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ABSTRACT

We present a study of the relationships betweenethetronic structures of a series of 2,4,5-tridithsed
pyrimidines and their inhibition of four cyclin-depdent kinases. Also we present a similar analgsigerning
their anti-proliferative action against the MCF-7nd HCT-116 cell lines. The electronic structure alif the
molecules was obtained using Density Functional offheat the B3LYP/6-31g(d,p) level with full georgetr
optimization. We found statistically significantattonships between the variation of several loa@mic reactivity
indices and the variation of biological activityrfall cases analyzed. The corresponding partial ppiecophores
are proposed. In the case of the anti-proliferathiation against MCF-7 and HCT-116 cell lines, tlesults strongly
suggest that the site of action of all the molesgidied is located somewhere in the cell repbeasystem. The
possible relationships between the molecular ebstatic potential structure and the partial pharrabores are
discussed for some examples

Keywords: Pyrimidines, cyclin-dependent kinases, HCT-116, MG CDK, QSAR, antitumor action, DFT,
electronic structure.

INTRODUCTION

Cyclin-dependent kinases (CDKs) are the -catalytibusits of a family of mammalian heterodimeric
serine/threonine kinases. The cell cycle sequesceontrolled by a arrangement of CDKs, which cdnthe
progression along four consecutive phases: thepgape G1 (the phase during which the cell growscandes out
large amounts of protein synthesis), the S phadeN# replication (the phase during which the geno@NA is
replicated), the gap phase G2 and the M or mifdt&se [1-18] (and references therein). CDKs arigaet by the
binding of a regulatory subunit, for the most pgenerally, but not solely, a cyclin. CDKs are atsgulated by
interactions with inhibitory proteins, by activaginor inhibitory phosphorylations, by transient awellular
translocations and by the periodic proteolytic dégtion of their activating cyclin partner. It wasted that cancer
cells frequently rely on increased CDK signalingahhmanifests, for example, in an augmented ratebfcycling
and cellular hyperproliferation [7, 19-35] (andexfnces therein). Over the past twenty years CDidl @DK6
have been identified as the most important oncagdrivers among cell cycle kinases. Both these da@maare
rendered hyperactive throughout a wide diversitynethanisms in human cancer, including frequentlifioggion
or mutation of their genes. Many molecular systdrase been synthesized and tested for CDK inhibitiod
potential antitumor activity [36-75]. Recently, Wpet al. synthesized a series of 2,4,5-trisubstitugyrimidines
and tested them for CDK inhibition and anti-praiéféve activities [40]. In this paper, and with thien of providing
more detailed and physically-based information,present the results of a quantum-chemical anatgting the
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electronic structures of the above mentioned médscwith their CDK inhibitory potencies and antbfiferative
activities.

MATERIALS AND METHODS

METHODS, MODELS AND CALCULATIONS

The model

Considering that the model employed here has Hdeesubject of discussion in several papers andéas widely
applied, we present here the final resulting eguar6-103]. The logarithm of any biological actiw{BA) can be
written as:

Iog(BA)=cte+Z[eQ +H S +idi§] :
+2, X[ (m)F () (S () 03[ (m)F ()t (mfS (Y

w
+> [gm+kn+qg +zs +tw @D Q)
i B=1

where Q is the net charge of atom SE and SN are the total atomic electrophilic and nucleoghili

superdelocalizabilities of atom i; fis the Fukui index of the occupied [empty] molecubrbitals (MO) m [m’]
located on atom i. {§m) is the local atomic electrophilic superdelozatiility of MO m on atom i, etc. The total
atomic electrophilic superdelocalizability of atémorresponds to the sum over occupied MOs oftall $5(m)’s
and the total atomic nucleophilic superdelocaliligbof atom i is the sum over empty the MOs of &lf(m’)’s
[104]. The last bracket of Eq. 1 contains the lcatalmic electronic chemical potential of atom i tbcal atomic
hardness of atom i, the local atomic electropltilicf atom i, the local atomic softness of atormdl dhe maximal
amount of electronic charge that atom i may rec§l@s, 106]. For example, the local atomic eledirarhemical
potential of atom iy, is defined as:

- E;c _Eem

2
> @)

L

where E;C is the highest occupied MO located on atom wittoa-zero Fukui index anE;m is the lowest vacant
MO located on atom i with a non-zero Fukui indeReTotal local atomic hardness of atom,jis defined as:

n= E;m _Eoc 3

ni corresponds to the local HOM@Q.UMO * gap. The total local atomic softness of atom,iisdefined as the
inverse of the local atomic hardness. i©®the orientational parameter of substituent B iamas been interpreted as
the influence of the substituent on the fractiommflecules attaining the proper orientation toreté with a given
site.

Selection of molecules and experimental data
The selected molecules are shown in Fig. 1 andeThpi0].
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Figure 1. General formula of the 2,4,5-trisubstitued pyrimidines.

Table 1. Structures of the 2,4,5-trisubstituted pyimidines.

