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Novel, Highly Potent Adenosine Deaminase Inhibitors Containing the
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This study reports the synthesis of a number of 1- and 2-alkyl derivatives of the 4-amino-
pyrazolo[3,4-d]pyrimidine (APP) nucleus and their evaluation as inhibitors of ADA from bovine
spleen. The 2-substituted aminopyrazolopyrimidines proved to be potent inhibitors, most of
them exhibiting K; values in the nanomolar/subnanomolar range. In this series the inhibitory
activity is enhanced with the increase in length of the alkyl chain, reaching a maximum with
the n-decyl substituent. Insertion of a 2'-hydroxy group in the n-decyl chain gave 3k, whose
(R)-isomer displayed the highest inhibitory potency of the series (K; 0.053 nM), showing an
activity 2 orders of magnitude higher than that of (+)-EHNA (K; 1.14 nM), which was taken
as the reference standard. Docking simulations of aminopyrazolopyrimidines into the ADA
binding site were also performed, to rationalize the structure—activity relationships of this

class of inhibitors.

Introduction

Adenosine deaminase (ADA, EC 3.5.4.4) is a catabolic
enzyme of purine metabolism that catalyzes the ir-
reversible deamination of adenosine and 2'-deoxy-
adenosine to inosine and 2'-deoxyinosine, respectively.
It is a ubiquitous enzyme which regulates the levels of
endogenous adenosine and, in addition, plays a central
role in the differentiation and maturation of the lym-
phoid system.! ADA has been the object of considerable
interest mainly because its congenital defect in human
beings causes severe combined immunodeficiency
disease (SCID), in which both B-cell and T-cell de-
velopment is impaired. Actually, SCID is caused by a
high concentration of 2'-deoxyadenosine-5'-triphosphate
(dATP), which is lymphotoxic; consequently ADA inhibi-
tion may be useful for the selective treatment of lym-
phoproliferative malignancies.?~® Indeed, the ability of
the two natural strong ADA inhibitors coformycin®
(CF, I) and 2'-deoxycoformycin? (dCF, pentostatin, II,
Chart 1) to mimic ADA deficiency has been associated
with their potent antitumor properties, since they
should act as immunosuppressants to control cancers
of the hyperimmune system, such as leukemia and
lymphoma. ADA inhibition may also be used to prevent
deamination and subsequent deactivation of adenine-
containing chemotherapeutic agents such as 8-aza-
adenosine, arabinofuranosyladenine (ara-A), or formycin
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A, thus potentiating their therapeutic activity.®? Fur-
thermore, as both cerebral and myocardial ischemia
result in the release of adenosine which appears to limit
the extent of degeneration, another potential use of ADA
inhibitors is that of protective agents in these events.10-13

Certainly, inhibition of ADA will inevitably be a
nonselective treatment, as it will stimulate all adenosine
receptor subtypes; thus, to minimize undesiderable side
effects, ADA inhibitors have to be selective for the
enzyme without interfering with adenosine receptors,
which could lead to the alteration of the physiology of
many organ systems. Due to this wide therapeutic
potential, there is a continuous interest in the develop-
ment of new ADA inhibitors.

Potent ADA inhibitors may be divided into two
classes, which are called ground-state inhibitors if their
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structure is similar to that of the endogenous ADA
substrate adenosine, and transition-state inhibitors
when their structure resembles that of the tetrahedral
transition-state intermediate which forms during the
deamination process catalyzed by the enzyme. Erythro-
9-(2-hydroxy-3-nonyl)adenine!* (EHNA, III, Chart 1)
and 2'-deoxycoformycin (dCF, II, Chart 1) are the most
potent examples of the first and the second classes,
respectively. dCF is so tightly bound to the enzyme (K;
2.5 x 1073 nM) that its inhibitory action is nearly
irreversible. The toxicity observed with dCF therapy
seems to be principally due to the prolonged inhibition
of ADA, leading to immunosuppressive effects. On the
other hand, the rapid metabolism of EHNA allows a fast
recovery of the enzyme activity, with poor therapeutic
effects. Thus, it is believed that attractive inhibitors
would be analogues that are 1—2 orders of magnitude
more potent than EHNA.

These observations greatly stimulated our interest
in discovering EHNA analogues in which the adenine
base was substituted by the 4-aminopyrazolo[3,4-d]-
pyrimidine (APP) system bearing alkyl, arylalkyl, or
hydroxyalkyl chains in positions 1 or 2 (compounds
3a—1 and 12a—f h,i, respectively). Actually, the pyr-
azolo[3,4-d]pyrimidine nucleus proved to be a suitable
scaffold for adenosine antagonists and of inhibitors of
another purine metabolism enzyme, namely adenosine
kinase.1>720 Moreover, this scaffold, which offered the
possibility of substituting two different positions (1 and
2), appeared to be particularly versatile to investigate
the structural requirements of the ADA catalytic site.
To better delineate the structure—activity relationships
(SARs) of this new class of ADA inhibitors, the 6-phenyl
derivative 13 of the most potent compound 3e was also
prepared and tested, since it has been reported?! that a
2-phenyl group increases the binding of EHNA toward
ADA. Finally, to verify if also for this class of inhibitors,
as for 9-alkyladenines, substitution at the hexocyclic
amino group was detrimental for inhibitory activity,??
the N*-acetyl derivative 4 was synthesized and tested.

As several products of this study presented a chiral
center (3j, 3k, 31, 12f, and 12h), a preliminary biological
evaluation was conducted on their stereoisomeric mix-
tures, to identify the racemate with the best ability to
inhibit the enzyme. Derivative 3k (K; 0.28 nM) showed

o
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the highest potency for ADA inhibition among this set
of compounds. The synthesis of both R and S isomers
of 3k was therefore undertaken, to investigate how their
potency is affected by the stereochemistry at the hy-
droxyl-bearing f5-carbon, as occurs for the 9-(2-hydroxy-
3-nonyl) side chain of EHNA.

The crystal structure of a murine ADA complexed
with 6-hydroxy-1,6-dihydropurine ribonucleoside?3
(HDPR, IV, Chart 1), a tight-binding transition-state
inhibitor, was determined at 2.4 A resolution. However,
no similar data are available for a semi-tight-binding
inhibitor such as EHNA; neither the conformation nor
its binding site have been fully elucidated yet. Thus,
docking simulations of our very potent inhibitor 3e
together with (R)- and (S)-isomers of 3k, and EHNA,
were performed, both to rationalize the SARs observed
and to gain more information about the ADA catalytic
site.

Chemistry

The synthesis of the N2-substituted pyrazolo[3,4-d]-
pyrimidines 3a—1 and 4 was performed starting from
the commercially available 3-amino-4-pyrazolecarbo-
nitrile 1, as illustrated in Scheme 1. Alkylation of 1 with
the suitable reactants in DMF at 100 °C, in the presence
of K2CO3, gave the N1-alkylpyrazoles 2a—1 as the main
reaction products. In particular, treatment of 1 with the
appropriate alkyl bromides led to compounds 2a—i,
reaction with 1,2-epoxyoctane, 1,2-epoxydecane, and (R)-
(+)- and (S)-(—)-1,2-epoxydecane provided the alcohols
2j, 2k, and (R)-2k and (S)-2k, respectively, and alkyl-
ation with 3-bromononan-2-one?* gave the pyrazole 21,
which, after reduction with NaBH4 in methanolic solu-
tion at room temperature, afforded the intermediate 2m,
bearing the EHNA side chain.

