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Abstract

Drug-plasma protein interaction is a critical concern in monitoring drug circulation and drug-drug interactions.
The present study aimed to investigate the interaction of psychedelic drugs such as lysergic acid diethylamide
(LSD), dimethyltryptamine (DMT), 2,5-dimethoxy-4-iodoamphetamine (DOI), psilocybin, psilocin, and mescaline
with human serum albumin (HSA). The 3D structures of LSD, DMT, DOI, psilocybin, psilocin, mescaline, and
albumin were obtained from the structural databases (www.rcsb.org, https://pubchem.ncbi.nlm.nih.gov/
compound). The structures were then prepared for molecular docking analysis by Autodock Vina software.
Ultimately, the binding energies between docked HSA and psychedelic drugs were calculated, and their
interactions were predicted. It was found that the psychedelic drugs can interact with HSA in the active site and
the best minimum binding energies of 7.6 kcal/mol and -6.5 kcal/mol were shown by LSD and psilocybin,
respectively. Our results indicated that all psychedelic drugs tested could interact with HSA at subdomains IA
and IB. The structural properties of the drugs affect their interaction sites and binding energies. It was concluded
that albumin, as the most abundant protein of the serum, could act as the biodistributor of psychedelic drugs.
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Introduction

The nature of drug-protein interaction gives new op-
portunities for the development of novel drugs, which
has vital implications on the drug tissue disposition and
metabolic rate. Various drugs such as ibuprofen, dia-
zepam, and warfarin can bind reversibly to plasma pro-
teins (Fender and Dobrev, 2019). The effect of a drug
depends on the availability of the free drug in plasma in
order to bind to the receptor sites and elicit pharmaco-
logical response. Studies have shown that drugs are dis-
tributed in blood circulation, either in free form or in the
form of a complex with plasma proteins; therefore, the
binding of drugs to plasma proteins is a very important
factor that determines the effect of pharmacokinetics
and pharmacodynamics of drugs (He and Carter, 1992;
Hegde et al., 2011; Jafarisani et al., 2018; Khalili et al.,
2017; Ran et al., 2007).

Human serum albumin (HSA) is the most abundant
protein in serum and plasma. It plays an essential role as
a carrier of blood molecules such as free fatty acids and
hormones and some drugs. Moreover, HSA is used as
a source of distribution of amino acids and plays a criti-
cal role in the generation and preservation of osmotic
pressure in blood flow (Lee and Wu, 2015). In addition,
HSA binding can increase the half-life of the circulating
drugs. HSA is a globular protein composed of three ho-
mologous domains (I-III) (Meloun et al., 1975; Phillips
et al., 1989; Sudlow et al., 1975), and it is the best-stu-
died model to explain the ligand delivery process in vivo
because the interaction of any toxic substance with HSA
affects the transportation of nutrients and drugs (Khalili
et al., 2017). Hence, the understanding of interaction
mechanisms between toxic chemicals and HSA is very
crucial for toxicology research (Hou et al., 2015). Recent
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studies have reported the binding of organic contami-
nants or toxins to HSA, for example, atrazine and methyl
parathion, by using experimental and computational ap-
proaches (Bertel et al., 2013; Purcell et al., 2001; Sho-
oshtary et al., 2015; Silva et al., 2004).

Serotonergic hallucinogens (psychedelics) are potent
psychoactive materials that modify thoughts and feelings
of an individual and influence various cognitive behaviors
(Nichols, 2016). They are considered to be physiologi-
cally safe for routine administration and do not lead to
dependence or addiction (Nichols, 2016). Chan and Men-
delson (2014) categorized serotonergic hallucinogens in
three groups according to their chemical structure: try-
ptamines such as N,N-dimethyltryptamine (DMT), psilo-
cybin, and psilocin; lysergamines such as lysergic acid
diethylamide (LSD); and phenethylamines such as 2,5-di-
methoxy-4-iodoamphetamine (DOI) and mescaline (Chan
and Mendelson, 2014). Researchers have attempted to
induce the hallucinogen effects through the serotonergic
system, and there is a small but increasing amount of
evidence showing that they may have therapeutic use in
treating anxiety disorders and depression (Baumeister
et al., 2014; Jang et al., 2010; Liechti, 2017; Ly et al.,
2018). Hallucinogens are nonpolar compounds and thus
their transportation in blood is difficult; hence, they need
to be bound to carriers in order to enable them to reach
the brain. As a general transporter present in the blood,
HSA has been suggested to be used for this purpose
(Sherwood et al., 2020; Zielinski et al., 2020).

