
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


Studies of the Relationship between mRNA 
Stability and Gene Function in 

Saccharomyces cerevisiae.

A thesis submitted for the Degree of 
Doctor of Philosphy at the University of Glasgow

by

Joyce Moore

Institute of Genetics 
Church Street 

Glasgow

Febuary 1991

i



ProQuest Number: 10983774

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10983774

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



Dedicated to Myra and Jimmy Moore 
for all their love and support over the years.



The research reported in this thesis is my own 
original work, except where otherwise stated, 

and has not been submitted for any other degree.



Contents

Contents Page

Contents iv

Acknowledgements vii

Summary viii

Chapter 1 . Introduction 1

1.1. Background to this Study 2

1.2. mRNA Stability in Yeast and other Organisms 4
1.2.1. mRNA Stability in Prokaryotes 4
1.2.2. mRNA Stability in Higher Eukaryotes 5
1.2.3. mRNA Stability in Yeast 9

1.3. The Ribosome 12
1.3.1. Ribosomal RNA (rRNA) 13
1.3.2. Newly-Synthesised Ribosomal Proteins are 15

Targetted to the Nucleus
1.3.3. Assembly of the Ribosome 16
1.3.4. Transcriptional Regulation of Ribosomal Protein 17 

Genes
1.3.5. Post-Transcriptional Regulation of Ribosomal 19

Protein Gene Expression
1.3.6. Transport of the Ribosomes to the Cytoplasm 22
1.3.7. Ribosomal Protein Nomenclature 22

Chapter 2 . Materials and Methods 23

2.1. E. coli Strains . 24.

2.2. S. cerevisiae Strains .24

2.3. Plasmids and Bacteriophages 24

2.4. Oligonucleotides 25

2.5. E. coli Growth Media and Culture 25
2.5.1. Media 25
2.5.2. Antibiotics 26
2.5.3. Growth Conditions 26

2.6. S. cerevisiae Growth Media and Culture 27
2.6.1. Nutrient Supplements 27
2.6.2. Growth Conditions 27

iv



Page

2.7. Buffers and Reagents 27
2.7.1. Electrophoresis 28
2.7.2. Isolation of Nucleic Acids 28
2.7.3. DNA Manipulation 28
2.7.4. DNA Hybridisation 29

2.8. Nucleic Acid Isolation 29
2.8.1. Plasmid DNA 29
2.8.2. M13DNA 30
2.8.3. Bacteriophage Lambda DNA 30
2.8.3.1. Large Scale 30
2.8.3.2. Small Scale 30
2.8.4. S. cerevisiae DNA 31
2.8.5. S. cerevisiae RNA 31

2.9. In Vitro Manipulation of DNA 32

2.10. DNA Sequencing 32

2.11. Gel Electrophoresis 33
2.11.1. Agarose Gels 33
2.11.2. Polyacrylamide Gels 33

2.12. Nucleic Acid Hybridisation 34
2.12.1. Blotting 34
2.12.2. Radio-labelling of Nucleic Acids 34
2.12.3. Hybridisation 35

Chapter 3 . Sequencing of 12 Unidentified cDNAs 36

3.1 Introduction 37
3.1.1. Overview of Analytical Strategy 37

3.2. Results . 40
3.2.1. cDNAs Representing Long Half-Life mRNAs 40
3.2.1.1. cDNAlO 40
3.2.1.2. CDNA22 40
3.2.1.3. CDNA46 41
3.2.1.4. cDNA74 42
3.2.1.5. cDNA85 43
3.2.2. cDNAs Representing Short Half-Life mRNAs 44
3.2.2.1. cDNA9 44
3.2.2.2. cDNAll 44
3.2.2.3. CDNA13 45
3.2.2.4. CDNA19 46
3.2.2.5. cDNA39 47
3.2.2.6. CDNA90 48
3.2.2.7. cDNAlOO 48

3.3. Discussion 50
3.3.1. cDNAs Representing Long Half-Life mRNAs 50
3.3.1.2. cDNAlO 50
3.3.1.3. CDNA46 52

v



Page

3.3.2. cDNAs Representing Short Half-Life mRNAs 53
3.3.2.1. CDNA39 53
3.3.2.2. CDNA90 55
3.3.2.3. CDNA13 56
3.3.3. Comparison with Other S. cerevisiae Genes 57

Chapter 4 . N utrient Upshift, Heat-Shock and Splicing 60

4.1. Introduction 61
4.1.1. The K37 Ribosomal Protein Gene Family 61
4.1.2. Nutrient Upshift 62
4.1.3. Heat-Shock 63
4.1.4. Pre-mRNA Splicing 64

4.2. Results 66
4.2.1. Nutrient Upshift 66
4.2.2. Heat-Shock 67
4.2.3. Pre-mRNA Splicing 68

4.3. Discussion 71

Chapter 5 . Cloning of a Gene Corresponding to cDNA13 73

5.1. Introduction 74

5.2. Results 75
5.2.1. Construction of a Yeast Genomic DNA Library 75
5.2.2. Screening the Library with cDNA 13 76
5.2.3. Southem-Blot Analysis of Recombinant DNAs 76
5.2.4. Two Yeast Loci Correspond to cDNA 13 76
5.2.5. Restriction Mapping of JMG2 DNA and 77

Subcloning
5.2.6. DNA Sequence Analysis 77
5.2.7. Why Has Only One of the Genes Been Cloned? 80
5.2.8. Similarities Between YL6a and Ribosomal 81

Proteins From Other Organisms

5.3. Discussion 82
5.3.1. Suggestions for Future Work 84

Appendices 86

Appendix 1 Abbreviations 87
Appendix 2 S. cerevisiae Ribosomal Protein Nomenclature 88
Appendix 3 Characteristics of S xerevisiae Ribosomal Proteins 89
Appendix 4 Measurement mRNA Half-Life 90
Appendix 5 Codon Bias Table for Highly Expressed S. cerevisiae 93

Genes

References 94

vi



Acknowledgements

Thanks to Howy Jacobs for his supervision and for critical reading of the manuscript, to 
Roger Sutcliffe for suggesting the project, and to Adrienne Jessop and Richard Wilson 
for their encouragement. Thanks also to T.C. Santiago and Alistair Brown for providing 
the cDNAs, to Derek Jamieson (Edinburgh) who provided the temperature sensitive 
splicing mutant and hints on how to handle it, to Priyal Die Zoysa (Reading) who 
provided the OF AGE blot, and to Iain Johnstone for help in identifying the protein 
encoded by cDNA13. A special thanks to the first, third and fifth floors of the Genetics 
department for providing essential equipment, even though they did not know about it 
most of the time.

This work would have been much more laborious without the help of the prep, room 
ladies, and I would like to thank them more specifically for nagging me towards the end 
of this work.

There is no longer a yeast group, but past members deserve thanks for their help, 
especially Paul for his encouragement and for keeping me in touch.

A special thanks to those people who made my stay in the Genetics department more 
bearable and who, thank goodness, do not want their virtues spelled out, in particular 
Jane, Fiona and Arvind.

My mother and father helped enormously, especially in regard to making living on a 
student grant somewhat more bearable, and by always being on my side.

Lastly thanks to Kim for his understanding, useful suggestions, very critical reading of 
the manuscript, and his friendship throughout.

This work was supported by a Science and Engineering Research Council Studentship.



S u m m a r y

Twelve S. cerevisiae cDNAs, characterised by Santiago (1986) on the basis of the 
half-lifes of the respective mRNAs, have been partially or completely sequenced. To 
four have been assigned a definite function. cDNAlO, which generates a long half-life 
mRNA, encodes the glucose-inducible form of the glycolytic enzyme, enolase. cDNAs 
90, 39 and 13, each of which generates a short half-life mRNA, encode ribosomal 
proteins L3, L29 and YL6 respectively. cDNA46, which generates a long half-life 
mRNA, is related to a mouse gene of unknown function, MER5. In addition, there is 
circumstantial evidence that among the unidentified cDNAs that generate short half-life 
mRNAs are several that encode ribosomal proteins.

cDNA13 has been the subject of the most study, since it represents a newly-discovered 
ribosomal protein gene of S. cerevisiae. This was first suggested by its homology at 
both the DNA and putative amino acid levels with the gene encoding ribosomal protein 
K37 of S.pombe. In addition, mRNA13 "behaves" like the mRNA for a ribosomal 
protein, in that its abundance increases sharply when glucose is introduced to a yeast 
culture grown on ethanol (nutrient-upshift), and declines when yeast are subjected to a 
mild heat-shock. Further, the gene(s) corresponding to cDNA13 contains an intron, as 
first indicated by the accumulation of unspliced mRNA 13 when cells harbouring a 
temperature-sensitive splicing mutation are grown at the restrictive temperature.

Genomic southern blot analysis suggested the presence of two genes related to cDNA13 
in the S. cerevisiae genome. This was confirmed by OFAGE analysis which, in 
addition, shows that the two copies reside on different chromosomes. An S. cerevisiae 
genomic DNA library was constructed in the bacteriophage lambda replacement vector, 
EMBL3. From it was isolated one of the genes related to cDNA13. Sequencing of this 
gene provided a complete amino acid sequence for the corresponding protein. The 
putative N-terminal sequence is identical to that of the previously characterised 
S. cerevisiae ribosomal protein, YL6. Further, there is clear evidence within the 
sequence for the predicted intron, as well as of elements characteristic of UASrpgS  

(upstream activation element that regulate the expression of S. cerevisiae ribosomal 
protein genes).

viii



CHAPTER 1 

INTRODUCTION



1. Introduction

Since this thesis revolves around the observation that S. cerevisiae ribosomal proteins 
are in general encoded by short half-life mRNAs, and more specifically concerns the 
identification and characterisation of a new ribosomal protein gene of S. cerevisiae, this 
introduction is split into two parts. The first concerns mRNA stability and the second 
ribosome structure, function and assembly.

1.1. Background to this study

In 1978 Johnston and Singer reported that 1,10-phenanthroline inhibits RNA synthesis 
in S. cerevisiae. RNA polymerase II is a zinc metalloenzyme; 1,10-phenanthroline 
inhibits its action by chelating zinc (Lattke and Weser, 1976). Based on these 
observations, Santiago (1986) developed a new method for the estimation of mRNA 
half-life in S. cerevisiae.

The method is as follows: 1,10-phenanthroline (final concentration 100 qg/ml) is added 
to a culture of S. cerevisiae growing exponentially in YPG medium. This is taken to be 
time point zero. Thereafter, aliquots of the culture are removed at 3 to 5 minute intervals 
and stored in 2 volumes of ethanol at -20°C until required. Sampling continues until 
approx. 45 minutes after the addition of the drug, normally 8 time points per mRNA 
half-life estimation. Longer incubation times have not been used, both because mRNAs 
with half-lifes longer than 100 minutes are not common in S. cerevisiae (Koch and 
Friesen, 1979), and because the long term effects of phenanthroline on transcription and 
other aspects of cellular physiology have not been investigated.

Total RNA is extracted from the samples, and the relative abundance of specific mRNAs 
at each time-point is determined by quantitation of dot-blot hybridisation with 
gene-specific probes. The data are normalised with respect to the abundance of 18S 
rRNA (small subunit rRNA). Results obtained by this method are therefore not absolute 
measurements but rather an indication of the stability of any one mRNA relative to that of 
the 18S control.

To select genes representing mRNAs with both short and long half-lifes, Santiago 
(1986) used a differential screening approach. The rationale for this approach was that 
,while a subset of genes is turned on during heat shock (genes encoding the heat-shock 
proteins), transcription of the majority of genes is switched off. Thus, when duplicate 
filters are screened with both normal and heat-shock probes, colonies hybridising only
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with the former might be expected to correspond to short half-life mRNAs, while those 
hybridising with both should correspond to long half-life mRNAs. A cDNA library was 
constructed from S. cerevisiae DBY746 by a method involving homopolymeric tailing 
of mRNA:cDNA hybrids (Wood and Lee, 1976): extensions of C-residues were added 
to the mRNAxDNA hybrids and extensions of G-residues to the vector (pBR322 
cleaved with PstI). The library was then screened differentially with probes generated by 
reverse transcription of poly(A)+ mRNA isolated from DBY746, either grown at 23°C or 
grown at 23°C and then heat-shocked for 20 minutes at 36°C. A 20 minute heat-shock 
was used as yeast growing fermentatively (though not by respiration; Section 4.1.4.) are 
able to resume normal growth and transcription after approximately 30 to 40 minutes at 
the elevated temperature (Linquist, 1984).

The results of this experiment were disappointing: after 3 rounds of screening only 3 
clones behaved consistently as if they contained copies of short half-life mRNAs 
(cDNA9, cDNA13 and cDNA19), and only one appeared to be derived from a long 
half-life mRNA (cDNAll). In fact, while the assignment of cDNAs 9,13 and 19 turned 
out to be correct, the assignment of cDNAll was wrong: later experiments showed that 
cDNAll was also a copy of a short half-life mRNA (Fig. 3.1.). These results may 
indicate that the original assumptions were not valid, and indeed Kim and Warner 
(1983a) have provided evidence that while mRNAs encoding ribosomal proteins are 
significantly depleted after 20 minutes at 36°C, synthesis of the bulk of mRNAs 
continues normally after such a mild temperature-shift. Other studies do not demonstrate 
quite such a clear-cut distinction. In a study of 500 individual proteins, some 300 were 
found to be reduced in abundance after a mild heat-shock, although to an extent that 
varies from protein to protein (Miller et al, 1982). However, it appears that ribosomal 
proteins are amongst the most severely affected. It is thus possible that Santiago may 
have enriched preferentially for copies of mRNAs that encode ribosomal proteins, rather 
than for copies of all short half-life mRNAs, as he had intended.

Because of the problems he encountered during the differential screen, Santiago (1986) 
chose several additional cDNA clones at random from his cDNA library. The only 
prerequisite was that they contained Pstl sites at the boundaries of the cDNA insert. In 
total he studied 13 cDNAs, details of which are given in Fig. 3.1 and Table 3.1. It can 
be seen that the respective mRNAs. fall into two broad classes, one stable and one 
unstable, and that within each class mRNA half-life is inversely proportional to mRNA 
length.



1.2 mRNA Stability in Yeast and Other Organisms

Although transcription is an obvious initial step at which expression of protein coding 
genes can be controlled, it is now clear that in both prokaryotes and eukaryotes 
post-transcriptional events play an important role in establishing the final level of a 
protein product In the eukaryotic nucleus these events include maturation of the primary 
transcript (5’-end capping; 3'-end selection and polyadenylation; RNA splicing) and 
transport of mature mRNA from the nucleus to the cytoplasm. In the cytoplasm 
additional control mechanisms regulate the rate of translation and the stability of the 
mRNA.

The earliest evidence that mRNA stability plays a role in eukaryotic gene expression 
came from studies of the steroid hormone, oestrogen. Avian ovalbumin mRNA is 
stabilised by oestrogen treatment: withdrawal of the hormone results in a tenfold decrease 
in its half-life (Palmiter and Carey, 1974). Since that time, control of mRNA stability 
has come to be recognised as an important determinant of gene expression in a number of 
different systems (reviewed below). Further a number of different mechanisms can be 
seen to be at work.

Specific sequence elements affecting mRNA stability have been identified in 5'- and 
3-untranslated regions, as well as in coding regions. Thus stability is, at least in part, 
sequence- or structure-dependent. However mRNA length may also play a role, at least 
in some instances, as may on-going translation, and the structures at each end of the 
mRNA, i.e. the 5'-cap and the 3'-poly(A) tail. Examples illustrating the control of 
stability at various levels are discussed below. A comparison of various methods used 
for measuring mRNA half-life can be found in Appendix 4.

1.2.1. mRNA Stability in Prokaryotes

Prokaryotic genes that encode related functions are often organised into polycistronic 
operons. Operons facilitate the coordinate induction and repression of the genes they 
contain, but restrict the mechanisms by which differential expression of the individual 
genes can occur. Differential expression is on occasion achieved by differential 
termination of transcription, but is more commonly the result of differences in translation 
efficiency (reviewed by McCarthy and Gualerzi, 1990). However, there are also 
examples of differential expression within an operon that can only be accounted for by 
regional differences in stability within an mRNA. The puf (previously referred to as 
rxcA) operon of Rhodobacter capsulatus encodes both the light-harvesting and the 
reaction-centre proteins required for photosynthesis. Belasco et al (1985) demonstrated
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that preferential accumulation of the light-harvesting proteins results predominantly from 
segmental differences in the stability of the polycistronic mRNA. The 5' domain that 
encodes the light-harvesting proteins is more stable than the rest of the mRNA, from 
which it is separated by a highly-stable stem and loop structure. Removal of the stem 
and loop prevents preferential accumulation. It also impairs growth, presumably due to 
altered stoicheiometry of the two complexes in the intracytoplasmic membrane (Klug et 
al, 1987). It has been hypothesised that the function of the stem and loop structure is 
that of an mRNA decay terminator that protects the upstream region from a 
3'-exoribonuclease (Chen et al, 1988). However, replacing the stem and loop structure 
at the 3'-end of the pu f operon fails to stabilise the labile 3'-domain, suggesting that the 
initial target for endonucleolytic attack is not the 3-end (Chen et al, 1988).

REP (repetitive extragenic palindromic) sequences are present in both 
Salmonella typhimurium and Escherichia coli, in such amounts that they represent as 
much as 1% of the genome (Stem et al, 1984). The presence of two REP sequences in 
inverted orientation, and thus with the potential to form a stem and loop, within the 
hisJ-hisQ intergenic region of the S. typhimurium histidine-transport operon, and at the 
boundary of the malE and maIF genes within the malEFG  operon of E. coli, 
preferentially stabilises 5' sequences. It has been hypothesised that this is due to 
protection from a 3' to 5* exonucleolytic activity (Newbury et al, 1987a; 1987b).

Two exonucleases, PNPase (polynucleotide phosphorylase, the pnp gene product) and 
RNasell (the mb gene product) are the enzymes primarily responsible for degrading 
mRNA to mononucleotides in bacteria (Donovan and Kushner, 1986). Both enzymes 
proceed in a 3' to 5' direction and no exoribonucleases with 5' to 3’ activity have been 
identified (Belasco and Higgins, 1988). This is consistent with both the above 
examples.

1.2.2. mRNA Stability in Higher Eukaryotes

Oestrogen stabilises the already stable vitellogenin mRNA of Xenopus laevis liver cells, 
leading to an increase in half-life from 16 to approx. 500 hours (Brock and Shapiro, 
1983). On-going protein synthesis seems not to be required, since inhibitors of 
translation elongation have no effect. Blocking translation-initiation on the other hand, 
which reduces the density of ribosomes on the mRNA, prevents stabilisation. Thus the 
maintenance of a high density of ribosomes would seem to be necessary for stabilisation. 
It cannot be sufficient, however, since removal of oestrogen from culture medium does 
not alter the density of ribosomes on polysomal vitellogenin mRNA (Blume and Shapiro,



1989) even though this mRNA becomes labile. The effects of oestrogen and other 
hormones on mRNA stability have been reviewed by Shapiro et al (1987).

DNA replication-dependent histone mRNAs of mammalian cells have a stem and loop 
structure at their 3-ends instead of a poly (A) tail. The concentration of these mRNAs 
varies by a factor of 30 to 50 fold during the cell cycle, rapidly increasing at the onset of 
DNA synthesis and equally rapidly decreasing at the end of DNA replication. These 
fluctuations results from moderate changes in transcription rates, together with much 
greater changes in mRNA stability (Sittman et al, 1983). The stem and loop structure at 
the 3'-end of the histone mRNA is necessary and sufficient for the observed 
destabilisation of histone mRNAs after DNA synthesis (Pandey and Marzluff, 1987), 
though translation of each mRNA must first have proceeded to within 300 nucleotides of 
the 3 -end (Graves et al, 1987).

Both in vivo and in vitro experiments indicate that histone mRNA degradation proceeds 
in a 3' to 5' direction (Ross and Kobs, 1986; Ross et al, 1986; 1987). Further, an 
exonuclease that degrades histone mRNA in vitro (Peltz et al, 1987) is very inefficient in 
degrading poly(A)+ mRNA, suggesting that the poly(A) tail plus its associated protein 
complex (Blobel, 1973; reviewed by Bernstein and Ross, 1989) protects polyadenylated 
mRNAs (Peltz et al, 1987). Peltz and Ross (1987), demonstrated, by use of the in vitro 
system, that histone mRNAs are degraded 4-6 fold faster in reactions containing free 
histones, and that histones form complexes with histone mRNAs. However, the exact 
nature of this autoregulation remains to be elucidated.

Although not a higher eukaryote, it is pertinent to discuss one aspect of S. cerevisiae 
mRNA stability in this section. In this organism, mRNAs encoding the DNA 
replication-dependent histones do have a poly(A) tract at their 3'-end (Fahrner et al, 
1980), unlike their counterparts in higher eukaryotes. The abundance of these mRNAs 
increases at the onset of S-phase and decreases once DNA replication ceases, either 
naturally or through the use of temperature-sensitive mutants, or drugs (Hereford et al, 
1981; Lycan et al, 1987). Unlike the situation in higher eukaryotes, inhibition of DNA 
chain elongation seems predominantly to repress transcription of histone genes. 
However, when transcription regulation is uncoupled, by placing a histone gene under 
the control of a constitutive promoter, from post-transcriptional events, a 3-fold 
difference is observed in the stability of histone mRNAs between S-phase and G2. 
Further, this difference appears to be mediated via the 3'-end of the message (Lycan et 
al, 1987). Since the rate of turnover of histone mRNAs in yeast, independent of any 
specific control mechanism, appears to be relatively fast (Osley and Hereford, 1981), 
post-transcriptional mRNA destabilisation may not be as critical as it is in higher 
eukaryotes for coupling mRNA levels to DNA replication (Lycan et al, 1987).
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Stability of mRNA encoding the human transferrin receptor (hTR), a protein required for 
transporting iron into cells, is regulated by iron. hTR mRNA is relatively stable in cells 
starved of iron and vice versa. Sequence elements involved in this control have been 
shown to be located within the 3-untranslated region (Owen and Kuhn, 1987), and 
more precisely within a 678-nucleotide domain with the capacity to form five stem and 
loop structures (Casey et al, 1988). Strikingly, elements of this region have significant 
homology with the sequence of an Iron Responsive Element (IRE) located in the 
S'-untranslated region of human ferritin mRNA, and which mediates iron-dependent 
translation (Hentze et al, 1987). Further, two of the hTR stem and loop structures can 
function as IREs, mediating ferritin-like translation regulation when individually inserted 
into the 5'-untranslated region of a human growth hormone gene (Casey et al, 1988). A 
cytosolic protein (IRF; iron regulatory factor) that binds to the IRE involved in 
translational regulation of ferritin has been isolated from rodent and human cells (Leibold 
and Munro, 1988; Rouault et al, 1988). IRF also binds to two of the five IRE-like 
elements in the 3'-untranslated region of hTR mRNA (Koeller et al, 1989). In the 
presence of an iron chelator, the RNA binding activity of IRF is increased 25-fold; 
conversely the addition of iron salts causes rapid inactivation of IRF followed by hTR 
degradation (Mullner et al, 1989). It is envisaged that in cells starved of iron, IRF 
protects hTR mRNA from endonucleolytic cleavage, the rate limiting step in its turnover, 
and inhibits translation of ferritin mRNA. In the presence of iron the half-life of hTR 
mRNA is prolonged by treatment of cells with either actinomycin D or cycloheximide 
(inhibitors of RNA synthesis and protein synthesis respectively; Mullner and Kuhn, 
1988). However, IRF inactivation is not inhibited by either of these compounds 
indicating that a second component that is regulated independently of IRF may be 
involved, possibly the ribonuclease itself (Mullner et al, 1989).

AU-rich elements (AREs) are found in the 3'-untranslated regions of a variety of 
transiently expressed mRNAs, for example proto-oncogene mRNAs (e.g. c-fos and 
c-myc), as well as mRNAs encoding several lymphokines, cytokines and inflammatory 
mediators. The high degree of conservation seemed to imply functionality, and indeed 
AREs appear to play a direct role in determining the stability of an mRNA (see Shaw and 
Kamen, 1986). The best documented example is the 51nt ARE found in the 
3'-untranslated region of the mRNA encoding lymphokine GM-CSF (granulocyte 
monocyte-colony stimulating factor). Transplantation of this ARE from GM-CSF into 
the 3-untranslated region of a human p-globin gene causes the half-life of the p-globin 
mRNA to be reduced from >17 hours to less than 30 minutes, similar to the half-life of 
the GM-CSF transcript itself (Shaw and Kamen, 1986). p-globin mRNA containing a 
transplanted ARE is stable in cells treated with cycloheximide (Shaw and Kamen, 1986), 
suggesting that active translation or association with ribosomes is required for
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destabilisation, or alternatively that some component required for degradation is a short 
lived protein.

Although AREs contribute towards the observed short half-lifes of c-myc and c-fos 
mRNAs, they are insufficient to explain the entire effect. Activation of the oncogenic 
potential of c-myc often involve gene translocations that truncate exon 1 (a non-coding 
exon); some truncated c-myc mRNAs have increased stabilities (Rabbitts et al, 1985), 
even though they retain their 3’ ARE. However, exon 1 does not significantly stabilise 
other messages, suggesting that the 3-untranslated region plays the predominant role 
(Jones and Cole, 1987). Evidence for this role is provided by the human T-cell 
leukemia line HUT-78, in which the 3-untranslated region of myc is truncated as a result 
of translocation. This alteration removes a 61 nt sequence from the ARE, and indeed 
the half-life of the mRNA is increased by at least five-fold (Aghib et al, 1990). Further, 
the translocation has fused myc to a region of chromosome 2 that appears to have no 
coding potential, and that possibly has no other genetic function. These experiments 
clearly demonstrate the importance of mRNA stability in the regulation of c-myc, and 
sustain the view that increased expression of an otherwise normal allele of c-myc can 
play a role in oncogenesis.

There exist two distinct destabilising sequences within human c-fos mRNA, one a 75 nt 
ARE in the 3'-UTR, and the other located within the coding region. Placing the ARE 
within the 3-UTR of the normally stable p-globin mRNA causes the chimeric transcript 
to degrade with a half-life approaching that of wild-type c-fos mRNA. However, little 
effect on the stability of c-fos mRNA itself is caused by its removal (Shyu et al, 1989). 
Replacement of the p-globin coding region with that of c-fos has a two-fold greater 
destabilising effect than transplanting the ARE. Most significantly the two elements 
appears to be targetted by different degradation pathways (Shyu et al, 1989). Two 
different transcription inhibitors (functioning by different mechanisms) interfere with the 
destabilising effect exerted by the ARE (in chimeric genes), while having only a small 
effect on decay mediated by the coding region. Neither inhibitor significantly affects 
wild-type c-fos mRNA degradation, again demonstrating that the coding region carries 
the major determinant of stability. From the above it appears that ARE-dependent 
mRNA degradation requires synthesis of a labile gene product that is not required for 
degradation mediated by the coding region. The existence of two independent 
degradation pathways for c-fos mRNA could serve an important biological function. 
Over-expression of c-fos can lead to oncogenesis (Meijlink et al, 1985); the presence of 
two destabilising sequence may act as some form of safeguard.

p-tubulin, a principal component of microtubules in higher eukaryotes, is encoded by a 
small multigene family (reviewed by Cleveland, 1987). As in the case of histone
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mRNAs, human (3-tubulin mRNAs are destabilised by high levels of their own 
unpolymerised translation products. Autoregulation is not at the level of transcription 
(Cleveland and Havercroft, 1983), rather it occurs as a consequence of cytoplasmic 
events (Pittenger and Cleveland, 1985). Sequences required for autoregulation of 
P-tubulin mRNA stability lie within the first 13 translated nucleotides of the mRNA (Gay 
et al, 1987). They are able to confer tubulin mediated instability on heterologous 
mRNAs, but again only if present as the first translated nucleotides. Further, by using 
various inhibitors of protein synthesis, or p-tubulin genes with premature translation 
termination codons (Pachter et al, 1987; Yen et al, 1988), it was shown that p-tubulin 
mRNA must be associated with polysomes in order to be a substrate for autoregulation, 
and that translation must proceed past the first 41 codons.

Yen et al (1988) systematically introduced 25 different nucleotide substitutions, both 
conservative and non-conservative, into the 13 nucleotide regulatory element of a human 
p-tubulin gene. Only mRNAs with conservative changes were regulated correctly. Thus 
it is not the mRNA, but the amino-terminal tetrapeptide (Met-Arg-Glu-He), that responds 
to tubulin levels. Translation past codon 41 is presumably required so as to allow this 
tetrapeptide to emerge from the ribosome. In bacterial ribosomes, for example, at least 
30 to 40 amino acids are contained in a tunnel in the large subunit after translation 
(Yonath et al, 1987). The N-terminal tetrapeptide is absolutely conserved between 
p-tubulin proteins and is unique to them at this position (Yen et al, 1988). Thus it is 
hypothesised that regulated degradation of p-tubulin mRNAs, following elevation of the 
unpolymerised tubulin subunit pool, is caused by an interaction between an 
autoregulatory factor(s) (possibly tubulin itself) and the nascent amino terminal tubulin 
tetrapeptide as it emerges from the ribosome (Yen et al, 1988). This interaction might 
activate an RNase (which may be a ribosome component, or may be recruited to the 
ribosome); alternatively binding may induce transient stalling, leaving the mRNA in an 
exposed confirmation for cleavage by a non-specific endonuclease.

1.2.3. mRNA Stability in Yeast

Progress in the field of yeast mRNA stability has been much slower. It was stated earlier 
that, at least for 13 cDNAs of unknown function, stability is inversely proportional to 
mRNA length (Santiago, 1986). This conclusion was strengthened by measurement, 
also by the 1,10-phenanthroline method, of the half-lifes of actin, PYK, and UR A3 
mRNAs as well as of two chimeric mRNAs, PYK! UR A3 and PYK/LacZ (Santiago et al, 
1986; Purvis et al 1987 and Brown et al, 1988). On this basis it is tempting to suggest 
that in general, that the longer the RNA the larger is the target for endonucleolytic 
cleavage. However, doubt as to the generality of these observations arises from
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experiments in which half-life was measured by a method involving the use of a strain 
with a temperature sensitive lesion in the large subunit of RNA polymerase II (rpbl-1; 
RNA polymerase B), that at the restrictive temperature causes transcription of PolII 
genes to cease immediately (Herrick and Jacobson, 1988). Half-lifes of 11 mRNAs of 
known function determined by this method showed no correlation with length. The use 
of a different method may be one reason for the discrepancy; alternatively the relationship 
between length and stability may only hold in some instances.

Even should there not be a general relationship between stability and length, the 
observation that there are two populations of mRNA in yeast with regard to stability is 
still an interesting one. Might there be a general mechanism underlying the observation? 
For example the populations might differ in the degree to which they are protected by 
ribosomes, either due to differential recruitment for translation or for some other reason. 
It has been shown that nonsense mutations in the proximal regions of URA1 and URA3 
destabilise the respective transcripts, possibly because the distal portions are no longer 
protected by ribosomes; nonsense mutations located towards the 3'-end of these genes 
have little effect (Losson and Lacroute, 1979; Pelsy and Lacroute, 1984). In contrast, 
when proximal stop codons were introduced into the coding regions of PYK1 and a 
PYKlLacZ fusion, no significant changes were observed in mRNA stability (Purvis et al, 
1987). Further, in cases where the polysome profiles of stable and unstable mRNAs 
have been examined, no great differences in ribosome loading have been observed 
(Santiago, 1986; Santiago et al, 1987). Thus, while ribosome loading may affect mRNA 
half-life to a minor extent, it does not seem to account for the dramatic differences in 
stability that are observed.

Yeast mRNAs may have one of two cap structures, m7G (5)ppp(5')A and 
m7G(5)ppp(5’)G (Scripati et al, 1976). Could it be this difference that determines 
whether an mRNA belongs to the stable or unstable population? Apparently not since, 
when S. cerevisiae mRNAs were labelled with [^2P] orthophosphate in vivo, and the 
two cap structures were separated from one another and from mononucleotides, the ratio 
of the two structures after different periods of labelling was the same (Piper et al, 1987). 
Shorter labelling periods will preferentially label mRNAs that are turned over rapidly 
while long labelling periods allow labelling of more stable mRNAs.

In a recent extension of the work of Herrick and Jacobson (1988; see above), and using 
the same method, Herrick et al (1990) investigated 20 mRNAs; 18 of known function, 
plus cDNA74 and cDNA90 (Santiago, 1986; Table 3.1). Again, no specific relationship 
between length and stability was apparent, nor were two distinct populations of mRNA. 
Herrick et al (1990) did, however, categorise the mRNAs as members of three arbitrary 
stability groups: stable, half-life > 25 minutes; moderately stable, half-life 10 to 20

-10-



minutes; and unstable, half-life < 7 minutes. Especially pertinent was their measurement 
of the half-lifes of mRNAs74 and 90. mRNA90 was estimated to decay with a half-life 
of 7 minutes, in good agreement with the 6.6 minutes determined by Santiago (1986; 
Table 3.1.). mRNA74 on the other hand, which Santiago had assigned to the stable 
population (half-life approx. 83.4 minutes; Fig.3.1. and Table 3.1.), was estimated to 
have a half-life of only only 17 minutes and thus, by their criteria, to be one of the 
moderately stable mRNAs. In an attempt to validate their own method, Herrick et al 
(1990) compared their results with those obtained using incorporation kinetics (Appendix 
4). Several of the measurements were consistent, although several were not. In the 
present context, the half-life of mRNA74 was found to be approx. 37 minutes, in 
between their own results and Santiago's. Herrick et al (1990) also analysed the effect 
of cycloheximide on mRNAs from each stability group; in every case the treatment 
resulted in increased mRNA stability. This could imply either that ribosome 
translocation is required for normal degradation of an mRNA (see below), or that a 
factor required for degradation of each class, possibly an RNase(s), is metabolically 
unstable.

Both Santiago et al (1986) and Herrick et al (1990) examined poly(A) tail length, since 
experiments on higher eukaryotes have suggested that the degradation of some mRNAs 
is initiated by deadenylation (Brewer and Ross, 1988; Wilson and Triesman, 1988). In 
neither study was an obvious correlation between stability and poly (A) tail length 
observed. Moreover, deadenylation of two stable mRNAs, including one represented by 
cDNA39 (see Table 3.1.), is not the rate limiting step, since the shortening or loss of the 
poly (A) tails is significantly faster than the degradation of the mRNAs (Herrick et al, 
1990).

Since neither differences in the poly(A) tail, nor the cap, seem to account for the 
differences observed between individual mRNA half-lifes in yeast, signals internal to the 
mRNA must be involved as already discussed for mammalian mRNAs. Studies of 
M ATal mRNA are consistent with this. The mRNA encoded by M ATal is very 
unstable (half-life, approx. 5 minutes; Herrick et al, 1990). Various chimeric mRNAs 
have been produced by in frame fusion of either ACT1 or PGK1 (both stable mRNAs) to 
regions of MATal. Although the 3-untranslated region of MATal does not affect the 
stability of either type of chimeric mRNA, a 42nt element from the coding region does 
(Parker and Jacobson, 1990). This element has no striking homology at either the 
nucleotide or amino acid levels with sequences found in other unstable yeast mRNAs. 
However, 8 out of the 14 codons within it are rare (occurring fewer than 13 times per 
1000 yeast codons; see Section 3.1.), and 6 out of 7 of these are consecutive. Moreover, 
the percentage of rare codons has been noted to be, in general, higher in unstable than in 
stable mRNAs (Herrick et al, 1990). This could be taken to suggest that
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translational-pausing can cause destabilisation, perhaps by allowing the folding of an 
mRNA into a structure that is the target of a ribonuclease. On the other hand, the fact that 
the codons are rare may be a red herring. Whatever the case, any model must account for 
the observation that an in-frame stop codon placed upstream of the 42nt region increases 
mRNA half-life, suggesting that rapid decay promoted by the 42nt sequence is dependent 
on ribosome translocation (Parker and Jacobson, 1990). This would be consistent with 
the effects of cycloheximide on MATal mRNA half-life (Herrick et al, 1990). Among 
those mRNAs designated as being unstable by Herrick et al (1990) were others involved 
in mating type switching.