Cyclization of 2a—k,m with boiling formamide pro-
vided the desired inhibitors 3a—1. The acetylamino
derivative 4 was obtained with a good yield upon
treatment of a pyridine solution of 3e with acetic
anhydride at 100 °C. The (S)-(—)-1,2-epoxydecane used
to obtain enantiomerically pure (S)-3k was prepared
from the commercially available (R)-(+)-1,2-decanediole
5 in the four-step sequence outlined in Scheme 2, which
involved an inversion at C2. Treatment of 5 with tert-
butyldimethylsilyl chloride in anhydrous THF, in the
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Table 1. Physical Properties of 3-Amino-4-pyrazolecarbonitrile Derivatives 2a—m

NC

N-R
/

HoN

no R yield (%) recryst solv mp (°C) formula®
2a (CH3)sCH3 44 CHCl3 119-120 C10H16N4
2b (CH3)¢CH3 52 CH.Clg 96—-97 C11H1sNy
2c (CHg)7;CH3 54 n-hexane 84—85 C12HgoNy
2d (CHs2)sCH3 56 n-heptane 88—89 C13HooNy
2e (CH2)9CHj 49 cyclohexane 60—620 C14Ho4Ny
2f (CH2)100H3 41 cyclohexane 148—-151 C15H25N4
2g (CH2)1:CHs 57 i-PrOH 108—-111 C16HasNy
2h CHyCeH5 70 AcOEt/cyclohexane 121-123¢ C11H10Ny
2i CH>CHCgHj 80 AcOEt/cyclohexane 102—1034 C12H12Ny
2j CH>CHOH(CHy2)5CHj3 70 EtOH 133—-135 C12H20N4O
2k CH>;CHOH(CHg);CHjs 50 EtOH 130 C14H24N4O
(R)-2k CH2CHOH(CH3);CHgz¢ 60 EtOH 124—-126 C14H24N4O
(S)-2k CH.CHOH(CHs);CHj5" 41 EtOH 124—126 C14H24N4O
21 CHCOCH3(CH2)5CH3 88 cyclohexane 87—89 013H20N40
2m CH(CHOHCH3;)(CH2)5CHs 45 i-PrOH 108—111 C13H22N4O

@ Elemental analyses for C, H, N were within +0.4% of the calculated values. ® Lett.5! mp 69 °C. ¢ Lett.5! mp 132—134 °C. ¢ Lett.’2 mp

98—100 °C. ¢ [0]'® +120 (CH30H). /' [a]'® —119 (CH30H).

Table 2. Physical Properties of Pyrazolo[3,4-d]pyrimidine Derivatives 3a—1, 4, and 8

NHR;
NZ =
— /N—Rz
R3 \N N
no. Ry R Rs yield (%) recryst solv mp (°C) formula®
3a H (CH3)sCH3 H 84 CHCl3 215—-217 C11H17N5
3b H (CH3)sCH3 H 32 AcOEt 205—208 C12H19N5
3c H (CH2)7CH3 H 38 AcOEt 208—-210 C13H21N5
3d H (CH3)sCH3 H 26 AcOEt 200—202 C14H23N5
3e H (CH2)90H3 H 25 AcOEt 196—198 Cl5H25N5
3f H (CHs)10CH3 H 30 AcOEt 192—-195 C16H27N5
3g H (CHs)1:CH3 H 44 AcOEt 168—170 C17H29N5
3h H CHyCeH5 H 75 AcOEt/cyclohexane 248—-250 C12H11N5
3i H CH.CH2Cg¢Hj H 78 AcOEt/cyclohexane 188—190 C13H13N5
3j H CH;CHOH(CH;)sCH3 H 70 i-PrOH 213-216 C13H21N50
3k H CH2CHOH(CH3);CH3 H 64 EtOH 214-216 C15H25N50
(R)-3k H CH2CHOH(CH2);CH3® H 40 EtOH 206—208 C15H25N50
(S)-3k H CH2CHOH(CHg);CH3¢ H 34 EtOH 206—208 C15H25N50
31 H CH(CHOHCHj3)(CH3)sCHs H 45 EtOH 192—-194 C14H23N50
4 COCHg (CH2)90H3 H 73 cyclohexane 90—-92 C17H27N5O
8 H (CHz)gCHg CsH5 80 toluene 133 015H16N40
@ Elemental analyses for C, H, N were within +0.4% of the calculated values. ® [a]'8 +51 (CH30H). ¢ [a]'® —50 (CH30H).
Scheme 2
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presence of imidazole, gave the C1-protected intermedi-
ate 6, which was converted to mesylate 7 by reaction
with methanesulfonyl chloride in anhydrous pyridine
at 0 °C. Deprotection of 7 with tetrabutylammonium
fluoride afforded the primary alcohol 8, which provided
the desired (S)-(—)-1,2-epoxydecane 9 by reaction with
potassium tert-butoxide in MeOH.

The isomeric series of N1-substituted pyrazolo[3,4-d]-
pyrimidines 12a—i were prepared as illustrated in
Scheme 3. 4-Aminopyrazolo[3,4-d]pyrimidine 11 was
obtained from 1 with boiling formamide, following a
previously reported procedure.?® The sodium salt of 11
was then alkylated with the suitable reactant in DMF
solution at 100 °C to give the target inhibitors 12. The
appropriate alkyl bromide gave products 12a—e, 1,2-
epoxyoctane afforded the hydroxy derivative 12f, and

3-bromononan-2-one?* led to the keto derivative 12g,
which was converted to the desired 12h by reduction
with NaBH, in methanolic solution at room tempera-
ture. Ring closure of 5-amino-4-cyano-1-(5-hydroxy-
ethyl)pyrazole 1026 with boiling formamide provided
compound 12i.

The synthetic route for compound 13 is shown in
Scheme 4. A number of procedures have been described
for the conversion of 3-amino-4-pyrazolecarbonitrile to
6-substituted pyrazolo[3,4-d]pyrimidines.?”?8 Since most
of them require harsh conditions and proceed with poor
yields, a new method for the synthesis of the candidate
13 was devised by us, which greatly reduced the reaction
time and enhanced the yield of the product. This
solventless method involved the mixing of 3-amino-1-
decyl-4-pyrazolecarbonitrile 2e and benzonitrile with
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Table 3. Physical Properties of 4-Amino-1-alkylpyrazolo[3,4-d]pyrimidine Derivatives 7a—i
NH,
N 7’
NT TN
R
no. R yield (%) recryst solv mp (°C) formula®
12a (CH2)90H3 25 AcOEt 187—-189 Cl5H25N5
12b (CH3)10CH3 24 AcOEt 159—-161 C16Ha7N5
12¢ (CH3)11CH3 29 AcOEt 146—148 C17Hg9N5
12d CH2CeH5 30 i-PrOH 2380 C12H11N5
12¢ CHZCH2CGH5 35 AcOEt 185 Cl3H13N5
12f CH;CHOH(CHz);CH3 29 EtOH 146—148 C13H21N50
12g CH(COCH3)(CH2)sCH3 40 - oil C14H21N50
12h CH(CHOHCHS3)(CHz)sCHs 60 - oil C14H25N50
12i CH;CH,OH 96 toluene 217-219¢ C7HoN50

@ Elemental analyses for C, H, N were within +0.4% of the calculated values. ® Lett.53 mp 235—236 °C. ¢ Lett.?* mp 223—224 °C.
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potassium tert-butoxide in an open glass tube, and
irradiation of the reaction mixture in a household
microwave oven for 3 min. The crude product was
readily purified to afford the desired compound 13 with
a high yield (80%).

