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1. Computational Analysis 

The theoretical study analyses the binding mode of compound 4.35 described in this work, 

and its nitrogen-containing pyrazolo[4,3-d]pyrimidine analog 5i which was described 

previously.
1
 We computationally investigated two conformers of each inhibitor. The 

conformers 4.35calc1 and 5icalc1 were identified by the computational procedure
2
 as the most 

stable geometries. For this purpose, we utilized the CR8 (PDB ID: 3DDP)
3
 molecule as the 

template. The 4.35calc2 conformer is identical to the 4.35 geometry published here and 5icalc2 

was designed according to this conformation. As CDK2 model, we used the crystal structure 

3DDQ which was computationally adjusted in our previously study
2
.  

 

 

Supplementary Figure S1. Structures of CR8 (left), compound 5i (middle) and 4.35 (right). 

To assess the G’int contributions of the inhibitor parts, the inhibitors were fragmented into 

four parts (the scaffold and three substituents). 

 

We used computational methods and methodology validated by a representative 

dataset of CDK2 inhibitors.
2
 The approach is based on the hybrid quantum 

mechanics/semiempirical quantum mechanics (QM/SQM) method,
4
 which employs the DFT 

method with an empirical dispersion for QM and the PM6 method
5
 for SQM part. The solvent 

effect is described by the continuum solvation model COSMO
6
 at the SQM level for the 

whole system. The protein-inhibitor binding affinities are expressed as the computational 

interaction “free” energies G’int (in kcal mol
-1

) of the protein-inhibitor complexes. They are 

fundamental for the description of protein-inhibitor interactions.  

 The fragmentation of the inhibitors enables the assessment of the G’int contributions 

of the inhibitor parts (molecular fragments) in the complex with the whole protein. The 

inhibitors taken from the optimized protein–inhibitor complex were divided into four parts 
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(the scaffold and thee substituents), and the G’int values are described at the QM/SQM level 

as well.
2
 

 The computationally optimized protein-inhibitor complexes have the following 

binding modes. The inhibitors are bound by three hydrogen bonds between the scaffold and 

the protein hinge region (carbonyl of Leu83, backbone NH of Leu83, carbonyl of Glu81), 

similar to the binding modes of CR8. The compounds also create a hydrogen bond between 

Lys89 and the 4-(2-pyridyl)benzylamine moiety at position 7. The compounds are stabilized 

by dispersion interactions between the 3-isopropyl group and Phe80 as well. The inhibitors 

make other hydrogen bonds between the substituents at position 5 and the residues situated at 

the edge of the active site. The 2-aminoethylthio moiety of 4.35calc1 is bound to carbonyl of 

Gln131 and the terminal amide of Asn132. The 2-aminoethylamino moiety of 5icalc1 forms the 

hydrogen bonds with the same residues. An analogous 4-hydroxybutylamine group of CR8 is 

bound by two hydrogen bonds with the backbone NH and Glu12 carbonyl (Supplementary 

Figures S2 and S3). 

 The evaluation of the computational data (Supplementary Table 1) shows that the 

interaction between the protonated amino group of Lys89 and the free electron pair of the 

pyridine nitrogen substantially contributes to the total G’int values of all the complexes. The 

G’int of 4.35calc1 indicates that this inhibitor is the best. The G’int contributions of the 

scaffolds denote the larger values of the pyrazolo[4,3-d]pyrimidine core (4.35calc1 and 5icalc1) 

compared with the purine core (CR8), in line with our previous report.
2
 Importantly, the 

G’int contribution of the 2-aminoethylthio moiety of 4.35calc1 is significantly higher than that 

of the 2-aminoethylamino of 5icalc1. In addition, the total G’int of 4.35calc1 (as well as the sum 

of the G’int of its fragments) indicates higher binging affinity than 5icalc1. Thus, the 

computational results indicate that the replacement of the alkylamino group at the 5-position 

of the heterocycle by the 5-alkylthio group is completely relevant. 

It should be noted that the computationally predicted conformer 4.35calc1 differs in the 

geometry of the 2-aminoethylthio moiety at position 5 from the conformer detected in the 

crystal structure. This substituent in 4.35calc1 and 5icalc1 is similarly oriented to the analogous 

moiety of CR8 at position 5 (Supplementary Figures S2, S3 and S5). In contrast, in the 

crystal structure, the substituent is oriented in the opposite direction. We evaluated the effect 

of this orientation in the 4.35calc2 and 5icalc2 conformers. 4.35calc2 corresponds to the crystal 

structure and 5icalc2 was modeled similarly. The amino group of the moiety at position 5 of 

4.35calc2 is bound to the carboxylate of Asp86 and the backbone carbonyl of Gln131, and the 
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amino group of the moiety at position 5 of 5icalc1 forms the hydrogen bond with the backbone 

carbonyl of Gln131 (Supplementary Figures S2 and S3). The comparison of the total G’int 

values of these conformers shows lower binding affinity than those of 4.35calc1 and 5icalc1. The 

