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ABSTRACT: Neural tube defects (NTDs) are among the common
and severe congenital malformations in neonates. According to a WHO
report, nearly three lakh babies are affected per year worldwide by
NTDs. Most studies revealed that folate deficiency is the key element
to promote NTD with other oligogenic and multifactorial elements.
This folate is metabolized by the FOCM (folate one-carbon
metabolism) pathway. The most important step in the FOCM pathway
is the conversion of methionine to homocysteine, which is guided by
the enzyme MTRR. Several single-nucleotide polymorphisms (SNPs)
in the MTRR gene are strongly associated with the progression of
NTD. A nonsynonymous allelic variant (rs1532268) of the protein
leads to a missense mutation at the 202nd position from serine to
leucine (S202L) and is associated with a higher disease prevalence in
different populations. In our study, this SNP indicates a 2-fold increase
in the risk of disease progression (p-value of 0.03; OR 2.76; 95% CI 1.08−7.11). Here, extensive molecular dynamics simulations
and interaction network analysis reveal that the change of 202nd serine to leucine alters the structures of the FAD and NAD binding
domains, which restricts the ligand binding. The S202L variation alters the functional dynamics that might impede the electron
transport chain along the NADP(H) ⃗ FAD ⃗ FMN pathway and hamper phosphorylation by kinases like GSK-3 and CaM-II during
the posttranscriptional modification of the protein. The present study provides functional insights into the effect of the genetic
variations of the MTRR gene on the NTD disease pathogenesis.

1. INTRODUCTION

Neural tube defects (NTDs) are among the deadliest
congenital and inborn malfunctions affecting our central
nervous system (i.e., brain and spinal cord).1 The occurrence
and prevalence of NTDs range from 0.5 to 11 per 1000 births
in various regions of the Indian subcontinent.2 A neural tube or
neurulation formation is a complicated developmental process
governed by many genes, receptors, and specific growth
factors.3,4 NTD can be categorized into spina bifida and
anencephaly, based on the positional deformities within the
central nervous system. The affected children either have
paralysis or immobile life with urinogenital and cardiological
problems.5,6 There are no treatments available for infants with
extreme anencephalic conditions. Research indicates that both
the genetic and environmental factors are responsible for the
observed disease etiology.7−9 The fatal disease is influenced by
age, ethnicity, race, location, socio-economic status, and
nutritional status.10,11 Among them, the nutrient status during
pregnancy in mothers is a critical determinant related to
disease pathogenesis. There is a strong association between

folic acid metabolism and neural tube defects.12−14 Folate is
required for the synthesis of new cells and also for the running
of the central dogma. It is also needed to carry out one-carbon
group addition for methylation and biosynthesis of nucleic
acids.15 Therefore, exogenous folate is essential for the
housekeeping maintenance of the cell. It was observed that
folic acid supplementation during pregnancy reduces the
prevalence of NTDs in newborns.16 However, the mechanism
is yet to be understood. There is a strong genetic rationale
behind the NTD disease prevalence within a population4 as
certain individuals are at greater risk. Several genetic studies
demonstrated that family history and ethnicity significantly
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impact the disease prevalence. Due to strong associations
between folate status and NTD risk, identifying the genetic risk
factors involved in the transport, process, and metabolism of
folic acid is a topic of intense research interest.
The MTRR gene encodes the methionine synthase

reductase. The methionine synthase enzyme catalyzes
methionine synthesis.17 However, the enzyme becomes
inactive during the process due to the oxidation of its
cobalamin cofactor. Methionine synthase reductase regenerates
functional methionine synthase via the process of reductive
methylation.18 The enzyme causes reductive methylation of
homocysteine to methionine, utilizing the methyl-cob(I)-
alamin as a paratenic methyl carrier. An electron transport
chain mediates the reduction derived from NADPH oxidation
and proceeds via the FAD (flavin adenine dinucleotide) to
FMN (flavin mononucleotide), the redox center of MTRR.18

