were without effects (Figure 1a). Measurement
of spleen weight was assumed as an index of systemic
inflammation.?® Treatment with DNBS resulted in a significant
increment of spleen weight (+28 + 4.50%) (Figure 1b). Such
an increase was dose-dependently reduced by administration
of 14d (+23.80 + 4%, +18.90 + 2.9%, and +10.10 + 3.6%
at 5, 15, 45 umol/kg, respectively) or dexamethasone (Figure
1b).

Colonic tissues were excised, scored for macroscopic and
processed to assess the ability of 14d to act on parameters related
to intestinal inflammation, in particular MDA and TNF-a. The
distal colon from DNBS-treated rats appeared thickened and
ulcerated with evident areas of transmural inflammation. Adhe-
sions were often present, and the bowel was occasionally dilated,
with a macroscopic damage accounting for 7.3 + 1.5. Rats
treated with 14d displayed a dose-dependent reduction in
macroscopic damage score (6.90 £+ 1.40 at 5 umol/kg, 5.60 £
0.90 at 15 umol/kg, and 4.30 £ 0.88 at 45 umol/kg). Dexa-
methasone-treated animals showed also a significant decrease
in macroscopic damage score (Figure 2). MDA levels in colonic
tissues from control rats were 157 4+ 26.2 umol/mg. In DNBS-
treated animals, a marked increase in MDA concentrations was
observed (576 + 28.1 umol/mg). Treatments with increasing
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Figure 1. Effects of 14d (5, 15, and 45 umol/kg) or dexamethasone
(0.25 umol/kg) on body weight (a) and spleen weight (b) at day 6 after
induction of colitis with DNBS in rats. Each column represents the
mean £+ SEM (n = 6): (*) p < 0.05, significant difference vs control
group; (&) p < 0.05, significant difference vs DNBS group.

doses of 14d or dexamethasone, 0.25 umol/kg, significantly
attenuated the increase in tissue MDA associated with colitis,
although values did not return to basal levels (Figure 3a).
Moreover, colonic inflammation induced by DNBS was associ-
ated with a significant increase in tissue TNF-a levels (from
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Figure2. Macroscopic damage scores estimated for colon in rats under
normal conditions or following DNBS treatment, either alone or in the
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vs control group; (a) p < 0.05, significant difference vs DNBS group.
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Figure 3. MDA (a) and TNF-a levels (b) in colonic tissues from
control rats or in animals treated with DNBS, either alone or in
combination with 14d (5, 15, and 45 umol/kg) or dexamethasone (0.25
umol/kg). Each column represents the mean £ SEM (n = 6): (*) p <
0.05, significant difference vs control rats; (a) p < 0.05, significant
difference vs DNBS group.

3.1 £ 0.7 to 9.3 + 0.85 pg/mg). Such an increment was
significantly counteracted by 45 umol/kg 14d (5.80 + 0.70 pg/
mg) and 0.25 umol/kg dexamethasone (Figure 3b). These results
indicate that treatment with the adenosine deaminase inhibitor
14d significantly improved both systemic and tissue inflamma-
tory parameters in a dose-dependent fashion. Besides this in
vivo anti-inflammatory activity, the tolerability profile of
compound 14d is also a relevant issue, in light of the significant
toxicity of other known adenosine deaminase inhibitors, such
as CF and dCF.2%3! In this respect, the present study was not
specifically designed and powered to assess toxicological end
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points. Nevertheless, following repeated administration of
compound 14d, we could observe that animals displayed normal
behavior, and favorable variations in body weight and food
intake which, together with a lack of mortality at all doses tested,
suggest a good tolerability and encourage further preclinical
evaluations, including acute and chronic toxicity. Overall, this
novel compound could represent a basis for the development
of novel anti-inflammatory drugs with potential therapeutic
activity against 1BDs.

Docking Studies. To better understand the inhibitory potency
of our compounds at a molecolar level and to explain the results
obtained from SARs data, a number of PPOs were docked into
the publicly available X-ray crystal structure of ADA complexed
with the highly potent non-nucleoside inhibitor 6 (PDB code
105R).?’

