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ABSTRACT

Approximately 550 temperature-sensitive haploid mutants of
Saccharomyces cerevisiae were isolated by tritium-suicide selection
following mutagenesis with ethyl methanesulLphonate.

Several were

classified into ten arbitrary groupings based on patterns of macromolecule synthesis at the restrictive temperature for growth (36°C).
Net RNA synthesis was defective at 56°C in 82% of the mutants examined.
All mutations were recessive to the wild-type allele.

Preliminary

complementation and linkage analysis revealed 77 genes although not
all are expected to be involved specifically in RNA synthesis.
three had been identified previously.

Only

Two interesting mutants were

characterized further - mutant 236 in which RNA polymerase II activity
is believed to be defective and. mutant 93 in which inhibition of
ribosomal RNA processing is thought to be the primary defect.

Patterns

of nucleic acid synthesis at 3600 were examined in the two mutants and
wild type, and results compared with current models of control of RNA
synthesis in yeast.
Semi-purified DNA-dependent RNA polymerase II from mutant 236 was
more thermolabile than the corresponding wild-type activity whereas the
thermal stabilities of RNA polymerases I and III were almost identical
in both strains.

The rate of poly(A)-containing messenger RNA

synthesis decreased rapidly in mutant 236 after a shift to 36°C and net
RNA accumulation was completely inhibited within 30 min. When mutant

93 was shifted to the restrictive temperature, processing of 35S
ribosomal RNA precursor into mature species was rapidly inhibited.

xi

Messenger RNA and transfer RNA were synthesized at approximately the
pre-shift rates for at least 2 h.

Protein synthesis continued for

3-4 h so that the ratio of protein:RNA increased significantly at 36°C.
Isolation of mutants of Saccharomycopsis lipolytica with a
phenotype similar to that of mutant 93 was attempted again by tritiumsuicide selection.

Mutants with higher protein:RNA ratios have

potential in the production of single cell protein for human consumption.
About 200 temperature-sensitive mutants were isolated but unfortunately
they could not be analyzed genetically.

Of the mutants examined 80%

had defects in RNA synthesis but none displayed the desired phenotype
at the restrictive temperature.

CHAPTER I

INTRODUCTION

2

SECTION I: OBJECTIVES

General background
Cells contain three major classes of ribonucleic acid (RNA)
- ribosomal RNA (rRNA), messenger RNA (mRNA) and transfer RNA (tRNA)
- each with an important role in protein synthesis. Genes which code
for proteins are transcribed to produce mRNA molecules. These are
translated into proteins on the ribosome, which is constructed from
several rRNA molecules and many polypeptides, with the participation
of tRNA species. Ribosome synthesis is a very efficient, co-ordinated
process which has been studied extensively in both prokaryotes and
eukaryotes (Nomura et al., 1984; Warner et al., 1985).
The control of mRNA synthesis is the major level of
regulation of gene expression in prokaryotes (Beckwith and Zipster,
1970; Morse and Morse, 1976; Lupski et al., 1984). The regulation
of rRNA and tRNA synthesis in prokaryotes is also well understood
(Lamond and Travers, 1985b). In eukaryotes too, transcriptional
control is the most frequent level at which gene expression is
regulated (Darnell, 1982; Struhl, 1983; Guarente, 1984; Brent,
1985) but post-transcriptional controls are also found (Vincent
et al., 1984; Dubois and Nessenguy, 1985; Kaneko et al., 1985; Warner
et al., 1985). Likewise, the control of stable RNA synthesis has been
widely studied in eukaryotic organisms including yeast (Warner,
1982; Elion and Warner, 1984; Stateva and Venkov, 1984; Camier
et al., 1985).

RNA synthesis in yeast
Yeasts, and Saccharomyces cerevisiae in particular, are
eukaryotic microorganisms especially suitable for analyzing the
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control of transcription. Although they are relatively simple
organisms, they demonstrate most of the morphological features
characteristic of eukaryotes. Moreover, they can be manipulated
by basic microbiological and biochemical techniques, and for S.
cerevisiae, there exists a well-developed system for genetic analysis
(Mortimer and Hawthorne, 1966). In addition, several yeasts are
amenable to analysis by recombinant DNA technology using the powerful
tools of gene cloning and yeast DNA transformation (Botstein and Davis,
1982; Struhl, 1983).
RNA synthesis has been extensively studied in this organism
using a genetic approach - by examining mutants defective in RNA
production. Theoretically, any protein or RNA species in the cell
can be altered by mutation and so it should be possible to obtain a
wide range of mutations affecting all, or most of, the steps involved
in RNA synthesis.

Temperature-sensitive mutations
With mutations affecting essential functions such as RNA
synthesis there is the drawback that the growth or viability of the
mutants concerned may be seriously affected. However, the use of
conditional mutants, and in particular, temperature-sensitive (ts)
mutants, overcomes this problem in most cases. Temperaturesensitive mutants resemble the wild-type strain when grown at a
low temperature (the permissive temperature) but display their
mutant phenotype at a high temperature (the restrictive temperature).
A ts mutation is believed, in most cases, to be a missense
mutation in the structural gene for a protein. Mutants can be ts
for function, in which case the altered protein functions more or
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less normally at the permissive temperature but loses its proper
conformation at the restrictive temperature and becomes inactive.
On the other hand, mutants can be ts for synthesis or assembly,
in which case the defective protein retains its proper structure
and activity at the restrictive temperature if it has been correctly folded, or assembled into an oligomer, at the permissive
temperature (Pringle, 1975).

Advantages of a genetic approach
Using a genetic approach, it should be possible to estimate
the number of genes involved in RNA synthesis, since complementation tests can be carried out on all recessive mutations affecting
RNA synthesis. Mutants also provide valuable tools for biochemical
studies because each mutant has a primary defect in one component
(either RNA or protein) of the biosynthetic or regulatory systems
under examination.
A genetic approach also has several advantages over a biochemical one, in which inhibitors are mostly used; although ideally
a combination of both types of study is desirable. Inhibitors
often have more than one target in the cell and results need to
be interpreted with caution (Singer and Penman, 1972; Tipper,
1973). Moreover, for yeasts there are few known specific inhibitors
and so the range of functions which can be studied is limited.
Finally, in some cases, mutational blocks are more readily reversed
than those caused by inhibitors.
On the other hand, there are disadvantages with this approach.
The obligatory change in the environmental conditions (such as a
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temperature shift) may make interpreting the results difficult
(Magee and Hopper, 1974). In addition, the existence of multiple
genes for a function essential to the cell may render impossible
the isolation of mutants defective in that function.

Known RNA synthesis mutants of S. cerevisiae
Several ts mutants of S. cerevisiae have been isolated
with specific defects in RNA synthesis. From a wide screening
of ts mutants, Hartwell (1967) characterized 11 genes involved in
RNA synthesis. Mutation in one of these,rnal, results in a
cessation in the formation of all classes of cytoplasmic RNA (Hutchison
et al., 1969). The defect in this mutant appears to be in either the
processing of RNA or its transport from the nucleus (Hopper et al.,
1978; Knapp et al., 1978; O'Farrell et al., 1978; Petersen and
Nierlich, 1978). Recently, the wild-type RNA1 gene has been cloned
on a multicopy yeast plasmid and a disrupted allele - RNA1 :: LEII2 created which induces aneuploidy, indicating that the RNA1 gene
product may be involved in the maintenance of nuclear structure
(Atkinson et al., 1985). Mutations in the remaining 10 genes,
rna2 to mall, specifically inhibit the splicing of all nuclear
intron-containing precursor mRNAs, including those coding for many
ribosomal proteins (Teem and Rosbash, 1983). As the latter are
essential for accurate processing of the 35S precursor rRNA molecule,
the accumulation of mature rRNA species is also severely inhibited
in the mutants (Hartwell et al., 1970b; Shulman and Warner, 1978).
Several wild-type RNA genes have been cloned and an analysis of their
gene products undertaken to examine possible interactions with each
other and with intron-containing pre-mRNAs (Last et al., 1984; Last

and Woolford, 1984; Lee et al., 1984).
Using a selection procedure based on resistance to the
killing effect of lomofungin (an inhibitor of RNA synthesis) at high
temperatures, Lacroute et al., (1975) isolated ts mutants in another
gene, rnal2. In these,the synthesis of all classes of RNA is
affected. Mutations in this gene are dominant, unlike Hartwell's
ma mutations which are all recessive to the wild type, and designated RNA12. This gene may be involved in the metabolism of
S-adenosylmethionine or in the methylation of RNA species

O.C.

Bloch, F. Exinger and F.Lacroute, personal communication).
Alternatively, mnal2 may code for a common cofactor required only
in vivo by all three RNA polymerases (Sentenac and Hall, 1982).
A few mutants have been isolated with specific defects in
rRNA processing. Mutant ts351 exhibits a delayed inhibition of
stable RNA accumulation at the restrictive temperature which is
due to a defect in the processing of 27S rRNA precursor (Andrew et al.,
1976). CLP8, originally isolated as a trichodermin-resistant mutant,
carries a "leaky", non-conditional mutation affecting the transport
and terminal processing of 20S pre-rRNA (Carter and Cannon, 1980).
This strain exhibits a much reduced growth rate compared with the
wild type as does the "relaxed" mutant SY15 in which rRNA transcription
and processing are uncoupled from protein synthesis. In this mutant,
the rate of 35S pre-rRNA processing is greatly reduced (Waltschewa
et al., 1983; Stateva and Venkov, 1984). A cold-sensitive mutant
isolated by

tritium-suicide selection carries a "leaky" mutation

dipl, which causes defective processing of ribosomes by either
prematurely terminating transcription by RNA polymerase I or aberrantly
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processing 35S pre-rRNA (Ursic and Davies, 1979). In strains
carrying the non-conditional mutation rna82-1, a processing
endonuclease which specifically removes the short 3' terminal
sequence from 5S rRNA precursor molecules has been shown to be
defective (Piper et al., 1983).
Another group of mutants have been identified with defects
in tRNA metabolism. Strains carrying the "leaky" mutation losl-1
can grow at high temperatures but are ts for the loss of nonsense
suppression and fail to excise intervening sequences from tRNA
precursors (Hopper et al., 1980). The wild-type LOSi gene has been
cloned recently (Hurt and Hopper, 1985). Four other mutations trml, trm2 (Hopper et al., 1982), mia (Lo et al., 1982) and mod 5-1
(Laten et al.,1978) -cause defects in tRNA modification, viz.
guanosine methylation (trml), uridine methylation (trm2) synthesis
of dihydrouridine (mia) and synthesis of isopentenyladenosine
(mod 5-1), although only the latter results in any obvious
physiological phenotype - loss of nonsense suppression. Thus none
of these modified nucleosides appear to be essential for normal tRNA
function in yeast.
Thonart et al., (1976) isolated, by nystatin selection,
ts mutants in three genes which they suggested might code for
common subunits of the three RNA polymerase enzymes of yeast.
These mutations were recessive. In vitro thermal inactivation
experiments, using only partially purified cell extracts, showed that
the RNA polymerase activities were markedly thermosensitive when compared
with those of the wild type. However, since the enzyme preparations
were relatively crude, the results may well have been due to contaminating
heat-activated

nucleases or proteases, and no control experiments were

done to examine this. Moreover, in another study of these mutants,
in which more extensively purified enzymes were used, thermosensitivity

of the RNA polymerases could not be demonstrated in vitro (Sentenac
and Hall, 1982).

Indeed, one of these mutants (ts 4572) is primarily

defective in histidinyl-tRNA synthetase activity (Natsoulis et al.,
1984).
Selection with thiolutiri has generated the rpoBl mutant
in which RNA polymerase II activity is ts in vitro, although there is
no detectable in vivo phenotype (Winsor et al., 1979). The largest
subunit of this enzyme (220,000 NW) is altered and this affects
RNA chain initiation and elongation but not DNA binding (Ruet et al.,
1980). The wild-type RPOB1 (or RP021) gene has been cloned (Young
and Davis, 1983; Ingles et al., 1984) and ts mutants in this gene
have been generated by in vitro mutagenesis (Himmelfarb et al.,
1984). Analysis of temperature-resistant second site revertants
is underway to identify other genes whose products may interact with
RNA polymerase II. Finally, many mutations affecting the expression
of particular structural genes (ie. the synthesis of specific mRNAs)
have been produced by in vitro mutagenesis (Struhl, 1983; Guarente,
1984; Brent, 1985) and several of these are discussed later.
One of the major objectives of the present study was therefore to generate further ts mutations affecting RNA synthesis in S.
cerevisiae by using a more vigorous selection procedure than was
employed in previous studies.

Tritium-suicide selection
The tritium-suicide selection technique has been used to
isolate ts and auxotrophic mutants in Escherichia coli (Lubin, 1959;
Babinet, 1970) and in S. cerevisiae (Littlewood and Davies, 1973;

Littlewood, 1975).
The method relies on differential uptake and incorporation
of tritiated, [3H], precursors of high specific activity. At the
restrictive temperature for ts mutants, only cells that synthesize
RNA incorporate the radioactive precursor ([3H] uracil) and die on
subsequent storage. Cell death is caused by radiation damage.
The use of tritiated compounds has the advantage that incorporation
of the precursor in one cell has very little effect on neighbouring
cells in the culture because the mean path length for the emitted
,-particle from tritium decay (approximately 1 pm in water) is of
a similar order to the diameter of microbial cells. ts mutants
with defects in RNA synthesis should therefore remain viable in
the culture. The efficiency of this selection procedure is discussed later (see Chapter III).
From the genetic analysis of both newly-isolated and existing mutants, an estimate of the number of genes involved in RNA
synthesis in S. cerevisiae was obtained. Several mutants which
displayed interesting phenotypes were dissected biochemically to
discover the precise nature of each lesion. In particular, ts
mutants with putative RNA polymerase defects were analyzed in
detail.

RNA content and single cell protein
Besides the substantial academic interest in transcription,
a practical reason for studying RNA synthesis stems from the developmeat of microorganisms as sources of food protein (Sherwood, 1974).
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Certain yeast species can grow on hydrocarbon fractions from
crude petroleum (Markovetz and Kallio, 1964) and the resulting
single cell protein can be used as an additive to animal feedstuffs.
If commercial yeast protein preparations are to be produced for
human consumption, one of the major problems, apart from that of
acceptibility, will be the substantial RNA content of yeast (Edozien
et al., 1970; Erskine and Steedman, 1975).
High ratios of RNA to protein are undesirable in food
additives, especially for humans who, along with the higher apes, the
Dalmatian coach hound, birds and some reptiles, produce insoluble uric
acid as the end-product of purine metabolism (Balis, 1968). Most
other animals, including other mammals and most reptiles, possess the
enzyme uricase which catalyzes the oxidation of uric acid to allantoin,
a soluble waste product (Canellakis and Cohen, 1955). As high levels
of uric acid can precipitate kidney stones and may, in certain
individuals, cause gout and gouty arthritis (Bishop et al., 1951;
Wyngaarden, 1965), it is unlikely that untreated microbial protein will
be allowed on sale for human consumption.
RNA can be removed either by adding ribonucleases to the
protein preparation or by heating intact cells to activate endogenous
nucleases. This must of course be followed by washing to remove
the products of enzymic digestion. An alternative, simpler method,
which may also be less costly, might be to use conditional mutant
yeast strains with lowered RNA to protein ratios. TemperaLuresensitive mutations affecting the RNA polyrnerase activities might
be of value (assuming protein synthesis continues for some time after
a shift to the restrictive temperature) along with mutations resulting
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in selective degradation of RNA without initially affecting the
rate of protein synthesis.
With these objectives in mind, ts RNA synthesis mutants of
S. cerevisiae were initially selected by the tritium-suicide
technique because of the ease of genetic analysis with this organism.
This was followed by the application of the technique to Saccharomycopsis lipolytica, a yeast which can grow in media containing nalkanes as sole carbon source but whose genetics is less welldeveloped.

SECTION II: RNA STRUCTURE AND FUNCTION
A. RIBOSOMAL RNA

Composition, stability and function of rRNA
Ribosomal RNA constitutes the bulk of cellular RNA in
both prokaryotes and eukaryotes, accounting for approximately
80-85% of the total RNA. It is metabolically very stable with a
half-life of several cell generations. Several rRNA species exist
and in the mature form, they are associated with many proteins in
the ribosome (Nomura et al., 1974; Warner, 1982; Nomura et al.,
1984). The differences in the composition of prokaryotic and
eukaryotic ribosomes are illustrated in Table 1. The eukaryotic
organelles, the mitochondria and chioroplasts, also contain ribosomes
but these are of prokaryotic dimensions (Stutz and Noll, 1967;
Ashwell and Work, 1970).
The ribosome is the central structure on which protein
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Table 1 Structural components of ribosomes

Prokaryotic ribosome 70S

Component

Small subunit 305

Large subunit 50S

156)

163 rRNA

0.6

Protein

0.3

5S rRNA

0.04

23S rRNA

1.1

Protein

0.66

Total

2.7

Eukaryotic ribosome 805

Component

Small subunit 40S

Large subunit 60S

t

(x 106)

185 rRNA

0.7

Protein

0.6

55 rRNA

0.04

* 5.83 rRNA

0.06

253 rRNA

1.3

Protein

1.3

Total

4.0

Values for Escherichia coli.
Values for S. cerevisiae. Values for eukaryotes vary between
genera, especially between the plant and animal kingdoms
(Loening, 1968).

*

5.8S species corresponds to the 73 species previously reported
in FIeLa cells (Pene et al., 1968; Rubin, 1973).

13

synthesis takes place. In a cell which is actively synthesizing
protein, several ribosomes are strung along each mRNA molecule to
form polysomes. The mechanism of translation has been studied
extensively and reviewed many times, (Moldave, 1972; Sherman and
Stewart, 1982; Kozak, 1984).

Secondary structure of rRNA
In the ribosome, each rRNA molecule is folded back on
itself in a number of places so that base-pairing can occur between
complementary sequences. Up to 70% of the bases can be involved
in pairing (Nomura, 1970; Pace, 1973; Brimacombe et al.,1976).
Some interesting features of rRNA structure are listed in Table 2.

Methylation of rRNA
All rRNA molecules, except the 5S species, are methylated
(Klootwijk and Planta, 1973). Both ribose moiety and bases can be
methylated, with a predominance of the former in eukaryotes and the
latter in prokaryotes. Methylated bases do not usually base-pair
well and are found frequently in single-stranded regions (Engel and
von Hippel, 1978). Methyl groups are found near the 3' terminus of
16S rRNA - the proposed mRNA-binding site in prokaryotes (Khan and
Maden, 1978). Methylation may therefore have a structural role in
the ribosome, although, of more significance, is its apparent role in
the maturation of rRNA species from their precursors (see Section lilA).

B. TRANSFER RNA

Composition, stability and function of tRNA
Transfer RNA is the next most abundant class of RNA,
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Table 2

Structural features of rfflA species

rR1A species

References

Prokaryotic and Erdmann (1976);
Lewis and Doty
eukaryotic 5S

(1977)

Structural feature

Function

Region of base-pairing Unknown
between 3' and 5'
termini
Sequence complementary to TCG loop
of tRNA

Possible involvenient in
tRNA binding

Prokaryotic 165

Shine and
Dalgarno (1975)

Pyrimidine-rich sequence of about 10 nucleotides at 3' terminns, complementary
to purine-rich sequence of mRNA, preceding initiator codon

Implicated in
mRNA binding
and selection
of messengers
for translation

Eukaryotic 18S

Shine and
Dalgarno (1974);
HagenbUchle et
al. (1978);
Vass and. Maden

Highly conserved 3'
terminal sequence of
about 20 nucleotides,
homologous to similar
region of prokaryotic
16S rRNA; but lacks
pyrimidine-rich sequence of prokaryotes
and instead contains
a purine-rich region
complementary to 5'
terminal sequence of
eukaryotic mRNA species

Implicated in
mRNA binding
and selection,
although the
"scanning hypothesis" of
eukaryotic
translation
would argue
against a
prokaryotic-type
ribosome-binding
site! Such site
are rarely toun
in yeast mRNA5 *

Sequence, about 900
nucleotides from 3'
terminus, complementary to a stretch of
otides of
17 nucl
me t in the
tRNAf
amino acid-accepting
arm and reaching
into the dihydrouridine loop

Possible role
in the
initiation
of translation

(1978);
*Zalkin and
Yanofsky (1982);
tKozak (1984)

Prokaryotic 23S Dahlberg et al

(1978)
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representing 10-15% of the total. There are approximately 45-60
different species in bacteria and yeast,and as many as 100 in mammalian
cells (Kim, 1976; Clark, 1977; Guthrie and Abelson, 1982), each
acting as an acceptor for a specific amino acid in the course of protein
synthesis. Like rRNA, tRNA is relatively stable in the cell. The
eukaryotic organelles, the mitochondria and chloroplasts, also contain
tRNA molecules, some of which are chromatographically distinct from
those in the cytoplasm (Smith, 1976; Martin and Rabinowitz, 1978).
The tRNAs have an average molecular weight of 25,000 and a
sedimentation coefficient of approximately 4S. They contain the
highest proportion of modified nucleosides (up to 20% of the total
in some cases) with many unusual bases rarely found in other RNA
species. The more common of these are dihydrouracil (DHU),
pseudouracil (w), 4-thiouracil and methylated bases which include
5-methyluracil (thymine), 1-methyladenine, l-methylguanine and
N 2 -dimethylguanine (Cantoni et al., 1962; Lipsett and Doctor, 1967).

Secondary and tertiary structure of tRNA
The first tRNA to be sequenced was the alanine-accepting
species of S. cerevisiae (Holley et al., 1965). Although each of
the 60 tRNA molecules now sequenced only share a few nucleotides in
identical positions, their secondary structures all have the same
pattern - that of the cloverleaf structure. This consists of four
double-stranded helical regions, formed by base-pairing between
complementary sequences, and four single-stranded loops (Figure 1).
Because the cloverleaf pattern is common to all tRNA species,
their three-dimensional structures may also be identical (Blake et al.,
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Figure 1 Secondary and tertiary structures of a generalized
tRNA molecule
(a) Secondary (cloverleaf) structure

(b) Tertiary structure

3/
OH
5'p
-5I
3/

:

4jY

)H

]

I Dihydrouracil (DK[J) arm, consisting of a helical stem and a
single-stranded loop.
The stem is implicated in recognition by
aminoacyl-tRNA synthetase (Roe et al., 1973) but this has
been disputed by NcCutchan et al. (1978).
II Anticodon arm, consisting of a stem and loop which contains the
anticodon c4D.
III tt]ftfl arm of variable size and unknown function.
IV T/CG arm, consisting of a stem and loop.
The loop is
implicated in binding of tRNA to the ribosome, by interacting
with a complementary sequence of 5S rRJA (Erdmann, 1976).
V
Amino acid-accepting arm.
During charging of tRNA, the
aminoacyl residue is esterified to the 31 terminal adenosine
(Novelli, 1967).
This region has also been implicated in tRNA
recognition by the ribosome (Pestka et al., 1970).
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1970). The three-dimensional structure of tRNAPhe from
S. cerevisiae was the first to be determined (Suddath et al., 1974;
Ladner et al., 1975). It is an L-shaped molecule consisting of
two complex helical regions perpendicular to each other, with the
anticodon loop at one end of the molecule and the amino acid acceptor
at the other (Rich and RajBhandary, 1976; see Figure 1).

C. MESSENGER RNA
The final class of cellular RNA is mRNA, comprising 5-10%
of the total. As implied in its name, mRNA carries the genetic
information encoded in the DNA to the protein-synthesizing machinery
of the cell. Most mRNA species have a molecular weight in the
range 0.2 - 6.0 x i06 daltons (McLaughlin et al., 1973; Murphy and
Attardi, 1977).

Stability of mRNA
In prokaryotes, mRNA species are highly unstable, with
functional half-lives of only a few minutes (Morikawa and Imamoto,
1969; Nilsson et al., 1984). This can be contrasted with the relative
stability of many mRNA species from higher eukaryotes whose halflives range from hours to even days, especially in terminally
differentiated cells which synthesize a relatively small number of
proteins (Brawerman, 1974).
Estimates of the average half-life of mRNA species from
S. cerevisiae are in the range of 15-25 minutes (Hartwell et al.,
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1970a; Hynes and Phillips, 1976; Petersen et al., 1976). This is
interestingly an intermediate between prokaryotic and higher
eukaryotic values. In another yeast, Schizosaccharomyces pombe,
Fraser (1975) described a class of mRNAs with a greater average halflife of 40 - 50 minutes. It must be noted that these are only average
values and that it is possible that classes of much more labile or stable
mRNAs exist in eukaryotes.
Indeed, several mRNAs with widely differing functional
half- lives have been found in S. cerevisiae (Koch and Friesen, 1979) examples are allophanate hydrolase mRNA (Lawther and Cooper, 1975)
and secreted invertase mRNA (Elorza et al., 1977), with half-lives
of 3 minutes and 35 minutes, respectively. Furthermore, mRNA
populations with different stabilities have also been identified in
cells of higher eukaryotes (Singer and Penman, 1973; Berger and
Cooper, 1975; Puckett et al., 1975; Spradling et al., 1975).
A mechanism may therefore exist in eukaryotes for the selective degradation of mRNA molecules and this may form part of a translational
control of gene expression (Creanor et al., 1975; Littauer and Soreq,
1982).

Secondary structure of mRNA
Regions of possible base-pairing have been identified in
both prokaryotic and eukaryotic mRNA molecules, especially at the
3' and 5' termini (Bronson et al., 1973; Holder and Lingrel, 1975;
Proudfoot et al., 1976) and some of these structures have been
implicated in ribosome binding and the translational control of gene
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expression (Ricard and Salser, 1974, see Table 2). They may also
represent transcription termination signals which have been transcribed from DNA or, particularly in eukaryotes, binding sites for
regulatory proteins, or processing sites (Proudfoot et al., 1976;
Sherman and Stewart, 1982; Birnstiel et al., 1985).

Methylated 5' terminal "cap" structures of eukaryotic mRNA molecules
Most of the mRNA molecules which have been analyzed, including those of viruses that infect eukaryotes, possess an unusual
methylated 5' terminal "cap" structure which can be of two main
forms - cap I or cap II (Darnell, 1976; see Figure 2). Messenger RNA
species of S. cerevisiae possess cap I-like structures which lack
2' -O-methylribonucleosides (de Kloet and Andrean, 1976; Sripati
et al., 1976). These structures, in conjunction with specific capbinding proteins,have been implicated in ribosome binding (Adams et al.,
1978; Edery et al., 1984) and especially in recognition by translation
initiation factors (Kaempfer et al., 1978; Shatkin, 1985). The presence
of a 5' cap is also essential for maximal 3' processing of several
mRNAs (Birnstiel et al., 1985). Finally, they may be involved
in maintaining mRNA stability (Furuichi et al., 1977) and in the
initiation of transcription of certain mRNAs (Furuichi, 1978).
Methylated nucleosides have also been located internally
in many eukaryotic mRNAs (Rottman et al., 1976) and these may also be
involved in ribosome and initiation factor binding (Kaempfer et al.,
1978). In contrast, they are not found in yeast mRNA species (de Kloet
and Andrean, 1976; Sripati et al., 1976).
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Figure 2

Methylated. 5' terminal cap structures of eukaryotic
mR1A and hnRJA molecules
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Polyadenylic acid sequence of mRNA
Several mRNA molecules possess a 3' terminal sequence of
polyadenylic acid [poly(A)]. Although this was first discovered
in eukaryotes, a 3' terminal poly(A) sequence has also been found
in some prokaryotic mRNAs (Carlin, 1978).
Poly(A) sequences of prokaryotic messengers have a maximum
length of 25 AMP units (Nakazato et al., 1975) - much shorter than
those of eukaryotes which can contain up to 250 AMP units (Jacobsen
and Zwar, 1974). Messenger RNA species from S. cerevisiae have a
poly(A) sequence averaging 50 AMP units (McLaughlin et al., 1973;
Groner et al., 1974). Polyadenylated mRNA represents 50-80% of the
total mRNA (Greenberg and Perry, 1972; Fraser, 1975). Messenger RNAs
which are not polyadenylated include those coding for histones
(Adesnik and Darnell, 1972), although those from yeast are polyadenylated (Fahrner et al., 1980) as is a significant portion of all
major classes of histone mRNA in amphibian oocytes (Ruderman and Pardue,
1978).
Several functions have been postulated for the poly(A)
sequence and it is possible that more than one function exists (Hunt,
1975). These include an involvement in (i) processing of mRNA from
its putative precursor, heterogeneous nuclear RNA (hnRNA); (ii)
transport of mRNA from the nucleus to the cytoplasm; (iii) translational control, although its presence is not an obligatory requirement for protein synthesis; (iv) maintaining the stability of mRNA
in the cytoplasm (Brawerman, 1976; Littauer and Soreq, 1982;
Birnstiel et al., 1985).
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Poly(A) chain length can be correlated with mRNA
stability (Carlin, 1978). Poly(A) polymerases and nucleases,
present in the cytoplasm of eukaryotes (Twu and Bretthauer, 1971;
Perry et al., 1974; Milchev and Hadjiolov, 1978) may regulate translation by altering the stability of mRNA (Sheiness et al., 1975).
Moreover, in vitro polyadenylation has been shown to stabilize HeLa
cell histone mRNAs when injected into Xenopus oocytes (Huez et al.,
1978).

Proteins associated with eukaryotic mRNA molecules
Eukaryotic mRNA molecules appear to exist (both in the
nucleus and the cytoplasm) in association with proteins in ribonucleoprotein particles or "informosomes" (Spirin, 1969), even during
translation in polysomes (Schochetman and Perry, 1972).
These proteins tend to be specific for mRNA and have been
implicated in mRNA processing in the nucleus, mRNA transport to the
cytoplasm, maintaining mRNA stability and translational control
(Spirin, 1978; Sherman and Stewart, 1982; Greer and Abelson, 1984).
Proteins associated with small nuclear RNAs are involved in the 3'
processing of certain mRNAs (Birnstiel et al., 1985) while others
binding specifically to poly(A) sequences are important in mRNA
stabilization by protecting the molecule from nucleolytic attack
(Blobel, 1973; van Venrooij et al., 1977; Littauer and Soreq, 1982).
Others bind to the 5' cap structures of mRNAs and affect translational
capacity (Shatkin, 1985). Indeed, some of the proteins in "informosomes" are translation initiation or elongation factors (Viasik et
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al., 1978; Ovchinnikov et al., 1976).

SECTION III: RNA BIOSYNTHESIS
With the exception of most bacterial mRNAs, it appears
that all RNA molecules are first transcribed as larger precursor
species which are processed in several steps to yield the mature
products that function in the cell (Perry, 1976).

A. RIBOSOMAL RNA
Organization of rRNA cistrons and precursor synthesis
In yeast, as in other eukaryotes, the genes for the 5.8S, 18S
and 25S rRNA species are arranged as a single transcriptional unit
in the order 3'-18S-5.85-25S-5' (Petes, 1979; Verbeet et al., 1984;
see Figure 3). Transcription is initiated at a single promoter site,
upstream from the 18S region, and a large precursor RNA species is
formed which ranges in size from 35S in S. cerevisiae (Udem and Warner,
1972) to 45S in HeLa cells (Maden et al., 1972). The rDNA coding for
this large precursor is distinguished from the rest of the DNA by its
high G+C base content and consists of repeating units arranged
tandemly along the chromosome, each containing the precursor rRNA
sequence and a region of non-transcribed spacer DNA (Figure 3).
The number of repeating rDNA units per haploid genome ranges from a
few hundred in some organisms to several thousand in others. In S.
cerevisiae, there are approximately 120 repeating units located on
the right arm of chromosome XII (Petes, 1979).
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Figure 3 (a) rDNA repeating unit of S. cerevisiae:
synthesis of the rRNA precursor and its subsequent
processing
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The 5S rRNA species of eukaryotes is transcribed separately
from the large precursor and in yeast is derived from a slightly
larger precursor molecule (Piper et al., 1983). In higher
eukaryotes, the 5S rRNA cistrons may be present in as many as
thousands of tandemly-repeated copies per haploid genome, unlinked to the
cistrons for the large precursor (Pardue et al., 1973). In S.
cerevisiae however, the 5S rDNA is part of the rDNA repeating unit
(Petes, 1979; Figure 3) even though it is transcribed separately,
from the DNA strand complementary to the 35S rRNA sense strand. This
linkage, combined with the opposing polarity, may allow the two sets
of genes to share certain regulatory elements while still permitting
independent transcription (Valenzuela et al., 1977). Indeed, recent
evidence suggests that a transcription initiation complex for 35S rRNA
precursor synthesis is formed at a site much further upstream from
the 5S rDNA and that this somehow traverses or jumps over the 5S
rDNA to initiate transcription of 35S rRNA (Swanson and Holland,
1983; Elion and Warner, 1984). The opposing polarity of 5S and 35S
rDNA may therefore effect the mutual regulation of transcription of
these genes.
In prokaryotes, the rRNA cistrons are arranged in a manner
similar to that of eukaryotes, except that the 5S rDNA is part of the
transcriptional unit (Pace, 1973; see Figure 4). This arrangement
ensures the stoichiometric production of all three rRNA species
in prokaryotes (Doolittle and Pace, 1971). In some cases, tRNA
genes have been located in the spacer region between the 16S and 23S
sequences (Campen et al., 1980).
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Figure 4 rDNA of E. coli: rRNA precursor synthesis and processing
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Processing of the rRNA precursor
Once synthesized, the large rRNA precursor is subject to
several primary and secondary processing events which include
cleavage, methylation and other base conversions.

Cleavage of the precursor
Several endoribonucleases have been implicated in the
processing of the precursor in bacteria (Gegenheimer and Apirion,
1981; Nashimoto and Uchida, 1985). Although the enzymology of precursor cleavage is less well understood in eukaryotes, double-stranded
RNA-specific nucleases have been implicated in the processing of both
35S and 5S pre-rRNA (Robertson and Mathews, 1973; Andrew et al.,
1976; Piper et al., 1984). In both prokaryotes and eukaryotes, the
formation of intermediate precursors is followed by further cleavage
to produce the mature rRNA species (Figures 3 and 4).
One interesting feature of rRNA processing has been
identified in the mitochondria of certain S. cerevisiae strains
(Dujon. 1981). Here, the rRNA-coding regions are interrupted by
intervening sequences which have self-splicing activity that does
not involve endonucleases (van der Horst and Tabak, 1985). Such
autocatalytic RNAs are also found in other eukaryotes (Greer and
Abelson, 1984).

Nethylation of the precursor
Precursor rRNA molecules are extensively methylated during
the maturation process. Base methylation occurs predominantly in
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bacteria but in eukaryotes, methylation of the ribose moiety is
more common. In all cases, S-adenosylmethionine (SAN) is the
methyl donor and specific methylases are involved (Hurwitz et al.,
1965; Helser et al., 1972; Perry, 1976). Certain ribosomal proteins
have also been implicated in the methylation mechanism (Thammana
and Held, 1974).
in S.cerevisiae, the bulk of the methylation occurs at the
completed 35S precursor stage (Udem and Warner, 1972), although
its role is most important in the later stages of processing (Klootwijk
and Planta, 1973; Wejksnora and Haber, 1974). Because the non-conserved sequences of precursors are not methylated, it has been suggested
that methyl groups are involved either directly or indirectly in
recognition sites for cleavage enzymes (Warner, 1974; Gegenheimer and
Apirion, 1981). Moreover, when methylation is inhibited in yeast, the
primary transcript is still synthesized and cleaved to the intermediate
precursors, but very little fully mature rRNA species appear in the
cytoplasm (Wejksnora and Haber, 1974). In both prokaryotes and
eukaryotes, the 5S rRNA species is not methylated or modified in any
way (Erdmann, 1976).

