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ABSTRACT

Monkeypox is a reemerging zoonotic disease that has been spreading worldwide. Different approaches are being conducted

to find effective treatments for this disease. To accelerate therapeutic discovery, we propose telomere-binding protein (TBP)

as a potential drug target because of its important role during virus maturation. Using computational biology and biophysics

techniques, the MPXV TBP was modeled, and a library of FDA-approved drugs and phytocompounds was screened using a

rigorous ensemble docking protocol; conformational sampling was enhanced by enumerating, for each ligand, ionization states,

tautomerism, and ring conformations. Our results present a new approach to drug selection against MPXV, with six potential
inhibitors: CHEMBL3894860, CHEMBL461101, CHEMBL2103870, PNSC125, PNSC305, and PNSC123, which can be taken as lead
compounds for experimental testing, for example, in plaque reduction assays and qPCR in MPXV-infected cells to determine EC50,

CC50, and selectivity index (SI) values.

1 | Introduction

Monkeypox is a reemerging zoonotic viral disease caused by
the Orthopoxvirus Monkeypox virus (MPXV) [1, 2]. According
to the World Health Organization (WHO), between January
2022 and November 2023, 92,783 cases of MPXV were reported,
with 171 deaths, in 116 countries [3]. Historically, outbreaks
outside Africa were uncommon, with notable events such as
the 2003 episode in the United States and other countries [3-
5]. However, recent reports have described cases with no links
to enzootic regions or animal exposure, suggesting changes in
the observed transmission patterns [6-8]. In 2024, the WHO

documented 1854 confirmed cases in the African Region, rep-
resenting 36% of global cases, along with more than 15,000
clinically compatible cases and over 500 deaths in the Democratic
Republic of the Congo, exceeding the figures reported in 2023 [2].
Additionally, the Ib subtype has shown predominantly human-
to-human transmission and has been reported in countries with
no prior documentation of the disease, including Burundi, Kenya,
Rwanda, and Uganda [2, 9]. Taken together, these ongoing
shifts in the epidemiological landscape of MPXYV, along with its
recent geographic expansion, position the virus as an increasing
threat to global health and underscore the need to identify new
antiviral targets.
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MPXV is analogous to smallpox, caused by the smallpox virus
(VARV), which occurs only in humans [10, 11]. Both have similar
morphology, size, and genome (96.7%) [12]; however, MPXV has a
wide range of hosts, making it capable of infecting various species,
such as rodents, monkeys, and humans [13, 14]. According
to the WHO, virus transmission has been particularly notable
among bisexual and homosexual men and presents greater risks
for immunocompromised individuals [3, 15-17]. Although the
possibility of respiratory transmission has been observed in
animal studies, this mode of transmission is considered less
likely [18]. Studies have already reported the presence of MPXV
in body fluids such as saliva, semen, urine, and feces [19],
indicating greater complexity in infection pathways and the need
for surveillance.

Currently, sequencing shows two clades of MPXV: the Central
African (CA) clade, which is more lethal, with a fatality rate
of (10.6%), compared to the West African (WA) clade, which
presents (3.6%) [20, 21]. Additionally, 46 relevant mutational
differences have been reported between the strains from the
2018 and 2024 outbreaks, and others have considered them SNPs
(single nucleotide polymorphisms) [22-24]. Furthermore, the
mutations accumulated during the 2022 outbreak exceeded the
previously estimated substitution rates for Orthopoxvirus [22, 23].
This increase is consistent with the action of human APOBEC3
enzymes, which generate transitions characterized by cytosine
conversion in the viral genome [24-26]. Taken together, these
findings suggest a lineage rapidly adapting to the human host,
with direct implications for the evolution, genomic surveillance,
and epidemiological risk of MPXV.

Despite its spread and increasing risk, to date, there are no
vaccines or specific medications approved specifically against
MPXV [27]. However, it is known that the smallpox vaccine
provides approximately (85%) protection against MPXV [28, 29],
which is likely due to cross-reactivity [30]. Regarding antivirals,
to date, the FDA has only approved drugs for other viruses of the
Orthopoxvirus genus, such as: cidofovir, a viral DNA polymerase
inhibitor with renal cytotoxicity; brincidofovir, which targets viral
DNA polymerase; nitoxantrone, involved in the final stage of
virus assembly; and tecovirimat, a VP37 protein inhibitor [31-
35]. These drugs are under investigation, as they are not specific
to MPXV [36]. Furthermore, cases of tecovirimat resistance have
been reported in immunocompromised patients due to mutations
in F13 [37-40]. These limitations highlight the need to identify
therapeutic targets that act at essential stages of the replicative
cycle and avoid cross-resistance.

During the maturation of the virion, the synthesized DNA must
be packaged, a process assisted by an ATPase and a protein
that binds to viral telomeres [41]. Telomere-binding proteins
(TBP) bind directly and specifically to double-stranded TTAGGG
telomeric repeats, and their domain structure is similar [42]. The
TBP protein is known for its role in the regulation of telomerase,
thus controlling telomere length, and plays a crucial role in
protecting the ends of chromosomes [43, 44]. The MPXV genome
encodes TBP that is conserved in the genus Orthophoxvirus [45].
TBP-MPXYV, also known as an essential virosomal protein for
virus multiplication, is a late expression protein (Late) I1L [46].
As its telomere binding name implies, I1L binds to the S-hairpins
of the virus telomeres [47]. This protein has 312 amino acids and

is encoded by the conserved central region of the genome [23,
48]. In vitro studies on Vaccinia virus (VAC) indicate that it
plays an important role in genome packaging and is required for
the production of mature virions [47, 49]. Its suppression leads
to an accumulation of immature virions [47], which prevents
viral assembly and dissemination. Given its essential role in
viral maturation and its structural conservation, TBP-MPXV
represents a highly attractive and as yet unexplored therapeutic
target.

