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Abstract
Experimental and theoretical investigations of a novel compound, Orphenadrinium
dihydrogen citrate (ODC) are reported. Wavenumbers are assigned by means of vibrational
spectroscopy. The stability in solvents was tested by adding water, DMSO, and methanol to
different solvent models. The solvation energies are -21.65 (acetone), -22.49 (DMSO) and -
22.76 (water) kcal/mol and are found to be good solvents for the ODC. ODC is more compact
within DMSO and not compact in water and methanol in the period of 100 ns. RMSF analysis
shows destabilization of the protein. MD simulations were performed to calculate the radial
distribution functions to identify the most critical interactions with water molecules. MD
simulations were also applied to obtain the temperature dependence of density. Analyzing the
electron density between all atoms, noncovalent interactions between fragments have been
identified and quantized.
Keywords: Orphendrine; DFT; MD simulations; Solvent effects; Non-covalent interactions
Introduction

Orphenadrine citrate belongs to the ethanolamine antihistamine class of skeletal
muscle relaxants. It is used to treat muscle injuries that require physiotherapy, such as strains
and sprains, as well as Parkinson’s disease, where it helps with motor control. It can also be
used to treat rheumatoid arthritis [1]. Orphenadrine is beneficial for pain of many etiologies
due to its anticholinergic actions and central nervous system penetration [2]. Orphenadrine is
structurally similar to diphenhydramine and has characteristics than diphenhydramine. It is
primarily eliminated through kidneys [3]. As a result, its potential for testing in the treatment
of muscle cramps caused by liver cirrhosis appears rational [4, 5]. A few clinical researches
on the effects of orphenadrine and paracetamol on myalgia found that the pain relieving effect
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was boosted [6]. Orphenadrine citrate is commonly used in conjunction with paracetamol [7].
An ethanamine derivative has recently been reported as a possible antibiotic against
staphylococcus aureus [8]. Jeyashri et al. reported the design, synthesis and DFT analysis of
pyrrolidine-ethanamine derivatives [9]. Ethanamine derivatives are powerful serotonin
receptor agonist that has psychological and behavioral consequences [10, 11]. Terrazasl-
Lopez et al reported the interaction of orphenadrine with desuccinylase recently [12].
Orphendrine is an antihistamine with anticholinergic properties that was first used to treat
muscular discomfort and wound pain, as well as to manage Parkinsons disease [13]. It is
regarded as a dirty drug since its activity is mediated by a variety of molecular targets [14].
Antihistamine drugs have been found to be effective antibacterial agents [15-17]. Escudero et
al reported dihydrogen citrate derivative in aqueous solution of triton surfactants [18]. Due to
its well-known biocompatibility and natural presence in human body, dihydrogen citrate anion
is a suitable contender [19]. Shah et al reported the femtomolar detection of orphenadrine
using nanostructure based electrochemical sensor [20]. According to a review of the literature,
no complete quantum mechanical calculation for Orphenadrinium dihydrogen citrate (ODC)
has yet been published. Drug design and research in vibrational spectroscopy rely heavily on
quantum chemical computations and molecular modeling [21, 22]. The XRD study of the
ODC is reported by Kaur et al. [23]. The quantum chemistry theory, DFT, molecular models
and vibrational spectroscopy are heavily used in drug research and development [24].
Docking studies reveal the interaction and binding of ligands with receptors as well as drug’s
mechanism of action [25]. MD simulations can display the oscillations of receptors and
ligands to help understand the function of medicines and proteins [26]. Therefore, docking
using MD simulations can be used to thoroughly and methodically analyze the structural
characteristics and binding mechanism of ligands and receptors. In addition to reactivity
analyses, MD simulations, DFT investigations of ODC provide additional information
regarding their electronic, structural and reactivity properties. DFT is additionally utilized to
obtain the most accurate outcome of ODC characteristics in a selection of eco-solvents [27].
Solvents have a wide range of applications, including the chemical and pharmaceutical
sectors. Solvents can influence reaction speed and stability. Non-polar and polar liquids can
both be used as solvent for the title molecule. Methanol and DMSO are widely used as
dissolving agents to screen the pharmaceutical properties [28]. Hence in the present study,
polar aprotic DMSO, acetone and polar protic water are taken as the solvents. NBO analysis
is used to determine the chemical drug’s stability. MEP investigations identify the reactive
sites and FMO analysis gives stability, energy gap etc. Docking together with MD simulations
was used to determine the biological activity of ODC by determining drug likeness, ligand
interactions and appropriate protein interactions.