Results and Discussion

Biological Evaluation. The K; values for inhibition
of bovine spleen ADA by aminopyrazolopyrimidine
derivatives 3a—1, 4, 12a—f,h,i, and 13 are presented
in Table 4. (+)-EHNA was used as the reference
standard.

Results showed that the 2-substituted aminopyrazolo-
pyrimidine derivatives 3 were in general more potent
than their 1-substituted analogues 12, with compounds
3d—fj,k exhibiting K; values in the nanomolar/sub-

nanomolar range. It should be noted that the inhibitory
activity in the 2-substituted aminopyrazolopyrimidine
series is enhanced with the increasing of the length of
the side alkyl chain (3a < 3b < 3¢ < 3d < 3e ~ 3f),
reaching its maximum with the n-decyl and the n-
undecyl chains of 3e and 3f showing K; values of 0.13
nM and 0.47 nM, respectively, 1 order of magnitude
lower than that of (+)-EHNA (1.14 nM). Further in-
crease in the length of the side chain was dramatically
detrimental for activity (compound 3g, K; > 10000 nM).

Insertion of a 2'-hydroxy group into the n-octyl chain
of 3¢ (K; 530 nM) led to compound 3j whose inhibitory
activity was 3 orders of magnitude higher than that of
the parent compound. The remarkable beneficial effect
of the 2'-hydroxy group in 3j may be related to the
formation of an additional H-bond with the enzyme.

The B-hydroxy substitution on the n-decyl chain of the
potent inhibitor 3e gave compound 3k, which proved
to be highly potent, like its parent derivative (K; 0.28
nM). As it is well-known that the ADA inhibitory
potency of EHNA depends on the stereochemistry of its
side chain, the two enantiomers of 3k were prepared
and tested. The (R)-3k isomer (K; 0.053 nM) proved to
be the most active compound of the whole series, more
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Table 4. ADA Inhibition Data of Derivatives 3a—1, 4,
12a—fh,i, and 13

NH2

k DL k

3

=(CHa)9CH3 CI\

/N-(CHz)gCHg
=N

13

no. R K; (mM)®

3a (CH2)sCHs n.ab

3b (CHg)sCH3 818 + 62.3
3c (CH2);CHs 530 £+ 44.5
3d (CH2)sCHj3 8.05 + 0.20
3e¢ (CH2)9CH3 0.13 £ 0.01
3fe (CHg)10CHs 0.47 £ 0.02
3g (CH2)11CH3 n.a.

3h CHzCsH5 n.a.

3i CH20H206H5 n.a.

3j¢ CH2;CHOH(CHy);CHjs 1.00 + 0.08
3k CH>CHOH(CHy);CHjs 0.28 + 0.02
(R)-3k¢ CH,;CHOH(CH»);CH3 0.053 + 0.003
(S)-3k CH2CHOH(CHy);CHjs 37.5 + 3.36
31 CH(CHOHCHj3)(CH2)5CH3 53.4 +4.82
4 COCHj3 n.a.

12a (CHZ)QCH3 n.a.

12b (CHg)10CHs n.a.

12¢ (CH2)1:CH3 n.a.

12d CHzCsH5 n.a.

12¢ CHQCHQCGH5 n.a.

12f CH>CHOH(CHy)5CHj3 n.a.

12h CH(CHOHCH3)(CHz)5CH3 66.1 +4.31
12i CHyCH,OH 4619 + 386
13 CeHs n.a.
(+)-EHNA 1.14 +0.10

@ The K; values are means +SEM. ¢ n.a.: non active. Inhibition
occurred at a concentration higher than 10-5 M. ¢ This compound
displayed no significant affinity at bAj, bAsa, and bAsARs.

potent than the (S)-3k isomer (K; 37.5 nM) and the
parent compound 3e (K; 0.13 nM). (R)-3k therefore
presents the best spatial relationship among the phar-
macophoric groups, adequately fulfilling the stereo-
selectivity of the ADA binding site. Only a modest result
was obtained when the EHNA 9-(2-hydroxy-3-nonyl)
side chain was inserted at position 2 of the amino-
pyrazolopyrimidine system, seeing that compound 31
showed a K; in the submicromolar range. Substitution
of the n-alkyl chains with arylalkyl groups, as in
compounds 3h,i, is totally detrimental for ADA inhibi-
tory activity.

In agreement with the findings of Schaeffer?? for
EHNA derivatives, also in the aminopyrazolopyrimidine
series the insertion of a substituent on the N* of the
very active compound 3e led to a complete loss of
activity (compound 4, K;>10000 nM). Surprisingly, also
the 6-phenyl derivative of 3e, compound 13, was com-
pletely inactive, in contrast with findings reported in
the literature?! for a similar substitution on EHNA.

The shift of the substituents from position 2 to
position 1 of the aminopyrazolopyrimidine system, to
give compounds 12a—f h,i, was detrimental to the ADA
inhibitory activity. None of the 1-substituted amino-
pyrazolopyrimidines showed any inhibitory potency, the
only exception being compound 12h, bearing the EHNA
side chain, which was equipotent with its 2-substituted
counterpart 3l. The insertion at position 1 of a small
hydroxyalkyl group, as in compound 12i, did not give
any appreciable results, either.

The binding affinities of the most potent amino-
pyrazolopyrimidine derivatives 3e, 3f, 3j, 3k, and (R)-
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Figure 1. Schematic representation of important protein—
ligand interactions in the reported? crystal structure of the
ADA-HDPR complex.

3k at the bovine Aj, Asa, and AsARs were also deter-
mined. All the aminopyrazolopyrimidines were fully
selective for ADA, since none of them displayed any
significant affinity at the A;, Aga, or AsARs (data not
shown). The newly synthesized aminopyrazolopyrimi-
dine derivatives thus appear to be an interesting class
of potent, fully selective ADA inhibitors.

Molecular Modeling. In literature, no data are
reported about the crystal structure of ADA complexed
with a semi-tight-binding inhibitor such as EHNA. Only
the structure of murine ADA complexed with HDPR,
an almost ideal transition-state analogue, is available,
and this led to the following discoveries concerning the
catalytic activity of the enzyme: (i) a Zn%* cofactor is
bound into the active site located in a deep pocket at
the C-terminus of the S-barrel; (ii) the localization of
the zinc and key catalytic residues confer the precise
stereospecificity of the site and of the hydrolytic reac-
tion; (iii) the active site with bound HDPR is buried and
made inaccessible to the bulk solvent by a hinged motion
of one or two peptide loops that serve as lids to the active
site pocket; (iv) the Zn?" is coordinated by the ¢
nitrogens (N<2) of His15, His17, and His214, by a
carboxylate oxygen (0°2) of Asp295, and by the hydroxyl
oxygen (6-OH) of the HDPR inhibitor, as schematically
shown in Figure 1.

