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ABSTRACT. Nucleoporin 98 (NUP98) and nucleoporin 96 (NUP96) are
essential components of the nuclear pore complex (NPC) in eukaryote
cells. However, there is a lack of available information about complete
Rehmannia glutinosa NUP98-96 (rgNUP98-96) sequences. Here, the
full-length cDNA sequence of rgNUP96-98 was isolated from R. glutinosa
using rapid amplification of cDNA ends (RACE) technology, based on a
cloned cDNA sequence (GenBank accession No. JZ483329). The identified
rgNUP98-96 was 3476 bp, and it encoded a 1041-amino acid peptide. The
BLAST search analysis of gNUP98-96 showed an intermediate degree of
similarity (60-79%) to the NUP98-96 protein sequences of 34 other plants,
including the dicotyledons Erythranthe guttata, Genlisea aurea, Coffea
canephora, Nicotiana benthamiana, Solanum lycopersicum, and Solanum
tuberosum. The phylogenetic analysis of NUP96-98 sequences indicated
that R. glutinosa and E. guttata sequences shared the closest homology.
The calculated molecular mass and predicted isolectric point of the complex
protein were 117.6 kDa and 4.99, respectively. The secondary and three-
dimensional structure studies illustrated that the rgNUP96-98 protein folded
into a channel motif comprised of 34 alpha-helices, nine beta-strands, and
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several long loops. Using quantitative real-time PCR, the spatio-temporal
expression patterns of rgNUP98-96 were analyzed in R. glutinosa, and the
results indicated that rgNUP98-96 was highly expressed at the early stage
of R. glutinosa tuberous root expansion, which is associated with a higher
expression pattern in roots. The study provides a valuable foundation for
further investigation of rgNUP96-98 molecular functions in R. glutinosa.

Key words: NUP98-96; R. glutinosa; RACE technology; qRT-PCR;
Sequence analysis

INTRODUCTION

The nuclear pore complex (NPC) is the sole gateway between the nucleoplasm and the
cytoplasm, reconciling RNA and protein traffic in eukaryotic cells. It is a crucial process for various
cellular activities that regulate gene expression, facilitate cell nucleocytoplasmic transport, and
influence development (Fiserova et al., 2009; Hetzer and Wente, 2009; Bonnet et al., 2015). Plant
NPCs are comprised of multiple copies of approximately 30 different proteins called nucleoporins
(Parry, 2013; 2014). Nucleoporin 98 (NUP98; a gatekeeper) and nucleoporin 96 (NUP96; a scaffold),
are essential components of the NPC, and are located at both the cytoplasmic and the nuclear sides
of the NPC central channel (Terry and Wente 2009; Parrott et al., 2011; Stuwe et al., 2012; Franks and
Hetzer, 2013; Byrne et al., 2014; Morchoisne-Bolhy et al., 2015). In many cells, the conserved NUP98-
96genes generate a long mRNA with an open reading frame (ORF) for a polyprotein. This polyprotein
is processed by autocatalytic cleavage that subsequently separates the two functional units (NUP98
and NUP96), which control the transcription of specific target genes that regulate developmental
transitions and the cell cycle (Hulsmann et al., 2012; Panda et al., 2015). The composition and
function of the NPCs have been well identified and characterized in vertebrate and yeast cells (Tran
and Wente, 2006; Aitchison and Rout, 2012), whereas the status of research aimed at deciphering
those of the plant NPCs is limited (Tamura et al., 2010; Chang et al., 2013; Tatout et al., 2014).
Although NUP98-96 has been identified and annotated by automated computational analysis for
some plant species (e.g., Arabidopsis, Solanum lycopersicum, and Glycine max) (Tamura et al.,
2010; Potato Genome Sequencing Consortium, 2011; Chang et al., 2013; Park et al., 2014), there is
little information about plant NUP98-96 isolation and characterization.

