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Docking-based computational analysis of guava
(Psidium guajava) leaves derived bioactive
compounds as a coagulation factor IXa inhibitorf

Joseph G. De Luna, {2 * Shanahi Chelledie B. Gonzales, Jimuel Jan M. Nuqui,
Evalyn S. Capinding and Corazon D. Sacdalan

Thrombotic disorders pose a global health threat, emphasizing the urgent need for effective management
strategies. This study explores the potential of bioactive compounds derived from guava leaves in inhibiting
coagulation factor IXa (CFIXa) using in silico methods. Using GC-MS, bioactive compounds extracted from
guava leaf through ethanol maceration were identified. Pharmacokinetic properties were elucidated using
SwissADME. Molecular docking with AutoDock Vina was used to investigate the interactions with CFIXa.
CFIXa was modeled with pysimm/LAMMPS and analyzed with CastP for active site identification. The
setup with a higher solvent concentration and lower surface area yielded the highest percent yield
(78.541 g, 39.27%). Among the 28 identified bioactive compounds, predominantly terpenoids, only seven
exhibited suitable pharmacokinetic properties for oral ingestion and drug development. Docking analysis
revealed favorable binding of these compounds to CFIXa (—7.6:—5.3). This study shows inhibition of
coagulation factor 1Xa, thus bridging the ambiguity surrounding the effect of guava leaves on hemostasis.
These findings also reveal that guava leaf extract harbors bioactive compounds with potential as
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Introduction

The prevalence of thrombotic disorders in society is a common
concern across the globe. In 2021, cardiovascular diseases were
the leading cause of death globally. It was stated that it repre-
sented 32% of all global deaths in 2019, of which 85% were due
to illnesses related to thrombin disorder, such as heart attack
and stroke,® implying that these disorders pose a potential
threat and health burden for which action needs to be taken.
Thrombotic disorders are characterized by the formation of
blood clots within blood vessels that can lead to several
cardiovascular risks and complications.> These disorders are
commonly caused by a lifestyle that involves minimal physical
activity or movement. Moreover, unhealthy lifestyles such as
heavy smoking and frequent beer consumption can increase the
risk of developing these disorders. Aligned with this, induced
bleeding due to certain surgeries can alleviate the possibility of
thromboembolic events.* In terms of managing unwanted
blood clot formation, inhibition of specific protein pathways is
necessary. Coagulation factor IXa (CFIXa) is the most suitable
protein to be inhibited as this factor is directly involved with the
coagulation cascade and provides a more balanced and fewer

Department of Chemistry, Technological University of the Philippines, Ayala
Boulevard, Ermita, Manila, Philippines
available. See DOL

+ Electronic  supplementary information

https://doi.org/10.1039/d4ra04709e

(EST)

© 2024 The Author(s). Published by the Royal Society of Chemistry

coagulation pathway inhibitors, promising novel avenues for thrombotic disorder management.

side-effects compared to direct thrombin inhibitors that can
increase the risk of excessive bleeding.* Favorably, bioactive
compounds that are derived from plants are considered effec-
tive anti-oxidants that possess anti-coagulant properties, which
implies their excellence as a potential candidate for treating
thrombotic risks.*®

Guava (Psidium guajava) leaves, in general, have been widely
studied for their beneficial health effects and uses;””®* however,
guava is unexplored in terms of the coagulation cascade and is
often regarded as a natural coagulant. Thus, in the context of
hemostasis, there is still a large gap in the understanding of
whether it supports or inhibits blood clotting as past studies
have displayed ambiguous results on the particular matter.’

The researchers of this study aimed to evaluate and identify
bioactive compounds present in guava leaves using gas
chromatography-mass spectrometry (GC-MS) and in silico tools
such as python simulation interface for molecular modeling
integrated with Large-scale Atomic/Molecular Massively Parallel
Simulator (pysimm/LAMMPS),'">"* Py3Dmol for generating
molecular structure of the bioactive compound and CFIXa,
Computed Atlas of Surface Topography of Proteins (CASTp) for
identifying CFIXa active sites,"”> SwissADME (absorption,
distribution, metabolism, and excretion) for analyzing interac-
tions between bioactive components and various human body
enzymes," and automated docking with Vina (AutoDock Vina)
to perform docking analysis."**® This assisted the seclusion of
different bioactive compounds present in the guava leaf extract,
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and understanding its dynamics and binding capabilities with
regard to minimizing coagulation disorders, thrombosis
prevention, and novelty drug targets exploration.

