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Three independent, recessive, temperature-sensitive (T's™) conditional lethal mutations in the largest subunit
of Saccharomyces cerevisiae RNA polymerase II (RNAP II) have been isolated after replacement of a portion
of the wild-type gene (RPO2I) by a mutagenized fragment of the cloned gene. Measurements of cell growth,
viability, and total RNA and protein synthesis showed that rpo21-1, rpo21-2, and rpo21-3 mutations caused a
slow shutoff of RNAP II activity in cells shifted to the nonpermissive temperature (39°C). Each mutant
displayed a distinct phenotype, and one of the mutant enzymes (rpo21-1) was completely deficient in RNAP II
activity in vitro. RNAP I and RNAP III in vitro activities were not affected. These results were consistent with
the notion that the genetic lesions affect RNAP II assembly or holoenzyme stability. DNA sequencing revealed
that in each case the mutations involved nonconservative amino acid substitutions, resulting in charge changes.
The lesions harbored by all three rpo2l Ts™ alleles lie in DNA sequence domains that are highly conserved
among genes that encode the largest subunits of RNAP from a variety of eucaryotes; one mutation lies in a

possible Zn?* binding domain.

Transcription in eucaryotic cells is carried out by three
functionally and structurally distinct nuclear RNA polymer-
ase (RNAP) types. RNAP I, II, and III (or A, B, and C)
synthesize rRNA, mRNA, and 5S and tRNA, respectively,
and can be distinguished on the basis of their subunit
composition, nuclear location, cofactor requirements, and
sensitivity to the mycotoxin a-amanitin (for a review, see
reference 45). Eucaryotic nuclear RNAPs have a similar
basic subunit structure, consisting of 2 nonidentical large
subunits (M, > 100) and 7 to 12 smaller polypeptides (45).

The structure of the large polymerase subunits has been
conserved through evolution. Immunological cross-
reactivity studies have shown that the large polypeptides of
Saccharomyces cerevisiae RNAP II share a number of
antigenic determinants with the analogous subunits from
wheat germ, Artemia salina, Drosophila melanogaster, and
calf thymus (6, 8, 22, 56). The large subunits of yeast RNAP
I, II, and III are also antigenically related (8). Recent gene
cloning (10, 24, 44, 50) and DNA sequence comparisons (1,
3, 7; J. Corden, personal communication) indicate that this
conservation of antigenic determinants is a reflection of
conserved amino acid sequence domains. Thus, six blocks of
sequence homology have been identified in the genes encod-
ing the largest subunits of yeast RNAP I, II, and III (1; S.
Memet and J.-M. Buhler, personal communication), mouse
RNAP II (J. Corden, personal communication), and Vac-
cinia virus RNAP (7). Three of these have also been identi-
fied in partial DNA sequence data from the amino terminus
of the Drosophila gene (3). Five of the six homology regions
can be found (with their colinear order maintained) in the
Escherichia coli B' gene, which encodes the largest subunit
of procaryotic RNAP (41). Taken together, these data sug-
gest that the three eucaryotic RNAPs had a common evolu-
tionary origin and arose after triplication of the genes encod-
ing the large subunits of the enzyme.

The central role of RNAP II in the regulation of gene
expression makes it an important subject for mutational
analyses, particularly in a genetically tractable organism
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such as S. cerevisiae. RNAP subunit mutations can be used
to study the regulation of polymerase biosynthesis (19) and
to reveal a function for evolutionarily conserved sequence
domains. Conditional lethal mutants also provide hosts for
the selection of unlinked pseudorevertants; such suppressor
mutations may identify functional interactions between
RPO21 and other RNAP subunits or transcription factors.

In cultured mammalian cells (9, 23, and references therein)
and in D. melanogaster (17), resistance to the mycotoxin
a-amanitin, which acts as a specific inhibitor of RNAP II
transcription when used at low concentrations (26, 31, 53),
has been used to isolate mutations in the largest subunit of
the enzyme. Resistance to a-amanitin has not been a useful
marker for the largest RNAP II subunit gene in S. cerevisiae
because cells are relatively impermeable to the toxin (13) and
the purified yeast enzyme is 100- to 500-fold more resistant
to a-amanitin than is RNAP II isolated from higher
eucaryotes (49, 53). To begin a genetic study of RNAP II in
S. cerevisiae, we have mutagenized a DNA segment encod-
ing a portion of the largest subunit (alternatively named
RPO21 [24] or RPB220 [44]) and have directed mutations to
the native chromosomal locus by transformation and homol-
ogous recombination. Here we present a characterization of
three such mutants that lead to a temperature-sensitive
(Ts™), conditional lethal growth defect in vivo.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. The S. cerevisiae
strains used in this study are described in Table 1. E. coli
K-12 JF1754 (hsdR Lac™ Gal™ metB leuB hisB) was used as
the bacterial host. pMS57 (obtained from C. J. Ingles, Uni-
versity of Toronto, Ontario) consists of an EcoRI-Bgill
DNA fragment comprising the amino-terminal 3,402 base
pairs of the RPO2I coding sequence (1) carried on a deriv-
ative of pEMBLS (12) with a 1.1-kilobase (kb) HindIII DNA
fragment containing the yeast URA3 gene inserted into the
polylinker. Plasmids prpo21-1, prpo21-2, and prpo21-3 were
all derived from pMS57 after nitrosoguanidine mutagenesis
(15) and in vivo Ts~ mutant selection as described in
Results. pJH121 consists of two EcoRI DNA fragments of
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TABLE 1. Strain descriptions®

Description

SC252 ..o MATo ura3-52 leu2-3,-112 adel; obtained
from D. Thomas, National Research
Council, Biotechnology Research
Institute, Montreal, Quebec

SR25-1A............... MATa ura3-52 his4-912; obtained from S.
Roeder, Yale University, New Haven,
Conn.

