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ABSTRACT

A study of the relationship between electronic&tite and S-nitrosoglutathione reductase (GSNORibition by
3-[1-(4-carbamoylphenyl)-5-phenyl-1H-pyrrol-2-yljgpanoic acids was carried out. A statistically sfgrant
equation (adj-B=0.91, F(7,17)=34.50 (p<0.000001), SD=0.15) wastabed relating the variation of GSNOR
inhibitory potency with the variation of the valuefsa set of local atomic reactivity indices belomggto a common
skeleton. Based on the analysis of the resultartgbtwo-dimensional inhibitory pharmacophore wasilt.

INTRODUCTION

Snitrosoglutathione reductase (GSNOR) is a cldsal¢bhol dehydrogenase encoded by the ADH5 geheimnans
that is also expressed in animals and plants [GSNOR is involved in the control of the intraciiulevels ofS
nitrosoglutathione (GSNO) and otheiSnitrosothiols. GSNOR reducesSnitrosoglutathione to S-
hydroxylaminoglutathione, which rearranges to fogtatathione sulfinamide or, in the presence of G&Himns
oxidized glutathione and hydroxylamine. Throughsthrocess, GSNOR regulates the cellular concentisatof
GSNO and plays an important role in regulatingléwels of endogenouS-nitrosothiols and controlling protei®
nitrosylation-based signaling [2, 4-11]. GSNOR Hmeen implicated in many biological processes, mgthe
cardiovascular, gastro-intestinal and respiratoygteans. More specifically, GSNOR may have an ingourt
function in respiratory diseases such as asthmdal$l2As such, GSNOR emerges as a therapeuticttéoge
number of clinically important human diseases. this purpose, GSNOR inhibitors have been devel¢ped5].
With the aim of enlarging our knowledge about ttopic we present in this paper a semiempirical twan
chemical study of the inhibition of GSNOR by a seft 3-[1-(4-carbamoylphenyl)-5-phenyHtpyrrol-2-
yl]propanoic acids recently synthesized and tekie SNOR inhibition [23].

MATERIALS AND METHODS

The model

As the methodology employed here to find relatigostbetween electronic structure and inhibitionstants has
been extensively discussed and applied in seveyagrg, we present here a short standard summai30]2@he
inhibition constant, I can be expressed as a linear relationship ofatme: f
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whereQ; is the net charge of atom&ﬁ,E and SN are, respectively, the total atomic electrophélid nucleophilic
superdelocalizabilities of Fukui et &, (Fjm) is the Fukui index of the occupied (vacant) MQm) located on
atom j [31]. SE(m) is the atomic electrophilic superdelocalizabildff MO m on atom |, etc. The total atomic
electrophilic superdelocalizability of atom j cap®nds to the sum over occupied MOs of?qﬁém)’s and the total

atomic nucleophilic superdelocalizability of atoris jthe sum over vacant MOs of t'q“%‘(m)’s [32]. H; is the local

atomic electronic chemical potential of atonﬁjL is the local atomic hardness of atoma]’j is the local atomic
max
electrophilicity of atom j,Cl is the local atomic softness of atom j, ard is the maximal amount of electronic

charge that atom j may accept from another sitg [HG)eOK 's are the orientational parameters of the sulstiti
[28, 33]. Throughout this paper HOMQefers to the highest occupied molecular orbibaklized on atom j and
LUMO;* to the lowest empty MO localized on atom j [29hey are called the local atomic frontier MOs. The
application of relationship (1) has given excelleggults for a great variety of drug-receptor syst€see [30, 34-
46] and references therein).

Selection of the experimental data.

Molecules were selected from a set reported in R&]. The molecules are shown in Fig. 1 and Tdbl€igure 2
shows the numbering of atoms used in the LMRA. Experimental data employed in this study are the
experimental GSNOR inhibition constantsgdee Suppl. Mat. of Ref. [23])

(@) N

. J

Figure 1. General formula of 3-[1-(4-carbamoylpheni)-5-phenyl-1H-pyrrol-2-yl]propanoic acids.
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Table 1. Selected molecules and their inhibitory aiwvities.

Molecule R R, Rs | log(ICsq) (uM)

1 H H H 2.76
2 H H Me 2.56
3 OMe H H 2.66
4 OMe H F 2.3¢
5 OMe H Cl 2.28
6 OMe H Chk 2.65
7 OMe H Me 2.32
8 F H Me 2.70
9 Cl H Me 2.08
10 CN H Me 2.7
11 OH H Me 2.2C
12 Ck H Me 3.60
13 CONH H Me 3.59
14 1H-imidazol-1-yl H Me 1.30
15 Cl MeO Me 1.75
16 MeQ Cl Me 2.3C
17 Cl OH Me 1.74
18 Cl CONH | Me 2.20
19 Cl EtO Me 2.23
20 Cl Pro Me 2.04
21 Cl NMe Me 2.54
22 Cl NHCHO | Me 2.7¢
23 Cl Cl Me 2.2C
24 Cl F Me 2.08
25 Cl Ch Me 2.52

Calculations.