Results and discussion

Molecular modeling and active sites identification of CFIXa

For CFIXa protein, the PDB ID 6MV4 model was chosen as it was
the only available protein structure for CFIXa without an
inhibitor attachment.* The result of CASTp shows that CFIXa
(6MV4) constitutes a total of 42 active sites which are selected
based on its geometry (Fig. S1 and Table S171). However, there
are only three active site IDs that are significant in the protein
function and are common sites of CFIXa inhibition based on
literature (Fig. 1), with its residues' different bond lengths
ranging as follows: 1.22405-1.55715 (ID II), 1.11949-1.6194 (ID
I1I), and 1.22965-1.56548 (ID V) (Table S2+). The location of the
binding for ID II was determined to be at H:LYS224 and
H:TYR225, particularly at the S1 specificity pocket, which
interacted with the side chain of positively charged arginine and
lysine residues.” This active site, which contained sodium ions
also accounts for a vital role in the linkage formation and
binding between antithrombin (AT) and CFIXa, in the case of
the calcium deficient reaction. It is also surrounded dominantly
by a blue region, and slightly gray, which indicates the presence
of hydrophobic residues such as H:ILE123, G:ILE227,
H:TRP215, H:ALA221, and H:MET221 (Fig. 1B). Specifically,
H:TRP215 is reported to form the S4 pocket with PHE174 and
TYR99 and has the capacity to accommodate more hydrophobic
chains, which resulted in a main chain conformational shift
that has become a target for specific IXa inhibitor drug design.*

Binding occurs in the ID III as well, specifically at H:GLU74,
H:GLU75, and H:GLUS8O, at the 70 s loop of calcium ion binding
site, exosite region, wherein the AT and CFIXa interaction
occurs. In this active site, the conformational shift in the AT
induced by heparin results in optimal binding specificity and
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affinity of the AT's cleavage in the binding pocket site of CFIXa,
hence markedly inhibiting CFIXa.*" It is also surrounded mostly
by a blue region, which depicts the presence of hydrophobic
residues including H:VAL32, H:VAL67, H:ALA40, H:ALA39,
H:ILE73, H:ILE227, and H:THR76 (Fig. 1B). The conformational
shift due to calcium-coordinating structure twist of GLU77
residue that was intertwined with the H:THR76 side chain shift.
This was necessary for the calcium ion exosite and active site
binding which contains the CFIXa inhibitor.>

The binding on ID V occurred at H:ASN72, which interacted
intensively with other inert residues, proline and arginine. It is
also responsible for the active site cleft formation, efficiently
fitted with the S4 pocket, which resulted in a stable structure of
AT in the P'wall necessary for CFIXa inhibition.** The binding
on ID 5 also takes place at H:TYR128, which was primarily
involved in the interaction of CFIXa protease domain and
sulfate ion that leads to the formation of hydrogen bond and
salt bridge interaction, particularly at the OH region for about
3.1 A. This site is necessary to modulate the interaction between
the counterpart of heparin upon its binding with CFIXa.*
Also, L:PHE98 is part of the epidermal growth factor (EGF)-2
domain of CFIXa, which was involved in binding with the
catalytic domain of the coagulation factor VIIIa and also
comprised an area accessible by water, which was determined to
be essential for the secretion of CFIXa.*® It was also surrounded
by both blue and gray regions, which indicated the presence of
both hydrophobic and neutral amino acid residues (Fig. 1B).
The hydrophobic residues included H:ILE129B and L:PHE9S.