Mol. R: R, Rs R4 Rs
1 NH, F H -SGNH, H
2 NH, F H 4-acetylpiperazi-1-yl H
3 NHMe F H -4-acetylpiperazin-1-yl H
4 NH, F H -4-acetylpiperazin-1-yl H
5 NHMe | CN| H -SGMe H
6 | NHMe | CN| H -SONH(CH,),Me H
7 NHMe | F H -SGNH(CH,),Me H
8 NHMe | CN| H -S@morpholin-4-yl H
9 NHMe | H H -S@-morpholin-4yl Me
10 NHMe F H -S@morpholin-4-yl Me
11 NHMe | CN| H -S@4-methylpiperazin-1-yl H
12 NHMe | H H -CO-morpholin-4-yl H
13 NHMe | CN| H -CO-morpholin-4-yl H
14 NHMe | CN| H -CO-4-acetylpiperazin-1-yl H
15 NHMe | CN| H -CO-4-methylpiperazin-1-yl H
16 NHMe | CN| CI -CO-4-methylpiperazin-1-yl H
17 NHMe | F H | -CO-N-(1-methylpiperidin-4-yl H
18 NHMe | CN| H H p-CO-N-(1-methylpiperidin-4-yl
19 NHMe | CN| H | -CO-N-(1-methylpiperidin-4-yl H

The reported experimental data employed in thislystare shown in Table 2. They are the apparenbitidin
constants (K of CDK9T1, CDK1B, CDK2A and CDK7H, and the contmtions required to inhibit 50% of cell
growth (Gkg) of HCT-116 and MCF-7 cell lines [40].

Calculations

The electronic structure of the molecules was okthiwith Density Functional Theory at the B3LYP/B3&d,p)

level using the Gaussian suite of programs [10Ter&ull geometry optimization and single pointiadations, the
values of the LARIs were calculated with D-CENT-QS/L08]. Negative electron populations or MO pofiolas

greater than 2 arising from Mulliken Population Arsis were corrected as usual [109]. Orientatiqrelameters
were calculated as usual [110]. We used Linear iplaltRegression Analysis (LMRA) to find which atorase

involved in the variation of the biological activitWe worked with the hypothesis that there is aadeatoms
common to all the molecules (the common skeletemypding the variation of the biological activitydughout the
group of molecules. It is the variation of the \edwof one or more local atomic reactivity indicéshe atoms of the
common skeleton that accounts for the variatiothefbiological activities. The substituents modifig electronic
structure of the common skeleton and direct theipeeorientation of the common skeleton with itstper through
the orientational parameters. For each LMRA, wdtlaumatrix containing the logarithm of the depemntdeariable,
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the local atomic reactivity indices of the atomsstituting the common skeleton and the orientatippsameters of
substituents Rto Rs. Statistica software was used for LMRA [111]. Tdmmmon skeleton numbering is shown in
Fig. 2.

Table 2. Biological activities of the 2,4,5-trisuttgtuted pyrimidines.

Mol. | log(K) | log(Ky) | log(Ki) | log(Ki) | log(Glo) | 10g(Glso)
CDK9T1 | CDK1B | CDK2A | CDK7H | HCT-116 | MCF-7
1 0.48 0.85 0.48 2.40 -1.30 -0.39
2 1.04 1.61 1.89 3.16 -0.77 -0.38
3 0.85 151 1.62 2.73 -0.29 -0.21
4 1.04 1.81 1.83 2.68 -1.05 -1.05
5 0.7C 1.2¢ 1.62 2.04 -0.7¢ -0.37
6 1.2C 1.5¢ 1.3¢ 2.2¢ -0.72 -0.5¢
7 0.48 1.00 0.30 1.48 -0.52 -0.14
8 1.15 1.86 1.74 2.95 -0.52 -0.09
9 1.43 2.57 2.47 2.18 -0.03 0.21
10 1.04 2.00 2.11 2.12 -0.15 0.18
11 1.54 2.7¢ 2.71 1.3¢ -0.21 0.0¢
12 1.9¢ 2.4z 269 2.5¢ -0.2¢ -0.2¢
13 1.63 2.31 2.30 3.27 -0.23 -0.09
14 1.23 2.22 2.13 2.74 0.77 0.70
15 1.28 2.50 2.21 2.92 -0.14 0.14
16 2.85 NA NA NA 0.17 0.29
17 1.5¢€ 1.81 2.3¢€ 2.7t -0.3¢ -0.0¢
18 0.90 1.63 151 2.48 -0.74 -0.29
19 1.15 2.42 2.50 2.21 -0.10 -0.19

NA. Not available.

Figure 2. Common skeleton numbering of the 2,4,54substituted pyrimidines.

The molecular electrostatic potential (MEP) mapsenwabtained with Molekel and GaussView program[1111 3].
The latter program was also used for the depiaifanolecular orbitals.

RESULTS

Table 3 shows the correlation among the differe@KGnhibition data. An analysis of the correlatibetween the
two reported cytotoxic activities shows th4tag(Glsg), HCT-116- log(Gly), MCF-7]= 0.75.
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Table 3. Matrix of squared correlation coefficientsfor the logarithms of experimental CDK inhibition data.

CDK9T1 | CDK1B | CDK2A
CDK1B 0.67 1.00
CDK2A 0.72 0.83 1.00
CDK7H 0.07 0.006 0.02

Results for CDK1B inhibition
No statistically significant equation was obtairfedthe whole set (n=18). Using a methodology thas successful

in other cases, we created a new set excludinmtiecule with the highest;Kalue. For this new set the following
equation was obtained:

log(K;)=7.29- 4087+ 1.18 HOMO- 2)* 0.08; (UMO)* 0.50,

with n=17, F(4,12)=77.51 (p<0.000001)’=R.96, adj. R=0.95, outliers>a8=0 and SD=0.12. HereQ™ is the

maximal charge atom 11 may acceplf; is the local atomic electronic chemical potental atom 6,
Sl'\é( LUMO)* is the local atomic electrophilic superdelocaliighof the lowest vacant molecular orbital (MO)

localized on atom 16 an$LE7( HOMO-2)* is the local atomic electrophilic superdelocalitigbof the third

highest occupied MO localized on atom 17 (see E)g. The beta coefficients artetest for the significance of
coefficients of Eq. 4 are shown in Table 4. Conggrrindependent variables, Table 5 shows that theseno
significant internal correlations. Figure 3 shows plot of observed values.calculated ones.

Table 4. Beta values and results of the t-test faignificance of coefficients for the variables ap@ing in Eq. 4.