The present study aimed to investigate the inter-
action of psychedelic drugs such as LSD, DMT, DOI,
psilocybin, psilocin, and mescaline with HSA. By using
similar in silico approaches, our present study attempted
to assess whether HSA can be used as a biodistributor
for psychedelics. To this end, various state-of-the-art bio-
informatics tools were used to analyze the possible inter-
actions between HSA and psychedelic drugs and the pos-
sible consequences on their pharmacokinetic and phar-
macodynamic properties, including adsorption, distri-
bution, metabolism, and excretion.

Methods

3D structures

The crystallographic structure of HSA was obtained
from the Protein Data Bank (PDB), with the PDB ID of
IN5U. This structure has a resolution of 1.9°A. The
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DMT (4) DOI (5) Mescaline (6)

Fig. 1. 1) Structures of LSD, 2) psilocin, 3) psilocybin, 4) DMT,
5) DOI, and 6) mescaline obtained from the PubChem database

PDB file for HSA was edited to exclude the unnecessary
ligands and water molecules. The ViewerLite software
(Version 5.0) was used to delete unwanted molecules.

The 3D structures of psychedelic drugs (LSD, DMT,
DOI, psilocybin, psilocin, and mescaline, shown in Fi-
gure 1 and Table 1) were extracted from the PubChem
database at https://pubchem.ncbi.nlm.nih.gov/compound
(Kim et al., 2016). The 3D structures were saved in sdf
file format and were converted to the pdb format by the
ViewerLite software.

Molecular docking

The Autodock Vina molecular docking software was
used to analyze the possible orientations for the inter-
actions between HSA and psychedelic drugs. The Auto-
dock Vina software is a program for molecular docking
and virtual screening analysis; it has a new scoring func-
tion that improves the speed and accuracy of docking as
compared to Autodock (Trott and Olson, 2010). The
Autodock Vina system requires that the receptor and
ligand files are formatted in the PDBQT molecular
structure file format. The MGLTools (Version 1.5.6) was
used for the preparation of file format conversion and
the HSA 3D structure for docking analysis by adding
hydrogen atoms and merging all nonpolar hydrogens.
The rotatable bounds were defined and allowed to have
rotation. The grid box was defined according to the en-
tire spacing structure. Autodock Vina was also used for
docking ligands in HSA. In addition, 10 docked con-
formations with minimum binding energies were listed
for each run with the Iterated Local Search global opti-
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Table 1. Binding energies between HSA and LSD, DMT, psilocybin, psilocin, DOI, and mescaline. Lower energies indicate more
stable and strong interaction between HSA and ligands. All drugs (defined with CID) were obtained from the PubChem database

PubChem Binding H-bond interaction
Structure affinity Hydrophobic interaction (hydrogen bond length)
CID o
[kcal/mol] [°A]

LSD 5661 -7.6 Asp108, Ser193, Cys249 Tyr148 (3.04), GIn196 (3.03)
DMT 6089 -5.1 Aspl108, Tyr148, Ser193, GIn196, Argl197 -

Psilocybin = 10624 -6.5 Leull5, Argl17, Pro118, Tyr138, lle142, Tyr161, Argl86 @ -

Psilocin 4980 -6.0 Val46, Glu45, Glu48, Phe49, Leu69 Lys73 (3.30)

DOI 1229 -6.2 Argl17, Leul35, Tyr138, lle142, Tyr161, Argll7 -

Mescaline 4076 -5.4 Glu45, Val46, Phed9, Leu69, Phe70, Asp72 Lys73 (2.91)
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Fig. 2. A) Structure of the LSD-HSA complex as a mesh surface image generated by PyMOL,
B) 2D scheme of the interactions between LSD and HSA generated by LIGPLOT

mizer algorithm. Eventually, the binding energies for the
interaction between the HSA and psychedelic drugs
were calculated. The PyMOL software was used to ob-
tain the pdb complex file.