Molecular modeling and pharmacokinetic properties of
derived bioactive compounds

The ethanol maceration method was used to extract bioactive
compounds from guava (P. gugjava) leaves, with set-up using
95% ethanol achieving the highest yield at 78.541 g, 39.27%
(Table S3t). The crude extract from this setup was analyzed
using GC-MS using electron impact, identifying 28 peaks

Bl Interpolated Charge
0.100

Fig.1 CFIXa (PDB ID 6MV4) active sites identified that have significant biological function. (A) Ribbon diagram of CFIXa and CFIXa active sites ID:
11(122.970 A%:49.494 A3), ID: 111 (90.078 A2:45.053 A%), and ID: V (55.432 A2%:25.515 A%). (B) Hydrophobicity and interpolated charge of CFIXa active

sites.
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representing various bioactive compounds. The identification
was based on the parent ion peaks observed in the mass spectra,
which were compared with reference spectra from the NIST
library (Fig. S21). Major compounds included caryophyllene,
eucalyptol, and B-sitosterol acetate. Some synthetic compounds
were also detected, which are atypical for guava leaf extracts
(Table S4%). Molecular modeling and ADME analysis were
conducted using SwissADME to evaluate the pharmacokinetic
properties and potential risks of these compounds. Those
showing two or more hit markers for potential side effects were
ruled out to avoid toxicophores and false-positive biological
outputs (Table S51). The top seven bioactive compounds
(Scheme 1) were modelled using their respective SMILES.
These bioactive compounds have garnered a bioavailability
score of 0.55. These compounds also typically range from 220 g
mol " to 288.34 ¢ mol ", which coincides with the ideal range
for a drug's molecular weight of 150 g mol ' < MW < 500 g
mol ", In comparison with novel drugs, the identified bioactive
compounds possess high gastrointestinal (GI) tract absorption,
which is a crucial characteristic for orally administered drugs
and is all blood-brain-barrier (BBB) permeant, which is essen-
tial in reaching targets within the Central Nervous System
(CNS). Compounds 1, 3, 4, and 7 inhibit CYP2C9, which is an
important enzyme in the liver that processes drugs in specific
doses to be safe and effective.>® Too much of these enzymes
make the drugs break down too quickly, while too little activity

Scheme 1 Seven bioactive compounds extracted from guava leaves
that contain less than two violations on drug-likeness based on
SwissADME: 1 caryophyllene oxide [MS (m/z, %): 177 (M*, 11.2), 79.05
(100)], 2 4-androstene-3a,17B-diol [MS (m/z, %): 220 (M*, 21.9), 159.15
(100)], 3 methenolone acetate [MS (m/z, %): 204 (M*, 4.3), 136.15
(100)], 4 juniper camphor [MS (m/z, %): 204 (M*, 49.4), 81.10 (100)], 5
6-octen-1-ol, 3,7-dimethyl-, propanoate [MS (m/z, %): 137 (M*, 17.6),
81.10 (100)], 6 4a,7-methano-4aH-naphth[1,8a-bloxirene,octahydro-
4,4,8,8-tetramethyl-[MS (m/z, %): 220 (M*, 39.8), 164.10 (100)], and 7
amitriptyline-M—(CH3z)2NOH AC [MS (m/z, %): 290 (M*, 43.4), 247.15
(100)].

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of these enzymes might not break down the drug enough,
increasing the risk of side effects. However, although these
drugs can potentially inhibit these enzymes, at certain
concentrations, they would not exhibit significant effects like
apixaban, a coagulation factor Xa inhibitor drug, wherein it did
not show cytochrome P450 inhibitions (CYP1A2, 2B6, 2C8, 2C9,
2C19, 2D6, or 3A4/5) even at concentrations up to 20 M when
tested in primary human liver cells. Implying dosages and
concentrations of drugs coincides with achieving the best
therapeutic results when minimizing potential risks.*

