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Summary. Genomic and cDNA clones homologous to 
the RpII215 gene of Drosophila were isolated from Ara- 
bidopsis thaliana and assigned to a single copy gene en- 
coding a transcript of 6.8 kb. Nucleotide sequence analy- 
sis of Arabidopsis genomic and cDNAs revealed a strik- 
ing homology to yeast, Caenorhabditis, Drosophila and 
mouse genes encoding the largest subunit of RNA poly- 
merase 11. The Arabidopsis gene rpII215 contains 13 in- 
trons, 12 of which interrupt the coding sequence of a 
protein of 205 kDa. The position of the first intron is 
conserved between plant and animal genes, while an in- 
tron located in the 3' untranslated region of the rpII215 
gene is unique to Arabidopsis. Common domains present 
in all known largest subunits of eucaryotic RNA poly- 
merase I1 were identified in the predicted sequence of 
the Arabidopsis RpII215 protein. Both the order and the 
position of N-terminal Zn2+ finger and of DNA and 
a-amanitin binding motifs are conserved in Arabidopsis. 
The C-terminal region of the Arabidopsis protein con- 
tains 15 consensus and 26 variant YSPTSPS repeats 
(CTDs). Highly conserved structure among the various 
C-terminal domains suggests that the largest subunit of 
RNA polymerase I1 in plants may also interact with 
transcription factors and with protein kinases that con- 
trol the cell cycle as in other organisms. 
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Introduction 

Transcriptional activation of diverse genes is mediated 
by common events involving the interaction of promoter 
elements with transcription regulatory proteins and 
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RNA polymerases (for reviews see Maniatis et al. 1987; 
Ptashne 1988; Johnston and McKnight 1989). While 
genes have been characterized by specific interaction of 
promoter elements and transcription factors (Kuhle- 
meier et al. 1987; Schell 1987; Benfey and Chua 1989), 
the role of RNA polymerase subunits in the control of 
transcription in plants has remained largely obscure. 
Apart from biochemical and immunological character- 
ization of plant enzymes (Guilfoyle et al. 1974; Guilfoyle 
and Dietrich 1986), most of our knowledge of RNA 
polymerases comes from other organisms. 

RNA polymerase I1 (RpII) is a complex enzyme 
composed of 9-11 smaller and 2 larger subunits. The 
largest subunit is well-studied because it binds a tran- 
scription inhibitor, cr-amanitin. Isolation of an a-amani- 
tin resistant mutant and P-element tagging of the 
RpII215 gene in Drosophila (Greenleaf et al. 1979; 
Searles et al. 1982) provided a key for cloning the genes 
for the largest subunits of RpII from fruitfly and other 
species (Biggs et al. 1985; Jokerst et al. 1989; Allison 
et al. 1985; Ahearn et al. 1987; Bird and Riddle 1989). 
Partial homology between the largest subunits of archae- 
bacterial, eubacterial and eucaryotic RpII indicated two 
functional domains (Allison et al. 1985; Piihler et al. 
1989). The N-terminal (or p-like) domain carries at least 
seven evolutionarily conserved regions including Zn2+- 
finger and DNA-binding motifs. A mutation resulting 
in a-amanitin resistance is located in one of these regions 
(Bartolomei and Corden 1987). A unique feature of the 
largest subunits of eucaryotic RpII is a C-terminal 
YSPTSPS consensus domain (CTD) that occurs in varia- 
bly repeated units, 26 in yeast, 42 in Caenorhabditis, 
44 in Drosophila and 54 in mouse. Mutations in the 
consensus sequence may cause altered developmental 
phenotypes, while about half of the CTD repeats are 
required for viability (Nonet et al. 1987; Bartolomei 
et al. 1988). Recent reports have demonstrated that the 
CTD repeats interact with transcription factors and 
serve as substrates for cdc2 protein kinases involved in 
cell cycle control (Brandt and Struhl 1989; Allison and 
Ingles 1989; Cisek and Corden 1989). 



To explore the role of the largest subunit of RpII 
in the regulation of transcription and cell cycle in plants, 
an rpII 215 gene was isolated from Arabidopsis thaliana 
using a Drosophila Rp11215 probe. Here we report that 
common domains in the largest subunits of RpII are 
highly conserved in Arabidopsis, suggesting an evolu- 
tionary maintenance of regulatory functions of this pro- 
tein in plants. 

Materials and methods 

Cloning of rpII215 genomic and cDNAs from 
Arabidopsis 

Nuclear DNA was prepared from wild-type A. thaliana 
var. Columbia plants as described (Koncz and Schell 
1986). Purification of plasmid DNAs, isolation and la- 
beling of DNA fragments by random priming, prepara- 
tion of phage lifts on nitrocellulose filters, physical map- 
ping, treatments with alkaline phosphatase, blotting of 
RNA and DNA gels, generation of genomic and cDNA 
libraries in lambda phage vectors and other recombinant 
DNA techniques were according to Sambrook et al. 
(1989). After cloning 16-20 kb MboI fragments of Arabi- 
dopsis nuclear DNA into the BamHI site of the lambda 
EMBL 4 vector, 200000 recombinant phages were 
screened using a 9.4 kb XbaI DNA fragment of plasmid 
pPC4 carrying the RpZZ215 gene of Drosophila (Jokerst 
et al. 1989). A buffer containing 30% formamide, 5 mM 
EDTA, 50 mM NaH,PO, (pH 7.0), 0.9 M NaCl, 
250 pg/ml salmon sperm carrier DNA, 0.1 % SDS and 
0.2% each of polyvinylpyrrolidone, bovine serum albu- 
min and Ficoll was used for low stringency hybridiza- 
tions at 37' C followed by washing with 50 mM NaCl, 
20 mM NaH,PO, (pH 7.0), 1 mM EDTA and 0.1% 
SDS at the same temperature. For hybridizations at high 
stringency (at 42' C) the above buffer contained 50% 
formamide and the washing step was done at 68' C. 

