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SUMMARY 

In Eukaryote, RNA polymerase m is dedicated to die transcription of iRNA molecules, 5S rRNA and other small RNA. The gene 
encoding protein BPC53, one of the subunits in RNA polymerase IH conqilex, is sliown to be an essential gene which specifically 
regulates tRNA gene transcription in vivo in Saccharomyces cerevisiae. However, the function of fliis protein la plant system is not 
known yeL A BLAST search of the database usmg die amino add sequence of the 42-kDa I^)c53p S. cerevisiae as query revealed 
one striking match widi a 30-kDa protein encoded RNA polymerase Hf subunit RPC4 in Arabidopsis. Arabidopsis rpc4 gene 
expression was analyzed in different ti^ues. RPC4 protein is widely expressed in Arabidopsis and green fluorescent protein-RPC4 
fusion protein localizes speciflcally to the cell nucleus, forms two different patterns. Arabidopsis lines harboring T-DNA insertions in 
the coding sequence of rpc4 were characterized by genotyping. Chaiacteiization of mutant phenotype showed that rpc4 loss of 
function mutant displayed growth defects, observed m smaller leaf size, delayed flowering and delayed senescence. These 
phenotypes illustrated an essential fimcdon of RPC4 in regulation of growth and development This finding supported die first 
charactenzation of RPC4 protein in î raft/tfo/wis development, opmedi^ an inqKMtant possible mechanism regarding to regulation of 
tRNA transcription in plant development 
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INTRODUCTION 

Transcription, that is, RNA synthesis on a DNA template, is performed by DNA-dependent RNA polymerases (Pols). 
Eukaryotic cells contain three different Polymerase I, 11, and 111, which differ in subunit composition. The difference 
probably reflects Uieir evolutionary specialization in transcription of different genes and suggests their independent 
regulation.RNA polymerase I (RNA Pol I) synthesizes the large ribosomal RNAs (rRNA), RNA pol^erase II (RNA Pol 11} 
produces mRNAs and many noncoding RNAs, RNA polymerase III (RNA Pol 111) franscribes genes encoding short 
untranslated RNAs such as transfer RNAs (tRNAs),5S ribosomal RNA (rRNA), U6 snRNA, 7SK RNA and 7SL RNA; Aiu 
repeats; some viral genes; and genes for small stable untranslated RNAs. These genes are essential and involved in 
fundamental processes like protein biogenesis; hence RNAP 111 activity needs to be tightly regulated (White etai., 2011; 
Wemer ef al., 2009; Flores ef at.. 1999). Tlie subunit composition of yeast and human Pol 111 was well studied in the 
previous reports. In Saccharomyces cerevisiae, RPC53 is shown to be an essential gene encoding the 053 subunit 
specifically associated with RNA polymerase CTemperature-sensibve rpc53 mutants showed a rapid inhibition of tRNA 
synthesis after transfer to the restrictive temperature. The C53 subunit has no paralogue in the tvro other nuclear RNA 
polymerases, and is therefore one of the five subunits specific to Pol III. A ̂ nctional 053 protein is required for yeast cell 
viability and that inactlvation of 053 temperature-sensitive mutants rapidly leads to an inhibition of tRNA gene 
transcription/n wVo (Mann efa/., 1992). In plants, RP053 has not been studied so ter. Here we report the identification of 
a nuclear protein with striking sequence similarity to RP053 that is encoded in Arabidopsis, and we examine mutant 
plants lacking this protein in comparison to contreil plants. 

MATERIALS AND METHODS 

Plant material and growth conditions: Ail plants were grown in an environmentally controlled growth room at 22'>C.vtnth 
a photopenod of 16-h day light.For phenotypic assays, seeds were cokf-treated at 4'C for 3 days, sovm directiy in the 
soil transfen^d to white light intensity (normal light intensity) (85Mmol.m .s ). To characterize rpc4 mutant phenotype, 
plant also were grown under low light intensity (25pmol.m"^.s ^). 

RT-PCR gene expression and small RNA analysis: After 2 weeks of growth, for RNA extraction, leaves, roots, flowers 
from mature plants were sampled. Total RNA was prepared by manual TRIZOL method and cDNA was synthesized from 
2ug of the total RNA with PnmeScript Reverse Transcriptase (Takara Bio) using an oligo(dT) primer. RT^CR analysis of 
RPC4 {AT5G09380) and RPC4 homologous gene (At4g25180) expressions were perfomied using specific primer pairs. 
ACTIN8 was used as an intemal control gene.The RNA was then reverse transcribed. Combine the following in a 
microfugetube:oligo T 1 JJI, RNA 2pl, and distilled istilled water 2p!; heat mixture at eS-O for 5 min. For quantification of 
cDNA, set up the following components in a 0.5ml PCR tube: cDNA product 5^1, MgCl2 2.4\ii, dNTP Ipi, inhibitor ^\li, 
Rtase'l ul, and distilled water 5.6pi. The following conditions were used: 42°C for 1 hour, then 65°C for 5 min and keep at 

. 15"C. 
PCR-based genotyping of plant lines To distinguisfi among plants that are wild type, heterozygous for T-DNA 
insertions or homozygous for T-DNA insertions, genomic DNA was isolated from leaves The genomic DNA was used 
for PCR analysis with Taq DNA polymerase (Ampllcon) and primers specific for T-DNA rpc4. 

