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The X-ray crystallographic coordinates of the Abl tyrosine
kinase domain in its active, inactive, and Src-like inactive con-
formations were used as targets to simulate the binding mode
of a large series of pyrazolo[3,4-dlpyrimidines (known Abl in-
hibitors) by means of GOLD software. Receptor-based align-
ments provided by molecular docking calculations were sub-
mitted to a GRID-GOLPE protocol to generate 3D QSAR
models. Analysis of the results showed that the models based
on the inactive and Src-like inactive conformations had very
poor statistical parameters, whereas the sole model based on
the active conformation of Abl was characterized by significant

Introduction

Chronic myelogenous leukemia (CML) is a myeloproliferative
disorder that is usually characterized (in the leukemic cells of
more than 95% of patients) by the presence of the Philadel-
phia chromosome, resulting from a translocation between
chromosomes 9 and 22. This translocation results in the trans-
fer of the Abelson (abl) oncogene to the breakpoint cluster
region (bcr) of chromosome 22, leading to the fused bcr-abl
gene and to the expression of a fusion protein (Bcr-Abl) with
deregulated tyrosine kinase activity."

The kinase domains (highly conserved structures of about
300 residues) of the fusion protein (Bcr-Abl) and c-Abl are
identical in sequence and catalyze the transfer of the y-phos-
phate group of ATP to the hydroxy group of a tyrosine residue
of the peptide substrate. The structure of the kinase domain
can be divided into two lobes. At their interface, a number of
highly conserved residues form the ATP binding pocket and
the catalytic machinery.

Several conformations of the Abl tyrosine kinase domain
have been identified and are referred to as the inactive, active,
and Src-like inactive conformations.? The activation loop, a
centrally located regulatory element of the protein kinase, is
the region of the kinase domain that differs markedly between
the active and inactive states. In the active state, the activation
loop is in an extended or open conformation with an aspartic
residue (of the strictly conserved Asp-Phe-Gly motif at the N-
terminal base of the activation loop) positioned so as to inter-
act properly with the magnesium ion coordinated by ATP. The
remaining residues of the loop are positioned away from the
catalytic center so that the C-terminal portion of this loop pro-
vides a support for substrate binding. On the other hand, the
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internal and external predictive ability. Subsequent analysis of
GOLPE PLS pseudo-coefficient contour plots of this model
gave us a better understanding of the relationships between
structure and affinity, providing suggestions for the next opti-
mization process. On the basis of these results, new com-
pounds were designed according to the hydrophobic and hy-
drogen bond donor and acceptor contours, and were found to
have improved enzymatic and cellular activity with respect to
parent compounds. Additional biological assays confirmed the
important role of the selected compounds as inhibitors of cell
proliferation in leukemia cells.

activation loop of the inactive state switches to a more closed
conformation.”

Imatinib, the first line therapy for CML treatment, binds the
inactive conformation of the kinase domain.” Nevertheless, re-
sistance to this drug is frequently observed mainly because of
mutations in the kinase domain of Bcr-Abl."” For this reason,
new Abl inhibitors able to bind both the active and inactive
conformations, or that preferentially bind the active form of
the protein, were discovered.”! In this context, our previous
search of novel multitarget kinase inhibitors led to the design,
synthesis, biochemical evaluation, and preliminary molecular
modeling simulations of a large series of pyrazolo[3,4-d]pyrimi-
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Table 1. (Continued)
R
N ’
A L
RN N
RZ
Compd[a] R R R2 K [HM][b]
7749 N(C,Hs), SCH, CH,CHCICH,pCl 0.30
78 NHC4H,mF SCH, CH,CHCICH,pF 0.22
794 NHCH,C¢H.pF SCH, CH,CHCICH,pF 0.22
80 NHCH,C¢H,oF SCH, CH,CHCIC¢H,pF 0.34
819 N(C,Hs), SC,Hs CH,CHCIC4Hs 0.33
821 NHC,H, SCH, CH,CHCIC4Hs 0.52
83" NHCH,C¢Hs SC3H, CH,CHCICgH; 0.10
84" NHCH,C¢H,oCl SCH, CH,CHCIC4Hs 0.09 [31,6.3]"
85 NHCgH,mBr SCH, CH,CHCIC4Hs 0.06 [30,21]"
86 NHCH,C¢Hs S-cyclopentyl CH,CHCIC4Hs 0.06 [19,8.8]"
87¢ NHCH,CH,C¢Hs S-cyclopentyl CH,CHCIC4Hs 0.07 [19,8.41"
88 NHC4H,mCl S-cyclohexyl CH,CHCIC4Hs 0.07 [21,25]®
89'® NHCH,C¢H,oF H CH,CHCICgH,pBr 0.44 [7.9,4.2]
90'® NHCH,C¢H,mF H CH,CHCICgH,pBr 0.02 [11,6.0]"
91t NHCgHs CH;, CH,CHCICgH; 0.02 [32,25]"
928 NHC,H, SC,H, CH,CHCIC4Hs 0.02 [32,9.0]"
93 NHC4H,mF SC,H, CH,CHCIC4Hs 0.04 [18,3.8]
94 NHCH,mCl SC,Hy CH,CHCICgHs 0.09 [19,8.9]"
95 NHCH,C¢Hs SC,H, CH,CHCIC¢Hs 0.17 [12,15]®
96 NHCH,CH,CHs SC,Hy CH,CHCIC¢Hs 0.24 [21,15]9

cells, respectively.

