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RESUMO

Métodos computacionais podem ser usados para estudar sistemas quimicos a fim de fornecer
uma miriade de insights sobre mecanismos de reacdo. De métodos baseados em densidade
eletrdnica a métodos de mecanica molecular, a quimica tedrica esta no estado da arte da quimica
atual. Portanto, o presente estudo retne dois artigos que exemplificam a quimica computacional
como uma ferramenta para a quimica moderna: insights mecanisticos da biossintese do
psicodélico N,N-dimetiltriptamina (DMT) e da propargilimina (PGIM) presente no meio
interestelar (ISM). No Capitulo I, a DMT, um produto psicoativo endogenamente humano, faz
parte da rota do L-triptofano, dividida na descarboxilagdo por uma L-aminoécido
descarboxilase aromatica (AADC) para formacdo de triptamina (etapa elucidada) e a
subsequente dupla-metilacdo pela indoletilamina-N-metiltransferase (INMT) através do cofator
S-adenosil-L-metionina (SAM) (etapa ndo elucidada). Portanto, um modelo in silico, usando
calculos ONIOM QM:MM, foi proposto com base no perfil Sy2 da superficie de energia
potencial (PES) construida, mostrando a segunda barreira de energia de metilacdo sendo a etapa
limitante com &6G* = 14.65 kcal - mol~! maior que a metilacio anterior. Além disso, os
estados de hibridizagao de cada etapa da reacdo foram examinados para acompanhar a mudanca
de geometria ao longo da coordenada da reacdo. No Capitulo 1, a imina PGIM, uma molécula
organica complexa (iCOM) no ISM, € investigada, seguindo um modelo semelhante a sintese
Strecker, com um mecanismo de duas etapas: condensacdo de propinal e amonia e uma
subsequente eliminacdo de uma molécula de 4gua formando o PGIM. A construgdo do PES foi
realizada com o nivel teérico wB97XD/aug-ccp-VTZ, em meio de fase gasosa nas temperaturas
de 10 e 298 K, mostrando que a segunda barreira de energia € a etapa limitante em ambas as
temperaturas. Além disso, calculos de teoria quantica de &tomos em moléculas (QTAIM) foram
feitos para analisar a densidade eletronica obtida e os estados de hibridizagdo dos estados de

transicdo foram usados para entender a geometria das barreiras de energia.

Keywords: N,N-Dimetiltriptamina (DMT); propargilimina (PGIM); mecanismo; ONIOM,;
teoria do funcional da densidade (DFT); superficie de energia potencial (PES); psicoativos;
meio interestelar.



ABSTRACT

Computational methods can be used to study chemical systems in order to give a myriad of
insights about reaction mechanisms. From electron density based methods to molecular
mechanic ones. Nonetheless, theoretical chemistry is at the state-of-the-art of current chemistry
endeavour. Therefore, the present study, brings together two essays which exemplifies
computational chemistry as a tool to modern chemistry: mechanistic insights of the biosynthesis
of the psychedelic N,N-dimethyltryptamine (DMT) and the interstellar medium (ISM) molecule
propargylimine (PGIM). In Chapter I, DMT, an endogenously human psychoactive product, is
part of the L-tryptophan pathway, divided into the decarboxylation by an aromatic L-amino
acid decarboxylase (AADC) for tryptamine formation (elucidated step) and the subsequent
double-methylation by the indolethylamine-N-methyltransferase (INMT) through the cofactor
S-adenosyl-L-methionine (SAM) (not elucidated step). Therefore, an in silico model, using
ONIOM QM:MM calculations, was proposed based on the build Sy 2 potential energy surface
(PES) profile, showing the second methylation energy barrier being the rate-limiting step with
5G* = 14.65 kcal - mol™? larger than the previous methylation. Besides, hybridization states
of each reaction step were examined to follow geometry change along the reaction coordinate.
In Chapter I, PGIM, an imine interstellar complex organic molecule (iCOM), is investigated,
following a Strecker-type synthesis model, with a two-step mechanism: condensation of
propynal and ammonia and a subsequent elimination of water molecule forming PGIM. The
built PES was performed with wB97XD/aug-ccp-VTZ level of theory, in gas phase medium at
temperatures of 10 and 298 K, showing the second energy barrier to be the rate-limiting step in
both temperatures. Additionally, Quantum theory of atoms in molecules (QTAIM) calculations
were done to analyse the obtained electron density and the hybridization states of the transition
states were used to understand the geometrical of the energy barriers.

Keywords: N,N-Dimethyltryptamine (DMT); propargylimine (PGIM); mechanism; ONIOM;
density functional theory (DFT); potential energy surface (PES); psychoactives; interstellar

medium.
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5-HT Serotonin
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LSD Lysergic acid diethylamide

MD Molecular dynamics

ME Mechanical embedding
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Transferable intermolecular potential with 3 point
Typtamine

Universal Force Field



11
1.2

2.1
2.2
221
2.2.2
2.2.3
224
2.3
231
2.3.2
2.3.3
2.34
2.35
2.4

3.1
3.2
3.3
3.4

SUMMARY

INTRODUCTION ..ottt 14
N,N-Dimethyltryptamine psychedelia ..........c.ccccooviieiiiiiiiece e 14
The pathway to propargylimine ...........ccocooiiiiiiniieieeee s 16

PART I: A MECHANISTIC INSIGHT FOR THE BIOSYNTHESIS OF
N,N-DIMETHYLTRYPTAMINE: AN ONIOM THEORETICAL

APPROACH ...ttt e 19
] R goTo [UTox o] o TSP 22
Materials and MEthOAS .........cooviiiiece s 26
SYSEM PreParation .........ccceeiieiieiie e e e e e e sraenreenee s 26
ONIOM layer construction and calculations .............ccccovveveeve e 27
NCT ANAIYSES ... bbb 30
Hybridization INAICES .........ooiiiiiiiee s 31
ReSUILS @aNd diSCUSSION .......oiviiiiiiiiieie e 31
Boundary conditions of the calculations .............ccccccvveiiieicicie e 31
ONIOM CalCUIALIONS ..o 32
NCT ANAIYSES ... bbb 34
Hybridization @NalYSES .........cooiiiiiiiiiiee s 36
Reaction MECNANISIM .........cviiii s 37
(@0] o Tod [ (o] o H OSSR P PSRRI 39

PART I1: ACOMPUTATIONAL STUDY OF THE PROPARGYLIMINE
(PGIM) FORMATION MECHANISM IN THE INTERSTELLAR

MEDIUM (ISM) .ottt et en s 48
INEFOAUCTION ..o 50
Computational Metodology .........ccceieiiiiriiiiie e 52
RESUILS aNd dISCUSSION ......cueeiieiieiiieieeie et ens 53
(©0] 0 [0d 1151 o] o H TSR 61
CONCLUSION ..ottt ettt ne 67
REFERENCQGES ...ttt e 69
APPENDIX A—-AUTOR’S CURRICULAR DATA ...t 72

ANNEX A—-PAPERS’S DRAFT PROOF AND PUBLISHED PAPERS .... 76



14

1 INTRODUCTION

1.1 N,N-Dimethyltryptamine psychedelia

Psychoactive plants are part of our daily lives, from Coffea arabica beans used in
our morning breakfast coffees to the diverse use of herbal leaves to prepare delightful teas at
afternoon meals (ADAN, 1994). Employed by millennia, the consumption of psychoactive
compounds to alter consciousness states, medicinal and recreational effects or access other
psychedelic phenomena was present at humanity’s beginnings, at least since the Neolithic
period (SAMORINI, 2019). Through trial-and-fail tests, the first hominids gathered knowledge
and experienced the use of a wide variety of psychedelic plants: opium poppy (Papaver
somniferum), fly-agaric (Amanita muscaria) and ergot (Claviceps spp.) in the Old World and
coca (Erythroxylum spp.), Cocoa (Theobroma cacao) and mate (llex paraguariensis) in the New
World (SAMORINI, 2019). The religious aspect of the use of psychoactive compounds is also
common in early prehistory, helping the development of belief systems in traditional societies
(GUERRA-DOCE, 2015). The significant presence of psychedelics in human prehistory
sometimes makes space for highly alternative hypotheses of human evolution, such as the
Stoned Ape Hypothesis (MCKENNA, 1993). This very unusual and speculative theory in
Terence McKenna’s Food of the Gods book relates the use of psychedelics in early history with
awakening of human cognition and adaptive advantages.

One of the most interesting psychedelic natural products is N,N-dimethyltryptamine
(DMT), an amino acid derived alkaloid with a potent hallucinogenic effect, which is
endogenous in several species, including Homo sapiens (JAMIESON et al., 2021). DMT was
first identified and synthesized in 1931 by Richard Manske, a Canadian chemist (MANSKE,
1931); however it was only in 1946 when a Brazilian microbiologist, Oswaldo Goncalves de
Lima, discovered DMT in natural occurrence in plants such as Mimosa hostilis and tried to
elucidate its molecular structure (SEPARATA DE ARQUIVOS DO I.P.A, 1946). In 1956,
Stephen Szara tested DMT intramuscular doses in himself and found it to have a psychotic
effect similar to that caused by LSD. Most consequential, Szara traced the relationship between
DMT psychedelic effects with serotonin metabolism (SZARA, 1956).

In the 1990s, Rick Strassman and others conducted dose-response data studies for
intravenously administered DMT in drug users to study hallucinogenic action. The gathered
data conclusion indicated that not only may DMT be safely administered - although it is not

possible to separate hallucinogenic effects from drug use - but also could be used as a
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serotonergic probe of behavioral and neuroendocrine variables in psychiatrically ill patient
studies (STRASSMAN; QUALLS, 1994; STRASSMAN et al., 1994). In 2016, Rick Strassman
and Gallimore proposed a model, through target-controlled continuous infusion, to prolong and
provide an immersive psychedelic state and to better study the DMT’s brain effects since DMT
is also endogenously produced in the pineal gland (GALLIMORE; STRASSMAN, 2016).
Discussing Rick Strassman and Gallimore’s study, David Nichols, in 2017, argued that for
endogenously DMT to have a significant effect, it would need much more concentration in the
brain, thus more DMT produced by the pineal gland (NICHOLS, 2017). Since then, the
literature discusses the concentration and potential of DMT (BARKER, 2018; GLYNOS et al.,
2023).

The beginning of the DMT’s biosynthesis pathway follows a general two step-route
psychoactive reaction: the decarboxylation of amino acids by an enzyme aromatic L-amino acid
decarboxylase (AADC) followed by the functional group adding to the substrate (JAMIESON
et al., 2021). The first step of DMT’s mechanism, the decarboxylation of the L-trytophan by
AADC forming tryptamine, is well described in the literature, however the molecular details of
the adding of methyl groups to tryptamine is not fully elucidated. The proposed mechanism of
the double-methylation is sometimes described as Sy2 -like (FONTECAVE; ATTA;
MULLIEZ, 2004; ZHANG, J; ZHENG, 2016). However, more studies are needed to ascertain
this, in which mechanistic theoretical electronic density arguments can be helpful.

The double-methylation step of DMT’s biosynthesis is carried out by the enzyme
indolethylamine-N-methyltransferase (INMT), in which the cofactor S-adenosyl-L-methionine
(SAM) donates a methyl group to the tryptamine substrate (shown in Figure 1) (JAMIESON et
al., 2021). Since it is still not yet possible to conduct electronic calculations of large systems,
particularly macromolecules such enzymes, hybrid QM:MM ONIOM methods, which divides
the system in different levels of theory, can be of great assistance (CHUNG et al., 2012).

