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Chapter

Computational Chemistry Study of
Natural Apocarotenoids and Their
Synthetic Glycopeptide Conjugates
as Therapeutic Drugs
Norma Flores-Holguín, Juan Frau and Daniel Glossman-Mitnik

Abstract

The objective of the research to be presented in the chapter is the determination of
the chemical reactivity properties of some natural apocarotenoids and their synthetic
glycopeptide conjugates that could have the ability to inhibit SARS-CoV-2 replication.
The study will be based on the consideration of the Conceptual DFT branch of Density
Functional Theory (DFT) through the consideration of particular successful model
chemistry which has been demonstrated as satisfying the Janak and Ionization Energy
theorems within Generalized Gradient Approximation (GGA) theory. The research
will be complemented by a report of the ADMET and pharmacokinetic properties
hoping that this information could be of help in the development of new pharmaceu-
tical drugs for fighting COVID-19.

Keywords: natural Apocarotenoids, glycopeptide conjugates, computational
chemistry, SARS-CoV-2, COVID-19, chemical reactivity, conceptual DFT

1. Introduction

Cyclic peptides have several desirable qualities, including high binding affinity,
target selectivity, and low toxicity, which make them a promising therapeutic
development approach. Antimicrobial peptides (AMPs), also known as host defense
peptides, are short, positively charged peptides found in a wide range of life forms,
including microbes and humans. The majority of AMPs are capable of directly killing
microbial infections, whereas some operate indirectly by altering the host defensive
mechanisms [1].

Teicoplanin, a therapeutically utilized glycopeptide antibiotic, has surfaced as a
possible antiviral in the context of the global COVID-19 pandemic, with its potency
being increased with lipophilic modifications. Teicoplanin was obtained from
Actinoplanes teichomyceticus, which was recovered from a soil sample collected in
Nimodi Village, Indore, India, for the first time in 1978. Teicoplanin’s structure was
discovered in 1984. Teicoplanin has been identified as a lipoglycopeptide antibiotic.
This antibiotic is made up of a heptapeptide made up of seven aromatic amino acids,
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sugar residues, and a lipid chain that is nonribosomal. It is made up of five
identical chemicals that differ in their fatty acid side chains and are generated by
bacteria [2]. This glycopeptide antibiotic typically used to treat Gram-positive
bacterial infections has been demonstrated to diminish SARS-CoV-1 and MERS-CoV
infection [3].

Lipophilic modifications have been shown to improve the antiviral spectrum and
efficacy of glycopeptide antibiotics, which improve antiviral activity against
coronaviruses, HIV, flavivirus, and influenza viruses with the drawback of being
associated with substantial cytotoxicity [4–13]. To obtain efficient glycopeptide
antibiotics by increasing their lipophilicity and avoiding the cytotoxicity problems,
recent research has been presented with a study of the structural and biochemical
properties of new lipophilic apocarotenoid conjugates of Teicoplanin and its
pseudoaglycone [14].

Inspired by this latest research and as a follow up of our previous studies on the
chemical reactivity properties of carotenoids [15–19] and cyclopeptides [20–24], we
think that it is worth reporting the physicochemical and bioactivity properties of some
of these apocarotenoid conjugates of Teicoplanin as well as to predict and understand
their chemical reactivity properties considering a methodology developed by our
research group. This will be done as a means of further validation of the procedure
and for assessing the behavior of the MN12SX density functional in the fulfillment of
the Janak theorem and the Ionization Energy Theorem, which is a corollary of the
former [25–29].

Thus, the objective of this work is to report the results of a computational study of
the bioactivity properties and chemical reactivity of three apocarotenoid conjugates
of Teicoplanin based on the CDFT-based Computational Peptidology (CDFT-CP)
methodology [20–24]. These three molecules will be designed by considering the
Teicoplanin A3–1 variant (PubChem CID 15122170) and the apocarotenoids Bixin,
Methylcrocetin and -apo-8’-Carotenoic Acid. The methodology will be based on the
combination of the chemical reactivity descriptors from Conceptual Density
Functional Theory (CDFT) [30–35] with some Cheminformatics tools [36–43] which
may be utilized to assess the associated physicochemical properties. This will be
complemented by the detection of the ability of the three molecules to act as possible
useful drugs through an analysis of their bioactivities and pharmacokinetics
characteristics linked to the ADMET features [44–46].

