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ABSTRACT: Transmembrane prostate androgen-induced protein 1 (TME-
PAI), a type 1b transmembrane protein, is highly expressed in many types of
cancer and is involved in cancer signaling pathways. TMEPAI affects the TGF-
β, androgen receptor, Wnt, and MAPK/ERK signaling pathways. Although
TMEPAI interactions are known, information about their structure is limited.
This study performed TMEPAI structure prediction via a computational
approach with template-free modeling using multiple Web server and refining
with coarse-grained molecular dynamics to improve the understanding of its
characterization, mechanism, and interactions, followed by intensive server-
based validation. As a result, the predicted TMEPAI isoform structure was
validated for all parameters, and the trRosetta server provided the most reliable
predicted structure. This research is expected to provide preliminary scientific
information about the TMEPAI structure prediction and apply it to develop
targeted cancer therapy drugs.

■ INTRODUCTION
Transmembrane prostate androgen-induced protein 1 (TME-
PAI), also known as prostate transmembrane protein
androgen-induced 1 and solid tumor-associated gene 1, was
initially identified as a prostate protein induced by testosterone
or its derivatives.1,2 TMEPAI is induced by TGF-β, mutant
p53, MAPK/ERK, and Wnt,1−5, and it regulates androgen,
TGF-β, Wnt HIPPO, NF-κb, and JNK signaling.6−13 TMEPAI
is a type 1b transmembrane protein with five isoforms in
humans, and it is composed of 237 to 344 amino acids with
three main domains, consisting of an extracellular domain,
transmembrane domain, and intracellular domain.8,14 The
protein−protein interactions of TMEPAI in the TGF-β
signaling pathway are SMAD2 and SMAD3,5,8,9 and
NEDD4L/NEDD4 is involved in the androgen receptor
(AR) or EGF signaling pathway.6,7,15

TMEPAI is highly expressed in various cancers, such as
breast, lung, and prostate cancers, and is associated with poor
prognoses.16 Genome-wide studies suggested that TMEPAI is
one of the most highly inducible genes in invasive cancers, and
it is known as a novel oncogenic protein.17−19 Thus, this
protein is a potential biomarker and target for anticancer
therapy.19,20

To date, no solved TMEPAI structure has been reported,
despite multiple studies about the molecular mechanism of
TMEPAI. Thus, structure prediction with homology modeling

is impractical for determination because of the lack of a highly
similar protein. The structure of the closest protein homology,
C18orf1, which has a protein sequence similarity to TMEPAI
of 61%, also does not have a crystal structure.

Therefore, this research performed structural modeling
prediction for TMEPAI isoforms through template-free
modeling as an alternative approach to predicting the
structures of TMEPAI isoforms and refining with coarse-
grained molecular dynamics (CGMD). In this study, we
investigated the predicted structures using three prediction
servers with different modeling methods and subsequently
validated the structure predictions.

■ RESULTS AND DISCUSSION
Analysis of TMEPAI isoform sequence alignment and domain
region. Analysis has been carried out to understand the
structure, sequence alignment, and domain mapping of the
TMEPAI isoforms in humans. Figure 1 reveals that TMEPAI
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Figure 1. TMEPAI isoforms alignment and domain mapping were determined using the T-COFFEE multiple alignment server.

Table 1. Physicochemical Parameters of TMEPAI Isoforms

parameters TMEPAI-a TMEPAI-b TMEPAI-c TMEPAI-d TMEPAI-e

theoretical pI 6.41 6.05 6.36 6.11 7.61
negatively charged residues 28 27 25 27 30
positively charged residues 25 22 22 22 31
instability index 68.99 65.86 69.23 65.89 68.31
aliphatic index 72.37 73.89 65.02 74.17 69.74
GRAVY −0.43 −0.478 −0.654 −0.46 −0.426

Table 2. Amino Acid Composition of TMEPAI Isoforms

amino acid

TMEPAI-a TMEPAI-b TMEPAI-c TMEPAI-d TMEPAI-e

number composition (%) number composition (%) number composition (%) number composition (%) number composition (%)

