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Abstract

In contrast to yeast and animal cells, plants contain two genes which is encoding
to nucleolin proteins. A comprehensive protein sequence analysis revealed that the two
RNA recognition motifs (RRM) domains are highly conserved and suggesting that the
mechanisms and functions related to RNA contained RRMs are highly conserved in
both plant nucleolin proteins sequences. Whereas Ribonucleoprotein 1 (RNP1) and Ri-
bonucleoprotein 2 (RNP2) that are highly conserved sequences in RRMs from yeast and
animal nucleolin, also my study confirmed that RNP1 and RNP2 sequences are con-
served in plants. Nucleolin could use the same manner in the different species of plants
and animals to achieve its function. Study of evolutionary relationships among nine
different plant species revealed that monocots and dicots form two separated monophy-
letic group meaning that they composed of a collection of organisms, share a common
evolutionary history and including the most recent common ancestor of all those organ-
isms.

_Keywords.' Nucleolin proteins, evolutionary relationships, RNA recognition motifs, Ri-

bonucleoprotein.

Introduction

The most copious protein in nu-
cleolus is nucleolin which might play
a major role in the multiple functions
of the nucleolus. Moreover, its func-
tion in the cytoplasm and in the nu-
cleoplasm, nucleolin has been partic-
ipated in other processes, including
repair, replication and recombination
of DNA (Tuteja et al., 1995; Greg6-
rio et al., 2018 and Carvalho et al.,
2021), pathogens internalization, -
replication, -resistance (Daniely and
Borowiec, 2000; Nisole et al., 2002;
Masiuk, 2010; Jiang et al., 2010),
telomerase nucleolar localization
(Khurts et al., 2004), growth and cell
proliferation (Srivastava and Pollard,
1999), apoptosis (Zhang et al., 2010)
and remodeling of chromatin (Ange-
lov et al., 2006).

In plants, nucleolin proteins
were described in alfalfa (Bogre et

al., 1996), rice (Udomchalothorn et
al., 2017) and pea (Tong et al., 1997).
In alfalfa (Medicago sativa), seven
cDNA clones were isolated from
cDNA libraries and the sequencing of
these clones indicated that at least
three class encode to nucMs (nucleo-
lin of Medicago sativa) genes. It ap-
pears to be the various transcripts
encoded by different alleles, as a re-
sult of alfalfa is an autotetraploid
species (Bogre et al., 1996). In pea,
Southern blot analysis show only one
copy gene of nucleolin protein, and
northern blot analysis indicated that
the labelled cDNA binds to unique
RNA band, nearly the selfsame size
(2.3Kb) of the cDNA (Tong et al.,
1997).

Most of the studies directed to
understand nucleolin function in
plants come from crucifer plant spe-
cies. The first functional description
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of nucleolin protein came from stud-
ies in cauliflower (B. oleracea var.
botrytis). Nucleolin from cauliflower
that participated in processing of 45S
pre-tfRNA, was joined to a large
complex named ribonucleoprotein
(Saez-Vasquez et al.,, 2004a, 2004b).
In the other hand, it was shown that
the genome of Arabidopsis thaliana
(Col0) plants contains two genes en-
coding for nucleolin proteins:
AtNUC-L1 and AtNUC-L2, located
on chromosomes 1 and 3 respectively
(Pontvianne et al., 2007 and Durut et
al., 2014). During evolution, the nu-
cleolin structure is highly conserved;
it consists of three domains with
same arrangement in animal and
yeast: acidic domain, RNA recogni-
tion motifs domain (RRMs) and gly-
cine-arginine rich domain (GAR).
RRM domain was discovered in the
late 1980s in the pre-mRNA splicing
protein hnRNP (heterogeneous nucle-
ar ribonucleoprotein) (Maris et al.,
2005 and Carvalho et al., 2021).