1.3. The Ribosome

Ribosomes, ubiquitous cellular organelles, are sites of protein synthesis. The concept of 
the ribosome evolved during the nineteen-fifties, as it became apparent that sub-fractions 
of the "microsome" (a term used to describe fractions consisting of endoplasmic 
reticulum and what are now known to be ribosomes) retained synthetic ability. In 
particular, Littlefield et al (1955) were able to dissociate rat liver reticulum and 
ribosomes, following in vivo labelling with radioactive amino acids.

In fact, ribosomes had been visualised even earlier. For example, Luria, Delbruck and 
Anderson (1943), observed bacterial ribosomes while using electron microscopy to study 
the lysis of E. coli by phage. They saw, "besides the particles of virus, also granular 
material of very regular units ..... their size corresponds to a molecular weight of the 
order 106. These particles are liberated from the cell in great abundance, and seem to 
constitute the bulk of the cytoplasm." However, it was not until the experiments of 
McQuillen et al (1959) that bacterial ribosomes were unequivocally shown to be the sites 
of protein synthesis, and thus to have similar properties to ribosomes of higher 
eukaryotes.

By the beginning of the nineteen-sixties, there was general agreement that protein 
synthesis in a variety of organisms and tissues occurs on rather spherical particles with a 
diameter of 200-300 A (somewhat smaller in the case of bacteria), consisting of RNA 
and protein in roughly equal proportion. Since then, progress in our understanding of 
the structure and function of the ribosome has been considerable, particularly in the case 
of the E. coli ribosome, which is composed of 3 RNA species and 52 proteins (Nomura 
et al, 1984). Although the eukaryotic ribosome, composed of 4 RNA species and 75 or 
more proteins is less well understood, considerable progress is now being made, 
particularly in the case of the yeast ribosome. The advantage of yeast, over most other



eukaryotic organisms, lies in the degree to which genetic analysis can be used to support 
more traditional approaches.

1.3.1. Ribosomal RNA (rRNA)

The three rRNAs of E. coli are generated as a single precursor molecule with the order 
5'-16S-23S-5S-3' (Ginsburg and Steitz, 1975). There are seven rRNA operons in 
E. coli K12, all of which have been cloned and their chromosomal locations determined 
(see Nomura et al, 1984). A few are clustered around the origin of replication, and since 
initiation of DNA replication occurs more frequently at higher growth rates, tend to be 
over-represented in fast-growing cells. Thus the relative contribution of each operon to 
the synthesis of rRNA depends upon growth rate. Further, the direction of transcription 
of all of the rRNA operons is the same as the direction of DNA replication. It has been 
speculated that this arrangement has evolved to prevent the DNA replication machinery 
and RNA polymerases from colliding with one another (Nomura et al, 1977).

Genes encoding the several RNA components of the ribosome of 
Saccharomyces cerevisiae are present on a 9.1 kb unit, which is tandemly repeated 
within chromosome XII (Phillippsen et al, 1978a; Petes, 1979). The copy number per 
haploid genome normally ranges from 100-120 (Phillippsen et al, 1978b), representing 
approx. one third of the chromosome. The organisation of the repeated unit is shown in 
Fig. 1.1. (Phillippsen et al, 1978b). 5S rRNA, and a 35S precursor rRNA containing 
5.8S, 18S and 25S sequences, are both encoded within the repeat, but by separate 
transcription units (Udem and Warner, 1972; Trapman and Planta, 1975). This differs 
from the arrangement seen in many higher eukaryotes, where the genes encoding 
5S rRNA and the 35S rRNA precursor occupy different chromosomal locations 
(Wimber and Steffensen, 1970; Pardue et al, 1973; Wimber et al, 1974; Attardi and 
Amaldi, 1970). In S. cerevisiae, sequences encoding the precursor rRNA are 
transcribed in the order 5,-18S-5.8S-25S-3l, the same as in higher eukaryotes (Kramer 
et al, 1978; Hackett and Sauerbier, 1975; Liau and Hurlbert, 1975; Dawid and Wellauer 
1976). The 5S rRNA gene is transcribed in the opposite direction (Kramer et al, 1978). 
A complete sequence for the 9.1 kb repeat unit is now available (Rubin, 1973; Maxam et 
al, 1977; Rubstov et al, 1980; Georgiev et al, 1981; Mankin et al, 1986; Skryabin et al, 
1986). It should be remembered, however, that restriction site polymorphisms have 
been observed between repeats, and that deletions and insertions can occur (Swanson et 
al, 1985; Jemtland et al, 1986).

In eukaryotes, 35S precursor rRNA is synthesised by RNA polymerase I (reviewed by 
Sollner-Webb and Tower, 1986), while 5S rRNA together with tRNAs are synthesised
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Figure 1.1 Map of yeast rDNA . The upper portion represents 3 tandemly 
repeated rDNA units. The arrows indicate the direction of 
transcription. The lower portion represents one repeating unit. Filled 
boxes represnt the location of segments that come to form the mature 
rRNA species. Taken from Phillippsen et al (1978b).
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Figure 1.2 The sequence of rRNA processing steps. Taken from Warner (1982).



by RNA polymerase III (reviewed by Geiduschek and Tocchini-Valentini, 1988). 
35S rRNA is modified by methylases, pseudouridylase(s), endonucleases and 
exonucleases, giving rise to mature 25S, 18S and 5.8S rRNA species (see Warner, 
1989; Fig. 1.2.). Processing results in loss of 10-20% of the original precursor 
molecule (Udem and Warner, 1972). Mature rRNAs greatly exceed 35S rRNA in 
abundance, suggesting that the precursor is processed rapidly. Following processing, 
5.8S rRNA becomes non-covalently bound to 25S rRNA, from which it can be released 
by heat or urea treatment (Udem et al, 1971). Approximately 60 methyl groups are 
added to 35S rRNA both during and after transcription, mostly to the 2' OH of the 
ribose moiety, but also to the bases (Veinot-Drebot et al, 1988; Klootwijk and Planta, 
1973). Pseudouridylation occurs prior to processing (Brand et al, 1979). 5.8S, 25S and 
5S rRNAs, together with associated ribosomal proteins form the large (60S) subunit, 
while 18S rRNA together with associated ribosomal proteins form the small (40S) 
subunit.

Mutations in two S. cerevisiae genes are known to affect the processing of rRNA. One 
of the genes, rna82, appears to encode an endonuclease that both processes the 3' end of 
5S rRNA, and has a role in 35S rRNA 3 'end formation (Piper et al, 1983; 
Kempers-Veenstra et al, 1986). Mutations in the second gene, rrpl (ribosomal RNA 
processing), block the conversion of 27S rRNA to 25S and 5.8S rRNAs (see 
Fig. 1.2.), and slow conversion of 20S rRNA to 18S rRNA. Although the exact 
function of the gene is not known, its product is not a ribosomal protein (Fabian and 
Hopper, 1987).

Elucidation of the details of rRNA processing thus awaits the identification and 
characterisation of most of the enzymes involved. However, it is clear that ribosomal 
proteins themselves play a role (Warner and Udem, 1972). A recent example of this 
concerns mutations in the gene encoding ribosomal protein L29. Most processing 
events, as well as ribosome assembly, take place in the nucleus (the exception to this 
being processing of 20S to 18S rRNA, which takes place in the cytoplasm; Udem and 
Warner, 1973). Mutations that interfere with nuclear localisation of L29 lead to 
accumulation of 35S and 27S species (Underwood and Fried, 1990).

(Please refer to Section 1.3.7. for a discussion of S. cerevisiae ribosomal protein 
nomenclature)

As mentioned above, genes encoding eukaryotic 5S rRNA and tRNAs are transcribed by 
RNA polymerase III. A Xenopus transcription factor, TFIIIA, has been characterised 
that is specific for 5S rRNA genes, and that by virtue of binding internally has the 
unique ability to bind both the gene and its RNA product. In vitro transcription of
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5S rRNA genes can be inhibited by excess 5S rRNA, while the transcription of tRNA 
genes remains unaffected, providing a feedback mechanism that is likely to be important 
in 5S rRNA gene regulation m v/vo. A similar form of feedback inhibition exists in 
S. cerevisiae, again thought to be mediated by a TFIHA-like factor (Klekamp and Weil, 
1982). There is also a yeast ribosomal protein, YL3, that binds to 5S rRNA. In an 
in vitro system from which YL3 has been depleted (by immunoprecipitation), feedback 
inhibition by 5S rRNA is more severe than when the YL3 is present (Brow and 
Geiduschek, 1987). This suggests one mechanism by which the stoicheiometry of 
ribosomal proteins and rRNA might be controlled, i.e. when YL3 is limiting, the 
transcription factor will bind to newly synthesised 5S rRNA, thus inhibiting further 
synthesis of 5S rRNA, without affecting the transcription of tRNA genes. This 
hypothesis is supported by the finding that rat ribosomal protein L5 (the counterpart of 
YL3), and Xenopus TFIIIA protect overlapping regions of 5S rRNA from nuclease 
(Huber and Wool, 1986a; Huber and Wool, 1986b).

1.3.2. Newly-Synthesised Ribosomal Proteins are Targetted to the 
Nucleus

Assembly of the ribosome takes place in the nucleus. Thus ribosomal proteins, which 
are produced in the cytoplasm, must be transported to the nucleus for assembly to take 
place. In HeLa cells, newly synthesised ribosomal proteins accumulate in the nucleus, 
more specifically within the nucleolus, within 3 to 5 minutes of their synthesis (Warner, 
1979).

Specific elements of their amino acid sequences facilitate the transport of ribosomal 
proteins to the nucleus. In the case of chimeric proteins formed by fusing regions of 
S. cerevisiae ribosomal protein L3 to E. coli p-galactosidase, for example, only the 21 
N-terminal residues of L3 are required for the fusion protein to become located in the 
nucleus, as determined by staining with antibodies to p-galactosidase (Moreland et al, 
1985). However, there is no apparent homology between this sequence and previously 
characterised nuclear localisation determinants. Nuclear localisation of another ribosomal 
protein, L29, is also determined by the sequence at the N-terminus. Initial experiments 
suggested that the first 16 amino acids are important (Underwood and Fried, 1990). In 
fact, it now appears there is some redundancy of information. The amino acid sequence 
of L29 between residues 6 and 13 is identical in five out of seven positions with the 
sequence between residues 23 and 29. Insertion of oligonucleotides encoding either of 
these heptapeptides (NLS-1 =KTRKHRG and NLS-2 = KHRKHPG: NLS stands 
for nuclear localisation signal; underlined amino acids differ between the two) into the 
amino-terminal region of p-galactosidase results in localisation of p-galactosidase to the
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nucleus. Underwood and Fried (1990), investigated the effects of single and double 
amino acid substitutions on NLS-2 function. In general, substitution of any of the basic 
amino acids (K=lys, H=his and R=arg) by non-charged or acidic residues resulted in 
fusion proteins being maintained in the cytoplasm, although there were exceptions.

The actual mechanism of nuclear localisation remains to be elucidated, although 
presumably the localisation determinants described above act as ligands either for a 
nuclear pore receptor or for a chaperone.

1.3.3. Assembly of the Ribosome

Equimolar amounts of each ribosomal protein, and of each rRNA species, are present 
within the S. cerevisiae ribosome. Except for ribosomal protein L7/L12, which is 
present in fourfold excess over the other ribosome constituents, the same is true of 
E. coli (Hardy, 1975). In E. coli there is also another slight anomaly, in that proteins 
L26 and S20 (components of the large and small subunits respectively) are identical. The 
stoicheiometries of S20 (0.8) and L26 (0.2), correspond to a total of one polypeptide per 
70S ribosome (Weber, 1972). Thus, it is likely that the protein is distributed between the 
two subunits when the 70S ribosome dissociates.

Assembly of active 30S and 50S subunits of the E. coli ribosome in vitro has aided the 
elucidation of the process in this organism (reviewed by Zimmermann, 1980). In 
contrast, details of the assembly of eukaryotic ribosomes must be largely inferred, either 
from the results of in vivo labelling experiments, or from studies in which the ribosome 
is gradually disassembled by increasing the salt concentration such that proteins are 
stripped off in sequence.

The course of assembly of ribosomal proteins into S. cerevisiae ribosomes was studied 
by Kruiswijk et al (1978). During, or immediately after, transcription of the rRNA 
precursor, many ribosomal proteins, together with several non-ribosomal proteins, 
associate with the primary transcript The resulting ribonucleoprotein complex contains 
most of the ribosomal proteins present in the mature ribosome. During maturation the 
non-ribosomal proteins, like non-rRNA sequences, are removed from the pre-ribosomal 
particle in a number of discrete steps. However, in the case of both the large and small 
subunits, a number of ribosomal proteins do not associate with ribonucleoprotein 
particles until a relatively late stage during assembly. Indeed, several of the late 
associating proteins of the large (60S) subunit could not be found in 66S precursor



ribosomal fractions isolated from the nucleus, thus suggesting that they assemble into the 
ribosome in the cytoplasm. Late assembly of certain ribosomal proteins is also seen in 
higher eukaryotes.

Ribosomal proteins L4, L8, L10, L16 and L25 appear to be the first to assemble with 
rRNA in vivo (Kruiswijk et al, 1978). Further, a small subset of ribosomal proteins, 
that includes most of the above, remains part of a complex with 25S and 5.8S rRNAs in 
the presence of 0.5M LiCl, a treatment that causes most the large subunit ribosomal 
proteins to dissociate. This subset of core proteins can be stripped from rRNA by further 
increasing the LiCl concentration (L25 is bound most tightly), and will reassociate in the 
reverse order as the salt concentration is reduced (El-Baradi et al, 1984). The region of 
25S rRNA to which L25 binds has been determined by RNase protection experiments. 
Strikingly, the sequence/structure of this region is virtually identical to the sequence of 
E. coli 23S rRNA to which E. coli protein L23 binds, in fact so much so that L25 can 
bind there too. Thus L25 is likely to be the eukaryotic counterpart of L23, in spite of the 
limited degree of similarity between the two proteins at the amino acid level (El-Baradi 
et al, 1985). Similar results have been obtained for L15 of S. cerevisiae and Ll l of 
E. coli. Both proteins bind to the same regions of either S. cerevisiae or mouse 
25S rRNAs (El-Baradi et al, 1987). These results provide strong evidence for the 
evolutionary conservation of the ribosome.

In the E. coli ribosome, and presumably in the eukaryotic ribosome (although this has 
yet to be confirmed), rRNA appears to be at the core with the proteins forming the 
periphery. At the interface between the large and small subunits, which is where protein 
synthesis takes place, there are relatively few proteins, and direct contact between rRNAs 
present in each subunit has been inferred. The active ribosome is highly flexible, a 
feature that would appear to be a prerequisite for function (Nygard and Nilsson, 1990)

1.3.4. Transcriptional Regulation of Ribosomal Protein Genes

The overall rate of synthesis of S. cerevisiae ribosomal proteins is modulated such that 
ribosomal proteins accumulate only to the extent that is needed. In particular, 
transcription rates are modulated in response to changes in the availability of nutrients, 
and in response to heat-shock (Pearson and Harbor, 1980; Keif and Warner, 1981; 
Gorenstein and Warner, 1976). Moreover, rates of transcription of most ribosomal 
protein genes are modulated in a coordinated manner (see Section 4.1.). Several families 
of coordinately expressed S. cerevisiae genes have family-specific short regulatory 
motifs upstream of the co-regulated genes (upstream activation sequences or UAS). 
Examples of this are genes involved in amino acid biosynthesis (Hinnenbusch, 1988),
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and the expression of mating type (Miller et al, 1985). Similarly, coordinately expressed 
ribosomal protein genes have common upstream elements. For example, Teem et al 
(1984), comparing sequences upstream of eight ribosomal protein genes, found various 
regions of sequence similarity. The most notable of these was designated HOMOL 1, 
an element closely related to a 12 bp consensus, that was found upstream of 6 of the 8 
genes. The distance of HOMOL 1 from the respective translation initiation codons 
ranged between 250 and 350 bp. Moreover, it was always followed closely by a T-rich 
domain. Neither feature was seen in any of the non-ribosomal protein genes examined. 
Of the two ribosomal protein genes that showed no evidence of an HOMOL 1 motif, the 
sequences of one extended only 147 bp 5' of the initiation codon. However, the second 
gene (TCM1) had been sequenced as far as 444 bp 5’ of the initiation codon (see Section
3.3.2.2.).

Later comparison of 20 ribosomal protein gene sequences revealed a second conserved 
upstream element, the 12 bp RPG-box (ribosomal protein gene-box; Leer et al, 1985). 
When both HOMOL 1 and the RPG-box are present upstream of a ribosomal protein 
gene, the RPG-box is always 3' to HOMOL 1, and they are usually separated by only a 
few bp. The RPG-box can occur in both orientations, and may be present in more than 
one copy.

In order to determine the functional significance of these observations, Rotenberg and 
Woolford (1986) analysed in detail the promoter of the RP39a gene. RP39a upstream 
sequences, variously manipulated, were fused to a reporter gene, lacZ of E. coli. 
Following transformation of yeast, levels of p-galactosidase activity, as well as mRNA 
levels were measured. A sequence from between -256 and -170 upstream of the 
initiation codon, and containing HOMOL 1, an RPG-box and a T-rich domain, was 
sufficient to confer RP39a-\\ke expression on lacZ (Rotenberg and Woolford, 1986). 
Similar sequence elements were found to be important for the expression of the 
ribosomal protein gene, CYH2 (Schwindinger and Warner, 1987). There also seems to 
be some redundancy in that the T-rich domain alone can facilitate transcription of the 
ribosomal protein gene CRYl, although at significantly lower levels (Larkin et al, 1987).

Woudt et al (1986,1987) re-evaluated upstream regions of yeast ribosomal protein genes 
in the context of a larger data set. They found the elements originally designated as 
HOMOL 1 and RPG to be related to one another. On this basis, a new consensus 
sequence known as UASrpg (upstream activation sequence of ribosomal protein genes) 
was deduced. Most ribosomal protein genes contain two UASrpg elements, although 
some contain only one. Critically, a consensus UASrpg alone, introduced by means of a 
synthetic oligonucleotide into a transcriptionally-inactive reporter gene, is functional 
(Herruer et al, 1987).
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HOMOL 1- and RPG-like elements (one of each) are found upstream of TEF1 and 
TEF2y both of which encode the translation elongation factor EF-la. A 150 kD protein 
that protects each element has been characterised and named TUF (Huet et al, 1985; Huet 
and Sentenac, 1987). This is further evidence that HOMOL 1 and RPG are variants of 
the same element. Moreover, UASrpgS are seen to be not only responsible for coordinate 
synthesis of ribosomal proteins, but for synthesis of the yeast translation apparatus in 
general.

Sequences with homology to UASrpg have been identified upstream of several other 
yeast genes, including some genes encoding glycolytic enzymes, and MAT a. Proteins 
that protect these sequences have been variously described as GRF1 (general regulatory 
factor 1) or RAP1 (repressor/activator factor). It now seems clear that TUF, RAP1 and 
GRF1 are the same protein, suggesting that regulation of ribosomal protein gene 
expression is merely one facet of a potentially wide-ranging ability to respond to 
environmental conditions (see Warner, 1989). However, not all ribosomal protein genes 
appear to be subject to control by TUF. For example TCM1 lacks a U A Srpg, and is 
controlled instead by a so-called UASt element, the target of a protein known as TAF 
(Hamil et al, 1988). TAF seems also to be involved in control of more than ribosomal 
protein genes, since the UASt sequence is identical to the consensus ABF1 binding site 
(ARS-binding factor; ARS=autonomously replicating sequence). Moreover, the 
apparent molecular weights and chromatographic properties of the two proteins are the 
same (see Brindle et al, 1990). As well as binding to ARS sequences, ABF1 binds to a 
different UAS element upstream of one of the genes that encodes enolase, EN 02  
(Brindle et al, 1990; Section 3.3.1.). Interestingly RAP1/TUF/GRF1 also binds to a 
UAS element upstream of EN02, as well as to one upstream of ENOl (Brindle et al,
1990). Finally, RAP1 and ABF1 (and therefore probably TUF and TAF) show 
extensive sequence similarity, supporting a notion that the two regulatory proteins have 
similar functional roles (see Brindle et al, 1990).

1.3.5. Post-Transcriptional Regulation of Ribosomal Protein Gene 
Expression

The 52 ribosomal protein genes of E. coli are organised into at least 20 operons 
comprising from 1 to 11 genes. Several of the operons contain, in addition, genes that 
encode relevant transcription and translation factors (see Nomura et al, 1984). Rates of 
synthesis of ribosomal proteins respond coordinately to changes in environmental 
conditions. However, comparison of sequences from the promoters of ribosomal protein 
operons does not suggest conserved response elements. Moreover, although provision
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of additional copies of individual ribosomal protein genes can result in a proportionate 
increased in the respective mRNAs, ribosomal proteins levels do not inevitably follow 
suit. Ribosomal protein abundance is thus regulated post-transcriptionally in E. coli. 
The effect is predominantly at the level of translation, and occurs by an autoregulatory 
mechanism. Autoregulation is mediated by only a subset of the ribosomal proteins, as 
can be demonstrated by adding individual proteins to a coupled transcription-translation 
cell-free extract, in which ribosomal protein operons are used as templates. Each 
regulatory protein affects the translation only of the polycistronic mRNA by which it is 
encoded.

A common feature of the regulatory proteins is that they are among the first proteins to 
bind to rRNA in vitro, and therefore presumably in vivo, and do so strongly. It has thus 
been postulated that translational regulation is dependent upon the balance between 
incorporation of a regulatory protein into the ribosome, and its binding to the 
polycistronic mRNA that encodes i t  Indeed, translational repression of the bicistronic 
L l l  operon in vitro by ribosomal protein LI is abolished by excess 23S rRNA 
(Nomura et al, 1980), and the target for LI within the L ll  mRNA shares common 
structural motifs with the binding site for LI within 23S rRNA (Thomas and Nomura, 
1987; Kearney and Nomura, 1987). Further, both Serratia marcescens and 
Proteus vulgaris have an LI-like protein that can regulate expression of a chimeric 
operon containing the LI 1 target site, indicating considerable evolutionary conservation 
of the regulatory mechanism (Sor and Nomura, 1987).

How does binding at a unique site within a polycistronic mRNA affect translation of 
every gene within it? The L ll  gene precedes the LI gene within the L l l  operon. The 
binding site for LI lies upstream of both genes, and is intimately associated with a 
Shine-Delgamo sequence (Thomas and Nomura, 1987). Thus, binding of LI can inhibit 
translation of L ll. Moreover, deletions that disrupt L l l  translation initiation also abolish 
translation of LI (Baughman and Nomura, 1983). Thus, it would appear that translation 
of LI is dependent upon previous translation of L ll. Such translational coupling has 
been demonstrated for other ribosomal protein operons (see Nomura et al, 1984). The 
various interactions that occur between the autoregulatory ribosomal proteins, their 
mRNAs and rRNA have been discussed in detail by Draper (1989).

In S. cerevisiae too, there is evidence for post-transcriptional regulation of ribosomal 
protein genes, in that protein levels do not necessarily parallel mRNA levels. For 
example, although introduction of extra copies of tcml, encoding ribosomal protein L3, 
causes an increase in L3 mRNA abundance that corresponds to the gene dosage, little



effect on L3 protein levels is observed (Pearson et al, 1982). This was taken initially as 
evidence of a translational control mechanism analogous to that occurring in E. coli, 
although polysome profiles were not investigated (see below).

Results similar to the above have been obtained in the case of a second ribosomal protein 
gene, R P51A . Here, however, the location of the sequences that mediate 
post-transcriptional regulation has been identified. Instead of being in the 5-untranslated 
region, as would have been expected if translational regulation were involved, they occur 
within the coding region, between codons 1 and 63, and it has been suggested that 
regulation of rp51a levels is mediated by proteolytic cleavage (Gritz et al, 1985). 
Further, no enhancement of translation of RP51b mRNA is observed in cells deleted for 
RP51a (both genes encode the same protein; Abovich and Rosbash, 1984; Abovich et al, 
1985). Maicas et al (1988) compared the polysome distribution of tcm l, cyh2 and cryl 
mRNAs (encoding L3, L29 and rp59 respectively), in strains carrying extra copies of 
each gene, with the distribution in normal cells. No differences were observed, again 
indicating that the rate of translation initiation is unaffected by gene dosage. Although 
this conflicts with the data of Warner et al (1985), who did observe an altered polysome 
distribution of tcml mRNA in a similar experiment, Maicas et al (1988) point out that 
they analysed more fractions per polysome gradient, resulting in greater resolution and 
hence sensitivity.

It is now generally believed that translational regulation of ribosomal protein levels is 
relatively insignificant and that control of ribosomal protein turnover plays the major role 
(Warner, 1989). Very short periods of labelling are necessary to measure the effect 
successfully, since the half-lifes of some ribosomal proteins (e.g. L29) fall to as low as a 
few seconds at high gene dosage (Maicas et al, 1988). The ability of the cell to detect so 
rapidly that a protein is being over-produced is quite remarkable, although it must be 
pointed out that decay as defined by Maicas et al (1988) is any event that prevents a 
protein migrating to its normal position in a 2-D polyacrylamide gel. This could result 
from a single proteolytic cleavage, or a chemical modification that marks a protein out for 
decay. The breakdown of a protein to small peptides or to amino acids would most likely 
occur more slowly . Neither the mechanism by which decay takes place, nor the 
compartment in which it occurs, is known, although it seems plausible that a protein 
should be at least marked for degradation in the nucleus, where ribosome assembly takes 
place. Otherwise it is difficult to imagine how a cell could know that a protein was in 
excess.

In the case of at least one ribosomal protein (L32), extra copies of the gene result in an 
inhibition of splicing of the corresponding pre-mRNA (Dabeva et al, 1986; see also



Section 4.3.). Since splicing is a nuclear event, it is again possible to envisage control 
dependent upon assembly.

1.3.6. Transport of the Ribosomes to the Cytoplasm

Assembled ribosome subunits are transported from the nucleus to the cytoplasm, 
presumably through nuclear pores. Whether this constitutes yet another level at which 
regulation of ribosome function occurs is unknown.

1.3.7. Ribosomal Protein Nomenclature

Nomenclatures for ribosomal proteins of different organisms do not necessarily 
correspond. In addition, three separate nomenclatures for S. cerevisiae ribosomal 
proteins are in common use. At risk of confusion, the nomenclature used here is always 
that of the authors of the literature cited. The different nomenclatures have arisen due to 
the use of different 2-D gel systems for the separation of ribosomal proteins, and 
unfortunately they have only been partially correlated. The most recent comparison of 
the different nomenclatures was made by Planta et al (1986), and is reproduced in 
Appendix 2. In general, the prefix S indicates a component of the small subunit, L a 
component of the large subunit. Where Y is used, this is merely to indicate a yeast 
protein. Data concerning ribosomal protein genes that have been sequenced, including 
information as to whether they are duplicated, whether they contain introns, whether they 
have UASrpg elements, and whether there are known counterparts in other organisms, 
are given in Appendix 3.



CHAPTER 2 

MATERIALS AND METHODS



2.1. E. coli Strains

The E. coli strains used in this work are all derivatives of E. coli K12. They are listed 
below with their genotypes.

Strain Genotype R eference/
Source

JM101 supE, thi, A(lac-proAB)>F traD36,proAB+, lacIQ* Messing (1979)
lacZAM15.

NM522 supA, thi, A(lac-proAB), Ahsd5(R-, M~),F proAB, Gough and Murray
lacN ZAM15. (1983>

NM621 hsdR, mcrA, mcrB, supE44, recD1009. Whittaker et al
(1988)

P2PLK-17 hsdR~M+, mcrA, mcrB, /ac, .y«p£, gfl/, P2. Stratagene USA

2.2. S. cerevisiae S tra in s

The 5. cerevisiae strains used in this work are Shown below with their genotypes.

Strain Genotype Source

DBY746 a, his3, «ra3-52, leu2-3, Ieu2-ll2, frpl-289 DavidBotstein

DJy36 a ,ura3-l or ura3-52, ade,prp2-l, Gal+ Derek Jamieson

DJy89 a, leul, wra3-52, /wj3, ade 1/2, Gal+ Derek Jamieson

2.3. Plasmids and Bacteriophages

Plasmids and bacteriophages used in this study, other than those whose construction is 
described elsewhere in this thesis, are listed below.

Plasm id/ Description Source/R eference
Bacteriophage

pSP65R A fragment of the S. cerevisiae 18S rRNA Santiago et al (1986)
gene in pSP65

pSPACT9 A fragment of the S. cerevisiae actin gene in Bettany et al (1989)
pSP64

Blucscript IIKS+ Stratagene USA

M13mpl8/19 Messing (1983)

EMBL3 Frischauf et al (1983)



2.4. Oligonucleotides

Oligonucleotides used in this study are shown below, along with their application.

Oligonucleotide (51 to 3') Use

GTGTGTTGATAAGCAGTTGCTTGGTT Probe for ENOl

TCATGGTCATAGCTGTT Probe-primer (strand-specific M l 3 probes; 
BRL)

Universal sequencing primer (-20) 

Univeral sequencing primer (-40)

Reverse sequencing primer

GTAAAACGACGGCCAGT

GTTTTCCCAGTCACGAC

AACAGCTATGACCATG

GTGAACACCTTCGTTAGC Primers for sequencing of YL6a

GGTAGAGTTGACAAACC "

GGGTGTGATGACATTGC V

CAACCATGTGATTGTCG

CCTTCAATATCATTACC

CACGGTTACATTCGTGG

ATTGTTTGCTTTGAGG

CAACTCTGTACTTGTGG

2.5. E. coli Growth Media and Culture

2.5.1. Media

D & M  Salts: 28g K2HPO4, 8g KH2PO4, 4g (NH4)2S0 4 , lg  sodium citrate,
0.2g MgS0 2 .H20  made up to 1 litre with distilled H2O.

Minimal Agar: 20g Bacto-agar (Difco), 25ml D & M  salts, made up to 1 litre
with distilled H2O.

L-Broth: lOg Bacto-tryptone (Difco), 5g yeast extract (Difco), lOg NaCl,
made up to 1 litre with distilled H2O and adjusted to pH7.0 with
NaOH

L-Agar: 

BBL Broth:

As L-broth with the addition of Bacto-agar (Difco) to 1.5%.

lOg trypticase peptone (BBL), 5g sodium citrate, made up to 1 
litre with distilled H2O.

As BBL broth with the addition, of Bacto-agar to 1.5%.BBL agar:



BBL top agarose: As BBL broth with the addition of gel quality agarose to 0.7%.

2xYT Broth: lOg Bacto-tryptone (Difco), lOg yeast extract (Difco), 5g NaCl
made up to 1 litre with distilled H2O.

All growth media were sterilised by autoclaving at 120°C for 15 minutes at 15 psi.

Where required, minimal media were supplemented with sterile glucose (2mg/ml) and 
filter sterilised thiamine hydrochloride (vitamin Bl; 20jig/ml). L-broth, L-agar and 
BBL-agar were supplemented with lOmM MgSC>4 for growth of bacteriophage lambda 
and its derivatives.

2.5.2. Antibiotics

When required either ampicillin, at a final concentration of lOOjug/ml, or tetracycline, at a 
final concentration of 10p.g/ml, were added to broth or agar.

2.5.3. Growth Conditions

L-broth was used for growth of most E. coli strains Incubation was at 37°C, with 
vigorous shaking.

To obtain single colonies bacterial cultures were streaked on L-agar, antibiotics being 
added as required, and incubated for approximately 16 hours at 37°C.

E. coli JM101 or E. coli NM522 were used for the propagation of M13 derivatives. 
These strains were grown in 2xYT for either single-stranded DNA preparation or for 
preparation of competent cells. Transformants of these strains were plated on Minimal 
agar containing glucose and thiamine.

E. coli NM621 or E.coli P2PLK-17 were used for the propagation of the bacteriophage 
vector EMBL3 and its derivatives. These strains were grown in L-broth and plated on 
either L-, or BBL-agar. The former results in small-, and the latter in large-plaque 
formation.

For long term storage, 500fil of a mid-log culture was added to 1ml of sterile 40% 
glycerol/2% peptone, and kept at -70°C indefinitely.



2.6. S. cerevisiae Growth Media and Culture

Complete medium 2% glucose, 2% Bacto-peptone (Difco), 1% yeast extract
(YPG) (Difco).

Glucose minimal 2% glucose, 0.65% yeast nitrogen base (without amino acids),
medium (GMM)

Minimal medium (MM) 0.65% yeast nitrogen base (without amino acids).

Solid medium As either YPG or GMM, but with the addition of Bacto-agar
(Difco) to 2%

All growth media were sterilised by autoclaving at 120°C for 15 minutes at 15psi. 
Ethanol was added to MM at a final concentration of 2% v/v to give EMM.

2.6.1. Nutrient Supplements

Amino acids (Sigma) and adenine (Sigma) were added to minimal media where required 
(at a final concentration of 50pg/ml), for growth of auxotrophic mutants.

2.6.2. Growth Conditions

Cultures were streaked on YPG or GMM agar with appropriate additions and grown for 
3daysat30°C. Plates could be stored for several weeks at 4°C.

Unless otherwise stated either YPG or GMM were inoculated with a small volume of a 
2-day stationary culture and grown at 30°C, with vigorous shaking overnight, or until the 
appropriate phase of growth was attained. Growth was monitored by absorbance at 
600nm.

For long term storage, 500jil of a mid-log culture was added to 1ml of sterile 
40%glycerol /  2% peptone and kept at -70°C indefinitely.

2.7. Buffers and Reagents

Buffers and reagents, when appropriate, were autoclaved at 120°C for 10 minutes. 
Except where stated, all reagents were Analar grade, or ultra-pure reagents for molecular 
biology.



2.7.1. Electrophoresis

10 x TBE buffer 109g Tris-HCl, 55g boric acid, 9.3g Na2EDTA.2H2 0  made
up to 1 litre with distilled H2O (pH8.3).

10 x Sequencing TBE 121. lg  Tris-HCl, 51.36g boric acid, 3.72g
Na2EDTA.2H2 0  made up to 1 litre with distilled H2O 
(pH8.3).

IOx TAE 48.4g Tris-HCl, 16.4g sodium acetate, 3.6g
Na2EDTA.H2 0  made up to 1 litre with distilled H2O 
(pH8.2).

10 x MOPS 41.8g 3-[N-morpholino]-propane-sulphonic acid, 4.1 g
sodium acetate, 1.89g Na2EDTA made up to 1 litre with 
distilled H20  (pH7.2).