Ala 16 5.6 12 4.8 11 4.6 14 5.4 19 5.5
Arg 19 6.6 17 6.7 17 7.2 17 6.6 21 6.1
Asn 7 2.4 4 1.6 4 1.7 4 1.5 9 2.6
Asp 9 3.1 9 3.6 9 3.8 9 3.5 9 2.6
Cys 8 2.8 5 2 5 2.1 5 1.9 12 3.5
Gln 16 5.6 14 5.6 13 5.5 14 5.4 20 5.8
Glu 19 6.6 18 7.1 16 6.8 18 6.9 21 6.1
Gly 20 7 18 7.1 18 7.6 19 7.3 25 7.3
His 11 3.8 10 4 10 4.2 11 4.2 14 4.1
Ile 15 5.2 14 5.6 10 4.2 15 5.8 17 4.9
Leu 23 8 21 8.3 20 8.4 21 8.1 27 7.8
Lys 6 2.1 5 2 5 2.1 5 1.9 10 2.9
Met 8 2.8 6 2.4 5 2.1 6 2.3 10 2.9
Phe 8 2.8 7 2.8 6 2.5 7 2.7 10 2.9
Pro 31 10.8 30 11.9 30 12.7 32 12.4 35 10.2
Ser 32 11.1 28 11.1 28 11.8 28 10.8 40 11.6
Thr 14 4.9 11 4.4 11 4.6 11 4.2 15 4.4
Trp 2 0.7 2 0.8 2 0.8 2 0.8 5 1.5
Tyr 8 2.8 8 3.2 8 3.4 8 3.1 8 2.3
Val 15 5.2 13 5.2 9 3.8 13 5 17 4.9
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isoforms share two conserved PY motifs (blue and green
boxes), a Smad interaction motif (SIM, red box), and a high-
homology intracellular domain (yellow highlighting). TMEPAI
exhibited variation in the extracellular and high-homology
transmembrane domains, excluding TMEPAI-c, which only
contained intracellular domains. TMEPAI is a type 1b
transmembrane protein composed of three main domains:
extracellular, transmembrane, and intracellular.8 The cytoplas-
mic domain carries a PY (PPPY/PPTY) motif that can interact
with the HECT E3 ubiquitin ligase NEDD4 and the PPNR
motif involved in binding to the TGF-β−related protein
Smad.8,19,21,22 In humans, the TMEPAI protein has five known
isoforms: a (287 amino acids), b (252 amino acids), c (237
amino acids), d (259 amino acids), and e (344 amino acids).
TMEPAI-a, TMEPAI-b, and TMEPAI-c are the major
isoforms expressed in prostate cancer cells and human prostate
tumor tissue. TMEPAI-d and TMEPAI-e were characterized as
minor isoforms with lower transcript levels. TMEPAI-a,
TMEPAI-d, and TMEPAI-c transcripts have been detected
in both AR-positive and AR-negative cancer cells.14,20 The

extracellular domains of the TMEPAI isoforms are diverse,
suggesting structural differences. The intracellular domain is
highly conserved, and the PY and SIM are present in TMEPAI
isoforms in humans and mice. This conservation is essential to
the function of TMEPAI in cancer signaling pathways and
carcinogenesis.8,19,21,22 Although laboratory experiments
proved the function of TMEPAI in cancer, no specific study
performed the structure prediction. This research performed
structure prediction via template-free modeling and validation.
Because of the lack of high-similarity proteins, the homology
modeling prediction is unreliable.
Analysis of Physicochemical Parameters. The results

for the physicochemical parameters of TMEPAI isoforms as
determined using ExPASy’s ProtParam Tool are presented in
Table 1. The amino acid composition and types of TMEPAI
isoforms are shown in Table 2 and Figure 2; small nonpolar
amino acids (glycine and alanine) dominate all TMEPAI
isoforms. The physicochemical parameters suggested that
TMEPAI is an acidic protein. The isoelectric point of TMEPAI
is 6.05−7.61, and it tends to be unstable (the instability index

Figure 2. Amino acid composition of TMEPAI isoforms was determined using the PSIPRED server.
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Figure 3. TMEPAI isoform secondary structure prediction using the RaptorX property.
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>50) and thermostable globular protein (the aliphatic index
>50). TMEPAI is a soluble protein because of the dominance
of negatively charged residuals, and the protein more easily
interacts with positively charged solvents or compounds. The
average hydropathicity index for TMEPAI isoforms is negative
(−0.43 to −0.654), indicating hydrophilicity. The amino acid
composition revealed high serine (11% in TMEPAI-a and
TMEPAI-e), proline content (12% in TMEPAI-b, TMEPAI-c,
and TMEPAI-d), and low tryptophan content (0.7%−1.5% in
TMEPAI isoforms).

