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There is evidence that RNA editing is related to plant cellular stress as well as electron transport orga-
nelles, such as mitochondria. The mitochondrial atp1 gene encodes the alpha-subunit of Atp synthase.
Control as well as two periods of drought stress treatments were analyzed in the cDNAs generated from
the mitochondrial atp1 gene of two cultivars of Triticum aestivum [Giza 168 (G168) and Gemmiza 10
(GM10)]. Following RNA-seq data assembly, atp1 cDNAs from the control (acc. no. OQ129415), 2-hour
(acc. no. OQ129416), and 12-hour (acc. no. OQ129417) time points of the T. aestivum cultivar G168 were
obtained. Control (acc. no. OQ129419), 2-hour (acc. no. OQ129420), and 12-hour (acc. no. OQ129421)
samples all included reconstructed atp1 transcripts from Gemmiza 10. Atp1 transcripts were assembled
using the wheat atp1 gene (acc. no. NC_036024). RNA-seq raw data was utilized to identify 11 RNA edit-
ing sites in atp1 in the tolerant cultivar Giza168 and 6 in the sensitive cultivar Gemmiza10. The signifi-
cant difference in RNA editing observed between control and drought stress conditions in sites led to
synonymous amino acids. This led to no change in tertiary structure between tolerant and sensitive cul-
tivars. But the change was focused between produced protein and its correspondence sequence on DNA.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

RNA editing is a process that modifies the sequence of RNA
molecules in either a coding or noncoding way. A post-
transcriptional modification can occur after transcription by
removing, substituting, or altering nucleotides (Ramadan et al.,
2021). RNA-editing processes in mitochondrial trypanosomes were
first discovered in 1986 (Benne et al., 1986), who found that the
frame-shifted coxII gene was processed in an unnatural manner.
Humans, viruses, fungi, animals, and plants have all been found
to have different types of RNA editing (Yan et al., 2018; Gott
et al., 2000; Popitsch et al., 2020). Particular nucleotides in plant
organelles are converted from cytidine to uridine via RNA editing,
while in animal cells they are converted from adenosine to inosine
(Terajima et al., 2017). Coding regions of mRNAs are more likely to
be edited than introns and structural RNAs (Zheng et al., 2016).
Most flowering plants modify their RNA in both their plastids
and their mitochondria (Small et al., 2010; Alhamdan et al.,
2020), changing 30–40 Cs in plastid mRNA and more than 400 Cs
in mitochondria. According to studies (Ruwe et al., 2013;
Bentoliala et al., 2013), the plastid genome of Arabidopsis contains
43 editing sites, while the mitochondrial genome includes 619
editing sites.

A membrane-bound protein complex called ATP synthase pro-
duces ATP, the primary energy currency of the cell. There are four
different types of ATPases that play critical roles in cellular physi-
ology, ranging from ion homeostasis and acidification of intracellu-
lar compartments to ATP synthesis, drug resistance, and bacterial
pathogenesis. ATPase types include F-ATPases, V-ATPases, A-
ATPases, and P-ATPases. F-type ATPases can be located in chloro-
plasts, mitochondria, and bacteria. They function as both ATP
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synthases and proton-transporting ATPases, playing key roles in
the production of ATP. Because of the rotational mechanism they
employ to generate ATP from the transmembrane proton gradient,
F-type ATPases are also known as rotary motors. The F1 sector,
which is in charge of ATP production, and the Fo sector, which is
in charge of forming the proton channel across the membrane,
are the two primary parts. There have been studies on this topic
(Sobti et al., 2021; Vinothkumar et al., 2016).

ATP1 is an integral membrane protein subunit that forms a crit-
ical part of the mitochondrial ATP synthase complex. This complex
consists of two main sectors, the F1 and Fo sectors, with the F1 sec-
tor located in the mitochondrial matrix and containing various
subunits, including ATP1. The ATP1 subunit acts as a proton chan-
nel in the F1 sector, facilitating protons passage through the mito-
chondrial inner membrane, which is essential for ATP synthesis
(Zancani et al., 2020). The energy derived from this proton translo-
cation drives ATP synthesis in the mitochondrial matrix. The ATP1
subunit is vital for the proper functioning of the ATP synthase com-
plex and for cellular energy metabolism.