Rehmannia glutinosa (Scrophulariaceae) is a perennial herbaceous plant. It has various
medicinal properties that are associated with its astringent, diuretic, anti-inflammatory, anti-fungal,
and anti-radiation characteristics. It is also used in treating liver disorders and diabetes. Because
of its specific actions, lack of serious side effects, and lower price, R. glutinosa is one of the
most popular medicines used in traditional Chinese clinical practice. However, there is currently
no information regarding specific R. glutinosa molecules or nucleoporins with altered nuclear
transport during development processes, and the genomic resources available for R. glutinosa
are limited (Yang et al., 2013). The rapid amplification of cDNA ends (RACE) technique allows
the characterization of the full-length sequence of an RNA transcript found in various tissues,
especially those of non-model organisms that lack a full genome sequence (Scotto-Lavino et al.,
2006a; 2006b). Here, we described the application of RACE technology to obtain a full-length
cDNA encoding NUP98-96 from R. glutinosa (rgNUP98-96). We also analyzed the rgNUP98-96
phylogeny and its structural models to present a three-dimensional (3D) structure, which allowed us
to recognize its active sites. Finally, we investigated the expression patterns of this gene in various
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tissues during R. glutinosa development stages. The purpose was to reveal the possible functions
of rgNUP98-96 and their target proteins during the R. glutinosa developmental processes.

MATERIAL AND METHODS
Plant materials

The R. glutinosa cultivar “Wen 85-5" was cultured from the Wen Agricultural Institute,
Jiaozuo City, Henan Province, China. The plants were grown between April 22, 2013 and November
30, 2013. To clone gene sequences, a mixture of five whole plants (including leaves, stems, and
roots) was sampled at the early stage of R. glutinosa tuberous root expansion (July 22, 2013). The
roots, stems, and leaves from five independent plants were collected every month from May 22 to
October 22, 2013 to measure gene expression patterns during the following developmental stages:
seedlings (May 22), root elongation (June 22), tuberous root expansion (early, July 22; middle,
August 22; and late, September 22), and maturity (October 22).

Total RNA extraction, gene cloning, and sequencing

The TriZOL reagent (TaKaRa Co., Tokyo, Japan) was used to extract total RNA from
each sample, following the manufacturer protocol. For 5'-RACE and 3'-RACE, the primers (Table
1) were designed according to a 786 bp fragment of rgNUP98-96 cDNA, which was obtained
from R. glutinosa EST sequences in GenBank (accession No. JZ483329) at the National Center
for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/dbEST/). For 3' and 5'-RACE,
total RNA was incubated with SMARTScribeTM Reverse Transcriptase (Clontech Laboratories,
Inc., USA ) and 3' and 5-RACE CDS Primer A, respectively. Using touchdown PCR, the first cDNA
chain was amplified with an rgNUP98-96 gene-specific primer for 5' and 3' ends and the Universal
Primer A Mix supplied with the kit. Nested PCR was performed with a gene-specific primer for
5" and 3' ends and the short Nested Universal Primer A from the kit. The nested PCR products
were separated on a 1.2% (w/v) agarose gel, and each of the target DNAs (5' and 3' ends with
the expected size) were then excised from the gel and purified using a MiniBEST Agarose Gel
DNA Extraction Kit Ver. 4.0 (TaKaRa Co., Tokyo, Japan). The purified fragments were cloned into
the pMD18-T Vector (Takara, Japan) and transformed into E. coli DH5a cells. After screening, the
recombinant plasmids were isolated and purified, and the target DNA was Sanger sequenced in
both directions. The full-length cDNA of the gene was obtained by assembling the partial cONA and
the 5' and 3' ends. Bioinformatic analyses were performed using DNAman software.

Table 1. The primer sequences used in R. glutinosa RACE PCR and gRT-PCR analyses.

PCR Type Primer Sequence (5'to 3') Site (bp) Tm (°C)
RACE Touchdown PCR 5'end CAAGACACAGCAACTGAGAAACAAATG 482 65.5
3'end TAGGACTGGTAATGTGGTATCAGCTTC 180 67.1
Nested PCR 5'end CAAGACACAGCAACTGAGAAACAAATG 34 65.6
3'end ACCTAGCTTATTATCTTATGCTTCTTC 384 62.2
qRT-PCR NUP98-96 Forward: CATAAGACAAATGCCGCTCTCA 107 60.5
Reverse: ATAAACAATGCCGCGTCAAC 311 58.7
18S rRNA* Forward: TTCTTAGTTGGTGGAGCGATT 1281 58.9
Reverse: CAGACCTGTTATTGCCTCAAAC 1435 59.5

