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ABSTRACT

We performed an analysis of the relationships betwéae electronic structure of N-(5-(tert-butyl}saol-3-yl)-N'-
phenylurea analogs and two activities: the inhibitiof FMS-like tyrosine kinase 3 and the antipeshtive action
against MV4-11 cells. The electronic structure ibh#lecules was calculated within the Density Riomal Theory
at the B3LYP/6-31g(d,p) level with full geometrytimization. For each biological activity linear ntigle
regression analysis techniques were employed tb tfie best relationship between the biological \atiéis and
local atomic reactivity indices belonging to a coamskeleton. We found statistically significantutes for both

activities. The corresponding partial pharmacophoese presented. Both biological processes seee torbital-
and geometrical-controlled.
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INTRODUCTION

Acute myeloid leukemia (AML) is a malignant proli&ion of hematopoietic progenitor cells of the toje lineage
inside the bone marrow. These poorly differentigpeelcursor cells stop to function normally and iintpt the
regular hematopoiesis causing bleeding, infectiowd anulti-organ dysfunction. Today, the diagnosisd an
classification of a patient with AML incorporate®tb chromosomal analysis and the presence or abseic
somatically acquired gene mutations. Mutationshim EMS-like (FLT3) gene represent one of the mafently
encountered class of AML mutations and are paditylcommon in adult AML with an overall incidenoéabout
20% to 30%. The FLT3 gene codes for a transmemktegeptor/signaling protein (FLT3) of the tyrosikiease
cluster. The binding of the FLT3 ligand to the FLiE®eptor in the end leads to production of praté¢iat produce
cell growth and inhibit cell death through apoptddi]. Considering the prevalence and propensitpémr outcome
in AML patients carrying FLT3 mutations, a contidueffort is ongoing to develop inhibitors of FLT3-7]. A
diversity of compounds has gone into clinical wi@nd various have met with success (Sunitinibafgaib,
Midostaurin and Lestaurtinib for example).

Here we present the results of a study relatingethetronic structure of a group of recently puimidN-(5-(tert-
butyl)isoxazol-3-yl)N'-phenylurea analogs and two biological activitiiseir antiproliferative activity against
MV4-11 cells (cell line established from a 10-yedd-boy with acute monocytic leukemia) and the lition of
FMS-like tyrosine kinase 3 [4].
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Methods, models and calculations

As the method employed (The Klopman-Peradejordi-€dmethod, KPG) here has been presented [8-14],
discussed and applied in many previous papers (]15&hd references therein), we present here ondhat
summary. The biological activity is related by aelar equation to several local reactivity indicéthe atoms
composing the common skeleton, the molecular madstee orientational parameter of the substitugt?é The
local atomic reactivity indices are the net charghe total atomic electrophilic and nucleophilic
superdelocalizabilities, the Fukui index of a chosset of vacant and occupied MOs, the electraphili
superdelocalizability of a chosen set of occupie@sVithe nucleophilic superdelocalizability of a st set of
vacant MOs, the local atomic electronic chemicakptial (a measure of the tendency of an atom o galose
electrons), the local atomic hardness (the resistarf an atom to exchange electrons with the enwient), the
local atomic softness, the local electrophilic imadé atom (associated with the electrophilic pow€an atom and
includes the tendency of the electrophile atomeoeive extra electronic charge together with isistance to
exchange charge with the medium) and the maximaluainof electronic charge that an electrophile raegept
[31, 32]. The fundamental importance of this relatis that it contains only terms belonging to dineg molecules.
The orientational parameters of the substituentaneys positive. They come from a classical anslgé the
rotational partition function [11]. To interpreteim, let us imagine a group of molecules approactong binding
site. Their velocities will vary accordingly to fhdanteractions with the surrounding fluid that i3 constant
circulation. On its hand, the binding sites prodgcbiological effects are structures that by evohary processes
bind to only very specific endogenous moleculesi(also some exogenous agents). This specificitinsee be
determined by the molecular electrostatic poteritinlrecognition at medium molecule-site distanaed through
non-covalent interactions at shorter distancescuGition carries a molecule close to the bindirtg. Now, and
given that themilieu is in constant circulation, only the moleculesihgwhe right rotational velocities will be able
to spend the proper time close to the binding silewing it to recognize and attract them. We hpr@posed that
the orientational parameters are related to tliticaktime interval.

