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Abstract

Menthol is a naturally occurring cyclic terpene alcohol and is the major component of peppermint and corn
mint essential oils extracted from Mentha piperita L. and Mentha arvensis L.. Menthol and its derivatives
are widely used in pharmaceutical, cosmetic and food industries. Among its eight isomers, (—)-menthol is
the most effective one in terms of refreshing effect. While the invigorating property of (-)-menthol is
generally known, this claim is based on a substantial amount of literature and experience. (-)-Menthol has
consistently been reported to possess better cooling and refreshing qualities in comparison to its isomers,
making it the preferred choice in a broad range of applications such as personal care products,
pharmaceuticals and food additives. Additionally, the (-)-menthol molecular structure allows it to have a
tighter fitting with the thermoreceptors in the skin and mucous membranes, and thus to provide a more
intense cooling feeling. Thus, although others have similar properties to a degree, (-)-menthol is the best
compared to all in its refreshing capacity. This study focuses on menthol and some of its esters, viz. menthyl
acetate, propionate, butyrate, valerate and hexanoate, with the purpose of establish a connection between
structural, electrostatic and electronic characteristics and biological effects. The mostly favoured
interactions of the esters with biotargets were investigated at a molecular level, offering a plausible
foundation for their bioactivity elucidation. This study is conducted at a quantum mechanical and molecular
docking level. The results may be of possible usefulness in areas of applications, such as pharmacological
research and drug.
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1 Introduction

Menthol (2-isopropyl-5-methylcyclohexanol; molecular formula CioH200; M), the major component in the
essential oil of Mentha piperita L., is a natural alcohol characterised by the presence of three
asymmetrically substituted carbon atoms (stereocentres) and, thus, eight possible optical isomers exist,
namely (+)- and (-)-menthol, (+)- and (-)-isomenthol, (+)- and (-)-neomenthol, (+)- and (-)-neocisomenthol
(Scheme 1). M is known for its multiple biological functions [1] and is used as an ingredient possessing
refreshing characteristics [2-4], playing a role beyond being merely a sweetening or aromatic agent [5].
Recent researches focused on M’s wide therapeutic applicability [6,7], ranging from excellent antibacterial
properties [8,9], efficiency in eradicating a range of microorganisms [10], an antioxidant function by
preventing oxidative stress and consequently protecting cells [11-13] and demonstrating anti-aging effects
at a cellular level [20], and anti-inflammatory functions, which make it an important part of combating
inflammation and related disorders [14-16]. The capability of M of modulating the immune system is
another factor that enhances its position as one of the leading agents in the immune system’s response
regulation [17]. M was reported to show anti-cancer effects [18] and thus proposed as an adjunctive
measure in the development of anti-cancer therapies [19]. M is also recommended for a plethora of other
therapeutic conditions, such as, irritable bowel syndrome [21], dyspepsia [22], constipation and others
functional gastrointestinal disorders, [23] as anti-depressant and anti-anxiety agent [24,25], for the health
of the oral [26] and urinary tract [27], skin [28] and for wound healing [29]. A regular consumption of M
might lead to memory improvement [30]. M is therefore a multi-functional agent, which is capable of



dealing with a broad spectrum of health-related issues. The in-depth analysis of the biological mechanisms
of M allows it to be considered as an ideal target for further research into the field of medicine [31].
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Scheme 1. The eight stereoisomers of menthol (M)

M derivatives and in particular its esters (MEs; Scheme 2) were found to indicate biological activity. For
example, menthyl chloroacetate, menthyl dichloroacetate, menthyl cinnamate, menthone glyceryl
acetalmethol thymol (b), a-terpineod and mugetanold exhibited greater mosquitocidal activity than
menthol against Cx. Quinquefasciatus and Ae. aegypti [32]. The higher hydrolytic activity of three menthyl
esters (viz. menthyl acetate MA, propionate MP and butyrate MB) was evaluated along with their
enantiomeric excess, substrate conversion, and enantiomeric ratio, indicating MA as the most effective
among the three. Additionally, the recombinant esterase from E. coli BL21 (pBSE) showed a superior
enantioselectivity with this substrate. This highlights the suitability of MA as a substrate for efficient M
production through enzymatic activity [33].

R= H (=)-menthol M
C(=0)(CH2),CH3 n= 0 (-)-menthyl acetate MA
1  (-)-menthyl propionate MP
2 (-)-menthyl butanoate MB
- OR 3 (-)-menthyl valerate MV
A 4  (-)-menthyl hexanoate MH

Scheme 2. Molecular structure of (-)-menthol (M) and its esters (MEs) investigated in this work. Adopted
acronyms are also depicted.