Therefore, this study proposes to perform QM:MM ONIOM theoretical
calculations in order to give electronic insights of the double-methylation reaction mechanism
of human endogenous DM, with posterior analysis of the hybridization states of each reaction

step and contributions from non-covalent interactions (NCI) in the energy barriers.
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Figure 1. The double-methylation system. The INMT enzyme secondary structure and the
SAM (yellow) cofactor and tryptamine (red) substrate shown with the cartoon and stick

representation.

Source: author.

1.2 The pathway to propargylimine

Propargylimine (HC = C — CH = NH, PGIM) is a nitrogen-bearing interstellar
complex organic molecule (iCOM) (BIZZOCCHI et al., 2020). Nitrogen-bearing iCOMs are
interesting molecules in the interstellar medium (ISM) as they can be regarded as an primitive
intermediate step towards the formation of amino acids and other biological building blocks of
terrestrial life (APONTE et al., 2017; BIZZOCCHI et al., 2020). It’s recent detection in the
G+0.693-0.027 molecular cloud attracted attention, since PGIM’s iminic moiety (R — CH =
NH) is highly reactive, resulting in different functional groups attached to the PGIM, forming
possible amino acids (BIZZOCCHI et al., 2020).
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The reaction mechanism of PGIM is not elucidated, being not a consensus in the
literature, and although this imine iCOM has been recently discovery, only three studies were
done with PGIM. In Lupi and collaborators study, a possible mechanism is proposed with the
addition of the - C,H radical to methanimine (CH,NH) (LUPI; PUZZARINI; BARONE,
2020). Concepciodn et al., proposed an one-step isomerization kinetics model to describe the
E/Z isomer ratio of PGIM and other imine-like molecules, demonstrating that the ratio strongly
depends upon the imines stabilitiess (CONCEPCION et al., 2021). In McDowell and Arthurs
study, theoretical MP2 and DFT calculations were performed to binary dyads of PGIM with
HF /H,0 complexes, founding PGIM hydrogen bonding to be predominantly at four different
atoms and differing in the E/Z isomers (MCDOWELL; ARTHURS, 2022).

Bizzocchi et al proposed several mechanisms models for the synthesis of PGIM,
from cyanoacetylene (HC = C — C = N) hydrogenation to acrylonitrile (NC — CH = CH,)
tautomerism (BIZZOCCHI et al., 2020). One mechanism model is the condensation reaction
of propynal (HC = C — COH) and ammonia (NH,), followed by water elimination. In the ISM,
amino acid precursors can be generated photochemically in reactions between nitriles and
ammonia or through a Strecker-type mechanism that involves the condensation of ammonia
and an aldehyde, close to the Bizzocchi et al propynal and ammonia mechanism proposal
(RIMOLA et al., 2009; DANGER et al., 2011). Besides, the environment in which ISM
reactions occur is of stark importance, with possible reactions happening in different sites, such
as in the gas phase or ice sheet grains (SANDFORD et al., 2020). ISM chemical reactions can
occur in gas phase process (Figure 2, top): ionization, dissociation and two-body reactions; and
grain process (Figure 2, bottom): ice, silicate and organic sheets.

Thus, in the present work, is proposed a computational study of the mechanism
model for the ISM formation of PGIM based on a Strecker-type synthesis of propynal with
ammonia.

Since PGIM was first identified in the G+0.693-0.027 molecular cloud and other
biologically-like molecules also react in the ISM, the proposed reaction adopted environment
was the gas phase (SANDFORD et al., 2020). Also, the presence of glycine amino acid at the
coma the 67P/Churyumov—Gerasimenko comet, suggests that iCOMs may react in cold
environments and probably in the absence of water (BIZZOCCHI et al., 2020; ALTWEGG et
al., 2016).
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Figure 2. Possible environments in which propynal and ammonia Strecker mechanism may

happen in the ISM: gas phase and ice sheet grains reactions.

GAS PHASE

ICE SHEET GRAINS

Source: author.

Density Functional Theory (DFT) calculations, with the wB97XD/aug-cc-pVTZ
level of theory, were performed in order to obtain electronic data to build the Potential Energy
Surface (PES) of the two-step PGIM mechanism, with hybridization states also analysed
(ANSLYN; DOUGHERTY, 2006; FRISCH et al., 2009). Additionally, Quantum theory of
Atoms (QTAIM) calculations were done to study the electron charge distribution of the reaction
system in terms of (p), Laplacian of electronic density (V2p), ellipsity (£) and electron
localization function (ELF) () (BADER, 1991).
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Part |

A MECHANISTIC INSIGHT FOR THE BIOSYNTHESIS OF
N,N-DIMETHYLTRYPTAMINE: AN ONIOM THEORETICAL APPROACH

SAM SAH

\ j CH3
NH "R N
/ 2 Double-methylation / \CH3
NH NH
Tryptamine N,N-Dimethyltryptamine

ONIOM QM:MM calculations

The elucidation of the double-methylation reaction route mechanism of tryptamine to
biosynthesize N,N-dimethyltryptamine (DMT) through theoretical studies with and hybrid
method approach.
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RESUMO

Produtos naturais psicoativos sdo potentes agonistas serotoninérgicos capazes de modular
funcBes cerebrais como memoria e cognicdo. Essas substancias tém mostrado potencial
terapéutico para o tratamento de diversos transtornos mentais. O fato de a N,N-dimetiltriptamina
(DMT) ser produzida endogenamente em varias plantas e animais, incluindo humanos, torna-a
particularmente atraente. Como um alcaloide derivado de aminoacidos, a via biossintética da
DMT faz parte da cascata bioquimica do L-triptofano e pode ser dividida na descarboxilacdo
por uma L-amino&cido descarboxilase aromatica (AADC) para a formacao de triptamina e a
subsequente dupla metilacdo pelo indoletilamina-N-metiltransferase (INMT) através do cofator
S-adenosil-L-metionina (SAM), um doador de metila. Ao contrario do mecanismo de
descarboxilacdo do L-triptofano, os detalhes moleculares da dupla-metilacdo da triptamina ndo
foram elucidados. Portanto, propomos um modelo in silico usando célculos de dindmica
molecular (MD), indice de interacdo ndo covalente (NCI) e teoria funcional de densidade (DFT)
com o nivel teérico ONIOM QM:MM B3LYP/6-31+G(d,p): MM/UFF. Com base nos dados
energéticos obtidos, a superficie de energia potencial (PES) indica um perfil de mecanismo
Sy2, com a segunda barreira de energia de metilagdo sendo a etapa limitante com 6G* =
14.34 kcal - mol~! maior que a metilagéo anterior, de acordo com a analise NCI, mostrando
interacGes mais repulsivas para o segundo estado de transicdo. Além disso, as informacGes de

hibridizacdo de cada etapa de reacdo fornecem detalhes geométricos sobre a dupla metilagéo.

Palavras-chave: N,N-Dimetiltriptamina (DMT), mecanismo, ONIOM, QM:MM, teoria

funcional da densidade (DFT), superficie de energia potencial (PES), psicoativos.
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ABSTRACT

Psychoactive natural products are potent serotonergic agonists capable of modulating brain
functions such as memory and cognition. These substances have shown therapeutic potential
for treating various mental disorders. The fact that N,N-dimethyltryptamine (DMT) is produced
endogenously in several plants and animals, including humans, makes it particularly attractive.
As an amino acid-derived alkaloid, the DMT biosynthetic pathway is part of the L-tryptophan
biochemical cascade and can be divided into the decarboxylation by an aromatic L-amino acid
decarboxylase (AADC) for tryptamine formation and the subsequent double-methylation by
the indolethylamine-N-methyltransferase (INMT) through the cofactor S-adenosyl-L-
methionine (SAM), a methyl donor. Unlike the decarboxylation mechanism of L-tryptophan,
the molecular details of the double methylation of tryptamine have not been elucidated.
Therefore, we propose an in silico model using molecular dynamics (MD), non-covalent
interaction index (NCI) and density functional theory (DFT) calculations with the ONIOM
QM:MM B3LYP/6-31+G(d,p):MM/UFF level of theory. Based on the obtained energetic data,
the potential energy surface (PES) indicates an Sy2 mechanism profile, with the second
methylation energy barrier being the rate-limiting step with §G* = 14.34 kcal - mol™! larger
than the previous methylation, following the NCI analysis showing more repulsive interactions
for the second transition state. In addition, the hybridization information of each reaction step

provides geometric details about the double-methylation.

Keywords: N,N-Dimethyltryptamine (DMT), mechanism, ONIOM, QM:MM, density
functional theory (DFT), potential energy surface (PES), psychoactives.
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2.1 Introduction

The study of psychedelia phenomena in formal science is recent, particularly the
investigation of the chemistry of the molecules behind psychedelic experiences. A boom in the
discovery of new psychoactive compounds in the 1950s, such as lysergic acid diethylamide
(LSD) and mescaline, caused psychologists and psychiatrists to try to use such psychedelics for
psychotherapies. However, public misunderstanding and growing stark anti-drug legislation
made any research progress difficult.%? In the last two decades mainly, subtle changes in
legislation and the social demand to deal with problems related to mental health have enabled
the resurgence of scientific research with psychedelics. The results have attested to the safety
and therapeutic benefits of these substances in clinical trials such as for treatment-resistant
depression and post-traumatic stress disorder 34,

Currently, the research of psychoactive natural products explores the biological
routes in which these molecules are synthesized in living organisms and has developed ways to
synthesize such compounds for human use. Most isolated natural psychoactives originated from
primary metabolites such as acetates, isoprenes, and amino acids, with the bulk of psychoactive
compound precursors coming from amino acid derived alkaloids. Some examples are N,N-
dimethyltryptamine (DMT), psilocybin, LSD and morphine.>® In general, the biosynthesis of
these molecules involves a two step-route: the decarboxylation of amino acids by an enzyme
aromatic L-amino acid decarboxylase (AADC) followed by the functional group adding to the
substrate. The most common group transfer reactions are methyl, prenyl and acetyl catalyzed
by methyltransferases, prenyltransferases and acetyltransferases, respectively.®

The DMT s distinctly attractive, since it is widely produced endogenously in
several species of plants and animals, such as Psychotria viridis, Mimosa tenuiflora, rodents
and also present in humans.”® In religious rituals of indigenous groups in the Amazonian rain
forest and Santo Daime ceremonies, the traditional drink Ayahuasca is composed of two plants:
Banisteriopsis caapi and Psychotria viridis, in which DMT is present in the latter.? DMT was
first identified and synthesized in 1931 by Richard Manske,'® however it was only in 1946 that
Oswaldo Gongalves de Lima, discovered its natural occurrence in plants such as Mimosa
hostilis, a Jurema’s constituent traditional drink, and tried to elucidate its molecular structure.™
In order to verify DMT effects in humans, in 1956, Stephen Szara tested intramuscular doses
and found it to have a psychotic effect similar to that caused by LSD and have symptoms such
as hallucinations and euphoria. Most consequential, Szara traced the relationship between

psychedelic effects with serotonin metabolism.!? In the 1990s, Rick Strassman and others
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conducted dose-response data studies for intravenously administered DMT in drug users to
study hallucinogenic action. The gathered data conclusion indicated that this psychedelic could
be used as a serotonergic probe in psychiatric patient studies.>!4,

