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ABSTRACT

Here we report the results of the application of a quantum-chemical model-based method to the uncovering of the
electronic factors controlling the variation of the inhibitory activity of microsomal prostaglandin E, synthase-1 by
2-aryl substituted quinazolin-4(3H)-one, pyrido[4,3-d] pyrimidin-4(3H)-one and pyrido[ 2,3-d] pyrimidin-4(3H)-one
derivatives. The eectronic structure was calculated at the B3LYP/6-31G(d,p) level. Complementary docking studies
were carried out with a crystal structure of human mPGES-1. We found a good relationship between the electronic
structures and inhibitory activities and a partial pharmacophore was proposed. Our results suggest specific
interactions between some atoms and unknown residues of the enzyme. Docking studies show what residues are
available for these specific interactions.
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INTRODUCTION

Microsomal prostaglandin,Esynthase-1 (mMPGES-1) belongs to the superfamilmembrane-associated proteins
implicated in eicosanoid and glutathione metabalikroatalyzes the formation of prostaglandin(EGE) from the
endoperoxide prostaglandin, HPGH,). The expression of this enzyme is provoked dutiimg inflammatory
response. In fact, mMPGES-1 expression is upregllateanimal models of rheumatoid arthritis and sttignts
suffering from osteoarthritis and it is downregathby anti-inflammatory compounds. Also, mPGES-4 &a&ole in
several other disease conditions including bonerdéess, cancer, fever, inflammation, pain and strfdk18]. It is
known that some of the non-steroidal anti-inflamomatdrugs target the prostaglandin pathway andbithi
cyclooxygenase COX-2. Unhappily, the inhibition@DX-2 blocks the functions of all downstream prddadin
synthases, including the conversion of BG#l prostacyclin 4 (PGL). The blockage of the production of BGI
seems to play a role in the cardiovascular sidectffof some compounds. For this reason, the tidrbof mPGES-
1 has emerged as a novel strategy which will taopdy the PGE pathway [2, 19-21]. Inhibitors of mMPGES-1
would then serve as valuable anti-inflammatory dbeutics, especially if they lack the side effextsociated with
the COX-2 inhibition. Several molecules have begmthesized and tested for mPGES-1 inhibition [22-FBe
knowledge of the microscopic factors controllinge thinding of new ligands to mPGES-1 should provide
information that could be helpful in the designnefw compounds with enhanced inhibitory activityc&sly, a
group of 2-aryl-substituted quinazolin-#Bone, pyrido[4,3d]pyrimidin-4(3H)-one and pyrido[2,&]pyrimidin-
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4(3H)-one derivatives have been synthesized and téstedhibition of the recombinant human mPGES-1yene
[27]. In this paper we report the results of thelamation of a quantum-chemical model-based mefsdd to the
detection of the electronic structural factors colting the variation of the inhibitory activity ithe abovementioned
molecules. This study is complemented with an aislgf the docking of two of these molecules torogomal
prostaglandin Esynthase-1.

MATERIALS AND METHODS

The model employed here has been the theme ofgdigzuin many papers and we only present hereusnésf
the final result of its development. Any drug-sguilibrium constant, expressed indirectly ag,J€an be written in
terms of the following set of reactivity indices5[61]:

log(IC,,) = a+Z[ein +1,55+sS |+

#2022 Dy (MF; (m) +x (M)SF(m) | +3° 3 [ 1y (m)F, () +t, (m)S]' (m) |+

W
max
2934+ 0,0 + 2,6 +WQM™ [+ O,
i o= (1)
E N
where a, g f;, 5, etc., are constants to be determine]d.% and <1 are, respectively, the net charge, the total

F,(m)

atomic electrophilic superdelocalizability and théal atomic nucleophilic superdelocalizability atbm j.

and Fi(m) are, respectively, the Fukui indexes of occupienlecular orbital (MO) m and vacant MO m’