2D and 3D interaction plots

The schematic diagrams of detailed protein-ligand
interactions were generated using the LigPlus program
(Version 1.3.6). This program indicated the potential
interactions between the ligand molecules and HSA
residues. In addition, the PyMOL software was used for
3D interaction plot.

Results

In the present study, the interaction and binding
energies of psychedelic drugs such as LSD, DMT, DOI,
psilocybin, psilocin, and mescaline with HSA were de-
termined using in silico molecular docking. An overview

of the docking interactions of the protein and ligands is
presented in Table 1.

Interaction of LSD with the binding site of HSA

The program predicted -7.6 kcal/mol of the mini-
mum binding energy for the complex of LSD with HSA.
LSD interacted with the hydrophobic residues of HSA,
including Asp108, Ser193, and Cys249. Furthermore,
LSD was found to interact with Tyr148 and GIn196 of
HSA through hydrogen bonds. Detailed interactions of
LSD with the binding site of HSA is shown in Figure 2.

Docking results of DMT, psilocybin, and psilocin

The results of the docking of DMT to HSA showed
that the minimum binding energy was -5.1 kcal/mol.
It was observed that hydrophilic residues of has, inclu-
ding Aspl108, Tyr148, Ser193, GIn196, and Argl97,
interact with DMT through Van der Waals binding. The
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Fig. 3. A) 2D and 3D schemes of the interactions between
DMT, B) psilocybin, and C) psilocin with HSA generated
by LIGPLOT (2D) and PyMOL (3D)

detailed interaction between DMT and HSA is shown in
Figure 3A.

The docking results of psilocybin to HSA showed that
the minimum binding energy was -6.5 kcal/mol. The
interaction was mediated by hydrophobic residues in-
cluding Leull5, Prol118, and Ile142, and hydrophilic re-
sidues including Argl17, Tyr138, Tyr161, and Argl86
through Van der Waals binding. Detailed interactions of
this compound with HSA are shown in Figure 3B.

As shown in Figure 3C, the minimum binding energy
of psilocin and HSA was -6.0 kcal/mol, and the hydro-
phobic and hydrophilic residues of HSA, including Val46,
Glu45, Glu48, Phe49, and Leu69, were involved in this
interaction by Van der Waals binding. In addition, psi-
locin interacted with Lys73 through a hydrogen bond.
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Docking results of DOI and mescaline

The docking experiments indicated that the mini-
mum binding energy of a complex formed by DOI and
HSA was -6.2 kcal/mol. This interaction included the
hydrophobic residues Leul35 and Ile142 and the hydro-
philic residues Argl117, Tyr138, Tyr161, and Argl17 of
HSA. More information on the interaction between DOI
and HSA is given in Figure 4A.

Our docking results also showed that mescaline can
harness HSA by binding to one of its subdomains which
is located in binding site 1 with the minimum binding
energy of —5.4 kcal/mol. As shown in Figure 4B, the
hydrophobic residues of HSA that interacted with mes-
caline were Val46, Phe49, Leu69, and Phe70 and the
hydrophilic residues were Glu45 and Asp72 as well as
Lys73 through hydrogen bonding.

Interaction of active site of HSA with psychedelic drugs

The superimposition of the docking poses of HSA
and the psychedelic drugs in the binding site of HSA is
shown in Figure 5. As illustrated in the figure, we ob-
served that the drugs could bind to HSA in the IB site
located in Domain I.

