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Abstract FAM72A (p17) is a novel neuronal protein that has
been linked to tumorigenic effects in non-neuronal tissue.
Using state of the art in silico physicochemical analyses
(e.g., I-TASSER, RaptorX, and Modeller), we determined
the three-dimensional (3D) protein structure of FAM72A
and further identified potential ligand-protein interactions.
Our data indicate a Zn2+/Fe3+-containing 3D protein structure,
based on a 3GA3_A model template, which potentially inter-
acts with the organic molecule RSM ((2s)-2-(acetylamino)-N-
methyl-4-[(R)-methylsulfinyl] butanamide). The discovery of
RSM may serve as potential lead for further anti-FAM72A
drug screening tests in the pharmaceutical industry because
interference with FAM72A’s activities via RSM-related mol-
ecules might be a novel option to influence the tumor sup-
pressor protein p53 signaling pathways for the treatment of
various types of cancers.
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Introduction

Cancer is still a major health threat to people all over the
world, including to the Korean population. In total, about
200,000 cancer cases and 70,000 cancer deaths occur annually
in Korea, while more than 1,000,000 prevalent cancer cases
are identified in Korea’s population today. Notably, the overall
cancer incidence in Korea increases rapidly with 70,000
deaths occurring annually while the incidence of all cancers
combined shows an approximate annual increase of 3.5 % [1].

The experimental molecular, cellular, and bioinformatics
approach employed in this study has been used previously to
identify novel oncogenes with therapeutic potential. Using
these methods, we discovered the new membrane-bound
FAM72A protein (also known as p17, Ugene, or LMPIP) with
demonstrated highly promising clinical relevance to survival/
death outcomes in patients with various kinds of cancers, as it
can be linked to tumorigenic effects in non-neuronal tissues
[2–4]. Our group also unraveled FAM72A’s mode of action,
and our data demonstrate that FAM72A interacts with various
tumor suppressor proteins that are (epi-) genetically modified
in cancer [3] and thus, interference with FAM72A’s activities
might be a novel option to influence the tumor suppressor
protein p53 signaling pathways for the treatment of tumors.

Upon identification of a potential therapeutic target, the
pivotal challenge of current cancer research is the resolution
of the target’s three-dimensional (3D) protein structure for the
application of high-throughput drug-screening tests [5].
Knowledge of a protein’s structure is important for the general
understanding of a protein’s function, and it is particularly
essential for the development of target-specific drugs [6].
Unfortunately, laboratory-based drug development takes
much time, consumes huge amounts of money, and frequently
involves ethical issues regarding animal experiments [7, 8].
Thus, in silico studies are now becoming more important than
ever to push forward cancer research for the development of
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novel drugs [9–11]. In the present study, we used a state-of-
the-art approach to resolve FAM72A’s 3D protein structure by
multiple (non-)template modeling approach analyses [12–16]
and identified a novel potential chemical molecule that may
serve as lead for screening tests in search of novel drugs for
the treatment of FAM72A-based cancers.

Methods

FAM72A reference sequence

The sequence of the human FAM72A protein (gene ID,
729533, NP_001116640.1, FAM72A) consists of 149-amino
acids (AAs) and was retrieved from the National Center for
Biotechnology Information (NCBI) at http://www.ncbi.nlm.
nih.gov/protein (Supplementary Fig. S1).

Primary template and structure prediction using NCBI’s
protein data bank search

NCBI’s protein data bank (PDB) database was extensively
screened for appropriate template selection using BLAST,
PSI-BLAST, and DELTA-BLAST to find the most suitable
homologous 3D structure for FAM72A. The NCBI-PDB
search was done according to the general strategy as briefly
outlined at: http://www.ncbi.nlm.nih.gov/Structure/MMDB/
docs/mmdb_how_to_search_by_gene.html. The DELTA-
BLAST tool detects distant homologs in a protein database
search and provides better quality alignments than do BLAST
and PSI-BLAST. DELTA-BLAST searches a database of pre-
constructed position-specific scoring matrices (PSSMs) be-
fore searching a protein-sequence database, to achieve better
homology detection [17]. Details of homology sequence
alignments are shown in the Supplementary data material
(Supplementary Figs. S2–S4).

Primary template and protein structure prediction using
the online server-based bioinformatics tools

In addition to using NCBI’s PDB for searching for 3D struc-
tures of homologous protein, we applied various online-based
structure prediction tools such as (i) Phyre2 (http://www.sbg.
bio.ic.ac.uk/phyre2/html/page.cgi?id=index), (ii) 3DJIGSAW
v.3.0 (http://bmm.cancerresearchuk.org/~3djigsaw/), and (iii)
Swiss Model (http://swissmodel.expasy.org/) to develop a 3D
structure and find a suitable template for 3D FAM72A protein
structure modeling (Supplementary Figs. S5–S20).

