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ABSTRACT

We present an analysis of the relationships between the electronic structure and the SARS
coronavirus papain-like protease inhibitory capacity of a series of 4-piperidinecarboxamide derivatives. The
electronic structure of all the molecules was calculated within the Density Functional Theory at the B3LYP/6-
31g(d,p) level with full geometry optimization. We found a statistically significant relationship between the
variation of the inhibitory capacity and the variation of the values of local atomic reactivity indices pertaining
to five atoms of a common skeleton (n=15, adj R’=0.91, F(5,9)=29.79 (p<0.00002), SD=0.24). Molecular
electrostatic potentials and conformational aspects of the molecules are discussed. A partial inhibitory
pharmacophore is proposed and discussed. This is another example of the needlessness of using hundreds or
thousands of reactivity indices and descriptors to get useful physically-based information from experimental
results.
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INTRODUCTION

At the end of the year 2002, an outbreak of severe and atypical pneumonia, now called severe acute
respiratory syndrome (SARS), was reported in the Guangdong Province of the People’s Republic of China.
Initially, systemic symptoms of muscle pain, headache and fever were observed. After 2-10 days, the onset of
the respiratory symptoms followed (cough, dyspnea, and pneumonia). Severe cases frequently developed
quickly, progressing to respiratory distress and requiring intensive care. The epidemics of SARS affected 26
countries, resulting in more than 8,000 cases in 2003. About 9% of SARS-infected patients died (the mortality
rate approached 50% for people over 50 years old). Since 2004, there have not been any known cases of SARS.
SARS is a viral illness caused by a virus named SARS coronavirus (SARS-CoV) [1-15]. No effective vaccines or
antiviral agents have been developed to date. Two targets that seem to be important in the fight against this
virus are the SARS-CoV-encoded cisteine proteases, Plpro (papain-like protease) and 3Clpro (chymotrypsin-like
protease) [16-21]. The first plays a fundamental role in viral replication and was proposed to be of paramount
importance in the pathogenesis of SARS-CoV. Several molecules inhibiting SARS-CoV PlLpro have been
synthesized and tested [22-45]. Considering the present situation, any approach that could help to understand
the inhibitory action of antivirals should be useful. Considering that so far there are no formal quantitative
structure-activity relationships studies dealing with antiviral action, we present here the results of a quantum-
chemical analysis of the relationships between electronic structure and the in vitro SARS-CoV PLpro inhibition
for a group of molecules recently synthesized and tested [24].

MATERIALS AND METHODS
Methods

Considering that the methodology employed in this work has solid physical bases that have been
presented and discussed in detail in previous works, we present here the final results [46-50]. The logarithm of
the biological activity (BA) can be written as:

Iog(BA):a+Z[e Q,+f S5 +s S} ]+
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where Q; is the net charge of atom i, = and ~! are the total atomic electrophilic and nucleophilic
superdelocalizabilities of Fukui et al., F; ,, is the Fukui index of the occupied [empty] molecular orbitals (MO) m
[m’] located on atom i. S;°(m) is the atomic electrophilic superdelocalizability of MO m on atom i, etc. The total
atomic electrophilic superdelocalizability of atom i corresponds to the sum over occupied MOs of all the
S (m)’s and the total atomic nucleophilic superdelocalizability of atom i is defined as the sum over empty the
MOs of all SiN(m’)’s. The last bracket of Eq. 1 contains new local atomic reactivity indices obtained within the
Hartree-Fock-Roothaan framework by an approximate rearrangement of part of the remaining terms of the
series expansion employed in our model [46]. The local atomic electronic chemical potential of atom i, y,;, is
defined as:

(1)

W= oc_—em (2)
where ~° is the highest occupied MO located on atom with a non-zero Fukui index and ™ is the lowest

vacant MO located on atom i with a non-zero Fukui index. The total local atomic hardness of atom i, n;, is
defined as:

n.=E;,-E; (3)
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The total local atomic softness of atom i, g, is defined as the inverse of the local atomic hardness. The
local electrophilic index of atom i, w;, is defined as:

o, M (4)
2n,
max
The maximal amount of electronic charge that an electrophile may accept, I , is defined as:
Qrx=Th (5)

T

The physical meaning of these local atomic indices is: p; is a measure of the predisposition of an atom
to gain or lose electrons; a large negative value indicates a good electron acceptor atom while a small negative

value implies a good electron donor atom. 1), is interpreted as the resistance of an atom to exchange

electrons with the environment. ®; is associated with the electrophilic power of an atom and includes the

tendency of the electrophile atom to receive extra electronic charge together with its resistance to exchange
charge with the medium. The fundamental importance of Eqg. 1 is that it contains only terms belonging to the
drug molecules.