The precise function of endogenous human DMT is yet to be elucidated;
nonetheless, a study associate DMT with the prevention of hypoxia.r® Its biosynthesis in
humans (Fig. 1) starts with the L-tryptophan; however, this amino acid is also the precursor of
other molecules, such as serotonin and melatonin.'® The enzymatic pathway of L-tryptophan
(Fig. 1b), when it is hydroxylated by tryptophan hydroxylase, produces 5-hydroxytryptophan
(5-HTP), which is then decarboxylated by AADC and generates serotonin (5-HT). Serotonin’s
acetylation by N-acetyl-transferase, followed by methylation of N-acetyl-5H by 5-
hydroxyindole-O-methyltransferase, produces melatonin. Due to the structural similarities of
DMT and melatonin, it has been proposed that the various dreaming states and even near-death
experiences may be explained through elevated levels of endogenous DMT in these
situations.!’1®

The alternative route, the biosynthesis of DMT in humans (Fig. 1a), is the
decarboxylation of L-tryptophan by AADC and tryptamine formation; and the double-
methylation of tryptamine by the enzyme indolethylamine-N-methyltransferase (INMT)
through the cofactor S-adenosyl-L-methionine (SAM), a methyl donor. The L-tryptophan
decarboxylation mechanism is well elucidated in the literature;>*® however, the molecular
details of the double methylation of tryptamine have not yet been described. The
decarboxylation reaction route (Fig. 2) begins with the transaldimination of the AADC enzyme
cofactor pyridoxalphosphate (PLP), in its aldimine reagent form, performed by L-tryptophan,
forming a Schiff base and producing a PLP amino acid. Then the decarboxylation reaction
occurs with the cleavage of the C, —COO~ bond through an intermediate quinonoid
formation reprotonated to undergo another transaldimination reaction, regenerating the
aldimine reagent to its AADC enzyme and producing the next step substrate, tryptamine.

Thus, studies have been made to discover the reagents, intermediates and products
of the double-methylation reaction route and new applications to the SAM/INMT
transmethylation, however the literature does not describe the possible transition states of the
reaction nor the energy barriers between one methylation to another.2%2! Although the proposed
double-methylation reaction mechanism is sometimes described as Sn2-like, more studies are

needed to ascertain this, especially those with mechanistic electron-transfer energetic arguments.
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Fig 1. L-tryptophan biochemical cascade is divided into two routes: (a) decarboxylation (fully
elucidated) and double-methylation (not-fully-elucidated) to produce DMT, or (b) the
hydroxylation and decarboxylation to produce serotonin (5-HT), followed by acetylation and

methylation to produce melatonin.
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Fig 2. The mechanism of the decarboxylation elucidated reaction route and subsequent

tryptamine formation. The Ind group is the bulk of L-tryptophan (indol + methyl group).

The described literature proposal mechanism (Fig. 1a) for the double-methylation
reaction starts with the initial methylation of tryptamine by INMT’s cofactor SAM to produce
N-methyltryptamine (MT). Whether SAM’s methyl group is restored through enzymatic
processes by the INMT or another SAM/INMT performs the second methylation is a matter of
debate. Then another methylation takes place, and DMT product is formed.

The first study to investigate DMT biosynthesis through a mathematical model or a

numerical simulation was by Mack et al in 1988.?? The study used kinetic data, obtained from
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Phalaris aquatica, to show the conversion of tryptamine to DMT, the possible reaction
intermediates and which methyltransferase is the most favorable to DMT biosynthesis. Only in
2014 did other studies explore this psychoactive using computational or theoretical methods.
Nevertheless, they only investigated applications of this alkaloid or its interactions with
molecules. Chu et al.% studied the Noncompetitive Inhibition of INMT by DMT and DMT-like
compounds through molecular docking, and Oner et al.?* studied conformational, spectroscopic
and nonlinear optical properties of DMT through Density Functional Theory calculations.
Therefore, this study proposes using computational chemistry methods through a
theoretical approach to give insights concerning the mechanism for the enzymatic reaction of
human endogenous DMT biosynthesis. Employing computational calculations and simulations
based on the density functional theory (DFT) and molecular dynamics (MD), the transition
states of the double-methylation reaction route can be obtained, as well as the quantification of
the energy barriers involved, and in addition, the elucidation of the mechanism of the ligand-
receptor system, that can be accessed through ONIOM QM:MM calculations and later analysis
of hybridization states and non-covalent interactions, with a theoretical proposed mechanism
model. Since the current synthesis process uses non-environmentally friendly reagents, the
molecular description of the enzymatic route could also support a green biotechnological
process of large-scale exogenous production and help understand endogenous DMT levels in

humans.

2.2 Materials and methods

2.2.1 System preparation

The structure of human INMT was obtained from crystallographic data in the
Protein Data Bank (2A14 code), acquired by X-ray diffraction with resolution of 1.70 A.?° The
water and sulfate cation molecules were deleted from the initial crystalline structure deposited
in the database. Also, an S-adenosyl-L-homocysteine (SAH) molecule was present, the methyl-
less byproduct of SAM’s methylation, in which one methyl group was added to the sulfonium
atom to obtain the SAM molecule.

In order to accommodate the tryptamine ligand into the INMT reaction active site,
situated close to the SAM cofactor, was performed molecular dynamic simulations. The SAM
topology parameters were obtained through acpype (AnteChamber PYthon Parser interfacE),

an external tool program in the AmberTools program package,?® in which parametrization
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occurred with the AMBER99SB/AMBER99bscO merged force fields and using the bbc model
to treat formal and partial charges.?®

Furthermore, Gromacs 2020.4 was used to conduct molecular dynamics simulations
with the INMT-SAM system.?’ Primarily, the geometry minimization energy step was done
with the steepest descent algorithm,?® followed by two 0.1-ns equilibration steps: a canonical
NVT ensemble, with modified Berendsen V-rescale thermostat,?® and an isothermic-isobaric
NPT ensemble, with V-rescale thermostat and Parrinello-Rahman barostat,® to control the
desired system temperature and pressure, respectively. The recommended TIP3P (transferable
intermolecular potential with 3 points) water model was used to solvate the simulated system,
and the system was neutralized by adding sodium counter ions. Concerning the MD simulation
production, a modified NPT ensemble scheme was used to the dynamics with the Leap-Frog
integrator to conduct a 100 ns simulation with a 2.0 fs time-step,3 and implementing Amber03
force field.3 The long-range interactions were modeled using PME (particle mesh Ewald)
electrostatics with a cut-off of 1.0 nm, and LINCS was the constraint algorithm chosen. The
before and after the production simulation step of the MD system is shown in Figure S1 in the
Supporting Information. Afterward the MD simulation, the tryptamine ligand was introduced

in the reaction active site of INMT at a distance of 6.2 A of the sulfur atom of the SAM cofactor.

2.2.2 ONIOM layer construction and calculations

The ONIOM (Our own n-layered Integrated Molecular Orbital and Molecular
Mechanics) method was developed to perform hybrid Quantum Mechanics and Molecular
Mechanics (QM:MM) theoretical calculations.®*2* Concerning this, it is still not yet possible to
conduct electronic calculations of large systems, particularly macromolecules, with a high level
of theory, then hybrid QM:MM calculations using the ONIOM method are of great assistance,
since the partitioning of the system improves the calculation performance and time.-3

Concerning a two-layered scheme, the ONIOM QM:MM approach divides the
studied system into two parts: the model system, the QM treatment of the high-layer, and the
real system, the MM treatment of both layers.*® The targeted ONIOM energy (Eonrom) (EQ. 1)
is the QM energy of the real system (Eqm;,rear), Which is described as the sum of the QM model
energy (Eom moder) and the MM real energy (Epyy req:) Subtracted from the MM model energy

(EMm moaer), correcting the double-counted MM contribution.

EQM,real ~ EONIOM = EQM,model + EMM,real - EMM,model (1)
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Thus, the starting-point system, before the double-methylation reaction, is
composed of two layers (Fig. 3a): (model layer) in which the double-methylation reaction is
performed, and the low-layer (real layer), which is, all the reaction environment, the INMT
enzyme.

Hence, in the initial step, the high-layer encompasses the SAM and tryptamine,
containing 74 atoms. Since the chemical reaction will be performed at the model layer (Fig.
3b), the chosen level of theory for the DFT calculations was the hybrid Becke’s three-parameter
functional with the Lee-Yang-Parr correlation functional (B3LYP),3%4? with the Gaussian Split-
valence Pople’s basis set 6-31+G(d,p). The mechanical embedding (ME) scheme was
implemented to assist the ONIOM calculations, by treating electrostatic interactions in the
QM:MM interplay.38:41:42

Concerning the low-layer, all the INMT enzyme environment was included.
However, part of it was frozen (3720 atoms), and the other was set unconstrained (291 atoms)
due to the extensive system (Fig. 3b). Both parts were treated with common MM Gaussian
provided Universal Force Field (UFF) since they reside totally in the real model. The amino
acid residues criteria to be set unconstrained was a cut-off radius of 6.5 A around the sulfur
atom (Fig. 3a), a slightly greater distance between tryptamine and SAM (6.2 A), to confirm that
tryptamine would be within this cut-off radius. The 12 chosen amino acid residues in the active
site were: TYR11, PHE15, TYR20, TYR24, TYR25, LEU163, LEY164, ALA165, MET166,
CYS168, TYR204 and VVAL206.

The geometrical optimizations were carried out using the entire level of theory:
ONIOM B3LYP/6-31+G(d,p):MM/UFF with the Gaussian 09 package.* Vibrational modes of
the optimized geometries were calculated to determine whether the obtained geometries are true
minima or transition states and to obtain the electronic energies necessary for the reaction
mechanism understating. IRC (intrinsic reaction path) calculations were done to certify that the
found transition states and products are indeed part of the reaction coordinate since the
beginning reagents.

No implicit solvent model was added to the ONIOM system; the protein
environment was then considered the sole solvent, with the high-layer interacting with the near-

sided amino acid residues.
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Fig 3. The studied QM/MM ONIOM system. (a) A depiction snapshot of the different system
layers. The high and low-layers are depicted with the Ball and Bond Type and the Wireframe
representations, respectively. (b) A diagram of the optimizations done in which layer in the
QM/MM ONIOM system.

In addition to the obtained electronic energies, a validation of the energies was
conducted as a matter of good practice.®” In Eq. 2, the newly calculated electronic energy (EEsp)

was obtained through single-point calculations with a higher level of theory B3LYP-D3/6-
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311++G(d,p), including Grimme D3 dispersion corrections included in the Gaussian 16

package,** and the Gibbs free energy correction (Gf,‘l’,‘t'r_freq) is the same as the optimizations and

frequency calculations with the lower basis set 6-31+G(d,p). This procedure verifies the scale
of the energy difference between one basis set and another.