Primary template and structure prediction using RaptorX

RaptorX is a protein structure prediction server for 3D protein
structures of protein sequences without close homologs in the

PDB [14]. Given an input sequence, RaptorX predicts its
secondary and tertiary structures as well as solvent accessibil-
ity and disordered regions. The basic concept is shown in the
Supplementary data material (Supplementary Fig. S21).

Primary template and structure prediction using multiple
templates with I-TASSER

A standard rational protein threading method builds the 3D
protein structure of a target protein sequence using a single
template protein. Although many experimentally obtained
protein structures are deposited in the NCBI-PDB, it is still
far from being a comprehensive human 3D proteome structure
database. Because of the limited number of proteins in the
database, any given human target protein is likely to receive
only a fairly poor match with any single-solved 3D protein
structure in the PDB, which could be used as a potential
starting template to predict the 3D protein structure. Conse-
quently, since our FAM72A protein had only a relatively
remote homology with a number of templates that were sug-
gested by the NCBI-PDB database, Phyre2, 3DJIGSAW
v.3.0, or Swiss Model, we needed to extend the classical
protein threading method so that a target protein sequence
could be threaded onto multiple templates simultaneously and
thus, its 3D protein structure model be built from multiple
template structures. In this context, we also implemented the
multiple templates/threading protocol using the I-TASSER
server (http://zhanglab.ccmb.med.umich.edu/I-TASSER/).
The I-TASSER server is an online platform for protein struc-
ture and function predictions [13, 18]. 3D models are built
based on multiple-threading alignments by Local Meta-
Threading Server (LOMETS) and iterative template fragment
assembly simulations. LOMETS is an online Web service for
protein structure prediction. It generates 3D models by
collecting high-scoring target-to-template alignments from
nine locally installed threading programs (FFAS, HHsearch,
MUSTER, PPA, PRC, PROSPECT2, SAM-T02, SP3, and
SPARKS). The reliability of the structure prediction results
are reported as a template modeling (TM)-score that is a
number between 0 and 1. A TM-score <0.17 indicates a
random model, while a TM-score >0.5 corresponds to two
structures of similar topology (Supplementary Fig. S22).

Protein structure prediction with Modeller v.9.13

Our preanalyzed suggested templates from the NCBI-PDB
database, Phyre2, 3DJIGSAW v.3.0, and Swiss Model were
subjected to comparative modeling using the Modeller 9.13
software as described [19, 20] and applied previously [21–33].
Additionally, the best suggested templates fromRaptorXwere
also applied to the comparative modeling analysis usingMod-
eller 9.13 software.
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Protein structure evaluation

The stereochemical qualities of the obtained FAM72Amodels
were ultimately evaluated with the program PROCHECK in
order to prove the structural quality of the in silico 3D protein
structures and for selection of the best model for further
detection of potential ligand-binding sites [34].

Protein structure comparison analysis by alignment

The superimposition or 3D alignment of 3D protein structures
is an important method to evaluate the common 3D substruc-
ture of a set of molecules. Structure alignments have been
done using TM-align (http://zhanglab.ccmb.med.umich.edu/
TM-align/), which is a highly optimized algorithm for protein
structure comparison and alignment [35]. For two protein
structures of unknown equivalence, TM-align first generates
the residue-to-residue alignment based on structural similarity
using dynamic programming iterations. An optimal superpo-
sition of the two structures, as well as the TM-score value,
which scales the structural similarity, is then returned. The
TM-score value lies between 0 and 1. In general, a TM-score
<0.2 indicates that there is no similarity between two struc-
tures while a TM-score >0.5 means the structures share the
same SCOP/CATH fold [36]. Additionally, root-mean-square
deviation (RMSD) is also checked to determine the structural
similarity of 3D structure alignments. The most commonly
used metric is the RMSD, in which the root-mean-square
distance between corresponding residues is calculated after
an optimal rotation of one structure to another [37, 38]. Since
the RMSD weights the distances between all residue pairs
equally, a small number of local structural deviations could
result in a high RMSD, even when the global topologies of the
compared structures are similar. Furthermore, the average
RMSD of randomly related proteins depends on the length
of compared structures, which renders the absolute magnitude
of RMSD meaningless [39]. In connection with the 3D struc-
ture alignment, additional sequence alignments with different
matrices (PAM-30, PAM-70, PAM-250, BLOSUM-80,
BLOSUM-62, BLOSUM-45, BLOSUM-50, and BLOSUM-
90) were carried out for the templates suggested from the
NCBI-PDB database, Phyre2, 3DJIGSAW, and Swiss Model
based on the FAM72A sequence in order to confirm the
overall sequence similarity.