The ATP1 subunit in wheat is essential for the survival and
growth of the plant, notably in harsh environments where water
is scarce, salt levels are high and temperatures are high. Under
such conditions, the ATP1 subunit plays a vital role in ensuring
the reliability of the energy supply to the plant cells, which is nec-
essary for their survival. The ATP1 subunit plays an important part
in several facets of plant growth, including germination, root
expansion, and flowering. Studies have shown that alteration or
alterations in the ATP1 subunit gene in wheat can affect the energy
metabolism of the plant cells, leading to hampered plant develop-
ment and growth by decreasing ATP generation. In addition,
changes in the expression levels of the ATP1 subunit gene in wheat
have been observed under various environmental stresses, impli-
cating this subunit in plant response regulation to stress (Li
et al., 2021). Further research on the role of the ATP1 subunit in
wheat and other plant species can provide valuable insights into
the plant’s energy metabolism and its response to environmental
stresses.

The alpha subunit in its mature form comprises three main
domains: a beta-barrel at the N-terminus, a central domain for bind-
ing nucleotides, and a helix bundle located at the C-terminal end.
Wheat’s alpha subunit of mitochondrial ATP synthase is an intricate
protein with a crucial function in the production of ATP. The alpha
subunit in wheat, like that in other species, is divided into an N-
terminal domain and a C-terminal domain, each of which includes
its own unique collection of essential amino acids. The location of
these vital amino acids in the alpha subunit is important for its over-
all function in ATP synthesis. The alpha subunit interacts with other
subunits of the ATP synthase complex to form a proton channel,
which drives ATP synthesis by producing a proton gradient across
the inner mitochondrial membrane. As a result of numerous environ-
mental challenges, including cold and heat stress (Nakajima &
Mulligan 2001; Kurihara & Kubo 2010), RNA editing in chloroplast
transcripts has also been shown to occur in mitochondrial genes. It
is crucial to understand how plants respond to environmental stres-
sors since it is believed that RNA editing aids in plant defence in
response to some environmental conditions.
2. Material and methods

2.1. Data from RNA-sequencing experiments

NCBI’s SRA databank of T. aestivum for drought treatment with
12% PEG 6000 was retrieved and downloaded as follows: genotype
Giza168; SRR3098724, SRR3098725, SRR3089142 and
SRR3089143 (control), SRR3098728, SRR3098729, SRR3089146
2

and SRR3089147 (2 h, post-drought treatment), SRR3098730,
SRR3098731, SRR3089148 and SRR3089149 (12 h, post-drought
treatment). For genotype Gemmiza10; SRR3098732, SRR3098733,
SRR3089150 and SRR3089151 (control), SRR3098734,
SRR3098735, SRR3089152 and SRR3089153 (2 h, post- drought
treatment), SRR3098726, SRR3098727, SRR3089144 and
SRR3089145 (12 h, post-drought treatment).

2.2. Bioinformatics analysis of RNA editing

Modified CLC Genomic Workbench 3.6.5 (Ishii et al., 2013) was
used to identify RNA editing sites. The length percentage and sim-
ilarity of the mapping were both set to 0.98 in order to eliminate
false positives. According to Hisano et al., (Hisano et al., 2016),
the readings were mapped to the NC_036024 accession number
for the T. aestivum mitochondrial atp1 gene. While 50% was the
bar for minimum reading length, 80% was the limit for minimum
similarity. The nucleotide editing settings are 4% minimum count,
5% minimum frequency, 20% minimum coverage, and 5% low-
frequency variant. Then, the overall reading counts, coverage depth
counts, and RNA editing sites were determined. Nucleotide conver-
sion frequency was calculated for each site using the number of
reads divided by the total number of reads for all drought exposure
periods and the control (Wang et al., 2015).