In the current study, (-)-menthol (M) and a series of its esters, namely menthyl esters (MEs) - menthyl
acetate, propionate, butyrate, valerate, and hexanoate - were studied using a computational approach. The
main goal of this study was to identify the relationships between their structural, electrostatic, and
electronic properties and their respective biological activities, thus providing a better insight into the
relationship between molecular properties and bioactivity. Synergism of quantum chemical calculations
and molecular docking simulations was applied in this pursuit. Quantum chemical calculations are
performed to obtain molecular geometries, electronic distributions, and surface characteristics relevant for
molecular reactivity and intermolecular interactions. The docking simulations carried out predict the
binding affinity and detailed interaction pattern for these compounds with their target biomolecules, thus
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rendering a comparison of potential biological activities. Such bifocal methodology can lead to a deep
understanding of the physicochemical factors affecting the bioactivity of menthol derivatives and will help
to systematically develop functional compounds with better characteristics. The binding interaction of M
and MEs with two biologically relevant proteins, namely 7MHU, a sialidase from Bacteroides acidifaciens,
and 3H1X, a phospholipase A2 (PLA2) enzyme from Daboia russelii russelii (Russell’s viper), was calculated.
7MHU is described as the exo-alpha-sialidase, otherwise known as sialidase24 apo, that catalyses the
hydrolysis of sialic acid residues from glycoconjugates. These enzymes are known to play fundamental roles
in various biological events, such as cellular communication, pathogen recognition (pathogen-host
interactions), immune response modulation, and cell signalling. Sialidases, such as 7MHU, are of
therapeutic interest due to their involvement in diseases related to infections and glycosylation. The
structure of the 7MHU protein has been experimentally determined using X-ray diffraction at a resolution
of 2.00 A [34]. 3H1X is a phospholipase A2 enzyme participating in the coagulation and inflammation
pathways. PLA2 enzymes hydrolyze phospholipids, releasing arachidonic acid, which is a precursor to pro-
inflammatory mediators like prostaglandins and leukotrienes. 3H1X protein was studied for its dual role in
the inhibition of coagulation and inflammation [35]. It was co-crystallised with indomethacin, showing a
new common ligand-binding site [36]. The structural characterisation was obtained by X-ray diffraction at
the exquisite resolution of 1.40 A [37]. Both proteins were chosen for this study based on the criteria of
therapeutic implications, ligandability, and availability of experimentally determined high-resolution crystal
structures. These characteristics ensure robust and reliable computational modelling, which now enables
an exploration of the interactions between M (and MEs) and proteins in two distinct biological contexts, viz.
sialidase-mediated processes and PLA2-associated inflammation and coagulation.

2 Materials and Methods

2.1 Quantum Chemical Calculations

Molecular geometry of M and MEs were fully optimised in the gas phase and in implicit ethanol solution, at
Density Functional Theory (DFT) level (using B3LYP and M06-2X [38] hybrid functionals). In the cases of
B3LYP functional, the D3 version of Grimme’s empirical dispersion with Becke-Johnson damping was
included. [39] The double- { 6-31+G** and the triple-{ 6-311++G** [40] were used as a basis sets.

The optimised geometries were submitted to the calculation of the vibrational frequencies (in harmonic
approximation) at the same levels of theory, to check whether the stationary points were genuine minima.
The IR intensities and Raman activities along with the thermochemical quantities (at 7= 298.15 K and p =
1.00 atm) were also computed.

The electrostatic properties of the optimised geometries were computed at DFT CAM-B3LYP[GD3BlJ] [41] /
Aug-CC-pVTZ [42] level within the CHELPG scheme. [43] This level of theory was shown to provide accurate
values at a reasonable computational cost for organic molecules. [44]

Solvent effects were included using the SMD model. [45] Standard values of cavitation radii, dielectric
properties and other technical parameters were used.

Using the triple- 6-311++G** basis set, the same calculations were performed on EtOH and the amino
acids interacting with M and MEs according to molecular docking simulations (viz., ALA, ASP, CYS,GLY, ILE,
LEU and LYS; vide infra), and on the complexes formed by these molecules and M and MEs.

For all calculations, the integration grid for the electronic density was set to 250 radial shells and 974
angular points for all the atomic species. The accuracy for the two-electron integrals and their derivatives
was set to 10 a.u.. The self-consistent field (SCF) algorithm used was the quadratically convergent
procedure designed by Bacskay, [46] a method that is acknowledged to be slower but more reliable than
the regular SCF with DIIS extrapolation. The convergence criteria for the SCF were set to 102 for a root
mean square (RMS) change in the density matrix and 102° for a maximum change in the density matrix. The
convergence criteria for geometry optimizations were set to 2 x 10® a.u. for a maximum force, 1 x 10 a.u.
for an RMS force, 6 x 10°® a.u. for a maximum displacement and 4 x 10 a.u. for an RMS displacement.

