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Clone and Expression Analysis of a Papain-like Cysteine
Protease Gene(FeRD21) in Fagopyrum esculentum
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Abstract: Fagopyrum esculentum (buckwheat, Polygonaceae) is a multi-food-use pseudocereal with healing
benefits and is growing on arid areas. (1)Based on homology and RACE method,a RD21 orthologous gene
from buckwheat was isolated and identified. The RD21 homologous gene from F. esculentum transcript was
1 750 bp and contained a 1 407 bp ORF(Open Reading Frame, ORF) encoding 468 amino acids. (2)Protein
sequence alignment and phylogenetic analyses grouped FeRD21 into PLLCPs subfamily members which carry
a C-terminal granulin domain. (3) The protease of FeRD21 was highly conserved and harbored the conser-
vation sites of catalytic residues Cys'**-His*-Asn*". (4) Expression analysis suggested that FeRD21 was
up-regulated by salt, dehydration, ABA, and senescent treatments, which showed a different way in re-
sponse to stresses with RD21 in Arabidopsis. Our results indicated that FeRD21 might be involved the
stress-responsive pathways in F. esculentum.
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Papain-like Cys proteases (PLLCPs) are a large class of proteolytic enzymes associated with develop-

Wi HHEE.2014-11-25 (& fs W B H#9 :2015-01-07

EL2WA EHEK A KRB 4A (31101202) 5 B 5 A 65 ATl Gl BHIF £ 35 (201303008) 5 10k 4 5 05 (P 30O FRHEY % (KL K2
EFEE AN ERA977—) B A P, BN FAEY L FFBESE . E-mail: fangzhengwu88@163. com

* WAEIEA R WA B, FENFHY R E G FR S R EEF U5 . E-mail: zxliu77@yahoo. com



460 [T A i N // M= S 35 4%

ment, immunity, stress tolerance and senescence*,

PLCPs show the typical papain-like fold of two do-
mains, an o helix-rich domain and a B-barrel-like do-
main, separating a substrate-binding grove containing
the catalytic triad Cys-His-Asn""*). Moreover, PLCPs
are produced with a N-terminal auto-inhibitory domain
which covers the substrate binding groove and needs to
be proteolytically removed for protease activation*,
Some proteases carry a vacuolar targeting signal
(NPIR) in the prodomain and a predicted endoplasmic
reticulum protein retention signal (KDEL) at C-termi-

78] Some PLCPs also carry a C-terminal

nal region
granulin like domain, which shares homology to granu-
lins in animals, which are growth hormones released
upon wounding'®”. Plant PLCPs are phylogenetically
divided into nine subfamilies based on phylogenetic a-
nalysis and conserved functional and structural fea-
tures™.

RD21 (Responsive-to-Desiccation-21, AT 1G47128)
of Arabidopsis thaliana belongs to an intriguing
class of PLCPs,which was initially found to be up-
regulated in drought-stressed and typified by the
presence of a C-terminal granulin domaint ',
Arabidopsis RD21 is composed of five domains:an
N-terminal signal peptide,an autoinhibitory prodo-
main, the protease domain, a proline-rich domain
and a granulin domain™”. Localisation studies indi-
cate that iRD21 (immature RD21) is transported
from the Endoplasmic Reticulum (ER) with ER
bodies,small cellular organelles released from ER,
in vacuoles, where conversion into mRD21 (mature
RD21) occurs'® ', RD21-like proteases that carry
a C-terminal granulin domain are found in many

]

different tomato-"*,

[14]

plant species including

maizel', potatol'™ and radish™®). Transcript levels
of RD21 increases upon drought stress and high
salt conditions, while does not change upon treat-
ments with heat, cold nor abscisic acid"”!. Moreo-
ver, tomato RD21-like gene, C14 and Arabidopsis
RD21 were highly expressed in leaf tissue and up-
regulated during senescence'’”’. Though RD21 was
extensively study in Arabidopsis,a role of RD21-

like genes from no-model species is yet poorly un-

derstood.