The moment of inertia term of Eq. 1 can be expressed in a first approximation as [48]:
-1/2 2 _
log[ (ABC)™ |=>">"m, R} =>"0, (6)
t ot t

where the summation is over the different substituents of the molecule, m;; is the mass of the i-th atom
belonging to the t-th substituent, R;; being its distance to the atom to which the substituent is attached. The
physical interpretation of these terms is that they represent the fraction of molecules attaining the proper
orientation to interact with the receptor. We have named them Orientation Parameters. Then, for n molecules
we have a set of n simultaneous equations 1. This system of simultaneous equations holds for the atoms of the
molecule directly concerned in the biological process. These equations can be usefully applied to estimate the
relative variation of the biological activities in the family of molecules. This approach has given very good
results for a great variety of molecular systems and biological activities [46, 51-73] (and references therein).

Selection of molecules and experimental data
The molecules were selected from a recent study. Their general formula and biological activities are

displayed, respectively, in Fig. 1 and Table 2. All the molecules in Fig. 1 have R chirality in the naphthylethyl
moiety (marked *). In some molecules the center marked ** has R or S chirality (see Table 1).

R2

*%*

R4

Figure 1: General formulas of 4-piperidinecarboxamide derivatives.
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Table 1: 4-piperidinecarboxamide derivatives and SARS-CoV PLpro inhibitory activity.

Mol. | log(ICs) R, R, R; R4

1 0.34 H H H H

2 1.13 (R)-Me H H H

3 1.10 (S)-Me H H H

4 126 | (R-CH,OMe | H H H

5 028 | (S-CH,OMe | H H H

6 -0.33 H H H Et

7 -0.22 H H H CONHMe

8 -0.20 H H CONHMe H

9 0.76 H H H NHCOMe

10 -0.41 H H NHCOMe H

11 1.31 H H CH,NHCOMe H

12 1.43 H H cl H

13 -0.24 H H H Cl

14 1.31 H H F F

15 -0.31 H H H F

16 -0.82 H H F H
17* 1.42 H H | - H
18%* 1.26 H H H | -
19%* -0.46 H OMe H | -

* With a N atom at a (Fig. 1). ** With a N atom at b (Fig. 1).

The biological activity selected for this study is the enzyme inhibitory activity of the compounds, expressed as
ICso [24].

Calculations

The electronic structure of the molecules was obtained within the Density Functional Theory (DFT)
framework at the B3LYP/6-31g(d,p) level after full geometry optimization. The Gaussian suite of programs was
used [74]. The values of the LARIs were obtained with the D-CENT-QSAR software [75]. Mulliken Population
Analysis results were corrected to avoid negative electron populations [76]. Orientational parameters were
calculated as proposed [48]. As it is not possible to solve the system of linear equations because there are not
enough molecules, we employed linear multiple regression analysis (LMRA) to discover the local atomic
properties implicated in the variation of the biological activity through the series. Statistica software was
employed for LMRA [77]. We worked within the hypotheses stating that there is a set of atoms common to all
the molecules (called the common skeleton), involved in the biological process. The variation of the numerical
values of some local atomic reactivity indices of a number of atoms of the common skeleton accounts for the
variation of the biological activity. The substituents modify the electronic structure of the common skeleton
and direct the precise alignment of the common skeleton with the papain-like protease site. We built a matrix
containing the logarithm of the dependent variable (the enzyme inhibitory activity) and the local atomic
reactivity indices of the atoms of the common skeleton as independent variables [75]. The common skeleton
numbering is shown in Fig. 2.

2Lsx

Figure 2: Common skeleton of 4-piperidinecarboxamide derivatives.
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RESULTS

The nomenclature employed hereafter is the following. HOMO;* is the highest occupied molecular
orbital localized on atom j and LUMO;* is the lowest empty MO localized on atom j. They are called the local
atomic frontier MOs. The molecular MOs do not carry an asterisk. The first LMRA for the whole set of
molecules (n=19) did not produce any statistically significant equation. Considering that the molecule pairs 2-3
and 4-5 correspond to optical isomers at position 21 (Fig. 2), and that the LARIS’s have therefore the same
value, we carried out a new LMRA including the orientational effects of the R; substituents. No statistically
significant equation was obtained. We carried out a new LMRA excluding the optical isomers. After eliminating
one outlier, the following equation was obtained:

log(IC,,) =54.02+0.40S" (LUMO)*+45.04F,, (LUMO + 2) *—-3.61S} +

(7) with
+0.51S)! +0.43S £ (HOMO —2) *

n=15, R=0.97, R2=0.94, adj R2=O.91, F(5,9)=29.79 (p<0.00002) and SD=0.24. No outliers were detected and no

residuals fall outside the +20 limits. Here, Slg (LUMOQ) * is the local atomic nucleophilic superdelocalizability
of the highest occupied MO localized on atom 18, F,,(LUMO +2)* is the electron population of the third
vacant MO localized on atom 20, 31’;‘ is the total atomic nucleophilic superdelocalizability of atom 15, Sl'\(‘) is

the total atomic nucleophilic superdelocalizability of atom 10 and SE(HOMO—Z)* is the local atomic

electrophilic superdelocalizability of the third highest occupied MO localized on atom 19. Tables 2 and 3 show,
respectively, the beta coefficients, the results of the t-test for significance of coefficients and the matrix of
squared correlation coefficients for the variables appearing in Eq. 7. Table 3 shows that there are no significant
internal correlations between independent variables. Figure 3 shows the plot of observed vs. calculated values.
The associated statistical parameters of Eq. 7 show that this equation is statistically significant and that the
variation of a group of local atomic reactivity indices belonging to the common skeleton explains about 91% of
the variation of the inhibitory capacity.

Table 2: Beta coefficients and t-test for significance of coefficients in Eq. 7.

| ||Beta||t(9) ||p-|eve| |
Si (LUMO)*  |lo.61 [|6.48 ||<0.0001

F,o (LUMO +2)* |l0.39 ||4.29 ||<0.002

Sh -0.79|-8.07||<0.00002

S 0.23 (.73 ||<0.02

Sy (HOMO —2) *|lo.56 |[5.71 ||<0.0003

Table 3: Matrix of squared correlation coefficients for the variables in Eq. 7.

SN (LUMO)*|[F,, (LUMO +2)*[ s |[s
F,, (LUMO +2)* 030 1.00
S 0.43 0.32 1.00
Sh -0.06 0.17 -0.05/1.00
S, (HOMO —2)* 0.34 0.11 0.39/0.30

September - October 2014 RJPBCS 5(5) Page No. 428



o cSs

ISSN: 0975-8585

16
14 « 4 .
12 ' '
10
0.8 . '
0.6
0.4
0.2
0.0

Observed log(ICsp) Values
°

-0.2 o .0 .8
d e

0.4 °

06t 7

08¢ o

10k
08 06 -04 -02 00 02 04 06 08 10 12 14 16

Predicted log(ICs) Values

Figure 3: Plot of predicted vs. observed log(ICs;) values (Eqg. 7). Dashed lines denote the 95% confidence interval.
DISCUSSION
Molecular Electrostatic potential (MEP)
For electrostatic forces to be recognized at long distance for subsequent guiding of the molecules

toward their action site, we expect some similarity of the MEPs of all molecules. As an example, Fig. 4 shows
the MEP maps of molecules 1 and 13 at a distance of 4.5 A from their nuclei [78].

0.0194

I 0.00909

-0.00120

Figure 4: MEP of molecules 1 (left) and 13 (right) at 4.5 A from the nuclei.

We can see that the MEP maps are very similar: a region of negative MEP exists over one of the faces
of the naphthalene moiety while the remainder of the molecule is surrounded by a negative MEP area. Alone,
this information is not enough to know which side of the molecule approaches the enzyme. Figure 5 shows the
MEP maps of molecules 1 and 13 for an isovalue of £0.01 [79].

Figure 5. MEP of molecules 1 (left) and 13 (right). The green isovalue surface corresponds to negative MEP values (-0.01)
and the yellow isovalue surface to positive MEP values (0.01).
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We can see that at shorter distances the MEP maps are similar. Negative MEP areas exist above and
below the naphthalene and phenyl moieties and around the oxygen lone pairs. The only difference is that in
molecule 13 the chlorine substituent enlarges the negative MEP region of the phenyl substituent.

Conformational aspects

The optimized geometries employed here were obtained for calculations made in vacuo. The local
atomic reactivity indices produced by these calculations give a good account of several biological phenomena.
On the other hand, we cannot expect that the minimum energy conformer will be the same as that found
during the experimental measurements. On the basis of only this fact our study assumes implicitly that the
numerical value of the LARIs is almost independent of the conformation. There are obvious exceptions, such as
the formation of an intramolecular hydrogen bond. As many of biological molecules have a large degree of
conformational flexibility it is worth mentioning that in these cases very few experimentalist groups try to
restrain the conformational flexibility of the most active compound of the series by using substituents that not
significantly alter the electronic structure. Figures 6 and 7 show, respectively, the lowest energy conformers of
molecules 1 and 13 obtained with MarvinView software (Dreiding force field) and B3LYP/6-31G** calculations
[80].