Groral = EEsp + ggngreq (2)

2.2.3 NCI analysis

The non-covalent interaction index (NCI) is a study of weak interactions in 3D
isosurfaces and 2D graph representations.*® Besides the breaking and forming of covalent
bonds, a myriad of interactions can also engage during chemical reactions, such as H-bonds,
van der Waals interactions and steric effects. The NCI method uses the Reduced Density
Gradient (RDG) (Eg. 3) to describe the deviation from electron density distribution p(r),

where cs = 2(3n?)'/3 and Vp(r) is the first derivative of the electron density.*®

_ _vp@)] 3)
esp(r)t3

The scale of interaction force comes from the created RDG isosurfaces, colored
through the different system interactions. The RDG versus A, p(r) graph, where A, is the
second highest eigenvalue of the p(r) hessian matrix, displays the different non-covalent
interactions, separating strong, attractive (A, p(r) < 0) and repulsive interactions (A, p(r) >
0), and mild interactions (A, p(r) = 0).%

After the double-methylation reaction, both transition states were analyzed for non-
covalent interactions using Multiwfn 3.8 software.*” The transition states were centralized at
the SAH sulfur atom, the same as the ONIOM calculations, and the cut-off radius was 4.7 A
for both transition states (TS1=4.60 A, TS2 = 4.64 A) in order to ensure the reaction coordinate
for TS1 (RNH,-CH3-SAH) and TS2 (RCH3;NH,-CH5-SAH) are considered in the NCI analysis.
The sulfur atom surrounded amino acid residues was also included in the NCI analysis: TYR20,
GLY63, GLY65, PHE86 and ALAL164 for TS1, and GLY63, GLY65, PHE86, LEU164 and
ALA165 for TS2.
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2.2.4 Hybridization indices

The hybridization states (sp™) of chemical species at each mechanism step can be

quantified with a simple relationship (Eqg. 4):

1+ncos(0)=0 (4)

where 6 is the mean angle of all the angles around the tryptamine, MT and DMT
amine group nitrogen atom, and n is the hybridization index of the multiple hybridization states:

sp3, sp? andsp.®®

2.3 Results and discussion

2.3.1 Boundary conditions of the calculations

We explored the mechanism of the double-methylation reaction route of tryptamine
with INMT’s cofactor SAM to elucidate the biosynthesis of DMT. The catalyzed methylation
of amine-derived substrates, such as tryptamine by amino-N-methyltransferases, is well
established in the literature,"** being the INMT enzyme in charge of tryptamine’s
methylation.> Moreover, INMT’s cofactor, SAM, is the second largest cofactor in the human
body and the responsible methyl donor to the biosynthesis of DMT.?° Previous studies have
looked into a myriad of SAM applications, such as the rational biotechnological design of
molecules since SAM can be the source for methylene, ribosyl, aminoalkyl and methyl
groups.?t:2

Through these facts, it is clear that the double-methylation is a SAM-dependent
methyltransferase-catalyzed reaction. Besides, many SAM-methyltransferases react through
an Sn2-like mechanism, and this could be the reaction pathway of the biosynthesis of DMT.>?
Therefore, the Sx2 mechanism was chosen to make our theoretical-computational model of

the double- methylation reaction of tryptamine.

The protonated substrate state is a common feature of methyltransferase
reactions.®*** However, with the protonated dominant form, the tryptamine’s amine group is
hindered from accepting a SAM’s methyl group since the protonated tryptamine does not have

a lone pair of electrons available, losing the behavior of a nucleophile and making the double-
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methylation reaction impeded. Despite that, a computational study was done by Zhang and
collaborators,>® with SET-domain enzymes such as the protein-Lys-NH, (SET7/9) inquiry how
such enzymes, in the protonated state (protein-Lys-NHj ), could be methylated by SAM
cofactor. The authors discussed the possible use of water channels to escape the substrate proton
to the aqueous solvent. Non-amine substrates in methyltransferases, such as xanthosine, are
also in protonated states.>* Besides the protonated substrates, amine’s tryptamine has to be
deprotonated before the enzymatic reaction for the double-methylation to proceed. Thus, the
neutral tryptamine was the adopted initial reaction state, inasmuch more computational and
experimental studies are yet to be done to verify how tryptamine, in SAM-methyltransferases

are deprotonated.
2.3.2 ONIOM calculations

The calculated energies of each reaction step and the corresponding energy barriers
AG* are grouped in Table 1. The obtained Gibbs free energies Gt using the single-point

electronic energy EEj, withahigher level of theory B3LYP-D3/6-311++G(d,p), is for the first
and second methylation = 0.425% and 0.418%, respectively, more negative concerning the

electronic energy EE,,;_rreq Of the opt-freq calculations (Table S1).

Table 1. Energy calculations at the ONIOM QM:MM B3LYP/6-31+G(d,p):MM/UFF level of
theory. Using single-point energies EE;, with a higher level of theory B3LYP-D3/6-

311++G(d,p) the free Gibbs energies G*°*@ were calculated with the G'°*®' = EE,, +

o formula. The energy barriers AG* are also listed.

opt—freq
Structure EE,/(Ey) Gopt—freq/ (En) Gt /(E,) AG*/(kcal-mol™1)
R1%,y -2173.297495 2.423495 -2170.874000
TS1,m -2173.271723 2.428741 -2170.842982 19.463888
P1HIMT  -2173.330225 2.433038 -2170.897187
R2MT, -2212.641881 2.452917 -2210.188964
TS2ML, -2212.595960 2.460855 -2210.135105 33.796684

P2HIDMT -2212.641572 2.462763 -2210.178809
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This verifies that the energy scale does not differentiate between one basis set and another of
the same class, moreover serving as a validation to the obtained energy data.

The Gibbs free energy Gt profile of the two consecutive methylation reactions
Is represented in the Potential Energy Surface (PES) in Fig 4. The methylation reactions initiate
at the change of substrate (the formation of tryptamine to MT, and MT to DMT), followed by
the transition states and the protonated products. The Gibbs free energy profiles evidence that
the change in substrate modifies the energy barrier AG*. The energy barrier difference
concerning one methylation to another is §G* = 14.34 kcal - mol™?, being the second
methylation the most energetic; this might be a result of the steric hindrance caused by the
presence of the voluminous methyl group in the MT’s amine, difficulting the second
methylation, thus acquiring a higher energy barrier.*® This energetic behavior reflects the Gibbs
free energies of the products, making the protonated DMT more energetic than the protonated
MT. Furthermore, besides the INMT enzyme having good affinities with a large variety of
amine substrates, tryptamine seems to have the highest apparent turnover number, K.q.*
Therefore, the MT reagent in the second methylation might be affected by INMT Kinetic
preference.

A study conducted by Caldararu et al.>> concerning the conversion of sulfite into
sulfate by sulfite oxidase also used QM:MM computational methods. In this study, the
coordination complex proposed enzymatic mechanism rate-limiting step has an energy barrier
of ~ 11 kcal - mol™?, regarded as a low value. However, other QM:MM studies implementing
ONIOM and biochemically similar to the Tryp-SAM/INMT system have considerably higher
energy barriers.

For instance, the PLP-dependent enzyme substrates, serine and tetrahydrofolate, in
Santatiwongchai et al.*® study, endures a retro-aldol synthetic process with a 16 kcal - mol ™!
energy barrier, close to experimental results, 17 — 19 kcal - mol™! . In another study,
tryptamine and DMT substrates were used to understand the oxidation mechanism of human
trace amines. The rate-limiting energy barriers range from 16.8 — 32.5 kcal - mol™! in the

different proposed situations.®’
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Fig 4. The Potential Energy Surface (PES) constructed with the free Gibbs energies Gt
with EEg, calculated with a higher level of theory B3LYP-D3/6-311++G(d,p). The energy

barriers AG* are shown for the double-methylation reaction route. The (a) blue and (b) green

lines are the +MT and +DMT formation reaction coordinates, respectively.

The achieved energy barriers (the first and second transition states AG* =
19.46 and 33.80 kcal - mol™1, respectively) in the DMT biosynthesis are relatively similar to
those found in other studies with near-reaction characteristics. For example, in Ntombela et
al.,’” they found rate-limiting energy barriers for the inhibition mechanism of D,D-
carboxypeptidase with different p—lactam ligands range 16.62 — 30.29 kcal - mol™?, whereas
in Sanusi et al.,% the energy barrier range of the hydrolyses inhibition mechanism of B and C-
SA HIV-1 substrates, varies from =~ 14 — 23 kcal - mol™2. respectively. Both aforementioned

studies use the ONIOM method and propose concerted enzymatic mechanisms.

2.3.3 NCI analysis

The NCI data was gathered to study non-covalent interactions in both methylation
reaction transition states. The used RDG isosurface value is 0.60, and the color scale data range
is —0.02 to 0.02 (sign A, p(r)). In the obtained 3D NCI isosurfaces representation (Fig. 5),
the observation of mild interactions is difficult due to the shown spatial distribution of
interacting amino acid residues and the reactive system (Tryptamine or N-methyltryptamine,

SAH cofactor and the transfer methyl group) isosurfaces in both transition states. However, the
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obtained 2D NCI graph representation (Fig. 5), indicated by the RDG versus A, p(r) black
circle, shows more significant mild interactions, such as van der Waals interactions, for TS1
than for TS2.
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Fig 5. 3D isosurfaces and 2D graph NCI representations for the transition state of the (a) First
methylation with the TS1 reaction coordinate (RNH,-CH5-SAH) highlighted and the (b) Second
methylation TS2 reaction coordinate (RCH;NH,-CHs-SAH) highlighted. The colors blue, red
and green represent strong attractive and repulsive interactions, and mild interactions,
respectively. The black circles represent the comparative mild interactions in both transition

states.

Furthermore, the general observation of repulsive interactions, such as steric
effects, in 2D NCI graphic representation in both transitional states seems similar. Nevertheless,
the observation of the 3D NCI isosurfaces representations shows the TS1 reaction coordinate
(Fig. 5a) to less repulsive interactions than the TS2 reaction coordinate (Fig. 5b), especially the
more repulsive TS2 isosurface area close to the accepting nitrogen. This might be due to the
presence of the methyl group in the TS2, thus complicating the methylation. Therefore, these
results follow the obtained energy barriers since the difference concerning one methylation to

another is 6G¥ = 14.65 kcal - mol~*, with the second methylation being higher.
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2.3.4 Hybridization analyses

The hybridization of the double-methylation reaction was also studied. Each
reaction mechanism step: reagents, transition states and the final protonated products, was
obtained the mean angle (#) and hybridization index (n) of the amine group nitrogen atom of
tryptamine, MT and DMT. At the beginning of the first methylation (Fig. 6a), the hybridization
is sp319 with an almost perfect tetrahedron arrangement (109.5°). Then, after the methyl group
adding, the hybridization continues = sp3, with a slight increase in the transition state (sp324),
due to the approximation of the chemical species. Notably, at the second methylation (Fig. 6b),
the initial MT reagent has a hybridization of sp?#°, close to the trigonal planar arrangement
mean angle (120°).%8 The molecular geometry distortion, in both tryptamine and MT, is triggered
by the lone pair of electrons in the amine nitrogen atom. Therefore, the MT arrangement might
be explained by the lone pair weak perturbation in the electronic structure of MT, in contrast
with tryptamine, and the presence of a newly added methyl group. Finally, the second
methylation ends with an approximate tetrahedron arrangement (sp3-°2), also passing through

an increase in the transition state (sp%7°).