2.3. Amino acid analysis of the atp1 gene

cDNAs and correspondence atp1 gene from the genome were
analyzed with CLC Genomic workbench 3.5.6 for evidence of RNA
editing sites and amino acid substitutions. Alterations to proteins’
secondary structures were also predicted with this tool.

2.4. QRT-PCR for the confirmation of RNA editing sites

In this investigation, two drought-tolerant and -sensitive Triticum
aestivum cultivars (G168 and GM10) were employed. After two
weeks of growth in a greenhouse with 14 h of light per day, 80%
humidity, and a temperature of 22� C, seeds were germinated in trays
of vermiculite: perlite (1:1) potting mix and subjected to drought
stress using Hoagland solution containing polyethylene glycol
(PEG-6000 12% w/v) at varying times (2 and 12 h). Wheat leaves
were collected from individual plants at each time point in three
independent experiments. After being quickly frozen in liquid nitro-
gen, all of the tissues were kept at�80� C. RNA-seq data were used to
predict where editing would happen, and biological triplicates of
leaves from each dose were used to check if this was true. All of
the samples’ total RNA was taken out with Qiazol (Qiagen, Cat No.
79306). Real-time polymerase chain reaction (PCR) was used to ver-
ify the presence of RNA editing sites using Stratagene’s Mx3005P
qPCR equipment. For first-strand cDNA synthesis, M�MuLV reverse
transcriptase (MIR BIOTECH cat. no. chb20, 004), 1 lg of total RNA,
and 0.05 lg of reverse primers for each gene were used (Slugina
et al., 2019). All that went into the reaction (24 ul) was RT2 SYBR�

Green qPCR Mastermix (12.5 ul), 0.2 mM of forward and reverse pri-
mers for each gene (Table S1). To complete the reaction, 1 ul of
diluted cDNA template was added. Protocol for PCR was 40 cycles,
each of which lasted 15 s at 94 �C, 30 s at 55 �C, and 45 s at 72 �C.
Amplified plots of Rn vs cycle number were used for data analysis.
Rodrigues et al. formula (Rodrigues et al., 2017) was used as a refer-
ence for the RNA editing percentage calculations.

2.5. Data analysis

Statistical analysis was performed using analysis of variance
(ANOVA) using the SPSS software, and Tukey’s HSD was used for
multiple comparisons (Tukey, 1949).
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2.6. 3D protein analysis

The modeling of all protein sequences were performed through,
AlphaFold using default parameters (Jumper et al., 2021). The
RMSD between the two models was calculated using TM-align
(Zhang & Skolnick, 2005). To analyze RNA editing events potential
affinity in the ATP1 alpha subunit, we used MutPred2 (Pejaver
et al., 2020). The MutPred2 scores were interpreted with caution,
considering other available evidence. TM-align algorithm using
dynamic programming iterations to perform optimized residue to
residue alignment based on structural similarity. Protein stability
was measured using DynaMut2 (Rodrigues et al., 2021) and I-
Mutant+ (Capriotti & Fariselli 2017; Capriotti et al., 2005) servers.
To obtain conservation scores of ATP1 amino acid residues, we
used the CONSURF tool (Armon et al., 2001; Ashkenazy et al.,
2016) webserver. It indicates the distribution of structural and
functional residues over the structure. The ATP1 protein sequence
was submitted with the PDB file and ClustalW alignment method.
The resulting scores were displayed with a color-coded scheme.
Conservation scores were interpreted based on the level of conser-
vation across species.
3. Results

3.1. Detection of wheat atp1 transcripts

T. aestivum cultivar G168 atp1 cDNAs were reprocessed from
the control (acc. no. OQ129415), after 2 h (acc. no. OQ129416),
and after 12 h (acc. no. OQ129417). A total of 170,200,000 pair-
end RNA sequencing reads were used to obtain atp1 transcripts.
Additionally, 172,700,000 for 12 h and 170,450,000 for 2 h of
recovery were made. After 2 h (acc. no. OQ129420), after 12 h
(acc. no. OQ129421), and while GM10 was reprocessed from the
Fig. 1. Efficiency and distinction using data from total RNA-seq, G168 atp1 RNA editing w
proline, (Thr) threonine, (Ser) serine, and (Leu) leucine. Three biological replicates’ mea
significant distinction between the treatments. P < 0.01.
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control (acc. no. OQ129419). In order to produce atp1 transcripts,
172,880,000 pair-end long RNA sequence reads were retrieved.
Also retrieved were 173,800,000 for 2 h and 172,900,000 for
12 h. The wheat atp1 gene (acc. no. NC_036024) was used to
assemble atp1 transcripts.