Unlike the available antivirals, which primarily target F13/VP37
or the viral DNA polymerase, inhibition of TBP orthogonally
disrupts genome packaging and virion maturation, creating a
critical bottleneck in the replicative cycle [39, 50]. This strategy
is particularly relevant given reports of tecovirimat resistance
in immunocompromised patients, associated with multiple F13
mutations that alter trimer stability [37-39]. Furthermore, the
high conservation of the Myb domain involved in DNA binding,
together with its low identity (1%-18%) relative to human Myb-
type proteins, suggests the potential for broad-spectrum antiviral
activity with a favorable selectivity profile, reducing off-target
risks compared with cidofovir or brincidofovir [51-53].

MPXV TBP demonstrates remarkable sequence identity exceed-
ing 85% with both VACV IIL and variola virus TBP within the
critical Myb domain, particularly in the H1-H3 helices that medi-
ate DNA binding [51, 52]. This structural conservation extends to
the druggable tunnel-like pocket and essential residues including
R137 and R198 [51, 52], suggesting that inhibitors designed against
MPXV TBP may retain efficacy across multiple Orthopoxvirus
species. Given this degree of conservation, we propose that small
molecules capable of achieving comparable binding affinities
between TBP orthologs, such as VACV I1L(PDB:2VSL) and MPXV
TBP, could support the development of pan-Orthopoxvirus antivi-
rals suited to counter emerging variants and enable unified ther-
apeutic strategies. In contrast to this strong viral conservation,
human Myb family proteins (c-Myb, A-Myb, B-Myb) share only
1%-18% identity with viral TBPs and display distinctive KDKXR
motifs, as well as divergent charge distributions and loop-region
variations between viral and human Myb-type proteins [47].
These structural differences support the possibility of selective
targeting of viral TBP. Moreover, target-prediction studies based
on chemical similarity, such as SEA and SwissTargetPrediction,
have demonstrated their utility in evaluating potential human
off-targets [54]; in this context, the absence of predicted affinity
toward human Myb-type proteins suggests a reduced likelihood
of human protein interference and further reinforces TBP as a
selective antiviral target within Orthopoxvirus.

The absence of crystallographic or cryo-EM structures of MPXV
TBP, combined with the experimental challenges of studying
essential Orthopoxvirus proteins, has driven the adoption of
computational approaches such as structural modeling, molec-
ular dynamics, and ensemble docking—tools that are critical
for accelerating antiviral discovery in emerging or re-emerging
pathogens with limited experimental data. Because TBP exhibits
conformational dynamism and multiple functional states, ensem-
ble docking enables a more realistic assessment of binding-site
flexibility and facilitates the prioritization of inhibitors with a
higher likelihood of targeting biologically relevant structural
states.
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Given the lack of MPXV-specific antivirals and the urgent need to
identify virus-encoded therapeutic targets, we evaluated MPXV
TBP as a potential drug target. Building on the structural and
dynamic characterization described above, we conducted an
extensive virtual screening of FDA-approved compounds and
Peruvian phytochemicals to identify lead molecules suitable for
future experimental validation.

2 | Materials and Methods
2.1 | Library of Chemical Compounds Generation

A library of chemical compounds was prepared to investigate
the pharmacological capacity of TBP-MPXV by ensemble
docking. First, FDA-approved drugs obtained from the ChEMBL
database [55] and phytocompounds extracted from Peruvian
medicinal plants were collected. Both sets of compounds
were initially in SMILES format. Subsequently, they were
converted to SDF and PDB formats using the GypsumDL
tool [56, 57]. This conversion was performed with a pH
range of 7.4-8.4, generating five conformers for each ligand.
Then, the Durrant filter, implemented in GypsumDL [56]
was applied to eliminate conformers. Technically possible but
considered unlikely, these filters were performed with the flag
--use_durrant_lab_filters, which exclude molecular
variants containing chemically improbable or unstable
substructures. These include, among others, species such
as C = [N-1, [N-1C = [N+], [nH+lc[n-1, [#7+]17[#7+],
[#7-1~[#7-1, ['#7]1~ (#7411 [#7-17['#7], boron-containing
moieties ([#5]), 0 = [PHI(= 0) ([#8]) ([#8]), N =
clcc[#71c[#7]1, and [$ ([NX2H1]) ,$ ([NX3H2])] =
C[$([0H]),$([0-1)1, as well as compounds containing metals.
These filters ensure the exclusion of chemically implausible
structures that could interfere with downstream virtual
screening and docking analyses. After applying the Durrant
filtering criteria, the phytochemical dataset comprised 324
unique molecules and 1202 corresponding 3D conformers,
whereas the FDA-approved compounds resulted in 1583 unique
molecules and 5104 conformers. Finally, the resulting PDB files
were converted to PDBQT format using the prepare_ligand.py
tool in AutoDockTools [58] resulting in 5601 and 1415 conformers
from FDA drugs and Peruvian phytocompounds, respectively.

The selection of Peruvian medicinal plants for antiviral research
is grounded in centuries of ethnopharmacological practice and
increasingly substantiated by contemporary scientific evidence.
Peru’s medicinal plant legacy—encompassing over 22,000 plant
species with exceptional endemism—provides a rich reposi-
tory for drug discovery, particularly within traditional contexts
treating respiratory infections, coughs, and fever-related condi-
tions that often have viral etiologies. The ethnopharmacolog-
ical approach, validated by the ICBG-Peru project and exten-
sive ethnobotanical surveys documenting medicinal use among
indigenous communities from the Amazonian Cashinahua to
Ashaninka peoples, serves as a rational framework for plant
selection. During the COVID-19 pandemic, 80.2% of surveyed
Peruvian populations used medicinal plants for prevention,
with eucalyptus, ginger, garlic, and matico leading as preferred
treatments for respiratory symptoms—indicating both cultural
significance and pragmatic application of these species in manag-

ing infectious respiratory diseases. This demonstrated therapeutic
engagement with traditional plant knowledge reflects cumulative
centuries of observation rather than arbitrary selection, providing
a legitimate ethnobotanical basis for investigating their antiviral
potential [59-61].