The calculation of the numerical values of the tigdg indices of Eq. 1 was carried out with ZeriseZINDO/1
semiempirical method using the anion form of thelenales. It is worth mentioning that, after full ageetry
optimization, ZINDO/1 is the only quantum-chemicamethod producing positive nucleophilic
superdelocalizabilities. ZINDO/1 gave good resuifsen applied to the interaction of a group of 3sditiited
morphinans withy, 8 andk opioid receptors, for the inhibition of wild-typend drug-resistant HTV-1 reverse
transcriptase by some thiazolidenebenzenesulforeanédivatives and several otharvitro drug actions [46-52].
The statistical fitting of equation 1 was perforntedmeans of a linear multiple regression analfisMRA) with
the logarithm of the I values as the dependent variable and the locetivig indices of the atoms belonging to a
common skeleton as independent variables [53].albn numbering of the common skeleton is depiateléig. 2.
Hyperchem was employed for the calculation of thavevfunction [54]. For multiple regression analysie
employed the Statistica software [55].

Figure 2. Numbering of atoms for the common skeletoof 3-[1-(4-carbamoylphenyl)-5-phenyl-H-pyrrol-2-yl]propanoic acid analogues
used in the LMRA.
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RESULTS

The following equation was obtained:

log(IC,,) = 3.47- 1.9, - 0.8E, HOMO- 1)* 0.8B, I(UMO+ 2)*
~0.0065], (HOMO)*~0.26S' (LUMO* 1)* @)
~0.91F,, HOMO- 1)*-0.225), (LUMO*+ 1)*

with n=25, R=0.95, R=0.03 adj-R=0.91, F(7,17)=34.50 (p<0.000001), outliers=@ and SD=0.15. HereQ), is
the net charge of atom 9FJ-(MOr)* is the Fukui index (the electron population) of M& atom j and

S]N( MQ)* is the local atomic nucleophilic superdelocalizapibf MO, at atom j. The beta coefficients and t-test

for significance of coefficients of Eq. 2 are shoinriTable 2. Table 3 shows that at p<0.05 therenarsignificant
internal correlations between independent variatiggire 3 is the plot of observed valuesscalculated ones. The
associated statistical parameters indicate thatdfuation is statistically significant, explainiagout the 91 % of
the variation of the GSNOR inhibitory potency.

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

Beta | t(17) p-level
Q -0.43 | -6.04| <0.00001
9

Fll(HOMO—l)* -0.38 | -5.57| <0.00003
FlG(LUMO + 2) x | -0.33| -4.93| <0.0001
SLE( HOMQ * -0.41 | -5.76| <0.00007

0
%N ( LUMO+ 1)* -0.32 | -4.54| <0.0003
FlS(HOMO—l)* -0.27 | -3.84 <0.001

Table 3. Squared correlation coefficients for theariables appearing in Eq. 2.

Q | S'(LUMO+1)* | S5(HOMO* | F,(HOMO-1)* | S}(LUMO+1)* | Fs(HOMO-1)*
SGN (LUMO+1)* 0.04 1.00
SE(HOMOQ* | 002 | 001 1.00
F,(HOMO-1)* | 0.005| 0.01 0.06 1.00
SY(LUMO+1)* | 0.03 | 0.03 0.05 0.006 1.00
F,(HOMO-1)* 0.03 0.04 0.001 0.06 0.02 1.00
F,(LUMO+2)* | 0.03 | 0.003 0.003 0.02 0.005 0.01
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Figure 3. Plot of predictedvs. observed log(IGg) values from Eq. 2. Dashed lines denote the 95%rddence interval.
DISCUSSION
Molecular Electrostatic Potentials

Figure 4 shows two views of the molecular electatistpotential (MEP) of molecule 1 [54].

Figure 4. MEP of molecule 1. The green surface cagsponds to positive MEP values and the pink one teegative MEP values.
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We can see that almost all the molecule is surredrxy a negative MEP region with the exceptionhefleft side
(rings A and C, Fig. 2). The same happens forallrest of the set. This is a direct effect of @O group and is
similar to anionic kynurenic acid derivatives arabitively-charged-phenylethylamine derivatives [56, 57]. As the
negative MEP area is common to all the moleculedistl here, we suggest that they approach GSNOR thét
negative MEP area pointing toward the protein.