Proteins which associate with the precursors during processing
During processing, it is believed that the secondary
structure of the rRNA precursors is also important in denoting
recognition sites for cleavage enzymes (Greer and Abelson, 1984;
Verbeet et al., 1984).

From an early stage in processing, many

proteins are found associated with the precursors in both prokaryotes
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and eukaryotes (Warner, 1982; Nomura et al., 1984; Nashimoto and
Uchida, 1985). The majority of these are ribosomal proteins, some
of which may maintain the precursors in the correct conformation
for cleavage. Precursor maturation indeed depends on continued
protein synthesis and in S. cerevisiae, the process is extremely
sensitive since the late steps in maturation are inhibited almost
immediately after protein synthesis stops (Udem and Warner, 1972).
This phenomenon reflects the highly efficient nature of ribosome
synthesis in yeast where ribosomal components are not significantly
overproduced (Warner, 1982; Warner et al., 1985).

B. TRANSFER RNA
Organization of tRNA cistrons and precursor synthesis
There are approximately 60 tRNA genes in E. coli, spread
throughout the genome. Many of these are arranged in clusters which
code for either the same or different amino acid-accepting species and
some are associated with rDNA (Campen et al., 1980). In eukaryotes,
the number of tRNA cistrons is much larger, there being about 400 in
S. cerevisiae (Guthrie and Abelson, 1982). Since the number of tRNA
species in yeast is similar to that in E. coli, yeast tRNA genes must
exist as multiple copies, approximately eight copies per species. These
genes are normally unlinked on different chromosomes but in a few
exceptions, those coding for two distinct amino acid-accepting species
have been found linked in tandem array, viz. tRNA3
Arg - tRNA

Asp

in

Ser
Met
S. cerevisiae and tRNALJCG - tRNA
in Schizosaccharomyces pombe (Guthrie
and Abelson, 1982; Kjellin-Straby et al., 1984).
Yeast tRNA precursor molecules, in common with all other

30

pre-tRNAs, contain extra "leader" and "trailer" sequences at the
5' and 3' termini respectively (Hopper et al., 1980). In addition
to these sequences, the multimeric precursors which are transcribed
from clustered tRNA genes, including those of yeast, contain spacer
segments between the tRNA sequences (Kjellin-Straby et al., 1984).

Processing of tRNA precursors
Processing of tRNA precursors involves the action of
nucleases, methylation and other base modifications, some of which
occur at the precursor stage and others at the level of the mature
tRNA species (Smith, 1976). Several specific nucleases are requiied
in the processing of tRNA precursors in bacteria (Gegenheimer and
Apirion, 1981; Subbarao et al., 1984) and similar activities have
been identified in yeast (Sumner-Smith et al., 1984). As has been
found for the processing of rRNA precursors, tRNA precursors must
assume the correct conformation before the proper cleavages are made
(Smith, 1976; Greer and Abelson 1984).
Methylation, again involving SAN as methyl donor, is
catalyzed by as many as eight methylases in S. cerevisiae which are
thought to operate in the nucleus (Svensson et al., 1969; Hopper et al.,
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1982). During the maturation of eukaryotic tRNAs, the important
3' terminal CCAOH sequence, involved in amino acid acceptance, is
added on by a specific tRNA nucleotidyl transferase (Schmidt, 1975;
Knapp et al., 1978; Sumner-Smith et al., 1984) that is also responsible
for the regeneration of CCA termini which are removed by metabolic
turnover (Smith, 1976).

Intervening sequence in eukaryotic tRNA precursors
Several tRNA genes in S. cerevisiae and other eukaryotes
have been shown to contain a short internal sequence, which is not
present in the mature tRNA species (Goodman et al., 1977; Valenzuela
et al., 1978b; Muller and Clarkson, 1980). This sequence is transcribed as part of the tRNA gene and is found next to the 3' end of
the anticodon triplet in the precursor tRNA species (O'Farrell et al.,
1978; see Figure 5). The precursor tRNA containing the intervening
sequence (IvS) does have mature 5' and 3' termini but is functionally
inactive. It cannot be aminoacylated and its anticodon is not
accessible for hydrogen bonding to mRNA codons.
The enzymology of tRNA splicing has been extensively
studied in yeast and is known to involve at least two nuclear
activities, viz, an endonuclease and a ligase which itself is a multifunctional protein possessing three activities - a polynucleotide
kinase, a phosphodiesterase and an RNA ligase (Greer and Abelson,
1984; Phizicky et al., 1984). The enclonuclease excises the IVS,
generating two "half" molecules, which are then joined together by
the ligase. Excision occurs at an identical position relative to the
anticodon in all S. cerevisiae pre-tRNA5 and this site is determined
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Figure 5

Secondary structure of (a) mature tR1A Tyr and
(b) precursor tRNATYr from S. cerevisiae
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Dashed line in precursor tRNATYr molecule represents the
intervening sequence of 14 nucleotides - AIIUIJAgCACUACGA.
The anticodon sequence is underlined in the precursor and is not
necessarily unmodified as depicted (see O'Farrell et al., 1978).
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by the secondary and the tertiary structure of the molecule.
However, differences in interspecies splicing specificity have
been observed (Guthrie and Abelson, 1982; Sumner-Smith et al., 1984).
Yeast strains carrying the ts mutation los 1-1 are defective
in tRNA splicing and accumulate IVS-containing pre-tRNA5 at the
restrictive temperature (Hopper et al., 1980). The wild-type LOS1
gene has been cloned recently and an analysis of its gene product has
been undertaken to determine its action. (Hurt and Hopper, 1985).
Interestingly, the unlinked ts mutation ma 1-1which is thought to
somehow affect the maintenance of nuclear structure also induces the
accumulation of identical IVS-containing pre-tRNAs (Hopper et al.,
1978).
Intervening sequences are found in other eukaryotic genes
and their significance is discussed later.

C. MESSENGER RNA

Precursor synthesis
Most bacterial mRNAs are not produced from precursor
molecules. This is mainly because transcription and translation are
tightly coupled, with translation (and degradation of the message)
normally occurring before transcription is complete (Perry, 1976). This
applies even to the large polycistronic mRNAs which are synthesized
from operons. In eukaryotes, on the other hand, there is substantial
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evidence that most mRNAs are derived from high molecular weight
precursors - the heterogeneous nuclear RNA (hnRNA) fraction. Most
hnRNA molecules are very unstable; 80-90% of the population turning
over in the nucleus with a half-life of minutes. The average size
for hnRNA molecules appears to be proportional to the genome size
but in S. cerevisiae, is not much larger than that of cytoplasmic
mRNA species (Sripati and Warner, 1974; Groner and Phillips, 1975).
Thus relatively little processing of mRNA transcripts is required
in yeast.
Cap formation occurs at the 5' terminus after the initiation
of transcription (Groner et al., 1978) and in yeast, involves at least
two enzymes - a methyltransferase and a guanylyltransferase (Wang et al.,
1983). In S. cerevisiae, polyadenylation appears to be coupled to
transcription termination whereas in higher eukaryotes, the addition
of poly(A) is directly coupled to 3' processing of hnRNA molecules
(Birnstiel et al., 1985). Maximal 3' processing of certain mRNAs
requires the presence of the 5' cap which is thought to interact with
the 3' terminus processing complex. A nuclear poly(A) polymerase
activity which catalyzes the 3' terminal addition of AMP residues
from ATP to the completed transcript has been identified in many
organisms (Edmonds and Winters, 1976).

Intervening seuuences of mRNA precursors
Many eukaryotic genes contain intervening sequences of noncoding DNA (introns) which are transcribed as part of the gene and
are present in mRNA precursor molecules (Gilbert, 1978). These
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sequences must be removed and the remaining segments of genetic information (exons) rejoined to produce the mature mRNA. The signals that
constitute the cleavage sites and the excision-ligase activities
that recognize them represent a new element to be considered in the
regulation of gene expression in eukaryotes (Greer and Abelson, 1984).
In yeast, relatively few intron-containing genes have been
found. To date, they comprise a subset of ribosomal protein genes
(Teem et al., 1984), the actin gene (Ng and Abelson, 1980), and the
MATa1 gene which has two introns (Miller, 1984). Several yeast
mitochondrial genes also contain introns and in some cases, the intron
itself codes for a maturase enzyme which participates in splicing
(Simon and Faye, 1984; Sraphin et al., 1985). The splicing
mechanism of nuclear mRNA precursors has been elucidated in yeast,
revealing several important features (Domdey et al., 1984). As in
higher eukaryotes, the 5' and 3' splice junction sequences are highly
conserved:

5' ... G GTATGT ......... $NPyAG3N... 3'

An additional feature of yeast introns is the presence of an internal
conserved sequence (ICS) - 5' TACTAAC 3' - located up to 60 base
pairs from the 3' end of the intron. A "two thirds-molecule"
splicing intermediate with a "lariat" branched structure is formed
by covalently joining the 5' end C of the intron in 2'-5' linkage
to an A in the ICS. This branch structure is also found in the
completely excised intron.
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Hartwe llt s mutants rna2 - mall are defective in mRNA
splicing (Teem and Rosbash, 1983). Several of the wild-type RNA
genes have been cloned and an analysis of their gene products is
underway to determine what role(s) they play in the splicing mechanism (Last et al., 1984; Last and Woolford, 1984; Lee et al., 1984).

D. DNA-DIRECTED RNA POLYMERASES

Yeast RNA polymerases
The prokaryotic RNA polymerase has been studied extensively
and much is known about its subunit structure and function (Zillig
et al., 1976; Yura and Ishihama, 1979; see Table 3). In place of the
single RNA polymerase of prokaryotes, the nucleus of yeast cells, in
common with other eukaryotes, contains three structurally distinct
enzyme types, designated I, II and III - or A, B and C respectively
(Sentenac and Hall, 1982). Like the bacterial enzyme, these polymerases are heteromultimers whose subunit structures, although more
complex, bear strong similarities to those of prokaryotes (Table 4).
Each enzyme is distinguished by its chromatographic behaviour, subunit
structure, sensitivity to inhibitors (especially

-amanitin), tem-

plate specificity, salt optimum and divalent cation requirement.
Simpler eukaryotic RNA polymerases consisting of a single polypeptide
chain have been isolated from cytoplasmic organelles, including the
mitochondria (Kuntzel and Schafer, 1975).
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Table 3 Subunits of E. coli RNA polymerase

Holoenzyme
subunit

NW
No. per
(x 10
enzyme
daltons) complex

CK

39

18

155

d

Other subunits associated with
enzyme

2

Function

Additional
comments

Possible in- Required for activity.
volvement in Modified at early
initiation stage in bacteriophage
and promoter T4 infection by addselection.
ition of adenosine
diphosphoribose
residue per o. subunit.

Involved in Binds the NBA
initial cata-synthesis inhiblytic steps. itor, rifampicin.
Possible
catalytic
component.

-

165

1

DNA binding.

90

1

Involved in Dissociates from
initiation at enzyme complex
promoter
after initiation.
sites.

NW
(x 10
daltons)

No. per
enzyme
complex

50

9

1-2

Function

Additional
comments

Involved in
termination
of transcription.

Also catalyzes the
NBA-dependent phosphohydrolysis of nucleoside
triphosphates.
May
interact with nascent
RNA molecule in addition to NBA polymerase.

In its absence,
Unknown,
enzyme is still
although
possibly reg- functional.
ulatory or
involved in
DNA unwinding.

Table 4

Subunit structure of S. cerevisiae RNA polymerasesa:
a comparison with the subunits of E.coli RNA polymerase

Molecular weight (x 10

Polymerase I

Total NW

Polymerase II

daltons)

Polymerase III

600

540

390

190

220

160

135

150

128
82

49
43

E.coli RNA
polymerase

500
1650)b/
155(1)

,

90(1) 0"

53
44.5

40c

40

39(2) c'(.

37
34.5

32

34

27 -

27

27

23 -

23

23

19 -

19
16

14.5

14.5

14.5

12.2

12.6

11

10

10

14

a

From Sentenac and Hall (1982).

b

The stoichiometry of each subunit in the enzyme complex is
given in parenthesis. For the yeast polymerases the
stoichiometry of each subunit is one.

c

Subunits which are common to more than one polymerase are
indicated by horizontal lines.
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Each polymerase is responsible for the transcription of
distinct classes of RNA - RNA polymerase I specifically synthesizes
the large 35S rRNA precursor (Swanson and Holland, 1983); RNA
polymerase II is involved in the synthesis of mRNA via hnRNA
(Lescure and Arcangioli, 1984); while RNA polymerase III is
responsible for the synthesis of both tRNA precursors and 5S rRNA
(Gabrielsen et al., 1984). Putative promoter sites for these
polymerases have been sequenced and several specific protein factors
which affect transcription have been identified. These are discussed
later.
Although the enzymes are quite complex structurally, the
role of several of their subunits in polymerase activity has been
established. In some cases, the use of altered enzymes in which
certain subunits have spontaneously dissociated from the polymerase
complex has given insights into subunit function (Sentenac and Hall,
1982). The two large polypeptide chains in each polymerase are
thought to be similar to

/9

and

of E. coli RNA polymerase with

respect to their roles in DNA binding and initiation of transcription
(Valenzuela et al., 1978a; Br '
ant et al., 1983b). Subunit A49
of polymerase I has been implicated in DNA binding and transcription
elongation although it is not essential for in vitro activity, as are
subunits B32 and B16 of polymerase II (Sentenac and Hall, 1982). As
in other eukaryotes, yeast RNA polymerases share a core of common
subunits, some of which are found in all three enzymes, others
in just two. At least one of these - ABC 23 - is essential for
11,

activity and has been implicated in DNA binding (Brnt et al., 1983b).

40

The functions of other subunits have yet to be determined
although they have been shown by immunological means to be bona fide
polypeptides and not degradation products of larger subunits (Brd'ant
et al., 1983b). The use of mutants with altered subunits should also
prove useful in determining subunit function. To date, only one such
mutant has been characterized fully, viz. rpoBl in which the large
subunit of polymerase II is defective in vitro, resulting in reduced
transcription initiation and elongation but not affecting DNA binding
(Winsor et al., 1979; Ruet et al., 1980). A few wild-type RNA polymerase
genes have been cloned (Young and Davis, 1983; Ingles et al., 1984) and,
following in vitro mutagenesis, an analysis of second site revertants should
reveal other gene products which interact with these subunits in the
enzyme complex (Himmelfarb et al., 1984). Finally,a ribonuclease
activity (RNase H) has been found associated with RNA polymerase I
(Huet et al., 1977). It specifically degrades RNA - DNA hybrids and
may therefore be involved in transcription termination although other
functions have also been postulated (Sentenac and Hall, 1982).
Further study of the yeast RNA polymerases should produce
a better understanding of (i) the functions of the various subunits;
(11) the control of RNA polymerase synthesis; (ill) the involvement
of RNA polymerases in the control of eukaryotic transcription.
As previously stated, one of the aims of the present study has been
to generate mutations in RNA polymerase genes to help understand the
above.
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E. RIBONUCLEOTIDE SYNTHESIS
A study of RNA synthesis would be incomplete without considering the biosynthesis of the ribonucleotide precursors. This
has been extensively reviewed for yeast by Jones and Fink (1982).
The major pathways of both ribo- and deoxyribonucleotide biosynthesis,
including the main sites of feedback control, are illustrated in
Figure 6.
Some pathways, however, are not found in every organism.
In particular, there are at least four pathways for the conversion
of UMP to dUMP, from which dTTP is derived, but only one pathway
usually operates in a given organism. In some organisms, the
reduction of the ribose moiety in the formation of deoxyribonucleotides uses ribonucleoside diphosphates as substrates, whereas in
others, ribonucleoside triphosphates are used.
In addition tothe above pathways, salvage mechanisms exist in
which free bases, from mononucleotide breakdown or supplied in
the medium, are utilized as substrates. Phosphoribosyl transferases
are involved in this reaction, using 5-phosphoribosyl pyrophosphate
(PRPP) as ribose donor (Murray, 1971). Finally, interconversion
reactions, catalyzed by the enzyme, ATP: nucleosidediphosphate
phosphotransferase, have also been discovered in several organisms
including S. cerevisiae (Berg and Joklik, 1954).

SECTION IV: CONTROL OF RNA SYNTHESIS
The levels at which RNA synthesis is regulated in yeast
are now examined and where appropriate, compared with current
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Figure 6
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Figure 6

(i)

Notes:

Double-headed and single-headed arrows represent reversible
and non-reversible reactions respectively.
® and e represent enzyme activation and inhibition
respectively.
Reaction a is catalyzed by ribonucleoside diphosphate reductase and reaction b is catalyzed by ribonucleoside
triphosphate reductase.
Abbreviations: PRPP
GAR
FGAR
FGAM
AIR
CAIR
SAICAR
AICAR
FAICAR
IMP
OMP
XPLP

(-D-5'-phosphoribosyl pyrophosphate
5'-phosphoribosyl-glycineamide
5 t-phosphoribosyl-N-formylglycineamide
5 t-phosphoribosyl-N-formylglycineamidine
5 '-phosphoribosyl-5-aminoimidazole
5 t-phosphoribosyl-4-carboxyl-5-aminoimidazole
5 '-phosphoribosyl-4-(N-succinocarboxamide )-5-aminoimidazole
5 t-phosphoribosyl-5-amino-4-imidazole
carboxamide
5 '-phosphoribosyl-5-formamido-4imidazole carboxamide
inosine-5 -phosphate
orotidine-5 '-phosphate
xanthosine-5'-phosphate
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knowledge from prokaryotic systems and higher eukaryotes.

A. NATURE OF THE DNA TEMPLATE

Eukaryotic chromosome structure - nucleosome phasing
The DNA in eukaryotic chromosomes is supercoiled into fibres
and closely associated with proteins to produce a repeating structural
unit - the nucleosome (Kornberg, 1977). Basically, the DNA is wrapped
around a core of histones, forming fibre structures which are in turn
coiled into larger fibres with the binding of additional histones
and non-histone proteins. Nucleosomes are located in a unique or small
number of distinct positions relative to the DNA sequence and this
arrangement is termed nucleosome phasing. Here,the nucleosomes are
arranged in a zig-zag fashion with the DNA of one nucleosome adjacent
to the histones in the next, thus enabling minor changes in position
to be rapidly propagated along the fibre (Kornberg, 1981; Ramsay et al.,
1984). Such changes could be effected by the binding or dissociation
of specific protein factors and this is discussed later.
DNA exists in several helical forms - the B-form being the
predominant structure but A-form and the left-handed Z-form are also
found (Dickerson et al., 1982). Each type of helix has a characteristic
base-pair stacking pattern, is limited in the ways the backbone chain
can be folded and, when supercoiled, is under different torsional
stress. Transitions from the B-+A and B-+Z forms occur and these are
thought to be important in the initiation of transcription in vivo
(Johnston and Rich, 1985). In S. cerevisiae, RNA polymerase II

45

initiates transcription at specific sites downstream from regions of
negatively supercoiled DNA which have the potential to form non-B
structures - either Z-forms or cruciform structures (Lescure and
Arcangioli, 1984). The sole presence of non-B form DNA, however,
is not sufficient for transcription initiation. Rather,it could
represent a site of entry for RNA polymerases to the DNA template
where interaction with other specific factors can occur.
Indeed, these sites are further characterized by their
increased sensitivity to conformation-specific nucleases such as Si
nuclease (Weintraub, 1985). In addition, many sites upstream from
eukaryotic structural genes, including those of yeast, are hypersensitive to double-strand cleavage by DNase I (Costlow and Lis, 1984;
Proffitt, 1985). These sites represent discontinuities in the normal
nucleosomal structure of chromatin and are believed to be DNA regulatory
sequences at which specific proteins bind. Moreover, they may also be
distinguished by the presence of variant or modified histones and/or
modified DNA (Weisbrod, 1982). Gene activation in eukaryotes thus
requires decondensation of the chromatin structure at specific sites
on the chromosome. An alternative, but possibly interrelated, mechanism
by which chromatin condensation is controlled is illustrated by the
phenomenon of mating-type switching in S. cerevisiae. Here, it has
been postulated that the genes controlling repression of the silent
mating-type cassettes HNL and HNR may code for sequence-specific
type II topoisomerases. Decondensation of chromatin could be achieved
by inhibiting or repressing the synthesis of these specific topoisomerase(s), resulting in uncoiling of the DNA (Weisbrod, 1982).
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Eukaryotic promoter sequences for RNA polymerase II

Bacterial promoter sites are characterized by the presence
of a small conserved DNA sequence, the "Pribnow box" (5 TATGATG 31 ),
centred eight base pairs upstream from the transcription initiation
site (Pribnow, 1975).

RNA polymerase binds at (or very close to)

this site and when the DNA in this region is negatively supercoiled,
part of the sequence preferentially unwinds due to torsional strain,
allowing transcription initiation (Drew et al., 1985). Typically, the
control of transcription depends on the binding or dissociation of
regulatory proteins at specific sites adjacent to or overlapping the
"Pribnow box". Promoter structure in eukaryotes has been defined by
identifying consensus DNA sequences and by in vitro/in vivo transcriptional studies following in vitro mutagenesis. in general, the
promoter regions of eukaryotic genes are larger and more complex than
those of bacteria. The putative promoter sites of several yeast
genes have been analyzed in detail but no consensus sequence common
to all has been found. However, some features are shared by genes
which are expressed to similar degrees.
The most important region of highly expressed yeast genes
is an upstream activator sequence WAS), located about 300 - 400 base
pairs upstream from the ATG initiator codon. This is thought to be
analogous to the enhancer sequences found in mammalian systems. Removal
of the UAS by deletion reduces transcription by several hundred-fold
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but there is some flexibility in the distance between the UAS
and initiation site (Dobson et al., 1982b; Guarente, 1984;
see Figure 7a). In higher eukaryotes, accurate, efficient
transcription initiation depends on the presence of a consensus
sequence, the "Hogness box" (5' TATA 3'), located about 30 base
pairs upstream from the mRNA initiation site (Grosveld et al.,
1982). This sequence is thought to direct the RNA polymerase to
initiate transcription at the correct site downstream. Similar
sequences have been identified upstream from most yeast genes and are
also important for expression (Cuarente, 1984). In many cases, however,
multiple TATA sequences are found and some can be well removed from
the site of transcription initiation (Figure 7).
Another consensus sequence found in mammalian promoters is the
"CAAT box" (5' GCCAATCT 3'), located about 80 base pairs upstream from
the initiation site, but this sequence is rarely present in full in
yeast promoters. Many efficiently expressed yeast genes share a
pyrimidine-rich tract, the "CT block", located 8-12 base pairs upstream
from the major mRNA initiation site which is often found in the sequence
PyAAG (normally CAAG). The spacing between the "CT block" and CAAG
is critical since similar sequences are found in poorly expressed
genes but here, the separation is much greater and the CAAG sequence
tends not to be the site of mRNA initiation (Dobson et al., 1982a).
Upstream sequences of inefficiently expressed yeast genes
differ significantly from the above. One major difference is the
occurrence of more than one mRNA transcript, all of which initiate
close to a region of hyphenated dyad symmetry containing a "CT block".

Figure 7
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Many also contain an open reading frame (ORF) upstream from the
initiation site and this has the potential to code for a polypeptide
which could interact in some way with the putative "hairpin loop"
structure to control transcription (Andreadis et al., 1982; Dobson
et al., 1982a). Although this type of structure is a predominant
feature of poorly expressed genes, it has also been found in a more
efficiently expressed gene (Edens et al,, 1984).
Most 5' non-coding regions also contain sequences which
confer additional specificity to the control of transcription - such
as the sequence 5' 4GTGACTC 3' common to genes under general amino
acid control (Donahue et al., 1983), the sequence 5' AAACCAAG 3'
common to glycolytic pathway genes (Holland et al., 1983), a sequence
involved in heme control of iso-1-cytochrome c (Gudenus et al., 1984),
or sequences involved in the co-ordinate regulation of many ribosomal
protein genes (Teem et al., 1984). Positive regulatory proteins are
believed to direct RNA polymerase entry to the DNA template at the
UAS or TATA sites by locally altering the chromatin structure as
discussed above (Guarente, 1984; Giniger et al.,1985). Indeed, many
UASs in chromatin contain DNase I-hypersensitive sites (West et al.,
1984) although sometimes they are present during both induction and
repression of a particular gene (Proffitt, 1985).

Eukaryotic promoter sequences for RNA polymerases I and III

So far, only sites controlling transcription by RNA polymerase
II have been discussed. However, the putative promoter sequences for
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RNA polymerases I and III have also been identified in yeast. Three
regions of upstream rDNA spacer are important for the transcription
of 35S rRNA precursor by RNA polymerase I (Elion and Warner, 1984).
The major promoter element (MPE), 190 base pairs in length, lies
over 2000 base pairs upstream from the initiation site and stimulates
transcription 15-fold. This element contains a run of alternating
purine-pyrimidine - a sequence which has the potential to form
Z-DNA, implicated in promoting transcription - and perhaps its
mode of action involves signal transmission along the DNA by
nucleosome phasing. it is interesting that unlike RNA polymerase
II enhancer sequences of higher eukaryotes, MPE activity is
orientation-dependent (although not position-dependent). Regions
downstream from the MPE direct correct initiation and increase the
efficiency of transcription whereas sequences within 210 base pairs
of the initiation site support only low levels of transcription at
multiple initiation points. Similar sequences have been identified
in the rDNA spacer of higher eukaryotes (Rich et al., 1984; Miller
et al., 1985).
The major promoter of yeast tRNA genes is located internally
in the coding region of the gene and is actually split into two
non-contiguous regions - the A and B blocks or "internal control
regions" (ICRs) - each 11 base pairs in length and corresponding
approximately to the conserved portions of the DHU-stem and

11 arm,

respectively, of the mature tRNA sequence (Camier et al., 1985; see
Figure 1). Split ICRs are also found in eukaryotic 5S rRNA genes

51

(Brown and Schlissel, 1985). A specific yeast transcription factor
has been identified which binds initially to the B block, then
to both ICRs, opening up the DNA to entry by RNA polymerase III.
DNase I - hypersensitive sites are again evident and the structures
formed are analogous to the "closed" and "open" complexes found in RNA
polymerase binding to bacterial promoters (Stillman et al., 1985).
In the case of linked, dimeric tRNA genes, transcription
of the second gene is totally dependent on that of the first even
when the second ICRs are present (Kjellin-Straby et al., 1984). For
all yeast tRNA genes, transcription is initiated, nevertheless, at a
unique A residue within an A-rich 5'-flanking sequence
5' PyPyPyCAACAAA 3', located about 10 base pairs upstream from the
initiation site, and this therefore represents an additional, external
region of the promoter for RNA polymerase III (Kjellin-Straby et al,
1984).

B. ORGANIZATION OF TRANSCRIPTIONAL UNITS

Operons do not exist in yeast
In bacteria, genes of related function are often closely
linked and organized into an operon - a group of genes which are
cotranscribed as a single polycistronic mRNA and coregulated by
positively or negatively acting protein factors (Beckwith and Zipster,
1970; Hendrickson and Schlief, 1984; Lupski et al., 1984). Yeast, in

a
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contrast, do not share this type of regulatory system. Structural
genes for enzymes of a given pathway are usually widely scattered
throughout the genome (Mortimer and Hawthorne, 1973) and polycistronic
mRNA cannot be detected (Petersen and McLaughlin, 1973). Yet a number
of these systems are known to be coordinately expressed in a manner
similar to that of prokaryotic "regulons" where each set of unlinked
genes share common regulatory sequences (Hartwell, 1970; Holland et al.,
1983; Hu and Gross, 1985).
In a few cases, however, related genes are tightly linked but
none are organized into operons. They are either groups of functionally
distinct genes with separate promoters and control regions (as exemplified by the three linked GAL genes involved in galactose utilization
in S. cerevisiae - Nogi et al., 1984) or single "cluster genes" coding
for a multifunctional polypeptide (such as the AR03 cluster involved
in aromatic amino acid biosynthesis in S.pombe - Nakanishi and Yamamoto,
1984). A multifunctional polypeptide with five activities was identified
from the arom gene cluster of the fungus Neurospora crassa and several
have now been found in S.cerevisiae, including the gene products of ADE3,
AR01, HIS4, TRP5 and the two fatty acid synthetase genes (Giles, 1978;
Lumsden and Coggins, 1978; Jones and Fink, 1982). Such "cluster genes"
are thought to have arisen by gene fusion during evolution.

Regulatory circuits for gene expression in yeast

The regulation of the genes involved in galactose utilization
in S.cerevisiae has been studied extensively (Oshima, 1982). At least
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three genetically defined regulatory genes control the galactoseinducible expression of several structural genes coding for enzymes
required for galactose catabolism. Regulation is at the level of
transcription and involves the interplay of positive and negative
effector molecules as outlined in Figure 8. In the original model,
the GAL4 and GAL80 gene products interacted directly with each other
in the absence of galactose and when inducer appeared, this inactivated
the GAL80 effect, promoting transcription through the GAL4 product
(Oshima, 1982). This has been modified to account for direct binding
of GAL80 product to structural gene UASs so that inducer causes
dissociation of GAL80 product, opening up the UASs for GAL4 product
binding (Nogi et al., 1984). The system is also regulated by carboncatabolite (glucose) repression but the exact mechanism is not fully
understood and does not appear to involve the CAL80 gene product
(Torchia et al., 1984).
A similar regulatory circuit operates in the control by inorganic phosphate of repressible acid and alkaline phosphatases in
S.cerevisiae (Oshima, 1982; Kaneko et al.,1985). A few examples
of other genes shown to be under transcriptional control effected by
regulatory proteins are listed in Table 5.

The organization of rRNA cistrons

The arrangement of rRNA cistrons in S.cerevisiae can be
thought of as one exception to the above, where one large transcript
codes for more than one product, albeit not protein in nature. Here,

54

Figure 8

Regulatory circuit of galactose utilization genes
in S.cerevisiae : summarized from Oshima (1982) and
modified by Nogi et al. (1984)
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Table 5

Transcriptional control of yeast genes

Enzyme/pathway

Structural gene(s)

Regulatory
effector genes

Galactose utilization

GALl, 7, 10
GAL2

GAL3
GAL4
GAL8O

P1105
P1108

PH04
PHO81
P11080
PH085

Repressible
acid phosphatase
alkaline phosphatase

Function

Inducer production
+ve
-ye

References

Nogi et al.(1984)

Oshima (1982)
Kaneko et al (1985)
-ye

Inositol-1-P
synthase

IN01

1NO2
1N04

Pleiotropic effects

Loewy and Henry
(1984)

Invertase
(secreted)

SUC2

SNF1SNF6
S SN6

+ve

Sarokin and
Carlson (1984)

Glutamine
synthetase
Histidine biosynthesis
(multienzyme)

Mating-type control

GLN1
111S4

1

Mitchell and
Magasanik (1984);
Lucchini et al.
(1984)

GCN2
GCN3
GCD 1

+ve
+ve
(general amino
acid control)
+ve (control of
GCN4)
-ye (control of GCN4)

MATO( 2

-ye

Johnson and
Herskowitz
(1985)

GLN3
GCN4

j

STE6 (and other
a-specific genes)

-ye (control of
SNF1-6)

RA
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processing of the precursor results in the stoichiometric
production of 5.8s, 18S and 25S rRNA species (Warner, 1982;
see Figure 3a). Although 5S rRNA is transcribed from a separate,
but linked, promoter and its synthesis can sometimes be "uncoupled"
from that of the other rRNAs (Leibowitz et al., 1973; Fraser and
Creanor, 1974; Elliott and McLaughlin, 1979), the accumulation of all
rRNA species is coordinated in yeast during steady-state growth
(Waldron and Lacroute, 1975). The two genes may therefore share
common transcriptional control elements (Swanson and Holland, 1983;
Elion and Warner, 1984) but post-transcriptional regulation may also
be involved, perhaps by controlling the processing of the 5S rRNA
precursor (Piper et al., 1983).

C. RNA POLYNERASES AND THE CONTROL OF TRANSCRIPTION

The stringent response
In both prokaryotes and eukaryotes, the rate of ribosome production (and hence that of rRNA accumulation) under steady-state growth
conditions is directly proportional to the growth rate (Pace, 1973;
Waldron and Lacroute, 1975). When auxotrophic strains of bacteria or
yeast are starved for the required amino acid, the synthesis of stable
RNA species and ribosomal protein mRNAs is rapidly inhibited (Warner
1982; Lamond and Travers, 1985b). In bacteria, this inhibition of
stable RNA synthesis (the stringent response) is accompanied by an
equally rapid accumulation of the unusual nucleotide - guanosine
5'-diphosphate, 3'-diphosphate (ppGpp) - which is synthesized by
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an idling reaction on the 70S ribosome using a single uncharged
tRNA species (Leiter et al., 1978). ppGpp, along with other effectors,
modulates RNA polymerase affinity for the promoter binding sites of
genes under stringent control (Lamond and Travers, 1985b). A consensus
sequence, the "GC discriminator" (5'GCGC 31 ), located between the
"Pribnow box" and the transcription initiation site, is an essential
structural feature for stringent control (Lamond and Travers, 1985a;
Mizushima-Sugano and Kaziro, 1985). This modulation of RNA polymerase
specificity is geared to the growth rate of the cell and is believed to
represent a coarse control of transcription which operates in conjunction
with the finer controls provided by operon-specific regulators.
Although a stringent-like response is also found in eukaryotes,
several major differences have been found compared with the bacterial
situation (Warner, 1982). No stringent factor activity has been found
associated with eukaryotic ribosomes (Martini and Richter, 1978) and
significant concentrations of ppGpp have never been detected in vivo,
during either normal growth or amino acid starvation (Kudrna and Edlin,
1975). Low levels have however been detected in heat-shocked yeast cells
but this has been attributed to mitochondrial synthesis (Pao et al., 1977).
Furthermore, ppGpp has no apparent effect on the activity of eukaryotic
RNA polymerases in vitro (McNaughton et al., 1975). Nevertheless, an
unidentified phosphorylated compound has been proposed as a positive
effector of the stringent response in yeast (Lusby and McLaughlin, 1980).
The synthesis of rRNA species, in particular the later stages
of 35S pre-rRNA processing, is extremely sensitive to the level of
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protein synthesis and specifically that of ribosomal proteins
(Warner, 1982). Under certain circumstances, the synthesis of 35S
precursor can be uncoupled from ribosomal protein synthesis, viz, in the
ts mutants rna2 - mall, with ensuing degradation of the precursor
(Shulman and Warner, 1978). In the "relaxed" mutant SY15, both
mRNA transcription and processing can be uncoupled from protein
synthesis during amino acid starvation but here, processing occurs at
a much reduced rate and growth rate is greatly decreased, suggesting that
the effect may be caused by a "leaky" processing mutation (Waltschewa
et al., 1983). It has been proposed that this mutation affects a complex
stringent response locus (STR) which coordinates the synthesis of rRNA
and ribosomal protein mRNA in yeast at both transcriptional and posttranscriptional levels but the exact mechanism is unknown (Stateva and
Venkov, 1984; Warner et al., 1985). In yeast, the synthesis of tRNA is not
so tightly coupled to protein synthesis and may be regulated in part by the
concentration of uncharged tRNA species in the cell (Waldron and Lacroute,
1975; Dehlinger et al., 1977; Oliver and McLaughlin, 1977).
Unlike bacteria, eukaryotes do not need to balance the use of
a single RNA polymerase since they possess at least three different
enzymes, each synthesizing distinct classes of RNA. Nevertheless, it is
possible that the initiation specificity of each polymerase is modulated
so that a variety of transcripts can be synthesized by the same enzyme.
Several unusual nucleotides that may act as effectors of RNA polymerase
specificity have been found in a wide variety of eukaryotes (see McNaughton
et al., 1978).