*The primers used to amplify the reference gene (18S rRNA) are also listed.
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rgNUP98-96 sequence analysis and prediction

The obtained nucleotide sequence was translated using Translate Tool (http://www.expasy.
ch/tools/translate/), and the properties of the deduced amino acid sequence were estimated using
ProtParam (http://web.expasy.org/protparam/). Predictions for isoelectric point (pl) and molecular
mass were made using the entire open read frame (ORF) and the pl/MW tool at Expasy (http://
web.expasy.org/compute_pi/). The prediction of protein localization sites in cells was conducted
using the PSORT program (http://psort.hgc.jp), and the secondary structure was determined using
PSlpred (http://bioinf.cs.ucl.ac.uk/psipred/) (Herbert and Bemstein, 2000). The 3D structure of the
rgNUP98-96 protein was predicted using the CPHmodles 3.2 server (http://www.cbs.dtu.dk/services/
CPHmodels/) and the RasMol program (http://en.wikipedia.org/wiki/RasMol/) (Bernstein, 2000).
Conserved domains of the deduced protein sequence were obtained by searching for homologous
proteins in different databases using the BLASTp-Basic Local Alignment Search tool at NCBI
(http://blast.ncbi.nim.nih.gov/Blast/). Sequences with the similarities were separated, and multiple
alignments and phylogenetic construction were performed using MEGA 4.0 (Kumar et al., 2008).

Quantitative real-time PCR (qRT-PCR) analysis

Following incubation with RNase-free DNase |, reverse transcription reactions were
performed using 5 pug of RNA and M-MLV reverse transcriptase (TaKaRa Co., Tokyo, Japan) in
accordance with the manufacturer instructions. For gRT-PCR, the primers were designed based on
the rgNUP98-96 ORF sequences. A primer pair for 18S ribosomal RNA (GenBank ID: EU787015.1)
was used as the inner control. Primers were designed using Beacon Designer 7.0 software (Premier
Biosoft International, Palo Alto, CA, USA), and the PCR primers are shown in Table 1. To detect
gene expression abundances, qRT-PCR reactions were performed using a BIO-RAD iQ5 real-time
PCR detection system (Bio-Rad Laboratories, Inc., USA) and Maxima™ SYBR Green qPCR Master
Mix (2X) (Fermentas, CanadaCo., Ltd., Canada). The reaction mixture (25 pL) contained 0.5 yM of
each primer and the appropriate amounts of enzymes, cDNA, and fluorescent dyes. All runs used
a negative control without adding target cDNA, resulting in no detectable fluorescence signal from
the reaction. A range of five total cDNA dilutions was tested under the same conditions. Amplification
reactions were initiated with a pre-denaturing step at 95°C for 10 s, which was followed by denaturing
(95°C for 5 s), annealing (59°C for 10 s), and extension (72°C for 15 s) steps for 40 cycles during
the second stage. A final stage of 55 to 95°C was used to determine the dissociation curves of the
amplified products. All reactions were performed with at least three replicates. The relative expression
levels of these genes were calculated using the 2 24°T method, and the data were normalized based
on 188S ribosomal RNA CT values (Livak and Schmittgen, 2001).