TMEPAI secondary structure evaluation. The various
parameters of the secondary structures were calculated by
using the RaptorX and TMHMM 2.0 servers. Figure 3 presents
the eight-class secondary structures of TMEPAI isoforms
accessed using the RaptorX property server. The α-helix was
predicted to be located between amino acids 11−13 and 41−
61 for isoform-a; amino acids 18−23 and 122−128 for
isoform-b; amino acids 18−23 and 122−128 for isoform-c;
amino acids 13−45 and 144−150 for isoform-d, and amino
acids 9−14, 88−130, and 230−235 for isoform-e. The data
revealed that the secondary structure dominantly consisted of
coils (>70%), and more than 75% of the structure was exposed.
Figure 4 presents the TMHMM 2.0 server prediction of the
major regions of TMEPAI isoforms that generate the
extracellular, transmembrane, and intracellular regions. TME-
PAI-a, TMEPAI-b, TMEPAI-d, and TMEPAI-e all possessed
these regions, whereas no transmembrane or intracellular
region was identified for TMEPAI-c. RaptorX predicts the
secondary structure using deep convolutional neural fields and
conditional random fields. This server uses the area under the
curve to predict proteins with irregular sequences.23 The
TMHMM 2.0 server predicts the helix/transmembrane
structure using the hidden Markov model approach with
97−98% accuracy.24 Secondary structure analysis revealed that
TMEPAI-c lacks a transmembrane domain, making it an
extracellular protein. A previous study suggested that
TMEPAI-c is an intracellular protein with half of its sequence
comprising a transmembrane domain.8 This secondary
structure analysis suggested that the predicted transmembrane
regions of TMEPAI-a, TMEPAI-b, TMEPAI-d, and TMEPAI-
e are hydrophobic.

Analysis of the TMEPAI isoform structure prediction.
Analysis of the SWISS-MODEL template against the amino
acid sequence library (STML) revealed that the sequence
identity was less than 35% for the TMEPAI isoforms.
TMEPAI-a had the highest sequence identity (10%, 40−64
amino acids) for SMTL ID 3s39.1 (PDB ID: 3S39; Thermus
thermophilus cytochrome ba3 oxidase 60 s after Xe
depressurization). TMEPAI-b had the highest sequence
identity (13.79%, 7−35 amino acids) for SMTL ID 1ay2.1.a
(PDB ID: 1AY2; fiber-forming protein pilin). TMEPAI-c had
the highest sequence identity (32.14%, 41−62 amino acids) for
SMTL ID 4oie.1.a (PDB ID: 4OIE, West Nile virus
nonstructural protein NS1). TMEPAI-d and TMEPAI-e had
the highest sequence identities of 14.29 (15−42 amino acids)
and 13.33% (99−128 amino acids), respectively, for SMTL ID
3jc8.4 (PDB ID: 3JC8). The predicted structures generated by
the trRosetta, RaptorX, Robetta, and AlphaFold servers are
presented in Figure 5, and server assessment scores are shown
in Table 3. The TMEPAI isoform structure prediction using
the trRosetta server indicated that the TMEPAI-a, TMEPAI-b,
TMEPAI-d, and TMEPAI-e structures have three domains,
indicating a transmembrane structure. By contrast, TMEPAI-c

has only two domains without a N-terminal domain
(extracellular). All predicted structures had TM (trans-
membrane) scores within the trRosetta server assessment

Figure 4. Transmembrane predictions for TMEPAI isoforms using
the TMHMM 2.0 server.
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parameter. The TMEPAI isoform structure prediction using
the RaptorX, Robetta, and AlphaFold servers revealed three
domains for all isoforms, excluding TMEPAI-c. The RaptorX
server assessment parameter obtained the root-mean-square
deviation (RMSD) score results. The prediction model for all
isoforms had a confidence score (c-score) as required by the
Robetta server assessment parameter. AlphaFold produces a

per-residue c-score (pLDDT) between 0 and 100. AlphaFold
prediction model results had a very high c-score (>90%) only
in the α-helix structure (TM region). In comparison, most
other regions had a very low c-score (<50%). Some regions
with low pLDDT may be unstructured in isolation. The
Rosetta server is currently regarded as the most successful
template-free approach for CASP experiments.25−27 For some

Figure 5. Models of the predicted structures of TMEPAI isoforms.