The selected molecules are a group Ne{5-(tert-butyl)isoxazol-3-yI)N’'-phenylurea analogs. The biological
activities analyzed here are the FLT3 inhibitiorpiessed as the percentage of inhibition at 100 Iplnd thein

vitro antiproliferative activity against MV4-11 cellsxfgessed as K [4]. The molecules and their biological
activities are shown in Fig. 1 and Table 1.

fjf@%*

Figure 1. General formula ofN-(5-(tert-butyl)isoxazol-3-yl)-N’'-phenylurea analogs

The electronic structure of all molecules was daled within the Density Functional Theory at th8LBP/6-

31g(d,p) level with full geometry optimization. Ti&aussian suite of programs was used. [33] Allitii@rmation

required to calculate the numerical values forltdeal atomic reactivity indices was obtained frane tGaussian
results with the D-Cent-QSAR software [34]. All tieectron populations smaller than or equal to &Odere
considered as zero [31]. The negative electron ljatipas produced by Mulliken Population Analysisreveectified

as usual [35]. Orientational parameters were caledl as usual or taken from published Tables [4B, As the

resolution of the system of linear equations is pudsible for the reason that we have not sufftaeolecules, we
employed Linear Multiple Regression Analysis (LMR#&chniques to discover the best solution. For eage, a
matrix containing the dependent variable (the lgjmal activity of each case) and the local atoreactivity indices
of all atoms of the common skeleton as independaniables was constructed. The Statistica softweaas

employed for LMRA [36].
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Table 1.N-(5-(tert-butyl)isoxazol-3-yl)-N’-phenylurea analogs and their biological activities

log(ICso) | log(l)
Mol. | R1 R2 R3 R4 MV4-11 | ELT3
1 H H H H 0.49 1.82
2 F H H H 1.0¢ 1.5¢
3 Cl H H H 2.5¢ 1.1C
4 Me H H H 2.40 1.13
5 CF3 H H H 2.95 0.40
6 H Cl H H 0.77 1.65
7 H Br H H 0.98 1.60
8 H Me H H -0.1C 1.84
9 H -C=CH H H 0.54 1.76
10 H OMe H H 0.45 1.76
11 H OEt H H 1.06 1.65
12 H -OCH(O) H H 1.47 1.44
13 H H F H 1.32 1.50
14 H H Cl H 1.3¢ 1.5¢
15 H H Br H 1.68 1.4¢
16 H H Me H 0.61 1.69
17 H H -C=CH | H 0.94 1.60
18 H H c-Pr H 1.20 1.48
19 H H H Cl 1.75 1.45
20 H H H Me 1.31 1.62

We worked within theeommon skeleton approximatiaffirming that there is a certain collection obmis, shared
by all the molecules analyzed, that accounts factrally all the biological activity. The effecf the substituents
consists in changing the electronic structure efctbmmon skeleton and influencing the precise phece of the
drug through the orientational parameters. It ipdilgesized that different parts or this commonetkel accounts
for almost all the interactions leading to the egsion of a particular biological activity. The cown skeleton is
shown in Fig. 2.

Figure 2. Common skeleton numbering for the lineamultiple regression analysis

Results for the percentage of inhibition of FLT3 ().
The best equation obtained is:

log(1)=1.63-0.004,,,-0.26%, (LUMO)*+0.03%, (LUMO)*-0.0008 .;0.002D ., (1)

with n=19, R= 0.99, R2= 0.97, adj-R2= 0.96, F(579.544 (p< 0.000001) and a standard error of eséiraf 0.06.
Here,®g, is the orientational parameter of thedribstituent, §"'(LUMO)* is the nucleophilic superdelocalizability
of the lowest vacant MO localized on atom 18 @& UMO)* is the nucleophilic superdelocalizability the lowest
vacant MO localized on atom 1&x; is the orientational parameter of the dRibstituent andg, is the orientational
parameter of thég, substituent. Tables 2 and 3 show the beta coeffiisj the results of the t-test for significance
of coefficients and the matrix of squared correlattoefficients for the variables of Eq. 1. There a0 significant
internal correlations between independent variaPleble 3). Figure 3 displays the plot of observedcalculated

log(l).