All calculations were performed using the Gaussian G16.C01 package. [47]

2.2 PASS analysis



The molecular structures of the investigated compounds optimized at the DFT level were utilized as input
for the Prediction of Activity Spectra for Substances (PASS) website (https://way2drug.com/PassOnline) to
predict various biological activities, by means of the index Pa (predicted activity). Metabolite is an active
compound if its Pa > 0.7, a moderately active compound if 0.5 < Pa < 0.7, or an inactive compound if Pa <
0.5 [48].

2.3 Swiss ADME

To assess the characteristics of M and the investigated MEs related to their pharmacokinetics properties
(such as absorption, distribution, metabolism and excretion processes), we ut®ilized the ADME tool
developed by the Swiss Institute of Bioinformatics (SIB; www.swissadme.ch). For this evaluation, the
Simplified Molecular Input Line Entry System (SMILES) strings representing each compound were input into
the submission interface of Swiss ADME. This software computes parameters such as lipophilicity,
hydrophilicity, solubility and permeability that play a role in understanding the compounds availability in
biological systems and their potential interactions with cellular targets [49].

2.4 Molecular Docking
Docking simulations were carried out using the AutoDock Tools software [50] in order to investigate the

potential interactions of M and MEs with two macromolecules associated to the PDB IDs 7MHU and 3H1X.
The grid parameter file (GPF) defined the parameters needed for carrying out the docking simulations. For
the 7MHU protein, the grid parameters were set with 92 grid points along the x-axis, 88 grid points along
the y-axis, and 98 grid points along the z-axis. The coordinates for the center grid point were set to (22.211,
18.093, -0.229). The macromolecule file 7mhu.pdbgt was used for generating the grid maps. For the 3H1X
protein, for example, the grid was made with 72 grid points on the x-axis, 74 grid points on the y-axis and
74 grid points along the z-axis. The middle grid point coordinate was taken as (-0.16, -16.355, -0.304). The
macromolecule chosen was 3h1x.pdbqgt from which files for the maps were designed. These parameters are
critical in defining the search volume for molecular docking simulations and ensuring an accurate
assessment of ligand-macromolecule interactions [51].

3 Results and Discussion

3.1 Molecular Structure

The molecular geometries of M and MEs were optimised at DFT level, using the hybrid functionals M06-2X
and B3LYP combined with the double-{ 6-31+G** and the triple-{ 6-311++G** basis sets, both in gas phase
and in EtOH solution. (The Cartesian Coordinates are reported in the ESI.) The main geometrical parameters
(bond distances, bond angles and dihedral angles) are consistent to each other, independently of the
chosen level of theory. Minor effects are attributed to the choice of the basis set and the solvation, which
causes a slight elongation of a few bonds. The core structure of the selected molecules remains quite
unchanged when the side moiety varies.

M and MA were employed to investigate the formation of hydrogen bonded complexes with EtOH, which
may behave as a proton donor (D) or acceptor (A) when interacting with M, however only as D when
interacting with MEs, which can interact with the hydroxyl proton of EtOH either via the carbonyl O atom
or the etheric O atom (Table 1). The bond distance of hydrogen bonds (HBs) varies depending on the role
played by EtOH and on the type of O atom the H atom bonds with. In cases of [M-(EtOH),] (n = 1 or 2)
complexes, the HB is longer when EtOH molecule acts as A than D. In cases of [MA-EtOH] complexes, HBs
formed between hydroxyl H atom of EtOH and the carbonyl O atom of the ME are shorter than those
formed with the etheric O atom of the ME. From a thermodynamic point of view, the formation of these
complexes is extremely favoured at room temperature. In particular, the formation of HB with MA seems
to be more favoured than with M, because the HB with carbonyl O atoms and etheric O atoms are more
stable than those with hydroxyl O atoms.



Table 1. Intermolecular complexes formed by M and MA with EtOH. The complex geometry, hydrogen
bond length (d(HB)), and the formation enthalpy (AH) and Gibbs free energy changes (AG) at T = 298.15 K
are also depicted. Level of theory: DFT M06-2X / 6-311++G** (harmonic approximation; no scale factor).
The complex was surrounded by a dielectric continuum (IEFPCM(SMD), solvent = EtOH).
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3.2 Electrostatic Properties

The electrostatic properties of M and MEs were computed at DFT level, using the long-range corrected
hybrid functional CAM-B3LYP combined with the triple-{ Aug-CC-pVTZ basis set, both in gas phase and in
EtOH solution. The Molecular Electrostatic Potential (MEP) represents a useful parameter to understand
the electrostatic interactions between a substrate and the surrounding (e.g. solvent, enzyme, etc.). The
MEP of M and MEs mapped on the total electron density shows the presence of a strongly positive area
about the H atom of the OH group in M and a strongly negative area about the O atom both in M and MEs
(Figure 1(a)). The hydrocarbon moieties are found slightly positive in MEP, with qualitatively similar
distribution among MEs.

