Plant Molecular Biology Reporter (2020) 38:538-553
https://doi.org/10.1007/511105-020-01219-w

ORIGINAL PAPER m

Check for
updates

Transient Sub-cellular Localization and In Vivo Protein-Protein
Interaction Study of Multiple Abiotic Stress-Responsive AtelF4A-III
and AtALY4 Proteins in Arabidopsis thaliana

Indrani Baruah 2@ - Geetanjali Baruah*@® - Jagajjit Sahu®*@® - Dhanawantari L. Singha'® -
Hariprasanna Dekaboruah ' - Natarajan Velmurugan®*>@® - Channakeshavaiah Chikkaputtaiah '

Published online: 11 May 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Major abiotic stress factors such as drought, salinity, hypoxia, and extreme temperatures along with rapid global climate
change have had a huge negative impact on agricultural productivity. Understanding the abiotic stress-responsive
molecular mechanisms and its associated proteins is extremely important to advance our knowledge towards developing
multiple abiotic stress tolerance in plants. Firstly, basic understanding at transient level would be a vital foundation to
accomplish this goal. Therefore, our present study aimed at understanding the sub-cellular localization of Eukaryotic
Initiation Factor 4A-III (AtelF4A-III), a key DEAD-box RNA helicase, and Always Early 4 (AtALY4), an mRNA export
factor, and their in vivo protein-protein interaction with major abiotic stress—associated proteins under control and
multiple abiotic stress conditions. AtelF4A-III and AtALY4 were localized to the nucleus as evident by transient
protoplast assay. AtelF4A-III has shown strong interaction with a negative regulator of multiple abiotic stresses,
Stress Response Suppressor 1 (AtSTRS1) in Bi-FC assay. Further, the flow cytometry analysis has shown the strong
interaction between them. Interestingly, under multiple abiotic stress treatment, the interacting partners were rapidly re-
localized from nucleus to cytoplasm and cytoplasmic space. Similar results were observed when N- and C-terminal
fusions of AteIF4A-III and AtALY4 treated under multiple abiotic stresses. Our study reveals that AteIF4A-I1I, AtALY4,
and abiotic stress—associated protein AtSTRS1 are among the key proteins associated with multiple abiotic stress
responses in plants.

Keywords DEAD-box RNA helicases - Multiple abiotic stresses - Protein-protein interaction - Re-localization - AtelF4A-III -
AtALY4

Key Message AtelF4A-III, a key plant DEAD-box RNA helicase;
STRSI, an abiotic stress negative regulator; and AtALY4, an mRNA
export factor are the key proteins associated with multiple abiotic stress
responses in plants. The study signifies its implication in understanding
tolerance to multiple abiotic stresses in plants.
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Introduction

Plants are sessile organisms which endure numerous envi-
ronmental adversities throughout its life span. Food secu-
rity for the growing world population still remains a major
problem, since conflict and climate-related shocks are as-
sociated with food crisis (Food and Agricultural
organization, FAO 2017). Generally in plants, a large num-
ber of genes get activated as a response mechanism to
abiotic stresses at transcriptional level, and the correspond-
ing products are anticipated in activation of complex stress
tolerance mechanisms (Barak and Farrant 2016; Han et al.
2019). In the current scenario, molecular breeding and bio-
technology have emerged as powerful tools to identify abi-
otic stress-responsive genes and their molecular intercon-
nections (Donoghue et al. 2011; Wang et al. 2018; Yadav
and Tuteja 2019). Several novel genomic approaches like
CRISPR/Cas9, CRISPR/Cpfl, TALEN, QTLs, ZFN,
TILLING, microarray, ESTs, and SNPs certainly help in
deciphering the cellular and molecular mechanism in-
volved in multiple abiotic stress responses (Baruah et al.
2017; Chikkaputtaiah et al. 2017; Debbarma et al. 2019;
Marwein et al. 2019). DEAD-box RNA helicases are the
members of a large protein family called DEAD-box fam-
ily proteins. Such helicases are found in most of the pro-
karyotic as well in eukaryotic organisms (Slaine et al.
2017; Tao et al. 2018; Ghosh 2019). DEAD-box proteins
have gained importance recently for their multiple abiotic
stress responses (Zhu et al. 2015; Liu et al. 2016; Baruah
et al. 2017; Shivakumara et al. 2017; Nawaz et al. 2018a,
b; Nguyen et al. 2018; Nawaz and Kang 2019). Recent
studies have shown that overexpression of elF4A under
stress-inducible Arabidopsis rd29A promoter in groundnut
showed improved tolerance against salinity, oxidative, and
drought stress conditions (Rao et al. 2017). Exon junction
complex (EJC) involved in post-transcriptional regulation
including cytoplasmic localization, nonsense-mediated
mRNA decay (NMD), and mRNA intracellular export in
association with MAGO NASHI (MAGOH) and Y 14 pro-
teins (Yang et al. 2016). AteIF44AIIl has been reported to
be co-localized with MAGOH-Y'14 in the nuclear region
by interacting with an ortholog of the core EJC component,
Always early RNA export factor (ALY/Ref) (Koroleva
et al. 2009a, b). Localization shift has been observed to
nucleolus and splicing speckles under hypoxia stress con-
dition which suggests stress responsiveness of AtelF4A-II1
(Koroleva et al. 2009a, b) and its interaction with another
EJC core component (AtALY4). AtALY4 or disco-
interacting protein 2 (DIP2) is a sub-type of ALY-like
DEAD-box RNA helicase which acts as an mRNA export
factor from nucleus and protein remodeler (Pfaff et al.
2018). There are four ALY1 to ALY4 proteins commonly
found in root and leaf cells of Arabidopsis thaliana.