To better understand the high ADA inhibitory potency
of compounds 3e and 3k at a molecular level, docking
experiments were performed on the binding pocket of
the murine ADA/HDPR complex.?? The most active
2'S,3'R-erythro-enantiomer of EHNA, (+)-EHNA, was
also docked into the catalytic site of the enzyme for a
proper comparison, which might have helped us to
better delineate the SARs of our compounds. For less
active or inactive compounds, docking was carried out
in an attempt to elucidate the reasons behind the
reduced biological activity. Docking experiments were
carried out using the automated docking program
AutoDock,?? which allows torsional flexibility in the
ligand and incorporates an efficient Lamarckian genetic
search algorithm, together with an empirical free energy
function. With recent improvements in search algo-
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Table 5. Results of 50 Independent Docking Runs for Each Ligand®

Journal of Medicinal Chemistry, 2005, Vol. 48, No. 16 5167

ligand Niot  foe  AGhina surrounding residues

(+)-EHNA 15 20 -10.4 His15, His17, Asp19, Gly20, Phe61, Leu62, Phe65, Asp66, Arg101,
Tyr102, Ser103, Leul06, Trp117, Cys153, Cys154, Met155, Argl156, His157, Asp181, Leul82,
Alal83, Gly184, Asp185, His214, Glu217, His238, Ser265, Asp295, Asp296, Phe300

3e 15 4 -10.3 His15, His17, Aspl9, Gly20, Leu58, Phe61, Leu62, Ala63, Phe65, Asp66,
Met69, Tyr102, Ser103, Leul06, Trp117, Cys153, Met155, His157, Trpl61, Ala183, Gly184,
Asp185, Glu186, His214, Glu217, His238, Ser265, Thr269, Asp295, Asp296, Phe300

(R)-3k 31 21 —10.8 His15, His17, Leul8, Aspl9, Gly20, Leu58, Phe61, Leu62, Ala63, Phe65,

Asp66, Met69, Arg101, Tyr102, Ser103, Leul06, Trp117, Cys153, Met155, His157, Ala183,
Gly184, Asp185, Glu186, His214, Glu217, His238, Ser265, Thr269, Asp295, Asp296, Phe300

@ Niot is the total number of clusters; the number of results in the top cluster is given by the frequency of occurrence, focc; AGpind is the
estimated free energy of binding for the top cluster results and is given in kcal/mol. The last column shows the contacting residues for the
binding mode of the top cluster. Only residues with at least 5 A van der Waals contacts to the ligand are shown. Residues that form
hydrogen bonds with the ligand are highlighted in bold. Zinc coordinating residues are underlined.
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Figure 2. AutoDock results for docking of HDPR into the
ADA crystal structure.

rithms and energy functions, computational docking
methods have become a valuable tool to probe the
interaction between an enzyme and its inhibitors in the
absence of detailed experimental data and can contrib-
ute significantly to the understanding of its structural
and energetic basis.3!

Although the inhibition assays on our compounds
were conducted on bovine ADA, the use of the crystal
structure of murine ADA for docking studies is justified
by the following facts: (i) the bovine and mouse se-
quences of this enzyme are characterized by 85% of
homology; (ii) all active-site residues are largely pre-
served across the ADA isoforms so far sequenced; (iii)
the bovine and mouse ADA complexed with HDPR have
similar conformations and are particularly similar
around the active site, suggesting that the two enzyme
species might be functionally interchangeable.32

Prior to automated docking of the reported inhibitors,
HDPR itself was docked into the ADA crystal structure
as a means of testing program performance. The docking
test indicated that the largest cluster of similar confor-
mations with the lowest energy docked structure repro-
duced very closely the crystallographic binding mode of
HDPR to ADA (Figure 2). The hydrogen bonds predicted
by AutoDock were virtually identical to those found in
the crystal structure.

Docking of (+)-EHNA, 3e and both (R)- and (S)-
isomers of 3k revealed a consistent set of recurring
binding modes. For the three ligands investigated, well-
clustered docking results were obtained. As shown in
Table 5, the 50 independent docking runs carried out
for each ligand generally converged to a higher-than-
average number of different positions (“clusters” of
results differing by less than 1.5 A rmsd). Such a higher-

than-average number of clusters is due to the fact that
these compounds are large and highly flexible, but
nevertheless most of the results are found in the top
two clusters. Generally, the top clusters (i.e. those with
the most favorable AGying) were also associated with the
highest frequency of occurrence, which suggests a good
convergence behavior of the search algorithm. As re-
gards the estimated free energies of binding, they
compare well with experimental inhibition constants,
correctly suggesting affinities in the subnanomolar
range. The best results in terms of free energy of binding
were all located in a similar position at the active site.
The most important interactions found for each com-
pounds are summarized in Table 5.

Docking of (+)-EHNA to the ADA crystal structure
revealed a very clear preference for a single position in
the active site. The corresponding result was ranked
with the best binding energy (estimated AGping = —10.4
kcal/mol) and was found 20 times in 50 independent
docking runs. The ligand was found to be in the same
location as HDPR in the crystal structure. As illustrated
in Figure 3a, the adenine NHy group formed hydrogen
bonds with the Asp295 0°! oxygen and the Asp296 O%!
and 0°2 oxygens. The 2'-hydroxy group was involved in
hydrogen bonds with the N°! hydrogen of His17 and the
S” hydrogen of Cys153. A small hydrophobic pocket,
framed by the residues Met55, Ala183, and Gly184, was
found to accommodate the 1'-methyl group. The hydro-
phobic alkyl chain was located at the entrance of the
enzyme binding pocket, where it formed numerous
favorable lipophilic interactions. These results are in
agreement with the SAR studies, which suggest distinct
binding pockets for the 1'-methyl and 2'-hydroxy groups
and the hydrophobic alkyl chain.3? Moreover, inspection
of the binding position of (+)-EHNA at the active site
revealed that no hydrogen bond was formed between
the main chain NH of Gly184 and the N3 nitrogen of
the ligand.

In the most frequently occurring and most favorable
result (—11.3 kcal/mol, found 27 times out of 50),
compound 3e was found to bind in the known binding
pocket, in a manner similar to that of HDPR and (+)-
EHNA, with the long lipophilic chain localized in a deep
and narrow channel at the entrance of the enzyme
(Figure 3b). In addition, one of the 4-NHs hydrogens was
involved in a hydrogen bond with the 0% atom of
Asp296, while the other hydrogen formed a hydrogen
bond with the O°! atom of Asp295. Moreover, the N7
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Figure 3. (a) Docked structure of (+)-EHNA (green) in the
ADA active site displayed as a Connolly surface. (b) Super-
imposition of (+)-EHNA (green) and compound 3e (yellow)
bound to the ADA binding pocket. The residues involved in
hydrogen bonding to ligands are also indicated, with their
residue type and sequence numbers written in white. The zinc
ion is shown in magenta. Hydrogen bonds are represented with
dashed lines. Nonpolar hydrogens were removed for clarity.

nitrogen of the pyrazolopyrimidine system accepted a
hydrogen bond from the main chain nitrogen of Gly184.

As shown in Figure 3b, the binding of 3e to ADA is
very similar to that observed for (+)-EHNA binding. All
hydrogen bonds between ADA and (+)-EHNA are
retained in the ADA/3e complex, with a further hydro-
gen bond being formed between the N7 of 3e and the
backbone NH of Gly184, which is not possible for the
N3 of (+)-EHNA. Actually, the superimposed structures
show that the purine ring of (+)-EHNA is slightly
displaced from the position of 3e, away from Gly184.
This is consistent with the SAR data showing that 3e
is 9-fold more potent than (+)-EHNA in the ADA
inhibitory assay, with a K; of 0.13 nM.