The number of RRMs is similar
in nucleolin from yeast, which pos-
sess two, compared to animals that
contain four RRMs: Four in human
(Srivastava et al., 1989); chicken
(Maridor and Nigg, 1990); rat (Bour-
bon and Amalric, 1990); hamster
(Lapeyre et al., 1985); mouse (Bour-
bon et al., 1988); and frog (Rankin et
al., 1993); two RRMs in S. cerevisiae
(Lee et al., 1992) and S. pombe (Gulli
et al., 1995) and two in alfalfa (Bogre
et al., 1996), Arabidopsis (Pontvianne
et al., 2007) and pea (Tong et al,
1997). Interestingly, within the same
nucleolin protein, the RRMs were
less conserved in compared with the
RRMs from various nucleolin pro-
tein. That means, for instance, the
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conservation between RRM1, RRM2,
RRM3 and RRM4 from human is less
compared with the conservation be-
tween RRM1 from human and RRM 1
from chicken (Ginisty et al., 1999).

In animal, the central domain
structure was analyzed precisely. The
RRM consists of approximately 70-
100 amino acid sequence with a to-
pology BiaB2B300P4. The fold con-
sists of one four-stranded antiparallel
-sheets, which arranged from left to
right in B4f31B3P,, and two a-helicases
packed against the [-sheets, which
are involved in the interaction with
single-stranded RNA (Bouvet et al.,
1997; Maris et al., 2005; Clery et al.,
2008). The two highly conserved
segments named Ribonucleoprotein 1
(RNP1) and Ribonucleoprotein 2
(RNP2) motifs are located in the cen-
tral B-sheets, B;and B, respectively.

In animal, RNP1 consists of
eight amino acids in arrangements
(R\K)G(F\Y)(G\A)(F\Y)VX(F\Y);
while the RNP2 contains six amino
acids in arrangements (L\I) (F\Y)
(V\I) (G\K)(G\N)L. These motifs
contain aromatic residues Y (Tyr); H
(His), F (Phe); or Trp (W) at posi-
tions: 2 that is located in 3;-sheet in
RNP2 and 3 and 5 located in the [33-
sheet in RNP1. The positions of aro-
matic residues are highly conserved,
and they are participated in RNA-
base-stacking interactions (Clery et
al., 2008). The positions of aromatic
residues are highly conserved, and
they are known to be involved in
base-stacking interactions with RNA
(Rao et al, 2006). RNA binds to
RRM by stacking of two specific ba-
ses of the 3° and the 5’nucleotides on
an aromatic residue existent in in 33
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(RNP1-position 5) and Bl (RNP2-
position 2), respectively (Allain ef al.,
2000; and Clery et al., 2008). The
third aromatic residue that is found in
B3 (RNPI1-position 3) possesses hy-
drophobic interactions with the sugar
rings between the dinucleotides
which are stacked to the positions 2
and 5 (Clery et al, 2008). In yeast
each RRMs has also two highly con-
served RNP1 and RNP2 (Kondo and
Inouye; 1992 and Gulli ef al., 1995).
Materials and Methods
Methods in sequence analysis

Plant nucleolin proteins (NUC-
L1 and NUC-L2) sequences were
obtained from
(http://blast.ncbi.nlm.nih.gov/Blast.cg
1) and (http://ppdb.tc.cornell.edu)
sites. Sequence alignments were car-
ried out using Multalin program
(Corpet, 1988). For study the second-
ary structure of RRMs from AtNUC-
L1 and AtNUC-L2 proteins, we used
TMBpro program at site
(http://www.ics.uci.edu/~baldig/tmb.
html) (Randall et al., 2008).