RNA was purified by extraction of plant tissues 
ground in liquid N, with 2 ml/g of buffer (8 M guani- 
dium hydrochloride, 20 mM MES (2-(N-morpho1ino)- 
ethanesulfonic acid pH 7.0), 25 mM EDTA and 50 mM 
2-mercaptoethanol) followed by incubation at 65' C for 
20 min. After phenol-chloroform (1 : 1) extraction and 
pelleting of debris, 0.2 M potassium acetate (pH 5.0) and 
10% ethanol was added to remove polysaccharides by 
precipitation for 15 min on ice, then the RNA was pre- 
cipitated by 0.7 volume of isopropanol. The crude RNA 
was dissolved in 20 mM MES (pH 7.0), 20 mM EDTA, 
0.5% SDS buffer, and extracted with phenol-chloro- 
form. After repeating the polysaccharide removal step 
by addition of 0.3 M sodium acetate (pH 6.0) and 10% 
ethanol, the RNA was precipitated with isopropanol. 
To remove contaminating DNA, the RNA was dissolved 
in 10 mM TRIS/HCl (pH 7.5) and 1 mM EDTA buffer 
and precipitated at 4O C with 3 M LiCl. After washing 
the pellet with 3 M LiCl, the RNA was dissolved in 
water and applied onto Hybond mAP (messenger affini- 
ty) paper to isolate poly(A) + RNA according to Amer- 
sham instructions. RNA gels containing 0.8% formalde- 

hyde were vacuum-blotted from 50 mM NaOH to Zeta- 
Probe membranes treated as described (Biorad instruc- 
tion manual) and hybridized with diverse fragments of 
rpII215 genomic and cDNA probes. A cDNA library 
was constructed in lambda gtlO from poly(A) + RNA 
prepared from plants grown to maturity (a kind gift 
of A. Bachmair, MPI, Koln). Primer extension of po- 
ly(A) + RNA with an oligonucleotide (5'-GGCCGGA- 
GAGAACGGAAACC-3') was performed as described 
(Dean et al. 1987). 

Nucleotide sequence analysis of rp11215 genornic and 
cDNA clones 

Three genomic and six cDNA clones isolated from lamb- 
da EMBL 4 and gtlO libraries were mapped by standard 
methods and by hybridization with the Rp11215 Dro- 
sophila probe. Overlapping fragments of both genomic 
and cDNAs were cloned in pUC18 and 19 as well as 
in MI 3mp18 and 19 vectors (Yanisch-Perron et al. 1985) 
to determine their nucleotide sequences. T7 DNA poly- 
merase and single or double-stranded templates were 
used for DNA sequencing with the universal forward 
and reverse primers (Tabor and Richardson 1987). Ge- 
nomic and cDNA fragments whose sequences were de- 
termined are indicated in Fig. 2. DNA sequences were 
analysed using a WISGEN program package (Devereux 
et al. 1984) adapted to a version 6.1 VAX/VCM com- 
puter. Nucleotide sequence data reported in this paper 
will appear in the EMBL, Genbank and DDJB Nucleo- 
tide Sequence Databases under accession number X 52954 
A. thaliana rpII 21 5 gene. 

Results 

Cloning of Arabidopsis genomic and cDNAs homologous 
to the RpII215 gene of Drosophila 

A 9.4 kb XbaI fragment of plasmid pPC4 carrying the 
entire RpIIC4 gene of Drosophila (Jokerst et al. 1989) 
hybridized to several HindIII fragments of Arabidopsis 
nuclear DNA at low stringency (Fig. la) .  One of these 
fragments was cloned by screening of a lambda EMBL 4 
genomic library with the Drosophila Rp11215 probe using 
similar hybridization conditions. From 200000 recom- 
binant phages, 3 genomic clones (GC2.1, 3.0 and 4.3) 
were isolated. Overlapping physical maps of these clones 
defined a 24.3 kb region of the Arabidopsis genome car- 
rying a HindIII fragment of 6.1 kb (Fig. 2) that hybrid- 
ized to the Drosophila Rp11215 probe as well as to other 
nuclear DNA fragments at low stringency. Notwith- 
standing its partial homology to other fragments, hy- 
bridization mapping at high stringency revealed that the 
6.1 kb HindIII fragment contained DNA sequences rep- 
resented only once per haploid genome in Arabidopsis 
(Fig. 1 b). 