Discussion

Psychedelic drugs including mescaline, psilocybin,
DMT, and LSD are used by humans because of their ca-
pacity to elicit profound alterations in attention, passion,
and cognitive processes. Swanson (2018) reported that
psychedelic drugs repress the core brain mechanism
that regularly perform to conquer or filter or constraint
psychic aspects into an evolutionarily adaptive container.
In addition, the author showed that this core brain me-
chanism can function pathologically, thereby restricting
the perspicacity, sensation, and perception of an indi-
vidual. Moreover, psychedelic phenomena and symp-
toms of chronic psychoses participate in representative
elements because they both involve circumstances of
relatively unconstrained mental processes (Swanson,
2018). Contrary to the increasing information on the
neural response mechanisms associated with the acute
effects of these drugs, the consequences of the main-
tained use of psychedelic drugs on the human brain
remain mostly unexplored (Bouso et al., 2015).
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Fig. 4. A) 2D and 3D schemes of the interactions between DOI
and B) mescaline with HSA generated by LIGPLOT (2D)
and PyMOL (3D)

Molecular docking has become a commonly used
powerful tool for drug discovery. The molecular docking
strategy can be used to model the interaction between
a small molecule and a protein at the atomic level, which
allows to describe the functions of small molecules in
the binding sites of target proteins and to illustrate basic
biochemical processes. In molecular docking, the pur-
pose is to predict the binding and interactions between
two different molecules (Banaganapalli et al., 2019). Cur-
rently, many different docking programs are available,
such as Autodock, Autodock Vina, and Molergo (Ucie-
chowska-Kaczmarzyk et al., 2019), which use several
approaches to execute these interactions. Molecular
docking enables to assess binding potentiality between
molecules and proteins without difficult and/or expen-
sive laboratory work (McConkey et al. 2002; Meng et al.,
2011). On the other hand, performing an absorption, dis-
tribution, metabolism, toxicity, and excretion (ADMTE)
study could add valuable knowledge from the perspec-
tive of drug development. Examining the ADMTE fea-
tures of drug candidates is therefore considered impera-
tive. The binding of therapeutic agents with serum com-
ponents could significantly add to their biodistribution as
an ADMTE property. Impaired biodistribution of drug
candidates is one of the challenges for developing thera-
peutic factors (Khalili et al., 2017).
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Fig. 5. The superimposition of the docking poses of psyche-
delic drugs in the binding site of HSA generated by PyMOL

HSA is a common essential protein in serum, which
has different functions including the binding and trans-
port of lipophilic xenobiotics and numerous endogenous
substrates (Matsuda et al., 2014). The protein is com-
posed of three homologous domains (I, II, and III),
which are further subdivided into pairs of subdomains
(DIA, DIB, DIIA, DIIB, DIIIA, and DIIIB) (Abou-Zied and
Al-Shihi, 2008). Crystallographic studies conducted on
ligand-HSA interaction have reported the molecular fea-
tures of the binding (Brunmark et al., 1997; Dockal
et al., 1999). In domain I, fatty acid binding site 1, free
cysteine (C34), and drug binding site 3 are located. The
fatty acid site lies between DI and DII; the metal binding
site is located between DIA and DIIA subdomains; and
DII comprises the drug binding site 1 (Sudlow’s site 1)
and fatty acid sites 6 and 7. DIII holds fatty acid binding
sites 3 and 4, while the drug binding site 2 (Sudlow’s
site 2) is located in DIIIA. The fatty acid binding site 5
that binds to heterocyclic compounds with a negative
charge is located in DIIIB. (Karimi et al., 2016). The
construction of site IITA (indole-benzodiazepine site) is
topologically similar to IIIB, but the compounds that
bind at this site (e.g., NSAIDs) typically contain a peri-
pheral negative charge (Chan and Mendelson, 2014).
A third binding pocket within subdomain ID (site IB)
was identified as the primary binding site of a bilirubin
photoisomer, hemin, a sulfonamide derivative, and the
steroid antibiotic fusidic acid (Ghuman et al., 2005). Cry-
stallographic studies have also shown that the large cre-
vice of subdomain IB harbors secondary binding sites for
some additional compounds (Brunmark et al., 1997; Doc-
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kal et al., 1999; Zsila, 2013). Zsila (2013) showed that
subdomain IB can be considered as the third major drug-
binding region of HSA that has promiscuous ligand re-
cognition ability. Additionally, subdomain IB is allosteri-
cally coupled with Sudlow’s site, the ligand binding of
which was shown to alter the HSA binding mode and
affinity of biliverdin and hemin (Zsila, 2013).