As expected, the values of electric dipole moment (u) and its static isotropic polarizability (oiso)) increase in
the series with the increase in size of the molecule (Table S1; Figure 1(b)-(c)). The presence of a polar
environment (such as that determined by a polar solvent) enhances the values of the electrostatic
parameters. In particular, the increase can be quantified as follows:

W(EtOH) = -2.550 + 2.9508 p(gas) (R? = 0.9728), (1)
Qiso)(EtOH) = 1.23 + 1.3419 aiso)(gas) (R?=1). (2)



MB MV MH
EE T B |
-0.02 a.u. +0.02 a.u.
(a)
2.80 45.00
570 y=2.9508x- 2.5495
: i y=1.3419x+ 1.2349
R?=0.9728 ’. 40.00 s
2.60 ® RF=1
3 o,/@
T 20 & 25.00
<} =
£ 240 - /9/
=230 g 3000 =4
g
2.20
25.00
2.10
2.00 20.00
1.55 1.60 1.65 1.70 175 1.80 1500 17.50 2000 2250 2500 27.50 30.00
u/ Dlgas] afiso) / A%[gas]
(b) (c)

Figure 1. Electrostatic properties. (a) Molecular Electrostatic Potential (MEP) of M and MEs mapped on
their total electron density (p). |Isolvalue(p)| = 4x10* a.u.. (b)-(c) Correlation between electric dipole
moment (W; (b)) and static isotropic electric dipole polarizability (oiso); (€)) computed in the gas phase and in
implicit EtOH. Level of theory: DFT CAM-B3LYP[GD3BJ] / Aug-CC-pVTZ.

The formation of HB complexes with molecules of EtOH increases the value of the electric dipole moment
(viz., = 4.61D, 4.70 D, 5.91 D, 5.13 D and 5.30 D for [M-EtOH]-(A), [M-EtOH]-(D), [M-(EtOH).], [MA-EtOH]-
(D1) and [MA-EtOH]-(D2), respectively), except for the complexes [MA-EtOH]-(D3) (u = 1.08 D).
Solubility of M and MEs in EtOH was evaluated at a QM level (Table S2). The reported values refer to the
change in thermochemical parameters occurring when the molecule is optimised in the solution phase
compared to the gas phase; these values therefore include the internal reorganisation energy. The values
of AH and AG are negative, indicating that the solvation process is favoured. In the case of MEs, using
values computed at DFT MO06-2X / 6-311++G** (IEF-PCM(SMD)) level, AH linearly decreases with the
number of C atoms of the side chain n, as follows:
AH =-40.9 -2.4971 n. (R?=0.9982) (3)
On the other hand, AG does not show an evident trend, whose least value is obtained for MB. The PCM
non-electrostatic term (AGpcm)) also show a linear decrease with n, i.e.:
AGpevy = —4.0 - 1.8935 n.

(R*=0.9914) (4)



Calculations were repeated using the double-{ 6-31+G** basis set, with very similar results; however,
correlations were slightly worse than those identified using the triple-{ 6-311++G** basis set.

3.3 Bioactivity and Molecular Docking

A comprehensive screening of Pa values for M and MEs as possible vasoprotectors, antiflammatory or
antipyretic or antieczematic agents was obtained by PASS Online (Figure 2; numerical values are depicted in
Table S3). These results predict pharmacological properties and bioactivities of the investigated
compounds. M showed the highest values of Pa as a vasoprotective and antieczematic compound. Among
the MEs, the longer the alkyl chain, the more effective the compound. On the other hand, MEs resulted to
be more effective as antiflammatory (MB) and antipyretic (MP). M seems to be the least active as
antiflammatory or antipyretic. However, the real effectiveness might be significantly different than that
predicted by this method, depending on several factors, such as mechanisms of action, type of disease and
individual response. This approach allowed these molecules to be considered as potentially bioactive [52].
The most important role of Pa (active) and Pi (inactive) is in providing the probabilities of first- and second-
kind errors. The Pa values calculated for M and MEs indicate predicted activity probabilities for each of the
molecules in the selected categories of therapeutic areas [53].

1

09 -

0.8

Z 07 - -~ EM
E 06 - — EMA
<<

, . EMP
g 05
= 04 - — mMB
o
203 - B Mv

0.2 — MH

0.1 -

0 - T T
vasoprotector antiflammatory antipyretic  antieczematic

Figure 2. Predicted activity profiles of M and MEs.

Molar refractivity (A) and lipophilicity (Log Po,w) were evaluated using different methods implemented in
SWISS ADME (Table 2 and Table S4). Molar refractivity (A) is a parameter that describes the molecular size
and polarizability of a molecule. Higher numbers are characteristic of larger and more polarizable structures
whose attachment to biological targets may improve and permeability of membranes may be affected. This
is helpful in predicting the degree of interaction a compound is likely to achieve with or across biological
membranes.