The MTRR gene polymorphism leads to interindividual
genetic differences that can be translated and correlated into
abnormal folate metabolism.19 This error in metabolism can be
considered a crucial cause for the development of NTDs.
Polymorphisms in the MTRR gene are strongly influenced by
the ethnic and geographic origins of the population. Therefore,
genetic risk factor associations between the MTRR gene and
NTDs may vary among populations. However, only a few
studies were previously carried out to correlate MTRR genetic
variations with the prevalence of NTDs in the Indian
population, particularly in the Eastern region of the country.
We performed a genetic association study of neural tube
defects with the spectrum and frequencies of MTRR gene
variation based on the population of Eastern India. We
showcased the association of rs1801394 (I49M) in the MTRR
gene with the complications of NTDs.20 An allelic variant of
this protein leads to a missense mutation at the 49th position
from isoleucine to methionine, which is associated with a
higher disease prevalence in different populations. Extensive
molecular dynamics simulations and interaction network
analysis revealed that the 49th isoleucine is a crucial residue
that allosterically regulates the dynamics between the flavin
mononucleotide (FMN) and NADP(H) binding domains.
The I49M variation altered that functional dynamics as evident
from the structural insights of the protein.20

In the present study, we have mainly focused on screening
the single-nucleotide polymorphic structural variation of
methionine synthase reductase (MTRR) and its association
with neural tube defects by exploiting a combination of genetic
screening and various computational approaches.

2. RESULTS AND DISCUSSION
2.1. Characteristics of the Study Cohorts. Our previous

study separately tabulated all the detailed screening parameters
and striking characteristics of our study cohorts (both case and
control mothers).21 The folic acid level in the blood was
significantly different between control (12.81 ± 4.47 ng/mL)
and case mothers (8.98 ± 1.63 ng/mL; control vs case, p-value
of <0.0001), but the serum Hcy concentration did not exhibit
any significant change between case or control groups (p-value:
0.338).
2.2. Genotyping Study in Case and Control Cohorts.

Allele frequencies of rs1532268 of the MTRR gene (C524T;
S202L) have been decoded and delineated in Table 1 and
Figure 1. The minor allele T frequencies for both case and
control are 59 and 58%, respectively. For the same rs1532268,
the C allele frequencies of both the case and control are 41 and T
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42%, respectively. The allelic model fails to show any statistical
significance (OR of 1.04; 95% CI 0.59−1.83; p-value of 0.886).
On the other hand, the genotype frequencies for case and
control are CC = 11.3%; 26%, CT = 59.7%; 32.9% and TT
29%; 41%, respectively. The genotypic dominant statistical
model shows a 2-fold increased risk for NTD (p-value of 0.03;
OR 2.76; 95% CI 1.08−7.11). In conclusion, our study
indicates that the TT genotype for rs1532268 of MTRR seems
to be a useful marker for susceptibility of NTDs in the Indian
population.
2.3. S202L Variation Alters the Structure and

Dynamics of the MTRR. We have used extensive molecular
dynamics simulations to understand the effect of Ser202Leu
(S202L) variation on the structure and dynamics of the
protein. We have considered two global structural parameters,
root mean square deviations (RMSD) and radius of gyration
(Rg), to probe the conformational landscape of the wild-type
and S202L MTRR variants from three independent 500 ns
simulations for each system, and the results are shown in
Figure 2A.
Evident from the figure, the wild-type protein is more stable

and confined within a narrower region of the 2D conforma-
tional landscape defined by the RMSD and Rg. The maximum

observed RMSD is ∼2.5 Å with respect to the initial
conformation of the protein. On the other hand, Rg spans
over 2.66−2.72 nm. The results signify high stabilization of the
wild-type MTRR structures during the simulation timescale for
all the replicas. However, the S202L variant displays increased
fluctuations during the simulation. The RMSD for the variant
reaches up to ∼3.5 Å with respect to the initial conformation
during the simulation timescale. However, the Rg remains
comparable to the wild-type MTRR throughout the simulation
timescale. Thus, S202L alteration changes the conformational
dynamics of the protein. We then investigated the role of
S202L substitution in the residue fluctuations (Figure 2B). The
residue 202 locates at the hinge region that connects the FMN
domain to the connecting domain. However, the root mean
square fluctuation (RMSF) calculation based on all the
simulation trajectories reveals that high fluctuations are
observed in other regions, particularly the long distant FAD
and NAD binding domains (Figure 2B, inset). This
observation indicates that the residue is possibly a part of
the allosteric network that allows communication between
several distant domains through an interaction network.
Alteration of the residue leads to an altered interaction

Figure 1. Comparative MTRR sequencogram in control and case populations.