5 x gel loading buffer 10% Ficoll, 0.5% SDS, 0.06% bromophenol blue, 0.06%
xylene cyanol FF.

2.7.2. Isolation of Nucleic Acids

TE lOmM Tris-HCl, ImM Na2EDTA (pH8.0).

Phenol All phenol used in the purification of DNA or RNA was
distilled. For DNA isolation it was then equilibrated, first 
with 1M Tris-HCl (pH8), then with TE. For RNA isolation 
it was equilibrated with distilled H2O. Short-term storage 
was at 4°C; long-term storage at-20°C.

Phenol/Chloroform A 1:1 mixture of phenol:chloroform.

TEN lOmM Tris-HCl, ImM EDTA, lOmM NaCl (pH7.6.).

SB 0.2M Tris-HCl, 1M sorbitol, 0.1M  EDTA,
0.1M p-mercaptoethanol (pH 7.5).

RNA denaturing solution 5 parts de-ionised formamide, 1.6 parts formaldehyde, 1
part 10 x MOPS buffer.

RNA extraction buffer 0.1M LiCl, 0.1M Tris-HCl pH 7.5, 0.01M DTT (freshly
added).

2.7.3. DNA M anipulation

Restriction enzyme DNA cleavage was normally carried out in the presence of
buffers the appropriate BRL React™ buffer.

10 x Ligation buffer 0.5M Tris-HCl, lOOmM MgCl2, lOOmM DTT, 500jig/ml
BSA (fraction V; Sigma) (pH7.6).

10 x Kinase buffer 0.5M Tris-HCl, lOOmM MgCl2, 50mM DTT, ImM
spermidine,ImM Na2EDTA.2H20  (pH7.6).



10 x Nick-translation 0.5M Tris-HCl, lOOmM MgS0 4 , ImM DTT, 500|ig/ml
buffer BSA (fraction V; Sigma) (pH7.5).

10 x Random-priming 500mM Tris-HCl; lOOmM MgSCU; ImM DTT; 0.6mM
buffer ' each of dATP, dGTP and dTTP (Pharmacia); 3 fig/ml

random dp(N)6 (Pharmacia) (pH6.2).

Sucrose gradients 10% sucrose in 1M NaCl, 20mM Tris-HCl, 5mM
Na2EDTA.2H20  (pH8.0).

40% sucrose in 1M NaCl, 20mM Tris-HCl, 5mM 
Na2EDTA.2H20  (pH8.0).

2.7.4. DNA Hybridisation

100 x Denhardt's solution 2% BSA (fraction V; Sigma), 2% Ficoll (MW 400,000),
2% polyvinylpyrolidone (MW 360,000).

20 x SSC 3M NaCl, 0.3M sodium citrate (pH7.0).

20 x SSPE 3.6M NaCl, 200mM sodium  phosphate ,
20mM Na2EDTA.2H20  (pH7.4).

Blot-denaturing solution 1.5M NaCl, 0.5M NaOH.

Blot-neutralising solution 1.5M NaCl, 0.5M Tris-HCl pH 7.2.

2.8. Nucleic Acid Isolation

2.8.1. Plasmid DNA

Large scale plasmid isolation was carried out by the alkaline-lysis method of Birnboim 
and Doly (1979). Further purification by CsCl/EtBr equilibrium centrifugation was as 
described by Sambrook etal (1989). On a small scale, the boiling method of Holmes 
and Quigley (1981) was used.

Plasmid DNA to be used for dideoxy sequencing was further purified after CsCl-gradient 
centrifugation. The DNA was treated with RNase A (pre-boiled for 10 minutes) at a final 
concentration of 20|ig/ml for 30 minutes at room temperature. The solution was then 
extracted once with phenol/chloroform and twice with chloroform. The aqueous phase 
was made 0.3M in sodium acetate (pH5.2) and the DNA was precipitated by the addition 
of 2 volumes of ethanol.



2.8.2 M13 DNA

Isolation of single- and. double-stranded M13 DNA was performed as described by 
Sambrook et al (1989).

2.8.3. Bacteriophage Lambda DNA 

2.8.3.1. Large Scale

Large scale isolation of X DNA was performed by a modification of the protocol of R. 
Buckland (EMBL, Heidelberg)* A high titre stock was prepared from a plate lysate, 
using a fresh single plaque as starting material. This stock was used to infect a 200ml 
culture of the appropriate host cells (OD66Q ® 0.3) in a 2 litre flask in the presence of 
lOmM MgSC>4 an<̂  0.2% maltose. The culture was incubated at 37°C with vigorous 
shaking until lysis was apparent (4-5hrs.), 1ml of chloroform and 8g NaCl were added, 
and shaking was continued for a further 10-15 minutes. Debris was pelleted (15000 x g, 
15 minutes) and 20g of PEG 8000 was added to the supernatant. The PEG was 
dissolved at room temperature and the samples were placed at 4°C overnight. 
Precipitated phage were pelleted (15000 x g, 15 minutes) and resuspended in 11ml of 
phage buffer.

This phage suspension was vortexed with an equal volume of chloroform, the phases 
were separated by centrifugation (27000 x g, 10 minutes), and 10ml of the aqueous 
phase was added to 7.2g of CsCl. Once the CsCl had dissolved, the samples were 
decanted into Quick-seal tubes and spun for 16 hours at 49,000 rpm in a Beckmann TOO 
rotor at 20°C. The phage band was removed from the side through an 18-gauge syringe 
needle, and dialysed against TE (3 changes of 1 litre) overnight at 4°C. DNA was 
extracted from the phage by extracting sequentially with phenol, phenol/chloroform and 
chloroform. The DNA was dialysed against TE as above, and stored at 4°C. Yields for 
EMBL3 derivatives were generally 100-200|ig.

2.8.3.2. Small Scale

Small scale isolation of X DNA for the analysis of recombinants was by a plate-lysate 
method (Sambrook et al, 1989).
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2.8.4. S. cerevisiae D N A

High molecular weight S. cerevisiae DNA was prepared by a modification of the 
procedure of Lautenberger and Chen (1987):

A 1 litre stationary-phase culture of DBY746 (more than 2 x 108 cells/ml) in YPG was 
harvested by centrifugation at 15,000 x g for 10 minutes at 4°C. The cells were 
resuspended in 10ml of TEN, and the pellet obtained after re-centrifugation at 15,000 x g 
for 10 minutes was weighed and resuspended in SB buffer at a concentration of 0.25g 
per ml. After mixing with 8mg of zymolyase 20000, the cell-suspension was incubated 
at 30°C, with occasional gentle mixing, for approx. 1 hour, or until more than 80% of 
the cells were spheroplasts as determined by light microscopy. At this stage it is of the 
utmost importance that mixing should be very gentle and that pipetting be carried out 
with wide-bore, cut-tip, pipettes. The spheroplasts were harvested by centrifugation at 
2,500 x g for 5 minutes and gently resuspended in 20ml of SB. 40ml of TEN, 5ml of 
10% SDS and 5mg of pre-boiled RNase A were added, and after incubation at 37°C for 2 
hours, 2mg of Proteinase K was added. Incubation was continued for a further 2 hours 
at 37°C, followed by heating to 65°C for 30 minutes and then cooling to room 
temperature. An equal volume of phenol/chloroform was added and the tubes were 
rocked gently for 15 minutes. The phases were separated by centrifugation at 15,000 x g 
for 10 minutes after which the aqueous phase, containing the DNA, was extracted with 
an equal volume of chloroform. The DNA was then dialysed against TE (3 changes of 1 
litre) overnight at 4°C. Following dialysis, the DNA was treated again with pre-boiled 
RNase A, at a final concentration of lOjig/ml, for 1 hour at room temperature; again 
extracted once with phenol/chloroform and once with chloroform; and again dialysed. If 
the concentration was not high enough at this stage, the volume was reduced by placing 
the dialysis bag on dry PEG.

2.8.5. S. cerevisiae RNA

In order to isolate undegraded RNA, all chemicals and receptacles for RNA work were 
made RNase free: glassware was baked at 300°C for a minimum of 4 hours and 
plasticware and reagents (except those containing Tris) were treated with 0.1% DEPC 
overnight and then autoclaved at 120°C for 15 minutes at 15psi. Tris-containing 
solutions were made by adding new ingredients to DEPC-treated distilled water that had 
been autoclaved to break down the DEPC.

RNA was isolated according to the procedure of Linquist (1981). Cultures in mid-log 
phase were harvested by centrifugation at 960g for 5 minutes at 4°C. Alternatively 2
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volumes of ethanol, previously cooled to -70°C, were added to the culture and the 
•mixture was stored at -20°C for up to 1 week, after which the cells were harvested as 
above. In either case the pellet was rapidly resuspended in 5ml of RNA extraction buffer 
and transferred to tubes containing 14g of glass beads (40 mesh), 1ml of 10% SDS, and 
10ml of phenol/chloroform. This mixture was vortexed continuously for 5 minutes and 
then centrifuged at 12,000 x g for 5 minutes at 4°C. The aqueous phase was removed, 
re-extracted with 10ml of phenol/chloroform by vortexing for 1 minute, and separated by 
centrifugation at 12,000 x g for 5 minutes at 4°C. It was then made 0.3M in sodium 
acetate (pH5.2), 2.5 volumes of ethanol were added, and precipitation was allowed to 
occur for at least 1 hour at -20°C. The precipitate was recovered by centrifugation at 
30,000 x g for 15 minutes and resuspended in 2ml of water. RNA was further purified 
by centrifugation through a CsCl cushion according to the method of Chirgwin et al 
(1979). The final RNA pellet was resuspended in water and stored at -70°C indefinitely.

2.9. In Vitro M anipulation of DNA

Restriction-endonuclease cleavage of DNA was carried out using conditions 
recommended by the manufacturers. Sub-cloning of DNA into plasmid and M13 
vectors, and introduction of recombinant plasmids into E. coli, were performed 
essentially as described by Sambrook et al (1989). Isolation of DNA fragments was 
carried out by electro-elution, from LMT (low melting temperature) agarose gels in TAE 
gel buffer (Sambrook et al, 1989).

2.10. DNA Sequencing

Sequencing of either single- or double-stranded DNA was carried out by the dideoxy 
chain-termination method first described by Sanger et al (1977). The polymerase was 
usually Sequenase, a modified T7 DNA polymerase (Tabor and Richardson, 1987). 
Sequencing reactions were carried out using the conditions recommended in the 
Sequenase™ Version 2.0 manual supplied by the manufacturers (United States 
Biochemical Corporation). Reaction products were separated on 6% polyacrylamide 
gels, as described below. Where problems were encountered with secondary structure, 
TAQuence™, a modified Taq DNA polymerase (Innis et al, 1988) was used, since 
extension reactions can be carried out at a higher temperature: conditions used were again 
those recommended by the manufacturer (United States Biochemical Corporation).



2.11. Gel Electrophoresis

2.11.1. Agarose Gels

For most purposes the gel buffer was TBE. When purifying DNA fragments, however, 
TAE was used preferentially. A range of agarose concentrations (0.3%-2%) was used in 
order to resolve molecules across a range of lengths. Markers were usually wild-type X 
DNA cleaved with Hindlll and/or Hindlll-EcoRI. DNA was visualised by UV 
fluorescence after staining the gel with EtBr (0.6}ig/ml in running buffer).

Prior to electrophoresis, RNA was denatured by heating to 65°C for 15 minutes in RNA 
denaturing solution. It was separated on 1.0%-1.5% agarose formaldehyde gels 
(Sambrook et al, 1989), using MOPS buffer, with constant circulation from anode to 
cathode chambers in order to maintain a constant pH.

2.11.2. Polyacrylamide Gels

Products of DNA sequencing reactions were separated on denaturing polyacrylamide 
wedge gels: 6% acrylamide (acrylamide:bisacrylamide, 19:1), 7 M urea, in sequencing 
TBE. Polymerisation was initiated by the addition of 1ml of 10% ammonium 
persulphate and 20fil of TEMED to 150ml of 6% acrylamide/urea. Gels were allowed to 
polymerise for at least 2 hours before use and were then pre-run at 60W for 30-45 
minutes in order to heat them to 45°C-50°C. Samples were denatured by boiling for 2 
minutes in the buffer supplied by the manufactures, and then loaded onto gels with the 
aid of a sharks-tooth comb. Gels were run for 2-10 hours, soaked in 10% acetic 
acid/10% methanol for 30-60 minutes, and then dried onto Whatmann 3MM paper under 
vacuum. Autoradiography was carried out without intensifying screens at room 
temperature when 35s was used, and with intensifying screen at -70°C when 32p was 
used.



2.12. Nucleic Acid Hybridisation

2.12.1. Blotting

Genomic and plasmid DNAs, and RNA, were transferred to nylon membranes 
(Hybond-N), either by capillary action or vacuum blotting, as instructed by the 
manufacturer (Amersham UK). Hybond-N was also used for plaque-lifts of M13 and 
EMBL3 derivatives, again as recommended by Amersham. DNA was fixed to the 
membrane by UV treatment, RNA by baking for 2 hours at 80°C.

2.12.2. Radio-labelling of Nucleic Acids

32P-labelled plasmid and phage DNAs were prepared by nick-translation (Rigby et al, 
1977); labelled gel-purified DNA fragments by random-priming (Hodgson and Fisk, 
1987). End-labelled oligonucleotide probes were prepared as follows: kinase buffer 
containing 100-200ng of the oligonucleotide, 50ju,Ci y[32P]-dATP, and 1 unit of T4 
kinase (final volume IO jj.1), was incubated at 37°C for 30 minutes. Probes were purified 
by Sephadex G50 chromatography, or G25 chromatography in the case of 
oligonucleotides, in columns prepared from disposable 1ml syringes. A fraction of each 
probe was counted to determine the specific activity in cpm/jig. On average, 
nick-translated probes had a specific activity of 107-108 cpm/|ig; random-primed probes 
and oligonucleotide probes a specific activity of 108-109 cpm/|ig.

In order to use single-stranded M l3 derivatives directly as probes for Northern blots, 
and thereby to determine which cDNA strand contained coding information (see 
Chapter 3), single-stranded circular DNAs were made partially double-stranded by 
primer-extension (Hu and Messing, 1982). In the presence of limiting radioactive 
nucleotides, extension from a "probe-primer" (BRL) generates a radioactive DNA 
molecule in which the insert DNA remains single-stranded. Such a probe is not 
denatured before use. In practice, 50ng of a 17 nt probe-primer and 2p,g of 
single-stranded DNA were resuspended in lljil of React 2™ (BRL), and heated for 2 
minutes at 90°C. Slow cooling to room temperature allowed annealing to occur. The 
primer was then extended for 1 hour at room temperature following the addition of ljil of 
0.1M DTT; lp.1 of a mixture of dCTP, dGTP and dTTP (0.5M each); l|il (10 |iCi) of 
a_[32p]_dATP (800 Ci/mmol), and one unit of Klenow DNA polymerase. Reactions 
were terminated by the addition of lql of 0.5M EDTA. The probe was separated from 
unincorporated nucleotides as above.



2.12.3. Hybridisation

Southern blots and plaque lifts to be hybridised with either nick-translated or 
random-primed DNA probes were pre-hybridised at 68°C in 5 x SSPE, 5 x Denhardt's 
solution, 0.5% SDS and 20|Lig/ml sonicated and denatured salmon sperm DNA, for at 
least 1 hour before addition of the probe. Northern blots to be hybridised with either 
type of probe were treated similarly, with the exception that the pre-hybridisation 
solution contained 50% (v/v) formamide, and the temperature was 42°C. Hybridisation 
was allowed to take place at the same temperature as for pre-hybridisation, and for a 
minimum of 16 hours.

Northern blots to be probed with the end-labelled ENOl oligonucleotide were treated 
essentially as above, except that the pre-hybridisation solution contained 40% (v/v) 
formamide and the hybridisation temperature was 37°C. Hybridisation was for only 2 
hours.

Blots were washed in 2 x SSC, 0.1% SDS, at room temperature alone where low 
stringency was necessary, or with additional washes in 0.2 x SSC, 0.1% SDS at 68°C 
when higher stringency was required.

Blots probed with the ENOl oligonucleotide were washed in 6 x SSC at room 
temperature for 15 minutes and then again in 6 x SSC at 42°C for a further 15 minutes.



CHAPTER 3 

SEQUENCING OF 12 UNIDENTIFIED cDNAs



3.1. Introduction

3.1.1. Overview of Analytical Strategy

My initial aim in this project was to sequence the cDNAs analysed by Santiago (1986), 
and to attempt to identify their encoded products. The cDNAs were originally cloned, as 
described in Section 1.1., by C-tailing and insertion into a G-tailed Pstl site of the 
plasmid cloning vector pBR322. Since I desired to use a single-stranded DNA 
sequencing strategy, appropriate fragments of the cDNAs were sub-cloned into the 
vectors M13mpl8 and M13mpl9. Since M13 and its derivatives replicate as 
double-stranded DNA molecules, these can be used for subcloning purposes and for 
restriction-analysis of recombinant molecules, while the single-stranded form can be 
used for DNA sequencing by the Sanger dideoxy method (Sanger et al, 1977). Pstl 
fragments representing each cDNA contained terminal homopolymer tracts, which 
present problems for DNA polymerases in vitro. Thus each cDNA was mapped with 
respect to restriction enzyme sites compatible with those in the M13mp 18/19 polylinker, 
so that suitable sub-fragments could be cloned. Single stranded DNA prepared from 
individual sub-clones was used as the substrate for dideoxy sequencing.

Computer analysis of the sequences was carried out using the Wisconsin (GCG) 
programmes (Devereux et al, 1984). In particular, nucleotide sequences were compared 
with sequences in the GenEMBL DNA database. Also, where an open reading frame 
was detected, the putative amino acid sequence was compared with sequences in the 
NBRF protein data base. These comparisons were carried out using the GCG 
programme "Wordsearch", Which uses an algorithm similar to that 'of'Wilbur and Lipman 
(1983). The output is a list of significant diagonals that can be displayed as alignments 
by the use of the programme "Segments”. Alternatively, an Apple Macintosh-compatible 
programme, "DNA Strider", devised by Christian Marck (Gif-Sur-Yvette), was used. 
Of particular importance was open reading frame analysis, where each of the six frames 
was searched for methionine and stop codons. The former are indicated by half bars and 
the latter by full bars across the window.

In many cases the strand that contains coding infoimation was deduced by using 
single-stranded probes (Hu and Messing, 1982; see Section 2.12.2.), prepared from the 
same DNA templates that were used for DNA sequencing. This involved making the 
single-stranded circular DNAs partially double-stranded over the vector component by 
extension from a "probe primer" in the presence of limiting radioactive nucleotides. The 
cDNA component remains in single-stranded foim. Such probes were tested for their
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ability to hybridise to Northern blots of RNA prepared from S. cerevisiae DB Y746, the 
strain from which Santiago (1986) prepared his cDNA library. Where hybridisation 
occurred, this indicated that the sequence obtained from the corresponding clone should 
be that of the coding strand. The sequences presented here are those of the putative 
coding strands, sometimes the complement of the sequence obtained: the state of affairs 
with respect to any particular cDNA is indicated in the text.

S. cerevisiae has a distinct codon bias: more than 96% of the amino acids in highly 
expressed genes are encoded by a subset of 25 of the possible 61 codons (Bennetzen and 
Hall, 1982). This is reflected in the relative abundances of specific tRNAs (Ikemura, 
1982). A similar phenomenon has been observed in E. coli (Ikemura, 1981). An 
example of the potential significance of codon bias for S. cerevisiae is given by the 
PGK1 gene, which encodes the glycolytic enzyme phosphoglycerate kinase, and which 
is expressed at very high levels. PGK1 has a pronounced codon bias, almost all of its 
codons being chosen from the restricted set. When 39% of the codons within a region 
encoding the N-terminal domain of the protein were replaced with more rarely used 
codons, levels of phosphoglycerate kinase dropped ten-fold (Hoekema et al, 1987). 
Thus, analysis of open reading frames for codon bias can help to distinguish which 
frame is most likely to represent the true one, and may also highlight ffame-shifts due to 
sequencing errors. On the basis of their study of 110 individual sequences, Sharp et al 
(1986) compiled codon usage tables for S. cerevisiae. In such tables codon usage is 
expressed with respect to the total number of available codons for each amino acid. For 
example, in the case of an amino acid for which there are n possible codons, a codon 
that is used 50% of the time has a relative synonymous codon usage (RSCU) value of 
n/2. I incorporated the data of Sharp et al (1986) into our local GCG data-base, but 
modified the RSCU values such that the sum of all RSCUs for a particular amino acid is 
unity. Cluster analysis of codon usage in S. cerevisiae reveals that the majority of genes 
fall into one or other of two distinct groups (Sharp et al,1986). The group with the.most 
distinct codon bias consists in the main of genes expressed at high levels. It was the 
RSCU values for this group of genes (see Appendix 5) that was used in this study. The 
GCG programme "codonpreference" (Gribskov et al, 1984) provides a graphical 
representation of codon usage for any specific open reading frame. Below each graph 
are shown the locations of rare codons, as determined from the codon frequency table for 
highly expressed genes, along with the open reading frames.

In the case of cDNAs representing short-half life mRNAs, the distribution of acidic and 
basic residues within the predicted amino acid sequences was examined. This is because 
ribosomal proteins for which mRNA half-lifes have been determined (Kim and Warner, 
1983b) appear to fall within the unstable population (Brown, 1989). Further, with few



exceptions, ribosomal proteins range from basic to very basic, as determined by 
2-dimensional electrophoresis, and roughly half are more basic than the core histones 
(Warner and Gorenstein, 1978).

Most of the cDNAs were sequenced on only one strand. This was thought to be 
adequate, since the reason for sequencing the cDNAs was to attempt to identify them 
using the available databases. However, although this approach is less time consuming 
than obtaining sequence information from both strands, it will inevitably result in the 
occasional mistake. The worst possible scenario is that false stop codons will be 
introduced, and therefore that regions of amino acid sequence will not be used to search 
the protein database. Thus sequencing only on one strand may preclude identification of 
a cDNA at the amino acid level.

Where I have estimated mRNA lengths during the course of this study, I have generally 
found them to be slightly larger than reported by Santiago (1986). This is most likely 

'due-to Santiago having used rRNAs as size markers [25S=3360 nt, 18S=1710nt, 
5.8S=158 nt and 5S=120 nt (Phillippsen et al, 1978b)]. Thus the size range within 
which most of the mRNAs lie was not covered in his studies (see Table 3.1). In this 
study BRL RNA size markers were used. These give a better distribution.

In the following Section I deal the cDNAs in turn, beginning with those derived from 
mRNAs with long half-lifes (Fig. 3.1.; Table 3.1.).



Figure 3.1.

Table 3.1.

>1M

mRNA HaH-Life 
min a

29 -

2 310
mRNA Length kb

The relationship between mRNA length and half-life. Each point 
represents a different mRNA. Bars indicate standard deviations. 
mRNAs represented by open triangles have half-lifes too long to be 
accurately determined by the method of Santiago (1986).

mRNA mRNA length 
(nt)

mRNAhalf-life
(minutes)

Stable:-
10 1250 56.9+/-6.0
22 3100 44.7 +/- 2.4
46 550 >100
74 1050 83.4 +/- 9.2
85 550 >100

Unstable:-
9 440 16.5+/- 1.5
11 700 18.0 +1-22
13 740 12.1 +/- 1.0
19 550 15.3 +/- 2.7
39 380 18.3 +/- 1.5
82 370 22.3 +/-3.1
90 1100 6.6 +/- 0.67
100 500 10.4 +/- 1.1

The lengths and half-lifes of the mRNAs studied by Santiago 
(1986). The mean half-life of each mRNA is given in minutes 
together with the standard error. The half-lifes of mRNA46 and 
mRNA85 could not be measured accurately since they were greater 
than 100 minutes.



3.2. Results

3.2.1. cDNAs Representing Long Half-Life mRNAs

3.2.1.1. cDNAlO

The mRNA from which cDNAlO is derived is estimated to have a half-life of 56.9 +/- 
6.6 minutes and a length of 1250 nt (Santiago, 1986). The length of the cDNA insert is 
approx. 1.4 kb; the disparity is presumably due to inaccuracies in measuring the size of 
the mRNA, the cDNA, or both.

A restriction map of cDNAlO is shown in Fig.3.2.a. The internal 250bp EcoRl 
fragment was subcloned into M13mpl9 and the subclone was named plO. The 
nucleotide sequence of the EcoRI fragment, together with a putative amino acid sequence 
deduced from it, is shown below the restriction map (Fig. 3.2.a.). The DNA sequence 
was used to search the GenEMBL database and was found to be very similar to those of 
the two yeast enolase genes, ENOl and EN02 (Holland et al, 1981). ENOl and EN02 
are 95% identical at the DNA level over their coding regions. The differences between 
cDNAlO and each of these genes are indicated in Fig. 3.2.a. (see legend for details; the 
sequence presented is the complement of that obtained). At the DNA level, cDNAlO is 
99.6% identical to EN02 and 98.0% identical to ENOl over the sequenced region; at the 
amino acid level it is 100% identical to EN02 and 99% identical to ENOl, due to a single 
amino acid difference, methionine for leucine, at amino acid 183 of ENOl (Fig. 3.2.a.). 
Thus cDNAlO would appear to encode EN02. It can be further deduced that cDNAlO 
encodes EN02 by comparing the restriction maps of both enolase genes (Holland et al, 
1981) with that of cDNAlO (Fig. 3.2.b.). There is significant restriction fragment 
polymorphism between the two enolase genes and it is evident that cDNAlO is equivalent 
to EN02 rather than ENOL The slight differences in restriction fragment sizes observed 
between cDNAlO and EN02 are presumably due to inaccuracies in measurements in one 
or both studies.

3.2.1.2. cDNA22

The mRNA from which cDNA22 is derived is estimated to have a half-life of 44.7 +/- 
2.4 minutes and a length of approx. 3100 nt (Santiago, 1986). The length of the cDNA 
insert is, however, only approx. 780 bp.



EcoRI EcoRI Pstl
Pvul

p lO ------------

EcoRI

GRRTTCflTGfiTTGCTCCflACTGGTGCTflflGflCCTTCGCTGRAGCCflTGflGflATTGGTTCC 60
G luP hefle tl le f lla P ro T h rG ly A la L y s T h rP h e flla G lu flla lle tf lrg lle G ly S e r

GflflGTTTflCCflCRACTTGRflGTCTTTGRCCflfiGflflGflGRTflCGGTGCTTCTGCCGGTfifiC 120
G IuU aITyrH  i s flsnLeuLysS erLeuThrLysLysflrgTyrG IyflIaS erfiIaG I yflsn

GTCGGTGflCGflfiGGTGGTGTTGCTCCflfiflCATTCflflflCCGCTGflRGRflGCTTTGGflCTTG 180
U aIG Iy flsp G Iu G IyG IyU a IflIaP ro flsn I IeG InThrflIaG IuG IuR IaLeu flspLeu

RTTGTTGflCGCTflTCflRGGCTGCTGGTCflCGflCGGTflflGGTCflflGRTCGGTTTGGflCTGT 240
I IeUaIRspRI a I IeL ysR Ia flIaG IyH  isflspG IyLysO aILysI IeG IyLeuflspCys  

EcoRI
GCTTCCT 247

R laS er

Figure 3.2.a. Restriction map (see also Fig. 3.2.b.) and sequence of cDNAlO.
Narrow lines represent pBR322; the bold line indicates the cDNA 
insert. Open boxes represent the GC tails at the end of the insert, 
p 10 is the M 13 subclone from which sequence information was 
obtained. The overlinedEcoRI site in the DNA sequence represents 
the junction between the insert and the vector. The predicted amino 
acid sequence is shown below the DNA sequence. Underlined 
nucleotides mark the differences between the cDNAlO sequence and 
that reported for ENOl, in which C at position 6 is T; CA at positions 
45 and 46 is TT; Cat position 159 is T; and T at position 201 is C. 
The overlined C, at position 102, is a T residue in the reported 
sequence of ENOl. All of the differences are conservative, except 
for the one at position 46, which results in a methionine residue here 
instead of the leucine residue in ENOl. The sequence of ENOl and 
ENOl are from Holland et al (1981).

Pstl
Ppal

200bp



Pstl Hindlll Kpnl EcoRI Hindlll EcoRI Hindlll Kpnl Bglll

cD N A lO b
p 10

Hindlll Kpnl EcoRI Hindlll EcoRI Hindlll Kpnl Bglll

pE N 02

Hindlll Hindlll EcoRI Hindlll Kpnl Bglll Hindlll

pEN01

2 5 0 b p

Figure 3.2.b. Restriction maps of cDNAlO, ENOl and EN02. Open boxes in the 
cDNAlO map represent the GC tails of the insert. Restriction maps 
of ENOl and EN02 are taken from Holland et al (1981).



GCTTTGTTCAAATTTATGTATTTTCGGAACGCCGGCGGGCGCGCCGCCCGTTGTCGAACC 60
AI aLeuPheLysPhefletTyrPheArgAsriA I aG I yG I yArgA I aA I aArgCysArgThr 

LeuCysSerAsnLeuCysI IeP heG IyThrP roA IaG IyA IaP roP roU aIU a IG I uPro  
PheUa IGI n I I eTyrUa I PheSerG I uArgArgArgA I aArgArgProLeuSerAsnPro

CAGGCACGCATGCGGAGGCTTCATGTTCATTCACAACAAGAAACTGCAATACACGGTCAG 120
GInAIaArqMetArqArqLeuH i sUaIH i sS erG InG InG IuThrA I a I IeH i sG IyG In  

ArgH i sAIaCysGIyGI yPheMe tPhe I I eH i sAsnLysLysLeuG I nTyrThrU a I Arg  
GI yThrH i sA I aG I uA I aSerCysSerPheThrThrArgAsnCysAsnThr ArgSerG I y

GTCGCCCGACCGA ATCCCGTCCTCGCGAGTTTCATGCTGGAGCAGTTCGGCGGCGCAGGG 180
U aIA IaArgProAsnProUaILeuAIaSerPheM etLeuG IuG InPheG IyG IyA I aG I y 

SerProAspArgI IeP roS erS erA rgU aIS erC ysTrpS erS erS erA IaA I aG I nG I y 
ArgProThrG I uSer Ar gPro ArgG I uPheH i sA I aG I yA I aUa I ArgArgArgArgA la

CGAGCTGGCCGCGGCCATGCGCTATTTCACCCAGGCGCTCGGGGAGGTCGATCCCGGCCG

ArgA I aG I yArgG I yH i sA I aLeuPheH I sProG I yA I aflrgG I yG I yA rgS erA rgP ro
GIuLeuAI aAI aAIaMe tA rgTyrPheThrG InA IaLeuG IyG IuUaIA spProG  1 yArg

SerTrpProArgProCysAI a I IeS erP roA rgA rgS erG IyA rgS erI IeProA  I aA I a
Rsal

CAAGGACATGCTGATGGACATCGCCACCGA *

G1nG IyH isA IaA spG IyH isA rgH isA rg  
LysAspM etLeuM etAspIleA laThr 
ArgThrCys *

Figure 3.3.a. Restriction map and sequence of cDNA22. Narrow lines represent 
pBR322 sequences; the bold line indicates the cDNA insert. Open 
boxes represent the GC tails at the end of the insert. p22 is the M13 
subclone from which sequence information was obtained; arrows 
show the extent and direction of the sequence. Three open reading 
frames were found (Fig.3.3.b.); the putative amino acid sequence of 
each is shown below the DNA sequence.

Figure 3.3.b. Open reading frame map of the 3
sequence obtained from cDNA22. 2
Full bars represent stop codons j
and short bars methionine ^
codons. Bars above the diagram ^
represent 100 bp intervals.
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The cDNA was devoid of sites for common hexanucleotide recognition-sequence 
enzymes. Thus an Rsal-Pstl fragment (Fig.3.3.a) was subcloned into M13mpl9 
cleaved with H ind i and Psfl. The complement of the sequence derived from this 
subclone (p22) is shown below the restriction map. Fig. 3.3.b. shows the open reading 
frames (ORFs) within the sequence; three major ORFs were identified. Their deduced 
amino acid sequences are shown in Fig.3.3.a., below the DNA sequence. The ORF in 
the third frame has a stop codon at position 252, which would indicate a 3' untranslated 
region of approx. 200 bases, assuming that the cDNA extends to the true 3' end.

Further evidence that the sequence presented in Fig. 3.3.a. is that of the coding strand, is 
that single-stranded p22 DNA failed to hybridise to a Northern blot of yeast RNA. 
However, adequate controls were not carried out. All three major ORFs were analysed 
for their codon usage; no significant codon bias was observed in any (data not shown).

No significant homology with any DNA or amino acid sequence in the GenEMBL and 
NBRF databases was observed. Thus the identity and function of this gene remains to 
be established.

3.2.1.3. cDNA46

The mRNA from which cDNA46 is derived is estimated to a have a half-life of >100 
minutes (Santiago, 1986), and a length of approx. 800 nt (this study). The length of the 
cDNA insert is approx. 840 bp; this disparity is presumably due to inaccuracies in 
measuring the size of the mRNA, the cDNA, or both.

A restriction map of cDNA46 is shown in Fig. 3.4.a. The two SaH-Pstl fragments were 
subcloned into M13mpl9 (p46S and p46L). Single-stranded p46L DNA hybridised to 
an mRNA on a Northern blot, while no such hybridisation occurred with p46S DNA 
(Fig.3.4.c.). This indicates that the sequence obtained from clone p46L is that of the 
coding strand, while that from p46S is non-coding. A sequence assembled from those 
of both sub-clones is shown in Fig. 3.4.a. The sequence is shown as being continuous 
across the Sail boundary, but as indicated in the legend, the junction was not sequenced 
directly. The positions of methionine and stop codons, in all six frames, are shown in 
Fig. 3.4.b. Fig. 3.4.d. shows the codon bias within the three frames of the predicted 
coding strand. Frame 1 is the most obvious candidate for a protein-coding sequence, 
containing a complete open reading frame and the highest overall codon bias. However, 
the data are also suggestive of a frame shift from strand 2 to strand 1. The T of the stop 
codon in frame 2, which roughly coincides with where the frame shift would have 
occurred, is only 9 bp downstream of the SaR site. The gel was very easy to read in this
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Pvul Ps t lSal l Pstl  Ppal

i 1------------ ►

p46S -------
p46L —

200bp 
i :------ 1

CAACCAACCACAACTACATACACATACATACACAATGGTCGCTCAAGTTCAAAAGAAGCT 60
G In P ro T h rT h rT h rT h rT yrT h rT yrI IeH i sAsnG IyflrgSerSerSerLysG  I u AI a

S a il
CCAACTTTTAAGAAAACTGGGTGGTCGACGGTGTCTTTGACGAAGTCCTTGGACAAATAC 120
PhoThrPheLysLysThrG IyTrpSerThrUaISerLeuThrLysSerLeuA spLy sT y r

AAGGGTAAGTACGTTGTCCTAGCCTTTATTCCATTGGCCTTCACTTTCGTCTGTCCAACC 180
LysG IyLysTyrU aIU aILeuA IaP heI IeProLeuA IaPheThrPheU aIC ysProThr

GAAATCATTGCTTTCTCAGAGGCTGCTAAGAAATTCGAAGAACAAGGCGCTCAAG 235
GIuI  l e i  IeA IaP heS erG IuA IaA IaLysLysP heG IuG IuG InG IyA IaG In

Figure 3.4.a. Restriction map and sequence of cDNA46. Narrow lines represent 
pBR322; the bold line indicates the cDNA insert Open boxes 
represent the GC tails at the end of the insert. p46 is the M13 
subclone used for sequencing; the direction and extent of sequence is 
indicated by arrows. The Sail site used in cloning is indicated by 
overlining. The sequence is shown as continuous, even though no 
sequence data were obtained across the Sail junction. However, 
when the two sequences were juxtaposed, an open reading frame 
was observed to run the full length of the combined sequence 
(Fig.3.4.b). Further, when Northern blots were probed with p46S 
and p46L, only the latter hybridised, indicating that the sequence 
obtained from p46L is that of the coding strand.

