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Abstract

Sad1/UNC-84 (SUN)-domain proteins are residents of inner nuclear membrane (INM), and share structural
features across species. We previously reported a highly conserved C-terminal SUN-domain family protein,
designated CaSUNA1, in the stress-responsive proteomic landscape of a grain legume, chickpea. In this study, we
identified two other chickpea SUN proteins, CaSUN2 and CaSUN3, and performed a comparative analysis of the
sequence-structure-function relationship to better understand the diversification of SUN-domain superfamily
proteins. Sequence similarity across the species was investigated using multiple sequence alignment, which showed
conserved patterns between CaSUN1 and the homologs. Phylogenetic analysis showed that plant SUN-domain
proteins are clustered in a unique and distinct group. Using ab-initio approach, a 3D protein structure was generated
and further validated using various tools including the Ramachandran plot. The results displayed 90.1% of the ¢ and
v residues angles in the most favoured regions, suggesting a high-quality structural model for CaSUN1. Model
deviation and fluctuation analysis were performed using molecular dynamics (MD) simulation of CaSUN1. The
secondary structure analysis of CaSUN revealed a similarity between the structural components shared among
them. CaSUN1 revealed two functional domains viz., SUN and muskelin, and the presence of kelch-repeat domain
pointed out its putative role in oligomerization, while its binding affinity with different ligands indicates diverse
functions. These results would not only give deeper insights into the structure-function relationships within the SUN-
superfamily proteins, but also their putative physiological roles.

Keywords: 3-dimensional modelling; Grain legume; MD simulation; ~membrane. Characteristics feature of this superfamily is the presence
Multiple sequence alignment; Phylogenetic analysis; Ramachandran — of SUN-domain as well as, at least, one transmembrane domain. The

plot; SUN-domain occurrence of two subfamilies of SUN-domain proteins in flowering
plants and moss suggests its early origination during evolution. The
Introduction discovery of this gene superfamily provides a valuable insight into the

nuclear positioning events during various developmental stages in the
Plants, due to their sessile nature, are exposed to many plant life cycle. Further investigation on molecular mechanisms would
environmental stresses which continuously influence growth and be significant for deciphering the biological role of the plant SUN
development and reduce crop productivity. Water-deficit or proteins.
dehydration is the most widespread manifestation of environmental
stress as it is associated with every abiotic stress by one way or another,
and is detrimental to plant health in itself as well as exacerbates the
effects of other stresses. We previously explored the dehydration-
responsive membrane-associated proteome of chickpea and identified
a wide group of proteins, including a non-canonical SUN-domain ° S - .
protein, designated CaSUN1 (Cicer arietinum SUN1) [1]. The SUN- nuclear membrane proteins contain distinct protein domain structures

domain superfamily proteins have a conserved C-terminal motif of few leadir.lg to their categorisation as .LEM_’ SUN- or KASH-doma?n
hundred amino acids (~200 aa), representing the SUN-domain (Sad1 proteins. Nuclear envelope localization of some SUN-KASH-domain

and UNC-84 domain). These proteins show homology with the proteins has been attributed to their interaction with lamins. These
Caenorhabditis elegans protein UNC-84, an important nuclear proteins also serve as specialized nuclear envelope receptors, which
envelope protein implicated in nuclear anchoring and/or positioning Interconnect the cytoskeleton. and nucleoskeleto.n. .The direct
during development. The other homologous protein, Sadl in interaction between SUN-domain and KASH-domain is known to
Schizosaccharomyces pombe, localizes to the spindle pole body but is hnﬂue.nce the .celllllllar f)unctlfo ns gf b%th.Of thes.e p.rotems 1£2’3]’ SUI;_
also known to localize at the nuclear envelope when overexpressed. It~ ¢0™a1 ?roteins. ave ef’tg OuE tﬁ € 1ncrea51nfg n nlunS1 er (;Ver ¢ e
plays an important role in DNA duplication by anchoring centrosome ~ €°UrS¢ Ot €VO ution as evident by the p resence of singie U,I\,I_ omain
and spindle body to the nuclear envelope, and participates in 8€n€ in S. pombe genome, two genes each in Cenorhabditis elegans

transferring mechanical force, generated in cytoplasm, to inner nuclear

The molecular aspects associated with vital cellular processes can be
elaborated using evolutionary studies of specific metabolic pathways
across organisms. A broad range of functions is linked with the
interaction of various nucleoplasmic and nuclear membrane proteins
with lamins, and lamin-associated protein complexes. Several of these
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and Drosophila melanogaster, whereas four or more SUN-domain
genes in mammals.