Phylogenetic tree was generated
with MEGA7 software (Kumar et al.,
2016), performing 1000 bootstrap
tests were used in Neighbor Joining
method.
Results
1. Study in nucleolin structure
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In eukaryotes, Nucleolin is a
highly conserved structure that com-
poses of three domains in the same
arrangements: acicdic, RRMs and
GAR domains. Plants and yeast nu-
cleolin contain two RRMs in compare
with four RRMs in animal nucleolin.
To study the conservation of RRMs,
we performed alignment for RRMs
from nucleolin proteins from differ-
ent species of plants, Arabidopsis
thaliana, Oryza sativa indica, Oryza
sativa japonica, Zea mays, Populus
trichocarpa, Sorghum bicolor, Medi-
cago sativa, Nicotiana tabacum and
Pisum sativum as shown in Fig. 1.
The alignment revealed the high con-
servation of all plant nucleolin
RRMs. Moreover, the RRMs from
different protein are more conserved
than the same protein. For instance,
the conservation among
Nit NUC1 _RRMI1 (Nicotiana taba-
cum nucleolin 1 RRMI1) and
Nit NUC1_RRM2 is less compared
with the conservation between RRM1
from Nicotiana tabacum and RRM1
from Populus trichocarpa
(Pot NUC1_RRM1). Thus, as shown
in Fig.1 they are classified to two
clusters, RRM1 cluster and RRM?2
cluster.
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/~ Nit _NUC1_RRM1 TLFVGNLSYSVEQADVENFFKD————— AGEYOEYRFSTH-EDGSFKGYGHYEF ¥—-TAEAAHKAL-ELNGODL L G-RAYRLDLARE
Pot. _HUC1_RRH1 TLFVYGHLSFQYERADVENFFKG————- AGEVADYVRFALD-ADERFRGFGHYEF T--TAEAAROKAL ~KLHGHTL L G-RDVRL DL ARE
Pot._HUC2_RRH1 TLFVYGHLSFOQYERADVENFFKE————— AGEVADYRFALD-ADORFKGFGHYEF T——-TTEAALKAL ~HFHGKSL L G-RDVRL DL ARE
Hes_NUCL1_RRM1 TLFYGHLSFDYKRSDIENFFOG————- CYEYYDYRLASD-GDGYFKGFGHYEF A—-TAEAAQSAL-ENNGOEL L H-RALRLDLARE

TLFYGHLSFSYORSDTESFFOE~

CGEVYDYVRLASD-EDGRFKGFGHYEFA—-TAEAAQSAL ~ELNGOEL L Q-RGYRLDLARE

- Art_HUC1_RRH1 TLFAANLSFHNIERADYENFFKE————— AGEYYDYRFSTHRDDGSFRGFGHYEFA—-SSEEAQKAL ~EFHGRPLLG-RETIRL DTAQE
= Art _NUC2_RRNM1 TLFAGHLSYOQIARSDIENFFKE————- AGEYYDYRLSSF-DDGSFKGYGHIEFA——SPEEAOKAL-ENNGKLLLG-RDYRLDLANE
[a'e Zen_NUCL_RRNM1 TIFYGHLAYSIEREQVKEFFEE- AGEVYDYRLATF-DDGSFKGFGHYEFA—-TYEAAQKAL-EFYGHDLNG-RPLRIDAATE
o Sob_HUC2_RRH1 TIFYGHLAYSIEREOQYKEFFEE————- AGEVYDIRLSTF-DDGSFKGYGHYEFA--TAEAAOKAL ~EF GGRDLHG-RSLRIDLAVE