Methods



Figure 1. Optimized structure of Orphenadrinium dihydrogen citrate (ODC)

ODC was obtained as a gift sample from Kaur et al. [23] and the vibrational spectra
are given in Fig.S1 and Fig.S2. The Gaussian 16 package and GaussView, Version 6.1 were
used to determine the characteristics of ODC [29, 30]. Using B3LYP/6-311++G* basis set,
DFT was utilized to optimize ODC (Fig.1). ODC was docked into the active site of carbidopa
inhibitor 1JS3, which has been linked to a range of clinic problems [31]. For simulation
purposes, a system was set up to include protein alone (1JS3) and 1JS3-ODC complex with
solvent [32, 33]. The OPLS force field was added to the system and SPC water system. The
stability of ODC in different solvents was tested by adding water, DMSO, and methanol to
different solvent models (100 ns simulations) and for 1JS3-ODC complex MD simulation is
run for a period of 150ns for getting properties like, RMSD, RMSF, Rg and H-Bond data. The
Desmond program version 2022-1 [33-37], was also used along with the OPLS4 force field
for a simulation time of 10 ns [38-41], to investigate the influence of water. These MD
simulations allowed us to consider the influence of water explicitly. Quantum-mechanical
calculations based on the DFT to obtain MEP, ALIE, and noncovalent interactions were
performed with the Jaguar [34, 35] program, also as incorporated in the SMSS [42-45].
Binding energies between ODC and CIT fragments have been calculated according to the
following equation: Eg = E(ODC) — E(ORP) — E(CIT) where E(ODC) stands for the total
energy of the complex, E(ORP) stand for the total energy of the ORP fragment, E(CIT) stands
for the total energy of the CIT fragment. To avoid the basis set superposition error (BSSE)
when calculating the binding energies, a B3LYP-MM [46] functional was applied. This is a
posteriori-corrected functional that has been parametrized over a huge set of complexes with
noncovalent interactions. B3LYP-MM automatically includes the counterpoise correction,



necessary to take into account the BSSE, so no further activities are required to obtain reliable
binding energies.

Binding energies between fragments have been obtained considering different solvents
as well. In cases when solvent effects were considered for calculations of binding energies, an
implicit method based on the Poisson-Boltzman solver [47] was applied, as incorporated in
the Jaguar program for quantum mechanical calculations.

Results and discussion
Vibrational spectra

The phenyl ring modes (table S1) are at: 3049 (IR), 3067-3031 (DFT) (vCH); 1310
(IR), 1577-989 (DFT) (vRA); 1356, 1017 (IR), 1354-1015 cm™! (DFT) (8CH); 948, 920 (IR),
991-850 cm™! (DFT) (yCH) for mono-substituted ring RA and at 3085, 3026 (IR), 3068, 3042,
3026 (Raman), 3068-3028 (DFT) (vCH), 1580, 1545, 1032 (IR), 1580, 1030 (Raman), 1578-
1031 cm™ (DFT) (WRB); 1285, 1055 (IR), 1100 (Raman), 1282-1053 (DFT) (8CH); 985-746
cm’! (DFT) (yCH) for the 1,2-substitued ring RB [48].