Beta | t(12) | p-level

max -0.43 | -6.17| <0.00004
11

N LUMQ* -0.37 | -5.66| <0.0002
Sie(
U 0.23 | 3.81 | <0.002
6

Table 5. Matrix of squared correlation coefficientsfor the variables appearing in Eq. 4.

| S5(HOMO-2)* | Si(LUMO*
SE(HOMO-2)* | %% 100
S.LN( LUMQ* 0.24 0.0009 1.00
6
U 0.10 0.001 0.001
6
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Observed log(K;) Values

0.8 1.0 12 1.4 1.6 1.8 2.0 2.2 2.4 2.6
Predicted log(K;) Values

Figure 3. Plot of predictedvs. observed log(K) values from Eq. 4. Dashed lines denote the 95%dadence interval.

Results for CDK2A inhibition
For this biological activity the following equatiavas obtained:

log(K,)=1.41+ 0.00B) (UMO+ 1)* 0.8, HOMO- 2)* 0.04 (LUMG 2)* 2.463(5)

with n=18, F(4,13)=50.64 (p<0.000001)’=R.94, adj. R=0.92, outliers>@=0 and SD=0.19. HereQ),, is the net
charge of atom 17%“( LUMO+1)* is the local atomic nucleophilic superdelocaliiapf the second lowest
vacant MO localized on atom 812( LUMO+ 2)* is the local atomic nucleophilic superdelocaliiabiof the

third lowest vacant MO localized on atom13 arf§( HOMO-2)* is the local atomic electrophilic

superdelocalizability of the third highest occupM@® localized on atom 18 (see Fig. 2). The betdfments andt-
test for the significance of coefficients of Eqafe shown in Table 6. Concerning independent viesald able 7
shows that there are no significant internal catiehs. Figure 4 shows the plot of observed valigesalculated
ones.

Table 6. Beta values and results of the t-test faignificance of coefficients for the variables aping in Eq. 5.

Beta | t(13) | p-level

Q -0.26 | -3.26 | <0.006
17
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Table 7. Matrix of squared correlation coefficientsfor the variables appearing in Eq. 5

S'(LUMO+1)* | S;(HOMO-2)* | Sh(LUMO+2)*
SLE( HOMO_ 2) * 0.0009 1.00
8
Q 0.005 0.28 0.001
17
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Figure 4. Plot of predicted vs. observed log(Kvalues from Eg. 5. Dashed lines denote the 95%dfadence interval.

Results for CDK7H inhibition
No statistically significant equation was obtairfedthe whole set (n=18). We created a new setuetkat) the four
molecules having the highest ¥alues. For this new set the following equatiaswbtained:

log(K,)=2.33+ 0.88,+ 0.08' LUMO+ 1)* 0.00§' [LUMG- 2} 2.1& HOMG 2

(6)
with n=14, F(4,9)=23.25 (p<0.00009)%#.91, adj. R=0.87, outliers>a=0 and SD=0.16. HereQ18 is the net
charge of atom 18F (HOMO-2)* is the electron population of the third highestiggied MO localized on
atom 1, SJ.N( LUMO+1)* is the local atomic nucleophilic superdelocaliiahpf the second lowest vacant MO

localized on atom 5 ancSlN( LUMO+2)* is the local atomic nucleophilic superdelocalifigpiof the third

lowest vacant MO localized on atom 1 (see Fig. e beta coefficients andtest for the significance of
coefficients of Eq. 6 are shown in Table 8. Conggrrindependent variables, Table 9 shows that theseno
significant internal correlations. Figure 5 shoWws plot of observed values.calculated ones.
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Table 8. Beta values and results of the t-test faignificance of coefficients for the variables aping in Eq. 6.

Bete | t(9) | p-level
Q 0.40 | 3.71| <0.005
18

SSN ( LUMO+ 1)* 0.47 | 4.63| <0.00%

SJ_N ( LUMO+ 2)* 0.43 | 4.25| <0.002

E (HOMO—Z)* 0.35 | 3.39| <0.008
1

Table 9. Matrix of squared correlation coefficientsfor the variables appearing in Eq. 6.

Q: | §'(LUMO+D)* | S¥(LUMO+2)*
S—)N ( LU MO+ 1)* 0.04 1.00
S,LN ( LUMO+ 2)* 0.03 0.0009 1.00
E (HOMO— 2) * 0.08 0.006 0.0009
1
2.8

267}

24

22}

20}

18}

Observed log(K;) Values

1.6

1.4

1.2 . . . . . . .
1.4 16 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Predicted log(K)) Values

Figure 5. Plot of predictedvs. observed log(K) values from Eq. 6. Dashed lines denote the 95%rdtdence interval.

Results for CDK9T1 inhibition
For this biological activity the following equatiavas obtained:

log(K.) = 2.29- 0.08) (UMO)* 0.08' (LUMO+ 2)* 3.3 (UMG 1)* "
+0.965- (HOMO- 2)*+1.74S (HOMG- 2)*

with n=19, F(5,13)=54.86 (p<0.000001), >=R.95, adj. R=0.94, outliers>@&=0 and SD=0.14. Here,
Fs(LUMO+1)* is the electron population of the second lowestamacMO localized on atom 16,

Sfé( LUMO)* is the local atomic nucleophilic superdelocaliigpof the lowest vacant MO localized on atom
16, SE( HOMO-2)* is the local atomic electrophilic superdelocalifigbof the third highest occupied MO
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localized on atom 17S§N( LUMO+ 2)* is the local atomic nucleophilic superdelocalifigbof the third lowest

MO localized on atom 9 an&iaE( HOMO-2)* is the local atomic electrophilic superdelocalitigbof the third

highest MO localized on atom 9 (see Fig. 2). Thaleefficients and-test for the significance of coefficients of
Eq. 7 are shown in Table 10. Concerning independemnables, Table 11 shows that there are no sagmif internal
correlations. Figure 6 shows the plot of observadesvs.calculated ones.