Lead discovery by protein-ligand-binding-site prediction

Since FAM72A plays a significant role in tumorigenesis [3,
4], the present study on the theoretical 3D protein structure
modeling of FAM72A led us to search for a potential ligand-
binding site of FAM72A as the identification of protein-
ligand-binding sites is a decisive pathway for the elucidation
of protein function and development of therapeutics. A meta-

server approach (e.g., via http://zhanglab.ccmb.med.umich.
edu/) using COACH has been used to identify a predicted
potential FAM72A protein-ligand-binding site [40–42].
Starting from a given 3D structure of target proteins, COACH
generates complementary ligand-binding-site predictions
using two comparative methods, TM-SITE and S-SITE,
which recognize ligand-binding templates from the BioLiP
protein function database (http://zhanglab.ccmb.med.umich.
edu/BioLiP/index.html) by binding specific substructure and
sequence profile comparisons. These predictions were
combined with results from other methods (including
COFACTOR, FINDSITE, and ConCavity) to generate final
ligand-binding-site predictions. The reliability of the ligand-
protein-binding-site prediction was checked by confidence
score (C-score). The C-score is in the range of zero to one
(0–1), where a C-score of higher value signifies a model with
a high confidence and vice versa [18].

Results

Primary template and structure prediction using NCBI’s PDB
search

Applying NCBI’s protein-BLAST homology search, we
found three homologous protein 3D structure suggestions in
the PDB database for FAM72A (149 AAs): (i) 1YQ3_D (103
AAs), (ii) 4OGC_A (1101 AAs), and (iii) 4OGE_A (1101
AAs) (Supplementary Figs. S2–S4). The selected templates
were then forwarded for the Modeller analysis.

Primary template and structure prediction using Phyre2

Phyre2 suggested the 3GA3_A (133 AAs) template as one of
the best homologous templates for a possible 3D FAM72A
protein structure (Supplementary Fig. S5). Phyre2 predicted
the 3D FAM72A (149 AAs) protein structure (with 128 AAs)
based on the 3GA3_A template (133 AAs) (Supplementary
Fig. S6). Data obtained were prechecked by various means
such as Ramachandran plot and others (Supplementary
Figs. S6–S7). The selected template 3GA3_A was then
forwarded for the Modeller analysis.

Primary template and structure prediction using 3D-JIGSAW
v.3.0

Upon input of the FAM72A sequence (149 AAs) into the 3D-
JIGSAW v.3.0 server, the 3GA3_A (133 AAs) template was
suggested as the best homologous template for the 3D
FAM72A protein structure (which is the same template sug-
gestion as obtained with Phyre2) (Supplementary Fig. S8).
Five structures were initially proposed, out of which the best
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structure was selected based on data obtained, which were
prechecked by various means such as Ramachandran plot and
others (Supplementary Figs.S9–S13). It is noticeable that
using the same template (3GA3_A, having 133 AAs), Phyre2
predicted a 3D FAM72A protein structure containing 128
AAs. These 128 AAs cover the region from AA14 to
AA141 of FAM72A (149 AAs). The 3DJIGSAW v.3.0 server
also suggested 3GA3_A (133 AAs) as a best template for
FAM72A. In this predicted structure, however, the 3D
FAM72A protein structure was composed of 133 AAs, which
is the same number of AAs found in 3GA3_A itself. These
133 AAs actually cover the entire 149 AAs of FAM72Awith
three gaps, including a total of 16 AAs. The selected template
was then forwarded for the Modeller analysis.

Primary template and structure prediction using Swiss Model

Submission of FAM72A (149 AAs) to the SwissModel server
generated three 3D FAM72A protein structure models using
three different templates (3MCA_B (390 AAs), 1I8D_A (213
AAs), and 1I8D_B (213 AAs)). The proposed 3D FAM72A
protein structures were prechecked by various means such as
Ramachandran plot and others (Supplementary Figs. S14–
20). The selected templates (3MCA_B, 1I8D_A, and
1I8D_B) were then forwarded for the Modeller analysis.