Table 2. Thermodynamic properties (in kcal-mol?), viz. Helmholtz free energy (A), Internal energy (U),
Entropy (S), Final intermolecular energy (Eint), Total energy (E:w:), Electrostatic energy (E.;) and estimated
inhibition constant (K;). The values were computed using geometries and charges calculated at DFT M06-2X
/ 6-311++G** (in EtOH solution) level. (Results obtained using geometries and charges calculated at other
levels of theory are depicted in Table 54.)

A u Eint Etor Ee KI/ HM
M -1370.13 -5.89 -6.62 -6.33 -0.29 38.27
MA -1370.27 -6.03 -7.61 -7.40 -0.22 11.92
mMp -1369.95 -5.71 -7.60 -7.50 -0.09 20.16
MB -1369.92 -5.69 -7.88 -7.75 -0.13 20.81
Mv -1369.66 -5.42 -8.00 -8.05 +0.05 28.03
MH -1369.66 -5.42 -9.06 -9.02 -0.04 7.73

The Log P (where P indicates the partition coefficient, expressed as the ratio of a compound’s
concentration in a non-polar solvent, octanol, and a polar solvent, water) is a characteristic of molecules
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that shows up as hydrophobicity or lipophilicity and this property governs both physics-chemistry and the
biological processes [51]. Different philosophies of evaluating Log P are adopted in the literature [54-56],
resulting in as many parameters computed by SWISS ADME. The values of A are proportional to the electric
dipole polarizability, by definition, and thus its value increases with the molecular volume. Except for
iLOGP, the other lipophilicity functions linearly correlate with A (R? > 0.97), especially XLOGP3 and WLOGP
(R? > 0.98; Figure 3 and Table S5). As expected, MEs show the tendency of increasing in lipophilicity with
the elongation of the alkyl chain (number of C atoms). However, some exception can be revealed. The value
of iLOGP calculated for M is lower than that calculated for MA. Comparing the values calculated for MB and
MV, we observe that iLOGP(MV) < iLOGP(MB) and XLOGP3(MV) < XLOGP3(MB). Considering MV and MH,
WLOGP(MH) < WLOGP(MV) and MLOGP(MH) < MLOGP(MV).

6.00 J
5.50 y:0.0804x—0;348$,
R? $0.9893 @
5.00 4=
4.50 . 3
o
& 4.00 J. LL,
- . ® XLOGP3
3.50 = =
[ ] e S WLOGP
3.00 ,"ﬁ y=0/0664x-0.8293
R? =0.9852
2.50 o
2.00
40.00 50.00 60.00 70.00 80.00 950.00
Molecular Refractivity / (A3/mol)

Figure 3. Correlation between values of LogP and molecular refractivity (A).

Solubility of M and MEs in water (S) were estimated with different approaches (viz., ESOL, Ali and SILICOS-
IT) using SWISS ADME (Tables S6). ESOL (Estimated Aqueous Solubility) model provides a solubility
prediction for a drug compound, which is an important pharmacokinetics characteristic reflected as
absorption, distribution, metabolism, and excretion (ADME) process in the body; a poorly or high solubility
in water is commonly accompanied by improved bioavailability. Ali (Synthetic Accessibility Score) model
determines the synthetic accessibility of the compound; in other words, it indicates how easy the synthesis
of the compound in a laboratory is [57]. SILICOS-IT (Silicos In Silico) model predicts physicochemical
properties, drug-likeness and bioactivities of the compound. In short, ESOL determines hydrophilic
profiling, Ali shows synthetic opportunities, and SILICOS-IT offers a panel of predictions in connection with
physicochemical properties, drug-likeness, or bioactivity indices [58, 59]. The results obtained for M and
MEs with the three methods are consistent to each other. In comparison, Pastene-Burgos et al. utilized
SwissADME and ADMET prediction services to evaluate ceanothanes derivatives, which were assessed for
their potential as drug candidates for Alzheimer's disease (AD) treatment. Similar to our findings, they
demonstrated high intestinal absorption prediction, acceptable Blood-Brain Barrier (BBB) permeability, and
lipophilicity, which are essential for ADMET properties. Moreover, they assessed cardiotoxicity via hERG
inhibition, and for M and MEs in the future investigations, we may also consider examining this criterion,
although no issues were observed [60]. Upon linear regression, the values of water solubility calculated
with the three methods are proportional to each other,

Log S (ESOL) = 1.2031 Log S (Ali) — 0.2031 (R?=0.9617) (5)
Log S (ESOL) = 1.3693 Log S (SILICOS-IT) + 2.5628 (R? = 0.9885) (6)
Log S (SILICOS-IT) = 1.0871 Log S (Ali) + 2.5522 (R?=0.9377) (7)