3.2. RNA editing and amino acid modifications

G168 mitochondrial DNA atp1 sequence was compared to cDNA
sequences for the three treatments and evidence of preferential
editing of C to T was found in 9 RNA editing sites (C30, C971,
C1023, C1026, C1029, C1178, C1292, C1490, and C1499) and two
T to C sites (T783 and T798) (Fig. 1, Fig. S1 and Table S2). In the
2 and 12 h treatments, each of the eleven sites was conserved.
Moreover, eight of them were conserved at all times (T783, T798,
C1023, C1026, C1029, C1178, C1490, C1499). However, significant
RNA editing was only observed at three locations in 2 and 12 h
treatments. It was noted from the obtained results that, amino
acids are largely unaffected by the majority of RNA editing sites
(C30, T783, T798, C1023, C1026, and C1029). Two RNA modifica-
tions are responsible for the transition from proline to threonine.
(C1292, C1490) and serine to leucine.

On the other hand, by comparing atp1 sequences of the cultivar
Gemmiza 10 mitochondrial DNA and the three treatments cDNA
sequence (Fig. 2), six RNA editing sites showed deferential editing
of C to T (C30, C971, C1178, C1292, C1490, C1499) and the majority
of them are stable after being treated for 2 or 12 h.C1178, C1292,
C1490, and C1499 were conserved at all times. The RNA edits for
C30 did not show any conserved ratio between treatments. More-
over, the position, C971 showed significant RNA editing in 2 and
12 h treatments due to drought stress. Proline was changed to
threonine by two RNA editing (C1292, C1490), whereas serine
was changed to lucine by C971 and C1178 editing sites. However,
in one instance, RNA editing has no effect on amino acids (C30).
as compared to the control. (C or T) nucleotide position, (Phe) phenylalanine, (Pro)
ns and standard deviations (black bars) are used to express the data. ** denotes a
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Some sites’ editing ratios clearly vary with drought and exposure
time (Fig. 2, Fig. S2, TableS2).
3.3. Atp1 gene modification validation

All editing sites of nucleotide alterations was selected in Giza
168 and Gemmiza 10 and evaluated them using RT-qPCR to guar-
antee the Validation and precision of the RNA-seq method for char-
acterising editing sites. Quantification and measurement of
atp1editing locations at three different exposure times were per-
formed for both G1 (C30, T783, T798, C1023, C1026, 1029,
Fig. 3. Triticum aestivum cultivar G168 editing sites were confirmed by qRT-PCR in thr
twelve hours after exposure to drought). Three biological replicates’ means and stand
distinction between the treatments. P < 0.01.
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C1178, C1292, C1490, C1499) and G2 (C30, C971, C1178, C1292,
C1490, C1499) (Fig. 3 and Figs. 4).
3.4. Secondary structure of atp1 protein

Using CLC Genomic work bench version 3.6.5, changes in the
length and absence of the alpha helix and beta sheets were
detected in the atp1 protein at control as well as drought stress
due to RNA editing but no change in quantity (13 alpha helices
and 24 beta sheets for each before and after editing). For instance
in cultivar Giza168, the two alpha helices (6. . .9; 11. . .17) in
ee different drought conditions (control, two hours after exposure to drought, and
ard deviations (black bars) are used to express the data. ** denotes a significant
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Fig. 5. Change secondary structure regions in cultivar G168 atpase subunit 1 before and after RNA editing due to drought treatment as well as correspondence sequence at
DNA. Alpha helix (blue) and beta sheet (brown).