As 3k is a chiral compound, both enantiomers were
considered for docking. For the (R)-enantiomer, only one
distinct binding position in the active site was ob-
tained: the result with the top binding energy (—10.8
kcal/mol) was found 21 times out of 50. The structure
of the ligand revealed a binding mode very similar to
those previously described for 3e into ADA. In addition,
a further hydrogen bond was observed between the
2-hydroxy group of the inhibitor and the N°1 of His17,
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R ’

Figure 4. Comparison of ligand-binding modes revealed by
docking: (a) superposition of the (R)-enantiomer of 3k (yellow)
and (+)-EHNA (green); (b) superposition of the (R)-enantiomer
of 3k (yellow) and HDPR? (cyan). The enzyme active site is
displayed as a Connolly surface.

making a significant contribution to the inhibitor bind-
ing stabilization, consistent with the 2.5-fold higher
potency displayed by (R)-3k (K; 0.053 nM) with respect
to e (K; 0.13 nM). As illustrated in Figure 4, super-
imposition of the enzyme-bound conformation of (R)-3k
on that of (+)-EHNA (Figure 4a) and HDPR (Figure 4b)
suggests that the 2-hydroxy group of (R)-3k, the 2'-
hydroxy group of (+)-EHNA, and the 5'-hydroxy group
of HDPR point to the same hydrogen bond donor, His17.

In the case of the (S)-enantiomer of 3k, the automated
docking calculations did not converge to a highly
populated cluster. In fact, inspection of the docked
structures revealed that many of the top-ranked clusters
did not fit properly into the active site, as the pyrazolo-
pyrimidine system pointed outside the enzyme cleft. It
should be noted that this (S)-enantiomer showed a K;
value (37.5 nM) 4 orders of magnitude higher than that
of the other stereoisomer.

In an effort to elucidate the reasons for the inactivity
of aminopyrazolopyrimidine derivatives bearing the
alkyl chain in position 1 (12a—i), the docking of com-
pound 12a was carried out. The molecule occupied the
same space as 3e, with the 4-NHs involved in hydrogen
bonds with the Asp295 0%2 and Glu217 O< oxygens, and
the long lipophilic chain located at the entrance position
of the enzyme. However, 12a appeared to be signifi-
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Figure 5. Schematic representation of the main interactions
observed in the molecular dynamics simulation of compound
3e bound to ADA. Mean values of intermolecular hydrogen
bond distances and of their standard deviations are given.

cantly displaced from the binding position of inhibitor
3e. As a result of this displacement, the 4-NHjy nitrogen
was too far away for significant hydrogen bond forma-
tion with the catalytic residue Asp296. Moreover, the
binding mode of the ligand did not allow the formation
of the hydrogen bond between the N7 nitrogen of the
pyrazolopyrimidine system and the Gly184 NH back-
bone. Thus, the drastic reduction of the ADA inhibitory
activity of 12a—i might be ascribed to the shifting in
the position of the ligand in the active site, which does
not allow the formation of hydrogen bonds with the
essential catalytic residues Asp296 and Gly184.

To assess the dynamic stability of the ADA/3e com-
plex, and to analyze the potential ligand—receptor
interactions, a molecular dynamics (MD) simulation in
a solvated system was run at room temperature. The
main features of the final docking model are schemati-
cally represented in Figure 5, together with the inter-
atomic distances for all important polar interactions.
The three-dimensional structure of the ADA/3e complex
is shown in Figure 6.

The root-mean-square (rms) deviation of the zinc and
its coordinating ligands (His15, His17, His214, and
Asp295) was calculated with respect to the crystal
structure at various times during the simulation. In
each case, the rms deviation was <0.6 A, which indi-
cates that the model of the zinc and its ligands retains
the trigonal bipyramid geometry observed in the crystal
structure with the N atoms of His15 and Hisl7
occupying the vertexes of the triangle, and His214 N<2
and Asp295 0°2 occupying the apexes.
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Figure 6. Docked structure of inhibitor 3e (yellow) in the

ADA active site, displayed as a Connolly surface, after 200 ps
of MD simulations.

One of the amino hydrogen atoms formed a stable
hydrogen bond with the 0°2 atom of Asp296 (bond 1).
The other hydrogen atom of the amino group also
appeared to be involved in two hydrogen bonds with the
0%1 atom of Asp295 (bond 2) and the O of Ser265 (bond
3), although this latter bond was observed to be fre-
quently cleaved in the simulation, giving an average
distance longer than that of an ideal hydrogen bond.
This result is in agreement with the SAR data, indicat-
ing that the 4-NHy is the primary determinant for
binding of our inhibitors. In fact, substitution at the N*
position of 3e with the acetyl substituent leads to
compound 4, whose inactivity is due to a steric hin-
drance and to a change in the optimal binding mode of
the ligand. Two hydrogen bonds between the N1 and
N7 atoms of the inhibitor pyrazolopyrimidine system
(bonds 4 and 5) and the main chain nitrogen of Gly184
were also shown to contribute to the complex stabiliza-
tion.

The pyrazolopyrimidine nucleus of the inhibitor 3e
is located in a hydrophobic pocket defined by Thr269,
Leu58, Phe61, Phe300, Leu62, and Phe65 side chains,
which contribute to the formation of the floor of the
cavity. The long hydrophobic alkyl chain fits snugly into
a narrow, deep, and highly hydrophobic cleft which
reaches the active-site entrance and consequently makes
extensive hydrophobic contact with the residues Leu62,
Ala63, Phe65, Alal83, and Gly184 on one side and
Met69, Leul06, Trpll7, and Metl55 on the opposite
side. Thus, the length of the n-alkyl substituent in the
aminopyrazolopyrimidine series is the critical attribute
for potent inhibitors. It is important to mention that the
binding site model proposed here suggests that the
optimal alkyl chain length ranges between 10 and 11
carbons. The loss of inibitory activity of compound 3g,
which differs from 3e in the presence of a longer alkyl
chain, might be due to an unfavorable interaction of the
emerging chain with the solvent at the end of the
channel or, more probably, to the inability of 3g to enter
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into the binding pocket, due to an unsuitable hydro-
philic/hydrophobic balance affecting the properties of the
ligand.

The shape of the n-alkyl substituent is also important
for the ligand interactions. As shown in Table 4,
structural changes which alter the shape of the n-alkyl
substituent lead to significant changes in its inhibitory
activities. Manual superposition of compounds 3h and
3i on the docked structure of 3e reveals a steric
repulsion between the phenyl ring of these compounds
and the walls of the hydrophobic cleft, thus explaining
their detrimental effect on the ADA inhibitory activity.
In the case of the inactive compound 13, the automated
docking calculations did not converge toward a single
binding position. From a visual inspection of the ADA/
13 complex, it seems clear that the presence of a phenyl
ring in the 6 position of the pyrazolopyrimidine system
increases the steric hindrance inside the binding cavity
and changes the optimal binding mode of the ligand,
decreasing the relative stability of the complex.

The docking simulation performed on the amino-
pyrazolopyrimidine compounds into the ADA binding
site helped to rationalize the SARs of these inhibitors
and to highlight the key pharmacophoric elements that
make it possible to interact optimally with the enzyme,
thus prospectively guiding the design of new analogues.