Primary template and structure prediction using RaptorX

Submission of the FAM72A protein sequence (149 AAs) to
the RapotorX server generated one full-length and two short
versions of 3D FAM72A protein structure models (domains 1
and 2), using three different templates (4M0M_A (756 AAs),
2FJA_A (643 AAs), and 3UK7_A (396 AAs)). The predicted
full-length 3D FAM72A protein structure consisted of 145
AAs, and the respective template suggestion was 4M0M_A
(756 AAs). In the cases of the short-length versions, a total of
ten 3D FAM72A protein structures were suggested (five
structures for each domain (details are explained in the flow
chart in the supplementary data file: Supplementary
Figs. S23–S27)), out of which the two best short versions
(2FJA_A (643 AAs) and 3UK7_A (396 AAs)) were selected.
The two short-length versions (domains 1 and 2) were finally
selected based on data obtained, which were prechecked by
various means such as Ramachandran plot and others. All
three of the identified templates (4M0M_A, 2FJA_A, and
3UK7_A) were then forwarded for the Modeller analysis.

Primary template and structure prediction using multiple
templates with I-TASSER

The I-TASSER server suggested ten templates to then gener-
ate five 3D FAM72A protein structure models, all of which
contained 149 AAs and out of which the best one was selected

based on data obtained, which were prechecked by various
means such as Ramachandran plot (Supplementary Figs. S28–
S33).

Protein structure prediction with Modeller v.9.13

Next, we applied the Modeller (v.9.13) analysis [43–45] to
further optimize the 3D FAM72A protein structure. Nine
prechecked templates (1YQ3_D, 4OGC_A, 4OGE_A,
3GA3_A, 3MCA_B, 1I8D_B, 4M0M_A, 2FJA_A, and
3UK7_A (obtained from NCBI-PDB-, Phyre2-, 3D-JIG-
SAW-, SwissModel-, and RapotorX-based FAM72Amodels)
were finally entered into the Modeller software analysis pro-
gram, and data obtained were validated by various means,
such as Ramachandran plot and others (Supplementary
Figs. S34–S53). Furthermore, the obtained sequences of the
structures (149 AAs) were always reversely confirmed by
creating the sequence from the PDB file at http://swift.cmbi.
ru.nl/servers/html/soupir.html. For further evaluation of data
obtained, all of the structures were cross-aligned to each other
and evaluated based on TM-scores normalized by the target
length (Supplementary Figs. S54–S119) [12, 14, 46].

Thus, taken together, the findings of our in silico 3D
FAM72A protein structure, finally modeled with Modeller
9.13 based on a variety of pre-predicted, preselected, and
pre-evaluated templates (NCBI’s PDB, Phyre2, 3DJIGSAW
v.3.0, Swiss Model, RaptorX, and I-TASSER), are compre-
hensively presented in Fig. 1. Predicted structures are present-
ed as the objective of Critical Assessment of Protein Structure
Prediction (CASP; http://predictioncenter.org/) [47, 48] to
assesses the ability of the various applied predictors
(methods) to model protein structures in two different ways:
(1) template-based modeling of the 3D FAM72A protein
structure (Fig. 1a (1YQ3_D) –o (Swiss Model); here, the
objective of modeling is to predict the 3D FAM72A protein
structures with an identified AA sequence by a similarity
search of experimentally obtained 3D protein structures and
followed by modeling (based on the related structures as
templates)) and (2) free modeling (Fig. 1p (I-TASSER); here,
objective of modeling is to predict the 3D FAM72A protein
structures with multiple templates/threading using de novo/ab
initio method).

Protein structure evaluation

The summarized stereochemical qualities of the obtained 3D
FAM72A protein structure models are summarized in Table 1
(detailed explanations are provided in the supplementary data
file: Supplementary Fig. S6–S53). The 3D FAM72A protein
structure, based on the 3GA3_A template (which was origi-
nally suggested by Phyre2 and 3DJIGSAW) and modeled
with Modeller 9.13, appeared to be the best and most reliable
structure in terms of stereochemical properties and overall
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geometry compared with the other structures (Figs. 1d and
2a). We observed that 136 AAs of the FAM72A sequence are
non-glycine and non-proline AA residues (149 AAs; 2 AAs
are end-residues (excluding Gly and Pro), 7 AAs are Gly
residues, and 4 AAs are Pro residues) out of which 120 AAs
(88.2 % of 136 AAs) belonged to the most favored regions (A,
B, L) in the Ramachandran plot. This 3D protein structure also
has a significant overall G-factor value of −0.2. Ideally, a G-
factor should be above −0.5 [49–52], which provides a mea-
sure of normal stereochemical properties and overall geometry
of the predicted 3D FAM72A protein structure (Supplemen-
tary Fig. S41).