Using this fragment as a homologous probe, a 6.8 kb 
transcript of low abundance was detected in poly(A) + 

RNA prepared from fully developed plants (Fig. 1 c). 
Screening of a lambda gtlO cDNA library with the probe 
yielded one homologous clone in 4 x 10' recombinant 
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Fig. 1. a Southern hybridization of a 9.4 kb XbaI fragment of plas- 
mid pPC4 DNA carrying the RpfI215 gene of Drosophila as probe 
to H M I  digested Arabidopsis nuclear DNA at low stringency 
(30% formamide, 37" C), b Southern hybridization of Hind111 (H), 
EcoRI (R) and M I  @) digested ArabidopPis nuclear DNA with 
a HindIII (222) - Sd(1179) fragment of genomic DNA clone 
3.0 as probe at high stxhgeacy (50% fonnamide, 42" C). (Nuqtbers 
in brackets indicate the position of endanuclease cleavage sitm 
within the rpIIZ15 gmomic DNA sequence. Note a weak hybridiza- 
tion of an EcoRI fragment carrying rpII215 homologous DNA 
sequences unlinked to the gene). c Northern hybridization of 10 pg 
poly(A) * RNA prepared from mature plants with a mixed probe 
containjng &oRI(- 199) - PstI (902) and M H I  (3344) - Bmn- 
HI (5068) fragments of genomic DNA clone 3.0 

phages. Six cDNA clones were isolated (C31, 41, 42, 
43,53 and 61) and mapped by hybridization with diverse 
fragments of genomic clones. Although all cDNAs were 
expected to posses identical 3' ends, the ends of only 
two cDNAs were mapped to an identical position 
(Fig. 2) suggesting that internal priming occurred during 
reverse transcription of the long transcript. Comparison 
of genomic and cDNA maps indicated that the 3' end 
of the identified gene is located outside the 6.1 kb HindIII 
fragment and contains several introns. 

Identification of the rpII215 gene of Arabidopsis 

The use of the RpII215 Drosophila probe for cloning 
related genes from other organisms demonstrated that 
the largest subunits of RNA polymerases I1 and I11 are 
substantially homologous (Allison et al. 1985; Bird and 
Riddle 1989). To identify to which RNA polymerase 
the largest subunit gene isolated from Arabidopsis corre- 
sponds, the nucleotide sequences of cDNA clones were 
determined as outlined in Fig. 2. Close to the 3' end 

of cDNAs C42 and C61 a number of direct repeats were 
found that encoded multiple copies of a YSPTSPS pep- 
tide (Fig. 3 a). This unequivocally demonstrated that the 
cDNAs were complementary to the 3' end of the gene 
for the largest subunit of Arabidopsis RNA polymerase 
11, since similar repeats have only been identified in the 
carboxy-terminal domains of the largest subunits of eu- 
caryotic RpII. Physical mapping and nucleotide se- 
quence data showed that all cDNAs corresponded to 
the same transcript, a 4437 bp region which was repre- 
sented in the longest cDNA clone. 

To analyse the structure of the rpII215 gene, the nu- 
cleotide sequence of an 8676 bp region of genomic DNA 
was determined using subcloned fragments of lambda 
EMBL 4 clones (Fig. 4). By comparison of genomic and 
cDNA sequences, the positions of six introns were de- 
fined (Fig. 4). The nucleotide sequence of identified 
exon-intron boundaries followed the general GT-AG 
rule described for splice junctions of eucaryotic genes 
(Mount 1982; Fig. 3 b). A computer program was used 
to analyse genomic DNA sequences located upstream 
of the 5' end of the cDNA C61 (position 2225). First 
the nucleotide and derived amino acid sequences of 
known genes for the RpII largest subunit were compared 
pairwise to establish overlaps. A consensus sequence 
generated by the program showed that in scattered posi- 
tions about 50% of amino acids are identical (Figs. 3c, 
5). Alignment of the consensus DNA sequence with the 
genomic and overlapping cDNA sequences indicated 
that the program is well-suited for identification of exon- 
intron boundaries. To localize the missing introns, all 
possible reading frames and putative splice junction se- 
quences were examined in the remaining genomic DNA 
sequence. Only one alignment was found which showed 
overlaps with all reference points of the consensus se- 
quence. This indicated that the rpII215 gene of Arabidop- 
sis contains 13 short introns (Fig. 4). 

Analysis of the nucleotide and derived amino acid sequence 
of the rpII215 gene 

I. Exon-intron structure and DNA sequence homology. 
The complexity of sequence organization of genes en- 
coding RpII largest subunit correlates with the number 
of introns which increases from 3 in Drosophila to 11 
in Caenorhabditis and 28 in mouse. In comparison of 
these species the position of the first intron of 190 bp 
is conserved in Arabidopsis. In a second region (position 
3370), where Drosophila intron 2, Caenorhabditis intron 
6 and mouse intron 14 overlap, the Arabidopsis gene 
shows homology to the uninterrupted RP021 gene of 
yeast. Similarly to the ama-1 gene of Caenorhabditis, 
the 3' end of the Arabidopsis gene also contains three 
introns, albeit in different positions. Two of these inter- 
rupt the coding region of YSPTSPS repeats while, un- 
iquely among all species, one intron is located within 
the 3' untranslated region of the Arabidopsis rpII215 
gene. 

