
MOLECULAR AND CELLULAR BIOLOGY, Mar. 1990. p. 1270-1275
0270-7306/90/031270-06$02.00/0
Copyright © 1990, American Society for Microbiology

Conditional Mutations Occur Predominantly in Highly Conserved
Residues of RNA Polymerase II Subunits

CHARLES SCAFE, CHRISTOPHER MARTIN, MICHAEL NONET, STEVEN PODOS,
SARA OKAMURA, AND RICHARD A. YOUNG*

Whitehead Institlute for Biomedical Research, Nine Cambridge Center, Camiibridge, Massachusetts 02142, and
Depar-tment of Biology, Massachuisetts Institlute of Technology, Cambridge, Massachulsetts 02139

Received 12 October 1989/Accepted 6 December 1989

Conditional mutations in the Saccharomyces cerevisiae RNA polymerase II large subunit, RPBJ, were
obtained by introducing a mutagenized RPBI plasmid into yeast cells, selecting for loss of the wild-type RPBI
gene, and screening the cells for heat or cold sensitivity. Sequence analysis of 10 conditional RPBI mutations
and 10 conditional RPB2 mutations revealed that the amino acid residues altered by these distinct mutations
are nearly always invariant among eucaryotic RPBJ and RPB2 homologs. These results suggest that RNA
polymerase mutants might be obtained in other eucaryotic organisms by alteration of these invariant residues.

Eucaryotic RNA polymerases I, II, and III are highly
conserved enzymes that are responsible for rRNA, pre-
mRNA, and small stable RNA synthesis, respectively (16,
25). These enzymes are each composed of two very large
subunits, which account for much of the molecular mass of
the enzyme, and 8 to 11 smaller proteins. The two large
subunits of RNA polymerase I are similar in sequence to the
two large subunits of RNA polymerases II and III and to the
two large subunits of the procaryotic enzyme (2, 18, 26). The
two large subunits of the procaryotic enzyme bind DNA and
nucleoside triphosphate substrates, contain the catalytic site
for RNA synthesis, and interact with the transcription factor
a (8, 29). Sequence similarity between the two large procar-
yotic and eucaryotic subunits and evidence that the eucary-
otic large subunits can bind to DNA and nucleoside sub-
strates (7, 10) suggest that the eucaryotic homologs play
similar roles.
RNA polymerase II is highly conserved in subunit struc-

ture and sequence among eucaryotes (14, 22, 25). Compari-
son of the sequences of the largest RNA polymerase IL

subunits from Saccharomyces cerevisiae (2), Caenorhabdi-
tis elegans (5), Drosophila inelanogaster (4, 15), and the
mouse (1) reveal that almost 40% of the amino acid residues
are invariant. The RNA polymerase II large subunits are also
similar to their procaryotic counterparts. Much of the amino
acid conservation between the large eucaryotic subunit and
the procaryotic RNA polymerase 3' subunit occurs in mul-
tiple segments (1, 2, 4, 5). Sequence similarities between the
second largest subunits of eucaryotic and procaryotic RNA
polymerases also occur in multiple segments (11, 26). The
presence of multiple segments of sequence similarity may
reflect the fact that these large subunits have multiple
functions. Invariant amino acid residues in and around these
domains probably play essential structural and functional
roles.
We have begun a detailed genetic investigation of the two

large RNA polymerase II subunit genes in S. cerevisiae. A
systematic survey of mutations in the two large subunits has
permitted the isolation of mutant cells that exhibit condi-
tional and auxotrophic phenotypes. We have found that
most of the amino acids altered by these mutations involve
residues that are invariant among homologous subunits from
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a broad range of eucaryotes and discuss the implications of
this observation herein.

Isolation of RPBI mutants. RPBI (also known as RPO21,
RPOI, RPB220) encodes the largest (192 kilodaltons) sub-
unit of S. cerev,isiae RNA polymerase 11 (2, 13, 20, 28). To
obtain a substantial number of RPBI mutants with condi-
tional and auxotrophic phenotypes, a plasmid shuffle method
was employed (6, 17). The plasmid shuffle utilized a yeast
strain that carries an RPBI chromosomal deletion which is
covered by a centromere-containing plasmid carrying RPBI.
By replacing the plasmid containing the wild-type copy of
RPBI with a similar plasmid that had been mutagenized in
vitro, we could concentrate the mutagenesis on the plasmid-
borne gene, screen for several different mutant phenotypes
simultaneously, and rapidly recover the mutations on plas-
mids for further analysis.
A screen of 12,000 yeast colonies bearing hydroxylamine-