Compounds 1, 2, 3, 4, 5, and 6 were all within the ADME's
radar ideal range for the suitable physicochemical space for
bioavailability (Fig. S3t1). However, for compound 7 its unsatu-
ration parameter showed that it was more than the ideal Csp3
fraction of 0.25 > Csp3 value > 1. Also, compounds 1, 3, 4, 5, 6,
and 7 were P-glycoprotein negative (PGP—). These compounds,
which are either PGP inhibitors or non-substrates of PGP,
increase the systemic exposure of PGP substrates by inhibiting
intestinal PGP. This inhibition enhances bioavailability, allowing
the compounds to remain in the system longer and making them
more suitable for oral administration, as they are effectively
absorbed by the body.”* While compound 2 is the only P-
glycoprotein positive (PGP+) compound, meaning, it was pre-
dicted to be a substrate of P-glycoprotein that actively pumps
from the brain and or gastrointestinal lumen, exhibiting like-
liness to be transported out of cells, shortening its duration of
action, and decreasing its bioavailability. In contrast, PGP+
compounds can be advantageous as they can help to prevent
excess accumulation of the drug in certain tissues and organs,
reducing toxicity.

Molecular docking

Prior to docking, qualified bioactive compounds underwent
conformational analysis to determine the most kinetically
favored conformer and were used for docking analysis
(Fig. S4-S10t1) wusing rdkit”” These kinetically favored
conformers were easier to form because the transition state
leading to their formation was lower in energy, making the
kinetic pathway more accessible. This property allowed the
ligand to remain in that kinetically favored conformation,
increasing its residence time, therefore providing a longer
therapeutic effect, improving ligand selectivity, and potentially
acting at lower concentrations.”® Even though flexible docking
was employed and these bioactive compound conformers were
still adjusted, having kinetically favored conformers as a start-
ing point provided more efficient sampling of conformational
space, thereby improving the accuracy of predicting the binding
mode of the ligand. The bioactive compounds were docked on
each active site of the biomarkers. The more negative docking
scores of each bioactive compound, regardless of the active site
number, in both Vina and Vinardo scoring functions were
analyzed further for their specific interactions. The top three
complexes with the highest docking score were recorded in ID
II: CFIXa-3 complex (Fig. 3), ID II: CFIXa-7 complex (Fig. 4), and
ID V: CFIXa-2 complex (Fig. 2), respectively (Table S67).
Compounds 1, 3, 5, 6, and 7 bind in ID II, and interacts with the
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Fig. 2 Compound 2 binding mode that has the highest Vina and
Vinardo docking score (—7.0:—6.1). (A) 3D model of compound 2 (=)
and CFIXa (m). (B) 2D model and their respective interactions.

catalytic triad H:TYR99, H:PHE174 and H:TRP215 at the S4
pocket of the protein.

Compound 1 methyl group 5 forms an alkyl interaction with
H:LYS98 (3.95 A) and binds in a compact, cyclic shape (Fig. S117).
Particularly, this interaction induced the opening of the CFIXa S4
pocket allowing inhibitors to bind to the cavity. This residue is
part of the upper rim of the active site configuration of CFIXa
that acts as a hindrance on the CFIXa S4 pocket. When low
molecular weight heparin binds to CFIXa, this residue moves
and allows an increase in interaction with Kunitz-type inhibitor,
BPTL* A m-alkyl interaction of methyl group 13 on H:TYR99
(4.77 A), and methyl group 13, ring B, and ethenyl group 15 on
H:TRP215 (4.92 A, 4.74 A, 4.14 A) induces a conformational
change on both residue, which implies induced binding affinity,
stronger bonds, and formation of more stable protein-ligand
complex for compound 1 (Table S77).