The antiviral rationale for specific Peruvian plants is now well-
documented through rigorous experimental validation. Uncaria
tomentosa (Cat’s Claw) demonstrates potent mechanisms against
viral infection, including pentacyclic oxindole alkaloids and
polyphenolic compounds that block SARS-CoV-2 spike protein
interaction with ACE-2 receptors (binding affinity ranging from
—6.0 to —8.6 kcal mol "), with in vitro efficacy against dengue
virus, herpes simplex virus type 1, and multiple enveloped
viruses. Piper aduncum (Matico), traditionally used for respira-
tory conditions, and medicinal species like Schinus molle possess
antimicrobial and anti-inflammatory properties documented
through conventional phytochemical analysis and molecular
docking studies against SARS-CoV-2 protease targets. Recent
in silico screening identified polyphenolic compounds from
Peruvian plants—including rutin from traditional remedies—
exhibiting binding scores comparable to or exceeding approved
antivirals like remdesivir and lopinavir against viral protease
and polymerase targets. These plants are distinguished not by
novelty alone, but by the synthesis of traditional ethnopharma-
cological use, demonstrated biological activity, and mechanistic
understanding of their bioactive compounds against recognized
viral targets—a convergence that reflects genuine therapeutic
rationale rather than speculative selection [62-66].

2.2 | Modeling

The TBP-MPXV amino acid sequence was retrieved from
UniProt Q8V518 [67]. Then, its 3D structure was modeled using
AlphaFold v2, this advanced artificial intelligence software deter-
mines the three-dimensional conformation of the protein from
the primary sequence and an extensive database of crystallo-
graphic structures [68]. To this process, we employed all generic
CASP14 databases, updated as of May 14, 2020, in full_dbs mode.
Our model produced 19 PDB hits of crystallographic proteins
used as templates (Table S1). We performed the predicted Local
Distance Difference Test (pLDDT) to evaluate the reliability of the
model. In addition, we aligned TBP sequences from several cell
lines (Table S2) using the MSA package [69] in R [70] to confirm
that the target protein is not homologous to human TBP and to
verify the conservativeness of the Myb motif.

2.3 | System Settings

The model generated by AlphaFold v2 was protonated at pH 7.0
with the PDB2PQR tool [71]. The CHARMM-GUI server [72] was
used to create the system topology and add water molecules from
the TIP3P model [73] inside a 15 A cubic box. The system was then
neutralized with CI” and Na* ions at a concentration of 0.150 M to
simulate the physiological conditions of a biological environment.

2.4 | Molecular Dynamics Simulations

Minimization, equilibration and production were performed
using GROMACS v2021.3 software [74]. Initially, the system was
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energetically minimized with 50,000 steps to reach an energy
below 1000 kJ mol™' nm'. Subsequently, equilibration was
performed in two stages: first, temperature equilibration with a
canonical set (NVT) at 310 K for 2 ns using the Berendsen algo-
rithm [75], and second, pressure equilibration with a Gibbs set
(NpT) at 1 bar for 5 ns using the Parrinello-Rahman barostat [76].
In both stages, the backbone and side chains were restrained with
a constant force of 400 and 40 kJ mol™' nm~2, respectively.

Finally, the production of the trajectories ran out for 100 ns using
the leap-frog integration algorithm. To constrain hydrogen bonds
to heavy atoms, the LINCS algorithm [77] was employed. For
hydrogen bonds in water molecules, the SETTLE algorithm [78]
was used. Non-bonded interactions were treated using a cutoff
scheme and the split-mesh Ewald method (PME) [79] to calculate
the short- and long-range interaction, respectively.

2.5 | Ensemble Generation

Molecular dynamics trajectories of TBP-MPXV were clustered
using the GROMOS algorithm [80] through the gmx clustering
module, using RMSD cutoff values of 0.2, 0.3, 0.4, and 0.5 nm.
Subsequently, the five most representative conformations of each
cutoff value were selected, obtaining a total of 20 clusters for
further analysis, it is said that this set of clusters constitutes
an ensemble.

2.6 | Evaluation of the Pharmacological Capacity
of TBP-MPXV

The 7016 conformers were docked against the 20 ensemble
clusters using AutoDock Vina v1.1.2 [81] with the
following configuration: the grid box was centered at
(x,y,z) = (0.237, 0.040, —0.159) A and had dimensions
70X 74x 56 A (along x,y,z, respectively), as determined
by a TCL script (get_box.tcl); the grid spacing was set to
1.0 A and exhaustiveness to 28. For each conformer (FDA
or phytocomposite), an average ensemble score [82] was then
computed as follows:

20
Y WiE;

E =
20
Yo W,

@®

E is the weighted average ensemble score, Wj is the size of cluster
i (number of conformers composing the cluster), and E; is the
binding energy of the conformomer attached to cluster i. The
purpose of this equation is to generate a score to identify the
top 10 conformomers. Then, the Boltzmann equation was applied
to each of these conformers bound to cluster i to determine the
10 complexes most likely to form. First, we defined the partition
function Z:

1
Z= T SE— )
T e/l
i

Then, we calculate B;:

B, = Ze Ei/ksD ©)

B, is the probability of the conformomer to bind to cluster i, E;
is the binding energy of the conformomer attached to cluster i,
kg is the Boltzmann constant in kcal mol ™! K1, and T is set to
298 K. Once the top 10 complexes were determined according to
drug origin, we analyzed their interactions with PLIP v2.2.2 [83].