YHP227 ............... MATa ura3-52 his4-912 prpo21-1:: URA3,;
transformant of SR25-1A with prpo21-1
integrated at RPO21
(SR25-1A: :prpo21-1: : URA3)

YHP225 ............... MATa ura3-52 his4-912 rpo21-1; Ts™.
5-FOA-resistant outgrowth from
YHP227

YHP214 ............... MATa ura3-52 his4-912 rpo21-2; Ts™,
5-FOA-resistant outgrowth from
SR25-1A::prpo21-2:: URA3
transformant

YHP218 ............... MATa ura3-52 his4-912 rpo21-3; Ts™,
5-FOA-resistant outgrowth from
SR25-1A::prpo21-3:: URA3
transformant

YHPS68 ............... MATa his4-912; transformant of SR25-1A
with pJH18 integrated at URA3

YHPS69 ............... MATa his4-912 rpo21-1; transformant of
YHP225 with pJH18 integrated at URA3

YHPS70 ............... MATa his4-912 rpo21-2; transformant of
YHP214 with pJH18 integrated at URA3

YHPS71 ............... MATa his4-912 rpo21-3; transformant of
YHP218 with pJH18 integrated at URA3

2 For a description of the plasmids, see Materials and Methods.

7.0 and 1.7 kb (24) cloned from the RPO21 locus and inserted
in the genomic orientation into the unique EcoRI site of pint2
(42). pint2 is an E. coli-yeast shuttle vector which is stably
maintained as an episome in S. cerevisiae as a result of the
presence of a functional centromere (CEN3) and origin of
replication (ARSI) and which carries the selectable URA3
yeast gene. pJH18 (from J. Haber, Brandeis University,
Waltham, Mass.) is pBR322 with the URA3 gene carried on
a 1.1-kb HindIII DNA fragment. pJH124 was constructed by
inserting a 7.0-kb EcoRI RPO21 DNA fragment and a 1.1-kb
HindIIl URA3 DNA fragment into the polylinker of pUC8
(55).

Transformation of S. cerevisiae after treatment with lith-
ium acetate was performed as described (25). For mutant
isolation and marker-rescue experiments requiring a high
efficiency of transformation, yeast spheroplasts were pre-
pared as described (21). For the marker-rescue experiments,
gapped, linear plasmids were gel purified, after digestion
with the appropriate restriction endonuclease(s), by extrac-
tion from low-melting-point agarose gels (33). Growth and
transformation of E. coli was essentially as described previ-
ously (33).

Yeast media were prepared as described by Klapholz and
Esposito (28). Minimal defined medium consisted of 0.7%
yeast nitrogen base without amino acids (Difco Laborato-
ries) and 2% glucose supplemented only with the amino
acids and the four nitrogenous bases absolutely required.
Complete defined medium consisted of minimal defined
medium supplemented with all 20 amino acids and nitroge-
nous bases. Omission medium was complete defined me-
dium lacking one or more amino acids or nitrogen bases.
5-Fluoro-orotic acid (5-FOA) medium was prepared as de-
scribed (4) with 5-FOA added to a concentration of 1 mg/mi.
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5-FOA solid medium was found to be stable for no longer
than 1 week at 4°C in the dark. All defined liquid media were
buffered to pH 5.8 with sodium succinate (ca. 10 g of
succinic acid and 6 g of sodium hydroxide per liter).

DNA and RNA manipulations. Enzymes and reagents were
purchased from Boehringer Mannheim Canada, Bethesda
Research Laboratories, Inc., New England Nuclear Corp.,
Bio-Rad Laboratories, and New England BioLabs, Inc.
DNA manipulations were done by standard methods de-
scribed previously (33). Yeast DNA was purified as de-
scribed earlier (11). DNA blotting. nick translation, and
nucleic acid hybridization have been described previously
(33). Mutant integrated prpo2l plasmids were recovered
from yeast cells by digesting total genomic DNA with Xbal
(the enzyme used to linearize the plasmids before integra-
tion; see below) and then ligating at a low DNA concentra-
tion (25 pg/ml) and T4 DNA ligase concentration (0.1 U/pg),
followed by transforming into E. coli with selection for
ampicillin resistance.

Sequencing of the three rpo2/ mutants was done by the
dideoxy method (48). The Ball-to-Tthlll1 fragment (base
pairs +98 to +1088, relative to the start of the coding
sequence) from prpo2l-1, prpo2l-2, and prpo2l-3 was
cloned in its entirety into M13mp18 (58). Oligonucleotides
(18-mer) complementary to regions approximately 250 base
pairs apart on the RPO2/ fragment or to the flanking M13
DNA (19-mer) were synthesized by using an Applied
Biosystems model 380B DNA synthesizer. Oligonucleotide
purification was done by gel electrophoresis. Mutant assign-
ment was done on the basis of the agreement of the sequence
data from at least four independent M13 clones.