Figure 2. (A) 2D scatter plot of RMSD and Rg of the MTRR (red) and its S202L variant (blue) from three independent 500 ns simulations. (B)
Root mean square fluctuations of the wild-type (lower panel) and S202L MTRR variants, observed from equilibrium simulations. Results are
presented in terms of mean ± SD obtained from three independent simulations. The difference RMSF plot (S202L MTRR−wild type MTRR) is
shown below within the inset where the FAD and NAD binding regions are highlighted.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03563
ACS Omega 2021, 6, 26372−26380

26374

https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03563?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


network that hinders the allosteric communication, which
resulted in altered dynamics of the different domains.
Motions observed in the molecular dynamics simulation are

very complex to decode, as small-scale motions are clubbed
with large-scale domain movements. Thus, it is imperative to
identify large-scale motions from the simulation trajectories, as
the large-scale collective dynamics generally provide crucial
information on the functional motions of the protein. Principal
component analysis (PCA) is an effective way to decode the
functional motions of the protein from the simulation
trajectory,22−24 and the first few principal components
generally dictate the high amplitude collective motions of the
protein.
The distribution of eigenvalues of the principal components

(PCs) obtained from the PCA analysis of MTRR and S202L
MTRR simulation trajectories reveals that the first three
components are associated with high eigenvalues. Therefore,
the first few PCs account for most of the dynamics observed
from the molecular dynamics simulation. The 2D projections
of both MTRR and S202L MTRR conformations along the
first three PCs are shown in Figure 3B. Evident from the figure,
the protein dynamics are confined in the essential subspace for
MTRR. The projection of the S202L variant is widely
distributed. The PC1 explains most of the variance of the
covariance matrix for both MTRR and S202L MTRR. Thus,
we have studied the essential dynamics of both the wild-type
and variant MTRR by simulating the protein along with the
first principal component, and the results are shown in Figure
3C. The observed motions of the wild-type MTRR along the
PC1 are highly cooperative. Several domains move together to
produce the functional transitions. The FAD binding domain

and connecting domain remain less flexible. However. several
loopy regions show considerable flexibility. Remarkably, a
cooperative movement between the FMN and NADP(H)
binding domains is observed where both the domains move
close to each other. Binding site volume calculation using the
PockDrug25 web server showed that the simulation of the wild-
type MTRR along the PC1 leads to cavity closure where the
cavity volume reduced from 31,422 to 22,514 Å3. Since the
ligand-bound full-length structure of the MTRR is yet to be
resolved, we have aligned the ligand-bound structure of
NADPH−cytochrome P450 oxidoreductase (PDB ID:
1JA0),26 a close homolog of MTRR. The coordinates of all
the three bound ligands (NADP(H), FAD, and FMN) were
obtained and placed within the binding sites of MTRR and its
S202L variant to understand the functional significance of the
motion. Evident from the figure (Figure 3C, left panel), in the
case of the wild-type MTRR, the domain movement leads to a
close association between the NADP(H), FAD, and FMN,
which facilitates the electron transport chain along the
NADP(H) ⃗ FAD ⃗ FMN pathway.
The functional dynamics of the S202L variant along the PC1

are drastically different from those of the wild-type MTRR.
Evident from Figure 3C (right panel), the FMN and
NADP(H) binding domains are highly dynamic, which is in
substantial agreement with the RMSF plot (Figure 2B). The
loop regions of the FAD and NADP(H) region that frame the
cofactor binding cavity are highly flexible. The movement of
the loops sterically restricts the ligand binding (Figure 3C,
right panel, within the circle).
We then performed cluster analysis to identify the most

probable solution structures of MTRR and its S202L variant.

Figure 3. (A) Distribution of eigenvalues of the first 10 principal components obtained from the PCA analysis of all the simulation trajectories of
MTRR (pink) and S202L variant (blue). (B) 2D projections of the first three principal components of MTRR (left side) and S202L MTRR (right
side), obtained from the molecular dynamics simulation. (C) Essential dynamics of the wild-type MTRR and its S202L variant obtained by
simulating the protein along the first principal component (PC1) derived from the covariance analysis of the simulation trajectories are shown.
Proteins are rendered in cartoon mode. Three conformations of the protein have been generated by simulating both the proteins along PC1 and
colored consecutively as salmon, tan, and blue cartoons. NADP(H), FAD, and FMN are colored in yellow vdW representation. The sterically
clashed region is shown in the red circle.
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We have used a 1.1 Å Cα RMSD cutoff for clustering. Evident
from the cluster distribution (Figure 4A), the number of
different conformational clusters for MTRR visited during the
simulation is significantly lower than that during the S202L
MTRR simulations. The conformations obtained from the
entire 500 ns simulation trajectory of the wild-type MTRR are
grouped into 32 clusters, and cluster 14 is the most populated
one. Meanwhile, for S202L MTRR, all the conformations
observed from the simulation are grouped into 45 clusters.
Among them, the 41st cluster is the most populated one.
The mean 2D contact map of all protein atoms for MTRR