The CH; modes are at: 2943, 2895 (IR), 2918 (Raman), 3051-2893 cm’! (DFT)
(vCH3) and at 1475, 1456, 1425, 1222, 1146 (IR), 1467, 1420, 1071 (Raman), 1492-1070 cm"
' (DFT) (8CH3). The CH2 modes are at: 2995, 1966, 2870 (Raman), 3005-2884 cm™ (DFT)
(vCH2) and at 1390, 1310, 1241, 1198, 1105, 928, 858, 828 (IR), 1486, 1444, 1388, 1340,
1307, 1290, 1236, 1197, 927, 859, 830 (Raman), 1485-773 cm™' (DFT) (8CH>) [48]. The CO
stretching modes are assigned at: 1640, 1632, 1505, 1439 (C=0) and at 1316, 1295, 1041, 962
cm’! (C-O) which are observed at 1645, 962 in IR and at 1290, 1044 cm™ in Raman spectra
[48, 49]. The vOH modes are at 3434 (IR), 3230 (Raman) and at 3495, 3490, 3366 cm™
theoretically [48]. The NH...O modes are assigned at 2155 (IR), 2145, 1600 (Raman) and at
2174, 1767, 1603 cm™ (DFT) as expected [48].

MEP, ALIE and NCI interactions

MEP ALIE
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Figure 2. a) MEP and b) ALIE surfaces of the ODC system

MEP and ALIE descriptors were employed to identify characteristic reactive sites of
ODC. These descriptors were presented in the forms of electron density surfaces mapped with
the values of MEP and ALIE obtained via DFT calculations. The obtained color-schemed
surfaces are easily analyzed with the aim of identifying sites with the highest and lowest



values of mentioned descriptors. The obtained MEP and ALIE surfaces (Figure 2) indicate
that the citrate (CIT) fragment bears higher electron density, as the lowest MEP values are
mainly localized at its oxygen atoms. The lowest and highest MEP values reach -45.0 and
47.57 kcal/mol and are localized at both CIT and orphenadrinium (ORP) fragments. Although
the higher electron density characterizes the CIT fragment, the ORP fragment is characterized
by the lower ALIE values (red-colored in Figure 2(b)), indicating that it is more sensitive to
the electrophilic attacks. To a certain extent, low ALIE values are distributed again around the
oxygen atoms of the CIT fragment; however, to a much greater extent, these ALIE values are
distributed near to benzene rings of the ORP fragment [50, 51].

Figure 3. Noncovalent interactions of the ODC system

Table 1. Strengths (in electron density) of intermolecular noncovalent interactions

NCI NCI strength NCI NCI strength
1 -0.0110 6 -0.0077
2 -0.0057 7 -0.0027
3 -0.0052 8 -0.0081
4 -0.0782 9 -0.0056
5 -0.0065 - -

In Figure 3 and Table 1, all intermolecular NCI and the strengths have been
enumerated. The study of electron density to reveal noncovalent interactions is based on



identifying the bond critical points, which are the points where the electron density is minimal
at certain point on the line that connects two atoms, and in the same time it is maximal with
respect to the both directions perpendicular to the bond. The procedure is to identify these
bonds, noncovalent interactions and their corresponding strengths. The results presented in
Figure 3 indicate that a large number of NCI form between CIT and ORP fragments. Namely,
the total number of 9 NCI form, of which the strongest is certainly the NCI denoted with the
number 4. In this case, the strength of the NCI is equal to -0.0782 and is formed between the
hydrogen atom of ORP’s NH group and the oxygen atom of the CIT’s carboxyl group. The
second strongest NCI is formed between the hydrogen atom of the ORP’s methyl group and
the same CIT’s carboxyl group. All other NCIs have at least one order of magnitude weaker
strengths [52, 53].