Research findings have revealed that AtALY4 ortholog of
NbALY916 participates in multiple NeplMo (a Nepl-like
protein from Magnaporthe oryzae)-triggered responses
like stomatal closure, hypersensitivity cell death, and
defense-related gene expression (Teng et al. 2014). Re-
localization of nuclear ALY protein has been triggered by
Tomato Bushy Stunt Virus P19 Pathogenicity Protein
which shows biotic stress responsiveness of ALY proteins
(Uhrig et al. 2004). Similarly, Stress Response Suppressor
1 (STRS1) has been reported as a negative regulator of
abiotic stress response in plants and its sub-cellular local-
ization in the nucleus through transient protoplast assay
(Khan et al. 2014). The mutation of STRS1 enhanced the
expression of the gene encoded for transcriptional activa-
tors DREB1A/CBF3 and DREB2A under salt, osmotic,
and heat stress condition (Kant et al. 2007). Therefore,
these scientific efforts suggest that there could be a regu-
latory network connecting AtelF4A-III, a DEAD-box
gene, AtALY4, an mRNA export factor, and major stress-
associated proteins intervening a key role in multiple abi-
otic stress responses. There have been many on-going
works targeted to overcome single or dual stresses, but
what plants experience in nature is the cumulative effect
of the multiple abiotic stresses. Therefore, the need of the
current agricultural scenario is to formulate research strat-
egies to understand basic multiple abiotic stress responses
in model plant system through cell biological and genetic
approaches. Translation and adaptation of these strategies
would help to develop crops which are multiple stress—
tolerant to sustain the yield under adverse climatic change.
Based on the recent findings of different DEAD-box pro-
teins and known stress-associated proteins in abiotic stress
response, we performed a systematic sub-cellular localiza-
tion of Ate[F4A-III and AtALY4, and their in vivo protein-
protein interaction with abiotic stress—associated proteins
such as AtSTRSI1, Argonaute RISC component 4
(AtAGO4), Stress Response Suppressor 2 (AtSTRS2),
and Chromatin Binding Factor (AtCBF5). The in vivo tran-
sient assays were performed in the A. thaliana protoplasts
under normal and multiple abiotic stress conditions. The
localization and interaction of these proteins were taking
place at the nucleus, while we observed a rapid re-
localization of these proteins from nucleus to cytoplasm
and cytoplasmic space under multiple abiotic stress treat-
ments. Flow cytometry analysis revealed the strong inter-
action of AtelF4A-III and AtSTRSI1 proteins. Taken to-
gether, our study reveals that AtelF4A-III, AtALY4, and
abiotic stress—associated protein AtSTRS1 are the key pro-
teins associated with multiple abiotic stress responses in
plants. Our findings in the model plant are highly signifi-
cant in genetic improvement of crops to develop multi-
stress tolerance by targeting these multi-stress-responsive
genes.
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Materials and Methods

Designing Gateway Cloning Constructs
for Sub-cellular Localization and Split-YFP
Protein-Protein Interactions

For sub-cellular localization of AteIF4A-III and AtALY4 pro-
teins, N-terminal and C-terminal constructs were generated
through Gateway cloning approach (Fig. Sla and c) as per
manufacturer’s instructions (Invitrogen). The positive entry
clones were screened through colony PCR using kanamycin-
specific primers. For the localization study, the entry clones of
AtelF4A-III and AtALY4 were cloned into binary expression
vectors, pPENSG-YFP-P35S and pEXSG-YFP-P35S, to create
N-terminal and C-terminal constructs through LR Clonase
reaction. Whereas, for the interaction study, entry clones of
AtelF4A-11I, AtALY4, AtSTRSI1, AtSTRS2, AtCBFS, and
AtAGO4 were cloned into split-YFP vectors, pE-SPYNE
and pE-SPYCE, with 35S promoter (Fig. S1b and d). The
expression clones were selected by screening through ampli-
fication of the colonies with ampicillin-specific primers as
well as restriction analysis. The N- and C- terminal constructs
of AtelF4A-IIT and AtALY4 were used for sub-cellular local-
ization study, and the spilt-YFP constructs were used for
protein-protein interaction study. List of primers used in this
study are given in Table S1.

Protoplast Isolation and Transient Abiotic Stress
Assays in Arabidopsis thaliana

WT (Col-0) seeds of Arabidopsis thaliana was surface steril-
ized and inoculated on %2 MS medium by following the pro-
tocol of Rivero et al. (2014). These plates were kept in dark at
4 °C for 2 days as stratification period to break dormancy of
the seeds. Then, these plates were kept in the tissue culture
chamber at 23 °C temperature, 70% humidity, and 16 h light/
8 h dark photoperiod. After 1 week, the germinated 4-leaf
stage seedlings were transferred into the germination soil with
cocopeat:vermiculite:perlite in 4:1:1 ratio. The soil-transferred
Arabidopsis seedlings were shifted to plant growth chamber at
23 °C temperature, 70% humidity, and 16 h light/8 h dark
photoperiod optimal growth conditions. The 3—4 weeks old
seedlings were chosen for isolation of protoplasts. The proto-
plast isolation and PEG-mediated transfection was carried out
as per protocol of Yoo et al. (2007). Young leaves were cut
with sterile scalpel into 0.5—1-mm leaf strips and digested in
enzyme solution of 1.5% (wt./vol) cellulase and 0.4% (wt./
vol) macerozyme R10 for 4 h on a shaker at 40 rpm. After
digestion, the protoplasts were purified by washing with W5
solution and passing through 70 um nylon mesh. The isolated
protoplasts were finally resuspended into MMG solution. For
transformation of protoplasts, 100 pl of purified protoplasts
were taken in each tube for each construct. To each tube, 10 pl
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of localization constructs of elF4A-III and ALY4 were added
individually. For split-YFP assay, 10 pl of the split-YFP con-
structs were added pairwise in separate tubes containing
100 pl of protoplasts. To this mixture, 110 pl of PEG solution
was added and mixed gently. The tubes were incubated at
room temperature for 15 min. A total of400 pl of W5 solution
was added and inverted few times to stop the PEG transfection
process. The tubes were then centrifuged at 100 g for 2 min at
room temperature. Supernatant was discarded, and the pellet
was dissolved in 1 ml of W1 solution. All the transformed
protoplasts were incubated at 25 °C in the dark for 16 h.
Several literatures have shown that the plant protoplasts were
found to be viable after exposing to salt, drought, and oxida-
tive stress conditions (Keunen et al. 2011; Kietkowska et al.
2019; Kollarova et al. 2019). For our transient multiple abiotic
stress assays, salt, drought and hypoxia stress conditions were
imposed by treating the transformed protoplast cells with
200 mM NaCl, 20% PEG-6000, and 100 mM sodium azide,
respectively for 120 min (Zhu et al. 2015; Hasanuzzaman
et al. 2016; Koroleva et al. 2009b). The treated protoplasts
were observed under confocal microscopy after 120 min.
The protoplasts with localization and split-YFP constructs
were stained with DAPI and observed under x 63 oil emersion
using a Leica TCS SP8 inverted confocal microscope. The
image acquisition was done through Leica LAS-X software
and Image] software. FITC, EYFP PMT, and DAPI detectors
were used for imaging. YFP fluorescence was detected with
488 nm and 514 nm excitation; emission wavelengths range
505-530 nm; DAPI fluorescence was detected with 405 exci-
tations and 507-530 nm. The chlorophyll auto-fluorescence
was analyzed with 555 nm excitation and > 650 nm emission.
In the split-YFP interaction assays, the target proteins with pE-
SPYNE and pE-SPYCE were fused with two non-fluorescent
YFP protein halves (ESM.1). When the two target proteins
interact, the YFP protein halves also come into proximity
and emit yellow fluorescence (Ohad et al. 2007). Therefore,
in our study, the positive split-YFP interactions are expected
to show yellow fluorescent signals under confocal microsco-
py. This experiment of localization and split-YFP assay was
performed three times independently.