Experimental Section

1. Chemistry. Melting points were determined using a
Reichert Kofler hot-stage apparatus and are uncorrected. IR
spectra were recorded with a Pye Unicam Infracord Model
PU956 in Nujol mulls. Routine 'H NMR spectra were deter-
mined on a Varian Gemini 200 spectrometer using DMSO-dg
as the solvent. Specific rotation of optically active compounds
was measured on an Optically Activity LTD polarimeter at
the sodium D light. Evaporation 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 (60 F-254) aluminum sheets,
with visualization by irradiation with a UV lamp. Flash
chromatography was performed with Merck Silica gel 60 (230—
400 mesh ASTM). Elemental analyses were performed by our
Analytical Laboratory and agreed with theoretical values to
within +0.4%. The microwave-assisted procedure was carried
out in a household microwave (MW) oven equipped with a
turntable and operating at 2.450 MHz. An alumina bath
(Merck Aluminum oxide 90, 70—230 mesh ASTM) was used
as a heat sink inside the MW oven to irradiate the reaction
mixture. The average temperature at the end of the reaction
was measured by inserting a thermometer in the alumina bath
housing the reaction vessel.

The alkyl bromides used to obtain compounds 2a—i and
12a—e, 3-amino-4-pyrazolecarbonitrile, 1,2-epoxyoctane, 1,2-
epoxydecane, (R)-(+)-1,2-epoxydecane, (R)-(+)-1,2-decanediole,
and 2-nonanone were from Sigma-Aldrich. All other chemicals
were of reagent grade.

The following products were prepared in accordance with
literature procedures: 3-bromononan-2-one;?* 4-aminopyrazolo-
[3,4-d]pyrimidine 11,? 5-amino-1-(3-hydroxyethyl)-4-pyrazole-
carbonitrile 10.26

General Procedure for the Synthesis of 1-Alkyl-3-
amino-4-pyrazolecarbonitriles 2a—i. The appropriate alkyl
bromide (12 mmol) was added dropwise to a suspension of
3-amino-4-pyrazolecarbonitrile 1 (1.08 g, 10 mmol) and anhy-
drous potassium carbonate (1.66 g, 12 mmol) in 10 mL of DMF.
The reaction mixture was stirred at 100 °C until the disap-
pearance of the starting material (2—8 h, TLC analysis). After
cooling, the inorganic material was filtered off and the solution
was evaporated to dryness under reduced pressure. The

Da Settimo et al.

residue was then purified by flash chromatography (eluting
system: ethyl acetate/petroleum ether 60—80 °C 7/3) to obtain
2a—i as a white solid, which was recrystallized from the
appropriate solvent (Table 1).

General Procedure for the Synthesis of 3-Amino-1-4-
hydroxyalkyl-4-pyrazolecarbonitriles 2j,k,(R)-2k,(S)-2k.
The appropriate 1,2-epoxyalkane (12 mmol) was added drop-
wise to a suspension of 3-amino-4-pyrazolecarbonitrile 1 (1.08
g, 10 mmol) and anhydrous potassium carbonate (1.66 g, 12
mmol) in 10 mL of DMF. The reaction mixture was stirred at
100 °C until the disappearance of the starting material (1—4
h, TLC analysis). After cooling, the salt was filtered off and
the solution was evaporated to dryness under reduced pres-
sure. The residue was then recrystallized from the appropriate
solvent to obtain the target compounds 2j,k (Table 1).

3-Amino-1-(2-keto-3-nonyl)-4-pyrazolecarbonitrile 21.
A suspension of 3-amino-4-pyrazolecarbonitrile 1 (1.08 g, 10
mmol), 3-bromononan-2-one?* (2.65 g, 12 mmol), and anhy-
drous potassium carbonate (1.66 g, 12 mmol) in 10 mL of DMF
was heated under stirring at 100 °C for 2 h. After cooling, 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/cyclohexane 3/7) to obtain 21 as a pale yellow
solid, which was purified by recrystallization and characterized
as a racemic mixture (Table 1).

3-Amino-1-(2-hydroxy-3-nonyl)-4-pyrazolecarbo-
nitrile 2m. NaBH, (1.13 g, 30 mmol) was added portionwise
to an ice-cooled solution of 21 (2.48 g, 10 mmol) in 30 mL of
methanol, while maintaining the pH between 5 and 6 by
adding glacial acetic acid. Once addition was complete, stirring
was continued at room temperature for 22 h. The reaction
mixture was then concentrated in vacuo and the residue was
neutralized with saturated NaHCOj3 solution and extracted
with chloroform. The combined organic extracts were dried,
filtered, and evaporated to dryness under reduced pressure.
The resulting crude product was purified by flash chromatog-
raphy (eluting system: ethyl acetate/cyclohexane 5/5) to obtain
the target compound 2m as a pure yellow oily product, which
was characterized as a diastereomeric mixture (Table 1).

General Procedure for the Synthesis of 2-Alkyl-4-
aminopyrazolo[3,4-d]pyrimidines 3a—1. A suspension of
1-alkyl-3-amino-4-pyrazolecarbonitrile 2a—k,m (10 mmol) in
3 mL of formamide was vigorously boiled, under stirring, until
the disappearance of the starting material (4—16 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 (Table 2).

4-Acetylamino-2-decylpyrazolo[3,4-d]pyrimidine 4. A
suspension of 4-amino-2-decylpyrazolo[3,4-d]pyrimidine 3e
(2.27 g, 10 mmol) and acetic anhydride (1.41 mL, 15 mmol) in
10 mL of pyridine was heated at 100 °C under stirring for 2
h. The volatiles were then removed in vacuo, and the residue
was diluted with ice—water. The resulting solid was collected
and recrystallized from cyclohexane to give the target com-
pound 4 as a pale yellow crystalline solid (Table 2).

1-(tert-Butyldimethylsilanyloxy)-decan-2-0l 6. tert-
Butyldimethylsilyl chloride (TBDMSCI, 1.51 g, 10 mmol) was
added under nitrogen to an ice-cooled solution of (R)-(+)-1,2-
decanediole 5 (1.74 g, 10 mmol; [a]?® +12, ¢ = 0.5, CH30H) in
anhydrous THF containing imidazole (0.680 g, 20 mmol). The
reaction mixture was stirred at room temperature for 18 h,
then diluted with Et;O and washed sequentially with water
and brine. The organic layer was dried, filtered, and evapo-
rated to dryness under reduced pressure. The residue was
purified by flash chromatography (eluting system: ethyl
acetate) to obtain the target compound 6 as a pure oily product
with a 72% yield. [a]'® +13.2 (CH;0H). IR, v em™: 3395, 1102,
830. 'H NMR, 6 ppm: 0.018 (s, 6H, SiCHj3), 0.85 (s, 12H, CHj),
1.23 (bs, 12H, CH,), 1.36 (bs, 2H, CH,), 3.15—3.23 (m, 3H,
CHCHy), 4.34 (dd, 1H, OH, exc). Anal. (C16H3602Si1) C, H.

1-(¢ert-Butyldimethylsilanyloxymethyl)nonyl Meth-
anesulfonate 7. Methanesulfonyl chloride (MsCl, 0.93 mL,
12 mmol) was added dropwise to an ice-cooled solution of the
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alcohol 6 (2.88 g, 10 mmol) in anhydrous pyridine. The reaction
mixture was stirred at room temperature for 12h, then diluted
with Et:O and washed with water. The organic layer was
dried, filtered, and evaporated to dryness under reduced
pressure. The residue was purified by flash chromatography
(eluting system: ethyl acetate) to afford mesylate 7 as a pure
oily product with a 52% yield. [0]'® +40 (CH;0H). IR, v cm™:
3411, 1250, 1168, 1050. '"H NMR, 6 ppm: 0.053 (s, 6H, SiCHj),
0.84 (s, 12H, CHs), 1.24 (bs, 12H, CHy), 1.63 (bs, 2H, CHy),
3.14 (s, 3H, CHj), 3.23 (d, 2H, CHy). Anal. (C17H3504SSi) C,
H.

