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ABSTRACT

Here we present the results of the investigation of the relationships between eectronic structure and human
phosphodiesterases PDE3A and PDE3B inhibition by a group of 2-(4-(1H-tetrazol-5-yl)-1H-pyrazol-1-yl)-4-(4-
phenyl)thiazole derivatives. The electronic structure was obtained with Density Functional Theory at the B3LYP/6-
31G(d,p) leve after full geometry optimization. Statistically significant equations were obtained for both systems.
Both inhibitory processes are orbital-controlled. The associated pharmacophores may provide information for
possible modifications of the common skeleton.
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INTRODUCTION

As another example destined to show that the KlopReradejordi-Gémez (KPG) method is able to prodisesful
information about the relationships between eledtratructure and several kinds of biological atitg, we have
focused our attention of the inhibition of phospiesterases (PDE). Phosphodiesterases are enzyatdsxreaks a
phosphodiester bond. Among the many families ofsphodiesterases we are interested in cyclic nidee®DEs.
The cyclic nucleotide PDEs catalyze the hydrolysfscyclic AMP and cyclic GMP (cGMP), regulating the
localization, duration, and amplitude of cyclic featide signaling within subcellular domains. PD&® thus
significant regulators of signal transduction mésliaby the abovementioned messenger molecules][1The
PDE3 family in mammals comprises two members, PDEBA PDE3B. The PDE3 isoforms are structurally
analogous, containing an N-terminal domain and ter@inus end. The 44-amino acid insertion in th&algtc
domain varies in the PDE3 isoforms, and the N-teamnportions of the isoforms are rather diverg@E3A and
PDE3B have strikingly analogous pharmacological kimetic properties, but the difference is in thegression
profiles and the affinity for cGMP. Presently, aahnumber of PDE inhibitors are employed for thegtthe
pathophysiological dysregulation of cyclic nucléetisignaling in some disorders, including acuteatbry cardiac
failure, chronic obstructive pulmonary disease,ctlee dysfunction, intermittent claudication andlmponary
hypertension. Several molecules and families ofemues have been synthesized and tested for tlitgtioh of
different PDEs [5, 28-51].
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In this paper we present the results the resultgshef application of the KPG method to the inhibitiof
phosphodiesterases PDE3A and PDE3B by a group d#f-(2H-tetrazol-5-yl)-H-pyrazol-1-yl)-4-(4-
phenyl)thiazole derivatives.

MATERIALS AND METHODS [52]

The method [52].

The results presented here are obtained from whadw a routinary procedure. For this reason, wpl@yrhere a
general model for the paper's structure. This madatainsstandard phrases for the presentation of the methods,
calculations and results because they do not rebe tewritten repetitively. The method has bedly firesented in
earlier publications [53-58]. Therefore, we shaficdiss only the results obtained in this study. Téwmilts of the
successful application of the KPG method can badalsewhere ([59-63] and references therein).

Selection of molecules and biological activities.

The chosen molecules are a group of 2-(4-{dtrazol-5-yl)-H-pyrazol-1-yl)-4-(4-phenyl)thiazole and were
selected from a recent study [29]. Their generahfda and biological activity are displayed, redpety, in Fig. 1
and Table 1. The biological activity analyzed cepends to the PDE3 (types A and B) inhibitory atiés.
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Figure 1. General formula of 2-(4-(H-tetrazol-5-yl)-1H-pyrazol-1-yl)-4-(4-phenyl) thiazole derivatives

Table 1. 2-(4-(H-tetrazol-5-yl)-1H-pyrazol-1-yl)-4-(4-phenyl)thiazole derivatives andnhibitory activities

log(ICso) | log(ICso)

Mol. | R | R Re | pDE3A | PDE3B
1 H H Cl 0.39 0.58
2 H cl H 0.48 0.70
3 Cl H H 0.5¢ 0.77
4 H H F 0.62 0.37
5 H F H 0.16 0.67
6 F A H 0.28 0.67
7 H H | NO, | 079 0.86
8 H | NO, | H 0.84 0.93
9 | NO, | H H 0.87 1.01
10 | H H | Me 0.91 1.0
11 | H | Me| H 0.96 1.16
12 | Me | H H 1.00 1.22
13 | H H | OMe| 1.13 141
14 | H | OMe]| H 117 1.4
15 | OMe | H H 1.2, 1.4t

Calculations.