Other factors regulating the activity or specificity of RNA polymerases
The effects of some regulatory proteins on transcription initiation
have already been discussed. Other mechanisms exist whereby gene expression
is controlled through alterations in the subunit composition of RNA
polymerases or modifying existing subunits. This is particularly true for
changes in transcriptional activity or specificity accompanying bacteriophage infection (Losick and Pero, 1976; Doi, 1977). In eukaryotes,
several proteins have been shown to have stimulatory effects on in vitro
transcription by one or more RNA polymerases. A few examples are listed
in Table 6, although a direct interaction with RNA polymerase(s) has
not always been identified.
The activity or specificity of eukaryotic RNA polymerases may
also be altered by the modification of existing enzyme subunits. Protein
kinase activities have been implicated in the stimulation of transcription
of native DNA by RNA polymerase I (Hirsch and Martelo, 1978) and RNA
polymerase II (Kranias and Jungmann, 1978). In S. cerevisiae,RNA polymerase I is the most extensively phosphorylated activity, with at least
five sub-units modified (Bell et al., 1977; Brant et al., 1983a), and of
the subunits of the other polymerases which are phosphorylated, one
(molecular weight 23,000) is common to all three enzymes (see Table 4).
Unfortunately no evidence was found in favour of modulation of RNA
polymerase activity by phosphorylation either in vivo or in vitro (Bell
et al., 1977; Brant et al., 1983a).

RNA polymerase concentration and the control of transcription
It has been seen that the bulk of eukaryotic genes are regulated
by controlling the efficiency and specificity of transcription initiation
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Table 6 Proteins which stimulate eukaryotic RNA polymerases in vitro

Source of
stimulatory
protein

RNA polymerase
activity
affected

Additional comments and references

Man

I

SLI selectivity factor confers promoter
specificity; species-specific
(Learned et al., 1985).

Drosophila

II

Transcription factor stimulating
expression of a heat-shock protein
(Parker and Topol, 1984).

Calf thymus

II

A heat-labile protein which may affect
initiation on native DNA (Benson et al. 1978).

Chicken myeloblastosis nuclei

II

Xenopus

III

Yeast

May act at level of initiation on
denatured DNA (Chuang and Chuang, 1975).
Protein factor TF lIlA binds to internal
control regions of both somatic and oocyte
5S rRNA genes but positively controls the
differential expression of the latter
(Brown and Schlissel, 1985).

1,11 and
III

May affect initiation (di Mauro et al.,
1972).

I and II
(III?)

Protein factor P37 binds to common subunit
ABC
23 stimulating transcription at level
of chain elongation but may not confer
specificity (Sawadogo et al.,1980).

III

Protein factor 'V stimulates transcription
of tRNA genes by primarily binding to
internal control regions (Camier et al.,
1985).
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by RNA polymerases through the action of regulatory proteins
binding to control sites in the DNA or interacting directly with the polymerase concerned. Another possible mechanism of regulating transcriptional
activity involves controlling the absolute amount of the appropriate
polymerase(s). Indeed, in E. coli, RNA polymerase synthesis is not constitutive but subject to autogenous, growth rate-dependent control (Lupski
et al., 1984; Tittawella, 1984). Studies with eukaryotic cells
possessing -amanitin-resistant RNA polymerase II activity have indicated
that the synthesis of this polymerase may also be autogenously regulated
(Somers et al.,1975a; Guialis et al., 1979).
In S. cerevisiae, the rate of rRNA synthesis is growth ratedependent and it has been postulated from the results of nutritional
shift-up experiments that this is controlled to some extent by the
cellular concentration of RNA polymerase I (Waldron, 1977). Moreover,
a selective increase in the absolute amount of RNA polymerase I compared
with that of RNA polymerase II has been demonstrated on shifting yeast
cells from a poor to a rich medium (Br'ant et al., 1983a). This has
important implications for the control of polymerase subunit synthesis
since polymerases I and II share four common subunits (see Table 4). It
is possible that the existence of common subunits represents a controlling
factor in polymerase assembly, especially if the subunits concerned have
different affinities for each enzyme complex. The cloning of several
yeast RNA polymerase genes should facilitate answering these problems
(Young and Davis, 1983; Ingles et al., 1984). The isolation and
characterization of novel mutations affecting RNA polymerase activity or
synthesis, as has been undertaken in the present study, should also prove
useful.
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D. TERMINATION OF TRANSCRIPTION

Prokaryotic control mechanisms
Transcription termination in prokaryotes occurs by one of
two mechanisms - rho factor-independent termination, where sequences
in the termination site and in the RNA transcript can create stem-loop
structures that act as RNA polymerase pause sites, or rho factor-dependent
termination, involving an unstructured DNA sequence of appropriate length
and a sequence-specific rho-independent pause site (Morgan et al., 1985).
In several cases, gene expression, especially from operons, is regulated
by controlling transcription termination either by allowing polymerase
read-through, viz, anti-termination (Lupski et al., 1984), or by attenuation
involving rho-dependent sites (Bertrand et al., 1975; Morgan et al., 1985).

Transcription termination in yeast
Several sequences have been implicated as important for transcription termination in S. cerevisiae. In certain genes, sequences
upstream from the site of polyadenylation have been identified as
termination signals - 5' TAAATAA

3' located 25-40 base pairs upstream

(Bennetzen and Hall, 1982) and 5' TTTTTATA 3' located 50-90 base pairs
upstream and similar to rho-dependent sites in E.coli (Henikoff and
Cohen, 1984). In another study, a tripartite signal sequence for
termination and polyadenylation has been proposed with the consensus
sequence 5' TAG.. .TATG(T). . .(AT-rich). . .TTT 3' just upstream from the
termination site (Zaret and Sherman, 1984). The latter sequence is
common to a large number of yeast genes (Birnstiel et al., 1985; Sutton
and Broach, 1985).
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A process akin to bacterial attenuation occurs in a few
eukaryotic systems but the overall control of transcription
termination in higher organisms is rather rare (Birnstiel et al.,
1985; Hay and Aloni, 1985). In S. cerevisiae, a form of attenuation
has been postulated for the control of poorly expressed amino acid
biosynthetic genes such as LEU2, the structural gene for fl-isopropyimalate dehydrogenase (Andreadis et al., 1982). An upstream open
reading frame (ORF) similar to that of the TRP1 gene (see Figure 7b)
is again associated with a downstream "hairpin loop" structure which
could represent a transcription termination site. A quarter of the
codons in the LEU2 ORF are for leucine, a situation found in several
bacterial amino acid operons where regulation is achieved by coupling
translation of the leader peptide (via ribosome stalling due to a
shortage of the cognate aminoacylated tRNA) to transcription. Nevertheless, such a mechanism could not operate in yeast because of the compartmentalized nature of the organism and indeed, deletions in the ORF have
little effect on LEU2 gene expression (Martinez-Arias et al., 1984).

E. PROCESSING OF RNA TRANSCRIPTS
Many RNA species are initially synthesized as larger precursor
molecules which are then processed to the mature forms in several steps
(See Section III). Control of these processing steps may represent a
method of regulating RNA biosynthesis in vivo.

Processing of rRNA precursors
Of particular interest are the processing events which occur
during the synthesis of rRNA species. Studies with ts mutants of S.
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cerevisiae, which are defective in the splicing of ribosomal protein
mRNA and thus in ribosome formation, have indicated that there is a
sensitive regulatory system maintaining the co-ordinate processing of
rRNA molecules in this organism (Hartwell et al., 1970b; Warner,
1982; Teem and Rosbash, 1983). Substantial degradation of the precursor
species occurs after processing has been inhibited, suggesting that
rRNA synthesis may be partly regulated by affecting the turnover rate of
rRNA precursors (Warner and Udem, 1972; Shulman and Warner, 1978).
However, under some circumstances, this coordinate processing can be
disrupted, viz, in the mutants ts 351 and CLP8 where the processing of 27S
pre-rRNA and 20S pre-rRNA, respectively, are defective (Andrew et al.,
1976; Carter and Cannon, 1980). Processing may also be controlled by
affecting the extent of methylation of the precursor since this plays
an important role in maturation (Wejksnora and Haber, 1974).

Processing of other RNA precursors
Transfer RNA precursor molecules probably exist in several
conformations but only one of these is properly processed to the
mature species - while incorrect structures are presumably degraded by
nucleases (Smith, 1976). This may constitute a mechanism for eliminating
defective tRNA molecules in vivo and also act in regulating tRNA biosynthesis. In S. cerevisiae, removal of the small intervening
sequences (ivS) found in some tRNA precursors may represent another
stage at which tRNA synthesis is regulated, although this would be quite
a coarse" control since the splicing apparatus appears to be common to
all the IVS-containing pre-tRNAs examined (Greer and Abelson, 1984).
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The processing of eukaryotic hnRNA comprises a complex
series of events involving 5' capping, 3' polyadenylation and removal
of introns when present. Polyadenylation appears to play a role in the
processing of some hnRNA molecules (Birnstiel et al., 1985) but by far
the most important step in mRNA processing is the removal of IVSs.
In higher eukaryotes, the control of exon splicing can generate a variety
of mRNA molecules from a single transcript (Vincent et al., 1984;
Breitbart et.al., 1985). Such a mechanism has not been detected in
S.cerevisiae but of the few mRNAs that contain IVSs, it is interesting
to note that MATa1 pre-mRNA does in fact contain two introns (Miller,
1984). More interesting is the finding that within yeast ribosomal
protein introns, apart from the internal conserved sequence
5' TACTAAC 3' common to all yeast introns, there exists a sequence
5' TNCATTT 3' specific to ribosomal protein genes (Teem et al., 1984).
It is very speculative whether this sequence participates in the coordinate
expression of intron-containing ribosomal proteins but a mechanism
has been proposed for the autogenous regulation of splicing of at least
two ribosomal protein pre-mRNAs, involving the competitive binding in the
nucleus of ribosomal proteins with their own pre-mRNAs and pre-rRNA
(Warner et al., 1985).

F. SUBSTRATE AVAILABILITY
RNA biosynthesis may also be regulated by controlling the
availability of substrates such as the four ribonucleotides - ATP, CTP,
GTP and UTP - or by controlling the number of gene copies available
for transcription (a gene dosage control).

Ribonucleotide availability
In bacteria, the levels of ribonucleoside triphosphates do not
directly regulate the rate of RNA synthesis during either normal growth
or amino acid starvation (Edlin and Neuhard, 1967; Nazar and Wong, 1972).
However, under certain conditions such as phosphate limitation, it has
been shown that ribonucleotide pool size may have a regulating role
(Nazar et al., 1972). In eukaryotes, control of ribonucleotide levels
also appears to have no part in regulating the rate of RNA synthesis,
at least during amino acid starvation (Kudrna and Edlin, 1975; Gross
and Pogo, 1976).
Gene dosage control of transcription
Another mechanism by which RNA synthesis may be regulated
in eukaryotes is the amplification of specific genes during periods
of intensive synthesis. This was originally thought to be an
exceptional regulatory mechanism restricted to the maturing oocytes of
a few animal species. During oogenesis in X. laevis, the high rate
of rRNA synthesis can be correlated with a dramatic increase in the
number of nucleoli - that is, an extrachromosomal amplification of
rRNA cistrons (Brown and Dawid, 1968). It has been reported that
magnification of rDNA can also occur in S.cerevisiae (Kaback and
Halvorson, 1978). In this study, strains monosomic for chromosome
I magnified their rDNA to the diploid level after continued subculturing
(although they remained monosomic for chromosome I). This result is
difficult to interpret since the bulk of rDNA in S. cerevisiae is
located on the right arm of chromosome XII (Petes, 1979). It is
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possible, however, that the number of repeating rDNA units on
chromosome XII is controlled in some way by the copy number of
a gene on chromosome I and thus represents a mechanism for gene
dosage control of transcription in this organism, albeit under
special circumstances. A better example of this type of control is the
gene amplification which occurs at the CUP1 locus, the genetic
determinant of copper resistance in S. cerevisiae (Fogel and Welch,
1982). In copper-sensitive strains, this gene is present as a single
copy on chromosome VIII whereas copper-resistant strains have
several, tandemly repeated copies at the same locus, the level of
copper resistance being determined by the number of copies.
Amplification is believed to be effected by a gene conversion
mechanism involving crossing-over between misaligned homologous
segments of DNA.

In conclusion, it is seen that RNA synthesis in yeast is
regulated at several levels but because of the complexity found
in promoter sequences and the abundance of other regulatory sites,
it would appear that, with a few exceptions, the control of
transcription initiation is the most important. In the present
study, ts mutants of S. cerevisiae defective in RNA synthesis
were isolated and characterized to help further determine the major
areas of control in a lower eukaryote.
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CHAPTER II
MATERIALS AND METHODS
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AST STRAINS
The strains of S. cerevisiae and S. lipolytica which were
used in this study are listed in Table 7.

Stock cultures were

stored at 400 on YEPD agar slopes.

MEDIA AND GROWTH CONDITIONS
The different media used are listed below.
ions are expressed per litre of distilled water.

All concentratMedia were solid-

ified by adding agar at a concentration of 20 g.l'.

Yeast Extract Pone Dextrose (YEPD)

Yeast Extract Peptone Glycerol
(YEPG)

Yeast extract

10 g

Yeast extract

10 g

Bactopeptone

20 g

Bactopeptone

20 g

D-glucose

20 g

Glycerol

40 g

Sporulation Medium (SM)

Potassium acetate
Yeast extract

Egg Yolk Medium (EYM)
20 g
1 g

D-glucose

5 fresh egg yolks

1 g
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Table 7

Yeast strains

(a) S. cerevisiae

Strain

Genotype

Origin

Comments

SRID-5C

oc ade6 ural

I.W. Dawes,
Dept. of
Microbiology,
University of
Edinburgh.

From the cross of Y165
(a ade6 his4 try5 ural MALl)
and DK31C (cx adel), both
from the H.O. Halvorson
stock collection.
Used
as wild type in mutant
isolations.

Y323

O( adel gall his2
R.O. Halvorson, All markers are
leul met14 trpl ura3 Rosensteil
centromere-linked.
Research Centre, Used to detect other
Brandeis
centromere-linked
University,
markers.
Mass. U.S.A.

Y204
Y209

a ade5
oc ade5

ts136

a adel ade2 ural his7
lys2 tyrl gall rnal-1
it
rna2-1
it
rna3-1
it
rna4-1
it
rna5-1
It
rna6-1
It
rna7-1
it
rna8-1
it
rna9-1
it
rnalO-1
ii
mall-i

Yeast Stock
Collection,
Berkeley,
California,
U.S.A.

ts RNA synthesis mutants
defective in either RNA
transport/processing
(rnal) or ribosome
maturation (rna2-rnan):
Hutchison et al. (1969);
Hartwell et al. (1970a);
Hartwell et al. (1970b);
Mortimer and Hawthorne
(1973); rna2-rnall cause
defects in mRNA splicing
(Teem and Rosbash, 1983).

cc
a'

P. Thonart,
Gembloux,
Belgium.

ts RNA synthesis mutants
with putative thermosensitive RNA polymerases (Thonart et al.,
1976; but see Sentenac and
Hall. 1982).

ts368
ts125
ts339
tslOB
ts166
ts202
ts219
ts257
ts261
ts382

ts1564

!s4472
ts4572

OL

Used as mating-type
tester strains.

It

*

ts 4572 is primarily
defective in histidinyl-tRNA
synthetase activity which
results in a pleiotropic
phenotype (Natsoulis et al.,
1984).
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Table 7 (Cont'd.)

(b) S. lipolytica

Strain

Genotype

L165

B

CLX90

YB423-3
YB423-12

Origin

British Petroleuin Research
Centre, Sunburyon-Thames.

11

A
B lvs

L.J. Wickerham,
U.S. Dept. of
Agriculture,
Peoria, Illinois.
U.S.A.

Comments

Used as wild, type
in mutant isolations

Diploid strain

Dissected from
diploid. strain
YB423 (Wickerliam
et al., 1970).
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Synthetic Minimal Medium (M)

Low Phosphate Medium (LPM)

Difco yeast nitrogen base
(without amino acids)

D-glucose

D-glucose

3 g

20 g CaC12.2H20

150 mg

FeCl3. 6H20

10 mg

Synthetic Complete Medium (CM)
Difco yeast nitrogen base
(without amino acids)

20 g

3 g

KC1

400 mg

Mg504. 71120

500 mg
3g

(NH 4)2504

20 g

Adenine

CUSO4.51120
20 mg 113B03

60 pg
500 pg

Uracil

20 mg KI

100 pg

L-arginine

560 pg

L-histidine

20 mg MnSO4.41120
20 mg Na2 moo4.2H20

L- leuc me

30 mg ZnSO4.7H20

700 pg

L-lysine

20 mg

L-me thi 0nine

20 mg Biotin

L-phenyl alanine

20 mg Calcium pantothenate

D-glucose

L-threonine

240 jig

150 mg meso-inositol

L- tryp tophan

20 mg Nicotinic acid

L-tyrosine

20 mg Pyridoxine

20 mg
500 pg
2 mg
20

Riboflavine
Omission media consisted

20 pg
2 mg

Thiamine hydrochloride

2 mg

of CM minus the relevant
amino acid or base.

88 mg (LPM1)

KH2PO4
or

44 mg (LPM2)

This medium also contained citric
acid - potassium citrate buffer
(pH 5.4) at a final concentration
of 0.02 M.
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For S. cerevisiae, the permissive temperature for vegetative
growth was 25°C, while the restrictive temperature (for ts mutants)
was 360C.

The permissive temperature for S. lipolytica was 25°C

and the restrictive temperature 33°C.
in shaking water baths.

Liquid cultures were incubated

Temperature-shift experiments were carried

out by transferring the culture flasks between water baths set at the
required temperatures.

Due to the small volumes of culture material

used, equilibration to the post-shift temperature took about 5 mm.
Strains were screened for temperature-sensitivity on solid media by
replica plating on to agar plates which had been pre-incubated at the
restrictive temperature.
S. lipolytica Ll65 was grown in batch culture at 30°C in a
basal mineral medium containing a mixture of n-alkanes as sole carbon
and energy source (B.P. Research).
was used to aid aeration.

A 1 1 baffled fermentor vessel

The culture was stirred at 2000 rev.min 1

and aerated at a constant gas flow rate of 200 ml.min 1.

The pH of

the culture was maintained at 4.0 by the addition of an aqueous
solution of NH3.

Growth was measured by monitoring 02 consumption,

CO2 production and NH3 addition.

M[JTAGENESI S
Ultraviolet (UV) irradiation
Stationary phase cells (approx. 109) from a 48 h YEPD
culture were washed and resuspended in 0.2 N potassium acetate buffer
(pH 5.5) to a concentration of 10 cells.m1 1.

An aliquot of the

suspension was exposed to IN radiation (2.25 J.m 2.$) in an open
glass Petri dish.

Samples were removed at intervals, diluted in
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0.2 H potassium acetate (pH 5.5) and plated on to YEPD agar to estimate the extent of killing.

vi),

Chapter

Once 99% killing had been achieved (see

the culture was allowed to recover in YEPD at 30 0 C.

Ethyl methanesulphonate (ENS) mutagenesis
Yeast cultures were treated with ENS using the procedure of
Henry and Keith (1971).

Stationary phase (48 h) YEPD cultures (5 ml)

which had been incubated at either 36°C (for S. cerevisiae) or 30°C
(for S. lipolytica) were washed twice with 2 vol. 0.2 K sodium phosphate
buffer (ph 8.0) and resuspended in 9.7 ml of this buffer, prewarmed
to 30°C.

EMS (0.3 ml) was added and the suspension mixed and

incubated with gentle shaking at 30°C.

Samples were removed at

intervals and EMS inactivated by dilution in 6% sodium thiosulphate.
This was incubated for at least 10 min at ambient temperature.
Following dilution in 0.2 K potassium acetate (pH 5.5), samples were
plated on to YEPD agar and the extent of killing calculated.
In the case of mutagenesis for a tritium-suicide selection,
approximately 9 killing was used.
reached (see Chapters III and

vi),

Once this value had been

EMS was inactivated by resuspend-

ing the entire culture in 6% sodium thiosulphate (10 ml) and incubating the mixture as before.

The cells were centrifuged and washed

once with 1 vol. 6% sodium thiosulphate and twice with 1 vol. CM.
Finally, the suspension was diluted tenfold in CM and divided into
eight portions of 5 ml each to distribute mutants.

These were

incubated with shaking for 12 h at 25°C to allow recovery.
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TRITIUM-SUICIDE SELECTION
S. cerevisiae
A uracil auxotroph (SHID-50 was used as the wild type in
this selection procedure to enhance the incorporation of

[7

uracil

by cells which synthesized RNA at the restrictive temperature.
Following recovery from treatment with ENS, the cell suspensions
were diluted 100-fold in uracil omission medium. An aliquot of each suspension (10 ml) was centrifuged and washed with 1 vol. uracil
omission medium, followed by resuspension in 0.5 ml of this medium.
The cultures were shaken at 2500 for 4 h to deplete the endogenous
uracil pool(s) in order to increase the extent of

uracil

incorporation per cell and to promote, as much as possible, incorporation by general ts mutants.
After uracil starvation, each culture was centrifuged and
resuspended in prewarmed (3600) uracil omission medium (1 ml) containing uracil at a concentration of lg.ml .

In seven of the

eight suspensions, the uracil was present as 0.2 mCi
uracil (51 Ci.mmol).

L,6 -

The remaining culture was kept as a control

and contained non-radioactive uracil.

All cultures were shaken at

36°C for 5 h to allow incorporation of the uracil, washed twice with
distilled water and resuspended in ice-cold 0.2 N sodium phosphate
buffer (pH 8.0; 5 ml).
of the control cultures.

These were stored at 0°C to ensure survival
Samples were taken daily to measure

viability and to study the enrichment of ts mutants.
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S. lipolytica
A similar protocol was used for S. lipolytica, except
that the wild-type strain was auxotrophic for adenine rather than
uracil (L165 1A).

In this case, following recovery from treatment

with EMS, the cultures were starved for adenine, and during the
incorporation step,
precursor.

f 3H7 adenine

was used as the radioactive

Adenine was present as 0.4 mci.miL -

adenine

(23 Ci.mmol) in the tritium-suicide cultures or as 2g.ml nonradioactive adenine in the control culture.

The restrictive

temperature was 330C.

GENETIC ANALYSIS
S. cerevisiae
Standard procedures for mating, sporulating and dissecting
strains, and for complementation and linkage tests were followed
(Hawthorne and Mortimer, 1960; Henry and Fogel, 1971).

Prior to

dissection, ascal walls were partially digested with _glucuronidase
(Sigma Chemical Co.) at a concentration of 1000 usits.ml in 5 mM
sodium citrate-phosphate buffer (pH 5.8), containing 10 mM
mercaptoethanol.

The asci-enzyme mixture was incubated at 25°C for

30 mm.
Random spore analyses were performed using the method of
Dawes and Hardie (1974).

Sporulated cultures were centrifuged and

resuspended in the same volume of 0.2 M potassium acetate buffer
(pH 5.5).

An equal volume of diethyl ether was added and the

mixture incubated at 0°C for 5-10 mm.

The suspension was mixed
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frequently by vigorous shaking.

The two phases were allowed to

separate and the lower aqueous layer removed by pipette.

This was

sonicated at 0°C to break up clumps of spores and diluted prior to
plating on YEPD.

S. lipolytica
Similar procedures to those for S. cerevisiae were used
except for mating and sporulating strains.

This was carried out by

mixing approximately equal numbers of cells of opposite mating type
(A and B) as concentrated suspensions in sterile distilled water.

The mixture was plated on to solid egg yolk medium (EY1I), on which
sporulation occurred within 3 days' incubation at 25°C.

IVEASUP1EI/]ENT OF MACROMOLECULE SYNTHESIS IN WHOLE CELLS

Incorporation of radioactively-labelled precursors into trichioroacetic acid-precipitable material
RNA, DNA and protein synthesis were monitored in continuous-

labelling experiments by measuring the incorporation of radioactive
precursors into trichloroacetic acid (TCA) precipitates before and
after a temperature shift.

The precursors used are listed in

Table 8.
Cells were grown overnight at 25°C in uracil or adenine
omission media, containing uracil or adenine at a concentration of
-1
10)lg.ml .

This ensured exhaustion of uracil or adenine and gave

adequate uptake of the radioactive precursor.

Cultures were

diluted into fresh uracil or adenine omission media, containing

Table 8 Radioactive precursors used in measuring macromolecule synthesis

Macromolecule

Radioactive
precursor

-3H7 uracil

RNA

- 32
H adenine
DNA

f2 -

Protein

L-[U - 14

adenine

phenylalanine

Stock specific
-1
activity (Ci.mmol )

Concentration1
Concentration of
used ( Ci.ml ) non-radioactive
carrier yg.inl

51

1

5

23

1

5

23

1

5

0.52

0.25

25

the labelled precursors and non-radioactive carriers at the concentrations listed in Table 8, to give cell suspensions of
turbidity approximately 0.05 at 600 nm.

The medium was pre-

incubated at 25°C and the final volume of culture was between 10 and
20 ml, depending on the length of the experiment.

Cultures were

shaken at 25°C for at least 3 h to allow recovery after transfer.
Macromolecule synthesis was monitored in one of two major
types of experiment.

First, a general screening method was used

to examine large numbers of ts mutants.

Duplicate samples were

taken from cultures after 4 h incubation at 25°C in the labelling
medium.

This was followed by an immediate temperature-shift to

36°C (or 330 C).

After 3 h incubation at the restrictive temperature,

further duplicate samples were taken.
The second type of labelling experiment was carried out
to examine particular ts mutants in closer detail.

Samples were

taken at various times throughout the experiment, before and after
a shift to the restrictive temperature.
With these double-labelling experiments, it was possible
to measure RNA and protein synthesis, or RNA, DNA and protein
synthesis (depending on the radioactive precursors used) by taking
the following samples in duplicate:
(a)

The incorporation of

[i7

uracil and

fl4j

phenylalanine

into RNA and protein, respectively, was measured by treating
0.5 ml of culture with an equal volume of ice-cold 10% TCA,
containing non-radioactive carriers in 100-fold excess.
After incubation for 30 min at 0°C, the resulting precipitate was collected by filtration on 0.45)m nitrocellulose

membrane filters (Millipore) and washed with ice-cold 5%
TCA (40 ml), containing 100-fold excess non-radioactive
carriers.
(b)

DNA is also radioactively labelled in the presence of
uracil due to the reactions which convert UTP to
dCTP and dTTP (see Figure 6).

However, L 3H7 uracil was

replaced with [}j7 adenine in the labelling medium since
it was believed that this would increase the specific
activity of the DNA. RNA and protein synthesis were
measured as above.

For DNA synthesis, an additional sample

(i ml) was taken and treated with an equal volume of 2 N NaOH
for 16 h at room temperature (Hartwell, 1967).
RNA, leaving DNA intact.
with ice-cold 50% TCA

(o.s

This hydrolyzed

The treated sample was incubated
ml), containing non-radioactive

carriers, for 30 min at 0°C and the precipitate filtered
and washed as previously described.

In all cases, the filters were dried, 10 ml PPO-POPOP
scintillant

, 5-diphenyloxazole (0.4%) and 1, 4-di-2.-(5-phenyl-

oxazolyl)-benzene (0.05%) in toluen7 was added, and 3H and 14C
radioactivity measured.

Measurement of macromolecule synthesis during uracil starvation
Cells were grown at 25°C in complete labelling medium contaming

L-LU

described.

7 - 14 phenylalanine and Z2

adenine as previously

Samples were taken at intervals to measure RNA, DNA and

protein synthesis and culture turbidity (600 nm).

After 5 h

incubation, cultures were divided in two and each half was centrifuged
and washed with appropriate prewarmed (250 C) resuspension medium.
One half was resuspended in complete labelling medium (containing
uracil at a concentration of 20 g.ml 1) and the other in labelling
medium completely lacking uracil.

Incubation was continued at 25 0C

and macromolecule synthesis and culture turbidity were further
monitored.

Measurement of macromolecule synthesis in the presence of cycloheximide
RNA, DNA and protein synthesis were measured in cells
growing exponentially in complete labelling medium at 25°C as
previously described.
two.

After 5 h incubation, cultures were divided in

One half was kept as a control and cycloheximide was added to

the other half to give a final concentration of 100 g.ml'.
Incubation was continued at 2500 and macromolecule synthesis was
further monitored.

Estimation of total cellular protein and RNA contents
0
Cells were grown overnight in CM at 25 C. When a turbidity
(600 urn) of approximately 1.0 had been reached, each culture (120 ml)
was diluted with fresh CM (900 ml) which had been pre-incubated at
250C.

0

Cultures were incubated at 25 C until the turbidity (600 run)

had approximately doubled.

Samples were taken for turbidity

measurement (0.4 ml), viable cell number determination

(o.i

ml),
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total protein estimation (2 x 10 ml) and total RNA estimation ( 1 i).
The remaining cultures were immediately shifted to 36°C and further
samples taken at intervals.

Total protein estimation
Total protein content was measured by a modified Lowry
method (Lowry et al., 1951).

Duplicate samples

(io ml) were

centrifuged, washed and resuspended in distilled water (i ml).
portion of this suspension

(o.i ml) was incubated for 16 h at

A

30 0C

with 1 N NaOH; 2% sodium deoxycholate (0.1 ml) to permeabilize the
cells.

Lowry reagent I (1 ml), consisting of 0.185 N Na2CO3;

700)iN NaK tartrate; 400)1K CuSO4, was added to the permeabilized
cell suspension and incubated at room temperature for 15 mm.
Following this, Lowry reagent II (0.1 ml), a 1:1 dilution of Folin
and Ciocalteau's phenol reagent (BDR) in distilled water, was added
with vigorous mixing and the suspension incubated for 90 min at room
temperature.

The absorbance of each sample was measured at 740 nm

against a reagent blank.

The protein concentration in each sample

was estimated using bovine serum albumin (BSA) standards (see Figure 9).

Total RNA estimation
Total RNA content was estimated spectrophotometrically by
measuring the absorbance at 260 am (A260) of an alkaline cell extract.
Washed cells (1 g dry weight) were shaken for 30 min at 800C in
1 K KOR (50 ml).

On cooling, the pH was adjusted to 7.0 and the

suspension diluted with distilled water to 200 ml.

An aliquot (5 ml)

was centrifuged and the supernatant diluted 1:50 with distilled water.
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Figure 9

Standard curve for the estimation of cellular protein
concentration by a modification of the Lowry method.
(Lowry et al., 1951).
Aliquots (in triplicate) of
each BSA solution were incubated for 16 h at 300C with
an equal volume of 1 M NaOH; 2% sodium deoxycholate
and treated as described in the text.
The absorbance
of each sample was measured at 740 am against a
reagent blank

M
IN

The

The A260 of this solution was measured against a water blank.

RNA content was read off directly as a percentage of the cell dry
weight from a plot of A260 against RNA content measured by base ratio
analysis (Figure 10; supplied by British Petroleum Research).

MEASUREMENT OF MACROMOLECULE SYNTHESIS IN SPEEROPLASTS
Spheroplast preparation
Metabolically active spheroplasts were prepared in two ways,
one using fl_glucuronidase (sigma Chemical Co.) and the other
Zymolyase-5000 (Kirin Brewery Co., Tahasaki, Japan).
Exponentially growing cells which had been incubated at 25°C
in CM were collected by filtration on 0-45)m nitrocellulose filters
(Millipore).

An appropriate volume of culture was taken so that the

reaction mixture (3 ml) had a turbidity of approximately 1.0 at 600 nra.
The reaction mixture consisted of either (i) 1000 units.m11

fi-

glucuronidase; 25% mannitol; 10 mM Mg504; 5 mM citrate-phosphate
buffer (pH 5.8), or (ii) 10 units.ml 1Zolyase-5000; 25% mannitol;
10 mM Mg504; 10 mM phosphate buffer (pH 7.3).

For optimal activity,

reaction mixture (i)was incubated at 300C and mixture (ii) at 350 C.
Depending on the yeast strain and method used, spheroplasting
was normally complete within 40 mm, as measured both microscopically
and by lysis in 0.2% SDS.

Incorporation of radioactive precursors by spheroplasts
Macromolecule synthesis in spheroplasts was measured using a
modified method of Hutchison and Hartwell (1967).

Radioactive

0.3

0.2
114
C
'0

II

2

4

RNA content (%ceII dry wt

Figure 10

Standard curve for the estimation of cellular RNA content
Alkaline cell
(supplied by British Petroleum Research).
extracts were obtained as described in the text and the
RNA content
absorbance of each was measured at 260 rim.
was measured by base ratio analysis

labelling medium contained

-

adenine and L - u
[

- 14

phenylalanine as previously described, and. 0.4 N NgSO4 as osmotic
stabilizer.

Spheroplast preparations were centrifuged and washed

with 0k containing 0.4 N MgSO4 to remove fl_glucuroatdase or
Zymolyase-5000, and resuspended in prewarmed (250 C) labelling medium.
Samples were taken at intervals and incorporation of radioactivity
into TCA-precipitable material was measured as previously described.
A control experiment was carried out to determine the extent
of spheroplasting, by lysing the labelled spheroplast suspension
with 0.2% SDS which does not affect whole cells.

The mixture was

washed with ice-cold distilled water and precipitated with TCA as
before.

In this way, the label incorporated by whole cells present

in the spheroplast preparation was estimated..

MEASURE1NNT OF THE RATE OF SYNTHESIS
OF SPECIFIC CLASSES OF NUCLEIC ACID
Nucleic acids were pulse-labelled and extracted from yeast
cells using the method of Fraser (1975).

Pulse-labelling of nucleic acids
Cells were grown in EN containing required supplements.
Cultures (30 ml) at an initial cell concentration of 3 x 106 cells.ml1
were incubated at various times before and after a temperature shift
from 25°C to 36°C with lO?Ci.ml

D

-

adenine; 1pg.ml 1 non-

radioactive adenine, for 10 min so that both RNA and DNA were radioactively labelled.

Cells were collected by filtration on 0.45

nitrocellulose filters (Millipore), washed with ice-cold distilled water
containing 100 pg.ml

1

adenine, and resuspended in 5 ml ice-cold

TNT buffer % sodium triisopropylnaphthalene sulphonate (Parish

17 .

and Kirby, 1966); 10 mM NaCl; 50 mM Tris-HCl (pH 7.8

Cell number and adenine uptake measurements
After measuring the volume of each cell suspension, samples
were removed for cell number (100 p1) and adenine uptake (3 x 20 p1)
measurements.

Samples for cell number determination were diluted.

with 1% NaCl; 0.2% formaldehyde (10 ml) and sonicated at 0°C to
break up cell clumps.

This cell suspension was further diluted to a

final volume of 100 ml with the saline-formaldehyde solution and cell
pm aperture.
number measured in a Coulter Counter, using a 70,
Samples for adenine uptake measurement were dried on Whatman GF/A
glass fibre filters and

3H

radioactivity measured after the addition

of 10 ml butyl-PBD/toluene scintillant _(4'-tert-butylphenyl)-5(4"-biphenylyl)-1,3,4-oxadiazole (0.5%) in toluen7.

Extraction of nucleic acids
Glass beads (2 g; 40 mesh) were added to the remainder of
each cell suspension in TNT buffer, and cells broken in a Vibroinixer
(Shandon Scientific, London) by agitation at maximum setting for 5 mm,
with cooling in an ice-water mixture.

Each sample was deproteinized

by the method of Fraser et al. (1973).

An equal volume of phenol-

chloroform mixture (1 kg phenol; 200 ml rn-cresol; 1 g 8-hydroxyquinoline; 300 ml chloroform; 200 ml water) was added and mining

Rej

continued for a further 2 mm.