Juan S. Gémez-Jeriaet al

Der Pharma Chemica, 2016, 8 (14):1-9

Table 2. Beta coefficients and t-test for signifiaace of coefficients in Eq. 1

Pr1

Beta
-1.0€

SY1(LUMO)* |-0.17
SY(LUMO)* |0.21

PRz
Pra

-0.1¢
-0.18

t(13)

4.36

-4.06
-3.88

p-level

-19.60/<0.00000:L
-2.96

<0.01
<0.0008
<0.001
<0.002

Table 3. Matrix of squared correlation coefficientsfor the variables in Eq. 1

Pr1 Sng(LUMO)* SN16(|-UMO)* PRz

S'i(LUMO)* |0.30 1.00
SY16(LUMO)* |0.00 0.04 1.00
OR:z 0.02 0.07 0.00 1.00
QR4 0.01 0.01 0.04 0.03
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Figure 3. Plot of predictedvs observed log(l) values (Eg. 1). Dashed lines deadhe 95% confidence interval

The associated statistical parameters of Eq. Icételithat this equation is statistically significamd that the
variation of the numerical values of a group o&flecal atomic reactivity indices of atoms of tlmrenon skeleton
explains about 96% of the variation of log(l) iristigroup of molecules. Figure 3, spanning aboutdtders of
magnitude, shows that there is a good correlatfabeervedversuscalculated values and that almost all points are
inside the 95% confidence interval.

Results for the inhibition of MV4-11 cells.
The best equation obtained is:

log(IC,,)=1.34+0.00® . -0.153}, (LUMO)*+3.00§, (UMO)*-

)

-1.56F, (LUMO+1)*-5.59§ (HOMO-2)*-0.185 (LUMO)*

with n=18, R= 0.98, R2= 0.95, adj-R2= 0.93, F(6:3).959 (p< 0.000001) and a standard error of eséiraf 0.18.
Here,®g, is the orientational parameter of thedRibstituent, " (LUMO)* is the nucleophilic superdelocalizability
of the lowest vacant MO localized on atom 28" & UMO)* is the nucleophilic superdelocalizability the lowest
vacant MO localized on atom 18,;fEUMO+1)* is the Fukui index (electron populatioof the second vacant MO
localized on atom 13,;§HOMO-2)* is the electrophilic superdelocalizahjliof the third highest occupied MO
localized on atom 8 andy'§LUMO)* is the nucleophilic superdelocalizability the lowest vacant MO localized on
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atom 6. Tables 4 and 5 show the beta coefficights results of the t-test for significance of caééints and the
matrix of squared correlation coefficients for theriables of Eq. 2. There are no significant inéércorrelations
between independent variables (Table 5). Figursdlals the plot of observed. calculated log(I&).

Table 4. Beta coefficients and t-test for signifiaace of coefficients in Eq. 2

Beta
0.99
-0.56
0.96
-0.44
-0.64
-0.22

t(11) | p-level
11.1€|<0.00000:1
-5.99 | <0.00009
8.42 |<0.000004
-4.50| <0.001
-6.27 | <0.00006
-2.76 |1<0.02

Pr1
S,e(LUMO)*
SV 1(LUMO)*
Fra(LUMO+1)*
S5(HOMO-2)*
SY(LUMO)*

Table 5. Matrix of squared correlation coefficientsfor the variables in Eq. 2

or1 |SV2e(LUMO)* |SV5(LUMO)* |Fio(LUMO+1)* |ST5(HOMO-2)*

1.00

SY(LUMO)* 0.03
SY(LUMO)* 0.31
F1:(LUMO+1)* |0.02
S(HOMO-2)* |0.20
SV(LUMO)*  0.0C

0.01
0.18
0.12
0.0z

3.2

1.00

0.10

0.37
0.1C

1.00
0.04
0.2C

1.00
0.0C

3.0r
2.8t
26¢
247
2.2¢
20r
1.8}
16}
1.4}
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0.2
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Figure 4. Plot of predictedvs observed log(IGo) values (Eg. 2). Dashed lines denote the 95% caifénce interval

