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ABSTRACT

The gene, rpb1, encoding the largest subunit of RNA
polymerase Il has been cloned from Schizo-
saccharomyces pombe using the corresponding gene,
RPB1, of Saccharomyces cerevisiae as a cross-
hybridization probe. We have determined the complete
sequence of this gene, and parts of PCR-amplified rpb1
cDNA. The predicted coding sequence, interrupted by
six introns, encodes a polypeptide of 1,752 amino acid
residues in length with a molecular weight of 194
kilodaltons. This polypeptide contains eight conserved
structural domains characteristic of the largest subunit
of RNA polymerases from other eukaryotes and, in
addition, 29 repetitions of the C-terminal heptapeptide
found in all the eukaryotic RNA polymerase Il largest
subunits so far examined.

INTRODUCTION

The DNA-directed RNA polymerase is the basic machinery of
transcription apparatus. Modulation of its activity and specificity
plays a major role in global control of transcription (for example
see refs. 1—9). Clarification of the architecture and functions
of RNA polymerase is, therefore, essential to understand the
molecular mechanisms of transcriptional regulation. The best
characterized RNA polymerase is Escherichia coli enzyme, which
consists of three core subunits (, 3 and 8’) and one of several
o subunits. The catalytic site is located on 8, while 38’ has non-
specific binding activity to DNA; « links these two large subunits
into core enzyme structure (reviewed in refs. 10,11). Subunit
¢ plays a major role in promoter recognition (2).

In eukaryotes, three classes of nuclear RNA polymerases, I,
I and III (or pol I, pol II and pol III, respectively), exist, which
differ in the specificity of template recognition (for reviews see
refs. 4,5). Furthermore, each class of RNA polymerases is
composed of about 10 different subunits (the minimum essential
subunits have not been identified for anyone of three RNA
polymerases) (4,5). This complexity in RNA polymerase
structure has hampered to define the role of each subunit in
transcription. However, recent progress in the cloning of genes
encoding eukaryotic RNA polymerase subunits has provided the
experimental base for detailed characterization of each subunit.

The largest and the second largest subunits of the three classes
of RNA polymerases have thus been found to share notable
homologies with the 3’ and 8 subunits, respectively, of E. coli
RNA polymerase (12—28). As to smaller subunits, the genes
for all the components of purified pol II have been cloned from
the budding yeast Saccharomyces cerevisiae (29—32,55). In
addition, S. cerevisiae mutants have been isolated, each carrying
a mutation(s) in one of the pol II subunit genes (for a review
see ref. 32).

The fission yeast, Schizosaccharomyces pombe, is as easy and
useful in genetic analysis as S. cerevisiae, but its strategies for
gene expression such as transcription initiation mechanisms (33)
and splicing patterns (34,35) are similar to those in higher
eukaryotes. Taking these points into consideration, we have
started studying the molecular anatomy of S. pombe RNA
polymerase II. In this report, we describe cloning of the gene
for the largest subunit of S. pombe pol II (rpbl), and
determination of both the complete sequence of the cloned gene
and parts of PCR-amplified cDNA. The gene organization and
the protein structure of the S. pombe pol II largest subunit are
discussed in comparison with those of other organisms.

MATERIALS AND METHODS
S. pombe strain and plasmid

A wild-type strain 972h~ of S. pombe provided by Dr. M.
Yamamoto (Univ. Tokyo) was used throughout this study.
Plasmid pRP19 containing the entire S. cerevisiae RPBI gene
(36) was a gift from Dr. R.A.Young (MIT).

Gene cloning

Isolation of DNA from S. pombe and Southern analysis were
carried out as described previously (18). A X EMBL3 phage
library carrying 8.5—20 kbp (kilo base-pairs) inserts was
constructed from partial Sau3Al digests of S. pombe DNA
according to Kaiser and Murray (37). Clones carrying the gene
for pol II largest subunit were isolated by plaque hybridization
by the method of Anderson and Young (38). Starting from A
clones, genomic DNA fragments were subcloned into M13
phages or pUC plasmids.
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DNA sequencing

Sequencing of M13 or pUC clones was performed by the dideoxy
chain termination method (39). For sequencing PCR products,
the direct sequencing method of Carothers et al. (40) was
employed.

RNA analysis

Poly(A)* RNA was prepared by the standard procedure (41).
Northern analysis was performed after denaturation of poly(A)*
RNA by glyoxal and dimetyl sulfoxide (41). For primer extention
analysis of poly(A)* RNA, primers were designed based on the
sequence of genomic DNA, end-labeled at 5’ termini with
[v-32P]ATP, and elongated using reverse transcriptase (42). To
determine splice junctions, cDNA covering the test regions were
synthesized and used as templates for PCR amplification and the
PCR products were sequenced directly (40).