RESULTS
Analysis of nucleotides and deduced amino acids

In order to characterize the full-length rgNUP98-96 cDNA, total RNA was isolated at the
early stage of R. glutinosa tuberous root expansion. We designed 5' and 3' cDNA touchdown
nested PCR primers based on the EST sequence from NCBI Genbank (accession No. JZ483329).
Based on the SMART-RACE technology, 2300 bp of 5' and 1400 bp of 3' rgNUP98-96 cDNA
products were amplified via the touchdown PCR approach (Figure 1a), and approximately 2000
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bp and 1200 bp fragments of rgNUP98-96 5' and 3' cDNA were isolated using the nested PCR
method, respectively (Figure 1b). Nested PCR fragments of the expected size were purified,
cloned, transformed, and positively screened. Using Sanger sequencing technology, we obtained
1925 bp and 1201 bp of rgNUP98-96 cDNA 5' and 3' ends, respectively. After the sequences
were assembled using DNAman, a 3476 bp fragment of the gNUP98-96 cDNA was generated,
containing a 3123 bp coding sequence, which encoded a 1041 amino acid residue protein (Figure
2). Sequence analysis revealed an ATG start codon at a position equivalent to a short (77 bp)
5'-untranslated region (UTR). The framed ATG codon region was also present in the nucleotides at
positions +4 (G) and -3 (A), which was a typical KOAZK (AXXATGG) character sequence from the
cap that contained TATA-like, CAAT-like, and GC-Box sequenceelements in the 5' upstream UTR.
In addition, the 3' downstream UTR existed in an unsteady signal sequence. The results showed
that the cDNA was a full-length NUP98-96 sequence that contained a complete ORF.

The calculated molecular mass of the deduced polypeptide was 117.6 kDa, and the
predicted pl was 4.99 (Table S1). The total number of negatively (Asp + Glu) and positively (Arg
+ Lys) charged residues were 157 and 102, respectively. Using the PSORT program, the protein
subcellular localization prediction of rgNUP98-96 is in the cell nucleus.

Q 2 3 b

2000bp—»
2000bp—
1000bp 1000bp—
500bp S— 500bp —_—
100bp

100bp —>

Figure 1. Agarose gel electrophoresis of R. glutinosa NUP98-96 PCR products using SMARTerTM Race technology.
(a) Touchdown PCR products. Lane 1: DL2000 size marker; Lane 2: 5' Race PCR products; Lane 3: 3' Race PCR
products. (b) Nested PCR products. Lane 71: DL2000 size marker; Lane 2: 5' Race PCR products; Lane 3: 3' Race
PCR products.

Analysis of conserved domains and phylogeny

To explain the characteristic features of rgNUP98-96, the deduced polypeptide sequence
was aligned with the NCBI non-redundant sequences (Nr) database using BLASTp with default
parameters. We detected two putative NUP2 (pfam accession: PF04096) and NUP96 (pfam
accession: PF12110) conserved domains (Nup2 and Nup96) in Nup98-96. The rgNUP98-96
polypeptide domain exists in the conserved cleavage site (187) between His-Phe-Ser (HFS) within
the NUP2 domain, and it produces two nucleoporins, NUP98 (186 aa) and NUP 96 (855 aa) (Figure
2 and Figure S1).

The deduced rgNUP98-96 amino acid sequence showed an intermediate degree of
similarity (60-79% identity) with the NUP98-96 sequences from 34 other plant species (Table 2).
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To analyze the rgNUP98-96 phylogenetic relationships across plant species, a phylogenetic tree
was constructed from an alignment of the rgNUP98-96 deduced amino acid sequence and the
sequences from the 34 plant species (Figure 3). As expected, the NUP98-96 sequences of R.
glutinosa and six other dicotyledons (Erythranthe guttata, Genlisea aurea, Coffea canephora,
Nicotiana benthamiana, Solanum lycopersicum, and Solanum tuberosum), indicated close
homology, and the sequence relationships were especially close between R. glutinosa and
Erythranthe guttata.