(a) O H,C—SAM

, CHj
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Fig 6. The hybridization analyses of the double-methylation reaction. The R group is the bulk
of the tryptamine, MT and DMT structures. (a) The First methylation and the (b) Second
methylation are shown with the obtained mean angle ( ¢) and hybridization index (n) of the

amine group nitrogen atom for the reagents, transition states and the final protonated products.
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2.3.5 Reaction mechanism

The PES (Fig. 4) represented profile of both methylations are Sn2 based reactions,
indicating a biomolecular reaction with each methylation taking place in a single reaction step
through an unstable transition state.*® Thus, based on the energetic calculated data, a mechanism
of the double-methylation reaction of tryptamine with INMT’s cofactor SAM of the
biosynthesis of DMT was proposed.

The double-methylation reaction route initiates with the first methylation of
tryptamine by SAM (Fig. 7a) through the attack of the lone pair of electrons to the methyl group
of SAM and the MT intermediate formation with a AG¥ = 19.46 kcal - mol~! energy barrier,
followed by its deprotonation. A 5.0 A cut-off radius, centered on the N atom of both MT and
DMT transition states, reveled the presence of THR162 and MET166 INMT amino acids,
whose hydroxyl and thioether side-chains, respectively, could deprotonate the substrate
hydrogen’s. The strong electrophilic character of SAM is enhanced by the positively charged
sulfonium, which renders its bonded methyl as a large leaving group.?! In addition, the
tryptamine amine group, acting as a nucleophile, is a strong base improving the Sn2 reaction
rate even further. Therefore, this demonstrates the favorable thermodynamics of SAM-
dependent methyltransferase-catalyzed reactions.

The second methylation (Fig. 7b) occurs with the MT intermediate attacking the
methyl group of another SAM cofactor, finally forming the N,N-dimethyltryptamine with a
AG* = 33.80 kcal - mol™! energy barrier, followed by its deprotonation. The protonated DMT
formation energy barrier §G* = 14.34 kcal - mol™! is more considerable concerning the first
methylation. This results from the methyl group presence in the MT reagent, impeding another
methyl entrance; thus, the second methylation reacquires a larger energy barrier. Besides,
secondary amines are weaker nucleophiles than primary ones.*® Furthermore, the initial MT
hybridization of sp?4°, close to a trigonal planar arrangement, instead of tryptamine’s
tetrahedron arrangement (sp31°), might influence the acceptance of the second methyl group.*®
Thus, from the pooled results, the Sn2 profile is the most plausible mechanism for the double-
methylation, with the kinetics of the first methylation more favorable than the second one, due
to the more significant energy barrier (AG* = 33.80 kcal - mol~! ), making the second

methylation the rate-limiting step of the double-methylation reaction.
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In 2017, David Nichols discussed a previously proposed DMT study by Strassman

and Gallimore concerning how to prolong the immersive psychedelic state of DMT via a target-

controlled model.>*®° Nichols argued that for endogenously DMT to have a significant effect,

it would need more concentration in the brain; tryptamine, MT and DMT are found in trace

quantities in the human body.%” The explanation for the low concentration of DMT in the brain

is still a matter of debate; however, in 2018, Steven Barker asserted that any speculation to
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figure out DMT’s endogenous role should be considered due to the lack of DMT brain studies
in humans.! In a recent study, Glynos et al.®! reported the non-essential presence of INMT for
DMT biosynthesis in rat INMT and rat brain and lung tissue extracts. Nevertheless, human and
rabbit INMT and rabbit lung tissue extracts are highly active in producing MT and DMT.
Furthermore, it is stated that the sequence homology of INMT between humans and rabbits is
quite close (89%), different from the sequence of mice (57%).

In Kubicsko and Farkas study, the oxidation mechanism of tryptamine and DMT
by monoamine oxidase (MAO) was investigated through ONIOM calculations.®” It was found
that the energy barrier of DMT is lower than tryptamine, therefore strengthening the hypothesis
that the low concentration of DMT might be caused by DMT synthesis followed by immediate
oxidation. Another hypothesis could be the inhibition of INMT by DMT, limiting the
synthesized amount of DMT through a self-regulated system.®? A study conducted by Chu et
al.® in 2014 (one of the first DMT computational studies) examined the noncompetitive
inhibition of INMT by DMT through in silico molecular docking analyses and found INMT to
be more inhibited by DMT than other amine-like molecules.

Therefore, in the present study, we investigated the double-methylation mechanism
of Tryp to biosynthesize DMT through a model of two separate consecutive Sn2 reactions
performed by ONIOM QM:MM calculations. It was found that the energy barrier difference
between reactions is §G* = 14.34 kcal - mol~*, with the first methylation being regarded as
the more thermodynamically favorable reaction. Thus, we hypothesize that the low DMT
concentration in the brain is occasioned, in addition to other aforementioned causes, by the MT
more considerable energy barrier, limiting the amount of DMT; being necessary to overcome

this rate-limiting barrier, in another yet-to-be-considered way, to increase DMT concentration.

2.4 Conclusion

The present study explored the mechanism of the double-methylation reaction route
of tryptamine to biosynthesize DMT. We investigated the DMT mechanism through MD
simulation, NCI analysis and DFT calculations with the ONIOM QM:MM method using the
B3LYP/6-31+G(d,p):MM/UFF level of theory in order to describe the influence of the energy
barriers involved in the reaction course and also obtaining the transition states of both
methylations. Thus, based on the energetic data, we aimed to give mechanistic insights of the
biosynthesis of DMT. The built PES free Gibbs energy profiles of both methylations are of Sn2

reactions, with +MT and +DMT formations passing each one through a single bimolecular
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reaction step. The energy barriers of the first and second methylations are AG* =
19.46 and 33.80 kcal - mol™1, respectively. The key finding is that the MT energy barrier is
85G* = 14.34 kcal - mol~! larger than the tryptamine energy barrier. This behavior is explained
by the methyl group presence in the MT reagent impeding the second methyl donation, which
agrees with NCI data indicating the first transition state to have less repulsive and more mild
non-covalent interactions, and also the preference of the INMT enzyme for primary amines
such as tryptamine, which are stronger nucleophiles than secondary amines. The obtained
hybridizations of each reaction step provide information about the geometry details in the
course of the mechanism. The significant change in hybridization at the initial MT reagent
(sp?*°) modifies the electronic arrangement influencing the second methylation acceptance of
a methyl group. The gathered data evidence that the double-methylation mechanism of DMT is
an Sn2-like reaction, with the second methylation having the more considerable energy barrier
and being the rate-limiting step, thus receiving the larger INMT enzyme stabilization
contribution. Furthermore, the second methylation higher energy barrier could be hypothesized
as the reason, in addition to other causes, of low DMT human brain concentration, thus, being
significant to overcome this rate-limiting barrier to increase the DMT amount.
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Electronic Supplementary Information

Table S1. Energy calculations at the ONIOM QM:MM B3LYP/6-31+G(d,p):MM/UFF level
of theory, without using single-point electronic energy EE,. The energy barriers AG* are also

listed.

Structure  EE,pi—freq/(En)  Gopt—freq/ (En) G /(E,) AG*/(kcal-mol™1)

R13,y -2164.113301 2.423495 -2161.689806

TS1 4y -2164.085097 2.428741 -2161.656356 20.989975
P1HIMT  -2164.143116 2.433038 -2161.710079

R2%% -2203.434360 2.452917 -2200.981443

TS2M, -2203.385557 2.460855 -2200.924703 35.604520
P2HIDMT  -2203.434032 2.462763 -2200.971269

Table S2. ONIOM QM:MM energy calculations input/output (gjf/log) file names at the
B3LYP-D3/6-311++G(d,p) level of theory for the single-point Electronic Energy (EEs,) and
B3LYP/6-31+G(d,p) level of theory for the frequency Gibbs Free Energy Correction

(Goptefreq) Values.

Structure Gaussian input/output file

R13,y sp/freq_R1_T_SAM.gjf/log
TS13am sp/freq_TS1_T_SAM.gjf/log
P1H{MT  sp/freq_P1H_+MT_SAH.gjf/log
R2M1, sp/freq_R2_MT_SAM.gjf/log
TS2MT,  sp/freq_TS2_MT_SAM.gjf/log

P2ZHIDMT  sp/freq_P2H_+DMT_SAH.gjf/log
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Fig S1. The aligned MD systems before (Red) and after (Blue) the production step. The INMT
enzyme secondary structure and SAM ligand are shown as with the cartoon and stick

representations, respectively.
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A COMPUTATIONAL STUDY OF THE PROPARGYLIMINE (PGIM) FORMATION
MECHANISM IN THE INTERSTELLAR MEDIUM (ISM)
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The theoretical study of the mechanism of propargylimine (PGIM) in the interstellar medium
(ISM) following the Strecker synthesis.
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RESUMO

Estudos tedricos de quimica quantica de mecanismos de reacao envolvendo moléculas do meio
interestelar (M1) sdo essenciais para entender a origem da matéria organica no ambiente espacial.
Aqui, a quimica computacional foi usada para investigar a sintese de Strecker levando a
formacdo da molécula interestelar propargilimina (PGIM). Nossa proposta para um mecanismo
de sintese de PGIM em duas etapas envolveu o nivel de teoria WB97XD/aug-ccpVTZ na fase
gasosa em temperaturas de 10K e 298K. Com base nos dados energéticos, a Superficie de
Energia Potencial (PES) indica um mecanismo Sy2 paraa primeira etapa e um mecanismo E2
para a segunda etapa, com menor barreira de energia considerando a primeira etapa. Os
resultados sugerem que o produto PGIM € termodinamicamente mais estavel que os reagentes.
Além disso, os dados topologicos de p(r) e € estdo de acordo com os dados energéticos.
Portanto, esses resultados demonstram que o PGIM pode ser formado através da sintese de

Strecker em duas etapas em um possivel ambiente interestelar.

Palavras-chave: Meio interestelar, PGIM, DFT, mecanismo.
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ABSTRACT

Theoretical quantum chemistry studies of reaction mechanisms involving molecules of the
interstellar medium (ISM) are essential to understand the origin of organic matter in the space
environment. Here, computational chemistry was used to investigate the Strecker synthesis
leading to the formation of interstellar molecule propargylimine (PGIM). Our proposal for a
two-step mechanism of PGIM synthesis involved the WB97XD/aug-ccp-VTZ level of theory
in the gas phase at temperatures of 10K and 298K. Based on the energetic data, the Potential
Energy Surface (PES) indicates an Sy2 mechanism for the first step and E2 mechanism for
the second step, with a lower energy barrier considering the first step. The results suggest that
the PGIM product is thermodynamically more stable than the reactants. Furthermore,
topological data from p(r) and & agree with the energetic data. Therefore, these results
demonstrate that PGIM can be formed through two-step Strecker synthesis in a possible

interstellar environment.

Keywords: Interstellar medium, PGIM, DFT, mechanism.
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3.1 Introduction

The phenomenon of life is one of the most complex and ancient issues addressed
by man. Identifying and studying molecules in the interstellar medium (ISM) plays a crucial
role in increasing knowledge about chemical evolution and the formation of planets.}? The
intersection of areas such as astrochemistry and astrobiology is considered critical to
understanding the connection of interstellar chemistry with circumstellar chemistry,
encompassing the formation of simple molecules from atoms to the complexity of biological
molecules. In the interstellar medium and circumstellar, 204 individual molecular species,
consisting of 16 elements, were detected through astronomical observations.®> Among these
molecules, approximately 50 contain carbon and have 6 or more atoms, belonging to the class
of the so-called interstellar complex organic molecules (iCOMs).! The iCOMs received
enormous attention in the last decades, allowing how to elucidate the formation of relatively
simple molecular structures to biochemically complex structures takes place.*

In the ISM, complex molecules are detected only in the densest sources. However,
with one exception, even though iCOMs have only been found in the gas phase, there is strong
evidence that they can form in ice sheets on interstellar grains.>® For this reason, two alternative
paradigms have emerged in the literature to explain their origin. One states that iCOMs are
formed in the gas phase, and the other that iCOMSs are synthesized on the surfaces of ice sheets,
also called interstellar grains, in which reactants accumulate and diffuse to react. It is worth
mentioning that these ice-covered grains catalyze important reactions on their surface.’