3
Figure 3.4.b. Open reading 
frame map of sequence obtained 2
from cDNA46. Full bars ^
represent stop codons and short 
bars methionine codons. Bars 
above the diagram represent 
100 bp intervals. -2

-3

Figure 3.4.c. Northern blot of total yeast RNA 
probed with p46S and p46L DNAs.
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Figure 3.4.d. Codon preference plots for the sequence obtained from cDNA46.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of 
departure fom the dotted line indicates the extent of deviation from 
random codon usage. The window length was set at 10 codons. 
Beneath each plot, open reading frames are indicated as boxed 
regions. Rare codons, < 5% of a synonymous codon family, are 
indicated by short bars. Numbers along the top and bottom indicate 
distance in nucleotides.

3 TTTTYTYIHNGRSS. . . . . . . . ____ SKEAPTFKKTGWSTVSLTK. SLDK 39
I . . : . . I : I . . . . M i l l :  . . . : . .  I I I .

41  TDILWSASAQGKSAFSTSSSFHTPAVTQHAPYFKGTAWNGEFKELSLDD 90

40 YKGKYWLAFIPLAFTFVCPTEIIAFSEAAKKFEEQGAQ 78  
: I I I I : I I I . I I . I I I I I I I I I : I I I : I . . I . : . . :

91  FKGKYLVLFFYPLDFTFVC PTEIVAFSDKANEFHDVNCE 129

Figure 3.4.e. Similarity between the putative amino acid sequence derived from 
cDNA46 (top) and that derived from the mouse gene, MER5  
(bottom). Full bars join identical amino acids. Two dots join amino 
acids that are not identical, but for which a pair of possible codons 
can be found that are related in two out of three positions. One dot 
joins amino acids that are not identical, but for which a pair of 
possible codons can be found that are related in one out of three 
positions. cDNA46 and MER5 are 44.7% identical at the amino acid 
sequence level, or 57.9% when conservative changes are allowed, as 
determined by the GCG programme "Gap". Clearly, the identity is 
considerably higher over the second half of the sequence derived 
from cDNA46.



region. Thus, rather than a sequencing error, this may indicate that there is a small Sail 
fragment missing, although such a fragment was not detected by restriction analysis. 
Unfortunately, this was not investigated, for example by end-labelling Sail cleaved 
cDNA46 and separation of the fragments on a polyacrylamide gel. However, the 
possibility that the sequence presented (Fig. 3.4.a.) is contiguous cannot be ruled out 
(see below).

The amino acid sequence shown in Fig. 3.4.a., that of frame 1, was used to search the 
NBRF database. The closest match is shown in Fig. 3.4.e. The amino acid sequence 
derived from cDNA46 is 44.7% identical, or 57.9% similar when conservative changes 
are allowed, to that derived from MER5, a putative housekeeping protein preferentially 
expressed in mouse erythroleukemia cells (Yamamoto et al, 1989). Bearing the 
possibility of a frame-shift in mind, the homology between the two amino acid sequences 
is most significant after a large gap between amino acids 16 and 17 in the sequence 
derived from cDNA46, while the Sail site overlaps codons 28-30. Thus, if there had 
been a frame shift, the similarity in the region between residues 17 and 28 must be 
fortuitous. However, when the amino acid sequence of frame 2 is compared with that 
derived from MER5, no significant homology is observed (data not shown).

3.2.1.4. CDNA74

The mRNA from which cDNA74 is derived is estimated to have a half-life of 83.4 +/- 
9.2 minutes (Santiago, 1986), and a length of approx. 1350 nt (this study). The length 
of the cDNA insert is approx. 1 kb.

A restriction map of cDNA74 is shown in Fig.3.5.a. The small BglH-Pstl fragment was 
subcloned into M13mpl9 cleaved with BamEl and Pstl (p74S). The extent of sequence 
information obtained from p74S is displayed below the restriction map. In the DNA 
sequence a complete Bglll site is shown, although the actual sequence read was a 
composite of the 5' side of a BamUl site and the 3' side of a Bglll site.

The sequence obtained from subclone p74S is presumably that of the coding strand since 
a) single-stranded p74S DNA hybridises to a Northern blot of S. cerevisiae RNA 
(Fig. 3.5.C.), and b) the sequence runs into a polyA tail (data not shown).

Below the DNA sequence of p74S (Fig.3.5.a.) the three putative amino acid sequences 
are shown. Fig. 3.5.b. demonstrates the open reading frames diagrammatically. The



Ppal Pstl Bgll l  P s t iP v u l

I---------►
200bp
 1 p74S-- -------------

AGATCTGGGAACACTTACAACCTCATTTTACTACAAATGACGGGTTGGAAGTTATCTTCA 60

— A rgSerG IyflsnThrTyrflsnLeuI IeLeuLeuG InM etThrG IyTrpLysLeuSerSer
— A spLeuG lyThrLeuThrThrSerPheTyrTyrLys *
— IIeT rp G Iu H  i sLeuGInProH i sPheThrThrAsnAspGIyLeuGIuUaI I IePheLys

AAGACGAAGAAGAAAAGGACCATCCTGTAAGAAAGTTGACCAACGCTAAGGGCGAATCAT 120
— LysThrLysLysLysA rgThrI IeLeu

— AspGIuGIuGIuLysAspHisProUaIArgLysLeuThrAsnAIaLysGIyG  I uSerPhe  

TCAAGGTTGCTAGTATTGCTAATGCTCAAGTCCGTTAAAAAGATATAATATCACGAATTT 180

— L ysU a IA IaS e rI IeA IaA snA IaG InU aIA rg  *•

GTTACTAATTTAACATGCGTAAATACTTATTTCACATATATAATTCAAAGATTTATAAGT 240

AAATGTCTTGTGCTAAT 257

Figure 3.5.a. Restriction map and sequence of cDNA74. Narrow lines represent 
pBR322 sequences; the bold lines indicates the cDNA insert. Open 
boxes show the GC tails at the end of the insert. p74S is the M13 
subclone from which sequence information was obtained; the arrows 
show the extent and direction of the sequence. The BglR site used in 
cloning is indicated by overlining. The sequence obtained is 
presumably that of the coding strand since it has a poly(A) tract at its 
3’ end (data not shown) and, in addition, p74S DNA hybridises to 
S. cerevisiae RNA (Fig. 3.5.C.). Three open reading frames were 
found (Fig. 3.5.b.). The putative amino acid sequence of each is 
shown below the DNA sequence.

3

2Figure 3.5.b. Open reading frame 
map of the sequence obtained from i 
cDNA74. Full bars represent stop 
codons and short bars methionine -1 
codons. Bars above the diagram 
represent 100 bp intervals.

-3

Figure 3.5.c. Northern blot of total yeast RNA probed
with p74S DNA.
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Figure 3.5.d. Codon preference plots for the sequence obtained from cDNA74.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of 
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random codon usage. The window length was set at 10 codons. 
Beneath each plot, open reading frames are indicated as boxed 
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distance in nucleotides.



codon bias of all three reading frames was examined (Fig.3.5.d.). The most striking is 
frame 3, where there is a reasonably high bias towards S. cerevisiae codon usage up to 
the position of the stop codon.

No significant homology with any DNA or amino acid sequence in the GenEMBL and 
NBRF databases was observed. Thus the identity and function of this gene remains to 
be established.

3.2.1.5. CDNA85

The mRNA from which cDNA85 is derived is estimated to have a half-life of >100 
minutes (Santiago, 1986), and a length of approx. 620 nt (this study). The length of the 
cDNA insert is approx. 720 bp; this disparity is presumably due to inaccuracies in 
measuring the size of the mRNA, the cDNA, or both.

A restriction map of cDNA85 is shown in Fig. 3.6.a.. The orientation of the cDNA in 
the vector was not determined. The smaller of the two Hincll-Pstl fragments was 
subcloned into M13mpl9 (p85S) cleaved with the same enzymes. The sequence derived 
from p85S is presumably that of the coding strand since p85S hybridises with mRNA 
(Fig.3.6.c.), although no polyA tail was observed. This may be due to internal priming 
by oligo dT having occurred during first-strand cDNA synthesis. Thus there may be a 
longer 3'-untranslated sequence than is apparent from Fig. 3.6.a. Below the DNA 
sequence of p85S three ORFs are shown. These ORFs are shown diagrammatically in 
Fig.3.6.b. The strongest bias towards yeast codon usage was found in frame 1 
(Fig.3.6.d.). Significantly the bias disappears after the putative stop codon. Thus it is 
possible that this frame contains the coding information, although the others cannot be 
ruled out.

No significant homology with any DNA or amino acid sequence in the GenEMBL and 
NBRF databases was observed. Thus the identity and function of this gene remains to 
be established.



Pstl

_ L

Hindi Patl

200bp 
i----------1

p85S

Hindi
GTCGACTTTTCTGGTCflfiflRGGCTGGTTTGRTTGCTGCCflGflflGflflCCGGTTTflCTflCGT 60
U aIR spPheSerG IyG InLysflIaG IyLeuI Ie flIa flIa flrg flrg T h rG IyL eu L eu R rg  

SerThrPheLeuUaILysRrgLeuUaI *
RrgLeuPheT rpSerLysGIyTrpPheflspCysCysGInLysAsnflrgPheThrThrTrp

GGTTCTCflRflflGRCCCflRGflTTflflTCTTTTTflflTTTTGGTTT CTTT CCTTCT GT CRT ATT 120
G IySerG InLysThrG Inflsp  *

PheSerLysflspProflrgLeuI IePheLeuI IeLeuU aISerP heLeuLeuSerTyrTyr  

RTTTTflTCflRTTTTCTTflflflTflRTTRTflTflflTTTflflCGRCGTCCTflTfl 168

— PheI IefisnPheLeuLys *

Figure 3.6.a. Restriction map and sequence of cDNA85. The narrow lines 
represent pBR322 sequences; the bold lines indicate the cDNA 
insert. Open boxes show the GC tails at the end of the insert. Note 
that the orientation of the insert was not determined. p85S is the 
M l3 subclone from which sequence information was obtained; the 
arrow shows the extent and direction of the sequence. The Hincll 
site used in cloning is indicated by overlining. The sequence 
presented was concluded to be that of the coding strand on the basis 
of Northern blot analysis (Fig. 3.6.C.). Three open reading frames 
were found (Fig. 3.6.b.); the putative amino acid sequence of each is 
shown below the DNA sequence.
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cDNA85. Full bars represent stop  ̂
codons and short bars methionine 
c odons  Ba r s  a bove  the di agr am

3

2

1

-1

2represent 100 bp intervals. -2

-3 -3

Figure 3.6.C. Northern blot of total yeast RNA probed
with p85S DNA.
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3.2.2. cDNAs Representing Short Half-Life mRNAs

3.2.2.1. cDNA9

The mRNA from which cDNA9 is derived is estimated to have a half-life of 16.5 +/-1.5 
minutes (Santiago, 1986) and a length of approx. 620 nt (this study). The length of the 
cDNA insert is 700 bp; this disparity is presumably due to inaccuracies in measuring the 
size of the mRNA, the cDNA, or both.

A restriction map of the cDNA is shown in Fig.3.7.a. The two HindHL-Pstl fragments 
were subcloned into M13mpl8. The coding strand was determined by hybridising 
single-stranded DNA from clones p9S and p9L to Northern blots (Fig.3.7.c). Since 
only single-stranded p9L DNA hybridises, the sequence derived from this clone must 
contain coding information, and that from p9S non-coding. The combined sequence 
obtained from p9S and p9L is shown below the restriction map. Although the sequence 
is presented as being continuous across the HindUl site, this junction was not 
sequenced, as shown in the sequencing strategy (Fig. 3.7.a.). However, a continuous 
open reading frame is observed in frame 1 (Fig. 3.7.b.). The putative amino acid 
sequence is shown under the DNA sequence (Fig.3.7.a.). The codon bias of this ORF 
was determined and although it is high in general, a low value was observed between 
approx. 70 to 130 nt (Fig. 3.7.d.). Since sequencing was only carried out on one 
strand, this might indicate a frame shift

The distribution of acidic and basic residues within the putative amino acid sequence is 
shown in Fig.3.7.e. Over the region sequenced it would appear to be relatively basic, 
protein, providing this is the correct ORF. There are 9 acidic residues (4 aspartic acid 
residues and 5 glutamic acid residues), and 18 basic residues (9 lysine and 9 arginine 
residues).

No significant homology with any DNA or amino acid sequence in the GenEMBL and 
NBRF databases was observed. Thus the identity and function of this gene remains to 
be established.

3.2.2.2. cD N A ll

The mRNA from which cDNAl 1 is derived was estimated to have a half-life of 18.0 +/- 
2.2 minutes (Santiago, 1986), and a length of approx. 960 nt (this study). The length 
of the cDNA insert is only approx. 380 bp, however. :
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Ppal Pstl Hindll l Vh « lXbal , pVU|

p9S

200bp p9L

TTTGCAAGGCAGGAGAACCGCTTTGGTTCACGATGGTCTAGCCTAAGAGGTTTGAGAGAA 60
PheflIaArgG InG IuAsnArgPheG IySerArgTrpSerSerLeuArgG IyLeuArgG  I u

Hindlll
TCTAGGAAGGCTATATCTATAGTTAAGCTTTATTGGTTGTTTTGGTCAGCTCTGTTACTG 120
SerArgLysAI a I IeSer11eU aILysLeuTyrTrpLeuPheTrpSerA IaLeuLeuLeu

AAGCTAACATTATCAAGTTGGTTGAAGGGTTTGGCTAACGACCCAGAAAACAAGGTTCCA 180
LysLeuThrLeuSerSerTrpLeuLysGIyLeuAIaAsnAspProGIuAsnLysUa I Pro

TTGATCAAGGTTGCTGATGCTAAGCAATTAGGTGAATGGGCTGGTTTGGGTCAAGACGAC 240
Leu I IeLysU aIA IaA spA IaLysG InLeuG IyG IuTrpA IaG IyLeuG IyG InA spA sp

CGTGAAGGTAACGCCAGAAAGGTTGTCGGTGCCTCCGTTGTTGTTGTCAAGAACTGG 

A rgG IuG IyA snA IaA rgLysU aIU a IG IyA IaS erU aIU aIU aIU aILysA snTrp
297

Figure 3.7.a. Restriction map and sequence of cDNA9. Narrow lines represent 
pBR322 sequences; bold lines indicate the cDNA insert. Open 
boxes show the GC tails at the ends of the insert. p9S and p9L are 
the M13 subclones from which sequence information was obtained; 
arrows show the extent and direction of the sequence. The HindUl 
site used in cloning is indicated by overlining. The sequence is 
shown as continuous, even though no sequence data were obtained 
across the Hindm  junction. However, when the two sequences 
were juxtaposed, an open reading frame was observed to run the full 
length of the combined sequence (Fig. 3.4.b.). Further, when 
Northern blots were probed with p9S and p9L DNAs, only the latter 
hybridised, indicating that the sequence obtained from p9L is that of 
the coding strand.

Figure 3.7.b. Open 
reading frame map vof 
the sequence obtained 
from cDNA9. Full 
bars represent stop 
codons and short bars 
methionine codons. 
Bars above the 
diagram represent 100 
bp intervals.

F igure 3.7.c.
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Northern blots of total yeast RNA probed
with p9S and p9L DNAs.



100 150 200 250

2 .0  -

1.5

1.0

0 .0  -

2.0  -Oo
5
c.

1.5 -

Oc_0_
c 0.5

0 .0  -

2 .0  -

1.5 -

0.5 -

0 .0  -

100 150 200 2S0

Figure 3.7.d. Codon preference plots for the sequence obtained from cDNA9.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of 
departure fom the dotted line indicates the extent of deviation from 
random codon usage. The window length was set at 10 codons. 
Beneath each plot, open reading frames are indicated as boxed 
regions. Rare codons, < 5% of a synonymous codon family, are 
indicated by short bars. Numbers along the top and bottom indicate 
distance in nucleotides.
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Figure. 3.7.e. Distribution of the acidic (A) and basic (B) amino acids within the 
putative amino acid sequence presented in Fig. 3.7.a. The acidic 
residues are glutamic acid (full bar) and aspartic acid (intermediate 
bar); the basic residues are histidine (small bar), lysine (intermediate 
bar) and arginine (full bar). The numbers indicate the position of the 
amino acids stating with leucine (Fig. 3.7.a.)



EcoRI p3U ppai

i----------------------------- ►

200bp P11S — ----
i--------   1

EcoRI
GflflTTCflTCfifiCRRflTTGGTTflflGTCCRTGGfifiCGflflflCTGGTTGflfiGTCflCflTTflCRTfl 60

— G IuPheI IeflsnLysLeuUaILysSerMe tG IuflrgflsnTrpLeuLysSerH  i s T y r I I e
— RsnSerSerThrflsnTrpLeuSerProTrpflsnG luThrG ly *■
— I Ie H is G In G In Ile G ly  *

TflflCTflCTTflTTTTRTCTflRGTCCTflTflTflGTTCTGTTflTTCflCTRGTTTGTflTflTTGTfl 120
*

CCTCTfl 126

Figure 3.8.a. Restriction map and sequence of cDNAll. Narrow lines represent 
pBR322 sequences; bold lines indicate the cDNA insert. Open boxes 
show the GC tails at the ends of the insert, p i IS is the M13 clone 
from which sequence information was obtained; arrows show the 
extent and direction of the sequence. The sequence derived from 
pi IS is probably that of the coding strand since it has a poly (A) tail at 
its 3-end (data not shown). Three open reading frames were found 
(Fig. 3.8.b.); the putative amino acid sequence of each is shown 
below the DNA sequence.
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Figure 3.8.b. Open reading frame map of the sequence obtained from cDNAll.
Full bars represent stop codons and short bars methionine codons. 
Bars above the diagram represent 100 bp intervals.
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A restriction map of cDNAll, together with the sequencing strategy, is shown in 
Fig.3.8.a. p i IS contains the smaller of the two EcoRl-Pstl fragments in M13mpl9. 
The sequence obtained from pi IS is probably that of the coding strand, since a polyA 
tail is present at its end (data not shown). The DNA sequence is shown below the map, 
together with putative amino acid sequences in all three frames. The open reading frames 
are shown diagrammatically in Fig. 3.8.b.

The most significant codon bias within any of these ORFs is in frame 1, although with 
such a short sequence any such analysis is very dubious (Fig. 3.8.C.). However, codon 
bias is very high along the full length of the ORF, falling abruptly at the putative 
termination codon. Analysis of the distribution of acidic and basic residues within frame 
1 shows that over these 20 amino acids there are 5 basic and 2 acidic residues (data not 
shown). Again, however, the sequence is too short to draw meaningful conclusions.

No significant homology with any DNA or amino acid sequence in the GenEMBL and 
NBRF databases was observed. Thus the identity and function of this gene remains to 
be established.

32 .2 .3 . CDNA13

The mRNA from which cDNA13 is derived is estimated to have a half-life of 12.1 +/-
1.0 minutes (Santiago, 1986) and a length of approx. 980 nt (this study). The length of 
the cDNA insert is approx. 660 bp.

A restriction map of the cDNA is shown in Fig. 3.9.a. Subclones pl3XPL and pl3XPS 
areXbal-Pstl fragments in M13mpl9; pl3KPL and pl3KPS are Kpnl-Pstl fragments 
in the same vector. The sequence derived from these subclones is displayed under the 
restriction map together with the putative amino acid sequence (frame 1; Fig. 3.9.b.).

The sequence was used to search the GenEMBL database with the result shown in 
Fig. 3.9.e. cDNA13 is highly homologous to the gene encoding ribosomal protein K37 
of S.pombe (Nischt et al, 1986 and 1987). Within the coding region 78% identity is 
observed at the DNA level, and 70.7% identity at the amino acid level. When 
conservative changes are allowed the similarity at the amino acid level is 82.9% 
(Fig. 3.9.f.).

Ribosomal proteins are in the main very basic proteins, though there are exceptions 
(Remacha et al, 1988; Mitsui and Tsurugi, 1988 a,b,c.). The deduced amino acid
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Ppal Pstl Kpnl Pstl Pvul

i -----------------------------------------------------------------1--------------------------►<—— I----------------- —---—►

p13XPL-------------------------------------
p13KPL -------- --------------------------------

p13KPS ----------- p13XPS —------------

200bp 
l----------- 1

TACAAGTACAGATTACGTGAAGAAATCTTCATTGCTAACGAAGGTGTTCflCACTGGTCflA 60
TyrLysTyrA rgLeuA rgG IuG Iu I IePheI Ie flIa flsnG IuG IyU aIH  i sThrG  I yGI n

TTCRTTTRCGCTGGTflflGflRGGCTTCTTTGRflCGTCGGTflRCGTCTTGCCflTTGGGTTCT 120 

PheI IeTyrflIaG IyLysLysflIaS erLeuflsnU aIG IyflsnU aILeuP roLeuG  I yS er  

Kpnl
GTCCCAGAAGGTACCATTGTCTCCAACGTTGRAGAAAAGCCAGGTGACAGAGGTGCCCTA 180

• U a IP ro G Iu G IyT h rI IeU aISerflsnU aIG IuG IuLysProG IyflspflrgG I yfl I aLeu

GCCAGAGCTTCTGGTAACTACGTTATCATCATTGGTCACAACCCAGATGAAflflCAAAACC 240
flIa flrg flIaS erG Iy flsn T yrU a I I le i  Ie I  IeG IyH i sflsnProRspGIuflsnLysThr

RGRGTCRGRTTflCCRTCCGGTGCCRRGRflGGTTflTCTCTTCTGflCGCCRGRGGTGTCflTC 300
RrgU aIR rgLeuProSerG IyflIaLysLysU aI I IeS erS erA spA IaflrgG IyU a I I I e

GGTGTCRTTGCCGGTGGTGGTRGflGTTGRCRflflCCflTTGTTGflflGGCTGGTCGTGCTTTC 360

GIyUaI I Ie flIaG IyG IyG Iy flrgU aIR spLysP roLeuLeuLysflIaG Iyflrg fl I aPhe

CACAAGTACAGATTGAAGAGAAACTCTTGGCCAAAGACCCGTGGTGTTGCCATGAATCCA 420
H isLysTyrA rgLeuLysA rgflsnSerTrpProLysThrA rgG IyU aIflIaM et AsnPr o

Xbal
GTTGRTCACCCTCACGGTGGTGGTAACCATCAACATATTGGTAAGGCTTCTACTATCTCT 480.
UaIAspH i sProH i sG IyGIyGIyflsnH i sGInH i s I Ie G Iy L y s flIa S e rT h r I I eS e r

AGAGGTGCCGTTTCTGGTCAAAAGGCTGGTTTGATTGCTGCCflGAAGAACCGGTTTACTA 540
A rg G Iy flIaU a IS erG IyG In L ysflIaG IyL eu I Ie flIaA Ia flrg A rg T h rG IyL eu L eu

CGTGGTTCTCAAAAGACCCAAGATTAATCTTTTTAATTTTGGTTTCTTCCTTCTGTCATA 600
ArgGlySerG lnLysThrG lnAsp

TTATTTTATCAATTTTCTTAAATATTATATAATTTAATCCGAAACGTTCCTTATflA 656

Figure 3.9.a. Restriction map and sequence of cDNA13. Narrow lines represent 
pBR322 sequences; bold lines represent the cDNA insert. Open 
boxes denote the GC tails at the ends of the insert. pl3XPL, 
pl3KPL, pl3KPS and pl3XPS are the M13 clones from which 
sequence was obtained. Arrows below the restriction map indicate 
the extent and direction of the sequence. The Kpnl and Xbal sites 
used in cloning are indicated by overlining. The putative amino acid 
sequence is shown below the DNA sequence.
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Figure 3.9.b. Open reading frame map of the sequence obtained from cDNA13.
Stop codons are represented by full bars and short bars methionine 
codons. Bars above the diagram represent 100 bp intervals.

0 200 400 600

2 .0  -

1.5 -

o.s

0 .0  -

2 .0  -

oococ.ou-

1.5

1.0o
c.Q-

0.5C

•8oo 0 .0  -

1 .0  -

P.S -

0 .0  -

2000 600

Figure 3.9.C. Codon preference plots for the sequence obtained from cDNA13.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of 
departure fom the dotted line indicates the extent of deviation from 
random codon usage. The window length was set at 10 codons. 
Beneath each plot, open reading frames are indicated as boxed 
regions. Rare codons, < 5% of a synonymous codon family, are 
indicated by short bars. Numbers along the top and bottom indicate 
distance in nucleotides.
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Figure 3.9.d. Distribution of the acidic (A) and the basic (B) residue within the 
amino acid sequence presented in Fig. 3.9.a. The acidic residues are 
glutamic acid (full bar) and aspartic acid (intermediate bar); the basic 
residues are histidine (small bar), lysine (intermediate bar) and 
arginine (full bar). The numbers indicate the position of the amino 
acids starting with tyrosine (Fig. 3.9.a.).



. 1 . . . ......................... .  . . . ....................................................TACAA 5
I I I

15 1  CCTGGCCGTGGTGCTCCGTTGGCCAAGGTTGCTTTCCGTAATCCTTATCA 2 0 0

6 GTACAGATTACGTGAAGAAATCTTCATTGCTAACGAAGGTGTTCACACTG 55
II I II I I I I I I I I I I I I I I I  I I I I I I I I I I I I

2 0 1  CTACAGAACTGATGTTGAAACCTTTGTTGCAACTGAGGGTATGTACACTG 2 5 0

56 GTCAATTCATTTACGCTGGTAAGAAGGCTTCTTTGAACGTCGGTAACGTC .105  
I I I I I I I I I I I I I I I I I I I  I I I I I I I I I I I I I I I I I I I I

2 5 1  GCCAATTCGTTTACTGCGGTAAAAACGCTGCTTTGACCGTTGGTAATGTC 3 0 0

10 6  TTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTCTCCAACGTTGAAGA 1 5 5
I II I I I III I I I I I I I I I I I I I I I I I I I I I I I I I I I I

3 0 1  TTGCCTGTTGGTGAGATGCCCGAGGGTACCATTATTTCCAACGTTGAGGA 3 5 0

15 6  AAAGCCAGGTGACAGAGGTGCCCTAGCCAGAGCTTCTGGTAACTACGTTA 2 0 5
I I I  I I I I 1 I I I I I I I I I I  I I I I I I I I I I I I I I I  I I I

3 5 1  GAAGGCCGGTGACCGTGGTGCATTGGGTCGTTCTTCTGGTAACTATGTTA 4 0 0

2 0 6  TCATCATTGGTCACAACCCAGATGAAAACAAAACCAGAGTCAGATTACCA 2 5 5
II I I I II II I II I I I I I I I I I I !  I I I I

4 0 1  TCATTGTCGGACATGATGTTGACACTGGCAAGACCCGTGTCAAGTTGCCC 4 5 0

2 5 6  TCCGGTGCCAAGAAGGTTATCTCTTGTGACGCCAGAGGTGTCATCGGTGT 3 0 5  
I I  I I I I I I I I I I I I I I I I  I I I  I I I I  I I I I I I I I I I I I 

4 5 1  TCTGGTGCTAAGAAGGTTGTCCCTTCTTCTGCTCGTGGTGTTGTCGGTAT 5 0 0

3 0 6  CATTGCCGGTGGTGGTAGAGTTGACAAACCATTGTTGAAGGCTGGTCGTG 3 5 5
I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I

50 1  TGTTGCTGGTGGTGGTCGTATTGACAATCCTTTGCTCAAGGCTGGACGTG 5 5 0

3 5 6  CTTTCCACAAGTACAGATTGAAGAGAAACTCTTGGCCAAAGACCCGTGGT 4 0 5
I I I I I I I I I I I I I I I III I II II I I I I I I I I I I I I I

5 5 1  CATTCCACAAGTACCGCGTCAAGCGTAACTGCTGGCCTCGTACTCGTGGT 6 0 0

4 0 6  GTTGCCATGAATCCAGTTGATCACCCTCACGGTGGTGGTAACCATCAACA 4 5 5
I I  I I  I I I I I I I  I I  I I I I I I I  I I I I I I I I I I I I I I I I I I I I I I I I I

601  GTCGCTATGAACCCCGTCGATCACCCTCACGGTGGTGGTAACCATCAACA 6 5 0

45 6  TATTGGTAAGGCTTCTACTATCTCTAGAGGTGCCGTTTCTGGTCAAAAGG 5 0 5  
I I I I  I I I I  I I I I I I I  I I I I  I I I I I I I  I I I  I I I

65 1  CGTTGGTCACTCTACTACCGTTCCTCGCCAATCCGCTCCTGGTCAAAAGG 7 0 0

50 6  CTGGTTTGATTGCTGCCAGAAGAACCGGTTTACTACGTGGTTCTCAAAAG 5 5 5
I I I I I I I I I  I I I I I I I  I I I I I I I I I I I I I I I I I

70 1  TTGGTCTTATTGCTGCTCGTAGAACCGGTCTTTTGCGTGGTGCTGCTGCT 7 5 0

556  ACCCAAGATTAATCTTTTTAATTTTGGTTTCTTCCTTCTGTCATATTATT 6 0 5  
I I I  - 1 = 1 1 - 1

75 1  GTCGAAAACTAA.  .................................................   7 6 2

Figure 3.9.e. Identity between cDNA13 (upper) and the gene encoding ribosomal 
protein K37 (lower) of S. pombe. The two genes show 
considerable homology over the coding region but diverge in the 
3'-untranslated region. Over the coding regions they are 78% 
identical.



1 YKYRLREEIFIANEGVHTGQFIYAGKKASLNVGNVLPLGSVPEGTIVSNV 50  
I. II I . I : I . I I : . I I I I : I . I I . I . I . I II II I : I . : I I I I I : I I I 

66 YHYRTDVETFVATEGMYTGQFVYCGKNAALTVGNVLPVGEMPEGTIISNV 1 1 5

51 EEKPGDRGALARASGNYVIIIGHNPDENKTRVRLPSGAKKVIS SDARGVI 10 0  
I I I : I I II I I : I . I I I. I I I I : I I I . .  I I I I : I I I I I I I I I . I I I I:

1 1 6  EEKAGDRGALGRSSGNYVIIVGHDVDTGKTRVKLPSGAKKWPSSARGW 1 6 5

1 0 1  GVIAGGGRVDKPLLKAGRAFHKYRLKRNSWPKTRGVAMNPVDHPHGGGNH 1 5 0  
l : : l l  I I 1:1.111 I 111111111:111:1 1:1111111111 II I I NI  I 

1 6 6  GIVAGGGRIDNPLLKAGRAFHKYRVKRNCWPRTRGVAMNPVDHPHGGGNH 2 1 5

1 5 1  QHIGKASTISRGAVSGQKAGLIAARRTGLLRGSQKTQD 188  
I I : I . . .  I : .  I . . . .  I I I . I I II I I I I I I II I . . . : :

2 1 6  QHVGHSTTVPRQSAPGQKVGLIAARRTGLLRGAAAVEN 2 53

Figure 3.9.f. Similarity between the putative amino acid sequence derived 
from cDNA13 (upper) and that of ribosomal protein K37 
(lower). Full bars join identical amino acids. Two dots join 
amino acids that are not identical, but for which a pair of 
possible codons can be found that are related in two out of 
three positions. One dot joins amino acids that are not 
identical, but for which a pair of possible codons can be found 
that are related in one out of three positions. The amino acid 
sequence derived from cDNA13 and that of K37 are 71% 
identical, or 83% similar when conservative changes are 
allowed, as determined by the GCG programme "Gap".



sequence of cDNA13 is indeed that of a basic protein (Fig.3.9.d.). There are 13 acidic 
residues (6 aspartic acid and 7 glutamic acid residues) and 38 basic residues (15 lysine, 7 
histidine and 16 arginine residues) in a total length of 197 amino acids.

All ribosomal protein genes sequenced to date from S. cerevisiae show a strong bias 
towards S. cerevisiae codon usage. From the data presented in Fig. 3.9.C. it can be 
seen that the same holds true for the mRNA represented by cDNA13: codon bias is high 
over the open reading frame but drops significantly after the UAA stop codon at position 
565. V

3.2.2.4. cDNA19

The mRNA from which cDNA19 is derived is estimated to have a half-life of 15.3 +/- 
2.7 minutes (Santiago, 1986) and a length of approx. 680 nt (this study). The length of 
the cDNA is approx. 500 bp.

A restriction map of cDNA19 is shown in Fig. 3.10.a. The small EcoRV-Pstl fragment 
and the large Hincll-Pstl fragment were subcloned into M13mpl9 cleaved with HincU 
and Pstl. Unfortunately this does not provide a continuous sequence. However, it has 
proved veiy difficult to subclone the large EcoRV-Pstl fragment since rearrangements at 
the M13-cDNA boundary, and possibly rearrangements elsewhere in the sequence, were 
invariably observed to occur. One anomaly in the sequence of pl9L is the presence of an 
EcoKL site at position 25 that was not detected when RF pl9L DNA was cleaved with 
this enzyme. This strongly suggests that a rearrangement might have taken place.

The amino acid sequences presented below the DNA sequences of each subclone are 
those of the major ORFs (Fig.3.10.b.). On this basis the sequence obtained from pl9L 
is presumably that of the coding strand and the sequence obtained from pi9S that of the 
non-coding strand. Further support for the sequence obtained from pl9S being that of 
the non-coding strand is that no evidence of a poly A tail is found at its end. This does 
not constitute proof, however.