mutagenized RPB1 plasmids yielded 17 recessive mutants
with conditional or auxotrophic phenotypes. The yeast
strains Z23 (MATot ura3-52 leu2-3 leu2-112 his3A200
rpbl]AI96::HIS3[pRP112 URA3 CEN4 RPBI] and Z26
(MATo ura3-52 leui2-3 leii2-112 his3A200 rpblAJ87::HIS3
[pRP112 URA3 CEN4 RPBI]), which contain different dele-
tions of the chromosomal RPBI gene complemented by a
wild-type RPBJ gene on the URA3-CEN plasmid pRP112
(21), were transformed with mutagenized LEU2 plasmid
pRP114 (21). The rpblA196::HIS3 and rpb1z187::HIS3 alle-
les are described elsewhere (21). pRP114 was mutagenized
with hydroxylamine hydrochloride as described by Nonet et
al. (20). The 12,000 Leu+ transformants were replica plated
onto medium containing 5-fluoroorotic acid (6). Approxi-
mately 2% of the transformants failed to grow on 5-fluoro-
orotic acid, indicating that 2% of the mutagenized pRP114
plasmids contained null alleles of the essential RPBI gene.
The surviving clones (which had lost the pRP112 plasmid
bearing a wild-type copy of RPBI) were then assayed for
temperature sensitivity and cold sensitivity by replica plating
or spot testing to rich plates at 12, 15, 24, 36, and 38°C. The
104 temperature-sensitive (ts) clones which failed to grow at
36 and/or 38°C were isolated, as were 45 cold-sensitive (cs)
clones which failed to grow at 15°C and/or 12°C.
To determine whether the mutant phenotypes were caused

by mutations in RPBI or by unlinked mutations induced by
transformation, the pRP114 plasmids containing the putative
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FIG. 1. Phenotypes of RPBI mutants. The growth phenotypes of RPBI mutants were assayed by using a spot test on rich medium at
various temperatures or on minimal medium with or without inositol. Media are described by Nonet et al. (20). Similar numbers of cells were
dispersed in water, and equal volumes were transferred to agar plates with a 48-prong apparatus. The key contains RPBI allele numbers.

mutations were isolated by using the protocol of Hoffman
and Winston (12). These plasmids were then reassayed in the
original Z26 strain, using the plasmid shuffle procedure.
Seventeen recessive, plasmid-linked RPBI mutants were
isolated in this manner.
The growth phenotypes of a subset of the RPBI mutants

are shown in Fig. 1. Of the 17 mutants, 4 were both ts and cs
and 13 were exclusively ts. Some of the mutants exhibited
wild-type growth rates at the permissive temperature (24°C),
and others grew more slowly than wild-type cells at 24°C.
The differential sensitivity of these mutants to a range of
temperatures (12, 15, 24, 36, and 38°C) suggested that most
represent different alleles of RPBI. The RPBI mutant alleles
and their phenotypes are summarized in Table 1.
Some RPBI, RPB2, and RPB4 mutants are inositol aux-

otrophs (3, 21a, 24, 27), and this auxotrophy appears to be
due to a defect in the ability of mutant RNA polymerase II to
transcribe INOJ (3, 24). Of the 17 conditional RPBI mutants
isolated in this study, 5 exhibited a requirement for inositol
(Fig. 1), as did five RPBJ mutants that were isolated previ-
ously (rpbl-J, rpbl-2, rpbJAJ01, rpblAJ03, and rpbJAl04)
(20, 21a). The precise mechanism responsible for this gene-
specific transcriptional defect is not yet clear.
Mapping the RNA polymerase II gene mutations. The RPB1

gene of the S. cerevisiae A364A has been sequenced (2), but
differences between this strain and the S288C strain used in
our study have been noted, including differences in the RPBJ
gene itself (21). In order to be certain that nucleotide
differences observed in the mutated RPBI genes were not
due to strain differences, we sequenced the wild-type S288C
RPBI gene. Several differences between the S288C and the
A364A RPBI sequence were observed (S288C RPBI nucle-
otide 420 is A, 518 is T, 783 is T, 1506 is G, 2214 is G, 3657
is C, 3852 is G, 4620 is C, 4853 is C, and 4883 is G). None of
these differences in DNA sequence altered the predicted
amino acid sequence of the RPBI subunit.
Ten of the mutant RPBJ genes were sequenced by using

oligonucleotide primers. Plasmid DNA sequencing was car-
ried out as described by Chen and Seeburg (9), using a set of

25 nucleotide primers that were spaced by 200 bases and that
spanned the entire RPBI gene. A single nucleotide change
was observed in nine of the mutant genes, while two point
mutations were found in rpbl-10. The point mutations ob-
served in the 10 mutant RPBI genes are shown in Fig. 2A.
All but one of these mutations are G--A or C->T transitions,
which are expected to occur through hydroxylamine muta-
genesis. The exception, which occurs in rpbl-15, may have
arisen during yeast transformation, the process of which has
been shown to be mutagenic (17).