2.7 | Molecular Data Analysis

We performed a statistical analysis for the results of the inter-
action energies for each generated ensemble to determine that
our approach leads to better drug-receptor interaction with
statistical significance. This approach improves recovery of any
ligand that may be lost in simple docking. To achieve this, we
first determined the data distribution using the Kolmogorov-
Smirnov test. Subsequently, using the Kruskal-Wallis test, we
determined the existence of statistical differences in the groups
(the ensembles within each RMSD clustering) and then we
established the difference between each group with the Holm-
Bonferroni post hoc test. This pipeline was performed using the
ggstatsplot [84] library in R [70]. The images were generated
with VMD v1.9.4 through an in-house Tcl script suite, while
the plots were generated in R with the ggplot2 v3.4.4 [85] and
ggstatsplot [84] packages. The trajectories were analyzed with
an in-house Python script suite based on the MDAnalysis v2.0
library. Finally, the secondary structures were calculated with
DSSP through GROMACS v 2021.3 [74]. ADMET analysis was
performed for the hit compounds using the ADMETIab v2.0 tool
[86]. Figure 1 illustrates the methodological workflow used in
this study.

3 | Results

Computational biology and biophysics methods have been
applied to study TRBF-MPXV as a potential therapeutic target.
Because its tridimensional conformation has not previously been
determined by experimental methods, our findings represent the
first insights into the structural characteristics of this protein.
Here, we present the results of structural modeling, confor-
mational sampling, virtual screening, and molecular dynamics
simulations that support the hypothesis of TRBF-MPXV drugga-
bility.

3.1 | Modeling and Sequence Alignment

In this study, we build a high-quality TBP model based on the
pLDDT analysis. 57.70% of the amino acids presented a pLDDT
> 90, indicating a high accuracy of the model; 25.7% had a
pLDDT between 70 and 90, which is also considered to be a
good precision; only 7.76% of the amino acids presented a pLDDT
between 50% and 70%, and only 8.83% of these had a pLDDT
< 50. It should be noted that low-scoring pLDDT residues are
associated with the terminal regions of the protein, which is only
disordered at the N-terminal of our model (Figure 2A).

After 100 ns of molecular dynamics simulations, we noticed some
structural changes, mainly in the proximity from the N-terminal
region, which possesses a long alpha helix. We also observed some
variations in the electrostatic potential of the protein, comparing
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Structural modeling
of TBP-MPXV

Telomere-binding
protein (TBP-MPXV)
sequence (Q8V518)

o

AlphaFold v2

UniProt 3
[ 1)

High-confidence model (pLODT 2 70 in 83% siructure)

FDA-approved drug library

C coevis

3D conformers generated: 5,601

Conformational clustering
(GROMOS algorithm)

SMILES N\
SDF

PDB | Cutoff0.20m . 56

Cutoff 0.30m . 1237

\_ PoBQT

1,415 conformers

Cutoff 0.4 nm . 7

Cutoff0.50m . 530,

Phytochemical library
(ICBG-Peru)

FIGURE 1 | Flowchart of the used methodology.

the initial model with the final one after molecular dynamics.
Here, a change from negative to positive charge exposure is
observed in the N-terminal region, while in the central region,
an increase of negatively charged surfaces can be observed after
molecular dynamics. It should also be noted that the Myb domain
shows a conformational change where the inside oriented region
becomes more negative (Figure 2B).

Moreover, we focus on the Myb domain as an important
domain for DNA binding. This domain showed significant
amino acid changes compared to human homologous sequences
TERF1 and TERF2, of the three regions of the Myb motif,
only the H, region is conserved by two amino acids, E275
and 1281 (Figure 2C), revealing the low conservation of
this region. However, our alignment analysis also revealed
that the characteristic helical structures of this motif (Hj,
H,, and H;) are maintained in the MPXV telomere-binding
protein.

During the simulations at 100 ns, high fluctuations in RMSD
were observed during the 100 ns of simulations (Figure 3A),
corresponding to fluctuations in the N-terminal domain and
Myb motif, in addition to an unpacking effect and displacement
of three notable regions of the protein (Figure 3B); this pos-
sibly caused fluctuations in the solvent accessible area (SASA
plot in Figure 3A) and in the radius of gyration (Figure 3A).
Furthermore, observing the fluctuations of residues in the confor-
mational space, we noticed a higher compactness in the central
region and high fluctuations in the regions more exposed to
the solvent (Figure 3C). Lastly, regarding the conformation of
secondary structures, no notable changes were observed in the
alpha helices or beta sheets, nor in the transient secondary
structure formation; although we noticed the occurrence of turns
(blue) and bends (yellow) in the most disordered regions (loops)
(Figure 3D).
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- CHEMBL3894860 - PNSC305

- CHEMBL461101 - PNSC125
- CHEMBL2103870 - PNSC123

3.2 | Ensemble Generation

Our molecular modeling results guided us to use a docking
assembly approach, to cope with a larger conformational cluster
search and to simulate TBT in a solvent (Figure 4A). Conse-
quently, clustering tests led us to consider four representative
values (RMSD cutoff values of 0.2, 0.3, 0.4, and 0.5 nm) of which
we present the most populous models of each in Figure 4B,
where a larger population is observed with increasing cut-off (as
expected).

