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Abstract

The goal of the study was to evaluate the structural characteristics of some lupanine and cytisine
derivatives against various viruses, i.e. influenza A virus subtype HIN1 (AH1N1), human parainfluenza
virus type 3 (hPIV3) and the most recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), which determined the coronavirus disease 2019 pandemic (COVID-19). The molecular modelling,
conformational analysis, quantitative structure-activity relationships (QSAR) and molecular docking
techniques have been used. Nine lupanine or cytisine derivatives and two reference antivirals were
studied by molecular modelling and conformational analysis using MM+ molecular mechanics. A wide
range of molecular descriptors were calculated for the most stable conformers using QSAR Properties
and PaDEL Descriptor software. QSAR models with good statistical parameters were obtained for the
largest absolute eigenvalue of Burden modified matrix - n6 / weighted by relative Sanderson
electronegativities (SpMax6_Bhe, correlation coefficient, r = 0.62) in the case of AH1N1 and for the
information content index - neighborhood symmetry of 4-order (IC4, r = 0.65) in the case of hPIV3.
The most active lupanine or cytisine derivative, (1R,5R)-9,11-dibromo-8-0xo-N-phenyl-1,5,6,8-
tetrahydro-2H-1,5-methanopyrido[1,2-a][1,5]diazocine-3(4H)-carboxamide, having plCso = 4.52 against
AH1N1 (antiviral activity close to the reference compound ribavirin, plCso = 4.51), was evaluated for its
interaction capacity with AHIN1 and SARS-CoV-2 polymerase or protease. In both cases, the
calculated interaction energies were favorable, indicating the possible increasing the antiviral activities
by structural focusing on new quinolizidine based derivatives.

Keywords: AHIN1, hPIV3, SARS-CoV-2, COVID-19, QSAR, molecular docking, Lupinus species,
lupanine derivatives, quinolizidine derivatives

1. Introduction 7,11-diazatricyclo[7.3.1.0*"]trideca-2,4-dien-6-one
o . . (from Laburnum and Cytisus species) (Figure 1) are

Lupin is the common name for Lupinus species. o alkaloids with moderate toxicities [4,7]. The

More than 200 species are known, some of them  giryctural modifications can reduce these toxicities

being valuable for human food and animal feed,  ang provide valuable biological activities such as
mainly as legumes [1]. On the other hand, the  gntiviral properties [5,6].

presence of some biologically active secondary ) B o )

metabolites such as quinolizidine alkaloids opened ~ Lupanine and cytisine derivatives were obtained by
the researches on biological activities of various ~ Modifying/opening the A- and D-rings of (-)-
semi-synthetic or synthetic derivatives [2-6]. (-)-  lupanine or by substituting the A-ring and the N11
Lupanine, (1R,2S,9R,10R)-7,15-diazatetracyclo[7.7.  Position of (-)-cytisine [6]. The main substituents
1.0%7.01°15)]heptadecan-6-one (mainly from L. albus ~ Were chloro, bromo, nitro on the A-ring and

L. and L. angustifolius L.) and (-)-cytisine, (1R,9S)-  alkenyl-, cycloalkyl- or aryl-carbamoyl on the N11
of (-)-cytisine, which increased the antiviral activity.
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Figure 1. Chemical structures of the natural (-)-lupanine and (-)-cytisine

Table 1. Structures of (-)-lupanine and (-)-cytisine derivatives and their biological activities against AHLIN1 and hPIV3
viruses (activity expressed as plCso, where 1Csg stands for 50 % inhibition of the viruses neuraminidase activity), as well
as structures of the reference antiviral drugs, ribavirin and rimantadine (antiviral activities from [6])