The suspension was poured into a

15 ml conical centrifuge tube (Corex) and the Vibromix tube washed out
with a further 2 ml phenol-chloroform mixture.

This was added to

the centrifuge tube. When the temperature of the mixture had reached
about 20°C, the aqueous and phenolic phases were separated by
centrifugation at 5000xg for 2 - 3 mm.
The upper aqueous phase was removed carefully and retained
(extract A) while the lower phenol-chloroform phase was re-extracted
with TNT buffer (2 ml).

After vigorous shaking, the latter was

centrifuged as before and the upper aqueous phase combined with extract
A.

The pooled extract was twice deproteinized with phenol mixture

lacking chloroform (5 ml).

The extracted nucleic acids were precipi-

tated by the addition of 2.5 vol.ethanol, and NaCl to 0.3 N.

After

12 h at 0°C, precipitated nucleic acids were collected by sedimentation
at 2000xF
, for 5 mm.

Nucleic acids were further purified by re-

dissolving in 2 ml 0.5% sodium dodecylsulphate (SDS); 0.15 N sodium
acetate (pH 6.0), and reprecipitating with 2.5 vol.ethanol at 0°C for
12 h.

After three such cycles of reprecipitation, the nucleic acids

were stored as a suspension in 80% (v/v) ethanol; 0.1% SDS: 0.03 N
0
\
sodium acetate (PH 6.0),
at 0 C.
To determine the total amount of nucleic acid extracted, each
sample was made up to an exact volume in 0.5% SDS; 0.15 N sodium
acetate (pH 6.0) and the UV absorption spectrum measured in the
Unicam SP800 recording spectrophotometer.
g.m1

As a standard, a 40

solution of yeast RNA (Sigma Chemical Co.) in 0.5% SDS; 0.15 N

sodium acetate (pH 6.0), had an A260 value of approximately 0.1.
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Polyacrylaniide gel electrophoresis of nucleic acids
The method of Loening (1967) was used.

Stock acrylamide solutions
Stock acrylamide solutions consisted of 15 g acrylamide
(Sigma Chemical Co.); 0.75 g N,N-methylene-bis-acrylamide (Sigma;
for 2 - 5% gels) or 0.375 g (for 5 final volume of 100 ml.

gels); distilled water to a

They can be stored for at least one month

at 4°C in the dark.

Preparation of gels
Gel concentrations are described by their percentage content
of acrylamide only.

Appropriate stock acrylamide solution (5 ml)

was mixed with stock buffer (Table 9) and distilled water, as
described in Table 10, to give the desired gel concentration,and
degassed at room temperature under vacuum for 15 s.

N,N,N,N-

tetramethylethylenediamine (TED; 25 )ll) and freshly dissolved 10%
ammonium persulphate (0.25 ml) were added to the above solution.
After gentle mixing, the solution was rapidly pipetted into vertical
perspex tubes (0.7 cm internal diameter x 9 cm long), filled to
within 1.5 cm from the top.

Distilled water was carefully layered

over the solution to ensure a flat gel surface.

Electrophoresis procedure
Electrophoresis was carried out at room temperature.

Pre-

electrophoresis was normally carried out for 30 min prior to sample
application in order to remove the polymerization catalysts and other
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Table 9

Gel electrophoresis buffers

Buffer

Component

Concentration

Stock buffer (pH 7.6 - 7.8)

Tris

180 mM

NaH2PO4.2H20

150 mM

EDTA.Na2

Running buffer (pH 7.6 - 7.8)

5 mM

Tris

36 mM

NaH2PO4.2H20

30 mM

EDTA.Na2

1 mM

SDS (low UV
absorption)

0.2

Table 10 Volumes for gel preparation

Gel concentration (%)

Stock buffer Distilled
(ml)
water (ml)

Approx. no. of
gels (0.7 cm
7.5 cm)

2.4

6.25

19.7

10

5.0

3.0

6.7

5

7.5

2.0

2.7

3
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impurities.

The components of the electrophoresis running buffer

are listed in Table 9.

The nucleic acid sample (5 - 100pg), diss-

olved in running buffer (10 - looyl) containing 5% sucrose, was
layered over the gel and electrophoresis continued at 5 mA per gel,
8 V.cm 1 gel length.

Determination of specific activity of nucleic acids
Large rRNA species
About 10 )ig

[7

adenine pulse-labelled nucleic acids were

fractionated on 2.4% polyacrylamide gels for 3.5 h.

Gels were

washed twice in distilled water to remove SDS and scanned for absorbance at 265 nm in a Joyce-Loebl gel scanner.

They were placed

on aluminium trays with polystyrene stoppers at either end to maintain
their length, frozen on powdered solid 002 and sliced transversely
at 1 mm intervals in a Mickle gel slicer.

The slices were incubated

with 0.5 M HC104 (0.3 ml) for 30 min at 700 C, mixed with 10 ml butylPBD/methoxyethanol/toluene scintillant [0.5% butyl-PBD; 40% (v/v) 2methoxyethanol;

60% (v/v) toiuen7 and 3H radioactivity measured.

The amount of each rRNA species (18s, 25S and the minor 20S, 278
and 358 precursors) was estimated from each peak area on the UV absorption scan.

Peak area is linearly proportional to the amount of RNA

in the peak (Fraser, 1971).

Radioactivity incorporated into each

species of rRNA was calculated by summing the radioactivity of individual gel slices in each peak, after subtracting the polydisperse background radioactivity on the gel.
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Small rRNA species (5S and 5.85) and iRMA. (45)
Approximately 20 pg

adenine pulse-labelled nucleic

acids were fractionated on 7.5% polyacrylamide gels for 3 h.

gels

were washed, scanned, frozen and sliced; RNA hydrolyzed and
radioactivity measured as above.

Polyadenylated RNA
[37 adenine pulse-labelled nucleic acids were separated
into RNA species containing a poly(A) sequence and RNA species
(and DNA) lacking this sequence, using the binding, at high salt
concentrations, of the poly(A) sequence to the complementary homopolynucleotide, oligo(dT), immobilized on cellulose (Edmonds and
Caramela, 1969; Edmonds et al., 1971).
About 5 pg pulse-labelled nucleic acid was dissolved in 0.5
ml binding buffer (400 mM NaCl; 1 mM EDTA; 10 mM Tris-HC1, pH 7.8;
0.2% SDS) and shaken gently for 30 min at 200C with 20 mg oligo(dT)cellulose (Collaborative Research Inc., Waltham, Mass., U.S.A.;
binding capacity 42.8 A260 units of poly(A).g 1).

The oligo(dT)-

cellulose was sedimented at 12000xg for 1 min and washed five times
with binding buffer

(o.s ml).

This was followed by four washes with

0.25 ml elution buffer (binding buffer minus NaCl) to release the
poly(A)-containing ERA.

The combined elution buffer washes were

dried in scintillation vials at 70°C and ERA hydrolyzed in 0.5 N
HC104 (0.3 ml) for 30 min at 700C.

3R radioactivity was measured

by adding butyl-PBD/methoxyethanol/toluene scintillant (10 Till).
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DNA
Approximately 50 )-'g

f 3H7

adenine pulse-labelled nucleic

acids were washed with 80% (v/v) ethanol; 0.1 1"l NaCl (2 ml) to remove
SDS which inactivates ribonuclease (RNase).

Each sample was dissolved

in 0.1 nil 0.15 N NaCl; 15 mM trisodium citrate (pH 7.4), and RNA
digested with 10 pg.ml

l

pancreatic RNase for 20 min at 20°C.

reaction was terminated by the addition of 0.1 vol.10% SDS.

The
DNA

was separated from the digest by electrophoresis on 2.4% polyacrylamide gels for 6 h. After washing the gels, the sharp NV absorbance
peak of DNA was detected by scanning the gels at 265 nm.

Gels were

frozen and sliced; DNA hydrolyzed and 3H radioactivity measured as
before.

Double-stranded RNA species
About 50 )19 pulse-labelled nucleic acids were washed as above
and treated with pancreatic RNase, except that digestion was carried
out at 0°C for 10 mm.

This gentler treatment degraded the bulk

of the single-stranded RNA species (ssRNA) but left double-stranded
RNA species (dsRNA) and DNA intact.

The reaction was again terminated

by adding 0.1 vol.10% SDS and the digest analyzed on 2.4% polyacrylanude gels as for DNA.

The anoint of dsRNA present in each sample and

of R radioactivity incorporated into dsRNA were measured as previously described.

E.
EXAMINATION OF RNA POLYNERASE ACTIVITY
RNA polymerase extraction
Cells were grown in YEPD at 25°C and harvested in midexponential phase.

Following a preliminary water wash at 4°C, the

cells were resuspended at 4°C in 1 ml extraction buffer
1101 (pH 7.9 at 40 C); 2

L.l

N Tris-

(v/v) glycerol; 0.02 11 MgCl2; 0.6 N

(NH4)
2SO4; 1 mM EDTA; 1 inN dithiothreitol; 1 mM phenyl methylsulphonyl fluoride (PMsF2 per g wet cells.

PNSF was freshly-made

as 40 mM in 95% (v/v) ethanol and added to extraction buffer immediately
before use.

All subsequent procedures were carried out at 4°C unless

otherwise stated.
Two methods of cell breakage were used, both giving sufficient
disruption (80-90% breakage):

Modified Eaton pressure cell
The press was cooled in a solid CO2-ethanol mixture for 30 mm.
Yeast cells suspended in extraction buffer were pipetted into the upper
breakage compartment and left to freeze for about 10 mm.
were broken under a pressure of 4 x 10 kPa.

The cells

The resulting frozen

suspension of broken cells was thawed in an ice bath.

Vibromidng with glass beads
Approximately 2 vol. acid-washed glass beads (40 mesh) were
added to yeast cells suspended in extraction buffer.

Cells were

broken in a Vibromixer (Shandon Scientific, London).

Five 1 mm

exposures were used with 30 s cooling intervals.

The entire

procedure was carried out at 000 in an ice-water mixture.

Glass
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beads were removed by low speed centrifugation through a sieve and
washed once with 0.2 vol. extraction buffer.

The crude cell extract was sonicated at 000 to shear high
molecular weight DNA which was present, especially from cell breakage procedure (i), and centrifuged for 10 min at 10,000x to remove
cell debris.

The extract was further centrifuged at 220,000x

for 90 min and the supernatant diluted with 7 vol. TED buffer
0.05 N Tris-HC1 (pH 7.9 at 40C); 25% (v/v) glycerol; 0.5 mM EDTA;

0.5 inN dithiothreito7 to give a final (NH4)2SO4 concentration of
0.05 N.

The protein concentration of the extract was determined

by the method of Lowry et al. (1951).
An aliquot of diluted extract was loaded on to a DEAESephadex (A25) column (1.5 cm x 23 cm) equilibrated with 0.05 N
(NH4)2s04 in TGED buffer.

The column was washed with 2 column vol.

0.05 N (NH4)2SO4 in TGED buffer and eluted with a 12 column vol.
linear gradient of 0.05 N - 0.425 N (NH4)2504 in TGED buffer at a
flow rate of 25 ml.h'.

Fractions (io ml) were collected, the

absorbance at 280 nm measured to determine protein concentration, and
aliquots (so p1) assayed for RNA polymerase activity.

Assay for RNA polymerase activity
The standard incubation mixture (0.2 ml) contained 0.05 N
Tris-HC1 (pH 7.9 at 40 C); 1 mM dithiothreitol; 2 mM MnC12; 0.5 inN
ATP; 0.5 mM CTP; 0.5 mM GTP; 0.1 mM UTP; 5 pCi.m1' Z53,6 UTP (40 Ci.mmol 1); 50pg.ml native calf thymus DNA; 50yg.m1 1
heat-denatured calf thymus DNA; SO)al cell extract.

The reaction

was initiated by adding the cell extract to pre-incubated (300C)
assay mixture containing the other components.

After 20 mm

01
incubation at 30° C, the reaction was terminated by adding ice-cold
l TCA (2 ml) containing 6% tetrasodium pyrophosphate.
After incubation at 0°C for 30 mm, the resulting precipitates
were collected on Whitman oF/c filters and washed with ice-cold 5%
TCA (30 ml) containing 3% tetrasodium pyrophosphate.

Filters were

dried and 3H radioactivity measured with PPO-POPOP scintillant (10 ml).
Fractions from the DEAE-Sephadex column which contained at least half
of the enzyme activity found in the peak fraction were pooled for further

0

study and stored at -20 C.

In vitro thermosensitivity of RNA polymerase activities
Aliquots of freshly-isolated RNA polymerase activities were
heated at 45°C in a water bath.

At intervals, samples (50jil)

were taken and stored at 0°C for about 30 mm.

These were subsequent-

ly assayed at 30°C for RNA polymerase activity.

MEASUREMENT OF RIBONUCLEOTIDE POOL SIZES
The method of Bailey and Parks (1972) was used to measure
the total pool sizes of ribonucleotides from cells grown at 25°C and

36°C.
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labelling of nucleotides
Cells were grown overnight at 25°C in a low phosphate medium

(LPM i) containing phosphate at 88 mg.1 1 and required supplements
(Kowalski and Fresco, 1971).

This was diluted to give a turbidity

of approximately 0.1 at 600 rim in prewarmed (25 0 C) low phosphate
medium (LPN 2) containing phosphate at 44 mg-1-1 and required
supplements.
two.

After 2 h incubation at 25°C, cultures were divided in

One half was further incubated at 25°C while the other was

shifted to 36°C.
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After 5 rain to allow temperature equilibration,

orthophosptate was added at 100 ?Ci.Jlmol' phosphate to

both 25°C and 36 0C cultures.
Samples were taken at intervals for cell number determination
(0.1 ml), for measurement of incorporation into TCA-precipitable
material

(o.s

ml), and for nucleotide extraction (3 ml).

Cell

number was determined in a Coulter Counter and incorporation into
TCA precipitates measured as previously described.

Samples for

nucleotide extraction were filtered through 0.45 ,pm nitrocellulose
filters (Millipore) and the cells washed with ice-cold 0.15 N NaCl;

5

raN trisodiura citrate, pH 7.0 at 0°C (10 ml).

Extraction of nucleotides
The washed filters were immediately transferred to 1.5 N
HC104 at 0°C (2.5 ml), shaken vigorously to resuspend the cells and
the filters discarded.

Nucleotides were extracted by three cycles

of freezing and thawing in 1.5 N HC104 (2.5 ml).

After centrifugation

0
at 8000xg for 10 mm (0 C) to remove cell debris, the ph of an aliquot
of supernatant (2 ml) was adjusted to 5.5 - 6.0 with 6 N KOH; 0.5 N
EDTA (with 6 N HC104 for back titration if necessary).

The extract

was incubated at 0°C for 30 min to precipitate nucleic acids, and
centrifuged at 25000xZ, for 20 rain (0°C).

The supernatant was

divided into aliquots, one retained for immediate two-dimensional
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thin layer chromatography, the others frozen and stored at -20°C.

Two-dimensional thin layer chromatography (TLC)
Cell extracts were examined by two-dimensional TLC on
plastic sheets coated with a 0.1 mm layer of polyethyleneimine (PEI)
cellulose (Randerath and Randerath, 1967).

Preparation of TLC plates
Impurities were removed from precoated plastic sheets
(20 cm x 20 cm; Polygram Cel 300 PEI, Macherey-Nagel) by immersing
each sheet, layer side up, for 1 min in a flat dish containing 10
NaCl (800-1000 ml).

Immersion was started from one end and continued

in a slow and steady motion.

After excess solution had been allowed

to drain and the uncoated side dried with a towel, the layer was
dried in air for several hours.

The sheet was soaked for 5 min in

distilled water (800-1000 ml) and again dried.

The layer was

subsequently washed by ascending irrigation with distilled water.
Impurities were removed by attaching a wick of thick absorbent paper
(Whatman 3 jyllyi) to the top of each sheet.

After drying at room

temperature, sheets were placed on top of each other, layer against
layer, wrapped in foil and stored at -20°C.

Sample application
Samples of extract, up to 50 p1 in volume, were applied to
chromatograms, 2 cm from the lower edge, with a 10p1 pipette.

A

marker mixture (10 ?1) containing non-radioactive ATP, CTP, GTP and
UTP, all at 500 yg.m1 1, was also applied at the origin.

Once dry,
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the layer was washed, by ascending irrigation with methanol-water
(1:4, v/v) to remove salts and other interfering substances.

The

sheet was dried in air.

TLC in the first dimension
Chromatography was initially perpendicular to the methanolwater wash.

Prior to development, the starting area of each

chromatogram was dried in a current of cool air.

Each sheet was

developed to 12 cm above the origin with a borate system which separates
deoxyribonucleo tides from corresponding ribortucleo tides.
Initially, 1.0 N LiCl, saturated with H3B03 at room
temperature and brought to pH 7.0 with NH3 (specific gravity 0.9),
was used as solvent. After chromatography, the layer was dried in a
current of cool air, and alcohol-soluble electrolytes removed by
immersing the sheet for 15 min in a flat dish containing anhydrous
methanol (800-1000 ml).

This was shaken occasionally.

The chroma-

togram was subsequently dried in air and developed in the same direction at 4°C with 2.0 N HCOOH - 1.6 N LiCl (1:1, v/v) again to 12 cm
above the origin.

The layer was dried for 5 min in a stream of

cool air and for 3 min in a stream of warm (500 C) air.

The sheet

was cut along a line 8 cm from the origin of the first dimension and
the upper part discarded.

This excluded compounds close to the solvent

front of the first dimension (such as nucleoside monophosphates,
nucleotide sugars, ADP, CDP, NkD and NDP) from further chromatography.

TLC in the second dimension
The lower part of the chromatogram, containing the nucleoside

102

triphosphates, was treated with Tris-methanol to neutralize acids
and remove salts.

The sheet was immersed in a flat dish contain-

ing 600 mg Tris (free base) in anhydrous methanol (500 ml).

After

5 mm, the layer was dried in a stream of cool air, and shaken for
10 min with anhydrous methanol (500 ml).
After drying, chromatography was carried out in the second
dimension by stepwise elution with 0.5 M (NH4)2so4 to 4 cm above the
origin and. 0.7 K (NH4)
2so4 to 14 cm, without intermediate drying.
The chromatogram was finally dried in air.

Detection of nucleotides on chromatograms
Ribonucleotides were detected on chromatograms by examination
under incident short-wave UV radiation (Randerath and Randerath, 1967).
Radioactivity was detected by autoradiography using X-ray film and an
image intensifying screen (Swanstrom and Shank, 1978). Each chromatogram was placed layer down on to X-ray film (Kodak RPX-Omat RP54; 20 cm
x 25 cm) and this in turn was placed on to a calcium tungstate X-ray
intensifying screen (Ilford, Past Tungstate) with the phosphor-coated
surface in contact with the film.

This was sealed in a light-tight

metal cassette and external pressure applied to maintain contact between
the components during exposure. Finally, the cassette was wrapped in
0
black plastic and placed at -70 C.
After 8 - 16 h exposure, depending on the amount of radioactivity
present, the film was removed and developed at 20°C in 2
DX-80 developer for 4 mm.

(v/v) Kodak

it was washed with tap water for 2 mm,

fixed for 4 min in 20 (v/v) Kodak FX-40 X-ray liquid fixer, and washed
again in water.

The relevant spots on the chromatogram were cut out and

32p radioactivity measured in PPO-POPOP scintillant.
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Calculation of nucleotide pool size
Nucleotide pool size was calculated using the formula of
Bailey and Parks (1972):
Pool size

(A-B)xCxl000

mnol nucleotide.cell

-1

DxExFxGxHxI
where A = radioactivity in nucleotide spot (counts.min)
B = background radioactivity on chromatogram (counts.min)
C = volume of HC104 used in extraction (ml)
D = cell concentration of culture at time of sample (cells.m1)
E = number of moles of phosphate per mole of nucleotide
F = volume of culture harvested (ml)
G = specific activity of 32PO4 in medium (counts.min.yunol
phosphate)
H = volume of extract spotted on chromatogram (ml)
volume of extract neutralized (ml)
I = recovery
volume of extract neutralized (ml) + volume of
KOFI added (ml)

CHEMICALS
All chemicals were of the highest analytical grade (Sigma
Chemical Co.; BDH AnalaR or ARISTAFI; Koch-Light).

o -arnanitin

was obtained from Boehringer Mannheim. All radioactive compounds
were obtained from the Radiochemical Centre Ltd., Aniershani, U.K.
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CHAPTER III

ISOLATION AND PRELIMINARY CHARACTERIZATION OF TEMPERATURESENSITIVE MIJTANTS OF S.CEREVISI.AE DEFECTIVE IN RNA SYNTHESIS

105
INTRODUCTION

One of the main objectives of this research was to isolate
and characterize as many ts mutants of S. cerevisiae as possible
which were specifically affected in RNA synthesis.

To accomplish this,

a population of general ts mutants was first generated and from this
were selected ts strains which were defective in RNA synthesis at the
restrictive temperature.

EMS MUTAGENESIS
The frequency of spontaneous mutations leading to temperaturesensitivity is quite low in S. cerevisiae.

Ethyl methanesulphonate was

therefore chosen as mutagen to increase this frequency. EMS is an
alkylating agent which normally induces point mutations and is as
efficient a mutagen as N-methyl-N'-nitro-N-nitrosognanidine (HG).
However, unlike HG (Dawes et al., 1977), EMS rarely induces multiple
mutations which make the subsequent analysis of mutants difficult.
Indeed several of Hartwell's ts mutants produced by HG mutagenesis
(Hartwell, 1967) have been shown to harbour double mutations.

Mutant

ts136 (rnal-l) carries a second mutation which interferes with genetic
analysis by influencing spore survival (Hutchison et al., 1969);
mutants ts202 (rna7-1) and ts261 (rnal0-1) each carry two unlinked ts
mutations, while mutant ts257 (rna9-1) may carry two independently
segregating mutations both of which must be present to produce temperature-sensitivity (Hartwell et al., 1970b).
During treatment with EMS, the viability of S. cerevisiae
wild-type strain SHID-5C decreased as illustrated in Figure 11. After
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Figure 11 EMS mutagenesis of S. cerevisiae SHID-5C.
Stationary phase cells were incubated at 300C with
0.3% (v/v) ethyl methanesuiphonate as described in
Chapter II.
Samples were removed at intervals and
EMS inactivated by dilution in 6% sodium thiosulphate
prior to determining cell viability.
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70 min incubation, there was approximately l survival, and since
mutants are generated at a high frequency at this level of survival
(Henry and Keith, 1971), this incubation time was used in subsequent
experiments.

It was also observed that the proportion of survivors

which were petites progressively increased during treatment with EMS
until after 70 mm, approximately 67% of survivors were petites.

These

were detected by their small colony size on media containing glucose
(YEPD) and their inability to grow on media containing glycerol (YEPG).
The number of petites was included in the total number of survivors
following mutagen treatment but fell to an insignificant level after a
period of recovery.
The protocol for EMS mutagenesis and for the subsequent steps
leading to tritium-suicide (described in detail in Chapter II) is
briefly summarized in Table 11.

The concentration of viable cells at

each stage is also given in Table 11.

Of special note is the time

allowed for recovery after mutagen treatment.

This is critical in a

suicide technique since all survivors should be capable of active
metabolism at the time of radioactive precursor addition.

From

Figure 12 it is seen that the 12 h recovery period which was used
allowed a two- to fourfold increase in cell number, indicating that by
this time the majority of cells were metabolically active.

TRITIUM-SUICIDE SELECTION
When studying a particular process, it is often necessary to
isolate and screen a large number of mutants affected in that process.
The non-selective isolation and general screening of these mutants can
be very time-consuming and unrewarding - for exainple,Hartwell showed
that out of 400 is mutants of S. cerevisiae isolated by non-selective

Table 11

Summary of protocol for EMS mutagenesis and tritium-suicide selection with S. cerevisiae SEID-5C as
wild-type strain: measurement of viable cell concentration at various steps in the procedure

Step

Viable cell concentration
(cells.ml- x 10-6)

Volume
(ml)

Measured a
(i)

Washed stationary phase culture (48 h, 36°C)

(2)

EMS mutagenesis (70 mm, 30°C)

5
10

t0

t 70
1/10 dilution
Recovery (CM, 12h, 25 0 0

Depletion of uracil pool(s) (4 h, 250 C)

f3H7

uracil (5h, 360C)

Immediately preceding tritium-suicide

128

64

64

64

8.55

8.55

2.06

5
1/100 dilution

Incorporation of

5

Normalized

20.6

10

-

-

0.5

-

-

1

-

-

5

control
0.0
tritium-suicide 0.0

a Unless otherwise stated, cell concentrations were measured at the end of each step.
b Values were normalized for comparison with the t 0 value for EMS mutagenesis (10 ml culture)
taking into account volume changes and dilutions7

CO
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Figure 12 Recovery from EMS treatment of a cell population
derived from SHID-5C.
Following inactivation of
EMS, the cell suspension was washed, diluted tenfold in
CM medium and divided into aliquots.
These were
incubated at 25 0C and samples taken at intervals to
determine cell viability (results shown are for one culture).
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methods, only 24 were specifically affected in RNA synthesis (Hutchison
etal,, 1969; Hartwell et al., 1970b).

Even then, the 11 genes which

were identified were involved in only two particular areas of RNA
metabolism - RNA transport or processing (rnal; Hutchison et al.,
1969), and ribosome maturation (rna2-rnall; Hartwell et al., 1970b).
In S. cerevisiae, approximately l-

o

of the survivors of EMS treatment

carry mutations which lead to temperature-sensitivity (Littlewood and
Davies, 1973; see Figure 15b).

To increase this proportion even

further and to enrich for a particular type of ts mutant, viz. RNA
synthesis mutants, tritium-suicide selection - a vigorous enrichment
procedure - was carried out as described in Chapter II.
SHID-5C had been constructed as wild type for tritium-suicide
selection so that it was auxotrophic for uracil (ural) - since

[7

uracil was used as the precursor for RNA synthesis in the suicide
technique.

Prior to

uracil incorporation, the growth response

of SHID-5C to various concentrations of uracil was determined to ensure
that sufficient uracil was present during the incorporation step.
Cells were starved of uracil in uracil omission medium and re-inoculated into CM medium containing uracil at various concentrations for
incubation at 36°C (Figure 13).
with 10g.ml uracil was 1.9 h.

The doubling time of the culture
At uracil concentrations of

-1
1 )lg.lrLl and above, the doubling time was very close to 1.9 h, but
-1
at 0.5 ,jig.nil uracil, there was an apparent reduction in growth rate.
Since the starting turbidity (measured at 600 nm) was approximately the
same as that of the uracil-starved cells after recovery from EMS mutagenesis, a uracil concentration of 1yg.m1

(supporting at least four

generations at 36°C) was chosen for the incorporation step.
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Figure 13 Growth response of SHID-5C to various concentrations of
uracil in CM medium at 36 C.
The1following concentrations
of uraci were examined.: 10 )lg.mnl
0.5 pg.ml (
( 0
0 ), 2 mg.m1
1 )mg.ml
( • ), 5 pg.m1 ( a ) and.
lCpg.nil ( • ).
Inocula were starved of uracil by incubation in uracil omission medium for 4 h at 250C.
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Finally, the storage conditions for tritium-suicide were
optimized so that cellular metabolic activity was completely arrested
without affecting the viability of unlabelled cells. Figure 14
illustrates the effect of various storage conditions on the viability
of an unlabelled culture of SHID-5C.

It is seen that storage at 0 0C

in phosphate buffer was just as effective in maintaining viability as
that at -20°C in phosphate buffer containing i

(v/v) glycerol, while

several conditions of storage led to a rapid loss in viability.
Storage at 0°C (on ice) in phosphate buffer was therefore chosen for
tritium-suicide selection.
During the first four to five days' storage after

uracil

incorporation, the viability of each labelled culture decreased rapidly
by at least 100-fold (Figure 15a).

It should be noted that the viabil-

ity of each labelled culture prior to storage was about 30% that of the
control, although the cell concentrations at the beginning of uracil
incorporation were almost identical.

This indicated that appreciable
uracil incorporation or

cell death had occurred during either

incubation at 25°C on the YEPD plates used to determine viable cell
number.

After about seven days' storage, the rate of viability loss

had decreased to almost zero.

The viability of the control culture

did not fall appreciably over a 20 day storage period.

ISOLATION OF TS MUTANTS
An approximate guide to the effectiveness of the selection
procedure was obtained by following the percentage of survivors which
were ta as a function of storage time.

Initially, 1.5% of the
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10

0

2

4

Storage time (days)

Figure 14 Survival of SHID-5C under various storage conditions.
Cells grown in CM medium were resuspended in 0.2 M sodium
phosphate buffer (pH 8.0) containing the following glycerol
concentrations and incubated at the stated temperatures:
O%(v/v) glycerol at 0°C ( o ) and - 200C ( • ), l (v/v)
glycerol at 0°C ( L ) and -200C ( A ), 20% (v/v) glycerol
at 0°C ( D ) and -200C ( • ), and 50% (v/v) glycerol at
0°C ( V ) and -200C ( v )
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Figure 15a and h Tritium-suicide selection of is mutants of S.
cerevisiae SHID-5C, following EMS mutagenesis.
a. Tritium-suicide on storage at 000: control culture ( • ),
uracil
tritium-suicide after incorporation of
(51 Ci.mmol 1; ljg.m1) at 360C ( 0 ).
h. Enrichment of ts mutants: control culture ( A ), tritiumsuicide culture ( A ).
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population after EMS mutagenesis were ts and in the control culture
this did not increase significantly during storage at 0°C (Figure 15b).
However, in the tritium-suicide cultures a rapid increase in the
proportion of ts survivors was found to accompany the equally rapid
fall in viability.

By three days' storage, this had reached a

maximum of 12% - an eightfold increase in the proportion of is
survivors.

This value is near the reported maximum increase of tenfold

for the enrichment of ts mutants in S. cerevisiae by tritium-suicide
selection (Littlewood and Davies, 1973).
The value of 12% represents "stable" ts mutants, that is,mutants
which remained ts after subculturing at 25°C on YEPD. However, it is
seen from Figure 15b that after about six days' storage at 0°C, the
percentage of ts survivors began to decrease although there was no
appreciable change in the viability of the culture at that time
(Figure 15a).

By eight days' storage, the proportion of is survivors

had stabilized at about 9%.

This decrease was unexpected but may have

been due to spontaneous reversion or to second-site mutations which
suppressed the is phenotype.

Finally, it should be noted that the

six- to eightfold enrichment of is mutants by tritium-suicide most
likely represents an underestimate of the effectiveness of the procedure in selecting particular classes of mutant, especially mutants
defective in RNA synthesis.

Thus it is possible that the 10% or so

of survivors which were is at the end of tritium-suicide may have
represented a very small proportion of the original ts mutants present
as 1.5% of the inutagenized culture.
Nevertheless, using the tritium-suicide selection technique,
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approximately 350 is mutants of S. cerevisiae were initially isolated
and many of these were analyzed in a preliminary way - both biochemically and genetically.

GENETIC ANALYSIS OF TS MUTANTS OF S. CEREVISI.AE
OBTAINED BY TRITIUM-SUICIDE SELECTION
Several mutants (of o( mating type) were back-crossed to a
*
ts + strain of opposite mating type (Y204) to ensure that multiple
lesions were not present.

After the diploids were sporulated, tetrads

were dissected and the temperature-sensitivity of each clone tested.
Mendelian segregation (2 ts+: 2 ts haploid spores) was taken as
evidence that the particular mutant carried a single lesion leading to
temperature-sensitivity.

In this way, ts strains of both mating

types were isolated for complementation tests.

In some cases, ts

strains of opposite mating type were obtained by treating sporulated
diploid cultures from crosses of Y204 x ts mutant with diethyl ether
which selectively kills vegetative cells under the appropriate
conditions (Dawes and Hardie, 1974).

Haploid survivors were identi-

fied by their ability to mate with tester strains (a or o adel).
Care was taken with ether treatment since in some strains of yeast,
spores can be damaged, leading to poor germination and viability.
some instances, this ether-sensitivity appears to be genetically
inherited (LW. Dawes, personal communication).

*

+
is refers to the wild-type phenotype with respect to growth at
360C and does not necessarily signify dominance over ts.

In
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All but one of the 80 or so ts mutants that were tested
segregated 2 ts+: 2 is spores and the mutations they carried were
shown to be recessive to the wild type by examining growth of the
diploid strain a ts ade5 ADE6 TJRAi/ ts1kDE5 ade6 ural on MM
medium at 36°C.

One ts mutant (mutant 230) segregated an excess of

ts+ spores indicating that this strain may carry two unlinked mutations
both of which must be present to produce temperature-sensitivity
(see Chapter

iv).

Complementation tests
Strains of opposite mating type, carrying different ts
mutations, were crossed in order to place the mutations into complementation groups. The resulting diploids were examined for growth
0
on YEPD at 36 C.

In all, about 80 ts mutants isolated by tritium-

suicide selection were examined, in addition to previously isolated
strains carrying the mutations rnal-rnall of Hartwell (Hutchison et
al., 1969; Hartwell et al., 1970b) and mutants ts1564, ts4472 and
ts4572 of Thonart et al. (1976).
Somewhat surprisingly, few of the newly-isolated mutants
carried mutations which fell into known complementation groups or
into groupings of their own (Table 12), although it is seen from
Table 13 that the majority of those which did, had originated from
different tritium-suicide cultures - indicating that these mutations
had arisen independently during EMS mutagenesis. This result may
reflect the large number of genes involved in RNA synthesis in this
organism or may be an indication of intragenic complementation - a
possibility which can only be examined by detailed linkage analysis.

Table 12 Complementation of ts mutations in S..cerevisiae

VOC

199

299

303

336

339

343

218

ts4472

280

199

-

-

+

+

+

+

+

+

+

-

+

+

+

-I-

+

+

-

-

+

+

+

+

-

+

+

+

+

-

-

+

+

-

+
-

299
303
336
339
343
218

.Is4472
280
rna6-1

rna6-1

200

332

rna7-1

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

-

+

+

+

+

+

-

-

+

+

+

-

+

+

+

-

-

-

-

-

200
332
rna7-1

OJ

Each of the remaining 71 mutations tested fell into a separate complementation group.
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Table 13 Complementation groups - origin of mutants

Complementation
group
I

II

III

IV

V

VI

Mutant

a
Origin

199

Culture 7(6)

299

Culture 3(13)

303

Culture 3(13)

336

Culture 3(45)

339

Culture 5(45)

343

Culture 6(45)

218

Culture 7(7)

ts4472

Thonart et al. (1976)

280

Culture 5(13)

ts166 (rna6-1)

Hart-well et al. (1970b)

200

Culture 7(6)

332

Culture 1(45)

ts202 (rna7-1)

Hartwell et al. (1970b)

a The EMS-treated culture was diviaed into aliquots, numbered cultures
1-8, prior to recovery and tritium-suicide selection. Number in
parenthesis represents the number of days storage at 0°C.
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Indeed, preliminary linkage analysis of these mutations confirmed
the complementation groupings I, II, IV and V (Table 14).
It is also possible, however, that many of the mutations did
not affect RNA synthesis specifically. A general screening procedure
was therefore carried out to determine the effects of each mutation
on macromolecule synthesis during incubation at the restrictive
temperature.

BIOCHEMICAL ANALYSIS OF TS MUTANTS
OF S. CEREVISIAE

General screening
Initially, the extent of RNA, DNA and protein synthesis during
a 3 h period immediately after a temperature shift to 36°C was determined for several mutants by measuring the incorporation of radioactively
labelled precursors into TCA-precipitable material as described in
Chapter II.