Measurements of growth, viability, and total RNA and
protein synthesis rates. Growth was measured by
nephelometry at 600 nm with a Zeiss PMQ-2 spectrophotom-
eter. A shift from the permissive (30°C) to restrictive (39°C)
temperature was accomplished by adding an equal volume of
minimal medium, prewarmed to 48°C, to cells growing
exponentially at 30°C, followed immediately by incubation at
39°C. Wild-type RPO2] strains were subcultured during
RNA and protein pulse-labeling experiments to ensure con-
tinued exponential growth; the optical density at 600 nm of
these cultures was not permitted to exceed 2.0 during an
experiment. Kinetics of death were determined by removing
samples of cells at various times after a temperature shift.
Cell suspensions were then sonicated to disrupt cell clumps
by using a Heat Systems Co.-Ultrasonics, Inc. sonifier cell
disrupter model W140D at an output of 50 to 70 W with a
standard microtip. Sonication time was 30 to 45 s (10-s
intervals with 30-s cooling periods in wet ice). Cells were
then diluted in sterile distilled water, and samples were
spread on YPDA (1% yeast extract, 2% Bacto-Peptone, 2%
glucose, and 0.004% adenine) plates and were incubated at
30°C for 3 days to permit colony development.

Total cellular protein was labeled with L-[**S]methionine
(50 nCi/ml, 71,000 Ci/mmol). Cells were labeled in minimal
medium for 5 min with vigorous agitation, poured over
crushed ice containing 0.2 mg of L-methionine per ml, frozen
in dry ice, and stored at —80°C. Cell extracts were prepared
as described previously (36). Protein concentration was
determined by the method of Bradford (5) by using Bio-Rad
protein assay dye reagent concentrate. The incorporation of
radioactivity into cells was quantitated as follows. Samples
(3 ul) of cell extract were precipitated with 2 ml of 5%
trichloroacetic acid in the presence of 100 pg of bovine
serum albumin per ml (fraction V) and boiled for 5 min; after
cooling, the trichloroacetic acid-precipitable material was
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collected on Whatman GF/C filters that had been presoaked
in an aqueous solution of 1% methionine; dried filters were
counted in Econofluor, using a United Technologies Packard
MINAXI Tri-Carb 4,000 series scintillation counter.

Total cellular RNA was radioactively labeled with [5-
3Hluracil (50 wCi/ml, 26 Ci/mmol). Cells were labeled in
minimal medium for 5 min with vigorous agitation, poured
over crushed ice, frozen in dry ice, and stored at —80°C.
Before RNA extraction, all samples were mixed with a
constant volume of a YHP568 culture (wild type) that had
been continuously labeled with carrier-free [*?Plorthophos-
phoric acid (2.5 n.Ci/ml) during at least three generations of
exponential growth. Sufficient 3?P-labeled cells were added
so that the 32P/°H ratio was approximately 1:10 after RNA
extraction. Total cellular RNA was prepared as described
previously (20). Variation in RNA extraction efficiency
among the samples was monitored by measuring the counts
per minute of 3?P present in each RNA preparation. Changes
in nucleotide pool sizes occurring during the experiment
were not determined. Radioactivity incorporated into RNA
was measured by adding 3-pl samples of an aqueous RNA
solution to 10 ml of Aquasol II and counting as described
above. RNA synthesis rates shown (see Fig. 3B) are ex-
pressed as the counts per minute of [*H]uracil incorporated
per the optical density at 600 nm of the culture, after
correcting for differences in RNA extraction efficiency.

RNA synthesis was measured in permeabilized cells by
using the run-on transcription assay described by Elion and
Warner (13), with the following modification. The concen-
tration of [a-32P]JUTP was 0.1 mCi/ml, instead of 1.0 mCi/ml;
unlabeled UTP was added so that the final concentration of
UTP was unchanged (0.3 pM). In experiments in which it
was necessary to inhibit RNAP II transcription, a-amanitin
(75 pg/ml) was added to the reaction. The assay temperature
was 23°C.

In vitro random transcription reactions specific for RNAP
I or RNAP I and RNAP III polymerase activities were
performed by using S100 cell extracts as described previ-
ously (46). The reaction mixture to measure RNAP II
activity contained 50 pg of r(C), per ml and 0.5 mg of crude
protein extract per ml in 70 mM Tris hydrochloride (pH 8.0),
3 mM MgCl,, S mM dithiothreitol, 40 mM (NH,),SO,, and
0.5 mM GTP. RNAP I and III reaction mixtures contained 50
wg of d(I-C),, per ml and 0.5 mg of crude protein extract per
ml in 70 mM Tris hydrochloride (pH 8.0), 5 mM MgCl,, 5§
mM dithiothreitol, 1 mM CTP, and 0.5 mM GTP. Radioac-
tive [8,5'-*H]GTP (25 to SO Ci/mmol) was added to all
reaction mixtures to a final concentration of 5 nCi/ml.
Unless otherwise stated, 100-pl reaction volumes were in-
cubated at 30°C for 20 min and then were spotted onto
Whatman DE-81 filter disks. Filters were washed six times
with 0.5 M Na,HPO,, were washed once each with water,
ethanol, and ether, and then were dried. Radioactivity
incorporation was measured by immersing each filter in 10
ml of Econofluor and counting as described above.

Each experiment (except for RNA pulse-labeling) was
done at least twice with similar results. The data presented
here were from single experiments; the reproducibility of the
data was within 10%.

