
Unraveling the M1R Protein of Monkeypox Virus: An Integrated Struc-
tural Bioinformatics, Immunological Profiling, and Molecular Dynam-
ics Simulation Approach
Cena Aram1,2†, Kiarash Saleki3,4,5,6†, Amirreza Mazloomi4,6, Maryam Barancheshmeh7, Nima Rezaei3,4,8*

1 Department of Cell & Molecular Biology, Faculty of Biological Sciences, Kharazmi University, Tehran, Iran
2 Universal Scientific Education and Research Network (USERN), Babol, Iran
3 Research Center for Immunodeficiencies, Children’s Medical Center Hospital, Tehran University of Medical Sciences, Tehran, Iran
4 Student Research Committee, Babol University of Medical Sciences, Babol, Iran
5 Network of Immunity in Infection, Malignancy and Autoimmunity (NIIMA), Universal Scientific Education and Research Network (USERN), Stockholm, 
Sweden
6 USERN MUBabol Office, Universal Scientific Education and Research Network (USERN), Babol, Iran
7 Universal Scientific Education and Research Network (USERN), Nowshahr, Iran
8 Department of Immunology, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran

†Co-first authorship and contributed equally.

Original Article

Abstract
Background: Monkeypox virus (MPXV) is a zoonotic pathogen that affects both humans and animals, posing a significant public 
health concern due to its emergence and circulation. The structural dynamics and features of several MPXV proteins, including 
M1R, are not completely studied.

Methods: This experiment focuses on the prediction and analysis of the secondary and tertiary constructs for the M1R protein. 
Briefly, its amino acid sequence was collected from the UniProt database. A wide range of in silico approaches were employed, 
including ProtParam, SOPMA, PSIPRED, CD Search, GalaxyTMB, Robetta, I-TASSER, and GROMACS, in order to explore the 
physicochemical properties, structural features, and functional insights of the M1R protein. The tertiary structure models were 
evaluated to detect the most reliable solution, which was then used for Immunoinformatics analyses such as MHC I/II and B-cell 
epitope prediction using the IEDB and Ellipro tools, respectively. Epitopes from the M1R protein were evaluated based on anti-
genicity, affinity of binding, along solubility. Furthermore, active sites were forecast by the CASTp v3.0 tool. 

Results: Physicochemical calculations indicate that M1R had favorable thermostability and hydrophilic features. Structural anal-
yses suggested that M1R is a lipid membrane protein component of DNA viruses, suggesting it as a robust antigenic target. Im-
munogenicity analyses indicated it as a potentially suitable target for immunogenic protein design. As well, molecular dynamics 
simulations (MDS) were carried out for 100-ns using an all-atom forcefield. Analysis of various molecular dynamics parameters 
of M1R throughout the MDS trajectory, including RMSD, RMSF, radius of gyration (Rg), and solvent accessible surface area 
(SASA), indicated good stability of the M1R and unveiled important molecular dynamics characteristics such as the flexibility of 
certain protein regions. Multiple epitopes were detected in our experiment, with 12 B-cell epitopes identified using the Robetta 
model and 6 B-cell epitopes predicted by the Galaxy model, alongside 3 MHC-I and 3 MHC-II epitopes, which scored favorably. 

Conclusion: The results of the present computational analysis provide clues to unleash the potential of M1R as an immunother-
apy target for the development of antiviral solutions against MPXV in the future.
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Introduction 
Monkeypox virus (MPXV) is a structurally 

complex and large virus from the Orthopox vi-
rus (OPXV) genus, Chordopoxvirinae subfam-
ily, and Poxviridae family (1,2). The genome of 
MPXV comprises 197kb double‐stranded (ds) 
DNA forming an oval-shaped virion with 190 
nonoverlapping open reading frames (ORFs) as 
well as inverted terminal repeat sequences (3). 
MPXV structure resembles an oval or a brick. 
The virus is sized about 200-250 nanometers (4). 
Clinical manifestations of infection by MPXV 
include a wide range of symptoms including fe-
ver, headache, myalgia, lymphadenopathy, and 
dermatological presentations (5–9). In addition, 
multi-system adverse sequelae have been report-
ed, including neurological disorders, as well as 
other manifestations such as encephalitis, sepsis, 
secondary bacterial infection, bronchopneumo-
nia, conjunctivitis, corneal scarring, as well as 
miscarriage in pregnant individuals (10).  