The relative increase in label incorporated into each

macromolecule during the 3 h period was calculated by dividing the
3 h value by the 0 h (pre-shift) value.
For SHID-5C, the increases were approximately threefold for
RNA, fourfold for DNA and fourfold for protein. This was expected
since SHID-5C had a mean generation time of 1.9 h for growth in
supplemented synthetic medium at 36°C. For the mutants, limits
were arbitrarily set to differentiate between strains affected
specifically in RNA, DNA or protein synthesis, or combinations of
these.

Strains which showed an increase of less than 2.5-fold for

a particular macromolecule over the 3 h period were classed as "reduced rate of synthesis" mutants and those showing an increase of less
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Table 14 Preliminary linkage analysis of ts mutations of S. cerevisiae

Cross

PD

Ascus type
TT

NPD

(4 ts: 0 tt) (3 ts: 1 ts) (2 ts: 2 ts)
199L ()

x

299(a)

20

0

0

303(2)

x

336(a)a

*

*

*

336(o)

x

303(a)b

*

*

*

Ls- 4472(0.) x

218(a)

14

0

0

280(a)

x

ts166 (a rna6-1)

15

0

0

303()

x

ts166 (a rna6-1)

4

13

4

303()

x

299(a)

3

12

2

199(0 )

x

218(a)

3

15

4

* Poor spore viability (about 5
per tetrad).
Random spore
analysis gave 26 germinants from cross a, and 28 from cross b,
all of which were ts.
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than 1.5-fold as mutants in which the synthesis of that macromolecule was
specifically inhibited. In this way, 56 newly-isolated .tsmutants of
S. cerevisiae were divided into ten biochemical groupings (Table 15),
although the arbitrary nature of this classification must again be
stressed.
A total of 46 out of 56 mutants (groups 1-8 inclusive), i.e.
82% of the total, were defective in some way in RNA synthesis at the
restrictive temperature.

Of these, 26 mutants (groups 1-4) displayed

an inhibition of RNA synthesis at 36°C (12 specifically so - group 1)
whereas the remaining 20 showed only a reduction in RNA synthesis
(groups 5-8).

It must be noted that in these mutants, the inhibition

or reduction in RNA synthesis may not be the primary effect of the
mutation.

In several ts mutants of S. cerevisiae displaying an in-

hibition of RNA and protein synthesis, the primary effect of the
lesion is on protein synthesis and in others, is on energy metabolism
or membrane function (Hartwell and McLaughlin, 1968a). In the present
study, mutants of groups 2, 4 and 7 may be similarly defective,
especially mutants of group 4 in which the synthesis of all three
classes of macromolecule examined was inhibited.

However, this group

also includes ts4472 - one of the putative RNA polymerase mutants of
Thonart et al. (1976) - and mutant 218 whose mutation fails to complement that of ts4472.

This situation therefore highlights one of

the weaknesses of such a classification, viz, that mutants with apparently similar phenotypes may be defective in quite separate areas of
metabolism.

It was therefore necessary to examine many of these

mutants in greater detail (see below).
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Table 15 Macromolecule synthesis in ts mutants of S. cerevisiae
incubated at 36°C

+
Group Effect on macromolecule
synthesis
No. of % of
new
total
mutants

-

Wild type

-

RNA synthesis
12
specifically
inhibited
(protein synthesis reduced)

Strain

Macromolecule synthesis+
RNA
DNA
Protein

-

SHID-5C

2.9

4.3

3.8

21

191
198
200*
230
233
236
280*
303
332*
340
346
347
Lk339(rna4-1)

1.0
1.1
1.4
1.3
1.4
1.3
1.1
1.3
0.9
1.2
1.0
1.1
1.0

2.0
2.2
1.8
2.2
2.2
2.9
2.4
3.1
1.7
2.3
2.3
3.6
2.3

1.9
1.8
1.7
2.1
2.2
2.1
1.6
2.0
1.6
1.7
1.6
2.3
2.47

2

RNA and protein
synthesis
inhibited

1

2

321

0.9

2.0

1.0

3

RNA and DNA
synthesis
inhibited

5

9

133
214
220
290
293

1.4
1.4
1.2
1.3
1.4

1.4
1.2
1.5
1.4
1.4

2.0
2.4
2.0
2.4
2.3

4

RNA, DNA and
8
protein synthesis inhibited

14

0.8
1.4
1.3
1.0
1.2
1.0
0.9
1.3
1.1

1.3
1.5
1.3
1.0
1.1
0.7
1.3
1.4
1.5

1.0
1.5
1.5
1.0
1.4
1.0
1.0
1.3

1.2

1.5
1.5
2.3

2.2
2.1
2.3

2.9
2.8
3.3

5

RNA and DNA
synthesis
reduced

3

5

218*
254
264
270
275
299
300
313
Js4472
93
203
305
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Table 15 (Cont'd

Group Effect on macromolecule
synthesis
No. of % of
new
total
mutants
6

RNA and
protein
synthesis
reduced

7

RNA, DNA and

Strain

+
Macromolecule synthesis+
RNA
DNA
Protein

11

20

105
199
207
234
283
288
289
327
336
339
344

1.8
1.6
1.8
1.6
1.6
1.6
1.6
2.2
1.6
1.8
1.5

3.1
3.3
3.6
3.0
3.7
2.7
3.7
3.6
2.9
3.5
3.9

2.4
2.3
2.0
2.0
2.1
2.5
2.4
2.4
2.3
2.5
2.5

4

7

69
261
282
326

1.5
1.9
1.7
2.2

2.3
1.7
1.8
2.5

1.9
2.3
1.7
2.5

8

DNA synthesis
2
specifically inhitited (RNA and
protein synthesis
reduced)

4

210
252

2.1
1.9

1.4
0.7

2.8
1.9

9

DNA synthesis
reduced

1

2

349

4.6

1.8

4.4

No apparent

9

16

134
219
239
269
328
329
341
343
345

2.5
2.4
2.9
2.6
2.8
2.7
2.4
2.9
3.3

3.5
2.5
4.4
3.8
6.2
4.0
6.6
5.0
5.6

2.7
2.6
3.8
2.8
3.9
2.4
5.6
3.8
3.2

protein synthesis reduced

10

effect
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Table 15 (Cont'd)

Strain

Macromolecule synthesis
RNA
DNA
Protein

ts4472

1.0

1.4

1.2

tsl87(prtl-l) 1.0

1.4

1.0

tslO8(rna5-1) 1.1

1.7

2.0

ts282(rna3-1) 1.1

1.8

1.9

Group Effect on macromolecule
synthesis
No. of % of
new
total
mutants

-

Previously reported - results

Synthesis is expressed as the increase (or decrease) in the amount
of radioactivity incorporated into TCA-precipitable material during
the first 3 h after a temperature shift from 25°C to 36 C - each
value equals the 3 h measurement divided by the 0 h (pre-shift)
_37 adenine was used to label
measurement (both in duplicate).
RNA and DNA, and L--7 phenylalanine to label protein. Values
in parenthesis are for previously isolated ts mutants defective
in RNA synthesis, retested under identical conditions for
comparison.

*

Strains carrying mutations which fail to complement with known
mutations affecting RNA synthesis in S. cerevisiae (see Table 12).
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In addition to the above mutants, a few (6%) were defective
preferentially in DNA synthesis (groups 8 and 9) although they had been
selected by a tritium-.suicide technique aimed at enriching specifically for RNA synthesis mutants. Finally, 9 mutants (group 10) were
found in which RNA, DNA and protein synthesis were apparently unaffected at 36°C.

In several of these, the extent of macromolecule

synthesis, particularly DNA synthesis, was significantly greater
during the 3 h at 36°C than in the wild type.

Nevertheless, they

0
all remained ts for growth at 36 C.

Further characterization of ts mutants
Macromolecule synthesis in several mutants was further examined in a continuous labelling experiment before and after a shift to
the restrictive temperature. For comparison, the incorporation
pattern of the wild type, SHID-5C, is illustrated in Figure 16.
Surprisingly, there was little difference in the rates of labelled
precursor incorporation into cellular material at 25°C and 36°C although
the growth rates, as measured by turbidity increase (A600um) or increase
in viable cell number, at the two temperatures were quite different,
0
0
viz, mean cell generation time of 2.83 h at 25 C and 1.87 h at 36 C.

At 360C, the rates of label incorporation (approximate doubling time
of 1.80 h) correlated with the growth rate but this was not the case
at 25°C (approximate doubling time of 1.85 h).

This discrepancy may

be due to a difference in the specific activity of the precursor
pool(s) at the two temperatures although there is no evidence as yet
to confirm this.
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Figure 16 Macromolecule synthesis in S. cerevisiae wild-type strain
SRID-5C during incubation at 25 0C and following a temperature
Incorshift to 360 C (time of shift indicated by arrow).
poration of radioactive precursors into TCA-precipitable
matria1 was measured as described in Chapter II, using
[2- H adenine to label RNA (A) and DNA (U), and
L-- 47 phenylalanine to label protein (•). Relative
increases in the amount of radioactivity incorporated during
the first 3 h after the shift to 360C were 3.1 for RNA,
4.1 for DNA and 3.7 for protein.
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During incubation at the permissive temperature, the mutants
which were studied displayed rates of macromolecule synthesis similar
to those of the wild type.

Moreover, at 25°C the majority of mutants

grew at approximately the same rate as SHID-5C (those which did not
are discussed when encountered).

However, after the shift to the

restrictive temperature, RNA, DNA and protein synthesis were inhibited
or reduced by varying degrees in the mutants - the incorporation patterns
characteristic of certain biochemical groupings (see Table 15) are
illustrated in Figure 17a-e.

In these mutants, the increase in the

amount of radioactivity incorporated into each macromolecule during the
first 3 h incubation at 36°C was similar to the values obtained from the
general screening, thus confirming the biochemical classification already
made. One exception was mutant 220 in which RNA and DNA synthesis were
not as severely inhibited as in the previous screening.
Mutants which exhibited a rapid and specific inhibition of RNA
synthesis at 36°C and those which showed an increase in the ratio of
protein:RNA at the restrictive temperature were examined in greater
detail and are discussed in Chapters IV and V respectively.

Effect of uracil starvation on macromolecule synthesis in SHID-5C
Since the tritium-suicide method may also select for mutants
with a conditional defect in uracil uptake, the effect of uracil starvation on macromolecule synthesis in a uracil auxotroph - SHID-5C(ural) was examined at 25 0C to determine if the resulting incorporation pattern
was similar to that of any of the ts mutants at the restrictive temperature.

Starvation of SHID-5C for uracil resulted in a rapid cessation of
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Figure 17a-e Macromolecule synthesis in is mutants of S. cerevisiae
during incubation at 25°C and following a temperature
shift to 36°C (time of shift indicated by arrow) see over.
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Figure 17a-e (cont 'd.) Macromolecule synthesis in ts mutants of
S. cerevisiae during incubation at 25°C and following
a temperature shift to 360 C (time of shift indicated by
Incorporation of radioactive precursors into
arrow).
TCA-precipitable material was measured as described in
Chapter II, using L_3 7 adenine to label RNA (A) and
DNA (u), and L-rU-l47 phenylalanine to label protein
(.).
Relative increases in the amount of radioactivity
incorporated during the first 3 h after the shift to 360 C
were: a. 1.7 for RNA, 1.9 for DNA and 2.5 for protein,
in mutant 220;
b. 1.3 for RNA, 1.4 for DNA and 1.5 for
protein, in mutant 264;
c. 1.9 for RNA, 3.1 for DNA
d. 1.6 for RNA,
and 2.7 for protein, in mutant 105;
2.3 for DNA and 2.1 for protein, in mutant 69; e. 2.9
for RNA, 4.2 for DNA and 3.8 for protein, in mutant 239.
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RNA synthesis (measured by

adenine incorporation) while DNA and

protein synthesis continued for some time, albeit at a reduced rate
(Figure 18).

The temporary disturbance in macromolecule synthesis

in the control culture immediately after culture transfer was probably
due to the transfer procedure used (see Chapter II).
During the first 3h of uracil starvation, the amount of

*

radioactivity incorporated into RNA, DNA and protein increased by 0.9-,
1.3- and 1.3-fold respectively, values similar to those for mutants of
biochemical grouping 4 during the first3h incubation at 36°C (see Table
15).

It was therefore possible that some of these mutants were defective

in uracil uptake at the restrictive temperature since they were all
auxotrophic for uracil.

However, from genetic analysis of these and

other mutants, it was found that such a defect was not present in the
mutant collection (Table 16).

Because mutations causing this defect

would only be expressed in a ural background, crossing out the uracil
requirement would lead to the loss of temperature sensitivity.

Since

this was never observed (that is, ts URA1+ segregants were found in TT
and NPD asci), it was concluded that there were no mutants with ats
defect in uracil uptake.

Effect of cycloheximide on macromolecule synthesis in SHID-5C
The effect of cycloheximide on macromolecule synthesis in
SHID-5C was examined at 25°C to test whether a proportion of the ts
mutants classified as PHA synthesis mutants could in fact be protein
synthesis mutants.

Cycloheximide interacts with ribosomes and inhibits

polypeptide chain elongation by preventing peptide bond formation.

*

That is, amount of radioactivity incorporated decreased by 10o.

In
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Figure 18 Effect of uracil starvation on macromolecule synthesis in
Incorporation of radioactive
the uracil auxotroph SHID-5C.
precursors into TCA-precipitable material was measured as
described in Chapter II, using L_3 7 adenine to label RNA
An
and DNA, and L--14Q7 phenylalanine to label protein.
exponentially growing culture of SHID-5C, incubated at 25°C,
was divided in two at the time indicated by the arrow - both
cultures were centrifuged and washed, one resuspended in
complete labelling medium containing 20 )1g.m l_L uracil,
the other resuspended in uracil omission labelling medium.
Both cultures were incubated at 250C: RNA (A), DNA (U) and
protein (.) synthesis in complete medium; NBA (A ), DNA (o )
and protein ( o ) synthesis in uracil omission medium.
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Table 16 Genetic analysis of ts mutants of S. cerevisiae:
examination of segregation of ts mutations and ural

ts mutation

Ascus type with respect to ural

PD

TT

NPD

93

2

8

2

200

2

7

1

203

1

4

1

236

3

14

4

239

1

3

2

254

2

7

2

270

1

4

2

3

3

0

1

5

0

288

1

5

1

300

2

7

3

2

6

1

*

280

*

282

*

*

326

+

+ Tetrads were disected from crosss of ts mutants (a ts1 ADE5+ ade6 ural)
with 1209 (ta1 ade5 ADE6 URA1 ).

*

Poor spore viability.
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a previous study with S. cerevisiae, addition of the drug at a concentration of 100 pg.m1 resulted in an immediate reduction in the rate
of protein synthesis, followed, after a short lag, by inhibition of net
RNA synthesis (Roth and Dampier, 1972).
In the present study, cycloheximide was added to an exponentially
-1
growing culture of SHID-5C to give a final concentration of 100 )lg.ml
and RNA, DNA and protein synthesis were measured as previously described
using radioactively labelled precursors (see Chapter II).

Protein

synthesis was almost immediately affected, net accumulation of protein
being inhibited within 15 min of adding the drug, while net accumulation
of RNA continued for about 30 min before complete inhibition was observed
(Figure 19).

These results are similar to those of Roth and Dampier

(1972) and illustrate the dependence of RNA synthesis on continuous
protein synthesis in this organism.

DNA synthesis was also inhibited

about 30 min after addition of the drug. During the first 3 h after
cycloheximide addition, the amount of radioactivity incorporated into

*

RNA, DNA and protein increased by 1.3-, 1.3- and 1.0-fold respectively,
values similar to those for mutants of biochemical grouping 4 during
0
the first 3 h incubation at 36 C (see Table 15).

It is therefore

possible that some of these mutants are defective primarily in protein
synthesis rather than in RNA synthesis.

Moreover, mutant ts187 of

Hartwell (Hartwell, 1967; Hartwell et al., 1970a) which is defective
in the initiation of protein synthesis has a phenotype similar to that
of group 4 mutants when incubated at the restrictive temperature (see
Table 15).

*

That is, amount of radioactivity incorporated remained constant.

135

A

5

0.5
C

0
1-J

0
0

U
C

0

_________ 0

0

0.2

4

8

6
Time (h)

Figure19 Effect of cycloheximide on macromolecule synthesis in SHID-5C
Incorporation of radioactive preduring incubation at 250 C.
cursors into TCA-precipitable material was measured as described
in Chapter II, using .L-37 adenine to label RNA and DNA, and
An exponentially
L-L -14.c7 phenylalanine to label protein.
growing culture of SHID-5C was divided in two at the time
indicated by the arrow - one half kept as a control, and cycloheximide (final concentration 100 jig.m1) added to the other:
RNA synthesis in the presence ( A) and absence ( A) of cycloheximide; DNA synthesis in the presence (o) and absence (u)
of cycloheximide; protein synthesis in the presence (0 ) and
absence ( .) of cycloheximide.
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STATISTICAL ESTIMATE OF NUMBER OF GENES
INVOLVED IN RNA SYNTHESIS IN S. CEREVISIAE

By using the method of Hranueli et al. (1974), a rough estimate
of the number of genes involved in RNA synthesis in S. cerevisiae was
obtained. Only mutants displaying an inhibition of RNA synthesis at the
restrictive temperature (groups 1-4 in Table 15) or a reduction in RNA
synthesis with little effect on protein synthesis (group 5 - similar
in some respects to 'NA processing mutant ts351 of Andrew et al., 1976)
were included in this estimate, although in some of these the primary
defect may not be in RNA synthesis. It is also possible that true
RNA synthesis mutants were excluded.
For this estimate, p is the probability of a new mutation being
in a known gene and q, equal to (l-p), is the probability of it being in
a previously unknown gene. Hence, for the 29 mutants of biochemical
groupings 1-5, p=4/29 = 0.138; and q = (1-0.138) = 0.862. The standard
error (d) equals Jpq/n, where n is the number of new mutations studied,
that is,29. Thus d is 0.064. Assuming the true value of p lies between
0.138tz

d , where z (the standard normal variable) equals 1 for 68%

confidence limits, then the lower and upper limits for p become 0.074
and 0.202 respectively. Thus, the most probable number of genes involved
in RNA synthesis in S. cerevisiae is calculated from x/p, where x is the
number of known genes. To date, there are at least 42 genes known to be
involved in RNA synthesis in S. cerevisiae - RNA1 (Atkinson et al.,
1985), RNA2 - RNA11 (Last et al., 1984), rnal2 (Lacroute et al., 1975),
the 26 RPO polymerase genes (Sentenac and Hall, 1982) and four rRNA
processing genes TSM351, DIP1, CLP8 and SY15 (Andrew et al., 1976;
Ursic and Davies, 1979; Carter and Cannon, 1980; Stateva and Venkov, 1984).
In addition, there are several genes whose involvement in RNA processing
or modification is known but mutations in these are non-conditional for
growth (LOS1, TRM1, TRM2, MOD5, MAI, RNA82 - Hopper et al., 1982;
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Piper et al., 1983). In the present study only 14 of these were
examined, viz. RNA1to RNAI1 and the three genes identified by
Thonart et al. (1976). In this case, x equals 14 and the
most probable number of RNA synthesis genes in S. cerevisiae
is therefore 101 (with 68% confidence limits of 69 and 189).

ANOTHER APPROACH TO MUTANT SELECTION

Since the tritium-suicide method may not select for every type
of RNA synthesis mutant, another approach, viz, the selection of mutants
resistant to inhibitors of transcription, was examined. In particular,
the selection of mutants resistant to

-amanitin was studied.

The drug CC -amanitin is a specific inhibitor of RNA polymerase II
activity in vitro, in both yeast and higher eukaryotes (Buhler et al.,
1974; Cochet-Meilhac and Chambon, 1974).

o-amanitin also inhibits

the growth of animal cell cultures since these cells are permeable to
the drug (Bryant et al., 1977; Ingles, 1978). Furthermore, the isolation in higher organisms of resistant mutants in which RNA polymerase II
activity is altered has helped in understanding the control of RNA
polymerase synthesis in eukaryotes (Somers et al., 1975a; Guialis et
al., 1979). Study of the RNA polymerase activities of S. cerevisiae,
especially RNA polymerase II, would also benefit considerably if mutants
resistant to O(-amanitin could be isolated. However, yeast cells are
impermeable to 0<-amanitin so that growth is not inhibited in the
presence of the drug but if yeast could be made permeable in some way to
O

-amanitin, screening of mutants for resistance to the drug would be
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possible.

With this in mind, the effect of spheroplasting on the

permeability of yeast to o( -amanitin was examined.

Spheroplasts are

cells in which most of the cell wall (a possible barrier to

4x

-amanitin)

has been removed by enzymic digestion.

Macromolecule synthesis in spheroplasts in the presence of -amanitin
Metabolically active spheroplasts of SHID-5C were prepared as
described in Chapter II and macromolecule synthesis was monitored by
radioactive labelling in the presence and absence of 0-ainanitin at a
concentration of 509.ml 1, which completely inhibits yeast RNA
polymerase II activity in vitro (Buhler et al., 1974) and the growth of
animal cell cultures in vivo (Bryant et al., 1977;

Ingles, 1978).

However, it is seen from Figure 20 that there was no difference in the
rates of macromolecule synthesis between the control and O'.-amanitintreated cultures.

If o(-amanitin had had an effect in vivo, one would

have expected a relatively immediate reduction in the rate of protein
synthesis (because of the inhibition of mEIA synthesis) followed by the
inhibition of net RNA synthesis (since rRNA synthesis is dependent on
continued protein synthesis).

It is therefore likely that 0(-amanitin

does not enter yeast spheroplasts, or if it does, it is detoxified or
cannot reach its site of action, the nucleoplasm.

The possibility

that SHID-5C possesses an oc-amanitin-resistant RNA polymerase II activity can be discounted since this enzyme is completely sensitive to
the drug in vitro (see Chapter

iv).

It may still be possible to get O'.-anianitin into yeast cells,
for example, by loading the inhibitor into vesicles made from yeast cell
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Figure 20 Macromolecule synthesis in spheroplasts of SRID-5C in the presence
Metabolically active spheroplasts of SHID-5C
of o( -amanitin.
were prepared with-glucuronidase and stabilized in C1'[ medium
RNA and
containing 0.4 1'I IVIgSO4 as described in Chapter II.
protein synthesis were monitored in these spheroplasts during
,6-37
incubation at 250C by measuring the incorporation of
uracil and L-/U-14ç7 phenylalanine, respectively, into TCAThe culture was divided in two at the
precipitable material.
one half kept as a control, and
time indicated by the arrow
oc-amanitin (final concentration 50)19.ml ) added to the other:
RNA synthesis in the presence (A) and absence (A) of Q( -amanitin; protein synthesis in the presence (o ) and absence (.)
Less than 2% of the radioactivity incorporated
of O( -amanitin.
into TCA-precipitable material could be attributed to incorporation by whole cells (that is, incorporation by viable units
resistant to lysis in 0.2%SDS).
-

MUS

membranes and fusing these with spheroplasts, or by treating whole
cells with toluene or detergents (Hereford and Hartwell, 1971).

How-

ever, until this is achieved, strains of S. cerevisiae cannot be screened
for resistance to o(-amanitin in viva.

DISCUSSION

Effectiveness of tritium-suicide in selecting for mutants defective
in RNA synthesis
The effectiveness of the tritium-suicide technique as a selective
tool can be estimated by comparing the proportion of ts mutants defective
in RNA synthesis isolated in the present study with that found by
Hartwell and ca-workers using a non-selective approach.
From a total of 400 general ts mutants of S. cerevisiae,
Hartwell (1967) identified 78 mutants (approximately 20% of the total)
which were defective in RNA synthesis at the restrictive temperature.
These were divided into three main categories, viz. RNA synthesis
mutants, protein synthesis mutants, and DNA synthesis mutants (Table 17).
Interestingly, strains classified as protein synthesis mutants had a
wide range of biochemical defects and included one which was defective
in the rnal gene product (involved in RNA transport or processing) illustrating how certain mutants may be wrongly classified by general
biochemical screening. Furthermore, the general phenotype of the
protein synthesis mutants at the restrictive temperature confirms
that in some mutants of biochemical grouping 4 (see Table 15) the
inhibition of RNA synthesis may not be the primary defect.

Table 17 Temperature-sensitive mutants of S. cerevisiae defective in RNA synthesis, isolated by
Hartwell and co-workers

Mutant class No. of mutants % of
totala
isolated

RNA synthesis
mutants

38c

Protein synthesis 21
mutants

DNA synthesis
mutants

19e

Macromolecule synthesisb
RNA

DNA Protein

10

1.1

1.7

2.0

5

1.0

1.4

1.0

5

1.7

1.2

2.1

Defect

Gene(s)
involved

References

Ribosome
maturation
RNA2-RNA11
Hartwell et al. (1970b);
(mRNA splicing)
Last et al., (1984)
RNA transport
or processing RNA1
Hutchison et al. (1969);
(nuclear structure)
Atkinson et al. (1985)
Initiation of JDRT1
Hartwell and McLaughlin
protein syn(1969)
thesis
Elongation
PRT2
Hartwell and McLaughlin
step of trans(l968a)
lation
McNeil and McLaughlin (1973);
PRT3
EF3 factor
Chakraburtty and Plumb (1983)
met-tRNA
MES1
McLaughlin and Hartwell
synthetase
(1969)
ileu-tRNA
ILS1
Hartwell and McLaughlin
synthetase
(l96ab)
Energy metabolism Hartwell and McLaughlin
Membrane function (1968a)
DNA synthesis

-

Hartwell (1967)

a 400 ts mutants were isolated in total.
b Index of synthesis (see Table 15) is based on results of Hart-well (1967) for the first 3 h incubation at 360C.
c Only 23 mutants were examined further.
d Only 16 mutants were examined further.
e Only 4 mutants displayed a significant preferential inhibition of DNA synthesis.

H
H

142

In the present study, 821
16 of the ts mutants examined were
defective in some way in RNA synthesis at the restrictive temperature,
with 21% specifically so.

This represents an enrichment for mutants

defective in RNA synthesis by tritium-suicide selection of approximately
fourfold over the non-selective approach of Hartwell, and a twofold
enrichment for mutants in which RNA synthesis was specifically affected.
These increases may not appear significant but combined with the initial
sixfold enrichment of ts mutants by tritium-suicide (see Figure 15b),
they become total increases over the non-selective approach of approximately 25-fold for is mutants defective in RNA synthesis and almost 13-fold
for mutants in which RNA synthesis was specifically affected.

The

tritium-suicide technique is therefore a very effective selection
procedure, although it is possible that in many of the mutants classified
as defective in RNA synthesis the primary defect is in some function
other than RNA synthesis.

It is therefore necessary to further

characterize as many mutants defective in RNA synthesis as possible but,
because of the wide variety of phenotypes displayed at 36°C, attention
was concentrated on two main types, viz, those which displayed a rapid
and specific inhibition of RNA synthesis following a shift to the
restrictive temperature (possible RNA polymerase mutants), and those
showing an increase in the ratio of protein:RNA at 36°C (possible
importance in single cell protein production) - they are discussed in
Chapters IV and V respectively.
Complementation studies with the mutants indicated that many
genes were affected but, as already discussed, some of these may not
be directly involved in RNA synthesis.

However, it is interesting to
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note that in four of the six complementation groups I - VI (listed, in
Table 12), mutants carrying non-complementing mutations had similar
phenotypes at the restrictive temperature, evidence that each complementation group represents a single gene - the two mutants of complementation
group IV were both classified in biochemical grouping 4, and those of
groups V and VI in biochemical grouping 1, while the two mutants of
group II, although classified in different biochemical groupings (i and
6), had roughly similar ts phenotypes.

On the other hand, mutants

carrying non-complementing mutations in groups I and III displayed very
different phenotypes at 36°C, the mutants of group III being of particular interest - mutant 339 (biochemical grouping 6) exhibited a
reduction in RNA synthesis at 36°C, while RNA, DNA and protein synthesis
were completely unaffected in mutant 343 (biochemical grouping 10) at
the restrictive temperature.

These phenotypic differences may reflect

allelic differences in the mutants concerned but this can only be
verified by detailed linkage analysis.

Estimate of number of genes involved in RNA synthesis
The most probable number of genes involved in RNA synthesis in
S. cerevisiae was estimated at 101 (with 6W6 confidence limits of 69 and

189).

It must be stressed that this is only a rough statistical esti-

mate of the number of genes involved since the calculation is based on
two main assumptions.

First, it was assumed that the mutations studied

were a random sample of all the possible mutations specifically affecting RNA synthesis.

This is probably not the case since all RNA synthesis

genes may not be mutable by EMS treatment (for example, there may be
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multiple gene copies for certain essential functions) and since the
tritium-suicide procedure may only select certain types of RNA synthesis
mutant.

Secondly, it was also assumed that all mutations occur with

equal probability in any gene.

This is also unlikely to be true since

the larger the gene, the greater the probability of inducing a mutation
in that gene, and since "hot spots" for mutation are known to occur.
In addition, this calculation is based on data from complementation tests and not linkage analysis, which would have increased the
accuracy of the estimate, and as already discussed, it is possible that
some mutations primarily affecting RNA synthesis, viz, those leading to
reduced synthesis at 36°C, were excluded from the calculation, while
others non-specific to RNA synthesis may have been included.
accuracy of the estimate is questionable.

Thus, the

On the other hand, if all

mutations affecting RNA synthesis were included, the estimated number
of genes would increase dramatically.

Furthermore, limits of only 6 ell

confidence were used since increasing the degree of confidence would
result in an even wider range for the value of p, and therefore a greater
spread in the number of possible RNA synthesis genes.
Nevertheless, the estimated number of 101 genes agrees favourably
with the 99 predicted to be involved in RNA synthesis in S. cerevisiae
(listed in Table 18) although the latter does not include many regulatory
genes since their total cannot be estimated.

It therefore appears that

the 48 RNA synthesis genes previously identified in S. cerevisiae represent only a small fraction of the total number involved.

However,

more detailed examination of the mutants isolated in the present study
should lead to the identification of further RNA synthesis genes in this
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Table 18 Number of genes predicted to be involved in RNA synthesis
in S. cerevisiae.

Function

No. of genes

References

Ribonucleotide metabolism

-30

Jones and Fink (1982)

RNA polymerases: common subunits
unique subunits
(eg. RP021)

6
20

Sentenac and Hall(1982)
Brant et al.,(1983b);
Ingles et al.,(1984)

modifying enzymes
(protein kinases)
Methylases :

"4

mRNA/hnRNA capping

tRNA (eg. TRM1, TRM2)
rRNA

'-"4

Poly (A) polymerases

Processing nucleases:

8

2

rRNA (eg. TSM35I,
DIP1
CLP8
SY 15
RNA82)

tRNA
-nuclease/ligase activities: tRNA
(eg. LOS1)
-mRNA splicing (RNA2-RNA11)
RNA transport from nucleus/RNA processing/
maintenance of nuclear structure (RNAI)

Total

2
2
10
1

99

Bell et al., (1977);
Brant et al. (1983a)
de Kloet and Andrean
(1976);
Wang et al. (1983).
Svensson et al.(1969);
Hopper et al. (1982)
Perry (1976)
Edmonds and Winters
(1976).
Andrew et al. (1976);
Ursic and Davies(1979);
Venkov and Vasileva
(1979);
Carter and Cannon(1980);
Piper et al. (1983);
Stateva and Venkov
(1984)
Perry (1976)
Hopper et al. (1980);
Phizicky et al.(1984)
Last et al. (1984)
Hopper et al. (1978);
Atkinson et al. (1985)
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organism.

In fact, two new genes have been identified - one may code

for a subunit or cofactor of RNA polymerase II (see Chapter

iv),

other for a factor that may be involved in rRJA processing (see
Chapter

v).

the
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CHAPTER IV

TEMPERATURE-SENSITIVE MUTANTS OF S. CEREVISIAE WHICH
EXHIBIT A RAPID AND SPECIFIC INHIBITION OF BRA SYNTHESIS
FOLLOWING A SHIFT TO THE RESTRICTIVE TEMPERATURE:
CHARACTERIZATION OF A MUTANT DEFECTIVE PRIMARILY IN BRA
POLYRASE II ACTIVITY

ME

INTRODUCTION

From the general screening described in Chapter III, 12 ts
mutants of S. cerevisiae were identified in which ERA synthesis was
rapidly and specifically inhibited after a temperature shift to 36°C
(biochemical grouping 1 in Table 15).

These mutants were studied

further since they were considered most likely to have defective ERA
polymerase activities.

BIOCHEMICAL AND GENETIC ANALYSIS OF MUTANTS

Mutant 233 lost its temperature-sensitivity on continued
subculturing at 25°C, due perhaps to spontaneous reversion or to
a second-site mutation which suppressed the is phenotype, and was not
studied further.

Macromolecule synthesis in the remaining 11 mutants

was examined in greater detail in a continuous labelling experiment
during incubation at 25°C and following a temperature shift to 36°C.
Somewhat surprisingly, several of these, viz, mutants 191, 198, 303*,
340, 346 and 347 (Figure 2la-f), did not show the rapid inhibition of
ERA synthesis at 36°C expected from the initial screening, although ERA
synthesis was still specifically inhibited in mutants 191, 198 and 347

ter
* Mutant 303 accumulated
acetate-labelled free fatty acids
a shift to the restrictive temperature and incorporated less [ 7
orthophosphate into phospholipids at 360C compared with the wild type
(V.A. Letts, personal communication).
This mutant is therefore
believed to be defective in an early step in phospholipid biosynthesis.
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Figure 21a-h Macromolecule synthesis in ts mutants of S. cerevisiae
during incubation at 25°C and following a temperature
shift to 36°C (time of shift indicated by arrow).
Incorporation of radioactive precursors into TCA-precipitable material was measured as described in Chapter II,
using2-j37 adenine to label RNA (A) and. DNA ( •),
and. L-Li-'47 phenylalanine to label protein (•).
Relative increases in the amount of radioactivity incorporated during the first 3 h after the shift to 360 C were:
a. 2.6 for RNA, 3.3 for DNA and 2.9 for protein, in
mutant 303; b. 2.6 for RNA, 2.4 for DNA and. 3.1 for
protein, in mutant 346; c. 1.8 for RNA, 3.6 for DNA
and 2.6 for protein, in mutant 340; d. 1.5 for RNA,
2.7 for DNA and. 2.3 for protein, in mutant 191;
e. 1.4 for RNA, 3.6 for DNA and 2.7 for protein, in
mutant 198; f. 1.5 for RNA, 2.6 for DNA and 3.0 for
protein, in mutant 347; g. 1.0 for RNA, 2.0 for DNA
and 1.5 for protein, in mutant 280; h. 1.3 for RNA,
3.1 for DNA and 2.2 for protein, in mutant 230.
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(Figure 2ld-f) and specifically reduced in mutant 340 (Figure 21c).
However, these mutants were not studied further.

Mutants 200, 280 and 332
Mutants 280 and 200/332 carried mutations which failed to
complement with mutations rna6-1 and rna7-1 of Hartwell, respectively
(see Tables 12 and 13).

Following the shift to the restrictive

temperature, RNA synthesis in mutant 280 was rapidly inhibited while
both DNA and protein synthesis continued for some time, albeit at a
reduced rate (Figure 21g).

Almost identical patterns of incorporation

were observed for mutants 200 and 332.

The phenotype of these mutants

at the restrictive temperature was similar to that of strains carrying
mutations in rna2 to mall (Hartwell et al., 1970b) except that in
these newly-isolated mutants the rate of protein synthesis was slightly
lower, by approximately 25%.

It therefore appears that mutant 280 has

a defective rna6 gene product and mutants 200 and 332 a defective rna7
gene product, both of which are involved in the control of ribosome
formation, although there may be some allelic differences between these
and the mutants of Hartwell - however, this can only be tested by
detailed linkage analysis.