2. Methodology

2.1 Density functional theory calculations

The Kohn-Sham (KS) methodology approach to Density Functional Theory (DFT)
involves the determination of the electronic density, the molecular energy, and the
orbital energies of a specific system, in particular, the HOMO and LUMO frontier
orbitals which are intrinsically related to the chemical reactivity of the molecules
[47–50]. The definitions for the global reactivity descriptors that form the core of
Conceptual DFT are [30–35]:

Electronegativity χ ≈
1
2

εL þ εHð Þ (1)

Global Hardness η≈ εL � εHð Þ (2)
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Electrophilicity ω≈ εL þ εHð Þ2=4 εL � εHð Þ (3)

Electrodonating Power ω�
≈ 3εH þ εLð Þ2=16η (4)

Electroaccepting Power ωþ
≈ εH þ 3εLð Þ2=16η (5)

Net Electrophilicity Δω� ¼ ωþ þ ω� (6)

being εH and εL the frontier orbital energies related to the molecular systems consid-
ered in this research. These global reactivity descriptors that arise from Conceptual DFT
[30–35], have been complemented by the estimation of the Nucleophilicity Index N
[51–55] that takes into account the value of the HOMO energy obtained using the KS
scheme using an arbitrary shift of the originwith tetracyanoethylene (TCE) as a reference.

Conformational analysis of the studied molecules has been achieved using
MarvinView 17.15 from ChemAxon [http://www.chemaxon.com], which was applied
to undertake Molecular Mechanics calculations considering the MMFF94 force field
[56–60]. This was followed in each case by a geometry optimization and frequency
calculation using the Density Functional Tight Binding (DFTB) methodology [61].
This last step was required for the verification of the absence of imaginary frequencies
as a confirmation of the stability of every optimized structure as being a minimum in
the energy surface. The determination of the electronic properties and the Conceptual
DFT reactivity descriptors of the studied molecules was addressed through the
MN12SX/Def2TZVP/H2O model chemistry [62–64] because it has been previously
shown that it verifies the KID procedure fulfiling the Ionization Energy Theorem,
with the help of the Gaussian 16 software [61] and the context of the SMD solvation
model [65]. The charge of all the molecules was taken as equal to zero whereas the
radical anion and cation were considered in the doublet spin state. The SMD solvation
model was chosen because it has been shown that it provides atomic charges of the
Hirshfeld kind that are almost independent of the basis set and which are usually
recommended for calculations within Conceptual Density Functional Theory.

2.2 Computational pharmacokinetics and ADMET report

The SMILES notation of each studied molecule was generated through the Online
SMILES Translator and Structure File Generator [https://cactus.nci.nih.gov/translate/],
and then was fed into the online program Chemicalize from ChemAxon [http://www.
chemaxon.com], which was considered to get a glimpse of the potential therapeutic
properties of the studied molecular systems (accessed: January 2022).

A similarity search in the chemical space of compounds with molecular structures
that could be compared to the ones being studied, with already known biological and
pharmacological properties, was achieved through the online Molinspiration software
from Molinspiration Cheminformatics [https://www.molinspiration.com/] (accessed,
January 2022).

Pharmacokinetics is a procedure that involves determining the likely fate of a
medicinal molecule in the body, which is critical information in the creation of new
medicine. Individual indices named Absorption, Distribution, Metabolism, Excretion,
and Toxicity (ADMET) factors have typically been used to analyze the associated
consequences. Chemicalize and the internet available pkCSM, a software for the
prediction of small-molecule pharmacokinetic properties using SMILES, was also used
to obtain additional information regarding the Pharmacokinetics parameters and
ADMET indices [45].
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3. Results and discussion

3.1 Conceptual DFT-based computational peptidology

The optimized molecular structures of the three apocarotenoid glycopeptide con-
jugates considered through this research through the methodology presented before
are displayed in Figure 1:

The quality of the chosen density functional may be realized by comparing its
results with results from high-level computations or experiential values. Nevertheless,
this comparison is not always computationally practicable because of the large size of
the molecules or the lack of experimental results for the chemical methods being
explored. Our research group has developed a methodology known as KID [20–24], as
an aid to evaluating a particular density functional about its internal coherence. It is
evident that within the Generalized Kohn-Sham (GKS) version of DFT, some rela-
tionships exist between the KID methodology and the Ionization Energy Theorem,
which is a corollary of Janak theorem [25–29]. This is done by connecting εH to -I and
εL to -A, through

JI ¼ εH þ Egs N � 1ð Þ � Egs Nð Þ (7)

JA ¼ εL þ Egs Nð Þ � Egs N þ 1ð Þ (8)

Figure 1.
Optimized molecular structures of three apocarotenoid glycopeptide conjugates (Brown: C, blue: N, red: O, green:
Cl, and white: H).
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JHL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

JI
2 þ JA

2
q

(9)

Another KID descriptor ΔSL related to the difference in energies between the
SOMO and the LUMO of the neutral system has been devised to aid in the verification
of the accuracy of the methodology.

The MN12SX density functional has been shown to have a Koopmans-compliant
behavior in earlier studies of the chemical reactivity of diverse molecular systems.
However, for further validation of this model chemistry in the prediction of the
chemical reactivity properties of the apocarotenoid glycopeptides conjugates consid-
ered here, additional research is necessary. The CDFT software tool was used to make
this determination, and the findings are shown in Table 1:

The results from Table 1 are very interesting because they show that there is an
almost perfect fulfillment of the Janak and Ionization Energy theorems for the
MN12SX/Def2TZVP/H2O model chemistry employed in this work.

Having verified that the MN12SX/Def2TZVP/H2O is the most adequate one for
obtaining accurate results for the Conceptual DFT global reactivity descriptors, the
estimated values for the Global Reactivity Descriptors (including the Nucleophilicity
N) for the three molecular systems acquired utilizing the mentioned CDFT tool are
displayed in Table 2:

The electronegativity (χ) and global hardness (η) are absolute values for the
chemical reactivity that have not a known experimental counterpart. Indeed, they can
be estimated by resorting to the experimental vertical ionization energy (I) and
vertical electron affinity (A) but these values are not known for the molecule under
study. A different thing can be said about electrophilicity ω and Nucleophilicity (N).
The electrophilicity ω index involves a compromise between the tendency of an
electrophile to acquire extra electron density and its resistance to exchange electron

Molecule HOMO LUMO SOMO H-L Gap J(I) J(A) J(HL) ΔSL

1 �5.246 �2.693 �2.701 2.553 0.001 0.004 0.005 0.008

2 �5.262 �2.711 �2.717 2.552 0.003 0.005 0.005 0.007

3 �5.073 �2.377 �2.389 2.696 0.002 0.007 0.008 0.012

1: Teicoplanin-Bixin; 2: Teicoplanin-Methylcrocetin; 3: Teicoplanin-β-apo-80-Carotenoic Acid.

Table 1.
Frontier orbital energies, H-L gap and the KID indices (all in eV) were used for the verification of the ionization
energy theorem behavior of the MN12SX density functional in the study of the chemical reactivity of the synthetic
conjugates of the glycopeptide Teicoplanin with several apocarotenoids.

Molecule χ η ω S N ω
�

ω
þ Δω�

1 3.970 2.553 3.086 0.392 3.546 8.316 4.346 12.662

2 3.987 2.552 3.114 0.392 3.530 8.380 4.394 12.774

3 3.725 2.696 2.574 0.371 3.720 7.178 3.453 10.632

1: Teicoplanin-Bixin; 2: Teicoplanin-Methylcrocetin; 3: Teicoplanin-β-apo-80-Carotenoic Acid.