RESULTS

Generation of Ts™ rpo21 mutants. In S. cerevisiae, a highly
efficient system of DNA transformation and homologous
recombination allowed cloned DNA fragments modified in
vitro to replace sequences at the homologous locus on the
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FIG. 1. Generation and mapping of rpo2! Ts~ mutations. (A)
Recombination event that occurs during generation of rpo2l Ts~
mutants. Abbreviations: B, Bg/lI (for clarity, only two sites are
indicated); E, EcoRI; H, Hindlll; X, Xbal. Open rectangles repre-
sent yeast DNA, and the thin, dashed line represents pEMBLS
sequences. Thick-lined rectangles represent chromosomal DNA,
and thin-lined rectangles represent yeast sequences carried on the
integrating plasmid (pMS57). The wavy lines represent the approx-
imate position of the RPO21 transcript. An asterisk marks the site of
a rpo2l mutation. The URA3 gene carried on the plasmid is
indicated. Recombination was directed by linearization of pMS57 at
the Xbal site (position +2531). (B) Mapping rpo2! Ts~ mutations.
Abbreviations: B, Bglll (+4445); L, Ball (+96 and +3321); T,
Tth1111 (+1089); X, Xbal (+2531); the position(s) of endonuclease
cleavage sites, relative to the start of the RPO21 coding sequence,
are given above in parentheses (1). -1, -2, and -3 signify rpo2l
mutant allele numbers. The thick, dashed lines represent RPO21
DNA fragments carried on the plasmid pJH124 that had been
purified from low-melting-point agarose gels before transformation
of YHP225 (rpo21-1), YHP214 (rpo21-2), and YHP218 (rpo21-3).
The numbers to the left of each line summarize the results of
transformation of rpo21 Ts~ strains with the indicated fragment. The
denominator gives the total number of Ura* transformants
screened, while the numerator indicates the number of these that
were Ts*.

yeast chromosome. A RPO2I gene fragment containing the
coding region for the amino-terminal two-thirds of the poly-
peptide (Fig. 1A) was cloned into a yeast-integrating plasmid
marked with URA3 (pMSS57; see Materials and Methods).
pMS57 was mutagenized with nitrosoguanidine, as referred
to in Materials and Methods, to generate a pool of randomly
mutagenized plamids. A unique Xbal site at position +2531,
relative to the translation start site (1), was used to linearize
the plasmid before transformation. A double-strand cut
enhanced the frequency of homologous recombination 100-
to 1,000-fold and directed integration at the site of the cut
(40) (Fig. 1A), in this case to the RPO2] locus rather than to
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the URA3 locus. Plasmid integration at RPO2] resulted in a
partial duplication of the RPO2I gene with the single intact
gene containing plasmid-derived and chromosomal se-
quences (Fig. 1A). Any nitrosoguanidine-induced recessive
mutations in plasmid sequences that are resolved in the
intact RPO21 gene can be expressed in these Ura™ trans-
formants.

Approximately 10,000 Ura* SC252 (Mata ura3-52) (only
relevant genotypes are given; for a complete description, see
Table 1) transformants were selected at 23°C and then
replica plated to test for growth at 36.5°C to detect Ts~
colonies. Complex-rich (YPDA) medium was used to avoid
Ts™ ura3 mutants. The frequency of Ts™ transformants was
1072 and, surprisingly, was similar in separate experiments
when the transforming DNA had not been mutagenized or in
a mock transformation without any transforming DNA. This
high frequency of transformation-induced temperature sen-
sitivity is apparently caused by the spheroplasting transfor-
mation procedure itself (51). As described below, we found
that most transformation-induced Ts™ cells can be identified
on the basis of the genetic instability of their Ts~ phenotype.

A total of 104 recessive Ts™ transformants were subcul-
tured serially by restreaking on uracil-omission solid me-
dium agar for approximately 200 generations at 23°C, testing
periodically for growth at 36.5°C. Only five transformants
were stably Ts™. Plasmid DNA integrated at the RPO2I
locus was then recovered from one of these five mutants
(called Ts1) (see Materials and Methods). This was done for
two reasons. First, if a plasmid were recovered which
transforms cells to a Ura* Ts~ phenotype, then the Ts~
phenotype of the original transformant must have been due
to the integrated, mutated RPO21 plasmid sequences and not
to an unrelated transformation-induced event. Second, the
recovered, mutated plasmid DNA would then be available
for DNA sequencing.

DNA blot-hybridization analysis of mutant Ts1 (data not
shown; for an example, see reference 39) indicated that
several plasmids had integrated tandemly and adjacent to the
RPO21 gene. Although the Ts™ phenotype depends only on
mutation of the one plasmid-derived DNA copy that had
recombined into the chromosomal RPO2I gene, the adja-
cent, tandemly integrated plasmids that had entered the
chromosome would also be recovered in the population of
ampicillin-resistant E. coli colonies derived from Xbal-
digested yeast chromosomal DNA. These latter plasmids in
principle could carry either wild-type or mutated RPO2I
sequences. Therefore, six independent plasmids isolated
from E. coli that had been transformed with DNA from
mutant Ts1 were tested for their ability to transform strain
SR25-1A (MATa ura3-52) to the Ura® Ts~ phenotype.
Again, plasmids were linearized with Xbal before the trans-
formation to target integration to the RPO21 locus. Only one
of the six plasmids tested (prpo21-1) yielded a high fre-
quency of Ts™ colonies among the Ura* transformants; 50%
of the Ura* transformants were Ts™, indicating that in one
half of the integration events, the mutated portion of the
plasmid-derived gene was now contiguous with the intact
RPO2] gene. Since prpo2l-1 was recovered from colony-
purified E. coli, we suggest that this observed recovery of
less than 100% Ts~ colonies among all Ura* transformants
was due to exonucleolytic or repair events that occur during
plasmid integration. The ability to transform yeast at high
frequency to a Ts™ phenotype with plasmid prpo21-1 con-
firmed that this DNA contains a mutation in the RPO2I
sequence. The other five plasmids gave only background
numbers of Ts™ colonies (frequency, 1072) and thus were
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derived from wild-type plasmids that integrated adjacent to
prpo21-1 in the original Ts™~ transformant Ts1.