Mutant 230
Although mutant 230 exhibited a rapid and specific inhibition
of RNA synthesis after the temperature shift to 36 0C (Figure 21h), it
was not studied in great detail because asci from the cross between a
ts derivative of this mutant, of mating type a, and ts strain Y323
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segregated an excess of ts spores, unlike other mutants which were
examined (Table 19).

This indicated that mutant 230 carried two

independently segregating mutations both of which must be present to
produce temperature-sensitivity.

Mutant 236
Finally, of the mutants in this biochemical grouping, mutant
236 displayed one of the fastest inhibitions specific to RNA synthesis
following the shift to 36°C - net RNA synthesis ceased within 30 mm
of the temperature shift (Figure 22b).

In this mutant, protein syn-

thesis decayed soon after RNA synthesis was inhibited but DNA synthesis
continued for some time at the restrictive temperature, albeit at a
rate approximately 50 that of the wild type (Figure 22a and b).

It

is interesting to note that during incubation at 25°C in CM medium,
-1
containing 5 )ig.ml
adenine, mutant 236 grew more slowly than SHID-5C,
with mean generation times of 4.1 h and 2.9 h respectively (Figure 23).
After the shift to 36°C, SHID-5C had a mean generation time of 1.9 h
whereas mutant 236 was not capable of prolonged growth.
Mutant 236 carried a single recessive mutation leading to
temperature-sensitivity (see Table 19) which complemented all other
available recessive ts mutations affecting RNA synthesis in S. cerevisiae,
including rnal-1 (Hutchison et al., 1969), rna2-1 to rnall-1 (Hartwell
et al., 1970b) and those of Thonart et al. (1976) which are believed
to affect RNA polymerase activity.

It was deduced that mutation 236

was not centromere-linked since the proportion of tetratype asci arising
from the cross between a ts derivative of mutant 236, of mating type a,

154

Table 19

Genetic analysis of ts mutants of S. cerevisiae defective
in RNA synthesis: the segregation of temperature-sensitivity
was examined in tetrads from the cross between a ts derivative
ade6 ural), and Y323
of each mutant, of mating type . (
(
)

Mutant

Segregation ts

: ts

4:0

3:1

2:2

1:3

0:4

198

0

0

19

0

0

230

2

12

1

0

0

236

0

0

20

1

0

303

0

0

21

0

0

340

0

0

16

0

0

347

0

0

20

0

0

a ts derivative, of mating type a.
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Figure 22a and b Macromolecule synthesis in a. SHID-5C and b. mutant
236 during incubation at 25°C and following a temperature shift
Incorporation of
to 360C (time of shift indicated by arrow).
radioactive precursors into TCA-precipitable mteria1 was
measured as described in Chapter II, using - j7 adenine to
label RNA (A) and DNA (•), and L---4 7pheny1alanine to
label protein ( .). Relative increases in the amount of
radioactivity incorporated during the first 3 h after the
shift to 360C were: a. 4.3 for RNA, 5.4 for DNA and 4.7 for
protein, in SRID-5C; b. 0.9 for RNA, 2.1 for DNA and 1.4
for protein, in mutant 236.
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growth of SHID-5C and mutant 236 during incubation at 25°C
Cultures of
and following a temperature shift to 36°C.
SHID-5C and mutant Y36 were incubated at 25°C in CM medium,
containing 5 )ig.m1 adenine, and samples taken at intervals
Each culture was
to measure the turbidity at 600 nm.
divided in two at the time indicated by the arrow - one
half kept at 25°C, the other shifted to 360 C - and further
samples were taken for turbidity measurement: SElL-SC
incubated at 250 C (•) and following a shift to 360C (a );
mutant 236 incubated at 25°C ( A ) and following a shift to

36°C

(A).
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and 1323, a ts strain carrying several centromere-linked markers,
was not less than 67% of the total for each marker examined (Table 20;
see Hawthorne and Mortimer, 1960).
Since the phenotype of mutant 236 at the restrictive temperature
was that expected for a strain with a defect in one or more of its
RNA polymerase activities, in vitro experiments were done to determine
whether such an activity was altered in this mutant.

RNA POLYNEPLASE ACTIVITIES FROM MUTANT 236

Partial purification of RNA polymerase activities
Extracts were made of SHID-5C and mutant 236, grown at 25°C
in YEPD, and the RNA polymerase activities partially purified by DE.AESephadex chromatography (Figure 24a and b).

Peaks of enzyme activity

eluted by the linear (NH4)25o4 gradient were found at concentrations
of (NH4)2504 previously reported for the RNA polymerases of S. cerevisiae,
viz. 0.17 M for RNA polymerase I (IB), 0.23 N for RNA polymerase II
and 0.29 N for PLEA polymerase III (Adman et al., 1972).

Detectable

amounts of PLEA polymerase IA - an activity which varies in amount
depending on the enzyme preparation (Adman et al., 1972; Thonart et
al.,, 1976)-were never found in the present study.

Background activity

for the BRA polymerase assay was approximately 100 counts.min
(Figure 24a and b).

This non-specific incorporation was confirmed

using heat-inactivated ERA polymerase activities from both SHID-5C and
mutant 236 in the standard assay and was subtracted from all subsequent
measurements of polymerase activity.
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Table 20 Genetic analysis of mutant 236: centromere-linkage of
mutation 236 was examined by analyzing tetrads from the cross
between a ts derivative of mutant 236, of mating type a (a
6 ade6 ural), and 1323 (OS ts2 36 which carries several
-cenromere-linked markers

Chromosome

Centromere-linked
marker

Ascus type with respect to
ts mutation 236

PD

TT

NPD

I

adel

4

15

2

IV

trpl

5

15

1

VI

his2

0

17

4

VII

leul

3

14

4

met14

2

15

4

XI
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Figure 24a and b Resolution of RNA polymerase activities from
a. SHID-5C and b. mutant 236 by DEAE-Sephadex chromatography.
Cells were grown at 250 C in CEPD medium, harvested in midexponential phase and broken in a modified Eaton pressure cell.
80 rug total protein were loaded on to the column in the case of
After washing the
SHID-5C and 98 mg in the case of mutant 236.
column with 100 ml TED buffer containing 0.05 M (NH4)2SO4, proteins
that remained bound were eluted with a 500 ml linear gradient of
0.05 M to 0.425 H (NH4)280A in TGED buffer (represented by dotted
fflA
line) and 10 ml fractions o1lected (see Chapter II).
polymerase activity was assayed at 300 C for 20 ruin using the
standard assay mixture (containing a 1:1 mixture of native and
heat-denatured calf thymus DNA).(NH4)2SO A concentration was
measured using a refractometer.
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The total radioactivity incorporated from

[ij7 UTP

was

calculated for each peak of activity and the specific activity of
each enzyme expressed as counts.min 1 incorporated per mg total
protein* loaded on to the column (Table 21).

It is interesting

that the specific activities of polymerases I and III in mutant 236
were reduced compared with those of the wild type, being 77% (RNA
polymerase I)and 66% (RNA polymerase iii) of the wild-type activities,
whereas that of RNA polymerase II from mutant 236 was greater (145%
of the wild-type specific activity).

It was also found that in

mutant 236 the ratios of RNA polymerase II activity, relative to the
activities of fflA polyinerases I and III, were approximately double
those calculated for SHID-5C (Table 22) - a result which was reproducible.

In vitro thermosensitivity of fflIA polymerase activities
Samples were taken from the pooled peak fractions of each
activity to examine their in vitro thermosensitivity. When heated
at 45°C, the RNA polymerase I and. III activities from both SHID-5C
and mutant 236 exhibited similar inactivation kinetics (Figure 25a and
b).

RNA polymerase I in both cases showed biphasic inactivation,

with an initial half-life of 2.5 min followed by a half-life of 26 mm
for the wild-type activity and 18 min for that of the mutant.

The PA

polymerase I activity from mutant 236 therefore appeared to be slightly
more thermolabile than that of SHID-5C.

In both cases, RNA polymerase

III was inactivated with a half-life of approximately 13 mm.

Of

particular interest, however, was the difference in in vitro thermosensitivity of the RNA polymerase II activities from both strains, with

*

True specific activity could not be calculated since the absolute
amount of each polymerase eluted from the column was below the limit
of detection for both methods used to measure protein concentration,
viz, the Lowry method and A
measurement
280nm
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Table 21 RNA polymerase activities extracted from SHID-5C and
mutant 236 grown at 250 C
Strain

RNA polymerase Total incorporation
(counts. min 1xlO 3)

SHID-5C

mutant 236

Specific activity
mts . min - . mg
b
total protein )

I

10.8

135.0

II

21.3

265.7

III

3.9

49.3

I

10.1

103.6

II

37.5

384.9

III

3.2

32.6

a Total amount of radioactivity incorporated under each peak of
activity resolved by DEAE-Sephadex chromatography (see Figure
24a and b).
b

80 mg total protein were loaded on to the column in the case of
SHID-5C and 98 mg in the case of mutant 236.

Table 22 Ratios of RNA polymerase activities from SHID-5C and mutant
236
Ratio of RNA polymerase activities
Strain
11:1

11:111

1:111

SIHID-.5C

1.9

5.4

2.7

mutant 236

3.7

11.8

3.2

a Ratio of activities calculated from values in Table 21.
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Figure 25a-c In vitro thermal inactivation of partially purified RNA
polymerase activities from a. SHID-5C and b. mutant 236.
Aliquots (in duplicate) of freshly isolated RNA polymerase
I ( U ), II (.) and III ( A ) activities were heated at
450C and samples taken at intervals for subsequent assay
at 300 C using the standard assay mixture (each point
representing the average of the two determinations).
In
both a and b, the concentration of (NH
in each
enzyme preparation was 0.17 N for polymerase I, 0.23 N
for polymerase II and 0.29 N for polymerase III.
10E activity values for polymerases from SHID-5C and
mutant 236 were 2693 (i), 2505 (ii) and 854 (iii)
counts.min
and 2491 (i), 6039 (ii) and 911 (iii)
counts.min, respectively.
c. Thermal inactivation of
a 1:1 mixture (by activity) of RNA polymerase II activities
from SHIJJ-5C and mutant 236.
Dashed and dotted lines
represent the heat inactivation of RNA polymerase II
activities from SHID-5C and mutant 236, respectively.
Dashed/dotted line represents the theoretical heat inactivation of a 1:1 mixture of RNA polymerase II activities
from wild type and mutant (assuming half-lives for inactivation of 40 min and 15 mm, respectively, with no interaction between the two enzyme complexes) and is defined by
-kt
-k't
x=a+=a0e
b
+ b0e
where x equals the total activity at any time t; a and
b equal the activity of RNA polymerase II from wild type
and mutant, respectively; and k and k' are constants
equal to ln2/half-life for inactivation.
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half-lives for thermal inactivation of 40 min and. 15 min for the wild.type and mutant activities respectively (Figure 25a and b).
To ensure that the increased in vitro thermosensitivity of
RNA polymerase II from mutant 236 was not caused by the presence of an
inhibitor or by contaminating nucleases or proteases, a 1:1 mixture
(based on activity) of RNA polymerase II from SHID-5C and mutant 236
was heated. at 45°C.

The inactivation of the mixed extract followed

biphasic kinetics but was initially more rapid than that expected from
theoretical predictions (Figure 250 - following closely, in fact, the
inactivation of polymerase II from mutant 236 on its own.

This result

indicated that there may have been some interaction between the two
enzymes (see Discussion).

However, since inactivation was biphasic*

and eventually followed that of wild-type polymerase II on its own, it
appeared unlikely that the increased lability of RNA polymerase II from
mutant 236 was due to the presence of an inhibitor or lytic enzyme.

To

verify that NBA polymerase II from this mutant was indeed different from
the wild-type enzyme, these activities were further compared.

Temperature optimum for NBA polymerase II activity
Aliquots of the NBA polymerase II activities from SHID-5C and
mutant 236 were assayed at 30°, 330 and 36°C, using the 1:1 mixture
of native and heat-denatured calf thymus DNA as template (Table 23).
However, no differences could be detected between the two enzymes with
respect to temperature optimum.

Both exhibited maximal activity at

30°C, the optimum for NBA polymerase II activity from S. cerevisiae
(Adman et al., 1972; Dezle and Sentenac, 1973), and as the assay
temperature increased, both activities declined proportionally - even
when assayed at 36°C, the in vivo restrictive temperature for the mutant.

*

Inactivation of the mixture would most likely have followed firstorder kinetics (i.e. it would have been linear on the semi-log plot
of Figure 25) if a lytic enzyme or inhibitor had been present.
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Table 23 Temperature optimum for RNA polymerase II activities from
SHID-5C and mutant 236

RNA polymerase II activity
Assay
temperature

mutant 236

SFIID-5C
ID

Incorporation
(counts.min)

of 300 C
value

/o

100

ID
Incorporation % of 30'
C
(counts.min) value

5650

100

30°C

3776

33°C

3567

94.5

5284

93.5

36°C

2788

73.8

4517

79.9

a Assayed using standard calf thymus DNA mixture as template; final
(NH4)2804 concentration was 0.06 N.
b Measured after 20 min incubation (average of two measurements).
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Template specificity of RNA polymerases
A 1:1 mixture of native and heat-denatured calf thymus DNA
was used as template in the above assays to ensure adequate incorporation by the three RNA polymerase activities from each strain since
yeast RNA polymerases I and III are highly active on native calf thymus
DNA, whereas RNA polymerase II is more active on denatured calf thymus
DNA (Adman et al., 1972).

In addition to using this mixed template,

the activity of the three FA polymerases from SHID-5C and mutant 236
was examined on poly La(AT)Y, the results of which are given in
Table 24.

Comparing the ratios of the activity of each enzyme on

polyLa(AT.).7 to that on the calf thymus DNA mixture, it appears that
RNA polymerases I and II from mutant 236 were approximately 2-3 times

more active on polyL(AT)7 than those of SHID-5C.

The ratios of the

RNA polymerase III activities, on the other hand, were almost identical.

Sensitivity of RNA polymerases too.-ainanitin
The activity of RNA polymerase II in eukaryotes is specifically
inhibited in vitro by the drug

0'. -amanitin

(Adman et al., 1972).

In

higher eukaryotes, mutants have been isolated which possess an o(
ainanitin-resistant RNA polymerase II activity and in certain cases,
it has been found that this polymerase may also be thermolabile (Ingles,
1976).

Since RA polymerase II from mutant 236 was thermosensitive

in vitro, its activity was measured, under normal assay conditions, in
the presence of o(-amanitin to determine if it was resistant to the
drug.

However, it is seen from Table 25 that the RNA polymerase II

activities from SHID-5C and mutant 236 were equally sensitive to
50 jig.ml

-amanitin, a concentration which almost completely inhibits

yeast RNA polymerase II activity in vitro (Buhier et al., 1974). The
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Table 24 Template specificity of RNA polymerases from SHID-5C and
mutant 236
Incorporation (coimts .min)
Strain

RNA polymerase
Calf thymus DNA
(c)

SHID-50

mutant 236

Relative
activity
(p/c)

Polyfd(AT17C
(p)

I

6260

1193

0.19

II

14629

680

0.05

III

3600

2346

0.67

I

1363

813

0.59

II

5552

659

0.12

III

1374

739

0.53

a Measured after 20 min incubation at 30°c (average of two measurements);
final (NH4 ) 0 504 concentrations for polymerases I, II and III were
0.04 M, 0.0 M and 0.07 M, respectively.
b calf thymus DNA was mixture of native (50 pg.ml ) and heatdenatured (50jig.ml ) template.
c Poly(AT)7 was present at a concentration of 100 jig.ml .
Table 25 Sensitivity of RNA polymerases from SHID-5C and mutant 236
to O(-amanitin
Incorporation a iLcounts .min
Strain

% inhibition

RNA polyinerase
Control (lacking
o( -aniani tin)

SlID-Sc

mutant 236

o( - amanit'n
(50 yg.inl

I

3920

3398

13.8

II

3261

248

96.8

I

3389

2738

19.2

II

4663

297

96.7

a Measured after 20 min incubation at 300 c using standard calf thymus
DNA mixture as template (average of two measurements).
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RNA polymerase I activities from both strains were also measured in
the presence of o(.-amanitin as controls and, as expected, they showed
little sensitivity to the drug - although the enzyme from mutant 236
was slightly more sensitive.

SYNTHESIS OF POLY(A)-CONTAINING RNA IN MUTANT 236

Because of the differences in thermal stability and template
specificity between the RNA polymerase II activities from SHID-5C and
mutant 236, it was concluded that the primary defect in mutant 236
was likely to be in a component of this polymerase.

To examine this

possibility further, the synthesis of inRNA - the product of RNA polymerase II activity in the cell - was monitored in mutant 236 during
incubation at both the permissive and restrictive temperatures.

In

this case, the rate of poly(A)-containing RNA synthesis was taken as
an estimate of the rate of inENA synthesis.
Cultures of SHID-5C and mutant 236 were pulse-labelled at
intervals before and after a temperature shift to 36°C, using [j7
uracil rather than

f 3H7

adenine to ensure that de novo poly(A)-con-

taming RNA synthesis was measured without label being incorporated
into the poly(A) sequences of mRNA species synthesized prior to the
temperature shift.

It is interesting to note that at the permissive

temperature, prior to the shift, the rate of poly(A)-containing RNA
synthesis in mutant 236 was approximately 3
type (Figure 26).

of the rate in the wild

After the shift to the restrictive temperature, the

30

-20

0

60

120

Time after shift to 36°C (mm)

Figure 26 Rate of poly(A)-containing RNA synthesis in SHID-5C and
mutant 236 during incubation at 25°C and following a
temperature shift to 360 C (time of shift indicated by arrow).
Cultures (in CM medium containing 5p9.ml uracil) were 1
uracil (3jiCm.jig
pulse-labelled for 10 min with
Nucleic
non-radioactive uracil) at the times indicated.
acids were extracted and purified, and poly(A)-containing
RNA was fractionated from total nucleic acid (duplicate
Rate of poly(A)samples) as described in Chapter II.
containing RNA synthesis is expressed as counts.min
incorporated into poly(A)-containing RNA per jig total
nucleic acid extracted per min of pulse: in SHID-5C (.)
and in mutant 236 (a).

rate of poly(A)-containing RNA synthesis in mutant 236 decreased
rapidly to about 20% of the pre-shift value, whereas in SHID-5C this
increased by 260% during the 2 h incubation.

Such a decrease in

the rate of mRNA synthesis in mutant 236 following the shift to 36°C
is consistent with this strain having a therinosensitive RNA polymerase
II activity in vivo.
The effect of mutation 236 on the synthesis of other classes
of RNA has not yet been determined.

However, in the above pulse-

labelling experiment, it was found that after the shift to 36 0C the
rate of total nucleic acid synthesis (a large fraction of which represents rRNA synthesis) decreased in mutant 236 at approximately the
same rate as that of poly(A)-containing RNA synthesis, while in
SHID-5C this increased to over double the pre-shift value (Table 26).
This decrease in the rate of stable RNA synthesis in mutant 236 at
36°C was expected since net RNA synthesis was completely inhibited in

this mutant within 30 min of a shift to the restrictive temperature
(see Figure 22b).

At the permissive temperature, the rate of total

nucleic acid synthesis in mutant 236 was about 45% of the rate in the
wild type - probably due to the lowered rate of poly(A)-containing RNA
synthesis in this mutant - and this may have accounted for the slower
growth of the mutant at 25°C (see Figure 23).

Finally, it was shown

that the inhibition of RNA synthesis, and in particular, of poly(A)containing RNA synthesis, in mutant 236 following the shift to 36°C
could not be attributed to a defect in precursor uptake since the rate
of

[7

uracil uptake, although about 25% lower at 25°C compared with

that in SHID-5C, was not significantly affected by the temperature
shift (Table 26).

Table 26 Rates of RNA synthesis and uracil utake in SHID-5C and mutant 236 during incubation at 25°C and
following a temperature shift to 36 C a
Strain

Time (mm) Total amount Total
cell
after shift of nucleic
acid extract- number
to 360C
(x 108)b
ed ( pg)b

Rate of total nucleic
Rate of [3 76uracil Rate of poly(A)-conacid synthesis
uptake per 10 cells taming RNA synthesis
(counts.min- % of (counts.min7-g 1 % of (counts.ain:'jg-1 % of
total nucleic acid. pre- total nucleic acid.premin - of pulse) preshift
shift min of pulse)
shift min- of pulse)
rate
rate
rate

-20

251

2.70

1100

100

26.3

100

397.2

100

5

280

2.83

1127

103

28.1

107

417.1

105

30

315

3.45

1269

115

39.1

149

472.7

119

120

474

5.95

1539

140

68.6

261

802.3

202

mutant 236 -20

250

2.80

811

100

8.0

100

173.6

100

5

288

2.98

732

90

2.9

36

53.8

31

30

155

3.43

950

117

1.7

21

50.3

29

120

224

5.05

828

102

2.0

25

39.3

23

SHID-5C

a

b

Cultures of SHID-5C and mutant 236 (in CM medium containing 5)rg.ml' uracil) were pulse-labelled for 10 mm
Cell number was measured
non-radioactive uracil) at the times indicated.
,6-3.E7 uraci1(3)1Ci.)1g
with
in the Coulter Counter and the rate of uracil uptake was calculated from total incorporation of radioNucleic acids were extracted and purified, and poly(A)activity into whole cells (sampled in triplicate).
containing RNA was fractionated from total nucleic acid (duplicate samples) as described in Chapter II.
Each value has been normalized for a total culture volume of 30 ml.
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TIT QCHTñ1

Heterogeneity of biochemical grouping 1
As discussed in Chapter III, the tritium-suicide technique
was effective in selecting for ts mutants of S.cerevisiae defective
specifically in RNA synthesis - the mutants of biochemical grouping 1.
The rapid and preferential inhibition of RNA synthesis displayed by these
mutants after a shift to the restrictive temperature was the phenotype
expected for strains with defects in RNA polymerase activity. On
detailed examination, although eight of the 11 mutants which remained
ts on continued subculturing at 25°C still exhibited a preferential inhibition of RNA synthesis following the temperature shift, significant
differences were observed in the degree of inhibition between mutants and
in some cases inhibition was not as rapid as that observed in the general
screening. Furthermore, the mutations carried by these 11 ts mutants
fell into 10 separate complementation groups - two representing genes
involved in mRNA splicing, essential for the synthesis of several ribosomal
proteins and thus for rRNA processing in yeast (Hartwell et al., 1970b;
Teem and Rosbash, 1983) and at least one representing a gene thought to
code for an RNA polymerase subunit. It therefore appears that biochemical
grouping 1 is a heterogeneous group of mutants with defects in different
areas of RNA metabolism.

Mutation 236 primarily affects the activity of RNA polymerase II
The phenotype of mutant 236 following the temperature shift to
36°C was that expected for a strain defective in RNA polymerase activity.
Moreover, the reproducible enhanced in vitro thermosensitivity at 45°C
of the partially purified RNA polymerase II activity from this mutant,
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compared with that of the wild-type activity, is consistent with the
primary defect being in a component of this enzyme, or in a polypeptide
interacting with RNA polymerase II and copurifying with it through
chromatography on DEAE-Sephadex. The interesting result of the inactivation of a 1:1 mixture of RNA polymerase II activities from the wild
type and mutant, although ruling out the presence of inhibitors or lytic
enzymes, indicates that there may have been some interaction between the
two enzymes since the decrease in combined activity was much more rapid
than that predicted from the theoretical heat inactivation (see Figure 25c).
It is possible that the thermolabile subunit (or associated factor) of
the mutant RNA polymerase II conferred instability on the whole polymerase
population but as its effect decreased due to its thermosensitivity the
stability of the enzyme population gradually returned to that expected
for the wild-type polymerase. However, further analysis of the enzymes'
subunit structure and of possible subunit interactions is required before
any conclusions can be drawn.
Somewhat surprisingly, the RNA polymerase II activity from mutant
236 was no more thermolabile than that from the wild type when assayed
at 36°C, the restrictive temperature for the mutant - however, it is
possible that an activity which is seriously affected in vivo may be much
less affected under the in vitro conditions used. Indeed, an opposite
effect has been observed in the rpoBl mutant where RNA polymerase II activity
is greatly reduced and more thermosensitive in vitro but apparently normal
in vivo at the restrictive temperature (Winsor et al., 1979;Ruet et al., 1980).
Further evidence that mutation 236 affects RNA polymerase II activity came from
the difference in template specificity of the enzymes from the mutant and wild
type - the mutant enzyme being more than twice as active on polyfd(AT7 relative
to calf thymus DNA than that from the parent strain. This may reflect
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an increased ability to transcribe synthetic polymers relative to more
natural templates - a difference that has also been noted for an c(amanitin-resistant RNA polymerase II activity from a mouse cell line
(Bryant et al., 1977).

In addition, pulse-labelling studies with

mutant 236 indicated that the rate of poly(A)-containing RNA synthesis
(a reliable estimate of the rate of mRNA synthesis - Fraser, 1975;
Hynes and Phillips, 1976) declined rapidly after a shift to the restrictive temperature, as would be expected if RNA polymerase II activity was
lost.
Finally, it is interesting to note that the mutant strain, grown
at the permissive temperature, appeared to produce more RNA polymerase II
activity than the wild type.

There are at least two possible explan-

ations for this - either the mutant produced the same concentration of
enzyme with greater activity on the template used in the assay, or it
produced a greater amount of the enzyme to compensate for a lower activity
in vivo.

The latter alternative seems the more likely since mutant 236

grew more slowly than the wild type at the permissive temperature and
synthesized poly(A)-containing RNA at a lower rate - but more detailed
studies on measuring absolute amounts of polymerases and their specific
activities are required before the true answer is found.

However, if

the latter possibility does apply, then this would be evidence for some
form of feedback regulation of the synthesis of RNA polymerase II in yeast indeed a form of autogenous regulation similar to that found in E. coli
has been postulated for the control of RNA polymerase II synthesis in
higher eukaryotes (Somers et al., 1975a; Guialis et al., 1979).
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RNA polymerase I activity may also be defective in mutant 236
From the in vitro heat inactivation studies on the different
RNA polymerases, it appeared that the RNA polymerase I activity from
mutant 236 was reproducibly slightly more thermolabile than that from
the wild-type strain.

In both strains, RNA polymerase I exhibited

biphasic heat inactivation kinetics and it was only in the second phase
of inactivation that any slight difference was evident.

In addition,

RNA polymerase I from the mutant was slightly more sensitive to 50 pg.m1
oC

-amanitin compared with that from the wild type.

However, the greatest

difference was observed when examining template specificity of the
enzymes - with RNA polymerase I from mutant 236 over three times as
active on poly (AT)7 relative to calf thymus DNA than that from
SHID-5C.

Taking these results together, it appears that mutation 236

also affects the activity of RNA polymerase I although the in vitro
thermosensitivity of this enzyme was much less marked under the conditions used.

It is therefore possible that mutation 236 affects a

subunit common to both polymerases I and II and this may be detectable
by a detailed analysis of the subunits of both enzymes.
Moreover, net RNA synthesis in mutant 236 was completely inhibited
within 30 rein of a shift to the restrictive temperature (see Figure 22b)
and pulse-labelling studies with this mutant also indicated that the
rate of total nucleic acid synthesis (a large fraction of which represents rRNA synthesis i.e. RNA polymerase I activity) was also greatly
reduced after the shift.

However, it is not known at present whether

this is a direct result of an in vivo thermosensitive RNA polymerase I
activity or a secondary effect caused by a thermosensitive RNA
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polymerase II activity. More detailed studies on the rates of synthesis
of specific RNA classes at the time of the temperature shift are required
before the problem can be resolved. Indeed, if either solution were
true, this might lead to a better understanding of the control of rRNA
synthesis in yeast and higher eukaryotes.
At present, it is known that in S.cerevisiae both the
processing of rRNA precursors (Udem and Warner, 1972; Warner, 1982)
and the initiation of transcription by RNA polymerase I (Onishi et al.,
1977) are extremely sensitive to the inhibition of synthesis of specific
proteins, viz, certain ribosomal proteins and transcription initiation
factors, and therefore to the inhibition of specific mRNA synthesis
(Last et al., 1984). If mutant 236 was shown to be defective solely in
RNA polymerase II activity, it would be interesting to examine the
synthesis of these specific proteins just after the shift to the
restrictive temperature. On the other hand, mutation 236 may affect
both polymerases I and II in which case the interplay between the two
enzymes could be studied although the direct effect of RNA polymerase I
on rRNA synthesis would probably be more important.

In vitro thermosensitivity of wild-type RNA polymerases
It is interesting to examine the thermosensitivity of the wildtype RNA polymerases in more detail and compare this with previous studies
on eukaryotic polymerases. RNA polymerase I from SHID-5C exhibited
biphasic heat inactivation kinetics at 45°C, suggesting that at least
two components were contributing to the overall instability - one being
very thermolabile, the other much less so. It would therefore be
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interesting to try to determine which subunits were responsible for
each component of the heat inactivation by analyzing the thermosensitivity
of individual polypeptides.

On the other hand, inactivation of both

RNA polymerases II and III from the wild type followed first-order
kinetics, indicating that only one component was governing the overall
instability of each enzyme.
In a previous study with yeast RNA polymerases, Thonart et al.
(1976) obtained a half-life of 30-35 min for the heat inactivation of
wild-type RNA polymerase II at 45°C under similar conditions to those
used in the present study (although Thonart et al. performed these experiments on partially purified extracts containing all three polymerases,
the assay conditions used preferentially selected for RNA polymerase II
activity).

This agrees favourably with the half-life of 40 min observed

in the present study for wild-type polymerase II inactivation.

In

addition, wild-type RNA polymerases from higher eukaryotes also exhibit
similar heat inactivation kinetics to those of the corresponding yeast
activity under similar conditions - RNA polymerase I from a rat cell
line having an initial half-life of less than 5 min for inactivation at
45°C (c.f. 2.5 min in the present study) whereas RNA polymerase II
remained relatively heat stable (Somers et al., 1975b). Thus it appears
that although polymerases from lower and higher eukaryotes may have
different subunit compositions the overall stability of these complexes
are quite similar.

This comparison also confirms the reproducibility

of the in vitro thermosensitivity assay.
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Comparison of mutant 236 with other yeast RNA polymerase mutants
At present, relatively few ts RNA polymerase mutants of yeast
have been identified. The first reported mutants were those isolated
by Thonart et al. (1976) and each of these was believed to be defective
in all three RNA polymerases. Mutant 236 carried a single recessive ts
mutation which complemented the mutations carried by these strains.
Nevertheless, macromolecule synthesis after a shift to the restrictive
temperature was very similar in Thonart's mutants and mutant 236, with the
exception that net RNA synthesis was more rapidly inhibited in the former.
This may be because (i) only RNA polymerase II was thermosensitive in
mutant 236; (ii) both RNA polymerases I and II were thermosensitive
in mutant 236 but to a lesser degree than those in Thonart's mutants indeed RNA polymerase II activity from the latter appeared to have a halflife of less than 5 min for heat inactivation at 45°C. Only detailed
analysis of the polymerase subunits and of the RNA species synthesized at
the time of the temperature shift will distinguish between these two
possibilities. As already discussed, true comparisons are difficult
since Thonart's experiments were performed on extracts containing all
three polymerase activities. It must be noted that in a subsequent study
of Thonart's mutants, the individual, purified RNA polymerases were not
thermosensitive under the conditions used (see Sentenac and Hall, 1982)
and moreover, one of the mutants - ts4572 - has since been found to be
defective in histidinyl-tRNA synthetase activity, resulting in a pleiotropic
phenotype with additional defects in the cell cycle and in general amino
acid control (Natsoulis et al., 1984).
Another mutant of S. cerevisiae has been isolated in which
in vitro RNA polymerase II activity is severely reduced (Winsor et al.,
1979). Preliminary results with this mutant, rpoBl, have indicated
that the 220,000 MW subunit of RNA polymerase II is altered and that
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this subunit is involved in RNA chain initiation and elongation
(Ruet et al., 1980). It would therefore be interesting to analyze
mutations 236 and rpoBl to determine if they were in the same gene.
Further comparison of polymerase subunit patterns from these mutants
and construction of the double mutant might also give useful information
on subunit interactions and function. Several wild-type RNA polymerase
genes have now been cloned from S. cerevisiae (Young and Davis, 1983;
Ingles et al., 1984) and additional ts RNA polymerase mutants generated
by site-specific integration into the wild-type chromosomal locus,
following in vitro mutagenesis of part of the cloned gene (Himrnelfarb
et al., 1984). A comparison of mutations 236 and rpoBl with these novel
mutations should also be undertaken.
Therefore, in addition to its potential value in analyzing
subunit function in eukaryotic RNA polymerases, mutant 236 should also
prove useful in physiological studies of the regulation of transcription
and the control of RNA polymerase synthesis in a lower eukaryote.
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CHAPTER V

TEMPERATURE-SENSITIVE MUTANTS OF S. CEREVISIAE
WHICH EXHIBIT AN INCREASED PROTEIN : RNA RATIO
FOLLOWING A SHIFT TO THE RESTRICTIVE TEMPERATURE:
CHARACTERIZATION OF A MUTANT WITH A PUTATIVE
DEFECT IN rRNA PROCESSING

IM
INTRODUCTION

The potential use of conditional yeast mutants in producing
single cell protein for human consumption has been discussed in
Chapter I.

Of particular interest are ts mutants in which RNA

synthesis is inhibited or reduced at the restrictive temperature but
in which protein synthesis continues for some time after the temperature
shift.

Such mutants exhibit an increased protein RNA ratio at the

restrictive temperature and many of these should be defective in the
metabolism of stable RNA since mRNA, required for protein synthesis,
has an average functional half-life of about 20 min in S. cerevisiae
(Hutchison et al., 1969;

Koch and Friesen, 1979).

Defects in RNA

polymerase activity (especially in RNA polymerases I and III); in stable
RNA processing or transport from the nucleus; or in the metabolic
turnover of mature stable RNA species may be expected in these mutants
and they should therefore prove useful in examining the control of

RNA synthesis in yeast.
In previous studies, a few mutants had been isolated which
displayed an increased protemn:RNA ratio at the restrictive temperature in particular, the ts mutants defective in genes RNA2 to RNA11 that are
involved in ribosome maturation/mRNA splicing (Last et al., 1984). In the
present study, further ts mutants of S. cerevisiae were isolated following
tritium-suicide selection and from the general screening described in
Chapter III, several were identified in which the protein:RNA ratio
(calculated from radioactivity incorporation) was markedly increased
at the restrictive temperature (Table 27).

The ratio for the wild

type, SHID-5C, increased slightly after the temperature shift from 1.9
to 2.4.

In contrast, the ratios for the mutants, although quite
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Table 27 Protein:RNA ratios in ts mutants of S. cerevisiae incubated.
at 250 C and following a temperature shift to 560C

Defect in macromolecule
synthesis when shifted to
560C

Strain

-

Wild type

SHID-5C

1.9

2.4

1

RNA synthesis specifically
inhibited (protein
synthesis reduced)

255
303
347
.1s539(rna4-1)

2.5
1.9
2.2
1.8

3.5
5.0
3.9
3.37

3

RNA and DNA
synthesis inhibited

220
295

2.0
2.0

5.1
5.2

5

RNA and DNA
synthesis reduced

95
203

2.0
1.8

4.1
3.5

6

RNA and protein
synthesis reduced

105
288
344

2.2
1.9
2.2

3.2
3.0
5.7

7

RNA, DNA and protein
synthesis reduced

69
261

2.1
2.3

5.0
5.1

Group a

Protein:RNA ratio
250 C

560C

a Biochemical groupings as listed in Table 15.
b Protein:RNA ratios for each strain were calculated from the
values for incorporation of radioactivity into TCA-precipitable
material in the general screening (see Table 15).
-3.7 adenine
was used to label RNA and L--142
c phenylalanine to label protein.
The 250C ratio was calculated from the 0 h (pre-shift) measurements
and the 560C ratio from the measurements at 3 h after the temperature
shift (both in duplicate).
The ratios for
559 of Hartwell et al.
(1970b), tested under identical conditions, are also given.
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similar to that for the wild type at 25°C, were much higher after
the shift to 36°C.