3.3 | Ensemble-Guided Molecular Docking

After a thorough evaluation and weighting based on the average
score of the assembly, together with the Boltzmann equation, we
determine the differences by comparing the energies obtained
for each of the assemblies. Our approach aims to find sta-
tistical differences between the different assemblies studied,
and from there, to recover the molecular interactions that
depend on the protein conformation, to recover the molecular
interactions that depend on the protein’s conformation. Conse-
quently, for FDA-approved compounds and phytocompounds,
a non-normal distribution in interaction energies was observed
(Figure S2), which led us to use the Kruskal-Wallis test, which
showed significant statistical differences (p < 0.05) between
the groups, mainly for the cluster groups with 0.2, 0.4, and
0.5 nm cutoffs for the phytocompounds, as well as for the
cluster groups with 0.2 and 0.3 nm cutoffs for the FDA-approved
drugs.

For the 0.2 nm cutoff (Figure 5A) the E3 cluster shows the best
mean interaction energies (Upeqian = —7-20) and almost all clusters
of this cutoff show statistical differences. The same is true for
the clusters with 0.4 nm and 0.5 nm cutoffs (Figure 5B,C), where
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consensus
Myb Motif
FIGURE 2 | Protein modeling, electrostatic potential and sequence alignment. (A) Telomere-binding protein model from MPXV. The residues have

been colored based on the pLDDT scores (Figure S1), in which it can be appreciated that the highest accuracy of the model belongs to the folded domains
and only the loops and the N-terminal regions have low reliability. (B) The model’s electrostatic potential and the structure after 100 ns of molecular
dynamics is shown. Here, we can appreciate changes in the exposure of positively and negatively charged regions, mainly at the N-terminal, the central
region of the protein, and the Myb motif. (C) Alignment of the Myb motif that highlights the characteristics of the H;, H,, and H; regions (alpha helices)
of TBP. TBP sequences in humans tend to be highly conserved, while in MPXV there is a low level of conservation. MPXV, Monkeypox virus; TBP,

telomere-binding protein.

almost all sets are statistically different; moreover, the best mean
energies are obtained with clusters E5 and E2, respectively. It
should be noted that we only present an average energy calculated
from the best interaction energies per compound corresponding
to each cluster.

For FDA-approved molecules, the Holm-Bonferroni post hoc
test indicates significant statistical differences (oo, < 0.05)
for at least four of the studied clusters with a 0.2 nm cutoff
(Figure 6A). We also highlight that the cluster that presented
the best interaction energies was E3 (Upegian = —6.70). On the
other hand, for the 0.3 nm cutoff point, we observed statistical
differences between almost all clusters. For this cluster, the best
energies were observed in E2 (Figure 6B).

3.4 | TBT-MPXV Pharmacological Screening

In the distance analysis, we observed that for FDA-approved com-
pounds, the H-bond interactions have reliable distances (between
2.01 and 3.45 A,Table S3). Similarly, for phytocomposites, the
distances of the H bonds are in the appropriate range (between
1.81 and 3.40 A); however, we observed a greater number of these

interactions (Figure 7, Table S4). This is attributed to the nature
of the phytocompounds themselves and also to the different
conformational and protonation states evaluated.

For the top 10 FDA-approved compounds (Table 1), the best
interaction energies occurred most frequently for the groups
with a cut-off of 0.3 nm. Of these, CHEMBL461101 (for which
we studied three variants) presented the best interaction energy
(AG ~ —10.3 kcal - mol_l). We note that although this compound
exhibits the best interaction energies, the molecular interactions
are different for each binding mode (variant), which leads to the
interactions occurring at different sites of the protein in which the
drug interacts with a larger number of residues located around
the central region and at the C-terminus. CHEMBL3894860
(for which we studied four variants) was the compound that
occurred the most frequently in the top 10 and also had the
second-best interaction energies (AG ~ —10.1 kcal~mol_1). In
contrast, this drug interacts with residues located between
the central region and the N-terminal. The third molecule,
CHEMBL2103870 appeared only once in our top 10, with an
interaction energy similar to the other two (AG = —10.1kcal -
mol_l). Interestingly, this molecule interacts in the central region
of the protein, making contacts with two loops connecting the
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FIGURE 3 | Structural analysis of TBP-MPXV. (A) Principal stability parameters evaluated from the trajectories, the red curve represents the
probability distribution of the data. The RMSDs show a conformational change of up to ~ 14 A with respect to the initial model, while the RMSFs
show several fluctuating regions, mainly in the central regions, loop regions, and the N and C-terminus regions. Consequently, these structural changes
explain the fluctuation of the SASA and the radius of gyration (Rgyr) of the protein in the lower left and right graphs of (C), respectively. (B) Comparison
between the initial model (gray, back view) and the final model after molecular dynamics simulation (colored, overlay). We observed changes in the
position of three important regions: the N-terminal region, which shows an unpacking effect, the Myb motif, which is displaced, and the indicated top
region of the TBP, which is also displaced. (C) Representation of amino acid fluctuations in TBP colored by RMSD values. Here, we note high stability
in the central region of the protein, whereas in contrast, the regions more exposed to the surface are more fluctuating. (D) We present an analysis of the
conformations of secondary structures as a function of simulation time, in which we noticed that the secondary structures are maintained over time,
but slight bends and turns are observed in the loop regions. MPXV, Monkeypox virus; TBP, telomere-binding protein.