The associated statistical parameters of Eq. Zatelithat this equation is statistically significamd that the
variation of the numerical values of a group of Isigal atomic reactivity indices of atoms of therooon skeleton
explains about 93% of the variation of logd)Cin this group of molecules. Figure 4, spanningut®.5 orders of

magnitude, shows that there is a good correlatiabeervedversuscalculated values and that almost all points are

inside the 95% confidence interval.
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Local Molecular Orbitals.
Tables 6 and 7 show the local MO structure of ateritls reactivity indices appearing in Eq. 1 ands2d Fig. 2).
Nomenclature: Molecule (HOMO) / (HOMO-2)* (HOMO-1JHOMO)* - (LUMO)* (LUMO+1)* (LUMO+2)*,

Table 6. Local molecular orbitals of atoms 6, 8 and3

Mol. Atom 6 (C Atom 8 (C Atom 13 (C

1(99) 9G981991-1017102t103c 951981997-100r101t103c 95198199n-100t1027103¢
2 (103) | 10@102r103r-105c1067107t | 9911021103t-104r105t106rn 991102r103t-1047106r107
3(107) 104106n107r-109t110c111r | 103t106t1077-108t109111n | 103t10611077-108t110711 1
4 (103) 9%1007103t-105t1061107r | 100t102t103t-1047105t106t | 100t102t103r-1047105t1 06T
5(115 | 11In114c115c-11721187119% | 113c114el15n-1170119%121n | 113c114r115n-11621187119%
6 (107 | 103c106t107r-1097110r111n | 103e106n107r-1081109111n | 103e106t1077-108t110t1 11
7 (116) 112115t116n-118t119%1200 | 1120¢115t1167-1170118c121n | 112t1151116n-1172119%121n
8 (103) | 10@102r103r-105c1067107t | 9911021103t-104r105t106r 981102r103t-1047105t1 06
9 (105) 10@1017105r-1061107t108t 98110411051-1072109711 1 100t10471051-10671077t108t
10 (107) | 103106t107r-1097110x112t | 101w103c1077-1081109%111n | 103c106t107r-108t110t11 1
11 (111 | 108t110c112%-1131114r116t | 105010721 11n-11271137115t | 1072110c111n-112711401 150
12 (114 | 10911001 14r-116111 72118t | 11001130l 14e-115c116x118t | 110e113c114n-115011 70119
13 (103) | 10@102t103r-105t106¢107t | 99r102t103t-105t107108t 991102r103t-1047106t1071
14 (107) | 104106t1077-1097110r111n | 103ct10671077-1097111x112t | 103c106t107r-108t110711 1
15(116) | 118115:116n-1181119%121n | 112011501 16n-11771187120¢ | 112¢115t116m-1172119%121n
16 (103) | 10@102t103r-105t1067107t | 99r102t103t-104r105t106n | 100t102t103r-10471067107c
17 (105 | 103t104t105n-10611077108t | 102t104t105t-10671077t108t | 102t104r105n-10671077108t
18 (110 | 107e109110c-1127113c114n | 10610901 10c-111w1127114c | 1072109110r-1112113c] 14n
19 (107) | 108106t107r-1097110r111n | 103ct10671077-1081109%110r | 103c106t107r-108t110t1 11
20 (103)| 92100r103t-105t1072108t 997102r103t-1047105t106r | 10Gr1027103¢-1047105t106¢