In particular, mutants 93 and 203 from biochemical

grouping 5, in which RNA and DNA synthesis were both reduced at 36°C
(see Table 15), displayed one of the largest increases in protein:RNA
ratio after the temperature shift and were therefore studied in greater
detail to determine the nature of the defect.

MACROMOLECULE SYNTHESIS IN MUTANTS 93 AND

Macromolecule synthesis in these mutants was examined in a
continuous labelling experiment during incubation at 25°C and following
a temperature shift to 36°C, and compared with the wild-type situation
(Figure 27a-d).

In addition, one of Hartwell's mutants, ts339, which

carries the rna4-1 mutation, was studied for comparison since it also
displayed a greatly increased protein:RNA ratio at the restrictive
temperature (see Table 27).
During incubation at the permissive temperature, the rates of
macromolecule synthesis in the three mutants were similar to those in
the wild type.

However, after the temperature shift to 360 C, RNA,

DNA and protein synthesis were reduced or inhibited in the mutants as
expected from the general screening - indeed, the increase in the
amount of radioactivity incorporated into each macromolecule during
the first 3 h incubation at 36°C was very similar in each case to the
values obtained from the general screening (see Table 15).

Of particular

interest was the reduction in the rate of RNA synthesis in mutants 93
and 203 at the restrictive temperature to approximately 25% of the
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Figure 27a-d Macromolecule synthesis in ts mutants of S.
cerevisiae during incubation at 250C and following a temperature shift to 36°C (time of shift
indicated by arrow).
Incorporation of radioactive precursors into TCA-precipiLable material
was measured as described in Chapter II, using
L-3.7 adenine to label RNA ( A ) and DNA (•),
and L-LU-'4.7 phenylalanine to label protein
(.). Relative increases in the amount of
radioactivity incorporated during the first 3 h
after the shift to 360C were: a. 3.0 for RNA,
4.3 for DNA and 3.8 for protein, in SHID-5C;
b. 1.5 for RNA, 2.7 for DNA and 3.0 for protein,
in mutant 93; C. 1.5 for RNA, 2.3 for DNA and 2.7
for protein, in mutant 203; d. 1.1 for RNA, 2.3
for DNA and 2.4 for protein, in mutant
39
(rna4-1).
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wild-type rate.

RNA synthesis was eventually inhibited in these

mutants after 3-4 h incubation at 36°C but protein synthesis continued
at nearly the wild-type rate for most of this period before being
itself inhibited.

DNA synthesis continued in both mutants at a rate

similar to that in the wild type for the first hour after the temperature
shift and thereafter decreased gradually, although inhibition was more
rapid in mutant 203.

As expected, ts339 (rna4-1) displayed a rapid

inhibition of RNA synthesis at 36°C while protein synthesis continued for
about 3 h after the shift, in agreement with previously reported results
(Hartwell, 1967; Hartwell et al., 1970b).

One slight difference,

however, was the reproducible transient inhibition in protein synthesis
immediately after the temperature shift and lasting approximately 30 mm
which was not previously observed. DNA synthesis continued at a reduced
rate at 36°C and decreased gradually as previously reported (Hartwell,
1967).

Mutants 93 and 203 clearly had a phenotype distinct from that

of t039 at the restrictive temperature although the net result in both
cases was an increase in the protein:RNA ratio.
Macromolecule synthesis was also studied by estimating the total
cellular RNA and protein contents of the wild type and mutants during
incubation at 25°C and following a temperature shift to 36°C.

In this

experiment, only mutants 93 and ts339 were examined because they had
given the highest increases in protein:RNA ratio in the previous
experiments - in fact, the strains used were 93-3B (a ts ADE5 ADE6
ural) and 93-5D (ats+3 ADE5 ADE6 ural), ts and

derivatives

respectively of mutant 93* and whose patterns of radioactive label
* Strains 93-3B and 93-5D were derived from the cross of strain 93-2B
(a ±293ADE5*ade6 ural) x Y209 (ots 3 ade5 ADE6URAl).
Strain 93-2B
in turn was derived from the cross of mutant 93 (oc ts93 ADE5 ade6 ural)
x Y204 (a ts93 ade5 ADE6 TJRAl).

incorporation at 56°C were identical to those of mutant 93 and SHID-5C.
Table 28 summarizes the results of this experiment.
Mean generation times (calculated from turbidity measurements
at 600 nm taken during the experiment) for strains 93-3B(ts) and
93-5D(ts) at 25 0C were very similar - 2.45 h and 2.35 h respectively but ts339 grew more slowly with a generation time of 3.0 h, in agreement
with previously reported results (Hartwell, 1967).

After the shift to

the restrictive temperature, the mean generation time for 93-5D decreased
to 1.9 h whereas the mutants were not capable of prolonged growth.

Over

the 3 h period immediately following the temperature shift, cell number
and total cell dry weight increased to approximately the levels expected
from the radioactive labelling experiments.

Of particular interest

was the 30% reduction in viable cell number displayed by 93-3B at the
restrictive temperature - however, ts339 exhibited an even more pronounced
decrease in cell viability of over 60%.
In all three strains, total RNA and protein contents (expressed
as a percentage of the cell dry weight) were very similar during incubation at 25°C.

However, when expressed as amount per cell, RNA and

protein contents in ts339 were found to be approximately 50% of the
values for the other two strains - probably due to a smaller cell size
in ts339.

It must be noted that the values obtained for RNA and

protein content per cell were up to 10-fold greater than those obtained
in previous studies with yeast growing at approximately the same rate
(Waldron and Lacroute, 1975) but this can be explained by strain variations and by differences in growth conditions and in the methods used
to detect RNA and protein.

0

After the temperature shift to 36 C, there

Table 28 Estimation of total RNA and protein contents of yeast cells incubated. at 25 o C and. 36o C a
RNA contentd
Total cell Total viable Total cell
cell number
Strain riumberb
dry weightd. (% of cell dry (pg.cell-l)e
(x 10-9)
(x 1 9)
(rag)
weight)
25° 36° 25°

36°

25° 36° 25°

36°

25°

36°

Protein content
(pg.cell)e
(% of cell dry
weight)
25°

360

250

Protein:
RNA ratio

36° 250

36°
8.6

93-5D 0.71 2.20 0.70 2.10 41

124 6.7

6.3

3.89 3.54 49

54

28.38 30.27 7.3

93-3B 0.84 1.83 0.84 1.25 54

115 6.7

4.6

4.29 2.89 48

49

30.75 30.79 7.2 10.7

ts339 2.30 3.11 2.30 1.20 81

138 6.1

4.6

2.15 2.04 44

44

15.49 19.53 7.2

9.6

a Overnight cultures of 93-5D(ts), 93-.3B(ts) and 1039(rna4-1) in CM medium were divided into aliquots which were diluted
with fresh CM medium and re-incubated at 250C.
Once the cultures had entered the exponential phase of growth (as
determined by turbidity measurements at 600 nm), duplicate samples were taken to measure cell number and viability, and
RNA and protein contents at 250 C (see Chapter Ii).
The remaining cultures were immediately shifted to 360C and further
samples taken 3 h after the temperature shift. All values have been normalized for an initial culture volume of 1.02 1.
b Total cell number was measured in the Coulter Counter.
C
d.

Cell viability was determined by incubating appropriate dilutions on CM agar at 250 C.
RA content was estimated by measuring A260
im of alkaline cell extracts from freeze-dried cells and comparing this
with a plot of A260 nm versus RNA content measured by base ratio analysis (see Figure 10).
Total cell dry weight was
calculated from the weight of the freeze-dried samples.

e Value calculated from total cell number.
Protein content was estimated in permeabilized cells using a modified Lowry method with BSA standards (see Chapter II).
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was little change in RNA content and a slight increase in protein
content for 93-5D, resulting in a small increase in protein:RNA ratio
(as expected from radioactive labelling experiments).

In both ts

mutants, the protein:RNA ratio increased markedly at 36°C as expected,
with 93-3B showing the greater increase, but this was probably due to
a different type of defect in each mutant. When expressed as amount
per cell, RNA content decreased by about 30% in strain 93-3B, with
protein content remaining unchanged relative to the pre-shift value, but
in Is339 RNA content stayed constant and protein content increased by
approximately 25%.

GENETIC ANALYSIS OF MUTANTS 93 AND 203

Mutations 93 and 203 were both recessive to their wild-type
alleles and segregated 2 is : 2 ts+ spores from crosses with the wild
type.

In addition, mutations 93 and 203 complemented each other and

all other ts mutations examined, including mutation 236, the 11 ma
mutations of Hartwell et al. (1970b) and the three mutations of Thonart
et al. (1976).

Linkage analysis of mutation 93
Mutation 93 was not linked to any of the ma mutations of
Hartwell that were tested nor to Thonart!s mutations or mutation 236
(Table 29).

It was also deduced that mutation 93 was not centromere-

linked since the proportion of tetratype asci arising from the cross
between 93-2B(ts) and Y323, a ts strain carrying several centromerelinked markers, was not less than 67% of the total for each marker

IM
Table 29 Preliminary linkage analysis of is mutation 93

Ascus type
Cross
PD

NPD

0ts) (3ts : its) (2ts : 2ts)

(4 Is
93-2B1 x 236 (

TT

4

17

3

93-2B x ts4472

3

10

3

93_2A* x ts136 ( a rnal-l)

4

16

5

93-2A x ts368 ( a rna2-1)

4

14

4

93-2A x ts125 ( a rna3-1)

4

12

3

x ISJ39 ( a rna4-1)

3

10

4

93-2A x ts166 ( a rna6-1)

3

11

2

93-2A x382 ( a rnall-l)

3

12

2

93-2A

236

t 93-2B is a ts strain (a is ADE5 ade6 ural) derived from the
ae6 ural) x Y204 (a ts
cross of mutant 93 (a
ae5
uRu).
ADE6
ADE5+ E6 ii)
93-2A is a prototrophic is strain (cx ts
derived from the cross of 93-2B x Y209 ?octs; ade5 kDE6 URA11.
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examined (Table 30;

see Hawthorne and Mortimer, 1960).

Indeed,

in some cases, the proportion of tetratypes was much higher than
normally expected.

ANALYSIS OF NUCLEIC ACIDS SYNTHESIZED IN MUTANT 93-3B

Strains carrying mutation 93 were examined in greater detail
because of their interesting phenotype at the restrictive temperature.
An analysis was made of the nucleic acids synthesized in one of these
mutants, 93-3B, before and after a shift to the restrictive temperature
to determine if there was preferential inhibition of a particular class
or classes of nucleic acid, especially since the rate of RNA accumulation in these mutants was approximately 25% that of the wild type
during the first 3 h incubation at 36°C (see Figure 27).

A comparison

was also made with the pattern of nucleic acid synthesis in the related
strain, 93-5D.

The rate of synthesis of each nucleic acid species

was calculated after fractionating total nucleic acid extracted from
cells that had been pulse-labelled with [2 -

adenine at various

times before and after a temperature shift to 36°C.
In this pulse-labelling experiment, the rates of increase in
cell number and in the total amount of extractable nucleic acid after
the temperature shift were those expected from previous experiments for
both strains 93-5D(ts) and 93-3E(ts) (Table 31).

In addition, the

amount of nucleic acid per cell was very similar in both strains at
250 C but after the shift, this Increased slightly in 93-5D and, as
expected, fell by approximately 30-35% in 93-3B.
temperature, the rate of

[7

At the permissive

adenine uptake was similar in both

strains but at 36°C this somewhat surprisingly decreased in both cases
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Table 30

Genetic analysis of mutant 93: centromere-linkage of
mutation 93 was examined by analyzing tetrads from the
cross of 93-2B (atsade6 ural) x Y323 (octs ),
which carries severa 3centromere-linked marker 3

Chromosome

Centromere-linked
marker

Ascus type with respect to
ts mutation 93
PD

TT

NPD

I

adel

4

15

3

II

gall

3

15

4

IV

trpl

3

16

3

VI

his2

3

18

1

VII

leul

2

17

3

met14

1

19

2

XI
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Table 31 Rate of adenine uptake in strains 93-5D(ts) and 93-3B()
during incubation at 250 C and following a temperature shift
to 36 0Ca

Strain

93-5D

93-3B

a

Time after
shift to
360C (h)

Total
cell
number
(x 10-8) b

Rate of [7 adenine
Nucleic acid
uptake per 10 cells
extracted
(counts.min. 1 % of
Total Amount
(jg)b per cell
min-1 of pulse) preshift
(pg.cell)
rate

-0.3

3.04

792

2.61

29.7

100

0.3

3.40

902

2.65

31.2

105

1

5.02

1469

2.93

23.8

80

2

6.80

1882

2.77

26.3

89

3

9.17

2400

2.62

27.6

93

4

11.56

3720

3.22

24.8

84

-0.3

1.71

408

2.39

28.4

100

0.3

1.85

466

2.52

28.1

99

1

2.54

542

2.13

26.9

95

2

3.02

662

2.19

25.8

91

3

3.76

662

1.76

23.8

84

4

4.34

682

1.57

22.6

80

-1
medium containing 20 jig.ml
i
Cultures of 93-5D and 93-3B in
uracil and 1 jig.m1 1 adenine were pulse-labelled for 10 min with
adenine (10 jiCi.jig non-radioactive adenine) at the times
Cells were collected by filtration, washed with iceindicated.
cold distilled water containing 100 jig.ml- non-radioactive
Cell number was measured
adenine and resuspended in TNT buffer.
in the Coulter Counter and the rate of adenine uptake calculated
from total incorporation of radioactivity into whole cells (sampled
Nucleic acids were extracted and purified as
in triplicate).
described in Chapter II.

b Each value has been normalized for a total culture volume of 30 ml.
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to about 8 of the pre-shift rate.

However, this decrease cannot explain

the mutant phenotype since it also occurred in the ts strain.
Once extracted and purified, nucleic acids were fractionated by
SDS-polyacrylamide gel electrophoresis and by batch chromatography with
oligo(dT)-cellulose as described in Chapter II.

A typical electrophoretic

separation on 2.4% and 7.5% polyacrylamide gels is illustrated in Figure
28.

In addition, DNA and dsRNA were separated from total yeast nucleic

acid by electrophoresis and distinguished by their differing sensitivity
to treatment with pancreatic RNase - Figure 29 illustrating such a
fractionation.

The rate of synthesis of each nucleic acid species is

unit*
expressed as the amount of radioactivity incorporated per A265 nm
per minute of the pulse, except for the rate of poly(A)-containing RNA
synthesis which is expressed as radioactivity incorporated per ig total
nucleic acid per minute of the pulse.

Synthesis of rRNA species
5.8S, 188 and 25S rRNA species were synthesized at approximately
the same rate in strains 93-5D and 93-3B when grown at the permissive
temperature (Figure 30a-c).

As expected, the rates of synthesis were

very similar since all three species are derived from the same 35S
precursor molecule (Udem and Warner, 1972).

At 360C the rates of

synthesis of the three species in 93-5D increased by approximately 150%
within 3 h of the temperature shift but this was not a co-ordinated
increase, with 18S rRNA synthesis initially increasing more rapidly and

* This is an arbitrary unit of absorption peak area.
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Figure 28a and b Typical fractionation by SDS-polyacrylamide gel
electrophoresis of L7 adenine-labelled nucleic
acids extracted from yeast cells.
Separation of
high MW species on 2.4% polyacrylainide gels and
low MW species on 7.5% polyacrylainide gels (values
normalized to represent the fractionation of 10 )ig
total nucleic acid). In both cases, electrophoresis
was carrid out in funning buffer (see Table 9) at
5 mA.gel , 8 V.cm
gel length, for 3-3.5 h.
Gels
were washed, scanned for absorbance at 265 nni and
frozen prior to slicing.
Each slice was incubated
with 0.5 M HC104 for 30 mm at 70°C, mixed with
scintillant and 3E radioactivity measured.
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DNA dsRNA
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Figure 29a-c Separation of DNA and dsRNA from total yeast nucleic
acid by SDS-polyacrylamide gel electrophoresis:
fractionation of 50 jig total nucleic acid;
gted
fractionatin of 50 pg total nucleic acid treated
with 10 pg.m1 pancreatic RNase for 10 mm at 0 C;
fractionation of 50 jig total nucleic acid treated
with 10 )1g.m1 pancreatic Rhase for 20 min at 200C
Electrophoresis was carried out
(see Chapter II).
on 2.4% polyacrylamide gels at 5 inA.ge1 1, 8 V.cmGels were washed and scanned
gel length, for 6 h.
for absorbance at 265 nm.

196

Figure 30a-h Rates of synthesis of several nucleic acid species in
) and 93-3B (ts) during incubation
strains 93-5D (
at 250 C and following a temperature shift to 360 C.
Cultures of 93-5D and 93-3B in supplemented M1I medium
were pulse-labelled (as described in Table 31) for
10 min with _.37 adenine (10 Ci.)1g non-radioactive
adenine) at various times before and after a temperature
shift from 250C to 360C (time of shift indicated by
In each case, cells were collected by filtration,
arrow).
washed and broken in TNT buffer using glass beads, and
nucleic acids extracted and purified (see Chapter II).
Each nucleic acid mixture (duplicate samples) was
fractionated by SDS-polyacrylamide gel electrophoresis as
The amount of each
described in Figures 28 and 29.
species was measured by scanning gels for absorbance
at 265 am and the amount of radioactivity incorporated
into each species was calculated by adding the radioactivities of the individual gel slices in each peak,
after subtracting the polydisperse background radioFor these species, the rate of
activity on the gel.
synthesis is expressed as counts.min incorporated.
In contrast, poly(A)A265 __ unit-. min-1 of pulse.
containing RNA was separated from total nucleic acid by
batch chromatography on oligo(dT)-cellulose and in
this case, the rate of synthesis is expressed as
total nucleic acid.min
counts.min- incorporated.
Rates of synthesis in 93-5D (.) and
of pulse.
93-3B (o) were calculated for a. 18S rRNA; b. 25$
rRNA; C. 5.8$ rRNA; d. 5S rRNA; e. 4$ (tENA);
f. poly(A)-containing RNA; g. DNA; h. dsRNA.
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25S rRNA synthesis showing a small transient reduction in rate - both
of which were reproducible.

In strain 93-3B, there was a slight

increase in the rates of synthesis of the three species immediately
after the shift (moreso for the rate of 5.8S rRNA synthesis) but these
decreased to about 50% of the pre-shift rates in all three cases within
1 h of the shift and to about 20% of the rates in 93-5D after 4 h
incubation at 36°C.
In both strains the transient effects on rRNA synthesis immediately after the temperature shift could have been due to changes in
the rate of maturation of the 35S precursor or the 20S and 27S intermediate precursors, or in the case of 93-3B, to an increase in the rate
of 35S precursor synthesis.

It is seen from Figure 31a that the overall

rates of 35S precursor synthesis were almost identical in both strains
at the permissive temperature.

At 360C the rate in 93-5D decreased

slightly after the shift before rapidly increasing by 150% within 1 h
of the shift.

In 93-3B the rate increased by about 40% immediately

after the shift and then returned to slightly less than the pre-shift
value.

Under the fractionation conditions used, the 20S and 27S

intermediate precursor molecules could not be detected and so their
maturation as such was not examined.

However, the 35S precursor was

detected and its maturation in both strains is illustrated in Figure 31b
(in fact, the maturation index includes all processing steps from the
35S precursor to the mature products).

The rates of processing of 35S

rRNA were very similar in both strains at the permissive temperature.
At 3600 there was a small transient decrease in the processing rate in
93-5D immediately after the shift - as expected from previous results
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Figure 31a and b a. Overall rate of synthesis of 35S precursor rRNA
and its products 5.8S, 18S and 25S rRA species) in
strains 93-5D (ts ) and 93-3B (ts) at various times before
and after a temperature shift from 250C to 360C (time
Rate of synthesis was
of shift indicated by arrow).
calculated by dividing the total radioactivity incorporated into 5.8S, 18S, 25S and 35S species by the total
amount of these species (all values were taken from the
pulse-labelling experiment described in Figure 30 and
normalized to 10 jig total nucleic acid) and is expressed
as counts.min. -A265 amunit.min of pulse in
93-5D (•) and 93-3B (0).
b. Index of maturation of 35S precursor rEFA in strains
93-51) (A) and 93-3B ( A) at various times before and
Index of maturafter the temperature shift to 360C.
ation was calculated by dividing the total radioactivity
incorporated into 5.8S, 18, 25S and 35S species by
that incorporated into 35S species (values normalized
in each case to 10 jig total nucleic acid).
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with wild-type strains (Warner and Udem, 1972; Gorenstein and Warner,
1976) - followed by a rapid increase to over three times the pre-shift
rate (although this gradually dropped back to give a final increase of
75% over the pre-shift rate by 4 h incubation).

In contrast, the rate

of processing in strain 93-3B decreased rapidly immediately after the
shift to 25% of the pre-shift rate.

From the data presented it there-

fore appears that the transient effect on rRNA synthesis in 93-5D
was caused by changes in the rate of processing of the 20S and 27S
intermediate precursors although a direct determination of this has
yet to be made.

On the other hand, the transient effect in 93-3B is

seen to be due to an increase in the rate of 35S precursor synthesis however, this was coupled with a severe inhibition in 35S processing
which accounted for the observed reduction in mature species.
Finally, at the permissive temperature, 5S rRNA was synthesized
in both strains at a rate at least double that of the other rRNA species
(Figure 30d), in agreement with previous observations (Elliott and
McLaughlin, 1979).

After the temperature shift, the rate of synthesis

was unchanged in strain 93-5D and decreased by only 20 in 93-3B - further
evidence that 5S rRNA synthesis in yeast is controlled separately from
that of the other rRNA species.

It is interesting to note, however,

that in 93-5D the rates of synthesis of all rRNA species had reached
the same value by 3 h after the shift to 36°C.

Synthesis of tRNA
The shift in temperature had no effect on the rate of tRNA
synthesis in strain 93-5D (Figure 30e).

tRNA was synthesized at a

slightly lower rate (by 30) in 93-3B at the permissive temperature and
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after the shift this decreased gradually to about 50% of the pre-shift
rate within 4 h, although there was a small reproducible increase in
rate immediately following the shift.

Synthesis of poly(A)-containing RNA
Poly(A)-containing RNA in 93-3B was synthesized at a rate 30%
0
lower than that in 93-5D during growth at 25 C (Figure 30f).

After

the shift to the restrictive temperature, the rate of synthesis approximately doubled in strain 93-5D within 2 h whereas there was no change
in 93-3B.

Synthesis of DNA
DNA synthesis occurred at the same rate in both strains at the
permissive temperature (Figure 30g).

At 360C the rate in 93-5D doubled

within 2 h of the shift but dropped back over the next 2 h to give a
final increase of 50% over the pre-shift value.

Immediately after

+
the shift, the rate in 93-3B was identical to that in the ts strain
but thereafter decreased to 25% of the pre-shift rate within 4 h.

Synthesis of dsRNA
Many species of yeast contain virus-like particles with dsRNA
genomes which are the genetic determinants of the "killer" character
(Bevan et al., 1973). Replication of these particles is integrated with
host growth (Lemke and Nash, 1974) and involves at least two particleassociated RNA polymerase activities (Herring and Bevan, 1977).

It
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should therefore be interesting to examine the synthesis of dsRNA in
strain 93-3B since this might help to elucidate the nature of the ts
defect.

At the permissive temperature the rates of dsRNA synthesis

were identical in both strains 93-51) and 93-3B (Figure 30h).

At 360C

the rate in 93-5D trebled within 2 h of the temperature shift then
dropped back to double the pre-shift rate over the next 2 h.

Immed-

iately after the shift, the rate in 93-3B increased to approximately
the same level as that in 93-5D and then dropped back gradually to
slightly less than the pre-shift value.

Apart from some transient changes immediately after the temperature shift, the major effects of mutation 93 on nucleic acid synthesis
can be summarized as follows - (±) for at least 2 h after the temperature
shift to 360C the synthesis of 35S precursor rRNA, 5S rRNA, mRNA, tRNA
and dsRNA continued at approximately the pre-shift rates whereas DNA was
synthesized at a markedly reduced rate; (ii) the processing of 35S precursor
rRNA was severely inhibited at 36°C; (iii) when compared with the rates
of synthesis in ts strain 93-5D at 36°C, the rates in 93-3B were greatly
reduced (by 60-70%) except for that of 5S rRNA synthesis (Table 32).
Interestingly, when comparing the rates of accumulation (rather than
synthesis) in both strains at 360C, the rate of accumulation of 5S rRNA
in 93-3B was found to be more markedly reduced than its rate of synthesis
- further evidence that 5S rRNA accumulation in yeast is controlled at a
post-transcriptional stage.

Indeed, all rRNA species in 93-3B accumul-

ated at approximately the same rate at 36°C whereas the rate of 53 rRNA
synthesis was about three times that of the other rRNAs (see Figure 30).

Table 32 Nucleic acid synthesis in strains 93-5D(Is) and. 93-3B(1s) after a temperature shift to 36°C
Nucleic acid synthesis at 360a
Strain

rRNA

Total nucleic
acicib
5S

5.8S

185

tRNA

DNA

d.sRNA

Total stable
RNA c

25S

93-5D

2.83

2.37 2.77

2.84 2.69

3.11

3.10

3.84

2.77

93.3B

1.52

1.66 1.37

1.67 1.43

2.30

1.85

2.00

1.59

tRNA

DNA

d.sRNA

Total stable
RNA

rRNA

Total nucleic
acid.
5S

5.88

185

25S

Mean rate of accumulation
in mutant 93-3B relative
to rate in the wild. typed

0.28

0.48 0.21

0.36 0.25

0.62

0.41

0.35

0.33

Mean rate of synthesis
in mutant 93-3B relative
to rate in the wild. type

0.41

0.86 0.35

0.25 0.26

0.68

0.36

0.42

0.33

0
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Table 32 (Conttd)

a Values represent the increase in the total amount of each nucleic
acid species synthesized per culture during the first 3 h after the
0
/
temperature shift from 25 C to 36 0 C, relative to the pre-shift (25'C)
value (calculated from the A265 im measurements of nucleic acid
species separated on polyacrylamide gels from the pulse-labelling
experiment described in Figure 30 - except for
b Values represent the relative increase in the amount of total nucleic
acid synthesized per culture during the first 3 h after the temperature shift - calculated from the measurements of total extractable
nucleic acid ()ig) from the same experiment (see Table 31).
° Comprises rfflA species, tRtA and dsRNA.
d Mean rate of accumulation of each nucleic acid species (or group
of species) in strain 93-3D during the first 3 h after the temperature
shift is expressed as a proportion of the mean rate in strain
93-5D (calculated from the increase values in the above table).
e Mean rate of synthesis of each nucleic acid species (or group of
species) in strain 93-3D during the first 3 h after the temperature
shift is expressed as a proportion of the mean rate in strain 93-5D
(calculated by averaging the values for rate of synthesis at 360 C
in Figure 30).

ir;
In ts strain 93-51), the rates of accumulation of all rRNA species
were also very similar at 36°C but in this case, the rates of synthesis
were also almost identical.

It therefore appears that in this situation

post-transcriptional control of 5S rR}TA accumulation is not important.
Nevertheless, since the synthesis of all nucleic acid species,
including dsRNA and DNA, was affected to some extent by mutation 93,
it is possible that the defect is in a more general area of nucleic
acid metabolism - such as nuclear membrane integrity, nuclear cation
or pH balance, or the metabolism of nucleotide precursors.

Therefore,

ribonucleoside triphosphate pool sizes were estimated in strain 93-3B
before and after a shift to the restrictive temperature and compared
with the wild-type situation to determine if mutation 93 affects the
biosynthesis of these precursors.

MEASUREMENT OF RIBOIWCLEOSIDE TRIPHOSPHATE POOL
SIZES IN MUTANT 93-3D

Strains 93-51) and 93-3B both grew more slowly in supplemented
LPM 2 medium at 250C, with mean generation times of 3.1 h and 3.3 h
respectively.

However, during incubation at 25°C and 36°C, both

strains readily took up

orthophosphate from the medium and

incorporated a major proportion of this into TCA-precipitable material
(Table 33).

Typically, this constituted about 50% of the total

radioactivity taken up by the cells, with the other 50% found in
HC104-extractable material.

During the 2 h between sampling times,

the amounts of radioactivity in TCA-precipitable and in HC104-extractable
material increased 2- to 3-fold in both strains at 25°C and 36°C.

Table 33 Incorporation of [327 orthophosphate by strains 93-5D(Is) and 93-3B() during incubation at
250C and 360C

Strain

95-5D

Temperature

250C

36°C

93-3B

250C

36°C

Sampling
timea
(h)

Cell
concentration
(cells.ml
6
culture x lo )

TCA-precipitable radioactivityC

}{C104-extractalDle radioactivity

(cots.m
gulture
ml

(cots.min.
ml- culture
x 10-6)

-

io

)

(counts.min. 1
cell-1)

(coimts.min.
cell -)

2

6.44

9.18

1.43

9.07

1.41

4

10.43

23.68

2.27

22.67

2.17

2

11.05

11.11

1.01

9.04

0.82

4

24.62

32.14

1.31

36.76

1.49

2

3.54

3.67

1.04

4.59

1.30

4

3.63

7.44

2.05

12.13

3.34

2

2.86

3.30

1.15

3.51

1.23

4

3.52

7.09

2.01

8.45

2.40

0

Table 33 (Cont'd)

a

/
Overnight cultures of 93-5D ani 93-3B in LPM 1 medium tsuppleniented.
with 20 mg.l uracil) were re-inoculated into supplemented LPN
Once the cultures had entered
2 medium and re-incubated at 250C.
the exponential phase of growth, they were divided in two - one half
After 5 min incubation,
kept at 250C and the other shifted to 360 C.
100 3iCiL327 orthophosphate.pmol non-radioactive phosphate was
added to each culture and samples taken 2 h and 4 h after label
addition for cell number determination, measurement of 32pincorporation into TCA-precipitable material and nucleotide extraction
(see Table 34).

b Cell number was measured in the Coulter Counter.
C

Duplicate samples from each culture were treated (as described
previously) with an equal volume of ice-cold lWo TCA containing
Precipitates were
100-fold excess non-radioactive phosphate.
washed, filtered and dried prior to measuring 32P radioactivity.

d Nucleotides were extracted from washed cells by three cycles of
freezing and thawing in 1.5 N HC104. After centrifugation, an
aliquot of each extract was neutralized and nucleic acids were
32P radioremoved by precipitation at 0°C (see Chapter II).
activity was measured in Instagel scintillant.

mel

Longer labelling periods than usual were used in this experiment
since results from short-term pulse-labelling experiments with
may be difficult to interpret.

32

PO4

This is because the specific activities

of the intracellular nucleotide pools take a relatively long time to
reach equilibrium in S. cerevisiae when labelling with 32PO4 (Bailey
and Parks, 1972).

Thus sampling was started at least 2 h after

orthophosphate was added to the cultures.
Nucleotides were extracted in HC104 as described in Chapter II
and ribonucleoside triphosphates separated by two-dimensional TLC
on PEI-cellulose layers. A typical separation is illustrated in
Figure 32.

Once the radioactivity in each spot had been measured,

the pool size of each nucleotide was calculated using the formula of
Bailey and Parks (1972), given in Chapter II.
0

The pool sizes of ATP,

0

CTP, GTP and DIP for each strain at 25 C and 36 C are given in Table

34.

The values are quite similar to those previously obtained by

other workers (Bailey and Parks, 1972;

Kudrna and Edlin, 1975) for

exponentially growing cultures of S. cerevisiae and the ratio of
GTP:ATP ( approximately 0.3-0.4 for both strains at 25 0 C and 36 0 C)\ agrees
well with that found in other eukaryotes (Karl, 1980).

During growth

at 25°C, the pool size of each nucleotide remained relatively constant
and the values were very similar in both 93-5D and 93-3B.
When the wild type was shifted to 36°C, the four nucleotide
pools decreased markedly to 10-30% of the 250 C values.

A contraction

of the pools immediately after the shift can be envisaged if the rate
of nucleotide synthesis did not keep pace with that of RNA synthesis
(see Fig. 30).

However, this would appear to have levelled off
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Figure 32 Typical separation by two-dimensional thin layer chromatography on PEI-cellulose of [32P7-1abelled nucleotides
After the sample was applied
extracted from yeast cells.
at the origin, the chromatogram was washed to remove salts
and other interfering substances (described fully in
The chromatogram was developed in the first
Chapter II).
dimension using 1.0 N LiC1 saturated with R3B03 (pH 7.0)
Followas solvent, followed by 1.0 N HCOOH / 0.8 N LiCl.
ing the neutralization of acids on the chromatogram and a
further cycle of washing, chromatography in the second
dimension was carried out by stepwise elution with 0.5 N
(NH4)280 and 0.7 N (NH4) SO . [32 7-labelled nucleotides wee detected by auoridiography, and the four
ribonucleotides, ATP, CTP, GTP and UTP - constituting the
marker mixture which was applied at the origin prior to
development - were identified under short-wave HIT radiation
Spots (actual size):
(represented as shaded spots).
1. origin; 7. cITP; 10. ATP; 11. CTP; 12.UTP.

during incubation
Table 34 Ribonucleoside triphosphate pool sizes in strains 93-5D (Ls) and 93-3B ()
at 250 C and 360C
-1
b
Total pool size (amol.cell )
Strain

Sampling
times(h)
25°C

93-5D

36°C

25°C

36°C

25°C

36°C

210.7

47.7

135.9

17.7

61.5

26.9

35.3

14.0

4

154.9

53.6

121.0

13.3

59.8

15.6

45.1

11.9

182.8

50.7

128.5

15.5

60.7

21.3

40.2

13.0

2

197.3

188.0

141.4

64.3

55.8

64.3

37.1

49.6

4

247.9

174.2

106.1

44.7

74.1

43.1

48.4

51.7

zzz.tD

WI.±

mean
a

25°C

2

mean

93-3B

36°C

UTP

TP

CTP

ATP

O.LJ

o
Exponentially growing cultures in supplemented LPM 2 medium, incubated at 25 C, were divid in two one half kept at 250C and the other shifted to 360 C. After 5 min incubation, 100 iCi [ 7 orthophosphate.
)imol -phosphate was added to each culture and samples taken at 2 h and 4 h after label addition for cell
number determination (see Table 33) and for nucleotide extraction.

b After nucleic acids had been precipitated from each neutralized HC1O extract,an aliquot of the nucleotide
Sots on each chromatogram corresponding
mixture was fractionated by two-dimensional TIC (see Figure 32).
Pool size was calculated using
radioactivity
measured.
to ATP, CTP, GTP and UTP were cut out and 32P
the formula of Bailey and Parks (1972) given in Chapter II.
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within 2 h of the shift since pool sizes remained relatively constant
from that time.

0
is seen at 36 C.

In the mutant strain, a completely different pattern
The concentrations of ATP, GTP and UTP showed little

change from the 25°C levels but the CTP pool decreased by almost 60%
Here, RNA synthesis continued for some time at

(c.f. 90% in 93-5D).

approximately the pre-shift rate which might account for the unaltered
levels of ATP, GTP and UTP - however, the decrease in CTP concentration
is more difficult to explain.

