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ABSTRACT

To study the molecular composition of RNA polymerase II, the enzyme was
purified from the fission yeast Schizosaccharomyces pombe. The highly purified
RNA polymerase II fraction contained at least 11 polypeptides as identified on SDS-
polyacrylamide gel electrophoresis. To establish an in vifro reconstitution system
aiming the identification of the essential subunits and core-like structure of the
enzyme for transcription activity, preliminary attempts were made to set up conditions
for reversible denaturation of the RNA polymerase 11 treated with urea. In spite of
these attempts, the system was not established so far with the purified enzyme. Then
the subunits, which may construct the core-like structure of RNA polymerase II, were
cloned and analyzed with these genes.

The gene, rpbl, encoding the subunit | with the apparent molecular mass of
210 kDa was isolated from S. pombe by cross-hybridization using the corresponding
gene of Saccharomyces cerevisiae as a probe. By analyzing both the genomic
sequence and the transcript sequence, this gene was found to contain six introns and
encodes a polypeptide of 1,752 amino acid residues with a molecular mass of 194
kDa. The RNA polymerase II subunit 1 of S. pombe contains 29 repetitions of CTD,
the carboxy terminal domain consisting of heptapeptide repetitions.

For cloning the gene coding for the 40 kDa subunit 3, a part of the cDNA was
isolated with RT-PCR using probes designed based on N-terminal amino acid
sequences of the fragmented subumnit 3 polypeptides, and the genomic DNA
containing the full length of rpb3 gene was cloned with the cDNA fragment.
Nucleotide sequence of the gene, rpb3, indicated that it contains two introns at the 5'-
proximal region as in the case of rpb! and rpb2, and encodes a protein of 297 amino
acid residues in length with a calculated molecular mass of 34 kDa. The subunit 3
carries four stretches of amino acid sequence conserved among the homologues of
Escherichia coli RNA polymerase o subunit. A metal binding motif and a leucine
zipper-like motif were found in its N-terminal and C-terminal region, respectively.

The E. coli o subunit plays a major role in not only the subunit assembly but also the
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interaction with many transcription factors. To identify the function(s) of RNA
polymerase II subunit 3, a number of temperature-sensitive mutants carrying
mutations in the rpb3 gene were isolated. Some of them stop growing soon after
shifting temperature from the permissive 25°C to the non-permissive 37°C, implying
that these mutant RNA polymerases are thermolabile. However, most of them stop
growing slowly, supposedly because of assembly defect at high temperature. Some
mutants showed altered cell shapes at the non-permissive temperature.,

In these works, the important difference between the purified RNA polymerase
II and E. coli RNA polymerase was found out by the reversible denaturation. And it
is confirmed that the subunits 1, 2 and 3 should construct the core-like structure of
RNA polymerase II, because each corresponding subunit contains rather conserved
regions. But neither the essential subunits nor the core-like structure of RNA

polymerase Il were not decided so far. They will be next subjects for future.
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INTRODUCTION

In eukaryotes, three classes of nuclear RNA polymerases, I{A), TI(B) and ITI(C),
exist, each responding for transcription of large rRNA, mRNA, and small rRNA and
tRNA, respectively (for reviews see refs. ] ,2). Each class of purified RNA
polymerase is composed of two large and about 10 small polypeptides (1,2). The
genes coding for the largest and the second-largest subunits of the three classes of
RNA polymerases have been cloned from a number of organisms (3,4: and other
works cited there). Sequence analysis indicates that these subunits share notable
homologies with the " and B subunits, respectively, of prokaryotic RNA
polymerase. The gene encoding the third-largest subunit of the three classes of RNA
polymerases has so far been cloned from four organisms (5-8). The subunit appears
to have partial similarity in primary structure with the o subunit of prokaryotic RNA
polymerase.

The roles of these three major subunits constructing the putative core-like
structure of eukaryotic RNA polymerases can therefore be predicted from the known
functions of E. coli RNA polymerase core subunits. The catalytic site is located on B,
while B’ has non-specific binding activity to DNA; o subunit links these two large
subunits into core enzyme structure (reviewed in refs. 9,10). In addition, ¢ subunit
carries the contact site with various transcription factors (reviewed in refs. 11,12). In
addition to these core enzyme subunits, E. coli holoenzyme contains one of the
multiple species of G subunit, which plays a major role in promoter recognition
(13,14). Low levels of homology to the ¢ subunit were found in, for example,
eukaryotic TATA element-binding factor, TBP, and RPB4 subunit of Saccharomyces
cerevisiae RNA polymerase IT (15,16). , but recent progress in cloning of the genes
encoding RNA polymerase subunits has provided an experimental basis for detailed
characterization of each subunit polypeptide.

For the molecular anatomy of eukaryotic RNA polymerase, the RNA
polymerase II of the fission yeast Schizosaccharomyces pombe was chosen, because

S. pombe is such a good material for genetic analysis as §. cerevisiae, but
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nevertheless its strategies for gene expression such as transcription initiation
mechanism (17) and splicing pattern (18,19) are similar to those in higher eukaryotes.
And among the three classes of RNA polymerases, RNA polymerase II is the most
interesting at the point that RNA polymerase 1I is involved in transcriptional
regulation of various gene. In this study, the RNA polymerase iI was purified from
S. pombe 10 define the subunit composition, but it was very difficult to determine of
the role(s) for each subunit due to the complexity of its multi-subunit structure and to
the low yield of purified enzymes. Then the genes coding subunits constructing the
core-like structure of this enzyme was characterized at first by gene cloning and

mutant analysis of the gene.
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EXPERIMENTAL PROCEDURES

Materials

Strains, plasmid and media for yeast

A wild-type haploid strain 972h-, a leu- haploid strain JY265 and an ura- and
leu” diploid strain JY 765 of S. pombe were provided by Dr. M. Yamamoto (Univ.
Tokyo).

YPD medium (2% Bacto-yeast extract, 1% Bacto-tryptone (Difco
Laboratories), 2% glucose] and SD medium [6.7% yeast nitrogen base without amino
acids (DIFCO) 2% glucose] were used in the studies as the rich and synthetic
medium, respectively. 50 ug per ml of L-leucine was added to SD medium for
growth of the leu- strains.

Plasmids, pRP19 and pY2413, containing the entire S. cerevisiae RPBI (20}
and RPB3 genes (3), respectively, were gifted from Dr. R. A. Young (MIT). YEp13
containing the S. cerevisiae LEU 2 gene was provided by Dr. M. Yamamoto (Univ.
Tokyo). pBrpb3 plasmid was constructed in this study by cloning of the 2.3 kbp Psti-
EcoRV DNA fragment containing the S. pombe rpb3 gene into Pstl-EcoRV position
of pBluescript IT KS+.

Strains, plasmids and media for bacteria

LB medium [1% Bacto-tryptone, 0.5% Bacto-yeast extract (Difco Lab.), 1%
NaCl, (pH 7.0)] and M9 medium [0.6% NayHPO4, 0.3% KH2PO4, 0.05% NaCl,
0.1% NH4Cl, 0.2% glucose, 1 wg/ml thiamin, 0.1 mM CaCls, 2 mM MgSO4] were
used as a rich medium and a minimal medium for F' maintenance of E. coli,
respectively.

E. coli strain, DHS5, was used as competent cells for plasmid maintenance and
E. coli strains, TG1 and JM109, were used for M13 phage maintenance.

pUCIS8 and pUC19 plasmids, pBluescript I KS+ phagemid, and MI13mp18

and 19 phages were used for DNA cloning, sequencing and vector construction.

-11-
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Chemicals

Protease inhibitor mixture contained (per liter): 100 mg benzamidine-HC]
(Wako Chemicals), 10 mg chymostatin (Sigma), 10 mg aprotinin (Funakoshi), 10
mg pepstatin A (Funakoshi), 10 mg leupeptin (Funakoshi), 10 mg antipain (Sigma),
50 mg N-alpha-p-tosyl-L-lysine chloromethyl ketone (Sigma), 10 mg N-tosyl-L-
phenylalanine chloromethyl ketone (Sigma), and 174 mg phenylmethane-sulfonyl
fluoride (PMSF) (CALBIOCHEM). «-amanitin was obtained from
CALBIOCHEM.

Both fragmented, single strand calf thymus DNA (Sigma) and salmon sperm
DNA (Sigma) were prepared with sonication and heat denaturation. dATP, dTTP,
dCTP, dGTP, and ATP, GTP, CTP, UTP, and fluore-dUTP and fluore-prime were
purchased from Pharmacia.

[0-32PJAATP, [y-32P]dATP, [a-35S]dCTP and [3H]UTP were obtained from
Amersham.

Oligo(dT) cellulose was obtained from Sigma. DEAE-Sephadex A-25 gel, Q
Sepharose FF gel, a prepackaged Mono Q column and a prepackaged Superose 6
column were purchased from Pharmacia. Glass-beads No. 4 was purchased from

Toshinriko.

Enzymes and experiment Kits

E. coli RNA polymerase was purified by DEAE Sephadex A-25 and
phospho-cellulose column chromatography to the almost same purity as the highly
purified RNA polymerase II in my laboratory.

Restriction enzymes, EcoRI, EcoRV, Hindlll, Psil, C lal, Ball, BamHI, Sacl,
Sall, Xbal and EcoT221, were purchased from Takara. RNase H, mung bean
nuclease, exonuclease I1I, Klenow fragment, T4 DNA polymerase, T4 polynucleotide
kinase and terminal deoxynucleotidyl transferase were obtained from Takara. And
other enzymes were purchased from each company: AmpliTaq DNA polymerase,
Perkin-Elmer; RNase A, Sigma; reverse transcriptase, Life Science; V8 protease,

PIERCE.

-12-
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Experiment kits were purchased from each company: Random Primed DNA
Labeling Kit, Boehringer Mannheim; GENE CLEAN 11 Kit, BIG 101; Sequenase
Ver. 2.0 DNA Sequencing kit, USB: AutoRead and AutoCycle Sequencing kit,
Pharmacia; ECL direct nucleic acid labeling and detection system, Amersham; The

Silver Stain, Bio-Rad.

Buffers

TGED buffer contained 50 mM Tris-HCl (pH 7.8 at 4°C), 25% glycerol, 0.1
mM EDTA, and 1 mM DTT. Buffer A contained 75 mM Tris-HC] (pH 7.8 at 4°C),
6% glycerol, 0.15 mM EDTA, 1.5 mM DTT, and 150 mM ammonium sulfate,
while buffer B consists of 50 mM Tris-HCI (pH 7.8 at 4°C), 0.1 mM EDTA, | mM
DTT and 200 mM ammonium sulfate. TEDA buffer contained S0 mM Tris-HCI (pH
7.8 at 4°C), 0.1 mM EDTA, | mM DTT, and 50 mM ammonium sulfate. 8 M urea
buffer was made with the TEDA buffer.

50 x TAE buffer contained: 242 g of Tris base, 57.1 ml of glacial acetic acid,
100 ml of 0.5 M EDTA per liter. 20 x SSC buffer contained: 175.3 g of NaCl and
88.2 g of sodium citrate per liter (pH 7.0 at 25°C). Low stringency hybridization
buffer contained: 30% formamide, 6 x SSC, 1 x Denhardt's, 20 mM sodium
phosphate buffer (pH 7.8, at 25°C), 0.2% SDS and 0.2 mg/ml single strand salmon
sperm DNA. Low stringency hybridization washing buffer contained: 3 x SET, 0.1%
SDS and 0.1% sodium pyrophosphate. High stringency hybridization buffer
contained: 50% formamide, 5 x SSC, 10 x Denhardt's, 50 mM sodium phosphate
buffer (pH 7.8, at 25°C), 0.2% SDS and 0.1 mg/ml single strand salmon sperm
DNA. High stringency hybridization washing buffer contained: 1 x SET, 0.1% SDS
and 0.1% sodium pyrophosphate. 100 x Denhardt's contained: 2% Ficoll, 2%
polyvinyl pyrrolidone and 2% BSA. 20 x SET contained: 3 M NaCl, 20 mM EDTA
and 0.4 M Tris-HCI (pH 7.8, at 25°C). LETS buffer contained: 0.1 M LiCl, 10 mM
EDTA, 10 mM Tris-HCI (pH 7.4 at 4°C), 0.2% SDS. and 0.1% diethyl
pyrocarbonate. 5 x RNA gel running buffer contained: 0.2 M MOPS (pH 7.0 at
25°C), 50 mM sodium acetate, and 5 mM EDTA.

13-



Electro-elution sample buffer contained: 0.125 M Tris-HCl (pH 6.8), 0.1%
SDS and 5% glycerol. V8-digestion buffer contained: 50 mM Tris-HC] (pH 7.8 at
4°C) and 0.1% SDS.

Methods

Purification of RNA polymerase II

S. pombe cells were grown at 30°C with aeration to 5 x 107 cells per mi.
About 250 g of the cells was harvested by centrifugation (8,000 x g for 10 min at
4°C) from 25 I of the culture, suspended in two volumes (about 500 ml) of buffer A
containing 1% volume of protease inhibitor mixture (PIM), and disrupted repeatedly
with Mini Lab (RANNIE) under 90 MPa pressure for 4 min. Crude extract was
obtained after removing particulate materials by centrifugation at 28,000 x g for 30
min at 4°C. RNA polymerase II was precipitated by the addition of Polymin P as
described in a method developed for RNA polymerase purification from wheat germ
(21). One percent volume of 10% Polymin P solution was added to the crude extract
and after stirring for 1 hour at 4°C, the precipitates were recovered by centrifugation at
15,000 x g for 20 min, and then extracted with 1 | of buffer B containing 1% volume
of PIM. After centrifugation at 15,000 x g for 20 min, 36.1 g of solid ammonium
sulfate per 100 ml (final, 2.4 mM) was added to the supernatant. After stirring for 20
min at 4°C, the precipitates were collected by centrifugation (28,000 x g for 20 min)
and resuspended in 200 ml of TGED containing PIM.

The sample (Polymin P eluate) was centrifuged at 28,000 x g for 20 min and
loaded onto a DEAE-Sephadex A-25 (300 ml) column equilibrated with TGED
containing 100 mM ammonium sulfate and 1 mM PMSF. After washing the column
with six times volume of TGED containing 100 mM ammonium sulfate and 1 mM
PMSF, proteins were eluted with a 1.8 | linear gradient of ammonium sulfate from
100 to 400 mM in TGED buffer. Each fraction was assayed for non-specific

transcription activity. Pooled RNA polymerase II fractions eluted at about 150 mM

-14-



ammonium sulfate were applied onto a Q Sepharose FF column (20 ml; Pharmacia),
and eluted with 100 ml linear gradient of 150-400 mM ammonium sulfate in TGED.
RNA  polymerase II was eluted at about 250 mM ammonium sulfate. In some
experiments, RNA polymerase Il was further purified by Superose 6 gel filtration
column chromatography in FPLC system (Pharmacia) in TGED containing 100 mM
ammonium sulfate and concentrated by Mono Q Sepharose in FPLC system with

linear gradient of 200 mM-450 mM ammonium sulfate in TGED.

Non-specific transcription assay

Reaction mixture contained in 40 pl: 50 mM Tris-HCl (pH 7.9), 2 mM
MnCl, 0.5 mM DTT, 50 mM ammonium sulfate, 0.5 mM each of ATP, GTP, CTP,
7 UM of UTP, 0.2 uCi [3H]JUTP (Amersham), 3 pul of the enzyme in TGED, and 2
Hg of heat denatured calf thymus DNA. RNA synthesis was carried out for 20 min at
30°C and terminated by addition of 0.9 ml stop solution containing 5% trichloroacetic
acid and 10 mM pyrophosphate. TCA-insoluble precipitates were collected on a GF/C
glass-filter (Whatman), and washed three times with stop solution and then with
100% ethanol. The filters were counted for radioactivity with a liquid scintillation
spectrometer (Beckman LS 1800). For selective inhibition of the RNA polymerase
I, o-amanitin was added at 50 pwg/ml. One unit of enzyme activity represents the
incorporation of 1 nmole labeled substrate into TCA precipitates under these standard
assay conditions. Protein concentrations were determined according to Lowry et al.

