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ABSTRACT

A Density Functional Theory study was carried out to find relationships between the e ectronic/molecular structure
of a group of pyrazalone-quinazolone hybrids and their inhibition of human 4-hydroxyphenyl pyruvate dioxygenase
(HPPD). The geometries were fully optimized at the B3LYP/6-31G(d,p) level. A statistically significant equation was
obtained. The equivalent 2D pharmacophore was built and some atomtsite interactions were suggested. The
analysis of the equation and the pharmacophore should provide new information about possible substitution sites
for an enhancing of the inhibitory activity.

Keywords: HPPD, 4-hydroxyphenylpyruvate dioxygenase, QSBRT calculations, reactivity indices, inhibition
constant, electronic structure.

INTRODUCTION

In aerobic metabolism, the conversion of 4-hydrdgmylpyruvate into 2,5 dihydroxyphenylacetate
(homogentisate) is catalyzed by the enzyme 4-hygroe&nylpyruvate dioxygenase (HPPD). In animals this
pathway is required to control blood tyrosine levdh Homo sapiens, the abnormal metabolism in the tyrosine
catabolism pathway gives rise to various diseasesh as Type | tyrosinemia, Type Il tyrosinemiapé@wll
tyrosinemia, hawkinsinuria and alkaptonuria (aloaptia, black urine disease or black bone dised$BpRD is
linked directly to alkaptonuria (a deficiency intige homogentisate 1,2-dioxygenase), Type Il timemia (a
deficiency of active HPPD) and hawkinsuremia (altesf uncoupled turnover of HPPD). The specifibibition of
HPPD can relieve the symptoms of alkaptonuria, Tiyfyeosinemia and perhaps hawkinsinuria, by endiregflux

of metabolites through four of the five steps absine catabolism. Also, naturally occurring alfthic diketone
and triketone alkaloids inhibit HPPD in a specifi@y which prevents the creation of homogentisatd an
consequently the synthesis of tocopherols and gaagtones, the latter of which is vital for photothesis.
Therefore, molecules that specifically inhibit HPIRBve potential use as herbicides. Several grotipsotecules
have been synthesized and tested for HPPD inhibifie14]. Recently, Yang et al. synthesized a sené
pyrazolone—quinazolone hybrids that are novel goteman HPPD inhibitors [3]. As a contribution farbetter
understanding the action mechanism of HPPD inhikitove present here the results of a study relatiiveg
electronic/molecular structure of the abovementiommlecules with their inhibition constants agairestombinant
human HPPD.
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MATERIALS AND METHODS

The method

Considering that the formal model employed here been presented in several papers [15-23], we phedlent
here only its main lines of development and discoelw only the results obtained here. Startingnfrthe

statistical-mechanical definition of the equilibmuconstant, an expression relating this experinherahie with

several local atomic reactivity indices and oriioteal parameters was developed. This model istte member of
the class of formal models. Its application to saldifferent molecules and receptors gave verydgasults (see
[23-38] and references therein). Its extensionlitd&iads of biological activities was very fruitfsee [38-52] and
references therein).

Selection of biological activity
The molecules were selected from Ref. [3]. The ehasxperimental values are the inhibition const@tfsagainst
recombinant human HPPD. Both are shown in Fig.dlTeable 1.

R3

Figure 1. General formula of the selected pyrazala@quinazolone hybrids

Table 1. Pyrazalone-quinazolone hybrids and HPPD Hibition constant (K;)

Mol. | Mol. R, Rs R4 log (K))
1 3a H H H 1.28
2 3b F H H 1.18
3 3c Cl H H 1.34
4 3d Br H H 1.38
5 3e Me H H 1.7¢
6 3f OMe H H 1.58
7 3g H F H 1.30
8 3h H Cl H 1.00
9 3i H Br H 1.15
10 3 H Me H 1.11
11 3k H OMe H 1.52
12 3l H OCk H 1.49
13 3m H H F 1.53
14 3n H H Cl 1.34
15 30 H H Br 1.26
16 3p H H Me 1.40
17 3q H H OMe 1.78
18 3r H H OCk 2.20
19 3s Me H Cl 1.51
20 3t Me H F 1.60
21 3u Br H Me 1.04
22 3v H Cl Cl 1.40
23 3w F H Me 2.23
24 3x Cl H Me 1.95
25 3y Me H Me 1.77

Calculations
As usual, we worked within the common skeleton lilgpsis asserting that there is a set of atoms, aomtmall the
molecules analyzed, that explains practically 2l biological activities. The effect of the suhsgitts is to change
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the electronic structure of the common skeleton@midfluencing the correct placement of the intdbimolecule.
The common skeleton is shown in Fig. 2, togetheh whie atom numbering employed in the resultaritssizal
equations.