TLFYGHLPYNYEQEQYKAQF FQE————— AGEYYDIRFSTF-EDGNFRGFGHYEFA——TAEAAKKAL-ELAGHDLNG—-RPYRLDLARE
TLFYGHNLPYNYEQEQYKAQFFOQE~ AGEYYDIRFSTF-EDGNFRGFGHYEFA—-TAEAARKKAL-ELAGHDLNG-RPYRLDLARE
TLFHGHLSFHLHADOYKEFFOQE-———=YGEVISYRLATH-EDGSSRGF GHYOFA—-SSEEAKKAL-ELHGCDL DG-RPVRLDLAHE
TLFHGHNLSFHLHNQDOYKEFFQE—————YGEYISYRLATH-EDGSSRGF GHYOFA——SSEEAKKAL-ELHGCDLDG—-RPVRLDLAHE
TLFHGNYPHKREFDDYKEF FED————-¥GEYYDYRFPTH-DDGHRKGF CYYEF ¥—-SAEAAAKAYKEKQSKELHG-REYVRLDF AKG
TLFHANYPHRAEFEDYKEFFAD=———— AGEYYDYRFPTH-EDGHRKGF CYVEF ¥=-SAEAREKAFKEKASTELOG-REVRLDFAKG
TIFYRGFDKHEREDOTRSSLEEHFA—SCGKIFKTRIPTDPE-GYIKGHAY IEFANGDSDALNKAL-ELDGSEYGG-YHLTYOEAKP
TYFYRGFDKNLGEDE TRAKLHEHFGGTCGEP TRYSTIPKDYESGYSKGFAYHDFK—-DSDSFSKAL-ELHESEL DG-YAQLSYDEAKP
TY¥FYRGFDKSLGEDE TRAKL EQHFA-SCGOASRYSIPKDYDTGYSKGFAYHOFK—-DSDSFNKAI-EL HGSEL DG-YPLSIDEARKP
TYFIKGFDTSGGEDOTRTALEEHFG—SCGDITRISIPKDYDTGYSKGHAYHOFK——DPDSLHNKAY—-ELHGTDL GG-YSL YYDERKP
TYFIKGFDTSYGEDOTRSAL EEHFR—-SCGDITRISTIPKDYDTGASKGHAYHDOFK—-DPDSLHNKAY-EHHNGT YL GD-YSL YVYDEAKP
TIFIKGFDTSLDIHOTRNSLEEHFG—-SCGEITRYSIPKDYETGASKGHAYHDFA—-DHGSLSKAY-ELNGSDL GG-YSLYYDEARPR
TIFYRGFDKSAGEDE TRSS1LOEHFG—-SCGEIKRYSIPTDYDTGATIKGHAYL EFH—-DADAL SKAF-EL HGSOL GE-YRL TYDEAKP
TIFVKGFDKFGAEDETRSSLOEHFG—SCGETSRISTPTDYETGATKGHAYL EFH——DADAHNKAF-ELHGSOL GE-SYL TYDEAKP
SIFYKGFDSSLEESKIRESLEGHFA-DCGEITRYSYPHORETGASKGIAYIDFK—-DOASFSKAL-EL SGSDL GG-YHLYYDERKP
SIFVKGFDSSLEESKTRESLEGHFA-DCGEITRYSYPHDRETGASKGIAY IDFK—-DOASFSKAL-EL SGSDLGG-YHL YYDEARKP
SIFIRGFDKNLSEDETRSSLEQHFS—DCGENTRYSIPTODHESGAIKGHAY IDFK—-DODSYSKAL-ELSGSDIGGGYELYYDEAKP
SIFYRGFDKELSEDETRSALOEHFK—-KCGDITRYSIPTOYESGAIKGHAYHDFK—-DODSYSKAI-ELSGTDIGGGYEL YYDEAKP
KIFYKGFDASLSEDDIKNTLREHFS—SCGEIKNYSYPIDRDTGHSKGIAYLEF——-—SEGKEKAL-ELHNGSDHGGGF YLVYDEPRP
TIYYRGFSSSLGEDETKKELRSHFS—KCGEYTRYHYPTDRETGASRGFAYIDL ———-TSGFDEAL-OL SGSETIGGG-NIHYEESRP
TIFIKGFDTSLDIHOTRNSLEEHFG-SCGEITRYSIPKDYETGASKG
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Figure 1: Alignment of different plant nucleolin RRMs by using Multalin program. Arabidopsis
thaliana Q9FVQI1(ArtNUC1), QIPEPS (ArtNUC2), Oryza sativa japonica_ Q6Z1C0

(OrsjNUC1),

Q7XTT4 (OrsjNUC2), Oryza sativa

indica_ BGIOSIBCE026772

(OrsiUC1), BGIOSIBCE016635 (OrsiUC2), Sorghum bicolor  Sb07g005510 (Sob-
NUC1), Sh01g019710 (SobNUC2), Zea mays FGP025 (ZemNUCI1), FGT019 (Zem-
NUC2), Populus trichocarpa_ 002310655 (PotNUC1), 002307174 (PotNUC2), Medica-
go sativa_ T09648 (MesNUC1), Nicotiana tabacum_Q8LNZA(NitNUC1) and Pisum

sativum_T06458 (PsNUC-L1).