The members of SUN superfamily, besides the SUN-domain, share
various other structural features to different extents. According to their
function, SUN-domain proteins possess variable number of
transmembrane domains (TMDs) with a minimum of one TMD across
all members. The multiple TMDs are proposed to transmit mechanical
force by anchoring mechanical-load-bearing structures, as in the case
of human SUNI, which spans the membrane three times [4]. Apart
from them, SUN family proteins contain additional conserved
hydrophobic region/s, which may or may not span the membrane
[5,6]. Interestingly, TMD lacking SUN-domain proteins have been
reported in D. melanogaster. Another important property of SUN-
domain proteins is the presence of, at least, one coiled-coil domain,
which might have a role in mediating homodimerization [4]. The
possibility of dimerization could be an important strategy for SUN-
domain proteins as each SUN-domain dimer could in turn directly
anchor two KASH-domain partners giving rise to higher-order
filamentous structures bridging the nuclear envelope. The interaction
between the KASH-domain with SUN-domain proteins not just
provides a mechanism to connect several nucleoskeletal and
cytoskeletal structures, but is also implicated in nuclear positioning
apart from other non-mechanical roles. For example, SUN-domain
and KASH-domain proteins have been shown to be involved in
chromosome organization and dynamics during meiosis and abiotic
stress responses, among others.

In the present study, we have analyzed the amino acid sequence of
CaSUN1 with respect to other plant SUN proteins. The extensive
bioinformatics analysis uncovered new knowledge about the structural
features of CaSUN proteins. This investigation highlights the utility of
sequence-based evaluation in providing a structural basis for the
protein function analysis of plant SUN proteins. We carried out a 3D
simulation to obtain biologically relevant structural models of
CaSUNI, besides establishing its evolutionary history based on
phylogenetic analysis. The in silico 3D structure prediction of CaSUN1
is particularly helpful in view of the assumption that structure is more
conserved than sequence between homologous proteins. Model
deviation (MD) structure of CaSUN1 describes not only its shape, but
also its characteristics, which affect the hydrophobicity and hence its
function. These approaches provide primary assessment for the
functional role of previously uncharacterized proteins.

Materials and Methods

Data set

The amino acid sequence of CaSUNI1 was retrieved from NCBI
Database (Accession number: XP_004516032.1). This sequence was
used to assort similar sequences having known 3D structures against
Protein Data Bank (PDB) [7] by NCBI's BLASTp program.

Primary structure prediction

Primary structure prediction was done using ExPASy [8], and
ProtParam server which analyses physiochemical characters of
CaSUNT1 such as theoretical isoelectric point (pI), molecular mass,
molecular formula, instability index, total number of positive and
negative residues, aliphatic index and grand average of hydropathicity
(GRAVY).

Secondary structure prediction

Secondary structure prediction was done using PSIPRED [9] server,
which analyses the total number of a-helix, f-sheet and turns.

Multiple sequence alignment

The amino acid sequence of CaSUN1 and their homologs were
subjected to multiple sequence alignment (MSA) to recognize the
conserved residues and patterns using MEGA-4 program [10]. The
conserved residues were used for further analysis. The gap penalties
alignment parameters was -11 to -1, end gap penalties was -5 to -1, and
e-value was 0.003, word size was 4 and maximum cluster distance was
taken as 0.8. The motifs of the SUN proteins were identified using
MEME online tools (http://meme.nbcr.net/meme/). The parameters
taken were: the maximum length of the conserved motif was 50, the
minimum length of the conserved motif was 6, and the largest number
of discovered and conserved motifs was 15.

Phylogenetic analysis

MSA of amino acids was performed with MEGA-4 program [10]. A
phylogenetic tree was constructed by neighbor-joining method using
the default parameters.