TATA-like CAAT-like GC-box KOAZK sequence
1 cagtgctgctcTAG"AC}'HﬁgcattccaMTaaawm{:fcctaagttgaaattattctgagctaagttgatgtagggatactaaagcaaatgcctgctgct
¥EVYDVGILE®QGMNP A & 14
120 caatctcagttcaaaagaagaagaatitccatgsatggtgcagacacttctatttcatgtcagctcttgcatgaagt tgaaaattctttaccaacactacgatgt tetgat tactatact
LEEYENSLFTLERCSDY TYTTOSAQFKEKEREREREISNDGADTSTI S C B
240 aaaccttgcttaagtgagttggctatcogggagttaatgaatcctggttattgcagcagagtocaagattttgttgttegaagzst tggttatggatzcgtasagtttattgggzagace
EPCLSELAIRELMNNEPGYCSEVYQDFYYGRYGYTYGECOCYEFTIGET 3¢
360 gatgzttagatgcottggatttgzactgcatogtcaagtttaatagacgcgaagttgttgtatatgaagatgacagttccaagocettggttegtcaaggtetcaacaagoccaget gaagta
D ¥YERECLDLDCIVEFNEREREYVYYYYEDDSSSEPLYGOQGLUNETFPAETV 134
480 actitacaacticaagcasaatcggtgagtaatttgactzaggategattaaaagaaattgtgeataaattgaagtgcaagacagagagtcaagegecaaaatttatctecatttgateca
TL®RLQ4si ESVSNHELTEDERTLEKETIV VDI ELIETCETESQOGAETFTISFDFP 174
600 acttgeggtgaatzgasatttatagtacageattttageagattiggtotggstaaagaagateaagaggataticcgatggatgatgtgtocccagaggctoaagatoct zeagacaty
EFIVQ lil!illi RFGLGEEDETEDIPNDDVY SPFELQDFPATDMN Z4
T20 aatgatagtgaggtatcagatgttgatgaagaaactaaccggactccactttcacattotettoctgotcatettggtotggatectgocaggatzaaggatttgaagatgttgtttttt
¥NDSEVSDYDEETUHNRTPLSHSLPAHELSGLDFPAERMNETDTLEDNLTFTF 204
840 cctgcogaggtagatgagetagatggtotcagtageatgctttcacatgataagecccottttgt taaggaatcotcaagatetocattaaat tact catectggaagacagt teataag
P 4EYDEVDGLSSNLSHDEPPFYVYEESSERESPLUNYSSVWETVHE 20
960 agasatgecgetctcattcogtaasgactocattagetttaaaagagtataaccetggaagttttagetctagetcocctggagctattittgatggoccaacaaaatagagettigeateta
TN 4 4LIREKTPLUALEKETYU NPGSFS3 55 8PGATILMNALAQQQNRTGLHL 33
1080 accacagcaaaatctgaaggttttzagetgzagettaagaacasaacaccagtaactggaagtcattctcataatattgttgacgoggcatigtttatgggtagatcottttcgagtagst
T 4K SECGFELELEKDNETPYTGSHSHENIVDAALLTFIMNGETSTFRVG 374
1200 tggegtocaaatggtgtocttgttcattotggtatgoctgttggtagtgatzactetogaattgtattatcototgtgat caat cttgaaaaggtegcaattgacaaagt gacaagagat
I ¥LSs&8Y INLEEKTYUAHLIDETVTERDVYGCPFNGYLVYHSGMNPFPVYGSDDSE 30
1320 gaaagcaataaagttagegaggaactcactgattttigittcagetctococtcagtottcacaaggaattaagtcatgaaacaaasaaaat tgacat gggaacct ttgagetgaaactt
HEELSHETEEKTIDMNGTTFELIEKLEZSUHNET VEREELTT IDFTOCFS S5 PL 5L 45
1440 caaaagcttgtcotgegacegottgactottectgatatitgteggagatatatagacatcattgagaggcaactagaggtgcctact ttatcateaget totogtgttitgttgatgcas
QFKELVYCDERELTLPDICEERTYTIDTITIEERG®QLETYFTLZESZALSEERVVLLNIH ¢
1560 caagtattggtttgggagttaattaaagtactcttttoctcgaggaaaatgtct ggaaaattgaagoctttggaagatgaggaggatzatatgataceagatggeagggaaagttateca
Q¥ LVYV¥ELIEKEVLFSSEEKENSGEKELI EKPLETDEEDDNTIFPFDGERET ST P 53
1680 gatgttgacgaagaageactteccact tattagecgagcagaatttagt tattggct gocaagagagt gt teaccaccgt gtacaagaggaagt tagt teactagatgagttgagtgattta