Code Structure p1Cso(aHingy) plCsohpivs)
R3 R5 Rll
1 H NO> Allyl 2.98 3.80
2 Br H Phenyl 4.23 3.89
3 H Br Adamantyl 3.61 5.52
4 Br Br Allyl 4.37 5.40
5 Br Br Phenyl 4.52 4.44
6 Br Br Adamantyl 3.20 4.49
7 Cl H Allyl 2.97 3.79
8 Cl H Phenyl 3.02 3.30
9 Cl H Adamantyl 3.37 4.60
H;C
NH,
| HoN
@)
Ribavirin Rimantadine

pICSO(AHlNl) =4.51, pICSO(hPIV3) =496

pICsoaHing = 4.21

These compounds are active against various viruses,
including AHIN1 and hPIV3 strains [5,6]. HIN1
subtypes generates some of modern influenza
pandemics, such as Spanish flu pandemic in 1918-
1920 or 2009 swine flu pandemic [8-10]. On the
other hand, AH1IN1 determines the typical seasonal
flu [11]. On the contrary, hPIV viruses determines
the human parainfluenza, which causes respiratory
illness in children, but it has low risks [12-14]. Both
are RNA viruses and their attachment to the host
cell and replication involves two glycoproteins,
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hemagglutinin and neuraminidase, as well as a RNA
polymerase, respectively [8,11-14].

The goal of the study was to evaluate the structural
characteristics of some (-)-lupanine and (-)-cytisine
derivatives (Table 1) against AHIN1 and hPIV3
viruses through the QSAR approach. Another aspect
was to elucidate the interaction efficiency of the
most active derivatives with the main enzymes
responsible for AHIN1 and SARS-CoV-2 virus
replications.
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2. Materials and Method
2.1. Selection of antiviral compounds

Nine structures resembling with (-)-lupanine and
(-)-cytisine were synthesized and analyzed by
Fedorova and co-workers [6]. Mainly, they have
chloro, bromo and nitro groups on the A-ring as
well as allyl-, phenyl- or adamantyl-carbamoyl
groups attached to the N11 heteroatom at the core
structure (Table 1). Antiviral activity was expressed
as the inhibitory activity 50 % (ICso) against the
neuraminidases of AHIN1 and hPIV3 viruses
(Table 1). As references, ribavirin and rimantadine
were considered and included in analysis.

2.2. Molecular modelling, conformational analysis
and molecular descriptor determination

Molecular modelling of the eleven antiviral
compounds were perfumed using molecular
mechanics MM+ program from the HyperChem
7.52 package [15]. The following parameters were
setup: bond dipoles for the electrostatic potential,
bonds, angles, torsion, non-bonded, electrostatic and
hydrogen-bonded components for the force field,
Polak Ribiere with conjugated gradient for the
molecular mechanics optimization algorithm, 0.05
kcal/mol for the minimum RMS gradient (root mean
square), in vacuo as the optimization environment.
Conformational analysis was performed using
Conformational Search module from HyperChem.
All flexible bonds and rings were included in
analysis, with the following parameters: eight
simultaneously variations of torsion angles,
variations of the flexible bonds and rings in the
ranges of 60° + +180° and +30° =+ +120°
respectively. Only those conformers having internal
energy up to 4 kcal/mol higher than the minimum
(the most stable conformer) were retained. The
other parameters were the same such as for
molecular modelling and the iteration/optimization
limits and the number of the retained conformations
were set at 500 and 20, respectively.

Two different programs were used for the
determination of molecular descriptor values. First,
the most stable conformers were used for the
determinations of simple structural descriptors, i.e.
molecular surface and volume, hydration energy,
the logarithm of the octanol/water partition
coefficient (logP), refractivity and polarizability,
using QSAR Properties from HyperChem [15]. On
the other hand, more than 1400 molecular
descriptors were determined for the same stable
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conformers using PaDEL Descriptor 2.21 program
[16]. They belong to constitutional, autocorrelation,
BCUT (Burden - CAS - University of Texas
eigenvalues), Burden-Moreau, Crippen, topological,
Wiener, 3D autocorrelation, gravity indices,
moment of inertia, RDF (radial distribution function
descriptors) and WHIM (Weighted Holistic
Invariant Molecular) molecular descriptors.

