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RNA polymerases I, II, and III share three subunits that are immunologically and biochemically 
indistinguishable. The Saccharomyces cerevisiae genes that encode these subunits (RPBS, RPB6, and RPBS) 
were isolated and sequenced, and their transcriptional start sites were deduced. RPB5 encodes a 25-kD protein, 
RPB6, an 18-kD protein, and RPB8, a 16-kD protein. These genes are single copy, reside on different 
chromosomes, and are essential for viability. The fact that the genes are single copy, corroborates previous 
evidence suggesting that each of the common subunits is identical in RNA polymerases I, II, and III. 
Furthermore, immunoprecipitation of RPB6 coprecipitates proteins whose sizes are consistent with RNA 

polymerase I, II, and III subunits. Sequence similarity between the yeast RPB5 protein and a previous ly  
characterized human RNA polymerase subunit demonstrates that the common subunits of the nuclear RNA 

polymerases are well conserved among eukaryotes. The presence of these conserved and essential subunits in all 
three nuclear RNA polymerases and the absence of recognizable sequence motifs for DNA and nucleoside 
triphosphate-binding indicate that the common subunits do not have a catalytic role but are important for a 
function shared by the RNA polymerases such as transcriptional efficiency, nuclear localization, enzyme 
stability, or coordinate regulation of rRNA, mRNA, and tRNA synthesis. 
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Eukaryotic RNA polymerases I, II, and III are highly 
conserved enzymes that are responsible for rRNA, pre- 
mRNA, and small stable RNA synthesis, respectively 
{Lewis and Burgess 1982; Sentenac 1985}. Although 
these nuclear RNA polymerases differ in promoter utili- 
zation, their shared functions are as noteworthy as their 
differences. The RNA polymerases are multisubunit  en- 
zymes that must properly initiate, elongate, and termi- 
nate the synthesis of RNA in a template-dependent 
fashion. 

The common functions of the three RNA polymerases 
are reflected in features that are shared by these en- 
zymes. The two large subunits of RNA polymerase I are 
related in size and sequence to the two large subunits of 
RNA polymerases II and III {Allison et al. 1985; Memet 
et al. 1988a). Considerable effort has gone into studying 
these two RNA polymerase subunits because they are 
thought to have important roles in transcription initia- 
tion and because the genes that encode them were 
among the first subunit genes to be isolated from the 
yeast Saccharomyces cerevisiae {Young and Davis 1983; 
Ingles et al. 1984; Allison et al. 1985; Riva et al. 1986; 
Sweetser et al. 1987; Memet et al. 1988b), Drosophila 
(Searles et al. 1982; Greenleaf 1983; Biggs et al. 1985; 
Faust et all 1986; Falkenburg et al. 1987), and mammals 
(Cho et al. 1985; Corden et al. 1985; Ahearn et al. 1987). 
The other major feature shared by the nuclear RNA 

polymerases is a set of three subunits that appear to be 
common to the three enzymes in all eukaryotes exam- 
ined thus far (Sentenac 1985}. The structure and func- 
tion of these three subunits are poorly defined, in part, 
due to the fact that the genes that encode them have not 

yet been described. 
The S. cerevisiae nuclear RNA polymerases are among 

the best studied eukaryotic RNA polymerases. These 
enzymes are each composed of 10-13 polypeptides (Sen- 
tenac 1985). The three subunits that appear to be shared 

by the nuclear RNA polymerases, with apparent molec- 
ular masses of 27, 23, and 14.5 kD, are referred to here as 
RPB5, RPB6, and RPB8, respectively. Whether isolated 
from RNA polymerase I, II, or III, any one of the 
common subunits appears to be identical in all three en- 
zymes by SDS-polyacrylamide gel mobility, fingerprint 

patterns (Buhler et al. 1976b; Valenzuela et al. 1976), iso- 
electric point (Buhler et al. 1976b), and antigenic recog- 
nition (Buhler et al. 1980; Huet et al. 1982; Breant et al. 
1983). However, it is not yet clear whether each of the 
common subunits is actually identical or just very 

closely related. 
To better understand the structure and function of eu- 

karyotic RNA polymerases, the genes that encode S. cer- 
evisiae RNA polymerase subunits are being isolated and 
used to examine the roles of subunits in transcription 
{Young and Davis 1983; Ingles et al. 1984; Allison et al. 
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GGAAGATTACAACGTTGCTAACAAGGGTCAACAGATCACGAGCCAATT TGAATTCAAATT 60 

AAATTAGTAGGGGAT TTACAAAATTTGTGCGCAGGTGGATATTACTAATAAGCTAAGACA 120 

M D Q E N E R N I S R L W R A F R T V K 

ATGGACCAAGAAAATGAAAGAAACATCTCAAGATTATGGAGAGCATTCAGAACAGTAAAA 180 

E M V K D R G Y F I T Q E E V E L P L E 

GAAATGGTTAAGGACAGGGGTTATTTTATCACTCAAGAGGAAGTCGAATTGCCATTGGAA 240 

D F K A K Y C D S M G R P Q R K M M S F 

GAT TTCAAGGCCAAGTATTGTGACTCCATGGGCAGACCACAACGTAAAATGATGTCCTTC 300 

Q A N P T E E S I S K F P D M G S L W V 

CAGGCAAATCCAACAGAAGAATCTATATCAAAGTTCCCAGACATGGGCTCCTTATGGGTA 360 

E F C D E P $ V G V K T M K T F V I H I 

GAATTTTGTGATGAGCCTTCCGTTGGTGTAAAGACAATGAAG~CT~TT~TTATA~ATATT 420 

Q E K N F Q T G I F V Y Q N N I T P S A 

CAAGAAAAAAATT TCCAAACAGGTATCTTTGT TTACCAAAATAATATTACACCAAGTGCA 480 

M K L V P S I ~ P A T I E T F N E A A L 

ATGAAATTGGTGCCTTCTATACCACCAGCCACCATTGAAACTT TTAATGAAGCTGCCTTA 540 

V V N I T H H E L V P K H I R L S S D E 

GTGGTTAATATTACTCACCACGAATTGGTTCCAAA ATATCAGATTGAGTAGTGATGAG 600 

K R E L L K R Y R L K E S Q L P R I Q R 

AAA GAGAC-CTTTTAAAAAGGTATAGATTGAAGGAATCCCAATTGCCAAGAATTCAAAGA 660 

A D P V A L Y L G L K R G E V V K I I R 

~C T--GAT~CT~'T A~C C~TA~ACT TGGGAT TGAAAAGAGGCGAAGT AGT TAAAAT CATAAGA 720 

K S E T S G R Y A S Y a I C M 

AAAAGTGAAACCTCTGGTCGTTATGCCAGTTACAGAATCTGTATGTAGAGTGGCATT TGG 780 

ATTTACCCCT T TCATATAATAT AAATAACAAGAATATGTACAAT TAGAAATAAATAATC 840 

TGCAATAAACCAATCACTAGTATGAAAATTTGAAAGGCGCGTTTTT TTCAC TAATTTCAG 900 

Figure 1. Sequence of RPB5 DNA and the predicted amino 
acid sequence of the RPB5 subunit. The tryptic RPB5 peptides 
TFVIHIQEK and ADPVALY are underlined. The mRNA start 
site { +- 1 ) is underlined and marked with an arrow. 