In contrast to the diversity of introns, a high level 
of sequence conservation was observed among the cod- 
ing regions of the genes. The homology broke down 
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Fig. 2. Physical map of the 
Arabidopsis rpII215 locus. GC 2.1, 
3.0 and 4.3 are genomic DNA 
fragments cloned in lambda EMBL 
4. Nucleotide sequence of the region 
indicated by dashed lines was 
determined using a strategy outlined 
below the schematic structural map 
of the rpII215 gene. Exons and 
introns are labeled, respectively, by 
black and narrow open boxes. 
Position of cDNA clones C31, 41, 
42, 43, 53 and 61 are shown by 
interrupted black bars. cDNA 
fragments used for sequencing are 
marked by arrow-headed lines. 
Restriction endonucleases cleavage 
sites are B, BamHI; Bg, BglII; H, 
HindIII; R, EcoRI; RV, EcoRV; S, 
SalI; P, PvuI; K, KpnI. HindIII sites 
marked separately below or above 
the physical maps represent the 
boundaries of the 6.1 kb HindIII 
fragment detected by Southern DNA 
hybridization with the RpII215 
Drosophila probe 

INTRONIEXON-BOUNDARIES 

1 cxwmcaEgtaatgctcc 
2 - gtcagcattg 
3 - gttcgtdtt 
4 -wqtcgac 
5 gtaatgcttt 
6 gtaatttttc 
7 !tGXmmG gtatgtacta 
8 gtagcaattt 
9 - staagttgca 
lo amG?caG gtatattcaa 
u --agta 
12 GIWXAGCAG gtttgacttt - gtaacgtcta 

b 

Amino Acid Identity [%I 

tttttttq AaxaATGT 
W t t a a g  - 
a t t c t t w  
g t t g a t w  - 
ttttcttq GcxxxxA 
aagactm-'wJ?fr 
ttggtcacag GmaaxGc 
ccattttcag GA!mlma 
tggbtc€ag cm4GxmT 
ttccttgtag mmxvm 
tactctgcag armxrm 
tctgtctcag - 
taaoccgcag ~ m m  

33 Y S P T S P N  
34 Y S P T S P S  A- th .  yeast C.e. D.m. mouse 
35 Y S P T S P S  
36 Y S P S S P T  A.th. 100.0 - - - - 
37 Y S P S S P  WSt 57.2 100.0 - - - 
38 Y S S G A S  P D  
39 Y S P  S A G  C.e. 59.0 54.5 100.0 - - 
40 Y S P T L P G  D.m. 58-0 53.9 66.7 100.0 - 
41 Y S P S S  T G Q  mouse 60.9 55.6 70.5 73.6 100.0 
42 Y T P H E G DKKDKTGKKDASKDDKGNP 

C 
a 

Fig. 3a. Comparison of the amino acid sequence of carboxy-terminal domains of Arabidopsis RpII215 protein. b Exon-intron boundaries 
identified in the rpII215 genomic DNA sequence bold letters; deduced from cDNA sequencing (see Fig. 2), all others; deduced from 
genomic sequence comparisons. c Comparison of amino acid identity among RpII largest subunit proteins of Arabidopsis thaliana (A.th.), 
yeast, Caenorhabditis elegans (C.e.), Drosophila melanogaster (D.m.) and mouse 



tctagatagtttgaagaatcctattgagcgatcttaatcaaaagaacaaaagaagttataacgaaaacatgcatttgaagataaaagctataaagtataaataattttctttcttttttc 

gttgttttgtttttgtatcagcgtgtgtgttatatacataacaaagtgggcttcacataacttgagactatgcctccgtacgtgtaatatttatttgttagttttccgtattataataat 

gggttcaccctactttgctagagtagaagaataatttcattttattaactcccaactcattcattactcacttttgggatattgaagaagttaggtatttactattccgaagatgaaatg 

aagataattaatcgtttcaatctaaattacacattagatttcttttagcgtagggactcctcttcctttagagcttcggccactagcagttaaaactttaatggttcagatttttcagtc 

cactttaccaaacatggtgaaataaggggaactattatcgttttgctcttttaagaagaaatctatttgacggaaaataagaagaaatcttatttttgatatatcggtttgaccaactga 

accgatataaaccaatcttactagcattcttcgttacaacacgtttctttggtcagtgccgacgcaggcccgttaatccgtttaactggwctgagacagttacagcccaattaaccaga 

acagacctttgagccgcctatttttctataaatagaggcttagggcatggatcgtgtttcttttgctcattcatctctcctcgtgaagagacgagagaattccagatctggtcgtgtcaa 

aacccagagagggaaaaaaaaaacggaaaaaagtttagctcaagtaactgtaaactactgactcacagattcaaacaaattggcaaaagagggtttaattaatttttgattcccctttta 

TACTCAGCCCCGATGAGATCgtaatgctcctttctctttctctttctctttcaggtccattcgtccgccgtctgtttagctggcggggatattggcatgaatagtagattggtttagtta 
L S P D E I  28 

545 AGGAGC~A~CGTgtcagcattgcttgttttgcttatgtctttgtttgacgtagctgttcttcaattgattatttttatgaaggaggagcataagtttaagCAGGCTATGAAGATCAA 
R S L F R  Q A I I K I K  