[a] Compounds omitted in this table are reported in table S1 in the Supporting Information. [b] Affinity values
were determined as previously described.” [c] Training set compounds. [d] Test set compounds. [e] Synthesized
on the basis of QSAR suggestions. [f] Inhibitory activity toward human leukemia KU-812 and K-562 cell lines,
expressed as ICs, values, which represent the mean of five experiments determined as previously described,”>
using PP2 as the reference compound; PP2 showed ICs, values of 15 and 12 um toward KU-812 and K-562

cl
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97 98a: R' = nBu 99a: R' = nBu 86-88,
98b: R' = cPen 99b: R' = cPen 92-96
98c: R' = cHex 99c: R' = cHex

Scheme 1. Synthesis of compounds 86-88 and 92-96. Reagents and conditions:

a) RBr, K,CO;, DMF, RT or 80°C;

b) POCI;/DMF, CHCI;, reflux, 8 h; c) method A: amines, anhydrous toluene, RT, 48 h; method B: anilines, absolute

EtOH, reflux, 4 h.
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Scheme 2. Synthesis of compound 91. Reagents and conditions: a) EtONa, CH;COOEt, absolute EtOH, reflux, 6 h;

b) POCI;/DMF, CHCl;, reflux, 12 h; c) method B: aniline, absolute EtOH, reflux, 4 h.

ate alkyl bromide and anhydrous K,CO; in anhydrous N,N-di-
methylformamide (DMF). The 6-alkylthio derivatives 98a-c
were in turn chlorinated with the Vilsmeier complex (POCI;/
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DMF, 1:1, 10 equiv) in CHCl; at
reflux for 8 h to obtain the di-
chloro analogues 99a-c. The
crude products were purified in
good yield by chromatography
on a Florisil column. Finally, reac-
tion of 99a and 99b with an
excess of various amines in an-
hydrous toluene at RT for two
days afforded 86, 87, 92, 95, 96
in yields ranging from 66 to
93% (method A). The aniline de-
rivatives 88, 93, and 94 were ob-
tained by reaction between 99a
and 99c¢ and the appropriate
aniline in ethanol at reflux for
4 h (method B).

Compound 91 was prepared
as shown in Scheme 2. The 5-
amino-1-(2-hydroxy-2-phenyleth-
yl)-1H-pyrazole-4-carboxamide
100, prepared according to our
procedure,"® was treated with
NaOEt and EtOAc in absolute
ethanol at reflux for 6 h to afford
the 1-(2-hydroxy-2-phenylethyl)-
6-methyl-1,5-dihydro-4H-
pyrazolo[3,4-d]pyrimidin-4-one
101 that was in turn chlorinated
with the Vilsmeier complex
(POCIy/DMF, 1:1, 30equiv) in
CHCl; at reflux for 12 h to obtain
the dichloro derivative 102. Re-
action of the latter with aniline
in absolute ethanol at reflux for
4 h gave 91 (method B).

Compounds 89 and 90 were
prepared as shown in Scheme 3.
Reaction of ethyl 5-amino-1-[2-
(4-bromophenyl)-2-hydroxyeth-
yll-1H-pyrazole-4-carboxylate
103, prepared according to our
procedure,"”! with formamide for
8 h at 190°C led to the pyrazolo-
[3,4-d]pyrimidinone 104 in high
yield. Treatment of the latter
with an excess of the Vilsmeier
complex (POCI;/DMF, 1:1,
10 equiv) for 12 h at reflux in
CHCI; gave the dichloro deriva-
tive 105. Finally, the C4 chlorine
atom was substituted with the
appropriate benzylamines in an-
hydrous toluene at RT to afford

the final compounds 89 and 90 (method A). The synthesis of
compounds 84 and 85 has been previously reported.!"

www.chemmedchem.org

These are not the final page numbers! 77


www.chemmedchem.org

MED

cl
c H5OOC
N ’

_a HN by NZ c)

B IRIS:

Scheme 3. Synthesis of compounds 89 and 90. Reagents and conditions: a) formamide,
190°C, 8 h; b) POCI;/DMF, CHCl,, reflux, 12 h; c¢) method A: benzylamines, anhydrous tol-

uene, RT, 48 h.

Molecular modeling calculations

Docking simulations

To check if the active site of Abl is the preferential binding site
of our compounds, blind docking calculations were performed
on the overall kinase domain of the enzyme in its active, inac-
tive, and Src-like inactive forms, using the Abl-dasatinib com-
plex (entry 2GQG of the PDB),” the Abl-gleevec (STI-571) com-
plex (entry 11EP),'™ and the Abl-ATP complex (entry 2G2l),"? re-
spectively. In particular, for each crystal structure, after removal
of the ligand, the kinase domain was relaxed through an
energy minimization step to avoid any steric bump which may
affect the X-ray structure. The software AutoDock was then
used to carry out blind docking simulations of inhibitors into
the relaxed structure of the Abl kinase domain. As a result, all
the clusters found by the software showed the inhibitor ac-
commodated within the kinase domain of the enzyme, sup-
porting the hypothesis that this is the preferential binding site
for pyrazolo-pyrimidines.

In the next step, the binding mode of pyrazolo-pyrimidine
derivatives was further investigated by means of docking simu-
lations focused on the Abl kinase domain, following a compu-
tational protocol previously described (software GOLD).”™
However, to check for the ability of the software to appropri-
ately handle Abl inhibitors, docking simulations were first per-
formed on the co-crystallized inhibitors or substrate. As a
result, the best solution or the most populated cluster of
ligand conformations contained the experimental pose of each
co-crystallized inhibitor or ligand, with a minimal deviation of
its atomic coordinates. Having a reliable computational proto-
col in our hands, it was used to dock pyrazolo-pyrimidine into
the Abl kinase domain. For this purpose, and to take into ac-
count the structural variability of the binding site, the struc-
tures of the three Abl conformations reported above were
used.

Two principal orientations were found for pyrazolo-pyrimi-
dines within the ATP pocket of Abl, depending on the pres-
ence or not of an alkylthio substituent at C6 position of the
heterocyclic nucleus, according to results previously repor-
ted.”™ Briefly, compounds lacking the substituent at C6
showed an interaction pathway similar to dasatinib, although
only a hydrogen bond with Met318 was found, whereas an ad-
ditional interaction between the hydroxy group of Thr315 and
the amino group at C4 of the ligands further stabilized their

www.chemmedchem.org
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complexes with Abl. Several hydrophobic contacts
with the pockets referred to as hydrophobic region |
(HRI, mainly constituted by Val256, Ala269, Lys271,
Met290, Val299, 1le313, Thr315, Leu370, and Phe382)
and hydrophobic region Il (HRIl, mainly constituted
by Leu248, Gly249, Tyr253, Gly321, and Phe317) were
also found.

In the alternative binding mode, the presence of
the alkylthio substituent at the C6 position induced a
reorientation of the pyrazolo-pyrimidine scaffold,
whereas side chains at N1 and C4 retained lipophilic
contacts with the hydrophobic regions of the
enzyme binding site. In comparison with the previ-
ous binding mode, only the hydrogen bond usually involving
the amino group of the C4 side chain and the carbonyl back-
bone of Met318 was maintained.