Figure 6: Lowest energy conformers of molecules 1 (left) and 13 (right) (Dreiding force field).

Figure 7: Lowest energy conformers of molecules 1 (left) and 13 (right) (B3LYP/6-31G** results).

We can see that these two methods produce different structures for molecules 1 and 13. We shall
take the C(=O)N moiety as a reference point (see Discussion). DFT results show that the naphthalene and
phenyl moieties adopt a similar position (Fig. 6). The Dreiding force field results show the same fact (Fig.7).
But, if we compare the results for both calculations, we can see that they produce different position for these
moieties. Fig. 8 shows the superimposition of B3LYP/6-31G** and Dreiding force field lowest energy
conformers of molecules 1 and 13. The C(=0)N moiety was used as the common element for superimposition.
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Figure 8: Superimposition of B3LYP/6-31G** and Dreiding force field minimum energy conformers for molecules 1 (left)
and 13 (right).

We can see that in both molecules the naphthalene and phenyl moieties are placed in different positions.
Anyway, in the experimental situation we face a population of several conformers. The crystallized enzyme-
drug data do not help because they represent a frozen situation. Figure 9 shows the ten lowest energy
conformers of molecule 1 obtained with MarvinView software and superimposed with Hyperchem [80, 81].

Figure 9: Superimposition of the ten lowest energy conformers of molecule 1.

We can see that the naphthalene and phenyl moieties adopt two main conformations each. Then,
instead of using optical isomers at position 11 (all of R chirality in this study, see Fig. 2), it is possible to
synthesize conformationally-restricted molecules by substituting position 11 with for example a pair of
cyclopropyl, cyclobutyl, t-butyl, etc. substituents. In this way molecules with the naphthalene moiety restricted
to one position can be obtained and tested. Regarding the phenyl moiety, the same strategy can be employed
at C-21 (see Fig. 2). A recent paper on QSAR of PAK1 inhibitors discussed a good example of conformational
restriction [60]. Figure 10 shows the ten lowest energy conformers of molecule 13 obtained with MarvinView
software and superimposed with Hyperchem [80, 81].

Figure 10: Superimposition of the ten lowest energy conformers of molecule 13.
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We can see that we are in the presence of a similar situation as for molecule 1. Therefore, a similar
suggestion as above also holds for this case.

Inhibition of SARS-CoV PLpro.

Eqg. SSS shows that there is a definite relationship between the variation of the inhibitory capacity and
the variation of the values of five local atomic reactivity indices belonging to the common skeleton. The beta

values (Table 2) show that the relative importance of these indices is Sl’;‘ > SlNg(LUMO)* >
S5 (HOMO -2)* > F,,(LUMO +2)* >> S/} .

A variable-by-variable analysis (that is not fully correct) indicates that a high inhibitory capacity is
associated with low values for Sy (LUMO)*, F,;(LUMO+2)* andS}, and with high values for S}

and SE(HOMO —2)*. The first fact to note is that reactivity indices of atoms 18, 19 and 20, all constituting

a C(=O)N system (see Fig. 2), appear in Eq. 7. Therefore, the interpretation of these indices in terms of specific
interactions with the enzyme must be carried out keeping internal coherence among them. We present in
Table 4 the local MO structure of atoms 18-20.

Table 4: Local Molecular Orbital Structure of Atoms 18-20.