Table 10. Beta values and results of the t-test faignificance of coefficients for the variables apgaring in Eq. 7.

Beta | t(13)| p-level
N * -0.39 | -5.31| <0.0001
Se(LUMO
F16(LU MO +1)~k -0.63 | -7.27| <0.00000
E % | 041 | 6.36 | <0.00003
S;(HOMO-2)
SQE( HOMO_ 2) * 0.30 4.45 <0.0007
Table 11. Matrix of squared correlation coefficiens for the variables appearing in Eq. 7.
E N * E
SE(HOMO-2)* | SY(LUMO* | Fg(LUMO+1)* | SE(HOMO-2)*
N * 0.02 1.00
Se(LUMO
FlG(LUMO +1)* 0.14 0.36 1.00
0.03 0.04 0.07 1.00
S5(HOMO-2)*
SaE( HOMO- 2) * 0.12 0.0009 0.01 0.06
3.0
2.8¢ 1
26¢ -7
d
24r¢ e oS
4
g 22t T
3 ot
$ 207 22
C 18t R
S 16¢ 6
B 14f 4 o
g 1.2} %
2 1.0 [ JXg y // [ ]
o Y //’ 7 o
[ ] e
0.8 Ry //‘
- e
0.6} ) ’./ /. ot
0.4 L~ /’
0.2 LA

Predicted log(K;) Values

02 04 06 08 10 12 14 16 18 20 22 24 26 28 3.0

Figure 6. Plot of predictedvs. observed log(K) values from Eq. 7. Dashed lines denote the 95%mfadence interval.
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Results for anti-proliferative activity against human colon cancer HCT-116 cells
For this biological activity the following equatiavas obtained:

log(Gl,) = -3.35+ 0.000,,+ 0.37,,—~ 0.6 HOMO- 1

-3.15, HOMO- 1)*~ 0.1, (HOMO- 2)* ®

with n=19, F(5,13)=17.06 (p<0.00003)’R.87, adj. R=0.82, outliers>@=0 and SD=0.20. HereQ, is the
orientational parameter of the Rubstituent,}, is the local atomic hardness of atom §,(HOMO-1)* is
the electron population of the second highest M&lized on atom 1751E( HOMO-1)* is the local atomic

electrophilic superdelocalizability of the secorighest MO localized on atom 1 arBlEz( HOMO-2)* is the

local atomic electrophilic superdelocalizability thie third highest MO localized on atom 12 (see Bjg The beta
coefficients and-test for the significance of coefficients of Eqag shown in Table 12. Concerning independent

variables, Table 13 shows that there are no simifi internal correlations. Figure 7 shows the plobbserved
valuesvs.calculated ones.

Table 12. Beta values and results of the t-test f@ignificance of coefficients for the variables apgaring in Eq. 8.

Bete | t(13) | p-level
9) 0.69 | 6.50 | <0.0000Z
R1

,7 0.25 2.28 <0.04

16

SLE ( HOMo_l) * -0.43 | -3.90| <0.002

F17(HOMO—1)* -0.42 | -351| <0.004

S.E ( HOMO- 2) % | -0.31| -256| <0.02
2

Table 13. Matrix of squared correlation coefficiens for the variables appearing in Eq. 8.

O | /6 | SC(HOMO-1)* | F;(HOMO-1)*
,716 0.04 1.00
qE( HOMO—].)* 0.03 0.09 1.00
F17(HOMO—1)* 0.02 0.03 0.001 1.00
SiE( HOMO- 2) % | 0.002 | 0.003 0.03 0.22
2

Results for anti-proliferative activity against human breast cancer MCF-7 cells
For this biological activity the following equatiavas obtained:

log(Gl,) = 9.00+ 25.8Q, .~ 0.3+ 4.68, HOMO- 1y 0.0, LUMO+ 2
~1.88F,, HOMO)*-22.86s,

€)
with n=19, F(6,12)=48.74 (p<0.00001)?#®.96, adj. RB=0.94, outliers>a=0 and SD=0.09. HereQ15 is the net

charge of atom 15/}, is the local atomic hardness of atom &, is the local atomic softness of atom 3,
Fs(HOMO-1)* is the electron population of the second highestupied MO localized on atom 15,
F,(HOMO)* is the electron population of the highest occupistD localized on atom 12 and

Sl'é( LUMO+ 2)* is the local atomic nucleophilic superdelocalitibpf the third lowest vacant MO localized
on atom 16 (see Fig. 2). The beta coefficients tatedt for the significance of coefficients of EqaB shown in
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Table 14. Concerning independent variables, Tablestows that there are no significant internal elations.
Figure 8 shows the plot of observed valugsalculated ones.

1.0

0.8} o
0.6 i

0.4} . -
0.2} &

0.0}
0.2} S
0.4} Pt

-0.6 | et

Observed log(Glsy) Values

-0.8} @, 7
-1.0 ¢ ot Pyl

-1.2°¢ =

-1.4
14 -12 -10 -08 -0.6 -04 -02 0.0

Predicted log(Glsy) Values

02 04 06 038

Figure 7. Plot of predictedvs. observed log(Gko) values from Eq. 8. Dashed lines denote the 95%d@ence interval.

Table 14. Beta values and results of the t-test f@ignificance of coefficients for the variables apgaring in Eq. 9.