As expected, MEs show a decrease in water solubility with the elongation of the alkyl chain; however, the
poorest water solubility was attributed to MV, not MH. The solubility values show good linear trends with
WLOGP and MLOGP,



Log S (ESOL) = —0.8156 WLOGP —0.9826 (R =0.9799

)
Log S (ESOL) = —1.3385 MLOGP + 0.2623 (R? = 0.9483) 9)
Log S (Ali) = —0.9835 WLOGP — 1.3781 (R? = 0.9465) (10)
Log S (Ali) = —1.6348 MLOGP + 0.1859 (R? = 0.9398) (11)
Log S (SILICOS-IT) = —1.1327 WLOGP — 1.2711 (R? = 0.9962) (12)
Log S (SILICOS-IT) = —1.8685 MLOGP + 3.0292 (R?*=0.9741) (13)

Poor linear fittings were found for the other Log P cases (R? < 0.9). Egs (8-13) indicate that the slope is
always negative, in agreement with the chemical intuition.

The values of binding energies (AGping) of M and MEs with 3H1X and 7MHU protein were computed using
geometries and charges optimised at four different quantum mechanical (QM) theoretical levels (Table 3
and S7). All of the computed AGuing values are negative, indicating that the binding interactions between
the ligands and the protein are energetically favourable. Moreover, different initial geometries and ESP
charges give different results in AGping. The qualitative and quantitative picture varies depending on the set
of initial geometries and ESP charges used. MH always presented the most stable binding affinity to 3H1X
among all ligands studied, with AGpins ranging from -6.67 kcal/mol to -6.92 kcal/mol.

However, no clear trend was observed with the previously calculated properties. [61]. Except for when
parameters computed at B3LYP / 6-311++G** (EtOH) level are used, MH seems to form the most stable
interactions also with the substrate 7MHU. With an increase in the number of alkyl chain, the binding
interaction between the investigated molecules and 7MHU protein binding tends to increase. The length of
the alkyl chain thus plays an essential role in defining the strength and stability of the complex formed
between M and MEs and 7MHU. However, no evident quantitative trend was identified between AGpins and
the number of alkyl chain’s C atoms. The binding energies for M and its esters range between -5.77 and -
7.44 kcal/mol. Among the esters, MH (DFT B3LYP[GD3BJ] / 6-311++G** (in EtOH solution) displayed the
strongest binding, with AGpin¢ values up to -7.44 kcal/mol. By comparison, M showed weaker binding
affinities, with AGpins values ranging from -5.62 to -6.00 kcal/mol, consistently with the loss of extended
hydrophobic interactions provided by the ester chain. A similar trend was observed for MA, MP, MB, and
MV, where the binding energies increased with the alkyl chain length, suggesting that hydrophobic and van
der Waals interactions play a critical role in the binding of menthyl esters to the 3H1X protein. However, a
clear quantitative relationship between the number of carbon atoms in the alkyl chain and AGyi.¢ values
was not established, which is consistent with the observations reported for the 7MHU protein. Comparison
of the docking results of 3H1X and 7MHU indicated that compound MH showed the strongest binding
affinity in both protein contexts, making it a promising candidate for further optimization and development
in future studies. In respect to the 3H1X protein, MH registered binding energies up to -6.92 kcal/mol,
which are slightly lower than those observed for the 7MHU protein (-7.44 kcal/mol). The observed
differences in binding affinity could be attributed to differences in the binding pockets of the two proteins,
which in turn modulate the nature and magnitude of interactions with the ligands. Compared with the
pyrazolo pyrimidine derivatives, reported in the literature [62] with AGpins in the range from -7.67 to -9.21
kcal/mol for potent compounds, M and MEs are less efficient binders. In fact, compound 8 of their study
indicated a binding energy of -9.21 kcal/mol, while MH, the most potent binder within the panel of MEs,
exhibited maximum AGping = -7.44 kcal/mol when interacting with 7MHU and only -6.92 kcal/mol when
reacting with 3H1X. This would suggest that, although natural compounds like M and its esters may exhibit
weaker binding interactions compared to synthetic ligands, they still show moderate binding affinities. Such
qualitative and quantitative variations in binding energies, brought about by the use of different QM levels
and solvent conditions, emphasise the importance of computational parameters in molecular docking
studies. Despite these differences, the global trend of increased binding affinity with respect to the length
of the alkyl chain is consistently followed in both proteins, which definitely emphasizes the key role played
by hydrophobic interactions in stabilising the ligand-protein complexes. Further experimental
confirmations, such as inhibition assays or structural measurements, will be necessary to support these
computational results and estimate the therapeutic potential of these substances.