Protein structure comparison analysis by alignment

We applied the TM-align (http://zhanglab.ccmb.med.umich.
edu/TM-align/), which is a highly optimized algorithm for 3D
protein structure comparison and alignment, to evaluate the
topological/geometrical similarity between structures. The 3D
structural relationships among the various modeled 3D
FAM72A protein structures allowed us to investigate correla-
tions in topological similarity of the theoretical developed 3D
protein structures, which were normalized to the target length
of 149 AAs (Supplementary Figs. S54–S125). The aligned
length (no. of AA residues) and comprehensively analyzed

Fig. 1 Assorted 3D FAM72A protein structures, predicted by a variety of
methods, are shown. The 3D FAM72A protein structures (a–j) were
modeled with Modeller 9.13 using the various templates suggested by
searches with NCBI-PDB (a 1YQ3_D, b 4OGC_A, and c 4OGE_A),
Phyre2 (d 3GA3_A), 3D-JIGSAW v.3.0 (d 3GA3_A), Swiss Model (e
3MCA_A, f 1I8D_A, and g 1I8D_B), and RaptorX (h 4M0M_A, i
2FJA_A, and j 3UK7_A). k Suggested 3D FAM72A protein structure
predicted by RaptorX with 4M0M_A as a template. l Suggested 3D
FAM72A protein structures for two short domains from RaptorX: (I)
range, 76 to 134 (59-amino acids), based on the 2FJA_A template, and
(II) range, 1 to 51 (51-amino acids), based on the 3UK7_A template. m

Suggested (Phyre2) 3D FAM72A protein structure having 128 AAs
based on the 3GA3_A template. n Suggested (3D-JIGSAW v.3.0) 3D
FAM72A protein structure having 133 AAs, based on the 3GA3_A
template. o Three suggested (Swiss Model) 3D FAM72A protein struc-
tures: (I) range, 97 to 137 (41-amino acids), based on the 3MCA_B
template, (II) range, 97 to 129 (33 amino acids), based on the 1I8D_A
template, and (III) range, 97 to 129 (33-amino acids), based on 1I8D_B
template are shown. p Suggested (I-TASSER) 3D FAM72A protein
structure based on multiple templates. Legend: (i) yellow, helix; (ii)
purple, β-sheet strand; and (iii) cyan, coil structure
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statistical validation parameters (TM-score and RMSD) are
explained in Supplementary Table S1. Interestingly, our
results show that the 3D FAM72A protein structure model
based on the 3GA3_A template, which was originally sug-
gested by Phyre2 and 3DJIGSAWand finally modeled with
Modeller 9.13 (Fig. 2a), and the ab initio-modeled 3D
FAM72A protein structure based on multiple templates
from I-TASSER (Fig. 2b), have significant geometrical
structural similarity (Fig. 2c). The alignment of these two
modeled structures shows that an aligned length covering
121 AA residues has an RMSD value of 3.04. The TM-
scores of 0.62838, if normalized by the length of the

structure for 3GA3_A (Fig. 2a), and 0.62838, if normalized
by the length of the structure for I-TASSER (Fig. 2b),
demonstrate the natural stereochemical attributes of the
predicted 3D FAM72A protein structure.

Furthermore, the final refined 3D FAM72A protein struc-
ture model (based on the 3GA3_A template, which was
originally suggested by Phyre2 and 3DJIGSAWand modeled
with Modeller 9.13) was also superimposed with the structure
of the original template 3GA3_A itself to countercheck in
silico the 3D FAM72A protein structure’s originality com-
pared with that of its template (3GA3_A) by using TM-align
(Supplemental Fig. S124).

Table 1 Summary of stereochemical validation parameters of the predicted 3D FAM72A protein structures

Template Procedure No. of AAs
in suggested
template

Similar AAs
(identical and
positive) with
FAM72A

No. of AAs in
predicted or
suggested
structure

PROCHECK validation parameters

Residues in most favored
regions (A, B, L) in
Ramachandran plota

(%)