G’int contributions of the moiety at position 5 are also lower than 4.35calc1 and 5icalc1; the 

5icalc2 moiety even results in repulsion (Supplementary Table 1). We conclude that although 

the 4.35calc1 conformer is more stable than the 4.35calc2 conformer, the 4.35calc2 conformer (in 

complex with the protein) is favorable because the protein-inhibitor complex can be 

substantially stabilized by two crystal water molecule chains (Figure 2, Supplementary 

Figures S4 and S5).
7
 

 

 

Supplementary Table 1. G’int values of the protein-inhibitor complexes and G’int of the 

protein-fragment complexes that describe the contributions of the molecular parts (the 

scaffold and the substituents, see Supplementary Figure 1) to the binding affinity.  

 
G’int in kcal mol

-1
 

Inhibitor Fragments of Inhibitors 
Suma of 

Fragments 

CDK2-

inhibitor 

complex 

 
scaffold R1 R2 R3 

  
CR8 -11.69 -17.92 -8.24 -3.81 -41.66 -44.37 

4.35calc1 -15.25 -18.28 -7.41 -3.20 -44.15 -47.15 

4.35calc2 -13.74 -17.43 -5.34 -3.55 -40.07 -44.19 

5icalc1 -14.62 -17.99 -4.52 -3.11 -40.24 -44.62 

5icalc2 -18.40 -17.94 0.20 -4.55 -40.70 -43.57 
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Supplementary Figure S2. The computationally optimized complexes of CDK2 with the 

inhibitors 4.35 and CR8. Only the key residues are depicted. The geometries of the 4.35 

conformers (4.35calc1 – salmon color, 4.35calc2 – aquamarine color; IC50 = 0.002) in 

comparison with CR8 (gray color; IC50 = 0.062) are illustrated.  
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Supplementary Figure S3. The computationally optimized complexes of CDK2 with the 

inhibitors 5i and CR8. Only the key residues are depicted. The geometries of the 5i 

conformers (5icalc1 – salmon color, 5icalc2 – aquamarine color; IC50 = 0.018) in comparison 

with CR8 (gray color; IC50 = 0.062) are illustrated.  
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Supplementary Figure S4. The nonoptimized complex of CDK2 with 4.35 (lime color) 

compared with the computed complex of CDK2 with the conformer 4.35calc1 (salmon color). 

Only the key residues are depicted. This demonstrates how the less stable 4.35 conformer is 

substantially stabilized by the hydrogen bonds with two crystal water chains. The geometry of 

hydrogens of water molecules was modeled in PyMol.
8
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Supplementary Figure S5. The nonoptimized complex of CDK2 with 4.35 (lime color) 

compared with the nonoptimized complex of CDK2 with CR8 (blue-white color). Only the 

key residues are depicted. The inhibitors stabilized by hydrogen bonds with the crystal water 

chains are shown.  
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2. Crystal parameters 

 

Supplementary Table 2.  Crystal parameters, data collection and refinement statistics 

Data collection statistics 

Space group C2221 

Cell parameters (Å; °)  
a = 71.0, b = 112.6, c = 

159.7; α = β = γ = 90 

Number of molecules in 

AU  
1 

Wavelength (Å) 0.918 

Resolution (Å) 48.01-2.15 (2.28-2.15) 

Number of unique 

reflections 
34,773 (5,088) 

Multiplicity 6.2 (4.3) 

Completeness (%) 98.3 (90.3) 

Rmeas
a
 21.2 (166.4) 

CC(1/2) 99.4 (29.8) 

Average I/(I) 8.0 (0.9) 

Wilson B (Å
2
)
b
 38.4 

Refinement statistics 

Resolution range (Å) 48.00-2.15 (2.20-2.15) 

No. of reflections in 

working set 
33,033 (2,066) 

No. of reflections in 

test set  
1,739 (109) 

R value (%)
c
  19.4 

Rfree value (%)
d
 24.0 

RMSD bond length (Å)  0.013 

RMSD angle (º) 1.619 

Number of atoms in AU 4,638 

Number of protein atoms 

in AU 
4,394 

Number of water 

molecules in AU 
160 

Mean B value (Å
2
) 40.2 

Ramachandran plot statistics
e
 

Residues in favored 

regions (%) 
97.8 

Residues in allowed 

regions (%) 
99.8 

a
Rmeas defined in reference.

9
 
b
Wilson B by Sfcheck program from 

CCP4 suite.
10
 
c
R-value = ||Fo| - |Fc||/|Fo|, where Fo and Fc are 

the observed and calculated structure factors, respectively. 
d
Rfree is equivalent to the R-value but is calculated for 5% of 

the reflections chosen at random and omitted from the 

refinement process.
11
 
e
As determined by MolProbity.