Table 3. Model Server Assessment for the TMEPAI Isoform Structure Predictions

TMEPAI isoform

protein modeling prediction servers

trRosetta (TM-score = 0−1 Å) raptorX (RMSD score <15 Å) robetta (c-score = 0−1) AlphaFold (pLDDT c-score = > 90)

TMEPAI-a 0.208 Å 11.280 Å 0.14 >90% only on α-helix
TMEPAI-b 0.203 Å 10.552 Å 0.15
TMEPAI-c 0.192 Å 10.316 Å 0.13
TMEPAI-d 0.208 Å 13.021 Å 0.16
TMEPAI-e 0.214 Å 10.825 Å 0.13
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template-free targets, deep learning-based prediction of inter-
residue orientations and distances and Rosetta’s refinement of
constrained optimization can create more accurate models.28,29

Validation of the TMEPAI isoform structure prediction. The
validation result of the TMEPAI isoform structure prediction is
presented in Table 4. The PROCHECK scores (most favored
regions) ranged from 30.9 to 91.5%. The best quality criterion
is a score exceeding 90%. Still, the structure quality is reliable if
the most favored domain score is >80% and 0% amino acid
residues are located in the disallowed regions. The quality and
stability of the prediction are indicated by the presence of the
majority of the amino acid residues in the most favored
regions. The PROCHECK server verifies the quality of the
predicted structure by analyzing the residue-by-residue
geometry and overall structure geometry.30 Verify3D deter-
mines the compatibility of an atomic model (in three
dimensions) using the primary amino acid sequence by
assigning structural classes based on its location and environ-
ment and comparing the results to suitable structures.31,51

Verify3D analysis revealed scores for TMEPAI isoform
structure prediction using the trRosetta, RaptorX, Robetta,
and AlphaFold servers of 2.62 to 79%, lower than the
minimum criterion of >80%. The ERRAT scores of the
TMEPAI isoform structure prediction ranged from 12 to 94%,
and the score was lower than the minimum criterion of 91%
for all predictions, excluding the TMEPAI-d prediction using
trRosetta (91.13%) and TMEPAI-e prediction using Robetta
(94.46%).32 The QMEAN Z-scores for the TMEPAI isoform
structure prediction from all servers ranged from −21.6 to
1.73. The high-quality prediction of the Z-score is close to 0,
which means that the predicted structures are high-quality.
QMEAN assesses the level of predicted structure authenticity
compared to the exact size of experimental structures.33 The
QMEANBrane server assessment’s c-score for the prediction
quality must be 1, which means the structure is embedded in
the membrane. The transmembrane domains of TMEPAI-a,
TMEPAI-b, TMEPAI-d, and TMEPAI-e revealed that

trRosetta server-based prediction exhibited a c-score of 1.
Similarly, a c-score of 1 was recorded for TMEPAI-a,
TMEPAI-b, and TMEPAI-e for RaptorX prediction. In
contrast, all isoforms had a c-score of less than 1 for Robetta
and AlphaFold server-based prediction. Meanwhile, TMEPAI-c
had a c-score of <1 for all predictions. QMEANBrane
determines the quality of the predicted transmembrane
structure using statistical potentials targeted at the estimated
local quality of membrane proteins at three different segments
(membrane, interface, and soluble).33

The results of all validation assessments of the TMEPAI
isoform structure predictions after comparing and analyzing
each validation method (Table 4) illustrated that the trRosetta
model was validated versus the other predictions. The
QMEANBrane consideration assessment suggested that the
structure is embedded in the membrane, and the TMHMM 2.0
parameter also provided a consistent result (Figure 4). The
PROCHECK Ramachandran plot (most favored region) also
confirmed that the prediction was validated, and 0% of residues
were located in disallowed regions. The QMEAN and ERRAT
values were consistent with these results. Validation analysis
for TMEPAI isoforms suggested that the trRosetta model is
the most reliable structure according to the QMEANBrane
assessment and corresponding results using PROCHECK
Ramachandran plots, Verify3D, QMEAN, and ERRAT.
Because it can be considered that the model is structurally
and stereochemically feasible and stable, the predicted
structures of TMEPAI isoforms can be further used for
protein function studies or simulations. The limitation of this
study is that there is no crystal structure or experiment from
the database (Protein Data Bank) that can be used as a
comparison. The predicted structures of TMEPAI isoforms
were consistent with previous findings indicating that TMEPAI
localizes intracellularly, specifically within vesicles. Given that
PY motif 1 (PPPY), PY motif 2 (PPTY), and SIM motif
(PPNR) are exposed on the surface of the structure, they can