Beta | t(12) | p-level

le 0.86 | 11.17| <0.000001

,71 -0.63 | -9.11| <0.00001

FlS(HOMO—l)* 0.74 | 9.55 <0.00001

SNG( LUMO+ 2)* 0.57 7.17 <0.00001

Flz(HOMO) * -0.37 | -4.62| <0.0006

33 -0.21 | -297| <0.01

Table 15. Matrix of squared correlation coefficiens for the variables appearing in Eq. 9.
Qs |7 | Fs(HOMO-1)* | St(LUMO+2)* | F,(HOMO)*

,71 0.04 1.00
Fls(HOMO—l)* 0.0009| 0.0009 1.00
S_L’\é( LUMO+ 2) * 0.14 0.06 0.15 1.00
Flz(HOMO) * 0.16 0.008 0.14 0.004 1.00
S\,) 0.02 0.27 0.006 0.02 0.02

www.scholarsresearchlibrary.com
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Figure 8. Plot of predictedvs. observed log(IGg) values from Eg. 9. Dashed lines denote the 95%daence interval

DISCUSSION

CDKZ1B inhibition

The associated statistical parameters of Eg. 4 shatithis equation is statistically significantdaiat the variation
of a group of local atomic reactivity indices bajorg to the common skeleton shown in Fig. 2 exglaihout 95%
of the variation of the inhibitory activity again€DK1B. The beta values (Table 4) show that thetned

E * max N *
importance of these indices i (HOMO-2) > <> Se(LUMO >Hs p high CDK1B inhibitory
E * max N *
capacity is associated with high values‘?'e?( HOMO-2) andQll , with a small value for 6( LUMO

and with negative values féfe. The local (HOMO-2)* (atom 17 is located in ring C, see Fig. 2) istafature in
all molecules. Fig. 9 shows, for example, the I¢eBDMO-2),* of molecules 2 and 9.

Figure 9. Local (HOMO-2),7* in molecules 9 (left) and 2 (right).
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Considering that (HOMO-1)* and HOMGQ,/* are also oft nature, we suggest that the three highest occupaed

MOs of atom 17 are interacting with a moiety of thiading site having several vacanMOs. Atom 11, carbon
max

one (see Fig. 2), is surrounded by three nitrogemsa and has a positive net charge. A hi value suggests
that this atom should be able to receive the maxameunt of charge possible. Then, atom 11 seemarticipate
as an electron-acceptor in a charge-transfer psquessibly through a-n* stacking. In closed-shell, fully saturated

molecules, ; should be always negative. Atom 6 is a methyl carbtom. To obtain a higher value we need to

shift the local HOM@* energy downwards, making atom 6 a bad electromodoln the case of this Sgarbon
atom, we propose that it is interacting with a oegof the CDK1B binding site having filleel molecular orbitals

'(LUMO*

(such as an alkyl chain). A small value © is required for optimal activity. The eigenvalue of

N *
LUMO¢* is negative and the OM is afnature. A small value for 6( LUMO can be obtained by shifting the
eigenvalue downwards and making atom 16 a goodrefe@cceptor. Therefore we suggest that atom 16 is
interacting with ar electron-donor region of the CDK1B binding siteotdl the fact that atoms 16 and 17 are
mutually bonded, that they belong to an aromatigetyaand that they act in opposite ways (atom 16raslectron-
acceptor and atom 17 as an electron-donor). Thikldee an indication that ring C is participatirgsuch in ar-n
stacking with a complementary aromatic locus of @K 1B binding site. All these ideas are depictedhe partial
two-dimensional (2D) for CDK1B inhibition shown Fig. 10.

4 N\
SIGMA
ELECTRON Pi-Pi
REGION STACKING

INTERACTION

\:%N*

~ =)

STACKING
INTERACTION?

Figure 10. Partial 2D pharmacophore for the inhibiion of CDK1B.

CDK2A inhibition

The associated statistical parameters of Eq. 5 shatithis equation is statistically significantathat the variation
of a group of four local atomic reactivity indickslonging to the common skeleton shown in Fig. @aRrs about
92% of the variation of the inhibitory activity agat CDK2A. The beta values (Table 6) show that lative

importance of these indices B) (LUMO+1)* > S5(HOMO-2)* > Sj(LUMO+2)* >Q,, (see Fig.
2). A high CDK2A inhibitory capacity is associateith high values forQ,, (if positive) and with a small value for
SL(HOMO-2)* (which is for S)'(LUMO+1)* and
S%(LUMO+2)* depend on the sign of their values. This is scabse Hartree-Fock and DFT calculations

always negatiye The requirements

produce vacant molecular orbitals with negativepositive eigenvalues. When the vaIueSéN( LUMO+1)*is
negative, high negative numerical values are requior best activity. This can be achieved by sigfthe local
MO energyupwards When the value oSZN( LUMO+1)*is positive, low numerical values are required.sTibi

obtained also by shifting the local MO enengywards Another way to fulfill the requirements is by lexing the
values of the associated Fukui indices. (LUMINd (LUMO+1)* are localt MOs in all the molecules. Then we
may hypothesize that the presence of (LUMQ#19 hindering an*-x interaction of atom 2 with a counterpart in
the CDK2A binding site. As the numerical valuesﬁﬁ( LUMO+ 2)* (atom 13 is a nitrogen atom) can also be
positive or negative, a similar analysis can beiedrout. Considering that in this case the (LUM@#2local MO
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energy should be shiftetbwnwardsand that this local MO is aof nature (LUMO)s* and (LUMO+1)5* also have
n nature), we propose that this atom interacts waithelectron-rich counterpart in the CDK2A bindinteslt is
highly possible that this interaction occurs thriewaghydrogen bond. Atom 17 should have a positetecharge for
optimal inhibition, suggesting an electrostatienaiction with a negatively charged moiety locatedhie CDK2A

binding site. The local (HOMO-2y is of m nature in all the molecules. A small value f§f;( HOMO-2)*

could indicate that this local MO is hindering théeraction of the two highest occupied MOs (tha&t af = nature)
with an electron-deficient moiety in the CDK2A bindingesitAll these suggestions are presented in thegb&ifi
inhibition pharmacophore shown in Fig. 11.