665 G A A T C C T M G A A T A G G C T T M W G A T T C T G G A T G C C T G C  
W P K W R L K K I L D A C K W K T K C D 6 6 D D I D D V Q S H S T D E P V K K S  

785 C C G A G G T G G A T G T G G T G C A C A A C A A C C A A A A C T G A C T A C  
R G G C G A Q Q P K L T I E G ~ K ~ I A E Y K I Q R K K W D E P D Q L P E P A E  

905 A4GWCAGACACTTGGTGCTGATAGGgttcgtcttttctttcgaatgaattttacctcttgttcttgtttggcgtaatctgatggcatgtgatattcttgcagG~GAGTG~TG 
R K Q T L G A D R  V L S V L  

1385 TTTTGATAACGAGTTGCCTGGACAGCCAAGGgtaatgcttttgtatccttccagatatctggtatgatacatacggatattgctttatctggattggcttttattttcttcagGCTACTC 
F D N E L P G Q P R  A T Q 329 

1625 A T C C A A C A A T A A A T A T T G A T W C T T G G T G T T C C G T G C  
P T I N I D E L G V P W S I A L W L T Y P E T V T P Y W I E R L V R L V F I S F  409 

1745 TrrCTGAGAgtaatttttccgtgttttactaacaatttagtttggcagattaaaggagcttgttgattatggaccacatcctccacctgggaagactggagC~TATATMTMGAGA 
S E T  K Y I I R D  418 

2225 AGGTGTTAGAGCTGATGATGGTTCCTAAATGTATTGTCTCCCCCCAGGCWTCGTCCTGTGATGGWTTGTGCAGGATACCCTCTTGGGGTGCCGTMTTAWGAGAGATACTT 
V L E L ~ ~ ~ P K C I ~ S P ~ A W R P ~ ~ G I ~ ~ D T L L G ~ R K I T K R D T F  550 

Fig. 4 (continuation, see page 70) 



2345 TCATAGAGIV\GgtagcaatttcatcagcggttgctttttaaagttatctatgatattgatgagaggataaaccaactcttatgctgatatcttatccattttcagMTGTATTCATGAAC 
I E K  D V F H W  558 

2465 ACACTGATGTGGTGGGMGACTTCMTGGGAAAGTTCCGGCTCCTGCMTCTTWGCCTCGTCCTCmGGACTGGWCMGmTMTCTTATCATACCMMGATMTCTG 
T L H U W E D F D G K V P A P A I L K P R P L W T G K Q V F H L I I P K Q I N L  598 

2585 T T G A G G T A C T C T G C T T G G C A C G C A G A T A C A G A G A C T G C C C C T T G G T  
L R Y S A H I I A D T E T G F I T P G D T Q V R I E R G E L L A G T L C K K T L G  638 

2705 ACATCTMTGGMGTCTCGTGCATGTCATTTGgtaagttgcacatcaagattttagagtgtttattccggtttgtcacatttgcttactggctaaattttggtaccttagttaacttcac 
T S W G S L V I I V I W  649 

2825 atcacatgcagcattgttgggaatatctaaatgtagtaattagtttcatgagctcttttgttttaattcatttttacttggcttccagGWGAGGTTGGTCCTGATGCAGCTAGMT 
E E V G P D A A R K F  660 

3545 GCTATGGGAGGACGAGAAGGTCTTATTGATACTGCTGTWGACATCAWCTGGATACATTCAGAGGCGATTGGTAAAGGCTATGGAGGATATTATGGTTAAGTATGATGGGACAGTC 
A H G G R E G L I D T A V K T S E T G Y I Q R R L V K A ~ E D I ~ Y K Y D G T V  871 

3785 mMGTATGAGATTGACGACGMCTGWTCCTACTTACCTMGTGATGMCATCTTGMGACTTGMGGGGATTCGGGAGTTGCGTGATGTATTCGATGCGWTATTCGAAACTT 
F K Y E I D D E W W N P T Y L S D E W L E D L K G I R E L R D V F D A E Y S K L  951 

3905 GAGACTGACAGATTCCMCTCGGGACAGAAATTGCMCAAATGGTGATAGCACTTGGCCATTGCCTGTTMCATCMGAGGCATATCTGWTGCGCAGMGACTTTCAAAATTGACTTG 
E T D R F Q L G T E I A T N G D S T W P L P V N I K R H I W W A Q K T F K I D L  991 

4025 CGCAAAATTTCAGATATGCACCCTGTTWTTGTTGATGCTGTTGATMCTACAGMGAGGCTGTTGGTTGTTCCTGGTGATGATGCGTTGAGTGTGGMGCACAGMCGCMCA 
R K I S D ~ I I P ~ E I ~ D A ~ ~ K L Q E R L L ~ ~ P G D ~ A L ~ ~ E A Q K N A T  1031 

4145 T T G T T C T T T M C A T T T T G C T T C G C A G C A C T C T T G C T A G T A  
L F F N I L L R S T L A S K R V L E E Y K L S R E R F E W V I 6 E I E S R F L Q  1071 

4265 TCGCTAGTGGCCCCAGGGGAAATGATCGGTTGTGTTGCTGCTCMTCAATTGGAGAACCTGCTACGCAGATGACTCTWTACCTTCCATTATGCTGGTGTCAGTGCAAAGMCGTTACG 
S L V A P G E ~ I G C V A A Q S I G E P A T Q ~ T L N T F H Y A G V S A K N V T  1111 