The MPXV was first detected among laborato-
ry monkeys in Copenhagen in the late1950s with 
the first case of human monkeypox infectious 
being reported in a 9-month-old boy in 1970 in 
Congo (11–13). This virus could be disseminat-
ed either from animals to humans or between 
humans. Zoonotic transmission often occurs via 
direct contact with infected body fluids as well as 
touch, bites, scratches, or during handling of dead 
animals (14,15). This mode of transmission was 
implicated in the onset of the MPX outbreaks in 
Central and Western Africa in 1970. The second 
form of transmission, from human to human, 
may be responsible for the increasing number of 
MPXV cases worldwide. The main source of hu-
man-to-human transmission is by direct contact 
with respiratory secretions, skin lesions, genital 
fluids or prolonged face-to-face interactions (16–
18). 

Diagnosis of MPXV consists of a combination 
of genetic, phenotypic, immunologic, and electron 
microscopic techniques PCR is the gold  standard 
method for confirmation (19). Monkey Pox is on 
the rise in the world and is a  global concern. 
Emerging reports have documented an increase 
in cases, notably in non-endemic nations, such as 
the USA, the UK, Nigeria, and  Singapore (20,21). 
According to the worldwide outbreak map by cen-
ters for disease control (CDC), by late 2022, over 

about 58,000 verified cases have been reported 
in a wide range of countries (22). A CDC report 
also indicated 30,123 cases and 28 deaths in the 
United States from 2022 to February 1, 2023. In 
total, reports indicated 85,536 cases and 91 events 
of mortality from 110 and 71 different regions, re-
spectively (23).

The MPXV genome comprises approximate-
ly 197,205 base pairs, with variable regions at its 
ends and conserved central region (24). This cen-
tral genomic region contains structural proteins 
such as M1R protein. MPXV exists in two prima-
ry infectious forms: extracellular enveloped virus 
and intracellular mature virus (IMV) (25,26). On 
the other hand, M1R, a surface membrane protein 
found in IMV, is known to be highly conserved 
and plays a crucial role in viral particle assembly 
and entry (27). Studies have shown that this pro-
tein is one of the significant targets for neutraliz-
ing antibodies (26,28).  Focus of studies has been 
on new experimental drugs along with controlled 
trials, which has led to the approval of multiple 
antiviral medications including tecovirimat and 
brincidofovir (29) as well as two vaccines, JYN-
NEOS and ACAM2000, for the treatment of crit-
ical infections by MPX (30).

Targeting the immune system using key disease 
or infection-related proteins has gained interest 
in recent years (31–33). Even though outbreaks in 
recent years and current treatment options show 
that M1R is a useful drug target, additional explo-
ration and pursuit of novel therapeutics focusing 
on proteins such as M1R  are highly needed. It 
could have  implications for the genetic bioengi-
neering of M1R as a pharmaceutical target, how-
ever, there could be restrictions that should be 
addressed in the vaccine development procedure 
to ensure vaccine efficacy and accessibility. A dif-
ficult task is to provoke specific immune response 
to special antigens in groups that are immunolog-
ically naïve to a fraction of antigens. For instance, 
even though JYNNEOS has been suggested to be 
a safe candidate. 

On the other hand, this vaccine is a non-rep-
licating immunotherapy candidate that been as-
sociated with varying efficacy, ranging from as 
low as 36% following one dose to 85.9% follow-
ing  complete vaccination protocol. (34). These 
differences point out the need for utilizing nov-
el adjuvants and immunostimulatory sequences. 
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Another example ACAM2000 has demonstrated 
optimal efficacy, however, it causes complica-
tions like myocarditis and pericarditis (35). These 
points indicate the need for safer alternatives that 
sustain antigenic stability without safety being 
compromised.

A difficulty in MPXV immunotherapy is the 
maintenance of a stable antigen during the pro-
duction processes, storage, and the delivery. A 
handful problems related to thermostability and 
the protection of antigens should be tackled, in 
particular in vaccine platforms, such as the mR-
NA-based strategy which derives its success from 
improved stability, manufacturing consistency 
and strong immunity. The development of safer 
alternatives with a better delivery systems and 
formulation strategies will lead to effective and 
accessible MPXV vaccines (36). 

In recent years, the focus of Immunoinfor-
matics has  revolved around the rapid study of 
biological mechanisms as well as the accelera-
tion of vaccine and drug development efforts 
(37–44). In  this study, a structural analysis of 
the M1R protein to gain insights regarding its 
physicochemical and tertiary structure has been 
performed. In order to achieve this, we conduct-
ed several computational screenings to  elucidate 
the biological functionality and the construct of 
the M1R protein, which may provide a reference 
for a vaccine or therapeutic target for MPXV. 
Molecular dynamic simulations were performed 
to validate the stability of  the M1R protein. This 
study provides informative structural data on the 
M1R protein as well as suggests it as an invaluable 
immunotherapeutic target  for the design of an 
MPXV vaccine candidate.