Mona I.M. Ibrahim, A.M. Ramadan, M. Amer et al. Saudi Journal of Biological Sciences 30 (2023) 103703

5



Mona I.M. Ibrahim, A.M. Ramadan, M. Amer et al. Saudi Journal of Biological Sciences 30 (2023) 103703
original sequence (at DNA correspondence) changed to one long
alpha helices after editing (5. . .19) however, beta sheet (position
22) was absent after editing. Alpha helices (53. . .57) is increased
in size (53. . .58) after editing. Alpha helices (104. . .106) is created
after editing, however, not found before. More changed is clarified
in Fig. 5, Fig. S3. In addition to change in length in cultivar Gem-
miza 10, there are difference in quantity due to merge two alpha
sheet (380. . .390; 394. . .409) before editing to become one region
after editing (380. . .409) (Fig. 6, Fig. S4). These changes in sec-
ondary structure may be indicative of changes in the protein’s sta-
bility and function.

3.5. 3D structure of ATP1 protein

3.5.1. Structural insights in alpha-subunit
The protein sequence alignment was done for both GM10 and

G186 cultivars. Five amino acids substitutions were reported at
positions S324L, S393L, P431T, P497T and S500F (Fig. 7). The
ATP1 protein models were built for both wheat cultivars at differ-
ent treatments; Control (C), 2 h (2H) and 12 h (12H) (Fig. 7).

3.5.2. Stability and structural effect of RNA edits
The five edits were introduced in near places of the binding

sites. The overall structure of alpha subunit of ATP1 did not show
Fig. 6. Change secondary structure regions in cultivar Gemmiza 10 (GM 10) atpase subu
sequence at DNA. Alpha helix (blue) and beta sheet (brown).
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a critical change in the protein folding. The best protein models
from AlphFold were visualized using Pymol (Fig. 8). In the context
of the ATP1 alpha subunit gene and drought stress, the alterations
S324L, S393L, P431T, P497T, and S500F were analyzed using
MutPred2, resulting in the scores of 0.084, 0.157, 0.187, 0.087,
and 0.041, respectively. These scores suggest varying levels of pre-
dicted model for each alteration. S324L and S500F alteration have
the lowest scores, indicating a relatively low predicted affinity.
However, this does not necessarily mean that they are benign
alterations or that they have no effect on the protein function.
The S393L alteration has a slightly higher score, indicating a higher
predicted affinity than S324L and S500F. P431T and P497T alter-
ations have even higher scores, suggesting a greater likelihood of
being deleterious. These MutPred2 scores suggest that the alter-
ation in ATP1 alpha subunit under drought stress could potentially
have varying effects on the protein function and affinity. However,
further experimental validation is necessary to confirm these pre-
dictions and to fully understand the functional impact of the alter-
ations under drought stress.

The TM-align results were similar in both G168 and GM10 with
RMSD of 0.00 that indicates that the root-mean-square deviation
between the two protein structures is minimal, suggesting that
the overall protein fold is very similar. Additionally, the Seq_ID
score of 1.000 indicates that all residues in the aligned regions
nit 1 before and after RNA editing e to drought treatment as well as correspondence



Fig. 7. RNA editing sites of ATP1. A. The protein sequence alignment between all treatments and the predicted ATP1 wild type (ATP1_WT) in G168. A total five edits were
introduced during the stress. B. the ATP1_complex in light purple while the ATP1 subunit in olive green. C. RNA editing sites of ATP1. C. The protein sequence alignment
between all treatments and the predicted ATP1 wild type (ATP1_WT) in GM10. D. The ATP1_complex in light purple while the ATP1 subunit in salmon.
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are identical between the two protein structures. This suggests
that the two protein structures are not only structurally similar,
but also share a high degree of sequence identity.

DynaMut2 was used to predict the effects of RNA editing events
in the ATP1 alpha subunit gene, resulting in the prediction of DDG
stability scores of �2.89 for alteration S324L, S393L, P431T, P497T,
and S500F.