S (m)
SF(m)

localized on atom j. is the local (orbital) atomic nucleophilic supdmmlizability of vacant MO m’

localized on atom j. is the local (orbital) atomic electrophilic supelatalizability of occupied MO m

localized on atom j.'ui , U , @, and ¢ are, respectively, the local atomic electronicralzal potential, the local

max
atomic hardness, the local atomic softness andoited atomic electrophilicity of atom j.Qi is the maximal

amount of charge atom j may receive [60, 6IF is the orientational parameter of substituent iB,eatirely
geometrical term derived from the rotational partitfunction [58, 59]. As the physical meaning loé tLARIs has
been discussed in a number of papers, we refeetuer to the literature [62-82].

The set analyzed here is a group of 2-aryl sulbstitguinazolin-4(Bl)-one, pyrido[4,3d]pyrimidin-4(3H)-one and
pyrido[2,3d]pyrimidin-4(3H)-one derivatives with inhibitory activities agairtee recombinant human mPGES-1
enzyme [27]. The selected molecules and inhibigamtyvities (expressed asgg are shown in Figure 1 and Table 1.
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Figure 1. General formula of the molecules studieth this paper

Table 1. Structures and inhibitory activity

Mol. Ry Re R | XY |Z|log(ICsq
1 —Cl —H —Cl_[c|cl[c| 162
2 —Br —H —Cl_[Cc|[Cc[C| 156
3 —CRK —H —Cl_[c|cl[c| 1a
4 [> ----- —H —cl |c|c|c| 176
5 —NO; —H —Cl_[c|[c[C| 180
6 —OMe —H —Cl_[c|c|[cC| 248
7 m@ ,,,,, —H —cl |c|c|c| oss

8 F304<3N ----- —H —ClI c|Cc|C 1.87
9 —H cmO ----- —ClI c|Cc|C 1.74

10 —cl ac@ ----- —l |clcl|c| 156
11 —Cl [> ----- —l |c|clc| 151

12 —Cl —OMe —Cl c|C| C 2.05

13 —Cl o} N----- —ClI c|Cc|C 242

:
14 —cl >—©~ ----- —cl |c|c|c| 138
F

15 —cl N \ / ----- —cl |clc|c| 268
16 —l HO N— —cl |c|cl|c| 28
[¢]
17 —l Xu)ﬁj -l |clc|c| 177
Ne__
N— =
18 | re \ ) —H -l |clc|c| 120
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19 ac@ ----- —H —CHR, | C| C| N 0.78
20 F:c—@ »»»»» —Cl |[N|C|C 0.70
21 ac@ ----- —H —Cl |C|N|C 1.00

22 F:c@ ----- —CHR [N | C| N 0.60
Calculations

The electronic structure of all the molecules wafcuated with Density Functional Theory at the BBL6-
3119(d,p) level using the Gaussian program [83}eAtingle point calculations, all the numericalues of the
local atomic reactivity indices of Eq. 1 were cédtad with the D-CENT-QSAR software [84]. Negatielectron
populations and MO populations greater than 2 prediby Mulliken Population Analysis were correcgsdusual
[85]. Orientational parameters were calculated pg@sed [59]. Linear Multiple Regression AnalysisviRA)
techniques were used to find the best solutionopflE For each case, a matrix was built contaitieglogarithm of
the dependent variable @¢¢ and the local atomic reactivity indices of albmis of a common skeleton (a group of
atoms, common to all molecules analyzed, and adtaufor virtually all the biological activity; sel€ig. 2 and [60,
86]) as independent variables. The Statistica soffwvas used for LMRA [87]. Molecular orbitals axidlecular
Electrostatic Potentials (MEP) were depicted ussagissView and Molekel software [83, 88].