(22)

Reversible and irreversible denaturation of RNA polymerase
II

RNA polymerase in TGED containing 50 mM ammonium sulfate was
denatured by adding 8 M urea buffer at various concentrations followed by incubation
at 0°C for 3 hours. Renaturation was carried out by dilution of the urea-treated

enzyme with TEDA buffer and incubation at 0°C for 12 hours. The recovery of
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enzyme activity was measured for 10 min under the non-specific transcription assay

conditions. The final concentration of urea was adjusted to 0.2 M.

Hybridization

Southern and Northern hybridization were performed according to the
pubrished methods (23). DNA fragments transferred onto a nylon filter were
immobilized by exposure to 265 nm UV light after the filter was dried up at room
temperature. For low or high stringency hybridization conditions, pre-hybridization of
the filter was carried out in low stringency hybridization buffer or high stringency
hybridization buffer for 1 hour at 37°C or 42°C, respectively. For hybridization under
each condition, labeled probe was added to the hybridization buffer used for pre-
hybridization, and the filter in the buffer was incubated for 10 hours at the same
temperature. After hybridization, the filter was washed twice using low stringency
hybridization washing buffer or high stringency hybridization washing buffer for 20
min both at 42°C,

Cloning of the rpbl gene
For cloning the S. pombe rpbl gene, Southern analysis was carried out (24)

using the S. cerevisiae RPBI as a probe. S. pombe genomic DNA fragments digested
with several restriction enzymes were separated within a 0.7% agarose gel containing
1 x TAE buffer. After depurination of double strand DNA fragments with 0.2 M HC}
and denaturation to single strand DNAs with 0.5 M NaOH, the DNA fragments were
transferred onto a Hybond-N nylon filter (Amersham) from the gel using capillary
transfer method in 10 x SSC. Cross-hybridization was carried out using the §.
cerevisiae RPBI gene labeled with Random Primed DNA Labeling Kit (Boehringer
Mannheim) as a probe under low stringency conditions. Positive DNA fragments
were eluted from an agarose gel and cloned into M13 phage. Cross-hybridization with
filters which had been transferred M13 plaques was carried under the same low

stringency conditions.
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A X EMBL3 phage library carrying 8.5-20 kbp (kilo base-pairs) inserts of total
S. pombe DNA was constructed from partial Sau3Al digests according to Kaiser and
Murray (25). Plaque hybridization was carried out for the phage library by the method
of Anderson and Young (26). In brief, 1.8 x 104 of plaques were transferred onto
Hybond-N nylon filters, and the phage DNAs were depurinated with 0.2 M HCl and
denatured with 0.5 M NaOH on the filters. Plaque hybridization was done under the
high stringency conditions described in the previous section using a part of S. pombe
rpbl gene labeled with [¢-32P]dATP and Random Primed DNA [.abeling Kit
(Boehringer Mannheim) as a probe. Starting from positive A EMBL3 phage clones,
the genomic DNA fragments were subcloned into M13 phages or pUC plasmids.

Cloning of the rpb3 gene

To isolate the S. pombe rpb3 gene encoding the RNA polymerase Il RPB3, a
part of rpb3 cDNA was amplified with RT-PCR using the synthetic primers and
AmpliTaq DNA polymerase (Perkin-Elmer) for 25 cycles under conditions:
denaturation for 1 min at 94°C; annealing for 1.5 min at 42°C; and elongation for 2
min at 73°C. For cloning of the complete rpb3 gene, Southern hybridization was
performed for the whole S. pombe DNA under high stringency conditions using the
PCR product labeled with [0-32P]dATP and Random Primed DNA Labeling Kit
(Boehringer Mannheim) as a probe.

DNA sequencing

For systematic sequencing of the rpb/ and rpb3 genes, deletion series of M13
phage clones carrying these genes were constructed by single-strand DNA deletion
method using single-strand specific 3' to 5’ exonuclease activity of T4 DNA
polymerase (27). Deletion series of pUC and pBluescript IT clones were constructed
by double-strand deletion method using a combination of double-strand specific 3' to

5" exonuclease activity of E. coli exonuclease II1 and single strand specific 5' to 3'

exonuclease activity of mung bean nuclease (28).
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Sequencing was performed by the dideoxy chain termination method (29).
Sequencing of the rpbl gene was carried out using Sequenase Ver. 2.0 DNA
sequencing kit (USB) and [a-35S]dCTP (Amersham) as a label (30). For sequencing
of the rpb3 gene, an automatic DNA sequencer (Pharmacia) were used with
AutoRead and AutoCycle sequencing kit, and fluore-labeled primers (31). PCR-
amplified cDNA were sequenced after cloning or directly (32). The mutant rpb3

genes were sequenced using fluore-primers with the DNA sequencer (Pharmacia).

Preparation of poly (A)+ RNA

Poly(A)+ RNA was prepared from S. pombe by the standard RNA extraction
procedure (23). In brief, 2 g of wild type S. pombe cells were harvested from 200 m]
of YPD culture grown to late log phase and disrupted with 8 g of glass beads in 6 ml
on LETS buffer with a Vortex mixer chilled in ice. After phenol treatment and ethanol
precipitation, total nucleic acid precipitates were resuspended in 1 ml of TE buffer.
About 1 mg of poly (A)* RNA was purified by oligo(dT) cellulose column
chromatography.

Northern analysis

Northern hybridization analysis was performed after denaturation of poly(A)*+
RNA by glyoxal and dimetyl sulfoxide (23). Ten ig of poly (At RNA were
denatured with glyoxal and DMSO, and separated on an agarose gel containing 1 x
RNA gel running buffer and 2.2 M of formaldehyde. The RNA was transferred onto
a Hybond-N nylon filter by the same method as employed for Southern transfer.
Hybridization was carried out under high stringency conditions using a DNA probe

labeled with Random Primed DNA Labeling kit.

Primer extension analysis

For primer extension analysis (33), primers were designed based on the
sequence of genomic DNA, and end-labeled at 5' termini with [Y-32P]JATP by T4
polynucleotide kinase activity. Two pg of poly(A)* RNA and 2 pmol of crude 32p-
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labeled primer were mixed and incubated at 70°C for 10 min, and the mixture was
quickly cooled on ice bath. After addition of 100 units of reverse transcriptase (Life
Science) and the 5 x primer extension buffer, which contained 250 mM Tris-HCl
(pH8.3 at 25°C), 375 mM KCl, 15 mM MgClI2 and 0.5 mM each of 4 dNTPs,
clongation was carried out at 37°C for 30 min and then 42°C for 30 min. The reaction
was terminated by incubation at 70°C for 10 min. The mixture was treated with 0.5
pg of heat-treated RNase A (Sigma) and 30 units of RNase H (Takara) at 37°C for
30 min, and RNase-resistant products were analyzed by PAGE.

Analysis of 3' and 5' termini of mRNA

To determine 3' termini of transcripts, poly(A) junction sites of mMRNA were
amplified by RT-PCR and sequenced. To determine 5' termini of transcripts,
poly(dA) was added at cDNA 3' termini with terminal deoxynucleotidyl transferase
and ¢cDNA and poly(dA) junction regions were amplified by PCR. The PCR products

were sequenced directly (32) or after cloning.

Isolation of RNA polymerase II subunits

About 30 ug of RNA polymerase II RPB3 polypeptides was dissociated with
0.1 % SDS and fractionated by SDS-polyacrylamide gel electrophoresis according to
the method of Leammli (34) using a discontinuous separation gel consisting of 15
(bottom) and 7.5% (top) polyacrylamide.

Electro-clution of proteins from the gel was performed by the modified
method of Toda and Ohashi (35). In brief, about 0.2 ml homogenized gel pieces of
the RPB3 polypeptides gel band was incubated in 1 mi of the electro-elution sample
buffer for 30 min at room temperature and then boiled for 5 min at 70°C. The gel
suspension was poured into a disposable column ¢7 x 60 mm (Muromachi Kagaku)
sealed with dialysis tube at the bottom. After electrophoresis for 3 hours at 2 mA
using the Leammli's electrode reservoir solution (34), the RPB3 polypeptide was
eluted from the gel pieces and recovered into 50 ! buffer in the dialysis tube together
with CBB dye. The recovery was more than 70%.
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Amino acid sequencing

Isolated polypeptides was dialyzed against V8-digestion buffer for 2 hours at
4°C and then treated with | mg of V8 protease (PIERCE) per 10 mg sample protein
for 12 hours at 37°C. Digested polypeptide fragments were separated by reverse
phase chromatography on RPC18 column in SMART system (Pharmacia) with 0.1%
trifluoroacetic acid (Wako Chemicals) containing either 10 or 70% acetonitril. Amino
acid sequence of the purified fragments was determined with an Applied Biosystem

model 977 linked with on-line HPLC model 120 protein sequencer.

Mutagenesis of the rpb3 gene

Mutagenesis of rpb3 was carried out under a lower fidelity condition of PCR
amplification in the presence of 0.5 mM MnCl3 (36, 37). The PCR was performed
for 30 cycles under the conditions: denaturation for 1 min at 94°C; annealing for 2
min at 57°C; and elongation for 3 min at 73°C. Under these conditions, the efficiency
of mutagenization might be one base exchange happened in about 500 bases long.
The mutated DNA fragments were cloned into plasmid between Ba/l and EcoRV
sites of pBrILEU2b3.

Transformation of S. pombe

Electro-transformation was done by the slightly modified method of M. T.
Hood et al. (38). In brief, the cells were grown to middle log phase (3 x 107 cells/ml)
in YPD at 30°C and washed with TE buffer containing 10 mM Tris-HCl (pH 7.5 at
4°C) and 0.1 mM EDTA. The cells were resuspended in TE to give a final
concentration of 5 x 107 cells per ml. One pg of fragment DNA was added to 50 ul
of the cell suspension, mixed with 50 il of 60% PEG4000 and transferred to a 0.2
cm gapped cuvette. Electroporation was performed under the conditions of 25 uF,
8.5 kV/cm and 800 Q with a BIO-RAD Gene Pulsar set.

Protoplast method was carried out along the method of D. Beach et al (39). The

cells harvested at log phase were washed twice using 1.2 M Sorbitol and resuspended
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to 2 x 108 cells/ml using 1.2 M Sorbitol and 5 mg/ml Novozyme. After incubation
for 30 min at 30°C, cells were washed three times using 1.2 M Sorbitol and 10 mM
Tris-HCI (pH 7.6, at 25°C) and resuspended to 5 x 108 cells/ml using 1.2 M Sorbitol,
10 mM Tris-HCI (pH 7.6, at 25°C), 10 mM CaCl, and 10 Lg/ml DNA for

transformation. After incubation for 15 min at 25°C, the cell suspension was diluted
ten folds using 10 mM Tris-HC! (pH 7.6, at 25°C), 10 mM CaCly and 20%
PEG4000, and the cells were collected by centrifugation for 20 min at 25°C at 3,000
x g. The cells were resuspended in 1.2 M Sorbitol, 10 mM Tris-HCI (pH 7.6, at
25°C), 10 mM CaCly, 0.5 mg/ml yeast extract and 5 ug/ml leucine, incubated at

32°C for 30 min, and spread onto a SD plate containing 1.2 M Sorbitol.

Gene analysis of rpb3 mutants

Each mutant strain was grown in 10 ml of YPD at 25°C until about 5 x 107
cells per ml. Cells were harvested by centrifugation at 5,000 x g for 10 min at 25°C,
washed with water and treated with 1 ml of 0.5 mg/ml N ovozyme (Novo Industrials)
at 30°C for 30 min. After adding 1 g of alkaline-washed glass beads, 10 ul of 10
mg/ml RNase A and 10 ug of 0.5 M EDTA, the cell suspension was mixed heavily
for 10 min, and mixed again after adding phenol saturated with TE buffer. The
genomic DNA was prepared from the water phase.

To clone the mutant rpb3 genes, PCR amplification was performed using
specific primers for the rpb3 gene and each genomic DNA as a template. Each PCR
product was cloned into a multi-cloning site of pUCI19. DNA sequencing was
performed with an automatic DNA sequencer (Pharmacia) using seven species of
synthetic fluore-primers specific for rpb3 and two universal fluore-primers for the
multi-cloning site of pUC vector.

For Southern analysis, 3 mg of mutant genomic DNA were digested with
EcoRI and EcoRV, and separated on an agarose gel, and transferred onto a Hybond-
N nylon filter (Amersham) by capillary transfer method (24). Hybridization was

carried out using S. pombe rpb3 and to S. cerevisiae LEU2 gene under high
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stringency condition with ECL direct nucleic acid labeling and detection system

{Amersham) .

DAPI staining

DAPI staining was carried out by the modified method of Moreno et al (40). In
brief, cultured cells were fixed at 0°C for 20 min with addition of 10% volume of
glutaraldehyde. After washing twice with cold water, the cells were resuspended in |
Hg/ml DAPI solution and diluted to about 4 x 104 cells per pl. The cell suspension

was spread onto a slide glass, and observed with a fluorescence microscope

(OLYMPUS, BH2).

Growth analysis of mutants

Wild-type and mutant S. pombe were grown at 25°C in SD medium. The
steady state of log-phase culture was maintained for more than 24 hours by
continuous supply of fresh medium. The cell cultures were divided into two flasks
and the incubation was continued at either permissive temperature, 25°C, or non-

permissive temperature, 37°C.
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RESULTS AND DISCUSSION

CHAPTER 1
Purification of RNA polymerase I1

Purification of RNA polymerase Il

Cell lysates were prepared from the wild-type S. pombe strain 972h- by
disruption with a high pressure French press (Mini Lab). RNA polymerase II was
purified in five steps (summarized in Fig. 1): precipitation of nucleic acids and
associated proteins from cell extracts with Polymin P; elution of proteins from the
Polymin P precipitates with ammonium sulfate solution; separation of RNA
polymerase II from other class RNA polymerases by DEAE-Sephadex column
chromatography (Fig. 2). RNA polymerase I activity was a major part of total RNA
polymerase activities and piled up with the RNA polymerase II activity (data not
shown, Fig. 2). To achieve better the separation of RNA polymerase II from RNA
polymerase I, the ammonium sulfate concentration was reduced to just only 100 mM
by adding TGED buffer according conductivity of the elute. Under this condition,
RNA polymerase I flew through the DEAE-Sephadex column; fractionation by Q
Sepharose FF column chromatography (Fig. 3); and final-step purification by
Superose 6 gel filtration (Fig. 4). During the enzyme purification, the RNA
polymerase II activity was determined by measuring single-strand DNA-dependent
and «-amanitin-sensitive incorporation of radioactive UTP into acid-insoluble-fraction
(non-specific transcription assay). Starting from 25 1 of cell culture, about 1.1 mg of
RNA polymerase II was obtained at the step of Q Sepharose chromatography (Table
1). Inhibition of 50% activity of RNA polymerase Il was achieved at 2.5 Ug/ml o-
amanitin. The o-amanitin sensitivity of S. pombe RNA polymerase II was as low as
that from S. cerevisiae (40), but lower than that of RNA polymerase I from higher
cukaryotes, suggesting that the conformation of O-amanitin-associating site on yeast

RNA polymerases Il is different from those of hi gher eukaryotes (41).
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Components of purified RNA polymerase II

The highly purified S. pombe RNA polymerase 1T contained more than eleven
polypeptides as analyzed by SDS-polyacrylamide gel electrophoresis (35). The
molecular masses of these components were estimated to be 210 (subunit 1), 150
(subunit 2), 40 (subunit 3), 34, 25, 22, 20, 16, 15, 13.5 and 13 kDa (Fig. 5A). The
relative stoichiometry of the three large subunits, RPB1, 2 and 3, was 1:1:2, as
measured with a laser densitometer ULTROSCAN XL (LKB) and both silver- and
Coomassie brilliant blue-stained SDS-polyacrylamide gels (Fig. SB). This molar ratio
is identical with that of the S. cerevisiae enzyme (42). After prolonged storage of the
purified RNA polymerase I, RPB1 was partially converted to a degradation product
of 190 kDa, supposedly lacking the C-terminal repeated domain (CTD).