Table 3. Binding energies (AGping) computed with 3H1X and 7MHU proteins, using geometries and charges
optimised calculated at DFT MO06-2X / 6-311++G** (in EtOH solution) level. (Results obtained using
geometries and charges calculated at other levels of theory are depicted in Table S4.)

AGping [ (kcal-mol?)

molecule 3H1X 7MHU
M -5.86 -5.78
MA -6.33 -6.48
MP -6.51 -6.72
MB -6.69 -6.93
Mv -6.85 -7.18
MH -6.92 -7.33

Other thermodynamic parameters, computed using different QM models’ results as initial conditions, are
reported in Table S4, including Helmholtz Free Energy (A), Internal Energy (U), Entropy (S), Final
Intermolecular Energy (Eint), the sum of van der Waals energy, hydrogen bond (HB) energy and desolvation
energy (Ewt), and Electrostatic Energy (E.). Large negative values of A indicate a large stability of the
system. It is conceivable that the M and MEs hold similar structures or have like comparable interactions in
similar environments, resulting in similar values of A. Nearly identical results are a manifest the
dependability and consistency of the employed numerical method. For all the levels of theory, the
calculated values of A and U show excellent linear correlation (R? > 0.997), with values of the slope close to
the unit (as expected from theory, A = U — TS) and positive values of intercepts, the latter indicating a
constant, negative value of entropy. As for AGpns, No obvious correlation was found between
thermodynamic quantities computed at different levels of theory. The trend of a given property as a
function of the number of C atoms of the side chain n may be different, depending on the level of theory.
Results of A = A(n) and U = U(n) based on the geometries optimised at the DFT B3LYP[GD3BJ] / 6-311++G**
level in the gas phase are oscillating; however, using the geometries optimised at the DFT M06-2X / 6-
311++G** level in the gas phase, we found

A =0.045 n?—0.041 n — 1370.1 (R? = 0.9959) (14)
U = 0.046 n?—0.045 n — 5.8386 (R? = 0.9963) (15)

For the other levels of theory, no evident trends between the values of A = A(n) or U = U(n) were identified.
Except for geometries optimised at the DFT M06-2X / 6-311++G** level in EtOH, for which correlations
were not satisfactory, with the other geometries, excellent linear fits were established between th values of
Eint OF Etor and n; for example, using the geometries optimised at the DFT M06-2X / 6-311++G** level in the
gas phase, we found

Eine=—0.396 n—7.24 (R = 0.9625) (16)
Eror=—0.375n-7.20 (R? = 0.9485) (17)

No evident trends were identified for E.; = E./(n) or K; = K{(n), with any molecular geometry.

The MD simulations of M and MEs interacting with protein 3H1X and 7MHU provided insightful results
about which amino acids are involved in the complex formation (Figure 4). The table highlights the binding
interactions of six compounds with the target proteins, categorized into hydrophobic (alkyl), conventional
hydrogen bonds, and van der Waals interactions.

Compounds 3H1X 7MHU
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Figure 4. 2D graphs of the interactions between the exo-alpha-sialidase protein 7MHU and the coagulation
and inflammation protein 3H1X with the investigated molecules (M and MEs).

A recent investigation, reporting the molecular docking analysis results, concluded by suggesting the
potential efficacy of M to bind to vital HPV onco-proteins such as E6, EGAP, E7 and E2F1 was indicated [63].
These proteins perform major parts of the cell proliferation of cervical cancer cells and M exhibits
favourable hydrophobic binding affinities whose energetics ranges from -4.3 kcal/mol to -5.8 kcal/mol. In
another molecular docking study, the interaction between M and Amyloid-B (by using the protein structure
PDB ID 3ZPK) was suggested [64]. The present study allows a comparison by assessing the binding affinities
of M and a series of linear-chained MEs toward two relevant proteins, viz. 3H1X and 7MHU. These results
highlight the fact that M is systematically exhibiting strong affinities for binding with a variety of protein
targets, thus further stabilizing its potential as a bioactive compound. Binding energies calculated in the
present study range from -5.78 kcal/mol to -6.81 kcal/mol for 7MHU and from -5.94 kcal/mol to -6.78
kcal/mol for 3H1X, both representing considerable improvement in strength over previously reported
values (ranging from -4.3 kcal/mol to -5.8 kcal/mol) for similar systems.

The results obtained upon molecular docking were used to perform a more detailed quantum mechanical
analysis of the interaction of M and MEs with the amino acids. In particular, intermolecular complexes
formed by M and MA with the 3H1X protein’s amino acids revealed to interact with upon molecular
docking (viz., ALA, ASP, CYS,GLY, ILE, LEU and LYS) were investigated at a DFT level (Table 4). Amino acids
were considered in zwitterionic form. Except for LYS, all complexes formed by M involve the formation of
HBs; on the other case, MA forms HB complexes only with CYS and LYS, where in the other cases,
complexes form via non-convalent interactions. The formation of these complexes is favoured at T=298.15
K (AG), an evidence that supports the results obtained upon molecular docking. Complexes with M indicate
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less negative AG values than complexes with those formed by MA. The entropic factor is dominant in most

of the investigated cases.