1985; Riva et al. 1986; Mann et al. 1987; Sweetser et al. 

1987; Memet et al. 1988b; Kolodziej and Young 1989; 

Woychik and Young 19891. Here, we describe the isola- 
tion and characterization of genes that encode the three 

common subunits of yeast RNA polymerases I, II, and 
III. 

Results 

General strategy for isolation of the common  subunit  

genes 

Yeast RNA polymerase II was purified using a standard 

procedure (Valenzuela et al. 1978). The 27-, 23-, and 

14.5-kD proteins (RPB5, RPB6, and RPBS) were isolated 

from SDS-polyacrylamide gels. Tryptic fragments of 
each of the three subunits were generated and separated 

by high-performance liquid chromatography (HPLC), 
and at least two peptide sequences were obtained from 

each subunit. The peptide sequences obtained for RPB5, 

RPB6, and RPB8 were used to design DNA oligonucleo- 

tides for use in isolating the RNA polymerase subunit 

genes (Table 1). 
The oligonucleotides were labeled and used to probe 

Southern blots of S. cerevisiae genomic DNA cleaved 

with various restriction enzymes. The hybridization and 

wash conditions that produced the best signal-to-noise 

ratio were determined for each oligonucleotide. 

RPB5 

RPB5 was cloned from a KEMBL3a library of S. cerevi- 

siae S288C genomic DNA. From six plates containing 
- 2  x 104 plaques, we selected a total of 10 KEMBL3a 

recombinant clones that produced positive signals with 

radiolabeled RPB5 oligonucleotides. Each plate con- 

tained -50  plaques that produced a strong positive 

signal. All 10 clones selected contained an 8-kb SalI 

DNA restriction fragment that hybridized to both RPB5 

probes in a Southern blot. The 8-kb SalI DNA fragment 

was subcloned into plasmid pBluescript KS + to produce 

pRPS1, and this clone was subjected to sequence anal- 

ysis using as primers the same oligonucleotides that 
were used as probes to isolate the KEMBL3a clones. The 

sequence confirmed that pRP51 contains RPB5 DNA be- 

cause the DNA sequence accurately predicts the RPB5 

amino acid sequence determined by peptide sequencing. 

The RPB5 sequence was then obtained for both DNA 
strands and is shown in Figure 1. 

The RPB5 transcription initiation start site was de- 

duced by primer extension of S. cerevisiae poly(A) + 

RNA (Fig. 1). This information and the partial amino 

acid sequences obtained for RPB5 protein permitted un- 

ambiguous assignment of the RNA polymerase subunit- 
coding sequence. The RPB5 sequence predicts a protein 

of 215 amino acid residues with a molecular mass of 

25,038 daltons. This is only slightly less than the ap- 

parent molecular mass of 27 kD estimated by SDS- 
PAGE. 

A human 23-kD RNA polymerase II subunit gene has 

recently been isolated and sequenced {Pati and 

Weissman 1989) and is a homolog of the yeast RPB5 

gene. The two proteins are similar in length. Yeast RPB5 

consists of 215 amino acid residues, and its human rela- 

tive contains 197 residues. Alignment of the amino acid 

sequences of the human and yeast RNA polymerase sub- 

units revealed that 30% of the amino acids are identical 
(Fig. 2). An additional 26% of the residues are conserva- 

tive amino acid replacements, scoring + 1 or greater in 
the mutation data matrix of Dayoff et al. (1983). 

T a b l e  1. DNA oligonucleotides 

G e n e  Gene-specific oligonucleotides (5' --* 3') 

RPB5 

RPB6 

RPB8 

1. TT(T/C)-GTI-ATI-CA(T/C)-ATI-CA(A/G)-GA(A/G)-AA 
2. GCI-GA(T/C)-CCI-GTI-GCI-ITI-TA 

1. ATI-GTI-ACI-GGI-GGI-AA(T/C)-GGI-CCI-GA(A/G)-GA(T/C)-TT(T/C)-CA(A/G)-CA 
2. ATG-AA(T/C)-GCI-CCI-GTI-TT(T/C)-GTI-GA(T/C)-ITI-GA(A/G)-CA(A/G)-GA 

1. TGG-IGI-CCI-CCI-CA(A/G)-GCI-GGI-GA 
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1 72 

HP23 ~ - -E~EET~KIRK~IMQ~V~~__~~SEGRPRRTDLTVLVAHNDDPT - 

73 143 

RPB5 , ~ S L ~ ~ H ~ G I ~ ~ S  ~ A , ~  

S~23 -- - ~ I p ~ X l C r C ~ T R ~ ~ Q S ~ m ~ g K Y  Z ~ Q E ~  

144 215 
RPB5 ~ I R L S ~ S Q L P R I  ~ ~ ~ I  IRKSETSGRYASYRICM 

HP23 ~2~: ..... KPPREPAAQDPGGG~C~C~GEDHPAQ ............. 

Figure 2. Sequence similarities between RPB5 and the 23-kD human RNA polymerase II HP23 subunit. Identical amino acid res- 
idues are boxed and shaded. 

RPB6 

The RPB6 DNA probes were found to produce signals 

with kEMBL3a vector DNA; to avoid this problem, 

RPB6 was cloned from a yeast plasmid sublibrary. A 

plasmid library enriched in RPB6 DNA was constructed. 

To deduce which genomic DNA restriction fragments 
were large enough to be likely to contain the entire 

RPB6 gene, Southern blots containing S. cerevisiae ge- 

nomic DNA digested with a variety of restriction en- 

zymes were probed with the RBP6-specific oligonucleo- 
tides. Both RBP6 oligonucleotides hybridized to a 1.5-kb 

HindIII fragment. S. cerevisiae genomic DNA was di- 
gested with HindIII, and DNA fragments in the range of 

1-2 kb were gel-purified and ligated to HindIII-cut 

pBluescript II KS + DNA. Escherichia coli cells were 

transformed with this DNA, the plasmid library was 
screened with the RPB6 oligonucleotide probes, and 

signal-producing colonies were isolated. One positive 
clone was obtained from -800 colonies. Plasmid pre- 

pared from this clone contained a 1.5-kb HindIII DNA 

fragment. 