RESULTS AND DISCUSSION
Cloning of the gene

For cloning the S. pombe gene for the largest subunit of pol II,
we used a S. cerevisiae DNA fragment containing the entire RPB]
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Fig. 1. Southern bybridization of S. pombe genomic DNA using S. cerevisiae
RPBI probe. Five pg of total S. pombe DNA were digested with various restriction
enzymes, and subjected to Southern analysis under low stringency hybridization
conditions. Restriction enzymes used are: EcoRI (lane 1); EcoRI/HindllI (lane
2); Hindlll (lane 3); Hindlll/Pstl (lane 4); and Pstl (lane 5).
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gene encoding the largest subunit of pol II (Bl subunit) as a
hybridization probe. Initially, total S. pombe DNA was digested
with various restriction enzymes and analyzed by Southern
hybridization using the S. cerevisiae probe (an EcoRI-HindIll
fragment of pRP19) under low stringency conditions. As shown
in Fig. 1, one major and several minor bands were identified
for all the restriction enzymes used. First, a 2.2 kbp Hindlll-
Pstl fragment (see lane 4 in Fig. 1) was size-selected by electro-
elution from an agarose gel, and cloned into M13 phage mp18.
The sequence determination of the cloned S. pombe DNA
indicated that a high degree of amino acid (aa) sequence homology
exists between the open reading frame in this fragment (C-
terminal region downstream from aa residue 1,238; see Fig. 4)
and a part of S. cerevisiae pol I largest subunit (C-terminal region
downstream from aa residue 1,235; see Fig. 4). The result
strongly suggested that the cloned fragment was a part of the
largest subunit gene of S. pombe pol II.

In order to clone the entire gene, we next constructed a genomic
library of S. pombe DNA using a X phage vector and screened
it using the cloned S. pombe DNA as a hybridization probe.
Screening of approximately 1.8x10* plaques under high
stringency conditions yielded 12 positive clones. The restriction
map analysis showed that all these clones carried an identical
DNA fragment, presumably originated from the same
chromosomal locus.

Structure of the gene

Nucleotide (nt) sequence was determined for a continuous DNA
segment of 7,079 bp including the above-mentioned HindIII-PstI
fragment. The outline of the sequence is illustrated in Fig. 2,
while details are described in Fig. 3. An uninterrupted open
reading frame spanning nt position 656 to 5,554 (the nt position
1 was set to the first base of the putative initiation codon; see
Figs. 2, 3, and 5) encodes a polypeptide of 1,633 amino acids
in length with a high degree of aa sequence homology to the
region from aa position 118 to the C terminus of the S. cerevisiae
pol II largest subunit (Fig. 4). In the upstream region from nt
position 655, the reading frame with homology to the rest (N-
terminal proximal region of 117 aa residues) of the S. serevisiae
subunit is interrupted six times. Since a set of the consensus
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Fig. 2. Structure of the rpb! gene. (A) Restriction map of the rpb] gene. Filled and open boxes represent exons and non-coding sequences including six introns,
respectively. Restriction enzyme sites mapped are: H, Hindlll; P, Pstl; S, Sacl; E, EcoRI; B, BamHI. (B) PCR amplified cDNA sequence. Gaps connected with
thin lines represent genomic DNA sequences which are not present in cDNA. Positions and directions of primers used for PCR and DNA sequencing are shown
by triangles below the PCR products. (C) Sequencing strategy of the PCR products. Thick lines represent stretches sequenced, and arrows under the lines represent
primers used for the direct sequencing. The sequence with an asteric was determined after cloning into mp19 and using a M13 phage universal primer. Thin lines

represent gaps which are not present in cDNA.
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AAGCTTCTAGAGCCACTCCTGACATTAAAGAACAGCATGCTAAGAAACCGAAGCGAAAGCACACCCGTTC
AACAGTACCTACAAGCAATGTTGAACCAGTTTCTCAACCTCAACCCTCTCCTGACAAAATCGTTTCTAGCCCCAATCCGCCATCAGCGAAAAGGGAAAAAAAGAAACGTCGCAAAAGCTC
GATGTCTTCTTCCATTACCACTCCCCCTACCGCCAAAGTTGCTAATTGAGTTTGCTTGATAATTTCATTAATTGTGTATTTCCTTGTTCCGAACATTAAAGTTATAGGAAATGATTAATT
AGCAACAAGTGTTTGCTTGTATTGCTGATTTGAGTGTCTCTCTATTATTACTCAGGTTGCTAATGTCTGTAAATATTGCTTGTTAAAAATACTGGTTGTTATATAATACATAATAATCGT
TTTTGGTCACAGCAGTTGTATATAAACGTTTAACGGCAGGCACATAATATCTATATTGGTTGAAATCTATTATAGCCTTAGAATAAATAATTAGCTAACAGGTAATTTTTGTTTAAGTTT
ACATTCTTCCAATGATCTTTCTGCTGTATACAGGAATAAATTTATCTTCGCCATAAAAAGTATCTTAATGATTTTGAGAACTTTTAATTTATTGTTATGATTTCCATTAAAAAATTTTGG

-

AGTACTATAGAATGGTGATTGTTGTATGCACATGTTTCAAATAATGGTTAACTTTCATTATTATTAGATATTTATAAATCTTGTTTATCACAGGGTGGCTAGTACACTAATAAAAACCTA
TACTGACTTTTCTGCACCGTGTAACGTAACTCGTTATGGTCATGATTACCGTGAAGTAGTCCTCTTGTGTTAAATTTTCGCCGACACCACCTACGACTTAATCTTTGCAACTCQEQTAGA

ATGAGCGGGATT AGGTATGTTGAACGTATTTACCATTACTAATACATAGTTTTCACCTTCTTCTGTCCCCTTACGGTATGTTTCTATAAGTAGTACCGTTTACTAACAGTATTAGCCGG
MSGIQ}F - - - - - 4F S P § S VP L Rt - - - - 4R
#3
GTGGAGGAGGTTCAATTTGGAATCTTGTCCCCGGAGGAAATTCGTTCAATGAGCGTTGCGAAGATTGAGGTAAGTGTTTGTTTTGTTCTTATCACTTATCGTTTTTAGTTTCCTGAGACC
VEEVQFGIULSZPETETIRSMSVAKTIEF G- - - - - 4{FPET