12 
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3. Kinase selectivity profile  

 

Supplementary Table 3. Kinase selectivity profile against a panel of 50 human kinases. The 

profiling was performed in duplicate at a compound concentration of 1 μM.  

kinase Residual 

activity (%) 

kinase Residual 

activity (%) 

AMPK (hum) 34 NEK6 89 

Aurora B 55 p38a MAPK 92 

BTK 95 PAK4 33 

CAMK1 35 PDK1 106 

CAMKKb 58 PIM1 116 

CK1δ 11 PKA 92 

CK2 75 PKBa 124 

DYRK1A 63 PKCa 80 

EF2K 99 PKD1 44 

EPH-A2 102 PLK1 94 

GSK3b 99 PRK2 106 

HER4 100 RIPK2 103 

HIPK2 96 ROCK 2 111 

CHK2 18 RSK1 35 

IGF-1R 116 S6K1 93 

IRAK4 131 SGK1 107 

JAK2 111 SmMLCK 45 

JNK1 94 Src 74 

Lck 82 SRPK1 86 

LKB1 86 SYK 117 

MARK3 32 TAK1 97 

MKK1 48 TBK1 98 

MLK3 97 TrkA 91 

MSK1 78 TTK 78 

MST2 96 VEG-FR 114 
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4. Additional in vitro data  

 

Supplementary Table 4. In vitro testing of 4.35 on a panel of cancer cell lines (National 

Cancer Institute Developmental Therapeutics Program). 
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Supplementary Figure S6: Effect of 4.35 on apoptosis in lymphoma cell lines. Annexin 

V/PI assay was carried out as described in Methods. 
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Supplementary Figure S7: Fluorometric assay of caspase-3 and caspase-7 activity in lysates 

prepared from treated cells. The activities were measured in the presence of the fluorogenic 

substrate Ac-DEVD-AMC (gray columns) or the fluorogenic caspase inhibitor Ac-DEVD-

CHO (white columns) as a control and normalized to an untreated control. 
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Supplementary Figure S8: Induction of apoptosis in UPF1H and MAVER-1 cancer cells 

treated with pyrazolo[4,3-d]pyrimidine 4.35 for 24 h. Actin level is included as a loading 

control. 
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5. Physicochemical and pharmacological properties of 4.35 

 

Aqueous solubility  

(200 µM in PBS, pH 7.4) 

91%  

Aqueous solubility  

(200 µM in simulated intestinal fluid) 

91%  

Aqueous solubility  

(200 µM in simulated gastric fluid) 

91%  

Plasma protein binding  

(10 µM, 4 h at 37 °C) 

94%  

In vitro absorption Caco-2  

(A-B permeability @ 10 µM) 

0.0 (10
-6

 cm/s)  

In vitro absorption Caco-2  

(B-A permeability @ 10 µM) 

15.8 (10
-6

 cm/s)  

Intrinsic clearance  

(0.1 µM with human liver microsomes) 

0 min 100% 

15 min 92% 

30 min  82% 

45 min 63% 

60 min 61% 

 

Physicochemical and pharmacological properties were determined by Eurofin Panlabs. 

Aqueous solubility. The solubility was determined by comparing the peak area of the 

compound standard solution (200 μM, methanol/water, 60/40, v/v) with the peak area of the 

compound in a buffer sample. In addition, chromatographic purity (%) was defined as the 

peak area of the principal peak relative to the total integrated peak area in the HPLC 

chromatogram of the calibration standard. 

Plasma protein binding. The peak areas of the test compound in the buffer and test samples 

were used to calculate percent binding. 

Caco-2 permeability. The apparent permeability coefficient (Papp) of the test compound was 

determined. Fluorescein permeability assessment (in the A-B direction at pH 7.4 on both 

sides) was performed after the permeability assay for the test compound. The percent of 

inhibition was calculated by subtracting the percent of control from 100. 

Intrinsic Clearance. Intrinsic clearance was determined with human liver microsomes. 
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Metabolic stability, expressed as percent of the parent compound remaining, was calculated 

by comparing the peak area of the compound at the time point relative to that at time-0. 