Overall
G-factorb

1YQ3_D 1. NCBI-PDB 103 19 – – –

2. Forwarded to Modeller 149 85.3 −0.1
4OGC_A 1. NCBI-PDB 1,101 15 – – –

2. Forwarded to Modeller 149 86.8 −0.2
4OGE_A 1. NCBI-PDB 1,101 15 – – –

2. Forwarded to Modeller 149 85.3 −0.2
3GA3_A 1. Phyre2 133 19 128 85.0 −0.4

2. Forwarded to Modeller 149 88.2 −0.2
3GA3_A 1. 3D-JIGSAW 133 19 133 66.7 −0.3

2. Forwarded to Modeller 149 88.2 −0.2
3MCA_B 1. Swiss Model 390 11 41 71.4 −0.3

2. Forwarded to Modeller 149 80.1 −0.2
1I8D_A 1. Swiss Model 213 5 33 75.0 −0.2

2. Forwarded to Modeller 149 84.6 −0.3
1I8D_B 1. Swiss Model 213 5 33 78.6 −0.5

2. Forwarded to Modeller 149 81.6 −0.2
4M0M_A 1. RaptorX 756 8 145 86.4 −0.3

2. Forwarded to Modeller 149 81.6 −0.2
2FJA_A 1. RaptorX 643 – 59 86.0 −0.1

2. Forwarded to Modeller 149 81.6 −0.2
3UK7_A 1. RaptorX 396 – 51 91.3 0.0

2. Forwarded to Modeller 149 83.8 −0.2
Multiple template threading 1. I-TASSER developed structure – – 149 72.1 −0.7

a Ideally, a good quality model would be expected to have over 90% of the residues in these “most favorable/core” regions. The percentage of residues in
the “most favorable/core” regions is one of the better guides to stereochemical quality
b Ideally, G-factor should be above −0.5. Values below −1.0 may need investigation. TheG-factor measures overall geometry of a 3D protein structure.
TheG-factor provides ameasure of how "normal," or alternatively how "unusual," a given stereochemical property is. In PROCHECK, it is computed for
the following properties (torsion angles: (i) phi-psi combination, (ii) chi1-chi2 combination, (iii) chi1 torsion for those residues that do not have a chi-2,
(iv) combined chi-3 and chi-4 torsion angles, and (v) omega torsion angles; covalent geometry: (i) main-chain bond lengths and (ii) main-chain bond
angles). When applied to a given residue, a low G-factor indicates that the property corresponds to a low-probability conformation. So, for example,
residues falling in the disallowed regions of the Ramachandran plot will have a low (or very negative) G-factor and similarly for unfavorable chi1-chi2
and chi1 values also. Thus, if a protein has many residues with low G-factors, it suggests that something may be amiss with its overall geometry (http://
www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=n/a&template=doc_procheckgf.html).
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In addition to these 3D structure alignments, sequence
alignments with different matrices (PAM-30, PAM-70,
PAM2-50, BLOSUM-80, BLOSUM-62, BLOSUM-45,
BLOSUM-50, and BLOSUM-90) for the various suggested
templates (NCBI-PDB database, Phyre2, 3DJIGSAW, and
Swiss Model) for the 3D FAM72A protein structure showed
comparative similarities among the various templates (Sup-
plementary Figs. S126–S127). Consequently, a conclusive
inference can be drawn (Table 1; Fig. 2; Supplemental
Figs. S124–125; Supplemental Table S1) that the 3D
FAM72A protein structure based on the 3GA3_A template
(which was originally suggested by Phyre2 and 3DJIGSAW
and finally modeled with Modeller 9.13) is the most reliable
predicted 3D FAM72A protein structure with respect to
model-model and model-template correlation. Therefore, this
theoretical 3D FAM72A protein structure was chosen for
further ligand-protein interaction prediction analyses.

Lead discovery by protein-ligand-binding-site prediction

The COACH, TM-SITE, S-SITE, COFACTOR, and Con-
Cavity approaches (e.g., via http://zhanglab.ccmb.med.
umich.edu/) suggested potential ligand-binding sites of the
FAM72A protein with various molecules based on a BioLiP
database screening (http://zhanglab.ccmb.med.umich.edu/

BioLiP/index.html). The predicted results indicate that
FAM72A can interact with Zn2+ (Fig. 3a) and Fe3+ ions,
nucleic acids, and the organic compound RSM: (2s)-2-
(acetylamino)-N-methyl-4-[(R)-methylsulfinyl] butanamide).
A detailed explanation is provided in Supplementary Figs.
S128–S143. The basic structure (Fig. 3b) contains two H-
bond donor groups and four H-bond acceptors (Supplemental
Fig. S142). Additionally, pharmacophore analysis was per-
formed using the PharmMapper server to detect the basic
pharmacophore group of RSM molecule [53]. Active molec-
ular pharmacophore features H-bond donor groups (lime
green) and H-bond acceptors (magenta) have been defined
(Fig. 4). The formation of a hydrogen bond is pivotal to
defining the 3D molecular structure and function as well as
the formation of ligand-protein complexes. Moreover, the
affinity of ligands to form hydrogen bonds is an important
issue for any ligand design. Of course, hydrogen bonding also
affects the delivery and distribution of drugs within the bio-
logical system [54].