4 I
7\

ELECTROSTATIC
INTERACTION

J
N el
B | ELECTRON-
N —>| DEFICIENT
\ 13 MOIETY
A N
s ¢

+

PI-PI
STACKING

INTERACTION

A\ J

Figure 11. Partial 2D pharmacophore for the inhibifon of CDK2A.

Figure 12. Local (LUMO)s* (left) and (LUMO+1) s* (right) of molecules 1 (upper) and 11 (lower).

CDK7H inhibition

The associated statistical parameters of Eq. 6 shatithis equation is statistically significantathat the variation
of a group of four local atomic reactivity indickslonging to the common skeleton shown in Fig. @ars about
87% of the variation of the inhibitory activity agat CDK7H. The beta values (Table 8) show that rédative

importance of these indices 8' (LUMO+1)* > S"(LUMO+2)* > Q, >F,(HOMO-2)* (see Fig.
2). A high CDK7H inhibitory capacity is associatetth high values forQ, (if negative) and with a small value
for F,(HOMO-2)*. The requirements foS)' (LUMO+1)* and S (LUMO+ 2)* depend on the sign of
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their values. Atom 18 belongs to ring C. A negatibarge suggests an electrostatic interactionahaét8 with a
positively charged counterpart in the CDK7H bindgitg. Atom 5 is a carbon belonging to ring A (§ég 2). An

optimal value fo:SJ.N( LUMO+1)* for a good CDK7H inhibition demands that the (LUMDs* energy be

shifted upwards or that the associated Fukui inselowered (a combination of both conditions alswks, but we
must remember that the Fukui index should be alvgagater than zero). We may speculate then thabQW1)s*

could be participating in a repulsive (zero elecjrimteraction with a vacant MO located in the CBKBinding
site. On the other hand, (LUM&)hasz nature in all molecules. Figure 12 shows, for eglamthe local (LUMOY*

and (LUMO+1}* for molecules 1 and 11.

We can see that (LUM@) of both molecules is part of a largeMO localized on rings A and B (see Fig. 2). In the
case of molecule 1 the local (LUMO+1)upper right) has a very small localization oorat5, while in molecule
11 (lower right) it has a much more noticeable liaasion on that atom (and on ring A). Then, (LUM®3eems to
participate in an interaction with an electron-riglea. Equation 6 contains two local atomic redgtiindices

belonging to atom 1:SF(LUMO+ 2)* andF (HOMO-2)*. They are not correlated (see Table 9),

S" (LUMO+2)* having a higher beta value thdg(HOMO=2)* (Table 8). (HOMO-2),* is of o nature. A

small value suggests that (HOMOf1and (HOMO)*, both of = nature, are interacting with an electron-deficient
center located in the CDK7H binding site and tlldOMO-2),* seems to be engaged in a repulsive interactioh wi

occupieds orm MOs. (LUMO +2), * is of s nature. For optimal activity, this index shoulddseall. Considering

that (LUMO+1), * and (LUMO),* are ofxn nature this should indicate that atom 1 is intémgcwith an

electron-rich center in the CDK7H binding siteséiems that there is a contradiction with the previsuggestion
for the role of atom 1. Without more experimentatadto analyze we have two possible solutionsHis: The first

is to simply consider onI)S_LN( LUMO+ 2)* for the analysis because of its higher beta valilre second is to

suggest that atom 1, a nitrogen atom of ring Aeally participating in the interaction with twoffgirentloci in a
sandwiched position. All the above ideas are showthe partial two-dimensional (2D) inhibition plnaacophore
shown in Fig. 13.

ELECTRON-
RICH N
AREA =
5 |
5 AN
— N N
NkA X POSITIVELY-
ELECTRON- CHARGED
RICH X MOIETY
AREA )
ELECTRON-
DEFICIENT
CENTER

Figure 13. Partial 2D pharmacophore for the inhibiion of CDK7H.

CDKO9T1 inhibition

The associated statistical parameters of Eqg. 7 shatithis equation is statistically significantdahat the variation
of a group of five local atomic reactivity indicbslonging to the common skeleton shown in Fig. @lars about
94% of the variation of the inhibitory activity égat CDK9T1. The beta values (Table 10) show thatrelative

importance of these indices is§ (LUMO+2)*= F, (LUMO+1)* > S (HOMO-2)* >
SE(LUMO* >S5 (HOMO-2)*. A high CDK9T1 inhibitory capacity is associatedthwhigh values
for S5 ( HOMO-2) *, S (HOMO-2)* andF ;(LUMO+1)*. In the case of
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S (LUMO+ 2)* andSy (LUMO)*, a high value is needed if they are positive dmgative a small value is
required A high value for F,(LUMO+1)* ((LUMO+1),,*is of n nature) suggests that atom 16 is
interacting with an electron-rich center locatedtie CDK9T1 binding site. In this interactibhUMO),* , an
MO, also participates. A high value f& (HOMO-2)* ((HOMO-2), * is ar MO) indicates that atom 9 is
interacting with an electron-deficient center |echtin the CDK9TL binding site througplOMO-2), *,
(HOMO-1), * and(HOMO),*. The same holds for atom 17: it interacts withedectron-deficient center
through its first two highest local occupied MOsotfb of = nature). In the case oﬁaN( LUMO+2)* and
S_“é( LUMO) * optimal activity is associated with a lowering dfet respective vacant MO energies. For

Sl'é( LUMO)* this means that the electron-accepting propeofigisis local MO are enhanced and that atom 16 is
interacting with an electron-rich center locatedhie CDK9T1 binding site, a fact that is fully ceisnt with the
requirements for F,,(LUMO+1)* (see above). F& (LUMO+2)*, the situation is analogous.