The sequence of the entire 1.5-kb HindIII DNA frag- 

ment was obtained by sequencing both strands, and a 

single open reading frame predicted a protein containing 

the two amino acid sequences obtained from RPB6 

tryptic peptides (Fig. 3). However, this open reading 
frame did not encode any methionine residues upstream 

of the coding sequence for the first of the two peptide 

sequences. This observation led to the suspicion that 

RPB6 mRNA might be spliced. 
Two observations confirm that RBP6 contains an in- 

tervening sequence. First, the yeast splice signal se- 

quence 5'-TACTAAC-3' occurs upstream of the open 

reading frame obtained from the genomic DNA clone. 

This sequence is preceded by a potential 5' splice junc- 
tion donor sequence (5'-GTATGT-3') and is followed by 

a 3' splice acceptor junction (5'-CAG-3') 16 nucleotides 

downstream, suggesting an intron of 76 bp (Fig. 4A). 

Second, reverse transcriptase-catalyzed primer exten- 

sion of both wild-type and rna2-1 poly(A) + mRNA dem- 
onstrated that unspliced RPB6 precursor RNAs accumu- 

late in an rna2-1 strain (Fig. 4B). S. cerevisiae rna2-1 mu- 

tants are temperature-sensitive for pre-mRNA splicing 

at 37°C. Primer extension of RNA from wild-type yeast 

indicates that RPB6 mRNA has three different 5' ends 
(Fig. 4B). RNA was isolated from ma2-1 cells grown at 

the permissive temperature (23°C) or shifted to the non- 

permissive temperature (37°C)for 1 hr. Primer extension 

of RPB6 poly(A) + RNA from ma2-1 cells grown at the 

nonpermissive temperature revealed the presence of 

three RNAs -76  nucleotides longer than each of the 

wild-type mRNAs (Fig. 4B, rna2-1 37°C). In contrast, 
primer extension of wild-type RNA or RNA prepared 

from rna2-1 cells grown at permissive temperature did 

not reveal the three RPB6 pre-mRNAs (Fig. 4B, wild- 

type and rna2-1 23°C). Additional primer extension ex- 

periments using two unique DNA oligonucleotides as 

primers confirmed the results shown in Figure 4B. The 

presence of these three pre-mRNAs in mutant rna2-1 

cells verifies the presence of a 76-bp intron near the be- 

ginning of the RPB6 gene. 

The sequence of the RPB6 gene, the positions of the 

RPB6 transcript start sites, and the predicted amino acid 
sequence of the RNA polymerase subunit are shown in 

Figure 3. The spliced mRNA is translated into a 155-res- 

idue protein with a molecular mass of 17,857 dahons. 

This is considerably less than the apparent molecular 

mass of 23 kD estimated by SDS-PAGE. However, this 

subunit is phosphorylated (Buhler et al. 1976a; Bell et al. 
1977), and phosphorylated proteins often migrate aber- 

rantly on SDS-polyacrylamide gels. The RPB6 protein 
does not appear similar to any protein sequence acces- 

sible through conventional data bases. 

RPB8 

A plasmid library enriched for RPB8 DNA was con- 

structed to facilitate the isolation of the gene. Southern 

analysis of restriction enzyme-digested S. cerevisiae ge- 

nomic DNA showed that the RPB8-specific oligonucleo- 

tide probes {Table 1) hybridized to a 7-kb EcoRI frag- 

ment. Yeast genomic DNA was digested with EcoRI, 6- 

to 8-kb DNA fragments were purified and ligated to 

pBluescript II KS + cleaved with EcoRI, and -800 E. coli 

transformants were screened with the RPB8 probe. Re- 

striction mapping of plasmid DNA from the three posi- 

tive clones selected revealed that each contained a 7-kb 

EcoRI insert with identical internal restriction sites. The 
DNA sequence of one of these clones was determined, 

and the predicted RPB8 amino acid sequence was found 
to contain the three peptide sequences obtained from 

proteolytic fragments of RPB8 [Fig. 5). The RPB8 mRNA 

start site was deduced from primer extension analysis of 

poly(A) + RNA. The predicted RPB8 protein is 146 amino 

acids long and has a molecular mass of 16,468 daltons, 
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TTCGTATAGTATGATATTT~TTGAAAAAAAAATTTTTTTTTTTTT~G~TATCATTCA 60 

~GGCATC~TCAC~CCTTG~GAAAGGCTAAAAAGACACATTTTGCAGGT~CAGTGT 120 

M S D Y E E A  

AAAGATT-~GGCTA-~GTGATCATGTCAGACTACGAGGAGG~TATGTGCATTCATATT 180 

GGAG~TTGCGTGCTTTAGTTTT~TTATATTTACT~CTTCTATCATTGTGATACA~ 240 

F N D G N E N F E D F D V E H F S D E E  

TTT~CGACGGT~TGAG~CTTCG~GATTTTGATGTAGAGCATTTTTCTGATGAGGAG 300 

T Y E E K P Q F K D G E T T D A N G K T  

ACTTATGAGGAAAAACCTC~TTC~GGATGGTGAAAC~CCGATGCC~CGGT~GACC 360 

I V T G G N G P E D F Q Q H E Q I R R K  

ATCGTTACTGGTGGT~TGGCCCAG~GATTTTC~CAGCATGAGCAAAT~G~GAAAG 420 

T L K E K A I P K D Q R A T T P Y M T K  

ACACTT~GGAAAAGGCCATCCCAAAAGACCAAAGAGC~CTACTCCATACATGACCAAA 480 

Y E R A R I L G T R A L ~ I S M N A P V  

TATGAAAGGGC~G~TTTTAGGTAC~GAGCCCTACAAATTTCCATG~TGCGCCAGTT 540 

~ v D L E G E T D P L R I A M K E L A E 

~T~AT~A~G~CTGATCCATTGCGTATTGCCATG~GGAGTTGGCTG~ 600 

K K I P L V I R R Y L P D G S F E D W S  

~GAAAATTCCTTTGGTTATTAG~GATATTTACCAGATGGTTCCTTTGAGGACTGGAGT 660 

V E E L I V D L  

GTGGAGG~CTCATTGTGGATTTGTGATTACACCTGCATTTTCCTTTATGTGTATTTGCT 720 

TTGTTTGTATATTATTAT~CTATAAAG~CGATTTATTTTGT~TGCAAAT~CTGGAC 780 

F i b r e  3. Sequence of RPB6 DNA and the predicted amino 
acid sequence of the RPB6 subunit. The tryptic peptides 

IVTGGNGPEDFQQ and LQISMNAPVFVDLEGET are under- 

lined. The approximate mRNA start sites ( ± 1) are underlined 

and marked with an arrow. The 76-bp intron is boxed. 

similar to the molecular mass of 14.5 kD estimated by 

SDS-PAGE. Computer search of conventional data bases 
did not reveal the existence of any protein sequences sig- 
nificantly similar to RPB8. 