3.5.3. Conservation of RNA edits and their effect on the structure
The atp1 gene encodes an alpha subunit of a plasma membrane

ATPase in plants, which is involved in the transport of ions across
the membrane and is important for maintaining cellular homeosta-
sis (Morth et al., 2011). Under drought stress, plants undergo var-
ious molecular adaptations, including changes in gene expression
and RNA editing (Mahmood et al., 2019). The conservation scores
of specific amino acid residues in the atp1 gene were analyzed
using the CONSURF tool, with lower scores indicating greater vari-
ability and higher scores indicating greater conservation (Fig. 9).
Residues at positions 324, 393, and 431 had relatively low conser-
7

vation scores, suggesting they may be more susceptible to adapta-
tion or functional changes under drought stress. In contrast,
residues at positions 497 and 500 had high conservation scores,
suggesting they may be functionally important and less susceptible
to changes under drought stress.
4. Discussion

The SRA data provide a valuable resource for further studies on
the molecular mechanisms of drought stress tolerance in Triticum
aestivum and can also contribute to the understanding of mito-
chondrial functions and evolution in plants. The identification of
these RNA editing sites provides new insights into the regulation
of the atp1 gene in Triticum aestivum and may have implications
for understanding how this plant responds to stress conditions.
Functional protein expression relies heavily on RNA editing, and
this is notably true in mitochondria (Castandet & Araya 2011;
Bentolila et al., 2013) and chloroplasts (Takenaka et al., 2013;



Fig. 8. RNA editing sites of ATP1 at different drought treatment. A. Represents all
the PDB models of ATP1 wild type (ATP1_WT), ATP1 control (ATP1_C), ATP1 2 h
(ATP1_2H) and ATP1 12 h (ATP1_12H) in G168. B. Represents all PDB models of
ATP1 wild type (ATP1_WT), ATP1 control (ATP1_C), ATP1 2 h (ATP1_2H) and ATP1
12 h (ATP1_12H) in GM10.
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Ichinose & Sugita, 2017). Multiple studies have demonstrated a
correlation between abiotic stress and RNA editing, showing the
significance of this mechanism in preserving cellular homeostasis
(Yuan & Liu, 2012; Bentolila et al., 2013). The ATP1 subunit, a com-
ponent of complex V (atp synthase) subunits, participates in the
electron transport chain. Free oxygen (ROS) production is
increased in Arabidopsis when RNA editing is disrupted, increasing
drought sensitivity (Yuan & Liu 2012). These reports highlight the
critical role of RNA editing in plant biology and its potential impact
on plant responses to environmental stress.
Fig. 9. Conservation of RNA editing sites of ATP1 in both G168 and GM10. Residues with
scores are colored green. Amino acid residues 324, 393, and 431 have relatively low con
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Different editing sites have been reported in different plants for
the atp1 gene, depending on the species. Arabidopsis had six edit-
ing sites, onion had thirteen, cucumber had five, wild carrot had
five, soybean had two, and sunflower had six (Edera et al., 2018).

In this study, we identified 11 RNA editing sites (nucleotide nos.
C30, T783, T798, C971, C1023, C1026, C1029, C1178, C1292, C1490
and C1499) in tolerant cultivar Giza168 and 6 in the sensitive tol-
erant Gemmiza 10 (C30, C971, C1178, C1292, C1490 and C1499).
Most editing sites were fully edited in both control and drought
stress conditions except positions C30, C971 and C1292, as con-
firmed by real-time PCR validation (Fig. 3 and Table S2). These
findings contribute to a better understanding of the RNA editing
mechanisms and their potential role in plant responses to abiotic
stress, in addition to repair alteration to restore conserved proteins
(Edera et al., 2018; Ramadan et al., 2023).

In the current study, several observations were made regarding
RNA editing in Triticum aestivum. Firstly, it was found that not all
editing sites were affected by drought stress—just three sites in tol-
erant cultivar Giza 168 (C30, C971 and C1292) and two in sensitive
cultivar Gemmiza 10 (C30, C971). This suggests that RNA editing at
most sites in the atp1 gene may be aimed at restoring the con-
served protein, indicating that it may have evolved as a means to
correct past alteration and emphasizing the importance of this
editing process. Furthermore, it was observed that synonymous
amino acids were present in two cultivars due to RNA editing, like
threonine in C30, which is in contrast to previous reports investi-
gating RNA editing in other species (Hajrah et al., 2017; Edera
et al., 2018).