Table 4. Validation of the TMEPAI Prediction Servers

TMEPAI isoform protein modeling prediction servers

validation servers

PROCHECK (≥90%)a Verify3D (≥80%)a QMEAN (Z-score ∼0)a ERRAT (≥91%)a

TMEPAI-a trRosetta 91.5 26.48 1.11 85.8824
RaptorX 83.3 64.81 −1.71 83.1541
Robetta 90.6 66.55 −0.79 83.6957
AlphaFold 49.1 10.45 −14.28 68.478

TMEPAI-b trRosetta 88.1 55.16 1.73 83.0918
RaptorX 85.1 69.05 −1.15 66.5272
Robetta 90.6 65.87 −0.65 88.5593
AlphaFold 47.5 10.32 −15.75 35.1145

TMEPAI-c trRosetta 89.3 56.96 0.98 81.6514
RaptorX 87.2 69.2 0.9 90.367
Robetta 86.1 75.95 −0.51 77.13
AlphaFold 44.9 5.91 −15.51 38.4348

TMEPAI-d trRosetta 89.8 38.22 1.08 91.129
RaptorX 82.5 73.75 −1.1 80.4348
Robetta 87.9 76.06 0.34 90.6504
AlphaFold 45.1 4.25 −17.00 32.4324

TMEPAI-e trRosetta 87.9 54.07 0.92 79.6296
RaptorX 84 59.01 −1.80 71.6561
Robetta 89.7 79.07 0.37 94.4615
AlphaFold 30.9 2.62 −21.96 12.621

aServer assessment parameter.
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easily interact with TMEPAI-associated molecules or other
solvents.
CGMD Simulations of TMEPAI-A Protein and Trajec-

tory. TMEPAI-a simulated in CGMD during the structure
refinement process requires the transmembrane system
building to provide the right environment for transmembrane

proteins to be integrated into the lipid bilayer membrane by
embedding or embedding proteins in the lipid bilayer. Protein
modeling has been refined using CGMD simulation through
various methods that enable protein conformational changes,
protein−protein interaction, protein−ligand binding, and
protein-cell membrane interactions.34,35 CGMD is especially

Figure 6. RMSD analysis comparison between membrane and nonmembrane systems.

Figure 7. RMSF analysis comparison between membrane and nonmembrane systems.

Figure 8. Conformational energy comparison between membrane and nonmembrane systems.
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advantageous, as it offers an appropriate approach for
optimizing the three-dimensional structure of proteins within
an environment that simulates the natural lipid bilayer. This
approach allows for the efficient integration of TMEPAI into
the membrane, considers protein−lipid interactions, and
ensures that the protein assumes a conformation consistent
with its biological role within the membrane.

The RMSD analysis of the TMEPAI-a CGMD simulation
results with membrane and nonmembrane systems aims to
compare the stability of conformational changes in the
structure during the simulation process from the initial
coordinate position between membrane and nonmembrane
systems.36 The graph of the RMSD analysis can be seen in
Figure 6. The conformation of TMEPAI-a in the membrane
system was more stable than that of the nonmembrane system
during the simulation. The root-mean-square fluctuation
(RMSF) analysis result of the TMEPAI-a in the membrane
system during a 30 μs-length simulation (Figure 7) showed
that conformational changes are not fluctuating in the protein
residue transmembrane part in the TMEPAI-a structure
compared to the nonmembrane system. Based on the results
of the trajectory parameters in the CGMD simulation, it can be
analyzed that TMEPAI-a in the membrane system has a more
stable protein conformation, and the protein residue in the
transmembrane part of TMEPAI-a did not fluctuate (residue
numbers from 41 to 63, Figure 7) during the simulation when
compared to TMEPAI-a in the nonmembrane system. This
result is caused by the lipid bilayer membrane that affects the
TMEPAI-a conformation and makes it more stable during the
CGMD simulation.