Next it was determined whether the recessive Ts™ pheno-
type displayed by any of the remaining four original SC252
(Ura* Ts™) transformants was due to a mutation allelic to
rpo2l-1. A complementation assay using the Ts~™ phenotype
of YHP227 (MATa ura3-52 prpo21-1::URA3; Table 1) as a
marker demonstrated that only two of the remaining four
original transformants were Ts~ rpo21 mutants (i.e., failed to
complement rpo21-1). Plasmid DNA (prpo21-2 and prpo21-
3) was recovered from these cells as described above for
prpo21-1. The other two Ts™ transformants were probably
the result of a transformation-induced Ts~ event that did not
involve RPO2I.

A congenic set of strains (YHP225, YHP214, and
YHP218) carrying the three rpo2l mutations was generated
by first transforming strain SR25-1A (MATa ura3-52) with
prpo21-1, prpo21-2, and prpo21-3 DNA. To derive stable
rpo21 Ts™ alleles, single-copy Ura™ Ts™ recombinants (Ta-
ble 1) were then selected by growth in the presence of
5-FOA, as described in Materials and Methods. DNA blot-
hybridization analysis of these 5-FOA-resistant outgrowths
confirmed that pEMBL, URA3, and the partial RPO2I
duplication had been lost (data not shown). As expected, the
Ts™ phenotype of these rpo21 strains can be complemented
by a wild-type RPO21 gene carried on the episomal plasmid
pJH121 (data not shown).

The parental strain SR25-1A formed colonies on solid
medium at temperatures up to 41°C; at 39°C, it grew with a
generation time of 2.5 h in minimal medium (Fig. 2A). The
Ts™ phenotype of SR25-1A strains carrying an rpo2! mutant
allele was leaky at 36.5°C, but all three rpo2! mutants were
Ts~ lethal at 39°C (Fig. 2B). Therefore 39°C was chosen as
the nonpermissive temperature for all subsequent experi-
ments.

Physiological changes due to rpo21 mutations. (i) Growth
rate and viability. Growth of rpo21 mutant cells, as measured
by an increase in optical density, continued at rates similar
to that of the wild type for approximately one generation
time (2.5 h) after a temperature shift (Fig. 2A). After that
time, the growth rate decreased slowly for strains YHP569
(rpo21-1) and YHP571 (rpo21-3) and slightly more rapidly for
YHP570 (rpo21-2) (Fig. 2A). All three mutant strains began
to die after about 8 h at 39°C (Fig. 2B). Comparison of Fig.
2A and B reveals that YHP569 (rpo21-1) and YHPS571
(rpo21-3) strains were more thermotolerant than YHP570
(rpo21-2) was; both showed an extended period of growth
and prolonged cell viability after the temperature shift.

(ii) Protein synthesis. The rate of synthesis of an individual
protein species may be used as an indirect measure of the
steady-state concentration of its mRNA within the cellular
pool and, thus, as an indication of the relative synthesis rate
of its mRNA. The rate of cellular protein synthesis was
measured by pulse-labeling cells with L-[**S]methionine at
intervals after a temperature shift as described in Materials
and Methods. This temperature shift (30 to 39°C) is sufficient
to induce a heat shock response (32). In yeast cells, the heat
shock response is mediated by a transient change in RNAP
II promoter selection, leading to the induction of a variety of
heat shock proteins and repression of synthesis of most
other cellular proteins (for a review, see reference 32). This
transcriptional shift is reflected by a transient drop in the
rates of protein synthesis (Fig. 3A; 38), reaching a minimum
after approximately 90 min and recovering to 70 to 80% of
preshift levels by 4 h. As might have been expected from
measurements of growth rate up to 4 h after a shift (Fig. 2A),
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all three mutants show a wild-type heat shock response.
Comparison of the proteins synthesized by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (data not shown)
indicates that at least at this level of resolution, there was no
dramatic difference between the mutants and wild type.
Between 4 and 8 h after the temperature shift, there was a
marked decrease in the rates of protein synthesis in the
mutants relative to the wild type. As described in Materials
and Methods, cultures of YHP568 (RPO2I) were subcul-
tured into prewarmed medium at intervals during this exper-
iment and during the RNA pulse-labeling experiment de-
scribed below to ensure continued exponential growth.

(iii) RNA synthesis. Rates of total cellular RNA synthesis
after a shift were measured by pulse-labeling cells with
[*Hluracil as described in Materials and Methods. As pre-
dicted by measurements of the rates of protein synthesis, a
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FIG. 2. Effect of incubation at 39°C on growth and viability of
rpo2l Ts~ mutants. (A) Cell growth, measured by increases in
optical density, after a shift (at time 0) from 30 to 39°C. (B) Cell
viability, measured by the ability to form colonies at 30°C, after a
shift (at time 0) from 30 to 39°C. Symbols: @, YHP568 (RPO21%); i,
YHP569 (rpo21-1); O, YHP570 (rpo21-2); O, YHP571 (rpo2I-3).
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TABLE 2. Run-on transcription®

Radioactivity incorporated per cell® (10?)

Yeast RPO21 30°C Preshift 39°C Postshift
strain genotype + a-ama
Total + a-Ama“ 8h 16h
YHP568 RPO21™ 8.9 4.4 (51) 1.3 0.90
YHP569 rpo21-1 4.7 4309 0.84 0.56
YHP570 rpo2l-2 4.3 3.7 (14) 1.0 0.60
YHP571 rpo21-3 4.2 4.1Q) 0.75 0.50

< Run-on transcription reactions were performed as in the text by using cells
grown at 30°C (preshift) and at the times indicated after a shift to 39°C
(postshift). The assay temperature was 23°C.

b Values given are in counts per minute of a-[>*P]UMP incorporated per cell
(10%). a-Amanitin was added to the reactions indicated (+ o-ama) to a final
concentration of 75 pg/ml.