Electronic and chemical properties
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Figure 4. HOMO-LUMO plots of Orphenadrinium dihydrogen citrate (ODC)



In quantum chemistry, the energy band gap and the FMOs (Fig.4) are important because they
help to describe a molecule’s reactivity and stability [54]. The lower the energy, the easier to
excite a molecule’s electrons and energy gap is a measure of excitability of molecule. Because
a bigger energy gap shows stability, it is an important stability measure. The molecule’s
chemical and biological activity has been determined by both energy gap and their orbitals
involved and ODC'’s energy gap is 5.8256 eV. The localized orbitals of FMOs are dispersed
over phenyl rings, which clearly describe the molecular charge transfer. The FMOs energy
was used to calculated reactivity descriptors [55]. The reactivity descriptors as calculated as, 1
=2.9128, =-3.7958 and o = 2.4732 eV. The ODC was classified as a stable due to its narrow
gap and hardness [56].

Table 2. Influence of different solvents on dipole moment, polarizability, solvation and
binding energies

ODC in Dipole moment | Polarizability Solvation energy | Binding energy
(Debye) (a.u.) (kcal/mol) (kcal/mol)

Vacuum 7.04 31241 - -123.80

Water 10.63 415.15 -22.76 -119.75

Acetone 10.34 409.91 -21.65 -123.06

DMSO 10.58 413.90 -22.49 -120.26

Because polarity differences can produce considerable changes in the relative energy in
solution, solvent effects are crucial in stability phenomena [57]. The ODC molecule is re-
optimized at the same level of theory in different aqueous media in order to quantify the
effects of aqueous environment: polar aprotic DMSO (g =46.68) and acetone (e= 20.493) and
polar protic water (¢ =80.10). The solvation energies are found to be -21.65, -22.49 and -22.76
kcal/mol for the solvents, acetone, DMSO and water, respectively and are found to be good
solvents for the ODC. By raising the polarity of the solvent and switching from gas to solution
phases, the dipole moments are raised. As a result, increase stability in polar solvents
containing an electron donating group could be linked to an increase in dipole moments (table
2). The polarizability of ODC is 312.41 au which increase to 409.91, 413.90 and 415.15 au in
the solvents, acetone, DMSO and water, which means there is an enhancement of NLO
property in solvent media. The values of energy gap and hardness decrease in solvent media
while the chemical potential becomes more negative in solvent media. The increase in
electrophilicity index in solvent media is evident for the reactivity changes.

The solvents also influenced the binding energies between the ORP and CIT
fragments. In the vacuum, the binding energy was calculated to -123.80 kcal/mol, which was
considered to be very strong. However, this is expected since both constituting fragments of
ODC contain unpaired electrons, leading to high reactivity. The lowest binding energy was
calculated when the effects of water as a solvent were taken into account (-119.75 kcal/mol).
The highest binding energy with the solvent was in the case of acetone, when the calculations
lead to the value of -123.06 kcal/mol just slightly lower than in the vacuum. The effects of
DMSO were similar to acetone since the binding energy lowered to -120.06 kcal/mol
compared to the vacuum case.



The stronger interactions due to NBO interactions are from O atoms of OH groups as
[58, 59]: ni(046)—0*(045-Ces4) and n1(Os2)—n*(0Os4-Css) with stabilization energies 42.63
and 42.87kcal/mol respectively. Also other major interactions due to lone pair atoms are:
n1(045)—06%(046-Cs4), n1(051)—6*(050-Ce0) and n1(Os4)—c*(0s2-Css) with energies, 34.16,
20.92 and 32.13 kcal/mol. From ODC, 100% p-character was found in n2O4s, n204g, n12Os4,
n201, 12046, 12051 and n20s5; atoms.
Molecular dynamics simulations with solvents and docking