Figure 2. Common skeleton humbering

Molecular geometries were fully optimized at theLB®/6-31G(d,p) level of the theory with the Gauss¥8 suite

of programs [53]. From the corrected Mulliken Patian Analysis results [54], the numerical values &ll
electronic local atomic reactivity indices were aibed. The D-Cent-QSAR software was used [55]. The
orientational parameters for the-R, substituents were calculated with the Steric safén[56]. As the system of
linear equations cannot be solved because the nuofbenolecules is smaller than the number of unkmow
coefficients, a linear multiple regression analysi8IRA) was carried out. The Statistica softwareswsed [57].

RESULTS

The best equation obtained with LMRA is:

log(K,)=1.47- 0.6%, HOMO— 2)% 0.004, + 6.92, HOMO- 2}
+6.48,, LUMO+ 2)*~0.2B) (UMO+ 1)* 1.1&,, HOMO- 2)* &)
~2.50F,, HOMO - 1)*

with n=25, R= 0.96, R2= 0.92, adj. R?= 0.89, F(J72B.62 (p<0.000001) and a standard error of estirnf0.11.
No outliers were detected and no residuals fakidetthe +3 limits. Here, F,(HOMO - 2)* is the Fukui index

of the third highest occupied MO localized on atémg,, is the orientational parameter of the gubstituent,
F,(HOMO-2)* is the Fukui index of the third highest occupiedOMlocalized on atom 17,
Fo(LUMO+2)* is the Fukui index of the third vacant MO locatizen atom 19, isS) (LUMO+1)* the
nucleophilic superdelocalizability of the secondaat MO localized on atom 5,,(HOMO —2)* is the Fukui

index of the third highest occupied MO localized aiom 18 andF,,(HOMO —1)* is the Fukui index of the

second highest occupied MO localized on atom 14 Fs$g. 2). Table 2 shows the beta coefficientsthedesults of

the t-test for significance of coefficients of Eh. Table 3 displays the squared correlation cdefiis for the
variables appearing in Eq. 1. With the exceptiotwaf reactivity indices belonging atoms 5 and 1@.(E) showing

a 32% correlation, there are no important intepmatelations. Note that these two atoms are segghilay a long
distance. Fig. 3 displays the plot of observedcalculated log (K values. The associated statistical parameters of
Eqg. 1 indicate that this equation is statisticalignificant and that the variation of the numericalue of a set of
seven local atomic reactivity indices of atoms hglag to the common skeleton explains about 89%hef
variation of the HPPD inhibition constant.
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Table 2. Beta coefficients and-test for significance of the coefficients in Eq. 1

Beta ID VAR t(17) p-level
vars | 038 F(HOMO-2)* -4.62 | <0.0002
Var564 | 053 B 7.50 | <0.000001
var32s| 041| F,(HOMO-2)* 5.25 | <0.00007
var370| 058| Fo(LUMO+2)* | 562 | <0.00003
varos | -0.46| SM(LUMO+1)* | 469 | <0.0002
vardas | 027 Fg(HOMO=-2)* | 334 | <0.004
var266 | -0.19| F,(HOMO-1)* | -256| <0.02

Table 3. Squared correlation coefficients for the ariables appearing in Eq. 1

F,(HOMO-2)* @ F,(HOMO-2)* | Fgo(LUMO+2)* | S (LUMO+1)* | F4(HOMO-2)*
(1% 0.01 1.00
F,(HOMO-2)* 0.06 0.00 1.00
*
F(LUMO +2) 0.12 0.005 0.03 1.00
SY(LUMO+1)* 0.002 0.004 0.10 0.32 1.00
Fs(HOMO-2)* 0.0004 0.05 0.06 0.07 0.004 1.00
F.(HOMO-1)* 0.03 0.002 0.05 0.01 0.02 0.06
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Figure 3. Observedversus calculated values (Eq. 1) of log (K Dashed lines denote the 95% confidence interval

Local Molecular Orbitals

Tables 4 and 5 display the local molecular orb#aticture of atoms appearing in Eq. 1 (Reading:emde’s
number (HOMOQO)/ (HOMO-2)*, (HOMO-1)*, (HOMO)*- (LUMQ¥, (LUMO+1)*, (LUMO+2)*).
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Table 4. Local molecular orbital structure of atomsl, 5 and 14