The conformational energy of TMEPAI-a in the membrane
system had lower energy compared to TMEPAI-a in the
nonmembrane system, which means TMEPAI-a in the
membrane system has a more stable conformation than the
nonmembrane system and can be seen in Figure 8. The
nonbond energy in the context of CGMD simulations is
essential in protein binding affinity and conformational
changes.37 TMEPAI-a in the membrane system has a more
stable nonbond energy than the nonmembrane system (Figure

9). The lipid bilayer membrane influences structural conforma-
tional refinement to become more stable in CGMD by
affecting the environment of membrane proteins, lipid−protein
interactions, and lipid diffusion.38 The lipid bilayer membrane
environment can affect the protein conformation stabilization
compared to the nonmembrane system through its physical
and chemical properties, distinct from the nonmembrane
system.39

The uncertainty of atomic locations and thermal motion is
measured by B-factors, which provide essential insights into the
dynamics and flexibility of protein structures.40,41 The
transmembrane part in the TMEPAI-a in the membrane
system showed low thermal motion or low B-factor, which
indicates the structure is well ordered or stable (blue−green
colors in Figure 10a) compared to the nonmembrane system
having a high B-Factor or very flexible/fluctuates conforma-
tional changes (orange−red colors in Figure 10b).

Trajectory similarity is the comparison of several molecular
trajectories produced from CGMD simulations in terms of
their structural and dynamic properties.42 The results of
trajectory similarity between TMEPAI-a in the membrane and
nonmembrane systems showed no similarity. The visualization
of TMEPAI-a in the membrane and nonmembrane systems is
presented in Figures 11 and 12.

The closest protein homologue to TMEPAI is C18orf1,
which shares a 61% sequence similarity. However, like

Figure 9. Nonbond energy comparison between membrane and nonmembrane systems.

Figure 10. B-Factor analysis comparison between TMEPAI-a in the
membrane and nonmembrane systems. (A) Membrane system and
(B) nonmembrane system.
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TMEPAI, C18orf1 does not have a crystal structure available.
Additionally, no experimental structures in the Protein Data
Bank can be used for comparison. The predicted structure is
anticipated to provide a critical foundation for developing
therapies targeting TMEPAI, but validation results showed that
some methods are still deficient. However, it is imperative to
emphasize that thorough exploration of computational
methods and structural validation remains necessary to achieve
a more reliable representation of the TMEPAI structure.
Furthermore, crystallization of the TMEPAI protein is
fundamental to elucidating its native structure and identifying
specific interactions for the primary development of TMEPAI-
targeting therapy.

■ CONCLUSIONS
TMEPAI is well-known as a transmembrane protein that is
highly expressed in breast cancer, colon cancer, and renal cell
carcinoma tissues as well as in many other cancer cells. This
protein was first identified as a prostatic protein induced by
testosterone or its derivatives in the 2000 s. Many experiments
suggest TMEPAI as a cancer drug target, but most TMEPAI
research data are molecular and signaling mechanisms using in
vitro and in vivo experiments without extensive structural
experiments. Thereafter, the experimental data showed that
TMEPAI is involved in multiple signaling and several signaling
works paradoxically. So, inhibiting TMEPAI expression or
diminishing TMEPAI action becomes impossible; many signals
will be affected, and the off-target effect will increase. The
essential idea is to predict the direct interaction of TMEPAI
with specific proteins that involve carcinogenesis/tumori-
genesis signaling and design the inhibitor or activator of
these interactions. In this step, the TMEPAI structure is
essential.

This study predicted the TMEPAI protein structure using
the trRosetta, RaptorX, Robetta, and AlphaFold servers.
Extensive evaluation was conducted to validate the prediction
structure through the PROCHECK, QMEAN, QMEANBrane,
Verify3D, and ERRAT servers. The trRosetta server emerged
as the most reliable prediction structure. However, it is crucial
to note that dynamic refinement steps are still needed to
enhance the outcome. Computational protein structure
prediction plays a central role in structure elucidation, as
demonstrated in this study. The predicted structure is expected
to provide the necessary foundation for the primary develop-
ment of TMEPAI-targeting therapy. However, it is essential to
emphasize that extensive exploration of computational
methods and structural validation are still needed to obtain a
more reliable TMEPAI structure. Furthermore, crystallization
of the TMEPAI protein is also essential to elucidate its original
structure and identify definite interactions.

■ RESOURCES AVAILABILITY
Lead Contact. Assist data and requests for resources and

reagents, which should be coordinated and will be satisfied by
the lead contact, Riezki Amalia, email: riezki.amalia@unpad.ac.
id.
Materials Availability. This study did not generate new

unique reagents.