Quantification of Split-YFP In Vivo Protein-Protein
Interaction through Flow Cytometry

Protein-protein interaction was observed by performing Bi-
FC assay with the split-YFP constructs generated through
Gateway cloning approach. The split-YFP constructs were
transformed into fresh mesophyll protoplast and incubated
for 16 h at 25 °C. The protein-protein interaction was quanti-
fied with the help of flow cytometry analysis approach using
CytoFLEX-S flow cytometer (Beckman Coulter, USA). YFP
signal in the protoplast samples were detected by using FITC-
YFP florescence detector with 488 nm excitation and 507—
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530 nm emission range. Protoplasts transformed with pE-
SPYE x pE-SPYCE without any fused proteins (empty vec-
tor) were taken as negative control. In flow cytometry, cyto-
metric characteristics of the cells or particles can be measured
through light scattered and emitted by the cells or particles
(Herzenberg et al. 2006). There are two major light scattering
processes to measure signal scattered by cells which are for-
ward scatter (FSC) and side scatter (SSC). The FSC is known
to provide information on cell or particle sizes, whereas the
side SSC provides information on internal components of the
cell or particle (da-Silva et al. 2012). Dot plot with FSC vs
SSC shows the total cell events. Each spot in the dot plot
represents a cell. To avoid cell debris, media contamination,
or cell doublets, the single cells can be gated from the FSC vs
SSC dot plot. The gated region of this dot plot is considered as
100% viable cell population. This gated region can be ana-
lyzed on a different dot plot having FITC-YFP fluorescence
intensity vs SSC to get information of the fluorescence inten-
sity of the internal component of the cells. For normalization,
the fluorescent population will deviate and form a separate
cluster from the non-fluorescent negative control cluster
(Herzenberg et al. 2006). In the FITC-YFP fluorescence in-
tensity vs SSC dot plot, the cells showing YFP fluorescence
will shift towards the right side of the plot, and the percentage
of event the fluorescent population will be counted automati-
cally by flow cytometry. Similarly, the fluorescent and non-
fluorescent cell clusters can be observed in peak form in the
histogram plot. Percent (%) represents how many protoplast
cells have shown YFP positive signal out of the total number
of cells tested in flow cytometry. We used protoplasts trans-
formed with empty split-YFP vector combination (pE-
SPYCE X pE-SPYNE) and empty expression vector
(pENSG-YFP) as negative controls for quantification of Bi-
FC analysis and sub-cellular localization analysis through
flow cytometry, respectively.

Phylogenetic Analysis and Protein-Protein Interaction
Network

Phylogenetic analysis identifies the closeness between se-
quences and is an indicative of the functional relationship
among them. Molecular Evolutionary Genetics Analysis
(MEGA 7.0.14) software was used to perform the phylo-
genetic analysis by taking the protein sequences of
AtelF4A-III DEAD-box RNA helicase and related
stress-associated proteins such as AtALY4, AtAGO4,
AtSTRS1, AtSTRS2, and AtCBFS5 as input. At first, the
protein-protein interaction information was extracted by
AraNet V2 which provides a base to predict probabilistic
functional network for A. thaliana. The selected DEAD-
box proteins were searched for the corresponding locus
identifiers, and these IDs were fed into AraNet to build
an interaction network. The interaction data obtained from

the flow cytometry were customized in an input file for-
mat for Cytoscape tool. Both information from AraNet
and flow cytometry were then merged using “merge”
function in R. This was used as the final input in the
Cytoscape V 3.5.1 to construct a network representing
interactions between the selected proteins.

Results

Sub-cellular Localization of AtelF4A-Ill and AtALY4
Under Normal and Multiple Abiotic Stress Conditions

Gateway constructs were designed by Advanced Gateway
cloning method (Fig. Sla and c¢). Under normal
(unstressed) condition, AteIF4A-III was found to be local-
ized in the nucleus in both N-terminal and C-terminal
fusion constructs (Fig. 1a and Fig. S2a). The merged im-
age showed co-localization of DAPI and YFP signals
confirming the nuclear localization of AtelF4A-III (Fig.
Ic and Fig. S2c). Hypoxia stress condition lead to re-
localization of YFP-AtelF4A-III and AtelF4A-III-YFP
from nucleus to cytoplasmic space (Fig. 1f and Fig.
S2f). Under drought condition, rapid re-localization of
YFP-AtelF4A-III and AtelF4A-III-YFP to all over the
cytoplasm and cytoplasmic peripheral region was ob-
served (Fig. 1k and Fig. S2k). Under salinity condition,
YFP-AtelF4A-III re-localized to cytoplasmic peripheral
region (Fig. 1p), and in case of AtelF4A-III-YFP, the
YFP signals were evenly distributed in the cytoplasm
(Fig. S2p). Similarly, under unstressed condition, sub-
cellular localization of YFP-AtALY4 and AtALY4-YFP
were observed in the nuclear region as DAPI stained cells
co-localized with the YFP signal expressing in the nucle-
us (Fig. 2a—c and Fig. S3a-c). Under hypoxia stress con-
dition, re-localization of YFP-AtALY4 and AtALY4-YFP
were observed from the nucleus to cytoplasm and cyto-
plasmic space (Fig. 2f—j and Fig. S3f-j). However, clear
localization shift of YFP-AtALY4 and AtALY4-YFP to-
wards the cytoplasmic periphery was observed under
drought stress condition (Fig. 2k and Fig. S3k). Under
salinity condition, YFP-AtALY4 signal was evenly dis-
tributed in the cytoplasm (Fig. 2p—t). On the other hand,
AtALY4-YFP was observed in the cytoplasm and also in
the nucleus with a poor YFP signal (Fig. S3p-t). In order
to exclude the false signal, empty vectors, pENSG-YFP
and pEXSG-YFP, transformed into protoplasts were used
as negative controls for N- and C-terminal constructs of
AtelF4A-III and AtALY4. Both the negative controls did
not show any YFP signals (Figs. lu, 2u, Fig. S2u, and
Fig. S3u). The in vivo sub-cellular localization experi-
ment was conducted thrice, and the results were found
to be consistent.
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Fig. 1 Sub-cellular localization of YFP-AteIF4AIIl under normal
(unstressed) and multiple abiotic stress conditions. YFP-AtelF4AIIL
localized in the nucleus with strong YFP signal under normal condition
(a—e). Under hypoxia stress (100 mM Sodium Azide) for 120 min, YFP-
AtelF4AIIl re-localizes from nucleus to cytoplasmic space (f—j). Under
drought stress (20% PEG) for 120 min, YFP-AteIF4AIII re-localizes to
cytoplasm (k—o). Under salinity stress (200 mM NaCl) for 120 min, YFP-

In Silico Analysis of Protein Partners of DEAD-Box RNA
Helicases and Stress-Associated Proteins

The phylogenetic tree revealed that AteIF4A-III, AtALY4,
AtSTRS1, and AtSTRS2 are falling in one cluster, whereas
AtCBFS5 and AtAGO4 were forming a different cluster
(Fig. S4). This indicates that AteIF4A-I1I, AtALY4,
AtSTRS1, and AtSTRS2 might be functionally related to
each other. However, AtCBF5 and AtAGO4 are function-
ally distant from the first cluster. The bootstrap value for
the node between AtelF4A-111 and AtSTRS2 is 99, for the
node sharing AtelF4A-III, AtSTRS1, and AtSTRS2 is 100,
and for the node sharing AtelF4A-III, AtSTRSI,
AtSTRS2, and AtALY4 is 83 (Fig. S4). The bootstrap val-
ue of 100% for the node sharing by AtelF4A-III,
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Merged Auto fluorescence Bright filed
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AtelF4AIll re-localizes to cytoplasmic periphery (p—t). pENSG-YFP
empty vector as negative control (u—y). Nu, nucleus; Cy, cytoplasm;
Cp, cytoplasmic periphery. Scale bars, a—e =5 um; k—o and u-y =
8 um; f—j and p—t =10 um. About fifty cells were observed under
confocal microscopy from which thirty cells have shown the effects.
The experiment was repeated thrice, and the results were consistent