and its S202L variant obtained from a 500 ns simulation
trajectory is shown in Figure 4B. The critical difference
between the two contact maps is highlighted within a square.
Long-distance contacts between the FMN and FAD binding
domains and the FMN and hinge regions are more evident
from the wild-type MTRR simulation than the S202L variant
(Figure 4B, lower inset). Thus, the alteration at the 202nd

position causing changes in some long-distance interdomain
communication might hamper the functional dynamics of the
protein.
To probe the effect of the serine to leucine variation on the

intraprotein interaction network, we have further characterized
the residue−residue connectivity map of the structure obtained
from the most populated conformational cluster of wild-type
and S202L MTRR using the RING web server.27 Evident from
Figure 5, Serine202 belongs to a network pathway that
allosterically controls interdomain communications, which is
essential to regulate the functional motion of the protein. The
serine to leucine variation at the 202nd position allows the
formation of a local hydrophobic cluster with Leu211, Leu212,
and Ile214 that remodel the allosteric network. Leu202 is no
more part of the intraprotein interaction network. Instead, it
exists as a segregated node. Thus, alteration of the intraprotein
network can significantly affect the allosteric communications

Figure 4. (A) Distribution of clusters over the entire trajectory for MTRR (red) and S202L MTRR variant (blue). (B) Mean 2D contact map of all
protein atoms for MTRR and its S202L variant obtained from a 500 ns simulation trajectory. Each of the three highlighted regions for MTRR and
S202L MTRR is zoomed and shown below within the inset. Changes are indicated with the arrow.

Figure 5. Residue−residue connectivity map of the average structure obtained from the most populated conformational cluster of wild-type (A)
and S202L MTRR (B).
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between different domains during the functional dynamics of
the protein.
2.4. S202L Alteration Can Affect Posttranslational

Modification. The SNP variation leads to a change of the
serine residue of the MTRR. Serine is a crucial residue for
posttranslational modification sites. Therefore, we have
critically analyzed the possible posttranslational modification
sites of the wild-type MTRR protein. Results are summarized
in Table 2. Serine202 is a crucial residue for phosphorylation

by kinases like GSK-3 and CaM-II, as predicted by NetPhosK
1.028 and NetPhos 2.0.29 Other relevant phosphorylation sites
and possible kinases are listed in the table.
Prediction of other possible posttranslational modification

sites also reveals that a nearby lysine residue, Lys208, is a
highly probable sumoylation site. If alteration of serine to
leucine at the 202nd position alters the local structure, it can
also impact the sumoylation of the nearby Lys208 residue.

3. CONCLUSIONS
The congenital neural tube defect (NTD) occurs at a high
prevalence in India and the world (0.5−11 per 1000 births).
Several genes, specific growth factors, age, ethnicity, race,
location, socio-economic condition, and nutritional status
contribute significantly to the disease prevalence. Treatments
of NTD depend on the severity of the diseased infants. In the
case of an extreme anencephalic condition, the treatment is
entirely lacking. Therefore, identifying genetic markers and
genetic counseling help early detection, percussion, and proper
monitoring of the fetus.
The polymorphisms of folate metabolism pathway genes can

evoke several human congenital disabilities. We, herein, carried
out a screening program in the population of West Bengal,
India, to find out the distribution of some specific SNPs that
were reported earlier as a probable cause of NTDs. Pishva et
al.30 (from the Pediatric Infectious Research Center, PIRC)
reported that Tehran−Iranian shows a modest association of
rs1532268 with patients with congenital heart disease (CHD).
In contrast, the association of this rs1532268 with several other
diseases is still ambiguous. The present study is the first report
from Eastern India to depict the association between the
rs1532268 and NTDs. Notably, significant variations are
observed at the genotypic level. The CT genotype frequency
for the case is higher than the control, whereas the TT