It is possible that the primary effect

of mutation 93 is in CT? biosynthesis but this would appear to be
"leaky" in nature since the level of CT? is high enough to permit RNA
synthesis.

On the other hand, the rate of CTP utilization could

temporarily outstrip that of synthesis as in the wild type, resulting
in a pool contraction.
biosynthesis and at 36

Indeed, CTP is involved in phospholipid

o C the rates of incorporation of
L fJ acetate

into phospholipid were very similar in both mutant and wild type
(V.A. Letts, personal communication).
Nevertheless, further study of the kinetics of nucleotide pool
labelling using shorter pulses with different radioactive precursors
is required before definite conclusions can be made about the effect
of mutation 93 on ribonucleotide concentration.

Several ts mutants of S. cerevisiae were isolated following
tritium-suicide selection in which the protein:RNA ratio was increased
at the restrictive temperature.

It is obvious that they represent a
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very heterogeneous group of mutants with quite distinct defects.

Of

these, mutant 93 was the most interesting, not only since it gave
the highest protein:RNA ratio at 36°C but also because of its pattern
of nucleic acid synthesis after the temperature shift.

Nature of the ts defect in mutant 93
The rate of net RNA accumulation in strains carrying the ts
mutation was reduced to 25% that found in the wild type after a shift
to the restrictive temperature.

This is most likely the result of a

defect in processing of precursor rRNA.

In 93-3B(ts) the rates of

synthesis of 5S rRNA, tRNA, poly(A)-containing RNA and dsRNA did not
alter appreciably for at least 2 h after the temperature shift (although
some transient effects were observed immediately after the shift)
whereas there was a marked reduction in the appearance of mature rRNA
species derived from the 35S precursor.

It is interesting to note

that the rate of 35S precursor synthesis showed little change from the
pre-shift value but here again a transient increase in rate was observed.
This is very similar to the pattern of 35S rRNA synthesis and processing
in rna2 - mall mutants (Warner and Udem, 1972) and suggests that posttranscriptional events play an important role in the control of rRNA
synthesis in yeast.

Transient increases in the rates of synthesis

described above may represent a thermodynamic effect of temperature
shift on the RNA polymerases involved, viz. RNA polymerases I and
III(tRNA), and dsRNA polymerase(s), or on their initiation sites on
the chromosome.

The initial rise in temperature may increase
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polymerase efficiency either at the elongation level or by "opening
up" more initiation sites but once the cells have "recovered" from
the heat shock, the activity decreases.

Interestingly, RNA polymerases

II and III(5s rRNA) showed no transient increase in activity, indicating
that either these enzymes normally operate at maximum efficiency or
their initiation sites are not affected by the rise in temperature.
However, transient increases of the type described were not observed
in the wild-type strain and it is therefore possible that this is
another effect of mutation 93, viz, a defect in the control of
transcription.
Alternatively, mutation 93 may affect a subunit which is
common to all three RNA polymerases, perhaps conferring ts assembly
on the enzyme complexes since their apparent activities did not deviate
significantly from the pre-shift values for at least 2 h after the
shift.

Most assembly mutations, however, confer cold-sensitivity

rather than temperature-sensitivity and it is difficult to visualize
how this could have such a rapid and drastic effect on rRNA processing.
Isolation of the RNA polymerase activities from mutant 93 and, detailed
examination of their in vitro thermosensitivity/subunit assembly is
necessary before any firm conclusions can be made.

Another possibility

is that mutation 93 affects the synthesis of a precursor nucleotide
because the rates of synthesis of all nucleic acid species were affected
to some extent by the temperature shift.

In particular, the CTP

pool diminished in size after the shift.

As already discussed, this

mutation would have to be "leaky" or confer ts assembly on the enzyme
concerned since enough CTP was synthesized for nucleic acid synthesis
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to continue for some time at the pre-shift rates. It is more likely
that the pool contraction observed was due to a transient increase in
CTP utilization, perhaps in phospholipid biosynthesis, but a more
detailed study of pool sizes immediately after the shift is required.
When compared with the wild-type pattern, the rates of synthesis
of all nucleic acid species in 93-3B, including that of poly(A)-containing
RNA, were greatly reduced at 36°C yet the rates of protein accumulation
were almost identical in both strains for at least 3 h after the shift.
As processing of rRNA precursor is thought to be the primary defect in
this mutant when grown at 36°C, the number of mature ribosomes will
become limiting and their concentration diluted per cell as cell number
increases. A direct consequence of this is that growth rate should change
from exponential to linear at 36°C. Indeed, on closer examination, the
rates of net RNA and protein accumulation in mutant 93 do appear to be
linear (see Fig.27). Since protein synthesis in the mutant continued
at the higher temperature at nearly the wild-type rate, ribosome
efficiency must have increased. This supports previous findings from
Ludwig et al. (1977) that the efficiency of yeast ribosomes can be
altered. Furthermore, a switch from exponential to linear growth
has also been observed in the mutant ts351 in which 27S pre-rRNA processing
is defective (Andrew et al., 1976).Ribosome efficiency may also have
increased in the wild type during the short inhibition of rRNA
processing immediately after the shift but this was probably a
transient effect since rRNA and mRNA synthetic rates both increased
significantly at 36°C.

The fact that mRNA, tRNA, 5S rRNA and dsRNA

synthesis all continued for some time at the pre-shift rates is further
evidence that growth rate was linear in this mutant. In contrast,
DNA synthesis appeared to be more rapidly inhibited at 36°C but it
is unlikely that this is the primary defect. It is difficult to
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imagine how this could have such an immediate effect on rRNA processing,
especially since DNA synthesis showed a dramatic, albeit transient,
increase in rate at the very time processing was inhibited. This is
probably another consequence of linear growth rate although it will be
interesting to discover at which stage in the cell cycle (if any)
mutant 93 is blocked.
Processing of rRNA precursors must therefore be examined in
greater detail to determine which step is inhibited in mutant 93
although the preliminary results presented here indicate that primary
processing of 35S precursor is defective. In addition, comparisons
with rna2 - mall mutants will be interesting since it has recently
been discovered that these are specifically defective in the maturation
of intron-containing mRNA species which in yeast includes the mRNAs
coding for the majority of ribosomal proteins, actin and MATa1 gene
product (Last et al., 1984). This implicates the RNA2 - RNAI1 genes
in some aspect of RNA splicing or related function although none of these
genes appear to encode splicing activity per Se. Defects in the RNA2 RNA11 gene products, however, cause rapid inhibition of ribosomal protein
synthesis with subsequent effects on rRNA processing, suggesting that
they may bind to certain mRNA precursors (Rosbash et al., 1981; Last
and Woolford, 1984; Lee et al., 1984).

Mutation 93 complements mutations rna2-1 to rnall-1, is unlinked
to rna2-1, mna3-1, rna4-1, rna6-1 and mnall-1, and therefore represents
a defect in yet another gene involved in rRNA processing. One can
speculate that this gene may code for a splicing activity and thus it
is necessary to clone the wild-type 93 locus on a suitable vector and
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analyze the gene product to determine if this is the case.

An

examination of ribosomal protein synthesis in mutant 93 immediately
after the temperature shift will also be very informative.

Mutation 93 - potential in single cell protein production
Mutant 93 exhibited the highest protein:RNA ratio after the
shift to the restrictive temperature.

Even with this strain a

considerable amount of RNA, viz. 4.6% of cell dry weight, was present
at 36°C.

It is therefore doubtful whether the protein:RNA ratio of

a cell can be increased by genetic manipulation to a level which will
make the process economically viable in the production of single cell
protein.

This is primarily because high rates of protein synthesis

are dependent on the continued production of all classes of RNA and in
particular, mRNA which has an average functional half-life of 20 min in
S. cerevisiae (Hartwell et al., 1970a).

The majority of mutants

displaying increased protein:RNA ratios are thus expected to be defective
in the metabolism of stable RNA species.

In yeast, about 15% of

cellular protein is ribosomal, a large proportion of which is synthesized
co-ordinately with rRNA for efficient ribosome production (Warner and
Udem, 1972; Gorenstein and Warner, 1976).

Mutations affecting the

synthesis of rRNA and ribosomal proteins will therefore have a significant effect on the amount of protein produced by a cell.

The introduct-

ion of several mutations affecting different areas of RNA metabolism
into one strain may further increase protein:RNA ratio but the level
of RNA will probably still be too high compared with that obtained by
heat-activating endogenous RNases.
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Effects of temperature shift on RNA synthesis in the wild type
The pattern of RNA synthesis in the wild-type strain
93-5D(ts) after the shift to 36°C also gives information on the possible
levels of control of transcription in S. cerevisiae and can be compared
with previous results based on nutritional shift-up experiments.
Immediately after the temperature shift, there was a slight, transient
inhibition of both the synthesis and processing of 35S rRNA precursor.
+
Similar effects have been reported in other ts strains (Warner and
Udem, 1972). The inhibition of 35S processing reflects the limiting concentrations of ribosomal proteins in the cell, the lag representing the time
required to synthesize higher levels of these (Warner,1982). Indeed, the
inhibition of 35S processing in the wild type has been correlated with
a decrease in ribosomal protein synthesis due to a temporary cessation
of transcription from ribosomal protein genes immediately after the
temperature shift (Kim and Warner, 1983). This transient effect on ribosomal protein mRNA transcription is also observed in ma mutants and is
therefore not related to their mRNA splicing defect. Rather, it may
reflect a requirement for some other factor essential for the specific,
coordinate transcription of ribosomal protein genes.
The effect on 35S precursor synthesis is more difficult to
explain. It could be due to a temporary inhibition of RNA polymerase I
activity, perhaps reflecting the limiting concentration of a particular
subunit. Conversely, since this effect is not observed in strains carrying mutations 93 or rna2-1 to rnall-1, it may indicate another role for
the RNA2 - RNA11 and ts93 gene products in RNA synthesis, viz, a
negative regulatory effect on 35S transcription by RNA polymerase I,
which is defective in the mutant strains. Nevertheless, this was only a
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transient effect and was followed by sharp increases in both
35S rRNA synthesis and processing. It appears that during this
transition period rRNA was overproduced because both rates subsequently
decreased. Interestingly, the rate of 35S rRNA processing showed the
greater decrease, indicating that this step in rRNA synthesis is an
important level at which control is exerted. Furthermore, the rates
of synthesis of 5.8S, 18S and 25S rRNA reflected this to some extent
since they are derived from the 35S precursor. Differences were
observed between these, however, and this is most likely attributed
to altered rates of processing of the intermediate 20S and 27S
precursors during the transition period after the shift. Most notable
was the greater initial rate of 18S rRNA synthesis compared with that
of 25S rRNA - indeed, during steady-state conditions, 18S rRNA is
believed to mature more rapidly than 25S rRNA (Warner, 1982).
Conversely, the temperature shift had no significant effect on
the synthesis of 5S rRNA and tRNA, the other major classes of stable
RNA in the cell, confirming previous findings that their synthesis
can be regulated separately from that of 35S precursor-derived rRNAs
(Leibowitz et al., 1973; Ludwig et al., 1977; Elliott and McLaughlin,
1979). From these studies it was suggested that unlike the other
rRNAs, the levels of 5S rRNA and tRNA are not growth-limiting, at
least at lower growth rates. It is interesting to note that 5S
rRNA and tRNA are synthesized by a distinct enzyme, viz. RNA polymerase III.
Indeed,

tRNA synthesis in yeast is believed to be under autoregulatory

control involving the level of tRNA aminoacylation (Oliver and McLaughlin,
1977) in addition to the putative control exerted on tRNA precursor
processing (Hopper et al., 1978) whereas 5S rRNA synthesis is thought
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to be regulated post-transcriptionally at the level of turnover (Elliott
and McLaughlin, 1979; Piper et al., 1983).
+
The effects of temperature shift on RNA synthesis in a ts
strain are very similar to those observed during nutritional shift-up
(Ludwig et al., 1977). In yeast, as in other organisms, it is clear
that maintenance of higher rates of protein synthesis and cell division
requires an increase in ribosome number to ensure balanced growth.
Thus the rate of rRNA synthesis must be adjusted to meet this demand,
although, as already discussed, during the transition period between
two growth rates an increase in ribosome efficiency can account for at
least part of this. During nutritional shift-up, this transition is
again preceded by a temporary "lag" in rRNA synthesis which probably
represents the time required to synthesize either regulatory molecules,
perhaps for ribosomal protein mRNA transcription (Kim and Warner, 1983),
or additional RNA polymerase I complexes, as suggested by Waldron (1977).
One major difference, however, between the two types of experiment is the
effect on growth rate and DNA synthesis. When yeast cells are shifted
to a "richer" medium, there is no immediate increase in these two
parameters, rather a lag of approximately 2 h which may reflect some cell
cycle-dependent control exerted at GI (Ludwig et al., 1977) - whereas
growth rate and DNA synthesis increase immediately after a temperature
shift. This is probably because the latter represents a more extreme
alteration to the system, incorporating several thermodynamic components.
Indeed, although the rate of DNA synthesis did increase significantly after
the temperature shift, it finally levelled off at a lower value consistent
with that expected from the new growth rate. The rate of dsRNA synthesis
is believed to be growth rate-dependent and it was therefore interesting
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to find that this closely followed that of DNA synthesis after the
temperature shift.
It therefore appears that two completely different stimuli
have almost the same effect on the synthesis of all classes of RNA
in S. cerevisiae, although the initial effects on growth rate are
quite separate. In both cases, the increase observed in rRNA
synthesis is most likely controlled in part by the RNA2 - RNA1I
and ts93 gene products which act at the level of RNA processing
and possibly also at the level of transcription.
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CHAPTER VI

ISOLATION AND PRELIMINARY CHARACTERIZATION OF
TEMPERATURE-SENSITIVE MUTANTS OF SACCEARONYCOPSIS
LIPOLYTICA DEFECTIVE IN RNA SYNTHESIS
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INTRODUCTION

Certain diploid strains of Candida lipolytica have been found
to sporulate under appropriate conditions, producing haploid strains
of opposite mating type, and have been reclassified as Saccharomycopsis
lipolytica (Wickerham et al., 1970; Yarrow, 1972).

As discussed in

Chapter I, S. lipolytica has potential in the production of single cell
protein from hydrocarbons, and the isolation of conditional RNA
synthesis mutants which have a lowered RNA : protein ratio may be important if protein preparations from this yeast were ever destined for human
consumption.

The tritium-suicide technique was therefore used to select

for ts mutants of S. lipolytica defective in RNA synthesis and a number
of these were analyzed biochemically to determine whether any would be
of use in single cell protein production.
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GROWTH ON N-AIKANES

To demonstrate the ability of S. lipolytica to metabolize
hydrocarbons, haploid strain L165 (an industrial strain developed by
B.P. Research) was grown in batch culture in a ferinentor with a mixture
of n-alkanes as sole carbon and energy source (Figure 33).

The growth

rate at 30°C was calculated by monitoring oxygen consumption, carbon
dioxide production and ammonia addition, and a mean generation time of

2.6 h was obtained. This is slightly longer than the generation time
calculated for L165 during growth in shake flask culture at 30°C in
either YEPD or IllYI, which both contain glucose as carbon and energy source
(Table 35).

In this table it is also seen that at incubation temper-

atures above 30 C, the growth rate of L165 decreased until at 35 C
growth was almost completely inhibited.

TRITIUM-SUICIDE SELECTION OF TS MUTANTS

In the selection of ts RNA synthesis mutants by the tritiumsuicide technique, it is preferable to start with a uracil auxotroph to
enhance the uptake of the tritiated precursor used. Since the wildtype strain for tritium-suicide selection - L165 - was a prototroph, it
was first necessary to isolate auxotrophic strains and, in particular,
uracil auxotrophs.
EMS mutagenesis of L165
S. lipolytica haploid strain L165 was treated with EMS as described in Chapter II. With approximately lo survival after 77 mix
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Figure 33 Growth of S. lipolytica L165 in batch culture with a
mixture of n - alkanes as sole carbon and energy source.
A culture of S. lipolytica L165 - a ic$ (v/v) inoculum
in a basal mineral medium containing a mixture of
xi - alkanes (average
8 chain length C17 -B.P. Research) was incubated at 30 C in a 1 1 baffled fermentor vessel.
The culture was stirred at 2000 rev.min 1 and aerated at
a constant gas flow rate of 200 ml.min 1. The ph of
the culture was maintained at 4.0 by the addition of an
aqueous solution of NH3. Growth was measured by monitoring 02 consumption (•), CO2 production (.) and NH3
addition (A).
02 consumption and CO2 production were
calculated by measuring the differences in 02 and CO2
concentration between the input air supply to the fermentor
and the output.
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Table 35 Growth of S. lipolytica L165 under various conditions

Mean generation time (h)*

Medium

25°C

30°C

33°C

YEPD

3.0

2.0

2.3

NN

3.4

2.3

2.9

35°C

>24

Shake flask cultures of S. lipolytica L165, in either YEPD or
MM, were incubated at the above temperatures and the mean
generation time for each culture was calculated by measuring
at intervals the turbidity at 600 nm.
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incubation at 30°C (Figure 34), this strain was slightly more resistant
to the killing effect of EMS compared with S. cerevisiae SEID-5C treated under the same conditions (see Figure 11). During incubation with
EMS, it was observed that an increasing number of survivors produced

small colonies on YEPD agar, resembling in relative size the petites seen
in S. cerevisiae. These appeared among the survivors after about 40 mm
incubation and by 80 min represented approximately 50% of the survivors.
The precise nature of these small colonies is uncertain, however, since
S. lipolytica is an obligate aerobe. Nevertheless, their number was
included in the total number of survivors following mutagen treatment.
The survivors from EMS treatment were incubated on YEPD agar at
25 0C and replica plated on to omission media to detect auxotrophic
mutants. In all, about 8000 clones were screened but unfortunately no
uracil, or adenine, auxotrophs were found - although approximately 0.4%
of the clones tested had an unspecified auxotrophic requirement, other
than that for uracil or adenine, and in addition about J were ts for
growth at 33°C on YEPD.

It therefore appears that although no uracil

or adenine auxotrophs could be found strain L165 was as susceptible to
mutation by EMS as strains of S. cerevisiae.

TT\T

mutagenesis of L165
Since uracil auxotrophs of S. lipolytica L165 could not be pro-

duced by EMS mutagenesis, another method for generating mutants was
employed, viz. IN irradiation. The viability of L165 decreased rapidly
with exposure to UV under the conditions described in Chapter II - with
1% survival after approximately 2 min irradiation (Figure 35). The
survivors were incubated on YEPD agar at 25°C and replica plated on to
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Figure 34 EMS mutagenesis of S. lipolytica L165.
Stationary phase cells were incubated at
300C with 0.3% (v/v) ethyl metbanesuiphonate
as described, in Chapter II. Samples were
removed at intervals and EMS inactivated by
dilution in 6% sodium thiosulphate prior to
determining cell viability.
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Figure 35 IN irradiation of S. lipolytica L165.
A suspension of stationary phase cells
in 0.2lYlpotassiuna acetate buffer (pH 5.5)
was exposed to TN radiation (2.25 J.m2.s 1)
in an open glass Petri dish and samples were
taken at intervals to determine cell viability as described in Chapter II.
lO
survival represented 4.7 x 106 cells.mll.
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omission media to detect auxotrophic mutants. Unfortunately, no
uracil auxotrophs were found* - but one strain auxotrophic for adenine

(L165-1A) was isolated and this was used as wild type in the subsequent
tritium-suicide selection for ts mutants of S. lipolytica defective in
RNA synthesis.

Tritium-suicide selection
Tritium-suicide using L.j7 adenine was expected to be less effective in selecting for mutants defective specifically in RNA synthesis
compared with that using

ZW

uracil because adenine-containing

molecules are involved in many other areas of cellular metabolism.
However, since RNA is one of the major adenine-containing components in
the cell, a large proportion of the mutants isolated by this method
were expected to be defective in some way in RNA synthesis.
A stationary phase culture of the adenine auxotroph L165-1A was
incubated with EMS until approximately 9

killing had been achieved.

The protocol for EMS mutagenesis and for the subsequent steps leading
to tritium-suicide (described in detail in Chapter II) is briefly
summarized in Table 36.

The concentration of viable cells at each

stage is also given in Table 36.

As discussed in Chapter III, the

time allowed for recovery after mutagen treatment is a critical factor
in the success of this selection procedure.

In this case, the surviv-

ors from EMS treatment were incubated in CM medium for 18 h at 25°C
(Figure 36).

At the end of this recovery period, viable cell number

* However, in another study, uracil auxotrophs of S. lipolytica
have been isolated after UV irradiation at a frequency of
3 x 104 (Ogrydziak et al., 1978).

Table 36

Summary of protocol for EMS mutagenesis and tritium-suicide selection with S. lipolytica L165-1A
as wild-type strain : measurement of viable cell concentration at various steps in the procedure

Step

Volume
(ml)

Viable cell concentration
(ce1ls.mr - x
Measured

(i)

Washed stationary phase culture (48 h, 330C)
EMS mutagenesis (79 mm, 30 00

5
10

t0
t79

1/10 dilution
Recovery (CM, 18 h, 25 00
1/100 dilution
(4

Normalized

108

54

54

54

4.31

4.31

5

-

-

5

2.18

10

Depletion of adenine pool(s) (4 h, 25OC)\

0.5

Incorporation of /3j7 adenine (5 h, 3300

1

Immediately preceding tritium-suicide

5

control

21.8

-

-

-

-

0.205

205

tritium-suicide 0.201

201

a Unless otherwise stated, cell concentrations were measured at the end of each step.
Values were normalized for comparison with the t79 value for EMS mutagenesis (10 ml culture)
taking into account volume changes and dilutions.
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Figure 36 Recovery from EMS treatment of a cell population
derived from S. lipolytica L165-1A. Following
inactivation of EMS, the cell suspension was
washed, diluted tenfold in CM medium and divided
into aliquots. These were incubated at 250C
and samples taken at intervals to determine cell
viability (results shown are for one culture).
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had increased by approximately fivefold, indicating that by this time
the majority of cells were metabolically active.
For this particular tritium-suicide selection, the storage conditions used were identical to those for mutant selection in S.
cerevisiae, viz, storage in phosphate buffer at 0°C. Under these
conditions, the viability of the control culture was unaffected for
the first six days' storage but during the next six days, this gradually
decreased until, by 12 days' storage, it had reached approximately 50%
of the initial value (Figure 37a).

For the remaining eight days'

storage, there was no further effect on the viability of this culture.
This transient decrease in culture viability beginning after six days'
storage was, however, a reproducible phenomenon.
culture labelled with

In the case of each

L3Ji7 adenine, the viability, which was identical

to that of the control culture prior to storage, decreased by at least
200-fold during the first 10 days' storage (Figure 37a).

This decrease

in viability was more gradual than that observed for S. cerevisiae
labelled with

2Y

uracil (see Figure 15a) - probably because the tnt-

iated precursor used in this selection had a lower specific activity but overall, both decreases were of the same order.

Isolation of ts mutants
An approximate guide to the effectiveness of tritium-suicide
selection was obtained by following the percentage of survivors which
were ts as a function of storage time.

Initially, about 1% of the

population after EIS mutagenesis were ts.

In the control culture, this

remained constant during the first six days' storage but increased significantly to 7- of the population during the period of viability
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Figure 37a and. b Tritium—suicide selection of ts mutants of
S. lipolytica L165-1A, following EMS
mutagenesis. a. Tritium—suicide on storage
at 0°C: control culture (.), tritium—suicide
after incorporation of [2-37 adenine
(23 Ci.nnnoll; 2)lg.m11) at 33'C (0).
b. Enrichment of ts mutants: control culture
(A), tritium—suicid.e culture (A )
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decrease (Figure 37b). From 12 days' storage onwards, during which
there was no further effect on culture viability, the proportion of ts
survivors remained constant at about 7% of the population. This unexpected increase in ts survivors (which was reproducible) may be the
result of selecting against a particular class of cold-sensitive mutant
during storage and therefore warrants further investigation. Moreover,
this may be avoided in future if the storage conditions for tritiumsuicide of S. lipolytica are optimized so that the viability of unlabelled
cells is less affected.
In the tritium-suicide cultures, the proportion of ts survivors
increased to 2 of the population within the first eight days' storage
(correlating with the decrease observed in culture viability) and then
stayed constant for the remaining 12 days' storage (Figure 37b).

This

represents an increase over the control of 21% or approximately a 20fold enrichment of ts mutants, which is more than double the increase
found in S. cerevisiae (see Figure 15b).

However, since the majority

of ts mutants from the control culture were expected to be general ts
strains, a large proportion of these should have been selected against
during tritium-suicide and thus not have contributed greatly to the
number of ts mutants isolated by tritium-suicide selection. If this
were the case, the 21% of the population which were ts would represent
an even greater enrichment than that calculated above.
By this method, 200 ts mutants of S. lipolytica were initially
isolated and a number of these were analyzed biochemically to determine
which, if any, were defective in RNA synthesis at the restrictive
temperature.
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BIOCHEMICAL ANALYSIS OF TS MUTANTS

RNA and protein synthesis were monitored in a random sample of
34 ts mutants of S. lipolytica isolated by tritium-suicide selection
with /}J7 adenine. In this general screening, the extent of RNA and
protein synthesis was determined during a 3 h period immediately after
a temperature shift to 33°C by measuring the incorporation of radioactively labelled precursors into TCA-precipitable material as described
in Chapter II. The relative increase in label incorporated into each
macromolecule during the 3 h period was calculated by dividing the 3 h
value by the 0 h (pre-shift) value.
For the wild type,L165-1A, the increases were 2.5-fold for RNA
and 3.6-fold for protein, and for the mutants, arbitrary limits were set
to differentiate between strains with different biochemical defects.
Strains which showed an increase of less than 2.3-fold for a particular
macromolecule over the 3 h period were classed as "reduced rate of
synthesis" mutants and those showing an increase of less than 1.5-fold
as mutants in which the synthesis of that macromolecule was specifically
inhibited. In this way, the 34 ts mutants examined were divided into
three biochemical groupings (Table 37), although the arbitrary nature of
this classification must again be stressed. A total of 27 out of 34
mutants (groups 1 and 2), i.e. 83 of the total, were defective in some
way in RNA synthesis at the restrictive temperature, which compares
16 identified in S. cerevisiae. The remaining
favourably with the 821
group of 7 mutants (group 3), representing 2 of the total, consisted
of strains in which RNA and protein synthesis were apparently unaffected
at 33°C. Moreover, in a number of these, macromolecule synthesis
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Table 37 Macromolecule synthesis at 33°C in ts mutants of
S. lipolytica isolated by tritium-suicide selection

Group Effect on macromolecule
synthesis
No. of
% of
mutants total

Strain

Macromolecule synthesist
EPA

Protein

2.5

3.6

-

-

EPA and protein
synthesis
inhibited

12

35

M17
M25
M30
M55
M56
M63
M66
M70
M81
M113
M147
M151

1.1
1.0
1.1
1.4
1.2
1.0
1.1
1.2
1.3
1.1
1.2
1.3

1.1
1.1
1.2
1.4
1.2
1.2
1.1
1.3
1.4
1.1
1.4
1.3

2

EPA and protein
synthesis
reduced

15

45

Ml
M4
Mil
M36
M48
M54
M59
M62
M72
M80
M95
M98
M106
N146
M182

1.6
2.1
1.8
1.6
1.5
2.1
2.0
1.9
2.1
1.6
1.6
1.7
1.8
1.5
2.0

2.1
2.0
2.0
1.5
1.6
2.2
1.9
1.8
2.3
1.8
2.0
1.9
2.1
1.6
2.1

3

No apparent
effect

7

20

M13
M28
M42
M50
M60
M93
M136

3.7
2.8
3.5
3.9
4.0
2.9
3.0

3.7
3.1
3.6
4.2
3.7
3.4
3.2

-

Wild type

L165-1A

Synthesis is expressed as the increase in the amount of radioactivity
incorporated into TCA-precipitable material during the first 3 h
after a temperature shift from 250C to 330C - each value equals the
3 h measurement divided by the 0 h (pre-shift) measurement (both in
,6-37 uracil was used to label EPA, and L-[U-14CJ
duplicate).
phenylalanine to label protein.
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appeared to be enhanced at the high temperature compared with that in
the wild type - however, they all remained ts for growth at 33°C.
Surprisingly, several mutant phenotypes identified in S. cerevisiae
(see Table 15) were not found among the ts mutants of S. lipolytica that
were studied - although this may have been due to the different tritiated
precursor used in the selection procedure. In particular, no mutants
were found in which RNA synthesis was preferentially inhibited or reduced
at the restrictive temperature, resulting in an increased protein : RNA
ratio - the very phenotype that may be important in the production of
single cell protein for human consumption.

GENETIC ANALYSIS OF S. LIPOLYTICA

Genetic analysis of S. lipolytica is difficult because many of
the strains which were originally isolated by Wickerham et al. (1970)
rarely produce four-spore asci and only a small proportion of the spores
which are formed are viable. However, strains of S. lipolytica giving
a high proportion (up to ac) of viable spores from four-spore asci have
been developed by continually selecting for this characteristic from
crosses (Bassel and Mortimer, 1973) and recently, a genetic map has
been produced (Ogrydziak et al., 1978).
In the present study, the viability of spores from the cross of
YB423-3 x YB423-12 was examined to determine whether these strains could
be used in analyzing the ts mutants derived from L165-1A. Unfortunately,
spore viability was only about 2 and few four-spore asci were found,
making tetrad analysis impossible. Low spore viability was also found
after sporulation of the diploid strain CLX90 (an industrial strain
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developed by B.P. Research).

In addition, a study of the comple-

mentation of mutations in this organism was not feasible partly because
of the difficulty in constructing ts strains of opposite mating type
and partly due to the low frequency of mating. One final problem
related to the genotype of wild-type strain L165. During exponential
growth, S. lipolytica naturally exists in both a yeast phase and a
mycelial phase, but strains (such as L165) have been isolated which
exist predominantly in the yeast phase - a characteristic invaluable in
large-scale continuous fermentation. However, genetic analysis of these
strains is affected to a great extent by genetic background and, in
addition, tetrad dissection can be very difficult (Ogrydziak et al.,,
1978).
Therefore, because of the above problems it was not possible in
the present study to genetically analyze the ts mutants of S. lipolytica
isolated by tritium-suicide selection.

DISCUSSION

Tritium-suicide selection was very effective in enriching for ts
mutants of S. lipolytica - a large proportion of which were defective in
some way in RNA synthesis at the restrictive temperature. Although
this proportion was approximately the same as that found in S. cerevisiae,
the number of different phenotypes identified at the non-permissive
temperature in mutants of S. lipolytica was severely limited (excluding,
of course, the biochemical groups in which DNA synthesis was affected
since the synthesis of this macromolecule was not examined in the case
of S. lipolytica). As already discussed, this may have been due to the

ME
different tritiated precursor used in each selection - L3B7 uracil in
the case of S. cerevisiae and Lj7 adenine in that of S. lipolytica because adenine-containing molecules are involved in many other areas
of metabolism compared with those containing uracil. The use of L7
adenine may therefore have selected against certain RNA synthesis
mutants which otherwise would have been selected for if L3. j7 uracil had
been used.

Uracil auxotrophs of S. lipolytica must therefore be

isolated before suicide selection for ts mutants is repeated.

In

addition, for better genetic analysis, it would be easier to start
with the strains of Bassel and Mortimer (1973) which mate well and
give high levels of four viable spores per ascus.
One interesting result, however, was the increase observed
in the proportion of ts survivors in the control culture from suicide
selection.

As already discussed, this may have been due to selecting

against cold-sensitive (cs) mutants during storage.

One could easily

verify this by screening EMS-mutagenized cultures of S. lipolytica for
cold-sensitivity and examining any cs mutants biochemically to determine
the nature of the defect.

It would also be interesting to screen the

ts survivors from the control culture to determine if they are indeed
general ha mutants as predicted.

Furthermore, altering the storage

conditions may reduce this effect in future selections if it was found
to be undesirable although "non-specific" ha mutants should be eliminated
during tritium-suicide.
Biochemical analysis of the mutants isolated by suicide selection
revealed relatively few types of defect and unfortunately none of the
mutants examined exhibited an increased protein:RWA ratio at the

241

restrictive temperature.

Such mutants should be isolated in future

selections but the chances of finding strains that could be used
commercially in single cell protein production are probably not very
great for the reasons discussed in the previous chapter.
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CHAPTER VII

CONCLUDING DISCUSSION
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The tritium-suicide technique was quite effective in selecting
for ts mutants of S.cerevisiae with defects in RNA synthesis. However,
for the reasons already discussed in Chapter V, mutants capable of
synthesizing protein with very low levels of RNA are unlikely to be
found and their potential in the production of single cell protein for
human consumption therefore appears very limited. On the other hand,
several interesting mutants of S.cerevisiae were isolated which on
further analysis should yield more information on RNA biosynthesis and
its control in a lower eukaryote. Two mutants in particular should
prove extremely useful in this respect, viz, mutants 93 and 236.
Further comparison of mutation 93 with rna2-1 to rnall-1 is
necessary using the powerful tool of recombinant DNA technology to
analyze gene structure and function. The preliminary results presented
here indicate that the ts93 defect is in processing of 35S rRNA
precursor but that there may also be a transient effect of increasing
35S rRNA transcription immediately after the temperature shift. Indeed,
this effect was also observed with rna2 - mall mutants (Warner and Udem,
1972). The RNA2 - RNA11 gene products are involved in ribosomal protein
synthesis at the level of precursor mRNA splicing (Teem and Rosbash,
1983; Last et al., 1984). Defects in RNA2 - RNAI1 activity have a drastic
effect on the processing of 35S rRNA precursor which is mediated through
the inhibition of ribosomal protein synthesis. Indeed, there is substantial
evidence that the RNA2. - RNA11 gene products interact with each other and
with intron-containing mRNAs. Several cloned wild-type RNA genes on high
copy number plasmids can complement not only their own mutant alleles
but certain other ma mutations, or sometimes partially complement pairs
of ma mutations (Last and Woolford, 1984). The existence of dominant

244

and recessive second-site suppressors, SRN1-1 and srnl-2 respectively,
which affect several ma mutations including the phenotypically
distinct rnal-1 (Pearson et al., 1982; see Atkinson et al.,1985)
and the finding that rna2-1 is epistatic to rnal-1 (Rosbash et al.,
1981) both indicate that the RNA gene products are functionally
interrelated. In addition, the transient effect on 35S precursor
transcription indicates that they may also bind to DNA sequences or RNA
polymerase I. This is purely speculative and must be investigated by
examining the binding properties of the RNA2 - RNA11 and ts

+

93 gene products.

The "multifunctional" nature of these proteins could partly account for
the extremely tight control of ribosome synthesis in yeast which also involves
regulating ribosomal protein turnover, translation initiation and mRNA splicing
efficiency (Warner et al., 1985).
Mutation 236, on the other hand, is thought to affect a subunit of
RNA polymerase II. Cloning of the wild-type 236 gene on a suitable vector
followed by in vitro transcription and translation should therefore identify
the subunit concerned. Furthermore, analysis of the DNA sequence upstream
from the 5' terminus of this gene may reveal control sites which are
involved in the putative autoregulation of RNA polymerase synthesis. The
isolation of temperature-resistant second site revertants should also prove
useful since these can be used to identify genes whose products may interact
directly with RNA polymerase II at some stage in transcription (Himmelfarb
et al., 1984). Finally, a comparison of mutations 236 and rpoBl, which
affects the largest subunit of RNA polymerase II (Winsor et al., 1979; Ruet
et al., 1980), will determine if they are in the same gene and should give
more information on subunit interactions and function. Thus further analysis
of mutation 236 will be invaluable in studying both the mechanism of transcription and the control of RNA polymerase synthesis in a lower eukaryote.
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