X-ray studies, performed by different authors, clearly dem-
onstrated that the active site of ADA can adopt two distinct
conformations: a closed and an open one (Figure 1 in Supporting
Information). In the closed form the active site consists of an
hydrophobic subsite, namely, FO, and an hydrophilic area,
namely, SO. This latter is perfectly enclosed within a structural
gate consisting of the peptide backbone of a S-strand (L182-
D185) and two leucine side chains (L58 and L62) from an
o-helix (T57-A73). The closed form is usually observed in the
complexes with substrate analogues possessing the adenine
framework.32~2* When the structural gate opens, the active site
turns into the open form which conserves the closed-form area,
consisting of the SO and FO subsites, and shows two additional
hydrophobic subsites around the gate, defined as F1 and F2.

Comparing crystal structures of apo-ADA and ligated-ADA
with various inhibitors, Kinoshita et al.®>® hypothesized that
removal of a specific water molecule binding at the bottom of
the active site might be the trigger of a conformational change
from the open to the closed from. While the apo-ADA adopts
the open form and the “trigger water” molecule exists at the
end of the active site, substrate adenosine or substrate mimic
compounds such as HDPR, binding to the hydrophilic SO
subsite, interfere with the water molecule leading to its removal.
As a result, the side chain of F65, residing at the o-helix
consisting of the active site lid, moves slightly into the active
site pocket to occupy the resulting space. This motion causes
conformation change of ADA from the open to the closed form,
and the interaction between substrate and ADA is increased.
Conversely, the non-nucleoside type inhibitors occupy the
critical water-binding position, thus causing no significant
conformational change of the protein, which remains in the open
form. The same is also true for the semitight-binding inhibitor
EHNA, whose crystal structure in complex with ADA has been
recently published.®® The adenine nucleus of this inhibitor binds
to E217 via two water molecules, thus placing its C8 atom in
the “trigger water” binding position.

So far, different experimental structures of various ligands
that bind to the binding site of ADA have been deposited in
the PDB database®” (PDB IDs: 1KRM,*#3° 1NDW, 1INDV,
INDZ, INDY,?” 1V7A, 1V78, 1V79,% 1UML, 1QXL, 105R,*
2E1W, 1WXZ, 1WXY,?8 277G,*® 1ADD,***® and 1A4M34).
Overlay of the open and closed ADA structures showed that
the shape of the active site in the closed form is entirely
preserved in the open conformation of the enzyme. For this
reason, we chose the open form structure 105R,?” whose
cocrystallized ligand (compound 6) has a phenylurea substruc-
ture, which is also present in our ligands.

Docking investigations focused on the most active inhibitors
13a—d, 14a—d, 14f, and 14g, using the automated docking
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Figure 4. Binding mode of compounds 13c (a) and 13d (b) into the ADA binding cavity. Ligands (yellow) and interacting key residues (pink) are
represented as stick models, while the enzyme is represented as a green ribbon model. Zinc atom is represented as a cyan ball. H-bonds are shown

as dashed yellow lines.

program GOLD, version 4.0,*%%* which in several studies has
been shown to yield better performances compared to other
similar programs.*?— 4

Kinoshita et al.*®%° reported that the D296 side chain is
flexible in the active site of ADA, that is, it can adjust to keep
the interaction with the respective inhibitor. Accordingly, the
side chain of D296 was allowed to move during the docking
experiments.

The GoldScore-CS docking protocol® was adopted in this
study. In this protocol, the poses obtained with the original
GoldScore function are rescored and reranked with the GOLD
implementation of the ChemScore function.*®*” To test the
validity of this protocol for the bovine ADA system, the
cocrystallized ligand (compound 6) was first docked back into
its binding site. In this docking run, the 200 poses produced by
GOLD resulted in only one prevailing cluster on the basis of
their conformations: 23 of the poses closely resembled the
cocrystallized conformation with a heavy atom root-mean-square
deviation (rmsd) ranging from 0.6 to 1.8 A. ChemScore was
able to rank 19 out of the 23 poses from this cluster as the
highest ranked nineteen poses. Thus, this docking protocol was
considered to be suitable for the subsequent docking runs for
compounds 13a—d, 14a—d, 14f, and 14g.