Reversible and irreversible denaturation of RNA polymerase
IT with urea

As a preliminary attempt for establishment of the reconstitution system of
RNA polymerase II, reversible denaturation was tried. The purified RNA polymerase
IT was treated with urea at various concentrations and then diluted to reduce urea
concentration to 0.2 M, which did not interfere with the RNA polymerase II activity.
Q Sepharose FF and gel filtration fractions of RNA polymerase II were used as a
crude and a purified enzymes, respectively. E. coli RNA polymerase was used as a
positive control of reversible denaturation. The concentration of both E. coli RNA
polymerase and S. pombe RNA polymerase II was adjusted to 0.3 units per ul. By
the simple dilution method, more than 50% of activity was recovered in the case of £,
coli RNA polymerase treated with 6M urea (data not shown).

RNA polymerase II was not inactivated up to 0.5 M urea (Fig. 6). At the urea
concentration between 1.0-2.5 M, the RNA polymerase II lost activity. The activity
was, however, perfectly recovered after the denatured enzyme was diluted with
TEDA buffer and stored more than 10 min (Fig. 6). It should be noted that the RNA
polymerase II treated with from 0.25 to 2.5 M urea regained the activity 20% higher

than that of the untreated enzyme. The result may suggest that some inhibitory
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component(s) was removed from the RNA polymerase II or that some inactive
enzyme forms were reactivated after one cycle of denaturation-renaturation. When the
denaturation was done at urea concentrations above 3.0 M, RNA polymerase 11
activity was not recovered. It appears that, once RNA polymerase II was dissociated
into individual subunits, or lost one or more of the essential subunits for the
transcription activity, the reassemble did not take place only by simple dilution of
urea. On the other hand, reversible denaturation was done by dialysis with TGED
buffer containing 50 mM ammonium sulfate or TEDA buffer after treatment with
several concentration of urea. RNA polymerase activity was not recovered in this
case, either.

For renaturation of the RNA polymerase II treated with 4 M urea, several
reagents (listed in Table 2) were added into the dilution buffer for renaturation, but
none of them was effective to recover the enzyme activity.

To investigate the core-like structure of RNA polymerase II, the RNA
polymerase II denatured in 2 M and 4 M urea was applied to gel filtration in the
buffer containing 2 M urea. Multi subunit complexes were observed in both cases,
but several small components were dissociated from the compiexes in the 4 M urea
treatment (Fig. 7). One of the prospects come from these facts is that the core-like
structure of RNA polymerase II is saved after the treatment with 4 M urea, but the
enzyme has no transcription activity even if the concentration of urea is diluted
because the structure is irreversibly denatured. Otherwise, the core-like structure loose
some essential subunits with the treatment of 4 M urea, and reassemble is not

happened.
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S. pombe cells

disruption with Mini lab
2
ppt sup ( crude extract )
Polymin-P precipitation
R
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l extraction with 0.1 M (NH4)2S04
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sup ppt
, extraction with 0.05 M (NH4)2S04
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‘ DEAE-Sephadex A-25
chromatography
0.I8M (0.05-0.4M (NH4)2804 elution)
eluate

Q-Sepharose FF chromatography

025M (0.1-0.4M (NH4)2S804 elution)
eluate

’ Superose 6 chromatography

(0.2 M (NH4)2S04 elution)
eluate

Mono Q Sepharose chromatography
0.3M (0.1-04M (NH4)2504 elution)
eluate

LRN A polymerase @

Fig. 1. Flowchart of RNA polymerase 11 purification.
"ppt" and "sup" represent precipitate and supernatant, respectively.
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Fig. 2. Separation of RNA polymerase II from RNA polymerases [ and II1.

The Polymin P eluate was fractionated on a DEAE-Sephadex column (2.6 x 57
cm) at a flow rate of 200 ml/hour. Non-specific transcription assay was
performed for 3 ul aliquots of 20 ml fractions under the standard reaction
conditions described in Materials and Methods. e=—e RNA polymerase activity;
-------- , ammonium sulfate concentration. RNA polymerase activity in the
flow-through fractions was resistant to 50 pwg/ml o-amanitin.
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Fig. 3. Q-Sepharose FF column chromatography of RNA polymerase II.

DEAE Sephadex A-25 fraction was applied onto Q-Sepharose FF column (1.6 x 15 c¢m). Elution was carried out
using 100 ml of a 0.15-0.40 M linear gradient of ammonium sulfate at a flow rate of 150 m] per hour. An aliquot (3 ul)
of each fraction (2 ml) was assayed for non-specific transcription activity as described in Experimental Procedures,
——, absorbance at 260 nm; ------- , ammoniurn sulfate concentration; bar graph, total activity of each fraction.
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Fig. 4. Superose 6 column chromatography of RNA polymerase II.

Q Sepharose fraction was applied onto Surerose 6 column (¢1.6 x 30 cm) and eluted with TGED buffer
containing 100 mM ammonium sulfate at a flow rate of 30 ml per hour. An aliquot (3 pl) of each fraction (0.8
ml) was assayed for non-specific transcription acitivity as described in Experimental Procedure.—— , absorbance
at 260 nm; bar graph, total activity of each fraction.
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Table 1. Purification of RNA polymerase II from S. pombe.

Purification Total  Total Recovery  Specific Purity
step protein activity (%) activity (fold)
(mg) (units) (units/mg)
Crude extract 10600 18000 100 0.17 1.0
Polymin P eluate 2200 13000 73 0.59 3.7
(NH4)2804 1500 12000 68 0.80 49
DEAE-Sephadex 19 4900 27 25.8 154
Q-Sepharose FF 1.1 4100 23 373 2200
Superose 6 0.5 3300 18 660 3900

RNA polymerase Il was purified from 250 g (wet weight) of S. pombe.
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Fig. 5. Polypeptides composition of purified RNA polymerase I1.

(A) SDS-PAGE analysis of the RNA polymerase Il fraction. The Superose 6
fraction was electrophoresed on a polyacrylamide gradient gel (5-15%) under
denaturation conditions (22) and stained with Coomassie brilliant blue (CBB) or
silver stain. (B) Scanning of the stained RNA polymerase II subunits bands. The
CBB stained gel was scanned at 633 nm with a LKB ULTROSCAN XL laser
densitometer. Stoichiometry of the three large subunits was calculated from peak
areas of the subunit bands.
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RNA polymerase II activity after urea treatment.

The purified RNA polymerse II was treated with urea at various concentration as indicated in the
figure at 0°C for 3 hours and diluted with TEDA buffer at 4°C for 18 hours { o—o, without dilution;
a--—a 4-fold dilution; »---- 12-fold dilution). Urea treatment was carried out and dilution was kept.
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Fig. 7. Gel filtration of RNA polymrase II treated with urea,
RNA polymerase II (Superose 6 column fraction, 25 1g) was denatured in 2 M or 4M urea
for 3 hours at 0°C and applied onto a Superose 6 column (0.4 x 30 cm). Elution was carried
out with TEDA buffer containing 2 M urea and 10% glycerol at a flow rate of 5 ml per hour).
(A) Elution patterns. Absorbance of elute at 514 nm was detected with micro flow cell in
SMART system (Pharmacia). —, 2 M urea-treated RNA polymerase II; -~ .4 M
urea-treated RNA polymerase I1. (B) SDS-PAGE analysis of the fractions. Each fraction was
electrophoresed on a polyacrylamide gradient gel (5-15% acrylamide) under the denaturation
condition.
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Table 2. List of reagents tested for RNA polymerase II renaturation.

Reagent or protein Concentration  Time(hour)

MnClz2 8,40 mM 1
MgCl2 40, 200 mM 20
20 - 320 mM 1
ZnCl2 40, 200 mM 20)
NTPs 0.2, I mM 20
DTT 20, 100 mM 1
100 mM 20
NaF 20, 100 mM 20

............................................. 10-160mM 1.
Triton X-100 0.004, 0.02% 20
0.01-0.16% 1
0.02-0.11% 2,6
0.005 -0.15% 6
Tween 20 0.02-0.11% 2,6
0.005 -0.15% 6
DOC 0.02-0.11% 2,6
Glycerol 20, 60% 1
PEG4000 1.6, 8% 20
DMSO 4, 20% |
20% 20
Ethylenglycol 2.4, 12% 20
0.5-8% 1

E. coli proteins

DnaK, ATP 40, 200 ng/ml 1
BSA 0.4, 2 mg/ml 20
O subunit 20, 100 ng/ml 1
40, 200 ng/ml 20
o subunit 40, 200 ng/ml 20
Phosphocellulose 20
DEAE Sephadex 20
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CHAPTER 2
Cloning and Characterization of the Gene
for the Largest Subunit of RNA Polymerase II

Cloning of the rpbl gene

For cloning the S. pombe gene for the largest subunit (subunit 1) of RNA
polymerase II, a S. cerevisiae DNA fragment containing the entire RPB/ gene
encoding subunit 1 of RNA polymerase II was used as a hybridization probe. The
cloning strategy is summarized in Fig. 8. Initially, total S. pombe DNA was digested
with various restriction enzymes and analyzed by Southern hybridization using a S.
cerevisiae probe (an EcoRI-HindHl fragment of the PRPI19, ref. 20) under low
stringency conditions. As shown in Fig. 9, one major and several minor bands were
identified for all the restriction enzymes used. First, a 2.2 kbp Hindll1-Pstl fragment
(see lane 4 in Fig. 9) 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 Figs. 11 and 13) and a part of §. cerevisiae RNA
polymerase II subunit 1 (C-terminal region downstream from aa residue 1,235: see
Fig. 13). The result strongly suggested that the cloned fragment was a part of subunit
I gene of §. pombe RNA polymerase I1. In order to clone the entire gene, a genomic
library of §. pombe DNA was constructed using a phage vector and screened it using
the cloned S. pombe DNA as a hybridization probe. Screening of approximately 1.8 x
104 plaques under high stringency conditions yielded 12 positive clones. The
restriction map analysis showed that all these clones shared some identical DNA

restriction fragments, presumably originated from the same chromosomal locus.

Structure of the rpbl gene
Nucleotide (nt) sequence was determined for a continuous DNA segment of

7,079 bp including the above-mentioned Hindlll-Pst1 fragment. The outline of the
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sequence is illustrated in Fig. 10, while details are described in Fig. 11. An
unhnenupwd(nmnremﬁngfhnnespmnﬁngntpoﬁﬁon656&)5554(&mrnp0mﬁ0n1
\vassettothefhstba&aofthelnnaﬁveinnnﬂknlcodon;seelﬁgs.lOzuuill)encodesa
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
RNA polymerase II subunit 1 (Fig. 13). 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. cerevisiae subunit is interrupted six times. Since a set of the
consensus sequence for intron-exon junctions was found at both 5' and 3' boundaries
of each interrupting sequence (see Fig, 24), mRNA sequence of the corresponding
regions were analyzed .

For analysis of the mRNA sequence, cDNA was synthesized using a synthetic
IxmwrgwnhﬂwsammmeofGDGCGGCCGCGAATTCOer?Lwhkhﬁcqmﬂe
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. 10 and 11 for positions and sequences of primers
used in this 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. It was therefore concluded that six introns exist in the N-terminal region of
this gene (for details see Figs. 10, 11 and 24), and that the subunit 1 of S. pombe
RNA polymerase II is composed of 1,752 aa residues with the molecular mass of
194 kDa. The gene organization is in sharp contrast with the fact that the subunit 1
gene of S. pombe RNA polymerase I contains no intron (24).

The aa sequence between position 1,460 and 1,548 showed relatively weak
homology to the §. cerevisiae RNA polymerase I subunit 1. Then cDNA sequence
of this region was analyzed. For this purpose, the cDNA synthesized as described
above was subjected to PCR using primers #9 and #12 (see the primer positions in
Fig. 10), 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
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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). This
gene was then proposed to designate as rpb/, according to the nomenclature proposed

for the . cerevisiae RNA polymerase genes by Nonet et al. (43).

Transcription organization

Northern analysis demonstrated that the size of the rpb7 transcript is about 5.6
kbp in length (Fig. 12A). The start site of the transcript determined by primer
extension experiment using primer #1 was located at nt position -347 (Fig. 12B; see
Figs. 10 and 11 for primer #1). When primer #2 (Figs. 10, 11 and 12B) was used for
primer extension, a consistent result was obtained (data not shown). The result of the
sequence determination of the rpbJ cDNA 5'-flanking region cloned with primer a
and #2 agreed with this conclusion.

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 Fi g. 11). It was
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 RNA polymerase II subunit 1
from the initiator Met to the first conserved domain (domain A) is as large as that of
S. cerevisiae RNA polymerase II subunit 1 (Fig. 13; 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 (44) for the consensus

sequence for translational initiation.
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To determine the nucleotide sequence near the 3' end of the transcript, cDNA
was synthesized as described above, and a 3'-terminal region of the rpb/ transcript
was amplified with using primer b with the sequence
(5)CGCCGGCGCTTAAGTTT(3'), which hybridizes to the end of cDNA started
from primer a, and primer #11 specific to rph/ gene (see Figs. 10, 11). 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 mpl9 for sequencing. The
amplified fragments from two independent clones contained the junction points
between rpb! 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 kbp) predicted from the sequence analysis is in

good agreement with the result obtained by Northern analysis (see above).

Structure of the RNA polymerase II subunit 1

The predicted aa sequence of S. pombe RNA polymerase II subunit 1 was
compared with those of other eukaryotes (Figs. 13 and 14) and those of other B
homologues of prokaryotes and archibacteria (Fig.14). 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 RNA polymerase
II subunit 1. 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.

Domain A has a putative zinc-binding site with the consensus sequence of
CX2CX9HX2H (aa position 69 to 85 in S. pombe sequence) (45,46,47). The
functional importance of this motif in the subunits 1 of RNA polymerase I and IT was
confirmed by isolation of S. cerevisiae ts mutants with mutations in this region
(47,48). 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
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the sequences conserved within E. coli DNA polymerase [ and T7 DNA polymerase
(49). The former sequence has a single two-helix motif and mi ght play some roles in
DNA binding as discussed previously (49,50). Domain F is believed to be involved
In binding of o-amanitin, a potent inhibitor of eukaryotic RNA polymerase II, since
aa substitution of Asn to Asp at position 793 within this domain of mouse RNA
polymerase II subunit 1 renders the RNA polymerase insensitive to this drug (51).
This position and the surrounding sequences are highly conserved among the RNA
polymerase II subunits 1 from all 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 RNA polymerase 11 are less sensitive to inhibition by
a-amanitin than RNA polymerase 1T from other higher eukaryotes (52; 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 highly conserved (an
exception is an unusual structure found in the CTD region of the largest subunits of
two RNA polymerase II species from Trypanosoma; see refs. 23,35). The CTD does
not exist in the ' subunit of prokaryotic RNA polymerases. Deletion experiments for
the hamster, mouse, and S. cerevisiae RNA polymerase IT subunit 1 genes revealed
that foss of most of the CTD repeats causes lethal effect on cell growth. S. cerevisiae
mutants containing deletions shorter than half the length of CTD exhibit conditional
lethal phenotypes (54,55,56). 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.
cerevisiae GAL4 (57,58) and for interaction between RNA polymerase II and general
transcription factors in vitro (59). The number of the repetitions is, however, variable
among different species: 17 in Plasmodium falciparum (60), 26 or 27 in S. cerevisiae
(49,55), 41 in Arabidopsis (61), 42 in Caenorhabditis elegans (62), 45 in Drosophila
(50) and 52 in mouse and hamster (63,55). The subunit 1 of S. pombe RNA
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polymerase Il was now found to have 29 repeat units (Fig. 15). The repetition ends

exactly after the final repeat.

-40-



Cross-hybridizaton of S. pombe genomic
DNA with S. cerevisiae probes

Isolation of hybridized fragments

Cloning and sequencing
of the DNA fragments

Cloning of the full length gene
from A phage genomic DNA library

Sequencing of the full length gene

Fig. 8. Cloning strategy for the RNA polymerase II subunit 1 gene.
The gene encoding RNA polymerase II subunit 1 was isolated by
cross-hybridization using S. cerevisiae probes.
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Fig. 9. Southern hybridization of . pombe genomic DNA using §.
cerevisiae RPB1 gene.