The electronic structure of all molecules was daled within the Density Functional Theory (DFT) thie
B3LYP/6-31g(d,p) level after full geometry optimtimm. The Gaussian suite of programs was used sittjthe
information needed to calculate numerical valuestf@ local atomic reactivity indices was obtairfeam the
Gaussian results with the D-Cent-QSAR software.[88]the electron populations smaller than or dgoz0.01 e
were considered as zero [57]. Negative electronuladipns coming from Mulliken Population Analysiserg
corrected as usual [66]. Since the resolution efdistem of linear equations is not possible becates have not
enough molecules, we made use of Linear MultiplgrBssion Analysis (LMRA) techniques to find the thes
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solution. For each case, a matrix containing theeddent variable (the biological activity of eadse) and the
local atomic reactivity indices of all atoms of tlkemmon skeleton as independent variables was. b
Statistica software was used for LMRA [67].

We worked with thecommon skeleton hypothesis stating that there is a definite collection ofrap common to all
molecules analyzed, that accounts for nearly allilological activity. The action of the substittseconsists in
modifying the electronic structure of the commorelston and influencing the right alignment of theugl
throughout the orientational parameters. It is lilgpsized that different parts or this common skeletccounts for
almost all the interactions leading to the exp@ssif a given biological activity. The common sketeis shown in
Fig. 2.

( 7\
N/k 18 21
13N/ C\ 17/ 5\
X 15 _N20
N
16 19
L H 22 )

Figure 2. Common skeleton of 2-(4-#-tetrazol-5-yl)-1H-pyrazol-1-yl)-4-(4-phenyl) thiazole derivatives
RESULTS

Results for PDE3A inhibition.
The best equation obtained was:

log(IC,,) = 2.15~ 2.6%,, (UMO+ 2)* 0.76,, (UMO+ 2)*

1
~7.04F,, HOMO )*+0.4F, LUMO+ 2)* @

with n=14, R=0.99, R=0.99, adj-R=0.98, F(4,9)=166.030.000001) and SD=0.07. No outliers were detected a
no residuals fall outside the ¢Zimits. Here, F,,(LUMO + 2)* is the Fukui index of the third lowest vacant MO

localized on atom 10F,(LUMO + 2)* is the Fukui index of the third lowest vacant Mgdlized on atom 11,

F,,(HOMO)* is the Fukui index of the highest occupied MO lzeal on atom 11 and~ (LUMO +2)* is the

Fukui index of the third lowest vacant MO localize atom 5. Tables 2 and 3 show the beta coeffii¢ine results
of the t-test for significance of coefficients amé matrix of squared correlation coefficientstfoe variables of Eq.
1. There are no significant internal correlatioe$ween independent variables (Table 3). Figuresplays the plot
of observedss. calculated log(1Gy).

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

Var. Beta| t(9) p-level

Fo(LUMO +2)* |-0.49 -10.86|<0.000002
F,(LUMO + 2)* |-0.54/-12.65|<0.000001
F,(HOMO)*  |-0.36-8.55 | <0.00001
F,(LUMO+2)* 014 3.18 |<0.01
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Table 3. Matrix of squared correlation coefficientsfor the variables in Eq. 1

F,(LUMO+2)*  F,(LUMO+2)* | F,(HOMO)*
F,(LUMO+2)* oiz oo
Fll(HOMO)* 0.07 0.02 1.00
FS(LUMO + 2)* 0.04 0.04 0.05
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Predicted log(ICs,) Values
Figure 3. Plot of predictedvs. observed log(IGg) values (Eg. 1). Dashed lines denote the 95% caféince interval