When 13c, 13d, 14c, and 14d were docked within the ADA
active site, about 90% of the conformations generated by GOLD
adopted only one highly conserved orientation. The inhibitors
entirely occupied the SO subsite and most of the FO hydrophobic
subsite, but F1 and F2 subsites in the complex remained empty

|46

(Figures 4 and 5). Key interactions stabilized the compounds
inside the binding pocket. The pyrazolopyrimidinone C=0
oxygen was coordinated to the zinc ion at a distance of 2.5 A,
and its adjacent NH moiety donated a H-bond to the E217
carboxylate group. It is interesting to note that the C=0 group
on the pyrazolopyrimidinone moiety occupies the same position
of the water molecule ligated to and activated by the zinc atom.
The diphenylamide or urea chain was localized in a deep and
narrow channel at the entrance of the enzyme. Hydrophobic
and mw—m stacking interactions were found to stabilize the
inhibitor/enzyme complexes. The first aromatic system of the
urea or amide chain interacted with the lipophilic residues L62
and M155 and, at the same time, formed a face-on-face w—x
stacking contact with the F65 aromatic ring. The distal phenyl
ring of the same chain was accommodated in a pocket framed
by residues L106, P116, W117, H157, and W161, with which
it formed hydrophobic interactions. Moreover, the benzo-fused
ring of W117 appeared to be optimally oriented for a favorable
face-on-face w—ur stacking interaction with the distal phenyl
ring of amide or urea chain: the planes of the two rings are
fairly parallel and separated by a distance ranging between 3.5
and 4.3 A, respectively. Such an interaction would be consistent
with the activity trend of these compounds showing that
lipophilic and electron-withdrawing substituents in the para
position of the distal aromatic ring increase the potency. In fact,
the electron-deficient aromatic ring of 13c, 13d, 14c, and 14d
would more favorably realize the s-stacking charge transfer
interactions with the electron-rich benzo-fused ring of W117.
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as dashed yellow lines.

Indeed, visual inspection of the inhibitor/ADA complexes
revealed that one CF; fluorine atom of 13d formed a H-bond
with NH backbone of P116 (Figure 4b), while the same fluorine
atom of 14d established two H-bonds with both NH backbone
and NH; side chain of N118 (Figure 5b). The H-bonding
capability of the trifluoromethyl group is well-documented in
the literature, and several structural studies highlight the evident
H-bond acceptor capability in protein—ligand complexes, as
assessed by PDB analysis.*® These results are consistent with
the SAR data showing that 13d and 14d are the most potent
ADA inhibitors of the series with K; values of 0.51 and 0.16
nM, respectively.

In the most frequently occurring and most favorable docking
results, compounds 13b, 14b, and 14e were found to bind in
the known binding pocket in a manner similar to the above-
described compounds, with the pyrazolopyrimidinone C=0
oxygen coordinating the zinc ion and the amide or urea chain
localized in a deep and narrow channel at the entrance of the
enzyme. However, 13b and 14b were weak ADA inhibitors
showing K; values of 15.56 and 28.27 nM, respectively. The
reduced activity is probably ascribable to both electronic and
steric factors: the p-methoxy group, which produces an electron-
donating (resonance) effect together with a low withdrawing
(inductive) one, could decrease the st—s stacking interaction
between W117 and the distal aromatic ring of both 13b and
14b. Moreover, the p-methoxy group of the longer derivative

14b causes steric hindrance with P114 and 1115 C=0 backbone,
explaining its reduced ADA inhibitory activity.

In light of these results, compound 14e, which has the
electron-donating p-dimethylamino substituent on the distal
phenyl ring, should be expected to exhibit low inhibitory
activity. However, this compound showed a K; value of 2.01
nM, which is compatible with the decrease in electron-donating
power of the p-dimethylamino group caused by its protonation
at physiological pH. In fact, the protonation of this moiety (using
the nitrogen electron lone pair) removes the effect of the lone-
pair delocalization.