Compounds 2 and 3, bind with active site ID V, particularly
at L:PHE98 and L:ASN92. Compound 2 rings A, B, and D form
a -alkyl interaction at L:PHE98 (5.17 A, 5.05 A, 4.28 A) (Fig. 2B).
Specifically, this interaction induces the intercalation of the
ligand to the binding pocket of the protein by adding hydro-
phobicity, which allows the association of the non-polar
surfaces and the stabilization of the ligand to its binding
interface.?® Also, L:PHE9S is part of the EGF-2 domain of CFIXa,
which is important in CFIXa-CFVIIIa binding. L:LYS100 forms
an alkyl and conventional hydrogen bond on compound 2's ring
A (4.91 A) and carbonyl group 3 (1.97 A), respectively. Even
though this residue does not have a reported significance, the
hydrogen bond promotes stability of the ligand within the active
site and an allosteric conformational change in CFIXa,
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specifically at L:PHE98 (Table S77), that contributes to the
disruption of the formation of intrinsic tenase complex.
Compound 3, which obtained the highest docking score,
methyl groups 20, 21, and 22 form three mw-alkyl with H:TYR99
(4.78 A, 5.13 A, 4.54 A), rings C and D form m-alkyl interactions
at H:PHE174 (4.06 A, 5.17 A) and ring C at H:TRP215 (5.45 A)
(Fig. 3B), particularly in an elongated, slightly curved shape. The
binding conformation is more linear than cyclic, with the
compound fitting snugly into the binding pocket (Fig. 3A).
These aforementioned residues form the S4 pocket, particularly
at the side chain of H:ILE390. The S4 pocket mediates hydro-
phobic interaction, which resulted in the shifting of the main
conformation of the protein, hence considered as a candidate
for the novo drug design of CFIXa inhibitor.* Alkyl interaction
of methyl group 20 in H:LYS98 (4.77 A) allows the opening of the
S4 pocket inducing strong interaction with the aforementioned
residues. Also, the conventional hydrogen bond of the carbonyl
group in C2 in H:ASN97 (2.44 A) contributes to its high docking
score. This interaction aligns with the reported mechanism of
aminobenzisoxazole, a CFIXa inhibitor that is extensively
researched but not yet established as a standard, against the
5TNT, 5TNO, and 5EGM CFIXa models.* These interactions
produced a significant conformational change to H:TYR99 and
H:TRP125, indicating a successful binding (Table S7). Among
the bioactive compounds, it garnered the highest docking score
indicating optimal pose for both ligand and CFIXa.
Compound 4 methyl group 1 forms m-alkyl interaction at
H:TYR128 (5.33 A), H:PHE130 (4.92 A), and H:PHE133 (4.97 A)
(Fig. S127). Additionally, methyl groups 3 and 9 formed m-alkyl
interactions with H:PHE133 (4.86 A, 4.62 A) (Fig. S12%).
Primarily, these residues were involved in the formation of

Interactions
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Fig. 3 Compound 3 binding mode that has the highest Vina and
Vinardo docking score (—7.6:—6.8). (A) 3D model of compound 3 (=),
and CFIXa (m). (B) 2D model and their specific interaction types.
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aromatic clusters that bury L:PHE98, which was an essential
indicator of binding between EGF-2 and the catalytic domain of
CFIXa.*' Additionally, these residues are also involved in the
loop rearrangement of CFIXa for low-efficiency coagulation.
Compound 4 OH group in C1 forms an unfavorable donor-
donor interaction with L:ASN92 (2.62 A), while also forming
a conventional hydrogen bond with L:CYS95 (1.83 A). This
suggests a competitive and suboptimal binding environment
that could destabilize the protein complex. The lowest bond
length was recorded at ID V, particularly at H:TYR128 (CG-CD1)
and H:ILE129B (CG1-CD1), which implied the presence of
stronger intermolecular bonds (Table S77).

Compound 5 like compound 3 interacted with the S4 pocket
of CFIXa linearly with some angular bends (Fig. S13At). Its
carbonyl group 1a and carbon 1 forms a carbon-hydrogen bond
with H:TYR175 (3.42 A, 3.51 A) (Fig. S13Bt). H:TYR175 along
with H:ASN97 AND H:TYR177 was involved in the sulfate mode
binding of CFIXa protease domain and heparin.” This residue
induced binding affinity of the heparin to the surface area of
CFIXa, resulting in a reactive loop in activation, thus resulting
in less stable clot formation. Like in compound 3, compound
5's carbonyl group at Cla forms a conventional hydrogen bond
with H:ASN97 (2.41 A) and together with C1, a carbon-
hydrogen bond with H:THR175 (3.42 A, 3.51 A). These inter-
actions should contribute to the increase of the complex's
docking score. However, CFIXa-5 complexes yielded the least
negative docking scores across the compounds ranging from
—5.6 to —3.7 (Table S67). This indicated that the conformer the
ligand takes is not its optimal structure, contributing to the
increase of its docking score.