AtSTRS2, and AtSTRSI supports the significance of the
phylogenetic data and suggests a strong accuracy of the
functional association prediction. We performed in silico
predictions of protein interactors using stringsdb and
AraNet V2 bioinformatics resources. However, the
AraNet V2 was identified as the best as it provides a prob-
abilistic functional gene network for Arabidopsis thaliana
incorporated with large-scale experimental data and im-
proved data analysis algorithms. The AraNet V2 database
is more specific to Arabidopsis thaliana. Most of the
protein-protein interaction databases provides gene-gene
co-expression information as it establishes the prediction
of interaction strongly. So, the in silico protein interactions
in this study are from the well-established database AraNet
V2. Protein-protein interactions among AtelF4A-III,
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YFP-AtALY4 DAPI

Unstressed
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drought
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Fig. 2 Sub-cellular localization of YFP-AtALY4 under normal
(unstressed) and multiple abiotic stress conditions. YFP-AtALY4
localized in the nucleus with strong YFP signal under normal condition
(a—e). Under hypoxia stress (100 mM Sodium Azide) for 120 min, YFP-
AtALY4 re-localizes from nucleus to cytoplasm (f—j). Under drought
stress (20% PEG) for 120 min, YFP-AtALY4 re-localizes to
cytoplasmic periphery (k—o). Under salinity stress (200 mM NaCl) for

AtALY4 (DIP2), AtCBF5 or Nucleolar Protein (NAP57),
AtSTRS1, AtAGO4, and AtSTRS2 were identified using
the AraNet V2 software in the form of a network (Fig. S5).
There are interactions among AtelF4A-III, AtSTRS1, and
AtCBF5 (NAP57). AtSTRS1 also interacts with AteIF4A-
III, AtCBFS5, and AtSTRS2; AtSTRS2 interacts with
AtSTRS1 and AtCBF5; AtALY4 (DIP2) interacts with
AtCBFS. To compare and get more insight into the in silico
and in vivo protein-protein interactions, the merged (both
results from AraNet and flow cytometry) network was an-
alyzed using Cytoscape (Fig. 6). The network is of 6 nodes
and 10 edges which represents the 6 proteins and 12 inter-
actions (merged into 10 edges) among them. For the in
silico network, the search was restricted to only the 6

Auto fluorescence  Bright filed

Merged

120 min, YFP-AtALY4 re-localizes to cytoplasm (p-t). pPENSG-YFP
empty vector as negative control (u—y). Nu, nucleus; Cy, cytoplasm;
Cp, cytoplasmic periphery. Scale bars, a—¢ and k-t =8 um; fj =
10 pm; u—y =5 pum. About fifty cells were observed under confocal
microscopy from which twenty five cells have shown the effects. The
experiment was repeated thrice, and the results were consistent

selected proteins based on the experimental data. The net-
work inferred that the interaction between AtelF4A-III and
AtSTRS1; AtSTRS2 and AtSTRS1 were supported by
both computer-aided as well as in vivo experiments.
Consistent with our in vivo results, the in silico analysis
also have shown direct interaction of AtelF4A-III with
AtSTRS1 (Fig. 6). AtelF4A-III also showed a strong inter-
action with AtALY4 in our in vivo study which is in ac-
cordance with Koroleva et al. (2009b). Surprisingly how-
ever, in silico analysis did not show a direct interaction of
AtelF4A-III with AtALY4 or AtAGO4 with AtelF4A-III,
and AtSTRS1 or AtALY4 with AtSTRSI. On the other
hand, proteins such as these were connected by edges
based on in vivo findings. The AtCBF5 was connected to
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AtelF4A-III, AtSTRS2, AtALY4, and AtSTRSI1 directly
with edges predicted only using in silico method. The net-
work from the AraNet shows the probability of interaction
of AtelF4A-III DEAD-box RNA helicase with AtCBFS
and AtSTRSI1 stress-associated proteins (Fig. S5).
Similarly, it shows interaction prediction of AtALY4 with
AtCBEFS stress-associated proteins. Comparison of in silico
and in vivo protein-protein interactions of AtelF4A-III,
AtALY4, and stress-associated proteins is given in Table 2.

In Vivo Protein-Protein Interaction of DEAD-Box RNA
Helicases with Other Stress-Associated Proteins
through Split-YFP Assay Under Normal and Multiple
Abiotic Stress Conditions

For transient protein-protein interaction study, target proteins
were fused with two non-fluorescent protein halves of YFP
(Fig. S1b). Earlier studies have shown that AteIF4A-IIT and
AtSTRSI individually play a very important role in abiotic
stress response (Kant et al. 2007; Koroleva et al. 2009b;
Pascuan et al. 2016). Therefore, we hypothesized that the
protein-protein interaction between AtelF4A-II1 and
AtSTRS1 might reveal their functional interconnection under
multiple abiotic stress conditions. In order to analyze their
interaction pattern, in vivo split-YFP constructs of AtelF4A-
III and AtSTRS1 were generated and visualized in both the
directions, i.e., AteIF4A-IIIP 7Y x AtSTRS-1P*5"YNE and
AtelF4A-TITPESPYNE 5 AtSTRS-1PESPYCE The strong
protein-protein interaction between AtelF4A-II1 and
AtSTRS1 were observed in both the directions, and the inter-
action was localized in the nucleus under normal conditions
(Figs. 3a and 4a). DAPI signal co-localized with the YFP
signal in both the directions confirmed the strong nuclear lo-
calization of the positive interactors (Figs. 3b and 4b). Under
hypoxia stress condition, the AteI[F4A-III and AtSTRS1 pos-
itive interactors were re-localized from the nucleus to cyto-
plasmic space in both the directions (Figs. 3f and 4f). Under
drought stress condition, the AtelF4A-III and AtSTRS1 pos-
itive interactors were rapidly re-localized from the nucleus to
cytoplasmic space and cytoplasmic periphery in both the di-
rections (Figs. 3k and 4k). Similarly, under salinity condition,
the AtelF4A-III and AtSTRSI positive interactors were re-
localized to the entire cytoplasm in both the directions (Figs.
3p and 4p). In order to exclude the possibility of artifacts or
false positives, different sets of negative controls were used.
The combination of empty split-YFP vectors, pE-SPYNE and
PE-SPYCE, transformed into protoplasts was used as standard
negative controls for testing all the interaction patterns (Figs.
3u—y and 4u-y). For first combination of AteIF4A-III and
AtSTRS1 binding partners (AtelF4A-II[PE-SPYCE x
AtSTRS1PE-SPYNE) " AteIF4A-ITIPESPYCE x SIXSP10PE
SPYNE was used as first set of negative control (Fig. 3al—el),
while AtSTRSIPFSPYNE x SIXSP10PHSPYCF was used as
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second set of negative control (Fig. 3f1—j1). For second com-
bination of AtelF4A-IIl and AtSTRS1 binding partners
(AteIF4A-TIIPESPYNE 5 AtSTRS1PESPYCE) - AtelF4A-IITPF
SPYNE » SIXSP10PESPYCE was used as first set of negative
control (Fig. 4al—el), while AtSTRS1PE-SPYCE x
SIXSP10PESPYNE was used as second set of negative control
(Fig. 4f1-4j1). SIXSP10 is a xylem sap protein of tomato
(Solanum lycopersicum) known to be involved in Fusarium
wilt disease responses (Krasikov et al. 2011). In all the nega-
tive controls tested, no YFP signal was observed. The results
indicate that Ate[F4A-IIl and AtSTRSI are the positive bind-
ing partners in vivo. The in vivo split-YFP interaction exper-
iments under normal and multiple abiotic stress conditions
were repeated thrice, and the results were found to be
consistent.