The. distribution of acidic and basic residues within the putative amino acid sequence 
derived from frame 1 of pl9L is shown in Fig. 3.10.d. If this is the correct ORF the 
protein would appear to be quite basic. There are 12 acidic residues (5 glutamic acid and 
7 aspartic acid), compared with 30 basic residues (10 lysine and 20 histidine) in a total of 
130 amino acid residues. No significant yeast codon bias was observed in any ORF 
(data not shown).



ccony
Pvul Pstl Hindi Pall Ppal

«  i i -----------------------------------------------------------------------►

p19S  -------

p 19 L ------------------------------------

200 bp
i------------—i

TCTTTGGGTTCCGGGGGGTCTCflGTTGCGGTTRGCRTGflTTflflCRCflGflRCRTRCTflTflGflC 

PheG IyP heflrgG IyU aIS erU aIflI aV a IS er Me11 Ie fls n T h rG Iu H is T h rI Ieflsp

EcoRY
RflflTflTGRTTflTTTflCflflGGflTflTC 

LysTyrflspTyrLeuG lnG lyTyr

Hindi
GTCGflCGRGCTGGRTGTTGGflCTTGRRTTCCTCGflGflflCCGGCflGCCCRGCflGCGTCGflG 60
UaIRspGIuLeuflspUaIG IyLeuGIuPheLeuGIuflsnflrgG InProSerSerUa IGI u

flflCGGGGCCGGGTTGTCCRGGCCGGGGGTGflCGflflflGflGGTGTGCTCGGTCTCGGCGflCG 120

R snG Iy fiIaG IyLeuS erflrgP roG IyU aIThrLysG IuU aIC ysS erU aIS erfl I aThr

RTCGGCGCCRGCGGCTCflTflCTCCTCCflGGCGGGCGCTCRCCTCCTTGGCGflTGCCCRTG 180

. I IeG Iy flIaS erG IyS erT yrS erS erA rg flrg A IaL euT h rS erL eu R IaM etP ro M et

AflCGTCCGCflGCGTCACflCGGAflTTGCCCTGGCGCflCGGCCTCGGCflflATGGCGGGCGCG 240
flsnUa I RrgSerUa I ThrflrgflsnCysProG I yfl I aflrgProflrgG  I n fle tfl I aG I yR I a

TTTTGCGGCTTGACGCGCCTTGACGATCAAGGCTTTCCAGGTCGGCGCTTTCCGCGTTGG 300
PheCysGIyLeuThrArgLeuflspAspGInGIyPheProGIyflrgflrgPheProflr gT rp

CGGCGTGACCflGACTGATTTCATGATCCGCGACTTGGTTTCflCCGCGTCGAGGCGCGfiGG 360

RrgflrgflspGInThrflspPheM etI Ieflrg flspLeuU aISerProflngflrgG Iyfl I a flrg

RTTGCTCCTCTGCGGCflflflGTCGCGTGRTGR 391
I Ie flIaP roLeuflrgG InS erflrgU aI Met

Figure 3.10.a. Restriction map and sequence of cDNA19. Narrow lines represent 
pBR322 sequences; bold lines indicate the cDNA insert. Open 
boxes show the GC tails at the ends of the insert. pl9S and pl9L 
are the M13 subclones from which sequence information was 
obtained; arrows show the extent and direction of sequence. The 
sequence derived from pl9L, rather than its complement, is thought 
to be that of the coding strand since it contains a complete open 
reading frame (Fig.3.10.c). Thus the sequence derived from pl9S 
will be that of the non-coding strand. The complement of the pl9S 
sequence is presented above. There is an open reading frame in the 
latter sequence (Fig.3.10.b.). The putative amino acid sequences of 
each of these open reading frames are shown below the DNA 
sequences. ' . .
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3.10.b. Open reading frame map of the 
complement of the p l9S  
sequence. Full bars represent 
stop codons and short bars 
methionine codons.

3 ' 

2 

1 

-1 

-2 

-3

3.10.C. Open reading frame map of the 
sequence obtained from pl9L 
Full bars represent stop codons 
and short bars methionine codons. 
Bars above the diagram represent 
100 bp intervals.
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3.10.d. Distribution of the acidic (A) and basic (B) residues within the amino 
acid sequence obtained from pi9L. The acidic residues are glutamic 
acid (full bar) and aspartic acid (intermediate bar); the basic residues 
are lysine (intermediate bar) and arginine (full bar). The numbers 
above the diagram indicate the position of the amino acids starting 
with valine.



No significant homology with any DNA or amino acid sequence in the GenEMBL and 
NBRF databases was observed. Thus the function of this gene remains to be identified.

3 .2 .2 5 . cDNA39

The mRNA from which cDNA39 is derived is estimated to have a half-life of 18.3 +/- 
1.5 minutes (Santiago, 1986) and a length of -approx. 570 nt (this study). The length of 
the cDNA is approx. 550 bp, and thus is almost full length.

A restriction map of cDNA39 is shown in Fig. 3.11.a. together with the sequencing 
strategy. Unfortunately, since subclones representative of the entire cDNA could not be 
obtained, sequence information was derived only from the indicated Bglll-Pstl and 
EcoRI-Pstl fragments, cloned into M13mpl9.

When the sequences of p39S and p39L were used to search the GenEMBL database, 
both showed a high degree of homology with an S. cerevisiae gene, CYH2, that 
encodes the ribosomal protein L29 (Kaufer et al, 1983).

The sequence of CYH2 is shown in Fig. 3.1 l.a. Start and stop codons are indicated as 
is the position of the single intron. Sequences equivalent to those obtained from 
cDNA39 are boxed. The one difference between cDNA39 and CYH2 is indicated by an 
arrow at position 782; this G residue was not found in the sequence of cDNA39. Here, 
however, it must be emphasised that cDNA39 was sequenced on only one strand, while 
CYH2 sequence was sequenced on both strands. In any case, the difference is in the 
3'-untranslated region rather than the coding region and may represent a strain 
difference. Finally, the residue at the 3-erid of the cDNA39 sequence (which precedes a 
poly (A) tract; data not shown), is one of three transcription termination sites used in 
CYH2 (Kaufer et al, 1983).

The codon bias of CYH2 is shown graphically in Fig. 3.1 l.b. Like most other 
ribosomal protein genes, codon usage is that of a highly expressed gene. The distribution 
of acidic and basic residues within the coding region is shown in Fig. 3.1 I.e. Like 
most other ribosomal proteins L29 is very basic, containing 10 acidic residues (5 each of 
aspartic and glutamic acid) and 40 basic residues (18 lysine, 10 histidine and 12 arginine 
residues) in a total of 249.
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200bp P39S

TCGflflflRflCflCflGCflflflflfiCflflGRGTflCTGTflflCCflRTGTflflCflTCTGTflCflCCflGGflCC

CflCflCflTTflCCflflRRTCflflflflTTflTTTTTCTflflTGCCCTGTTflTTTTTCCTRTTTTCCTC

TGGCGCGTGflflTflGCCCGCflGflGflCGCflfiflCflflTTTTCCTCGCRGTTTTTCGCTTGTTTR

flTGCTRTTTTCCRGflTflGGTTCflflflCCCTTTCflTCTGTflTCCCGTflTflTTTflRGRTGGCG

TTTGCTTTCTCCGTTGRTTTTCCTTCTTflRGTGRTTTTTGCRTTRflflTCCCflGflflCflRTgl

♦
IRTCCRRCTRRTCRRGR RTGC CTTCCRGRTT CRCTRRGRCT RGRRRGCRCR GRGGTCRCGT1 

Intnon

A t nncGGTBijtfl

ICGGTGGTCRR CRTCRCCRCR GRRTTRRCRT GGRTRRRTRC CRTCCRGGTT RTTTCGGTRR

IGGTTGGTRTG RGRTRCTTCC RCRRGCRRCR RGCTCRTTTC TGGRRGCCRG TCTTGRRCTT1

IGGRCRRRTTG TGGRCRTTGR TCCCRGRRGR CRRGRGRGRC CRRTRCTTGR RRTCTGCTTCl

Bglll
ITRRGGRRRCT GCTCCRGTTR TTGRCRCTTT GGCRGCCGGT TRCGGTRRQRI fCTTGGGTRR 

EcoRI
GGGTRGRRTT CCRRRTGTTC CRGTTRTCGT dRRRGCTRGR TTCGTCTCCR RGTTGGCTGRl

♦
IRGRRRRRRTC RGRGCTGCTG GTGGTGTTGT TGRRTTGRTC GCTTRR GCGCRTCRRCRRRR!

I
Ir g c t c t r t g t r t t t t c c r r t r r r t tr t r t r t c t t c r g t t t r r t c t r r t t c r r c r t c t r c t I

t
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Figure 3 . 1 1 . a  Restriction map of cDNA39 and sequence of CYH2 (taken from 
Kaufer et al, 1983). Narrow lines represent pBR322 sequences; 
bold lines represent the cDNA insert. Open boxes show the GC tails 
at the ends of the insert. p39L and p39S are the M13 clones from 
which sequence information was obtained. Arrows below the 
restriction map indicate the extent and direction of the sequence. 
Stop and start codons are highlighted by triangles above the 
sequence. The position of the intron is marked and the Bglll and 
EcoRI sites used in subcloning are overlined. The boxed region 
represents the sequenced available from cDNA39. The one 
difference is highlighted by an arrow above the sequence at position 
782. This G is absent in cDNA39. Arrows below the 5' and 3' 
flanking regions mark the transcription initiation and termination 
sites, determined by Kaufer et al (1983).
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Figure 3.11.b. Codon preference plot of the CYH2 sequence. The degree of 
departure from the dotted line indicates the extent of deviation from 
random codon usage. The window length was set at 10 codons. 
Beneath the plot, the open reading frame is indicated a boxed region. 
Rare codons, < 5% of a synonymous codon family, are indicated by 
short bars. Numbers along the top and bottom indicate distance in 
nucleotides.
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Figure 3.11.C. Distribution of the acidic (A) and basic (B) residues within the amino 
acid sequence of L29. The acidic residues are glutamic acid (full 
bar) and aspartic acid (intermediate bar); the basic residues are 
histidine (small bar), lysine (intermediate bar) and arginine (full bar). 
The numbers indicate the position of the amino acids starting from 
methionine.



3.2.2.6. CDNA90

The mRNA from which cDNA90 is derived is estimated to have a half-life of 6.6 +/- 
0.67 minutes (Santiago, 1986) and a length of approx. 1300 nt (this study). The length 
of the cDNA insert is approx. 1.2-kb, and thus it is almost full length.

A restriction map of cDNA90 is shown Fig. 3.12.a. Sequence information was obtained 
from the indicated SafL-Pstl fragment, which was subcloned into M13mpl9 (p90). The 
sequence of p90 was used to search the GenEMBL database, and was found to be 
99.6% identical with that of the S. cerevisiae gene tcml, a mutant allele of the gene that 
encodes the ribosomal protein L3 (Shultz and Friesen, 1983). At the amino acid level, 
only one difference was observed between tcml and cDNA90 over the area sequenced.

The sequence of the coding region of tcm l, together with the deduced amino acid 
sequence, is shown in IJig. 3.12.a. The region equivalent to that derived from p90 is 
boxed. The indicated' nucleotide in tcml at position 765 is a G residue in cDNA90. This 
would lead to a tryptophan codon at this position in cDNA90, instead of the cysteine 
codon in tcml. The difference may have been the result of misincorporation during 
first-strand cDNA synthesis, or could be a sequencing artifact. Alternatively, since the 
tcml sequence is that of a mutant gene, the difference may be genuine.

The codon bias of tcml is shown graphically in Fig. 3.12.b. and the distribution of 
acidic and basic residues of L3 is shown in Fig.3.12.c.: L3 is a very basic protein, like 
most other ribosomal proteins from eukaryotes and prokaryotes alike. There are 36 
acidic residues (16 aspartic and 20 glutamic acid residues) and 93 basic residues (17 
histidine, 43 lysine and 33 arginine residues) in a total of 387.

3 .2 .2 7 . cDNAlOO

The mRNA from which cDNAlOO is derived is estimated to have a half-life of 10.4 +/-
1.1 minutes (Santiago, 1986) and a length of approx. 760 nt (this study). The length of 
the cDNA insert is approx. 600 bp.

A restriction map of cDNAlOO is shown in Fig. 3.13.a. The small EcoKL-PstI fragment 
was subcloned into M13mpl9 (plOOS). Since the sequence obtained from plOO shows 
no evidence of a poly(A) tail, even though sequencing was carried out up to the 
cDNA/vector boundary, the complement is shown below the restriction map. That the 
latter sequence contains coding information is in accord with ORF and codon bias 
analysis (Fig. 3.13.b. and Fig. 3.13.C.).

- 48-
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RTGTCTCRCR GflARGTRCGR RGCRCCRCGT CRCGGTCRTT TRGGTTTCTT GCCRRGRRRG 60

RGRGCTGCCT CCRTCRGflGC TRGRGTTRRG GCTTTTCCRfl RGGRTGRCRG RTCCRRGCCfl 120

GTTGCTCTRfl CTTCCTTCTT GGGTTRCRRG GCTGGTRTGR CCRCCfiTTGT CflGRGRTTTG 180

GflCRGRCCRG GTTCTRRGTT CCflCflflGCGT GRAGTTGTCG RRGCTGTCRC CGTTGTTGRC 240

RCTCCRCCRG TTGTCGTTGT TGGTGTTGTC GGTTACGTCG RflflCCCCRRG RGGTTTGRGR 300

TCTTTGRCCfl CCGTCTGGGC TGRRCRTTTG TCTGRCGRRG TCRRGRGflflG RTTCTRCflflG 360

RRCTGGTRCfl RGTCTRRGRR GRRGGCTTTC RCCRRflTflCT CTGCCRRGTR CGCTCRRGRT 420

GGTGCTGGTfl TTGRRRGRGR RTTGGCTRGR RTCflflGRRGT RCGCTTCCGT CGTCRGRGTT 480

TTGGTCCflCfl CTCRRRTCRG RflflGRCTCCfl TTGGCTCflflfl RGRRGGCTCR TTTGGCTGflfl 540

RTCCRRTTGR RCGGTGGTTC CRTCTCTGflfl RRGGTTGRCT GGGCTCGTGfl RCRTTTCGflfl 600
Sail

RRGRCTGTTG ClbTCGRCRG CGTTTTTGRR CRRRRCGRRR TGRTTGRCGC TRTTGCTGTCl 660

IRCCRRGGGTC RCGGTTTCGR RGGTGTTRCC CRCRGRTGGG GTRCTRRGRR RTTGCCRRGRl 720
♦

IRRGRCTCRCR GRGGTCTRRG RRRGGTTGCT TGTRTTGGTG CTTGCCRTCC RGCCCRCGTTl 780

IRTGTGGRGTG TTGCCRGRGC TGGTCRRRGR GGTTRCCRTT CCRGRRCCTC CRTTRRCCRCI 840

IRRGRTTTRCR GRGUCGGTRR GGGTGRTGRT GflflGCTRRCG GTGCTRCCRG CTTCGRCRGR 900

RCCflflGflflGR CTRTTRCCCC RRTGGGTGGT TTCGTCCRCT RCGGTGRRRT TfiflGRRCGRC 960

TTCRTCRTGG TTRRRGGTTG TRTCCCRGGT RRCRGRRRGR GflflTTGTTRC TTTGAGRRRG 1020

TCTTTGTRCfl CCRRCRCTTC TRGRRRGGCT TTGGflflGRRG TCRGCTTGflfl GTGGRTTGRC 1080

flCTGCTTCTfl RGTTCGGTflfl GGGTRGRTTC CRRRCCCCRG CTGRRRRGCR TGCTTTCRTG 1140

GGTRCTTTGR RGRRGGRCTT GTRR H 64

Figure 3.12.a. Restriction map of cDNA90 and coding sequence of the tcml gene 
(taken from Shultz and Friesen, 1983). Narrow lines represent 
pBR322 sequences; bold lines represent the cDNA insert. Open 
boxes show the GC tails at the ends of the insert. p90 is the M13 
clone from which sequence information was obtained. Arrows 
below the restriction map indicate the extent and direction of the 
sequence. The Sail site used in subcloning is overlined. The boxed 
region represents the sequenced available from cDNA90. The one 
difference observed between cDNA90 and tcml is highlighted by a 
triangle at position 765; in cDNA90 this residue is a G. This results 
in a cysteine in L3 rather than the tryptophan in the sequence 
deduced from cDNA90 at amino acid position 255.
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Figure 3.12.b. Codon preference plot of the tcm l sequence. The degree of 
departure from the dotted line indicates the extent of deviation from 
random codon usage. The window length was set at 10 codons. 
Beneath the plot, the open reading frame is indicated a boxed region. 
Rare codons, < 5% of a synonymous codon family, are indicated by 
short bars. Numbers along the top and bottom indicate distance in 
nucleotides.
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Figure 3.12.C. Distribution of the acidic (A) and basic (B) residues within the amino 
acid sequence of ribosomal protein L3. The acidic residues are 
glutamic acid (full bar) and aspartic acid (intermediate bar); basic 
residues are histidine (small bar), lysine (intermediate bar) and 
arginine (full bar). The numbers indicate the position of the amino 
acids starting with methionine.
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RflTRCflflCTRRGflCTflRGCRflCflflTGlxflflflGflGCTCCflflGflCTTRCTCTflRGflflCTTflC 60
R snThrThrLysThrLysG InG InC ysG InflrgflIaProflrgLeuThrLeuR rgThrT y r

TCTfiCflCCflflfiGflGflCCTTRCGflflTCTTCTCGTTTGGRCGCRGflflTTGflfiGTTGGCNNGT 120
S erThrP roLysflrgP roTyrG luS erS erflrgLeu flsp fllaG luLeuLysLeu flla  ?

EcoRI
GRRTTC 126

GluPhe

Figure 3.13.a. Restriction map and sequence of cDNAlOO. Narrow lines represent 
pBR322 sequences; bold lines represent the cDNA insert. Open 
boxes denotes the GC tails at the ends of the inserts. plOOS is the 
M l3 subclone from which sequence information was obtained. 
Arrows indicate the extent and direction of sequence. The EcoRI site 
used in subcloning is shown by overlining. Two nucleotides 
adjacent to the EcoRI site were not determined and are denoted by an 
N. One significant open reading frame was found (Fig. 3.13.b.), 
and the putative amino acid sequence is shown below the DNA 
sequence.
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F igure 3.13.b. Open reading frame map of the sequence presented in Fig.3.13.a..
Full bars represent stop codons and short bars methionine codons.
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Figure 3.13.C. Codon preference plot of the sequence obtained from cDNAlOO.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of 
departure from the dotted line indicates the extent of deviation from 
random codon usage. The window length was set at 10 codons. 
Beneath each plot, open reading frames are indicated as boxed 
regions. Rare codons, < 5% of a synonymous codon family, are 
indicated by short bars. Numbers along the top and bottom indicate 
distance in nucleotides.
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Figure 3.13.C. Codon preference plot of the sequence obtained from cDNAlOO.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of 
departure from the dotted line indicates the extent of deviation from 
random codon usage. The window length was set at 10 codons. 
Beneath each plot, open reading frames are indicated as boxed 
regions. Rare codons, < 5% of a synonymous codon family, are 
indicated by short bars. Numbers along the top and bottom indicate 
distance in nucleotides.

A

B

» 1 ,1

m

A

B

Figure 3.13.d. Distribution of the acidic (A) and basic (B) residues within the 
putative amino acid sequence presented in Fig. 3.13.a. The acidic 
residues are glutamic acid (full bar) and aspartic acid (intermediate 
bar); the basic residues are histidine (small bar), lysine (intermediate 
bar) and arginine (full bar). The numbers indicate the position of the 
amino acids starting with isoleucine.



The deduced amino acid sequence of this frame 1 is shown below the DNA sequence in 
Fig. 3.13.a. As well as being the largest ORF, frame 1 has the highest yeast codon 
bias. Analysis of the distribution of acidic and basic residues encoded by frame 1, 
shows that there are 3 acidic residues (2 glutamic acid; 1 aspartic acid) and 9 basic 
residues (5 arginine; 4 lysine), in a total of 42 residues. However, the length of the 
sequence available for analysis is too short for meaningful conclusions to be drawn.

No significant homology with any DNA or amino acid sequence in the GenEMBL and 
NBRF databases was observed. Thus the identity and function of this gene remains to 
be established.



3.3. Discussion

Of the 13 cDNAs studied by Santiago (1986), twelve have been sequenced, one 
completely, the remainder incompletely. Three have been identified as known 
S. cerevisiae genes, one as a putative counterpart of a known S. pombe gene, and one 
as being related to a putative mouse housekeeping gene. To the remaining seven I have 
been unable to assign a function.

3.3.1. cDNAs Representing Long Half-Life mRNAs

Very little can be concluded with respect to the mRNAs for which no similarity to known 
genes has been observed. The codon bias data are perhaps the most enlightening, as 
these can give some indication as to the level of expression of a gene (Sharp et al, 1986). 
From the analyses of cDNAs 74 and 85, it would appear that the frames most likely to 
encode proteins are frames 3 and 1 respectively (Fig. 3.5.a.; Fig. 3.6.a.). Although 
neither frame has a codon bias as high as those of most ribosomal proteins (examples of 
highly expressed genes), they are .suggestive of moderately expressed genes. 
Unfortunately, no significant codon bias was observed in any frame of the cDNA22 
sequence. Whether this is because the gene is expressed at low levels remains to be 
seen.

3.3.1.2. cDNAlO

cDNAlO encodes the giucose-inducible glycolytic enzyme, enolase (Holland et al, 
1981). Enolase (E C. 4.2.1.11) catalyses the conversion of 2-phosphoglycerate to 
phosphoenolpyruvate. There are two enolase genes per haploid genome in S. cerevisiae 
(Holland et al, 1981), each at a different genomic location. Santiago (1986) prepared the 
RNA that he used in the construction of his cDNA library from cells growing 
exponentially in rich medium containing 2% glucose. It has been estimated that the 
EN02 product is 20-fold more abundant than the glucose-constitutive ENOl product, 
under such conditions. Only when cells are grown on ethanol, or glycerol plus lactate, 
are there similar amounts of each protein. In vitro translation of total cellular mRNA 
suggests that the relative levels of ENOl and EN02  mRNAs reflect those of the 
respective proteins (MeAlistair and Holland, 1982). Thus it is not surprising that 
cDNAlO represents EN02 rather than ENOL From his analysis of genomic Southern 
blots, Santiago had postulated that cDNAlO might be a member of a gene family. The 
fact that there are two enolase genes, which are 95% identical over their coding regions
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and 70% identical in their 5'- and 3’-untranslated regions, confirms Santiago's 
hypothesis. ENOl and EN02 mRNAs cannot be distinguished using a cDNAlO probe. 
The half-life measured by Santiago must have been effectively that of the latter. Thus, 
the possibility that the two mRNAs are turned over at different rates remains to be 
determined. Whatever the case, however, regulation of ENOl and EN02 appears to 
occur predominantly at the level of transcription (McAlister and Holland, 1982).

Differential transcription rates of the enolase genes in cells grown on glucose or 
gluconeogenic carbon sources appears to be mediated through different upstream 
elements. In the case of EN02, two UAS elements, located immediately upstream and 
downstream of position -461 relative to the transcription start site, are required both for 
expression and glucose induction (Cohen et al, 1986). As for other yeast UAS elements 
they can function in both orientations relative to the coding region. In the case of 
ENOl, the constitutive enolase gene, a URS (upstream repressor sequence) lies within a 
38 bp sequence near position -160. Deletion of this element permits glucose-dependent 
induction of ENOl in a manner quantitatively similar to that of EN02  (Cohen et al, 
1987). ENOl also has sequence elements near to position -445 that are functionally 
similar to the UAS elements of EN02, and that presumably mediate glucose induction in 
the absence of the URS (Cohen et al, 1987). Further, DNA binding assays and 
footprinting demonstrate that the two UAS elements of EN02 are indeed the sites of 
protein/DNA interactions. The two proteins, RAP1 (repressor/activator protein) and 
ABF1 (autonomously replicating sequences [ARS]-binding factor), bind to overlapping 
sequences around position -461 of EN02. RAP1 also binds to one of the UAS elements 
in the ENOl gene, while another factor, designated EBF1 (enolase binding factor) binds 
to sequences just upstream (Brindle et al, 1990). However, the URS of ENOl has not 
been investigated further. Interestingly RAP1 is the same protein as TUF, the 
trans-acting factor that binds to UASrpg elements in ribosomal protein genes (Section
1.3.4.). Further experiments are required to assess whether the binding of RAP1 and/or 
ABF1 to EN02 mediates glucose induction or whether they are required for transcription 
per se. However, RAP1 dependent transcriptional activation is required for efficient 
expression, but not glucose regulation, of ADH1, another glycolytic gene (Santangel and 
Tomow, 1990). In cells grown in gluconeogenic conditions a trans-acting factor, the 
product of the GCR1 gene acts as a positive regulator of both ENOl and EN02, as well 
as of other glycolytic genes (Holland et al, 1987; Santangelo and Tomow, 1990). It is 
not known whether the product of GCR1, which is an inessential gene, acts directly or 
indirectly.

Half-lifes of two other mRNAs encoding glycolytic enzymes have been measured: 
59.9 +/- 7.8 minutes for the 1600 nt mRNA encoding pyruvate kinase (Santiago, 
1986), and variously as 30 minutes; 45 minutes and 70-80 minutes for the 1600nt
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mRNA encoding phosphoglycerate kinase (Mellor et al, 1987; Herrick et al, 1990; Chen 
et al, 1984). The reason for the discrepancies is not clear. Thus, in addition to enolase 
mRNA, mRNAs encoding at least one, and perhaps two, other glycolytic enzymes fall 
within the long half-life population.

3.3.1.3. CDNA46

Only one other cDNA that encodes a stable mRNA, of the five studied, has been found 
to be related to a known gene. Homology between cDNA46 and the mouse gene MER5 
is shown in Fig.3.4.d. MER5 was cloned by Yamamoto et al (1989) from a cDNA 
library prepared from erythroblasts derived from the spleen of an anaemic mouse. The 
authors were interested in the process of erythroid cell differentiation, for which murine 
erythroleukemia (MEL) cells constitute a model system (Marks and Rifkind, 1978). 
When MEL cells are treated with a variety of agents, expression of several erythroid- 
specific genes is induced after a latent period, including several "housekeeping-type" 
genes (Marks and Rifkind, 1978). In order to prepare an erythroid-specific probe a 
cDNA library was prepared from induced MEL cells, and mRNA from Ehrlich ascites 
tumour cells was used as a driver for subtraction hybridisation. The subtracted probe 
was used to screen the spleen library. The longest cDNA clone they isolated, pMER5, 
was sequenced and a single open reading frame of 257 codons was found. MER5 
mRNA is notably more abundant in three MEL lines as compared with non-erythroid 
mouse lines. Thus MER5 is expressed preferentially in erythroid cells, and on the basis 
of preliminary evidence, most abundantly in immature erythroblasts.

No TATA-like element has been found upstream of the MER5 transcription start site, 
although there are several typical targets for transcription factors within the 150nt 
proximal to the cap site (Yamamoto et al, 1989). In addition there is a motif reminiscent 
of one essential for transcription of the human (5-globin gene, and that is common in adult 
p-globin promoters of many species but uncommon in the promoters of other eukaryotic 
genes (Myers et al, 1986). The function of MER5 remains unknown, although 
Yamamoto et al (1989) hypothesise that by virtue of lacking a TATA box it may be a 
"housekeeping" gene. E N 02 , PYK  and PGK may also be considered to be 
"housekeeping" genes, as may ACT1 (half-life 76.6 +/-15 minutes; Santiago et al, 1986: 
half-life approx. 30 minutes; Herrick et al, 1990). Perhaps long, or longish, mRNA 
half-life is a general characteristic of housekeeping genes. As the similarity observed 
between the putative amino acid sequence derived from cDNA46 and that derived from 
MER5 does not run the full length of the former sequence, it is possible that the 
similarity is between functional domains of two distinct proteins, and thus that the two 
proteins are not true counterparts.
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3.3.2. cDNAs Representing Short Half-Life mRNAs

All of the short half-life mRNAs for which a function has been identified encode 
ribosomal proteins.

There are 70 to 80 ribosomal proteins in S. cerevisiae. Half-lifes of a few of the 
corresponding mRNAs have been measured by Kim and Warner (1983b) on the basis of 
incorporation kinetics. They found all of them to be relatively short. For example, the 
half-life of the mRNA encoding ribosomal protein L3 (equivalent to mRNA90) was 
found to be 13.1 minutes, rather more than the 6.6 +/- 0.67 minutes calculated by 
Santiago (1986), but still low. The discrepancy is most probably due to the different 
methods, though strain differences and/or growth conditions may have played a part. 
Kim and Warner measured the abundance of ribosomal protein mRNAs in minimal 
medium with glucose as a carbon source and at 23°C; in the experiments of Santiago
(1986) glucose was also present but the growth medium was rich, and the cells were 
grown at 30°C. Either or both of these differences may account for the discrepancy. In 
any case, the fact that mRNA half-lifes vary by more than an order of magnitude in 
S. cerevisiae is no doubt more significant than quibbles about the absolute half-life of 
any particular transcript.

3.3.2.1. CDNA39

cDNA39 is equivalent to the CYH2 gene, which in a mutated form confers resistance to 
cycloheximide, an inhibitor of peptide elongation (McLaughlin, 1974). CYH2 encodes 
the ribosomal protein L29 (Fried and Warner, 1982). Both mutant (cyh2, resistant to 
cycloheximide) and wild-type (CYH2) forms of the gene have been sequenced by 
Kaufer et al (1983). They are identical except for a single nucleotide substitution, C to 
G, at position 428 (Fig. 3.11.a.), which results in replacement of glutamine (CYH2) by 
glutamic acid (cyh2) at residue 37 of the protein. Moreover, Stocklein et al (1981) have 
characterised a second mutant form of the L29 protein, which has a lysine instead of a 
glutamine at the same position. This presumably arose from a C to A mutation at 
position 428. cDNA39 is presumably the wild type allele of L29 as it has a C at position 
428. Although the complete sequence of cDNA39 was not determined (Fig. 3.11.a.), 
information was obtained from both ends of the cDNA. The last C residue prior to the 
poly(A) tail is the most 5* of the three transcription termination sites described by Kaufer 
et al (1983). These authors also observed three possible transcriptional initiation sites. 
cDNA39 begins 8 to 19bp short of these (Fig. 3.11.a.).
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The CYH2 gene contains an intron, as do many ribosomal protein genes (see Woolford, 
1989). The splice junction occurs within codon 17, near to the 5' end of the gene. 
Sequences at the 5' and 3' boundaries of the intron are closely related to the consensus 
donor and acceptor sequences compiled by Mount (1982). Further, the CYH2 intron 
contains a consensus branchpoint sequence (Langford et al, 1984) approx. 45 nt 
upstream of the 3’ splice site. Further aspects of splicing in S. cerevisiae will be 
discussed in more detail in Chapters 4 and 5.

CYH2 is a single copy gene (Fried and Warner, 1982) that maps to chromosome VH 
(Mortimer and Hawthorne , 1966). Fried et al (1985) have demonstrated that CYH2 is 
an essential gene: haploid cells in which the only source of L29 is a copy of CYH2 
under the control of the GAL10 promoter grow normally on galactose but are non-viable 
on glucose. This was confirmed by Miles et al (1988).

Since mutations in CYH2 confer resistance to cycloheximide, and cycloheximide 
interferes with peptide elongation, L29 is presumed to be part of the peptidyltransferase 
centre.

A putative Neurospora crassa counterpart of CYH2 has been cloned, cyp-1 (cytoplasmic 
ribosomal protein gene), and is most similar to the yeast protein over its amino terminal 
region (Kreader and Heckman, 1987). Belhumeur et al (1987) recently cloned the gene 
encoding mouse ribosomal protein L27'. The deduced amino acid sequence of L27' is 
74% similar, when conservative changes are allowed, with that of the yeast L29 protein. 
Further, over the first 58 amino acids the two proteins are 86% identical, indicating that 
this region may be of particular functional importance. Homologies between mammalian 
and yeast ribosomal proteins have been reported before but they are generally weaker 
than observed between L29 of S. cerevisiae and L27' of mouse (Lin et al, 1983; Itoh et 
al, 1985). Do these two proteins perform the same function in the cell? Yeast strains in 
which cyh2 can be conditionally expressed have been created by substituting the 
wild-type CYH2 locus fo rcyh2 driven by a GAL 10 promoter. They can grow on 
galactose but not on glucose, since in the latter case no L29 protein is produced (Fried et 
al, 1985). Fleming et al (1989) introduced the mouse L271 gene and yeast CYH2 
separately, both on multicopy plasmids, into such a strain. Comparable growth occurred 
on galactose and glucose. Thus, at least in the presence of abundant mouse L27\ the 
functioning of the ribosome was sufficient to maintain normal growth, although, mouse 
L27' is not assembled into ribosomes when yeast L29 is present (Fleming et al, 1989). 
This demonstrates the strong evolutionary conservation between ribosomal proteins of 
organisms that have diverged considerably.



On the one hand,the mRNA encoded by CYH2 has been described to decay with a 
half-life of approx. 18 minutes (Santiago, 1986; Section 3.2.2.5.). On the other, its 
half-life has been measured to be approx. 43 minutes (Herrick et al, 1990). Although the 
latter measurement involved the use of a temperature-sensitive mutation in RNA 
polymerase II, it is important to emphasise that a heat-shock response does not occur 
under the conditions used by Herrick et al (1990)* since the response requires the 
transcription of of at least some RNA polymerase II genes (Nonet et al, 1988). Since 
many ribosomal protein mRNAs appear to be turned over rapidly (Kim and Warner, 
1983b; Herruer et al, 1988; Santiago, 1986; Herrick et al, 1990), a half-life of 
43 minutes for CYH2 mRNA does appear to be rather long, but cannot be ruled without 
further experimentation.

3.3.2.2. cDNA90

The gene that encodes ribosomal protein L3 (TCM1; equivalent to cDNA90) was one of 
the first ribosomal protein genes to be cloned, by virtue of the fact that a mutant form of 
the gene product confers resistance to the antibiotic trichodermin. Trichodermin inhibits 
eukaryotic protein synthesis by blocking elongation (Vazquez, 1979). TCM1 is located 
on chromosome XV (Grant et al, 1976). Both Fried and Warner (1981), and Shultz and 
Friesen (1983), cloned the mutant allele of the tcml gene and the latter authors sequenced 
it. L3 is the largest of the ribosomal proteins, having a molecular weight of approx. 
43 kD (Shultz and Friesen, 1983). Unlike many ribosomal protein genes, only one 
copy is present per haploid genome and, as shown by S1 mapping and confirmed by the 
nucleotide sequence, the gene does not contain an intron (Shultz and Friesen, 1983).

Many ribosomal proteins have common upstream activation sequences denoted UASqjg, 

which are present in either tine or two copies (Woudt et al, 1987; see Section 1.3.4.). 
Such sequence elements are not present in the promoter region of TCML  Instead 
another element, UASt, has been found to be involved in the transcription of TCML 
Further, a protein denoted TAF (TCM1 activation factor) binds to UASt in vitro (Hamil 
et al, 1988). In support of a hypothesis that TAF is indeed a transcriptional factor for 
TCML nucleotide alterations in UASj that diminish transcription in vivo also diminish 
TAF binding in vitro. TAF can be distinguished from the UASrpg-binding protein, TUF 
(Huet et al, 1987), by chromatography and by virtue of the fact that binding of either 
TAF or TUF to their respective UAS sequences is not competed by the other UAS. 
Finally the two proteins have different molecular weights. Thus, inTCM L  the UAS and 
the trans acting factor that binds to it are different from those used by most other 
ribosomal protein genes. Hamil et al (1988) also observed, by photochemical cross- 
linking methods, that there is an 82 kD protein that binds to both UASt and UASrpg,
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but only in the presence of TAF or TUF respectively. This additional protein may be the 
Trarts-acting factor that allows coordinate regulation of the ribosomal protein genes.

As stated in Section 3.1.2.3., mRNA90 has a half-life of approx. 7 minutes (Santiago, 
1986; Herrick et al, 1990; Table 3.1.). However, Herrick et al (1990) independently 
estimated the half-life of TCM1 mRNA (not realising it to be identical to mRNA90) as 11 
minutes. The difference in the two measurements is somewhat larger than the +/- 15% 
accuracy that Herrick et al (1990) claimed. By their criterion, TC M l encodes a 
moderately stable mRNA and cDNA90 an unstable mRNA. Clearly their measurements 
are not as accurate as they believe.