In another hand, the RRM do-
mains alignment from different plant
nucleolin proteins revealed that each
RRM contains two highly conserved
sequences, one of them: the highly
conserved octamer sequences (RNP1)
that is located in 3; sheet and the oth-
er highly conserved hexamer se-
quences (RNP2) that is localized in 3,
sheet as shown in Fig. 3 and in Table
1. Excepting Oryza sativa indica nu-
cleolin 2 (Ori_NUC-L2) that lacks
RNP2 only from RRM2 (Table 1).

The presence of aromatic amino
acids in RNPs is necessary for RRM
binding to RNA (Clery et al., 2008).
For study the position of the aromatic
acid we performed alignment of
RRMs from different plant nucleolin
proteins. The positions of aromatic
amino acids (Y (Tyr); H (His); F
(Phe); or Trp (W)) are conserved and
they are found at positions 2, in ;-
sheet in RNP2 and the other are pre-
sent at positions 3 and 5 in 35-sheet in
RNP1 (Fig. 3 and Table 1).

Table 1. Alignment of the conserved RNP-1 and RNP-2 from two RRM motifs found in
plants nucleolin proteins by using Multalin program.

RRMI1 RRM2
RNP2 RNPI1 RNP2 RNP1

Nit NUC-L1 LFVGNL KGYGHVEF IFVRGF KGMAYIEF
Mes_ NUC-L1 LFVGNL KGFGHVEF VFVRGF KGFAYMDF
Pis_ NUC-L1 LFVGNL KGFGHVEF VFVRGF KGFAYMDF
Zem_NUC-L1 IFVGNL KGFGHVEF VFIKGF KGMAYMDF
Orsj_NUC-L1 LFMGNL RGFGHVQF IFVKGF KGIAYIDF
Orsj_NUC-L2 LFVGNL RGFGHVEF IFIKGF KGMAYMDF
Art NUC-L1 LFAANL RGFGHVEF IFVKGF KGIAYLEF
Art NUC-L2 LFAGNL KGYGHIEF IYVRGF RGFAYIDL
Zem_NUC-L2 LFMGNV KGFCYVEF IFIRGF KGMAYIDF
Sob_NUC-L1 LFMANV KGFCYVEF IFVRGF KGMAYMDF
Orsi_NUC-L1 LFMGNL RGFGHVQF IFVKGF KGIAYIDF
Sob_NUC-L2 IFVGNL KGYGHVEF VFIKGF KGMAYMDF
Orsi NUC-L2 LFVGNL RGFGHVEF IFIKGF | ...
Pot NUC-L1 LFVGNL RGFGHVEF IFVRGF KGMAYLEF
Pot_NUC-L2 LFVGNL KGFGHVEF IFVKGF KGMAYLEF
Consensus LFVGNL KGFGHVEF IFVKGF KGMAYMDF
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In topology study of RRM1, RRM2 and their separated region (linker), we
observed that there are four [-sheets separated with two a-helicases
(B1aB2PsazP4) in each RRM as shown in Fig. 3. Moreover, the linker is longer
in AtINUC-L1 (29bp) than AtNUC-L2 (21bp).

RRM1 Linker

S(I’ RN Pl&O TT - 180 1 I(I’

EVVDVRLAS - DGOGVRKGF GHVE FR - - - = = - AFTPMNNSNY SAQSGGRGQS
EVVDVRLAS - DEOGVRKGFGHVE PR - - AFTPNNNSNY SAQSGOREGS
EVVDVRLAS -DEDGRYKGF GHVE F - ~AFTPNSTGN- - -QNSGROQS
KGFGHVE FlR FTPNSTGN- - -QNSGRGQS
RGF GHVE F NTPYSKDSSSFPKGGSOQS
KGF GHVE F NTPYSKDSHSFQKGGROQS