ATGGATGAAAGTGGACAA&GCCCCCGTGTTGGTGGGCTCCTGGACCCTCGATTGGGGACTATTGGTATGAAATTCAGAAAAAGATTAGTATTCTCACACATTTTGTAAGATCGACAATTC
M D E S G Q PRV GGLLDPRLGTTIID - - - - 414 RQF
#4
AAGTGTCAAAQCTGTGGTGAAACTATQQQGGATTGTCCTGGTCATTTTGGTATGTGTTACAACTGTTTGGTTTGTTATAAAAACACCTTTTTTTTTCAGCAACCTTCTAAACTCAATAAA
K CQTO CGETMADTCTPGHTFG - -
#5 #6
AAGATAGCTAACACCTTTCAGGTCATATTGAACTTGCAAAGCCAGTTTTCCACATCGGTTTCCTAAGCAAAATAAAAAAAATATTAGAATGCGTTTGTTGGAATTGCGGCAAACTTAAGA

- - - 14 HI ELAKZPVFHTIGTFILSI KTITZEKTI KTITLETCVCUWNZ CSGTE KTLTEKTI
TTGATTCTGTAAGTCAACTGTTGAGCTTATCCATTGTGTTACTAACATTATAAAGTCAAATCCAAAATTTAATGACAQACAACGTTATCGTGATCCCAAAAATCGATTAAATGCAGTTTG
D S b+ - - - =4 NP KF NDTQRYRDPIKNR RLNAVFVW

#7

GAATGTCTGCAAGACAAAAATGGTTTGCGATACTGGCTTATCTGCAGGCTCAGATAATTTCGACCTTAGTAATCCCTCCGCCAATATGGGACACGGTGGTTGTGGGGCTGCCCAACCTAC
NV CKTJ KMV CDTGILSAGSUDVNTFUDLSNPSANMGHGGT CGAAQPT
#8
AATACGTAAAGATGGCCTGAGATTATGGGGTTCTTGGAAACGCGGTAAAGATGAATCAGATTTACCAGAAAAACGCCTTCTGTCGCCGTTGGAGGTGCACACAATATTCACACATATTTC
I RKDGLRLUWGSUV¥KRGIE KTDESTDLZPEIZ KR RLLSZPLEVHTTITFTHTIS

TTCAGAAGATTTAGCTCACTTAGGTCTTAATGAGCAGTATGCTAGACCTGACTGGATGATTATTACAGTCTTACCTGTTCCTCCTCCGAGTGTCCGTCCTAGTATTTCGGTGGATGGAAC
S EDLAHLGLNEQYARPDV¥MTITITVLE®PV?PPPSVRPS SIS SUVDSGT

CAGTCGTGGCGAAGATGATTTAACGCACAAACTTTCCGATATCATAAAAGCAAATGCCAACGTTCGACGGTGTGAACAAGAAGGAGCTCCTGCGCATATTGTCTCTGAATATGAACAGTT
S RGEDDLTHI KT LS SUDTITIZ KA ANANTVRRTCEA QETGAPAHTIVSETYE- QL

ACTTCAGTTCCATGTTGCCACGTATATGGACAATGAAATAGCGGGACAGCCTCAGGCTTTACAAAAATCTGGCAGACCTCTTAAAAGTATCCGTGCACGGCTCAAGGGAAAAGAGGGTCG
LQFHV ATYMDNVNETIAG QP QALU QK SG GRTPLIEK STIRARTLIEKTGTEKTETGHTR

ATTACGTGGCAACCTGATGGGTAAACGGGTTGATTTTTCAGCTCGTACTGTGATTACCGGTGATCCAAATTTGTCGTTAGATGAACTCGGTGTTCCACGTAGTATTGCTAAGACACTTAC
LRGNLMGE KR RVYVDFSARTVITSGDZPNTLSLUDELGV?PRSTIAZKTTLT

TTATCCTGAAACTGTTACACCTTATAATATTTATCAATTGCAAGAATTAGTACGAAATGGTCCTGATGAGCATCCCGGTGCTAAATATATCATTCGTGATACAGGAGAGCGTATTGACTT
YPETVTZ?PYNTIYAQLQELVRNGPDEUHTPGAIKTYTITIRIDTGTETRTITDITL

GCGTTATCATAAACGTGCTGGTGATATTCCTCTTAGGTACGGTTGGCGAGTTGAGCGGCATATTCGTGATGGCGATGTCGTTATTTTTAACAGACAGCCATCCCTTCACAAAATGAGTAT
R YHKRAGDTIUPLIRYGW¥WRVYVERUHIRDSGDVVIFNRQPSILHIKMMSM

GATGGGTCATAGGATTCGCGTAATGCCGTACTCGACATTCCGATTAAACTTGTCAGTTACGTCTCCTTATAATGCTGACTTTGATGGTGATGAAATGAATATGCATGTCCCTCAGTCAGA
M GHRTIRVMPYSTTFRLNLSVTS?PYNADTFDSGDEMNMMUHEYVPAQSE

AGAAACTCGTGCAGAAATTCAGGAAATTACTATGGTACCTAAGCAGATTGTTTCTCCTCAATCAAACAAGCCTGTCATGGGTATTGTTCAAGATACTTTAGCAGGTGTTCGTAAGTTTTC
ETRAETIGQETITMV?PKQIUVS?PQSNIKZPVMGIVQDTTLAGVRIEKTFS