3.3.2.3. CDNA13

The complete sequence of cDNA13 was determined (Fig. 3.9.a.). At the nucleotide level 
the cDNA is 72.1% identical to part of the coding region of an S.pombe gene encoding 
ribosomal protein K37; at the amino acid level identity is 70.7% or 82.9% if conserved 
changes are allowed. Thus it appears likely that cDNA13 encodes a counterpart of the 
S. pombe protein and is thus a newly cloned ribosomal protein gene of S. cerevisiae. 
cDNA13 does not appear to be a full length cDNA; its 5' end is equivalent to codon 66 
of the K37 gene. Thus, in order to obtain the full coding sequence, it was necessary to 
clone and sequence the gene itself. This will be discussed in Chapter 5. Further 
discussion of S. pombe ribosomal protein K37 can be found in Sections 4.1.1. and 5.1. 
For the present, suffice to say that this is the third identified cDNA, from the set studied 
by Santiago (1986), that represents an mRNA that is both unstable and encodes a 
ribosomal protein.

The fact that 3 of the 8 unstable mRNAs encode ribosomal proteins, while the others 
have yet to be identified, begs the question as to whether any of the latter may also 
encode ribosomal proteins?

It was with this in mind that the distribution of acidic and basic residues was examined 
for each of the putative amino acid sequences. Unfortunately, many of the deduced open 
reading frames are too short for meaningful analysis. All that can be said is that the 
putative proteins encoded by cDNA9, cDNAll and cDNAlOO appear to be relatively 
basic and that, with the exception of cDNAll, which had an open reading frame too 
short to comment on, the codon bias is similar to that of other highly expressed genes of 
S. cerevisiae, including ribosomal protein genes (see Sharp et al, 1986). However, the 
bias is not as high as those of the genes encoding ribosomal proteins L29 and L3 
(cDNA39 and cDNA90). In contrast, the ORFs of cDNA19 all show a very low bias
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towards yeast codon usage (N.B. the sequence information obtained from cDNA19 is 
unfortunately not continuous), although the putative amino acid sequence obtained from 
the larger of the two subclones (pl9L) is more basic than acidic. Again, however, it 
must be emphasised that all these sequences were derived from only one strand, which 
makes it difficult to be confident regarding the ORF analysis. Lastly the sizes of all of 
the short half-life mRNAs are in the same range as those of mRNAs known to encode 
ribosomal proteins.

It has been hypothesised that ribosomal protein mRNAs of S. cerevisiae will have 
relatively short half-lifes (Kim and Warner, 1983b). This hypothesis is strengthened by 
the half-life of RP29 mRNA (note rp29 and L29 are different ribosomal proteins; see 
Appendix 2) being approx. 11 minutes (Herrick et al, 1990). However, in the same 
study, the mRNA encoding RP51A was stated to have a half-life of approx. 28 minutes, 
and thus by the criterion of the authors to be a member of the 'stable' group. The same 
was true of CYH2 mRNA (see Section 3.3.2.2.). When the estimated half-life of 
RP51A mRNA is plotted on Santiago's graph (Fig. 3.1.), it is outside the line drawn 
between the values for unstable mRNAs, but is nevertheless closer to this population 
than to the values for the stable mRNA population.

3.313. Comparison with Other S. cerevisiae Genes

URA3 encodes orotidine-5'-phosphate decarboxylase, an enzyme that catalyses the last 
step in the de novo synthesis of pyrimidines (Bach et al, 1979). URA3 mRNA half-life 
has been measured by four different methods: by the 1,10-phenanthroline method the 
half-life was found to be 11 minutes (Santiago et al, 1986); on the basis of decay 
kinetics, 10.5 minutes (Bachetal, 1979); on the basis of incorporation kinetics, 
7.3 minutes (Kim and Warner, 1983b); and finally using the temperature-sensitive Poin 
mutant, 3 minutes (Herrick et al, 1990). Thus, though there are minor disagreements as 
to the exact half-life of this mRNA, it most certainly is an unstable mRNA.

URA1 encodes dihydroorotic acid dehydrogenase, an enzyme that catalyses a step in the 
same pathway as does the UR A3 gene product. On the bases of both decay and 
incorporation kinetics, the half-life of URA1 has been found to be approx. 15 minutes 
(Pelsy and Lacroute, 1984). Within the same pathway, PPR1 mRNA (pyrimidine 
pathway regulation) with a length of 2900nt, the product of which regulates both URA1 
and URA3; has been shown by incorporation kinetics to have the extremely short half- 
life of approx. 1 minute (Losson et al, 1983). These results support Santiago's 
hypothesis of two distinct mRNA populations, within each of which length is inversely 
proportional to stability (Brown, 1989).
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Herrick et al (1990) suggested that mRNAs that are degraded rapidly have a higher 
proportion of rare codons than do stable mRNAs. Table 3.2. shows the frequency of 
rare codons in the stable and unstable classes of Santiago (1986). However, Herrick et 
al (1990) were able to analyse complete open reading frames. Further, Herrick et al 
(1990) defined a rare codon as one that that is used to encode a particular amino acid 
<1.5% of the time. Here, a maximum of 5% was chosen.

From my sequence data, from those of others, and most importantly from the sequences 
of cDNAs to which a function can be assigned, what conclusions can be drawn with 
respect to the biological significance of the two populations of mRNAs in S. cerevisiae 
as suggested by Santiago (1986). Among members of the long half-life class are 
mRNAs that encode products required in large amounts for normal growth, e.g. 
pyruvate kinase, enolase, phosphoglycerate kinase and actin. However, the same can be 
said for at least some of the mRNAs within the short half-life class, as ribosomal 
proteins constitute up to 15% of cellular protein (Mager, 1988), and their presence is 
clearly required for normal growth.

Therefore, the distinction between the stable and unstable mRNAs is not merely that 
between "housekeeping" genes and genes that are required under specific growth 
conditions. Perhaps there is no general rationale for an mRNA belonging to one 
population or the other as defined by Santiago (1986); instead, it may be preferable to 
consider each mRNA in isolation with respect to its unique functional role in the cell. 
Indeed, the results of Herrick et al (1990) suggest that rather than there being two distinct 
populations, there is a continuum of half-lifes.

Finally the one cDNA (cDNA82) for which no sequence information is available is one 
of the eight copied from mRNAs with short half-lifes. cDNA82 was not sequenced 
because of difficulties encountered in subcloning either the Pstl fragment containing the 
entire cDNA or an internal Hincll-Pstl fragment. The reasons for this were not 
investigated.



mRNA Frame Codons
Analysed

% Rare codons/ 
codons

Stable:-
cDNAlO (EN02) -■ 437 0
CDNA22 - - FND
CDNA46 1 78 15.4
CDNA74 3 51 7.8
CDNA85 1 27 o

Unstable:-
CDNA9 1 99 13
cD N A ll 1 20 15
CDNA13 1 188 0
CDNA19 -  ■ - FND
CDNA39 (CYH2) - 149 2
CDNA82 - - NS
CDNA90 (TCM1) - 387 1
cDNAlOO 1 41 18

Table 3.2. Rare codons as a percentage of total codons within the open reading 
frames deduced for cDNA's derived from short and long half-life 
mRNAs respectively. The ORF used is in each case the one considered 
to be most likely to encode a protein, as determined either from 
homology with a known gene, or from codon bias analysis. The 
relevant frame is indicated for each cDNA. A rare codon is defined as 
being < 5% of a synonymous codon family. FND, frame not 
determined; NS, no sequence data.



Note Added in Proof

Recently, the putative amino acid sequence derived from cDNA9 has been used again to 
search the NBRF protein database. Clear homology was observed to ribosomal proteins 
S12 from rat and mouse (Lin et al, 1987, J. Biol. Chem., 262, 14343-14351; Aydne 
et al, 1989, Nucl. Acid. Res., 17, 6722.). Thus at least four of the eight short half-life 
mRNAs encode ribosomal proteins.

The nucleotide sequence derived from cDNAll has been used again to search the 
GenEMBL database. Clear homology was observed to a region upstream of the 
S. cerevisiae choline transport protein (Nikawa et al, 1990, J. Biol. Chem., 265, 
15996-16003). The 3'-end of the cDNAl 1 sequence ends 320nt upstream of the coding 
region of this gene. Thus cDNAl 1 remains to be identified.



CHAPTER 4

NUTRIENT UPSHIFT, HEAT-SHOCK AND
SPLICING



4.1. Introduction

4.1.1. The K37 Ribosomal Protein Gene Family

The amino acid sequence deduced from cDNA13 is 71% identical, and 83% similar 
when conservative changes are allowed, to the sequence of an S.pombe protein, K37 
(Nischt et al 1987). Nischt et al (1986) cloned the K37 gene by virtue of its weak 
cross-hybridisation with the TCM1 gene of S. cerevisiae, which encodes L3, the largest 
S. cerevisiae ribosomal protein. Additional, if rather circumstantial, evidence that K37 
is indeed a ribosomal protein was obtained as follows (Nischt et al, 1986). A 
recombinant plasmid harbouring the K37 gene was linearised and hybridised, under 
conditions that favour R-loop formation (Woolford and Rosbash, 1979), with S. pombe 
poly(A)+ RNA. RNA released from hybrid molecules was translated in a wheat germ 
cell-free translation system, and analysed by polyacrylamide gel electrophoresis. 
lD-electrophoresis revealed a 31kD product, within the size range characteristic of 
ribosomal proteins of S.pom be , while 2D-electrophoresis, which can be used to 
separate the rather basic ribosomal proteins from most other cellular proteins (Warner 
and Gorenstein, 1978), showed that the 31kD product migrates in the same region as do 
other S. pombe ribosomal proteins. However, no specific assignment could be made, 
since the relevant area of the gel is rather crowded (N.F. Kaufer, personal 
communication).

Although the K37 gene was cloned by virtue of its homology with TCM1 of 
S. cerevisiae, it has been shown in this study that cDNA90, rather than cDNA13, 
encodes L3 (see Sections 3.2 2.6. and 3.3.2.2.). Moreover, L3 has a molecular weight 
of 43.5kD (Shultz and Friesen, 1983) rather than 3lkD, and TCML has only 38.4% 
nucleotide identity with cDNA13 over the coding region (Fig. 4.1.; note that only part of 
the cDNA 13 coding region is available for analysis).

At this stage it seemed extremely likely that cDNA13 represents a newly discovered 
ribosomal protein gene of S. cerevisiae. However, there are certain general properties 
of the expression of ribosomal genes that, if also true of the gene corresponding to 
cDNA13, would provide additional support for such an assignment of function. In this 
Chapter I describe studies of gene expression in the context of cDNAs representing 
several short half-life mRNAs. The background to the studies is described below.



1  ...................................   . TACAAGTACAGATTACGTGAAGAAATCTT 29
II I I  I I I I I

4 5 1  ATCAAGAAGTACGCTTCCGTCGTCAGAGTTTTGGTCCACACTCAAATCAG 5 0 0

30  CATTGCTAACGAAGGTGTTCACACTGGTCAATTCATTTACGCTGGTAAGA 79  
I II I I I I I I I I  II I I I I

5 0 1  AAAGACTCCATTGGCTCAAAAGAAGGCTCATTTGGCTGAAATCCAATTGA 5 5 0

80 AGGCTTCTTTGAACGTCGGTAACGT. . . CTTGCCATTGGGTTCTGTCCCA 1 2 6
I I I I I I I  I I I I I II I I I I I I  I

5 5 1  ACGGTGGTTCCATCTCTGAAAAGGTTGACTGGGCTCGTGAACATTTCGAA 6 0 0

1 2 7  GAAGGTACCATTGTCTCCAACGTTGAAGAAAAGCGAGGTGACAGAGGTGC 1 7 6  
I I I I I I I I I I I I  I I I  I I I I II 

6 0 1  AAGACTGTTGCTGTCGACAGCGTTTTTGAACAAAACGAAATGATTGACGC 6 5 0

17 7 CCTAGCCAGAGCTTCTGGTAACTACGTTATCATCATTGGTCACAACCCAG 2 2 6  
I I I  I I I I I I I II I I I I I

6 5 1  TATTGCTGTCACCAAGGGTCACGGTTTCGAAGGTGTTACCCACAGATGGG 7 0 0

2 2 7  ATGAAAACAAAACCAGAGTCAGATTACCATCCGGTGCCAAGAAGGTTATC 2 7 6  
I I I I I I I I I I I I  I I II I I I 

7 0 1  GTACTAAGAAATTGCCAAGAAAGACTCACAGAGGTGTAAGAAAGGTTGCT 7 5 0

2 7 7  TCTTCTGACGCCAGAGGTGTCATCGGTGTCATTGCCGGTGGTGGTAGAGT 3 2 6
I I  II II I I I II I I I I I I I I I I I

7 5 1  TGTATTGGTGCTTGCCATCCAGCCCACGTTATGTGGAGTGTTGCCAGAGC 8 0 0

3 2 7  TGACAAACCATTGTTGAAGGGTGGTCGTGCTTTCCACAAGTACAGATTGA 3 7 6  
II II I I I I I  I II I I I  I I

8 0 1  TGGTCAAAGAGGTTACCATTCCAGAACCTCCATTAACCACAAGATTTACA 85 0

3 7 7  ..............................   AGAGAAACTCTTGGCCAAAGACCCGTGGTGTT 4 0 8
I I I I I I I I

8 5 1  GAGTCGGTAAGGGTGATGATGAAGCTAACGGTGCTACCAGCTTCGACAGA 9 0 0

4 0 9  GCCATGAATCCAGTTGATCACCCTCACGGTGGTGGTAACCATCAACATAT 4 5 8  
I I I I I I I II I I I I  I I I I  I I I

9 0 1  ACCAAGAAGACTATTACGCCAATGGGTGGTTTCGTCCACTACGGTGAAAT 9 5 0

45 9  TGGTAAGGCTTCTACTATCTCTAGAGGTGCCGTTTCTGGTCAAAAGGCTG 5 0 8  
I I I I  I I II I I I I I I I I II I I I 

9 5 1  TAAGAACGACTTCATCATGGTTAAAGGTTGTATCCCAGGTAACAGAAAGA 1 0 0 0

509  GTTTGATTGCTGCCAGAAGAACCGGTTTACTACGTGGTTCTCAAAAGACC 5 5 8  
I I I I I I I I I I I I I I I I I N !

1 0 0 1  GAATTGTTACTTTGAGAAAGTCTTTGTACACCAACACTTCTAGAAAGGCT 1 0 5 0

559  CAAGATTAA..   . 5 6 7
II II

1 0 5 1  TTGGAAGAAGTCAGCTTGAAGTGGATTGACACTGCTTCTAAGTTCGGTAA 1 1 0 0

Figure 4.1. Identity between cDNA13 (upper) and tcml (lower; Shultz and 
Friesen, 1983) at the nucleotide level. Over the region available for 
anaylysis, the two genes are only 38.4% identical.



4.1.2. Nutrient Upshift

S. cerevisiae is a facultative anaerobe, able to growth oxidatively on ethanol or 
fermentatively on glucose. The generation time on glucose can be as little as 2 hours, 
whereas growth on ethanol is roughly three times slower. In turn, ribosome content per 
cell is proportional to growth rate (Keif and Warner, 1981). A similar relationship has 
been demonstrated for E. coli (Kjeldgaard and Gausing, 1974). Thus, when yeast 
grown on ethanol are shifted to glucose, there is an immediate increase in the rate of 
synthesis of ribosomal proteins, such that their abundance rises by 2.5-fold within the 
first 15 minutes and 4-fold after 1 hour, the latter being a steady-state level characteristic 
of the new growth medium. rRNA accumulates with similar kinetics. Elevated 
synthesis of both rRNA and ribosomal proteins begins so rapidly that Keif and Warner 
(1981) were unable to determine whether one precedes the other. Oddly, cell division is 
arrested as a consequence of the addition of glucose; only after 60 minutes in the richer 
medium is the higher growth rate observed. Possibly this is due to a requirement for an 
increased number of ribosomes per cell before the new growth rate can be established.

Increased levels of ribosomal proteins, after addition of glucose to an ethanol-grown 
culture, are parallelled by changes in the levels of the respective mRNAs. This reflects 
changes in the rates of transcription of the respective genes. Take for example, the 
expression of a hybrid gene formed by fusing a 528 bp domain, derived from sequences 
upstream of the transcription start site of RP55A, to a coding region formed by fusion of 
a segment of the yeast CYC1 gene (iso-cytochrome-C) to the lacZ gene of E. coli 
(Donovan and Pearson, 1986). The final construct contained no CYC1 regulatory 
sequences. The rate of synthesis of p-galactosidase from the gene fusion, after 
integration into the yeast genome at the RP55A locus, increased upon addition of glucose 
to cells growing in ethanol minimal medium, and with the same kinetics as did the rate of 
synthesis of several ribosomal proteins. Thus, a glucose response element appears to lie 
within the 528 bp domain. Further experiments showed that a glucose response element 
is inseparable from the UASrpg element found upstream of many yeast ribosomal protein 
genes, and which is recognised by the rrajzs-activation factor TUF (Huet et al, 1985; 
Section 1.6.). A consensus UASrpg, introduced by means of a synthetic oligonucleotide 
into a transcriptionally-inactive reporter gene, confers responsiveness to glucose in.,. 
addition to restoring transcriptional activity (Herruer et al, 1987).



4.1.3. Heat-Shock

When cells or organisms are exposed to temperatures slightly above the optimum 
required for their growth, they respond by synthesising a small group of proteins, the 
heat shock proteins (hsps), which help to protect them from stress. The phenomenon 
was first observed in Drosophila (Ritossa, 1962), and is one of the most highly 
conserved genetic regulatory systems known. The same set of proteins can be induced 
by a wide variety of other stresses including exposure to heavy metal ions, ethanol and 
inhibitors of respiratory metabolism. Thus induction of hsps is a very general response 
to adverse conditions (see Linquist, 1986).

In the case of S. cerevisiae, the nature of the response is influenced by the metabolic state 
of the cell. The response of cells growing fermentatively at 25°C, for example, is 
transient at 36°C and sustained at 40°C. The response of respiring cells, on the other 
hand, is transient at 34°C and sustained at 36°C(Linquist, 1986). In general, the 
heat-shock response is transient at moderate temperatures, with growth resuming after a 
temporary pause, while at higher temperatures the effect is sustained and the cells 
eventually die.

Among 500 individual S. cerevisiae proteins analysed with respect to the effect of a mild 
heat-shock on their synthesis, 80 were found to be transiently induced, more than 300 to 
be transiently repressed, while the rest were largely unaffected (Miller et al, 1982). 
Among those that are repressed, the kinetics of repression can vary considerably (Miller 
et al, 1982). More particularly, heat-shock has a pronounced effect on ribosomal protein 
synthesis. In the case of cells growing fermentatively, a mild shock causes the rate of 
synthesis of 40-50 ribosomal proteins to be depressed by 80-90% compared with that of 
the bulk of cellular protein (Gorenstein and Warner, 1976). Moreover, studies involving 
in vitro translation, followed by 2D-electrophoresis to separate ribosomal proteins from 
other cellular proteins, indicated that the effect is due to selective depletion of ribosomal 
protein mRNAs (Warner and Gorenstein. 1977). Repression is only transient, however: 
after approx. 20 minutes of practically no ribosomal protein synthesis, the cells begin to 
recover.

Is the depletion of ribosomal protein mRNAs following heat-shock the result of reduced 
transcription, or of increased mRNA turnover? In fact, both may play a role. Kim and 
Warner (1983a) measured transcription rates by pulse-labelling cells with [3H]-uracil and 
quantifying the hybridisation of labelled RNA to cloned ribosomal protein genes. After 
10 minutes of a mild heat-shock, the rates of transcription of 5 ribosomal protein genes 
had decreased to between 10 and 30 % of the rates at 23°C. Following recovery (after 
1 hour at the higher temperature), the rates were approx. double those of the 23°C

-63-



culture, possibly due to increased efficiency of the polymerase at the higher temperature. 
The response to heat-shock appears not to be mediated by UASrpg elements, since 
CRY1, which encodes rp59, and which in mutated form confers resistance to the 
alkaloid cryptopleurine, can respond to heat-shock even when its UASrpg elements have 
been deleted (Larkin et al, 1987). Moreover, introduction of a consensus UASrpg into a 
transcriptionally-inactive reporter gene, does not confer a response characteristic of 
ribosomal protein genes (Herruer et al, 1988). Thus, the promoter element that responds 
to heat-shock remains to be characterised.

In addition to its effect on transcription, heat-shock seems also to regulate the turnover of 
ribosomal protein mRNAs. For example, while the half-lifes of S10 and L25 mRNAs 
do not differ significantly between cells growing continuously at 23°G or at 36°C, both 
mRNAs decay four-fold faster immediately following a heat-shock. Furthermore, the 
transcription inhibitor 1,10-phenanthroline blocks this increased turnover, suggesting 
that a heat-shock-inducible factor is involved (Herruer et al, 1988).

Synthesis of ribosomal RNA does not display a temperature effect, since precursor 
rRNA continues to be made. Its processing is impeded, however (Warner and Udem, 
1972). Processing of rRNA is dependent upon a continuous supply of ribosomal 
proteins. In their absence unprocessed rRNA is degraded (Warner and Gorenstein, 
1977).

4.1.4. Pre-mRNA Splicing

Very few S. cerevisiae nuclear genes have introns, possibly due to selective pressure for 
efficient growth, intensified by millenia of domestication. However, nearly all of the 
genes that encode ribosomal proteins do have an intron (see Woolford, 1989; Appendix 
3). A number of S. cerevisiae genes have been identified whose products are involved 
in the generation of mature mRNAs from their unspliced precursors (pre-mRNAs). 
Previously known as RNA genes (Hartwell et al, 1970), these are now referred to as 
PRP (pre-mRNA processing) genes. Although most of their products are required for 
spliceosome formation (Lin et al, 1987), an exception is the PRP2 gene product, which 
acts after spliceosome assembly and is required for the first step in the splicing reaction 
(Lin et al, 1987). PRP2,3,4, 8 and 11 have been cloned: all are single-copy genes that 
are essential for cell viability (Lee et al, 1984; Last et al, 1984; Soltyk et al, 1984; 
Jackson et al, 1988). Sequencing and/or immunological studies indicate that each 
encodes a protein (Jackson et al, 1988; Lee et al, 1986; Last and Woolford, 1986; Chang 
etal, 1988).

Strains bearing temperature-sensitive alleles of PRP genes show a dramatic decrease in
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ribosomal protein synthesis at the restrictive temperature (Gorenstein and Warner, 1976; 
Warner and Gorenstein, 1977), as a result of the failure to generate mature ribosomal 
protein mRNAs. Moreover Northern blot analysis shows that the decrease is generally 
accompanied by the accumulation of larger RNA species (pre-mRNA; Rosbash et al, 
1981).

In the experiments described here, DJy36, an S. cerevisiae strain harbouring the 
temperature-sensitive prp2-l mutation, was used to investigate whether any of the genes 
corresponding to the short half-life mRNAs of Santiago (1986) contain introns.



4.2. Results

4.2.1. Nutrient Upshift

The experimental procedure was essentially that of Herruer et al (1987). DBY746 was 
grown to stationary phase in EMM supplemented as described in Section 2.6.1., and in 
the presence of 0.04% glucose. Without the addition of glucose the culture took over 10 
days to commence exponential growth. 500pl of the stationary phase culture was used 
to inoculate 200ml of EMM, as above except for the glucose supplement, and grown at 
30°C until an OD&JOnm of 0.8. was reached. 0.1 volume of 20% glucose was then 
added, mixed rapidly and incubation was continued at 30°C. Samples (30ml) were taken 
at 0,10,20, 30, 60 and 120 minutes after the carbon-source upshift, mixed immediately 
with 2 volumes of cold (-70°C) ethanol, and stored at -20°C until required. Total RNA 
was isolated from each sample (Section 2.8.5.), fractionated on 1.5% 
agarose/formaldehyde gels (Section 2.11.1), and blotted (Section 2.12.1.). Cell-count 
on YPG agar was sampled at 1 hour intervals during growth on EMM, and at the same 
times-points as were chosen for RNA isolation during growth on glucose. 
Unfortunately the counts varied rather erratically after the nutrient-upshift (data not 
shown), possibly due to the cells becoming sticky in the presence glucose. When the 
growth rates of DBY746 in EMM and GMM were measured independently in terms of 
viable cell counts on YPG agar, however, doubling time in GMM was 80 minutes, while 
that in EMM was roughly four-fold slower (330 minutes).

In order to assess the loading per lane, a 25 nt oligonucleotide, specific to the ENOl 
gene (Section 2.4.), was used to probe the Northern blots. As discussed in 
Section 3.3.1., ENOl mRNA is expressed constitutively (Holland et al, 1981; Cohen et 
al 1987). The chosen oligonucleotide is complementary to the 5-untranslated region of 
ENOl mRNA (residues 2 to 26); when hybridisation is carried out at 42°C and in 40% 
formamide, it does not hybridise with EN 02  mRNA (M.J. Holland, personal 
communication; this study). Fig. 4.2.a. shows a Northern blot probed with both 
cDNA13 and the ENOl-specific oligonucleotide. Even though mRNA loading evidently 
varies from lane to lane, it is obvious that the abundance of mRNA13 increases on 
addition of glucose. This result is very similar to results obtained by Herruer et al
(1987), using probes specific for ribosomal protein genes L25, S10 and S33.

To investigate the induction of an mRNA known to encode a ribosomal protein, the 
same experiment was repeated using a cDNA90 probe. cDNA90 encodes ribosomal 
protein L3, the TCM1 gene product (Section 3.2.2.6.). The results are shown in
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Figure 4.2.a. A Northern blot of RNA isolated at 0 10, 20, 30, 60 and 120 minutes 
after the addition of glucose (final concentration 2%)to an EMM 
culture, probed with an ENOl oligonucleotide, and with cDNA13.

Probe

0 1

*

ENOl CDNA90 CDNA9

0 20 30 60 120 0 10 20 30 60 120 0 10 20 30 60 120

— 1 77kb

— 1 52kb

— 1 28kb

t

— 0 78kb

— 0 53kb

Figure 4.2.b. As Fig. 4.2.a. probed with an ENOl oligonucleotide, reprobed with 
cDNA90 (!TCM1), and reprobed again with cDNA9.



Fig.4.2.b. Again RNA loading is not equal from lane to lane. It also differs from that in 
Fig. 4.2.a. However, induction of TCM1 mRNA on addition of glucose is clearly 
evident and, even though background is rather high, it resembles that of mRNA 13. 
Reprobing the filter with cDNA9 (Fig. 4.2.b.), which represents another short half-life 
mRNA (Fig.3.1.; Section 3.2.2.1.), indicates that mRNA9 does not begin to be induced 
until 2 hours after growth on glucose.

4.2.2. Heat-Shock

The experimental procedure was essentially that of Herruer et al (1988). DBY746 was 
grown at 23°C in GMM plus supplements (Section 2.6.1.), until an OD660nm of 0.8 was 
reached. An equal volume of fresh medium at a temperature of 49°C was then added, 
and growth was continued at 37°C. 30ml samples were taken 0,15, 30 and 60 minutes 
after the shift, mixed immediately with 2 volumes of cold ethanol (-70°C), and stored at 
-20°C until required. At the same time as the samples were withdrawn for RNA 
preparation, a small portion of the culture was labelled for 10 minutes, in vivo, with 
[35S]-methionine in order to confirm that a heat-shock response had occurred (this was 
carried out by Jane MacKenzie). Protein samples containing equal amounts of 
radioactivity, and representing each time point, were separated by electrophoresis in a 
9% SDS polyacrylamide gel. Autoradiography (not shown) verified that hsps 100, 90 
and 70, as well as a number of minor hsps, were present 15 and 30 minutes after 
heat-shock. Most of the changes in protein synthesis had reverted by 60 minutes, as is 
expected after a fairly mild heat-shock (Piper et al, 1988). In the knowledge that a 
heat-shock response had occurred, RNA was prepared from the samples taken at each 
time point, fractionated on 1.5% agarose/formaldehyde gels, and blotted.

As a loading control the yeast transposon Tyl, which gives rise to a major transcript of 
5.7 kb that is expressed constitutively in cells undergoing a heat-shock (Piper et al, 
1986), would have been ideal. A blot was probed with pKT15, which contains a Tyl 
element within a 9.6 kb HindUI fragment inserted into pBR322 (P. Piper, personal 
communication). Unfortunately,the degree of non-specific hybridisation was too high 
and this approach was abandoned. Instead, hybridisation to 18S rRNA was used to 
assess loading. Gorenstein and Warner (1976) have shown that synthesis of rRNA 
continues after a mild heat-shock (from 23°C to 36°C), even though processing of the 
primary transcript is slowed somewhat.

Fig. 4.3.a. shows that the abundance of mRNA 13 declines sharply following 
heat-shock, and remains low thereafter. The loading representing the 60 minute time 
point was much higher than the others, and thus the apparent recovery of mRNA 13 is
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c. d.

e.

Figure 4.3.a-e. Northern blot of RNA isolated at 0, 15, 30 and 60 minutes after a 
temperature shift from 23°C to 37°C, probed with the indicated 
cDNAs, stripped and reprobed with pSP65R (containing an 18S 
rRNA gene). N.B. RNA representing the 60 minute time point is not 
present in blot E.



not real. Fig.4.3.b. shows how an mRNA encoding a known ribosomal protein 
"behaves” under the same conditions. cDNA90 represents TCM1, which encodes 
ribosomal protein L3 (Section 3.2.2.6.; Fig. 4.3.b.). The profiles of mRNA13 and 
mRNA90 can be seen to be quite similar, although mRNA90 probably recovers more 
quickly. Three other short half-life mRNAs were studied in the same way 
(Figs. 4.3.c-e): mRNA9 abundance appears to decline after a heat-shock, but to recover 
by 30 minutes. mRNA 19 behaves similarly. mRNA 11, in contrast, is relatively 
unaffected by heat-shock.

N.B. RNA representing the 60 minute time point in Fig. 4.3.b has run anomalously, as 
can be seen by the reduced mobility of both 18S rRNA and mRNA90 (c.f. Figs. 4.2.a., 
c and d). This does not interfere with observations of abundance, however.

4.2.3. Pre-mRNA Splicing

As stated in Section 4.1.4., very few non-ribosomal protein genes of S. cerevisiae 
contain introns, while the presence of an intron in a ribosomal protein gene is more 
common than its absence. To investigate whether the genes corresponding to various 
short half-life mRNAs contain introns, their expression was studied in DJy36 (Section
2.2.), which carries the temperature sensitive mutation prp2~l. Expression in DJy36 
was compared with that in DJy89 (wild type for PRP2), which while not the PRP2 
counterpart of DJy36, is nonetheless a good control (Derek Jamieson, personal 
communication). At the non-permissive temperature, cells bearing prp2-l exhibit a 
dramatic decrease in the abundance of mRNAs derived from genes that contain introns, 
and an increase in the abundance of their unspliced precursors (Rosbash et al 1981; Teem 
and Rosbash, 1983).

DJy36 and DJy89 were grown to an OD660nm of 0.4 at 23°C in GMM containing the 
appropriate supplement (Section 2.6.1.). To half of each culture was added an equal 
volume of 49°C GMM, and incubation was continued at 37°C. To the other half was 
added an equal volume of 23°C GMM, and incubation was continued at 23°C. 40 ml 
samples were taken from these cultures at 0 and 60 minutes. At the latter time point, 
recovery from the general effects of heat-shock should have occurred. RNA isolated 
from each sample was fractionated by electrophoresis, and blotted. In order to verify 
that expression of prp2-l had been affected by the temperature shift, one blot was probed 
with a cloned actin gene. This is one of the few non-ribosomal protein genes of 
S. cerevisiae that contains an intron (Gallwitz and Sures, 1980). As can be seen in 
Fig. 4.4.a. (lane 5),.actin pre-mRNA accumulates in DJy36 at the non-permissive 
temperature. A small proportion appears either to have been spliced correctly, or to
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Figure 4.4.a. Expression of the actin gene in PRP+ and prp2-l strains. A 
Northern blot (~10|ig of RNA per lane) was probed with pSPACT9, 
which contains the yeast actin gene. Lane 1, DJy89 (PRP+) 0 min; 
lane 2, DJy89 (PRP+) 60 min at 37°C; lane 3, DJy36 (prp2-l) 0 min; 
lane 4, DJy36 (prp2-l) 60 min at 23°C; lane 5, DJy36 (prp2-l) 60 
min at 37°C.



remain from prior to the temperature shift. In fact, it is surprising that so little mature 
mRNA remains, since actin mRNA half-life has been measured in one study to be as 
long as 30 minutes, and in another to be as long as 77 minutes (Herrick et al, 1990; 
Santiago et al, 1986). Perhaps its half-life decreases following heat-shock, as has been 
shown for some ribosomal protein mRNAs (Herruer et al, 1988). Assuming equal 
loading, the abundance of actin pre-mRNA at the restrictive temperature is considerably 
lower than that of the mature mRNA at the permissive temperature. Such an effect is 
typical (D. Jamieson, personal communication), and suggests that pre-mRNA is turned 
over rapidly. Unfortunately, however, accurate quantitation of this effect is not possible 
in the case of the experiments described here, since loading controls were not carried out

In the knowledge that DJy36 .had accumulated actin pre-mRNA at the restrictive 
temperature, the effect on the synthesis of mRNAs 9, 11, 13, 19 and 100 (all short 
half-life mRNAs) was studied. Of most interest is the accumulation of a new RNA 
species that hybridises with cDNA13 at the restrictive temperature, suggesting the 
presence of an intron within the corresponding gene (Fig. 4.4.b.). Mature mRNA13 is 
approx. 980 nt in length, compared with approx. 1300 nt for the putative pre-mRNA. 
This suggests an intron of approx. 300 nt. On the autoradiograph itself, two higher 
molecular weight bands that differ insignificantly in intensity between the two lanes are 
observed at both the restrictive and the permissive temperatures. Unfortunately, due to a 
photographic artefact, only one of them is visible in the Figure, and then only in one 
lane. It is possible that these correspond to 25S rRNA (3360 nt) and 18S rRNA 
(1710 nt; Phillippsen et al 1978b). The same blot, when stripped and reprobed with 
cDNAlOO, showed evidence of neither mature nor pre-mRNA at the restrictive 
temperature (Fig. 4.4.b.). This too may be suggestive of an intron in the corresponding 
gene, no detectable pre-mRNA perhaps being due to its very low abundance. However, 
further confirmation would be desirable. Again, two higher molecular weight bands are 
seen at both the restrictive and the permissive temperatures, perhaps for the same reason 
as suggested above.

A second blot (an adjacent region of the same gel) was probed first with cDNA19 
(Fig. 4.4.b.). Although mRNA 19 abundance appears slightly lower at the restrictive 
than at the permissive temperature, this could well reflect incomplete recovery from 
heat-shock (Gorenstein and Warner, 1976), or unequal loading. Thus, it seems unlikely 
that the corresponding gene contains an intron. The blot was stripped and reprobed with 
cDNAll (Fig. 4.4.b.). As in the case of cDNAlOO, neither mature mRNA nor 
pre-mRNA is detected at the restrictive temperature, again suggesting that the 
corresponding gene contains an intron. Again, however, in the absence of detectable 
pre-mRNA, further confirmation would be desirable. The blot was stripped yet again, 
and probed with cDNA9 (Fig. 4.4.b.). mRNA9 abundance appears considerably lower
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Figure 4.4.b. Effect of a splicing defect on the synthesis of mRNAs 9, 11, 13, 19 
and 100. RNA isolated from DJy36 grown at the permissive 
temperature (23°C), and at the non-permissive temperature (37°C), 
was fractionated in duplicate and blotted. One blot was probed with 
cDNA19, followed by cDNAll, and finally cDNA9. The second was 
probed with cDNA13 followed by cDNAlOO.



at the restrictive than at the permissive temperature. This may reflect the presence of an 
intron in the corresponding gene, although no pre-mRNA is evident. Alternatively, it 
may reflect incomplete recovery from heat-shock.