Table 4. Intermolecular complexes formed by M and MA with selected amino acids. The complex geometry,
hydrogen bond length (d(HB), when HB forms), and the formation enthalpy (AH) and Gibbs free energy
changes (AG) at T = 298.15 K are also depicted. Level of theory: DFT M06-2X / 6-311++G** (harmonic
approximation; no scale factor). The complex was surrounded by a dielectric continuum (IEFPCM(SMD),

solvent = EtOH).

d(HB) / A AH/(k)'mol?)  AG/(kJ-mol?)
[M-ALA(A18)] \g’ ﬁ,(_ 1.754 5.3 337
[M-GLY(A6)] %{_ 1.784 0.7 -41.7
X!
[M-GLY(A6)-ALA(A18)] \(C ; 1.689(0) ; 1.666(N) -47.3 -44.0
/
_é Q"
’EY\‘(”
[M-ILE(A9)] 5(‘:(\ : 1.791 -3.8 -43.0
Vo
[M-ILE(A19)] 1.732 -11.5 -35.5
[M-LEU(A3)] 1.794 -6.2 -42.1
[M-LEU(A10)] 1.758 -6.4 -45.3
[M-LEU(A17)] 1.742 -11.4 -36.5
[M-LYS(A7)] - -12.1 -55.8
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[MA-ALA(A18)] ‘t"(r i%)‘%—ﬁ - 43.1 -79.8
by
[MA-ASP(A49)] LA - 27.9 -79.9

[MA-CYS(A29)] j:,'e— 1.769 -5.4 -46.6

[MA-ILE(A9)] - 20.8 -70.9

st
[MA-LYS(A69)] 1:‘;\;7’- 11 | 1.693 34.5 -88.1

[MA-PHE(A106)] L - 18.1 63.5

«
[MA-SER(A23)] M;‘J\\# _,d\ - 36.5 -84.7

[MA-TYR(A22)] - 16.2 -62.0

4 Conclusions

In this work, we evaluated properties and biological effectiveness of (-)-menthol (M) and some of its esters
(MEs) obtained with linear chain alkyl carboxylic acids, viz. Menthyl Acetate, Menthyl Propionate, Menthyl
Butyrate, Menthyl Valerate and Menthyl Hexanoate. A multifaceted approach encompassing various
computational tools and platforms was adopted. Molecular geometries and electrostatic properties were
calculated at the DFT level using two different hybrid exchange-correlation functionals (viz. B3LYP and M06-
2X), combined with the 6-311++G** basis set, both in the gas phase and in implicit ethanol. Robust,
guantitative relationships were identified between some solvation properties (AH and non-electrostatic
AGpcmy) and the number of C atoms of the alkyl ester chain.

Pa values for M and MEs as potential vasoprotective, anti-inflammatory, antipyretic or antieczematic drugs
were calculated. Among the ligands, M showed the highest Pa values as vasoprotective and antieczematic
drug. On the other hand, MEs showed higher activity as MB and MP. It was generally observed that the
potency of MEs increased with an increase in the alkyl chain length, while M showed the least activity in
terms of its anti-inflammatory or antipyretic activity. Its calculated physicochemical properties, including
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molar refractivity, lipophilicity, and aqueous solubility indicate several quantitative relationships among
them. Binding energies (AGuind) of M and MEs to two target proteins, 7MHU and 3H1X, were calculated
using molecular docking at the molecular dynamics level with geometries and ESP charges obtained using
DFT. Quantitatively consistent trends in the AGuins values were not obvious; however, all calculated binding
energies were negative, indicative of favourable interactions upon binding. These results were also
consistent with those obtained at a DFT level on intermolecular model complexes between M and MA and
selected amino acids. Amongst the studied ligands, MH invariably showed the strongest binding affinity to
both proteins. For example, in the case of 7MHU, it was found that the binding interactions generally
improved with increasing alkyl chain length, which underlines the importance of hydrophobic interactions
in stabilizing the ligand-protein complex. A similar trend was found with 3H1X, where again MH showed the
most stable interactions. These findings suggest that the length of the alkyl chain is a critical determinant of
the strength and stability of the complexes formed between the compounds studied here and their
respective target proteins. Although M and MEs exhibit modest binding affinities in comparison with
synthetic compounds, however they represent a promising molecular structure for further modifications
and optimisation of their properties as multifunctional bioactive molecules. Biological experiments are
currently on-going to verify the discoveries predicted in this work at a computational level.
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