4385 CTCGGAGTTCCCAGGTTGCGTWnATTAATGTAGCTMGAGGATCMCACCATCCCTATCAGTCTATCTCACTCCGGMGCTAGMTWGAGGGGGCTMGACTGTTCAG 
L G V P R L R E I I H V A K R I K T P S L S V Y L T P E A S K S K E G A K T V Q  1151 

4505 TGTGCTTTGGAGTATACTACTCTCAGGAGTGTTACTCAAGCTACGGMGTCTGGTATMCCCAMTCCMTGAGTACMTMTTGAAGAGGACTTTGMTTTGTGAGGTCCTACTATGAA 
C A L E Y T T L R S V T Q A T E V W Y D P D P t l S T I I E E D F E F V R S Y Y E  1191 

4625 ATGCCAGATGMGATGTTTCCCCAGATMGATATCTCCGTGGCTACTTCGTATAMGTTWTCGCGAGATGATGGTTGATMGAAATTGAGTATGGCGGATATTGCGGAWGATCMC 
H P D E D V S P D K I S P W L L R I E L N R E H n V D K K L S ~ A D I A E K I W  1231 

4745 CTTGAGTTCGATGATGACCTMCTTGCATATTCMTGATGATMTGCTCMCTGATCCTTCGAATTCGCATTATGMCGATGAGGGCCCMGGGAMGTTGCMGATWTCGGCT 
L E F D D D L T C I F N D D W A Q K L I L R I R I H W D E G P K G E L Q D E S A  1271 

5105 ATTATTGAAGTTCTCGWTTGAGGCAGTTCGTCGTGCTTTGCTTMTGMCTCCGTGTTGTGATATCCTTTGATGGTTCTTATGTWTTACCGTCATCTTGCCATCTTGTGTGATACT 
I I E V L G I E A V R R A L L D E L R V V I S F D G S Y V W Y R W L A I L C D T  1391 

5225 ATGACCTATCGCGGTCATCTGATGGCTATCACTCGACACGGTATCMTAWTGACACTGGGCCTCTGATGAGATGCTCTTTTGMWCAGTTGATATTCTGCTAGATGCTGCGGCT 
H T Y R G H L F I A I T R H G I N R N D T G P L H R C S F E E T V D I L L D A A A  1431 

Fig. 4 (continued) 



5465 GAACTTCAGCTCCCTAGCTATATGGATGGTCTTGAATTTGGAATGACTCCTGCTCGTTCACCAGTGTCAGGCACTCCTTACCATGAAGGCATGATGTCTCCAAACTACCTGTTAAGTCCA 
E L Q L P S Y ~ D G L E F G ~ T P A R S P V S G T P Y H E G ~ ~ S P N Y L L S P  1511 

5705 CCCGGTTACAGTCCMCTTCGCCTGGATATAGCCCGACTTCTCCCGGTTACAGTCCMCTTCGCCTACCTACAGTCCCAGTTCTCCTGGCTATAGCCCAACMGCCCTGCTTATTCTCCT 
P G Y S P T S P G Y S P T S P G Y S P T S P T Y S P S S P G Y S P T S P A Y S P  1591 

5825 ACMGTCCTTCCTATTCTCCTACCTCTCCWTACAGCCCMCGTCTCCMGCTATAGCCCAACGTCGCCAAGCTACAGCCCGACATCTCCGAGCTACAGTCCTACTTCCCCAAGTTAC 
T S P S Y S P T S P S Y S P T S P S Y S P T S P S Y S P T S P S Y S P T S P S Y  1631 

5945 A G C C C G A C T T C G C C T G C T T A C A G C C C G A C T T C A C C T G C C C A T C G C C T  
S P T S P A Y S P T S P A Y S P T S P A Y S P T S P S Y S P T S P S Y S P T S P  1671 

6065 TCTTACAGCCCTACTTCACCATCTTACAGCCCAACATCTCCGTCTTACAGCCCTACTTCACCCGCATATAGCCCCACATCTCCTGGCTACAGCCCTACTTCACCMGTTACAGTCCMCA 
S Y S P T S P S Y S P T S P S Y S P T S P A Y S P T S P G Y S P T S P S Y S P T  1711 

6185 TCACCMGTTACAGTCCMCATCACCMGCTACGGTCCTACGTCTCCAAGCTACMCCCTCAGTCTGCTMTATAGCCCATCTATAGCTTACTCTCCTAGmTGCMGACTATCACCA 
S P S Y S P T S P S Y G P T S P S Y N P Q S A K Y S P S I A Y S P S N A R L S P  1751 

6305 GCTAGCCCCTACAGTCCTAW\TCTCCCAACTACAGgtaagtagtaatatcttaatttttacactttctatgaagcttctcttatcttgtggtgatattgtgtcatcttctctaatcgtta 
A S P Y S P T S P N Y R  1763 

6425 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C C C G A C A ~ C T C C A T C A T A C T C A C C C A C A T C T C C A T C T T A T T C A C C T T C M G T C ~ C A T A M G T C C M G C A G ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C ~ ~ ~ ~ ~  
P T S P S Y S P T S P S Y S P S S P T Y S P S S  1787 