Mol. Mol. Atom 1(N) Atom 5(C) Atom 14(C)
1(94) 3A 92:93194n-951100t101n 7806826925-10461115112% 891906916-96n9 71100
2(98) 3B 9@97rn98r-9911047105¢ 8468605960-108511165115 9469569 71-100t101n103n
3(102) 3C 1081017x1027-103t1097110t | 86068851005-13611851205 96rn971985-10411051107n
4111 | 3D 108r110c11dn-1127116n119% | 9569761086-225127612Sc 105610611075-113c1 14l 160
5(98) 3E 9495196m-991101x102¢ 876946950-104611361 140 8819269 7r-100r 101104
6(102) 3F 9899101r-103t1087109% 88598599%-1085113121c 9869951021-1047105t106n
7(98) 3G 9G97r98r-991104t105t 826865960-108511251166 905936946-100t1017102¢
8(102) 3H 108101x1027-103c1097110c | 86068851005-1361176120: 946976985-1047105t107
9(111) 3l 10@110t111n-11271181119% | 9369761085-226126612% 101t10661075-113t114n1 160
1098 | 3¢ 95n97n98r-9911047105¢ 816865955-108:11€51170 891930945-10071011 04n
11(102 | 3K 991100t1027-1031108t109t | 850885995-10861156121c 931976985-104t105t1 06
12(114)| 3L 11211311147-115t1200121n | 9910261126-124612%132% | 109%1106111-116111 77119
13(98) 3M 9%97198r-9911047105n 836866955-10851125115 9369459605-100t102t103t
14(102) | 3N 10810171027-103t109%110r | 8608861005-11251136118 97698599%-1041105t107
15(111)| 30 108110t1117-1127118t11% | 9509761085-121612251270 10661076109%-113t11471 160
16(98 | 3F 95n97n98r-9911047105¢ 800865955-108c1 1461 1€c 8919459605-10071012102¢
17(102 | 3C 991100t1027-1031108t109t | 8506885995-108611561170 9319851015-1041106t107
18(114)| 3R 112113t114r-115t120n121n | 9910261125-12461305132% | 1095110651115-1161118t119
19(106) | 3S 10R1047105t-10701 11113t | 9269361035-123612401260 100510251051-108t10971 13t
20(102) | 3T 9910171027-1031108t102% 86089599%-113611651205 9761005101n-1042105t107
21(115)| 3U 1121147115t-11611221123t | 98510161126-126613161346 | 10%5110511165-1171118t120n
22(110 | 3V 108r109110n-111211721 18t | 9269451085-1216122612€c 10651076109r-1122113el 160
23(102 | 3W | 100r101x1027-103c108t109t | 8606906995-112612(c121c 956986101n-1041105t107r
24(106) | 3X 104105t1067-1072113t114n | 88069261036-11761226125c 100510251046-10811097t1 11
25(102) | 3Y 98991100rt-103t105t107r 876885985-108511%1205 966995101n-104t105t108t
Table 5. Local molecular orbital structure of atoms17, 18 and 19
Mol. Atom 17(C) Atom 18(N) Atom 19(C)
1(94) 9593194n-95197n98n 91n93n94n-95n96r98n 86069069165-976985103%
2(98 95n97r98r-991101n102% 96rn97n98r-997100t101n 905916956-10€661116114c
3(102) 9%10171027-103t105t107n 9911017102r-10371047105¢ 90695699%-1076117611%
4(111) 106110n11 1112711471167 | 109110c111n-1127113c116r | 1031045105-11661201260
5(98) 939619 7n-991100t101n 95196n97n-991100t 101 906926936-110511461175
6(102) | 1006101x102r-1037r105t106t | 100t101x102r-10471051106¢ 946960976-1066110511%
7(98) 9597198r-991101n102n 95197n98r-991100t 102t 916936956-103610651125
8(102 | 976101n1027-103c105t107r | 99n101n1027-103c104t107r 946956975-1076111611Ec
9(111 | 106061107111x-11271147116t | 109711071110-1127113¢1161 | 103510451065-11€512Cc51270
10(98) 9397198r-991101102¢ 96r97r198r-991100t 101 906930960-10361065113%
11(102) | 10@101r1027-103r105t106t | 100t101n102r-103t104n106¢ 946975985-106611%1205
12(114) | 1186113c114e-115011771187 | 11Id13cl14n-1150116x119% | 1066107610%-119130:131c
13(98) 9&97n198r-9911021103t 96rn97n98r-991100t 103t 9369469606-103610651125
14(102 | 99%101n1027-103c105t107r | 99n101n1027-103c104t107r 94697699%-1076111611%
15(111 | 10%110c111n-11271140116x | 109c110c11dn-1127113c116t | 1065107610%-11€512Cc128
16(98) 9&97198r-991101t102¢ 96r97r198r-991100t102¢ 906946960-1031060115
17(102) | 10@10151027-1037105t106t | 100t101r102r-103t104n105¢ 916946985-1066110511%
18(114) | 1186113c114r-1157t1187119% | 112¢113cl114n-11501116x118t | 1066109%51115-1195122612%
19(106) | 103104t105t-1077108t109t | 102t1047105n-10721087109% | 100510151025-118512251256
20(102 | 1005101%1027-103r105t106t | 100t101w1027-103t104n105t | 9669801005-105611€51170
21(115)| 113114n115t-1167118t119 | 1130114el15t-11611177120t | 107%610%1105-12061246133
22(110) | 1041097110t-111x113r116t | 107%w109%1107-111n112¢116¢ | 103510551075-116612051260
23(102) | 1061017102t-103r105t106t | 100t10171027-103t1041105¢ 9469561005-110512051216
24(106) | 104105t106t-1077109t110tr | 104t105t1067-1077108t109% | 99510051046-111612561260
25(102) | 99100t101n-103t104t105c 991100r101n-103t1047105¢ 946960976-122612361240