D ¥yDEESALPLTIREAEF S SY ¥LOQESVHEHRRYQETETVSS3LDETLSDL 574
1800 gaacatatattcttgcttcttacaggsteggeasgctggatgctgotegtegaagttgctgottccagaggggatgtaagactatcttgtotttigagecaagetggtegt tecacagcaaat
EHIFLLLTOGRIQ@LDMAALATYETVTALA LS RGDYRLSCLLSQAGGESTADN B4
1920 cgtgctgatattgeccatcagettgacotttiggasgzaaaaatggactggatt ttagttttat tgagzagzatagegtaaggctgcttgaattactttotgganacattcatggagestta
R 4A4DI A HEQLDLVYEEDNGLDTFSESFIEEDEVYERLLELTLTESECGHNTIHTGAL &3
2040 catggtstaaaaattgactzgaagaggttcotaggactggtaatgtegtatcagcttecacctgacatttcattacctgttgtttttaatacctatcagaagettettaatgagggaaat
iH6¢v¥Yy EKEIDYEKERPFLGLYNYYQLPFPFPDISSLPYYFHNTTYTQE ELTVLUNETSGIDN 6M
2160 gotccatacectgtoccagtttacattgatgaagggocaatagageatgetageaattgegatgtcaatggocgtttigacctagettattatettatgettot teacgccagacaagag
PYPVYPVYIDEGPTIETDASENEVWYDVNGERTFDLSYTYTLHNLLHSERTI GE 734
2280 aacgattttggtgotttaaagaccatgttcagtgcctttgectotacaaatgacceacttgactatcacatgattteggeatcagegtacagt tttagaggecat tggcacttttagttes
¥DFCGALETMNEFSSAF ASESTUHNDPLDYHNTIVHOQERAYLEMSZTICGTTF 35 T4
2400 aatgatcttcatgttcttgacatggcatttgtttcteagttgetgtetettgggcaatgteattgggecatotatgtggtecttcatatgcctegtogtgaagattatecttatitgcaa
NDLHVYLDMNAFY¥ SQLLCLG2CHUWYATIYVYYLHMNPERERETDTYFTYIL Q 84
2020 actactgttatacgggaaatcctottgeagtattgtgaagtttggagtactcaggactcacaatgggagt tocatagaaaatetggecattcott cgecatggttecat gaaget ttggca
TTYIREILLYCEVYVY¥ 3TaQ@DSSQVWWETFTIEDNLGIPSESA4LVY¥L HE AL 4 8M
2640 atatatttcacttacactggtzacctcccaaaagctttagatcactttcttgaatstgcaaact ggcagagzgracacacagtettettgacttcagtigcteattctotgtitttatea
I ¥YFTYTGDLPEALALDHFLECGCANW¥YZERAHBDTVFLTAEYYAHSELFL S 8M
2760 gocaaagcattcoagagatatggaggcttgcaacatccatggaggaccataagtcagasattgaagat tgggacetogeggctggaatttatat ttcgtittatttat taagaagt toctte
4 K HSEIV¥RLATSMNETDHESEIEDUW¥WDLGAAGCIY¥ISFTYLLERESSF 934
2830 caggaagatagcaacaccatgaccgaactggatactcttgagaacaaaaatgatgeatgtgoggactttattggtegectasacaagtetttggcagtttggggcagcaaattatcagtt
QED SN THNTELTDTLEDNEKEDNDACADFTIGERLUNET SLAY WG S KLSV 974
3000 gatzcaagagcegtgtactcgaagatggeagaagagatctgeagtotecttetttotgatagcgetgaaggtactacaggoegaggtteagctaagetget tegacact gt tittaggtea
D 4R AV TSENAEETICSLLLSDSGEGTTOGEVYQLSCFDTVFR S 1014
3120 cccatgoccgaagatcticcgotegtaccatttecaggatgctatttcactctttacgtet tetetttotzagategscgcaafdGtaccatttctzatttaagt ttigtaattacgaacct
FPEDLERSYHLQ@DAISLFTSES CLSENALO - 1041
3240 gtgaagcatattttgttggcactcacatttgtgtaatttgggcatttettgtttttacagattttttggtgttizgagagttttgagatgagteccctgtttgtagactaggttttteace
3360 atttttttccaaattitatgtigcaaggtitttgttagagtATIAdzzattcocgcatgs atgtteaagtattttggt tttgat gtttgtgtateattatgtaacg taggcectges
Unsteady signal sequence