Copy number  and chromosomal location of common 

subunit  genes 

Southern blots containing immobilized restriction di- 
gests of S. cerevisiae genomic DNA were probed with 
RPB5, RPB6, and RPB8 DNA fragments at moderate 

stringency, as described in Methods (Fig. 6). The pattern 
of hybridization with each probe, in which only a single 
band producing a strong signal was observed, indicated 
that RPB5, RPB6, and RPB8 are single-copy genes in ha- 
ploid yeast. The pattern of hybridization obtained with 

RPB5, RPB6, and RPB8 DNA fragment probes did not 
change over a range of hybridization and wash condi- 
tions and was the same as that obtained with the oligo- 

nucleotide probes used for gene isolation and character- 
ization. 

The RPB5 gene was localized to chromosome II, RPB6 

to chromosome XVI, and RPB8 to chromosome XV by 
probing a Southern blot containing S. cerevisiae chromo- 
some separated by pulsed-field electrophoresis with 
gene-specific DNA fragment (not shown). 

Ao 

e .  
PP 

A C G T  ~E E 

~---- 3 

UNSPLiCED 

. ~  . . ~  . . ~  Met SerAsp Tyr Glu Glu Ala 

. . . . . . . . . . . . . . . . . . . .  , - n ,  . . . . . . . . . . . . . . . . . . .  I T , , O T A A C  I . . . . .  ' ' ° '  . . . . . .  

5' 3' 
I I 

76 nt 

-"q--- 1 

"4---2 

"9"--3 

SPLICED 

Figure 4. Identification of a 76-bp intron near the amino terminus of the RPB6 gene. (A) Position and features of the 76-nucleotide 

RPB6 intervening sequence. The 5' splice donor sequence, splice signal sequence, and 3' splice junction are boxed. The start sites ( ± 1 ) 

of the three RPB6 transcripts are numbered. (B) Primer extension analysis of wild-type and rna2-1 poly(A) + RNA. The end-labeled 

DNA oligonucleotide 5 '-CTCCTCATCAGAAAAATGCTCTACATC-3'  was annealed to wild-type poly{AJ ÷ RNA (wild-type) or 

ma2-1 poly(A) + RNA prepared from cells grown at the permissive temperature (rna2-1, 23°C), or shifted to the nonpermissive temper- 

ature (37°C) for 1 hr (rna2-1, 37°C). After reverse transcriptase-catalyzed DNA synthesis, equivalent amounts  of each reaction were 

loaded adjacent to sequencing reactions primed with the same oligonucleotide used for primer extension. The three transcript start 

sites correspond to those represented in A. Each lane represents the primer extension products obtained using 0.7 pmole of labeled 

oligonucleotide annealed to 5 ~g of poly(A) + RNA. The sequencing reactions were run adjacent to the primer extension products to 
accurately determine transcript lengths. 
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TTTTCACATTTTTTTTTTTCT~GCGAAAACT~GATGAAAAATTTC~TATTTAAA 60 

CTGTGATGGCA~TATAAAAGCCCAGTTGCCAGCTCATTGCTTCCAT~C~CCGCAGCA 120 

M S N T L F D D I F Q V S E V D P G R Y  

ATGTCT~CACTCTATTTGATGATATATTCC~GTCTCGG~GTTGATCCC~TCGTTAT 180 

N K V C R I E A A S T T Q D Q C K L T L  

~CAAAGTCTGCCGTATCG~GCCGCATCTACCACTCAGGACC~TGCAAACT~CCTTG 240 

D I N V E L F P V A A Q D S L T V T I A  

GATATAAATGTTG~TTGTTTCCCGTCGCCGCAC~GATTCTTTGACAGTGACTATTGCA 300 

S S L N L E D T P A N D S S A T R S W R  

TCCTCTTTAAACCTCG~GACACCCCAGCT~CGACTCTTCTGCGAC~G~GC~GG~A 360 

P P Q A G D R S L A D D Y D Y V M Y G T  

CCTCCACAG~TGGTGACAGATCCCTTGCAGATGATTATGATTACGTCATGTATGGTACC 420 

A Y K F E E V S K D L I A V Y Y S F G G  

~TTAC~GTTTGAGG~GT~GC~GGATCT~TT~CGTTTACTACTCATTCGGT~C 480 

L L M R L E G N Y R N L N N L K Q E N A  

CTCTT~TGAGATTAG~GGT~CTATAGAAATTTG~T~CTTG~GC~GAG~CGCT 540 

Y L L I R R  

TATCTTTTGATTCGTCGTTAGCAGCATTGGACCGAGTGCTAA~GGGCGATCACTT 600 

Figure 5. Sequence of RPB8 DNA and the predicted amino 
acid sequence of the RPB8 subunit. The t~ptic peptides 
SWRPPQAGDR, LADDYDYVM, and NLNNLKQENA are un- 
derlined. The approximate mRNA start sites ( ± 1), determined 
by primer extension, are underlined and marked with an arrow. 