Compounds bearing a bulky substituent at C4 showed a hy-
drogen bond between the N2 of the pyrazolo-pyrimidine ring
and the NH backbone of Met318. However, in both cases, the
loss of a hydrogen bond was not associated with a decrease in
activity. In addition, it is worth noting that all the compounds
bearing a tertiary amino group at position 4 showed a
common orientation, independent from the presence or not of
a C6 substitution. Such an orientation, very similar to that ob-
served for compounds unsubstituted at position 6, resulted in
the loss of the hydrogen bonds previously described. These
observations further supported our hypothesis that the lack of
hydrogen bonds does not seem to have a significant effect on
activity. In fact, although hydrophobic interactions appeared to
be very important for the binding of pyrazolo-pyrimidine deriv-
atives to Abl kinase, hydrogen bond interactions did not
appear to play a fundamental role for the affinity of com-
pounds.” This is in agreement with the fact that not only
compounds establishing a single hydrogen bond with the
target but also many of those whose binding is characterized
by no hydrogen bonds showed good inhibitory activity.

Docking simulations on inactive and Src-like inactive confor-
mations of Abl led to results which were difficult to interpret.
In fact, in both cases it was impossible to identify a preferential
binding mode, although contacts typical of STI-571 and ATP
were reproduced. Also in these cases, hydrophobic interactions
are mainly responsible for complex stabilization, instead of hy-
drogen bonds.

Generation of 3D QSAR models for Abl inhibitors

The 3D QSAR analysis was performed on the basis of the fol-
lowing steps: 1) data set collection, 2) structure-based align-
ment of molecules, 3) computation of molecular descriptors
and principal component analysis (PCA), 4) training and test
set selection, 5) variable selection, QSAR model generation,
and validation, and 6) PLS analysis of the final 3D QSAR model.

Data set collection

A series of 83 pyrazolo-pyrimidines were collected from our
previous studies on Abl inhibitors, along with their affinity
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toward Abl (table ST in the Supporting Information). Being
aware that such compounds may have low solubility,"” we
have chosen to prune the original dataset of 83 entries by re-
moving compounds whose low solubility may have affected
the assessment of the activity toward Abl. Compounds with a
QPlogP,,, value (calculated with the software QikProp)'®
lower than 6.5 (—2.0 and 6.5 define the range of logP values
reported for 95% of known drugs)™® were removed, leading to
a set of 68entries (Table 1). These compounds share a
common structural pattern, consisting of a pyrazolo-pyrimidine
moiety with various functional groups at positions 1, 4, and 6,
and show affinity values toward Abl (expressed as inhibition
constants, K) ranging from 0.02 pm to higher than 50 pm (the
highest test concentration). Inactive compounds were arbitrari-
ly assigned a K; value of 50 um. Affinity values were trans-
formed into the corresponding —logK; (pK) for subsequent cal-
culations.

Structure-based alignment of molecules

Focused docking calculations (performed following the same
protocol as described above) were performed on the 68 com-
pounds to find the most profitable interaction pattern with the
binding site of the enzyme. As different binding modes were
found among the conformations suggested by GOLD, the
lowest energy docked conformation of the most populated
cluster was chosen to define the alignment rule for subse-
quent QSAR analysis.

Computation of molecular descriptors and principal
component analysis

Ligands, aligned each other, were imported into GRID and in-
teraction energies between selected probes and each molecule
(molecular interaction fields, MIFs) were calculated using a grid
spacing of 1 A. Three probes were chosen to describe all the
molecules. The C3 probe, corresponding to a methyl group,
was used to account for steric contacts. The O probe (a sp? car-
bonyl oxygen) was used as a hydrogen bond acceptor, and the
N1 probe (neutral flat NH, that is, amide) was used as a hydro-
gen bond donor. Interaction energy values at each grid point
were imported into the GOLPE software for a preliminary PCA.

Training and test set selection

The main components were then imported into Cerius2™ soft-
ware. The selection of training set compounds was performed
taking into account both the structural features and activity
profile of the data set of 68 entries. In detail, we have tried to
maximize the structural diversity, described in the orthogonal
variables (principal components), keeping the original distribu-
tion profile of activity. As a result, 34 compounds were selected
as the training set, whereas the remaining 34 compounds con-
stituted the test set (Table 1). Compounds belonging to the
training and the test set appeared to be uniformly dispersed in
the descriptor space and in the activity distribution profile
(Figure 1).
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Figure 1. Distribution of training (@) and test set (0) compounds in the de-
scriptor space.

Variable selection, QSAR model generation, and validation

The descriptor set of training set compounds was imported
into GOLPE. As many of the variables derived from the GRID
analysis do not contribute to the correlation between chemical
structure and biological activity (that is, they could be consid-
ered noise that decreases the quality of the model), they were
removed using the pretreatment tool of GOLPE (details on the
various steps of variable selection are reported in table S2 in
the Supporting Information).

Accordingly, starting from 39168 variables describing the
training set compounds in the active form of the Abl binding
site, application of the preliminary pretreatment (absolute
values lower than 0.01 kcalmol™' were set to zero, whereas
variables that exhibited only two values were removed) de-
creased the number of variables to 17 770. Moreover, the D-op-
timal pre-selection procedure was also applied once (using
50% as reduction level and five components) to obtain the
most informative variables correlated with biological activity.
Each selection of variables was preceded by calculation of a
PLS model based only on the last selected variables. After D-
optimal variable pre-selection, the number of variables was fur-
ther decreased to 8885.