6785 MGGCMCCCTTGAMGAGAGTGAGAATTGGCMTCCATGTAGgtaacgtctaaatctcttggaaccattggggtttacaagtcttactagctcacgaacttagccacttgggatat 
G N P  1842 

7 145 TTAGTTTTTGGCTTTTTGCTGTGTTGTTCTATTTCAGAAAGTAAACATGTGAAACGGTTCATTTGTAATCCATGAAAGGATTCTTTATGTTact gct gtt gcttcattgagtagatacga 

7265 atcgagaatgccttttttccttgtttccgacaattatcgattgacgtgtgaccactttaaaagtttaaacagctcgactttccaatatgggtttatttcttgttttatccacaccattaa 

7385 agaatggtttttgggatttttatttatgtgataattaatcatttttccaaattttattttgtatataataaatgaagcaaatgttggaaaactatccaatggatgtggtgggttaatatc 

7505 accagattcgcatagctggttttttgacttgtcttcttaattatttgtccagaaaaagagaagaactcttcacatcatcattgtcaactttagcattattgtattagctttttatttctt 

7625 tacgtctacaaagctattggtacaacgttctaaaatcaaattcgtcatcagtagattttgtaaactaattaagtaaagttcagtgattaaagaagctagatgaagaacgtgtgcaacgac 

7745 tcctctgagatct 

Fig. 4. The complete nucleotide and derived amino acid sequence of the Arabidopsis rpII215 gene. Sequences represented by cDNA 
clones are underlined. Introns are printed in lower case 

sharply outside the predicted start and stop codons of 
the Arabidopsis gene. Lack of longer open reading 
frames (ORFs) and putative splice junctions upstream 
of the coding region suggested that the localization of 
the start codon was correct. Transcription of the first 
exon was confirmed by primer extension of poly(A) + 

RNA using an oligonucleotide that terminated upstream 
of the ATG codon (data not shown). 

Translation of the common ORF of cDNA sequences 
defined a long 3' untranslated region extending 436 bp 
downstream of the stop codon. Except for a sequence 
(5'-TATAA-3') located 130 bp upstream of the poly(A) 
tail, no homology to the consensus (5'-AATAA-3') po- 
lyadenylation signal was detected within this region. 

2. Conserved domains in the largest subunits of RpII. In 
contrast to the other RpII215 proteins, the sequences 
of which were deduced by the analysis of genomic DNA 
sequences, 1332 amino acid residues of the largest sub- 
unit of Arabidopsis RpII were deduced from the cDNA 
sequence. Translation of the coding region distributed 
over 13 exons of the rpII215 gene resulted in a putative 
protein product of 1841 amino acids and 205 kDa. 

Comparison of amino acid sequences encoded by 
rpII215 genes of Arabidopsis and other species indicated 
that the Arabidopsis protein contains domains that are 
highly conserved between the largest subunits of all eu- 
caryotic RpII. Nine of these (Fig. 5, Dl-D9) were pre- 
viously identified in the N-terminal region by compari- 
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Fig. 5. A consensus sequence of eucaryotic RpII largest subunit 
protein generated by the VAX-WISGEN computer program. Re- 
gions containing identical amino acids are printed in black and 
shown by capital letters in the consensus sequence. Amino acids 
common in at least three species are printed in lower case. Homolo- 
gous domains @1 and D9) determined previously by sequence 
comparison with the 8' subunit of Escherichia coli RNA polymer- 
ase (Jokerst et al. 1989) are underlined. Corresponding positions 
of Arabidopsb (al-a13), Caenorhabditb (cl+ll), Drosophila (dl- 

d3) and mouse introns (ml, m14 and m26) are indicated by black 
arrows above the sequence. Common position of the first intron 
is shown by the large black arrow below the sequence. Open trian- 
gles label the position of themosensitive yeast mutations (rpo21- 1 
to -3, Himmelfarb et al. 1987) shown to influence RNA polymer- 
ase I1 function. Position of a mutation causing a-amanitin resis- 
tance in mouse is marked by a. Repeated C-terminal consensus 
domains are underlined and numbered 



son of yeast, Drosophila and mouse RpII largest subunit 
sequences to that of the B' subunit of Escherichia coli 
RNA polymerase (Allison et al. 1985; Jokerst et al. 
1989; Ahearn et al. 1987). The fact that a consensus 
sequence could be generated using only a minimal 
number of gaps, suggested that the number of regions 
where substitutions or deletions are permitted is very 
limited. Such regions occur between domains D7 and 
D8 (region of intron 7 in Caenorhabditis) and down- 
stream of domain 9 (region of Drosophila intron 3) sepa- 
rating the N- and C-terminal parts of the protein. 