The associated statistical parameters of Eq. Icatelithat this equation is statistically significamd that the
variation of the numerical values of a group ofrflacal atomic reactivity indices of atoms of thmmmon skeleton
explains about 98% of the variation of log{)C Figure 3, spanning about 2.2 orders of magnitadews that there
is a good correlation of observee sus calculated values and that almost all points as&le the 95% confidence
interval. This can be considered as an indirealenge that the common skeleton hypothesis worksively well
for this set of molecules. Note that when a lotahdc reactivity index of an inner occupied MO (j.BlOMO-1
and/or HOMO-2) or of a higher vacant MO (LUMO+1 &ndLUMO+2) appears in any equation, this means tha
the remaining of the upper occupied MOs (for exanplHOMO-2 appears, upper means HOMO-1 and HOWNIO)
the remaining of the empty MOs (for example, if LOM1 appears, lower means the LUMO) contribute & th
interaction. Their absence in the equation onlymsehat the variation of their numerical valuessdnet account
for the variation of the numerical value of thelbgical property.

Results for PDE3B inhibition.
The best equation obtained was:

log(IC,,) = 0.53- 0.18) (UMO )* 0.1, HOMO - 2) @)

with n=15, R=0.96, B=0.91, adj-R=0.90, F(2,12)=64.20p£0.000001) and SD=0.11. No outliers were detected a
no residuals fall outside the ¢2mits. Here, S}' (LUMO)* is the nucleophilic superdelocalizability of thosviest

vacant MO localized on atom 4 arﬂ_%(HOMO—Z)* is the electrophilic superdelocalizability of thfgird

highest occupied MO localized on atom 18. Tablemd 5 show the beta coefficients, the results eftitest for
significance of coefficients and the matrix of s@dacorrelation coefficients for the variables of. 2. There are no
significant internal correlations between independeriables (Table 5). Figure 4 displays the plbbbservedss.
calculated log(1G).
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Table 4. Beta coefficients and t-test for signifiaace of coefficients in Eq. 2

Var. Beta| t(12) | p-level

S} (LUMO)*  |-0.95-11.11/<0.000001,
SL(HOMO -2)* -034 -4.01 | <0.002

Table 5. Matrix of squared correlation coefficientsfor the variables in Eq. 2
S'(LUMO)* | SE(HOMO-2)*
S (LUMO)*
SE(HOMO -2)*

0.0t 1

1.6
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1.2

1.0

0.8

Observed log(ICs) Values

05 06 07 08 09 10 11 12 13 14 15
Predicted log(ICs) Values
Figure 4. Plot of predictedvs. observed log(IGg) values (Eg. 2). Dashed lines denote the 95% cafénce interval

The associated statistical parameters of Eq. Zatelithat this equation is statistically significamd that the
variation of the numerical values of a group of twoal atomic reactivity indices of atoms of therwoon skeleton
explains about 90% of the variation of log{)C Figure 4, spanning about 1 order of magnitudews that there is
a good correlation of observedrsus calculated values and that almost all points aside the 95% confidence
interval. This can be considered as an indirealence that the common skeleton hypothesis worksively well
for this set of molecules.

Local Molecular Orbitals.