Cluster Centroid yigh populated

Cutoff 0.4 nm , _ 5g78 Cutoff 0.5 nm , _ 5399

Telomere-binding prein in solutions

FIGURE 4 | Molecular dynamics ensembles of TBP-MPXV. (A) The TBP structure in a solvent. (B) The most populated conformations with the
number of structures (n) of each ensemble, corresponding to RMSD cut-offs of 0.2, 0.3, 0.4, and 0.5 nm, are shown. TBP-MPXYV, telomere-binding
protein-Monkeypox virus.
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FIGURE 5 | Statistical analysis of the interaction energies obtained through ensemble docking of phytochemical compounds. (A) Kruskal-Wallis
test for the 0.2 nm cut-off groups, it is observed that the E2 group is not statistically different from E1, E4, and ES5, and there are no significant statistical
differences between the latter two groups. (B) Kruskal-Wallis test for the 0.4 nm cut-off group. Between groups E1, E2, and E4, there are no significant
statistical differences. (C) Kruskal-Wallis test for the 0.5 nm cut-off group. The group ES is not statistically different from E1 and E4. Only p < 0.5 is
shown.
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FIGURE 6 |

Statistical analysis of the interaction energies obtained through ensemble docking of FDA-approved drugs. (A) Kruskal-Wallis test for

the 0.2 nm cutoff group, it is observed that the E4 group is not statistically different from the E2 and E5 groups. (B) Kruskal-Wallis test for the 0.3 nm
cutoff group, the ES5 group is not statistically different from E4. Only p < 0.5is shown. FDA, Food and Drug Administration.

Myb domain and the upper domain (In the upper right part of
Figure 7A-C).

However, for the top 10 phytocompounds (Table 2), the best
interaction energies occurred with the clusters with cut-offs of
0.2 and 0.5 nm. Here, PNSC305 (for which we studied three
variants) was the compound with the highest frequency and also
had high interaction energies (AG =~ —12.0kcal - mol "), which
outperforms the energies found with the FDA-approved com-
pounds. It should be noted that this phytocompound interacts
with residues only in the central region of the protein. Although
PNSC125 (for which we studied two variants) had a higher
affinity (AG ~ —12.6kcal - mol_l); however, the interactions of
this compound occur with residues close to the N-terminal region
of the protein. A similar interaction energy (AG =~ —11.5kcal -
molfl) was observed for PNSCI23 (in which we studied two
variants), although the interactions of this compound occur in
the proximity of the N-terminal or C-terminus region, for each
binding mode (in the upper right part of Figure 7D-F).

3.5 | ADMET Analysis

All evaluated compounds showed favorable intestinal perme-
ability profiles, with most exhibiting excellent predicted Caco-2
permeability. However, differences were observed in human
intestinal absorption (HIA), where CHEMBL3894860-variant2—
variant4 showed poor or medium absorption, in contrast to
CHEMBL2103870-variant4 and CHEMBL461101 variants, which
displayed excellent absorption. Regarding P-glycoprotein (Pgp)
interaction, all compounds were predicted as Pgp inhibitors,
while only CHEMBL3894860 variants were identified as potential
Pgp substrates (poor). In terms of distribution, all candidates
demonstrated acceptable blood- brain barrier permeability (BBB)
and high plasma protein binding (PPB). The metabolic pro-
file revealed that most compounds were non-inhibitors and
non-substrates of key cytochrome P450 isoenzymes (CYP1A2,
CYP2C9, CYP2D6, CYP3A4), suggesting low metabolic inter-
ference. Finally, the toxicity assessment indicated noncarcino-
genic and non-mutagenic (Ames test negative) properties for
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FIGURE 7 | 3D pose drug screened by docking in the telomere-binding protein model. Protein-ligand interactions are shown, with FDA-approved

ligands in green and phytochemicals in yellow. At the upper right of each figure, are the sites where interactions occur. FDA, Food and Drug

Administration.

all molecules, with no significant hERG inhibition predicted
(Table 3).

4 | Discussion

The discovery of new inhibitory mechanisms for viruses is an
area of study that is being supported by computational modeling
tools [87]. Indeed, the availability of large amounts of omics
information regarding organisms of interest, such as MPXV,
supports the accelerated search for new pharmacological targets.
Currently, drug targets (protein targets) can be classified into two
classes: known drug targets and novel drug targets. For known
drug targets, there is robust scientific evidence and available
inhibitors; however, new drug targets also deserve attention as
they may lead to new therapies [88].

Among the targets reported for MPXV, we know the F13
protein [89], vCCI protein [90], and H1 phosphatase [91]. A
computational study also reported A48R (a thymidylate kinase),
AS50R (a DNA ligase), D13L (a major capsid protein), and I7L core
proteinase (a cysteine proteinase), as potential drug targets for
MPXV [92]. There have been no previous reports of using MPXV
TBP in drug discovery. However, the study of telomeres and their
accessory proteins has been previously described as an alternative

in cancer treatment, mainly under two scopes: 1) inhibition of
the telomerase enzyme or 2) destabilizing the structure of the
telomere [93]. In our work, we propose targeting TBP-MPXV
in a way to prevent virus maturation through destabilization of
the protein-DNA interaction by a drug-mediated steric effect,
since the absence of TBPs has been found to limit virion release
in vaccinia virus recombinant assays [49]. Thus, our line of
argument is that, similar to the absence of TBP, inhibition of TBP
leads to suppression of the virus.

To model TBP-MPXV with high reliability, AlphaFold v2 soft-
ware [68] is the best available method. It is well known
that this algorithm correctly matches primary sequences with
solved structures (templates); moreover, to date, a structural
database with enough single domains has been claimed and thus
AlphaFold solves the traditional problem of finding sequence-
based templates with high accuracy, regardless of the evolu-
tionary distance of proteins [94]. This allowed us to present a
model with high accuracy when evaluating the pLDDT values,
in which we achieved a sufficiently high degree of reliability
for at least 83% of the amino acids (259/312 aa). It is worth
mentioning that we have not found a similar structure available
for TBP-MPXYV, nor a complete sequence related protein solved,
and for the TBPs found (1H6P, 5XYF, 1H60, 210Q, and 3BUA)
in the Protein Data Bank [95] the sequences, and therefore the
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structures, are markedly different. In that sense, this protein
could not be modeled by other methods, as we have observed in
another study that modeled all MPXV proteins by homology [96].
Surprisingly, in a study that addressed MPXV proteome modeling,
the same methodology used in this research was used to solve the
structure of TBP-MPX, with which, compared to our model, we
obtained an almost identical structure (RMSD = 0.0866 A) [97],
which supports the model presented here.