Glycine, also known as 2-aminoethanoic acid, is the simplest amino acid and is
fundamentally involved in understanding the emergence of life, as it is intrinsically related to
the formation of purines, nitrogenous bases involved in the formation of deoxyribonucleic acid
(DNA).2 This amino acid was discovered, jointly by methylamine and ethylamine, in the coma
of the 67P/Churyumov—Gerasimenko comet through in situ mass spectrometry.® Although this
has not yet been detected in the ISM, its discovery suggests a biochemical complexity in space
which encourages us to elucidate the formation of prebiotic molecules. Furthermore, its
presence suggests that the process capable of generating complex biochemical molecules can

occur in cold environments and probably in the absence of water.*

Nitrogen-bearing iCOMs are particularly interesting as they can be regarded as an
intermediate step towards the formation of biologically important species, such as amino acids,
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considered the building blocks of all life on Earth, found in many biologically important species,
including DNA, RNA, and proteins. Amino acids are the monomers of proteins and therefore
are the primary targets in astrobiological studies, and their extraterrestrial origin is a widely

discussed subject.

Many theoretical and experimental studies have investigated the chemical pathways
and mechanisms that supposedly can culminate in synthesizing amino acids in the
extraterrestrial environment.’®® In ISM, amino acid precursors can be generated
photochemically in reactions between nitriles and ammonia'* or through the Strecker

mechanism that involves the condensation of ammonia and an aldehyde.*®

Propargylimine (2-propyn-1-imine, HC = C — CH = NH, PGIM) has a carbon
nitrogen double bond, resulting in highly reactive amines capable of forming from the Strecker
mechanism.® Different functional groups attached to the PGIM can result in a wide variety of

amino acids.

Although PGIM has a structural isomer, acrylonitrile, well-studied species in the
astrophysics field, the PGIM did not attract the attention of experimentalists, and few studies
are present in the literature.!” Since its discovery in 2020 by Bizzocchi et al.,* only three studies
have been published on this imine.'*>8% In the study by Bizzocchi et al., possible formation
routes of the PGIM were presented.* One of these routes would be the reaction of propynal
(HC = C — COH) and ammonia (N Hs), followed by water elimination. However, there is still

needs to be a consensus on the formation mechanism of the PGIM in the ISM.

In the context of astrochemistry, in recent years, theoretical studies have been
devoted to investigating the possible chemical pathways that can lead to complex biological
molecules in diverse extraterrestrial environments.}122021 Foremost, Density Functional
Theory (DFT) was used to calculate the geometrical structures and vibrational frequencies for
all the stationary points included in the Potential Energy Surface (PES), namely, reactants,
possible products, intermediates and transition states. Subsequently, Quantum Theory of Atoms
in Molecules (QTAIM) calculations were used to examine the generated electron density
distribution,?? and hybridization states were analyzed in order to improve the PES reaction

mechanism model.z

Based on these premises, we perform a state-of-the-art quantum-chemical
characterization of stationary points on the HC = C — COH + NH; reaction at two different

temperatures (10K and 298K) to propose a PGIM synthesis pathway mechanism. No study
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describing the chemical mechanism of PGIM synthesis through propynal and ammonia has
been performed in the literature. Therefore, to study the mechanism of this reaction, we use the
axiom of Strecker amino acid synthesis from the reaction of an aldehyde (propynal) with

ammonia.l®

3.2 Computational metodology

Theoretical calculations were performed using the Gaussian 09 suite of programs?*
with the level of theory at the wB97XD functional with empirical dispersion corrections,?® and
the aug-cc-pVTZ polarized triple-zeta basis set, augmented with added diffuse functions
(AUG).?® The calculations have been made with two temperatures, 10 and 298 K, in order to
verify the difference between the optimized calculated energies, and the vacuum was applied
to mimic the space ISM effect on the proposed mechanisms. The stationary points along the
pathway leading to PGIM have been optimized, and the geometries were employed to perform
harmonic vibrational frequencies calculations to determine the nature of each stationary point:
minimum if all the frequencies are real and transition state if there is one, and only one,
imaginary frequency. Saddle points have been assigned through Intrinsic Reaction Coordinates
(IRC).27:28

Electron density was generated for later use in quantum theory of atoms in
molecules (QTAIM) calculations, developed by Richard F.W. Bader and colleagues,?22°0
which seeks to define bonding using a topological analysis of the electron density distribution.
All topological information of electronic density (p), Laplacian of electronic density (V2p),

ellipsity (g) and ELF (1)) was obtained using Multiwfn version 3.8.3!

The degree of ammonia nitrogen hybridization between the sp? and sp3 states

was quantified through the hybridization index (Eq. 1)? with the following equation:

1+ncos(0) =0 )

Where 6 is the mean angle of three angles around the ammonia nitrogen atom.
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3.3 Results and discussion

Although some studies have been conducted on water grains,®>* the contribution
of gas phase chemistry cannot be neglected considering that there are often only small fractions
of a chemical species in the ISM.3* Although there is a rich interstellar chemistry, which occurs
both in water grains and in the gas phase, we are still a long way from understanding all the
chemical mechanisms. There is a dearth of information and only a small fraction of the
elementary reactions have actually been adequately characterized. As a result, many models

still miss crucial information on chemical species detected in space.

An important condition for the validation of the proposed mechanism, which starts
from the condensation of ammonia with an aldehyde (R — COH), are the theoretical and
experimental investigations based on the Strecker mechanism.*>3? The propynal was detected
towards G+0.693-0.027 molecular cloud and has an abundance of approximately > 107°.% As
mentioned above, Bizzocchi and co-workers propose five formation routes of PGIM, where all
proposals are based on molecular precursors that are more abundant than PGIM with the
exception of the propynal precursor that is only marginally more abundant than PGIM. However,
the lack of information about the associated reaction rates and energy barriers makes this route

a great attraction for studying chemical reaction mechanisms that can lead to PGIM.

Based on these assumptions, the theoretical investigation of the PES to understand
the formation mechanism of PGIM in the ISM, a two step reaction is proposed for its formation
using propynal (HC = C — COH) and ammonia (NH3) (Eg. 2) to produce PGIM (Eqg. 3) as

follows:

HC =C—-COH+ NH; — HC =C — HCOH — NH, )

HC =C — HCOH — NH, —— HC = C — CH = NH + H,0 ?)

The optimized geometries of reactants (A), products (B), intermediate (1) and

transition states (TS1,TS2) are presented in Figure 1.

According to the modelled mechanism, the reaction between propynal and
ammonia involves two steps: (i) formation of the intermediate aminoalcohol by condensation
of propynal with ammonia (1-2 in Figure 2); (ii) dehydration of this aminoalcohol and formation

of 2-propyn-1-imine (PGIM) (2-3 in Figure 2). The total energy (AE) and free energy (AG) for
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each structure involved in the reaction between propynal with ammonia are listed in Table 1,
while comparative AE and AG profiles are shown in Figure 3 and Figure 4 for the gas phase

at 10K and 298 K temperature reactions, respectively.

1.10
1.18 ‘)
; )(1.31
 1.56 1,66 ,
141J“ ! J ,"";—“J
9 225 &

(TS1) (TS2)

Fig 1. Optimized geometries for the reactants (A), products (B), intermediate (I) and transitions
states (TS1,TS2). The units for bond lengths are in angstroms (A).

The step-by-step description of the studied mechanism is thus detailed. Ammonia
adds to propynal by a concerted nucleophilic attack of the N atom towards the carbonyl C atom
and a proton transfer from NH; to the carbonyl O to give the intermediate aminoalcohol
condensed propynal (HC = C — HCOH — NH,).*? Starting from the reactants 1 (Figure 2) the
condensation between NH; and HC = C — COH occurs through a transition state TS1 with
the development of a direct N-C bond and the proton transfer from NH; to HC = C — COH.
For this process the computed transition states AE* and AG* are 33.5902 and 33.7258 kcal -
mol ™1, respectively, for the 10 K gas phase reaction (Figure 3) with the intermediate HC =
C — HCOH — NH, (2) being -7.8513 (AE) and -4.6975 (AG) kcal - mol™! lower in energy
than 1.
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Fig 2. Schematic representation of the reaction mechanism of propynal with ammonia. The

condensation (1-2) and dehydration (2-3) steps.

Table S1. Total electronic energy (AE) and free Gibbs energy (AG) in the gas phase model,
with the ISM? (10 K) and room® (298 K) temperatures, for each of the structures in the reaction
path obtained from the standard thermochemistry calculation at the level of theory
WB97XD/aug-cc-pVTZ level of theory.

Structure AE%/(kcal-mol~!) AG%/(kcal-mol~1) AE?/(kcal - mol~') AG?/(kcal - mol~1)

Ripd) 0.0000 0.0000 0.0000 0.0000
TS1p,0, 33.5902 33.7258 39.5022 415369
Ic_prop -7.8513 -4.6975 -6.5192 -1.3253
TS2¢_prop 46.6636 46.8889 59.6883 58.2072
P2 -1.6673 -0.9770 -1.9666 -0.0213
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Considering the 298 K gas phase reaction, the condensation between NH; and
HC = C — COH results in energy barriers of 39.5022 (AE¥) and 41.5369 kcal - mol™! (AG¥)
for TS1 (Figure 4), with HC = C — HCOH — NH, (2) being -6.5192 (AE) and -1.3253 Kkcal -

mol~! (AG) lower in energy than 1.
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Fig 3. Free energy (AG) and total energy (AE) profile for the temperature of 10 K in gas phase

model reaction between propynal and ammonia.

In the second step an E2 intramolecular reaction is performed with the intermediate
condensed propynal (HC = C — HCOH — NH,). Beginning with the aminoalcohol (2), the
hydroxyl abstract an hydrogen atom from the amine group, concurrently the N-C bond becomes
a double bond occurring through a transition state TS2 eliminating a water molecule and
forming PGIM (HC = C — CH = NH) (3). For this process the computed transition states AE*
and AG* are 46.6636 and 46.8889 kcal - mol™?, respectively, for the 10 K gas phase reaction
(Figure 3) with the products HC = C — CH = NH + H,0 (3) being -1.6673 (AE) and -0.9770

(AG) kcal - mol™! lower in energy than 1.
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Relating the 298 K gas phase reaction, the intramolecular elimination reaction
HC =C — HCOH — NH, results in energy barriers of 59.6883 (AE*) and 58.2072 Kkcal -
mol~! (AG¥) for TS2 (Figure 4), with HC = C — CH = NH + H,0 (3) being -1.9666 (AE)
and -0.0213 kcal - mol™! (AG) lower in energy than 1.