¢ The numbers in parentheses indicate the percentage of total transcription
at 30°C that is sensitive to inhibition by a-amanitin (RNAP II activity).

transient drop in total transcription characteristic of the heat
shock response was seen both in mutant and wild-type
strains (Fig. 3B). A significant decrease in the rate of total
RNA synthesis in the mutants relative to the parental strain
became apparent between 4 and 8 h. More precise measure-
ments of the kinetics of shutoff of RNAP II activity in vivo
requiring the selection of poly(A)* mRNA and correction for
changes in nucleotide pool sizes are unlikely to be informa-
tive, in light of the variety of secondary metabolic changes
occurring in these dying cells.

In vitro RNAP activities. (i) Transcription in permeabilized
cells. To obviate the need to monitor changes in nucleotide
pool sizes occurring during a pulse-labeling experiment,
mutant and wild-type permeabilized cells were assayed for
RNA synthesis in a run-on experiment. Such run-on tran-
scription assays have been used with tissue culture cells (34)
and recently with yeast cells (13) to measure the rates of
cellular RNA synthesis. RNAP II activity can be measured
as the difference between total (RNAP I, II, and III) and
a-amanitin-resistant (RNAP I and RNAP III) transcription
(see Materials and Methods). All three mutants growing at
the permissive temperature had levels of o-amanitin-
resistant transcription (RNAP I and III) comparable to that
of the parental strain but were almost completely deficient in
a-amanitin-sensitive RNAP II activity (Table 2). Since cells
were grown at the permissive temperature and assayed at
23°C, a temperature at which the rpo2/ mutants show no
discernable growth defects in vivo, this lability of the en-
zymes may reflect fragility of all three mutant polymerases in
this partially in vitro system. Perhaps the integrity of the
mutant polymerases is sensitive to Sarkosyl, the detergent
used to permeabilize cells before the run-on transcription
assays.

To measure the response of RNAP I and III in rpo2i
mutant cells when RNAP II activity has been inhibited,
a-amanitin-resistant run-on transcription (RNAP I and III)
after a shift to 39°C (Table 2) was measured. The drop in
activity observed in both parental and mutant cells after the
temperature shift paralleled the drop in total RNA and
protein synthesis rates measured in whole cells (Fig. 3). By
8 h after the shift, all three mutants showed a small, but
reproducible, decline in RNAP I and III activity to approx-
imately 70% of wild-type levels (Table 2). This decrease
must be an indirect effect of the RNAP II lesions that could
result, for example, from an active down-regulation of
RNAP I and III activities or from the passive depletion of the
mRNA pool encoding these enzyme subunits as RNAP II
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FIG. 3. Effect of incubation at 39°C on the relative rates of
protein and RNA synthesis in rpo2] mutants. (A) Protein synthesis,
expressed as counts per minute per microgram of total protein in a
cell extract, was measured by incorporation of L-[**S]methionine
during a 5-min pulse as described in Materials and Methods. (B)
RNA synthesis, expressed as counts per minute per the optical
density of 600 nm, was measured by incorporation of [*H]uracil
during a 5-min pulse as described in Materials and Methods. The
kinetics of recovery of RNA synthesis in the period after a heat
shock have not been determined, and thus dashed lines are used in
Fig. 3B to connect 10-min and 4-h data points. Symbols: @, YHP568
(RPO21*); B, YHPS69 (rpo21-1); O, YHP570 (rpo21-2); O, YHP571
(rpo21-3).

activity fails. The discrepancy between these data and the
precipitous drop in the rates of total RNA synthesis shown in
Fig. 3B is more apparent than real. Since the amount of
radioactive precursor incorporated into RNA during a pulse
in vivo is strongly influenced by equilibration of the
exogenous label with the intracellular pool, the data shown
in Fig. 3B overestimate the actual decrease in RNAP tran-
scription rates. The run-on experiments do not suffer from
this problem and thus reflect more accurately in vivo RNAP
I and IIT activities.

(ii) Transcription in crude cell extracts. RNAP II and
combined RNAP I and III activities can also be assayed
independently in vitro in crude cell extracts. With the
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appropriate (empirically determined) template, ammonium
sulfate concentration, and divalent cation, the assay can be
made specific for either RNAP II or RNAP I and III
activities (47; see Materials and Methods). S100 extracts
prepared from mutant and wild-type cells were assayed for
RNAP II transcription. YHP225 (rpo21-1) mutant cells are
absolutely defective in RNAP II activity at assay tempera-
tures ranging from 23 to 42°C (Table 3). Mixing rpo21-1
mutant and RPO2] extracts yielded a-amanitin-sensitive
activity that was directly proportional to the amount of
wild-type extract added (data not shown); thus, the rpo2l
defect was not due to increased proteolysis of RNAP II in
rpo2l-1 extracts. Comparison of RNAP I and III activities
(Table 3) showed no difference between YHP22S (rpo21-1)
and the wild type; thus, the rpo21-1 defect was, as expected,
limited to RNAP II transcription. In contrast, RNAP II
activity in YHP214 (rpo21-2) and YHP218 (rpo21-3) crude
extracts were at wild-type (SR25-1A) levels. In an attempt to
define an in vitro correlate of in vivo temperature sensitivity,
the kinetics of RNAP II thermal denaturation in YHP214,
YHP218, and SR25-1A extracts was measured at tempera-
tures ranging from 23 to 65°C. Unfortunately, we were
unable to discern any differences between mutant and wild-
type extracts (data not shown). Interpretation of such exper-
iments is complicated, however, by the presence of
nucleases and proteases in the crude extracts, which may be
activated at elevated temperatures and could mask differ-
ences in RNAP II activities.