In order to discover the roles of RD21 orthologous
genes involving stress-responsive pathways in no-mod-
el species,we isolated and characterized a RD21 orthol-
ogous gene FeRD21 from buckwheat (F. esculentum) ,
which is one of the oldest domesticated crops of Asia,
Europe and North America and is a multi-food-use

[18]  Moreover, we

pseudo-cereal with healing benefits
compared the RD21 and FeRD21 proteins structrue
difference between buckwheat and Arabidopsis. Further-
more, tissue specific expression of FeRD21 gene from

buckwheat was aslo analysed under various stresses.

1 Materials and Methods

1.1 Plant material and stress treatments

Buckweat (F. esculentum, ¢ Xinong 9976”) seed-
lings were grown in 7 ecm X 7 cm X 8 cm plastic pots
filled with a commercial growing soil mix under a 16 h
light/8 h dark photoperiod at 25 “C for 15 days, and
were subjected to various abiotic stresses. Seedlings
were exposed to air on filter paper for induction of de-
hydration drought response. To mimic salinity and
ABA treatment, seedlings were transferred into solu-
tions containing 200 mmol/L. NaCl and 200 pmol/L
ABA , respectively. Samples for above treatments were
collected at 0,1,2,3,6,12,24 or 48 h after treatments.
For senescent treat, seedlings were transferred to a
dark chamber with 75% humidity conditions at 25 °C,
samples were collected at 0,2,3,4,5,6,7 or 8 d after
treatment. After sampling at different time points,
seedlings were dropped immediately into liquid nitro-
gen and stored at —80 “C for RNA extraction, respec-
tively. Leaves, stems and roots from different buck-
wheat plants grown under normal conditions were
sampled, respectively.
1.2 Isolating FeRD21 from F. esculentum

Total RNA was extracted from seedlings using
EASYspin Plus Kit according to the manufacturer’ s
protocol (Aidlab, China). First-strand ¢cDNA was syn-
thesized from 1 pg of the DNase I-treated RNA, using
oligo(dT),; adaptor primer and M-MLV Reverse Tran-
scriptase (TaKaRa , Japan). In order to isolate the RD21
homologous gene from F. esculentum,a 486 bp frag-
ment was amplified from the ¢cDNA, prepared from
leaves by using the forward primer FeRD21F(5'-TGT-
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GGTAGTTGCTGGGCATTTTC -3") and the reverse
primer FeRD21R (5'-CCACGAGTTCTTCACAATC-
CAG-3"). Comparison with sequences in the NCBI da-
tabases revealed that the fragment was an internal cod-
ing region of an RD21 homologous gene. Isolation of
the 3" end of FeRD21 was carried out using the 3'-full
RACE Core Set Ver. 2. 0 kit(TaKaRa , Japan) follow-
ing the protocol from the manufacturer with gene-spe-
cific primer GSPFeRD21(5'-GCCATTGACAGTGAA-
GA-TGATTAC -3"). The 5" partial cDNA of FeRD21
was isolated using the 5" fullRACE Kit(TaKaRa ,Ja-
pan) following the manufacturer’s protocol with the
gene-specific primers FeRD21GSP1 ( 5'-GTTAGCA-
GTGCCAGCAAGGTTTC-3") and FeRD21GSP2 (5'-
AACCATAACCAACAGCTGCAACAC -3"). The full-
length ¢cDNA of FeRD21 was amplified with the prim-
ers of FeRD21F (5'-TCTCCACCACTGAAAAGCAG-
AATC-3") and FeRD21R (5'-AGGCGAATGAGTTG-
CACCATGAAC -3"). PCR was performed with a 5
min 94 C denaturation,followed by 30 cycles of 45
s denaturating at 94 C ,45 s annealing at 58 °C ,and
1 min extension at 72 “C, with a final extension of
10 min.
1.3 Characterization of FeRD21

For phylogenetic assessment of the relationship of
FeRD21 ( GenBank accession number; AFO83614) to
Arabidopsis proteases sequences, all Arabidopsis PlL-
CPs were obtained from TAIR and Genbank. Phyloge-
netic trees were constructed with MEGA 5. 0 software
using the Neighbor-Joining Method**”, Deduced ami-
no acid sequences of FeRD21 were also used for
BLLAST analysis on the GenBank database. Based on
Blast searches, multiple RD21 A homologous proteases
from different angiosperm lineages were selected for a-
lignment. Full-length amino acid sequences containing
N-terminal signal peptide, auto-inhibitory prodomain,
protease domain, proline-rich domain and granulin-like
domain were aligned used the ClustalW program with
default settings''®’. The signal peptide of FeRD21 was
predicted using SignalP 4. 1 Server(http://www. cbs.
dtu. dk/services/SignalP/). Moreover, the three essen-
tial residues (C, H, N) in the catalytic site triad was
searched using the BLAST program(http://www. nc-
bi. nlm. nih. gov/BLAST/).