■ EXPERIMENTAL MODEL AND SUBJECT DETAILS
This study did not include experimental models or subject
details because it was computational research. Figure 1 shows
the workflow for the TMEPAI structure prediction.

■ METHOD DETAILS
TMEPAI Isoforms Sequence and Alignment. The

FASTA format of the TMEPAI isoform sequences was

Figure 11. Visualization of TMEPAI-a in the membrane system.

Figure 12. Visualization of TMEPAI-a in the nonmembrane system.
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downloaded from NCBI (https://www.ncbi.nlm.nih.gov/).
The accession numbers were as follows: TMEPAI-a,
NP_064567; TMEPAI-b, NP_954638.1; TMEPAI-c,
NP_954639.1; TMEPAI-d, NP_001242905.1; and ref Seq
TMEPAI-e, ENST00000395819.3.20 The T-COFFEE Multi-
ple Sequence Alignment Server (http://tcoffee.crg.cat/apps/
tcoffee/do:tmcoffee) was used for TMEPAI isoform align-
ment.43

TMEPAI Physicochemical Parameters and Secondary
Structure Prediction. ExPASy’s ProtParam tool (https://
web.expasy.org/protparam/) was used to determine the
physicochemical parameters, namely, the theoretical isoelectric
point, instability index, aliphatic index, and grand average of
hydropathicity (GRAVY).44 The PSIPRED server (http://
bioinf.cs.ucl.ac.uk/psipred/) (Jones, 1999) was used to
evaluate the secondary structure properties of TMEPAI
isoforms. The RaptorX Property server (http://raptorx.
uchicago.edu/StructurePropertyPred/predict/) and
TMHMM 2.0 server (http://www.cbs.dtu.dk/services/
TMHMM/) were used to predict the transmembrane helices
in proteins.45,46

Protein Modeling of TMEPAI Isoforms. For TMEPAI
structure prediction, the trRosetta,29 RaptorX,45 Robetta,47

and AlphaFold48 structure prediction servers were employed.
The BIOVIA Discovery Studio Visualizer 2016 Client program
was used to visualize the prediction result by opening the
prediction structure in .pdb format.
TMEPAI Protein Structure Prediction Validation.

PROCHECK suite programs, QMEAN SWISS-MODEL,
QMEANBrane SWISS-MODEL, Verify3D, and ERRAT,
were used to validate the predicted structures.31−33,49−51

Figure 13 presents the research scheme displaying the analysis
of physicochemical parameters, secondary structure predic-
tions, and structure predictions using servers with different
approaches and structure validation to assess the quality of the
predicted structures.
Transmembrane System Building. The refined model

was embedded into a POPC: POPE (3:2) membrane,
resembling the major components of the human endoplasmic
reticulum membrane,52,53 using the PACKMOL-Memgen
protocol.54 Map the atomistic structure of the preassembled
DMPC bilayer to its CG representation using amber_lipid.-
map.36

CGMD Simulations of TMEPAI Protein and Trajectory
Analysis. The Amber20 was used for the TMEPAI-a protein−
bilayer membrane or nonmembrane systems in 3 μs-length
simulations through several minimization steps to reach the
lowest energy. The CGMD simulation of the TMEPAI protein
in the bilayer membrane and the nonmembrane system was
performed using the SIRAH 2.0 force field.55 The heating
process was performed in 3 stages of one-step heating from 0 K
up to 310 K to resemble the human body temperature of about
37 °C. The equilibration processes were adapted according to
the protocol of Ng et al., employing a time step of 2 fs.56 The
long-range electrostatics were treated using the particle mesh
Ewald technique and the force field for proteins, lipids, water,
and ions. The results of the CGMD simulation are visualized
using visual MD to observe and analyze the interaction
between the TMEPAI protein fold in the transmembrane and
cytoplasm environments. The trajectories were analyzed by
RMSD, RMSF, secondary structure protein analysis (DSSP
analysis), protein volume, and principal component analysis in
the CPPTRAJ program of Amber20.
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TMEPAI isoform-a NP_064567; TMEPAI isoform-b
NP_954638.1; TMEPAI isoform-c NP_954639.1; TMEPAI
isoform-d NP_001242905.1; and ref Seq TMEPAI isoform-e
ENST00000395819.3.20
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