Method and Material
Retrieval of M1R Protein for Characterization 
of M1R 

The M1R protein sequence (Uniprot ID: 
QJQ40223.1) was obtained from Uniprot (uni-
prot.org). Moreover, Blastp was utilized to look 
into its relationships with other proteins, together 
with their functional characteristics and related 
data. A search for structural information on the 
M1R protein was conducted using the RCSB da-
tabase (rcsb.org), however, a proper structure was 
not found.

Physicochemical Properties 
The ExPASy (the Expert Protein Analysis Sys-

tem) tool comprises SWISS-PROT and TrEMBL, 
PROSITE, ENZYME, SWISS-2DPAGE, and the 
SWISS-MODEL repository. Evaluation tools are 
accessible for special tasks related to proteomics, 
resemblance searches, pattern and profile explora-
tion, post-translational modification forecasting, 
topology estimation, as well as primary, second-
ary and tertiary construct analysis and alignment 
of biological sequences (45). The evaluation of 
physicochemical properties was performed by 
the ExPASy Protparam tool web server (https://
web.expasy.org/protparam).

Protein Function Prediction
Domain prediction was conducted via NCBI 

CD search and DeepGOweb server to compre-
hend the mechanism of protein and their func-
tion (https://www.ncbi.nlm.nih.gov/Structure/
cdd/wrpsb.cgi,https://deepgo.cbrc.kaust.edu.sa/
deepgo/). 

Prediction of Secondary Structure
The PSIRED Workbench is provides a wide 

range of machine learning (ML) reliant eval-
uations for determining protein structure and 
function. In 2024,  the tool has been revised to 
benefit further from Deep Learning approaches 
since the development of AlphaFold (46). The 
secondary structure of the protein was predicted 
by PSIPRED and SOPMA server (http://bioinf.
cs.ucl.ac.uk/psipred/) to analyzed the 2D struc-
ture of M1R protein and also discovering of the 
disorder region of M1R protein predicted. The 
SOPMA showed the percent of the helix, sheet, 
turn, and coil.

Prediction of Tertiary Structure of M1R and 
Analysis of Protein

Initially, we conducted a comparative analysis 
of homologous proteins within the Vaccinia vi-
rus to identify those with significant similarities. 
The L1 protein (QTC35412.1) was extracted from 
NCBI that compare to M1R protein that used the 
MEGA11 program (47). In the RCSB there is no 
experimentally verified 3D structure for M1R 
protein. Accordingly, we used 3 sperate program, 
GalaxyTMB, Robetta, and I-TASSER web server 
to model the M1R protein structure. The Gal-
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axyTMB (https://galaxy.seoklab.org/) is a kind of 
web server that predicted the structure from se-
quence by template based modeling and it refines 
the loops by ab initio method (48) that used for 
3D structure. The Robetta server (https://robet-
ta.bakerlab.org/) is a protein structure prediction 
that evaluated via CAMEO that based on RoseT-
TaFold, Comparative modeling (CM), and ab in-
itio method. In addition, I-TASSER server was 
used to predict the tertiary structure, this serv-
er used the different template to design the best 
model for 3D structure. Furthermore, the anal-
ysis of transmembrane, cytoplasmic, and outer 
membrane was implemented by Philius Server 
(https://www.yeastrc.org/philius/) and TMHMM 
server (https://services.healthtech.dtu.dk/ser-
vices/TMHMM-2.0/). Additionally, we employed 
AlphaFold2 to predict the 3D structure of the 
M1R protein, ensuring the selection of the best 
model. To further enhance the accuracy and re-
liability of the predicted structure, we refined the 
model using GalaxyRefine2 (49). For analyzing 
the residue interaction network (RING), we uti-
lized the RING server (https://ring.biocomputin-
gup.it/), applying it to the selected best model to 
comprehensively examine the interactions. (50).

Molecular Dynamic Simulation of M1R Protein
Molecular dynamics simulation (MDS) in-

volves the prediction of system evolutions based 
on Newtonian motion laws. The approach has 
been refined over the years to enable the compre-
hensive analysis and investigation of the intricate 
physical conveyance and translational behavior of 
atoms, as well as the complex molecular interac-
tions (51). MDS was performed by GROMACS 
2022.4v. The structure was prepared for MDS and 
parametrized via the Amber99SB-ILDN force 
field and TIP3P water model in a cubic box en-
closing the system at a 1 nm distance from the 
edges of the protein. VMD program (version 
1.9) was utilized to visualize the simulation and 
confirm that the size of the cubic box was large 
enough to accommodate the protein without ex-
ceeding boundaries. In addition, the simulation 
system was neutralized with ions, and also the 
energy minimization (Fmax > 1000 KJ.mol-1.
nm-1) was carried out after that the two phases of 
equilibration such as NVT and NPT were done at 
298 oK and 1 bar in 100 ps. The final step of the 

MD simulation was run for 100-ns to analyze the 
structure of the M1R protein and its dynamics. 
The trajectory data was used to analyze and we 
used Root mean square deviation (RMSD), Root 
mean square fluctuation (RMSF), Radius of gy-
ration (Rg), and Solvent accessible surface area 
(SASA).