GTTACGTGATAACTTTTTGACTCGCAACGCTGTAATGAATATTATGTTATGGGTACCAGACTGGGATGGAATACTCCCACCACCCGTCATTCTTAAACCAAAGGTTTTATGGACAGGAAA
LRDNPFILTRNAVMNNIMLYVPDV¥DOGILP®P?PZPVILI KZPIEKVLWTGHK

GCAAATTTTGAGCTTGATTATACCCAAGGGAATTAACTTAATTAGAGACGACGATAAGCAAAGTCTTTCAAATCCCACCGACTCAGGAATGTTGATTGAAAATGGTGAAATTATATACGG
Q I L SLITIZPIKSGTIUNTZLTIRTDTDTDI KA QSLSNPTUDSGMLTIENSGETITITYS®G

CGTGGTTGACAAGAAGACTGTTGGTGCTTCTCAAGGTGGTTTAGTTCATACTATCTGGAAAGAGAAAGGTCCTGAGATTTGTAAAGGTTTCTTCAATGGTATTCAACGAGTTGTAAACTA
VVDIKZEKTVOGASQGGLVHTTIWIEKTETZKTGT?PETIT CIKTGTFTFNOGIQRUVVNY

TTGGCTTTTACATAACGGTTTTAGCATTGGTATAGGAGATACTATTGCCGATGCGGACACAATGAAAGAGGTTACTAGAACTGTTAAGGAAGCCCGTCGTCAAGTCGCAGAATGTATTCA
¥ L L HNGTFSTIOGTIGDTTIADA ADTMEKTEVTRTVIKEARIRQVAETCTINAQ

GGATGCTCAGCACAATCGCTTAAAGCCTGAGCCAGGAATGACCCTTCGAGAATCTTTTGAAGCTAAGGTATCAAGGATTCTCAATCAAGCGAGAGACAACGCTGGTAGGTCAGCTGAGCA
D AQHNZ RLTIEKTPETPGMTTLRESTFEAEKVSRILUSNQARDNAGRSATEH

TAGCTTGAAGGATTCTAACAATGTCAAACAAATGGTTGCTGCTGGTTCAAAAGGTTCATTTATTAATATCTCTCAAATGTCTGCTTGCGTCGGTCAGCAAATCGTTGAAGGCAAACGTAT
S L KDSNUNUVI KU QMVAAGSTZ KT GSTFTINTISQMNSACVG6QQIVESGHI KT RI

TCCTTTTGGATTTAAATATCGTACATTACCACATTTTCCTAAAGACGACGACTCTCCAGAATCTCGTGGATTTATTGAAAATTCATACTTAAGGGGTTTAACTCCTCAAGAGTTCTTTTT
P F GF KYRTTULTPHTFPIKTDDDST?PESR RGTFTIENSNSTYTLRGLTZPAQETFTFTF

CCACGCAATGGCTGGACGTGAGGGTTTGATTGATACTGCGGTCAAAACTGCTGAAACTGGATACATCCAAAGGCGTCTTGTTAAGGCTATGGAGGATGTAATGGTTCGCTATGACGGTAC
HAMAGRTETGTLTIDTA AV KTAETG GYTIQRRLVEKAMETDVMVRYDGT
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TGTGCGCAATGCCATGGGTGACATTATACAATTTGCCTATGGTGAAGATGGCCTGGATGCCACATTAGTAGAGTACCAGGTTTTTGACTCATTAAGGTTATCCACTAAGCAATTTGAAAA
VRNAMGDTITIOQFAYGEDGLUDATLVETYAGQVFDSTLTRILSTI KA QTFTEHK

GAAGTATCGAATTGATTTAATGGAGGATAGGAGTTTATCATTGTATATGGAGAACTCTATTGAGAACGATTCTTCAGTACAAGACTTATTAGATGAGGAGTATACACAGCTGGTTGCTGA
KYRTIDLMET DR RS SLS SLTYMENSTIET-SNTDSSVQDLLDETETYTA QLUVATD

TCGTGAGTTACTATGCAAATTTATTTTCCCCAAAGGTGATGCTAGATGGCCTTTACCTGTCAATGTACAAAGAATCATCCAAAATGCTTTACAAATATTCCATTTAGAAGCTAAAAAACC
R ELLCIKTFTITFUPIKTGDARUWPLPVNVQRTITIAQNALA QITFUHLTEA ATEKTKF?P

CACCGATCTTTTACCGAGTGATATTATTAACGGGTTAAATGAACTAATTGCAAAATTAACAATTTTCCGCGGAAGTGACCGTATTACTCGTGATGTTCAAAACAACGCTACCTTGTTATT
TDLULUPSDITINGLUVNETVLTIAKLTTITFIRGSDIRTITIRDVQNNATTLTLTF

CCAGATTTTATTAAGGTCCAAATTTGCTGTAAAACGGGTAATAATGGAATACCGACTTAACAAAGTCGCATTTGAATGGATTATGGGTGAAGTGGAAGCTCGTTTCCAACAAGCTGTCGT
Q I LLRSKTFAV KRV IMETYZ RTLNIEKVATFEUWTIMGEVEARTFIQQAUVYV