Subcellular localization and promoter analysis

Subcellular localization was predicted using the WoLF PSORT
(http://www.genscript.com/psort/wolf_psort.html), BaCelLo (http://
gpcr.biocomp.unibo.it/bacello), ESLPred (http://www.imtech.res.in/
raghava/eslpred/), YLoc  (http://abi.inf.uni-tuebingen.de/Services/
YLoc/webloc.cgi), PSORT II  (http://psort.hgc.jp/form2.html),
LocTree3 (https://rostlab.org/services/loctree2/), Plant-mPLoc (http://
www.csbio.sjtu.edu.cn/bioinf/plant-multi/) and CELLO  (http://
cello.life.nctu.edu.tw/). The NCBI was used to retrieve a 1500 bp DNA
sequence from 5'-upstream region of each CaSUN gene (http://
www.ncbi.nlm.nih.gov/) and were subjected to the plantCARE
database (http://bioinformatics.psb.ugent.be/webtools/plantcare/
html/) for cis-element scan.

Prediction of miRNA targets

The potential miRNA targets were predicted with psRNATarget
program  (http://bioinfo3.noble.org/psRNATarget/) using default
parameters. The sequences of newly identified miRNAs and
significantly different known miRNAs were used as custom sequences.
The redundant sequences were removed after identifying potential
target mRNA sequences for functional analysis.

3D structure prediction

3D structure prediction was done using ab initio approach, and
model was generated using Modeller script. A representative PDB
structure library was scanned against PDB using NCBI's BLASTp
program to search for template structure and alignment. I-TASSER
programme [11] was also used for template search and 3D structure
analysis. The templates were used to identify the existence of similar
regions from different models. The 3D structure of all the identified
homologs were downloaded from PDB database and used for structure
prediction.
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3D structure validation and annotation

Molecular visualization and analysis of the selected model were
carried out with visual molecular dynamics (VMD) [12]. The predicted
model was further validated using PSVS server [13]. The PSVS server
analysed the qualities of the models, where models were evaluated by
Verifiy3D [14], Prosall [15] and PROCHECK [16]. The highest quality
model was selected on the basis of the stereochemistry quality report
generated by PROCHECK, which analyses the ¢/y angle in
Ramachandran plot.

Sequence-structure-function relationship

The identified conserved patterns in the predicted structure were
used to find out patterns and identify their domain families using Pfam
analysis [17].

Results and Discussion

Primary and secondary structure prediction

The primary structural features of CaSUN1 showed calculated pI of
5.20. In CaSUN1, number of amino acids is 602, total number of atoms
is 9516, molecular weight is 67822.6, molecular formula is
C3022H4738N8040936S16, and total number of negatively charged
residues is 86, while total number of positively charged residues is 65.
The instability index is computed to be 38.72, while aliphatic index is
93.52 and the value of GRAVY is -0.261. Prediction of secondary
structure revealed the favoured structural property. A total of 11 a-
helices, 9 B-sheets, and 19 coils were predicted in CaSUN1. We further
comapred the secondary structure of other two chickpea SUN proteins
showing the presence of 15 a-helices, 11 B-sheets and 25 coils in
CaSUN2 while 9 a-helices, 13 B-sheets and 23 coils in CaSUN3 (Figure
1).

Subcellular localization of chickpea SUN proteins

SUN-domain proteins are majorly a component of nuclear pore
complexes. Although these proteins have been reported to be involved
in membrane anchorage, their presence as TMD in various subcellular
structures suggests their diverse functions. In chickpea, the three SUN
proteins were analysed for their putative subcellular localisation with
different localisation prediction tools. /n silico analysis predicted the
localization of CaSUNI and CaSUN2 mainly in membranes associated
with nuclear architecture, while CaSUN3 were found to be a part of
mitochondria or chloroplast (Supplementary Table SI1). Subcellular
localization of CaSUNI in nuclear envelop had earlier been verified

[1].