Immunoprecipitation demonstration that the RPB6 

gene product is a component of RNA polymerases L II, 

and III ~ 

The fact that RPB5, RPB6, and RPB8 are single-copy 

genes and that closely related sequences were not de- 

tected by hybridization to whole genome Southern blots 

indicates that each of the common subunits is identical 

in the three nuclear RNA polymerases. To confirm that 

the product of one of these genes, RPB6, is actually in- 

corporated into all three nuclear RNA polymerases, we 

used immunoprecipitation of specific RNA polymerase 

subunits to investigate their association with the three 

nuclear RNA polymerases. An influenza hemagglutinin 

epitope-coding sequence (Field et al. 1988) was added to 

the amino-terminal coding sequence of RPB3, which en- 

Eukaryotic RNA polymerase common subunits 

codes a subunit unique to RNA polymerase II (Kolodziej 

and Young 1989), and to the amino-terminal-coding se- 

quence of RPB6. The modified RPB3 and RPB6 gene 

products complement their respective deletion muta- 

tions, and cells containing either epitope-tagged protein 

grow at wild-type rates throughout the normal tempera- 

ture range for wild-type cells. 
Immunoprecipitation of epitope-tagged RPB3 from 

[3sS]methionine-labeled extracts results in the coprecipi- 

ration of the 10 subunits expected for RNA polymerase 

II (Fig. 7; Sentenac 1985). In contrast, immunoprecipita- 
tion of epitope-tagged RPB6 from [aSS]methionine-la- 

beled extracts not only results in the precipitation of the 

10 RNA polymerase II subunits but also in polypeptides 

whose sizes are consistent with those described for the 

larger subunits of yeast RNA polymerases I and III (Sen- 

tenac 1985). These large RNA polymerase polypeptides 
have mobilities consistent with RPA1 (190 kD), RPA2 

(135 kD), RPA4 (43 kD), and RPAC5 (40 kD) and with 

RPC1 (160 kD), RPC2 (128 kD), and RPC3 (82 kD). A 
shorter exposure allows the resolution of RPC1 and 

RPB2. With the exception of the common subunits 
RPB5, RPB6, and RPB8, the smaller subunits described 

for RNA polymerases I and III are not clearly observed in 

this experiment. This is due to the appearance of lower 

levels of RNA polymerases I and III relative to RNA 

polymerase II and to the small number of methionine 

residues in the smaller proteins in Figure 7. These re- 
sults indicate that the RPB6 gene product is assembled 

All  three RNA polymerase common subunits are 

essential for cell viability 

Most, but not all, of the RNA polymerase subunit genes 

studied thus far are essential for yeast cell viability 

(Nonet et al. 1987; Sweetser et al. 1987; Kolodziej and 

Young 1989; Woychik and Young 1989). To determine 
Whether the common subunits are essential for cell via- 

billty, each of the common subunit genes was replaced 

with a yeast nutritional marker. One chromosomal copy 

A. 

B. RPB6 
RPB5 

SAL 1+ 

m 

O. RPB8 

6,6 ~ 

4 

Figure 6. Copy number of the RPB5 {A), RPB6, (B), and RPB8 (CI genes. Genomic DNA prepared from haploid yeast cells was 
digested with the enzyme(sl indicated. DNA restriction fragments used to radiolabel probes are described in Methods. DNA size 
markers {in kbl are shown at right. 
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Figure 7. Immunoprecipitation of epitope-tagged RPB6 and 
RPB3. (Lane RPB6) Immunoprecipitation of RNA polymerases 
I, II, and III using epitope-tagged RPB6 (RPB6*). RPA1, RPA2, 
and RPA4 represent bands with mobilities of the large RNA 
polymerase I subunits; RPC1, RPC2, and RPC3 indicate bands 
with mobilities of RNA polymerase III subunits. RPAC5 is a 
subunit common to both RNA polymerase I and III. (Lane 
RPB3) Immunoprecipitation of RNA polymerase II subunits 
with epitope-tagged RPB3 (RPB3*). Band ACTD is a proteolytic 
product of the RPB1 subunit that lacks the 26-heptapeptide re- 
peat units at the carboxyl terminus of the protein. The mobility 
shifts seen for the RPB3* and RPB6* subunits are due to the 
addition of the 9-amino-acid influenza hemagglutinin epitope. 
The apparent molecular masses of the RNA polymerase II sub- 
units are 220 kD (RPB1), 150 kD (RPB2), 44.5 kD (RPB3), 32 kD 
(RPB4), 27 kD (RPB5), 23 kD (RPB6), 16 kD (RPB7), 14.5 kD 
(RPB8), 12.6 kD (RPB9), and 10 kD (RPB10). 

of each gene in diploid yeast cells was replaced using the 

method of Rothstein (19831. This  method relies on ho- 

mologous recombinat ion of RPB5-, RPB6-, or RPB8- 

f lanking D N A  with  the chromosomal DNA, resulting in 

the replacement of the chromosomal copy of the subunit  

gene wi th  a selectable marker. Approximately two- 

thirds of the RPB5 gene was removed and replaced with 

the HIS3 gene to produce the allele rpb5A1 :: HIS3 (Fig. 

8AI. The entire protein-coding regions of RPB6 and 

RPB8 were replaced by URA3 (rpb6A1 :: URA3) (Fig. 8B) 

and LYS2 (rpb8A1 :: LYS2) (Fig. 8C), respectively. The 

diploid cells obtained by this approach have one chro- 

mosome wi th  a wild-type RNA polymerase subunit  gene 

and one chromosome wi th  a deletion allele. Tetrad anal- 

ysis of the sporulation products of these diploid cells re- 

vealed that the deletion of either RPB5, RPB6, or RPB8 

produces nonviable haploid cells (Table 2). Therefore, all 

three of the common subuni t  genes are essential for cell 

viability. 
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D i s c u s s i o n  

We have isolated and characterized the genes that en- 

code the three subunits  common to nuclear RNA poly- 

merases in S. cerevisiae. We find that RPB5, RPB6, and 

RPB8 are single-copy genes that reside on chromosomes 

II, XVI, and XV, respectively. Although the RPB5, RPB6, 

and RPB8 subunits  of RNA polymerase II appear, by a 

variety of criteria, to be identical to their counterparts in 

RNA polymerases I and III [Buhler et al. 1976b, 1980; 

Valenzuela et al. 1976; Huet et al. 1982; Breant et al. 

A. RPB5 

E E 

i I . . . . . . . . . . . . . . .  +:':':':','::+:':':l 

I I 
i 

Eco RI 

~ 1.4 kb HIS3 Eco RI fragment 

E E 

B. RPB6 

~;.~::~:::.:.:.:+:.:.:::...~...~........~........~.....~.~..............~ .̀ i 

I I 
I 
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~ 1.2 k b  URA3 Xho I frmgmont 

C. RPB8 

I Ix':':':':':':':':':':':':':':':'l I 
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Sph IIBam HI 

I S.O k b  L Y S 2  
¥ ~ p h  I /B~ re  HI  frqment 

i I t 

Figure 8. Construction of RPB5, RPB6, and RPB8 gene disrup- 
tions. The boxed regions indicate coding sequence. The 
numbers below each starting DNA fragment represent approxi- 
mate length (in kb). The resulting gene replacements are not 
drawn to scale. The EcoRI restriction fragment containing 
RPB5 DNA includes 65 bp of DNA 5' to the RPBS-coding se- 
quence; this 65-bp region is within the 5'-untranslated leader of 
the RPB5 mRNA. 
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Table 2. Tetrad analysis of diploid cells with RPB5, RPB6, or 

RPB8 gene replacements 

Genotype at Viable spores per tetrad a 
Subunit target locus 1 2 3 4 

RPB5 RPB5/rpb5A1 :: HIS3 13 34 0 0 

RPB6 RPB6/rpb6al :: URA3 15 28 0 0 

RPB8 RPB8/rpb8AI :: LYS2 12 22 0 0 

aAll viable spores were His- for RPB5, Ura- for RPB6, or Lys- 
for RPB8. 