' RESULTS AND DISCUSSION 

Arabidopsis genome RPC4 encodes a protein with striking similarity to RPC53 in yeast 

RPC53 is shown to be an essential gene encoding the 053 subunit specifically associated with yeast RNA polymerase 
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0 (lin In S cerews;ae C37-C53 was identified as a key role of the complex in the lecognition of the terniinator 
elements mc3? S ^ n d . pertiaps indirectly, Rpc1l contribute to switch Pol I from ekxigafcn to ternimahon (EmKe 
iaT2066Tfr i hSan it h ^ s ^ c e ^ been shownthat the predicted BN51 protein t ^ a significant homology to the 5J 
S) L S ( S 3 ) T R i ^ ^ l ^ S C{lll) from S. cerevidae (Michael ef af., 1999)̂  In plants, RPC53 h ^ not been 
s T u d i ^ f^Mn X w of theTnservation of RPC4 in organisms as different as yeas^ and marnmals, and the study of 
RS^J^merase III in yeast was well known. TTierefore. we wondered whether there is also a RPC4 protein related to 
yeast R̂ PC53. We have perfomied a BLAST search of the Araddopsis thaliana database using ttie amm acid sequence 
of the 42-kDa RPC53 S. Cerews/ae as query.The search revealed one sfriking match with a 30-kDa prtrtein encoded in 
Se X a b S s ^ genome (AGI locus At5g09380) temied in the following RPC4.wh|rfi contains C-domain belongs to RNA 
nolJmeras^RDc4 suoerfamily (Figure 1). The aiignmental so reveals that the plant RPC4 sequences display significant 
S ^ t o S S l R?C53 p ^ i n s , pririariiy in le C-terminal. RP04 shows 41% identity and 68% similarj, to RPC53 
7yeS(S. ^evisiae). In addition. RNA polymerase III subunit 4 was encoded by two genes At5g09380 and At4g25180 
in Araddopsis, sharing 32% identity (data not shown). 
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Figure 1. Alignment of protein ssquance of RPC4 protein In Arab/dops/s to that of CSS subunit of yeast RNA pofymerau III. 
Upper sequence, the C53 prolein of S. cergtdsiae; lower sequence, the RPC4 sequence of Arabidopsis. The protein sequences were 
aligned by multiple sequence alignment (ClustalW). 
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Figure 2. Arabidopsis RPC4 Is ubiquitously expressed. RT-PCR analysis of lotal RNA Isolated from the rools (R), caullne leaves, 
rosetUe leaves, fkwers and stem (from 4-week-old plants). PCR was perfomied with pnmers specific for RPC4 and RPC4 homolog 
{RPC4h) (t(v and second, respectivBly) and ACT1N8 (loading control) (twttom) R: roots. CL cauline leaves. RL: rosette leaves, S 
stem. F: iloweis 

Arabidopsis RPC4 is ubiquitously expressed, and a green fluorescent proteln-RPC4 fusion localizes to the eel 
nucleus 

To examine the expression of RPC4 proteins. RNA isolated from different tissues and reverse transcription was used fo 
detection of the RPC4 transcripts by PCR. Using RPC4 and RPC4 homolog specific primers, amplification products o 
the expected size (819 and 936 frar RPC4 and RPC4 homolog, respectively) were obtained from ail RNA samples, wtiicl 
were derived from the roots, cauline leaves, resettle leaves, flowers and stem (from 4 week-old plants). Amplification o 
ACTIN8 sen/ed as loading control. The reverse-transcribed polymerase chain reaction experiment indicated that RPC4 is 
ubiquitously expressed In Arabidopsis and that the expression levels differ For instance, there is a lower amount of thi 
rpc4 transcript in roots and cauline leaves while the expression of RPC4 is higher in resettle leaves and flower. Th« 
same pattems were obsen/ed In case of RPC4 homolog protein (Figure 2). We also looked for available databases ii 
Genevestigator. Data sfiows that RP04 is expressed during every development stages in Arabidopsis but hlghl 
expressed in vegetatve and senescence stages. However, the database for RPC4 homolog protein is not available unt 
now (Genevestigator) 

Since RP04 typically is conskJered a nuclear protein, we have examined the sub-cellular localization of Arabidopsi 
RPC4. We have constructed plasmids suitable for the expression of green fluorescent protein (GFP) fusion proteins i 
plant protoplasts. In transient transformation assays perfomied with Arabidopsis cell protoplasts the expresston of th 
GFP fusion proteins was dnven by the OsVMV promoter. Transformed protoplasts were analyzed by confocal last 



"banning micioscopy. Nuclear RPC4 protein formed two different pattems. toth dispeised fonn and speckle fbrni in 
fiucleus. The cytoplasm background GFP was used as in the negative conbol (Figure 3). 