Prediction of Epitopes  
To characterize the M1R protein used differ-

ent method to detect the immunological prop-
erties that the antigenicity, allergenicity, toxicity 
was predicted by VaxiJen, AlgPred, and Toxin-
Pred. Then the antibody epitopes were predicted 
by Ellipro server (52) and analyzed the position 
of conformational epitopes. At last the MHC I/
II epitopes was predicted by IEDB server that we 
selected the high score epitopes that had analyzed 
with Vaxijen (53), Allertop (54), Solpro (55) to 
introduce the best epitopes for designing vaccine 
(56).

Prediction of Active Site
Computed Atlas of Surface Topography of Pro-

teins (CASTp) is a tool that enables the locating, 
delineating and evaluation of geometric and to-
pological features for protein constructs. CASTp 
v3.0 server (57) was used to predict the active site 
of M1R protein. The top candidate model of M1R 
was test as the input for this web server and the 
output showed the active site. The workflow of 
this investigation has been summarized in Figure 
1.

Result
Physicochemical Properties of the M1R Protein

The FASTA sequence of M1R protein was re-
trieved by Uniprot. The protein is assessed by 
physicochemical approaches to detect the nature 
of the protein. The M1R protein consists of 250 
amino acids and has an overall molecular weight 
of 27303.24 Da. The Theoretical pI was computed 
to be 6.72 and the protein molecular formula was 
determined to be C1198H1920N320O376S15. 
The frequency of the amino acids is shown in 
Figure 2 and the most frequency of the protein 
was Ala (11.2%), Thr (10.8%), Ilu (8.8%). Addi-
tionally, there were 20 positively charged residues 
(Arg+Lys) and 20 negatively charged residues 
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(Asp+Glu). Therefore, the overall charge of the 
protein is neutral. The presence of Cys, Trp, and 

Tyr residues is in-dicated by a high Extinction 
coefficient of 19,285. The Aliphatic index profile 

Figure 1. The workflow of the proposed investigation.

Figure 2. The detail of amino acid that showed the frequency of the 
variety amino acid.  

Table 1. Physicochemical analysis of M1R protein.
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showed high stability over the high temperature. 
The instability index of the M1R protein is 33.47 
that is less than 40 and it is a stable protein in na-
ture. Table 1 visualizes detailed information on 
physicochemical analysis that help to identify of 
the drug and vaccine target.   

Functional Prediction of Protein
Understanding of the domain of the protein is 

the key part of the to discover the function of the 
protein. The domain named L1R_F9L was found 
by CD search tool in NCBI with 2.16 bit score that 
showed the M1R protein is lipid membrane pro-
tein in DNA viruses and the PHA02947 domain 
showed that have role in S-S bond formation 
pathway protein. On other hand, the gene ontolo-
gy (GO) analysis was performed via DeepGo web 
server the result was shown (Table 2). 

Table 2. Predicted functions of M1R protein.

Figure 3. Analysis of M1R protein sequences and their structural features. (A) The secondary structure of the M1R 
protein forecasted by PSIPRED server. Sequence alignment of the target protein, highlighting key structural motifs and 
domains. The colored bars indicate different features: broad (yellow), helix (pink), coil (blue), disordered (gray), trans-
membrane (purple), and signal peptide (orange). The alignment also displays the boundaries of the predicted domains and 
motifs. (B) The SOPMA server prediction of 2D structure. Graphical representation of the protein's secondary structure 
elements over a range of residues. The plot illustrates the proportion of helix (pink), sheet (green), turn (blue), and coil 
(red) regions along the protein sequence, providing insight into its overall structural characteristics.
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Secondary Structure Analysis
The 2D structure of the M1R protein was em-

ployed by SOPMA and PSIPRED server with de-
fault settings that showed the alpha helix, extend-
ed sheet, beta-turn, and random coil of 49.20%, 
21.20%, 3.20%, and 26.40%, respectively (Table 
3). In addition, the PSIPRED anticipated the helix 
and beta sheet with high frequency (Figure 3A). 
Also, results for SOMPA prediction are included 
in Figure 3B. 