1983), it is not clear whether each of the common sub- 

unit proteins is encoded by a single gene or multiple re- 

lated genes. The fact that RPB5, RPB6, and RPB8 are 

single-copy genes indicates that each of the common 

subunits is truly identical in the three nuclear RNA 

polymerases. In addition, the observation that epitope- 

tagged RPB6 protein coprecipitates with polypeptides 

described for RNA polymerases I, II, and III provides 

supporting evidence that the RPB6 gene product is as- 

sembled into all three nuclear RNA polymerases. Fi- 
nally, the common subunit genes specify essential com- 

ponents of the eukaryotic RNA polymerases, as deletion 

of any one of these genes is lethal to haploid yeast cells. 

The proteins encoded by RPB5, RPB6, and RPB8 have 

predicted molecular masses of 25,038, 17,857, and 
16,468 daltons, respectively. RPB5 is a very basic protein 

with a pI of 10.15, whereas both RPB6 and RPB8 are 

quite acidic, with pI values of 5.15 and 4.28, respec- 

tively. The predicted molecular mass of RPB6 is some- 

what less than that its apparent molecular mass of 23 
kD, as estimated by SDS-PAGE (Sentenac 1985). RPB6 is 

phosphorylated (Buhler et al. 1976a; Bell et al. 1977), ac- 

counting for its reduced SDS-polyacrylamide gel mo- 

bility. 

RNA polymerases I, II, and III share a variety of fea- 
tures and functions. They are large multisubunit en- 

zymes composed of two very large subunits and 8-11 

smaller proteins that include the three common sub- 

units. Each of the RNA polymerases are assembled and 

transported into the nucleus. All three enzymes must 

recognize transcription factors that facilitate specific 

Table 3. Yeast RNA polymerase H subunit genes 

Eukaryotic RNA polymerase common subunits 

promoter recognition. The polymerases also bind tem- 

plate DNA and nucleoside triphosphate substrates and 

catalyze the template-dependent synthesis of RNA. Fi- 
nally, these enzymes terminate RNA synthesis at or 

near specific sites, probably in concert with termination 

factors. 

Which of the functions shared by the three nuclear 

RNA polymerases are carried out by the highly con- 
served two large subunits, and which are performed by 

the three common subunits? The two large subunits of 

prokaryotic RNA polymerases have the ability to in- 

teract with transcription factors, to bind DNA, to bind 

nucleoside triphosphate substrates, and to catalyze RNA 
synthesis (Yura and Ishihama 1979; Chamberlin 1982). 

The sequence similarity of the two large RNA poly- 

merase subunits in eukaryotes and prokaryotes has led 

investigators to suggest that the two large subunits per- 

form similar functions in eukaryotes and prokaryotes. 

Indeed, the two large eukaryotic RNA polymerase II sub- 

units are capable of binding DNA and nucleoside tri- 

phosphates, and the second largest subunit is thought to 

contain the catalytic site (Cho and Kimball 1982; Car- 

roll and Stollar 1983; Riva et al. 1987). 
The sequences of the common subunits provide clues 

to their functions by helping to eliminate some possible 

functions. The common subunits lack known DNA- 

binding domains such as zinc fingers, leucine zippers, or 

he l i x - t u rn -he l i x  motifs. They also lack nucleoside- 
binding motifs. Thus, these subunits are probably not 

directly involved in DNA or nucleoside triphosphate 

binding. 

The common subunits are probably important for a 

function shared by the nuclear RNA polymerases such 

as transcriptional efficiency, nuclear localization, en- 

zyme stability, or coordinate regulation of rRNA, 

mRNA, and tRNA synthesis. It is attractive to con- 

sider the possibility that the cell could coordinate a 

general increase or reduction in RNA synthesis via the 
common subunits. Modification of one or more of 

the common subunits might permit a rapid and general 

response to changes in cell cycle or growth conditions. 
Seven yeast RNA polymerase II subunit genes have 

been isolated and characterized, including those for 
RNA polymerase common subunits. Table 3 summa- 

SDS-PAGE 
mobility Protein mass Gene copy 

Gene (kD) (kD) number 
Chromosomal Deletion Sequence 
location viability similarity 

RPB1 220 190 1 
RPB2 150 140 1 
RPB3 45 35 1 
RPB4 32 25 1 
RPB5 27 25 1 
RPB6 23 18 1 
RPB8 14 16 1 

IV inviable f5 'a 

XV inviable 13 s 

IX inviable  R P C 4 0  c 

X condi t iona l  

II inviable  23-kD h u m a n  a 

XVI inviable  

XV inviable 

aAllison et al. (1985). 
bSweetser et al. (1987). 
cMann et al. {19871. 
aPati and Weismann (1989). 
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rizes the  pr incipal  features  of these  genes and the  pro- 

te ins  tha t  t hey  encode. Each of the subun i t s  is encoded 

by a s ingle-copy gene. All  of the R N A  polymerase  II sub- 

u n i t  genes are essent ia l  for v iab i l i ty  except  RPB4, whose  

de le t ion  produces an e n z y m e  tha t  is t h e r m a l l y  unstable .  

A l t h o u g h  the  two largest  R N A  polymerase  II subuni t s  

have  homologs  in  the  prokaryot ic  R N A  polymerase,  the 

r ema in ing  eukaryo t ic  subun i t s  are no t  s imi lar  in  se- 

quence  to the  bacter ial  R N A  polymerase  subuni t s  c~ or ~. 

Fur ther  inves t iga t ion  wi l l  be required to define precisely 

the func t ions  of each of the  eukaryot ic  R N A  polymerase  

subuni ts ,  and the appl ica t ion  of molecu la r  genet ic  ap- 

proaches  us ing cloned subun i t  genes should  faci l i ta te  

these  studies.  