4.3. Discussion

Nutrient upshift and heat-shock experiments show that mRNA 13 abundance is regulated 
in a fashion similar to that of other mRNAs encoding ribosomal proteins of S. cerevisiae 
(Section 4.1.). In particular, parallel studies of the expression of mRNA90 (TCM1) 
allowed a direct comparison with the expression of a known ribosomal protein gene. It 
is clear that mRNA 13 and mRNA90 are subject to similar control. Further, studies of 
mRNA13 expression in a temperature sensitive splicing mutant (prp2-l), indicate the 
presence of an intron in the corresponding gene. As discussed in Section 4.1.5., it is 
rare for an S. cerevisiae go.ne encoding a non-ribosomal protein to contain an intron. 
These data, together with the short half-life of mRNA 13 and, most significantly, the 
extent of homology observed at both the nucleotide and amino acid levels with K37 of 
S. pombe, support the conclusion that mRNA 13 indeed encodes a ribosomal protein.

Even in a wild-type strain, when genes encoding the ribosomal proteins L32 or L29 are 
present as multiple copies, accumulation of unspliced mRNA occurs (Dabeva et al, 
1986). However, not all intron-containing genes, even ribosomal protein genes, behave 
in the same way (see Warner, 1989), suggesting that the effect is gene-specific rather 
than being due to a general overloading of the splicing machinery. Indeed, in the case of 
L32, it seems that the effect is due to excess L32 protein blocking the first step of the 
splicing reaction, i.e. cleavage at the 5' splice site and formation of a lariat structure 
(Dabeva et al, 1986). It remains to be seen whether this autoregulation is modulated 
directly or indirectly by L32. L29, in contrast, appears not to be involved in the 
regulation of splicing, and the cause of the effect is unknown (Dabeva et al, 1986). It 
would be of considerable interest to know whether mRNA 13 levels are also regulated, in 
one way or another, at the level of splicing.

mRNA9 recovers rapidly from the general effects of heat-shock (Fig. 4 .3 .C .), yet in 
DJy36 it is severely depleted after 1 hour of growth at the restrictive temperature 
(Fig. 4.4.b.). It seems unlikely that this is due to some secondary effect of the splicing 
defect, since at least 2 hours at the restrictive temperature are required for there to be 
significant impairment of translation and tranlsation fidelity (Hartwell et al, 1970). Thus 
it is tempting to speculate that the gene corresponding to cDNA9 contains an intron, and 
that pre-mRNA is not detected either because it is turned over rapidly at the restrictive 
temperature, or because the intron is so short that pre-mRNA cannot be distinguished 
from the mature mRNA. The latter seems unlikely, however, since although the shortest 
introns known in S. cerevisiae are the 54 nt and 52 nt introns of the M ATal gene 
(Miller, 1984), the majority of S. cerevisiae introns are between 200 nt and 500 nt (see
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Woolford, 1989). Although mRNA9 is induced 120 minutes after a glucose upshift 
(from previously undetectable levels; Fig.4.2.b.), this is much slower than expected for 
an mRNA encoding a ribosomal protein. Similarly, the fast recovery of mRNA9 after 
heat-shock is not typical of ribosomal protein mRNAs. This being said, however, the 
abundance of at least one ribosomal protein mRNA, L25, does return to normal levels 
after 30 minutes of heat-shock (Herruer et al, 1988).

In the case of mRNAs 11 and 100, neither mature mRNA, nor pre-mRNA, was 
observed in DJy36 grown at the restrictive temperature. This is highly suggestive that 
both of the corresponding genes contain introns and, since few non-ribosomal protein 
genes of S. cerevisiae contain introns (see Woolford, 1990), that they encode ribosomal 
proteins. Failure to detect pre-mRNAs may simply reflect their low abundance, due to 
high turnover. The short half-lifes of mRNAs 11 and 100, together with the rather basic 
amino acid composition of their putative products, are not at variance with a suggestion 
that they encode ribosomal proteins. On the other hand, mRNAl 1 does not appear to be 
affected by heat-shock. This might be taken as evidence that it does not encode a 
ribosomal protein. Although the blot was of poor quality, and the experiment should 
therefore be repeated, the observation is in agreement with the data of Santiago (1986; 
see Section 1.1.). Unfortunately the effect of heat-shock on the expression of 
mRNAlOO was not investigated.

In contrast with the above, the gene corresponding to cDNA19 appears not to contain an 
intron. Even this, however, need not exclude the possibility of it encoding a ribosomal 
protein, since the genes encoding ribosomal proteins L3 and S33 are intronless (Shultz 
and Friesen, 1983; Leer et al, 1983; Appendix 3). However, mRNA19 is also unlike 
most ribosomal protein mRNAs in that it recovers relatively quickly from heat-shock.

Data relevant to the question of whether any of the short half-life mRNAs discussed here 
indeed encode S. cerevisiae ribosomal proteins are summarised in Table 4.1.



cDNA 9 11 13 19 39 82 90 100
Corresponding 
ribosomal protein: 
S. cerevisiae

CYH2 TCMl

Corresponding 
ribosomal protein: 
other organism(s)

S12 * 
(R,M)

K37 (S) 
VI (Di) 
L2(E)

L27'(M)
cyp-1

(N)

LI
(T,A)

Basic composition? YES ? YES YES YES N.D. YES ? ’

Glucose-inducible? YES N.D. YES N.D. N.D. N.D. YES N.D.

Reduced mRNA 
after Heat-shock?

YES NO YES YES N.D. N.D. YES N.D.

Spliced mRNA? YES YES YES NO YES N.D. NO YES

Conclusion ++ + ++ +/- ++ ++ +

Table 4.1. Summary of information concerning the cDNAs derived from short 
half-life mRNAs. Abbreviations:- A, Arabidopsis thaliana; Di, 
Dictyostelium discoideum; E, Escherichia coli; M, mouse; R, rat; 
S, Schizosaccharomyces pombe; T, Tetrahymena thermophila; 
N.D, not done; ?, data not c o n c lu s iv e ;e n c o d e  ribosomal 
proteins; + and +/-, varying degrees of posibility; *, See note added 
in proof at end of Chapter 3.



CHAPTER 5

CLONING OF A GENE CORRESPONDING TO
CDNA13



5.1. Introduction

cDNA13 appears to represent a previously undescribed ribosomal protein gene of 
S. cerevisiae. Comparison with the sequence of the K37 gene of S. pombe (Nischt 
et al, 1987) suggests that approx. 200bp of coding information is missing at the 5' end, 
together with any 5-untranslated sequences. It would clearly be desirable to obtain this 
missing information, as well as to obtain information regarding potential transcription 
control sequences. Moreover, K37 is not the only S. pombe gene with which 
comparisons can be made. Kaufer and his colleagues have recently cloned and 
sequenced two other S. pombe genes (K5 and KD4) that are 99% identical with K37 in 
terms of predicted amino acid sequence (Fig. 5.1., Table 5.1.; Teletski and Kaufer, 
1989; Gatermann et al, 1989).

In this Chapter I describe the cloning and characterisation of genomic DNA sequences 
related to cDNAl 3.



K37 . MGRUI RflQRK SGGI FQflHTR LRKGflflQLRT LDFflERHGY I RGUUQKI I HD 50
KD4 MGRUIRflQRK SGGIFOflHTR LRKGflflQLRT LDFflERHGVI RGUUOKII HD
K5 MGRUIRflQRK SGGIFQflHTR LRKGflflQLRT LDFflERHGVI RGUUQKI I HD

PGRGAPLAKU flFRNPYHYRT DUETFUFITEG MYTGQFUYCG KNflflLTUGNU 100
PGRGflPLflKU flFRNPVHVRT DUETFUFITEG MYTGQFUVCG KNflflLTUGNU
PGRGflPLAKU flFRNPYHYRT DUETFUflTEG MYTGQFUYCG KNflflLTUGNU

LPUGEMPEGT IISNUEEKflG DRGflLGRSSG NYUIIUGHDU DTGKTRUKLP 150
LPUGEMPEGT IISNUEEKflG DRGflLGRSSG NYU I IUGHDU DTGKTRUKLP
LPUGEMPEGT IISNUEEKflG DRGflLGRSSG NYU I@JGHDU DTGKTRUKLP

SGflKKUUPSS flRGUUG I UflG GGRID^LLK flGRflFHKYRU KRNCUPRTRG 200
SGflKKUUQSS flRGUUGIUflG GGRIDKPLLK flGRflFHKYRU KRNCUPRTRG
SGflKKUUPSS flRGUUG I UflG GGR I DKPLLK FlGRflFHKYRU KRNCUPRTRG

UAMNPUDHPH GGGNHQHUGH STTUPRQSflP GQKUGLIflflR RTGLLRGflflfl 250
UflMNPUDHPH GGGNHQHUGH STTUPRQSflP GQKUGLIflflR RTGLLRGflflfl
UAMNPUDHPH GGGNHQHUGH STTUPRQSflP GQKUGLIflflR RTGLLRGflflfl

UEN 254
UEN
UEN

Figure 5.1. Comparison of the predicted amino acid sequences of ribosomal 
proteins K37, KD4 and K5 of S. pombe. Boxed residues indicate 
differences. Data taken from Gatermann et al (1989).

K37 KD4
Protein Nucleotide Protein Nucletide

KD4 99.2 92.7 - -

K5 99.2 92.3 99.2 90.8

Table 5.1 Percentage identity between the three members of the K-family of 
S. pombe, at the nucleotide and amino acid levels. Data taken from 
Gatermann et al (1989).



5.2 Results

5.2.1. Construction of a Yeast Genomic DNA Library

Genomic DNA isolated from DBY746 (Section 2.8.4.) was used to make a library in 
EMBL3, a bacteriophage lambda replacement vector. Because of the compatibility of 
their cohesive ends with those generated by cleavage of the vector DNA with BamHl, 
yeast DNA fragments were generated by partial cleavage with Mbol. Optimum 
conditions for generating fragments of approx. 15 kb were determined by a series of 
trial incubations: 500ng of DNA and 0.8 units of Mbol in a total volume of 80p,l for 0, 
5, 10, 20, 40, and 80 minutes. The reactions were stopped by the addition of EDTA to 
20mM and heating to 65°C for 5 minutes, and were analysed by electrophoresis in a 
0.3% agarose gel (Fig.5.2.a.). The 10 minute sample (Lane 4) has the most DNA in the 
desired range. The reaction was then scaled up as follows: three 40jig samples of 
DBY746 DNA were cleaved with Mbol, one as determined above, one with half the 
amount of enzyme and one with twice the amount of enzyme. A small proportion of 
each was analysed by electrophoresis to verify that the scale-up had been successful (data 
not shown), following which the three samples were pooled, extracted once with phenol, 
once with phenol/chloroform, ethanol precipitated and resuspended in 200}il of TE. 
Although this DNA was rich in fragments in the 15-20 kb range, some fragments larger 
than 22 kb and some smaller than 9 kb were still present (the max. and min. sizes 
respectively that can be incorporated into EMBL3). If not removed these would have 
given rise to recombinant molecules too large to be packaged or, more seriously, to 
recombinants with multiple inserts. Therefore, fragments in the desired size range were 
physically separated from the rest by velocity centrifugation through a sucrose gradient.

46ml 10-40% sucrose gradients were poured in two Beckmann SW28 tubes and 100|il 
of partially digested DNA was loaded onto each. After centrifugation for 18 hours at 
26,000 rpm (20°C), 1ml fractions were collected from the bottom of each gradient. 10|il 
of every other fraction was diluted 5-fold with H2O and analysed by electrophoresis in a 
0.3% agarose gel (data not shown). Fractions containing DNA in the correct size range 
were precipitated overnight with 2.5 volumes of ethanol in Beckmann SW50 tubes. The 
DNA was recovered by centrifugation at 45,000 rpm for 1 hour, and was resuspended in 
50|il of TE. 5p.l samples were analysed by electrophoresis in a 0.3% agarose gel 
(Fig. 5.2.b.). Fractions 16, 17 and 18 contain DNA of the desired size.

EMBL3 DNA contains sites for BamHl, Sail and EcoRl between the arms and the 
non-essential "staffer" region. The vector DNA, cleaved with EcoRI and BamHl, and
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Figure 5.2.a. Partial digests of DBY746 DNA. Lane 1 is intact bacteriophage
lambda DNA (« 50kb); lanes 2-7 are DBY746 DNA after 0, 5,10, 
20,40 and 80 minutes of cleavage with Mbol.

Figure 5.2.b. Size fractionated DBY746 DNA.



treated with alkaline phosphatase, was obtained from Promega. The phosphatase 
treatment prevents the staffer from competing with insert DNA for ligation to the vector 
arms. 800ng of size-selected yeast DNA (fractions 16, 17 and 18; Fig. 5.2..) was 
ligated to 1.6|ig of EMBL3 DNA in a total volume of 10|Jl at 14°C for 16 hours. 
Recombinant DNA molecules were packaged into phage particles in vitro using 
Gigapack™II Plus (Stratagene), and a proportion was plated on two E. coli strains, 
NM621 and P2PLK-17 (Section 2.1.). Reconstituted vector DNA molecules can grow 
on the former strain but not the latter, a phage P2 lysogen. Since the titre was the same 
on both strains, the library consisted almost entirely of recombinants (3xl05 pfu in 
total). Assuming that the S. cerevisiae haploid genome is approx. 1.4xl07 bp (Lauer 
et al, 1977), approx. 320 yeast genome equivalents were present. The library was 
amplified by growth as plaques on NM621. The titre of the amplified library was 
approx. 1010 pfu/ml.

5.2.2. Screening the Library with cDNA13

In order to isolate the gene(s) represented by cDNA13, approx. 50,000 phage from the 
amplified library were plated on 5 Petri dishes (150 x 150mm). Plaque-lifts probed with 
random-primed cDNA13 revealed 20 "positive" signals. Plaques from the 
corresponding regions were re-plated at 100 pfu per 90mm Petri dish and re-screened: 
16 individual positive clones were obtained, although only six were analysed (JMG1-6).

5.2.3. Southern-BIot Analysis of Recombinant DNAs

DNAs prepared from JMG1-6 were cleaved with various enzymes to determine whether 
the same region of the yeast genome is represented in each. Digests that demonstrate the 
six clones to be related are shown in Fig. 5.3., together with digests of genomic DNA. 
The pattern of hybridisation to genomic DNA is more complex than that to JMG1-6 
DNAs suggesting that there may be a second yeast locus that shares homology with 
CDNA13.

5.2.4. Two Yeast Loci Correspond to cDNA13

Further to investigate the nature of the extra bands seen in yeast genomic DNA, a blot of 
an OF AGE (orthogonal field alternation gel electrophoresis) gel was probed with 
cDNA13. The blot was kindly provided by Priyal Die Zoysa (University of 
Strathclyde). A photograph of the gel (Fig; 5.4.a.) shows individual chromosomes from
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Figure 5.3.a. Agarose gel of DBY746 DNA and JMG1-6 DNAs cleaved with 
Xbal (1), Xbal & Taql (2), and Taql (3). Cleavage withX&fll has 
not gone to completion.

Figure 5.3.b. A blot of the above gel probed with cDNA13. The left panel 
represents a 5 day exposure, the right panel an overnight exposure, 
both with intensifying screens at -70°C.
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Figure 5.4.a. OFAGE gel showing individual yeast chromosomes.
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Figure 5.4.b. Blot of above gel probed with cDNA13.



a number of different industrial and laboratory strains of S. cerevisiae. In particular, 
lane 3 shows the chromosomes of strain STX454-IB while lane 14 show the 
chromosomes of strain STX454-1A; These are both "lab" strains, each carries carrying 
chromosomal rearrangements that facilitate chromosome identification. By using both 
STX454-1A and STX454-1B, localisation of a gene to any of the sixteen yeast 
chromosomes should be possible. Unfortunately lanes 3 and 14 are rather indistinct on 
the gel. Nonetheless, the blot shows that cDNA13 hybridises with not one but two 
yeast chromosomes, even though no specific assignments can be made (Fig. 5.4.). This 
confirms the Southern blot analysis and shows, in addition, that the two loci are 
unlinked.

5.2.5. Restriction Mapping of JMG2 DNA and Subcloning

JMG2 was chosen for further analysis. A restriction map of JMG2 DNA is shown in 
Fig. 5.5. Two Kpnl fragments (880 bp and 4.8 kb) that hybridise with cDNA13 were 
subcloned into Bluescript SK+ cleaved with Kpnl, and named JMB1 and JMB2 
respectively (Fig.5.5).

5.2.6. DNA Sequence Analysis

The sequencing strategy was as shown in Fig. 5.5. Double-stranded rather than 
single-stranded sequencing was used. The sequence obtained is shown in Fig. 5.6. (see 
legend for details). This sequence was compared with the sequence of cDNA13 by 
means of the GCG programme, "GAP" (Fig. 5.7.). GAP uses the algorithm of 
Needleman and Wunsch (1970). The identity is 89.9% over the complete cDNA13 
sequence (i.e. the portion of the coding region that is present in the cDNA together with 
the 3'-untranslated region), though when only the coding regions are compared the 
identity is 96.8%. The latter difference is due to 18 nucleotide substitutions, all of which 
are conservative since the derived amino acid sequences are 100% identical (Fig. 5.8.). 
Thus, as pointed out earlier, there must be two genes related to cDNA13 in the 
S. cerevisiae genome. However, it is still too early to say whether they encode identical 
products, since CDNA13 is not a full length cDNA. There may be differences in the 
N-terminal regions of the two proteins. It is also conceivable that only the gene 
represented by cDNA13 is transcribed.

Evidence was presented in Section 4.2.3. to suggest that mRNA13 is generated by 
splicing of a precursor. There is clear evidence in the JMG2 sequence of an intron 
characteristic of those found in other yeast genes. The putative 5'-splice site.
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5.5. Above: Restriction map of JMG2 DNA. Note that since Xbal 
consistently cleaved only partially, thus there may be more sites for 
this enzyme. The estimated length of the insert is 16.5kb. Below: 
Subclones JMB1 and JMB2, together with the sequencing 
strategy. H H H  denotes approx. loctation of coding sequences: 
and KNNNNSsa denotes approx. location of intron. The intron is at the 
5' end of the gene.



Kpnl

GGTACCGTAGGCAGRGGCCTATCCTCATTCTCCCACTGTGTARACTAGGCGTTCTGCCAGCG

GCTAAGCGTTCTCCGCGTATTGTTTCACCGTTGGGCCTACGGTCGATGGTTTGGCATTGC

TCTGCRCGRTCRGRTCRATCTGGRRTRGTRTGGGARTTGCCRRRCGCftGCRCCRGTGCRC

aS g gatgtgaacctatggattac tacg caatg cactatc g catag g cataa tcg a ttg aa

CCCTGCCCCTCCCCTCCTTaflATATCATTACCTCGirTTTTTTTATTRTTGGGTCATTTTT 
1 - J  3 ,

TRGCGRCTRflTRRCCRTTTCTGRGCRRRCTRRGARRCCRTTRGRTCRRTRRGCRRTGGGT
MetG(ly)

ATGTCAGCACCGTGATTTAACAACCATGTGATTGTCGTAATGGCGCAATGTCATCACACC
&

CTTTTRCRGTCTTTTTATTCCTTTTGTTGAARATGTATCGTGTATACTAACAGARCTGTG
4, b

TTTTTTCTCRTTRTTTTTTRTTCRGGTRGRGTTRTTCGTRRCCRRRGRRRGGGTGCTGGT
c (G)l yRrgUa 111 eArgAsnG I nRrgLysG I yA I aG I y

TCTATCTTTACCTCCCACACCAGATTGAGACAAGGTGCTGCCAAGTTGAGAACTTTGGAT 

S e r i IePheThrSerH i sThrArgLeuRrgG InG IyRIaAIaLysLeuArgThrLeuAsp

TATGCTGAACGTCACGGTTACATTCGTGGTATCGTTAAGCAAATTGTCCACGACTCCGGT 

TyrA IaG IuR rgH  i sG IyT yr11 eA rg G Iy lIe U a IL y s G In lIe U a IH  i sRspSerG Iy

AGAGGTGCCCCATTGGCGAAGGTTGTCTTCCGTGACCCATACAAGTACAGATTGCGTGAA 

R rgG IyflIaP roLeuA IaLysU aIU aIP heR rgflspP roTyrLysTyrflrgLeuflrgG Iu

GAAATCTTTATTGCTAACGAAGGTGTCCACACTGGTCAATTCATTTACGCCGGTAAGAAG 

G Iu lIe P h e lIe flIa f ls n G Iu G Iy U a IH  i s T h rG IyG In P h e lIeT yrA IaG IyL ysL ys

Kpnl
GCTTCTTTGAACGTCGGTRRCGTCTTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTC 

A IaSerLeuflsnU aIG IyflsnU aILeuProLeuG IySerU aIProG IuG IyThr11eU aI

TCCAACGTTGRAGAAflflGCCAGGTGRCAGAGGTGCCCTAGCCAGAGCTTCCGGTAACTAC 

S erA snU aIG IuG IuLysP roG IyflspA rgG Iy flIaLeu flIa flrg flIaS erG Iy flsnTyr

GTTflTTATCflTCGGTCflCRRCCCflGflCGRRRACRflGflCTRGRGTCAGRTTflCCRTCCGGT 

Ua111 e l  I e l  IeG IyH i sflsnProflspG IuAsnLysThrflrgUaIRrgLeuProSerG Iy

GCCAAGflflGGTTflTCTCTTCTGATGCCAGAGGTGTCATCGGTGTCATTGCCGGTGGTGGT 
A IaLysLysU a111eSerSerA spA IaA rgG IyU a111eG IyU a111eflIaG IyG IyG Iy

AGAGTTGACAAACCATTGTTGAAGGCTGGTCGTGCTTTCCACAAGTACAGATTGAAGAGA 

flrgUaIAspLysProLeuLeuLysAIaG IyflrgA IaPheH i sLysTyrArgLeuLysArg

62
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182

242

302

362

422

482

542

602

662

722

782

842

902

962

1022

1082

AACTCTTGGCCAAAGACCCGTGGTGTTGCCATGAATCCAGTTGATCACCCTCACGGTGGT 1142 

A snS erTrpP roLysThrA rgG IyU aIA Iafle  tAsnProUaIAspH i sProH i sG IyG Iy



XbaJ
GGTAACCATCAACATATTGGTAAGGCTTCTACCATCTCTAGAGGTGCTGTTTCTGGTCAA 1202
GI yAsnH i sG I nH i s i  I eG I yLys'A I aS erThr 11 eSerfirgG I yfl I aUa I SerG I yG I n

AAGGCCGGTTTGATTGCCGCCAGAAGAACTGGTTTGTTACGTGGTTCTCAAAAGACCCAA 1262 

L ysflIaG IyL eu IIe flIa flIa flrg flrg T h rG IyL eu L eu flrg G IyS erG In L ysT h rG  I n

GATTAGATTfiTGTflflAATflGTCRTTCTTTflflGCflflGflTCTflflRflflflflflflflflGflTflflCTCfl 1322 

Asp *

AAAAATTCCTCAAAGCAAACAATACAATATAACATAACACTTATTTTTARAGCAAAAATT 1362 

TCTAAATTAGATTTTGTTCTGTAGTAATAGAATATTTCTTCAflAGTAAACTTTAATATAC 144 2 

TCTCflT* Kpn| 1448

Figure. 5.6. DNA and predicted amino acid sequences of the YL6a gene. Boxed 
regions in the 5' flanking DNA indicate sequences related to the 
consensus for UASjpgS (see text). Regions underlined in bold (a, b 
and c) are identical to consensus sequences for yeast 5’ splice sites, 
branchpoints and 3' splice sites respectively. Arrows above the 5' 
and 3' splice sites indicate where splicing would occur. The 
branchpoint A residue is indicated (see text). Bold overlining 
indicates the putative TATA box and dashed overlining (1, 2, and 3) 
shows homology with yeast transcription initiation sequences. 
Sequence element 3 is related to two different transcription initiation 
consensus sequences. The putative ATG start codon at position 357 
is just upstream of the 5' splice junction; an in-frame stop codon 6 bp 
upsteam is underlined. Kpnl sites used for subcloning as well as an 
Xbal site are shown. The TAG stop codon is indicated by an 
asterisk. Underlining within the coding sequence indicates the extent 
of the homology at the amino acid level with the YL6 sequence 
obtained by Otaka et al (1984). Their sequence lacks the initial 
methionine residue.



7 0 1  ATACAAGTACAGATTGCGTGAAGAAATCTTTATTGCTAACGAAGGTGTCC 7 5 0  
I II I I I I I I I I I I I I II I I I I I I I I I II I I I I I I I I I I I I I I I I I I 

1 . TACAAGTACAGATTACGTGAAGAAATCTTCATTGCTAACGAAGGTGTTC 4 9

7 5 1  ACACTGGTCAATTCATTTACGCCGGTAAGAAGGCTTCTTTGAACGTCGGT 8 0 0  
I I I I I I I I II I I I I II I I I I I I I I I I I II I I I I I II I II I I I I I I II I I 

50 ACACTGGTCAATTCATTTACGCTGGTAAGAAGGCTTCTTTGAACGTCGGT 99  
•  ' •  •  ' •  •

8 0 1  AACGTCTTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTCTCCAACGT 8 5 0  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II 

1 0 0  AACGTCTTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTCTCCAACGT 1 4 9

8 5 1  TGAAGAAAAGCGAGGTGACAGAGGTGCCCTAGCCAGAGCTTCCGGTAACT 9 0 0  
I I I I I I II I I I II I I I I I I I II I I I I I I I I I I I I I I I I I I II I I I I I I I

15 0  TGAAGAAAAGCCAGGTGACAGAGGTGCCCTAGCCAGAGCTTCTGGTAACT 1 9 9
*• *

9 0 1  ACGTTATTATCATCGGTCACAACCCAGACGAAAACAAGACTAGAGTCAGA 9 5 0  
I I I II I I II I II I I I I I I I I II I I I I I II I I I II II I I I I I I II I 

2 0 0  ACGTTATCATCATTGGTCACAACCCAGATGAAAACAAAACCAGAGTCAGA 2 4 9

9 5 1  TTACCATCCGGTGCCAAGAAGGTTATCTCTTCTGATGCCAGAGGTGTCAT 1 0 0 0  
I II I I I I I I I I I I I M I I I I I I I I II I I I I I I I I I II I I I II I I I I I I I 

2 5 0  TTACCATCCGGTGCCAAGAAGGTTATCTCTTCTGACGCCAGAGGTGTCAT 2 9 9

1 0 0 1  CGGTGTCATTGCCGGTGGTGGTAGAGTTGACAAACCATTGTTGAAGGCTG 1 0 5 0  
I I I I I I I I I I I I I I I I I I I II II I II I I I II I I I I I II I I II I I I I I I I I 

3 0 0  CGGTGTCATTGCCGGTGGTGGTAGAGTTGACAAACCATTGTTGAAGGCTG 3 4 9

1 0 5 1  GTCGTGCTTTCCACAAGTACAGATTGAAGAGAAACTCTTGGCCAAAGACC 1 1 0 0  
I I I I I I I I I I I I I I  I I I I I I  I I I II  I I I I I 1 I I I I I I I I I I I I I I I I I I I 

3 5 0  GTCGTGCTTTCCACAAGTACAGATTGAAGAGAAACTCTTGGCCAAAGACC 3 9 9

1 1 0 1  CGTGGTGTTGCCATGAATCCAGTTGATCACCCTCACGGTGGTGGTAACCA 1 1 5 0  
I M I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

4 0 0  CGTGGTGTTGCCATGAATCCAGTTGATCACCCTCACGGTGGTGGTAACCA 4 4 9

1 1 5 1  TCAACATATTGGTAAGGCTTCTACCATCTCTAGAGGTGCTGTTTCTGGTC 1 2 0 0  
I II I I I I I I I I I II I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

45 0  TCAACATATTGGTAAGGCTTCTACTATCTCTAGAGGTGCCGTTTCTGGTC 4 9 9

1 2 0 1  AAAAGGCCGGTTTGATTGCCGCCAGAAGAACTGGTTTGTTACGTGGTTCT 1 2 5 0  
I II I II I I I I I II I I I II I I I I I I II I I I I I I I I I I I I I I I I I I I

50 0  AAAAGGCTGGTTTGATTGCTGCCAGAAGAACCGGTTTACTACGTGGTTCT 5 4 9

1 2 5 1  CAAAAGACCCAAGATTAGATTATGTAAAATAG. . . TCATTCTTTAAGCAA 1 2 9 7
I I N I I I I I I I  I I I I I I I I I I I I I  I I  I I I I  II

55 0  CAAAAGACCCAAGATTAATCTTTTTAATTTTGGTTTCTTCCTTCTGTCAT 5 9 9

1 2 9 8  GATCTAAAAAAAAAAAGATAACTCAAAAAATTCCTCAAAGCAAACAATAC 1 3 4 7  
I I I I I I I I I I I  I I I  I I I  I I

600  ATTATTTTATCAATTTTCTTAAATATTATATAATTTAATCCGAAACGTTC 6 4 9

1 3 4 8  AATATAACATAACACTTATTTTTAAAGCAAAAATTTCTAAATTAGATTTT 1 3 9 7  
I I I II

65 0  CTTATAA.................................................................. .  . . 6 5 6

Figure 5.7. DNA sequence of YL6a (upper) compared with the sequence of 
cDNA13 (lower). Underlined nucleotides indicate stop codons. The 
identity between the two sequences is 96.8% over the coding region, 
falling to 89.9% when 3'-untranslated sequences are included in the 
comparison.



5 1  DSGRGAPLAKWFRDPYKYRLREEIFIANEGVHTGQFIYAGKKASLNVGN 100
I I I I I I II  I I I I I  I I I I I I I II  I I I I I I I I I I I I 

1 . . . . .........................  YKYRLREEIFIANEGVHTGQFIYAGKKASLNVGN 34

1 0 1  VLPLGSVPEGTIVSNVEEKPGDRGALARASGNYVI IIGHNPDENKTRVRL 15 0  
I I I I I I I I I I I I I I I I I I I II I II I I I I I I I I I II I I I I II I I I I I I I I I 

3 5  VLPLGSVPEGTIVSNVEEKPGDRGALARASGNYVII IGHNPDENKTRVRL 84

1 5 1  PSGAKKVISSDARGVIGVIAGGGRVDKPLLKAGRAFHKYRLKRNSWPKTR 20 0  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

85 PSGAKKVISSDARGVIGVIAGGGRVDKPLLKAGRAFHKYRLKRNSWPKTR 134

2 0 1  GVAMNPVDHPHGGGNHQHIGKASTISRGAVSGQKAGLIAARRTGLLRGSQ 2 5 0  
I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1 3 5  GVAMNPVDHPHGGGNHQHIGKASTISRGAVSGQKAGLIAARRTGLLRGSQ 184

2 5 1  KTQD* 2 5 5  
I I I  II 

1 8 5  KTQD* 189

Figure 5.8. Homology between the putative amino acid sequences of ribosomal 
proteins YL6a (genomic copy; upper) and YL6b (cDNA13; lower), 
showing that they are 100% identical over the region of sequence 
available from cDNA 13. * represent stop codons. v



branchpoint sequence and 3'-splice site (Fig. 5.6.) all match the consensus sequences 
exactly (Krainer and Maniatis, 1988). The 3'-splice consensus sequence for 
S. cerevisiae is (T/A)NYAG where Y represents a pyrimidine (Teem et al, 1984). The 
JMG2 sequence is TTCAG. The putative branchpoint is separated by 36 nucleotides 
from the 3-splice site, within the range observed for other yeast genes (22-58nt when 
the MATal and TUB3 introns are excluded; Krainer and Maniatis, 1988). By analogy 
with other S. cerevisiae genes the A residue indicated in the branchpoint sequence 
(Fig.5.6.) is where branching would occur. Arrows above the 5’- and 3-splice sites 
indicate where splicing and ligation would occur (Krainer and Maniatis, 1988). The 
length of the putative intron is 147 nt. This is somewhat smaller than the 300 nt 
anticipated from Northern blots (Section 4.2.3. and Fig. 4.3.b.). The disparity may be 
due to errors in analysis of the blots, or may indicate that the gene actually corresponding 
to cDNA13 has a longer intron, and that it is the transcript of this gene that is the 
predominant species seen on Northern blots.

Given that the above analysis of the position of the intron is correct, it is possible to 
deduce an amino acid sequence corresponding to the JMG2 gene. Reading backwards 
through the intron we see that it separates the first and second residues of a glycine 
codon, immediately upstream of which is a methionine codon. That this is the initiation 
codon is suggested by the fact there is an frame termination codon 6 nt upstream. 
Further, when the putative amino acid sequence is compared with that of K37, this 
methionine is equivalent to the first amino acid residue of the S. pombe protein 
(Fig.5. 13.). Such close proximity of an intron to an initiation codon is typical of 
S. cerevisiae (Woolford, 1989). The next ATG upstream of the putative start codon is 
145 bp distant (position 212; Fig. 5.6.).

The amino acid sequence deduced from the JMG2 gene was compared by eye with 
N-terminal sequences that have been obtained from a number of S. cerevisiae ribosomal 
proteins (Otaka et al, 1984). The first forty amino acid residues of ribosomal protein 
YL6 (L5) have been sequenced, and are identical to the putative N-terminal sequence of 
the JMG2 protein (Fig.5.6.), except for the terminal methionine residue. Thus, it seems 
likely that either the JMG2 gene, or the gene corresponding to cDNA13, if not both, 
encodes ribosomal protein YL6. To simplify further description, I will tentatively name 
them YL6a and YL6b, the former being present in JMG2 and the latter being the as yet 
uncloned gene represented by cDNAl3.

A putative TATA box (T ATT AT) is present at position 285 (-72 relative to the putative 
translation initiation codon). A sequence related to the consensus TATT(T/A)(T/A) is 
present between -42 and -97 relative to the initiation codon in 7 out of 8 characterised



ribosomal protein genes of S. cerevisiae, and in particular the sequence TATTAT is 
present at position -63 in the gene encoding ribosomal protein L16 (Teem et al, 1984).

The two boxed regions in Fig. 5.6 are candidates for UASrpg elements. Differences 
from the UASrpg consensus sequence are shown in Fig. 5.9. Except for the T at 
position 272, all of these differences are seen in UASrpg elements from other yeast 
ribosomal protein genes (for a compilation of UASrpgS see Woudt et al, 1987). Even so, 
there is some doubt that both could be functional. In particular, the gene-proximal 
element, at -79 relative to the putative start codon, must therefore be less than 100 bp 
upstream of the transcription start site, the minimum that appears to be required for 
activation (Woudt et al, 1987). The gene distal element, on the other hand, is 172 bp 
upstream of the putative start codon. Since the 5-untranslated region is probably only 
30-53 nt (see below), it is reasonable to assume that the gene distal element could be 
functional.