The levels of reliability of the various ligand-binding sites
were checked based on their confidence score (C-score) sta-
tistical validation parameters. The COACH (C-score=0.30),
TM-SITE (C-score=0.38), and COFACTOR (C-score=0.37)
approaches all suggested the same, mostly favorable Zn2+-
binding sites, including Cys18, Cys21, Cys74, and Cys77

Fig. 2 3D FAM72A protein
structure alignment. a 3D
FAM72A protein structure based
on the 3GA3_A template and
modeled with Modeller 9.13. b
3D FAM72A protein structure
from I-TASSER. c 3D FAM72A
protein structure alignment of
structures shown in (a) and (b).
The alignment shows that an
aligned length covering 121-
amino acid residues has an
RMSD value of 3.04. The TM-
score is 0.62838 (if normalized by
the length of the structure for
3GA3_A (a)) or 0.62838 (if
normalized by the length of the
structure for I-TASSER (b))
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(Fig. 3a). Additionally, according to the TM-SITE approach,
the Fe3+ ion can also bind with these same Cys-binding sites.
In addition to the ion-binding sites, the RSM molecule-
binding sites can be considered an important FAM72A inter-
action because this interaction could be used as an unconven-
tional preliminary stage for potential antitumorigenic drug
screening tests. The COFACTOR approach suggested that
the RSM molecule has a binding capacity for the FAM72A
protein (C-score=0.02; Supplementary Fig. S141), and the
RSM-binding sites identified on the FAM72A protein are
Tyr83, Val85, Cys96, and Asn97 (Fig. 3b). Subsequently,
the binding site prediction with shape-based ligand matching
with binding pocket (BSP-SLIM) molecular docking method
[55] was applied to accurately redefine the binding site of
RSM with FAM72A. We observed that potential RSM-
binding sites, based on the COFACTOR analysis approach,
are Tyr83, Val85, Cys96, and Asn97 (there are other AAs such
as Cys67, Leu69, Lys63, and Glu39 which may also interact
with FAM72A (Fig. 3b)), and we also found that BSP-SLIM
molecular docking suggested RSM-binding sites (docking
score=4.979) are Tyr83, Val85, Glu39, Leu69, and Lys63
(Supplementary Fig. S144). Therefore, both binding-site pre-
dictions (based on COFACTOR and BSP-SLIM molecular
docking) suggested partially the same binding sites (e.g.,
Tyr83 and Val85) of RSM with FAM72A (Supplementary
Fig. S144; Fig. 3b).

Discussion

The advances in biocomputational analyses have opened new
options for the development of novel approaches for a 3D
protein structure analysis [12–16]. In our present study on the
3D FAM72A protein structure modeling using multiple

approaches, we found that the template 3GA3_A is the best
model for the 3D FAM72A protein structure prediction. Struc-
tural topological/geometrical similarity analyses between the
3GA3_A-template-based model of the 3D FAM72A protein
structure (template 3GA3_A modeled with Modeller 9.13)
and the ab initio-modeled structure of the 3D FAM72A pro-
tein structure (using I-TASSER) showed a significant correla-
tion between the two structures in terms of secondary structure
(α-helix, β-sheet, and coil) and tertiary structure (protein
folding) (Fig. 2). The structure evaluation (Supplementary
Figs. S6–S53) and 3D alignment (Supplementary Figs. S55–
S125) show that the 3D FAM72A protein structure based on
the 3GA3_A template (originally suggested by Phyre2 and
3DJIGSAWanalyses and subsequently modeled with Model-
ler 9.13) can be considered as the most reliable 3D protein
structure for FAM72A compared with the other models sug-
gested. In considering the overall G-factor, which defines the
stereochemical quality of the 3D protein structure, the full
length 3D FAM72A protein structure based on 1YQ3_D and
modeled with Modeller 9.13 (originally suggested by NCBI-
PDB database as one of the best possible templates for the
FAM72A structure (Supplementary Fig. S3)) has the best
overall G-factor, with a value of −0.1 (Table 1). However,
the model-template 3D alignment along with the model-
model 3D alignment analyses and evaluations (Supplementa-
ry Table S1) all reveal that the modeled 3D FAM72A protein
structure based on 3GA3_A (Fig. 3) is the most reliable model
and is also better than the model based on the 1YQ3_D
template for the 3D FAM72A protein structure (Supplemen-
tary Fig. S125).