( \

24

Figure 2. Common skeleton humbering

We employed Autodock 4 software for docking studi@d, 90]. A crystal structure of human mPGES-1 was
downloaded from the Protein Data Bank (3DWW). Males 39 (the least active) and 50 (the most actiweske
selected for docking. The enzyme residues were tigipt A grid box with 50x54x62 points and a gggdacing of
0.375A were used. For all procedures, 50 independers were carried out with a preliminary popwatiof 300
randomly placed individuals, 50,000,000 energy @atibns and a maximum number of generations of Q000
The results were clustered based on a 2.0 A rnitetion. The selected structure for analysis wasdhe having
the lowest energy in the largest cluster. Chimema used for distance analysis and image processing.

RESULTS

An LRMA analysis including all molecules (n=22) didt produce a statistically significant equatioml anolecule
14 was detected as an outlier. When this molecudkided from the set the following equation wasaoied:
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log(IC,,) = 2.4%+ 0.56° HOMO- 1)* 2.2B, IOMO~- 1)% 0.185,+ 9.39 LUMO+ 1
-6.295F HOMO - 1)*

(2)
with n=21, F(5,15)=112.11 (p<0.000001)’=R.97, adj. B=0.97, outliers>a=0 and SD=0.12. No outliers were

detected and no residuals fall outside the hits. Here, SE is the total atomic electrophilic superdelocaliligb
of atom 13,F,(HOMO —1)* is the Fukui index [91] of the second highest qied MO localized on atom 2,

F,(LUMO +1)* is the Fukui index of the second lowest vacant Mlized on atom 957 (HOMO —1)* is

the electrophilic superdelocalizability of the sedo highest occupied MO localized on atom 1 and
SgE(HOMO—l)* is the electrophilic superdelocalizability of teecond highest occupied MO localized on atom
9. Tables 2 and 3 show, respectively, the betdfic@adts, the results of the t-test for significanaf coefficients and

the matrix of squared correlation coefficients tioe variables of Eq. 2. Table 3 shows that theeenarimportant
internal correlations between independent variatiagure 3 displays the plot of observesd calculated log(1G,)
values. The associated statistical parameters of Bfpow that this equation is statistically sigrafit and that the
variation of the numerical value of a group of fiv&RIs of atoms composing the common skeleton érplabout
97% of the variation of the inhibitory capacitythis group of molecules.
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Figure 3. Plot of predictedvs. observed log(IGg) values from Eq. 1. Dashed lines denote the 95%rdence interval
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Table 2. Beta values and results of the t-test faignificance of coefficients for the variables ap@ing in Eq. 2

Beta | t(15) p-level
SF(HOMO-1)* | 027 | 6.05 | <0.00002
F,(HOMO-1)* | -0.48| -9.32| <0.00000]

S, 023 | 511| <0.0001
Fo(LUMO+1)* | 088 | 1854| <0.000001
SE(HOMO-1)* | -0.44| -10.24 <0.00000]

Table 3. Matrix of squared correlation coefficientsfor the variables appearing in Eq. 2

SF(HOMO-1)* | F,(HOMO-1)* | S, | F(LUMO+1)*
F,(HOMO -1)* 0.08 1.00
S 0.004 0.16 1.00
Fy(LUMO+1)* 0.004 0.16 0.04 1.00
S (HOMO-1)* 0.0004 0.0004 0.000§ 0.03

Figures 4 and 5 show, respectively, molecules B8 [gast active) and 50 (the most active) docketiuman
MPGES-1. Table 4 displays some ligand-residuertista

ARG 110.A

‘ GLU77.A
GLN 134.A

LEU 69.A

ARG 388

Figure 4. 39 docked to human mPGES-1
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g 4 THR 34.B
GLY SEHB
GLN 36.B

HHE32.8

LEUT35A ,

ALA133A

CYS 137

ARG 110.A

ASN Z4.A

JHR 78.A

< GLU77.A

VAL 65.B
GLU/66.B

ARG 385 68.8

, |[ARG 70.B

“4EU69.B

tet

LEU 69.A
.—‘

.

MET 764~

Figure 5. 50 docked to human mPGES-1

Table 4. Main ligand-residue distances.