Figure 3. Nuclear localization of RPC4 and RPC4 homolog (At4g25180-GFP) using GFP-fusnn constnict transient expressed In 
Arabidopsis pnatoplast. analyzed tiy confocal laser scanning microscopy. 

T-DNA insertion knockout mutants selection 

TTie transcribed region of the Arafaidops/s genes (AGI kwus At5g09380) encoding RPC4 and RPC4 homdog (AGI locus 
At4g25180) consist of 10 and 9 exons. respectively (Figure 4A). To elucidate the physkikigical fiinctions of RP04 in 
fdanta. T-DNA insertion mutant rpc4-1 (SAU<JX)21S7). rpc4'2(SALJ<_098495} and rpc4h-1 (SAU<_125873) and rpc4h-2 
(SALK_025232) from the SALK collection were analyzed.The insertion sites were confimied by PCR analysis of genomic 
DNA, in combination with DNA sequencing of PCR fragments spanning the left bonlers of the T-DNA. These analyses 
revealed that we were able to Isolate plants homozygous for the T-DNA insertions of RPC4, temned rpc4-1, rpc4-2 and 
homologous RPC4. temied rpc4h-1. rpc4h-2 (Figure 48). RNA isolated from rpc4-1, rpc4h-1 was examined by reverse-
transcribed PCR (RT-POR). Based on RT-PCR analysis of RNA isolated from rpc4-1 and rpc4h-1 homozygous plants, 
no transcript of the RPC4 and RPC4h gene was detected, whereas the corresponding DNA fragment of 819bp and 
936bp, respectively are readily amplified by RT-POR from wild type RNA (Figure 40). 
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FiauTB 4. Characterization of AnMdopsIs WC4 and homologous RPC4 T-ONA insertion lines(A) Schematic representatkxi of the 
RPnA nn (fool and RPC4 homdog {RPC4h) (bottom). Boras represent exons. while lines Indicate intrans (not dravm to scale). (B) 
nlrTiJ,- n T-tDNA insertion mutants: rpc4 and rpc4 homdog (rpc4h) homozygous selection LR: LP+ RP. BR: BPtRP. LP, RP: Left, 
D ^ ^ ^ „«L- nrimer BP - T-DNA border primer LB - the left T-DNA border primer. (C) RNA gel bkit anal^is of ypc4 and /pc4 homofog 

Phenotypic analysis of rpc4 mutants 

*?• function of RPC4 in Arabidopds is still unclear. To unravel the physiological functions of RPC4, we grew wild-t^e 
d^mc4-1 rpc4h-1 plants under different light conditions in a growth chamber. Remaritabty. rpc4-1, rpc4-2 mutants 

H- I'^ed arowth defects observed in smaller leaf size in two weeks gnawn plant whereas rpc4h-1 homolog vi/as 
rJ^Pj^J^jshable from wild type under nomrial light intensity (Figure 5A). 

flowenng stage, the rpc4-1 mutant reached the wild type leaves size, siighfly longer, delayed flowering and 
H I u«d senescence (Figure 5B). In yeasL RNA polymerase 111 was well studied to be regulated through target of 

van (TOR) pathway, so that they can confrol the systemic gnawth by regulating hanscriptlon of tRNA and 53 
lo^a^TOR integrates various signals to regulate cell growth. Four major inputs have been implicated in TOR signaling: 

^ factors, nutrients, energy, and Stress cell growth (the accumulation of cell biomass) depends on a high rate of 



«.. . . •»< m»««i i .r l iv reouires a high level of cellular energy (Wuiiscnieger e( a/., 2006). Tderetore, We 
prolain synthesis f ^ . - J ^ ^ ^ ^ " ^ ' ^ " ^ ° ™?l„sitv means low energy source far plant The results showed thai 
decided to test J - ^ " ' P ^ ' " ' * ' ^ ^ ^ ' ™ * l ^ " i 7 ™ 4 homolog K.O mutant. T h i e mutants displayed long* 
' Z T T ' ^ . i ^ ^ ^ U ^ S ^ ^ ^ ^ t S ^ S ^ ^ but d^ayed flowering (Rgure 5C). This result ,e ,ea& 
petioles " ^ « ^ = ' ^ ^ ^ ^ : „ " ° J , ' S o T o cSgiowth and development Interesllngly, the different phenotype of 
^ 4 " S X h ' " r . a ' ^ t : ; ; d ' 5 ^ t " c ; S S " u l t e ' d ' . h e p o s s i h l y d H f e r e n ^ ^ 
homolog protein in specifk; environmental conditions. ^ 