Sequences of the form RRYRR (R = purine; Y = pyrimidine) can act as transcription 
start sites in S. cerevisiae (Guarente, 1987). Three such sequences are present 
downstream of the TATTAT element; AGCGA (304), AATAA (311) and AGCAA 
(325). The last of these overlaps with another sequence that may act as a transcription 
initiation site, CAAA (327), related to the consensus YAAR (Burke et al, 1983). 
Transcripts initiated at these sites would have 5'-untranslated regions of 53, 46, 32 and 
30 nucleotides respectively, assuming that the proposed methionine codon is indeed the 
initiation codon. The latter conclusion is strengthened by the observations of Kozak 
(1984), who has shown that in 95% of eukaryotic mRNAs the first ATG is the initiation 
codon.

The mean length of an S. cerevisiae 5'-untranslated region is 52 nt (taken from a 
comparison of 131 yeast genes), ranging from lin t for the MATcd gene to 591nt for the 
GCN4 gene. Most (70%) are in the range 20-60 nt, and are generally rich in adenine 
nucleotides (Cigan and Donahue, 1987). However, it has been noted that mRNAs 
encoding ribosomal proteins have relatively short 5'-untranslated regions, averaging 
25 nt and ranging from 15 to 46 nt (Cigan and Donahue, 1987). Short 5'-untranslated 
regions have also been observed in two of the S. pombe counterparts of YL6a. The 
transcription initiation sites for K5 are at -19 and -30 relative to the initiation codon. The 
-19 site appears to be used preferentially (Gatermann et al, 1989). Transcription 
initiation sites for K37 have been mapped to positions -18 and -29 (Nischt et al, 1987).

Two surveys have been carried with the aim of characterising the sequences surrounding 
S. cerevisiae initiation codons. Hamilton et al, (1987) compared 96 yeast genes, while 
Cigan and Donahue (1987) compared 131. The consensus sequences derived from these
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C o n s e n s u s  S e q u e n c e  a g A ^ C ^ A ^ A ^ C C C ^c
P o s i t i o n  1 6 9 - 1 8 4  A G C A C C A G T G C A C A T
P o s i t i o n  2 6 5 - 2 7 9  A A T A T C A T T A C C T C G

Figure 5.9. Upper: Consensus sequence for S. cerevisiae UASrpg elements 
(Woudt et al, 1987). An invariant C residue is depicted in bold. 
Lower: Sequences occuring in the 5' region of YL6 that are similar 
to the consensus sequence. Underlined residues are those that 
diverge from the consesus.



studies differ slightly from one another, but both suggest that the most critical residue is 
at -3 relative to the initiation codon, this being an A in 75% - 81% of genes analysed. 
Figure 5.10. shows that the region surrounding the putative initiation codon of YL6a 
compares well with the consensus sequences at every position except -3, where a G 
residue is present. G residues at the -3 position are next most common to A residues 
(9-13% of yeast genes). Indeed the same three nucleotides (GCA) that are present in 
YL6a immediately upstream of the putative start codon are also found in two other yeast 
genes, CAN1 and CBP1 (see Cigan and Donahue, 1987). Table 5.3. shows a different 
type of comparison. Here, the frequency of each nucleotide within the 25 bp upstream 
of the putative translation initiation site of YL6a, is seen to be similar to the frequency of 
each nucleotide within the average yeast gene (Cigan and Donahue, 1987).

cDNA13 probes give rise to what is apparently a single band on Northern blots 
(Fig. 4.1.a.). This may indicate, a) that only YL6b (cDNA13) is transcribed, b) that 
both genes are transcribed but that the transcripts are the same size, as is the case for the 
two enolase genes (Holland et al, 1981), or c) that, even though the transcripts are of 
different sizes, one is present at levels too low to be easily detected, on the blots. Given 
that YL6a has all the hallmarks of a bona fide yeast gene, it seems not unreasonable to 
assume for the moment that it is indeed transcribed. However, further studies will be 
necessary, including the cloning of YL6b, Northern blotting with gene-specific 
oligonucleotide probes, 5' end mapping, and perhaps the isolation of other cDNAs, in 
order to resolve this issue.

The sequence of YL6a (Fig. 5.6.) suggests a protein of 254 amino acids, including the 
N-terminal methionine residue. The approx. molecular weight would be 27.4 kD. The 
sequence is relatively basic, containing 26 arginine, 19 lysine and 10 histidine residues 
in contrast to 8 glutamic acid and 9 aspartic acid residues. This is shown graphically ih 
Fig. 5. 11. The basic residues are more or less evenly scattered throughout the protein, 
except between residues 71 and 122 where there are only 6 basic residues, while 7 of the 
17 acidic residues are in this region. The equivalent region of each of the ribosomal 
proteins belonging to the K-family of S.pombe has a similar bias (Gatermann et al, 
1989).

5.2.7. Why Has Only One of the Genes Been Cloned?

YL6a was isolated from an amplified rather than a primary library. Possibly YL6b lies 
within a DNA segment that is not stably propagated in E. coli, perhaps due to 
peculiarities of its sequence or structure. Certainly, YL6a was considerably better 
represented in the library than YL6b. This being the case, a differential screening
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y A ^ A A T G T C T  Consensus sequence from Cigan and Donahue (198 

^ A ^ A ^ A A T G T C q  Consensus sequence from Hamilton etal (1987) 

T A A G C A A T G G G T  YL6a

Figure 5.10. Consensus sequences derived from a comparison of sequences 
surrounding the start codons of a number of different yeast genes. 
The A residue depicted in bold is the most rigidly conserved residue. 
Cigan and Donahue (1987) compared 131 yeast genes, while 
Hamilton et al (1987) compared 96 yeast genes. See text for details.

Nucleotide Average Yeast 
Gene (%)

YL6a

(%)
A 46 52
T 25 20
C 21 16
G 12 12

Table 5.3. The frequency of each nucleotide within the 25 bp upstream of the 
putative translation initiation site of YL6a, compared with the 
frequency of each nucleotide within the average yeast gene (Cigan 
and Donahue, 1987).
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Figure 5.11. Distribution of acidic (A) and basic (B) residues within ribosomal 
protein YL6a. The acidic residues are glutamic acid (full bar) and 
aspartic acid (intermediate bar); the basic residues are histidine (small 
bar), lysine (intermediate bar) and arginine (full bar). Numbers 
above and below the diagram indicate amino acid positions relative to 
the putative start codon.



strategy might be a less time consuming way of cloning YL6b. The basis of such a 
strategy (Fig. 5.12.) is that, although YL6a and YL6b are very closely related, they are 
likely to be embedded within regions with no significant sequence relationship. Most 
duplicated ribosomal protein genes are at least unlinked (see Warner, 1989). Thus, the 
three probes shown in Fig. 5.12.b. should be able to distinguish between clones 
containing the two genes. In the first instance the probes were used to screen the 16 
clones (JMG1-16) originally isolated by virtue of their hybridisation with cDNA13, and 
from which JMG1-6 had been chosen for further study (Section 5.2.2.). 15 hybridised 
strongly with cDNA13 and strongly with Probe 2. 6 hybridised strongly with Probe 1. 
One clone (JMG16) hybridised very weakly with cDNA13, but not with either of the 
other probes, even though the plaque was of normal size. Since all plaques that 
hybridised significantly with cDNA13 hybridised also with one or both of the other 
probes, it seems likely that all contain YL6a, although it cannot be ruled out that the 
initial assumption regarding the unrelatedness of flanking DNA sequences was wrong. 
Further studies have not been carried out.

5.2.8. Similarities Between YL6a and Ribosomal Proteins From Other 
Organisms

As discussed above (Section 5.1.), YL6a and YL6b are related to a ribosomal protein 
family.of S.pombe, encoded by three independent genes (Nischt et al, 1987; Teletski 
and Kaufer, 1989; Gatermann et al, 1989). Once the complete amino acid sequence of 
YL6a was established, a further search of the data base revealed that it also shares 
significant homology with ribosomal protein VI of D. discoideum (Singleton, 1989). 
Further, both K37 of S. pombe (Teletski and Kaufer, 1989) and protein VI of *
D. discoideum (Singleton, 1989) are rather similar to ribosomal protein L2 of E. coli, 
which is encoded by a gene within the S10 operon (Zurawski and Zurawski, 1985). 
These similarities are illustrated in Fig. 5.13. and Table 5.4. In Fig. 5.13., all 
sequences except that of L2 of E. coli begin at the (putative) N-terminus and extend to 
the C-terminus. In L2 there are 29 extra residues at the N-terminus. The degree of 
relatedness of each of the proteins reflects the degree of evolutionary relatedness of the 
respective organisms. Examination of the distribution of acidic and basic amino acid 
residues in VI and L2 shows both to be very basic proteins, as expected. However, 
neither protein appear to have the relatively acidic domain seen in YL6 and in the 
K-proteins of S.pombe (Section 5.2.7.; Gatermann et al, 1989).



.Figure 5.12.a. A 1% agarose gel. Lanes 1,4,5 and 8; X DNA cleaved with HindUR: 
• lanes 2 and 6; cDNA 13 cleaved with Pstl: lane 3; JMG2 DNA cleaved 

with Kpnl: lane 7, JMG2 DNA cleaved with Kpnl and Smal. Arrow 
heads indicate fragments that were used as probes. Their position in 
JMG2 DNA is shown in Fig. 12.b.
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RHA

XbaJ HindlllXbaJ Kpnl Kpnl XbaJ

i ^

SaJI HindlllHindlllXbaJ Sail

Hindlll Smal Kpnl

LHA
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Fragment 2 cDNA13 Fragment 1

Figure 5.12.b. Restriction map of JMG2 DNA. The regions corresponding to 
cDNA13, and to the two fragments used as probes, are shown 
beneath the map. RHA = right hand arm and LHA = left hand arm 
of EMBL3 DNA.

F igure 5.12.C. A blot of the gel shown in Fig. 5.12.a. probed with Fragments 1 and 
2 .

Figure 5.12.d. Blots of JMG1-16 plaques probed with cDNA13, Fragment 1 and 
Fragment 2. 15 clones hybridise with cDNA13; the same 15 clones 
hybridise with fragment 2; 6 clones hybridise with fragment 1 . The 
diagram below indicates the position of each recombinant phage; note 
that some are present in duplicate.

1 2 3 4 5
1

2

3

4

5

3 2 2 1 1

7 7 6 5 4

10 9 9 8 8

13 12 11 11 10

16 15 14



Figure 5.12.a.

S 4kb 
5 6kb

4 3kb

2 3kb 
2 Okb

N

Figure 5.12.C.

Figure 5.12.d.



nGRU I P(NjQRKG] 
HGRUI  Rf lQRKjs 
I1GRI IRflQRKI 

S

V L 6 a  1 
K 3 7  1
U1 1 
L 2  3 0  F R P L L E K N

gGSlF 
GG IF

k | g s u 'f
GGRNN

T d H  t r l r [qJg r Mk]
Q W .  TRLRKGRfl

RH T h H R K G T P R  
NGR I I H T H I ^ G p K i j f l ' r l R

Q
L R T L D V f l E R H G V  
L R T L D 0 R E R H G V  

L D V f lE Fr H l d v r e f
BIIWKRN

ojsv
KDG

4 0  
3 9
41 
7 4

RGUUDK
Q l i l l p g G R G f l P L R K U U F R D

K U 0 F R H
UUFK

I I H D P G R G R P L f l  
I IHDPGRGflPLf l jR
[E ^D P F fegflF ila LyLMGER

>V<

LTQ

V R l h
vr noK
FK_D

rrBKE^HTG 
T|F0F[[jEGrgTG 

< O L | F l f l P E G n H T G
R V lT M ^ f l f e

8 5  
8 4
86 
1 1 3

Q F I  VRGKKFgCjNfJGNULPjL[G|SU 
Q F U V 0 G K H R R L T U G N U L P U
Q F L F RG K K nfTlLTll RH I
DQl i jQ^^UDlRsTK P G0T[LJP

LP
GE
G

:n3
KL

NRN

P E G T I  USNUEEKPGDRGRLRR[f l jS  
G D R G R L 0 R S S  
G d c b f l 0 R R 0 S  

l r r s Ir

E G T I  
E G T I

SNUEEK
cIn u e e k

n u b h k p g k g

1 2 9  
1 2 8
1 3 0  
1 5 8

GNVUI IQjGHNPDElNfCTRURLPSGflKKU^ 
G N V U I I  UGHEgPff lGKTRU(Kt-PSGRKKUU

SL=IUQJ_VQ I T j O f t S  
D)GRVUTLi-RigEnRK0|^D

SjDRRGU I qUjjRGGGRlU 
S|RRGU0G IURGGGR

Rfi
^ jrIt

Hi GI  URGGGR I 
El l lGNf lEHn

1 7 5  
1 7 4
1 7 6  
202

EMJgIkrgIM RU

□ R P L L K R G R R F H K  VRLKRNS|UPKTRGURnhiPUDHPHGGGHHQH[ lJ5  
D 3 P L L K f l G R R F H K V R U K R h C U P 0 T R G U f l n N P U D H P H G G G N H Q H U G  
q a P f l L K R G R R F H K V R U K @ h | l i U P K U R G U R n H P U | HHTUUU

GURPfl lURGff lRriHPUDHPHGGGlEGRHFlGl

S in i^U |G Q K |R
HST T J P R

| H P U T @ U ^ l
Nil

QSfi^Gg 
N ®

i L I R R R R T G L L R G S Q K T Q D
I L I f l f i R R T G L L R d  

R
QTKGfcKT RSNI®

RflRUEN
<LU
IT D K F I U R R R S K

220
2 1 9
2 1 5
2 4 1

2 5 4
2 5 3
2 3 7
2 7 3

Figure 5.13. Comparison of the amino acid sequences of ribosomal proteins 
YL6a, K37 of S.pombe (Nischt et al, 1987), VI of D. discoideum 
(Singleton, 1989) and L2 of E.coli (Zurawski and Zurawski, 1985). 
Boxed areas show identities.



K37 V1 L2
Identity Similarity Identity Similarity Identity Similarity

YL6a 72.2 83.7 56.2 75.3 32.6 54 .4
K37 -  ■ 56.7 74.9 33.5 55 .0
V1 - - - - 29.7 58 .0

Table 5.4. Percentage identity and similarity (when conservative changes are 
allowed) between ribosomal proteins YL6a of S. cerevisiae, K37 of 
S. pombe (Nischt et a l ,1987), VI of D. discoideum  (Singleton,
1989) and L2 of E. coli ( Zurawski and Zurawski, 1985).



5.3. Discussion

There are at least two genes in S. cerevisiae related to cDNA13. The one that has been 
cloned and sequenced (YL6a) would appear to encode a protein, the putative N-terminal 
sequence of which is identical to that of ribosomal protein YL6, a component of the large 
subunit (Otaka et al, 1984). YL6a would be a rather basic protein (Fig. 5.11.), of 254 
amino acid residues in length (approx. 27.4 kD). Even though the deduced amino acid 
sequences are the same, the nucleotide sequences of YL6a and cDNA13 are only 96.8% 
identical over their coding regions, and diverge even more in their 3'-untranslated 
regions. Thus cDNA13 must represent the second gene (YL6b). cDNA13 is not 
complete at its 5' end, and is missing sequences that would encode the N-terminal 
domain of the protein. Thus we cannot yet be sure that YL6a and YL6b encode identical 
proteins. On the other hand most ribosomal protein genes of S. cerevisiae are present in 
duplicate (see Warner, 1989).

One important question remaining to be asked is whether both genes are functional. The 
gene corresponding to cDNA13 (YL6b) does appear to be functional, to the extent that it 
is transcribed. At present we do not know whether YL6a is transcribed. However, the 
fact that pseudo genes have never been found in S. cerevisiae (Fink, .1987), together 
with the evidence within the YL6a sequence of promoter-like elements, strongly suggests 
that YL6a is a functional gene. In addition, all three members of the K-family of 
S. pombe ribosomal protein genes are transcribed (although here it remains possible that 
there are functional differences between the three proteins; Gatermann et al, 1989).

The question of whether both copies of a ribosomal gene pair are functionally equivalent 
was addressed by Abovich and Rosbash (1984), who disrupted individual copies of the 
S. cerevisiae RP51 genes. Deletion of both genes led to spore inviability, indicating that 
rp51 is an essential ribosomal protein (Abovich et al, 1985). However, they found that 
single mutants lacking only one copy were viable, albeit with a growth-rate slower than 
wild-type. Further, although RP51b contributes only 30-40% of RP51 mRNA and 
protein, neither the gene nor its product are intrinsically inadequate, as extra copies of the 
gene restore the growth rate to wild-type levels in a strain deleted for RP51a.

Similarly, ribosomal protein L16, also an essential component of the ribosome 
(Rotenberg et al 1988), is encoded by two unlinked genes, both of which are 
transcribed. Single L16a or LI6b  mutants are viable but grow more slowly than 
wild-type. L16b normally gives rise to approx. twice the amount of mRNA and protein 
as does LI6a. However, when an extra copy of L16a is introduced into an L16b mutant, 
wild-type growth rate is restored, indicating that the two proteins are functionally 
interchangeable (Rotenberg et al, 1988). Strains that have lower than a critical level of
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either rp51 or L16 have insufficient numbers of 40S or 60S ribosomal subunits 
respectively (rp51 is a component of the small subunit and L16 a component of the large 
subunit). Decreased amounts of one ribosomal subunit have little effect on the other 
(Abovich et al, 1985; Rotenberg et al, 1988).

The above examples suggest that there has been evolution of the promoter strength of the 
duplicated ribosomal protein genes, such that the combined strength is equivalent to that 
of the promoter of a ribosomal protein gene present as a single copy (Section 1.5.). 
Perhaps duplication is a safety measure to ensure the production of these essential 
proteins, although while a number of essential housekeeping proteins, such as histones, 
ubiquitin and tubulin, share the property of being encoded by duplicated genes, many do 
not.

It should also be mentioned that not all ribosomal protein genes are essential for cell 
viability. A ribosomal protein gene that is fused to one of the genes encoding ubiquitin 
(UBI3) appears to be inessential, although its absence leads to very slow cell growth, 
probably resulting from the inefficient processing of 20S to 18S RNA, and hence in 
substantial deficiency in 40S ribosomal subunits (Finley et al, 1989). Another example 
is the ribosomal protein L30, which is encoded by two genes, both of which are 
functional but utilised to different extents. Cells are still viable when both copies are 
disrupted, doubling time being increased by only 30% (Baronas-Lowell and Warner,
1990). However, stalling of translation initiation complexes occurs, as well as a delay in 
the processing of rRNA. Inessential ribosomal proteins have also been described in
E. coli. Here, at least 13 of the 52 ribosomal proteins are inessential, and a strain 
lacking as many as four ribosomal protein genes is viable, albeit barely (Dabbs et al, 
1986).

The sequence of YL6a was analysed for evidence of upstream activation sites, 
TATA-like elements, transcription initiation sites, and sequences typical of those 
surrounding ATG start codons. Evidence for all such elements was found, suggesting 
that the gene is indeed expressed. In the absence of further experimentation, however, it 
is not possible to be sure that any individual element is functional.

The sequence of YL6a confirms the presence of an intron, first suggested by the 
experiments described in Section 4.2.3. Unlike in higher eukaryotes and S. pombe 
(Mount, 1982; Padgett et al, 1986; Russell and Nurse, 1986), S. cerevisiae 5' and 3' 
splice sites and branchpoint sequences generally deviate little from the respective 
consensus sequences (Langford et al, 1984; Leer et al, 1984; Teem et al, 1984). YL6a is 
no exception in this respect (Fig. 5.6.; reviewed in Woolford, 1989). However, the size 
of the intron (147 nt) is less than is generally observed for other S. cerevisiae ribosomal
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protein genes (typically between 300 to 500 nt; see Woolford et al, 1989). Further, the 
length of the intron estimated by Northern blot analysis was approx. 300 nt. The 
discrepancy may be due to inaccuracies in measurement, or to YL6b both containing a 
longer intron and giving rise to the predominant transcript. Differences in the lengths of 
introns between other duplicated ribosomal protein genes have been observed (see 
Woolford, 1989). Interestingly, there is no evidence of introns in any of the three 
S. pombe counterparts of YL6 (Gatermann et al, 1989).

From the sequence of YL6a it would appear that the intron is located after the first 
nucleotide of codon 2. The position of the intron in YL6b remains to be determined. 
Although in most cases of S. cerevisiae gene pairs containing introns, the position of the 
intron is the same in both genes, there is at least one case where the introns are located at 
different positions (Molenaar et al, 1984). All but one (Miller, 1984) intron-containing 
gene of S. cerevisiae contains only a single intron, and in most cases it is located within 
10 codons of the translation start site (see Woolford, 1989).

Given that so few S. cerevisiae genes have introns, why do they appear to have been 
preferentially retained in ribosomal protein genes. At least one ribosomal protein (L32) 
can inhibit the splicing of its own pre-mRNA (see Section 4.3.; Dabeva et al, 1986). 
Since ribosomal proteins assemble into ribosomes in the nucleus, which is also where 
splicing occurs, such autoregulation may be the functional equivalent of the 
autoregulation of ribosomal protein translation which occurs in E. coli (Nomura et al, 
1984; Section 1.6.). Thus, if autoregulation of splicing of ribosomal protein 
pre-mRNAs were the rule, it would not be surprising that their introns had been 
preferentially retained. However, such autoregulation has not yet been observed in cases 
other than that of L32 (see Warner, 1989). Autoregulation of the splicing of ribosomal 
protein pre-mRNAs may occur in other eukaryotes. For example, Xenopus oocytes 
injected with excess copies of the gene for ribosomal protein LI accumulate transcripts in 
which the second intron is aberrantly spliced, and the third intron is not spliced at all 
(Bozzoni et al, 1984).

5.3.1. Suggestions for Future Work

Clones containing YL6b were significantly under-represented in the genomic DNA 
library. Should the cloning of YL6b by the differential screening method described in 
Section 5.2.7. prove problematic, another approach would be to screen the library with 
an oligonucleotide specific to the 3'-end of YL6b (cDNA13). Cloning of YL6b would 
allow direct comparison of the two members of the gene pair.



With regard to questions of function, it would first be desirable to determine whether 
both genes are expressed. This could be done by using gene-specific oligonucleotides to 
probe Northern blots. Further studies would include 5' end mapping, promoter 
analysis, and gene disruption.

The S. cerevisiae ribosome is composed of 4 rRNA molecules and 70 to 80 ribosomal 
proteins. To transcribe the respective genes requires all three nuclear RNA polymerases.

. Post-transcriptional events include processing of pre-rRNA, splicing of pre-mRNA, 
transport of mature mRNA to the cytoplasm, regulation of mRNA stability, translation, 
and transport of the ribosomal proteins into the nucleus. There, assembly of the 
ribosome takes place, followed by its export back to the cytoplasm. To understand 
completely the synthesis, assembly, structure and function of the ribosome will require 
the cloning and characterisation of all of the genes encoding the various ribosomal 
components. The studies described here represent a small contribution towards this end.
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APPENDIX 1

Abbreviations

Chemicals

BSA - bovine serum albumin
DEPC - diethylepyrocarbonate
DTT - dithiothreitol
EDTA - ethylenediaminetetra-acetic acid (disodium salt)
EtBr - ethidium bromide
SDS - sodium dodecylsulphate
SSC - standard saline citrate
Tris - tris (hydroxymethyl) amino ethane
TEMED - N,N,N',N'-tetramethylethylenediamine

Nucleic Acids

cLATP - deoxyadenosine triphosphate
dCTP - deoxycytidine triphosphate
dGTP - deoxyguanosine triphosphate
dTTP - deoxythymidine triphosphate
DNA - deoxyribonucleic acid
cDNA . - complementary DNA
RNA - ribonucleic acid
mRNA - messenger RNA

M iscellaneous

bp - basepair(s)
x : - degrees centigrade
Ci - Curie
cpm - counts per minute
kb - kilo base(s)
kD - kilo dalton
log logarithm/logarithmic
M - molar (moles per litre)
MW - molecular weight
nt - nucleotides
OFAGE - orthogonal field alternation gel electrophoresis
pfu - plaque forming units
pH - negative logio [H+]
rpm - revolutions per minute
UV - ultra-violet
v/v - volume per volume



APPENDIX 2

40S Ribosomal!Yoteins 60S Ribosomal Proteins
Al B2 C3 Al B2 C3
SO YS2 - Lla YL3 rp3?
SI YS1 - Lib - -  -

S2 YS8 rpl4 Lie YL31 rp4?
S3 YS3 rpl3 L2 YL2 rp2
S4 YS5 ipl2 L3 YL1 rpl
S6 YS7 ■ - L4 YL5 rp6
S7 YS6 rp5 L5 YL6 rp8
S10 YS4 rp9 L6 YL8 rp ll
S ll ? rp40 L7 YL9 -

S12 YS10 rp30 L8 YL11 rp25
S13 YS11 rp21 L9 YL7 -

S14 YS9 ipl9 L10 YL12 rpl6
S16a YS16 rp55 L12 YL13 -

S17 YS17? - L13 YL10 rpl5
S18 YS12 rp41 L15 YL23 -

S19 YS13 - L16 YL22 rp39
S20 YS21 rp42 L17 YL16 rpl8?
S21 YS18? rp52 L17a YL32 -

S22 YS19? - L18 YL18 -

S24 YS22 rp50 L19 YL19 -

S25 - - L20 YL17 -

S26 YS25 ■ - L21 YL15 rp22
S26a YS26 - L22 YL20 rp33?
S27 YS20 rp61 L23 YL14 rp33?

S27a YS15 - L25 YL25 -

S28 YS14 rp37 L26 YL28 -

S31 YS23 rp45 L29 YL24 ip62?
S32 YS28 ■ - L30 YL21 rp29
S33 YS27 -  . L31 YL29 -

S36 YS29 - L32 YL38 rp73
S37 YS24 - L33 YL33 -

L34 YL36
L35 YL30 - -

L36 YL34 - -

L37 YL37 rp47
L38 YL26 ■ -

L39 YL39
L40 ■ - -

L41 YL27 -

L42 YL42 -

L43 YL35 ■ -

L44/45 YL44 -

L46 YL40 -

L47 YL41 •

Correlation of different yeast ribosomal protein nomenclatures.

1 Bollen et al (1981); Michel et al (1983).
2 Otaka and Osawa (1981).
3 Warner and Gorenstein (1978).
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APPENDIX 3

Ribosomal Protein Predicted 
Size of 
Protein

Copy 
No. of 
Gene

No. of
UASjpg
elements

No. of 
Introns

Counterparts in other 
organisms

L2 362 2 1 0 LI (X, D)
L3 (TCM1) 387 1 0 0 L 1(T ,A )
L5(YL6) 254 2 1? 1 K-family (S); VI (D i)c
L16 174 2 2 0 L5 (E); L21 (T); V18 (D i)d
L17a 137 2 1 1 ?
L25 137 1 2 1 L23 (E)a
L29 (CYH2) 148 1 2 1 L29 (N); L27* (M)
L30 155 2 1? 1 ? b
L32 105 1 2 1 L30 (M, R)
L34 112 2 2 1 L31 (R)
L41 103 L36a (H, R)
L43 88 L37 (R)
L46 51 2 1 1 L39 (R); L36 (S)
L 1(UBI1,UBI2) 52 2 2 1 -

ip28 185 2 2 1 L18 (R); L14 (X)
rp29 155 2 2 1 ?
AO 312 PO(H)
A l 106 -

L44 (A2) 106 2 0 -

L44' 106 1 2 0 -

L45 110 1 2 0 -

S10 236 2 2 1 S6 (H, M, R, S)
S16A 143 2 2 1 S12 (Hal)
S24 129 2 2 0 S16 (Hal)
S26 87 S21 (R); S28 (S)
S31 108 2 2 1 ?
S33 67 2 0 0 ?
S37 (UBI3) 76 1 1 1 S27a (R)
rp51 136 2 2 1 S17 (H, R, Ha, Ch)
rp59 (CRY1) 137 2 1 1 S14 (H, Ha, D)

Characteristics of S. cerevisiae ribosomal proteins and the genes that encode them. The 
genes that encode L41, L43 and S26 have not been cloned. The predicted sizes of the 
proteins are in the most part deduced from the DNA sequences. Abbreviations: A, 
Arabidopsis thaliana; Ch, chicken; D, Drosophila melanogaster, Di, D. discoideum; E, 
E. coli; H, human; Hal, Halobacterium morismortui; M, mouse; R, rat; S, S.pombe; 
T ,Tetrahymena thermophila;X,X. laevis.

a Not unequivocal from sequence comparison but clear from RNA-binding studies
(El-Baradi et al, 1985).
The data are taken from Warner (1989) and:-
b Baronas-Lowell and Warner (1990) 
c This study. 
d Singleton et al (1989).



APPENDIX 4

Measurement of mRNA Half-Life

Several methods have been used for the estimation of mRNA half-life. However, each 
has its associated draw-backs. The methods are discussed below, mainly in the context 
of S. cerevisiae, and beginning with those in which inhibition of transcription is 
followed by the assessment of mRNA abundance at various intervals by means of 
hybridisation with gene-specific probes. Inhibition of transcription can be achieved 
either by the use of drugs, or by making use of temperature-sensitive mutations that 
disable RNA polymerase II.

Various drugs can be used to inhibit transcription in S. cerevisiae. These include 
lomofungin, daunomycin, ethidium bromide, thiolutin and 1,10-phenanthroline, all of 
which have been used in studies of mRNA half-life (Kuo et.al, 1973; Tonnesen and 
Friesen, 1973; Herrick etal, 1990; Santiago, 1986). In particular, 1,10-phenanthroline, 
a zinc chelator, was used by Santiago (1986) in his studies of the cDNAs that form the 
subject matter of this thesis. However, 1,10-phenanthroline is not as specific as might 
be desirable, since its effect is not restricted to RNA polymerase II, the polymerase that 
transcribes protein-coding genes. In fact, all three RNA polymerases are inhibited by 
1,10-phenanthroline, since all three are zinc-metalloenzymes (Auld et al, 1976; Lattke 
and Weser, 1976; Wandzilak and Benson, 1977). Further, either by a knock-on effect 
of the inhibition of RNA synthesis, or perhaps more directly, 1,10-phenanthroline 
inhibits protein synthesis. Whether or not an mRNA is being translated is known to be 
an important determinant of the stability of at least some mRNAs. Moreover, inhibition 
of protein synthesis will reduce the levels of any protein factors involved in mRNA 
turnover. Of necessity, therefore, the concentration of 1,10-phenanthroline used in 
mRNA half-life experiments is a compromise that minimises inhibition of protein 
synthesis while maintaining a significant effect on transcription. Despite all of these 
reservations, however, the half-lifes of UR A3 and TCM1 mRNAs estimated by use of 
the phenanthroline method are not significantly different from the half-lifes estimated by 
use of the non-disruptive incorporation kinetics method (Santiago et al, 1986; Losson 
and Lacroute, 1979; Kim and Warner, 1983).

Transcription can also be inhibited by shifting S. cerevisiae , bearing a 
temperature-sensitive mutation {rpb-1) in the large subunit of RNA polymerase II, from 
the permissive to the restrictive temperature (Nonet et al, 1987; Herrick et al, 1990). 
This mutation has no effect on the other two RNA polymerases, and the potential 
complication of the heat-shock is minimised since transcription by RNA polymerase II is
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essential in order for a heat-shock response to occur. Nonetheless, as in the case of the 
methods involving transcription inhibitors, there will inevitably be a knock-on effect on 
protein synthesis, and in any case dilution into hot medium must perturb the physiology 
of the cells due to the general temperature dependence of enzyme activity. Thus although 
there may be fewer complications with this method than with the methods involving 
transcription inhibitors, the results may not be directly comparable. Perhaps this 
explains the significant differences in half-life estimated for CYH2 mRNA and mRNA74 
(Herrick et al, 1990; Santiago et al, 1986; see Sections 1.2.3. & 3.3.2.1.).

Transcription inhibitors have also been used in the context of other organisms. For 
example, rifampicin is used extensively in studies of E. coli mRNA half-life. Similarly 
actinomycin D, an intercalating agent, is often used in studies of higher eukaryotes. 
Again, however, there will always be knock-on effects. Clear indications of such effects 
are the stabilisation of mammalian c-fos mRNA following actinomycin D treatment, and 
the stabilisation of S. cerevisiae ribosomal protein mRNAs after heat-shock (Shyu et al, 
1989; Herruer et al, 1988; see Sections 1.2.2. & 4.1.3.).

Alternatives to the above methods involve the labelling of mRNAs in vivo. Labelled 
mRNA extracted at various time points is then used to probe blots of gene specific DNA 
fragments. Two different approaches can be used.

One approach is known as "decay kinetics". It has been used in studies of a range of 
organisms, including S. cerevisiae. Here, RNA is labelled in vivo to steady-state, 
following which the culture is transferred to fresh medium to initiated the chase. The 
half-life of any given mRNA is determined by following the decay with time of its 
activity. There are several disadvantages of this approach, however. First, growth of 
the culture is interrupted during transfer to fresh medium. Secondly, in the case of rare 
mRNAs, it can be difficult to obtain probes of sufficient activity. Thirdly, radiolabelled 
precursors are not instantaneously flushed from the cells. Finally, radio-labelled 
degradation products can be re-incorporated into newly synthesised mRNA. 
Mathematical corrections for re-incorporation can be used, but are complicated by the fact 
that different mRNAs are synthesised at different rates.

The second approach, known as "incorporation kinetics", suffers from less drawbacks. 
In particular cell growth is not interrupted. Here, radiolabelled precursors are added to 
exponentially-growing cells, and RNA is isolated at various time points thereafter. In 
the absence of mRNA decay, one would expect the activity of any specific mRNA to 
increase as a linear function of time. Thus, the departure from linearity serves as an



indicator of mRNA half-life (Greenberg, 1972). Even more so than in the case of the 
previous method, however, it can be difficult to obtain probes of sufficient activity. In 
all other respects this is the method of choice for estimation of mRNA half-life.



APPENDIX 5
A m ino

acid
Codon Frequency A m ino

acid
Codon Frequency

Gly GGG 0.0075 Thr ACG 0.015
GGA 0.005 ACA 0.055
GGU 0.95 ACU 0.485
GGC 0.0375 ACC 0.445

Glu GAG 0.085 Tip UGG 1.00
GAA 0.915

Stop UGA 0.08
Asp GAU 0.42 UAG 0.053

GAC 0.58 UAA 0.87

Val GUG 0.0325 Cys UGU 0.89
GUA 0.01 UGC 0.11
GUU 0.545
GUC 0.4125 Tyr UAU 0.13

UAC 0.87
Ala GCG 0.01

GCA 0.03 Leu UUG 0.75
GCU 0.68 UUA 0.13
GCC 0.2825 CUG 0.022

CUA 0.07
Arg AGG 0.0233 CUU 0.022

AGA 0.8667 cue 0.003
CGG 0.00
CGA 0.00 Phe uuu 0.21
CGU 0.106 uuc 0.79
CGC 0.0016

Gin CAG 0.055
Ser AGU 0.283 CAA 0.945

AGC 0.0266
UCG 0.015 His CAU 0.026
UCA 0.038 CAC 0.74
UCU 0.53
UCC 0.36 Pro CCG 0.0075

CCA 0.86
Lys AAG 0.81 ecu 0.125

AAA 0.19 CCC 0.0075

Ash AAU 0.14 He AUA 0.02
AAC 0.86 AUU 0.45

AUC 0.53
Met AUG 1.00

Codon bias table for highly expressed genes of S. cerevisiae. The values, are 
modifications of those of Sharp et al (1986; Table 2). See Section 3.1.1. for 
explanation.
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