Mol. Main interactions (marked in yellow in Figs5}

39 | C9-N from Arg-73A (3.56A), O (from side chainNHrom Arg-73A (1.84A),
O (from side chain)-NH from Arg-73A (2.734),

O (from C1 subst.)-NH from GIn-134A (2.99A),

O (from C1 subst.)-NH from Arg-126A (3.66A),

OH (from C1 subst)-OH from Tyr-28B (2.18A),

N (from C1 subst.)-HN from Arg-126A (2.41A),

C1-C from Arg-126A (3.93A), C2-C from His-72B (3A),

C12-C from Arg-73A (3.73A), C13-C from Arg-73A (FA),

C24-C from Leu-69A (4.36A) CI-N from Arg-39B (3.39A

50 | 022-H from Arg-38B (2.99A), C9-N from Arg-70A BtA)

C9-N from Leu-69B (5.56A), O (from side chain)-tofn Arg-73A (1.95A),

F (from CHR,)-N from Arg-73A (3.38A), F (from CH-O from Tyr-130A (2.68A),
C24-C from His-72A(3.33A), C24-C from Arg-73A (3AY,

C6-C from His-72B (3.38A), N1-N from His-72B (3.78A

C5-C from His-72B (4.01A), C23-C from Arg-73A (349

N1-N from Arg-126A (2.7A), C2-C from Arg-126A (3.87,

F (from CR)-C from Arg-126A (3.59A), F (from G§-HN from Tyr-28B (2.32A),
C (from side chain)-N from Arg-73A (3.95A), N13-@f Arg-73A (3.094)

DISCUSSION

The beta values (Table 2) indicate that the resatimportance of these indices K,(LUMO+1)* >>
F,(HOMO-1)* > SS(HOMO-1)* >> SF(HOMO-1)* >S{,. A high mPGES-1 inhibitory capacity is

then associated with high numerical values ‘SF(HOMO—l)*
small value forF,(LUMO +1)* and‘S)E(HOMO—l)*

of atoms 1, 2 and 9 of the common skeleton.

, ‘SE‘ and F,(HOMO-1)* and with a

. Table 4 displays the local molecular orbital stuwe
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Table 4. Local molecular orbital structure of atomsl, 2 and 9 of the common skeleton

Mol. | Mol. Atom 1 Atom 2 Atom ¢

1 19 98:100t101n-102t105t1 071 93198r101n-102t1037105¢ 9569751011-102t10551060

2 20 10210361100-1111127114% | 102510871100-11171127114n | 10461060110n-111211461160
3 21 10%1047109-110c111t113c | 101w10471097-110r1117113t | 103510661097-110t11351140
4 22 9%1031047-105t108t11 16 9605103t104r-10611081111c 98510051047-1051108510%
5 23 971986105t-106110971 100 9861046105t-106r107110% | 101510461051-1061109110c
6 24 93r94n101r-10211046105n 92710071017-103110411050 976100r101x-102710551060
7 28 12%128512%-130t133c134r | 121n128t129-130t131n134r | 12261256129%-130t1315134r
8 29 126131n1327-133t1355136r | 124612501327-134n13511361 | 127612%131n-133t13661370
9 30 118119%12%-130t1316132% | 1247125t1297-130n131n132t | 1236126612%-130t13561360
10 31 12613261371-13813%1406 | 1276134n137r-138113%140s | 13161326137r-138114361440
11 32 103105t112t-113t1146116¢ | 105t110t1127-113t 11411165 | 10661081127-113t11665117c
12 33 10271036109t-110r1116113c | 102t107c109-111n11361160 | 10361056109n-110c11361140
13 34 12212361242-125112606128 | 1146120n1247-126n12851305 | 11%12311247-1251128512%
14 35 1341351361-137113811405 | 13411355136n-1381140t1436 | 134t1351136n-1370140614 1o
15 37 11611%121n-12211236125% | 116t117w121n-122n1236125 | 11%61156121n-12271276128
16 39 12612761281-12%1305132% | 126112711281-130t13261340 | 126G1127n128t-12%132613%
17 45 13211381143t-1442145n147n | 140t141n143n-145t1477150 | 138t141n143t-144114761480
18 46 12361277129%-130n134n135t | 1236127112%-130n131n132r | 12261256129-130131n135
19 47 125132t1331-13421351137n | 1251132t1331-134n1351138t | 12761305133t-1341135t1370
20 48 126128112%-130t1331134n | 1255126512%-130t131n134n | 121612261287-130t131n133
21 49 122125t12%-1300131n132r | 125t12611297-130t131n134n | 1225126n129%-130t131n133t
22 50 13%132t133t-13421371138t | 12%131n133n-134n135t13% | 12761286132n-134t135137n