Table 3 also shows, for comparison, assays of strain
YHP225 (rpo21-1) transformed with the episomal plasmid
pJH121, which carries the RPO21 gene and complements the
Ts™ phenotype in vivo. In these transformed cells growing at
the permissive temperature, in vitro RNAP II (a-amanitin-
sensitive) transcription was approximately 50% of wild-type
levels. Since pJH121 was found in single copy in approxi-
mately 90% of cells growing under selective pressure (in
uracil-omission medium; data not shown), and since the
assays were done with saturating extract concentrations,
these data were consistent with codominant expression of
mutant and wild-type RPO21 alleles in the transformant. The
fact that a doubling of gene dosage did not result in a
commensurate increase in total RNAP II activity per cell
may reflect dosage compensation or limiting amounts of the
other enzyme subunits.

Marker rescue and DNA sequencing. When a gapped,
integrating plasmid is used to transform yeast cells, the
deleted sequences are repaired during integration by using
chromosomal sequences as the template (40). Mutations
rpo2l-1 (strain YHP22S), rpo21-2 (strain YHP214), and
rpo21-3 (strain YHP218) were mapped by transformation
with pJH124 (an integrating plasmid carrying the complete,
wild-type RPO21 gene) that had been gapped by restriction
endonuclease digestion, as shown in Fig. 1B. The wild-type
(Ts*) RPO2I allele can be reconstituted only if the mutation
in the chromosomal gene lies outside the gapped region on
the plasmid. All three Ts™ mutations map to the amino-
terminal 1 kb of the structural gene between the Ball site at
+96 and the Tthlll1 site at +1089 (Fig. 1B), even though the
mutagenized DNA fragment used to generate rpo2] muta-
tions comprises 3.7 kb of coding sequence (Fig. 1A).

The Ball-Tthllll fragment from prpo21-1, prpo21-2, and
prpo21-3 was isolated and subcloned into M13mp18 for DNA
sequencing and comparison to the wild-type RPO2I se-
quence (1). The base pair changes in the three mutant genes
are summarized in Fig. 4, along with the corresponding
substitutions in the inferred amino acid sequence of the
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TABLE 3. RNAP activities in crude extracts”
RNAP II activity® at: RNAPI +
Strain Genotype I activity?
23°C 30°C 37°C 42°C 30°C + o-ama* at 30°C

SR25-1A RPO21™ 1.0 1.3 0.97 0.38 0.16 0.36
YHP225 rpo21-1 0.14 0.12 0.13 0.10 0.12 0.34
YHP214 rpo2l-2 1.1 1.2 0.79 0.29 0.14 0.34
YHP218 rpo2l-3 1.0 1.2 0.92 0.40 0.15 0.35
YHP225 (pJH121)4 rpo21-1 (RPO21%) ND 0.70 ND ND 0.16 0.33

2 In vitro assays specific for RNAP II, or combined RNAP I and III activities, were performed as described in the text. Cells were grown at 30°C for the
preparation of extracts, which were then assayed for polymerase activity at the temperatures indicated.
b Values given in the table are in nanomoles of GMP incorporated per milliliter of reaction mixture.

¢ a-Amanitin was added (+ a-ama) to a final concentration of 50 png/ml.

4 YHP225 (pJH121) is yeast strain YHP225 transformed with the RPO21-containing plasmid pJH121.

mutant polypeptides. The lesions found in all three rpo2l
Ts™ alleles lie in DNA sequence domains that are highly
conserved among the largest eucaryotic RNAP subunits (1,
7; J. Corden, personal communication). In each case the
most common type of nitrosoguanidine-induced nucleotide
substitution has occurred, involving a GC-to-AT transition
in the second of two consecutive GC base pairs (P. A.
Burns, A. J. E. Gordon, and B. W. Glickman, J. Mol. Biol.,
in press). rpo21-1 carries a GC-to-AT transition at nucleotide
236 corresponding to the substitution of aspartic acid (Asp)
for glycine (Gly) at amino acid position 79. This glycine
residue is absolutely conserved in all eucaryotic, large

subunits sequenced thus far. rpo21-2 and rpo21-3 alleles both
have a GC-to-AT transition at nucleotide 332 in the same
homology domain as that of the rpo21-1 mutation (domain I,
Fig. 4), that also results in a Gly-to-Asp amino acid substi-
tution (position 111). Since both prpo21-2 and prpo21-3 Ts™
transformants were derived from the same mutagenized
population of plasmids, this identical change may have been
due to a single mutational event. rpo21-2, however, harbors
a second GC-to-AT transition at nucleotide 1078 in domain
III (Fig. 4), corresponding to a glutamic acid-to-lysine sub-
stitution at amino acid 360 of the inferred amino acid
sequence.

I II III
Met IIIlIl————————IIIIIIIIIIIII7/
Amino acid 1 79 111 360
rrPO21% GGT GGT GAA
Gly Gly Glu
rpo2l-1 GAT
Asp
rpo2l1-2 GAT AAA
Asp Lys
rpo21-3 GAT
Asp
Vaccinia virus CKTCGKTELECFGHWGK ICIHCG-LLL ARSVIGPSTSITVNEVGMP
Yeast pol III CATCHGNLASCHGHFGH ICKNCSAILL GRTVISPDPNLSIDEVAVP
Droso pol II CQTCAGNMTECPGHFGH VCFYCSKMLV ARTVITPDPNLRIDQVGVP
Mouse pol II CQTCAGNMTECPGHFGH VCFFCSKLLV ARTVITPDPNLSIDQVGVP
Yeast pol II CQTCQEGMNECPGHFGH VCMHCGKLLL ARTVISGDPNLELDQVGVP
rpo2l-1 D
rpo2l-2 D K
rpo21-3 D