LMRA results

The final equations relate theariation of the inhibitory capacity to theariation of one or more local atomic
reactivity indices. Thus, any index making a contsteontribution will not appear in the equation. rQasults
indicate that, for the case analyzed, the variatioie inhibitory capacity is related to the véina of the numerical
values of a set of seven local atomic reactivitjices belonging to the common skeleton. This téswery good
considering the approximations made to build thelehoThe Beta values (Table 2) show that the ingya of the

variables is Q, > SE(HOMO* > F,(HOMO-1)* > F,(LUMO+2)* = S¥(LUMO+1)* >

F,(HOMO-1)* >S3(LUMO+1)*. S}(LUMO+1)* and F,,(HOMO-1)* will not be included in

the discussion because of their low p level (sebleT&). A variable-by-variable analysis indicatésitta high
inhibitory capacity is associated with a positivet kharge on atom 9, a low electron-donor capaditgtom 10,
high electron-acceptor capacities of atom 6, agt lkelectron populations on certain molecular olbitd atoms 11
and 13. Atom 6 is located on ring A. Its local LUM@nd (LUMO+1)* are ofr nature. As an example, Fig. 5
shows the LUMO* and (LUMO+1)* of atom 6 in moleculg(see Fig. 2). We suggest then that atom 6, artthps
other parts or ring A, undergarar stacking interaction with an electron-donor ardmedunterpart.

Figure 5. Local LUMO* (left, corresponding to the nolecule’s (LUMO+1)) and (LUMO+1)*
(right, corresponding to the molecule’s (LUMO+2)) é atom 6 in molecule 1.

Ring B participates in the inhibition process thgbpat least, atoms 9, 10 and 11. A positive natgdon atom 9 is
indicative of an electrostatic interaction with agatively-charged counterpart. A low value IBE)( HOMO*

can be obtained by lowering the correspondipgd HOMO)* , by lowering the HOMO* eigenvalue or by both

actions. However, the local HOMO* of atom 6 does emincide with the molecules’ HOMO. For example the
case of molecule 1 the local HOMO* of atom 10 cspands to the molecule’s (HOMO-3) and istafature. Then,

a low value forS_LEO( HOMO* can be interpreted by suggesting that atom 16tésacting with a counterpart in

GSNOR having a high electron density that can cologe to the inhibitory molecule. We lack enougioimation
to discern if this interaction is a charge transfean-n stacking interaction but we may note that the ireqoent of
a positively charged atom 9 bonded to atom 10 eaorfthe approach to a region of high electron itenis the
case of atom 11 (a nitrogen), its local (HOMO-19*ell below the molecule’s HOMO. For example, ialetule 1
it corresponds to the (HOMO-5) molecular MO. Oueipretation states that this atom interacts witrelectron-
deficient center located in GSNOR. The requiremémtshe three atoms of ring B are consistent amtiegn and
indirectly support the existence of a region in @#Nto which ring B must come close to. Ring C u#pttes in

the inhibition process through at least atom 1éigh value of F,,(LUMO +2)* is optimal for good inhibitory

capacity. In the case of atom 12, the nature dllet/MO*, (LUMO+1)* and (LUMO+2) is 6,0,0) in almost all
the molecules. We suggest, as a tentative exptanatat part or all of ring C interacts withcaelectron cloud
located in GSNOR. Considering the fact that in\& feolecules, such as molecule 1, the nature ofl lodMO*,

(LUMO+1)* and (LUMO+2) of atom 12 isn(r,x), we think that the only way to clarify this poiist by analyzing
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more sets of similar molecules. All the above sstjges are summarized in the partial two-dimendid@B)
inhibitory pharmacophore shown in Fig. 6.
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Figure 6. Partial 2D inhibitory pharmacophore for the inhibition of GSNOR by 3-[1-(4-carbamoylphenyl)5-phenyl-1H-pyrrol-2-
yllpropanoic acids.

Finally, let us note that Fig. 3 shows that onfigw points liejust outside the 95% confidence lirsitggesting that
the common skeleton used works well for this c&mitrosoglutathione reductase is involved in funéatal
processes that are keys to preserve the biologitedrity of living beings. In this sense, it ispected that the
recognition processes must be very complex to agoits in substrate recognition. This is refledtethe fact that
Eq. 1 has a high degree of fine orbital controt teahe result of a long evolutionary process.

Some general comments about the model and catmdatare pertinent. Regarding calculations, it isrttivo
mentioning that the first successes of this metlvetk obtained using the now old CNDO/2 semiemgiricathod
[58-61]. There are clear theoretical reasons taba CNDO/2 in favor ofab initio methods, but to date no
explanation has been provided for its success. ZND another semiempirical approach, still showat ih can
compete very well with, for example, purely statisly-based methodologies employing thousandsescdptors
[51]. The other question is related to the sizenost biologically active molecules. The existentseaveral isolated
aromatic centers (i.e., not conjugated) implies thaeveral cases the HOMO is localized in différeenters in a
group of molecules. Then, if a center acts as aatreln donor, it can do so employing an occupied diterent
from the HOMO. This is the physical basis of theaept of local molecular orbitals. In small moleithe HOMO
and LUMO are usually located on the same atomitecenbut this is only a particular case.

In conclusion, we obtained a good quality structacvity relationship between electronic structarel GSNOR
inhibitory potency for a group of 3-[1-(4-carbamplyknyl)-5-phenyl-H-pyrrol-2-yl]propanoic acids. These results
should be useful to modulate the electronic stmecteading to high GNSOR inhibitory activity.
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