When analyzing structural changes throughout molecular
dynamics, we observe a structural similarity to DNA or RNA
polymerase structures, in which, in our view, the motif Myb
(229V-301T) would be similar to a thumb domain; the upper
domain (142F-219V) would form a finger domain; and the central
region (51V-140T), or the core, would be equivalent to a palm
domain [98-100]. In particular, the perceived finger domain
and thumb domain acquire flexibility by two characteristic
loops near the central region (L135-Q141 and T220-Y228). We
consider highly relevant the position of this pair of loops, since
they confer a wide flexibility between domains, suggesting
that this could be a mechanism by which the binding to the
telomeric region occurs. On the other hand, the N-terminal
domain, which in our simulation is exceptionally flexible, has
been reported to be involved in the formation and stabilization
of the telomere structure, due to its ability to mediate strand
invasion that results in the formation of t-loops and to bind DNA
junctions [42]. Furthermore, we remark that all these regions
together cause the formation of a tunnel-like space, which would
support DNA binding: this space can also be used for drug
targeting.

To explore the pharmacological capacity of TBP-MPX, we
employed a docking ensemble methodology with which we
significantly expanded the search in conformational space. Cur-
rently, there is no standard methodology to correctly predict
drug binding [101]. Since proteins are dynamic structures, the
ensemble docking approach helps to explore transitions between
different states in which a compound can bind [102]. In our
study, we confirmed this principle by finding statistical differ-
ences between the evaluated ensembles. We also increased the
robustness of the search by exploring different structural variants
that our ligands could present, such as different ionizations,
tautomerisms and variations in ring conformation. This has led
us to observe that a ligand can acquire different conformations
and, more importantly, different protonation states; this implies
searching for the same molecule with a different number and
position of hydrogen atoms. Since molecules can be found in
different states, both chemical and energetic, depending on
physiological or experimental conditions, this channeling makes
our approach more reliable.

In ensemble-guided molecular docking, distinguishing between
true binding modes and docking artifacts critically depends
on the statistical and structural analysis of docking results
across multiple protein conformations. Applying RMSD cut-
offs (e.g., 0.2-0.5 nm) allows for classification of poses based
on their geometric similarity to a reference or among a group
of poses, with lower RMSD values, typically indicating greater
structural consistency and, by extension, increased likelihood
of representing a physically meaningful binding mode. The use
of the Kruskal-Wallis test provides a non-parametric method

for detecting statistically significant differences across multiple
docking ensembles or conditions, ensuring that observed cluster-
ing of high-quality binding poses is not due to random chance.
Following this, the Holm-Bonferroni post hoc procedure sys-
tematically controls for Type-I errors when conducting multiple
comparisons, reducing the likelihood of false positives when
identifying sets of poses or conditions that genuinely stand out
across the ensemble. A true binding mode is expected to be
reproducible in several ensemble members, yielding consistently
low RMSD from the best-scoring or experimentally validated
reference pose. In contrast, fake docking artifacts often manifest
sporadic, outlier configurations that fail to achieve statistical sig-
nificance when tested against the overall distribution of results.
Ensemble docking approaches specifically address the limitations
of single structure docking by incorporating protein flexibility,
where genuine binding modes should demonstrate stability
across multiple conformations while artifacts typically appear
inconsistently. By applying rigorous statistical thresholds and
post hoc corrections after RMSD-based clustering, only those pose
groups surviving multiple hypothesis testing can be considered
putative true binding modes, while others are more likely spu-
rious docking artifacts. This integrated approach, as supported
in the literature, enhances the reliability of docking predictions
by leveraging both structural convergence and statistical rigor
to separate signal from noise in complex ensemble docking
workflows [103-109].

Reportedly, the Myb motif is important for DNA binding. There-
fore, we focus on targeting those residues, which are important
for DNA binding. Here, in TRF1 and TRF2 there is a highly
conserved motif, KDXXR, which is remarkably important for
specific binding of T [A/T] to GGG [110]. In TBP-MPXYV, this motif
is not conserved and is replaced by ,96VVECL,01, however, it is
followed by a residue, T301, that is highly conserved compared
to TRF1 and TRF2. Additionally, we note that out of all our
hits, PNSC305 interacts with a residue of this motif (V297) and
CHEMBL461101 is the one that presented the most interactions
close to this motif (E298 and T301). Likewise, we emphasize the
occupancy of these ligands within the site that would serve for
DNA binding, leaving the evaluation of the stability of these
ligands in the corresponding sites to support the drugability of
this protein.