Five jug of total S. pombe DNA were digested with various restriction
enzymes, and subjected to Southern analysis under the low stringency
condition. Restriction enzymes used are: F£coRI (lane 1); EcoRI/
HindlII (lane 2); HindllI3); HindIIl/Pst] (1ane 4); and Pst1 (lane 5). .
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Fig. 10. Structure of the rpbl gene.

(A) Restriction map of the rpbl 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 asterisk was

determined after cloning into mp19. Thin lines represent gaps which are not present in
cDNA.
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-910 AAGCTTCTAGAGCCACTCCTGACATTAAAGAACAGCAT GCTAAGAAACCGAA GCOARAGCACACCCETTE
-840 AACAGTACCTACAAGCAATWGAACCAGFWCTCAACCTCMCCCTCTCCI’GACAAAATCGTTI'CTAGCCCCAATCCGCCATCAGCGAAAAGGGAMAAAAGAAACGTCGCAAAAGCTC
-72¢ GATGFCTTCTTCCATTACCACTCC(CC‘I’ACCGCCAAAGTTGCI'AATTGAGT‘I'I’GCTTGATAATTTCATTAATTCTGTA'I'ITCCTTGTTCCGAACATTAAAGFTATAGGAAATGATT’AATT
-60@ AGCAACAAGFGTTTGCTFGTATTGCFGATITGAGTGTCTCTCFATTATTACTCAGG'TTGL'I'AATGTCTGTAAATATTGCTFGTTAMAATACTGGTT(HTATATAATACATAATAATCGT
-480 TTTTGGTCACAGCAGTTGTATATAMCGTTTAACGGCAGGCACATARTATCTATATTGGTTGAAATCTATTATAGE CTTAGAATAAATAATTAGCTAACAGGTAATTTTTGTTTAAGTTT
-368 ACATTCTTCCAAT@CTVTCTGCTGTATACAGGAATAAAT!TAT(_TTCGCCATAAAAAGTATCTFAATGATFTFGAGMCTT'l'I'AA'I'I'TATTGI'I'AT GATTTCCATTAAMAMATTTTGG

#
~240 AGTACTATAGAATGGTGATTGTTGTATGCACATGTTTCAAATAATGGTTAAC CATTATTATTAGATAT T TATAAATCTTGTTTATCACAGGGTGGCTAGTA CACTAATAAMAACCTA

-120 TACTGAC CTGCACCGTGTAACGTAACTCGTTATGGTCATGATTACCGTGAAGTAGT CCTCTTGTGTTAAA CGCCGACACCACCTACGACTTAATC GCAACTC&GTAGA
#

1 ATGAGCGG% CAGgtatgttgﬂucgtntttac:attac‘toutacatagTTTTCACCTTCTTCTGTC(CCT!‘ACGgtatgtttctataagtagtaccgtttuctaacqgtattng CCGG

1M G I ¢ Fs P S5 5 Vv P L R R
#3

121 GTUGAGGAGETTCAATTYGGAAT CTTGTCCCCOGAGGAAATTCGTTCAAT GAGCGTTGCGAAGATTGAG gtaagtgttigtttigticttateacttatogtttttag TITCCTGAGACC

Y EEV QF G I L SPETETIRTSMSVATIKTIE F P ETT

241 ATGGATGAAAGTGGACARCLCCCCLATGTTGGTGGGCTCCTGGACCCTCGATTGGGGACTATTS gtatgaaattcagaaaaagattagtattcteacacattttgtaag ATCGACAATTC
ABMWTDTESTECQRPRY GG LLDPRLGTTIGD R Q F
#4
361 AAGTGTCAAALSTOTGCT GAAACTAT GLLGGATTGTCCTGGTCATTTTG gtatgtgttacaactgtttggtttgttataanancaccttttttttteageaaccttetadacteaataaa
e K ¢ ¢ T C G ETMADCPGHTF FG
#5 #6
48l aagatdgctaacacctttcag GTCATATTGAACTTGCAAAGCCAGT'I'I'I'CCACATCGG'TTTCCTAAGCAAAATAAAAMAATATI’AGAATGCGTWGWGGAATTGCGGCMACTTMGA
85 HIELAKPVFHIGFLSKIKKILECVCNNCGKLKI

601 TTGATT(Tgtaagtcaactgttgagcttatccattgtgttactaacattataaag TCAAATCCAAAATTTAAT GACACMEAA COTTATCOTGATCCCARAAAT CGATTARATGCAGTTTG
11g o 5 S MNP XK FNDTQRYRDPIKNR RLWHNAVYGW
w7
721 GAATGTCTGCAAGACAAAAATGG GCGATACTGGCTTATCTG(AGGCTCAGATAA'FTTLQAC(.'TTAGTAATCCCTCCGCCAATATGGGACACGGTGGTTGTGGGGCTGCCCMCCTAC
142NVCKTKMVCDTGLSAGSDNFDLSNPSANMGHGGCGAAQPT
43
841 AATACGTAAAGATGGCCTGAGATTATGGGGTTCTTGGAAACGCG(.‘I‘AAAGATGAATCAGAT‘!TACCAGAMAACGCCTTCTGTCGCCG‘I’TGGAGGTGCACACAATA‘I'I‘CACACATATI'I‘C
182IRKDGLRLWGSNKRGKDESDLPEKRLLSPLEVHTIFTHIS

61 TI'CAGAAGA‘ITTAGCTCAC']'I'AGGTCTTAATGAGCAGTATGC"AGACCTGAL'TGGATGATTATTACAGTCTTACCI’GTTCCI’CCTCCGAGTGI'CCGTCCTAGTATTT'CG(TI'GGATGGAAC
2225EDLAHLGLNEQYARPDWMIITVLF‘VPPPSVRPSISVDGT

1881 CAGTCGTGGCGAAGATGATTTAACGUACAAAC CCGATATCATAM\AGCAAATGCO\ACG'I'I'(GACGG’GTGAACAAGAAGGAGUCCTGCGCATAWGTCI’CTGMTATGAACAGTT
ZGZSRGEDDLTHKLSDIIKANANVRRCEQEGAPAHIVSEYEQL

1201 ACTTCAGTTCCATGTTGUCALSTATATGGACAAT GAAATAGCGGGACAGCCTCAGGE ACAAAAATCTGGCAGACCTCTTAAAAGTATCCOTGCACGGLTCAAGGGAAAAGAGGGTCG
392LQFHVATYMDNEIAGQPQALQKSGRPLKSIRARLKGKEGR

1321 ATTACGTGGCAACCTGATGGGTAAACGGGTTGA CAGCTCGTACTGI'GATI'ACCGGTGATCCAAATI'I’GTCGTTAGATGAACTCGGTGTTCCACGTAGTATTGCI'AAGACACT'TAC
342LRGNLMGKRVDFSARTVITGDPNLSLDELGVPRSIAKTLT

1441 T"TATCCTGAMCTGITACACCTTATAATATTFATCAATTGCMGAATTAGTACGAAATGGTCCTGATGAGCATCCCGGTGCTAAATATATICATTCGTGATACAGGAGAGCGTA'I'I'GACIT
BSZYPETVTPYNIYQLQELVRNGPDEHPGAKYIIRDTGERIDL

1561 GCGFTATCATAAA(GTGCTGGTGATATTCCTC'I'I'AGGTACGGTTGGCGAGTI'GAGCGGCATATTCGTGATGGCGATGTCG'ITA'I'ITTTAACAGACAGCCATCCCTTCACAAAATGAGTAT
422RYHKRAGDIPLR‘:’GWRVERHIRDGDVVIFNRQPSLHKMSM

1681 GATGGGTCATAGGATTCGCATAATGCCGTACTCGACATTCCGATTAAACTTGTCAGTTACGTCTCCTTATAATGCTGAC GATGGTGATGAAATGAATATGCATGTCCCTCAGTCAGA
462MGHRIRVMPYSTFRLNLSVTSPYNADFDGDEMNMHVPQSE

1301 AGAAACI'CGTGCAGAAATTCAGGAAATTACTATGGTACCTMGCAGATTG'F'I'I'CTCCTCAATCAAACAAGCCTGTCATGGGTATT’G'T"I'CAAGATACWTAGCAGGTG'I’CGTAAG’I'I'FTC
SBZETRAEIQEITMVPKQIVSPQSNKPVMGIVQDTLAGVRKFS

1971 GTTACGTGATAAC GACTCGCAA(GCTGI'AATGAATATTATGTTATGGGTACCAGACTGGGATGGAATA(TCCCACCACCCGTCA'I'I'CTTAAACCAAAGGT'I'ITATGGACAGGAM
542LRDNFLTRNAVMNIMLWVPDWDGILPPPVILKPKVLWTGK

2041 GCAAA GAGCTTGATTATACCCAAGGCAATTAACTTAATTAGAGA CGACGATAAGCAAAGTC CAAATCCCACCGACTCAGGAATGTTGATTGAAAATGGT GAAATTATATACGG
SBZQILSLIIPKGINLIRDDDKQSLSNPTDSGMLIENGEIIYG

2161 CGTGOTTGACAAGAAGACTGTTGGTGCTTCTCAAGGTGE AGTTCATACTATCTGGAAAGAGAAAGGTCCTGAGATTTGTAAAGGTTTCTTCAATGGTATTCAACGA GTTGTAAACTA
GZZVVDKKTVGASQGGLVHTIWKEKGPEEICKGFFNGIQRVVNY

2281 TTGGC ACATAACGGHTFAGCATTGGTATAGGAGATACI'A'I'I'GCCGATGCGGACACAATGAAAGAGG‘ITACTAGMCTGI'I'MGGAAGCCCGTCGFCAAGTCGCAGAATGTATTCA
BBZWLLHNGFSIGIGDTIADADTMKEVTRTVKEARRQVAECIQ

2491 GGATGCTCAGCA(MTCGCTTAAAGCCTGAGCCAGGAATG&C(CTTCGAGAATC’TTTTGAAGCTAAG(?I'ATCAAGGATTCTCAATCAAGCGAGAGACAACGCTGGTAG(TFCAGCTGAGCA
FQZDAQHNRLKPEPGMTLRESFEAKVSRILNQARDNACRSAEH

2521 TAGCWGAAGGA'I'I'CTAACMTGTCAAACAAATGGTTGCTGCTGGTFCAAAAGGTI’CA'I'I'FA'I'!'AATATCTCTCAAATGTCTGCTTGCGTCGG’TCAGCAAATCGTI'GAAGGCAAACGTAT
?425LKDSNNVKQMVAAGSKGSFINISQMSACVGQQIVEGKRI

2641 TCC GGATTTAAATATCGTACATTACCACA CCTAAAGACGACGACTCTCCAGAAT CTCGTGGATTTATT GAAAAT T CATACTTAAGGGGTTTAACTCCTCAAGAGTTE
?SZPFGFKYRTLPHFPKDDDSPESRGFIENSYLRGLTPQEFFF

2761 CCACGCAATGGCTGGACGTGAGES GATTGATACTGCGGFCAAAACTGCTGAAACTGGATACATCCAMGGCGTCTT(TI'I‘AAGGCTATGGAGGATGTAATGG'T’TCGCTATGACGGFAC
BEZHAMAGREGLIDTAVKTAETGYIQRRLVKAMEDVMVRYDGT
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2881 TGTGCGCAAT GCCATGOUTUACATTATACAATTTGCCTATGGTGAAGAT GGCCTGRAT GCCACATTAGTAGAGTACCAGE GACTCATTAAGGTTATCCACTAAGCAATTTGAAAA
862\'RNAMGDIIQFAYGEDGLDATLVEYQVFDSLRLSTKQFEK

3@@1 GAAGTATCGAATTGATTTAATGGAGGATAGGAG ATCATT(TFATATGGAGAACTCTA'I'I'GAGAACGATFCTTCAGTACAAGACTTATFAGATGAGCAGTATACACAGCI'GGTTGCTGA
QBZKYRIDLMEDRSLSLYMENSIENDSSVQDLLDEEYTQLVAD

3221 TCUTGAGTTACTATGCAAATTTA CCCCAMGGTGATGCFAGATGGCCT'TTACCTGTCAATGTACAAAGAATCATCCAAAATGC[TTACAAATATYCCA'T"TTAGAAGCI'AAAAAACC
942RELLCKFIFPKGDARWPLPVNVQRIIQNALQIFHLEAKKP

3241 CACCGATC ACCOAGTGATATTATTAACGGUTTAAAT GAACTAATTGCAAAAT TAACAA CCGCGGAAGT GACCGTATTACTCGTGATGT TCAAAACAACGCTACCTTGTTATT
QBZTDLLPSDIINGLNELIAKLTIFRGSDRITRDVQNNATLLF

336l CCAGATTTTATTAAG(WCCAAATTTGCTGTAAMCGGGTAATAATGGAATACCGALTTAACAAAGTCGCATTTGAATGGATTATGGGTGAAGTGGAAGCTCG CCAACAAGCTGTCGT
IOZZQILLRSKFAVKRVIMEYRLHKVAFEWIMGEVEARFQQAVV

3481 AAGTCUGGAGAAATGGTGG(TFACI'CTGGCTGCACAATG’ATTGGAGAACCAGCAAG’CAAATGACACTCAATACATTCCA'I'I'ACGCTGGTG CTTCTAAGAACGTTACCTTGGGTGT
1®GZSPGEMVGTLAAQSIGEPATQMTLNTFHYAGVSSKNVTLGV

3681 TCCTCGTTTGAAAGAAA GAATGTCGCTAAMAATATTAAGACCCCTTC AACTATTTATCTTATGCCCTGGATAGLAGCTAATAT GOATCT TCCTAAGAAC CTT CAAAC CCAAAT
1102PRLKEILNVAKNIKTPSLTIYLMPWIAANMDLAKNVQTQI

3721 COAACATACAACTTTGAGCACTGTTACCTCT GCAACCOAAMTTCATTACGACCCAGATCCTCAAGACACAGTGAT T GAAGAAGATAAGGA GTTGAAGCTTTCTTTGLTATTCCTGA
114ZEHTTLSTVTSATEIHYDPDPQDTVIEEDKDFVEAFFAIPD

3841 TGAAGAAGTI'GAAGAGAAC'I'I'GTATAAGCAGTCTCCTTGGTTGC]'I‘CGTCITGAACTI’GACCGTGCTAAGATGTTAGATAAGAAGTTGAGTATGAGT’GATG'WGCTGGTAAAATTGCTGA
1182EEVEENLYKQSPHLLRLELDRAKMLDKKLSMSDVAGKIAE

3961 AAGC GAACGTGATC ACTATTTGGI'CTGAGGATAATGCAGACAAGCTTATCATTCGTTGTCGTATCATTCGCGATGATGACCGTAAGGCAGAAGATGACGATAATATGMTGA
12225FERDLFTINSEDNADKLIIRCRIIRDDDRKAEDDDNMIE

4@81 AGAGGAT( GAAAACTATT GAAGGT CATATGCTTGAGAGTATTAGTCTTCGTGGTETGCCGAACATTACTCGTS ATATGATGGAGCACAAGATTGTGLGGCARATT GAAGA
1262EDVFLI(TIEGHMLESISLRGVPNITRVYMMEHKIVRQIED

4201 TGGTAC GAACGTGCTGATCAATGGG GGAAACAGACGGCATAAATCTTACTGAAGCAATGACT(TFAGAGGGTGTAGATGCCACCAGAACTTACTCCAATI’CTTI'CGTGGAAAT
13BIGTFERADEWVLETDGIHLTEAMTVEGVDATRTYSNSFVEI

4321 TTTGCAAATTCTTGGTATT GAAGCTACGAGAT CTGCTTTACTTAAA GAATTAAGAAAT 6T TA TG GAATT COAT G T T CRIA COTTAATTATCOC CATCT GG CE CTTCTTTGCCATCTTAT