AAGTCCTGGAGAAATGGTGGGTACTCTGGCTGCACAATCTATTGGAGAACCAGCAACTCAAATGACACTCAATACATTCCATTACGCTGGTGTTTCTTCTAAGAACGTTACCTTGGGTGT
S PGEMVYVY GTLAAQSTIGEZPATQMTLNTTFIUHYAGVYV SSKNVTTLGYV

TCCTCGTTTGAAAGAAATTTTGAATGTCGCTAAAAATATTAAGACCCCTTCTTTAACTATTTATCTTATGCCCTGGATAGCAGCTAATATGGATCTTGCTAAGAACGTTCAAACCCAAAT
PRLEKETITLNVAKNSNTIZKTPSLTTIYTLMPUWIAANMDILA AIKNVQTA® QI

CGAACATACAACTTTGAGCACTGTTACCTCTGCAACCGAAATTCATTACGACCCAGATCCTCAAGACACAGTGATTGAAGAAGATAAGGATTTTGTTGAAGCTTTCTTTGCTATTCCTGA
EHTTLSTVTSATETIMHNYDZPDPQDTVTIETETDI KT DTFVEAFTFATITPTD

TGAAGAAGTTGAAGAGAACTTGTATAAGCAGTCTCCTTGGTTGCTTCGTCTTGAACTTGACCGTGCTAAGATGTTAGATAAGAAGTTGAGTATGAGTGATGTTGCTGGTAAAATTGCTGA
E EVEENLYI KAOQS?PUW¥WULLRLETLTDR RAIKMLTIDTIEKI KTLSMSDUVAGI KTIANTE

AAGCTTTGAACGTGATCTTTTTACTATTTGGTCTGAGGATAATGCAGACAAGCTTATCATTCGTTGTCGTATCATTCGCGATGATGACCGTAAGGCAGAAGATGACGATAATATGATTGA
S FERDLTFTTIWSETDNADIEKTLTITIRT CRTITIRDDUDRIEKAEDUDDNMIE

AGAGGATGTTTTTTTGAAAACTATTGAAGGTCATATGCTTGAGAGTATTAGTCTTCGTGGTGTGCCGAACATTACTCGTGTTTATATGATGGAGCACAAGATTGTGCGGCAAATTGAAGA
EDV FLKTTIESGHMLES STISTLRGV?PNTITI RV YMMEUMHT KTIVRAQITESF?D

TGGTACTTTTGAACGTGCTGATGAATGGGTTTTGGAAACAGACGGCATAAATCTTACTGAAGCAATGACTGTAGAGGGTGTAGATGCCACCAGAACTTACTCCAATTCTTTCGTGGAAAT
G TFERADEWVLETDGTINTLTEA AMTVESGVDATRTYSNST FVETI

TTTGCAAATTCTTGGTATTGAAGCTACGAGATCTGCTTTACTTAAAGAATTAAGAAATGTTATCGAATTCGATGGTTCTTACGTTAATTATCGCCATCTGGCCCTTCTTTGCGATGTTAT
LQIULGTIEATR RS SALTLI KETLRNVYTIETFDG GSYVNYRUHHLALTLTCTUDUVHM
#9
GACATCTAGGGGCCATTTAATGGCTATTACCCGTCATGGCATTAACAGAGCTGAAACCGGTGCTCTAATGAGGTGCTCTTTTGAAGAAACTGTAGAAATCCTTATGGATGCTGCTGCGAG
T SRGHLMAIT RUHGINIRAETG GALMRTCST FETETVETITLMDAAAS

TGGAGAAAAGGATGATTGCAAGGGAATATCTGAAAACATAATGCTAGGACAATTAGCCCCAATGGGAACTGGCGCATTTGATATTTACCTTGATCAAGATATGTTGATGAATTACAGTCT
G EKDDTGCIKGTISENTIMLGAQLAPMGTGATFDTIVYULDOQDMILMNYSL
#10
TGGTACCGCCGTCCCTACGCTCGCTGGGTCAGGAATGGGTACTTCCCAATTACCAGAAGGAGCCGGTACGCCATATGAACGCTCACCAATGGTTGATTCTGGATTTGTTGGATCTCCTGA
G T VPTLAGSGMGTS S QLPETGAGTTPYERSTPMVDSGFVGSZPOD
#11
CGCCGCAGCATTTTCCCCTCTAGTACAAGGTGGATCCGAAGGTCGTGAAGGGTTTGGCGATTATGGATTGTTGGGGGCTGCTAGTCCTTATAAAGGGGTACAATCCCCTGGTTATACTAG
AAAFSPLVQGGSEGRETGTFG GDYGLULGAASTPYZ KT GVQSU?PGYTS

TCCATTTTCGTCTGCTATGAGTCCTGGGTATGGACTTACTTCACCAAGCTATAGTCCATCATCTCCGGGATATTCCACGTCACCTGCTTATATGCCATCGAGTCCTTCCTATTETCCAAC
PFSSAMSPGYGLTS SPSYSPSSPGYSTSPAYMPSSPSYSZPT
#12
TAGTCCTTCTTATTCCCCTACTAGTCCTTCTTATTCCCCTACTAGTCCTTCCTATTCTCCAACAAGTCCTTCATACTCAGCGACAAGTCCATCCTACTCTCCAACTAGTCCCTCCTATTC
S PSYSPTS?PSYSPTSPSYSPTS SPSYSATS SPSYSZPTSZPSYS

TCCTACTAGTCCTTCTTATTCGCCTACAAGCCCATCATATTCTCCTACTAGTCCCTCTTATTCACCGACTAGTCCTTCTTATTCTCCCACAAGCCCATCATATTCTCCTACTAGTCCCTC
PTSPSYSPTSPSYSPTS SPSYSPTSPSYSPTS?PSYSPTSTPS