1-(Hydroxymethyl)nonyl Methanesulfonate 8. An ice-
cooled solution of the mesylate 7 (3.66 g, 10 mmol) in an-
hydrous THF was treated dropwise with tetrabutylammonium
fluoride 1.0 M solution in THF (10 mL, 10 mmol). The reaction
mixture was stirred at room temperature for 18 h, then diluted
with water and extracted with Et;O. The combined organic
extracts were dried, filtered, and evaporated to dryness under
reduced pressure. The resulting oily product was purified by
flash chromatography (eluting system: ethyl acetate) to obtain
the target compound 8 as a pure pale yellow oil with a 76%
yield. [a]®® +45 (CH30H). IR, v em™': 3539, 1260, 1168. 'H
NMR, 6 ppm: 0.86 (t, 3H, CHs), 1.24 (bs, 12H, CHy), 1.60 (m,
2H, CH,), 3.22 (d, 1H, CHy), 3.14 (s, 3H, CHjs), 3.52 (dd, 1H,
CH), 5.07 (t, 1H, OH, exc). Anal. (C11H2404S) C, H.

(S)-(—)-Epoxydecane 9. A solution of the alcohol 8 (2.52,
10 mmol) and potassium tert-butoxide (1.12 g, 10 mmol) in
MeOH was stirred at room temperature for 8 h, then parti-
tioned between CHyCly and water. The aqueous layer was
further extracted with CHyCly, and the combined organic
phases were dried, filtered, and evaporated to dryness under
reduced pressure. The resulting oily product was purified by
flash chromatography (eluting system: ethyl acetate) to obtain
the target compound 9 as a pure oil with an 80% yield. [a]'®
—14.0 (c = 1.0, Et;0) (Lett.? [a]lp —14.7, ¢ = 1.44, Et,0). IR,
vem™: 1460, 1367. 'H NMR, 6 ppm: 0.85 (t, 3H, CHj), 1.24
(bs, 12H, CHy), 1.41 (m, 2H, CHy), 2.41 (dd, 2H, CHy), 2.85
(m, 1H, CH). Anal. (C10H300) C, H.

General Procedure for the Synthesis of 1-Alkyl-4-
aminopyrazolo[3,4-d]pyrimidines 12a—e. 4-Aminopyr-
azolo[3,4-d]pyrimidine? 11 (1.35 g, 10 mmol) was added under
a nitrogen atmosphere to a solution of sodium (0.276 g, 12
mmol) in 25 mL of absolute ethanol. The solvent was then
removed in vacuo, and the resulting sodium salt was sus-
pended in DMF. The appropriate alkyl bromide (12 mmol) was
added dropwise, and the reaction mixture was stirred at 100
°C until the disappearance of the starting material (1—3 h,
TLC analysis). After cooling, the reaction mixture was con-
centrated in vacuo and the residue was diluted with ice—water.
The resulting solid was collected, purified by flash chroma-
tography (eluting system: ethyl acetate), and recrystallized
from the appropriate solvent (Table 3).

4-Amino-1-(f-hydroxyoctyl)pyrazolo[3,4-d]pyrimi-
dine 12f. 4-Aminopyrazolo[3,4-d]pyrimidine? 11 (1.35 g, 10
mmol) was added under a nitrogen atmosphere to a solution
of sodium (0.276 g, 12 mmol) in 25 mL of absolute ethanol.
The solvent was then removed in vacuo, and the resulting
sodium salt was suspended in DMF. 1,2-Epoxyoctane (1.83 mL,
12 mmol) was added dropwise, and the reaction mixture was
stirred at 100 °C for 20 h. After cooling, the reaction mixture
was concentrated in vacuo and the residue was treated with
ice—water. The resulting solid was collected, purified by
recrystallization, and characterized as a racemic mixture
(Table 3).

4-Amino-1-(2-keto-3-nonyl)pyrazolo[3,4-d]lpyrimi-
dine 12g. 4-Aminopyrazolo[3,4-d]pyrimidine?® 11 (1.35 g, 10
mmol) was added under a nitrogen atmosphere to a solution
of sodium (0.276 g, 12 mmol) in 25 mL of absolute ethanol.
The solvent was then removed in vacuo, and the resulting
sodium salt was suspended in DMF. 3-Bromononan-2-one?*
(2.65 g, 12 mmol) was added dropwise, and the reaction
mixture was stirred at 100 °C for 24 h. After cooling, the
reaction mixture was concentrated in vacuo and the residue
was diluted with ice—water. The resulting solid was collected
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and purified by flash chromatography (eluting system: ethyl
acetate/methanol 9/1) to obtain 12g as a pale yellow crystalline
solid, which was characterized as a racemic mixture (Table
3).
4-Amino-1-(2-hydroxy-3-nonyl)pyrazolo[3,4-dpyrimi-
dine 12h. NaBH, (1.13 g, 30 mmol) was added portionwise to
an ice-cooled solution of 12g (2.75 g, 10 mmol) in 30 mL of
methanol, while maintaining the pH between 5 and 6 by
adding glacial acetic acid. Once addition was complete, stirring
was continued at room temperature for 24 h. The reaction
mixture was then concentrated in vacuo, and the residue was
neutralized with saturated NaHCOj; solution and extracted
with chloroform. The combined organic extracts were dried,
filtered, and evaporated to dryness under reduced pressure.
The resulting oily product was purified by flash chromatog-
raphy (eluting system: ethyl acetate) to obtain the target
compound 12h as a pure oily product, which was characterized
as a diastereomeric mixture (Table 3).
4-Amino-1-(f-hydroxyethyl)pyrazolo[3,4-d]pyrimi-
dine 12i. A suspension of 5-amino-1-(5-hydroxyethyl)-4-pyr-
azolecarbonitrile?® 10 (1.52 g, 10 mmol) in 3 mL of formamide
was vigorously boiled under stirring for 2 h. The cooled solution
was then diluted with ice—water, and the solid separated was
filtrated, washed with water, and recrystallized (Table 3).

4-Amino-2-decyl-6-phenylpyrazolo[3,4-d]pyrimidine 13.
A mixture of 3-amino-1-decyl-4-pyrazolecarbonitrile 2e (2.48
g, 10 mmol), benzonitrile (2.04 mL, 20 mmol), and potassium
tert-butoxide (0.561 g, 5 mmol) was mixed thoroughly in a glass
tube, then placed in an alumina bath inside the MW oven and
irradiated twice at the 50% power level for 1.5 min, with a 2
min cooling period after the first irradiation cycle to avoid
overheating of the reactants. The average temperature at the
end of the reaction was 120 °C. After cooling, water was added
to the reaction mixture and the resulting solid was collected
and purified by flash chromatography (eluting system: ethyl
acetate/cyclohexane 5/5) to obtain crude 13 as a white solid,
which was purified by recrystallization (Table 2).

2. Biology. 2.1. Matherials and Methods. Adenosine
deaminase (ADA) type IX from bovine spleen (150—200 U/mg)
and adenosine were from Sigma Chemical Co. All other
chemicals were of reagent grade.