19 40

Mes_CAAB1298 - ATPNETSGSHTLF
Mes_To9648 -ATPNETSGSHT

Pis_AAATA208 -ATPSENGGSHT
Pis_TO6458 - ATPSENGGSHT
Pot_XP_002310655 - PVAHENTGSHIT LFVGNL
Pot_XP_002307174

Nit_BACO2896 HEDGSYXGYGHVE Fl ARERGE = =YTPRTGREENSFQRQGRSEG
Nit_QSLNI4 = TPKAQTPGSHT ~HEDGSYKGYGHVE F ARERGE - - - - - YTPRTGREENSFQRQGRSEG

Art_QFFVQl TPSTPAAGGSMITLFAANL NRDOGSYROGF GHVE FRSSEEA ERGERGERPAFTPQSGNFRS - - GGDGGDE
Art_QIPEPS -PTNQTQGGSHT - FDOGSYNGYGHIEFRSPEEA ERG===~===~ TPRANSNPGR - - KGEGSQS
orj_QseIlce AT -HEDGSYR E-RG AYTPHSRNDTGSFQUQNRGSS
Ori_BGIOSIBCEQ26772 AT -HEDGSJRG AME -RG TPHSRNOTGSFQUQNRGSS
~HODGNRKGFCYVEF G-RS TPRSGND -GSFQIAARGNS
~HEDGHRKGF CYVEFR" GGRN TPRSGND -GSFQKPARGTS

-FEDGNYRG!
-FEDGNY
-FDOGS

GSGRONS SFKKPAQSSG
TPGSGRONSSFKKPAQSSG
TPNSGEDNGSFRESAQRSG

KSQSQAT-GSHT

Sob_Sb01ge197101

Zem_AC2002032_FGPO25 KSQSQAT ~FODGSYK ~AYTPSSGKDNGSFEKFAPRSG
127 137 147 157 167 177 187 197 207 217 227
RNP2| I RNP1 I | I

Mes_CAA61298 QI FVRGFPKNLGEDE IRAKLMEHF GGTCGEPTRVSIPKDYESGYJKGFAVIDF | - -DSDSF SKALELHESELDGY - QLSVDEAKPRDSQGPGORG - = = - = = = mmmmmmm =
Mes_T09648 QIVFVRGFPKNLGEDE IRAK LMEHF GGTCGEPTRVSIPKDYESGY JKGFAYMOF | - -DSDSF SKALELHESELDGY - QLSVDEAKPRDSQGPGORG == = == == === ===cucnnas
Pis_AAAT74208 QI/FVRGFPKSLGEDE IRAKL EQHF A- SCGQASRVSIPKDYDTGYJKGFAYMOF | - - DSDSFNKATELHGSELDGY - PLSIDEAKPRESTGF GGRG

Pis_To6458 QIVFVRGFPKSLGEDE IRAKLEQHFA- SCGQASRVSIPKDYDTG FAYMOF [ - -DSDSFNKATELHGSELDGY - PLSIDEAKPRES TGF GGRG - = - =
Pot_XP_002310655 QI FVRGFPKSAGEDE IRSSLQEHFG-SCGEIKRVSIPTOY KGMAYLEF - - DADAL SKAF ELNGSQLGEY - RLTVDEAKPRSONRDSRDS - = - =
Pot_XP_002307174 QI FVKGFPKFGAEDE IRSSLQEHFG-SCGEISRISIPTDYETGARKGMAYLEF ] - -DADAMNKAF ELNGSQLGES - YL TVDEAKPRTONRDSRDS - - - -

Nit_BACO2896 TTRFVRGFPKNEAEDQIRSSLEEHFA-SCGKIFKTRIPTOPE -GYJKGMAY T EF ANGDSDALNKALELDGSEVGGY -NLTVQEAKPRGDSSGGGRG

Nit_Q8LNZ4 TTRFVRGFPKNEAEDQIRSSLEEHFA-SCGKIFKTRIPTOPE -GYJKGMAY T EF ANGDSDALNKAL ELDGSEVGGY -NLTVQEAKPRGDSSGGGRG

Art_QIFvQl KA FVKGFPASLSEDOIKNT LREHFS - SCGEIKNVSVPIDRDTGNYKGIAYLEF | - - EG- - KEKALELNGSDMGGGF Y LVVDEPRPRGOSSGGGGF - « - -