Multiple sequence alignment

The MSA results of CaSUNI and its homologs exhibited a high level
of conservation in the amino acid sequence (Figure 2). The conserved
patterns and their respective position in CaSUNI represent the
characteristic features of its structure. CaSUNI1 displayed high
sequence homology with its animal counterparts. It seems that the
SUN-domain proteins might have undergone evolution in higher
animals to fulfil respective function/s. CaSUNI was also subjected to
MSA with other plant species. the motif analysis revealed the sharing
of conserved motifs among them, and identified 15 different conserved
motifs (Figure 3). The order, number and type of motifs were similar in
CaSUN1 and CaUN?2 proteins. While only motif 12 was absent in

CaSUNI, CaSUN2 showed absence of motifs 11 and 13. The CaSUN3
predicted the conservation of motifs 7, 10, 11, 13 and 14 only. The SUN
motif was highly conserved in CaSUNI1 and other homologous
proteins. The amino acid sequence comparison of CaSUN1 with SUN
proteins from other photoautotrophs indicates an important role of
these proteins across species.
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Figure 1: The secondary structure patterns of CaSUNI. Pink
indicates alpha helix, yellow indicates beta sheets and black
indicates the coils of CaSUN1.

Even though the analysis of the SUN-domain proteins in plants
indicated considerable sequence divergence, the invariant residues and
signature motif involved in the nuclear binding, showed a high level of
conservation (Figure 3). In the organisms other than plants, SUN-
domain proteins interact with outer nuclear membrane associated
KASH-domain proteins, linking the interior of the nucleus to the
cytoplasm. The KASH-domain proteins function as cargo-specific
cytoskeletal adaptor proteins by connecting to various cytoskeletal
components [18]. The family of KASH-domain proteins has limited
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homology and hence their homologs in plants have not been identified  partners by molecular interaction screens may be required for
by sequence analysis thus far. Identification of SUN-interacting

elucidating their function in plants.

4DXR_A 66 LWYHSQSPRVILQPD VHPGNC.[4].GP.[2].FAVVRLSARIRPTAVTLEHVPK.[7].ISSAPKDFAIFGFDE 138
gi 75156487 188 HNREAKGAANILGGD.[3].YLRNPC.[3].DK FVDVELSEETLVRTIGLAMNLEH YSSNFRDFELYGSPS 253
gi 75097734 236 SNKEAKGAASILSRD.[3].YLRNPC.[3].GK FVWVELSEETLVNTIKIANFEH YSSNLKEFELQGTLV 3el
gi 75157487 244 FNKEAKGASNILDKD.[3].YLRNPC.[3].GK FVIIELSEETLVDTIAIANFEH YSSNLKEFEMLSSLN 3@9
gi 74959927 144 NPEAENAKAVVMEKD.[3].YMRNPC.[4].EK FIVIELCEAIQIKKIAIGMNFEL FASRPKTIQVFISER 21@
gi 74614117 245 TSPGAKNAKAILVEM.[3].¥YMLLEC.[3].SK FVIVQLSDDILVDTVVLANFEF FSSMIRQFKVSVSDR 318
gi 74676556 283 SNPEAIGATSTLIES.[3].YLLNPC.[1].AP.[2].FIVIELCEDILVEEIEIANYEF FSSTFKRFRVSVSDR 268
gi 74582219 287 TNPEAVGSSSILTEN.[3].YMLNKC.[3].NK FVWIELCEDIYVDTVQIANFEF FSSIFRDFKVSVSGK 272
gi 158564854 321 ANPEAKSTSAILIEN.[3].YMLNPC ST.[2] .WFVIELCEPIQVKQFDIANYEL FSSTPKDFLVSISDR 385
gi 74869267 613 HNSESKHTEAVLTQS.[3].YMLSTC ES.[2].WFVVELCEAIQAQKVDVANYEL FSSSPEKNFTVAVSKR 677
4DXR_A 139 DLQQ.[1].GTLLGKFT.[2].QDGEPTIQTFHFQAP. [3].TYQUVELRILTNWGHPEYTCIYRFRVHGEP 200
gi 75156487 254 YPAP.[3].WELLGRFT.[1].DNAKHAQRFVLPDP.[1].WTRYLRLRLATHYGSGFYCILSYLEVYGID 314
gi 75097734 302 YPTD.[1].WVHMGNFT.[1].SNVKHEQNFTLLEP.[1].WVRYLKLNFISHYGSEFYCTLSLIEVYGVD 36@
gi 75157487 31@ YPTD.[1].WETLGRFT.[1].ANAKIAQNFTFPEP.[1].WARYLKLNLLSHYGSEFYCTLSMLEVYGMD 368
gi 74959927 211 YPPL.[2].WISVGPFH.[2].DHHKNLQTFDVPNT.[2].YAKYVRINLEDHYGKEHYCIVSVVNVMGST 272
gi 74614117 311 YPVK.[3].WVELGTFE.[1].RNSRDIQAFSVEHP.[2].YTKYIRIEFLSHYGNEYYCPVSLLRVHGTR 372
gi 74676556 269 IPMV.[3].WTILGEFE.[1].RNSRELQKFQIHNP.[2].WASYLKIEILSHYEDEFYCPISLIKVYGKS 33@
gi 74582219 273 YPKY.[3].WMELGTFT.[1].LNLRTLQSFHIENP.[2].WAKYLKIEFLTHYGSEFYCPVSLLRVYGKT 334
gi 158564854 386 YPTN.[1].WIKLGTFH.[1].RDERNVQSFPLDEQ.[8].FIKYIKVELLSHFGSEHFCPLSLIRVFGTS 451
gi 74869267 678 FPTR.[1].WSNVGRFA.[1].EDKRTIQTFELHPH.[1].FGKFVRVDITSHYANEHFCPLSLFRVFGTS 736
Figure 2: The multiple sequence alignments of SUN-domain proteins show the conservation of residues across species. Blue colour represents
the conserved residues and red colour indicates the identical residues with their respective positions.
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Figure 3: Schematic representation of the conserved motifs in
chickpea SUN proteins (A). Each colored box represents a motif in
the protein (B), with the motif name indicated for the box on the
right. The length of the protein and motif can be estimated using
the scale at the bottom.