An important observation is that the synonymous edited in tol-
erant cultivar Giza 168 in positions T783, T798, C971, C1023,
C1026 and C1029 are not found in sensitive cultivar Gemmiza
10. As a result of drought stress, synonymous amino acids were
significantly altered. In these results, some codons are unable to
produce the same amino acid under drought stress, indicating that
something changes in tRNA under stress that causes a change to
another tRNA for different codons to produce the same amino acid
(Ramadan et al., 2021).

The analysis of RNA editing events using MutPred2 provides
insights into the functional impact of RNA editing events in the
ATP1 alpha subunit gene. These MutPred2 scores suggest that the
high conservation scores are colored purple, while residues with low conservation
servation scores, while residues 497 and 500 have high conservation scores.
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alteration in the ATP1 alpha subunit under drought stress could
potentially have varying effects on protein function and affinity.
However, further experimental validation is necessary to confirm
these predictions and fully understand the functional impact of
the alteration under drought stress. TM-align scores suggest that
the two cultivars protein structures are highly similar in both
structure and sequence.

The DynaMut2 negative DDG stability score of �2.89 for the RNA
edits S324L, S393L, P431T, P497T, and S500F suggests that these alter-
ations are predicted to stabilize the protein structure of the ATP1
alpha subunit gene. This suggests that these RNA edits may not be
deleterious and may even be beneficial to the protein’s stability.

Structurally, the alpha subunits are composed of several
domains, including the N-terminal domain, the central domain,
and the C-terminal domain (Vonck et al., 2009). The N-terminal
domain contains a helix bundle that interacts with the other sub-
units of ATP synthase, while the central domain contains a
coiled-coil structure that forms the central stalk (Moore et al.,
2008). The C-terminal domain contains the catalytic site for ATP
synthesis and binds to the beta subunits.

The crystal structure of the alpha subunits reveals several
important insights into their function. For example, the central
stalk structure is formed by the coiled-coil arrangement of the
alpha subunits, with each alpha subunit forming a dimer that
interacts with the neighboring subunits (Lee et al., 2015). This
arrangement allows for the efficient transfer of energy from the
proton gradient to the mechanical rotation necessary for ATP syn-
thesis (Ruhle & Leister 2015).

Additionally, the catalytic site in the C-terminal domain of the
alpha subunits contains several key residues that are critical for
ATP synthesis (Cingollani & Duncan 2011). These residues, includ-
ing lysine and arginine, are involved in the binding and transfer of
phosphate groups, which are necessary for the synthesis of ATP
(Mnatsakanyan et al., 2019).

The N-terminal domain of the alpha subunit in wheat contains
several critical amino acids that are important for the interaction of
the subunit with other subunits in the ATP synthase complex. A
conserved position in the atp1 gene refers to a position in the
nucleotide sequence that is highly conserved across different spe-
cies, suggesting that it is functionally important. If an RNA edit
occurs in a conserved position of the atp1 gene under drought
stress, it may be an adaptive response that alters the function of
the protein in a way that is beneficial for the plant under these
conditions.

An RNA edit in a conserved position P431T of the atp1 gene
might lead to a change in the amino acid sequence of the protein
that alters its ion transport activity or its sensitivity to regulatory
signals such as phosphorylation. Alternatively, the RNA edit might
affect the stability or localization of the protein, leading to changes
in its overall abundance or activity.

Overall, the occurrence of RNA editing in a conserved position of
the atp1 gene under drought stress could represent an important
molecular adaptation that helps plants survive in challenging envi-
ronments. However, further research is needed to fully understand
the functional significance of such edits and their impact on plant
physiology and fitness. These results suggest that the latter resi-
dues are functionally important and less susceptible to changes
under drought stress, while the former residues may be more vari-
able and prone to adaptation.
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