TTATTCACCGACTAGTCCTTCTTATTCTCCCACAAGTCCTTCTTATTCTCCTACGAGCCCATCGTATTCGCCTACTAGTCCTTCCTATTCTCCTACGAGCCCGTCGTATTCACCGACTAG
YSPTSPSYSPTSPSYSPTS SPSYSPTSPSYSPTS SZPSYSTPTS

TCCCTCTTATTCACCGACTAGTCCTTCTTACTCTCCAACTAGTCCCTCTTATTCCCCTACTAGTCCCTCTTATTCTCCTACTAGTCCTTCATATTCTCCTACGAGCCCTTCTTACTCTCC
PSYSPTSUPSYSPTS?PSYSPTS SZPSYSPTS SZPSYSPTSTZPSTYSFP

CACGAGTCCCTCGTATTCCCCTACTAGCCCATCTTAGCTAGTTGTGTGAAGATGACAATGCTTTTGGTTACGATCGAATGAGTCATATAACTTGTAGTTTATTGTTAACTATTCAATATA
TSP SYSPTSUPS -

TAAAATTTTGCACTXTTTTKZTGTTTTCTATATAGAATGAATGTGTTGTGGTTGCCGTTTAGCTTTGGTAGTTTGGTTTGTGCGTTTTGGTTGTCTATTCAATAAAAACAATTTGACATA

GCTTTATTTAATAGTATAGTTGATAGAAAGGTTTATGCGCAGCACTCTGTTTGATTGCCTTCATTCTTGTAATCCCTATTTAAAATTAAGGACAAATCGGCGACTTGTTCAAATAAAACA
TCTTAATCTCTTATTTTTATAATTCTAACAAAGAATCACTAAATTCAATATATTGATTGATTCTATTTTTTCAGAGAAATGAACATATATTCTTTTACGTTTAGTAGTAATTGAGATTAT
TTGCGTTGTGCTACCAATCTTTTAGTTCATATAAAATTAAAAAAACTGGAAGTCAATCTATCCAATAGTAGCATTTGTCTCATAAAAATAAAAATAATCTGAAAGATATCTTTAAGTATT
TTATGCTTATTTGTGATTCCAAACACATGCCTACTTTCAATTGCTGCAG

Fig. 3. Nucleotide and predicted amino acid sequence of the rpb/ gene. The coding sequence of the pol II largest subunit starts at nt postion 1 and ends at nt postion
5,552. This sequence is interrupted near N-terminal proximal region by six introns, indicated by dashed lines between the aa sequences. The 5’ and 3’ ends of
the transcript are indicated by double underlines and double overlines, respectively. The positions, directions and names of the primers are indicated by arrowheads.
Site for polyadenylation is underlined.



sequence for intron-exon junctions was found at both 5’ and 3’
boundaries of each interrupting sequence (Fig. 5), we analyzed
mRNA sequence of the corresponding regions.

For analysis of the mRNA sequence, we synthesized cDNA
using a synthetic primer a with the sequence of

Y$--SAPLRTVREVQFGLFSPEEVRAL

AEVSEVRVV( l&:SVIH--VﬂiSEI'I‘EKG--KPKVGGLSMRmT 60
l----ALVGVDF‘-QAPLRIVSRV FGIISPEEI VEFPEVYENG- LADPR

KPELGG 60
. MHGGGPPSG-DS--ACPLRTIKRVQFGYLSPDELKRNSVTEGGI KYPETTEGG-- RPKI.GGI!DPRg 65
. l----STPT-DS--KAPLRQVKRV FGIlSPDElRRlSVTEGGVQFAEIlEGG--RPKI,GGl.IDPR

# L2 1 BEE A #H e R E RS

N---- \é§FSPSSVPLRRVEEV FG[LSPEEIRSISVAK--IEFPE'I'IDE%%RP@GGLLDPRLGT 63

OO UL
mmo oo

. DRQFEC (')GE.'MADCPGWIE[AKWHIIGFLSKIKKILECVC'NCGKLKIDSSNP"KI’NM'QRYT 31
. DRNLECQTCQEGMNECPGHFGHIDLAKPYFHVGF IAKIKKVCECVCMHCGELLLDEHNE--LMRQALAIE 129
. DREVEC ECPGHFGYLELAKPMTHVGFMETVLS [NRCYCFNCS KLADE-VCKS AIKI 29
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(5" )GCGGCCGCGAATTC(T)7(3"), which is capable of
hybridizing to mRNA poly(A) tail, and amplified a portion of
the cDNA (nucleotide position 14 to 779 in the corresponding
genomic DNA sequence) by PCR using primers #3 and # 8 (see
Figs. 2 and 3 for positions and sequences of primers used in this
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. GSSAQKSLSEYNNFESMVVSGAKG: VIAVVGQQNVEGKRIPFGF KHRTLPHF IEDDYGPESRGF 822
. GGSARESLTEYNNLRAMVVSGSEG. VIACVGQQNVEGERIPYGFRERTLPHFIKDDIGPESRGF 814
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Fig. 4. Multiple alignment of the pol II largest subunits. The alignment was performed with a computer program, TreeAlign, produced by J. Hein (53). CTD (numbers
of the repeat units are shown in parentheses) and adjacent diversed regions between domain H and CTD (numbers of aa are indicated) are not included in this alignment.