3D Structure Analysis and Validation
The M1R and L1 protein have 98.80% identity 

that analyzed via MEGA11 program. The tertia-

ry structure of the M1R was predicted by 3 tools 
to compare the 3D structure and select the best 
model for M1R protein. The GalaxyTMB, Robet-
ta, I-TASSER, and AlphaFold2 predicted several 
model model that validated via Ramachandran 
plot, Z-score, 3DVerify, and ERRAT that filtered 
to select the best model (Table 4). The Robetta 
server, Galaxy model, and AlphaFold2 anticipat-
ed the best model via RosseTTaFold, homology 
modeling method, and artificial intelligence. The 
most favored regions, additional allowed regions, 
generously allowed regions, and disallowed re-
gion of the model is 89.6%, 9.5%, 0.4%, 0.4%, 
the galaxy model is 91.3%, 8.2%, 0%, 0.4%, and 
AlphaFold2 model is 92.6%, 6.1%, 1.3%, 0%, re-
spectively. Additionally, the Z-score of models 
showed significant quality model that other anal-
ysis demonstrated in Table 4. The best model of 
other method employed considering that the Gal-
axyTMB and Robetta are the highest quality of 
M1R protein . At last, the analysis of signal pept- 
 ide, trans-membrane helix, non-cytoplasmic, and
cytoplasmic region of the part of the M1R prot- 
ein is displayed in   Figure 4(A-D), and 5(A-D).
Also, there is no signal peptide position detected  
in the structure, and the position of 1-182 ami-
no acids in non-cytoplasmic and 183-205 posi-
tions in the trans-membrane helix and the 206-

Table 3. 2D structure detailed of M1R protein

Figure 4. (A) Scatter plot displaying the relationship between the score and the number of residues in the protein se-
quence. The density of points is illustrated, indicating the quality of the protein model. The Z-score validation showed the 
-5.1 that used ProsA-web server (B) The analysis of the Ramachandran plot was carried out by PROCHECK. Ramach-
andran plot demonstrating the phi (φ) and psi (ψ) dihedral angles of the protein backbone. Areas in red indicate favored 
conformations, while yellow represents allowed regions, and black denotes outliers. (C) ERRAT plot showing the quality 
of the protein structure across the sequence. The bars represent the error values calculated within a sliding window, with 
highlighted peaks indicating regions of concern. (D) Ribbon representation of the protein structure, highlighting the 
secondary structure elements. The red and black ribbons indicate alpha helices and beta sheets, respectively, providing a 
visual summary of the protein's overall conformation.
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250 amino acid position in cytoplasmic. At last, 
the analysis of the interaction of the Galaxy M1R 

model showed the different intra-interactions 
such as 186 H-bond, 8 π–π stacking, 2 ionic, and 

Table 4. Comparison of validation and refinement of 3D structure with 3 tools.

Figure 5. (A) The mapping of the M1R protein sequence that showed the position of the protein. (B) The TMHMM server 
prediction of the position of the sequence. The position of the trans-membrane helix, non-cytoplasmic, and cytoplasmic 
in the 3D structure. (C) GalaxyTMB Prediction, (D) Robetta model

Figure 6. (A) The number of intra-chain interactions. (B) The Interaction graph showed the nodes and edges. The edges 
consist of different colors, such as Blue: H-bond, Orange: π–π stacking, Red: Ionic bond, and Gray: Van der Waals.
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Molecular Dynamic Simulation
  In  molecular  dynamic  simulation  study,  we
selected  the  GalaxyTMB  model  to  detect  the

dynamic of the structure that we employed the 
GROMACS tools that analyzed the different as-
pect.

RMSD Analysis
RMSD (Root Mean Square Deviation) is a 

measure of how much a protein structure deviates 
from its reference structure over time and com-
monly used to assess the stability and dynamics of 
proteins. In this figure, the RMSD of the protein's 
C-alpha backbone is plotted as a function of time 

Figure 7. Probability contact map. Each residue probability of being in contact with any other residue. (A) π–π stacking 
(B) Ionic bond (C) Van der Waals (D) H-bond 

Figure 8. Molecular dynamics simulation result. )A) RMSD )B) RMSF )C) Rg )D) SASA. 

164 van der Walls among the residue-residue in-
teraction. Moreover, the interaction graph shown 
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(Figure 8A). The RMSD was initially very low, 
indicating that the protein structure was close 
to its native state. The RMSD follows a gradual 
upward trend over time, suggesting conforma-
tional changes deviating from the starting protein 
structure. From the 80 ns timepoint onwards, the 
RMSD reached a plateaued state at around 0.6 nm 
indicating potential stabilization of the construct. 
RMSD undergoes minor fluctuations following 
the plateau indicating only slight conformational 
changes. RMSD analysis shows relative stabiliza-
tion of the construct with minor fluctuations.