342 L. QI L 6IEATRSALLEKETURHNYTIETFDTGSYVY NVYRSHLALLTCEDGYH®
#9

4441 GACATCTAGGGGCCATTTAATGGCTATTACCCOTCATGGCATTAACAGAGE TGAAA CCAGTRCTCTAATGAGGT GCTCTTTT GAAGAAACT S TAGAAAT CCTTATCOAT GO CETLGAG

1382 T 5 R G H L MATITRMHGTI HNRGAET G GALMRTESEFEETVYETILHMDAETRT AT

4561 _T_GQQM_GATGATTGCAAGGGAATATCTGAAAACATAATGCFAGGACAATTAGCCCCAATGGGAACTGGCGCA'I'ITGATA“'I'ACCI’TGATCAAGATATGTTGATGAATTACAGTCT
14ZZGEKDDCKGISENIHLGQLAPMGTGAFDIYLDQDMLHNYSL
#10

4681 TGGI'ACCGCCGTCCCTAEGCTCGCTGGGFCAGGAATGG(-TAC'I'I'CCCAA'ETACCAGAAGGASSCGGTACGCEA'TATGAACGCTCACCAATGGTTGATTCTGGATI'TGTTGGATCTCCTGA

14EZGTVPTLAGSGMGTSQLPEGAGTPYERSPMVDSGFVGSPD
#11

4801 CGCCGCAGCA CCCCI'CTAGTACAAGGTGGATCCGAAGGTCGTGAAGGGTT'T'GGCGATTATGGA"I'I’GWGGGGGG’GCT'AGT'CCTTATAAAGGGGI‘ACAATCCCCTGG"TTATACI'AG

ISZAAAFSPLVQGGSEGREGFGDYGLLGAASPYKGVQSPGYTS

4921 TCCATTFFCGTCTGCTATGAGTCCTGGGTATGGACITACTTCACCAAG(.‘I'ATACTCCAT(ATCTCCGGGATA'ITCCACGTCACCTG(TTATATGCCATCGAGTCCTTCCTA LETCCAAC
1542PFSSAMSPGYGLTSPSYSPSSPGYSTSPAYMPSSPSYSPT

12
5041 .ILEIECEI'.CEHII’CCCCTACTAGTCCTI'CTTATTCCCCTACTAGTCC‘FTC(.'I'A'ITCTCCMCAAGT(('ITCATACTCAGCGACAAGTCCATCCFACTCTCCAACTAGTCCCI’CCTATI’C
lSBZSPSYSPTSPSYSPTSPSYSPTSPSYSATSPSYSPTSPSYS

S161 TCCTACTAGTCFITCI'I'ATTCGCCTACAAGCCCATCATAWCTCCTACTAGTCCCTCI‘I‘ATTCACCGACTAG'TCCTTCI'I'ATTCTCCCACAAGCCCATCATA'WCI'CCTACTAGTCCCTC
1622PT5PSYSPTSPSYSPTSPSYSPTSPS‘(SPTSPSYSPTSPS

5281 TTAWCACCGACTAGTCCTTCH'ATTCTCCCACAAGTCCTTCTTATTCTCCTACGAGCCCATCGTA'I'I'CGCCI'ACTAGT(CTTCCTATTCFCCTACGAGCCCGTC(TI’ATTCACCGACTAG
1662‘(SPTSPSYSPTSPSYSPTSPSYSPTSPSYSPTSPSYSPTS

5421 TCCCTCTTA'I'I'CACCGACTAGTCCT?G’TACTCTCCAACI'AGTCCCFCI'I‘AHCCCCTACTAGT(CUCTT'ATTCTCCTACTAGTC(TTCATA'TTCTCCTACGAGCCCI’TCTTACTCTC(
l?GZPSYSPTSPSYSPTSPSYSPTSPSYSPTSPSYSPTSPSYSP

5521 CACGAGTCCCTCGTATTCCCCTACTAGCCCATCTTAGCTAGTTGTGTGAAGAT GACAATGE GGTTACCATCOAATCAGTCATATAACTTGTAGTTTATTGTTAACTATTCAATATA
1742 T 5 P S Y S P T 5 P §

5641 TAAMATTTTGCACTATTTTAATG CTATATAGAAT GAATGTGTTGTGGTTGCCG'I'!TAGCTTI‘GGTAGTTTGGTTTGTGCG'I'I'I‘I’GGTTGTCTATTCAATAAAAACAAWGACATA
5761 GCTTTATTTAATAGTATAGTTGATAGAAAGGTTTATGE GLAGCACT CTGTTTGATTGCCTTCATT CTTGTAATCCCTAT T TAARATTAAGGA CAAAT £ GGCGACTTGTTCAAATAAMACA
5881 TCTTAATCTCTTA ATAATTCTAACAAAGAATCACTAAATTCAATATATTGATTGATTCTA CAGAGAAATGAACATATATTC ACGTTTAGTAGTAATTGAGATTAT

6291 TTGCG'ITGTGCTACCAATCWTAGTTCATATMAATTMAAAAACTGGMGI'CAATCTATCCAATAGTAGCATTT(TFCTCATAAAAATAAAAATAATCTGAAAGATATCTTTAAGFATT
6121 TTATGCTTATTTGTGATTCCAAACACATGLCTACTT TCAATTGLTSCLAG

Fig. I1. Nucleotide and predicted amino acid sequence of the rpbl gene,

The coding sequence of the RNA pol ymerase II subunit 1 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 small letters. 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.
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Fig. 12. RNA analysis of rpb/ gene.

(A) Northern blot analysis of the rpbi transcript. Seven ug of mRNA was
subjected to Northern analysis. The blot was hybridized with a 5.4 kb Psi1
fragment containing a part of rpbl (see Fig. 10). (B) Primer extension
analysis. *?P-labeled primer #1 (see Fig. 11) was hybridized to five ug of
mRNA and elongated by AMV reverse transcriptase. Products were
electrophoresed along DNA sequence ladders obtained usin g a subcloned rpbl
DNA fragment and primer #1 (lanes 3-7). Two different mRNA preparations
were analyzed (lanes 1 and 2).
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M----5-GIQF5PSSYPLRRVEEVQFGILSPEEIRSMSVAK - - IEFPETMBES GQRPRVGGLLDPRLGTT

M----¥-GQQY 5 - - SAPLRTVKEVQFGL FSPEEVRATISVAK - - IRFPETMDETQTRAK IGGLNDPRL G5 T

M----DTRFPFS - -PAEVSKVRVVQFGILSPOETRQMSY IH--VERSETTEKG-- KPKVGGLSDTRLGTT

M----ALVGYDF--QAPLRIV SRYQFGILGPEETKRMSY AK--VEFPEVYENG-~KPKL GGLMDPRQGY I

MHGGGPPSG-DS——ACPLRTIKRVQFGVLSPDELKRMSVTEGGIKYPETTEGG--RPKLGGLMDPRQGVI

M----STPT- DSfvKAPLRQVKRVQFGILSPDEIRRMSVTEGGVQFAETMEGG--RPKLGGLMDPRQG\.‘I
*

* LR L] % EE ] LE LI I 2 Y

DRQFKCQTCGETMADCPGHFGRIEL AKPY FHIGFLSKIKKTLE CY CWNCGKLKIDSSHP- -KFNDTQRYR
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ERTGRCQTCAGNMTECPGHFGHIELAKPY FHVGFLVKTMRY LRCYCFFCSKLLVDSNNPKIKDILAKSKG
DRTSRCQTCAGNMTECPGHFGHIDLAKPY FHIGFITKTTKILROV CFY CSKMLY SPHNPKIKE TVMKSRG
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AGVRKFSLRONFLTRNAVMN IMLWYPDHDGIL PPPVILKPKVLWTGKQILSLITPKGINL IRD----- DD
CGIRKLTLROTFIEL DQVLNMLYWVPOWOGY IPTPATIKPKPLAS GRQIL SYAIPNGIHLQRF----- DE
LGCRKITKROTFIEKDV FMNTLMWWEDF DGKVPAPAILKPRPLNTGKQV FNLIIPKQINLLRYSAWHADT
CAVRMMTKR DV F IOWPFMMDL LMY LPTWDGKY PQPATL KPKPLWTGKQY FSL TIPGNYNY LRTHSTHPDS
TAVRKFTKROVFLERGEVMNLLMFLSTWDGKY POPATLKPRPUNT GKQIF SLIIPGHINC IRTHSTHROD
TAVRKMTKROVF ITREQVMNL LMFLPTWDAKMPQPCILKPRPLWTGKQIF SLITPGNVNMIRTRS THPOE
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ETG*v--FITPGDTQVRIERGELLAGTLCKKTLCTSNGSLVHVINEEVGPDAARKFLGHTQNLVNYWLLQ
EDSGPYKWISPGDTKVIIEHGELLSGIV(SKTVGKSAGNLLHVVTLELGYEIAANFYSHIQTVINAWLIR
EDSGPYKHISPGDTKVVVENGELIMGILCKKSLGTSAGSLVHISYLEMGHDITRLFYSNIQTVINNNLLI
EDEGPYKWISPGDTKVMVEHGELIMGILCKKSLGTSAGSLLHICFLELGHDIAGRFYGNIQTVINNWLLF
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EGHTIGIGDTIADQATYL DIQNTIRKAKQIVVOVIEKAHNDDLEPTPGNTLRQTFE NKVNQILNDARDRT

EGHTIGIGDS IADSKTYQDIQNTIKKAKGDY IEVIEKAHNNEL EPTPGNTLRQTFENQUNRILNDARDKT

EGHS IGIGDTIADPQTYNEIQQAIKKAKDDVINVIQKAHNMELEPTPGNTLRQTFENKVNRILNDAHDKT
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GRSAEHSLKDSNNV KQMYAAGSKGSFINISGMSA CYOQQIVEGKRIPFGFKYRTL PHFPRDDDSPESRGE
GRLAEVNLKDLNNVKQHVMAGSKGSFINIAQMSACVGQQSVE GKRIAFGFVORTLPHFSKDDY SPESKGF
G5SAQKSLAETHNL KAMYTAGSKGS FINISQMTACYCQQNVE GKRIPFGFDGRTLPHFTKDDYGPESRGF
GSSAQKSLSEFNNFKSMYYSGSKGSKINISQY IACYGQQNVECKRIPFGFRHRTL PHFTKODY CPESKGF
GSSAQKSLSEYNNFKSMYVSGAKGSKINI SQV IAVVGQQNYE GKRIPFGF KHRTLPHFIKDDY GPE SRGF
GGSAKKSLTEYNNLKAMVVSGSKGSNINISQVIACVGQQNVEGKRIP‘(GFRKRTLPHFIKDDYGPE SRGF
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LEMSYLRGLTPQEFFFHAMAGRE GL IDTAVKTAETGY IQRRLY KAME DVMYRYDGTYRNAMGDTTQFAYG
VENSYLRGLTPQEFFFHAMGGRE GLIDTAVKTAETGY IQRRLVKAL ECIMVHYDNTTRNSL GNVIQFIYG
VENSYLRGLTPQEF FFHAMGGRE GLIOTAVKT SETGY IQRRLYKAMEDIMYKY DGTVRNSLGDV IQFLYG
YENSYLAGLTPSEFFFHAMGGREGLTDTAYKTAETGY IQRRL TKAMESVMYNY DGTVRNSLAGMVGLRY G
VENSYLAGLTPTEFFFHAMGGREGLIDTAVKTAETGY IQRRL IKSMESYMVKY DATVRNS INQVVQLRYG
VENSYLAGLYPSEFY FHAMGGREGL IDTAVKTAETGY IGRRL IKAMESVMYNY DGTYRNSYGQLIQLRYG
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S.p AAQSIGEPATQMTLNTFHYAGY SSKNVTLGYPRLKETLNVAKNIKTPSLTIYLMPWIAANMDLAKNVGTG 1148 S.p SLRGYPNITRVYMMEN----- KIVRQLEDGTFERADEWVLETOGINLTEAMTVEGVDATRTY SNSFVEIL 1342
5.¢ AAQSTGEPATQMT LNTFHFAGVASKKVT SGYPRLKE ILKVAKNMKTPSLTYYLEPGHAADQEQAKLTRSA 1137 S.c TLRGVENTERVVMMKY - - - - - DRKVPSPTGEYVKEPEWVLE TOGYNLSEVMTVPGIDPTRIYTRNSFIDIM 1336
A.th AAQSTGEPATQMTLNT FHYAGY SAKNVTL GYPRLRELINVAKRIKTPSL SYYLTPEASKSKEGAKTVQCA 1152 A.th ALRGIPOINKVFIKQV----- RKSRFDEE GGFKTSEEWMLDTEGYNLLAVMCHEDVDPKRTTSHHLIETT 1352
Ce AAQSLGEPATQMTLNTFHYAGYSAKNVTLGYPRLKEIINVSKTLKTPSLTVFLTGAAAKDPEKAKDYLCK 1160 C.e TLQGIPATISKVYMNQPNTDOKKRIIITPEGGFKSYADNILETDGTALLRVL SERQIDPYRTTSNDICELF 1361
M. AAQSLGEPATQMTLNTFHY AGYSAKNVTL GYPRLKELINISKKPKTPSLTVFLLGQSARDAERAKDILCR 1168 M. TLQGIEQISKVYMHLPQTDNKKK I IITEDGEFKALQEWILETDGY SLMRVLSEKOVDRVRTTSNOLVELF 1366
D.m AAQSL GEPATOMTLNTFHFAGYSSKNVTLGYPRLKEITNISKKPKAPSLTVFLTGGAARDAEKAKNYLCR 1152 O.m TLQGIEAIGKVYMHLPQTDSKKRIVITETGEFKATGENLLETDGT SMMKVL SERDVDPTRTSSNOICEIF 1358
FEEE XXX AEAFEF KT & k% kkkEk X X & k% * ** L *x * * ok ox LI ® .
S.p TEHTTLSTYTSATE IHYDPOPQDTVIEEDKDFYEAFFATPDEEVEENLYKQSPNLLRLELDRAKMLDKEL 1210 S.p QILGTEATRSALLKELRNVIEFDGSYVNYRKLALLCOVMTSRGHLMALTRHGINRAETGALMRCSFEETY 1412
S.¢ TEHTTLKSVT IASE IYYOPOPRSTY IPEDEE ITQLHFSLLDEEAEQS FOQQSPNLLRLELDRAAMNDKDL 1267 S.¢ EVLGIEAGRAALYKEVYNY TASDGSYY NYRHMALLVOVMTTQGGLTSVTRHGFNRSNTGALMRCSFEETY 1466
A.th LEYTTLRSYTQATEVWYDPDPMST IIEEDFEFVRSYYEMPDEDY - - SPOKISPWLLRTFL NREMMYDKKL 1228 A.th EVLGIEAVRRALLDFLRVY ISFOGSYYHYRHLAIL COTMTYRGHLMAITRHGINRNOTGRPLMRCSFEETY 1427
C.e LEHTT - --VTCNTATYYDPOPKNTYIAEDEEWVY SIFYEMPD - -H--DLSRTSPALLRIELDRKRMYDKKL 1223 C. EVLGIEAVRKAIEREMDNY ISFDGSYVNYRHLALL COVMTAKGHLMAY SRHGINRQEVGALMRCSFEETY 1431
M. LEHTTLRKVTANTALYYOPNPQS TVVAEDQEMYNYYYEMPD - - F - -DVARTSPHLLRVELDRKHMTDRKL 1226 M. TVLGIEAVRKALERELYHVISFDGSYVNYRHLALLCOTMT CRGHLMAITRHGYNRQDTGPLMKCSFEETY 1436
D.m LEHTTLRKVTANTALYYDPOPQRTV ISEDQEFYNVYYEMPD --F - -DPTRISPHLLRIELDRKRMTDKKL 1218 D.m QVLGIEAVRKSYEKEMNAYLQFY GLYVHNYRHLALL COVMTAKGHLMATTRHGINRQDTGALMRCSFEETY 1428
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S.p SMSDVAGKTAESFERDLFTIWSEDNADKL ITRCRIIRDDDRKAEDDDNMT - - -EECVFLKTIEGHMLEST 1277 S.p EILMDAAASGEKDOCKGISENTML GQLAPMGTGAFDIYLDQD. . 96aa. . CTI(29repeats) 1752 10€%
S.c TMGQY GERIKQTFKNDLFVIWSEDNDEKL IIRCRYVRPKSL DAETEA -~ - - - - EEDHMLKKTENTMLENT 1271 S.c EILFEAGASAELDDCRGVSENVILGQMAPIGTGAFDVMIDEE . . 86aa. . (T 26repeats) 1726 64%
A.th SMADIAEKINLEFODDLTCIFNDDNAGKL ILRIRIMNDE GPKGELQDESA ---EDDVFLKKIESRMLTEM 1287 A.th DILLDAAAYAETDCLRGYTENIML GQLAPIGTGDCELYLNDE . . 66aa. . CTD( 41repeats) 1841 57%
C.e TMEMIADRTHGGFGNOVHT IY TDDNAEKLVFRLRL - -AGEDKGEAQEEQVDKME DOV FLRCIEANMLSDL 1291 Ce DILMEAAVHAFEDPVKGVSENIMLGQLARCGTGCFDLYLOVE. .930a. . CTD(42repeats) 1859 54%
M. TMEQIAEXINAGFGODLNCIFNDDNAEKLYLRIRIMNS DENKMQEEEEVVDKMDODVFLRCIESNMLTDM 1296 M. DVLMEAAAHGESDPMKGYSENIMLGQLAPAGTGCFOLLLDAE. . 77aa. . (TI(52repeats) 1932 56%
D.m THEQIAEKINVGFGEDLNCIFNDDNADKLYLRIRIMNNEENKFQDEDEAVDKME DDMFLRCIEANMLSDM 1288 D.m DVLMDAAAHAETOPMR GV SENTIMGQLPKMGTGCFOLLLDAE . . 5%aa. . CTO(45repeats) 1896 56X
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Fig. 13.  Multiple alignment of the RNA polymerase II subunits 1 from vairous organisms. The alignment was
performed with a computer program, TreeAlign, produced by I. Hein (53). CTD (numbers of the repetition units are
shown in parentheses) and adjacent diversed regions between domain H and CTD (numbers of amino acid are
indicated) are not included in this alignment. Positions with identical amino acids are indicated by asterisks under the
alignment, while the eight conserved domains are indicated by lines over the alignment. Overall identities of amino acid
sequences of the RNA polymerase I subunit 1 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; AL, Arabidopsis
thaliana; C.e., Caenorhabditis elegance; M.m., Mus musculus; D.m., Drosophila melanogaster .
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Fig. 14.  Schematic alignment of B' homotlogues.
Nine conserved regions were found in eukaryotic RNA polymerase subunit 1 and its homologues from prolkaryotes and