2.3. Quantitative structure — activity relationships
(QSAR)

QSAR models were obtained by linear regression
analysis using Statistica 7.1 package. Only
monoparametric models were considered (Eg. 1):

pICso = A(xerrA) + B(zerrB)-P (Eq. 1)

where plCso stands for the antiviral activity,
expressed as the —loglCso, with ICso the inhibitory
concentration 50% against AHIN1 or hPIV3
neuraminidase activity, A and B stand for equation
coefficients, errA and errB stand for standard
deviations for coefficients, while P indicates the
molecular parameter determined above. The
correlation coefficient, r, standard deviation for the
equation, s, and F-Fischer value were used for
evaluating the statistical quality of the QSAR
models. The intercorrelation matrix allows selecting
the most significant parameters for QSAR
equations.

2.4. Molecular docking and interaction energy for
antiviral compound and AH1N1 or SARS-CoV-2
enzymes

Molecular docking of the most active
lupanine/cytisine derivatives into the receptor site of
the virus enzymes responsible for attaching and
replication (polymerase for AH1N1 and protease for
SARS-CoV-2) were performed by MM+
optimization of the complex. The minimum energy
conformers of the most active antivirals were
oriented into the receptor site in the same way such
as for the reference compounds from the
corresponding complex determined by X-ray
diffraction (available at the Protein Data Bank,
https://www.rcsb.org/  [11,17,18]). Reference
compounds used for enzyme characterization were
H7728, 5-[(2-chlorophenyl)methyl]-2-hydroxy-3-
nitrobenzaldehyde, for AHIN1 and baicalein, 5,6,7-

trihydroxy-2-phenyl-4H-1-benzopyran-4-one,  for
SARS-CoV-2.  They  were replaced by
lupanine/cytisine derivatives at stable

conformations, maintaining the corresponding H-
bonding groups and hydrophobic interaction
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moieties such as for reference compounds. Antiviral
compound:enzyme complex optimization was
performed with the same MM+ module, Polak
Ribiere algorithm and a RMS of 0.05 kcal/mol. The
interaction energy was determined as the difference
between the sum of internal energies of components
alone (antiviral compound and enzyme
polymerase or protease) and the energy of the
optimized complex. The interaction energy values
were only used for comparison.

3. Results and Discussion

Antiviral compounds derived from lupanine/cytisine
structures have relatively rigid conformations,
excepting the moieties from the N11 position of the
core structure (see Table 1). Consequently, the
number of flexible bonds were low. The most stable
conformers have the N11 moiety oriented toward
the quinolizidine part, as is observed for some
compounds in Figure 1.

(©)

Figure 1. The most stable conformers of active
compounds No 3, 4 and 5. Orientations of quinolizidine
moiety and N11 substituents are indicated by pink arrows
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There are variations among the significant
parameter values, especially for the van der Waals
molecular surface, hydrophobicity, as well as some
constitutional (bond count), topological and
information content descriptors. Thus, molecular
surface has values in the range of 298-386 A2, with
the minimum value for chloro and adamantyl based
derivative No 9. Moreover, the hydrophobicity
(logP) varies from -1.23 for compound No 1 to
0.62-0.67 for compounds No 3, 5 and 6. On the
other hand, total double bonds descriptors have a
wide variation from 3 to 7 and from 1 to 6 for
nBondsD and nBondsD2, respectively. The standard
compounds have the lowest values. The same
observation can be done for SpMax6_Bhe and 1C4
descriptors, which have values of 2.89-3.12 and
4.77-5.15, respectively (Table 2). However, only
nBondsD2 intercorrelated with SpMax6_Bhe with a
Finercorr. OF  0.79. This last parameter has no
significant intercorrelation with the other PaDEL
descriptors mentioned above (rintercorr. OF 0.45 with
nBondsD and 0.47 with I1C4).

Regarding the linear monoparametric models for
both anti-AHIN1 and anti-hPIV3 using QSAR
Properties, only molecular surface, S(app), and the
hydrophobicity, LogP, provide moderate results
(Egs. 2 and 3).

PICsoaHing =

=5.42(+1.20) — 0.0054(+0.0038)-S(app) (Eq. 2)
n=11, r=0.428, s=0.62, F=2.02

PICsompiva) =

= 4.24(+0.24) — 0.279(+0.173)-LogP (Eq. 3)
n=10, r=0.495, s=0.67, F=2.60

Better correlations were obtained for PaDEL

descriptors. Antiviral activity against AHIN1 has
inverse correlations with both nBondsD2 and
SpMax6_Bhe, with correlation coefficients of 0.524
and 0.620, respectively (Egs. 4 and 5). This suggest
a less rigid molecule in the lupanine/cytisine
derivative series for a higher antiviral activity.