genotype is lower in the case studies (CT = 59.7%/32.9% and
TT = 29%/41% for case and control, respectively). Therefore,
the genotypic dominant statistical model shows a 2-fold
increase in the risk of NTD progression (p-value of 0.03; OR
2.76; 95% CI 1.08−7.11). Our study indicates that the CT
genotype for rs1532268 of MTRR seems to be a helpful
marker for susceptibility to NTD. To the best of our
knowledge, this is the first study reported from the Eastern
part of India that mapped the allele and genotype frequency
distribution and rs1532268. Hence, our study can function as a
platform for future studies to evaluate the association of NTD
with the variant in MTRR genes in an ethnically distinct
population.
The nonsynonymous allelic variation (rs1532268) of the

protein leads to a missense mutation at the 202nd position
from serine to leucine (S202L). We have used extensive
molecular dynamics simulation to characterize the functional
effect of S202L variation on the structure and dynamics of the
MTRR protein. This change alters the long-distance
interdomain contacts by modulating the allosteric movement
among the FMN, FAD, and NAPD(H) binding domains.
Essential dynamics reveal that S202L alteration induces high
fluctuations in several loop regions that mainly frame the
NADP(H) binding site. The movement of the loops sterically
restricts the ligand binding, thereby perturbing the electron
transport chain along the NADP(H) ⃗ FAD ⃗ FMN pathway.
Also, we predict that the 202nd serine is a critical residue for
phosphorylation by kinases like GSK-3 and CaM-II. Changes
of the residue to leucine alter the posttranslational
modification of the protein. Posttranslational modification is
essential for the proper function and localization of the protein.
Our study reveals that the S202L variation impedes both the
posttranslational maturation and functional dynamics of the
protein, MTRR, which catalyzes methionine biosynthesis.
Here, we also present a multidisciplinary approach to

explore the functional effect of a nonsynonymous allelic
variant. The application of extensive molecular dynamics
simulation and essential dynamics allow us to reveal the
mechanism of the functional aberration of the protein due to
an allelic variation at an atomic resolution, which is very
challenging to probe experimentally. Therefore, the present
study also highlights the applicability of molecular dynamics
simulation and bioinformatics to screen out highly significant
genetic markers for better disease prognosis.

4. EXPERIMENTAL SECTION
4.1. Study Sample. All the samples (case, n = 62; control,

n = 73) were collected from the Department of Neonatology of
Seth Sukhlal Karnani Memorial Hospital (SSKM) and the
Institute of Post-Graduate Medical Education and Research
(IPGMER), Kolkata, India, during the period of January
2014−August 2017 with prior ethical approval (memo no.
Inst/IEC/2015/43). Case mothers in the present study gave
birth to babies with spina bifida, anencephaly, or hydranence-
phaly. Control mothers were undoubtedly considered as
normal as they gave birth to healthy ones. Diabetic mothers
were not considered in both the study cohorts (i.e., case and
control), as some research reports showed minor associations
between NTDs and diabetes. Some other inclusion criteria for
the case and exclusion for control were followed according to
Paul et al.21 Socio-economic condition, occupation of parents,
smoking and drinking habits, regular food habit, folate intake
during pregnancy, pregnancy term, diabetes, and previous

Table 2. List of Possible Predicted Phosphorylation and
Sumoylation Sites of MTRR

probable phosphorylation site
(score) specific kinases

sumoylation site
(p-value)

SER 202 (0.996) GSK-3, CAM-
II

LYS 74 (0.003)

SER 184 (0.995) PKA, PKC LYS 208 (0.005)
SER 535 (0.995) GSK-3, CAM-

II
LYS 714 (0.003)

SER 183 (0.991) GSK-3, CAM-
II

SER 293 (0.985) CAM-II
SER 539 (0.985) GSK-3
SER 422 (0.983) GSK-3
SER 635 (0.962) Cdc2, PKC
SER 550 (0.948) p38MAPK
SER 333 (0.931) cdc2
SER 66 (0.902) CKII
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family history with NTDs or any other congenital disabilities
were also scrutinized.
4.2. Biochemical Study. The chemiluminescent micro-

particle immunoassay (CMIA) of the Architect Plus system
(Abbott, Germany) was used to measure serum folic acid
(reference range 4−20 ng/mL; University of California, San
Francisco; 2018). An enzymatic assay technique was used to
measure homocysteine (Diazyme, USA) (reference concen-
tration, i.e., <15 μmol/L; University of California, San
Francisco; 2018).
4.3. Genotyping. DNA was isolated from all the case and