(LUMO +2), *is an MO. Then atom 9 seems to interact with an eleeticin center located in the CDK9T1

binding site through its first three vacant locaDBl All the above ideas are shown in the partiali@fbition
pharmacophore shown in Fig. 14.

( N\
ELECTRON-
ELECTRON- RICH
DEFICIENT CENTER
CENTER
AN
N
= \ ELECTRON-
DEFICIENT
B CENTER
A
— N
A

Figure 14. Partial 2D pharmacophore for the inhibiion of CDK9T1.

Anti-proliferative activity against human colon cancer HCT-116 cells

The associated statistical parameters of Eq. 8 shatathis equation is statistically significantathat the variation
of the value of four local atomic reactivity indicédelonging to the common skeleton shown in Figplds the
orientational parameter of the, Rubstituent explain about 82% of the variationthe anti-proliferative activity

against HCT-116 cells. The beta values (Table T®wsthat the relative importance of these indiGeQR1>
ST (HOMO-1)* > F,(HOMO-1)* > SE(HOMO-2)* >p,,. A high antiproliferative activity is
associated  with  high  values fb,(HOMO-1)*, and with small values féDg,

SF(HOMO-1)*, S5(HOMO-2)* and 77, (see Fig. 2)Table 1 shows that the,Rubstituent is Nkior

NHMe. A low value for the orientational parametirat is a purely geometric index, suggests thatNHe group
seems to be optimal. We can substitute, Miith a substituent having a lower OP value proditigt its electronic

effects on the ring system are the same. Atom &2nigrogen belonging to ring KHOMO - 2),, * is of 5 nature

in almost all the molecules. A small value f@EZ( HOMO-2)* can be obtained by shifting the MO energy
downwards and/or by lowering the corresponding Fukdex (this last index is always greater thanozeil his
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suggests that atom 12 is interacting with an edeetteficient center in the binding site through (tdOMO),, *
(HOMO-2),,* seems to be participating in a repulsive intecactvith an occupied MO of the binding site.

Considering that in some moleculéslOMO—2),, * is of ¢ nature while in others it is, an optimal situation
should be when the two highest occupied local M@ér nature and the third highest occupied MO is ofture
but well down along the energy axi§” ( HOMO-1)* should be small. Atom 1 is the nitrogen belongimging

A. (HOMO-1), * is an MO. We suggest that atom 1 is interacting withetectron-deficient center through its
(HOMO),* only. This interaction could be of the MO-MO kirmt a hydrogen bond. A high value for
F,(HOMO-1)* suggests that atom 17 is interacting with an edeetieficient center in the binding site through

its (HOMO-1),, * and (HOMO),,*. 17, will not be discussed because of its low p-leekle 12). All the
above ideas are shown in the partial 2D inhibipbarmacophore shown in Fig. 15.

-

ELECTRON-
N DEFICIENT
= CENTER
° \
12
N

ELECTRON-
DEFICIENT
CENTER

Rl [SMALL [ELECTRON ]

oP DEFICIENT
VALUE CENTER

\ J

Figure 15. Partial 2D pharmacophore for the anti-poliferative activity against human colon cancer HCF116 cells.

The small number of reactivity indices appearin@ 8, together with the high degree of orbitaitoal (including
the inner occupied and higher vacant MOs), seerrglioate that these molecules all the same mesheaf action
and their site of action islacusdirectly related to the proliferative process €€ H116 cells.

Anti-proliferative activity against human breast cancer MCF-7 cells

The associated statistical parameters of Eqg. 9 shatithis equation is statistically significantdahat the variation
of a group of six local atomic reactivity indicesltnging to the common skeleton shown in Fig. 2larp about
94% of the variation of the anti-proliferative aity against MCF-7 cells. The beta values (Tablg shkbw that the

relative importance of these indices@; > F,;,(HOMO-1)* > 7, > S} (LUMO+2)* >F,(HOMO)*
>S, (see Fig. 2). High antiproliferative activity isein associated with high values fpandF,,(HOMO)* , with
small values forF,;,(HOMO=-1)*, with negative values fof); and with small values foSy (LUMO+ 2)*
if positive. A negative net charge of atom 15, sboa atom of ring C, indicates the existence okbattrostatic

interaction with a positively-charged moiety. A higalue for/7, is indicating that atom 1 (the nitrogen atom afyri

A) resists exchanging electrons with the environméhis, in turn, suggests that atom 1 is prob&idated close to
a hydrophobic moiety (an alkyl chain for examphlhte that here atom 1 plays a different role thaCT-116

cells. A high value forF,(HOMO)* suggests that atom 12 is interacting with an eeetleficient center
through itf HOMQ),,* , ar MO. A low value for F,,(HOMO-1)* indicates that atom 15 is interacting with
an electron-deficient center through i$-HOMO),.*, an MO. (HOMO-1),.*, also an MO, seems to

participate in a repulsive interaction with at tease occupied MO of the same moie&_f\é( LUMO+ 2)* needs
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to be small.(LUMO +2),, *is ar MO. Considering tha(LUMO),,* and (LUMO +1),, * are alsat MOs,
we suggest that atom 16 is interacting with antedeerich moiety through its two lowest vacant M@sd that the
third lowest vacant orbital is participating inepulsive interaction with an empty MO of the moiesy will not be

discussed because of its low p-level. All the abaleas are shown in the partial 2D inhibition ph@acophore
shown in Fig. 16.