Conditional RPBI mutations alter highly conserved amino
acids throughout the protein. Single amino acid changes
occur in nine of the RPB1 mutant proteins, and two amino
acid alterations occur in the subunit encoded by rpbl-10.
Examination of the amino acid alterations responsible for the
conditional phenotypes of these mutants reveals that most of
the affected residues are highly conserved among RPB1
proteins from a variety of eucaryotic species (Fig. 2A).
Seven of the nine single point mutations (rpbl-J, rpbl-5,
rpbl-9, rpbl-13, rpbl-14, rpbl-17, and rpbl-18) alter amino
acid residues that are invariant among the large RNA poly-
merase II subunits of yeast, Drosophila, nematode, and
mouse cells. Three of the point mutations (rpbl-1, rpbl-5,
and rpbl-17) affect residues that are also shared with the
Escherichia coli 3' subunit. Some of these mutations pro-
duce amino acid changes that are conservative and some do
not.

Conditional RPB2 mutations also affect highly conserved
amino acids. To determine whether conditional mutations
tend to affect highly conserved amino acid residues in
another RNA polymerase II subunit, the positions of RPB2
conditional mutations, whose isolation and characterization
is described elsewhere (24), were investigated. Ten of the
RPB2 mutant genes were sequenced by using a set of
oligonucleotide primers. A single nucleotide change was
observed in all 10, and all were G-*A or C-*T transitions.
The amino acid alterations produced by these mutations are
shown in Fig. 2B and are summarized in Table 1. All of the
RPB2 mutations alter amino acid residues that are identical
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TABLE 1. RPBI and RPB2 mutants

Phenotype determination
Allele Mutation

ts cs Inositola

RPBI
rpbl-J ts - 4622 (G to A)
rpbl-2 ts - NDb
rpbl]4 ts cs + ND
rpbl-5 ts + 1315 (C to T)
rpbl-6 ts + ND
rpbl-7 ts + ND
rpbl-8 ts + ND
rpbl-9 ts + 382 (C to T)
rpbl-10 ts + 1985 (G to A)

2766 (G to A)

rpbl-ll ts + ND
rpbl-12 ts - ND
rpbl-13 ts + 826 (C to T)
rpbl-14 ts cs + 1547 (G to A)
rpbl-15 ts cs - 4292 (T to A)
rpbl-17 ts cs - 1773 (G to A)
rpbl-18 ts + 808 (G to A)
rpbl-19 ts + 4031 (G to A)
rpbl-20 ts - ND
rpbl-21 ts - ND
rpblAJOJ ts cs - 5139C
rpbAlO03 ts cs - 5125c
rpbAlO04 ts cs - 5143C

RPB2
rpb2-1 ts cs - 4233 (6 to A)
rpb2-2 ts cs - 4233 (G to A)
rpb2-3 ts cs + 4125 (G to A)
rpb24 ts cs - 3854 (G to A)
rpb2-5 ts + 4011 (G to A)
rpb2-6 ts + 3378 (G to C)
rpb2-7 ts cs + ND
rpb2-8 ts cs + 4253 (G to A)
rpb2-9 ts cs + 3946 (G to A)
rpb2-10 cs - 3860 (C to T)
rpb2-11 ts cs - 3294 (G to A)
rpb2-12 ts + ND

a Growth (+) or absence of growth (-) in medium lacking inositol.
b ND, Not determined.
c Deletion endpoint.