Compound 6 is also bound with the S4 pocket of CFIXa
interacting with the same residues as in compounds 1, 3, and 5.
Compound 6 epoxide 1 constituent forms a carbon-hydrogen
bond at residue H:ASN97 (3.53 A) (Fig. S147). This interaction
has a vital role in the ligand recognition of the binding pocket
and protein structure folding, which results in higher binding
affinity and the formation of a stable complex.*” Furthermore,
H:ASN97 is also involved in the heparin-binding mode of CFIXa,
located at the exosite region. This residue interacts with the
sulfate ion in the putative heparin binding site, therefore,
inducing conformational shift and formation of less stable
clot.” Epoxide 1 constituent also forms a conventional
hydrogen bond with H:LYS98 (2.38 A), which allows the further
opening of CFIXa S4 pocket in comparison with the other
compounds. The lowest bond length was recorded at the CE1-
CZ atom of residue H:TYR99 of ID II, which implies stronger
bonds and an indication of the conformational change on the
S4 pocket (Table S77).

Similar to previous compounds, compound 7 binds to the S4
pocket of the CFIXa. Specifically in a S-shape manner (Fig. 4A).
However, only three residues form specific interactions (i.e. pi
interactions, alkyl interactions, and hydrogen bond), while the
rest are involved in van der Waals interactions (Fig. 4B). Specif-
ically, this interaction modulates the core of the protein and also
induces the contact of the ligand to the binding pocket.**
Compound 7 mechanism is straightforward. Its C3 forms an
alkyl interaction with H:LYS98 (4.31 A) and that opens the S4

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Compound 7 binding mode in ID V that has the highest Vina
and Vinardo docking score (—7.2:—6.6). (A) 3D model of compound 7
(=) and CFIXa (m). (B) 2D model and their specific interaction types.

pocket of CFIXa and proceeds to form strong interactions with
the catalytic triad. Specifically, compound 7's ring A forms a pi-pi
T-shaped interaction and the carbonyl group on C1 forms
a conventional hydrogen bond with H:TYR99 (5.53 A, 2.66 A), and
ring B forms a pi-pi T-shaped and ring A forms a pi-pi stacked
interaction with H:PHE174 (5.09 A, 4.06 A). These interactions
induce conformational changes on H:TYR175 (Table S77).
Specifically, The CG-CD2 atom of this residue at active site ID II
constitutes the lowest bond length, which implies stronger bond
interaction, compact molecules, and the formation of more
stable complexes. It also garnered the second most negative
docking score among the bioactive compounds.

Conclusions

The molecular modeling and active site identification of CFIXa
revealed three critical binding sites (IDs II, III, and V) essential
for the protein's inhibition, as confirmed by structural data
and literature. Bioactive compounds were extracted from
guava leaves using the ethanol maceration method, which
yielded a high concentration of potentially therapeutic agents.
Pharmacokinetic analysis indicated high bioavailability and
gastrointestinal absorption, with some compounds showing
potential to inhibit liver enzymes crucial for drug metabolism.
Docking studies demonstrated that these compounds effec-
tively bind to identified active sites, especially within the S4
pocket, which is crucial for CFIXa inhibition. These interac-
tions suggest that the bioactive compounds can induce
conformational changes in CFIXa, leading to its inhibition.
This behavior was experimentally explored in the cited litera-
ture. Implications of these findings highlight the potential of
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these bioactive compounds as promising candidates for
developing novel anticoagulant drugs that target CFIXa with
high specificity and efficacy, offering new therapeutic options
for conditions requiring anticoagulation. This also gives
insights into the ambiguity surrounding the effect of guava
leaves on the bleeding time in vivo.
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