When the less active 14f and 14g were docked within the
ADA active site, only 20% of the generated conformations
adopted the above-described binding mode, whereas 80% were
in a different orientation. The molecules fully occupied the F1,
F2, and FO subsites (Figure 6). The pyrazolopyrimidinone ring
and the first aromatic system of the urea chain made hydro-
phobic interactions with both sides of the hydrophobic gate
consisting of the F1 and F2 subsites, while the para-substituted
distal aromatic ring of the urea chain fully occupied the
hydrophobic FO subsite. The NH pyrazolopyrimidinone of the
inhibitors was involved in a H-bond with the L56 C=0O
backbone. Interestingly, the inhibitors were positioned far from
the active center and did not bind to the hydrophilic SO subsite
at all. These observations plainly explain the loss in the ADA
inhibitory potency for 14f and 14g.
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Figure 6. Binding mode of compounds 14f (a) and 14g (b) into the ADA binding cavity. Ligands (yellow) and interacting key residues (pink) are
represented as stick models, while the enzyme is represented as a green ribbon model. Zinc atom is represented as a cyan ball. H-bonds are shown

as dashed yellow lines.

In summary, the most active PPOs proved to interact with
the enzyme active site through a direct coordination with the
catalytic zinc ion. The mode of binding here proposed is fully
substantiated by UV spectroscopy measurements, performed to
demonstrate the ability of the pyrazolopyrimidinone ring system
to coordinate this metal ion. UV spectra were recorded using
derivative 9a as representative of the whole class. Upon addition
of zinc(Il) ion to a homogeneous solution of the reference
compound, a pronounced decrease in optical density of the
absorption maximum was observed (Figure 2 in Supporting
Information). An understanding of the binding mode of our
inhibitors, fully consistent with the observed SARSs, provides a
sound platform for a future structure-guided design of novel
analogues with higher potency.

Experimental Section

Chemigtry. Melting points were determined using a Reichert—Kofler
hot-stage apparatus and are uncorrected. Infrared spectra were
recorded with a FT-IR spectrometer Nicolet/Avatar in Nujol mulls.
Routine *H NMR spectra were recorded in DMSO-ds solution on
a Varian Gemini 200 spectrometer operating at 200 MHz. Evapora-
tion was performed in vacuo (rotary evaporator). Anhydrous sodium
sulfate was always used as the drying agent. Analytical TLC was
carried out on Merck 0.2 mm precoated silica gel aluminum sheets
(60 F-254), with visualization by irradiation with a UV lamp. Flash
chromatography was performed with Merck silica gel 60 (230—400
mesh ASTM). The microwave-assisted procedures were carried out
in sealed vessels using a CEM/Discover LabMate 220VAC/50 Hz
microwave system. The UV spectra were measured on a Perkin-
Elmer Lambda 25 spectrophotometer at T = 20 °C using potassium
phosphate buffer, pH 7.2, as solvent and cuvettes with 1 cm path
length. Elemental analyses were performed by our analytical
laboratory and agreed with theoretical values to within 4-0.4%.

The alkyl bromides, the aroy! chlorides, and the isocyanates used
to obtain compounds 8a—c, 13a—d,h, and 14a—h, respectively,
as well as the 1-(chloromethyl)-4-nitrobenzene, were from Sigma-
Aldrich. All other chemicals were of reagent grade.

The 5-amino-1-alkyl-4-pyrazolecarbonitriles 8a—c were prepared
in accordance with previously reported procedures.

General Procedure for the Synthesis of 2-Alkylpyrazolo[34-
d]pyrimidin-4-ones 9a—c. A suspension of 1-alkyl-3-amino-4-
pyrazolecarbonitrile 8a—c (10.0 mmol) in 3 mL of formic acid was
vigorously boiled, under stirring, until the disappearance of the
starting material (5—8 h, TLC analysis). The cooled solution was
then diluted with ice—water, and the solid separated was filtered,

washed with water, and recrystallized from the appropriate solvent
(Supporting Information, Tables 1 and 2).