Quantification of Sub-cellular Localization
and Protein-Protein Interaction of In Vivo Positive
Interacting Proteins

The sub-cellular localization of elF4A-IIl and ALY4 were
quantified by flow cytometry. eIF4A-III-YFP showed
37.16% YFP fluorescence (Fig. 5a, b), and YFP-eIF4A-III
showed 23.42% YFP fluorescence (Fig. 5c, d). Similarly,
ALY4-YFP showed 32.29% YFP fluorescence (Fig. Se, f),
and YFP-ALY4 showed 38.06% YFP fluorescence (Fig.
5g, h). The empty expression vector pENSG-YFP trans-
formed into Arabidopsis protoplasts used as negative controls
showed only 0.08% of YFP fluorescence (Fig. Sm, n). The
in vivo positive protein-protein interactions were quantified
using flow cytometric analysis. The strong protein partner
AteIFAA-TIPSPYNE 5 AtSTRS-1P53PYCE showed 85.39%
YFP fluorescence (Fig. 5i, j). The other interacting partner,
AtSTRS-1PFSPYNE 50 AtelFAA-TIIPFSPYCE, showed 84.90%
YFP signal (Fig. 5k, ). A combination of empty split-YFP
vectors, pE-SPYNE X pE-SPYCE, transformed into proto-
plasts that were used as a negative control did not show any
YFP signal (Fig. 50, p). The flow cytometry quantification
results in comparison with negative controls indicate that the
YFP signals observed in sub-cellular localization and in vivo
protein-protein interactions were highly significant. Each
quantification experiment of sub-cellular localization and
in vivo protein-protein interaction was repeated thrice, and
the results were found to be consistent.

Discussion

AtelF4A-Ill and AtALY4 Are Nuclear-Localized
and Stress-Responsive Re-Localized to Cytoplasm

Sub-cellular localization of DEAD-box RNA helicase
AtAtelF4A-III and putative mRNA export factor AtALY4



Plant Mol Biol Rep (2020) 38:538-553

545

AtelF4A-IIIPE-SPYCE
X
STRS1PE-SPYNE
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control1
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control3

IPL-SPYCL X

Fig. 3 In vivo protein-protein interaction of AtelF4A-II
AtSTRS1PESPYNE y1nder normal (unstressed) and multiple abiotic stress
conditions. AteIF4A-IIIPESPYCE X AtSTRS1PESPYNE interacting at
nucleus under normal conditions (a—e), re-localized to cytoplasmic
space under hypoxia stress (f—j), re-localized to cytoplasmic space
under drought stress (k—o), re-localized to cytoplasm under salinity
stress (p-t). pE-SPYCE X pE-SPYNE as standard negative control (u—

was performed to unveil their functional site under normal and
multiple abiotic stress conditions. Sodium azide is an oxida-
tive phosphorylation inhibitor which, by inhibiting mitochon-
drial respiration, causes depletion of intracellular ATP synthe-
sis and creates hypoxia stress (Freye and Strobel 2018),
whereas polyethylene glycol (PEG) has been considered as a
drought stress inducer with no toxic effect (Hellal et al. 2017).
Drought stress reduces the photosynthetic rate of plants by
affecting photosynthetic pigments. Similarly, high concentra-
tion of NaCl creates salinity stress condition (Lycoskoufis

Merged Bright filed

Auto fluorescence

. eSS

y). AtelFAA-IIIPE-SPYCE X SIXSP10PESPYNE a5 first set of negative
control (al-el). AtSTRSIPFSPYNE X SIXSP10PFSTYCF as second set of
negative control (f1—j1). Nu, nucleus; Cs, cytoplasmic space; Cy,
cytoplasm. Scale bars a—t=5 pm; u—y and al-el =8 pm. About sixty
cells were observed under confocal microscopy from which fifty cells
have shown the effects. The experiment was repeated thrice, and the
results were consistent

et al. 2012). High concentrations of Na* and CI” ions disrupt
K* and Ca™ nutrition and reduce plant growth with poor yield.
Under normal condition, sub-cellular localization studies of
YFP-AtelF4A-III and AtelF4A-III-YFP have revealed nucle-
ar localization. Numerous cellular mechanisms are processed
within the nucleus, which include cell cycle regulation, RNA
processing, ribonucleotide proteins (RNP) biogenesis, telome-
rase activity, and stress-responsive signaling. The clear nucle-
ar localization of AtelF4A-IIl suggests that the function of
AtelF4A-III resides within the nucleus, and hence it is an
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STRS1PE-SPYCE
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Unstressed
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Negative
control1

Negative
control2

Negative
control3

Fig. 4 In vivo protein-protein interaction of Ate[F4A-TITPE-SPYNE x
AtSTRS1PESPYCE ynder normal (unstressed) and multiple abiotic stress
conditions. AteIF4A-TIIPESPYNE X AtSTRS1PESPYCE interacting at
nucleus under normal conditions (a—e), re-localized to cytoplasmic
space under hypoxia stress (), re-localized to cytoplasmic periphery
under drought stress (k—o), re-localized to cytoplasm under salinity
stress (p—t). pE-SPYCE X pE-SPYNE as standard negative control (u—

active participant of several important cellular events. OsRH2
and OsRH34 are paralogous genes of AtelF4A-III found in
rice which play an important role in growth and development
by regulating plant height, pollen, and seed germination
(Huang et al. 2016). These two genes are also found as a core
component of the EJC complex just like Ate[F4A-III which is
a putative member of the EJC complex (Pierrat et al. 2017,
Boisramé et al. 2019). Recent findings have also revealed the
nuclear localization of AtelF4A-III and its importance in
mRNA processing and pre-mRNA splicing (Koroleva et al.
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Merged Auto fluorescence

d

y). AtelF4A-TIIPESPYNE X SIXSP10PESPYCE a5 first set of negative
control (al—el), AtSTRSIPESPYCE X SIXSP10PESPYNE 45 second set of
negative control (f1-1). Nu, nucleus; Cp, cytoplasmic periphery; Cy,
cytoplasm. Scale bar, a—e=5 um; f~o0 and fl-j1 =8 pum; p—y and al—
el =10 pm. About sixty cells were observed under confocal microscopy
from which forty-five cells have shown the effects. The experiment was
repeated thrice, and the results were consistent