archaebacteria,



Consensus YSPTSPS

Fig. 15.  CTD sequence of S. pombe RNA polymerase II subunit 1.
Amino acid sequence from position 1,524 to the C-terminal end contains
29 repetitions of the 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.



CHAPTER 3
Gene Cloning and characterization
of the third-largest subunit

Cloning of the rpb3 gene

To clone the S. pombe gene encoding the third largest subunit (subunit 3) of
RNA polymerase II, cross-hybridization method was tried using the S. cerevisiae
RPB3 gene as a probe. But the RPB3 gene did not hybridize to 5. pombe genomic
DNA under the condition used in the cloning of the largest subunit gene. Then
another strategy was employed as described in Fig. 16.

At first, RNA polymerase II (Q Sepharose fraction) was applied to SDS-
PAGE (Fig. 17A) and the polypeptides were eluted from gel pieces with electro-
elution. Amounts of the eluted polypeptides were calculated from staining intensity on
SDS-polyacrylamide gel (Fig. 17B). The isolated subunit 3 polypeptide was partially
digested with Staphylococcal aureus V8 protease and the polypeptide fragments
generated were separated by reverse phase column chromatography using RPC18
column in SMART system (Pharmacia) (Fig. 18). After three cycles of
chromatography, the peak fractions of absorbance at 214 nm UV rays were applied to
a protein sequencer (Applied Biosystem). Then N-terminal amino acid sequences
were determined for three fragments ( see Fig. 20).

From aa sequences, IPTVAID and LGMIPLD, two 20-mer oligodeoxy-
nucleotide primers were designed with the sequences of (5)ATICCIACIGTI-
GCIATIGA(3") and (3WA/G)TCIA(A/G)IGGIATCATICCL(3"), and RT-PCR was
carried out with . pombe cDNA as a template. A single major product of amplified
CDNA was obtained . After DNA sequence analysis, this fragment of 97 bp (F1 in
Fig. 19) was found to have one open reading frame, which is homologous in aa
sequence to a part of S. cerevisiae RNA polymerase IT RPB3 (60% identity from aa
41 to 73, Fig. 23B).

For isolation of a complete genomic DNA fragment carrying the entire RPB3

gene, whole 5. pombe genomic DNA was digested with various restriction enzymes
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and analyzed by Southern hybridization using the PCR-amplified cDNA fragment
F1 as a probe and under high stringency conditions (for details see Experimental
procedure). As shown in Fig. 21, one major band was identified for all the restriction
enzymes used. A 2.0 kbp PsitI-EcoRI fragment (lane 4 in Fig. 21; indicated as F2 in
Fig. 19) was size-selected by agarose gel clectrophoresis, and cloned into MI3mp18.
The sequence determination indicated the presence of all the aa sequences determined
for the RPB3 fragments within this cloned DNA fragment (see Fig. 21). A region of
high degree of aa sequence homology (56% identity; the conserved domain A in Fig.
23) was found between this major open reading frame and the S. cerevisiae RNA
polymerase II RPB3 (aa position from 46 to 248). The result strongly suggested that
the cloned DNA fragment contained a part of the RNA polymerase II subunit 3
(rpb3) gene of S. pombe. In order to clone the entire gene, we next cloned a Psrl-
EcoRV 2.5 kbp genomic DNA fragment (F3 in Fig. 19) into MI13mp18 using the
Pstl-EcoRI fragment as a hybridization probe.

Structure of the rpb3 gene

Nucleotide (nt) sequence was determined for the continuous genomic DNA
segment of 2348 bp between Pstl and EcoRV sites. The outline of this sequence is
illustrated in Fig. 19, and the details are described in Fig. 20. The coding frame
spanning nt position 988 to 1966 encodes a polypeptide of 297 amino acids in length
with a high degree of aa sequence homology to the S. cerevisiae RNA polymerase II
RPB3 (see Fig. 23 for aa sequence comparison). Then this gene was designated as
rpbh3, according to the nomenclature proposed for the S. cerevisiae RNA polymerase
genes by Nonet et al. (64). From sequence analysis of the cDNA clone F1 covering a
part of rpb3 mRNA and the genomic DNA clones, the rpb3 gene was found to
contain at least one intron (nt position from 1161 to 1206). This finding is in good
agreement with the direct aa sequence analysis of one V8 digested fragment covering
aa 40-48.

Detailed analysis of the exon-intron organization was then performed by

sequencing several other cDNA clones covering different parts of rpb3 mRNA using

52.



primers designed from the genomic DNA sequence of rpb3. Results indicated that the
coding frame of rpb3 was interrupted by two introns (another at nt position from
1068 to 1110). In both 5' and 3' boundaries of these two mtrons, there are the
consensus sequences of the S. pombe intron-exon junctions (boxed in Fig. 20). In

sharp contrast to S. cerevisiae, the rpbl, rpb2 and rpb3 genes of S. pombe all contain

several introns(see Fig. 24). Detailed Southern analysis of the genomic DNA digested
with various restriction enzymes showed that this gene is present as a single copy in

the S. pombe genome (Fig. 21).

Transcription organization

Northern analysis demonstrated that the size of rph3 transeript is about 1.2 kbp
in length (Fig. 22A). The start site of the transcript determined by primer extension
analysis (Fig. 22B) using primer #1 (nt 877-894) was located at nt position 792 (as
marked in Fig. 20). that ATG at nt position 988 is concluded as the start codon
because: 1) the predicted start codon is located within the first exon (no intron was
found between the transcription start site and this putative start codon); 2) no ATG
codon exists in upstream of the same open reading frame; 3) the N-terminal proximal
region of RPB3 from the initiator Met to the first conserved domain (domain A in
Fig. 23) is as large as that of S. cerevisiae RNA polymerase II RPB3, even though
homology is not so high 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 (44) of the
consensus sequence for translational initiation.

To determine the nt sequence of the 3' terminal region of rpb3 transcript, the
region was amplified f rom one of our cDNA clones using primer #2 (nt 1833-1852
in Fig. 20) and the primer b with the sequence (5)CGCCGGCGC-TTAAGTTT(3)
(same as used for the rpb/ gene cloning). From sequence analysis of 3 independent
clones generated from the PCR products, the poly(A) tail was identified after nt
position 2043 or 2044 as marked in Fig. 20, and thus the putative poly(A) signal
might be located from 2029 to 2037 (double underline in Fig. 20). The length of
mature mRNA (1172 b plus poly(A) tail) predicted from the cDNA sequence
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analysis is in good agreement with the result (1.2 kbp) obtained by Northern analysis
(shown in Fig. 22).

Structure of the subunit 3

The predicted aa sequence of S. pombe RNA polymerase II subunit 3 was
compared with those of other organisms: S. cerevisiae RPR3 (5) and RPC40 (6); H.
sapiens RPB33 (7); T. thermophila cojC (8); and E. coli o subunit (65). As shown in
Fig. 23, four structural domains (domain A to D) are conserved within these subunits
from eukaryotic RNA polymerases except S. cerevisiae RPC40, which lacks the
domain B. The domains A and D exist even in the o subunit of £, coli RNA
polymerase, suggesting that these two domains are involved in some common and
essential functions associated with the RNA polymerase. On the other hand, domains
B and C are conserved only in eukaryotic RNA polymerases and thus considered to
be involved in function(s) specific for eukaryotes.

An E. coli mutant defective in RNA polymerase assembly has a mutation
rpoAl12 in domain A of the o-subunit gene (60,67), and a S. cerevisiae mutant
rpb3-1 affecting RNA polymerase II assembly carries double mutations in the RPB3
gene, one in domain A and another in domain C (68). Thus, the domain A may play
an important role in subunit-subunit contact of RNA polymerase. As shown in Fig,
24 the domain B has a putative metal-binding sequence, CXCX3CX5C (aa position
90 to 99 in the S. pombe sequence). Since this domain B sequence 1$ not present in
the corresponding subunits of RNA polymerases I and III, this motif may be related
to function(s) specific for RNA polymerase 1L According to the recent studies with
the o-subunit C-terminal deletion mutants of E. coli RNA polymerase (69), the C-
terminal truncated o containing the domain D can still be assembled into
enzymatically active pseudo-core enzymes, suggesting that the domain D is required
for the formation and/or stability of RNA polymerase. In this domain D sequence of
S. pombe (and also H. sapiens), a leucine zipper-like motif was found. This finding

may support a role of the domain D in subunit-subunit contact.
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The C-terminal region of E. coli RNA polymerase ¢ subunit downstream
from aa 235 carries the protein-protein contact site I with the class T activator proteins
(43,70). Since two RPB3 of cukaryotic RNA polymerases lack the corresponding
region, the molecular communication between RNA polymerase and transcription
factors may be different between prokaryotes and eukaryotes. However, it is not
excluded yet that this putative leucine zipper motif in the domain D plays a role in

contact with transcription factors.

Isolation of ts mutants

pBrpb3 plasmid was constructed by cloning of the 2.3 kbp DNA fragment
containing the full length of wild type S. pombe rpb3 gene into pBluescript IT KS+
between PstI and EcoRV sites (Fig. 25). pBrLEU2b3 plasmid was made by
replacing the Clal-Clal region of pBrpb3 with 2.2 kbp Xhol-Sall fragment of YEp13
containing the entire LEU?2 gene of S. cerevisiae. Mutagenesis of rpb3 was carried out
by lower fidelity PCR in the presence of 0.5 mM MnClz. To construct plasmid,
pBrLEU2rpb3’, the mutated DNA fragments were replaced with Ball-EcoRV region
of pBrLEU2b3. The DNA fragment, rLEUZrpb3’, for transformation was prepared
from pBrLEU2rpb3 after digestion with EcoT221.

Five pg each of the DNA fragment, rLEU2rpb3' was used to transform JY265
strain of S. pombe by either spheroplast method or electroporation (Fig. 25). By each
method, 5000 and 6000 leu+ transformants were obtained on SD medium plates,
respectively. Total 9100 independent transformants were tested for growth on SD
plates at both 25°C and 37°C for the permissive and non-permissive temperature,
respectively. After 3-day-incubation, temperature-sensitive clones were re-streaked
from the 25°C plate onto two SD plates and re-checked for growth at 25°C and 37°C.
Total 178 temperature-sensitive mutants were isolated, and 68 of them were
examined for viability, growth rate and reversion frequency. From the characteristics
thus analyzed, these mutants were classified roughly into 16 groups. One
representative of each group ( total sixteen ts mutants) was analyzed in details for its

phenotype (Fig. 26, summarized in Table. 3)
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Characterization of ts mutants

To confirm the length and copy number of the rpb3 DNA fragment in the 68
mutants, inserted DNA fragments were analyzed with PCR using specific primers for
the inserted DNA fragment or for the boundary regions of homologous
recombination. Most of the 68 mutants carried full length DNA fragment as a single
copy in its genomic DNA but some carried either partially deleted DNA fragment or
multiple copies of DNA fragments (data not shown). Some of the 68 mutants were
also analyzed by Southern hybridization using specific probes for rpb3 and LEU?
genes (Fig. 27). The copy numbers determined for the tested mutants were
summarized in Table 3. It should be noted that most of the mutants showing unstable
growth on SD plate medium carried multi copies of the DNA fragment.

To determine the mutation sites of nine mutants each carrying a single copy of
the fragment, the inserted DNA fragments were cloned into pUC19. The results of
sequence analysis are shown in Fig. 28 and schematically illustrated in Fig. 29, and
the RPB3 polypeptides encoded by the mutant rpb3 genes are shown in Fig. 30 and
summarized in Fig. 31, All these mutant rpb3 genes carried multiple mutations, but
many mutations were clustered in the N-terminal region of RPB3 polypeptides. Since
the S. cerevisiae mutant rph3-1 affecting RNA polymerase 11 assembly carried one
of the two mutations in this region, these mutants carrying the mutations in the N-
terminal region may have defect in RNA polymerase IT assembly.

As an initial effort to analyze the defective function of mutant RNA polymerase
I, the growth rate was measured for these mutants after shift of the culture
temperature from permissive temperature, 25°C, to non-permissive temperature,
37°C (Fig. 33). Some of the mutants stopped growing immediately after the
temperature shift. The RNA polymerase I in these mutants may have defect(s) in
function at non-permissive temperature. On the other hand, some of the mutants
stopped growing slowly, implying that the assemblies of RNA polymerase 11 and/or
of muiti-transcription machinery including some transcription factors are defective in

these mutants.
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By microscope observation, some mutants showed abnormal cell shapes (for
example, 7 times longer in cell size) at the non-permissive temperature (Fig. 32).
After incubation at non-permissive temperature for one day, none of the sixteen
mutants regained viability even at permissive temperature. When these mutant cells
were stained with DAPI and observed with a fluorescence microscope, however, their

nuclei still existed in these mutants.
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Fig. 16. Cloning strategy of the rph3 gene.
(A) Flowchart of the strategy. (B) Schematic flowchart of this strategy.
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Fig. 17. Subunit isolation by electrophoresis.

(A) Subunits of the RNA polymerase II (Q Sepharose fractions, right) were
separated by SDS-PAGE. The highly purified RNA polymerase II (Superose 6
fraction, left) was run in parallel as a control marker to identify the tightly
associated subunits. (B) SDS-PAGE analysis of the eluted polypeptides. The
recovery of the polypeptides measured after silve staining was more than 70%.
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Fig. 18.  Separation of V8 fragment of the 40 kDa polypeptide by C-18 reverse
phase column chromatography.