RMSF Analysis
The root mean square fluctuation (RMSF) of 

the protein residues is calculate by averaging the 
squared distance of aminoacids C-alpha atom 
from its position (Figure 8B). The RMSF measure 
is an indicator of flexibility for the area of interest 
within the molecule or, when analyzed globally, 
the whole molecule. Higher RMSF may suggest 
the flexibility of the studied protein area. The val-
ue of RMSF represents the fluctuation of each res-
idue's C-alpha atom during the simulation time. 
Increased RMSF in the regions of 24-30, 117-120, 
152-155, 210-213, and 221-225 could suggest 
such sequences of the protein have higher flexi-
bility and show significant structural fluctuations 
across the MDS trajectory. The raised RMSF in 
these areas suggests that these residues are flexi-
ble and can adapt to their molecular surrounding 
such as solvent and ions. Flexibility could be an 
influential local feature of the protein regions, as 
it enables interaction with other compounds and 
represents its ability to experience conformation-
al changes in response to different molecular en-
vironments.

Rg Analysis 
The radius of gyration (Rg) is a measure of the 

average distance of the C-alpha atoms in a pro-
tein from the mass center of the protein. Reduced 
Rg may indicate higher compactness of protein. 
In Figure 8C, the Rg follows a downward trend 
indicating that the protein may be compacting as 
the MDS progresses. The Rg plateaus at 80-ns and 
then remains almost constant for the rest of the 
simulation indicating a stabilized conformation 
that is potentially more compact than the initial 
structure. The stabilization of the Rg could be an 

indicator that the protein has been equilibrated. 
In this state, the protein seems to be stably folded 
and may not be experiencing additional dramatic 
conformational changes.

SASA Analysis
The SASA of the protein as a function of time 

has been plotted Figure 8D. SASA is a parameter 
representing the overall surface area of the M1R 
that is accessible to solvent TIP3P water mole-
cules. SASA is quantified through adding togeth-
er the surface areas of all the non-hydrogen atoms 
in the protein that are in contact with the solvent. 
In the present experiment, the starting SASA of 
the protein was approximately 150 nm². Interest-
ingly, the SASA of the protein was then attenuated 
as the simulation progressed, stabilizing at about 
120 nm² at 60-ns. This downward trend in the 
SASA is indicative the structure is turning into 
a less hydrophilic conformation over the course 
of MD experiment. While the protein folds or 
unfolds, its surface area accessibility is reduced 
or increased, respectively. Additional investiga-
tion of specific protein subdomains and regions 
is highly recommended to pinpoint the source of 
changes to SASA, particularly for multi-domain 
and large proteins.

Epitope Analysis 
The antigenicity of the M1R protein yielded 

a probability of 0.63, classifying it as a plausible 
antigen. Allergenicity as well as toxicity analyses 
confirmed its non-allergenic and non-toxic na-
ture. Tables 5 and 6 detail the forecasted B-lym-
phocyte, CTL, and HTL epitopes, respectively. In 
particular, the B-lymphocyte epitope evaluated 
detected 18 linear epitopes. Result scores were 
higher than 0.6. Conformational epitopes pre-
dicted by Robetta model are demonstrated in 
Figure 9A and predictions of the GalaxyTMB tool 
are demonstrated in Figure 9B. The CTL/HTL 
epitopes were forecasted to demonstrate high af-
finity with their respective MHC alleles, corrobo-
rating their status as potential antigens while also 
corroborating their non-allergenic and non-tox-
ic features. Additionally, 3 out of 6 of epitopes 
showed robust water solubility (Table 6).

Active Site of M1R Model 
The CASTp v3.0 was conducted to unveil the 
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Table 5. Linear B-cell epitopes. 

Table 6. MHC I/II epitopes.

active site of the M1R protein. The tool executed 
to locate the functional place of the M1R protein. 
We discovered 18 residues among 250 residues in 
Robetta model that acts as active sites (Red sphere 
Figure 10A) for the M1R protein. Moreover, the 
21 residues out of 250 resides constituted the ac-

tive site in GalaxyTMB model (Figure 10B).

Discussion
The world has seen the outbreak of MPX in 

2022 in 117 countries with over 94,707 cas-
es,  and the increased global interest directed 
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Figure 9. Prediction of the Conformational epitopes. (A) The top 4 conformational B-cell epitopes predicted by Robetta 
model. (B) The top 5 conformational B-cell epitopes predicted by GalaxyTMB.