Phylogenetic analysis

Phylogenetic and evolutionary relationships of SUN-domain
proteins from different organisms was investigated using their full
length protein sequences, which lead to the construction of an un-
rooted phylogram. The phylogenetic analysis revealed major clusters as
shown in Figure 4. The SUN proteins from plants, yeasts and animals
formed distinct clusters. Among the plants, monocots and dicots
formed separate clade. The CaSUN1 showed high homology to
Medicago and other legumes and thus grouped together. Cluster I
largely comprised of legume species, while Cluster II contained other
plant species. Likewise, the yeasts were out-grouped from Cluster II
and formed Cluster III. Cluster IV was composed of SUN-domain
proteins from animal species and were grouped together. This shows a
conservation of the SUN superfamily proteins among the close species,
while diversification during the course of evolution.
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regulatory elements (CAREs) revealed enhancer, essential, hormone-
responsive, stress-responsive, and other elements. Among the essential
2 CAREs, TATA and CAAT boxes were detected. The CAREs associated
with environmental stress (MBS, HSE, TGA, TCA and TC-rich
4 repeats) and hormone response (CGTCA-motif, TGACG element)
s were identified. While HSE and MBS involved in water-deficit were
& detected in promoters of all the three chickpea SUN proteins; TCA-
o element involved in SA response and MeJA responsive CGTCA-motif
o were found exclusively in CaSUN1. Similarly, the environmental stress
responsive 5SUTR PY-rich stretch and TC-rich repeats were found in
CaSUN2, while TGA-elements were predicted in CaSUN3. For the
downstream regulation of CaSUN proteins we analysed their
sequenses for their target miRNA. The miRNAs are small, endogenous
RNAs, which dictate gene expression during plant development and
stress responses at post-transcriptional level. Under stress conditions
h many genes have been reported to be regulated post-transcriptionally
. % through several miRNA families [19]. Among CaSUN genes, CaSUN1
5 N showed the target sequences for miR2873a, miR7741-5p.1 and
F miR8743b, while CaSUN2 revealed target sequences for miR3949 and
% miR5674a (Supplementary Table S3). The expression of miR5674 was
found to be upregulated in F cu/moram during environmental stress
[19].
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Figure 4: Phylogenetic analysis of CaSUN1 protein showing major 3D structure prediction and homology modeling