A smart region definition (SRD) algorithm was applied to
select and group the regions of variables of highest impor-
tance for the model. Groups were then used in the fractional
factorial design (FFD) procedure replacing the original varia-
bles. FFD selection was applied until no further statistical im-
provement was observed (two runs). As a result, the model ob-
tained from the reduced set of variables (1229) was character-
ized by a significant enhancement of the predictive power
with respect to the parent model generated on the entire set
of variables (Table 2). In fact, the validation procedure showed
an improved internal predictive ability (g?=0.90) for the final
model with five components, in comparison with the model
based on all the 39168 variables (g>=0.52). This result allowed
us to conclude that many of the original variables generated
noise, instead of contributing to the robustness of the model.
Moreover, the predictive power of the model was assessed by
calculating affinity values for the test set compounds. As a
result, a good correlation was found (0.51 as standard devia-
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Table 2. Statistical parameters of calculations leading to the final 3D QSAR model for Abl inhibitors based on the active conformation of the enzyme.
Training and Test Set Selection® GOLPE Software
PCA®! First PLS' Last PLS™ Prediction
on Test Set
Validation (LOO) Validation (LOO)
Components XVarExp Xaccum R? SDEP s R? SDEP g SDEP Ext
0 0.0000 0.9243 —0.0615 0.0000 0.9243 —0.0615 0.7491
1 18.0533 18.0533 0.6882 0.8263 0.1516 0.7193 0.7243 0.3482 0.6279
2 10.6689 28.7221 0.8956 0.6367 0.4963 0.9420 0421 0.7797 0.5639
3 8.4715 37.1936 0.9397 0.6541 0.4683 0.9712 0.3527 0.8455 0.5035
4 6.7509 43.9445 0.9694 0.6124 0.5340 0.9810 0.3142 0.8773 0.5073
5 4.6377 48.5821 0.9732 0.623 0.5178 0.9894 0.2850 0.8991 0.5142
[a] Cerius2 software. [b] 68 objects, 39 168 variables. [c] 34 objects, 39168 variables. [d] 34 objects, 1229 variables.

tion of error of predictions, SDEP) between experimental and
predicted activity values of the external set of compounds
(Table 2 and Figure 2).

Calculated Affinity

3 T T T T )
3 4 5 6 7 8
Experimental Affinity

Figure 2. Calculated (estimated and predicted) versus experimental affinity
of training (@) and test set (A) compounds.

The same computational protocol applied to compounds
aligned into the inactive and Src-like inactive conformations of
Abl did not result in any statistically significant 3D QSAR
model. For this reason, subsequent calculations were per-
formed only on the basis of Abl inhibitors aligned into the
active form of the kinase domain.

PLS analysis of the final 3D QSAR model

One important feature of 3D QSAR analysis is the graphical
representation of the model, which makes its interpretation
easier. Several options are available in GOLPE to display the
final model. Among these, PLS pseudo-coefficients are very
useful because they allow the visualization of favorable and
unfavorable interactions between the probes and the mole-
cules under study. For this reason, GRID plots of PLS pseudo-
coefficients were analyzed by means of GOLPE with the pur-
pose of getting a better understanding of the structure-activi-
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ty relationships. Compounds 7 and 83 (showing the best activ-
ity toward Abl among the C6-unsubstituted and Cé-substituted
pyrazolo-pyrimidines, respectively) were chosen as representa-
tive examples of the entire set of compounds to analyze plots
of PLS coefficients.

Contour maps for the C3 probe indicated sterically disfa-
vored and favored regions of space (magenta and yellow, re-
spectively). In particular, regions with higher positive values
corresponded to a profitable interaction between a molecular
substituent and the methyl probe, contributing to an improve-
ment in affinity. In contrast, the principal regions with negative
values corresponded to unfavorable interactions between a
substituent of the molecule and the methyl probe, contribu-
ting to a decrease in activity. Analysis of 7 embedded into the
C3 contour map showed HRI mainly contoured by favorable
regions (yellow dihedrals, Figure 3 A), whereas HRIl was charac-
terized by favorable regions corresponding to the para posi-
tion of the terminal phenyl ring at the N1 side chain. In an at-
tempt to better fill such a region, compounds 89 and 90, bear-
ing a bromine atom at the para position of the N1 phenyl ring,
were synthesized and found to have a significantly different af-
finity. In particular, the high affinity of 90 (0.02 um) was ac-
counted for by the fact that both the N1 and C4 substituents
occupied favorable regions, with the bromine matching HRIl in
a region corresponding to the side chain of Tyr253 and the
m-F phenyl group lying within the yellow spheres close to HRI.
In contrast, the o-F substituent of 89 was found in proximity
to a forbidden part of HRI, near the Thr315 carbonyl group
(upper right portion of Figure 3 A), probably accounting for the
lower affinity (0.44 um). Moreover, it is important to note that
an unfavorable region (magenta dihedrals, corresponding to
the carbonyl group of Gly254) was found in front of the C6 po-
sition, accounting for the fact that C6-substituted pyrazolo-pyr-
imidines adopted an alternative binding mode with respect to
the corresponding C6-unsubstituted analogues.

Accordingly, 83, characterized by a good affinity toward iso-
late Abl (0.10 um), showed the alternative binding mode im-
posed by the presence of a C6 substituent, leading the N1 side
chain to be located within HRI, while the alkyl substituent at
C6 was accommodated within HRII (Figure 3B). Analysis of the
methyl contour map showed two different favorable zones in
front of the C6 portion of the heterocyclic scaffold of C6-sub-
stituted compounds. One of them (corresponding to the side

ChemMedChem 0000, 00, 1-13
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Figure 3. PLS coefficient plots obtained with the C3 [panels A) and B)], N1 [panels C) and D)], and O [panels E) and F)] probes, projected in the Abl-7 and
Abl-83 complexes, respectively. Favorable interactions (that is, an increase in pK) between a substituent and the probe occur in yellow regions, whereas un-
favorable interactions (a decrease in pK) between a substituent and the probe occur in magenta regions.

chains of Val256 and Leu248 and indicated with a long arrow
in Figure 3B) was very close to the central core and suggested
that a small hydrophobic group in this position could give
active compounds. As an example, the C6 methyl derivative
91, whose methyl group perfectly filled the favorable contour,
had an affinity of 0.02 um. The second region, (mainly corre-
sponding to the side chain of Tyr253 and indicated with a
short arrow in Figure 3B) allowing for the presence of hydro-
phobic groups, is located in such a way to be matched by the
alkyl moiety of a thioalkyl substituent at C6. Among thioalkyl
substituents, cyclic moieties were suggested to have the opti-

ChemMedChem 0000, 00, 1-13
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mal shape and size properties to fit such a region, the cyclo-
pentyl (86 and 87) and cyclohexyl (88) derivatives being char-
acterized by good affinity values (0.06, 0.07, and 0.07 um, re-
spectively). Also compounds bearing smaller substituents, such
as 84 and 85, had similar affinity values (0.09 and 0.06 um, re-
spectively). On the other hand, an n-butyl chain causes a trans-
lation of the ligand within the binding site, even if the affinity
was maintained at low micromolar values in many cases (92—
96).