3-Amino-1-(4-nitr obenzyl)-4-pyrazolecar bonitrile 10. A solution
of 1-(chloromethyl)-4-nitrobenzene (2.05 g, 12.0 mmol) in DMF
was added dropwise to a suspension of 3-amino-4-pyrazolecarbo-
nitrile 7 (1.08 g, 10.0 mmol) and anhydrous potassium carbonate
(1.66 g, 12.0 mmol) in 25 mL of DMF, and the resulting reaction
mixture was stirred at 50 °C for 8 h. After the mixture was cooled,
the inorganic material was filtered off and the solution was
evaporated to dryness under reduced pressure. The residue was then
purified by flash chromatography (eluting system, ethyl acetate/
petroleum ether 60—80 °C 7/3) to obtain 10 as a yellow solid, which
was recrystallized from ethanol. Yield 67%. Mp: 120—122 °C. IR,
v cm~% 3390, 3226, 2223, 1639, 1560, 1516. 'H NMR, & ppm:
5.27 (s, 2H, CHy), 5.66 (s, 2H, NH,, exc), 7.46 (d, 2H, ArH), 8.22
(d, 2H, ArH), 8.31 (S, 1H, H5) Anal. (C11H9N502) C, H, N.

2-(4-Nitr obenzyl)-2H-pyrazolo[3,4-d]pyrimidin-4(5H)-one 11. A
suspension of 3-amino-1-(4-nitrobenzyl)-4-pyrazolecarbonitrile 10
(20.0 mmol) in 3.0 mL of formic acid was vigorously boiled, under
stirring, for 5 h. The cooled solution was then diluted with
ice—water, and the solid separated was filtered, washed with water,
and recrystallized from ethanol. Yield 40%. Mp: 216—218 °C. IR,
v cm~%: 3453, 1692, 1610, 1542. *H NMR, 6 ppm: 5.68 (s, 2H,
CH,), 7.56 (d, 2H, ArH), 7.96 (s, 1H, Hs), 8.25 (d, 2H, ArH), 8.77
(S, 1H, He), 11.80 (S, 1H, NH, eXC). Anal. (C12H9N503) C, H, N.

2-(4-Aminobenzyl)-2H-pyrazolo[ 3,4-d]pyrimidin-4(5H)-one 12.
A suspension of 2-(4-nitrobenzyl)-2H-pyrazolo[3,4-d]pyrimidin-
4(5H)-one 11 (2.71 g, 10.0 mmol) and 10% palladium on carbon
(2.00 mmol) in 250 mL of absolute ethanol was hydrogenated at
atmospheric pressure and room temperature until the theoretical
uptake of hydrogen was achieved. After the catalyst was filtered,
the solvent was evaporated to dryness to give a pale-yellow solid
which was collected and recrystallized from ethanol. Yield 95%.
Mp: 225—227 °C. IR, v cm~%: 3409, 3327, 3153, 1700, 1605. H
NMR, 6 ppm: 5.17 (s, 2H, NH,, exc), 5.24 (s, 2H, CH,), 6.53 (d,
2H, ArH), 7.07 (d, 2H, ArH), 7.92 (s, 1H, H3), 8.54 (s, 1H, Hg),
11.70 (s, 1H, NH, exc). Anal. (C;,H1;NsO) C, H, N.

General Procedure for the Synthesis of N-(4-((4-oxo-4,5-dihy-
dropyrazolo[3 4-dpyrimidin-2-yl)methyl)phenyl)arylamides 13a—d,h.
2-(4-Aminobenzyl)-2H-pyrazolo[3,4-d]pyrimidin-4(5H)-one, 12 (2.41
g, 10.0 mmol), the suitable aroyl chloride (12.0 mmol), and
triethylamine (1.67 mL, 12.0 mmol) were mixed thoroughly and
irradiated with microwaves at 140 °C for 10 min. The cooled residue
was then diluted with ice—water and the solid separated was filtered
and purified by recrystallization from the appropriate solvent to
give the target compounds 13a—d,h (Supporting Information,
Tables 1 and 2).
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General Procedure for the Synthesis of 1-(4-((4-Oxo-4,5-dihy-
dropyrazolo[3,4-d]pyrimidin-2-yl)methyl)phenyl)-3-arylur eas 14a—h.
2-(4-Aminobenzyl)-2H-pyrazolo[3,4-d]pyrimidin-4(5H)-one 12 (2.41
g, 10.0 mmol) and the suitable isocyanate (12.0 mmol) were mixed
thoroughly and irradiated with microwaves at 140 °C for 10 min.
The cooled residue was then diluted with toluene and the solid
separated was filtered and purified by recrystallization from the
appropriate solvent to give the target compounds 14a—h (Support-
ing Information, Tables 1 and 2).