clusters. Non-availability of crystal structure has been a major hurdle in
prediction of functional importance of the conserved motifs. Hence,
for deciphering the functional significance of CaSUN proteins, known
crystal structure were taken as a template for mapping the conserved

residues. The complete 3D structure of CaSUN1 was predicted using

Analysis of upstream and downstream regulatory elements

associated with chickpea SUN proteins

To analyze the regulation of CaSUN genes under stress conditions,
we evaluated 1500-bp sequences upstream of the transcriptional start
site (Supplementary Table S2). The identified putative cis-acting

appropriate template via ab initio based modeling. The best aligned
template (PDB ID: 5ED8 Chain-A) was obtained by searching against
PDB database, where sequence identities was 20.42%, and query
coverage was 196 to 338 amino acid residues.
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Figure 5: The 3-dimensional structure of CaSUN proteins. The model with highest score of prdiction was selected out of five generated models
for CaSUNI (A), CaSUN2, (B) and CaSUN3 (C). The arrow indicates the beta sheet while wire indicates the coil of the proteins. Estimated
accuracy of secondary structure elemnts by I-TASSER for CaSUN1 (D), CaSUN2, (E) and CaSUN3 (F).

The templates were selected as the targets and for the analysis of 3D  five models generated with the target sequence. The highly predicted
structure. A high level of sequence identity/similarity and accurate models were selected using QMEAN score value (-5.86) for the best
alignment between the targets and template led to the prediction of predicted model. Additionally, we used I-TASSER programme for
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homology modelling. To generate the 3D structure of CaSUNT1, the 602
amino acid long sequence was submitted to LOMETS [20,21]. The best
structural template predicted for CaSUN1 was a human nuclear pore
protein (PDB ID 5a9qA). The best 3D structure predicted was aligned
to 5a9gA (human nuclear pore complex) in TM-align server [22] and
checked for accuracy. The resultant model of CaSUNI1 was examined
using Chimera 1.2 [23], which showed 11 a-helices, 9 B-sheets, and 19
coils (Figure 5A). Similarly, the CaSUN2 and CaSUN3 Protein were
best aligned with 4dxtA and 3unpA, respectively, (Figure 5B-C).
Although the sequence identity was significantly lower, the alignment
of the template-structure showed a significant match. In threading, the
percentage sequence identity for the aligned region of the templates
with the query sequence remained between 0.07 and 0.10, while on the
whole it was 0.19. Coverage of threading alignment ranged between
0.96 and 0.98. The normalized Z-scores of the threading alignments
ranged between 0.96 and 2.06. These parameters for CaSUN2 and
CaSUN3 were more consistent suggesting a significant threading
alignment with their respective templates (Table 1). The accuracy of
the predicted models for CaSUN proteins by I-TASSER was estimated
using C-score, which gave a value of 0.49, 0.64 and 1.16 for CaSUNI1,
CaSUN2 and CaSUNS3, respectively. The values of other parameters
(number of decoys and cluster density) used for the structure
validation were also in the reliable range. TM-score for CaSUN1 was
0.65, while estimated RMSD was 8.9. A TM-score >0.5 specifies the
correct topology of the predicted model, while a TM- score<0.17
indicates only random similarity. The TM-score of 0.63 and 0.57 along
with an RMSD value of 9.2 and 9.8 for the predicted model of CaSUN2
and CaSUNS3, respectively, indicates its highly probable 3D structure
with a correct topology (Table 2 and Figure 5D-F).

Positioning of donor and acceptor molecules

The program I-TASSER offers information about the possible ligand
binding sites. For CaSUNI, the top prediction for a structural template
for binding site was locoB, a bovine heart cytochrome C oxidase in
carbon monoxide-bound state at val35 and lys36, which exhibited a C-
score of 0.07. The alignment between locoB and the predicted
CaSUNI model also identified some key binding residues. Thr 84,
Glu258 were found to be involved in Zn+ binding, while GIn318,
Phy321, and Gly322 displayed active role in binding urea. Similarly
CaSUN2 and CaSUN3 also predicted their binding with various
ligands such as FWD, AKG, peptides and nucleotides, among others,
indicating their diverse cellular functions. The binding of CaSUN1
with these ligands suggests other possible roles of SUN-domain
proteins than merely anchorage in nuclear pore complex.