2009a; Andreou and Klostermeier 2013). The import of “nu-
clear” proteins into the nucleus, especially TFs is a response to
certain external stimuli (Vandromme et al. 1996). Lu et al.
(2014) have shown that AteIF4A-III sub-cellular localization
in tobacco and A. thaliana was centered in nucleoplasm, and
there was a rapid localization shift of AteIF4A-III from the
nucleoplasm to nucleolus and splicing speckles, under hypox-
ia and ethanol treatment. It shows that AtelF4A-III acts as
stress response indicator under hypoxia condition, certain
mRNA remains bound to AteIF4A-III and mRNA processing
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proteins. Thus, further translation process was suspended un-
der a stressed condition. Depletion of intracellular ATP syn-
thesis hampers the Ate[F4A-III functions. In our study, impor-
tant cellular biogenesis events were suppressed as AtelF4A-IIT
shifted to the cytoplasmic space under hypoxia stress condi-
tion. Similarly, under drought stress condition, even distribu-
tion of AtelF4A-IIl was observed in the cytoplasm in this
study. This localization shift suggests that under drought stress
condition, AtelF4A-III might play some important role in reg-
ulation or activation of other stress-responsive proteins in the
cytoplasm. Distribution of AteIF4A-III in cytoplasmic periph-
ery and cytoplasm under salinity condition also indicates
stress responsiveness of AtelF4A-III. From our results, it
can be inferred that AteIF4A-III shifts its localization to cyto-
plasmic periphery and cytoplasm to lower the biogenesis

Count
0 200
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events under different abiotic stress conditions. This might
help the plant to survive under abiotic stresses with a minimal
energy source. Transgenic groundnut with e/F4A gene from
Pennisetum glaucum under rd29A stress-inducible promoter
shows improved adaptation against salinity and drought stress
conditions (Rao et al. 2017). In A. thaliana, four ALY protein
orthologs ALY1, ALY2, ALY3, and ALY4 have shown dif-
ferential sub-nuclear localization (Naturwissenschaften 2016).
AtALY4 is known as a putative mRNA export factor which is
involved in RNA processing and RNP biogenesis (Kammel
et al. 2013; Teng et al. 2014; Boisramé et al. 2019). In our
study, the sub-cellular localization result of AtALY4 under
normal condition shows that the nucleus is the functional site
of AtALY4 for its physiological function. In Arabidopsis, re-
cent research work on AtALY4 revealed its functional
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<« Fig. 5 Flow cytometry quantification of sub-cellular localizations and
in vivo protein-protein interactions. a Histogram showing red colored
peak as non-fluorescent and blue colored peak representing YFP
fluorescent cells in elF4A-III-YFP. b Dot plot showing elF4A-IIII-YFP
(blue color) shifting towards right side separating from non-fluorescent
cell cluster (red color) with 37.16% YFP fluorescence. ¢ Histogram
showing red colored peak as non-fluorescent and blue colored peak
representing YFP fluorescent cells in YFP-e[F4A-III. d Dot plot shows
YFP- elF4A-IIII (blue color) shifting towards right side separating from
non-fluorescent cell cluster (red color) with 23.42% YFP fluorescence. e
Histogram showing red colored peak as non-fluorescent and blue colored
peak representing YFP fluorescent cells in ALY4-YFP. f Dot plot shows
ALY4-YFP (blue color) shifting towards right side separating from non-
fluorescent cell cluster (red color) with 32.29% YFP fluorescence. g
Histogram showing red colored peak as non-fluorescent and blue
colored peak representing YFP fluorescent cells in YFP-ALY4. h Dot
plot shows YFP-ALY4 (blue color) shifting towards right side
separating from non-fluorescent cell cluster (red color) with 38.06%
YFP fluorescence. i Histogram showing red colored peak as non-
fluorescent and blue colored peak representing YFP fluorescent cells in
AteIF4A-TIIPESPYNE o AtSTRS1PE-SPYCE positive interactors. j Dot plot
shows AteIF4A-IIIPE-SPYNE . AtSTRS1PESPYCE (blue color) shifting
towards right side separating from non-fluorescent cell cluster (red
color) with 85.39% YFP fluorescence. k Histogram showing red
colored peak as non-fluorescent and blue colored peak representing
YFP fluorescent cells in AtSTRS1PESPYNE 5 AteIF4A-[IIPE-SPYCE
positive interactors. 1 Dot plot shows AtSTRS1PESPYNE o Ate]F4A-
HIPESPYCE (blue color) shifting towards right side separating from non-
fluorescent cell cluster (red color) with 84.90% YFP fluorescence. m
Histogram showing only one red colored peak as non-fluorescent cells
in pENSG-YFP empty vector transformed protoplasts as negative control
for localization study. n Dot plot showing no shift of non-fluorescent cell
cluster (red color) right side with 0.08% YFP fluorescence in negative
control of localization. o Histogram showing only one red colored peak as
non-fluorescent cells in pE-SPYNE x pE-SPYCE empty vector construct
(negative control for split-YFP interaction study). p Dot plot shows no
shift of non-fluorescent cell cluster (red color) right side with 0.04% YFP
fluorescence in the negative control of split-YFP. Percent (%) represents
how many protoplast cells have shown YFP positive signal out of the
total number of cells tested in flow cytometry. Each experiment was
conducted three times, and the results were found to be consistent

localization in the nucleus, and it has been found to be in-
volved in nucleo-cytosolic mRNA transport, ovule, and flow-
er development (Pfaff et al. 2018). Nucleo-cytoplasmic move-
ment play an important regulatory barrier in gene expression
of control points (Vandromme et al. 1996). Just like AtelF4A-
III, exposure of different stress conditions also affects the nor-
mal localization of AtALY4. Under hypoxia condition, the
shift from nucleus to cytoplasm and cytoplasmic space
indicates the stress responsiveness of AtALY4. However,
exposure to drought and saline condition shifts AtALY4
from the nucleus to cytoplasmic periphery and to cytoplasm
with poor signal in nucleus. This localization shift suggests
that AtALY4 is involved in the cellular machinery like RNA
biogenesis through mRNA export in the nucleus. AtALY4
moves from the nucleus to the cytoplasmic periphery and to
cytoplasm to slow down the biosynthesis processes to escape
the stressed condition. Recent research reports showed that the
localization shift from one to another cell organelle under
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abiotic stress conditions indicates their involvement in stress
responses. Powers et al. (2019) found that auxin response
factor (ARF) nucleo-cytoplasmic partitioning regulates auxin
responsiveness that confers cellular competence for auxin sig-
naling. VASCULAR PLANT ONE-ZINC FINGER 2 (VOZ
2) was found to be dispersed in the cytoplasm but re-localized
to the nucleus as heat stress response and act as DREB2A
transcriptional suppressor in A. thaliana (Koguchi et al.
2017). FG repeat motif protein RanBP2 shown to be localized
to cytoplasmic periphery of the nuclear pore complex (NPC),
which plays a critical role in nuclear protein import (Delphin
etal. 1997). It was also recently shown that NPC components
play critical role in plant stress responses by regulating tran-
scriptional genes and mRNA/protein nucleo-cytoplasmic traf-
ficking (Yang et al. 2017). Similarly, a novel methionine ami-
nopeptidase (HVMAP) has been reported to change its local-
ization from nucleus to cytoplasm under low temperature to
take part in freezing tolerance in A. thaliana (Jeong et al.
2011). Taken together, our findings of localization shift of
AtelF4A-III and ALY4 from nucleus to cytoplasm and cyto-
plasmic periphery upon exposure to different abiotic stresses
indicates the participation of these genes in multiple abiotic
stress-responsive pathway.