2.2. Enzymatic Assay. The activity of the test enzyme was
determined spectrophotometrically by monitoring for 2 min the
change in absorbance at 262 nm, which is due to the de-
amination of adenosine catalyzed by ADA. 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 mM adenosine, 50 mM potassium phosphate buffer pH =
7.2, and 0.3 nM enzyme solution in a total volume of 500 uL.
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 concentraction never exceeded 4% in the final
reaction mixture. To correct for the nonenzymatic changing
in adenosine concentration and the absorption by the test
compounds, a reference blank containing all the above assay
components except the substrate were prepared. The inhibitory
effect of the new derivatives was routinely estimated at a
concentration of 107> M. Those compounds found to be active
were tested at additional concentrations between 107° and
10~ M. Each inhibitor concentration was tested in triplicate
and the determination of the ICsy values was performed by
using linear regression analysis of the log-dose response curve.
The K; values were calculated from ICss by using the Cheng
and Prusoff equation.3?

2.3. Receptor Binding Assays. A;, Aza, and Az Receptor
Binding. Compounds were tested for their ability to displace
the specific binding of [FHIDPCPX (111 Ci/mmol) from A;ARs
in bovine cerebral cortical membranes, [PH]CGS21680 (47
Ci/mmol) from AssARs in bovine striatal membranes, and
[125TJAB-MECA (2000 Ci/mmol) from AsARs in bovine cerebral
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cortical membranes in the presence of the A;AR selective
antagonist DPCPX (20 nM) as described elsewhere.3¢

Compounds were dissolved in DMSO and added to the assay
mixture (DMSO concentration maximum 2%). Blank experi-
ments were carried out to determine the effect of solvent on
binding. Protein estimation was based on a reported method,?”
after solubilization with 0.75 N sodium hydroxide, using bovine
serum albumin as standard.

The experiments (n = 4), carried out in triplicate, were
analyzed by an iterative curve-fitting procedure (GraphPad,
Prism program, San Diego, CA).

3. Computational Chemistry. Molecular modeling and
graphics manipulations were performed using the SYBYL
software package,® running it on a Silicon Graphics R12000
workstation. Model building and conformational analysis of
3e, (R)-3k, and (S)-3k were accomplished with the TRIPOS
force field®® available within SYBYL. Point charges of these
inhibitors were calculated using the semiempirical quantum
mechanics AM1 method* implemented in the MOPAC pro-
gram.*! Energy minimizations and molecular dynamics simu-
lations of the ADA/3e complex were realized by employing the
AMBER program,*?>*3 selecting the all-atom Cornell et al. force
field.**

3.1. Docking Simulations. Docking was performed with
version 3.05 of the program AutoDock.?? It combines a rapid
energy evaluation through precalculated grids of affinity
potentials with a variety of search algorithms to find suitable
binding positions for a ligand on a given protein. While the
protein is required to be rigid, the program allows torsional
flexibility in the ligand.

Docking to ADA was carried out using the empirical free
energy function and the Lamarckian genetic algorithm, ap-
plying a standard protocol, with an initial population of 50
randomly placed individuals, a maximum number of 1.5 x 108
energy evaluations, a mutation rate of 0.02, a crossover rate
of 0.80, and an elitism value of 1. Proportional selection was
used, where the average of the worst energy was calculated
over a window of the previous 10 generations. For the local
search, the so-called pseudo-Solis and Wets algorithm was
applied using a maximum of 300 iterations per local search.
The probability of performing a local search on an individual
in the population was 0.06, and the maximum number of
consecutive successes or failures before doubling or halving
the local search step size was 4.

Fifty independent docking runs were carried out for each
ligand. Results differing by less than 1.5 A in positional root
mean-square deviation (rmsd) were clustered together and
represented by the result with the most favorable free energy
of binding.

3.2. Ligand Setup. Molecular models of (+)-EHNA, 3e, (R)-
3k, and (S)-3k were constructed using standard bond lengths
and bond angles of the SYBYL fragment library. Geometry
optimizations were realized with the SYBYL/MAXIMIN2
minimizer by applying the BFGS (Broyden, Fletcher, Goldfarb,
and Shannon) algorithm*® and setting an rms gradient of the
forces acting on each atom of 0.05 kcal/mol A as the conver-
gence criterion.

Atomic charges were assigned using the Gasteiger—Marsili
formalism,*® which is the type of atomic charge used in
calibrating the AutoDock empirical free energy function.
Finally, the compounds were set up for docking with the help
of AutoTors, the main purpose of which is to define the
torsional degrees of freedom to be considered during the
docking process. The number of flexible torsions defined for
each ligand is as follows: 10 in (+)-EHNA, 10 in 3e, and 11
in both (R)-3k and (S)-3k.

3.3. Protein Setup. The crystal structure of ADA in
complex with HDPR (entry code: 2ADA),* recovered from
Brookhaven Protein Database,*” was used. The structures were
set up for docking as follows: polar hydrogens were added
using the PROTONATE utility.?° To optimize the hydrogen
positions, the structures were subjected to a short energy
minimization using the SANDER module of AMBER, in
accordance with the type of force field and protein charges of
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the AutoDock empirical free energy function. Solvation pa-
rameters were added to the final protein file using the
ADDSOL utility of AutoDock3.5.

The grid maps representing the proteins in the actual
docking process were calculated with AutoGrid. The grids (one
for each atom type in the ligand, plus one for electrostatic
interactions) were chosen to be sufficiently large to include
not only the active site but also significant portions of the
surrounding surface. The dimensions of the grids were thus
30 A x 30 A x 30 A, with a spacing of 0.375 A between the
grid points.

3.4. Molecular Dynamics Simulations. A nonbonded
model was employed to treat the zinc ion, with a formal charge
of 2+. The Lennard—dJones parameters of the zinc ion were
adapted from Stote and Karplus.*® The parameters of 3e were
set consistently with the Cornell et al. force field;** missing
bond and angle parameters were assigned on the basis of
analogy with known parameters in the database and calibrated
to reproduce the AM1 optimized geometry. The complex was
solvated by the addition of 340 TIP3P water molecules*® within
20 A of the catalytic zinc ion. Ten sodium ions were added as
counterions to neutralize the system. The water molecules and
counterions alone were energy-minimized (20 000 cycles or 0.1
kcal/mol rms deviation in energy) and equilibrated for 5 ps in
a constant temperature (300 K) bath. The entire system was
then subjected to SANDER energy minimization (<0.01 kcal/
mol rms deviation) followed by a 200 ps MD run. During the
simulation the positional constraints on the protein backbone
were gradually reduced from 5 to 0.1 kcal A2 mol~'. The
SHAKE option was used to constrain bonds involving hydro-
gen. A 1 fs time step was used along with a nonbonded cutoff
of 8 A at 1 atm of constant pressure. The temperature was
maintained at 300 K using the Berendsen algorithm?®® with a
coupling constant of 0.2 ps. Four snapshots, extracted every
25 ps from the last 100 ps MD simulation, proved to be very
similar in terms of rms deviation. An average structure was
calculated from the last 100 ps trajectory, and the energy was
minimized using the steepest descent and conjugate gradient
methods available within the SANDER module of AMBER.
The CARNAL module of AMBER was used to check some
structural properties (rmsd, hydrogen bonds). The hydrogen
bond criterion was a maximum donor—acceptor distance of 3.5
A and a minimum donor-proton-acceptor angle of 120°.

Supporting Information Available: Spectral data of
compounds 2—4, 12, and 13 and analytical data of compounds
2—4, 6—9, 12, and 13 are available free of charge via the
Internet at http://pubs.acs.org.
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