3D structure validation and annotation

Among the three chickpea SUN proteins CaSUN1 has been found to
be involved in abiotic stress response in plants [1] and therefore to
investigate the structure-function relationship of this protein, we
further validated its predicted 3D structure. The 3D model so acquired
was visualized in PyMol program (http://www.pymol.org) and
evaluated on the basis of Ramachandran plot obtained by PSVS
analysis. The Ramachandran plot of a particular protein serves as an
important indicator of the quality of 3D structures. Further, the
analysis of the distribution of torsion angles (¢ and y angles) in a
protein structure provides an important local structural parameter that
control protein folding. The Ramchandran plot for CaSUNI1 showed
that the ¢ and y angles of 90.1% of the residues fell in the most
favoured regions followed by 7.1% residues in the allowed regions. A
comparatively miniscule quantity of residues (~2.8%) was found in the
disallowed regions (Figure 6). The occurrence of more than 90%
residues in the most favoured region suggests that the structural model
produced is a presumably high quality model for CaSUNI.

Protein ?ErrBlplate Iden12 Iden2® Covc :‘:;:2; z
CaSUN1 | 5a9gA 0.07-0.10 | 0.19 996091 0.96-2.06
CaSUN2 | 4dxiA 0.20-0.21 | 0.06 921021 4 35-3.82
CaSUN3 | 3unpA 0.32:0.33 | 0.14 040041 4 142,50

Table 1: Predicted templates for threading by I TASSER. Ident] is the
percentage sequence identity of the templates in the threading aligned
region with the query sequence. Ident2 is the percentage sequence
identity of the whole template chains with query sequence. Cov
represents the coverage of the threading alignment and is equal to the
number of aligned residues divided by the length of query protein.
Norm. Z-score is the normalized Z-score of the threading alignments.

Protein C-score Estimated TM-score Estimated RMSD
CaSUN1 0.49 0.65+0.13 8.9 +4.6A
CaSUN2 0.64 0.63+0.13 9.2 +4.6A
CaSUN3 1.16 0.57 £+ 0.15 9.8 +4.6A

Table 2: Parameters for Predicted 3D model through I TASSER.
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Figure 6: Ramachandran plot analysis of model structure of CaSUN1. The panel A represents the ¢ and y angles of general Ramachandran

MD simulation

Root mean square deviation (RMSD) and root mean square
fluctuation (RMSF) analyses were used to identify simulation
equilibration as well as fluctuations of CaSUNI from starting to
completed MD simulation.

RMSD was applied to analyse the average variation atoms for a
specific frame which is calculated from the reference frames in a
trajectory. The value of RMSD for x frame was calculated from the
following equation:

RMSDx = 1 /N\/(g: R'i(Tx)) — (Rj(Tref))2

i=1

Where N in the above equation represents total number of atoms, R’
is position of the selected atoms where frame x is recorded at time Tx
and Tref is the reference time. Same procedure was reiterated for all
frames in the simulation trajectory. The information regarding
structural conformation throughout the simulation can be obtained by
monitoring the RMSD of the protein. A fluctuation around some
thermal average structures has been generally observed towards the
end of simulation. The equilibriation in the simulation is indicated by
RMSD value. A variation of the order of 1-3 A are acceptable for small
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and globular proteins, while changes much larger than that indicate a
large conformational change in the protein structure during the
simulation [24]. CaSUN1 frames were aligned with respect to reference
frame of backbone, and calculated RMSD was done by atom selection.
MD simulation value was stabilized with some fluctuation at later stage
for whole simulation throughout the 5 ns trajectory (Figure 7). The

RMSD value was found to be below 3 A, which indicated a stable
conformation of CaSUN1 backbone with the template. Similarly, less
than 3.5 A values of RMSD for side chains and heavy atoms across
time suggest a valid structure for CaSUN1 as predicted against the
known template.
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Figure 7: RMSD vs. time plot of MD simulation interaction graph for CaSUN1. The plot represents the RMSD evolution of CaSUN1. Green
peaks represent the backbone, black peaks represent the side chain and brown peaks represent the heavy atoms of CaSUNI.