AtelF4A-1ll DEAD-Box RNA Helicase Interacts
with AtSTRS1 as a Stress-Responsive Indicator

Recent findings show that AtelF4A-III is involved in nuclear
biogenesis activities mostly in the assembly of EJC (Koroleva
etal. 2009b). Our study has also shown that functional activity of
AtelF4A-III lies within nucleus as AtelF4A-III shows strong
interaction with AtSTRS1 and the interaction was localized to
nucleus. This indicates that Ate[F4A-IIl and AtSTRS1 interact
with each other under normal condition inside the nucleus in-
volving in important nuclear cellular machinery. AtelF4A-IIT
(ortholog of mammalian elF4A-IIT) sub-cellular localization
study reveals that these are involved in EJC assembly and inter-
acts with other EJC core components like ALY/Ref, MAGO,
Y14, and RNPS1, and under hypoxia, this interaction shifts from
the nucleoplasm to the nucleolus and splicing speckles showing
stress responsiveness (Koroleva et al. 2009b). Furthermore, it has
been reported that FRY2/CPLI interacts with two NMD factors,
namely, Ate[F4A-IIT and UPF3 to carry out degradation of NMD
transcripts (Cui et al. 2016). Our present study for the first time
reports the protein-protein interaction of AtelF4A-III and
AtSTRSI in vivo under normal and multiple abiotic stress con-
ditions. The clear re-localization of AtelF4A-IIl and AtSTRS1
from nucleus to cytoplasm tested in both the directions under
multiple abiotic stress conditions indicate that these two proteins
are functionally associated in imparting multiple abiotic stress
responses in Arabidopsis. The re-localization of these two
interactors under stress also indicates that AtelF4A-III and
AtSTRSI coordinate with each other to suspend the biosynthesis
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processes under different abiotic stress conditions. This might
help the cell to escape from different abiotic stress conditions
by moving towards cytoplasmic periphery. The localization shift
of this interaction shows that their functional interaction is cen-
tralized on the nucleus. Whereas under stress conditions,
AtelF4A-IIT and AtSTRS1 lowers the functions like cell cycle
regulation, replication, RNA processing in the nucleus to save the
energy of the cells under stressed conditions by shifting towards
cytoplasm and cytoplasmic periphery. Since, AtSTRS1 has been
known as abiotic stress negative regulator (Kant et al. 2007), it is
highly likely that AteIF4A-III might also function as a negative
regulator of different abiotic stresses in association with
AtSTRSI in Arabidopsis. As earlier explained, our sub-cellular
localization results also showed the nuclear localization of
AtelF4A-III under normal conditions and cytoplasmic re-
localization under multiple abiotic stress conditions. AtSTRS1
is also known to be localized to nucleus under normal conditions
from the previous study (Khan et al. 2014). Incidentally, our in
silico protein-protein interaction analysis also showed the direct
interaction of AtelF4A-III with AtSTRS]. For the in silico net-
work, the search was restricted to only the 6 selected proteins
based on the experimental data. Generally, the protein-protein
interaction studies follow either of experimental or in silico
methods. Most of the computational methods look into a
system-wide interaction network which are based on high-
throughput data. Though in the current study, the in silico method
does not directly deal with high-throughput data and also is not a
system-wide study, it has significant importance as the experi-
mentally identified proteins of interest were the specific focus
and the AraNet V2 (the database considered) incorporates huge
omics datasets. Coming back to the findings from Fig. 6,

establishment of interaction between AtelF4A-III and
AtSTRSI by both experimental and computational methods will
be of special interest for our future study. Also, another interest-
ing investigation will be to look into the interactions where the
in vivo and in silico methods varied. The distribution of
AtelF4A-IIT and AtSTRS-1 in the cytoplasm and poor signal in
nucleoplasm under multiple abiotic stresses shows that ribosome
and protein biosynthesis might have carried out at a very minimal
level to save energy under different stress conditions. Taken to-
gether, we can infer that AtelF4A-III DEAD-box RNA helicase
interacts with AtSTRS1 to regulate multiple abiotic stress
responses.

AtALY4 Also Interacts with AtelF4A-Ill and AtSTRS1
In Vivo

Two orthologues of mammalian 54 UAPS56-interacting
factor (UIF), UIEF1, and UIEF2 mRNA export factor
proteins interact with AtALY1-AtALY4 in A. thaliana
for efficient nucleo-cytosolic mRNA transportation
(Ehrnsberger et al. 2019). AtALY4 has also been con-
sidered as an important component of the EJC complex
as it interacts with AtelF4A-III, MAGO, and Y14 EJC
components (Pierrat et al. 2017; Boisramé et al. 2019).
It was reported that there is functional interaction
among AtALY1-4 mRNA export factor, RNA helicase
UPAS56, MOS11, TREX-2 mRNA export complex and
other spliceosomal components (Serensen et al. 2017;
Naturwissenschaften 2016). In our study, the in silico
analysis did not show any direct interaction of
AtALY4 with either AteIF4A-III or AtSTRSI. On the

AGO4

elF4Alll .
STRS2

Fig.6 Merged network of in silico and in vivo protein-protein interaction
of DEAD-box RNA helicase proteins and their stress-associated proteins
using Cytoscape software tool. Each node is representing a single DEAD-
box RNA helicase and stress-associated proteins and each edge is
representing interaction between two target proteins. The blue color
edges indicate interaction from the in vivo split-YFP analysis, red color