1.4 Expression analysis of FeRD21

For quantitative analysis, total RNA were isolated
from treated seedlings as described earlier. Quantitative
real-time RT-PCR with three biological replicates was
carried out with the gene specific primers QFeRD21F
(5'- GATCATTGCTTAGGAAACACAATC-3 ") and
QFeRD21R (5-CAGTAGATGTGAAGATGATAAAT-
AGAG -3") using an optical 96-well plate with an
M] research opticon TM2 system with SYBR green
I and analyzed with the Bio-Rad CFX96 Optical
System Software version 1. 6. The reaction mixture
was cycled as follows:95 °C for 3 min,followed by
40 cycles of 95 C for 30 5,58 ‘C for 30 5,72 °C for
1 min. For the melt curve,we changed the tempera-
ture by increments of 0.5 ‘C/s to 95 C. The ex-
periments were repeated three times for each sam-
ple. The F. esculentum actin was used as a positive
control with the specific primers QFeactinF (5'-
ACCTTGCTGGACGTGACCTTAC-3") and QFe-
actinR(5'-CCATCAGGAAGCTCATAGTTC3").

2 Results and analysis

2.1 Clone and classification of FeRD21 gene from
F. esculentum

Full-length ¢cDNA of RD21 homologous gene
from F. esculentum was obtained by homology-based
cloning and RACE techniques following the above pro-
cedures. The RD21 homologous gene from F. esculen-
tum transcript was 1 750 bp and contained a 1 407 bp
ORF(Open Reading Frame, ORF) encoding 468 amino
acids, as well as a 87 bp 5’ untranslated region (5'-
UTR) and a 256 bp 3'-UTR including a poly-A tail.
The sequence was deposited in the GenBank under Ac-
cession Number JN605353. To comfirm the amplified
fragment was the orthologous gene of AtRD21 in F.
esculentum,we performed a BLASTP search of the de-
duced RD21 homologous protein sequence to the Ara-
bidopsis protein TAIR10 database and found that
RD21ACAT 1G47128) was the closest orthologue. Fur-
thermore, our phylogenetic analysis grouped the
FeRD21 protein into PLLCPs subfamily members which
carry a C-terminal granulin domain (Fig. 1), There-

fore, the gene is referred to as FeRD21 ( Fagopyrum

esculentum responsive to desiccation-21).
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2.2 Structure of FeRD21

The protein alignment displayed that FeRD21 has
468 amino acids(aa) containing a 25 aa N-terminal sig-
nal peptide(0—25) ,a 118 aa auto-inhibitory prodomain
(26—143),a 211 aa protease domain(144 —354),a 27
aa proline-rich domain(355—381) and a 59 aa granu-
lin -likedomain (382 —440) (Fig. 2)M'"#"**] ' The prote-

RD21AgATlG47l28)
RD21B(AT5G43060)

RDLI(AT4G36880)
RDLG(AT4G23520)
RDLA4(AT3G11310)
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RD21D(AT1G09850)
RDL3(AT3G43960)
RD21C(AT3G19390)
RDL2(AT3G19400)
XCP2(AT1G20850)
XCP1(AT4G35350)
CEPI1(AT5G50260)
CEP3(AT3G48350)
CEP2(AT3G48340)
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PAP4(AT2G27420)
PAPS(AT3G49340)
PAP3(AT1G29080)
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100————AALP(AT5G60360)
L ALP2(AT3G45310)
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98 CatB2(AT1G02300)