Table 2.
Global reactivity descriptors for the synthetic conjugates of the glycopeptide Teicoplanin with several apocarotenoids:
Electronegativity (χ), hardness (η), Electrophilicity (ω) (all in eV), softness S (in eV�1), Nucleophilicity N,
Electrodonating power (ω�), Electroaccepting power (ωþ) and net Electrophilicity (Δω�) (also in eV).
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density with the environment [55]. By considering a group of Diels-Alder reactions and
the electrophiles involved in them [53, 66, 67], classification of organic compounds as
strong, moderate, or marginal electrophiles, that is an electrophilicity ω scale, was
established, with ω larger than 1.5 eV for the first instance, with ω between 0.8 and
1.5 eV for the second case, and ω smaller than 0.8 eV for the final case [53, 66, 67]. By
checking Table 2, it can be said that the three molecules may be regarded as strong
electrophiles. Domingo and his collaborators [51–55] have also proposed a Nucleophi-
licity index N through the consideration of the HOMO energy obtained through the KS
scheme with an arbitrary shift of the origin taking the molecule of tetracyanoethylene
(TCE) as a reference. An analysis of a series of common nucleophilic species partici-
pating in polar organic reactions allowed them to establish a further classification of
organic molecules as strong nucleophiles with N > 3.0 eV, moderate nucleophiles with
2.0 <N < 3.0 eV and marginal nucleophiles with
N < 2.0 eV. By checking again Table 2, it can be concluded that the three molecular
systems may be considered also as strong nucleophiles.

It is interesting to see that in comparison with similar research with peptides
[20–24], the MN12SX/Def2TZVP/H2O model chemistry retains its predictive ability
even when the glycopeptides are conjugated with carotenoids, as in the present case.
An important point is that the conjugates are predicted to be strong nucleophiles and
electrophiles while the computed behavior for isolated peptides depicts them as
moderate or even marginal nucleophiles and electrophiles.

3.2 Computational pharmacokinetics and ADMET report

The majority of medicinal drugs work by attaching to target protein molecules
while at the same time modifying their functions. The Bioactivity Scores, which are a
measure of the capacity of the molecules to act or coordinate with distinct receptors,
are listed in Table 3 for the three apocarotenoid glycopeptide conjugates:

These bioactivity scores for organic molecules can be interpreted as active (when the
bioactivity score is greater thanÂ 0), moderately active (when the bioactivity score lies
between �5.0 and 0.0) and inactive (when the bioactivity score is lower than �5.0).

The pharmacokinetics of a drug is evaluated through ADMET research, which is
acronymous for Absorption, Distribution, Metabolism, Excretion, and Toxicity. If
absorption is unsatisfactory, the distribution and metabolism of the drug would be
changed, potentially resulting in nephrotoxicity and neurotoxicity. As a result,
ADMET analysis is one of the most important aspects of computational drug design.
In addition to the previous Conceptual DFT-based Computational Peptidology and
Pharmacokinetics results, we are complementing this study with a report of the
computed ADMET features as shown in Table 4:

Molecule GPCR

ligand

Ion channel

modulator

Nuclear receptor

ligand

Kinase

inhibitor

Protease

inhibitor

Enzyme

inhibitor

1 �4.08 �4.11 �4.12 �4.11 �4.07 �4.08

2 �4.08 �4.10 �4.11 �4.10 �4.06 �4.07

3 �4.08 �4.09 �4.13 �4.11 �4.08 �4.08

1: Teicoplanin-Bixin; 2: Teicoplanin-Methylcrocetin; 3: Teicoplanin-β-apo-8’-Carotenoic Acid.

Table 3.
Bioactivity scores of the synthetic conjugates of the glycopeptide Teicoplanin with several apocarotenoids.
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Property MOL 1 MOL 2 MOL 3