POSITIVELY
CHARGED ELECTRON-

MOIETY RICH
\ / MOIETY
‘ 15

\12

/ N &
ELECTRON-
HYDPOB'C DEFICIENT

MOIETY

Figure 16. Partial 2D pharmacophore for the anti-poliferative activity against human colon cancer MCF7 cells.

In a similar way to the anti-proliferative activiggainst human HCT-116 cells, the results seenmdate that
these molecules have all the same action mechaamshtheir site of action islacusbelonging to the MCF-7 cell
replication machine, consistent with the functidnhe CDKs.

Conformational aspects
Figure 17 shows the ten lowest energy conformeraalécule 1 obtained with MarvinView (Dreiding FerEield)

and superimposed with Hyperchem [114, 115].

Figure 17. Superimposition of the ten lowest energgonformers of molecule 1.

We can see that ring C (see Fig. 2) can adopt tteonative conformations with respect to rings AfBe exact
conformation or conformations existing during theeraction with the enzymes is not known. The ingarfact is
that if the nitrogen atom joining rings B and Cinsolved in a hydrogen bond through its hydrogeomatthe
direction of this bond cannot be determined with method. In fact, in the fully optimized geometfymolecules 1
and 2 ring the corresponding N13-H systems poiuifierent directions as shown in Fig. 18.
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=
I
P

Figure 18. Superimposition of molecules 1 and 2. Bhrnumber 13 denotes the N atom joining rings B an@.

Molecular electrostatic potential
The molecular electrostatic potential map can mevinformation about the side (or sides) from whibtle

molecules approach their action site. Figures 1Blhshow the MEP map of molecules 1, 2, 7 andt ¥15A of
their nuclei.

Electrostatic Potential

0.0277

0.00431 0.00511

-0.00792 -0.00617

-0.0174

Electrostatic Pofential

0.0260

0.00460

-0.00462 -0.00136

Figure 18. MEP map of molecules 1 (upper left), upper right), 7 (lower left) and 11 (lower right) & 4.5 A of the nuclei.
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Electrostatic Potential Electrostatic Potential

0.0288 0.0277

.0.0164

0.00431 0.00511

I -0.00792 -0.00617

-0.0201 -0.0174

Elecitrostatic Potential Electrostatic Potential

0.0138 0.0260

.0.00460

-0.00462

I-0.0138

-0.0231

Figure 19. MEP map of molecules 1 (upper left), upper right), 7 (lower left) and 1 (lower right) at 4.5 A from the nuclei.

We can see that in molecules 1 and 7 the aforearadiN13-H system points in one direction whileniolecules 2
and 11 it is pointing in another. A positive MERearsurrounds rings A and B (see Fig. 2). The ME&cstre
around ring C depends on the structure and sifis stibstituents. Fig. 19 shows that the most pesMEP areas
are located close to the, Rubstituent. It is then possible to suggest thes¢ molecules point their ring A toward
the site while approaching it. The different pasitiof the N13-H system does not alter the MEP siracaround
ring A. Figure 20 shows the MEP map of the sameemdeés for surfaces with isovalues of £0.01.

Figure 20. MEP map of molecules 1 (upper left), 2ipper right), 7 (lower left) and 11 (lower right). The green isovalue surface
corresponds to negative MEP values (-0.01) and tlyellow isovalue surface to positive MEP values (Q
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This analysis of the MEP map at a short distanceilshhelp to get a deeper understanding of thequeg partial
pharmacophores. It is worth mentioning that thigdkodf analysis is only qualitative because the M#&Pundergo a
deformation at a short distance due to the molesitdeinteractions. We suggest that, if rings A-Ba@ placed in
the same relative position in all molecules, thegré should be a relationship between the MEP tsei@and the
pharmacophores’ features. In this case, and dtigetdwo possible positions of N13-H, this analysisot directly
achievable with the data obtained here. NevertbetEmsidering that in docking studies the protbN13 (see Fig.
2 for atom numbering) is always placed on the oppaide to the sulphur atom of ring A [40], we sleaploy the
MEP maps of molecules 2 and 11 as a basis forribeieg examples. In the case of the partial 2D phaophore
for CDK1B inhibition it is suggested that the C6tmg carbon could interact with occupiedMOs belonging to the
binding site. This proposed site should have atpesMEP region around it and, as the C6 methybeoarhas a
positive MEP area around it, this interaction sddoé repulsive. C11 has a positive MEP aroundhenr if it is
involved in an-n stacking interaction, it must face a carbon atamaainded by a negative MEP area. In the case of
ring C a finer discussion is hindered because efMEP structure around it, but it is possible tggest that this
ring is not fully involved in a stacking interaati@nd that only atoms 16 and 17 participate iAitther example
involves the possible participation of the N13-Hietp in a H-bond. The hydrogen atom is surroundgd positive
MEP area allowing it to be shared with an oxygesma(that almost always has a negative MEP areandr@
belonging to the binding site. In the case of Mk, partial 2D pharmacophore suggests that it cbaléthteracting
with an electron-rich center, an electron-deficieanter or both. The negative MEP area aroundgpaus the
second suggestion with the possibility that thetete-deficient center be a hydrogen atom (to fari-bond) or a
positively charged moiety.

CONCLUSION

We found statistically significant relationshipstiween the electronic structures of a series ofb2dsubstituted
pyrimidines and their ability to inhibit four cyoldependent kinases. Also we found relationshigsvésn the
electronic structures and anti-proliferative atig against the MCF-7 and HCT-116 cell lines. Theresponding
partial pharmacophores were proposed and discubs#ite case of the anti-proliferative action agaiMCF-7 and
HCT-116 cell lines, the results strongly suggest @il the molecules studied here have the saméianém of
action mechanism against each cell line and theit gite of action is located somewhere in the oegilication
mechanism.
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