MD simulations aid in the understanding of ligand behavior in various solvents.
During the simulation, the structure of ODC was subjected to RMSD. Higher fluctuation
during MD simulation suggests molecular instability, while smaller fluctuation shows strong
biological system stability. Figure 5a shows the RMSD plots of water, DMSO and methanol
across the simulation duration. There were no major fluctuations, and the average RMSD was
2.67A with DMSO. This suggests that the ligand of choice is more stable in DMSO. In
solvated system, the ODC atoms have stability, compactness, reduced structural fluctuations
and ODC-solvent interactions despite the greater average RMSD relative to other solvents.
There was higher divergence in the case of water and methanol, indicating that the selected
ligand was not stable in water and methanol during a 100 ns period. In the case of methanol
and water, the average RMSD was 4.92 and 3.94A, respectively. The compactness of ODC
molecules was calculated using the Radius of gyration (Rg) method (Fig.5b). There was no
substantial fluctuation, and an average Rg of 4.40 was found. This shows that ODC is more
compact in DMSO. There was less compact in water and methanol, indicating that ODC was
not compact in these solvents over a 100 ns period. In the case of methanol and water, the
average Rg was 6.92 and 5.77 [60].
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Figure 5. (a) RMSD (b) Rg plots of Orphenadrinium dihydrogen citrate (ODC) in solvents
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Figure 6. Representative RDFs of ODC system

Among other results, MD simulations were used to identify which atoms of the ODC
system have significant interactions with water, through calculations of RDF. RDF has been
calculated by taking the distance between atoms of the ODC and oxygen atom of the water
molecules that surround the ODC system. Figure 6 contains representative RDFs of the ODC
system. To obtain RDFs, MD system that was used consisted of one ODC system surrounded
by approximately 2000 water molecules. Results in Figure 6 indicate that the ODC system has
at least three atoms with considerable interactions with water. Namely, the RDF characterized
by the lowest distance is the one corresponding to the H47 atom. In this case, the highest g(r)
value is located at the distance well below 2 A, giving the strong interactions between H47
and water molecules. One more hydrogen atom H3 also has significant interactions. In this
case, the maximal g(r) value is low, but still it is locate at the distance somewhat higher than 2
A. 050 and 051 atoms have even higher g(r) values, however, the distances at which these
peaks are located are much higher than in case of the H47. Nevertheless, these distances are
well below 3 A, again indicating that these two atoms also have interactions with water
molecules.

To study the temperature dependence of density, one more MD system was
considered. That is the MD system consisting of 32 ODCs in a cubic simulation box that was
run under the same conditions as the MD system for studying interactions with water. This
system was run for a series of MD simulations in a temperature range from 273 to 373 K in
steps of 10 K. For each temperature, the density was calculated (Figure 7) and the temperature



dependence of density is dynamics, probably owing to the changes in interaction between CIT
and ORP fragments at different temperatures. Namely, until 303 K, there is a somewhat small
increase in the density, followed by a sudden drop in the range between 323 and 343 K. This
sudden drop is followed by one more increase from 343 K to 353 K.
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Figure 7. Temperature dependence of density for ODC system

The drop in density at 323 K may be considered by analyzing the noncovalent
interactions again. Namely, there is fairly large number of noncovalent interactions between
ORC and CIT fragments. It is possible that the number and strength of noncovalent
interactions will decrease with the increase in temperature. Consequently, this leads to the
weaker binding between ORP and CIT fragments and the increased distance between them.
Increased distance between ORP and CIT fragments may be responsible for the sudden drop
in density values.

Patchdock online server was used to conduct a docking study to better understand the
molecular interaction between ODC and 1JS3 [61-63] which gives reasonable values of
global and atomic contact energies as -51.73 and -17.75 kcal/mol. In-silico biological
screening of ODC against 1JS3 shows various intermolecular interactions which elaborates
the potential of ODC on the selected microorganism. ODC contains both an acidic and basic
moieties which was bonded through strong intermolecular hydrogen bonding interaction. The
elastic nature of the compound allows the transport of electron through hydrogen bonding and
made a strong interaction profile with target. ODC docking against 1JS3 demonstrates a
significant intermolecular H-bond between the NH site of his510 and O atom of acidic group