Figure 2. Full-length R. glutinosa rgNUP98-96 cDNA sequences and deduced amino acids. Note: The cDNA letters and
numbersare in black font and those for proteins are in blue font. gNUP98-96 has three 5'-UTR characters (including
TATA-like, CAAT-like, and GC-box sequence fragments) at the beginning of the 5' end cDNA, which are shown in
boldface and underlined. The KOAZK sequence around the initiation codon is marked in boldface and is highlighted
with a black box. The terminator codon is marked with “*”, is shown in boldface and underlined. An unsteady signal
sequence (ATTAA) from the 3'-UTR is shown in boldface and underlined. A cleavage motif from the deduced amino
acid is highlighted with a red box.
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Table 2. The rgNUP98-96 gene identity analysis between R. glutinosa and other plants.

Plant species Total score Query cover (%) Identity (%) Accession
Arabidopsis lyrata subsp. lyrata 1256 98 61 XP_002889279.1
Arabidopsis thaliana 1263 98 61 NP_178183.2
Capsella rubella 1247 98 61 XP_006300673.1
Cicer arietinum 1265 99 61 XP_004491602.1
Citrus clementina 1369 98 64 XP_006427580.1
Citrus sinensis 1354 98 64 XP_006465209.1
Coffea canephora 1456 94 72 CD098208.1
Cucumis melo 1285 98 61 XP_008449614.1
Cucumis sativus 1281 99 61 XP_004140177.1
Eucalyptus grandis 1303 98 63 KCW70788.1
Eutrema halophilum 1257 98 61 BAJ34529.1
Eutrema salsugineum 1259 98 61 XP_006389822.1
Fragaria vesca subsp. vesca 1274 95 62 XP_004301585.1
Genlisea aurea 1317 95 66 EPS71530.1
Glycine max 1286 99 60 XP_003544079.1
Jatropha curcas 1397 98 66 KDP41997.1
Malus domestica 1014 65 70 XP_008357609.1
Medicago truncatula 1231 99 60 XP_003618002.1
Erythranthe guttatus 1670 100 79 EYU21718.1
Morus notabilis 1150 85 62 EXB67202.1
Nicotiana benthamiana 1484 99 69 BAO49746.1
Oryza stativa Indica group 1113 95 60 EAY88730.1
Oryza stativa Japonica group 1108 95 60 NP_001049116.1
Phaseolus vulgaris 1276 99 61 XP_007142513.1
Phoenix dactylifera 1239 98 61 XP_008801016.1
Prunus mume 1365 99 64 XP_008232110.1
Prunus persica 1371 99 64 XP_007220283.1
Prunus trichocarpa 1365 98 65 XP_002303836.1
Ricinus communis 1345 99 63 XP_002527319.1
Solanum lycopersicum 1471 99 69 XP_006341370.1
Solanum tuberosum 1429 99 67 XP_004235924.1
Theobroma cacao 1408 98 65 XP_007023385.1
Vitis vinifera 1471 98 69 XP_002271967.1
Zea mays 619 57 60 XP_008676303.1
g o
%’é 5 H § 5 & &
K3 s 2 5 &
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Figure 3. Phylogenetic analysis of the rgNUP98-96 deduced amino acid sequence with the sequences of other plants.
The scale over the tree refers to the divergence percentage.
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rgNUP98-96 secondary structure prediction

Secondary structure analysis of the rgNUP98-96 protein by SOMPA and PSlpred
programs revealed that it consisted of 34 alpha-helices and nine beta-strands (Figure 4). Using
the CPHmodels 3.2 server and the RasMol program, the 3D structure of rgNUP98-96 (Figure 5)
was determined using the crystal structure of the C-terminal autoproteolytic domain of the human
nucleoporin NUP98 (PDB ID code 1KO6.A) as a template for comparative modeling. An estimated
42.3% identity was calculated between human and R. glutinosa NUP98-96 aligned regions (E
value = 1e-19). The 3D structure of the rgNUP98-96 protein from front or back views indicated that
it roughly folded into similar channel-pore motifs with closely surrounding helices. The 3D structure
from left and right views is somewhat similar to a half-open sandwich with some helices.
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Figure 4. Predicted secondary structure of rgNUP98-96 using the PSlpred program.
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Figure 5. Cartoon display of the 3D structure of rgNUP98-96. The front, left, back, and right views are represented as
A, B, C, and D, respectively.
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Expression patterns of rgNUP98-96