From the AE* and AG?, it can be seen that the energy barriers for the TS1, TS2
have lower values for the studied mechanism considering 10 K than the 298 K temperature,
thus the gas phase low temperature reaction model truly mimics the ISM effect on the proposed
mechanisms. A possible explanation for the difference of energetic barriers with the 10 K gas
phase model will be given through QTAIM analysis. The molecular graphs obtained through
QTAIM analysis for TS1 and TS2 are shown in Figure 5 along with several topological data of
selected bond critical points. Electronic density, p(r), Laplacian of the electron density,
VZp(r), Ellipticity of electron density, &, and Electron localization function n values are
shown for bond critical points between atoms for the studied transition state structures.
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Fig 4. Free energy (AG) and total energy (AE) profile for the temperature of 298 K in gas phase

model reaction between propynal and ammonia.
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Considering the structure of the transition states (Figure 5), we can see that the TS1
has a higher sum of p(r) than the TS2, with values 0.5309 and 0.3906, respectively. The
higher p(r) value for the TS1 suggests greater stability compared to the TS2, due to better
distribution of charge along the transition state system. This is seen by comparing their AE*

and AG? relative energies in Figures 3 and 4.

[J(r) =0.2115 p(r) =0.2098 [)(r) =0.2960

V2(r) = -0.7492 V2p(r) = -0.4384 V2(r) = -1.7005
£=0.0637 § £=0.0448 £=0.0198 4
n=0.9165 n=0.8356 n=0.9843

A(r) = 0.0394

o) = 0.0553 V2p(r) = 0.1483

(r) =0.1097 1) =0

V2(r) = 0.0990 VAN =14731 4 £=1.1066
- £=0.2415 - 01163

£=0.2884 S n=0.

7= 04172 (Ts1) 7=0. (TS2)

Fig 5. Molecular graphs of transition states (TS1, TS2) studied in the 10 K gas phase reaction
model obtained from QTAIM analysis. Orange lines correspond to bond paths and orange
spheres to bonds critical points along with electronic density, p(r), Laplacian of the electron
density, V2p(r), Ellipticity of electron density, &, and Electron localization function 7. The

bonds critical points analyzed are numbered in red.

Besides p(r), we analyze other topological parameters of selected bond critical
points using QTAIM?®>%" calculations as well as Laplacian of the electron density, VZp(r) and
Ellipticity of electron density, . According to the topological analysis of QTAIM, when p(r)
of the bond critical point is relatively high (x10™ au) and V2p(r) < 0, the chemical interaction
is defined as a shared shell and it is applied to covalent bond. In Figure 5 the values of p(r)
and V2p(r) for critical points 2 and 3 (in red) in TS1 indicate that H-N and N-C bond paths
are shared shell interactions,® although the H-N bond critical point 2 is broken. On the other
hand, the positive sign of Laplacian of the electron density (VZp(r) > 0) represents depletion
of the electron density*°® as we can see in the Figure 5 for critical points 1 of TS1, even though
the H-O is being formed. However, this value is similar to those from weak hydrogen
bonds.®4%41 For TS2 structure, the critical point 2 present relative high p(r) value and
VZp(r) < 0, while critical points 1 and 3 shows VZp(r) > 0 values. The ellipticity of electron

density (¢) is defined in terms of the cylindricity of the p(r) at the critical point constructed
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from the eigenvalues of the Hessian matrix, A, and 1, where € = |A,]/|A,] — 1.2 If 4, =
A, then & = 0 and the bond is cylindrically symmetrical. Large & values indicate structural
instability. All critical points analyzed in the structures TS1 show & values, which are
reasonably small indicating the stable character of binding. In the same way, the critical points
1and 2 and 4 of TS2 have low ¢ values. In contrast, in the critical point 3 of TS2 structure the
€ is in comparison reasonably high (¢ = 1.11) which indicates that the C --- 0 is an instable

interaction.

The electron localization function (ELF), n(r), is measured from the Fermi hole
curvature in terms of the local excess kinetic energy density due to Pauli repulsion.43 When
n(r) values is confined to the [1,0] interval, the tendency to 1 means that parallel spins are
highly improbable (otherwise opposite spin pairs are highly probable). On the other hand, the
tendency to zero indicates a high probability of same spin pairs. As we can see in Figure 5 for
critical points 2 and 3 of TS1 show n(r) values close to 1, indicating the presence of shared-
shell interactions. Conversely, the critical point 1 have low n(r) values indicate that bond
paths are closed-shell interactions. Already TS2 structures, critical point 2 show n(r) = 1 and

critical points 1 and 3 show n(r) = 0.

Thus, critical points 1 and 2, following V2p(r) and n(r) values, show strong
repulsion and attraction between H-O and H-N bond paths, being the reaction coordinate which
increases energy barriers. Therefore, critical point 1 better summarizes the two reaction steps:
in the TS1 showing the formation of the N-C bond, and in TS2 showing the elimination of the

water molecule.

According to the PGIM formation mechanism model studied, the resulting product

of  the reaction (PGIM) is thermodynamically more stable than

R1p,2, with relative energies of AE = —1.67 and AG = —0.98 kcal - mol~* for gas phase

(Figure 3) while for the condensed phase the relative energies were AE = —1.97 and AG =
—0.02 kcal - mol~! (Figure 4). In other words, PGIM is energetically stable for both the 10
and 298 K gas phase reaction models. However, there is an stability increase when considering
the 10 K AG, although the TS1, TS2 energy barriers for the 10 K ISM model are lower than
the 298 K model (Table 1).

In order to monitoring the interaction between the propynal and ammonia, we
examined sp™ hybridization state of nitrogen atom in the reactant complexes, intermediate,

transition states and product. The calculated sp™ hybridization state is summarized in Figure
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6. Before the nucleophilic attack of the ammonia N atom, the hybridization is sp333, with an
almost perfect trigonal pyramidal shape. Then, after the nucleophilic attack, the hybridization
decreases to sp?78 in TS1. Notably, at the N atom nucleophilic attack, TS1 has a trigonal
planar arrangement with an average angle that increases after the attack to more close the ideal
120°.%2 With the formation of 2, the geometry becomes trigonal pyramidal again with
hybridization sp22°. Finally, after release of the leaving group (H20) and formation of 3, its

ends with an approximate trigonal pyramidal arrangement (sp?7) undergoing a decrease in the
transition state TS2 with hybridization sp?>2,

H T
( “NH, H o H
S
& @ ~N na
H H/
N ".I/JﬁZCH E—— ‘\ >——CH
—CH 5 HQD

H
1) (TS1) (2)
Sp3.33 sz.Tﬂ Sp2_96
0= 107.49504° 0=111.18599° 0=109.76311°

_-NH
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“. I T
o) —=CH
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sp>¢’ Sp2.52

f=111.99134° 0=113.35024°

Fig 6. The hybridization analyses of the of the PGIM formation reaction. The pictorial
representation shows the mean angle (6) and hybridization index (n) of nitrogen atom for the
reagents, transition states and PGIM final product.



61

3.4 Conclusion

The present study explored the mechanism of the PGIM synthesis through propynal
and ammonia in ISM. We studied the mechanism for the reaction between propynal and
ammonia in gas phase in 10 and 298 K by calculating the intermediate (2), transition state
structures (TS1 and TS2), and free-energy profiles for all of the elementary steps of the reaction,
which takes place in two steps: (i) formation of a aminoalcohol by condensation of propynal
with ammonia; and (ii) dehydration with the formation of 2-propyn-1-imine (PGIM) as the final
product. The first step of the proposed reaction mechanism involves an Sy2 reaction with
formation of intermediate 2 passing through a single biomolecular reaction step. The energy
barrier for the first step, with 10 K, was AG* = 33.73 kcal - mol~1. Whereas for the 298 K
model reaction, the energy barrier has been increased to 41.54 kcal - mol~1. According to our
results, the second step of the investigated mechanism suggests an E2 reaction with release of
H,0 from 2. The energy barrier of the second step of the 10 and 298 K gas-phase were AG* =
46.66 and 58.21 kcal - mol™1, respectively, showing also an increase in energy barrier. This
study also showed that the PGIM final product is thermodynamically more stable than 1 for
both the 10 and 298 K gas-phase model reactions. All the results of relative energies mentioned
above, corroborate with the topological analyses and the other topological data obtained,
particularly . The significant change in hybridization at the initial N,pmonia atom of sp3-33
foran Sy2 reaction in the first step, modifies the electronic arrangement influencing the E2

reaction in the second step.

In a more general perspective, the results of our state-of-the-art computations
provide convincing evidences about the feasibility of a general addition/elimination mechanism

by Strecker synthesis for the formation of PGIM in ISM.
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4 CONCLUSION

In this work, the presented essays contribute to giving insights about the proposed
mechanisms involving the psychedelic N,N-dimethyltryptamine and the interstellar medium
(ISM) molecule propargylimine using computational chemistry methods.

In Chapter I, the double-methylation reaction route of tryptamine to biosynthesize
DMT was explored with DFT calculations with the ONIOM QM:MM B3LYP/6-
31+G(d,p):MM/UFF level of theory in order to describe the influence of the energy barriers
involved in the reaction coordinate of both methylations. Based on the calculated energetic data,
the PES profile of both methylations resembles Sn2 reactions, with the energy barriers of the
first and second methylations being AG* = 19.46 and 33.80 kcal - mol™?, respectively. The
MT energy barrier is §G* = 14.34 kcal - mol~* larger than the tryptamine energy barrier, a
behavior explained by the methyl group presence in the MT reagent impeding the second
methyl donation. Besides, the change in hybridization at the initial MT reagent (sp?49)
modifies the electronic arrangement influencing the second methylation acceptance of a methyl
group. This also agrees with the NCI data indicating the first transition state to have less
repulsive and more mild non-covalent interactions, and also the preference of the INMT enzyme
for primary amines such as tryptamine, which are stronger nucleophiles than secondary amines.
Thus, the energetic data shows that the double-methylation mechanism of DMT is an Sn2-like
reaction, with the second methylation having the more considerable energy barrier and being
the rate-limiting step. In addition, the second methylation higher energy barrier could be
hypothesized as the one the reasons of low DMT human brain concentration, therefore, being
significant to overcome this rate-limiting barrier to increase the DMT amount.

In Chapter Il, the Strecker-type synthesis of the iCOM PGIM in the ISM was
performed with the wB97XD/aug-cc-pVTZ level of theory to describe the mechanism of the
propynal and ammonia reaction. The mechanism model was done in the gas phase in 10 and
298 K, in order to evaluate the ISM environment influence over the reactions, by DFT
calculations of the intermediate (2), transition state structures (TS1 and TS2), and free-energy
profiles for the two-step reaction: the formation of a aminoalcohol by condensation of propynal
with ammonia via a concerted Sy2 mechanism; and dehydration with the formation of 2-
propyn-1-imine (PGIM) as the final product via an E2 water elimination mechanism. The
energy barrier for the first step, with 10 K, was AG* = 33.73 kcal - mol~*. Whereas for the

298 K model reaction, the energy barrier has been increased to 41.54 kcal - mol~1. The energy
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barrier of the second step of the 10 and 298 K gas-phase were AG* = 46.66 and 58.21 kcal -
mol~1, respectively, showing also an increase in energy barrier, thus being the rate-limiting step.
The obtained energy barriers demonstrate the ISM environment influence by favouring the
reaction in lower temperature. Besides, the PGIM final product is thermodynamically more
stable than 1 for both the 10 and 298 K gas-phase model reactions. The significant change in
hybridization at the initial Nppmonia atom of sp333 for an concerted Sy2 reaction in the
first step, modifies the electronic arrangement influencing the E2 reaction in the second step.
The topological analyses of QTAIM results correlate the energy barriers, particularly p and «.
Thus, the gathered data evidence that the obtained state-of-the-art calculations provide
convincing evidences about the feasibility of a general mechanism by Strecker synthesis for the
formation of PGIM in ISM.