Biology. ADA type I1X from bovine spleen (150—200 U/mg)
and adenosine were purchased from Sigma Chemical Co. All other
chemicals were of reagent grade.

Enzymatic Assay. The activity of ADA was determined spec-
trophotometrically by monitoring for 2 min the change in absor-
bance at 262 nm, which is due to the deamination of adenosine
catalyzed by the enzyme. The change in adenosine concentration/
min was determined using a Beckman DU-64 kinetics software
program (Solf Pack TM Module). ADA activity was assayed at 30
°C in a reaction mixture containing 50 uM adenosine, 50 mM
potassium phosphate buffer, pH 7.2, and 0.3 nM enzyme solution
in a total volume of 500 L. The inhibitory activity of the newly
synthesized compounds was assayed by adding 100 uL of the
inhibitor solution to the reaction mixture described above. All the
inhibitors were dissolved in water, and the solubility was facilitated
by using DMSO, whose concentration never exceeded 4% in the
final reaction mixture. To correct for the nonenzymatic change in
adenosine concentration and the absorption by the test compounds,
a reference blank containing all the above assay components except
the substrate was prepared. The inhibitory effect of the new
derivatives was routinely estimated at a concentration of 1075 M.
Those compounds found to be active were tested at additional
concentrations between 107 and 10~** M. Each inhibitor concen-
tration was tested in triplicate, and the determination of the ICs
values was performed by linear regression analysis of the log of
the concentration response curve. The K; values were calculated
from ICs, values by means of the Cheng and Prusoff equation.*®

Pharmacology. Albino male Sprague—Dawley rats, 250—300
g body weight, were employed throughout the study. The animals
were fed standard laboratory chow and tap water ad libitum and
were not subjected to experimental procedures for at least 1 week
after their delivery to the laboratory. Their care and handling were
in accordance with the provisions of the European Union Council
Directive 86-609, recognized and adopted by the Italian Govern-
ment. DNBS and dexamethasone were purchased from Sigma
Aldrich (St. Louis, MO). 14d and dexamethasone were dissolved
in sterile dimethyl sulfoxide, and further dilutions were made with
sterile saline. The solutions were frozen into aliquots of 2 mL and
stored at —80 °C until use.

Induction of Calitisand Drug Treatments. Colitis was induced
in accordance with the method previously described by Antonioli
et al.® Briefly, during a short anesthesia with isoflurane (Abbott,
Rome, Italy), an amount of 15 mg of DNBS in 0.25 mL of 50%
ethanol was administered intrarectally via a polyethylene PE-60
catheter inserted 8 cm proximal to the anus. Control rats received
0.25 mL of 50% ethanol. Animals underwent subsequent experi-
mental procedures 6 days after DNBS administration to allow a
full development of histologically evident colonic inflammation.

Test drugs were administered intraperitoneally for 7 days, starting
1 day before the induction of colitis. Animals were assigned to the
following treatment groups, each consisting of six rats: 14d (5, 15,
45 umol/kg) or dexamethasone (0.25 umol/kg). DNBS-untreated
animals (control group) and DNBS-treated rats (DNBS group)
received drug vehicle to serve as controls. Body weight was
monitored daily starting from the onset of drug treatments. To
evaluate the anti-inflammatory effects of 14d, increasing doses of
this compound were tested on body weight, spleen weight,
macroscopic damage score, tissue TNF-a, and MDA levels in
animals with colitis. Dexamethasone was used as comparator drug,
and the dose was selected on the basis of previous studies per-
formed on rat models of colitis.>**° The macroscopic score was
evaluated on the whole colon, whereas biochemical assays were

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 6 1689

performed on specimens taken from a region of inflamed colon
immediately adjacent and distal to the gross necrotic damage.