Figure 10. Active site of the M1R protein. (A) 18 amino acid residues in the active site in (B) 21 amino acid residues in 
the active site (Red sphere).

towards establishing potential therapeutic tar-
gets particularly M1R (58). M1R has emerged as 
a promising  target for the treatment of MPXV 
infection, since it possesses several critical attri-
butes that could enable its development not only 
as a vaccine target, but also as a target for antivi-
ral strategies. In studying M1R as a therapeutic 
target, recent VACV work on L1R protein could 
inform  whether it is a suitable target (59), recent 
evidence indicates  M1R is with high confidence 
a target given its conserved construct, special lo-
cation as well as functional importance in this 
protein. M1R is at the IMV exterior and enhanc-
es  viral entry and assembly in a glycosaminogly-
can-independent fashion (60,61). Surface accessi-

bility is paramount for a therapeutic engagement 
and that mutations that provide resistance result 
in major fitness costs to  the virus. Furthermore, 
due to the high conservation of this protein across 
orthopoxvirus and its 98% sequence homology 
amongst strains, it indicates  higher probability 
of broad immunity towards various orthopoxvi-
rus strains (62). 

M1R is a target of particular interest in immu-
nological studies and could be used to design  im-
munogenic candidates. Immune responses and 
significant immunoprotection against viral chal-
lenge have been suggested due  to the incorpora-
tion of M1R together with A29L, A35R, and B6R 
in recombinant protein immunotherapies. M1R 
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is highly immunogenic in comparison with other 
protein targets, even after the first immunization 
it induces  significant antibody response. This 
highly sustained response to the immunogenic 
candidate after dose boosts further supports that 
M1R is the designed protein capable  of eliciting 
durable immunity (63,64). Recombinant immu-
notherapies made with M1R activate the humoral 
and the cell-mediated immunity against future 
strains of the MPXV, that could mutate more rap-
idly (65–67).

The overall conservation, structural  acces-
sibility, strong immunogenicity, and functional 
importance of M1R makes it a suitable target for 
therapeutic and preventive applications targeting 
MPXV infections.

The MPXV M1R protein is detected on the 
IMV membrane and possesses  similarity to the 
VACV L1R. As with the L1R protein, which is 
harbored on the outer domain of intracellular  vi-
ruses and is positioned toward the cytoplasm, the 
MPXV M1R protein also has three intramolec-
ular disulfide bonds (68). Of note, the myristoy-
lated  N-terminal domain of L1R is an essential 
interactive domain for mAbs such as 7D11. These 
antibodies attach VACV and abrogate its entry 
into BSC-1 cells in a  dose-reliant manner (69). 
Also, the L1R protein is target for another neu-
tralizing monoclonal antibody (mAb) 2D5 which 
has been unveiled and suggests its importance in 
the engineering of new therapeutic interventions 
(70).

The neutralizing  mAbs 7D11 and 10F5 attach 
L1R. Such antibodies could simply identify and 
communicate with discontinuous epitopes by 
the presence of 2 special loops enjoined with the 
formation of a disulfide bond (71). These studies 
highlight the importance of targeting a range of 
key proteins in Monkeypox virus. Structural Im-
munoinformatics in the present work was used 
to rapidly examine the M1R protein (72). These 
tools allow the exploration of novel viral  protein 
targets for the development of both immunother-
apies and drugs (73,74). 

Computational tools have renovated structur-
al biology through rapidly uncovering structural 
insights for key proteins that can be used in drug 
and vaccine design (75). In particular, these tools 
could help to identify the structure of experimen-
tally-unknown proteins and offer rapid solutions 

to forecast various structural dynamics and im-
mune-inducing features of such molecules (76). 
In this reserach, we investigated the M1R pro-
tein of Monkeypox virus using Physicochemical 
properties, protein function  prediction, 2D/3D 
structure prediction, and MDS (77,78). 

The M1R protein sequence  was retrieved from 
Uniprot. The physicochemical analysis  of the 
M1R protein could inform future studies on its 
structural characteristics and stability. The pro-
tein consisted  of 250 aa with a total molecular 
weight of 27303.24 Da. Neutral charge, thermo-
stable hydrophilic nature, and equal-charged res-
idues were found to be characteristics of M1R 
protein. Taken together, the aliphatic  index sta-
bility across broad temperature range and low 
instability index supported the M1R protein sta-
bility. Functional predictions of the M1R pro-
tein were performed by domain, gene ontology 
and  pathway analyses. The L1R_F9L region was 
detected  by evaluating the CD expression, indi-
cating that the DNA virus-derived M1R protein 
may be a lipid membrane protein. Further, the 
PHA02947 area was related to S-S bonds forma-
tion,  giving valuable hints on potential biolog-
ical functions in the viral particle assembly and 
entry. The secondary structure predictions for 
both the SOPMA and PSIPRED for this construct 
were predominantly helical, with α-helix  making 
up the majority of the predictions. Prediction of 
tertiary structure of  M1R was achieved by the 
Robetta, GalaxyTMB, as well as the I-TASSER 
tools (79). Ramachandran plot, Z-score, and oth-
er  parameters for protein quality evaluated the 
top predicted models. The agreement between 
the GalaxyTMB assembly  and Robetta revealed a 
strong and high-precision prediction of the M1R 
construct.