Tables 6 and 7 show the local MO structure of at@pgearing in Egs. 1 and 2 (see Fig. 2). Nomendatu
Molecule (HOMO) / (HOMO-2)* (HOMO-1)* (HOMO)* - (LIMO)* (LUMO+1)* (LUMO+2)*.
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Table 6. Local MO structure of atoms 4, 5 and 10

Mol. Mol. Atom 4 (C) Atom 5 (C) Atom 10 (C)
1(84) 6a 8#83n84n-85n86n87rn | 82183n84n-85186n88n | 81n83n84n-8518718%
2 (84) 6b 8283n84n-85186n87n | 82183n84n-85186n88n | 78181n84r-8518718%
3 (84) 6C 8283n84n-85186n87n | 82183n84n-85n86n87n | 81n82n84n-85n86n87n
4 (80 6d | 77n79n80r-81n82n83n | 78n7mB0n-81n82184n | 77n7980r-81183n850
5 (80) 6e 7879n80n-81n82183r | 77n79n80n-82n84n87n | 74n77n80n-81n83185c
6 (80) 6f 7&7980rn-81n82183r | 77n78n79n-81n82r83r | 77n78n80n-81183r850
7 (87) 69 8486n871-88190n91n | 84n85n87n-88n90n91n | 84n86n87n-89m90n92n
8 (87) 6h 8486n87rn-88190n91n | 85nB86n871-88n90n92n | 85186n87n-88n89n90n
9 (87) 6i 8486n87n-88n89m90n | 85086n87n-88789190n | 85086n87n-89n90n91n
10 (80 6j 78rn79n80n-82n83n84n | 78n7m80n-82183n84n | 77n79n80r-81n82183n
11 (80 6k | 78179n80n-82n83n84n | 78n79m80n-82n83n84n | 77n78n80rn-81n82n83n
12 (80) 6l 7&79n80n-82n83n84n | 78t79n80n-82n83n84n | 75n7 7n80r-81n82183n
13(84) | 6m | 8#83n84n-86n87188t | 82n83n84n-86n87n88r | 81n83nB84n-85n86n87rn
14 (84) 6n 8482n84n-86n87n88r | 73t83n84n-86n88190n | 81n83n84n-85186n87n
15 (84) 60 8#82n84n-86n87n88n | 82183n84n-86n87n88n | 81n83n84n-85186n87n
Table 7. Local MO structure of atoms 11 and 18

Mol. Mol. Atom 11 (S) Atom 18 (N)

1(84) 6a 7678n84n-85186n87Ilp | 8i83n84n-85186n87n

2 (84) 6b 8283184n-851861p87Ip | 82%83rn84n-85186187n

3(84) 6C 88811841-85186n87Ip | 8283184n-85n86n87n

4 (80) 6d 7374780n-81n82185lp | 77 79n80n-81182r83n

5 (80) 6e 7879180r-81182Ip83lp | 7&7980r-81n82183r

6 (80 6f 7567 7n80r-81n82183lp | 78rn79n80n-81n82183n

7 (87) 69 8486n871-88n89n90r | 83686n87n-89n90n92n

8 (87) 6h 8486n871-88n89n90r | 84686n871-89m90n91n

9 (87) 6i 886n87n-8818991n | 83686n87n-89m90n91n

10 (80) 6j 7874n80n-81n82n84lp | 78:79n80r-81n82183r

11 (80) 6k 7#79180r-81n82Ip83lp | 7#78r80r-81182183n

12 (80 6l 73675n80n-81n82183lp | 78rn79n80n-81n82183n

13(84)| 6m 7983n84n-85n86r88Ip | 80:81183r-85186n87n

14 (84) 6n 8183n84n-85n86n88Ip | 8283n84n-85n86n87n

15 (84) 60 8283r84n-85186n87Ip | 82183n84n-85186187n

DISCUSSION

Discussion of PDE3A inhibition.
Table 3 shows that the importance of variables o E is F,(LUMO+2)*> F (LUMO+2)*>

F,(HOMO)* >>F,(LUMO+2)*. A high inhibitory activity is associated with hignumerical values
for F,(LUMO+2)*, F,(LUMO+2)* andF,,(HOMO)*,
for F;,(LUMO +2)*. Atom 5 is a carbon in ring A. (LUM@), (LUMO+1); and (LUMO+2} have ar nature