Assessment of Colitis. At the end of treatments, colonic tissues
were excised, rinsed with saline, and scored for macroscopic injury,
in accordance with the criteria previously reported by Fornai et
al.>* The macroscopic damage was scored on a 0—6 point scale
based on the following criteria: presence of adhesions between
colonic tissue and other organs (0 none, 1 minor, 2 major adhesions)
and consistency of colonic fecal material (0 formed, 1 loose, 2 liquid
stools). All the parameters of macroscopic damage were recorded
and scored for each rat by two observers blinded to the treatment.
At the time of colitis assessment, the weight of spleen was also
measured.

Evaluation of tissue MDA. MDA concentration in colonic
specimens was evaluated to obtain quantitative estimation of
membrane lipid peroxidation. Colonic tissues were weighed, minced
by forceps, homogenized in 2 mL of cold buffer (Tris-HCI, 20
mmol/L, pH 7.4) by a Polytron homogenizer (Cole Palmer
homogenizer), and spun by centrifugation at 15009 for 10 min at
4 °C. Colonic MDA concentrations were determined by means of
a kit for colorimetric assay (Calbiochem-Novabiochem Corporation,
San Diego, CA), and the results were expressed as umol of MDA
per mg of colonic tissue.

TNF-o Assay. Tissue TNF-o. levels were measured using a kit
for enzyme-linked immunosorbent assay (Biosource International,
Camarillo, CA). For this purpose, as described by Marquez et al.,>?
tissue samples, previously stored at —80 °C, were weighed, thawed,
and homogenized in 0.3 mL of phosphate buffered saline (pH 7.2)/
100 mg of tissue at 4 °C and centrifuged at 13400g for 20 min.
One hundred microliter aliquots of the supernatants were then used
for assay. Tissue TNF-a levels were expressed as picogram per
milligram of tissue.

Statistical Analysis. The results are given as the mean =+
standard error of the mean (SEM). The statistical significance of
data was evaluated by one way analysis of variance (ANOVA)
followed by post hoc analysis by Student—Newman—Keuls test,
and P values lower than 0.05 were considered significant. All
statistical procedures were performed using GraphPad Prism,
version 3.0, software (GraphPad, San Diego, CA).

Computational Chemistry. Molecular modeling and graphic
manipulations were performed using the molecular operating
environment (MOE)®® and UCSF-CHIMERA?3* software packages
running on a 2 CPU (PI1V 2.0—3.0 GHz) Linux workstation. Energy
minimizations were realized by employing the AMBER, version
9, program,>® selecting the Cornell et al. force field.>®

Ligand and Protein Setup. The core structures of compounds
13a—d, 14a—d,f,g were constructed using standard bond lengths
and bond angles of the MOE fragment library. Geometry optimiza-
tions were accomplished with the MMFF94X force field,>”~5*
available within MOE. The crystal structure of the bovine ADA
complexed with the highly potent non-nucleoside inhibitor 6 (PDB
code 105R)?’ recovered from Brookhaven Protein Database®” was
used for the docking experiments. Bound ligand and water
molecules were removed. A correct atom assignment for Asn, Gln,
and His residues was done, and hydrogen atoms were added using
standard MOE geometries. Partial atomic charges were computed
by MOE using the Amber99 force field.