(A) First separation using 10-60% acetonitril gradient. (B) Second separation. [1],
fraction No. 4-15 were mixed and rechromatographed using 0-40% acetonitril
gradient. [2], fraction No. 16-22 were rechromatographed using 10-50% acetonitril
gradient. [3], fraction No. 23-36 were rechromatographed using 30-70% acetonitril
gradient. (C) Third separation. [1], fraction No. 7-16 of B1 fractionation were
rechromatographed using 0-30% actonitril gradient. [2], fraction No. 8-21 of B2
were rechromatographed using10-40% acetonitril gradient. [3], fraction No. 25-36 of
B3 were rechromatographed using 40-60% acetonitril gradient. N-terminal amino
acid sequences of the digested subunit 3 polypeptide were determined for #1, #2 and
#3 marked in panel C1, C2 and C3, respectively. #V8 shows V8 protease fraction.
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Fig. 19. Physical map of the S. pombe rpb3 gene and clones isolated in this study.
Open box shows rpb3 transcript including full boxes showing the coding regions. F1 is the PCR

amplified cDNA fragment and F2 and F3 are genomic DNA fragments cloned using Fl and F2
probes, respectively.



CTGCAGCAAA
AMNAAGTAATT
GCTTCCTTAA
TCCGAAGAAA
TTTCACATAA
TTCAAGCTGT
TTTAAAACGT
CAAAGTANITA
CAGCTACCAC
CACCCATATG
TTCGTAAAGS
CGCCTATGCT
CAAAGACTTT
AAATATTANT
CTCTCTITAA
TAAATAAGGG
GCATAGACCA

ATAAGTARAR
{5 K N

ctaetaggaaa

TAGCACATCG
ATH B’
TAGETTTCGA
G L E
AGTTGTTCCT
LR
TTGTTG MTTC
Vv oUs
GACCGCTTAT
BL 1
AGGGTATAGC
TR
ATCCATGOAA
POW N
GGCCARAAAG
P K S
TCCARGAGTA
G B E
ATGAAATANT
ITIOM
ATCTCGACGA
LD F
CAGAARTGAA
E M N
AATTCTTITC
TCERCATGCS
TCATACCTTA
TACGTATTGA
TCTTCACTTS

GTCGTTTTGA
TATATCGS

Fig. 20. Nucleotide sequence of the rpb3 gene and a prediced amino acid Eequence.
The coding sequence of RNA polymemse II subunit 3 starts at nt postion 988 and
ends at nt postion 1966. This sequence is interrupted near the N-erminal proximal
region bytwo introns which are indicaed by small kters. Both the 5' and 3' ends of
the transcript are indicaed by shadow boxes on nt squence and putative poly(A)
ggnal is shown by a double underline. The sequenced fragments of amino acid are
shown by shadow boxes on amino acid ssquences, and the primers designed from

ACTAMAGGTT
TTAAAACGCCT
PETTTTCCCS
STGTTTCCAG
TGCAAAATCT
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TACCAATGAA
[CAAGCAGT]

TACATAGACA
TCCCAAACTG
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CAAACAATAT
GEATTAAGCC
AAGCGAGTTC
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ACTCQSTCGA
5 VD
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those amino acid sequences were indicated by waved lines.
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Fig. 21. Southern hybridization of §. pombe genomic DNA.

Three ug of total S. pombe DNA were digested with various restriction
enzymes, and subjected to Southern analysis under high stringency
hybridization conditions using the PCR-amplified cDNA fragment F1 as a
probe. Restriction enzymes used are: EcoRI (lane 1); BamHI (lane 2); PstI (lane
3); EcoRI/BamHI (lane 4); and EcoR1/PstI (1ane 5).
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Fig. 22. RNA analysis of the rpb3 gene. (A) Northern analysis of rpb3
transcript. Seven g of poly(A)* RNA was used for hybridization with the cDNA
fragment F1 containing a part of rpb3 as a probe. (B) Primer extension analysis.
Five pg of poly (A) RNA was used for primer extension using the primer, #301.
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1 100 200 300 aa
A 1 L ] ]
D
Sp RPB3 | AN
Hs RPB33 AR
Sc¢ RPB3 b, il |
Tt CnjC |
Sc RPC40 BT
Ec o subunit 1
B Domain A
Sp RPB3 17
Hs RPB33 19
Sc RPB3 18
Tt ChjC 16
Sc RPC40 48
Ec alpha 24
Domain B
Sp RPB3 84
;Is RPB33 82 * shows the putative
¢ RPB3 80 S \
Tt Cnjc 78 metal binding motif.
Domain C
Sp RPB3 144 183
Hs RPB33 149 188
Sc¢ RPB3 143 132
Tt ChjC 150 189
Sc RPC40 193 232
Domain D
Sp RPB3 229 263
Hs RPB33 229 263
Sc RPB3 228 262
Tt CnjC 263 297
Sc RPC4D 298 332 *k indicates the leucine
Ec alpha 201 235 zipper like motif,

Fig. 23. Multiple alignment of the a homologue subunits. The alignment was performed
with a computer program, Gene Works (IntelliGenetics Inc.). (A) Schematic alignment of
conserved domains within the a-homologues. Sp RPB3, Schizosaccharomyces pombe RNA
polymerase II subunit 3 (this study); Hs RPB33 (7), Homo sapiens RNA polymerase II Mr
33 subunit; Sc RPB3 (5) Saccharomyces cerevisiae RNA polymerase II subunit 3; Tt conjC
(8), Tetrahymena thermophila a cojugation-specific a-homologous protein; Sc RPC40 (6), S.
cerevisiae RNA polymerase I and III Mr 40 subunit; Ec alpha (29), Escherichia coli RNA
polymerase a subunit. (B) Amino acids sequence comparison of the four conserved domains.
Identical amino acids are boxed. The putative motifs are marked by *.
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rpbl
rpb2
rpb3
B Nt
Intron position 5’ Branch 3
rpbl 1 16 G T A T G T --19-- A4 €C T A A T -<3--T A ¢
2 77 6 T A T 6 T --22-- A C T A A C --5-~-T & G
3 190 G T A A 6 T --20--A C T T A T --6--T A ¢
4 305 G T A T 6 A --23--T C T €C A C --9-_ A 4 G
5 410 G T A T 6 T --73--G6G C T A A C --6--10¢ A G
6 609 G T A A G T --28-- A C T A A C --6--A A G
rph2 1 17 6 T A A 6 T --18--T T T A A C --7--T A ¢
rpb3 1 81 G T A A G T --24--T C T A A T --7-- A A ¢
2 273 G T A A G A --26-- A C T A A T --8--T A G
Consensus G T A n G t --—-- n C T r A y ----_ at A G
A 94 50 13 66 76 100 3 13 100
G 100 3 7 99 3 20 16 1 100
C 10 3 90 4 64 9
T 100 3 33 1 81 14 10 100 3 33 77

Fig. 24.  Intron locations and exon-intron boundary sequences within the three large subunit genes of S. pombe RNA polymerase 11
(A) Locations of introns. Introns are shown by open bars. (B) Exon-intron boundary sequences. Exon-intron boundary sequences in
the rpbl, rpb2 and rpb3 genes are compared with those of 85 introns in S. pombe 45 genes transcripted by RNA polymerase 11,
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Fig. 25 Strategy for mutagenesis of the rpb3 gene.
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Fig. 26. Isolation of ts mutants.

(A) Analyzed strains. (B) Growth on SD plate. {1] Growth on a synthetic medium at permissive temparature 25°C, for 4
days. {2] Growth on a synthetic medium at non-permissive temparature 37°C, for 5 days. (C) Growth on YPD plate. [1]
Growth on a rich medium at permissive temparature 25°C, for 4 days. [2] Growth on a rich medium at non-permissive
temparature 37°C, for 5 days.
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Fig. 27. Southern analysis of genomic DNA from mutants.
Restriction enzymes used are: I, EcoRI; V, EcoRV.




tpb3- W AAARGCGAGT TCCTTGATCT CGCATTTAAC GTAGTTTAGT GTGTCCTTAT 50 rphl-  w TGATGACTTT CTAGCACATC GTCTTGGTAT GATACCTCTG GATAGCTCCA 450
rpbi- 11 50 rpb3- 11 ..., T L. C.C...CLA. TG oL LY

Fpbl- 12 50 rpbl. 12 GLAL VAL LLUTS L. vee.. AS0
rpbl- 26 50 rpbl- 26 CLLGLAL VAL TG L. .. 450
rpbl3- 35 30 rpb3- 15 C...G.A. e 450
rphl- 54 50 rpb3- 54 C...A.A, . 450
rpbl- 59 50 rpbi- 99 C...C.A. 450
Tpbi-125 50 ph3-125 C...G.T. asg
rpb3-158 50 rpb3-158 ..C...G.A. .. ... 4sp
rpbl-159 50 rpb3-159 NS S ¢« 1518 e, 450
rpb3-  w GCTAAATAAG GGATCACCTA ACAGTGCGGG 100 rpbl- W ACATCGATGA ACCGCCTCCA GTAGGTTTGE AATATACGOC CAATTGCGAT 500
rpb3- 11 .......... G.. e 100 rpb3- 11 . 500
rebi- 12 ..., G.. 100 rpbl- 12 500
rpb3- 26 ... Govinenn 100 rpbl- 26 500
tpbi- 35 L......... Govieennns 100 rpbl- 35 500
rpbl- 54 . ......... Covemanann .. 100 rpb3- 54 500
TPBY- 9% L...eiien Geeiennn.. .. 100 rpbi- 99 300
rppI-125 ... ... G.u.utn v e 100 rph3-125 sop
rpb3-158 L ....... .. Guvernnans 100 rpb3-158 sop
rpkl-159 ..., ... Goven et 100 rpbi-159 co0
rpb3d-  w ATTCTGCAAC AAGCATAGAC CAAACGACAC ATTCTCATTA TGGATTCAGA 150 rpbl- W TGCGATCAGT ATTGTCECAA GTGTTCAGTC GACTTGTTCC TAAATGCCAA S50
rpbl- 11 F e T Te e 150 rpbl- 11 L. e e e G.... 550
rpb3- 12 PR « 159 rpbl- 12 55
rph3- 26 [ « J 150 rpbhl- 26 550
rpb3- 315 Y « P 150 rpbl- 35 550
rpbi- 54 ce..Go. 150 Ipbl- 54 950
rpbl- 99 P 150 rphl3- 99 550
Tpbl-125 I < S 150 rpb3-125 550
Ipbl-158 .....G.... ceea... G.. 150 rpb3-158 550
rpbd-189 ... G.o.o. L. G.. 150 Tpb3-159 550
rpbBi- W AACGCATATT ACGATACGAA 200 rpbl-  w ATGTACTGGT GAGGGTACGA TGGAAATTTA TGCTAGAGAT CTTGTTGTTT 600
rpb3- 11 ....... L TN ¢ A 200 rpbl- 11 .. e W AAT. . ree W Tela L 600
rpbd- 12 ....... Ao oLl A . 200 rpbld- 12 L o e L ARLT.. L ceee Tol .. 600
rpb3- 26 ... ..., T ¢ 200 rpbl- 26 L s L AALT . e [ A 500
rpbi- 35 . 200 rpb3- 15 R 1013
rpbi- 54 e T.C 200 rpbi- 54 B 600
rpbi- 939 ceeeal.TUC 200 rpbd- 99 . T ... BDOD
rpb3-125 L. A G A A LA e e T.C 200 rpbl-125 . . LT ... BOO
pb3-158 ... Ao Lo G Al A LA T.C 200 rpbli-158 . . P 600
rpb3-159 vees . TUC 200 rpbl-159 LI I :141+)
rpbl~ w TTACAAATAC AAGTTTGGCG TAAGTGAAAA GOTCTAGS. ATTCCTTCTA 250 rpbl-  w CTTCTARACTC TICTCTTGGA CACCCTATTC TCGCCGATCC ARAATCACGC 650
rpbl- 1i T e it e eaaan L 250 pbi- 11 . 650
rphl- 12 e aeeas . 250 rpb3- 12 650
TPBY- 26 i A e e aaeas A i 250 rpbi- 26 650
PR3- 35 L AL e e e P vea 250 rpbl- 35 650
PRl S4 L LT e e ceeadALaa el 250 rpbl- 54 650
PB3- 99 L. AL e e e Aol Lo L. 250 rpbl- 9% 650
rph3-125 . e P T 250 rpb3-125% 650
rpb3-158 . WAL e reaa e R T T -1 1 | rpb3-158 650
rpb1-159 . PR B T - ¢ rpb3-155 650
rpb3-  w ATAGTTGAAA GAGTIGCAAA CTCGCTGCGA 100 Tpbl- w GGACCGCTTA TTTGCAAACT 700
rpbl- 11 100 ekI- 11 ... ... e 700
pb3- 12 ., il oL ToL WA Ll . lqo ph3- 12 L. e B 700
pbld- 26 ... ... Lo Te A e 100 pbd- 26 ... .. e 700
rpbli- 35 . 300 pb3- 35 .......... 700
Ipb3- 54 ..., .. L Tl A T 141 o] rpbl- 54 700
rpbl- 99 . 300 rpb3- 99 700
Ipb3-~12% 300 rpk3-125 700
rpbl-158 300 rph3-158 700
rpb3-159 300 rpb3-159 700
rpb3-  w TCCAACAGTG GGTAAGATTT 350 rph3-  w CATTGCCAAG AAGGGTATAG CTAAAGAACA TGCTAAGTGG TCACCTACTA 750
rpb3- 11 ...... 350 rpb3- il ..., P e Ao G. ... T 750
rpbi- 12 ..... 350 rpb3- 1z ...... P e A. sesae .. T TR0
rpbi- 26 ....... .. . 350 rpk3- 26 ... ..., P\ veere... T TS0
rpb3- 35 ... ... 350 rpRl- 35 ... L. A e T 780
rpbi- 54 ..... 3sa rpbd- 54 ......... [ U « PO LT 750
rpbl- 99 ..., P 350 rpbl- 99 ... ..., ke P = T 750
rpb3-125 ... ....... 350 rph3-125% ... . ... ... AL vraaa. ... T 750
rpbl-158 ....... bt i e aeaa 350 rpb3-158 ....... TS A « T 750
rpb3-159 ... ... .., 350 rpb3-15% . ... .. T A T 1750
Ipbl- w GTTTTAGCCA TTGACCTAGT TGAAATTAAT GTGAATACCT CAGTCATGCS 400 rpb3-  w CAGCTGTTGC ATTTGAATAC GATCCATGGA ACAAGTTACA GCATACTGAT 800
rpb3- 11 T...A.... C.ouunnn.. e e I 1:14] rpb3- 11 L. o oLl C AN . .A 800
rpb3- 12 T, AL, T... - P 400 pbd- 12 ... ... 600
rpb3- 26 .T...A 400 rph3- 26 ........ ., goo
rpb3- 35 .T... 400 rpbl- 35 ..., ...... 800
rpbl3- 54 .T.. 400 rpbl3- 54 . 800
rpb3- 99 .7, . 400 rpbh3- 99 800
Lph1-125 .C,..A.... e e aeeeeaeaa . 400 rpb3-123 800
TEBI-158 LT, A . Teoriinit ciii it tiee e iaaan PP 1+14] pb3-158 ..., ... 200
L - L . 400 rpb3-159 ..., ...... 200
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rpb3-  w TACTGGTTTG AGAATCGATGC AGATGCAGAG TCCCCAAAAR GCAAAAATGC 850 rpb3-  w TTTAGTTCGT SATCTCGACG AAGAGCAGLC TACTCAACTT TCTGCTAACG 10%0
rpbl- 11 ... ..oit oL LALL . ceiiea.... BSD rpbl- 11 ... . 1050