M e t h o d s  

Yeast media 

Strains were grown on YPD medium [2% yeast extract, 1% 
Bacto-Peptone (Difco Laboratories, Detroit, Michigan), 2% glu- 

cose]; YPD plates contained 2% agar. Dropout medium minus 

histidine, uridine, or lysine and low sulfate synthetic medium 
(LSM1 has been described elsewhere (Julius et al. 1984; Nonet et 
al. 1987; Sherman et al. 1986). The ammonium sulfate concen- 
tration in LSM is 26 mg/liter. No sulfate medium (NSM) is 

LSM without ammonium sulfate. 

Yeast strains 

Yeast strains are listed in Table 4. X2180 is the diploid derivate 
of $288C. Strain Z374, expressing an epitope-tagged RPB6 sub- 
unit, was constructed as follows. The plasmid pY2442 was in- 

troduced into Z320, a diploid heterozygous for the rpb6al dele- 

tion mutant, in which RPB6 is replaced by URA3. Tetrads were 
dissected after sporulation of the Z320 derivatives and scored 
for complementation of the rpb6Al lethal phenotype. Leu + 

Ura ÷ cells with wild-type growth phenotypes were recovered, 

indicating that the amino-terminal modification did not ad- 
versely affect RPB6. Strain Z374, which carries pY2442, was 

derived from this dissection. Plasmids and yeast strains used for 

epitope-tagging experiments involving RPB3 are described in 
Kolodziej and Young (1989). 

Protein sequence analysis 

Amino acid sequence was obtained for purified X2180-2 S. cere- 

visiae RNA polymerase II subunits using the method of Aeber- 
sold et al. (1987). Briefly, subunits were separated by SDS- 

PAGE, the polypeptides were electroblotted onto nitrocellulose 
as described by Matsudaira (1987), and the proteins were 

stained with Ponceau S to visualize individual subunit bands. 
Nitrocellulose containing the blotted subunit protein was de- 

stained and digested with trypsin, and tryptic peptides were pu- 
rified by HPLC. Amino acid sequence was obtained from chro- 
matography column fractions containing individual peptides 

from trypsin-digested 27- (RPBS), 23- (RPB6), or 14.5-kD (RPB8) 

polypeptides. 

Recombinant DNA libraries 

The KEMBL3a yeast genomic library was a gift of M. Snyder 
(Stanford University School of Medicine, Stanford, California) 

and was constructed with DNA from S. cerevisiae $288C. 
Plasmid sublibraries were constructed with DNA from S. cere- 

visiae N306, which is a $288C derivative. Plating and filter lifts 
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of bacteriophage libraries were performed according to Davis et 

al. (1980). Transfer of bacterial colonies to filter membranes 
was done by placing a dry nitrocellulose circle over the colonies 

on the surface of a chilled plate (4°C) for 1 rain. The filter was 
removed and left to air-dry for 10 min. Lysis of the cells and 
denaturation of nucleic acids were achieved by placing the 

filters in the autoclave for 2 min on the dry cycle. After baking 
in a 80°C vacuum oven for 1-2 hr, the filters were washed for 
30 rain in 2 x SSC (Duby et al. 1989) containing 0.1% SDS. All 
libraries were probed with DNA oligonucleotides in sodium 

chloride/sodium citrate, as described by Duby et al. (1989). 

Plasmids 

RPB5 An 8-kb SalI DNA fragment was the smallest fragment 
contained in KEMBL3a recombinant clones that hybridized to 
the RPB5 probes. The 8-kb SalI fragment containing RPB5 

DNA was ligated into the SalI site in pBluescript II KS ÷ (Strata- 

gene, San Diego, California), and the resulting plasmid was des- 
ignated pRP51. The pRP56 plasmid contains the RPB5 gene in a 
1.1-kb EcoRV-SpeI DNA fragment that has been ligated into 

the EcoRV-SpeI sites of pGem5. 

RPB6 A pBluescript II KS + plasmid sublibrary was con- 
structed with 1- to 2-kb HindIII yeast genomic DNA fragments. 
A clone isolated from this library, pRP61, was found to contain 
two Hindl]I DNA fragments of 1.5 and 1.3 kb. The 1.5-kb Hind- 

IU fragment containing the RPB6 gene was isolated and ligated 

into pGem7, and plasmids containing both orientations of the 

insert were recovered, called pRP66 and pRP67. Plasmid 
pRP611 containing the epitope-tagged RPB6 gene was con- 
structed by oligonucleotide-directed mutagenesis (Kunkel 

1985) of pRP66 using the 61-mer oligonucleotide 

5'-GGCTACAAGTGATCATGTACCCATACGACGTCCCA-. 
GACTACGCTTCAGACTACGAGGAGGC-3', which includes 

the 9-amino-acid influenza hemagglutinin epitope-coding se- 
quences {underlined) flanked by RPB6 sequences. The 1.5-kb 

HindIII fragment was excised from pRP611 as a SacI-XhoI frag- 
ment and inserted into the SacI-XhoI-cut yeast centromere 

plasmid pRP315 (Sikorski and Hieter 1989) containing the se- 
lectable marker LE U2 to yield plasmid pY2442. 

RPB8 The positive clones pSL104 and pSL105 were isolated 
from a pBluescript II KS + plasmid sublibrary. Both contained a 

7.2-kb EcoRI insert. Plasmid pSL106 is pBluescript II KS + with 

a 2.5-kb PstI-XbaI RPB8 DNA fragment derived from pSL104 

inserted into the PstI and XbaI sites. 

DNA sequence and primer extension analysis 

All sequencing reactions with nondegenerate DNA primers 

were performed using denatured double-stranded plasmid DNA 
(Chen and Seeburg 1985), as suggested by the manual for the 

Sequenase Version 2.0 DNA Sequencing Kit (U.S. Biochem- 
icals, Cleveland, Ohio). Sequencing reactions with the degen- 

erate DNA oligonucleotides were carried out following the sug- 
gestions of Nichols and Dixon (1988), using the 3sS Sequencing 

Pack (New England Biolabs, Beverly, Massachusetts). The 
plasmid constructs used for sequencing were pRPS1, pRP61, 

and pSL104. Sequences were determined for both strands of 
DNA. Computer analysis of the sequences was carried out 

using the FASTA program (Pearson and Lipman 1988) to search 
the NBRF protein data base, IALIGN to align RPB5 and its 

human homolog, and PREDICT89 to determine amino acid 
content and isoelectric points (Robert Stroud, University of 

California at San Francisco). 
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Table 4, Yeast strains 