Figure 4 shows the fully optimized structure of swmlle 2. The most important fact to notice is tivags A, B-C
and D are not coplanar. Therefore, the direct efféthe substituents of ring D on the electroriticture cannot

propagate to the rest of the system.

DISCUSSION
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Fig 4. Fully optimized structure of molecule 2

Nevertheless, there is a second effect of the subst that can alter the electronic structure sTéffect is related to
the appearance of new molecular orbitals that d¢izm #he energy and/or location of the other MOdbéasis set

effect). Table 2 shows that the importance of \@es in Eq. 1 is Fo(LUMO+2)*> ¢,>
S (LUMO+1)*> F,(HOMO -2)*> F,(HOMO -2)*>>> F,(HOMO-2)*> F,,(HOMO-1)*.

A high inhibitory activity is associated with a diharientational parameter value for,Ra high values

for F,,(HOMO-1)* andF,(HOMO-2)*, low values folF,(HOMO-2)*, F,,(LUMO+2)*

andF,,(HOMO - 2)*. The case oS (LUMO +1)* will be discussed below. Atom 1 is a nitrogeniirgrA
(Fig. 2). The three highest occupied and the tloeest vacant local MOs haverenature (Table 4). A high value
for F,(HOMO —2)* suggests that atom1 is interacting with an eleetteficient center through its three highest
occupied MOs. Atom 5 is the carbon of the methylugr attached to N1 in ring A (Fig. 2). All MOs hawenature
(Table 4). If the numerical values (SSN (LUMO+1)* are positive, then a high inhibitory activity issaciated

with high values for this index. To obtain high was$, the corresponding MO energy must be shiftethdards,
making this MO more reactive. This suggests thaineh is interacting with a rich electron centeptigh at least its
first two lowest vacant MOs. It is probably thage tbenter has occupiedMOs. Atom 17 is a carbon in ring C (Fig.

2). A high inhibitory activity is related to low merical values oF,,(HOMO —2)*. Table 5 shows that almost

all (HOMO-2),; are ofc nature, while all (HOMO-1) and(HOMO),; have ar nature. This suggests that this
MO can difficult the interaction of (HOMO-3) and(HOMO),; with an electron-deficient center. Atom 19 is a
carbon of the methyl group attached to C17 (FigA#)MOs have as nature (Table 5). A high inhibitory activity is

associated with low numerical values Fgg(LUMO +2)*. We tentatively suggest that this atom is inténact

with an electron rich center with or t MOs. Atom 18 is a nitrogen in ring C (Fig. 2). Ttheee highest occupied
and the three lowest vacant local MOs have raature (Table 5). A high activity is associateithwow values

for Fs(HOMO —2)*. Accordingly, we suggest that atom 18 is interagtvith an electron deficient center (with
n electrons) through its first two highest occupM@®s. Atom 14 is a carbon in ring B (Fig. 2). A higthibitory
activity is associated with high numerical valuesf, ,(HOMO —1)* . Table 4 shows that the nature of (HOMO-
1), and (HOMO), can ber or 5. The only suggestion is that atom 14 is interactiith an electron deficient
center allowing interactions wihandn electrons. A high inhibitory activity is associéteith low @, values [18,

22, 23]. This means that in the actual set undalyais a methyl substituent is the best choicthiff is true, then we
could replace it by a substituent having the saffeets on the electronic structure of ring D. Th®ice in this case
is an ethyl group. All the above suggestion arermanzed in the 2D corresponding pharmacophore shaoviig.
5.
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Figure 5. 2D pharmacophore for HPPD inhibition

In summary, we obtained a statistically significaatationship between the variation of the HPPDikition

constant and the variation of the numerical valagsix local atoms reactivity indices and of theeatational
parameter of one of the substituents in a serigsyEzalone-quinazolone hybrids. The associatednmd@ophore
should provide information to develop new molecwéth enhanced inhibitory activity.
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