control samples using the QIAamp Blood Kit (QIAGEN,
Hilden, Germany). The concentrations and purity of DNA
were measured in each sample using a nanophotometer
(absorbance at 260 and 280 nm, respectively). Polymerase
chain reactions (PCR) were done using the PCR mixture and
cycling program in a thermocycler for standardizing specific
exon-containing mentioned SNPs. The reaction mixture was
prepared in a 25 μL volume. The mixture composition was
40−100 ng of genomic DNA, 1.5 mM MgCl2, 100 μM of each
dNTPs, 0.4 μM of each primer, and 0.5 unit of Taq DNA
polymerase (Applied Biosystems). For amplification of the
particular SNP within the thermocycler, it followed the
denaturation at 95 °C for 30 s, annealing at 58 °C for 30 s,
and extension at 72 °C for 30 s (for consecutive 42 cycles). A
1.5% agarose gel electrophoresis technique was used to identify
the PCR product size. The PCR product of the particular SNP
was sequenced using a Taq Dye Deoxy Terminator sequencing
kit (Applied Biosystems, USA, with an ABI Prism 377 DNA
Sequencer).
Pair-wise sequence alignments were performed to find the

best-matching piecewise (local) or global alignments of two
query sequences using the ClustalW program in the database
and controls. The following primer sets were used during the
PCR reaction (Table 3):

4.4. Statistical Analysis. The genotype and allele
frequencies were determined using the GraphpadInstat 3
software. The obtained genotype data were analyzed and
verified using the chi-square test. The comparison between
observed and expected frequencies was made and tested on the
population for Hardy−Weinberg equilibrium (a p-value of
<0.05 is considered a statistically significant level).
4.5. Molecular Modeling and Dynamics Studies.

Recently, we developed a complete 3D structure of the
MTRR protein.20 The structure was used to probe the effect of
S202L population variation on the structure and dynamics of
the protein. The S202L MTRR variant was built by mutating
the 202nd serine residue to leucine using the mutagenesis
toolkit of the Visual Molecular Dynamics (VMD) package. All
the wild-type and S202L variant simulations were performed
using the GROMACS 2018.1 package31,32 using the
GROMOS 53a6 force field33,34 with the SPC/E water
model.35 The proteins were energy minimized in vacuo and
then solvated in a cubic box of 105.5 Å dimension on each side
with periodic boundary conditions. The box size was selected
so that the minimum distance between any protein atom and

the box wall was at least 10 Å. Thirteen Na+ ions were added
to neutralize the charge of each system. Then, each system was
energy minimized using the steepest-descent algorithm,
followed by 1 ns position restraint dynamics in an NVT
ensemble where the backbone atoms of the protein were only
restrained. Finally, 500 ns production simulations were carried
out for each system at 298 K in the NPT ensemble, where all
the molecules were allowed to move freely. During the
simulation, the temperature was kept constant by coupling to a
thermostat using a V-rescale algorithm with a time constant for
coupling set to 0.1 ps. The constant pressure of 1 bar was
maintained using the isotropic Parrinello−Rahman barostat
with the time constant for coupling set to 2 ps. Electrostatic
interactions were calculated using the particle mesh Ewald
summation (PME) method with default values for grid
spacing. Three independent simulations of 500 ns for each
system were carried out in an NPT ensemble using the same
simulation parameters.

4.6. Bioinformatics Analysis. The sequence of the
isoform A of human MTRR protein was retrieved from the
UniProt database (UniProtKB-Q9UBK8, isoform A). Potential
phosphorylation sites at serine, threonine, or tyrosine residues
in the sequence and the specific kinases that act on a particular
site were predicted by NetPhosK 1.028 and NetPhos 2.0.29

Netphos uses an artificial neural network-based prediction
method to predict phosphorylation sites in a sequence with a
sensitivity of 69−96%. The algorithm was based on
experimentally verified phosphorylation sites available from
PhosphoBase. The data set contained 584 serine sites, 108
threonine sites, and 210 tyrosine sites from mammalian
sources.
Possible sumoylation sites and SUMO-interaction motifs

were predicted using the GPS-SUMO web server from the
human MTRR sequence with a medium threshold for both
sumoylation and SUMO interaction.36 The program was
developed based on the data set of 983 sumoylation sites in
545 proteins and 151 known SUMO interaction motifs from
80 proteins retrieved from the literature. A fourth-generation
GPS algorithm integrated with the Particle Swarm Optimiza-
tion (PSO) method was developed for training and prediction.
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