(HOMO-1)," is a MO having a nature in some molecules asdhature in others. Figure 6 shows the (HOM@-1)
of molecules 19 and 37 [92].

Figure 6. (HOMO-1)," of molecules 19 (left) and 37 (right). Isovalue @.02 e/ad

(HOMO), is of n nature in all the molecules. A high numerical eahf ‘S_LE(HOMO—l) *‘ strongly suggests

that atom 1 can interact with an electron-deficizetiter. A corollary of this suggestion is that (M0),” should be

of = nature for higher activity. A high value fb5(HOMO —1)*, ar MO in most molecules, indicates that atom
2 also interacts with an electron-deficient moigifOMO), is of = nature in all the molecules. Therefore, a
(HOMO-1)," of = nature would be desirable. A high value *ﬁﬁ‘ indicates that this atom interacts with an
electron-deficient moiety. The vacant MO (LUMOg1hasc nature in almost all the molecules. A small vaiore
Fy(LUMO +1)* is obtained only by diminishing the electron paian of this MO. (LUMOY' is of & nature
and has a high associated Fukui index. Therefbegetis the possibility that (LUM@)might be interacting with an
electron-rich center. (HOMO-{)is ac MO in almost all the molecules. A small value f@(HOMO—l) *‘ is
obtained by shifting the associated eigenvalue aeawds in the energy axis. (HOMO)s ar MO with a high
associated Fukui index. To explain together thesesimultaneous conditions for atom 9 we have tuggestions.
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The first one involves the interaction of atom 3haan electron-rich center through its first vacki@® and with an
electron-deficient center through its first occapO. The other possibility is that, when the eyeo§ (HOMO-

1), decreases, (HOM@)will also lower its energy, making atom 9 a badcsion donor. In this case, atom 9
should interact with an electron-rich center thiouig (LUMO) . This last suggestion seems more likely. These
suggestions are included in the partial two-dimemal (2D) inhibition pharmacophore shown in Fig. 7.

(0]

ELECTRON- ELEé:IEEON-
DEFICIENT \x/ HeH
CENTER 1
~|; A
\
A ELECTRON-
13 Z —>| DEFICIENT
CENTER

Figure 7. Partial 2D inhibition pharmacophore

This pharmacophore contains the conditions thatapmicable to the whole set of molecules. The radrway to
detect more variables is to employ a larger setuich a way as to be able to separate it into tmmane subsets.
Due to the small number of molecules studied hggei$ not possible.

To have a qualitative idea of the conformationekibility of the side chain bonded to atom C15 (B&g 2), we
show in Fig. 8 the superimposition of the ten lowmersergy conformers of molecule 50. They were dated with
MarvinView (Dreiding force field) and superimposeith Hyperchem [93, 94].