Docking Simulations. Docking of 13a—d, 14a—d,f,g to ADA
was performed with GOLD, version 4.0,*° which uses a genetic
algorithm for determining the docking modes of ligands and
proteins. An advantage of GOLD over other docking methods is
the program’s ability to account for some rotational protein
flexibility, as well as full ligand flexibility. Specifically, OH groups
of S, T, and Y and amino groups of K are allowed to rotate during
docking to optimize H-bonding to the ligand. GOLD requires a
user-defined binding site. It searches for a cavity within the defined
area and considers all the solvent-accessible atoms in that area as
active-site atoms. The fitness score function that was implemented
in GOLD (GOLDScore) is made up of four components that
account for protein—ligand binding energy: protein—ligand hydro-
gen bond energy (external H-bond), protein—ligand van der Waals
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energy (external vdw), ligand internal vdw energy (internal vdw),
and ligand torsional strain energy (internal torsion). Parameters used
in the fitness function (hydrogen bond energies, atom radii,
polarizabilities, torsion potentials, hydrogen bond directionalities,
and so forth) are taken from the GOLD parameter file. The fitness
score is taken as the negative of the sum of the energy terms, so
larger fitness scores indicated better bindings. The fitness function
has been optimized for the prediction of ligand binding positions
rather than the prediction of binding affinities, although some
correlation with the latter can also be found.*® The protein input
file may be the entire protein structure or a part of it comprising
only the residues that are in the region of the ligand binding site.
In the present study, GOLD was allowed to calculate interaction
energies within a sphere of a 7 A radius centered on the cocrystal
compound 6 in the ADA structure. The Goldscore-CS docking
protocol*® was adopted in this study. In this protocol, the poses
obtained with the original Goldscore function are rescored and
reranked with the GOLD implementation of the CHEMscore
function.*®*” The mobility of D296 side chain was set up using
the FLEXIBLE SIDECHAINS option in the GOLD front end,
which incorporates the rotamer library reported by Lovell et al.®?
To perform a thorough and unbiased search of the conformation
space, each docking run was allowed to produce 200 poses without
the option of early termination, using standard default settings. The
top solution obtained after reranking of the poses with CHEMscore
was selected to generate the ADA/inhibitor complexes.

Energy Refinement of the Ligand/Enzyme Complexes. To
eliminate any residual geometric strain, the obtained complexes
were energy minimized for 5000 steps using combined steepest
descent and conjugate gradient methods until a convergence value
of 0.001 kcal/(mol-A). The zinc divalent cation in the ADA crystal
structure was replaced by the tetrahedron-shaped zinc divalent cation
that has four cationic dummy atoms surrounding the central zinc
ion,®® without resorting to the use of a covalent bond between zinc
and its coordinate®*~°® or to semiempirical calculations.®” This
approach uses four identical dummy atoms tetrahedrically attached
to the zinc ion and transfers all the atomic charge of the zinc divalent
cation evenly to the four dummy atoms. The four peripheral atoms
are “dummy” in that they interact with other atoms electrostatically
but not sterically, thus mimicking zinc’s 4s4p® vacant orbitals that
accommodate the lone-pair electrons of zinc coordinates. H15, H17,
H214, and D295, which are the first-shell zinc coordinates, were
treated as histidinate (HIN) and aspartate (ASP).%*%8~71 D181 and
E260, which form a H-bond with His214 and His15, respectively,
were treated as glutamic acid (GLH). Upon minimization, the
protein backbone atoms were held fixed. Geometry optimizations
were performed using the SANDER module in the AMBER suite
of programs, employing the Cornell et al. force field to assign
parameters for the standard amino acids. General AMBER force
field (GAFF) parameters were assigned to ligands, while the
published force field parameters were used for the tetrahedron-
shaped zinc divalent cation.”® The partial charges were calculated
using the AM1-BCC method as implemented in the ANTECHAM-
BER suite of AMBER.

UV Absorption Spectroscopic Analyses. Stock solutions of
100.0 uM ZnCl,, from Sigma-Aldrich, and of 50.00 «M 9a were
prepared by dissolving the required amount of substance in distilled
water. For 9a the solubility was facilitated by using DMSO. Metal
coordination experiments were carried out by adding from 0 to 2.0
mL of zinc(ll) ion solution, in 0.5 mL increments, to 2.0 mL of
50.00 uM 9a and diluting to a total volume of 5.0 mL with
potassium phosphate, pH 7.2. Titration was monitored by UV—vis
spectroscopy measuring the absorbance of each solution, at 4
ranging from 190 to 260 nm and at T = 20 °C, using a PerkinElmer
Lambda 25 spectrophotometer.

Supporting Information Available: Tables of physical, spectral,
and analytical data of compounds described; figures showing the
closed and open forms of ADA and UV absorption spectra of
compound 9a. This material is available free of charge via the
Internet at http://pubs.acs.org.
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