Fig. 1 Phylogenetic tree of Arabidopsis
papain-like cysteine proteases and FeRD21
The number on the branches indicates the reliability
percent of Bootstrap value based on 1 000 replications;

The scale bar represents genetic distance

ase domain of the FeRD21 was highly conserved,
and harbored conservation of the catalytic residues
Cys'®-His*-Asn®* within this domain'®'. A GC-
NGG motif (206 —210) was identified in FeRD21
and this motif is invariant in the cathepsin B-like
proteinasest™*,
2.3 Expression analysis of FeRD21

In F. esculentum, transcript levels of FeRD21 in
leaves and roots were obviously higher than stems of
the seedlings grown at 25 °C (Fig. 3). Moreover, Quan-
titative real-time RT-PCR performed displayed that ex-
pression of FeRD21 was up-regulated by salt,dehydra-
tion, ABA and senescent. With ABA treatment,
FeRD21 expression became stronger within 48 h and
the level of product peaked at 24 h(Fig. 4.A). For se-

nescent treatment,expression of FeRD21 was increased

Normalized fold
expression

OS= N WU IO

Root Stem Leaf
Organs

Fig. 3 Expression of FeRD21 in different organs at 25 C
The different letters show significant differences between
mean values at ¢=0. 05 according to the Fisher’s

least significant difference test

signal peptide N-terminal pro-domain
FeRD21 MGNRVRSSAMAVLTVLLLSAIACSALDNSIISYDNTHPDKSSSSPNMRSDDEVMSMFESWLVHHGKN--YNALGEKEKRE 78
RD21A ..--FLKPT..I.--F.AMVAVS..V.M...... EK.G---V.TTGG. .EA....IY.A...K...AQSQ.S.V..DR.. 73
C14 .AAHSSTLTISI.-IM.IFSTLS..S.M......E..I-----—-- HR.T....SALY....IE...S--....... D... 70
FeRD2 1 QVFKDNLRFIDEHNSE-ERSYKLGLNKFADLSNEEYRNKYLGAKTD-ARRRLSKKRSSRYAFRAGDSLPESVDWRKEGAV 156
RD21AEI....... Vo ER=NL R OTR T DL 8L ME-KKG--ERRT.L..EA.V..E....I....K... 149
Cl4 .I......Y...0..VPNQ. ..... Ty TR SI...T.SSGD.KK...NK.D..LPKV....... I...EK.VL 150

RD21AAE..... G...||]-+.... L PR Ao R T

................................ TDK.....G. 229

FeRD21 WWQGSCGSHﬁMSTIMWGWKIWGDLI SLSEQELVDCDTSYNEGCNGGLMDYAFEFITKNGGIDSEDDYPYKAV 236

Cl4 Go.oovviilfonnn AV. M.SI.A....N.......

RID 2 AR T s O TR PR P R T L T eT: TYS.E..K....H....

I.......A..LD....D.S...Q

...... R......D..........V.......T.E.....ER 230

V.....T.N. 309

FeRD21 DGRCDVYRKNAKVVTIDSYEDVPVNDEKSLQKAVASQPISVAIEAGGRSFQFYESGIFSGTCGTSLIﬁGVAAVGYGSEDG 316

Cl4N.V..Q........K..

e Non A B VTR L Sl DV HU K TR AV S VIA S DTN 310

proline-rich domain

FeRD2 1 KDYWIVRNSWGLSWGEDGY IRMERNLAGTANGKCGIAMEASYPIKKGONPPNPGPSPPSPTKPPAVCDNYYSCPDSNTCC 396
RD21A .......||..K....S..L..A..I.885-...... I.P..... NE. ...oovirennnn. 7Q..5..T..E..... 388
Cl4M......[.. AN...N..L.VQ..V.SSS-.L..L.I.P...V.T.P...K.A......V...TE. .E.SQ.AVGT. .. 389

C-terminal granulin domain

FeRD21 CLYEYGKYCFSWGCCPLEGATCCDDNYSCCPSDYPVCNVNQGTCLMSKNNPLSVKALKRTPAVPNWA- -~~~ RLIIA 468

RD21A ..F....... AL ! R A0 HE....DID.....L...S.F.......K..T.F.SQG---.KN.. 462
Cl14 .ILQFRRS............... EH..... H...I...R....8...G...G...M..IL.Q.IG.FGNGGKKSSS 466