Figure 8. Superimposition of the ten lowest energgonformers of molecule 50

We can see that the side chain has rather higltoooational flexibility. Aromatic ring C has a smalegree of
rotational freedom (see Fig. 2). Regarding the ol electrostatic potential (MEP), Fig. 9 showespectively,
the MEP maps of molecules 34 and 48 [92].
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Figure 9. MEP maps of molecules 48 (left) and 34i¢ht). The white isovalue surface corresponds to gative MEP values (-0.01) and the
red isovalue surface to positive MEP values (0.01)

We can see that the side chain is determinant tebkshing the form of the MEP map at the rightesif the
molecule. We do not know what the exact conforrmatibeach molecule is at moment of thevitro measurements
but we may speculate that the side chain couldesasvan anchoring point for the ligand-site intéoac

It is our opinion that docking results, when not@opanied with other theoretical and/or experimenfarmation,
can provide little informatioper se. To build a docking model that is closer to phgkieality we need to know the
exact conditions inside the site and in the patldileg to it (i.e., if there are water moleculesisipetc. present, or
not). Our results were obtained within the rigiglind approximation and we expect that they, todwdul, should
be compatible with the results of Eq. 2. If theg,athey should provide qualitative information tlzainnot be
obtained with our model-based method. Using thegssiged interactions derived from the LMRA and dogki
results summarized in Table 4, we carried out ditatige comparison of both shown in Table 5.

Table 5. Equivalence between LMRA and docking rests

Atom LMRA Docking
Interaction with| 39: C1-C from Arg-126A (3.93A)
Atom 1 an electron- 50: N1-N from His-72B (3.78A)
deficient center| N1-N from Arg-126A (2.74)
o g‘rfeéli‘;tt';’onn‘_"”th 39: C2-C from His-72B (3.23A)
defici 50: C2-C from Arg-126A (3.674)
eficient cente
Interaction with | 39: C9-N from Arg-73A (3.56A)
Cc9 an electron- 50: C9-N from Leu-69B (5.56A)
rich center C9-N from Arg-70A (5.44R)
Atom 13 interaction Wi | 30: C13-C from Arg-73A (3.47A)
deficient center 50: N13-C from Arg-73A (3.09A)
39: C24-C from Leu-69A (4.36A)
) ) 50: C24-C from His-72A(3.33A)
o-c interactions|  None C24-C from Arg-73A (3.27A)
C23-C from Arg-73A (3.894)
Halogen bonc | None 50: F (from Ch)-O from Ty-130A (2.68A) (7

We can see that the docking results coincide,goaitative way, with the suggested interactiorsvigted by Eq. 2.
For both molecules the docking results allow a itgtale relationship to be drawn between the teofngqg. 2 and
some specific points of the site. Moreover, docksuggests the existence ofinteractions that the model based
method could not detect because it did not inclidse atoms in the common skeleton. In Fig. 1Gkaev the
superimposition of molecules 39 and 50 with thefaonation they have when docked (see Figs. 4 an®@3)
Rings A and B were chosen as the common elemesufmgrimposition.
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Figure 10. Superimposition of docked conformationsf molecules 39 and 50

In molecule 50, the most active one, having an téindanstead of a C1, the side chain attached toi€pbinting to
the lower right hand side of the figure while in lequle 39 it is pointing to the upper side handesi@he
experimental evidence strongly suggest that thiacement of C1 by N1 raises the inhibitory actividyfact that
nicely fits with the LMRA results indicating thahi$ site interacts with an electron-deficient cente turn this
suggests that a substituent bonded to C1 shouih lbectron-rich one but separated from the ring IH linker
to avoid strong modifications of the electroniasture of the aromatic system (rings A and B). Bpsha —CHCN
substituent should be useful for this goal. It dsgible that docking studies might be amelioratgavbrking with
flexible residues using exactly the same size agitipn of the 3D box and doing the docking fortak molecules
analyzed.

In summary, we have found a good relationship betwle electronic structures and inhibitory adtgitof a group

of molecules against recombinant human mPGES-1. Quantum-pharmacological results suggest specific
interactions between some common skeleton atomauakdown residues of the enzyme. Docking studiesvsh
what residues are available for these specificactéons and that these residues are not necgstiaisame in all
cases [82].
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