MDS was performed for 100-ns to further 
explore the stability and dynamics of the M1R 
protein. The RMSD plateaued during the MDS 
run confirming a stabilized structure with mi-
nor post-stabilization construct alterations. The 
RMSF analysis is representative of flexibility for 
local regions of the M1R protein. This analysis re-
vealed flexible regions which is crucial for drug 
design. Evaluation of Rg exhibited a downward 
trend that suggests gradual compacting and was 
then plateaued. Moreover, SASA indicated chang-
es to the M1R hydrophilicity throughout the sim-
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ulation (80). It is advised for the future that ex-
clusive areas of the protein are evaluated to better 
look into the origins of change in SASA and Rg. 
Furthermore, experimental validation as well as 
implementation of our structural and Immunoin-
formatics results on M1R into immune-modulat-
ing therapies design pipelines is warranted.

The epitope analysis focused on predicting 
B-cell, CTL, and HTL epitopes, providing valu-
able information for understanding the immuno-
logical aspects of the M1R protein. The identified 
epitopes, which were non-allergenic and non-tox-
ic, pave the way for potential vaccine develop-
ment. Experimentally identified B-cell epitopes 
such as 69LSAATETYSGLTPEQKAYVPAMF91 
and 137YGAPGSPTNLEFINTGSSK155 (61) 
were confirmed by this investigation’s predictions 
and strengthened the validity of the findings. 
The same specific predicted B-cell epitopes (76-
86, 137-144, 77-84, 138-143) were identified via 
modeling and Ellipro tools (Table 5) which is the 
target of neutralizing monoclonal antibody (70). 

Considering the efforts in this study and recent 
evidence regarding M1R, which pointed towards 
the idea of developing interventions against 
MPXV infection, our findings contributes to this 
field by highlighting M1R as a key target for ther-
apeutic development specifically against MPXV 
as more studies are conducted. Its ability to act as 
a strong immunogen makes it a good candidate 
for various vaccine platforms since such vaccines 
could robust strong B-cell and T-cell responses 
that would provide an approach for preventing 
MPXV infection. M1R also shows a strong capa-
bility for the generation of potent neutralizing an-
tibodies due to its role in membrane attachment 
and fusion (24). These characteristics will en-
hance the feasibility of M1R-based vaccines and 
also offer potent candidates for future efforts in 
MPXV vaccination based on high controllability 
and accessibility of these kinds of vaccines (81).

Furthermore, Bioinformatics analyses acceler-
ates the development of drugs and immunother-
apeutics (82–95).  For the future investigation on 
herbal compounds as well as new pharmaceutics 
is recommended (96,97). The use of structural 
Bioinformatics in this work provides a cost-effec-
tive and rapid approach towards the better under-
standing of the Monkeypox virus and the potential 
role of the M1R protein in viral infection, which 

will help in developing novel vaccines in the fu-
ture.  Herbal and natural products, in addition to 
new pharmaceutical drugs, have been utilized in 
treating wide range of disorders (96–101). Addi-
tional studies focusing on herbal medicine-based 
related of M1R may be useful. Techniques utilized 
in this study including structural modeling, mo-
lecular dynamics simulations, epitope and active 
sites predictions have proven useful in uncover-
ing the structure and important functions of the 
M1R protein. These computational approaches 
provide avenues for the development of antivi-
ral strategies, including vaccine design and drug 
discovery assisting the evaluation of protein sta-
bility and interactions. This common computa-
tional basis emphasizes the potency that in silico 
tools have towards enhancing the understanding 
of protein function and assisting in the formula-
tion of appropriate clinical intervention measure. 
Further experimental validation, such as protein 
expression and functional assays, is warranted to 
confirm the in-silico predictions (102,103). 

Conclusion 
This study implements structural Immunoin-

formatics for forecasting the 3D structure of M1R 
protein. Unveiling the structural intricacies of 
viral proteins is very important. We used Immu-
noinformatics tools to provide new data helping 
vaccine design, antibody development, and drug 
design against MPX. Through molecular dynam-
ic study, the stability of the M1R structure was as-
sessed and its construct characteristics were stud-
ied. Additionally, the physicochemical evaluation 
and epitope forecasts achieved in the present 
work added to knowledge into the protein's char-
acteristics. Clues from the present study improve 
our comprehension of the MPXV and help prog-
ress treatment strategies and antiviral treatments.
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