rpb3- 12 ... ..., AL . 850 rpbl- 12 1950
rpb3- 26 AU - ..., 850 rpbd- 26 1050
rpR3- 35 ..., ...l T. RPN 850 rpb3- 35 1050
rpkl- 94 .. e AL, - -1 rpk3- 54 1050
rpbi- 99 ... L., A.. - 1-1] rpb3- 99 1050
tpbI-E25 ... ieee . AL 850 rph3-125 1050
rEB3-158 ... i i e aan. AL 850 rpb3-138 1050
rpod-159 ... o..... A... 850 rpbl-159 1050
rpb3- W CGATTCGGAA GAACCACCGC TTCCAAGAGG 500 rpbl-  w 1100
rpb3- 11 L....... . L.ALLALCL. e 500 rpbi- 11 1100
rpbi- 12 L9000 rpbl- 12 11480
rpbi- 26 300 rpbl- 26 1100
rpbl- 15 . 300 £pbi- 35 1100
rpbl- 54 . .. . 900 teb3- 54 1100
rpbi- 99 e 300 rpbi- 99 1100
L=l - S o = Lo 300 rph3-1235 1100
rpbl-138 PP 1¢1+] rpb3-158 ... e e 1100
FEDI-159 L L ALLG Ty B e . %00 tpbd-159 L. e . e e e 1100
PbI- W GTOTCOOTTC 950 £pbl- W GGTGAAGAAA ACACGTGGTA GACTATGCTT CAATTCTTTT CTAAAAATTA 1150
rpbi- 11 .......... e e [« 950 rpb3- 11 ... Ao P T e ... 1150
rpbl- 12 ... e e G... . 950 Tpbl- 12 Aceiiveonn sl T See. 1150
IPh3- 26 . ..oeia... e e e Govh e 950 rpbl- 26 AL I PR e ... 1150
rpb3- 35 ........ e e Govr el 950 rpb3- 35 ..., . AL . P e 1150
TPbI- S4 .......... e e L 11 rpb3- 54 ..., e A R e ... 1150
rpbl- 9% ... e B & P 950 rph3- 99 ... ... AL P e e 1150
EPE3-125 L. e R « T . .. 950 rpb3-125 ..., A s A, 1150
EEBI-158 . e ¢ J vee. 950 rpb3-158 ... .. caea. AL T e P Y1)
rpbl-159 .......... B < 950 7pbY-159 ..., T, PR e e Lo, 1150
rpbl- W AGTGAAATAA TGCTTCAAGG 1000 rpb3- W TCCATTTTCA TCCTTTATAT GTTTGTTGTT ATARAAAATA CTCTAGA 13197

rpbl- 11 AL, .. . 1000 rpb3- 11 .. T L P G e 1197

Tpbd- 12 LA .. i, 1000 rpbl- 12 ....T..... e e . 1197

IPb3- 26 LA ... el 1000 rpbl- 26 ....T..... . . 1197

rpb3- 35 LA........ 1000 rpbl~ 35 .., T...., . 1197

EEBI= 54 LAl eeain. .. . cee.. 1000 FPBI- 54 LTl e e e . 1197

pRI- 99 A........ ..., e e e e c.... 100D rpb3- 99 .. .T..... 1197

rpni-125 AL ... .. e A e B T S 1411 [+ rpb3-125 ... T..,.. e eeaae 1197

IPD3-15B LA. ...t i e e P 1000 FPRI-L58 LT e e e [T 1157

rpb3-159 LA...... .. e deee et e .. 1lo00 TPR3-159 L Toe ity e e e Ve e 1197

Fig. 28. DNA sequences of the rpb3 genes from ts mutants.
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A P 100 240 830 930 1220 1290

UCl19
(Smal/pR311)  (Ball/Dral) (first ATG) (PR311)  (Ball) (stop codon) (Xbal)

i . - el g

B ~ e ~ifac e

B
pb3-11 Pt ] g
pb3-12 i - ) e
326 i /A e
rpb3-35 i ) ) YY) i
pb3-54 "t " — Y e
pb3-09 i ) =
pb3-125 i v —
rpb3158 i E— W’///A —

pb3-159 =t 7 o

Fig. 29. Mutation sites of the rpb3 genes.

(A) Cloned fragments of genomic DNA from mutant S. pombe. Position, 240,
shows the first ATG. Nine arrows show fluore-labeled primers for automatic
DNA sequencing. (B) Locations of mutations. Asterisks show the mutation sites.
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RPB3- W MDSETHITIR NISKNSVDFV LTNTSLAVAN SLRRYVLAEI PTVAIDLVEI 5@

RPB3- 11 ..........

RPB3- 12 ......... Q

RPB3- 26 ..........
RPB3- 35 ..........
RPB3- 43 . ... ......
RPB3- 54 ..........
RPB3- 99 ...... L...
RPB3-125 ..........
RPB3-158 ..........
RPB3-159 ..........

.......... S 50
........................................ 58
......... A o e e 5@
........................................ 5@
B 50
............. S e iiieie 5@
D 1 50
........................................ 50
........................................ 56
........................................ 58

RPR3- W NVNTSVMPDE FLAHRLGMIP LDSSNIDEPP PVGLEYTRNC DCDQYCPKCS 100

RPB3- 11 ..........
RPB3- 12 ..........
RPB3- 26 ..........
RPB3~ 35 ..........
RPB3- 43 ..........
RPB3- 54 ..........
RPB3- 99 ..... R
RPB3-125 ..........
RPB3-158 ..........
RPB3-159 ..........

........................................ 180
..... B e i e 188
189
........................................ Ll
.......... P e e 1ee
...... D e e e 100
........................................ 108
....... Lo i i e 108
........ Ve s i e 199
.......... 1ed

RPB3- W VELFLNAKCT GEGTMEIYAR DLVVSSNSSL GHPILADPKS RGPLICKLRK 158

RPB3- 35 ....., T...
RPB3- 43 ..........
RPB3- 54 ..........
RPB3- 99 ..........
RPB3-123 ..........
RPB3-158 ..........
RPB3-159 ..........

........................................ 150
.......... 150
.......... 158
158
........................................ 158
........................................ 158
........................................ 159
...... T £
...... Vo i e 158
158

RPB3- W EQEISLRCIA KKGIAKEHAKX WSPTSAVAFE YDPWNKLQHT DYWFENDADA
RPB3- 11 .o i i e e e
RPB3I- 32 L. e e e
RPB3- 26 ... it i e e e
RPB3- 35 o i i e e V...
RPB3- 43 . e e
RPB3- 54 . i e e e
L

RPB3-158 ... . .iiit e e ........:: ..........
RPB3-159 .......... ooiiian.. L i e

RPB3- W EWPKSKNADW EEPPREGEPF NFQEEPRRFY MDVESVGSIP PNEIMVQGLR
RPB3- 11 i i e e e e e
RPB3- 12 . i i e e,
RPB3- 26 .......... L P
RPB3- 35 .o i e i e
RPB3- 43 . ... ... s . Kooooon oo e
RPB3- 54 . e e e
RPB3- 99 ... i i e e e
RPB3-125 . i e e e
]
RPB3-153 oot i e e e

RPB3- W TLQEKLAVLV RDLDEEQPTQ LSAMELNMEE NAEMNWSPYQ NGEENTW
RPB3- 11 (it i i ey e
RPB3- 12 . i e e e
RPB3- 26 ... i i e e e
RPB3- 35 .. i i it e

RPB3-158 ... i i e e
RPB3-159 ... .. i i e et e I..

Fig. 30.  Amino acid sequences of the mutant rpb3 gene products.
Mutated amino acids are shown, while unaltered amino acids are shown by dots.
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297 (2)
297 (3)
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297 (3
297 (4)
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RPB3- W | NN
297
D
aa
decke b
RPB3- 11 [ ]
L i
RPB3- 12 l ]
E S decie
RPB3- 26 [ ]
* e
RPB3- 35 [ :
£ *
RPB3- 54 [ ]
Stesfeske
RPB3- 99 [
e de * R
RPB3-125 [ ]
* &
RPB3-158 [ ]
2 *
RPB3-159 I |

Fig.31. Locations of mutated amino acids in RPB3 polypeptide.
Asterisks show mutation sites in each mutant. The first column shows the locations
of four coserved regions. :
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JY265 37°C rpb3-12/25°C rphs-12 <7 g
I day /1 day I da
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- »
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vi-2h 250 rpb3-26. 37°C rpb3-158. 25:C rphs
B 1 day #1 day P

Fig. 32. Cell shapes‘ of rpb3 ts mutants.

Wild-type (JY265) and three ts mutants (rpb3-12, rpb3-26, 1pb3-158) were grown at the indicated temperature
for one day.
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Fig. 33.  Growth curve of rpb3 mutants in SD liquid medium.
Permissive temperature, 25°C (~——); non-permissive temperature, 37°C (s----- ).
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Table 3. List of rph3 mutants.

_8L-

Phenotypes
pb3 Temperature  Celi Doubling Stop of
copy sensitivity shape time growth

Strains number  Mutation YPD SD (37, C) (hours) (hours)

3 3 N.D. TS TS Bent 4.8 Slowly

11 1 S.D. TS TS Bent 4.2 Rapidly
12 1 S.D. TS TS Bent N.D.

13 N.D. N.D. TS TS 5.4 Slowly

26 i S.D. TS TS Long 4.1 Rapidly
35 1 S.D. TS N.D.

43 2 N.D. TS 54 Slowly

54 1 S.D. TS TS 6.0 Slowly

92 2 N.D. TS TS N.D.

99 1 S.D. TS TS Long 6.0 Rapidly
108 N.D. N.D. TS TS N.D.

125 1 S.D. S TS Bent 7.0 Slowly

158 i S.D. TS TS N.D.

159 1 S.D. TS N.D.

165 N.D. N.D. TS TS Long N.D.

170 N.D. S.D. TS TS N.D.

S.D. shows Sequence Determined, N.D. shows Non-Determined.



CONCLUSION

Purification of S. pombe RNA polymerase II

RNA polymerase Il was purified from the wild type S. pombe in five steps:
precipitation with Polymin P precipitation; elution from the Polymin P precipitates:
separation of RNA polymerase II from RNA polymerases 1 and I1I by DEAE-
Sephadex column chromatography; purification by Q Sepharose FF; and by Superose
6 gel filtration column chromatography. The highly purified S. pombe RNA
polymerase II contained more than eleven polypeptides as analyzed by SDS-
polyacrylamide gel electrophoresis. The molar ratio of the three large subunits,
subunitsl, 2 and 3, was 1:1:2, which is identical with that of the E. coli and S.
cerevisiae enzymes. In order to identification of the strict meaning 'subunits’, essential
subunits of RNA polymerase II for non-specific transcription activity, the in vitro
reconstitution system is necessary. For this purpose, renaturation of urea-treated RNA
polymerase II was carried out as a preliminary attempt.

In this attempt, RNA polymerase IT was not inactivated up to 0.5 M urea, RNA
polymerase II lost activity but the activity was recovered perfectly after dilution of
urea between 1.0 and 2.5 M. Above 3.0 M urea, RNA polymerase II activity was
irreversibly lost. And the denatured RNA polymerase 1T with 4 M urea has been
never reactivated even if adding many kinds of reagents. From the result of gel
filtration, multi subunit complexes of RNA polymerase I1 were observed but several
small components released from the complexes after 4 M urea treatment.
Establishment of in vitro reconstitution system may be started with this multi subunit
complexes polished with 4 M urea as a core-like structure of RNA polymerase I1. At
that time, some of several small subunits may be also key subunits. Alternatively, in
spite of the sufficient subunits remaining in the complex for non-specific transcription
activity, some of the subunits may be irreversibly denatured not to possess the
activity. In any case, the gene coding each subunit should be necessary to go on
analyzing the RNA polymerase 11, the gene cloning has been done about the subunits

constructing the core-like structure at first.
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Isolation and characterization of the rpbl gene

The 5. pombe gene coding for the largest subunit (subunit 1) of RNA
polymerase II was cloned using the S. cerevisiae corresponding gene, RPB/, as a
probe in cross-hybridization under low stringency conditions. The sequence
determination of the entire genomic DNA and of parts of cDNA indicated that this
rpbl gene has six introns in the N-terminal region and encodes a product of 1,752
amino acid residues with the molecular mass of 194 kDa. The subunit 1 polypeptide
has high homology with the largest subunit of S. cerevisiae RNA polymerase II.
From Southern analysis and gene disruption experiment, it was found that this rpbl
gene exists as a single copy in the S. pombe genome and is essential for cell viability.
Northern analysis of rpb/ transcript and sequence determinations of its 3' and 5'
terminal regions indicated that the size of the rpbl transcript is about 5.6 kbp in
length.

Among the subunit 1 of S. pombe RNA polymerase II and other B
homologues, nine structurally conserved domains (domains A to H and CTD) were
identified: Domain A, a putative zinc-binding site with the consensus sequence of
CX2CX9HX2H; Domains C and D, the conserved sequences within E. coli DNA
polymerase I and T7 DNA polymerase; Domain C, a single two-helix motif for
putative DNA binding; Domain F, the putative a-amanitin binding site; CTD, highly
conserved unique repetition with the unit sequence of YSPTSPS among RNA
polymerase II subunits 1, while 29 repeat units exist in subunit 1 of S. pombe RNA

polymerase I1.

Isolation and characterization of the rpb3 gene

The cDNA fragment coding for the third largest subunit (subunit 3) of S.
pombe RNA polymerase II was cloned by RT-PCR using primers designed from the
amino acid sequences of V8 fragments of subunit 3. A genomic DNA fragment
carrying the entire subunit 3 gene (rpb3) was isolated by hybridization using this
c¢DNA fragment. The sequence determination indicated that the coding frame of rpb3

is interrupted by two introns and this gene encodes subunit 3 of 297 amino acids in
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length, which is highly homologous to the S. cerevisiae RN A polymerase 11 RPB3.
Southern and Northern analysis indicated that the rph3 gene is present as a single
copy in . pombe haploid cell and the size of rpb3 transcript is about 1.2 kbp in
length.

Among the RNA polymerase subunit 3 from various organisms, four
structural conserved domains (domains A to D) were found: domains A and D exist
in the o subunit of E. coli RNA polymerase; and domains B and C are conserved
only in eukaryotic RNA polymerases. Domain A may play a role in subunit-subunit
contact of RNA polymerase. Domain B with a putative metal-binding sequence,
CXCX3CX2C, exists only in RNA polymerase I, but not in RNA polymerase I nor
III. Domain D with a leucine zipper-like motif may be required for the formation
and/or stability of RNA polymerase. Subunit 3 of eukaryotic RNA polymerase lacks
the sequence corresponding to the C-terminal region of E. coli RNA polymerase o
subunit carrying the contact site I for some transcription activators.

To analyze the function of the rpb3 gene, the rpb3 gene was mutagenized by
lower fidelity PCR and transferred into S. pombe by spheroplast method and
electroporation method. Total 178 temperature-sensitive mutants were isolated from
about nine thousand transformants. PCR analysis and Southern analysis were carried
out for 68 stable ts mutants. Most of the tested mutants carried a single copy of the
full-length DNA fragment in their genome DNA. For nine mutants, the mutation
sites were determined after cloning and sequencing. All the mutant rpb3 genes carried
multiple mutations, but many mutations were clustered in the N-terminal region of
RPB3 polypeptides. Since the S. cerevisiae mutant rph3-1 affecting RNA
polymerase II assembly carried one of the two mutations in this region, those mutants
carrying the mutations in N-terminal region may be RNA polymerase II assembly
defective mutants.

Upon shift-up of temperature from permissive temperature, 25°C, to non-
permissive temperature, 37°C, some of the mutants stop growing immediately. The
RNA polymerase II in these mutants may have defect(s) in function at non-

permissive temperature. On the other hand, some of the mutants stop growing
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slowly, implying that the assembly of RNA polymerase 11 is defective in these
mutants. Some mutants show abnormal cell shapes (for example, 7 times longer in
cell size) at the non-permissive temperature. After incubation at non-permissive
temperature for one day, none of the sixteen mutants regained viability at permissive
temperature, but their nuclei still existed by the observation of DAPI stained cells.
From these results, the subunit 3 must be an important subunit to assemble
RNA polymerase I and/or to interact with transcription factors. Then the collection of

the mutants may be useful to investigate about RNA polymerase II.
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