rpe4-l rpc4h-l 

Floure 5 Pbeitotypic analysis of RNA pofynwrase subunit RPC4 loss of function mutants. Wild type Col-O, and fpc4h.f am 
included for comparison. All plants were grown under tong day conditions. (A) rpc4-1 mutants display similar growth defects m 2 weeks 
grown plants under middle light condition. Sc^e bar=5mm. (B) Mutant plants in vegetative stage. fpc4-f showed delayed flowenng and 
delayed senescence. Scale bar = 10mm. (C)Mutants ptienotype under low light condition. 

CONCLUSION 
We have identified a nuclear 272 amino acid residue RPC4 protein encoded In the Arabidopsis genome. In Arabidopsis. 
RPC4 Is encoded by tv«> homologous genes At5G09380 and At4g25180. Two independent Arabidopsis lines 
homozygous ftir T-DNA insertois (rpc4-1 and ipc4'2) ttiat disrupt &ie coding sequence of RP04; and two Indepandenl 
lines disnjpts the coding sequence of At4g25180 were characterized. Accordingly, no vwld-type fpc4 and /pc4 homolog 
transcript were detected in the mutant lines. RPC4 revealed an important frjnction in regulation of cell growth and 
development, which is demonstrated by analyzing knock out mutant. Remarkably, rpc4-1. rpc4-2 mutants displayed 
growth defects obsen/ed in smaller leaf size in two weeks grown plant whereas rpc4h-1 homolog was indistinguishable 
from wild type under nomial light intensity. At the flowering stage, the rpc4'1 mutant reached the wild type leaves size, 
slightly longer, delayed flowering and delayed senescence. This finding supported the first characterization of RPC4 
pratein In Arabidopsis development, opened up an important possible mechanism regarding to regulation of IRNA 
transcription in plant development. 
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NGHIEN cCrU OAC D I E M C G A RNA POLYMERASE TlfeU DON Vl RPC4 Cf 
ARABIDOPSIS THALIANA 
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2 ^ ' hpc Kfjoa hpc vd Cdng ngh$ Pohang (POSTECH) 
yi^n Nghien cOu h$ gen. Vien HAn ISm Khoa hgc vA Cdng nghS Vi§t Nam 

T6MTAT 

O sinh vat nhSn chufin, RNA polymerase d6ng vai tro quan trgng trong qui trinh pbiSn mi t?o ra cdc phfin tOr tRNA, 5S rRNA vk cic 
RNA nho khac. Prolein RPC53, root trong nhung l i ^ don vj ciia h? thfing phuc hop RNA polymerase III, iJu^c nghifin dhi rfit nhieu 
iihii mOt thinh phfin c6 vai tr6 can tW^ cho qui trinh di™ b6a phien mS tRNA 6 X cerwitto. Tuy nUSn, chfe n ^ 
a h? ft6ng thvc v§t vin chua dugc bi^t d^n. Do 66, sii dyng phuong p h ^ so sinh trinh tu BLAST d6i v6i jKOtein RPC53 d S. 
cerevisiae, chung toi dS lim ra dupc mfit protein co trinh tir tuong dhag rat cao fr Arabidopsis, RNA polymeiase 01 tilu don vj RPC4. 
Phfln tich bieu h i ^ gen n^ h6a cho protein RPC4 cho thiy, protem nay phan b6 6 cic co quan voi rode dO bilu hien khic nhau. 
Protein RPC4 phfin w diQ y ^ d trong nhan tg bio, hinh thinh hai dang phfin b6 khic nhau. Phan tich ̂  dilm ciia d^ng d$t biln 
mit gen rpc4'] vd rpc4-2 cbo tfady chiing bieu hi^n sinh trudng kem so voi dang boang d^i till h i ^ d kfch thudc li nh6 bon, chim ra 
hoa vi di |m gifi hoa hon. Nhitng ̂  difim niy chiing td vai tr6 can fliiet cua RPC4 trong sinh trudng va phat triln ciia Arabidopsis. 
D ^ dupc coi li nghi&n dux dau dfin vl dac diem chiic ning cua protein RPC4, tilu don vj ciia RNA polymerase HI 6 Arabidopsis, 
md ra mpt co chfi difiu h6a mdi, liSn quan toi dilu bda qui trinh phifei mi tRNA trong sv phat triln cua ttivre v§L 
Tu khda: Arabidopsis, Kilu gen, RNA polymerase U! subunit 4 RPC4, Rpc53p Saccharomyces cerevisiae, T-DNA insertions. 
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