in S. cerevisiae and Drosophila sp. Thus, as we observed for
RPBJ, there is a strong bias for conditional mutations to
affect invariant amino acid residues in RPB2.
We considered the possibility that these observations are

a consequence of a bias inherent in hydroxylamine mutagen-
esis. Because hydroxylamine mutagenesis produces C to T
transitions, we investigated whether highly conserved amino
acids have codons that are relatively rich in G and C
residues. For RPBI and RPB2, the codons for conserved
amino acids do not contain significantly more G and C
residues than those that encode nonconserved amino acids.
Thus, the mutagen does not appear to be responsible for the

observation that most conditional RPBI and RPB2 muta-
tions affect invariant amino acids.
The rpb2-8 and rpb2-9 mutations alter conserved amino

acids in sequence motifs associated with metal binding and
purine nucleotide binding, functions known to be carried out
by RNA polymerase II. The rpb2-8 allele changes one of the
cysteine residues in a Cys-X2-Cys-X15-Cys-X2-Cys motif
that may be involved in zinc binding (14) and that occurs
near the carboxyl terminus in yeast and Drosophila RPB2
subunits (Fig. 2B). The rpb2-9 allele alters an invariant
glycine residue in the putative purine nucleotide binding
motif Gly-X5-Gly-Lys-Thr (26). The fact that these muta-
tions produce conditional rather than lethal phenotypes
indicates that these domains are important for normal RNA
polymerase II function but are not essential for cell survival
in a limited range of temperatures.

Positions of RPB1 and RPB2 mutations. The positions of
amino acid residues altered by RPBJ and RPB2 mutations is
shown in Fig. 3. The RPBI amino acid changes are distrib-
uted relatively evenly throughout the protein, whereas the
RPB2 alterations are clustered in the carboxy-terminal half
of the protein. We are uncertain why this has occurred but it
may reflect the relatively nonuniform distribution of con-
served amino acids in RPB2. It is interesting to note that the
mutations that lead to inositol auxotrophy tend to cluster at
the carboxy terminus of the RPBI protein and occur among
the mutations at the carboxy terminus of RPB2 (Table 1).

Segments of the two large subunits are highly conserved
among procaryotic and eucaryotic RNA polymerases. A
minority of the RPBI conditional mutations occur in these
homology segments, whereas most of the RPB2 mutants
occur within these regions of sequence similarity. The pres-
ence of the majority of RPBI mutations outside of the
homology segments indicates that portions of the eucaryotic
RNA polymerase II large subunit that are not similar in
sequence to its procaryotic counterpart are important for
function, assembly, or stability.

Implications. Analysis of 10 conditional RPBI and 10
conditional RPB2 mutants revealed that the amino acid
residues altered by the mutations are nearly always invariant
among eucaryotic RPBI and RPB2 subunit homologs. Thus,
conditional mutations in the two large subunits of RNA
polymerase generally affect highly conserved amino acid
residues. While one might expect that mutations in the
highly conserved residues would tend to produce defects
more often than mutations in less-conserved amino acids, it
is striking that so few of the conditional mutations affected
less-conserved amino acid residues.
The presence of amino acid residues that are invariant

among eucaryotic RNA polymerase II large subunits and the
observation that mutations in some of these residues pro-
duce conditional and auxotrophic phenotypes suggests a
rapid means to obtain RNA polymerase mutants in other
organisms. Mutations comparable to those in the S. cerevi-
siae RNA polymerase II large subunits could be constructed
in the RNA polymerase II subunit genes of other organisms.

FIG. 2. Conditional mutations occur in highly conserved residues. Positions of amino acid alterations caused by RPBI (A) and RPB2 (B)
mutations are compared with homologous sequences of RNA polymerase subunits from other organisms. The dots represent amino acid
sequence identity, and the dashes indicate gaps in the sequence. The mutational alterations are shown above the amino acid sequences, and
the presence of these sequences in a homology region (see Fig. 3 for regions that exhibit strong sequence similarity between procaryotic
and eucaryotic subunits) is indicated below the sequences. The numbers to the right of the yeast sequences indicate the position of the last
amino acid residue within the RPBI (2) or the RPB2 (26) amino acid sequence. The rpbl-10 allele consists of two different mutations, which
alter RPBI nucleotides 1985 and 2766 (Table 1). The mutation at nucleotide 2766 alters an amino acid residue immediately amino terminal to
region E.
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FIG. 3. Distribution of RPBI and RPB2 conditional mutations. The positions of RPBI and RPB2 alleles described here and elsewhere
(20-21a) are indicated relative to segments of procaryotic and eucaryotic homology and the heptapeptide repeat domain. The eight regions
of substantial homology between RPBI protein and the I' subunit of E. coli RNA polymerase (2) and the nine regions conserved between
RPB2 and the P subunit of E. coli RNA polymerase (26) are shown as black boxes in this diagram. The hatched box represents the
heptapeptide repeat domain (2).

Because some RNA polymerase II mutations can produce
developmental defects (19, 23), it is possible that some of the
mutations described here may have some utility for investi-
gating developmental problems in higher eucaryotes.
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