Moreover, the good affinity found for 93-94 (0.04 and
0.09 pm, respectively) seemed to depend on the fact that the
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finity. On the basis of these re-
sults, the size and shape of the
amino side chain at position 4
was worthy of further consider-
ation. In fact, although the linear
portion of the chain (corre-
sponding to the ethylenamino
or methylenamino spacer) was
accommodated in a region of space without any contact with
methyl contours, the phenyl ring was embedded in a narrow
groove between forbidden regions defined by carbonyl moiet-
ies of Thr319 and Tyr320. As a result, an interesting affinity was
found, in general, for the phenylethylamino, benzylamino, and
anilino derivatives with respect to compounds with bulkier
(five- and six-membered heterocyclic rings, such as pyrrolidine,
morpholine, and piperidine) substituents at C4. This finding
suggested that optimal substituents at position 4 should have
a planar shape, whereas cyclic amino substituents showed
steric hindrance, interacting with the magenta portion of the
methyl probe contour.

Contour maps generated with the N1 probe mimic the hy-
drogen bond donor interactions. It is interesting to note that
many of the positive maps (yellow) are positioned in the same
portion of space as found for the C3 probe, indicating that the
major effect of the N1 probe in these regions could be consid-
ered to be of steric nature. Analysis of the N1 contour map cal-
culated for 7 showed a favorable region between C3 and C4,
corresponding to the hydroxy terminus of Thr315 (Figure 3C).
Such an interaction, common to many of the pyrazolo-pyrimi-
dines, could account for the lower affinity showed by com-
pounds unable to make a hydrogen bond contact with Thr315
(that is, 57). On the other hand, the C4 amino group of 83, lo-
cated in the proximity of a profitable region where the carbon-
yl group of Met318 is embedded, is found to interact by hy-
drogen bonds with the ligands (Figure 3D).

The contribution of the O probe to the PLS model repre-
sents both the ability to accept hydrogen bond contacts and
to make steric interactions. In fact, similar to that found for the
N1 probe, some portions of the O probe maps occupy regions
of space similar to those previously identified with the C3
probe, suggesting that the O probe is also involved in steric in-
teractions. This probe does not discriminate for activity, even if
a zone of favorable interaction is in front of the N2 of the pyra-
zole ring, as was found for 7 (Figure 3E). The same favorable
interaction pattern was found for 83, although with a different
orientation of the pyrazolo-pyrimidine scaffold (Figure 3F).

The new synthesized molecules were then tested to assess
their effects on the proliferation of two Bcr-Abl-positive leuke-
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Uncleaved PARP

Cleaved PARP
Figure 4. Inhibition of Bcr-Abl phosphorylation [panels A) and B)] and pro-apoptotic effect [panels C) and D)] of
selected compounds on K-562 and KU-812 cells, respectively, measured after 72 h incubation. Values shown in

panels A) and B) indicate the percentage of phospho-Bcr-Abl over GAPDH, whereas values shown in panels C)
and D) indicate the percentage of cleaved over uncleaved PARP.
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mia cell lines (namely, K-562 and KU-812), in comparison with
PP2, chosen as the reference compound. As several of the new
compounds showed an improved activity with respect to
parent compounds previously described”< (Table 1), they
were submitted to additional biological assays in the same cell
lines. In particular, phosphorylation of Bcr-Abl was studied to
check if the antiproliferative effect of the selected compounds
toward each cell line was dependent on the inhibition of Bcr-
Abl activity. Compounds significantly decreased Bcr-Abl phos-
phorylation in K-562 cells (Figure 4A), whereas the effect on
Bcr-Abl phosphorylation was lower in KU-812 cells relative to
K-562 cells (Figure 4B). These results suggested that the effects
mediated by selected compounds on the proliferation of leu-
kemia cells were a consequence of the decrease in Bcr-Abl
kinase activity.

Selected compounds were also evaluated for their pro-apop-
totic activity on both cell lines by means of a poly-ADP-ribose
polymerase (PARP) assay. Compounds 89, 90, and 93 potently
induced apoptosis in K-562 cells (Figure 4C), whereas 95
showed lower pro-apoptotic activity, even if higher than that
found for the control (DMSO). Analysis of pro-apoptotic activity
in KU-812 cells showed that 93 was the best apoptotic inducer
(Figure 4D). On the basis of the ability to induce apoptosis in
both cell lines, the ratio between Bax mRNA and Bcl-xL mRNA
expression after 72 h incubation was also investigated (the
pro-apoptotic action of Bax is antagonized by Bcl-xL and this
ratio could help explain the molecular mechanism of apoptosis
induction). The compounds were able to increase the Bax/Bcl-
xL ratio in K-562 cells, confirming their induction, and 90 was
the best inducer (Figure 5A). Moreover, the compounds also
caused an increase in the Bax/Bcl-xL ratio in KU-812 cells, with
respect to control (Figure 5B).

Finally, the expression of the cyclin-dependent kinase inhibi-
tor p21 was also investigated because p21 expression is associ-
ated with cell growth inhibition. Exposure of both K-562 and
KU-812 cells to compounds for 72 h affected p21 mRNA ex-
pression. However, although all the test compounds were
good inducers of p21 in K-562 cells (Figure 5C), 89 and 90
were the most active compounds in KU-812 cells (Figure 5D).
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Figure 5. The pro-apoptotic response of A) K-562 and B) KU-812 cells after 72 h incubation. The expression of p21 mRNA in C) K-562 and D) KU-812 cells after
72 h exposure to compounds. The expression of Bax, Bcl-xL, and p21 mRNA was determined by qRT-PCR. Results are expressed as the mean =+ SEM of three
independent experiments. All values are expressed as fold increase relative to the expression of [3-actin.

These results confirmed the important role of the selected
compounds as inhibitors of cell proliferation.