 

 

 

 

Supplementary Figure S9: Mean plasma concentration-time profile (± SD) of 4.35 in mice 

following 10 mg/kg i.v. administration (n=3). See Methods for experimental details 
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6. Additional in vivo data 

 

 

 

Supplementary Figure S10. Inhibitory effect of pyrazolo[4,3-d]pyrimidine 4.35 on apoptosis 

in lymphoma xenografts derived from the UPF1H cell line. Tumor-bearing mice were 

intravenously injected with 4.35. Twenty-four hours after injection, the mice were euthanized, 

and the tumors were removed and analyzed. Tubulin level is included as a loading control. 
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Supplementary Figure S10. Inhibitory effect of pyrazolo[4,3-d]pyrimidine 4.35 on some 

proteins in lymphoma xenografts derived from MINO-1 and UPF1H cell lines. Tumor-

bearing mice were intravenously injected with 4.35. Twenty-four hours after injection, the 

mice were euthanized, and the tumors were removed and analyzed. Tubulin level is included 

as a loading control. 
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7. Additional Methods 

Annexin V/PI Assay 

Number of apoptotic and/or necrotic cells was determined by flow cytometry (BD FACS 

Canto II) using Annexin V FITC (Apronex, Czech Republic) and propidium iodide (Sigma). 

Percentage of cell death was calculated from the proportion of the living cells only using the 

following formula: % cell death = ((Agent induced apoptosis - basal apoptosis)/(100 - basal 

apoptosis))*100 

 

Caspase activity assay 

The cells were homogenized in an extraction buffer (10 mM KCl, 5 mM HEPES, 1 mM 

EDTA, 1 mM EGTA, 0.2% CHAPS, inhibitors of proteases, pH 7.4) on ice for 20 min. The 

homogenates were clarified by centrifugation at 10 000 x g for 30 min at 4 ˚C, and then the 

proteins were quantified and diluted to equal concentrations. Lysates were then incubated for 

4 h with 100 mM Ac-DEVD-AMC (Enzo Life Sciences) as a substrate of caspases 3 and 7 in 

the assay buffer (25 mM PIPES, 2 mM EGTA, 2 mM MgCl2, 5 mM DTT, pH 7.3). The 

fluorescence of the product was measured using a Fluoroskan Ascent microplate reader 

(Labsystems) at 355/460 nm (excitation/emission). 

 

Pharmacokinetic analysis in mice 

Compound 4.35 was dissolved in DMSO at 100 mM. Mice were i.v. administered 10 mg/kg 

compound 4.35. Three mice were sacrificed at each time point, and blood samples were 

collected by cardiac puncture into heparinized tubes at 15, 30, 60, 120 and 240 min after drug 

administration. Blood samples were centrifuged immediately after collection at 1000 g and 4 

°C for 5 min, and the supernatants were collected and frozen at −20 °C. Before analysis, the 

plasma samples were thawed at room temperature, precipitated in methanol 

(plasma/methanol, 1/3, v/v), spiked with the internal standard (IS, roscovitine), vortexed and 

then centrifuged (4 °C, 9000 g, 10 min). The supernatants were transferred to Eppendorf tubes 

with microspin filters (0.2 µm, NY) and centrifuged (4 °C, 9000 g, 5 min). The filtrates were 

evaporated under nitrogen and reconstructed in 50% methanol. A total of 10 µL of the filtrate 

was injected in an Acquity BEH C18 column (100 × 2.1 mm, 1.7 µm) (Waters, Ireland) 

maintained at 40 °C. The analyses were performed on a liquid chromatography system 

(Acquity UPLC System, Waters, Milford, MA, USA) coupled to a Micromass Quattro 

Micro
TM

 API (Waters MS Technologies, Manchester, UK) detector. A gradient of 15 mM 

ammonium formate at pH 4.0 (A) and methanol (B) at a flow rate of 0.25 mL/min was 
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employed (0-6 min linear gradient 35–100% B, 6-6.5 min 100% B, 6.5-7 min linear gradient 

100–35%, 7-8 min 35% B). The mass spectrometry system was operated in positive ionization 

mode using multiple reaction monitoring and scanning a transition of 420.2 > 403 (collision 

energy 18 V) for 4.35 and a transition of 355.5 > 90.86 (collision energy 40 V) for IS. The 

source and analyzer parameters were set as follows: capillary voltage 1000 V; cone voltage 30 

V; extractor 2 V; RF lens 0.2 V; cone and desolvation gas was nitrogen at 100 and 350 °C and 

flow rates 2.0 and 550 L/h; LM/HM resolution 12.5; ion energy 1, 0.3 V; ion energy 2, 1.5 V; 

entrance, exit and multiplier voltages, 2.0 V, 2.0 V and 650 V, respectively. Argon was used 

as the collision gas. The quantification of the analyte in mouse plasma samples was based on 

a subsequently measured matrix-matched calibration curve in the range of 0.025–25 µmol/L 

(7 calibration concentration levels) constructed by plotting the analyte response (analyte/IS 

peak area ratio multiplied by IS concentration) against the analyte concentration by applying a 

logarithmic transformation. The obtained slope, intercept and r
2
 of the calibration curve were 

0.8726, 0.1938 and 0.9979, respectively. More than 75% of the back calculated 

concentrations of the calibration standards were within the ± 15% of the nominal 

concentration.  
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8. NMR Spectra of Prepared Compounds 
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