Table 7. Local molecular orbitals of atoms 16, 18ral 28

Mol. Atom 16 (N) Atom 18 (O) Atom 28 (C)
1(99) 96:981997-100710371 05t 96r971991-1007101t102 880895915-1065117651205
2 (103 | 100r102t103t-10471077108t | 100t1017103t-1047105t106¢ 916926956-110512051 216
3 (107 | 104710671077-111n1127114r | 104r105t1072-10811097110tr | 950610461055-11161146121c
4 (103) | 10@102t103t-10471077109t | 100t1017103t-1047105t106¢ 916925956-110512261256
5(115) | 113114e1150-119%120e121n | 113c114n115-11701187119% | 107611261136-120512161226
6 (107) 104106n1071-108t1116113t | 104t105t1077-108t109110t | 991046105-111611361140
7(116) | 1131150116n-12101227123¢ | 113t114n116n-11701187119% | 104611361146-12161236130
8 (103 | 100t102t103t-10471072109% | 101r102r103t-104c105t106r | 950610051015-107610%110s
9 (105 | 102¢10471057-109¢110n111n | 103r104r105r-1077108t109% 926936956-11361246125
10 (107) | 104106t1077-108t111x113tc | 105t106t1077-108t1097110r | 96610461055-11151136122%
11 (111) | 108110e11x-112¢115¢1170 | 109110e111n-112711301 14 100108109-115117126
12 (114) | 11%113c1147-119121n1230 | 1120113t114r-115c116n117 | 105511161125-11%1216122
13 (103) | 10@102t1037-1077109t112r | 10Gr101w103t-104r105t1060 926936950-11051216125c
14 (107 | 1047106t1077-111n113c114r | 1047105t1077-108t109%110t | 97610461055-11151145120
15 (116 | 113r1150116x-121n12221230 | 1130114n116n-1170118t11% | 105511361145-121612312%
16 (103) | 10%102t1037-104r107210% | 100t101w103t-104r105t1060 916925956-110512261 256
17 (105) | 10310471057-1061110c11dn | 101w103t105t-1061108t110e 921936950-11351255128c
18 (110) | 1081097110r-111n114r116r | 106t10871107-111r112t113t | 98510761085-11461165125c
19 (107) | 104106t1077-108t1127113t | 104t105t1077-108t109:110tr | 97610461055-11251146121c
20 (103 | 100r1027103r-10471072109% | 1012102r103t-104t1051106r% 916926956-11051225125

DISCUSSION

Discussion of the percentage of inhibition of FLTJI).

The beta values (Table 2) indicate that the impaetaof variables ispri>>> S'(LUMO)* > ¢rs > @rs >
S'1s(LUMO)*. Noting that 2.0 is the greatest value fog(l) and that a good percentage of inhibitiomssociated
with a large value for log(l), the numerical valdfes the three orientational parameters appeanngg. 1 must be
small. We can see from Table 1 that the optimaksibn is R= R; = R, = H. Nevertheless it seems that the H atom
(OP =1.18) can be replaced by fluorine (OP = 4@ only a relatively small change in activity.dkh 18 is the
carbonyl oxygen in the chain linking rings C and(fBlg. 2). If the value of ‘§4(LUMO)* is positive, a small
numerical value is associated with high percentggahibition. A small numerical value is obtainbg rising the
(LUMO).¢* eigenvalue or by finding a substitution suppreggihe localization of the molecular LUMO in ato@® 1
(in this case (LUMOy* should correspond to an empty vacant MO lyingrgetcally far from the molecule’s
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LUMO). This suggests that atom 18 is interactinthvein electron- deficient center. The case of riegailues for
SV(LUMO)* leads to a similar conclusion (for a detall discussion of positive and negative values "b{sge
[28]). Note that (LUMO)g* has an nature in all molecules (Table 7). This suggds#s possible interactions could
be ofn-n stackeds-n T-shaped of-cation kinds. Atom 16 is a nitrogen of the chaiking rings C and D (Fig. 2).
If SM;(LUMO)* values are positive, a good percentagentiibition is associated with high numerical valdes
this index. This, in turn, indicates that a highative (LUMO)* is needed. This suggests that at@mslinteracting
with an electron-rich center. All the aforementidneleas are depicted in the partial two dimensiof2ab)
pharmacophore shown in Fig. 5.