Conclusions

A set of pyrazolo[3,4-d]pyrimidine derivatives, along with their
affinity values toward isolated Abl tyrosine kinase, were used
to build 3D QSAR models based on structure-based alignments
of compounds into the enzyme active site. Alternative binding
modes for C6-substituted and unsubstituted compounds were
confirmed, as well as the importance of hydrophobic interac-
tions with respect to hydrogen bond contacts, as hypothesized
in our previous calculations.” The sole model constructed on
the active conformation of Abl gave significant results in terms
of both internal and external predictivity. In fact, it was able to
estimate/predict the affinity of a very large number of inhibi-
tors differently decorated at positions N1, C4, and C6 of the
central core. Suggestions derived from analysis of PLS pseudo-
coefficients led to the synthesis of new derivatives, which were
found to have good affinity values toward the enzyme and fur-
ther validated the model itself. Additional biological assays
confirmed the important role of the selected compounds as in-
hibitors of cell proliferation in leukemia cells.

ChemMedChem 0000, 00, 1-13

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

Chemistry

Starting materials were purchased from Aldrich-Italia (Milan, Italy).
Melting points were determined with a Buichi 530 apparatus and
are uncorrected. IR spectra were measured with a PerkinElmer 398
spectrophotometer. '"H NMR spectra were recorded on a Varian
Gemini 200 (200 MHz) instrument. Chemical shifts are reported as
0 (ppm) relative to (CH,),Si as internal standard; J values are given
in Hz. 'H patterns are described with the following abbreviations:
s=singlet, d=doublet, t=triplet, g=quartet, quint=quintet, sx=
sextet, m=multiplet, br=broad. All compounds were tested for
purity by TLC (Merck, silica gel 60 F,s,, CHCl; as the eluent). Analy-
ses for C, H, N, S were within £0.3% of the theoretical value. Syn-
thesis and analytical data of compounds 84 and 85 have been al-
ready reported.”"

General procedure for the synthesis of 6-(alkylthio)-1-(2-hy-
droxy-2-phenylethyl)-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-
ones 98a-c. A mixture of 1-(2-hydroxy-2-phenylethyl)-6-thioxo-
1,5,6,7-tetrahydro-4H-pyrazolo[3,4-d]pyrimidin-4-one 97 (2.88 g,
10 mmol), the appropriate alkyl bromide (10.14 mmol) and anhy-
drous K,CO; (1.38 g, 10 mmol) in anhydrous DMF (10 mL) was
stirred at RT for 24 h for 98a, 8 h for 98b, or at 80°C for 15 h for
98c. The mixture was poured into cold H,O, the white solid was fil-
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tered, washed with H,O, and recrystallized from absolute EtOH to
afford 98a-c as white solids.

98a. White powder (1.89g, 55%); mp: 173-174°C; 'H NMR
(200 MHz, (CD,),S0): 6=12.08 (brs, 1H, NH disappears with D,0),
7.87 (s, TH, H-3), 7.26-7.02 (m, 5H, Ar), 5.55 (d, 1H, OH, disappears
with D,0), 5.04-4.90 (m, 1H, CHOH), 4.38-4.14 (m, 2H, CH,N), 3.04
(t, J=7.2Hz, 2H, CH,S), 1.58 (quint, J=7.2 Hz, 2H, CH,CH,CH,),
1.35 (sx, J=7.2 Hz, 2H, CH,CH,), 0.85 ppm (t, J=7.2, 3H, CH,); IR
(KBr): #=3500-3310 (NH+4OH), 1697 cm™' (CO); Anal. calcd for
C,,HoN,O,S: C 59.28, H 5.85, N 16.27, S 9.31, found: C 59.22, H
6.05, N 16.31, S 9.15.

98b. White powder (1.96g, 55%); mp: 213-214°C; 'HNMR
(200 MHz, (CD;),S0): 6=12.19 (brs, 1H, NH disappears with D,0),
7.87 (s, 1H, H-3), 7.28-7.03 (m, 5H, Ar), 5.57 (d, 1H, OH disappears
with D,0), 5.12-4.92 (m, 1H, CHOH), 4.42-4.17 (m, 2H, CH,N), 3.97-
3.76 (m, 1H, CHS), 2.27-1.94 and 1.74-1.42 ppm (2xm, 8H, 4CH,
cyclopentyl); IR (KBr): #=3150-2850 (NH+OH), 1703 cm™' (CO);
Anal. calcd for C;gH,,N,0,S: C 60.65, H 5.66, N 15.72, S 9.00, found:
C 60.31, H 5.82, N 15.70, S 8.90.

98c. White powder (1.78g, 48%); mp: 226-227°C; 'HNMR
(200 MHz, (CD,),SO): 6 = 12.22 (brs, 1H, NH disappears with D,0),
7.90 (s, 1H, H-3), 7.40-7.10 (m, 5H, Ar), 5.60 (d, 1H, OH disappears
with D,0), 5.22-5.00 (m, 1H, CHOH), 4.39-4.20 (m, 2H, CH,N), 3.99-
3.89 (m, 1H, CHS), 1.85-1.30 ppm (m, 10H, 5CH, cyclohexyl); IR
(KBr): #=3315-2930 (NH+OH), 1704 cm™' (CO); Anal. calcd for
CyoH,,N,0,S: C 61.60, H 599, N 15.12, S 8.66, found: C 61.56, H
6.05, N 15.11, S 8.36.

General procedure for the synthesis of 6-(alkylthio)-4-chloro-1-
(2-chloro-2-phenylethyl)-1H-pyrazolo[3,4-d]pyrimidines  99a-c.
The Vilsmeier complex, previously prepared from POCI; (1.53 g,
10 mmol) and anhydrous DMF (0.73 g, 10 mmol), was added to a
suspension of the appropriate compound 98a—c (1 mmol) in CHCI,
(50 mL). The mixture was held at reflux for 8 h. The solution was
washed with H,O (2x20 mL), dried (MgSO,), filtered, and concen-
trated under reduced pressure. The crude oil was purified by
column chromatography (Florisil, 100-200 mesh) using Et,O as the
eluent, to afford the pure products 99 a—c as white solids.