Art_QIPEPS RTEYVRGFBSSLGEDE IKKELRSHF S - KCGEVTRVHVPTOR RGFAYIOL[ - -SG- - FDEALQLSGSE IGGG-NIHVEE SRPRDSDEGRSSN - = - =

orj_Q621C0 Qe FVKGFPSSLEESKIRESLEGHFA-DCGEITRVSVPMOR KGIAYIOF ] - -DQASF SKALELSGSDLGG - YNLYVDEAKPKGOSROGGGR - - - -
Ori_BGIOSIBCEG26772 QFVKGFPSSLEESKIRESLEGHFA-DCGEITRVSVPMDRETGAS - -DQASF SKALELSGSDLGG - YNLYVDEAKPKGDSRDGGGR
Zem_AC2088382_FGTO19  SEFIRGFPKNLSEDEIRSSLEQHFS-DCGEMTRVS - -DQDSVSKALELSGSDIGGGYEL AKPRGDGQRGGGR

Sob_sb@7goess1el N FVRGFPKELSEDEIRSALQEHFK-KCGDITRVSIP - -DQDSVSKATELSGTDIGGGYE LYVDEAKPKGOGQRGGGR == = == == =esesoncaaans
Orj_Q7XxTT4 NTEFIKGFPTSLDOIHQIRNSLEEHF G- SCGEITRVSIPKD - - DNGSLSKAYELNGSDLGG - Y5 LYVDEARPRPDNNR EGGF SGGRDFNSSGRGGRRGGRGD
Ori_BGIOSIBCE@16635 NTEFIKGFPTSLOIHQIRNS LEEHF G- SCGEITRVSIPKDYETGARKG- === -] occcamcnoncncacnannnns LYVDEARPRP= === =cscecemsacmaaccaancans
Sob_Sb@1g0197101 NTVFIKGFPTSVGEDQIRSALEEHFR-SCGDITRISIP - -DPDSLNKAYEMNGTYLGD - YSLYVDEAKPRPONNRDGGF - = = == == === === == =c e
Zem_AC2002032_FGPO25  NTVFIKGFPTSGGEDQIRTALEEHFG-SCGOITRISIP - -DPDSLNKAYELNGTDLGG - YSLYVDEAKPRPONS - -GGF5G- == == === === ===mum

L I— !
B, oy B, Bs o, Bs

Figure 3. Amino acid sequences alignment (ClustalW) of nucleolin protein RRM1 and RRM2
from Pisum sativum, Populus trichocarpa, Nicotiana tabacum, Arabidopsis thaliana
(Art), Oryza sativa japonica, Medicago sativa, Zea mays and Sorghum bicolor, Oryza sa-
tiva indica. Whereas, the black, red and gray dashed lines correspond to RRM1, linker
and RRM2, respectively. Black boxes refer to RNP1s and RNP2s in the two RRMs.
RRMI1 and RRM2 secondary structure elements are indicated below the sequences.
Whereas black and gray lines represent a-helices and b-sheets

ca, Populus trichocarpa, Medicago
sativa, Sorghum bicolor, Nicotiana
tabacum and Pisum sativum) of
plants depends on amino acid se-
quences of RRM1s and RRM2s from
different types of nucleolin. The his-
tory of evolution was deduced using

2. Evolutionary relationships of
RRM2s and RRM1s from different
types of nucleolin from plants

To study of evolutionary rela-
tionships among nine types (A4ra-
bidopsis thaliana, Oryza sativa ja-
ponica, Zea mays, Oryza sativa indi-
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the Neighbor-Joining method as
shown in phylogenetic tree (Figure
4). By analysis of phylogenetic tree,
the monocotyledon and dicotyledon
sequences were arranged in two sepa-
rated tight groups at the branch tips.
In dicot. group, the two nuc-l11 and
nuc-12 are clustered on the same

100 | Mes CAAB1298
| Mes T09648

Pis AAA74208
100 ! Pis T06458
Pot XP 002310655

4100!:% XP 002307174

Nit BAC02896
100 I Nit Q8LNZ4

69

57

86

95

branch but in monocot. nuc-11 from
each Oryza sativa japonica and Ory-
za sativa indica; and Sorghum bicolor
and Zea mays are on one branch, in-
dividually that is the same for nuc-12
from monocot. plants.