Positions with identical aa are indicated by asterisks under the alignment, while the eight conserved domains are indicated by lines over the alignment. Overall identities
of aa sequences of the largest pol II subunit between S. pombe and other test species are shown at the end of the alignment. Species examined are: S.p., Schizosaccharomyces
pombe; S.c., Saccharomyces cerevisiae; A.t., Arabidopsis thaliana; C.e., Caenorhabditis elegance; M.m., Mus musculus; D.m., Drosophila melanogaster.
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Intron ""Ségggigﬁ 5" Branch 3"
1 16 GTATG....19....CTAAT....3....TAG
2 771 GTATG....22....CTAAC....5....TAG
3 190  GTAAG....20....CTTAT....6....TAG
4 305  GTATG....23....CTCAC....9....AAG
5 410  GTATG....73....CTAAC....6....CAG
6 609  GTAAG....28....CTAAC....6....AAG

Consensus  GTANG.......... oGl The

Fig. 5. Introns in the rpb1 gene. The consensus sequence was taken from Martins
and Gallwitz (54).
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Fig. 6. RNA analysis. [A] Northern blot analysis of the rpb/ transcript. Seven
ug of poly(A)* RNA was subjected to Northern analysis. The blot was
hybridized with a 5.4 kb PstI fragment containing a part of rpbl (see Fig. 2).
[B] Primer extension analysis. >2P-labeled primer # 1 (see Fig. 3) was hybridized
to five ug of poly(A)* RNA and elongated by AMV reverse transcriptase.
Products were electrophoresed along DNA sequence ladders obtained using a
subcloned rpb! DNA fragment and primer #1 (lanes 3—7). Two different
poly(A)* RNA preparations were analyzed (lanes 1 and 2).

study). A single DNA band was detected when PCR products
were analyzed by gel electrophoresis. Direct sequencing of the
PCR product demonstrated that none of the six interrupting
sequences was present in the amplified region of cDNA. We
therefore concluded that six introns exist in the N-terminal region
of this gene (for details see Figs. 2 and 3), and that the largest
subunit of S. pombe pol II is composed of 1,752 aa residues with
the molecular weight of 194 kilodaltons (kDa). The gene
organization is in sharp contrast with the fact that the largest
subunit gene of S. pombe pol 1 contains no intron (18,19).

The aa sequence between position 1,460 and 1,548 showed
relatively weak homology to the S. cerevisiae pol II largest
subunit. We then analyzed cDNA sequence of this region. For
this purpose, the cDNA synthesized as destribed above was
subjected to PCR using primers #9 and # 12 (see the primer
positions in Fig. 2), and a part of the region (nt position 4,571
to 5,032 in the corresponding genomic DNA sequence) was
sequenced using primers # 10 and # 12. The cDNA sequence
agreed completely with the genomic sequence, indicating that
the diverged aa sequence is not due to the insertion of intron in
this region.

Detailed Southern analysis of genomic DNA digested with
various restriction enzymes showed that this gene is present as
a single copy in the S. pombe genome (data not shown).
Furthermore, gene disruption experiment by insertion of the S.
pombe ura4 gene showed that the gene is essential for viability
(data not shown). We then propose to designate this gene as rpb1,
according to the nomenclature proposed for the S. cerevisiae RNA
polymerase genes by Nonet er al. (36).

* * LLGAASPYKGV
#+QSPGYTSPF
«#SSAMSPG

1+ YGLTSPS
2« YSPSSPG
3« YSTSPA
4+ YMPSSPS
5 YSPTSPS
6 YSPTSPS
T YSPTSPS
8 YSPTSPS
9« YSATSPS
10 YSPTSPS
11 YSPTSPS
12 YSPTSPS
13 YSPTSPS
14 YSPTSPS
15 YSPTSPS
16 YSPTSPS
17 YSPTSPS
18 YSPTSPS
19 YSPTSPS
20 YSPTSPS
21 YSPTSPS
22 YSPTSPS
23 YSPTSPS
24 YSPTSPS
25 YSPTSPS
26 YSPTSPS
27 YSPTSPS
28 YSPTSPS
29 YSPTSPS -coon

Consensus YSPTSPS

Fig. 7. CTD sequence of the S. pombe pol Il largest subunit. Amino acid (aa)
sequences from position 1,524 to the C-terminal end contains 29 repetitions of
YSPTSPS sequence. Repeat units with one or two mismatches to the consensus
sequence are indicated by asterisks. Two units with sequences similar to the
consensus exist upstream of CTD, as indicated by double asterisks.

Transcription organization

Northern analysis demonstrated that the size of the rpbl transcript
is about 5.6 kb in length (Fig. 6A). The start site of the transcript
determined by primer extension experiment using primer # 1 was
located at nt position —347 (Fig. 6B; see Fig. 3 for primer # 1).
When primer #2 (Fig. 3) was used for primer extention, a
consistent result was obtained (data not shown). The 5’-flanking
region upstream from the protein coding region contains six ATG
codons before the putative ATG start codon at nt position 1 (see
Fig. 2). We concluded that ATG at nt position 1 is the start codon
from the following reasons: 1) The predicted start codon is located
within the first exon, and no ATG codon exists in the further
upstream in the same open reading frame following a TGA stop
codon (nt position —69); 2) no consensus sequences for intron-
exon junctions can be found between the transcription start site
at nt —347 and the putative start codon; 3) the N-terminal
proximal region of the predicted S. pombe pol II largest subunit
from the initiator Met to the first conserved domain (domain A)
is as large as that of S. cerevisiae pol II largest subunit (see Fig.
4; a significant homology can be found in this region between
S. pombe and S. cerevisiae); and, 4) the sequence near the
putative initiation codon fits well to the Kozak’s rules (43) for
the consensus sequence for translational initiation.