Using qRT-PCR analyses, the expression levels of rgNUP98-96 were compared between
the roots, stems, and leaves of R. glutinosa at six different development stages (Figure 6). The results
indicated that rgNUP98-96 displayed some differential expression in the roots, stems, and leaves at
the six stages. The accumulation levels of the rgNup98-96 transcripts in roots were higher than in
stems and leaves for three stages of R. glutinosa development, and it was strongly transcribed at the
early stage of tuberous root expansion. In contrast, there was almost no tissue-specific expression at
the seedling, late tuberous root expansion, and maturity stages. Moreover, rgNUP98-96 is essentially
not expressed in tissues during the maturity stage of R. glutinosa development.
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Figure 6. Expression patterns of rgNUP98-96 in R. glutinosa roots, stems, and leaves at six developmental stages.

DISCUSSSION

While most plant NUP cDNA sequences were obtained through searching available
genomes (Parry, 2013; 2014), few NUP genes from plants without genomes have been
characterized by the methods used in this study. Here, due to the lack of an R. glutinosa genome
(Yang et al., 2013), it was necessary to successfully isolate and characterize rgNUP98-96 using
RACE and bioinformatics technologies.

Previous reports indicated that the aminoacid length of NUP98-96 ranged from
approximately 950-1100 aa in other most plant species (Alverson et al., 2011; Motamayor et al.,
2013; Mybury et al., 2014). In our study, a 3476 bp cDNA fragment with a 3123 bp ORF was isolated
from R. glutinosa, which was translated into a 1041 aa with a calculated molecular mass of 117.6
kDa. In many eukaryotic cells, NUP98-96 is a conservedand long mRNA, and its ORF encodes
a polyprotein that is auto-catalytically cleaved at a conserved site that subsequently separates
the NUP98 and NUP96 proteins (lwamoto et al., 2010). In R. glutinosa, rgNUP98-96 was also a
single polypeptide gene, which encoded both NUP98 and NUP96 proteins. Another characteristic
feature of the rgNUP98-96 protein were conserved auto-cleaved amino acid residues (HFS) in
the C-terminal region (187-189 aa) as previously described in most organisms (Mans et al., 2004;
Parrott et al., 2011). The secondary structure analysis of the rgNUP98-96 protein indicated high
identity with that of the S. tuberosum NUP98-96 protein, and the rgNUP98-96 3D structure was
highly similar to the human NUP98-96, suggesting that the rgNUP98-96 molecular structure and
function might be essential characters of most eukaryotic cells.
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Since NUP98 and NUP96 are expressed as a single polypeptide, the amounts of the two
nucleoporins in the cell are nearly equivalent. Therefore, we measured the rgNUP98-96 expression
patterns in order to examine its regulation in various tissues and at different development stages
of R. glutinosa. The results indicated that rgNUP98-96 expression levels were highest at the
early stage of R. glutinosa tuberous root expansion. Therefore, the early stage of tuberous root
expansion is a key phase, and the gene expression results are in agreement with previous reports
(Yang et al., 2013; 2014). Moreover, we found that rgNUP98-96 expression levels in R. glutinosa
roots were higher than that in its stems and leaves at three development stages. It has been
reported in several plant species thatNUP98-96 products (NUP98 and NUP96) have a variety of
specific functions that regulate cell division and differentiation programs (Parrott et al., 2011; Parry,
2014). We hypothesized that higher rgNUP98-96 expression in R. glutinosa roots could be involved
in cellular differentiation and division processes, thus promoting tuberous root expansion.

Although the details of the mechanisms underlying these processes require considerable
experimental validation, this study could shed light to clarify the molecular basis of rgNUP98-96
functions. In conclusion, the rgNUP98-96 cDNA characterization succeeded in providing a number
of valuable clues to aid in understanding the molecular mechanisms of R. glutinosa developmental
processes. Furthermore, the findings contribute to the broader understanding of basic NPC
molecular structure and function in plants.
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