99a. White powder (0.31 g, 80%); mp: 81-82°C; '"H NMR (200 MHz,
CDCly): 6=8.00 (s, 1H, H-3), 7.32-7.10 (m, 5H, Ar), 5.19-5.05 (m,
1H, CHCI), 4.95-4.80 and 4.72-4.47 (2xm, 2H, CH,N), 3.09 (t, J=
7.2 Hz, 2H, CH,S), 1.61 (quint, J=7.2 Hz, 2H, CH,CH,CH,), 1.40 (sx,
J=72Hz, 2H, CH,CH,), 0.87 ppm (t, J=7.2Hz, 3H, CH,); Anal.
caled for Cy;H,gN,CLS: C 53.55, H 4.76, N 14.69, S 8.41, found: C
53.74, H 4.90, N 14.61, S 8.33.

99b. White powder (0.25g, 63%); mp: 70-71°C; 'HNMR
(200 MHz, CDCl,): 6=7.94 (s, TH, H-3), 7.42-7.19 (m, 5H, Ar), 5.50-
538 (m, 1H, CHCI), 497-4.82 and 4.80-4.67 (2xm, 2H, CH,N),
4.07-3.93 (m, 1H, CHS), 2.32-2.10 and 1.85-1.54 ppm (2xm, 8H,
4CH, cyclopentyl); Anal. calcd for C,gH,gN,CIS: C 54.96, H 4.61, N
14.24, S 8.15, found: C 54.83, H 4.60, N 14.20, S 8.00.

99 c. White powder (0.35 g, 86%); mp: 77-78°C; "H NMR (200 MHz,
CDCly): 6=7.72 (s, 1H, H-3); 7.38-7.21 (m, 5H, Ar), 5.35-5.25 (m,
1H, CHCI), 4.84-4.64 and 4.62-4.58 (2xm, 2H, CH,N), 3.95-3.87 (m,
1H, CHS), 1.82-1.32 ppm (m, 10H, 5CH, cyclohexyl); Anal. calcd for
CioHaoN,CLS: C 56.02, H 4.95, N 13.75, S 7.87, found: C 5631, H
4,90, N 13.90, S 7.85.

Synthesis of 1-(2-hydroxy-2-phenylethyl)-6-methyl-1,5-dihydro-
4H-pyrazolo[3,4-dlpyrimidin-4-one 101. A solution of NaOEt [pre-
pared from Na (1.84 g, 80 mmol) and absolute EtOH (30 mL)] and
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EtOAc (7.93 g, 90 mmol) were added to a solution of 5-amino-1-(2-
hydroxy-2-phenylethyl)-1H-pyrazole-4-carboxamide 100 (2.46 g,
10 mmol) in absolute EtOH (90 mL). The mixture was held at reflux
for 6 h. After cooling, ice-water was added, and the solution was
acidified with 3% acetic acid. A solid precipitated that was filtered,
washed with H,O, and recrystallized from absolute EtOH to afford
compound 101 as a white solid (1.62 g, 60%); mp: 253-254°C;
'HNMR (200 MHz, (CD,),SO): 6=11.91 (brs, TH, NH disappears
with D,0), 7.90 (s, TH, H-3), 7.30-7.10 (m, 5H, Ar), 5.52 (brs, 1H,
OH disappears with D,0), 5.06-4.92 (m, 1H, CHOH), 4.42-4.27 and
4.20-4.07 (2xm, 2H, CH,N), 2.25 ppm (s, 3H, CH;); IR (KBr): 7=
3400-3150 (NH4-OH), 1660 cm™' (CO); Anal. calcd for C,,H,,N,0,: C
62.21, H 5.22, N 20.73, found: C 62.20, H 5.26, N 20.99.

Synthesis of  4-chloro-(2-chloro-2-phenylethyl)-6-methyl-1H-
pyrazolo[3,4-dlpyrimidine 102. The Vilsmeier complex, previously
prepared from POCl; (4.60g, 30 mmol) and anhydrous DMF
(2.20 g, 30 mmol), was added to a suspension of 1-(2-hydroxy-2-
phenylethyl)-6-methyl-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-
one 101 (0.27 g, 1 mmol) in CHCIl; (10 mL). The mixture was held
at reflux for 12 h. The solution was washed with H,0 (2x20 mL),
dried (MgSO,), filtered, and concentrated under reduced pressure.
The crude oil was purified by column chromatography (Florisil,
100-200 mesh), using Et,0 as the eluent, to afford the product as
a yellow oil, which crystallized, standing in a refrigerator upon
adding a 1:1 mixture of Et,O/petroleum ether (PE) (bp: 40-60°C),
as a white solid (0.21 g, 67%); mp: 96-97°C; 'HNMR (200 MHz,
CDCly): 6=8.01 (s, 1H, H-3), 7.41-7.16 (m, 5H, Ar), 5.51-5.39 (m,
1H, CHCI), 5.04-4.90 and 4.81-4.68 (2xm, 2H, CH,N), 2.69 ppm (s,
3H, CH;); Anal. calcd for C,H;,N,Cly: C 5474, H 3.94, N 18.24,
found: C 54.54, H 4.15, N 18.06.

Synthesis of 1-[2-(4-bromophenyl)-2-hydroxyethyl]-1,5-dihydro-
4H-pyrazolo[3,4-d]pyrimidin-4-one 104. A suspension of ethyl-5-
amino-1-[2-(4-bromophenyl)-2-hydroxyethyl]-1H-pyrazole-4-carbox-
ylate 103 (3.54g, 10 mmol) in formamide (10 g, 333 mmol) was
heated at 190°C for 8 h and then poured into H,0 (300 mL). The
crude product was filtered and purified by dissolving in 2m NaOH
(100 mL) and boiling with charcoal, followed by precipitation with
glacial acetic acid. The solid was filtered and recrystallized from ab-
solute EtOH to give compound 104 as a white solid (2.35 g, 70%);
mp: 269-270°C; 'H NMR (200 MHz, (CD),50): 6=12.04 (brs, TH,
NH, disappears with D,0), 7.98 (s, 1H, H-6), 7.94 (s, 1H, H-3), 7.44—
7.31 and 7.21-7.07 (2xm, 4H, Ar), 5.68 (d, 1H, OH, disappears with
D,0), 5.07-4.90 (m, 1H, CHOH), 4.43-4.14 ppm (m, 2H, CH,N); IR
(KBr): #=3274 (NH), 2900-3100 (OH), 1694 cm~' (CO); Anal. calcd
for C;5H;;N,O,Br: C 46.59, H 3.31, N 16.72, found: C 46.71, H 3.13, N
16.85.