(Table 6). A high value fol,(LUMO +2)* is associated with high inhibitory activity. Théoee, we suggest

that atom 5 is interacting with an electron ricimtee through its first three lowest vacant MOs. Tihest probable
interaction is of ther-n kind. Nevertheless, if we consider that Table ddates that this LARI has a low statis}ical
significance, we must take with care this suggestktom 10 is a carbon in ring B. (LUM@) and (LUMO+1),
have ar nature while (LUMO+1), hasc or = natures (Table 6). A high value fb,(LUMO + 2)* is associated
with high inhibitory activity. In the usual intergiation, when an occupied MO different from the HOMappears
interacting it is accepted that the highest MOs @larticipate. The same holds for vacant MOs diffiefrom the
LUMO*. For this case, the only way to give an aatoaf the participation oft ande MOs is by considering that
atom 10 in more than one kind on interaction. Tfueee we suggest that atom 10 participates thraugh n-o
and/orc-c interactions. Atom 11 is a sulphur in ring B,,(LUMO +2)* F,(HOMO)* (HOMO), is an
MO and (LUMO+2); is an or a lone pair MO (Table 7). A high inhibitory adty is associated with high

numerical values fofF, ;,(HOMO)* andF,;(LUMO + 2)*. Therefore, we suggest that atom 11 is engaged in

and with low numerical values
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n-t MO with one or more vacant MOs and through lonie ipéeractions with a negatively polarizeding(s). All
the suggestions are displayed in the partial 2Dmheophore of Fig. 5.

ELECTRON NEGATIVELY

DEFICIENT
CENTER

POLARIZED
PIRING(S)

PI-PI INTERACT,

~—

___N\
D
HN N
ELECTRON \N/
RICH ELECTRON
CENTER RICH CENTER

PI-PI? PI-PI, PI-SIGMA
AND/OR SIGMA-SIGMA

INTERACTION(S)?

Figure 5. Partial 2D pharmacophore for PDE3A inhibtion

PDE3B INHIBITION
Table 5 shows that the importance of variables ip E is S,'(LUMO)*>> S;(HOMO-2)*. A high

inhibitory activity is associated with low (negatjv numerical values f(ﬁg(HOMO—Z)*. The case of
S4N(LUMO)* will be discussed below. Atom 4 is a carbon irgri. (LUMO), has an nature (Table 6). If

S4N (LUMO)* is positive a high inhibitory activity is associdteith high numerical values for this index. In the

V-B-V analysis, this means that we need a moretireadO to increase activity. This is obtained Hyifing
downwards the MO energy. Therefore, we suggesttioat 4 is interacting with an electron-rich cenfdom 18 is
a nitrogen in ring D. (HOMO-2) hasc orn natures while (HOMO-1)} and (HOMO)g have ar nature (Table 7).

A high inhibitory activity is associated with smdiiegative) values fcﬁg(HOMO—Z)*. This suggests that a

more active molecule should have the (HOMO-e2)*rgndar below from the (HOMO-1)* or a zero electron
population (i.e. this MO should not be localized am 18). Considering the nature of (HOMQsl)and
(HOMO),s we suggest that atom 18 is interacting with arctede deficient center. All the suggestions are
displayed in the partial 2D pharmacophore of Fig. 6

ELECTRON
RICH
CENTER ELECTRON
DEFICIENT

S CENTER

Figure 6. Partial 2D pharmacophore for PDE3b inhibtion

Figure 5 shows that three reactivity indices belogdo ring B appear in Eq. 1. Figure 6 shows tha reactivity
index belonging to ring D appears in Eq. 2. This ttabe a direct effect of adding more moleculditats and/or to
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the coplanarity of rings A-D. Both inhibitory praxses are orbital-controlled as expected in higleedive
biological structures.

In summary, we have obtained significant relatigpsitbetween the electronic structure of a groumolecules and
their PDE3A and PDE3B inhibitory capacity. The esponding pharmacophores were built and they should
provide information for future modifications of titemmon skeleton.
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