>—Dicot

Art QOFVQ1

100 | Orj Q621C0

v

| Ori BGIOSIBCE026772

Art Q1PEP5
—-/

—

Zem AC208838.2 FGT019

100 | Orj Q7XTT4

99

0.05

[
10— Sob Sb07g005510.1

| ori BGIOSIBCE016635

—— Sob Sb01g019710.1
00— Zem AC200203.2 FGP025

~————[Monocot

Fig 4. Phylogenetic tree of different plants depends on their RRMs of nucleolin proteins
using Neighbor Joining method. nucleolin proteins schematic from Arabidopsis
thaliana, Q9FVQ1(AtNUC-L1) and QI1PEPS (AtNUC-L2), Oryza sativa japoni-
ca, Q6Z1C0O (OsjNUC-L1) and Q7XTT4 (OsjNUC-L2); Oryza sativa indica,
BGIOSIBCE026772 (OsjNUC-L1) and BGIOSIBCE016635 (OsjNUC-L2), Sor-
ghum bicolor, Sb07g005510 (SbNUC-L1), and Sb01g019710 (SbNUC-L2); Zea
mays FGP025 (ZmNUC-L1) and FGTO019 (ZmNUC-L2), Populus trichocarpa,
002310655 (PtNUC-L1) and 002307174 (PtNUC-L2), Medicago sativa, T09648
(MsNUC-L1), Nicotiana tabacum Q8LNZ4 (NtNUC-L1), Pisum sativum T06458

(PSNUC-L1).

Discussion

In plants and animal, RNA-
recognition motif (RRM) structure is
conserved during the evolution.
Whereas RNP1 and RNP2 that are
highly conserved in RRMs from yeast
and animal nucleolin, also they are
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conserved in plants. The conservation
is in their positions and sequences,
where the aromatic amino acids are
localized in RNP2 (position 2) and in
RNP1 (positions 3 and 5). It is similar
as in animal and yeast, the RNP1 and
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RNP2 exist in B3-sheet and ,-sheet,
respectively. Also, the arrangements
of B and o sheets are quietly like that
finding in animal nucleolin (Maris et
al., 2005 and Clery et al, 2008).
Binding of RNA to the RRM by
stacking of two certain bases of the
3’and the 5’ nucleotides on an aro-
matic residue found in B3 (position 5
in RNP1)and in B1 (position 2 in
RNP2), respectively (Allain et al,
2000 and Clery et al., 2008). The
third aromatic ring that is usually lo-
cated in B3 (position 3 of RNP1) has
often hydrophobic interactions with
the sugar rings between the dinucleo-
tides which are stacked to the posi-
tions 2 and 5 (Clery et al., 2008). It
seems to be nucleolin use the same
manner in the different species of
plants and animals to achieve its
function.

Plants show two genes encoding
nucleolin proteins. Both proteins are
structurally conserved and have the
tripartite organization characteristic
of nucleolin: i.e. the acidic, the RRM
and the GAR domains. Protein se-
quence analysis revealed that the two
RRM domains are highly conserved
and suggests that the mechanisms and
functions related to RNA are con-
served in both plant nucleolin se-
quences. Study of evolutionary rela-
tionships among nine types revealed
that monocots and dicots form two
separated monophyletic group mean-
ing that they composed of a collec-
tion of organisms, share a common
evolutionary history and including
the most recent common ancestor of
all those organisms (Slobodian and
Pastana, 2020).
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