of ODC (N-H...0, 2.26A), O atom of THR508 with H2 atom of acid moiety with a distance
of 2.80 A and a distance of 1.89 A by O...H-O intermolecular interaction (O atom of LYS
with H1 atom of acidic group). Similarly, basic moiety of ODC have twin phenyl ring and
along with dimethyl amino system which enhances the bonding between drug and target.
There are n number m-alkyl interactions were observed. Strong interaction between proposed
drug and 7 system of PHE568 exhibits a distance of 3.57A has been observed. On the other
hand an enormous number of alkyl system of LEU575, VALS555 and CYS558 interacted with
n moiety of ODC through various C-H... w intermolecular interactions with a distances of 4.31
A, 4.84 A and 4.59 A, respectively (Figure S3). Based on the in silico data, ODC appears to
be more effective on 1JS3.
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Figure 8. (a) RMSD (b) RMSF (c) Rg (d) SASA of ODC-1JS3 complex

1JS3 and complexes with ODC were subjected to MD simulation for 150 ns, to
understand the stability of ODC-1JS3 complex RMSD, RMSF and Hydrogen bonds. For
determining the discrepancies between the two conformations, the RMSD is a crucial
quantity. The greater in the variance, gives higher RMSD and are determined using a 20 to
150 ns simulation time scale (Fig.8a). During the 150ns simulation, the 1JS3 and complexes
were shown to be equilibrated after 20 ns. The average RMSDs for 1JS3 and 1JS3-ODC
complex from 20 to 150 ns were 3.5 and 2.8, respectively. Throughout the simulation, these
RMSD indicate stability of 1JS3 and ODC complex. Furthermore, the complexes remained
stable over the course of the simulation. In RMSF plots, the amino acids responsible in
bringing about the overall deviation are investigated [64]. RMSF determines which amino
acids in the protein create more vibrations, resulting in protein instability. Fig.8b shows
RMSF data for 1JS3 and 1JS3-ODC complex. The Rg gives protein’s compactness and was
used to check the folding and unfolding of 1JS3 and its complex with ODC. The average Rg.
for 1JS3 and ODC complexes from 0 to 150 ns was 23.5 Aand 242 A, respectively shown in



Fig.8c [65]. To comprehend the modulation of inhibitors on the protein, SASA affect the

compactness of the protein and in the present case, SASA values were quite small (Fig.8d).

The H-bonds stabilize 1JS3-ODC complex and confirm the hydrogen bonds in the docking

study. H-Bond result of the 1JS3-ODC complex which shows multiple bonds between the

interacting residues and the ODC, where maximum contacts are H-bond based along with

water bridges (Fig.S4). An effective protein ligand assembly substantially promotes the

creation of a stable complex by combining all of the interactions in the active site. A

successful protein-ligand assembly predicts a stable complex formation, given all of the

interactions in the active site. To further validate our findings, biochemical, cell-culture-based

and animal research will be required [66, 67].

Conclusion

The fundamental normal modes of frequencies are assigned from the experimental and

theoretical data. Reactivity of the ODC is identified by means, of ALIE, MEP and FMOs

plots. The obtained MEP and ALIE surfaces show that the citrate fragment possesses higher

electron density, as the lowest MEP values are mainly localized at its oxygen atoms. ALIE

surface revealed that the ORP fragment could be more sensitive toward electrophilic attacks.

MD simulations in different solvents show that the fluctuation indicates significant stability in

the biological system. During the 150ns simulation, it was found that the 1JS3 and its complex

with ODC are equilibrated after 20ns of time. The average RMSDs are between 3.5 and 2.8

(20 ns to 150ns range) and average radius of gyration is 23.5 to 24.2 A (0 to 150 ns) for the

1JS3-ODC complex giving stable complex formation.. RDF calculated after MD simulation

showed that H47 atom has the most substantial interactions with the water molecules.

Temperature dependence of density indicates a significant drop in the density from 323 K to

343 K.
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