Chaves et al. (2015) studied the interaction between
HSA and pheophytin. The docking results showed that
pheophytin interacts through hydrogen bonds with three
lysine and one arginine residues. The ligand also inter-
acts with HSA through Leul97, Phe205, Ala209, Leu346,
and Val481 residues, including the fluorophore Trp214.
They concluded that pheophytin can interact with HSA
with a binding energy of -6.2 kcal/mol (Chaves et al.,
2015) in the binding site located in Sudlow’s site 1.
In this regard, this interaction could quench the flore-
scence of HSA in the binding state, which is not similar
to ducked drugs tested here. Because of their struc-
tures, the tested drugs could not interact with Trp214;
thus, it is unlikely they can act as a quencher.

In another study, Arash Hasanzadeh et al. (2017) in-
vestigated the interaction between iohexol and HSA and
suggested that the binding site of iohexol to HSA was
probably located on sites I and II and could bind to HSA
with a binding energy of -5.8 kcal/mol (Hasanzadeh
et al., 2017). Shalbafan and Behbehani proposed that
methotrexate interacts with HSA through hydrogen
bonds with one lysine, two arginines, one asparagine,
and one glutamine residues, and the main intermolecular
interactions occurred in the subdomain IIA interaction
cavity called Sudlow’s site 1 (Shalbafan and Rezaei Beh-
behani, 2018). The binding of ponatinib, as an influential
anticancer agent, to HSA occurred through Sudlow’s site
I (Tayyab et al., 2019). In addition, Fliszdr-Nydl et al.
(2019) have demonstrated a strong interaction between
alternariol and HSA, which involves Sudlow’s site I as
a high-affinity binding site in HSA.

In the present study, the interaction of psychedelic
drugs with HSA was investigated. The results revealed
that all these drugs can bind to the two active sites of
HSA with different affinities and binding energies de-
pending on their hydrophobic properties according to
a previous study (Sherwood et al., 2020). Because of the
hydrophobic characteristics of these drugs, it seems that
HSA could act as their powerful transporter in blood.
Our study showed that hydrophobic groups present on
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a drug molecule ensure more effective binding energies
of the tested drugs to HSA. As shown in the Results sec-
tion, the four compounds LSD, DMT, DOI, and psilo-
cybin with affinity binding energies of -7.6, -5.1, -6.2,
and -6.5 kcal/mol, respectively, may interact with HSA
through DIB subdomain that contains drug site 3. These
binding energies are sufficient for binding to HSA in blood
and for drug distribution as they ensure stable but rever-
sible binding. In addition, the two other compounds, na-
mely psilocin and mescaline, with binding energies of
-6.5 and -5.4 kcal/mol, respectively, interact with HSA
through DIA subdomain, which can affect drug binding
site 1 and Sudlow’s site 1 in the DIIA subdomain of HSA.
Moreover, all the studied drugs were predicted to show
no interaction with Trp214 of HSA, which is located in
Sudlow’s site 1; thus, they cannot act as quenchers.

Conclusions

In summary, the results of the present study indicated
that psychedelic drugs can interact with HSA molecule in
its active site which is located in domain 1 of HSA. The
best minimum binding energies of -7.6 kcal/mol and
-6.5 kcal/mol were determined for LSD and psilocybin,
respectively. The results indicated that all the tested
psychedelic drugs could interact with HSA in sub-
domains IA and IB. The structural properties of the
drugs, such as hydrophobicity and hydrophilicity, can
affect HSA folding and structure. It was concluded that
albumin, as the most abundant protein of serum, could
serve as the biodistributor of psychedelic drugs. More
studies are needed to explore the binding mechanisms
of the tested ligands to HSA. Spectroscopic methods are
more powerful to identify mechanisms of interaction as
binding might be static or dynamic, which depends on
the HSA residues involved in these interactions.
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