FIG. 4. DNA sequence and inferred amino acid sequence of the rpo2/ mutant genes. The amino-terminal portion of the yeast RPO21
polypeptide is indicated by a thin line, thickened sections of which delineate the homology domains I, 1I, and III between various RNAPs
(7). The amino acid number, nucleotide sequence, and inferred amino acid are given at sites where RPO2/ and mutant (rpo2/) DNAs differ.
Using the single-letter code, the amino acids immediately surrounding the mutation sites are given for various organisms, and the putative
polymerase Zn?* binding site is boxed (J. Corden, personal communication). Abbreviations: Droso, D. melanogaster; pol, polymerase.
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DISCUSSION

In the past, attempts to screen among Ts™ mutants for
those defective in one specific RNAP activity in vitro have
proved unsuccessful (29, 52). One RPO21 (RPB220) mutant
has been isolated after a screen for thiolutin sensitivity (47,
57), which, like rpo2i-1, was absolutely defective in RNAP
II activity in vitro. However, meiotic segregation analysis of
this mutation (rpobl) revealed that the altered polypeptide
and the in vitro defect did not cosegregate with any in vivo
phenotype (57).

All three rpo21 alleles studied here cause Ts™ lethality at
39°C. Measurements of cell growth, viability, and total RNA
and protein synthesis showed that rpo2l-1, rpo21-2, and
rpo21-3 mutations result in a delayed shutoff of RNAP II
activity in cells shifted to the nonpermissive temperature.
This slow shutoff phenotype of rpo2] mutants may explain
the failure of earlier attempts to identify polymerase mutants
among Ts™ strains (29, 52) on the basis of their expected
inability to incorporate radiolabeled precursors into RNA
soon after a temperature shift. Directing mutations in a
cloned RPO21 gene to the homologous chromosomal locus
has obviated the need for a RNAP IlI-specific phenotype in
vivo as the basis for the identification of probable mutants.

Polymerase subunit mutations could impair RNAP II
activity in one or both of two ways: (i) by affecting stability
of the polypeptide or its assembly into holoenzyme and (ii)
by affecting enzymatic function of RNAP II. The slow
shutoff phenotype of rpo2l mutants does not allow us to
distinguish unambiguously between these possibilities.
However, in E. coli, most Ts~ mutants in the homologous
polymerase subunit gene (B’) are defective in subunit stabil-
ity or RNAP assembly (1, 18, 27) and do show a slow shutoff
of RNA synthesis after a temperature shift. Also, the tem-
perature-independent defect of RNAP II in rpo21-1 S100
extracts and of all three mutant polymerases when assayed
in permeabilized cells is consistent with assembly or stability
mutants that are fragile outside the intact cell.

One explanation of the slow shutoff phenotype might be
that mutant polymerases assembled at 30°C continue to
function after a temperature shift. Thus, the eventual drop in
RNAP II activity could simply be the result of a block to the
assembly of polymerase holoenzyme at the restrictive tem-
perature and the consequent dilution of the preexisting
cellular pool of RNAP II as cells divide; during this time the
cell number has increased two- to threefold. If the mutations
are not leaky and block assembly of holoenzyme immedi-
ately after the temperature shift, then our observations
suggest excess RNAP II capacity in cells growing vegeta-
tively at 30°C.

The complete absence of RNAP Il in vitro activity in S100
extracts of rpo21-1 provides a useful marker for monitoring
enzyme activity levels in vivo. For example, in vitro RNAP
II activity is approximately 50% of wild-type levels in
extracts prepared from merodiploid rpo2I-1 transformants,
which harbor a wild-type RPO2! gene on an episome
(pJH121), when these cells are grown at 30°C. Thus it
appears that at the permissive temperature, mutant and
wild-type RPO21 polypeptides are codominantly expressed
and assembled with equal efficiency into a RNAP II
holoenzyme.

The isolation and characterization of rpo2! mutants can
provide valuable clues concerning the relevance of evolu-
tionarily conserved DNA sequence domains to polymerase
subunit function in vivo. In ths regard, it is interesting that,
while our method of mutagenesis was random, a biological
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screen for perturbations in RP0O2! function (a Ts™ pheno-
type) has yielded three mutants, all of which lie within
conserved homology regions. Mutants rpo21-2 and rpo21-3
both have substitutions at position +111 in homology do-
main I, while rpo21-2 harbors an additional Glu-to-Lys
change at position +360 in domain III (Fig. 4). The addi-
tional amino acid substitution in this mutant, versus rpo21-3,
must therefore be responsible for the increased thermosensi-
tivity of rpo21-2 strains. Homology domain III has been
suggested on the basis of homology to E. coli DNA poly-
merase I to encode a DN A-binding helix-turn-helix motif (1,
38). The second mutation (+360) in mutant rpo21-2 lies in
one of these proposed helix regions (38). Perhaps this
mutation impairs the DN A-binding properties of RNAP II;
E. coli RNAP subunit B’ has been implicated in DNA
binding (16). Finally, the alteration in rpo2I-1 is at amino
acid position +79 and lies not only in the first conserved
domain (Fig. 4), but also within a possible metal-binding
subdomain (2, 35) whose sequence is highly conserved in the
largest subunits of RNAP II of S. cerevisiae, D.
melanogaster, and mouse cells (Fig. 4; J. Corden, personal
communication). A tightly bound Zn?* atom is found in
purified preparations of RNAP II from a wide variety of cell
types (14, 30, 43) and is thought to be essential for enzyme
activity and perhaps holoenzyme integrity (54). One hypo-
thesis under investigation is that the rpo21-1 lesion may act
by reducing the affinity of the mutant subunit for Zn?*.
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