Name Genotype Alias 

Z303 MA Ta/MA T~ ura3-52/ura3-52 his3A2OO/his3A200 leu2-112/leu2-112 YSL 167 

1ys2A201/1ys2A201 ade2/ade2 rpb8/rpb8A1 :: LYS2 

MA Ta/MA T~ ura3-52/ura3-52 his3A2OO/his3&200 leu2-112/teu2-112 WY-5 

lys25201/lys2A201 ade2/ade2 rpb5/rpb5A1 :: HIS3 

MA Ta/MA Ta ura3-52/ura3-52 his3A2OO/his3A200 leu2-112/leu2-112 WY-6 

lys2A201/1ys2A201 ade2/ade2 rpb6/rpb6A1 :: URA3 

MA Ta/MA Ts ura3-52/ura3-52 his3A2OO/his3A200 leu2-112/leu2-112 

lys2A2Ol/lys2A201 ade2/ade2 rpb6/rpb6Al :: URA3 (pY2442) 

MA Ta/MA Ts ura3-52/ura3-52 his3A2OO/his3A200 leu2-112/leu2-112 

lys2A201/lys2A201 ade2/ade2 

MATs rna2-1 ura3-1 ura3-2 adel ade2 tyrl GAL + RY15 

MATs ura3-52 his3A200 ade2-101 leu2-77 lys2-801 trpl-901 

tyrl-501 ga14-542 ga180-538 

MA Ta/MA Ts m a l - / m a l -  gal2/gal2 Y4 

Z319 

Z320 

7_374 

Z321 

N38 

N306 

X2180-2 

N222 x N225 

Source: This study. 

Primer extension of the RPB5 transcripts involved annealing 

of an end-labeled DNA oligonucleotide to S. cerevisiae 

poly(A) + RNA, followed by extension with reverse transcrip- 

tase (Williams and Mason 1985). Poly(A) + RNA was prepared 

from yeast cells according to Elder et al. (1983). 

Gene copy number: Southern analysis 

Hybridization and wash conditions were as described by Davis 

et al. (1980). Baked nitrocellulose filters containing blotted ge- 

nomic DNA restriction fragments were prehybridized for 1 hr 

at 37°C in a solution containing 5 x SSPE plus 0.3% SDS (20 x 

SSPE consists of 3.6 M sodium chloride, 0.2 M sodium phos- 

phate, 0.16 M sodium hydroxide, and 20 m ~  EDTA), 100 ~g/ml 

denatured salmon sperm DNA, and 50% formamide. Dena- 

tured radiolabeled probe was added to the hybridization mix, 

and the filter was hybridized at 42°C overnight. Filters were 

washed at 45°C in 2 x SSPE plus 0.2% SDS for 1 hr. 

For copy number analysis of RPB5, the radiolabeled probe 

was made from a 650-bp EcoRI fragment that includes nucleo- 

tides 50-698 (Fig. 1). The probe used for RPB6 consisted of a 

500-bp XmnI-HindIII fragment containing DNA from nucleo- 

tide 385 to the HindIII site 200 bp 3' of the RPB6-coding region 

(Fig. 3). A 700-bp SpeI fragment was used to probe RPB8 DNA. 

This probe included the entire RPB8-coding sequence plus 209 

bp 5' and 48 bp 3' of the coding sequence. 

Cell labeling 

Cells (5 x 107) grown in LSM were harvested by centrifugation 

at 2000 rpm for 5 rain, resuspended in 1 mCi of [aSS]methionine 

(New England Nuclear, 686 Ci/mmole) and 12 ~1 of 5 x NSM, 

and incubated for 5 min at the appropriate temperature. One 

milliliter of LSM was added, and the culture was transferred to 

a disposable 125-ml Erlenmeyer flask. After incubation with 

shaking for 20 min, 10 ml of LSM was added, and growth con- 

tinued for 95 rain. 

Immunoprecipitation of RNA polymerases 

Immunoprecipitation with the 12CA5 antibody was performed 

as described (Kolodziej and Young 1989), except that immuno- 

precipitates were washed twice with buffer B [20 mM HEPES- 

NaOH (pH 7.9), 5% glycerol, 10 mM EDTA] containing 0.4 M 

ammonium sulfate and once with buffer B containing 0.05 M 

ammonium sulfate, prior to resuspension in loading buffer 

(Laemmli 1970). Immunoprecipitates were examined by SDS- 

PAGE and fluorography as described (Kolodziej and Young 

1989). 

Construction of RPB5, RPB6, and RPB8 deletions 

The rpb5A1 :: HIS3 allele was constructed by removing a 650- 

bp EcoRI fragment (which encodes approximately two-thirds of 

the RPB5 protein) from pRP56 and inserting a 1.8-kb HIS3 frag- 

ment. This plasmid is called pRP57. DNA containing the 

rpb5A1 :: HIS3 allele was removed from pRP57 by digestion 

with EcoRV and SpeI, and the yeast diploid Z321 was trans- 

formed with this DNA. Genomic DNA was prepared (Sherman 

et al. 1986) from the His + transformant Z319 and subjected to 

Southern analysis to verify the substitution of the chromo- 

somal copy of RPB5 with RPB5A1 :: HIS3. Z319 cells were 

sporulated, and tetrad analysis was performed (Sherman et al. 

1986). 
rpb6A1 :: URA3 was constructed by replacement of the en- 

tire RPB6-coding region of pRP66 with a SatI restriction site 

using oligonucleotide-directed mutagenesis (Kunkel 1985). 

URA3 was inserted into the SalI site as a XhoI DNA fragment 

created by addition of XhoI linkers to a 1.14-kb HindIII URA3 

fragment. The resulting plasmid, pRP68, was cut with HindIII, 

and the URA3-containing fragment was used to transform 

Z321. The Ura + transformant Z320 was checked for appro- 

priate replacement of RPB6 with rpb6A1 :: URA3, sporulated, 

and subjected to tetrad analysis. 

rpb8A1 :: LYS2 was constructed by replacing the entire 

RPB8-coding region of pSL106 with adjacent SphI and BamHI 

sites using oligonucleotide-directed mutagenesis to produce 

pSL111. LYS2 was inserted into the SphI-BamHI site of pSL111 

as a 5.9-kb SphI-BamHI fragment. The resulting plasmid, 

pSL119, was cleaved with PstI and XbaI, and the DNA frag- 

ments were used to transform Z321. The Lys + transformant 

Z303 was checked for appropriate replacement of RPB8 with 

rpb8A1 :: LYS2, sporulated, and subjected to tetrad analysis. 
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