Fig. 2 Sequence alignments of FeRD21 and others

The active site residues Cys'®-His?*'-Asn®*' are shown in boxes. The GenBank accession

numbers of these proteases were as follows:A. thaliana,RD21ACAEE32135) ; Solanum lycopersicum ,C14(AAD48496)
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Fig. 4 Expression of FeRD21 analyzed by qRT-PCR under different abiotic stress conditions

A. ABA ,drought and NaCl treatment;B. Senescent treatment

rapidly, peaked at 2 day.and then decreased slowly
from 3 day to 8 day(Fig. 4,B). Under dehydration
and NaCl treatment, FeRD21 transcript accumula-
ted rapidly and reached its maximum at 12 h(Fig.
4,A).

3 Discussion

Cysteine protease enzymes belong to a large
family of enzymes found in animals, plants,and mi-
croorganisms that play important roles in intracel-
lular protein degradation and organism PCD. Most
plant cysteine proteases belong to the papain-like,
metacaspase and legumain families. The papain-like
cysteine proteases(PLCPs) are the most thorough-
ly investigated family among cysteine proteases®-.
PLCPs are very stable enzymes and often found in
proteolytically harsh environments such as the ap-
oplast, the vacuole and lysosomes'”, Plant PLCPs
can be classified into nine subfamilies based on
conserved structural features: RD21A-like, CEP1-
like, XCP2-like, XBCP3-like, THI1-like, SAG12-
like, RD19A-like, AALP-like and CTB3-like. The
C-terminal granulin domain occurs in two PLCP
subfamilies: RD21A-like and XBCP3-like.

In this study, FeRD21 from F. esculentum
(buckwheat, Polygonaceae) , which encoded a cys-
teine protease was isolated and characterized. Like
other papain-like cysteine proteinases, three highly
conserved catalytic residues of Cys'**-His*"*-Asn**
constituted the catalytic triad of cysteine protea-
sest?") Moreover,the C-terminal region of FeRD21
containing a granulin domain, which was different
from other plant papain-like cysteine proteina-
ses'!. So, the FeRD21 could be classificated into

RD21A-like subfamilies. Moreover, A GCNGG mo-
tif was also identified in FeRD21 as invariant in the
cathepsin B-like proteinases*.

The FeRD21 expressed throughout all plant
vegetative organs, while transcript levels in leaves
and roots were obviously higher than stems. In Ar-
abidopsis,RD21 gene displayed similar expression
patternst). Transcript levels of RD21 in stems
were obviously lower than leaves and roots. Moreo-
ver,the expression of FeRD21 was up-regulated by
many abiotic stresses, such as salt, dehydration,
ABA, and senescent, which showed a different
stress-responsive pathway with RD21 in Arabi-
dopsis. Although expression of Arabidopsis RD21
could be up-regulated by drought stress and high
salt conditions, transcript levels of RD21 do not
change upon treatment with heat, cold nor abscisic
acid. Moreover, the RD19 from Arabidopsis aslo
showed different stress responsive pathway with
FeRD21. Previous study showd that RD19 mRNAs
were not induced by abscisic acid, cold and heat
stress. On the other hand, transcription of the
RD19 mRNAs was strongly induced under high-
salt conditions, and the RD19 and RD21 were in-
duced by changes in the osmotic potential of plant
cells?, In tomato, the transcript levels of a RD21
homogous gene C14 are induced by cold, drought
and during leaf senescence. Moreover,a 65 kD pro-
tein,matrue Cl14 protease,was found to be accumu-
lated in the leaves of drought-stressed tomato(L y-
copersicon esculentum cv. Starfire) plants. The pro-
tein level returns to control level when the
drought-stressed plants are rewatered. The protein

was found to be mainly localized in the nuclei and
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chloroplasts of drought-stressed leafl cells'*’. The tans infection’®”’. The detail pathways of FeRD21
RD21-homologue of potato, CYP,is transcription- involved in stress and immune responses should be

ally induced in early stages of Phytophthora infes- further discovered in F. esculentum.
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