Despite the promising selectivity profile of viral TBP inhibitors,
potential risks at the host-pathogen interface warrant careful
consideration to ensure therapeutic safety. While viral TBP Myb-
domains share minimal sequence identity (15%-18%) with human
Myb-family proteins and display divergent helix orientations
and surface charges that reduce direct inhibition risks, the
complex nature of viral-host interactions introduces additional
considerations [47]. The distinct DNA-binding specificities pro-
vide another layer of selectivity, as viral TBP recognizes unique
hairpin telomere structures absent in human chromosomal DNA,
contrasting with human Myb proteins that bind linear consensus
motifs (YAACNG) [47, 52]. However, the presence of host factors
such as La-related protein 4 that colocalize with viral factories
and interact indirectly with viral TBP raises theoretical concerns
about potential disruption of host-virus interactions that may be
critical for mounting effective innate immune responses, though
current evidence indicates no direct binding interface overlap
with the targeted compound sites [111].
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In addition to the selectivity considerations discussed above,
it is also important to consider the broader pharmacokinetic
performance of the potential inhibitor. While our selected phy-
tochemical candidates demonstrated promising pharmacokinetic
and safety profiles (e.g., good HIA, Caco-2 permeability, low
Pgp substrate risk), it is important to compare these outcomes
against the top FDA compounds. On one hand, the fact that phy-
tochemicals originate from nature and often carry multifaceted
bioactivities is a clear strength, as recent reviews highlight,
the chemical diversity of plant-derived metabolites offers a rich
reservoir for novel therapeutic leads [112]. On the other hand,
FDA-approved drugs typically undergo rigorous optimization for
drug-likeness (e.g., Lipinski rule), manufacturability and repro-
ducible ADMET profiles (as determined for most of the classes
in Table S4), while many phytochemical may not yet fully satisfy
all. For example, although some natural compounds can match
or even exceed binding affinities seen in approved drugs, they
often have challenges like high polarity, low oral bioavailability,
or unpredictable metabolism. In our data, the phytochemical
variants that achieved excellent absorption and non-inhibitor
metabolism status may therefore represent strong starting points
for drug development (scaffolds), but they still require a degree
of optimization and further studies. Furthermore, whereas
approved drugs often carry extensive in vivo and clinical data,
phytochemicals remain underexplored. To date, only a small
fraction of the phytochemical space has been screened for
biological activity or progressed toward approval. In that sense,
further study of the pharmacodynamics of top phytochemicals is
required.

Additionally, our sequence alignment between MPXV-TBP and
the human homologs TERF1 and TERF2 (UniProt IDs: P54274
and Q15554) shows a clear divergence at the residues forming
the ligand-binding pockets (Pockets 1 and 2 in Figure S3). In
MPXV-TBP these pockets are composed of positively charged
or hydrophobic residues, while the corresponding positions in
human TERFs contain polar or negatively charged substitu-
tions with different spatial orientations. For example, regions
around residues 125-140 and 210-240 show no conservation
and would not reproduce the electrostatic or steric environment
of the viral pockets. These differences in charge, size, and
aromaticity support a high degree of selectivity for our hits,
reducing the likelihood of off-target interactions with human
TBPs.

To address these potential risks, a comprehensive mitigation
strategy incorporating both computational and experimental
approaches is essential for developing safe TBP-targeted ther-
apeutics. Structure-guided optimization offers a pathway to
enhance selectivity by exploiting viral-specific pocket residues
such as V296 and E300 that are absent in human TBPs, allow-
ing for the rational design of inhibitors with minimal host
protein interaction [47]. Empirical validation through cytotox-
icity screening in human cell lines remains crucial to rule
out unintended modulation of host TBP function or disruption
of essential cellular processes. While the structural divergence
and unique telomere recognition mechanisms of viral TBP
support a favorable risk-benefit profile compared to current
therapeutics with known toxicities, rigorous off-target screening
and careful monitoring of host-pathogen interface effects will

be essential to ensure that TBP inhibition provides therapeu-
tic benefit without compromising host cellular functions or
immune responses. This balanced approach acknowledges both
the promising selectivity features and the need for thorough
safety evaluation in the development of these novel antiviral
agents.

While this study represents a computational investigation, we
fully recognize the critical importance of experimental validation
to confirm our theoretical predictions. To bridge this gap between
in silico findings and practical application, some experimental
approaches can be taken. The recombinant expression and
purification of His-tagged MPXV TBP, verified through circular
dichroism spectroscopy, provides a robust platform for high-
throughput screening that surpasses the technical challenges
associated with validating current drug targets [51]. The imple-
mentation of competitive DNA-binding assays using EMSAs with
fluorescently labeled telomeric hairpin oligonucleotides offers
precise quantification of inhibitor potency through IC;, deter-
mination, exemplified by compounds like PNSC125 [47]. This
approach is complemented by isothermal titration calorimetry
studies that provide comprehensive thermodynamic profiles (AG,
AH, and stoichiometry), building upon established VACV TBP-
ligand methodologies to ensure thorough characterization of
drug-target interactions [52]. The translational relevance of TBP
targeting is further strengthened by the integration of viral growth
inhibition assays in MPXV-infected cell cultures, utilizing both
plaque-reduction and qPCR-based viral load measurements to
determine ECs, values according to established orthopoxvirus
protocols [113]. Critically, the mutational validation strategy
employing specific TBP variants (R137A, R198A) provides defini-
tive proof of target engagement by comparing compound effi-
cacy against wild-type protein in both DNA-binding and viral
assays [51]. This comprehensive experimental framework not
only validates computational predictions but also establishes
a clear path for developing TBP inhibitors with demonstrable
biochemical specificity and antiviral efficacy-advantages that
current therapeutics have struggled to achieve due to resistance
emergence, toxicity concerns, and limited mechanistic diversity.

5 | Conclusion

Using computational tools, we have proposed a highly reliable
model of TBP-MPX and described basic structural information
about its major domains. Furthermore, we propose this poorly
studied protein as a new drug target for the treatment of mon-
keypox disease. Our ensemble docking approach demonstrates
that it is possible to improve conformational sampling to achieve
better prediction of binding mode and binding energy; thus, loss
of information is avoided. Furthermore, it has been observed that
TBP-MPX is able to bind drugs with binding energies higher than
10 keal mol ™", suggesting a high affinity of this protein to bind
favorably to inhibitors. In this context, we determined that three
FDA-approved compounds, CHEMBL3894860, CHEMBL461101,
and CHEMBL2103870, and three phytocompounds, PNSCI125,
PNSC123, and PNSC305, showed the best interaction energies
after a comprehensive search. These compounds can be evaluated
in further experimental assays or used as lead compounds in
pharmacophore models.
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