Absorption

Water Solubility (log mol/L) �2.892 �2.892 �2.892

Caco2 Permeability (log Papp 10�6 cm/s) �0.965 �0.915 �0.748

Gastrointestinal Absorption (human) (% Absorbed) 8.189 6.874 25.006

Skin Permeability (log Kp) �2.735 �2.735 �2.735

P-glycoprotein Substrate Yes Yes Yes

P-glycoprotein I Inhibitor No No No

P-glycoprotein II Inhibitor No No No

Distribution

VDss (human) (log L/kg) 0.052 0.042 0.045

Fraction Unbound (human) (Fu) 0.363 0.368 0.367

BBB Permeability (log BB) �5.180 �5.192 �4.950

CNS Permeability (log PS) �7.097 �7.187 �6.499

Metabolism

CYP2D6 Substrate No No No

CYP3A4 Substrate No No No

CYP1A2 Inhibitor No No No

CYP2C19 Inhibitor No No No

CYP2C9 Inhibitor No No No

CYP2D6 Inhibitor No No No

CYP3A4 Inhibitor No No No

Excretion

Total Clearance (log ml/min/kg) �0.989 �1.037 �1.319

Renal OCT2 Substrate No No No

Toxicity

AMES Toxicity No No No

Max. Tolerated Dose (human) (log mg/kg/day) 0.438 0.438 0.438

hERG I inhibitor No No No

hERG II inhibitor No No No

Oral Rat Acute Toxicity (LD50) /mol/kg) 2.482 2.482 2.482

Oral Rat Chronic Toxicity (LOAEL) (log mg/kg-bw/day) 17.306 17.065 17.008

Hepatotoxicity No No No

Skin Sensitization No No No

T. Pyriformis Toxicity (log g/L) 0.285 0.285 0.285

Minnow Toxicity (log mM) 25.665 26.019 24.477

1: Teicoplanin-Bixin; 2: Teicoplanin-Methylcrocetin; 3: Teicoplanin-β-apo-8’-Carotenoic Acid.

Table 4.
Computed ADMET features of the synthetic conjugates of the glycopeptide Teicoplanin with several
apocarotenoids.
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It is important to note that all the members of the group of studied molecules
display positive values for the Human Gastrointestinal Absorption (HI), in particular
for MOL3, and negative values for the AMES toxicity and Hepatotoxicity. All the
molecular systems will be P-glycoprotein inhibitors (P-gp), being also P-gp substrates.
None of the apocarotenoid glycopeptide conjugates will be inhibitors of the molecules
related to cytochrome P450, displaying also a negative behavior as substrates of the
CYP2D6 and CYP3A4 variants. Finally, all the molecular systems considered here will
display a negative result regarding their behavior as hERG inhibitors. These results are
comparatively similar to those presented within the study of the structural and bio-
chemical properties of lipophilic apocarotenoid conjugates of Teicoplanin and its
pseudoaglycone that inspired this research [14].

4. Conclusions

The chemical reactivities of three apocarotenoid glycopeptide conjugates have been
thoroughly investigated by optimizing their structures using the DFTB methodology and
calculating their electronic properties using high-quality model chemistry, namely
MN12SX/Def2TZVP/H2O. This model chemistry was already used in previous research,
demonstrating its utility for this type of calculation. However, an involved estimation of
the KID descriptors for all the molecules demonstrated the ability of the MN12SX density
functional for the accurate estimation of the frontier orbital energies based on the KID
procedure methodology. The fact that the energy of the LUMO and the SOMO (or the
HOMO energy of the anion) are almost the same, which is reflected in the KID accuracy
descriptor ΔSL being very close to zero, is an indication that the derivative discontinuity
is negligible for the chosen density functional. This is translated as the ability of the
LUMO energy to reflect with precision the Electron Affinity of the molecule, implying
that the chemical reactivity parameters obtained by considering this density functional
will be very accurate. This is a very important result because it allowed the estimation of
the accuracy of the results based only on the fulfillment of some intrinsic requirements
(like the Janak and Ionization Energies) without the need to resort to the comparison
with experimental results that could not be available, as in the present case.

By considering our suggested Conceptual DFT-based Computational Peptidology
methodology, the three apocarotenoid glycopeptide conjugates have been studied by
applying certain techniques generally used in the procedure of drug discovery and
development, showing that these molecular systems may be regarded as potential
therapeutic drugs. The biological targets, physicochemical attributes, and ADMET
(Absorption, Distribution, Metabolism, Excretion, and Toxicity) indices associated
with their bioavailability and pharmacokinetics were forecasted and analyzed as
descriptors that could be useful in future drug development research.

It may be concluded that the results coming from the present study may be of
importance for the pharmaceutic industry because they show that the proposed three
apocarotenoid glycopeptide conjugates fulfilled the objective of increasing the
lipophilicity while at the same time avoiding the risk of the associated toxicity.
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