RMSF helped in investigating local changes along the CaSUN1
protein chain. RMSF for i:

T r
RMSFi = 1. ( Y <R i(T)) — (Rj(Tref))2 >

Where T is trajectory time calculated over RMS fluctuation, Ri is
the position of residue i, R' is the position of atoms in residue i, Tref is
the reference time and the angle brackets represents the average of the

square distance. RMSF was performed to observe the flexibility of
different segments of CaSUN1. We monitored RMSF values for each
residue of CaSUNI in time averaged position. The RMSF plot showed
a high peak at the N- terminal region, while comparatively lower peak
in other residues (Figure 8). The lowest peaks in the C-terminal region
represent least fluctuated residues of the CaSUNI protein during the
MD simulation. The results indicate more rigid secondary structure
elements than the unstructured part of the protein and a less fluctuated
structure on loop or turn regions.
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Sequence-structure-function relationship

Analysis of conserved patterns and their structural components, as
observed in the MSA profile of homologous sequences, established the
sequence-structure-function relationship of CaSUNI1. The structural
roles of identified conserved patterns are highlighted with the
descriptions of their domain families (Figure 9). Out of 96 conserved
patterns for the domain family used [25], only two conserved patterns
were observed for CaSUN1. These patterns found as the member of
muskelin_N and Sadl_UNC domain family were predicted to be
involved in the function of CaSUN1. The muskelin_N is 222 to 364
residues long domain, while Sadl_UNC is 214 to 338 amino acid long
domain. Muskelin was initially identified in vertebrates as a novel
intracellular multidomain protein mediating cell spreading responses
to the matrix adhesion molecule, thrombospondin-1 [26]. This protein
is a kelch-repeat protein. The domain is largely involved in the
regulation of ubiquitin-mediated protein degradation and has a role in

actin binding [27,28]. Many kelch-repeat proteins have been shown to
have the ability to self-associate into dimers or oligomers. Interestingly,
muskelin has not been found in plants or the yeast [29], but in
mammals it was found to be associated with the RanBP9 complex [30].
It is a component of a putative E3 ligase complex as well as has a role in
cell adhesion and regulation of cytoskeleton dynamics. Previous
studies have shown that the two predicted coiled coil motifs in the
luminal region near the N-terminal end of the SUN domain are
responsible for the formation of homo- or hetero-oligomers in SUN1
and SUN2 [31]. Further analyses of the potential coiled coil motifs
within the luminal domain revealed a high probability of dimerization
of the first coiled coil, while a modest chance of trimerization for the
second one [31]. It is likely that the dimerization and trimerization at
distinct regions of the SUN-domain protein luminal region are guided
by SUN-domain and the two coiled coil motifs, respectively which
would be responsible for its specific functions.
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Figure 9: The secondary structure domains of CaSUNI protein shows two distinct functional domains. Muskelin N is 222 to 364 residues long
domain, while Sad1_UNC (SUN domain) is 214 to 338 amino acid long domain.

Conclusion

The function of a protein is significantly related to its structure,
which in turn is defined by the presence of various functional domains
and amino acid residues. The CaSUN1, a SUN-domain protein showed
conserved C-terminal SUN-domain when compared with other SUN
superfamily proteins from across species. The CaSUN1 and its
homologs in chickpea CaSUN2 and CaSUN3 revealed striking
evolutionary conservation as well as diversification among plants and
other species. A highly predicted 3D structure of CaSUNI1 with the
available template was verified with Ramachandran plot analysis and
MD simulations. CaSUN1 protein sequence suggested a secondary
structure with a binding affinity for some ligands, which indicates the
functions of this protein other than its role in nuclear architecture.
Presence of a domain related to muskelin protein, a kelch-repeat family
protein, pointed out its putative role in oligomerisation and hence
diverse functions. This work provides an insight into the functional
aspects of a plant SUN protein and a myriad of other such proteins
with an enhanced understanding of their function associated with
their various structural features.
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