Following the common region flanking the first in- 
tron, all genes contain the highly conserved domain Dl .  
The amino acid sequence of this domain in Arabidopsis 
also fits to a consensus C-X2-,-C-X2-,,-C- 
X,-.-H-X,-,,-C-X-C-X2-C-X,-L repre- 
senting a Zn2+ finger motif. Thermosensitive mutations 
rpo21-1 and rpo21-2 in this domain in yeast resulted 
in a defective RpII and in decreased viability, indicating 
the functional importance of this sequence (Himmelfarb 
et al. 1987). Domain D3, identified by the rpo21-3 yeast 
mutation yielding a similar phenotype, contains 12 basic 
lysine and arginine residues within 36 amino acids in 
Arabidopsis as well as in Drosophila and mouse. Do- 
mains D3 and D4 are thought to be parts of the DNA 
binding site (Ahearn et al. 1987). Domains D6 and D7 
represent the central and most conserved part of the 
largest subunits of eucaryotic RpII. A VGQQ n VEGK- 
RI motif located in domain D6 is identical in all species 
except yeast and probably corresponds to the a-amanitin 
binding site. A mutation changing the Asn residue to 
Asp in mouse has been demonstrated to cause a-amani- 
tin resistance (Bartolomei and Corden 1987). The fact 
that Ser residue replaces this Asn in yeast correlates with 
the a-amanitin tolerance of yeast RpII. 

The C-terminal domain of the Arabidopsis protein 
contains 15 consensus and 26 variant YSPTSPS repeats. 
The codon usage for the first six amino acids of these 
repeats is conserved, while in the last position a serine 
is encoded by either AGX or TCX codons. Mutations 
in the first position to G result in replacement of Ser 
by Gly or Ala residues. From repeat 2 to 28 all YSPTSPS 
domains are identical except for the last amino acids 
that form a characteristic G, S, A, S, A/G, S domain 
pattern (Fig. 5). Towards the C-terminal end (overlap- 
ping the position of Arabidopsis introns 11 and 12) the 
diversity of repeats increases. Of the C-terminal repeat 
domains (CTDs), 18 are highly conserved among Arabi- 
dopsis and other species (Allison et al. 1985; Ahearn 
et al. 1987). This supports the notion that the presence 
of 15 CTDs in the largest subunits of RpII are absolutely 
required for viability (Bartolomei et al. 1988; Allison 
et al. 1988). 

Discussion 

Characterization of the rpII215 gene of Arabidopsis an- 
swers several important questions. The analysis de- 
scribed above demonstrates that all homologous do- 
mains of functional importance in the largest subunits 
of RpII are conserved between plants and other eucar- 

yotes. This implies that much of our knowledge based 
on studies of possible regulatory functions of these pro- 
teins in other organisms may be extrapolated to plants. 

As in other species, the largest subunit of RpII is 
encoded by a single gene in Arabidopsis. Low stringency 
hybridization data obtained with both Drosophila and 
Arabidopsis probes indicated that the rpII215 gene is, 
however, homologous to other loci of the Arabidopsis 
genome. This is compatible with the data showing immu- 
nological cross-reaction between the largest subunits of 
plant RNA polymerases (Guilfoyle 1980). Characteriza- 
tion of genomic clones currently in progress will deter- 
mine whether these sequences correspond to any of the 
largest subunit genes of RNA polymerase I and I11 (C. 
Nawrath, unpublished). 

Preliminary studies of transcription indicated that 
the rpII215 gene is expressed only at a low level in differ- 
entiated plant tissues. In fully developed plants the 
rpII215 transcript represents less than 0.001 % of the 
total amount of steady-state mRNAs. This may be ex- 
plained by the lack of a proper polyadenylation signal 
at the 3' end of the transcript. A possible involvement 
of the last intron in post-transcriptional regulation (i.e. 
differential splicing) also cannot be excluded, although 
the cDNA mapping data do not support this assump- 
tion. 

The rpII 215 gene of Arabidopsis encodes a protein 
of 205 kDa. This value is smaller than that of the esti- 
mated 22&240 kDa molecular mass found for the corre- 
sponding RpII largest subunits in other plants. In vivo 
phosphorylation of Ser and Thr residues of CTD re- 
peats, converting the protein from form IIA to 110, 
probably accounts for this difference (Cadena and Dah- 
mus 1987; Guilfoyle et al. 1984; Guilfoyle 1989). Recent 
reports have demonstrated that the CTD repeats are 
specifically phosphorylated by cdc2 protein kinases sug- 
gesting that post-translational modification of the larg- 
est subunit of RpII plays an important role in cell cycle 
control (Cisek and Corden 1989). Immunological identi- 
fication of protein p34 of the cdc2 kinase complex (John 
et al. 1989) and the highly conserved structure of the 
CTD repeats in Arabidopsis indicate that similar regula- 
tion may exist in higher plants. 

A major function of CTD repeats in the regulation 
of transcription could result from the interaction of the 
largest subunit of RpII with transcription activator pro- 
teins, such as GCN4 in yeast (Allison and Ingles 1989; 
Brandt and Struhl 1989). This observation may hold 
for other organisms since GCN4 is structurally related 
to the jun oncoprotein and the vertebrate transcription 
factor AP-1 (Jones et al. 1988). It is intriguing that cer- 
tain plant transcription factors, such as TGAla and b 
in tobacco and HBP-1 in wheat (Katagiri et al. 1989; 
Tabata et al. 1989), are homologous to GCN4 and can 
mediate tissue-specific regulation of transcription by 
binding close upstream to the TATA box. Whether any 
of these transcription factors interact with the largest 
subunit of RpII may be determined by using protein 
fusions and antibodies which can be generated with the 
available cDNA clones of the rpII215 gene of Arabidop- 
sis. 
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