Similar observations can be made for anti-hPIV3
activity, where nBondsD and 1C4 descriptors well
correlates with this activity (r of 0.649 and 0.650,
respectively, Egs. 6 and 7).
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Table 2. Values for the most significant molecular descriptors for anti-AHIN1 and anti-hPIV3 activities of

lupanine/cytisine derivatives

Compound S(app) (A»)* LogP** nBondsD2*  SpMax6 Bhe*  nBondsD** 1IC4**

1 317.02 -1.23 6 3.13 6 511

2 323.97 0.45 4 2.90 7 5.15

3 329.48 0.62 4 3.12 4 4.77

4 327.73 0.31 5 2.89 5 5.02

5 348.86 0.63 4 2.92 7 5.15

6 386.05 0.67 4 3.12 4 4.81

7 323.54 0.59 5 2.89 5 5.02

8 343.83 0.36 4 2.92 7 5.15

9 298.32 0.22 4 3.12 4 4.77

Ribavirin 223.93 -2.06 1 2.54 3 4.77
Rimantadine 214.30 2.44 0 2.60 - -

* Molecular descriptors that are significant for anti-AH1N1 activity
** Molecular descriptors that are significant for anti-hPIV3 activity

PICso(aHING =
= 4.45(+0.43) — 0.195(+0.106)-nBondsD2
n=11, r=0.524, s=0.58, F=3.40

(Eq. 4)

PICso(aHiNg =
= 9.50(+2.44) — 1.97(+0.83)-SpMax6_Bhe  (Eq. 5)
n=11, r=0.620, s=0.54, F=5.60

PICsompiva) =

= 6.09(+0.72) — 0.32(+0.13)nBondsD ~ (Eq. 6)
n=10, r=0.649, s=0.59, F=5.80

PICsompiva) =

= 18.31(25.75) — 2.79(+1.16)1C4 (Eq. 7)

n=10, r=0.650, s=0.59, F=5.80

Taking into account these findings, the most active
lupanine/cytisine derivatives at minimum energy
conformations were subjected to molecular docking
into the receptor sites of AH1N1 polymerase and
SARS-CoV-2 protease. Equivalent groups and
moieties of derivatives with the corresponding
reference compounds, H7728 for AHIN1 (hydroxyl
and carbonyl groups of H7728 and carbonyl group
from A-ring of antiviral compounds, as well as
chlorophenyl and phenyl moieties, respectively) and
baicalein for SARS-CoV-2 (hydroxyl groups of
baicalein and carbonyl group from A-ring of
antiviral compounds, as well as phenyl moieties for
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baicalein and corresponding antivirals), allowed
favorable interactions between the antiviral
compounds and specific enzymes. Best results were
obtained for compound No 5, having two bromo
groups on the A-ring and phenyl moiety at the N11
position of the core structure. All calculated
interaction energies were positive, supporting the
hypothesis that lupanine/cytisine derivatives can
have favorable interactions with these virus
enzymes and consequently to provide valuable
antiviral  activities. The optimized antiviral
compound:enzyme complexes are presented in
Figure 2.

Figure 2. Optimized antiviral compound No 5:AH1IN1
polymerase (top) and SARS-CoV-2 protease (bottom)
complexes; lupanine/cytisine derivative No 5 was bolded
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4. Conclusion

As a conclusion,  molecular  modeling,
conformational analysis and the evaluation of
QSAR models for nine lupanine/cytisine derivatives
having inhibitory activity against influenza and
parainfluenza viruses reveal the significance of the
topological descriptors and the number of double
bonds (which influence the molecular flexibility), as
well as the informational content index for anti-
influenza and anti-parainfluenza virus activity,
respectively. Moreover, the interaction energies
between some quinolizidine alkaloids and enzyme
receptor sites showed positive values, indicating the
efficiency in inhibiting the replication of these
viruses and further focusing on new quinolizidine
based derivatives as promising antivirals.
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