RS1

Edge line color Interaction
ALY4 ]
In-vivo
[ | In-silico
[ Both

indicates interactions from in silico analysis and green color indicates
interactions from both in vivo and in silico analysis. The network is of
6 nodes and 10 edges which represents the 6 proteins and 12 interactions
(merged into 10 edges) among them. The network shows the interaction
between AteIF4A-IIT and AtSTRS1; AtSTRS2 and AtSTRS1 from both
in silico analysis and in vivo study
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contrary, our in vivo split-YFP results have shown that
AtALY4, an mRNA export factor, also showed direct
interaction with AtelF4A-III and AtSTRS1 in one direc-
tion (Table 1) and the interaction pattern was not as
strong as the interaction between AtelF4A-III and
AtSTRSI1. The stress-induced re-localization pattern of
these interactors was similar to AtelF4A-III and
AtSTRSI1. Recent in silico data on AtelF4A-III interac-
tion partners has shown that MAGO NASHI, RNA-
binding protein Y14, nuclear distribution protein 1
(NDL1), nuclear pore complex protein (NUP43), and
AtALY4 as its interacting partners (TAIR BioGRID da-
tabase). Similarly, BioGRID information from TAIR da-
tabase shows AtALY4 protein interacts with KIP2,
MAGO, PARP1, Y14, AT5G02530, and AtelF4A-III.
This information suggests that AtelF4A-III and
AtALY4 are involved in nuclear assembly interacting
with each other along with MAGO and Y14. It has
been found that two homologous protein DIP1 and
DIP2 (AtALY4) interacts with DNA-binding domain of
plant poly (ADP-ribose) polymerase (PARP) which have
a role in transcriptional regulation (Storozhenko et al.
2001). Often split-YFP results believed to show false
positive or artifacts in interpreting the true interaction
between the proteins. However, our systematic use of
negative controls as described in the results for each

of the binding partners did not show that any YFP
signal has excluded the possibility of false positives or
artifacts. Taken together, our in vivo interaction study
also indicates that AtALY4 might also be functioning
together with AtelF4A-III and AtSTRSI in regulating
multiple abiotic stress responses. In vivo results have
strengthened our hypothesis to find out the role of
DEAD-box genes, AtelF4A-III and AtALY4, in multiple
abiotic stress response. However, our in silico and
in vivo results are complimenting each other which
was also shown in the protein-protein interaction net-
work providing both in vivo and in silico information
in the same network in Fig. 6. (Table 2)

Conclusions and Overview

The experimental findings have suggested that the functional
site of AteIF4A-III, a DEAD-box RNA helicase, and putative
mRNA export factor, AtALY4, is the nucleus. Since AtelF4A-
III is known to be involved in RNP biogenesis, transcriptional
to translational biogenesis and AtALY4 is involved in nucleo-
cytosolic transfer of mRNA; it justifies our finding of sub-
cellular localization of these two proteins in the nucleus.
Transient multiple abiotic stress treatments revealed that both
AtelF4A-III and AtALY4 are multiple stress-responsive. The

Table 1 Flow cytometry analysis of protein-protein interaction of AtelF4A-III, AtALY4, and stress-associated proteins

SI. No. Interacting Partners (both directions) YFP fluorescence (%)* Interaction type**
1 AtALY4PESPYNE X Ate]F4A-IIT PE-SPYCE 89.19 +
2 AtelF4A-TIIPE-SPYNE X A (ALY 4PE-SPYCE 1.63 -
3 AtelFAA-IIIPESPYNE X AtAGO4 PE-SPYCE 80.64

4 AtAGOAPESPYNE X Ate]F4A-I1] PE-SPYCE 79.52

5 AtelF4A-TIIPE-SPYNE X AtCBF5 PE-SPYCE 0.04 -
6 AtCBF5PESPYNE 0 AteF4A-IT] PE-SPYCE 0.05 -
7 AtelF4A-TIIIPE-SPYNE X AtSTRS] PESPYCE 85.39

8 AtSTRS1PESPYNE ¢ Ate[F4A-IIT PESPYCE 84.90

9 AtelF4A-TIIPESPYNE X A{STRS2 PE-SPYCE 0.04

10 AtSTRS2PESPYNE X Ate]F4A-II] PE-SPYCE 0.011 -
11 AtALY4PESPYNE X AtAGO4 PE-SPYCE 0.04 -
12 AtAGO4PESPYNE X AtAT Y4 PE-SPYCE 0.06 -
13 AtALY4PESPYNE X A{CBF5 PESPYCE 0.11 -
14 AtCBF5PESPYNE 50 AtA Y4 PESPYCE 0.07 -
15 AtALY4PE-SPYNE X A{QTRS] PE-SPYCE 87.01

16 AtSTRS1PESPYNE X AtA] Y4 PE-SPYCE 79.72

17 AtALY4PESPYNE 0 A{QTRSD PE-SPYCE 0.05

18 AtSTRS2PESPYNE X AtA] Y4 PE-SPYCE 0.05 -
19 pPE-SPYCE x pE-SPYNE (empty vector) 0.04 -

*% represents how many protoplast cells have shown YFP positive signal out of the total number of cells tested in flow cytometry

e

LY represents positive interaction; “— represents negative interaction

@ Springer



Plant Mol Biol Rep (2020) 38:538-553 551
Table 2 Comparison of in silico B
and in vivo protein-protein inter- SL. No. Interacting Partners (both directions) In silico In vivo Both'

actions of AteIF4A-III, AtALY4,

and stress-associated proteins 1 AteIF4A-TII-YFPY X AtALY4-YFP© - -

2 AtelF4A-TII-YFPC X AtALY4-YFPY - +

3 AtelF4A-TII-YFPY X AtAGO4-YFPC - +

4 AtelF4A-TII-YFPC X AtAGO4-YFPY - +

5 AtelF4A-TII-YFPY X AtCBF5-YFP® + - -
6 AtelFAA-TII-YFPC X AtCBF5-YFPY + - -
7 AtelFAA-III-YFPY X AtSTRS1-YFPC +

8 AtelFAA-III-YFPC X AtSTRS1-YFPN +

9 AtelFAA-TI-YFPY X AtSTRS2-YFPC - - -
10 AtelFAA-III-YFPC X AtSTRS2-YFPY - - -
11 AtALY4-YFPN X AtAGO4-YFP© - - -
12 AtALY4-YFPC X AtAGO4-YFPN - -

13 AtALY4-YFPN X AtCBF5-YFPC + - -
14 AtALY4-YFP® X AtCBF5-YFPY + - -
15 AtALY4-YFPN X AtSTRS1-YFP +

16 AtALY4-YFPC X AtSTRS1-YFPN - +

17 AtALY4-YFPN X AtSTRS2-YFP® - -

18 AtALY4-YFP® X AtSTRS2-YFP™ -
*4” represents positive interaction; “— represents negative interaction

systematic in vivo split-YFP analysis under normal and mul-
tiple abiotic stress conditions revealed that AtelF4A-III,
AtALY4, and AtSTRSI1 functioning together in regulating
responses to multiple abiotic stresses. Detailed genetic inter-
action in stable Arabidopsis lines through triple-gene
CRISPR/Cas9 genome editing of AteIF4A-III, AtALY4, and
AtSTRS1 and downstream functional characterization would
reveal the mechanistic role of these genes in multiple abiotic
stress regulation in plants. Understanding the mechanistic role
of these key proteins in multiple abiotic stress responses is
highly significant in developing sustainable multi-stress toler-
ance in crop plants in future. This would sustain the crop
productivity under rapidly changing global climate.
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