ELECTRON
DEFICIENT
CENTER

0O 18

16

Figure 5. Partial 2D pharmacophore for the percentge of inhibition of FLT3

Discussion of the inhibition of MV4-11 cells.

Before discussing our results, it must be notetitttmmechanism or mechanisms of the antiprolifiezaictivity are
not known. As we noted earlier [12] the fact thatistically significant results are obtained igand indication that
all molecules go through the same step or stepsxéot their effect. The beta values (Table 4) shbat the
importance of variables igr;> S'1g(LUMO)*> SE,(HOMO-2)*> S',5(LUMO)*> F15(LUMO+1)*>> SV, (LUMO)*.

A good inhibitory activity is associated with lowamerical values for log(l§). For the orientational parametgi;,
and employing the same abovementioned analysis;onelude that a high antiproliferative activitydassociated
with small numerical values for this index. Atom @8a carbon of the tert-butyl substituent in ridgFig. 2). A
high antiproliferative activity is associated wtiigh values of %5(LUMO)* if the numerical values of this index
are positive. This suggests that atom 28 is intemgavith an electron-rich center. Given that (LUM® has ac
nature in all molecules (Table 7), we tentativelyggest that this atom could be engaged in C-H aakveer
interactions with residues forming an hydropholeigion. Atom 18 is the carbonyl oxygen of the cHaiking ring

D and E (Fig. 2). A high antiproliferative activity associated with high values df,§LUMO)* if the numerical
values for this index are negative. Higher negathadues are obtained by shifting upwards the enesfyy
corresponding eigenvalue making the MO more reacfiherefore we suggest that atom 18 is interaatiitig an
electron-rich center. (LUMQg* has an nature in all molecules (Table 7). Possible intkoms arer-anion,n-n
stacked or-n T-shaped. A hydrogen bond should not be discardmin 13 is a carbon in ring B (Fig. 2). A high
antiproliferative activity is associated with highlues of z(LUMO+1)*. (LUMO)5* and (LUMO+1)3* have an
nature in all molecules (Table 6). This suggesés #tom 13 is interacting with an electron-richteerthrough its
two lowest vacant MOs. Atom 8 is a carbon in ringFy. 2). A high antiproliferative activity is assated with
low (negative) numerical values ofs8HOMO-2)*. Table 8 shows that the three highestupied local MOs have a
7 nature. A graphical analysis of log@f versus S5(HOMO-1)* and $g(HOMO)* shows that a high
antiproliferative activity is associated with lomegative) numerical values offgHOMO-1)* and with high
(negative) values of°igHOMO)*. Both variables do not appear in the regi@s equation because the variation of
their values is not statistically significant. Ag waid in other papers, the use of statisticalyaisinstead of solving
the linear system of equations is the weak pointhaf method (see [9]). Now, to get low (negative)merical
values for §HOMO-1)* and Sz(HOMO-2)*, we need to shift downwards the energytioé corresponding
eigenvalues. An additional possibility is findingsabstitution removing the localization of the MOs atom 8.
Therefore, it seems that atom 8 is interacting withelectron-deficient center through its highestupied local
MO. The antiproliferative activity may be improveg making (HOMOgJ* more reactive. Atom 6 is a carbon in
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ring A (Fig. 2). A high antiproliferative activitis associated with high values oY@ UMO)* if the numerical
values of this index are positive. Therefore, atbseems to interact with an electron-rich centssubh its lowest
vacant MO. All the above-mentioned ideas are degiat the partial two dimensional (2D) pharmacophsiiown
in Fig. 6.

ELECTRON

RICH ELECTRON
CENTER RICH

CENTER

SMALL

HYDROPHOBIC
REGION

28

ELECTRON
DEFICIENT
CENTER

ELECTRON
RICH
CENTER

Figure 6. Partial 2D pharmacophore for the inhibition of MV4-11 cells
Note that the two biological processes seem tarbigad and sterically-controlled.

In conclusion, we have obtained statistically digant equations for both biological activities.iJlpaper shows the
advantages of using Quantum Chemistry as a toalriay design.
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