Therefore, by gathering the theoretical results obtained, it is possible to verify the
capacity of computational chemistry to analyze different chemical reactions, ranging from Sn2

to E2 mechanisms, and earthly-like enzyme systems to starlighted ones.
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3. COUTINHO, L. P.; MONTEIRO, N. K. V. . DETERMINAGAO DE COMPOSTOS FENOLICOS E POTENCIAL ANTIOXIDANTE DE

EXTRATOS AQUOSOS DE CURCUMA LONGA L., PIPER NIGRUM L. E CUMINUM CYMINUM: UM ESTUDO DE MECANICA
QUANTICA. Revista Encontros Universitarios, p. 1033 - 1033.

4. COUTINHO, L. P.; SANTOS, REGINA C.R. ; VALENTINI, A. . Sintese de Acetol Via Processo Catalitico para Valorizagdo do
Glicerol. Revista Encontros Universitarios, p. 1917 - 1917.



Resumos publicados em anais de congressos )

: [ COUTINHO, L. P.; SANTOS, R. C. R. ; VALENTINI, A. . SINTESE DE ACETOL VIA PROCESSO CATALITICO PARA
VALORIZAGAO DO GLICEROL. In: XXXVII Encontro de Iniciacdo Cientifica - Encontros Universitarios, 2018, Fortaleza. XXXVII
Encontro de Iniciagdo Cientifica - Encontros Universitérios, 2018.

2. VALERO, J. M. ; SILVA, O. R. ; COUTINHO, L. P. ; VALENTINI, A. . EFEITO DO DIOXIDO DE CARBONO SOBRE A
CONVERSAO DE GLICEROL EMPREGANDO CATALISADORES CONTENDO CAO DOPADO COM PRATA OU PLATINA. In: XXXVII
Encontro de Iniciagdo Cientifica - Encontros Universitarios, 2018, Fortaleza. XXXVII Encontro de Iniciagdo Cientifica -
Encontros Universitarios, 2018.

3. COUTINHO, L. P.; JUNIOR, M. ; VALENTINI, A. . EFEITOS DO OXIDO DE ANTIMONIO NAS PROPRIEDADES ACIDAS DO
OXIDO DE ALUMINIO. In: XXXVI Encontro de Iniciagdo Cientifica - Encontros Universitarios, 2017, Fortaleza. XXXVI Encontro
de Iniciagdo Cientifica - Encontros Universitarios, 2018.

Apresentacoes de Trabalho

1. COUTINHO, L. P.. Do MCVM a Pesquisa Cientifica. 2022. (Apresentagéo de Trabalho/Comunicagdo).

2, COUTINHO, LUCAS PINHEIRO; MONTEIRO, NORBERTO DE KASSIO VIEIRA . PROPOSTA DE UM MODELO MECANICO-
QUANTICO PARA AVALIAR A ATIVIDADE ANTIOXIDANTE DOS EXTRATOS AQUOSOS DE Curcuma longa L., Piper nigrum L. E
Cuminum cyminum EMPREGANDO TEORIA FUNCIONAL DA DENSIDADE. 2022. (Apresentagdo de Trabalho/Outra).

3. COUTINHO, L. P.; MONTEIRO, N. K. V. . Determinagdo de Compostos Fendlicos e Potencial Antioxidante de Extratos
Aquosos de Curcuma Longa L., Piper Nigrum L. E Cuminum Cyminum: um Estudo de Mecanica Quantica. 2020.
(Apresentagdo de Trabalho/Outra).

4, COUTINHO, L. P.; MONTEIRO, N. K. V. . Estudo de Simulagdes Computacionais de Dinamica Molecular de Sistemas
Bioldgicos Envolvidos com a Diabete Mellitus Tipo 2. 2019. (Apresentagdo de Trabalho/Outra).

5. COUTINHO, L. P.; SANTOS, REGINA C.R. ; VALENTINI, A. . Sintese de Acetol Via Processo Catalitico para Valorizagdo do
Glicerol. 2018. (Apresentacdo de Trabalho/Outra).

6. COUTINHO, L. P.; JUNIOR, M. . Efeitos do Oxido de Antiménio nas Propriedades Acidas do Oxido de Aluminio. 2017.

(Apresentagdo de Trabalho/Outra).

Eventos

Participagdo em eventos, congressos, exposigoes e feiras

1. XI SEMANA DA QUIMICA E IV WORKSHOP DA POS-GRADUAGAO EM QUIMICA. 2020. (Outra).

2. XXXIX Encontro de Iniciagdo Cientifica.Determinagdo de Compostos Fendlicos e Potencial Antioxidante de Extratos Aquosos
de Curcuma Longa L., Piper Nigrum L. E Cuminum Cyminum: um Estudo de Mecénica Quantica. 2020. (Encontro).

3. X Semana da Quimica da UFC e III Workshop da Pés-Graduagdo em Quimica. 2019. (Outra).

4. XXXVIII Encontro de Iniciagdo Cientifica.Estudo de Simulagdes Computacionais de Dinamica Molecular de Sistemas
Bioldgicos Envolvidos com a Diabete Mellitus Tipo 2. 2019. (Encontro).

5. XXXVI Encontro de Iniciagdo Cientifica - Universidade Federal do Ceara. TOS DO OXIDO DE ANTIMONIO NAS
PROPRIEDADESACIDAS DO OXIDO DE ALUMINIO. 2018. (Encontro).

6. XXXVII Encontro de Iniciagdo Cientifica - Encontros Universitarios.SINTESE DE ACETOL VIA PROCESSO CATALITICO PARA
VALORIZA(,‘;&O DO GLICEROL. 2018. (Outra).

7 III Semana Pré-Reagdo de Quimica. 2017. (Outra).

8. Encontros Universitarios - Universidade Federal do Ceara - 2016. 2016. (Outra).
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J. Health Biol Sci. 2022;10(1):1-10 doi: 10.12662/2317-3206jhbs.v10i1.3859.p1-10.2022
Determination of phenolic compounds and antioxidant potential of aqueous
extracts of Curcuma longa L., Piper nigrum L. and Cuminum cyminum: an
experimental and a quantum-mechanical study

Determina¢do de compostos fendlicos e potencial antioxidante dos extratos
aquosos de Curcuma longa L., Piper nigrum L. e Cuminum cyminum: um estudo
experimental e quanto-mecanico.

Morgana A. Freitas' (7, Raynara I. A. Machado? (", Isabelle H. M. Rocha' (3, Lorena S. Limal (%, Lucas P. Coutinho®{, *Norberto
K. V. Monteiro*{, Pedro de L. Neto*(#, Selma E. Mazzetto*® , Hugo A. O. Rocha®{’, Richele ]. A. Machado®(

1. Discente do curso de Nutricdo no Centro Universitdrio Christus (UNICHRISTUS), Fortaleza, CE, Brasil. 2. Mestre pelo Departamento de Bioquimica,
Universidade Federal do Rio Grande do Norte, Natal, RN, Brasil. 3. Graduagdo pelo Departamento de Quimica Analitica e Fisico-Quimica, Universidade
Federal do Ceard, Fortaleza, CE, Brasil. 4. Docente do Programa de Pés-graduagdo em quimica, Universidade Federal do Ceara (UFC), Fortaleza, CE, Brasil.
5. Docente do programa de Pés-graduagdo em bioguimica, Universidade Federal do Rio Grande do Norte (UFRN), Natal, RN, Brasil. 6. Docente do Curso de
Graduagao em Nutrigdo no Centro Universitario Christus (UNICHRISTUS), Fortaleza, CE, Brasil.

Abstract

Objectives: Evaluation of phenolic compounds and antioxidant activities of aqueous extracts of C. longa, P. nigrum and C. cyminum. In addition to proposing
a quantum-mechanical model to evaluate the antioxidant activity. Methods: The aqueous extracts were prepared using roots of the Curcuma longa L., seeds
of the Piper nigrum L. and seeds of Cuminum cyminum. The extracts were subjected to tests to detect and quantify phenolic compounds and to assess their
antioxidant capacity by different methods. Furthermore, to investigate the electronic nature of the antioxidant activity of the main compounds present in
these extracts, frontier molecular orbitals (FMOs) were obtained by the DFT/B3LYP/6-31G(d,p) level of theory. Results: After statistical analysis of the
results, a greater number of phenolic compounds and better antioxidant activity was identified in the aqueous extracts of cumin (C. cyminum) in all three
assays performed, when compared to the other extracts tested. The theoretical model based on the Pietro method is in agreement with the experimental
results. Conclusion: This study has an innovative proposal with the trivial antioxidant activity combined with theoretical quantum-mechanical calculations
that can serve to reduce costs and time and to predict the antioxidant activity of subsequent studies.

Keywords: Bioactive Compounds; Antioxidant Activities; Density Functional Theory; Frontier Molecular Orbitals.

Resumo

Objetivos: avaliar os compostos fendlicos e atividades antioxidantes dos extratos aquosos de C. longa, P. nigrum e C. cyminum bem como propor um modelo
quanto-mecanico para avaliar a atividade antioxidante. Métodos: os extratos aquosos foram preparados por meio da utilizacao de raizes de Curcuma longa
L., sementes de Piper nigrum L. e sementes de Cuminum cyminum. Os extratos foram submetidos a ensaios para detectar e quantificar compostos fendlicos
e atividade antioxidante por diferentes métodos. Além disso, com objetivo de investigar a natureza eletronica da atividade antioxidante dos principais
compostos presentes nesses extratos, orbitais moleculares de fronteira (OMFs) foram obtidos pelo nivel de teoria DFT/B3LYP/6-31G(d,p). Resultados:
apos as analises estatisticas dos resultados, a maior quantidade de compostos fendlicos com maior atividade antioxidante foi identificada no extrato aquoso
do cominho (C. cyminum) em todos os ensaios realizados, quando comparados com os outros extratos testados. O modelo tedrico baseado no método de
Pietro esta concordante com os resultados experimentais. Conclusio: este estudo possui uma proposta inovadora com a atividade antioxidante trivial
combinada com célculos quanto-mecanicos que podem servir para reduzir custos e tempo para predizer a atividade antioxidante de estudos futuros.

Palavras-chave: Compostos Bioativos. Atividades Antioxidante. Teoria Funcional da Densidade. Orbitais Moleculares de Fronteira.

INTRODUCTION

Oxidative stress is often associated with pathological conditions  diseases related to oxidative stress?. Many studies have been
such as cancer, neurodegenerative disorders, cardiovascular  conducted to identify new natural antioxidants?.

disease, diabetes mellitus, acute and chronic kidney disease

(CKD)**. The antioxidant plays a central role in the termination  Plants and their constituents have been used in the treatment
of oxidative chain reactions by removing the free radical of diseases since antiquity. The use of medicinal plants is
intermediates®. Polyphenols are secondary metabolites from an economical and accessible way to treat the popu|ation'
plants with antioxidant potential used in the prevention of contributing to primary health care®. These constituents are
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