In the context of CASP’s assessment [56–58] for the ad-
vancement of methods of identifying 3D protein structures
from their AA sequences, we observed that the template-based
(3GA3_A) 3D FAM72A protein structure (with an overall G-
factor=−0.2) has a much reliable overall stereochemical and

Fig. 3 FAM72A–Zn2+ and RSM
interactions. a Zn2+-binding sites
are shown on the developed 3D
FAM72A protein structure.
Suggested Zn2+-binding sites on
the FAM72A protein are Csy18,
Cys21, Cys74, and Cys77. b The
RSM ((2s)-2-(acetylamino)-N-
methyl-4-[(R)-methylsulfinyl]
butanamide)-binding sites are
shown on the developed 3D
FAM72A protein structure.
Suggested RSM-binding sites on
FAM72A protein are Tyr83,
Val85, Cys96, and Asn97
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geometrical quality compared with the de novo/ab initio (I-
TASSER) 3D FAM72A protein structure prediction (overall
G-factor=−0.7).

Binding interactions of FAM72A with Zn2+, Fe3+, and
nucleic acid indicate that this protein may have a significant
cellular function as a transcription factor, a finding that might
be particularly interesting in view of FAM72A’s role in cancer
cell signaling [3] and may also interfere with enzymatic redox
reactions [59–61].

Additionally, the physicochemical interactions of RSM
with the FAM72A protein may be a valuable asset in devel-
oping screening tests for antitumorigenic therapeutics. The
RSMmolecule is also a bound ligand of methionine sulfoxide
reductases (3HCI_A having 154 AAs, 3HCH_A having 145
AAs, and 3HCH_B having 146 AAs), which reduce methio-
nine sulfoxide to methionine [62]. The molecular features of
the RSM molecule (e.g., H-bond donor groups and H-bond
acceptor groups) suggest the possibility that RSM can interact
with FAM72A via formation of hydrogen bonds to exert a
possible anti-FAM72A activity. Despite significant progress
in de novo design of ligands, getting a preliminary basic
molecule is the decisive step in any ligand-target design.
The FAM72A gene has four exons, and the translated exons
are indicated in the predicted 3D FAM72A protein structures
(Supplementary Fig. S145). The suggested RSM-binding sites
are also indicated therein with Tyr83, Val85, Cys96, and
Asn97 on the β-sheet and AA78 to AA119 included, all of
which are translated from FAM72A gene’s exon 3 (Supple-
mentary Fig. S145d; Fig. 3). Present finding based on
structure-based drug design suggests that the lead molecule
RSM can be used for the future setup of high-throughput
screening (HTS) experiments with RSM as seed molecule
and also to understand the possible biochemical anti-
FAM72A interaction-activity between RSM and FAM72A
in a biological system [63, 64]. The identification and charac-
terization of cancer predisposing genes as well as the

development of cancer-type- and gene-specific therapeutic
drugs remains a major challenge in the pharmaceutical indus-
tries [65–69]. Because of this, our in silico 3D structure
modeling of the novel FAM72A protein and its associated
ligand-protein, as described here, and protein-protein [3] in-
teractions may provide valuable information for future exper-
imental in vivo cancer research.

Conclusions

Cancer patients still lack sufficient treatments due to the
deficiency of targeted therapeutics. In the context of genome
instability and genetic diversity between cancer cells and
normal cells, targeted therapies against a gene-specific target
based on its biological protein function in cancer is an urgent
need rather than nontargeted therapies without a priori knowl-
edge of the targets. The most fundamental aspect of a protein
molecule is its geometrical structure (folding). Therefore, we
aimed to develop proof of principle theoretical strategies to
demonstrate the potential utility of this novel approach for
both the development of a 3D FAM72A protein structure and
the determination of unique specific novel targets for
FAM72A for the treatment of various types of cancer [3, 4].
Our data provide the first starting point for contemporary in
silico 3D structure modeling, uncovering FAM72A protein-
ligand-binding sites, which can be further investigated by
in vitro and in vivo experiments to confirm the effectiveness
of the suggested compound as lead for screening tests in
search of novel drugs for the treatment of FAM72A-based
cancers. We hope these results may assist multidimensional
cancer research in controlling various cancer types that are of
clinical and societal importance across the globe.
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Fig. 4 a The basic
pharmacophore groups of RSM
((2s)-2-(acetylamino)-N-methyl-
4-[(R)-methylsulfinyl]
butanamide) are shown: H-bond
donor groups (lime green) and H-
bond acceptors (magenta).
Atomic color legend: (i) blue,
nitrogen;, (ii) yellow, sulfur; (iii)
red, oxygen; (iv) gray, carbon,
and (v) colorless, hydrogen. b
The basic atomic structure of
RSM (molecular formula,
C8H16N2O3S) is shown
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