Synthesis of 4-chloro-1-[2-chloro-2-(4-bromophenyl)ethyl]-1H-
pyrazolo[3,4-dlpyrimidine 105. The Vilsmeier complex, previously
prepared from POCl; (1.53g, 10 mmol) and anhydrous DMF
(0.73 g, 10 mmol), was added to a suspension of 1-[2-(4-bromo-
phenyl)-2-hydroxyethyl]-1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-
one 104 (335 mg, 1 mmol) in CHCl; (50 mL). The mixture was held
at reflux for 12 h. The solution was washed with H,0 (2x20 mL),
dried (MgSO,), filtered, and concentrated under reduced pressure.
The crude oil was purified by column chromatography (Florisil,
100-200 mesh) using Et,O as the eluent, to afford the product as a
yellow oil, which crystallized, standing in a refrigerator upon
adding a 1:1 mixture of Et,O/PE (bp: 40-60°C), as a white solid
(0.26 g, 70%); mp: 108-109°C; 'H NMR (200 MHz, CDCl,): 6=8.74
(s, TH, H-6), 8.15 (s, 1H, H-3), 7.46-7.35 and 7.30-7.24 (2xm, 4H,
Ar), 5.50-5.46 (m, 1H, CHCI), 5.05-4.90 and 4.87-4.82 ppm (2xm,
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2H, CH,N); Anal. calcd for C;sH N,CLBr: C 41.97, H 2.44, N 15.06,
found: C 41.78, H 2.32, N 15.02.

General procedure for the synthesis of final compounds 86-96.
Method A: (86, 87, 89, 90, 92, 95, 96). The appropriate amine
(40 mmol) was added to a solution of the appropriate 4-chloro de-
rivative 99a, 99b, and 105 (10 mmol) in anhydrous toluene
(10 mL), and the mixture was stirred at RT for 48 h. The organic
phase was washed with H,O (2x10 mL), dried (MgSO,), filtered,
and concentrated under reduced pressure. The crude oil was crys-
tallized by adding a 1:1 mixture of Et,O/PE (bp: 40-60 °C).

86. White powder (431g, 93%); mp: 159-160°C; 'HNMR
(200 MHz, CDCly): 6=7.65 (s, 1H, H-3), 7.44-7.14 (m, 10H, Ar),
5.52-5.41 (m, 1H, CHCI), 4.88-4.58 (m, 4H, CH,N+CH,Ar), 4.10-3.92
(m, 1H, SCH), 2.26-2.05 and 1.82-1.51 ppm (2xm, 8H, 4CH, cyclo-
pentyl); IR (KBr): #=3240 cm' (NH); Anal. calcd for C,5H,6NsCIS: C
64.71, H 5.65, N 15.09, S 6.91, found: C 64.63, H 5.81, N 15.13, S
7.00.

Method B: (88, 91, 93, 94). The appropriate aniline (20 mmol) was
added to a solution of the appropriate 4-chloro derivative 99a,
99¢, and 102 (10 mmol) in absolute EtOH (10 mL), and the mixture
was held at reflux for 4 h. After cooling, the white solid was fil-
tered, washed with H,0, and recrystallized from absolute EtOH.

91. White powder (1.96g, 54%); mp: 220-221°C; 'HNMR
(200 MHz, CDCly): 6=11.06 (brs, 1H, NH disappears with D,0),
7.62-7.19 (m, 10H, Ar), 6.98 (s, TH, H-3), 5.39-5.26 (m, 1H, CHCI),
4.97-4.79 and 4.70-4.47 (2xm, 2H, CH,N), 2.71 ppm (s, 3H, CH.);
IR (KBr): #=3150 cm™' (NH); Anal. calcd for C,H,gNsCl: C 66.01, H
4.99, N 19.25, found: C 65.92, H 5.24, N 18.98.

H' NMR and IR spectral data and elemental analysis data of final
compounds (87-90 and 92-96) are reported in the Supporting In-
formation.

Computational protocol

The three-dimensional structures of protein and ligands were pre-
pared for computational studies according to procedures previous-
ly described.”!

Blind docking calculations. Blind docking simulations were per-
formed by means of AutoDock 3.0.5.%” Mass-centered grid maps
were generated with 0.49 A spacing by the AutoGrid program cov-
ering the whole protein target. The genetic algorithm (GA) was ap-
plied using default parameters. The number of generations was set
to 1x10% and the stopping criterion was defined by the total
number of energy evaluations. Starting structures of the selected
compounds were randomly defined to obtain totally unbiased re-
sults. The population of the GA was set to 500, the number of
trials was 300, and the number of energy evaluations was 10x 10°.

Focused docking calculations. Docking simulations and alignment
were performed according to procedures previously described”
using GOLD 3.2 with the ChemScore scoring function. CHO_TYPE
parameter was set to SPECIAL.

Computation of molecular descriptors. The interaction energies
(molecular interaction fields, MIFs) were calculated with the C3, O
and N1 probes for each molecule of the dataset, using a grid suffi-
ciently large to accommodate all the aligned ligands in all direc-
tions (along x, y, and z axes), and a grid spacing of 1 A. The C3
probe, corresponding to a methyl group, was used to account for
steric contacts. The O probe (a sp? carbonyl oxygen) was used as a
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hydrogen bond acceptor, and the N1 probe (neutral flat NH, that
is, amide) was used as a hydrogen bond donor.

Training set selection. The selection of training set compounds
was performed taking into account both the structural features
and activity profile of the entire data set.?” In detail, to maximize
the structural diversity and to maintain the original distribution
profile of affinity data, the training set was selected on the basis of
the simultaneous optimization of multiple properties of a subset of
compounds, which is a common concept in the field of library
design.?" Selection of the training set was carried out by means of
the C2.LibProfile and C2.Diversity modules, implemented in
Cerius2.

Variable selection, QSAR model generation, and validation. De-
tails on the various steps conducted with GOLPE for variable selec-
tion are reported in table S2 in the Supporting Information.
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model were found to have very good
affinity for the target, providing further
validation of the model itself.
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