Finally, we determined the nt sequence near the 3’ end of the
transcript. For this purpose, we synthesized cDNA as described
above, and amplified a 3'-terminal region using primer b with
the sequence (5')CGCCGGCGCTTAAGTTT(3’), which
hybridizes to the end of cDNA started from primer a, and primer
#11 (see Figs. 2 and 3). The PCR product was digested with
BamHI (the cleavage site is located at nt position 4,832 within
the coding region) and EcoRI (the cleavage site is within primer
b), and cloned the resulting BamHI-EcoRI fragment into M13



phage mp19 for sequencing. The amplified fragments from two
independent clones contained the junction points between rpbl
transcript and poly(A) tail, at position 5,654 or 5,655 in one
clone, and positions 5,659, 5,660 or 5,661 in another clone (the
ambiguities are due to the presence of multiple A residues in the
genomic sequence at the junction point). The length of mature
mRNA (about 5.6 kb) predicted from the sequence analysis is
in good agreement with the result obtained by Northern analysis
(see above).

Structure of the pol II largest subunit

The predicted aa sequence of S. pombe pol II largest subunit was
compared with those of other eukaryotes (Fig. 4). Eight structural
domains (domain A to H) conserved among the largest subunits
of all three species of eukaryotic RNA polymerases were also
identified in the S. pombe pol 11 largest subunit. These domains
have significant homologies to the corresponding regions of
E. coli 3', strongly suggesting that these domains are involved
in some common and essential functions associated with the RNA
polymerases. Some of the domains contain the following notable
motives.

Domain A has a putative zinc-binding site with the consensus
sequence of CX,CXgHX,H (aa position 69 to 85 in S. pombe
sequence) (14,15,44). The functional importance of this motif
in the largest subunits of pol I and pol II was confirmed by
isolation of S. cerevisiae ts mutants with mutations in this region
(44,45). In domains C and D, there are two different sequences
(position 354 to 384, and position 499 to 507, respectively, in
the S. pombe sequence) with homologies to the sequences
conserved within E. coli DNA polymerase I and T7 DNA
polymerase (12). The former sequence has a single two-helix
motif and might play some roles in DNA binding as discussed
previously (12,26). Domain F is believed to be involved in
response to c-amanitin, a potent inhibitor of eukaryotic pol II,
since aa substitution of Asn to Asp at position 793 within this
domain of mouse pol II largest subunit renders the RNA
polymerase insensitive to this drug (46). This position and the
surrounding sequences are highly conserved among the pol II
largest subunits from alil the organisms so far examined.
However, the Asn residue at corresponding sites in the two yeast
subunits (position 775 in S. pombe and position 769 in
S. cerevisiae) are substituted for Ile or Ser, respectively.
Interestingly, both S. cerevisiae and S. pombe pol 1 are less
sensitive to inhibition by c-amanitin than pol II from other higher
eukaryotes (47; M. Yamagishi, unpublished observations).

Besides the eight conserved domains, a unique C-terminal
repetition of a heptapeptide (CTD) with the unit sequence of
YSPTSPS is known to be highly conserved (an exception is an
unusual structure found in CTD region of the largest subunits
of two pol II species from Trypanosoma; see refs. 21,22) and
is considered to be a marker of pol II (9). The CTD does not
exist in E. coli B’ or in any other subunits of various RNA
polymerases. Deletion experiments using hamster, mouse, and
S. cereviseae pol II largest subunit genes revealed that loss of
most of the repeats causes lethal effect on cell growth, while
S. cereviseae mutants containing deletions shorter than half the
length of native CTD exhibit conditional lethal phenotypes
(48,49,50). These observations altogether suggest that CTD plays
an indispensable function for cell viability. Several lines of
experiment indicate that CTD is needed for transcriptional
activation by trans-activating factors such as S. cerevisiase GAL4
(51,52). The number of the repetitions is, however, variable
among different species: 17 in Plasmodium falciparum (25), 26
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or 27 in S. cerevisiae (12,49), 41 in Arabidopsis (28), 42 in
Caenorhabditis elegans (27), 45 in Drosophila (26) and 52 in
mouse and hamster (16,48). The largest subunit of S. pombe pol
II was now found to have 29 repeat units (Fig. 7). The repetition
ends exactly after the final repeat.

Future prospects

Accumulation of the aa sequence data has revealed the presence
of at least nine regions structurally conserved in the largest
subunits of various eukaryotic RNA polymerase II, but little is
known of the functional role(s) of individual regions.
Manipulation of the cloned gene, in combination with genetic
and biochemical approaches of mutant subunit proteins, will make
it possible to investigate the structure- function relationship of
this large polypeptide.

The present study also indicated that the pol I largest subunits
from S. pombe and S. cerevisiae share a number of aa sequences
with high degree similarity, but yet significant diversities exist
between the two yeast strains at several regions. These diversities
might reflect different transcriptional properties including
different promoter selectivities and different regulatory
mechanisms observed between the two yeast strains.
Development of two experimental systems using both of the yeasts
will provide us with useful information for detailed understanding
of the molecular mechanisms of transcription and regulation by
RNA polymerase II.
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