Mol. Atom 19 (0) Atom 20 (N) Atom 18 (C)
2A (100) 93 n94n98n-1061m10711090 93n94n98mn-106nt11301320 90093194n-1041t105n106m
2B (104) 97n98m102n-107n11001110 97m198n102n-110013201330 94197n98n-10711091t1100
2C (104) 97n98m102n-107n11001110 97m198n102n-110013201330 94n97n98n-10711091t1100
2D (112) | 104m105m106m-118m119121m | 105m106m110n-118n121n1370 | 104m105n106m-115n117n118n
2E (112) | 104m105m106m-118n119m121n | 105m106m110m-118n121n1370 | 104m105m106m-115n117n118n
3A(108) | 1010102m106m-1141t115n1540 | 1010102n106m-11411901250 | 98m1010102n-112n114n1150
3B (115) | 1070108n113m-121n122n1620 | 108m112n113n-121n12701520 | 103m1070108m-120m121m122n
3C(115) | 1070108m113m-121nm122m123n | 108m109113n-121n13001450 | 103m107n108m-118n120m121n
3D (115) | 108m109m113m-120m121061220 | 108m109m113m-121012501456 | 1060107m108n-117n120n1210
3E (115) | 10801090113m-120t12101220 | 10801090113m-121012501300 | 1070610801090-1171119m120m
3F(119) | 113ml116m117m-1250126m127n | 113nl116m117m-1250126m1510 | 107n111nl112n-123n124n1250
3G (108) | 10101020105m-113n1140115m 102010506106-1140115n1210 97110101020-110m113nt1140
3H (108) | 101m102m106m-113n1140115n | 101m102n106m-1140115n1250 | 97m101n102n-110n113nll40
31(108) | 101m102m106m-112nm113n1140 | 101n102n106m-1140117n1260 | 98m101n102n-112n113nll40
3J (104) 97098m102n-110n1110113m 98m100m102n-110n113n1170 94197098m-1081t1091110m
3K (104) 97098m101m-1100111nt1130 98n101m102-110011301170 94197098m-1071t108m1091t
5A (100) 95n97m98m-10511061108 1 94n95n97n-1051106m1280 93n94n95n-105n106m107m1
5B (100) 94n95m98m-10511061108 1 93094n95n-1051110611300 92093094mn-1051t106m1070
5C(108) | 102n103m105m-113n114n2110 | 1010102n103m-113nm114n1190 | 1010102n103m-112n113n114mn

Let us consider carbon atom 18 (Fig. 2). The local HOMO* and LUMO¥* of this atom are energetically
far from the molecule’s HOMO and LUMO. This strongly suggests that this atom will not act as an electron
donor or acceptor. A general tentative role could be related to its ability to facilitate or impede the approach
of reactive sites to the adjacent oxygen and/or nitrogen atoms. LUMO;g* has mt nature in all the molecules. A

small value for SlNg(LUMO)* can be obtained by an upward shift of the LUMO eigenvalue on the energy
axis, by lowering the electron population of the MO or by both procedures. For these reasons we suggest that
a low value of 31'; (LUMO)™* might facilitate the approach of an atom having one or more vacant MOs by

diminishing the repulsive interaction between vacant MOs. This atom seems to belong to a moiety that will
also interact with atoms 19 and 20. Atom 20 (nitrogen) also belongs to the C(=0)N system (see Fig. 2). Its first
two empty MOs (Table 4) are of i, mo, on or oo character depending on the molecule. A low value of

F,o (LUMO +2)* , a 6 MO in all molecules, suggests that this atom might be interacting with an electron-

rich area of the enzyme through its LUMO* and/or (LUMO+1)*. Given the different nature of the first two
vacant MOs we suggest that the nitrogen atom might be involved in a hydrogen bond through its H atom. Figs.
4 and 5 show that the MEP area surrounding the N-H system is positive, allowing the approach, for example, of
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an oxygen atom to form a H-bond. Oxygen atom 19 is also part of the C(=0)N system. The local (HOMO-2),o* is
of 1t nature in all the molecules. A high value for SS(HOMO —2)*is obtained by raising the corresponding
electron population, by shifting the MO energy upwards, or by both procedures. As a high value for
SE(HOMO—Z)* is required, we suggest that atom 20 is interacting with an area of the enzyme having
more than one vacant m MO. This suggestion is fully compatible with the requirements for atom 18 and
complementary with those for atom 20. A high value for Sl'\;, a carbon atom belonging to a six-membered

saturated ring (Fig. 2), is a likely indication that this atom comes close to an electron-rich area of the enzyme
(possibly of o nature). Atom 10 belongs to the naphthalene moiety. The molecular HOMO is localized on this

moiety in all the molecules. Then, a low value for Sl'\(‘) could be an indication that this moiety is involved in a -

Tt stacking interaction, and that atom 10 is facing a center with empty t MOs. All these ideas are represented
in the partial two-dimensional (2D) pharmacophore shown in Fig. 11.

REGION WITH
PI'VACANT MOs

SIGMA
ELECTRON
CLOUD?

ELECTRON- \
RICH
AREA NOT ENOUGH
DATA

P
PI-PI STACKING
INTERACTION

- J

Figure 11: Partial 2D pharmacophore for SARS-CoV PLpro inhibition.

The role of the phenyl moiety remains unclear because no local atomic reactivity indices related to it
appear in Eq. 7. It seems that the C(=O)N group plays an important role in the enzyme inhibitory process.
Unhappily we do not have a clear explanation for the difference in inhibitory activities of the optical isomers.
The problem analyzed here is another example of the needlessness of using hundreds or thousands of
reactivity indices and descriptors to get useful information from experimental results.
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