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Summary

Twelve S. cerevi._siae 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. cDNA10, 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, MERS. In addition, thereis =~

circumstantial evidence that among the unidentified cDNAs that generate short half-life
mRNAs are several that encode ribosomal proteins. | '

¢DNA13 has been the subject of the most study, since it represénts a newly-discovered
ribosomal protein gene of S. cerevisiae. “This was first suggested by its homol_ogy'at- _
~ both the DNA and putative amino acid levels with the gene encoding ribosomal protein
K37 of §S. pbmbe. In addition, mMRNA13 "behaves" like the mRNA for a ribosomal
prOte_in, in that its abundance increases sharply when glucdse 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 mRNA13 when cells harbouring a
temperature-sensitive splicing mutation are grown at the restrictive temperature.

‘Genomic sOutherh 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 r_eplacemént vector, e

EMBL3. From it was isolated one of the genes related to cDNA13. Sequencing of this
gene provided a complete amino acid sequence for the corrésponding protein. The
putative N-terminal sequence is identical to that of the previously characterised
S. cerevisiae ribosomal prdtein, YL6. Further, there is clear evidence within the
sequence for the predicted intron, as well as of elements characteristic'of UAStpgs
~ (upstream activation element that regulate the expression of S. cerevisiae ribosomal

protein genes).
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CHAPTER 1
INTRODUCTION



1. Introduction

Since this thesis revolves around the observation that S. cerevisiae ribosomal pfoteihs
~ are in general encoded by short half-life mRNAs, and more specifically concerns the
identification and characterisation of a new ribosomal prdtein gene of S. cerevisiaé, 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, Santlago (1986) developed a new method for the estimation of mRNA
 half-life in S. cerevisiae. ; ‘

’ The method is as follows 1 10-phenanthrohne (final concentration 100 ug/ml) is addcd' -
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 phenanthrohne on transcnpuon and
other aspects of cellular phys1ology have not been 1nvest1gated

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 abund_an’ce of 185
- rRNA (small subunit rRNA). Results obtained by this method are therefore not absolute
measurements but rather an mdlcatlon of the stablhty of any one MRNA relative to that of
the 188 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 hyb.ridiéing only
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with the former might be expected to correspond to short half-life mRNAs, while those
- hybridising with both should coneépond'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 mRNA:cDNA hybrids and extensions of G-residues to the vector (pBR322
cleaved with PszI). The library was then screened differenti:illy with probes generated by
reverse transcription of poly(A)* mRNA isolated from DB Y746, 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 approx1mately 30 to 40 minutes at
the elevated temperature (Linquist, 1984). '

The results of this expeﬁment were disappointing: after 3 rounds of screening only 3
~ clones behaved consistently as if they contained copies of short half-life mRNAs
(cDNAY, cDNA13 and ¢cDNA19), and only one appeared to be derived from a long
half-life mRNA (cDNA11). In fact, while the as'sighment of cDNAs 9, 13 and 19 turned
out to be correct, the assignment of cDNA11 was wrong: later expeﬁments showed that
; cDNA11 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
»s1gn1flcant1y 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 méy
 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 ‘ornlAy'
prerequisite was that they contained Ps:I sites at the boundaries of the cDNA insert. In
total he studied 13 cDNAs, details of which are glven in F1g 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-hfe is inversely proportional to mRNA

length.



1.2 mRNA Stability in Yeast and Other Organisms

Although traﬁscription is an obvious initial step at which éxpression 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, contr'dl of mRNA stability
has come to be recognised as an important determinant of gene cxprcssmn ina number of
different systems (rev1ewed below) Further a number of different mechanisms can be

seen to be at work.

Spec1ﬁc sequence elements affectmg mRNA stablhty have been identified in 5 and
3'-untranslated regions, as well as in coding regions. Ihus 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 expreééion 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

-4-



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 proteir_i's"is more stable than thé 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‘). _If 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
k3'-exoribonucleas,e (Chen et al, 1988). However, replacing the stem and loop structure .
at the 3'-end of the puf operon fails to stabilise the labile 3'-domain, suggésting that the

 initial target for endonucleolytic attack is not the 3'-end (Chen et al, 1988).

REP (repetitive extragenic palindromic) sequencés are present in both
Salmonella typhimurium and Escherichia coli, in such amounts that they represent as
much as 1% of the genome (Stern et al, 1984). The presencé 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. typhimurz‘um histidine-transport operon, and at the -
boundary of the malE and malF 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 etal, 1987a; 1987b).

Two exonucleases, PNPase (polynucleotide phosphorylase, the pnp gene product) and
RNasell (the rnb gene product) are the enzymes primarily responsible for degrading
mRNA to mononucleotides in bacteria (Donovan and Kushner, 1986). Both enzymcs ’
‘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 Eukai‘yotes

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 necesSmy for stabilisation.
It cannot be sufficient, however, since removal of oestrogen from culture medium does
not alter the density of ribosomes on pblysomal vitellogenin mRNA (Blume and Shapiro,
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1989) even though this mRNA becomes labile. The effects of oestrogén and other
“hormones on mRNA stability have been reviewed by Shapiro et al (1987).

DNA replication-deperident 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.
ﬂuétuations results from_fnoderatc changes in transcription rates, together with much
- grcatef 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). o '

Both in vivo and in vitro experiments indicate that histone mRNA degradation proceeds
in a 3' to §' 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 E

~ 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
histone.s,‘ 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‘-cnd'(Fahrnervét 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 ceasés, 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
. éuké.fyotes for coupling mRNA levels to DNA replication (Lycan et al, 1987).

-6-



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 sequencé of an Iron Responsive Element (IRE) located in the
" 5"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 theS'-untranvslated 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'-untrar'1slated_ 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 h'TR 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 ﬁbonuclease 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—éolony stimulating factor). Transplantation of this ARE from GM-CSF into
the 3'-untranslated region of a human B-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). B-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 contribut-é}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
potentieﬂ 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 iranslocation. 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. V |

- 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 B-glo‘bin 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 codirig region. The existence of two independent
B dcgradatio‘n pathways for c-fos mRNA could serve an important biological function.
Over-expression of c-fbs can lead to oncogenesis (Meijlink et al, 1985); the presence of |
two destabilising sequence may act as some form of safeguard. '

| B-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 B-tubulin mRNAs are destabilised by high levels of their own

i 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
B-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 B-tubulin genes with prematurc translation
termination codons (Pachter et al, 1987; Yen et al, 1988), it was shown that B-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
B-tubulin gene. Only mRNAs with conservative changes were regulated corfé%tly. Thus
it is not the mRNA, but the amino-terminal tetrapeptide (Met-Arg-Glu-Ile), 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
B-tubulin proteins and is unique to them at this position (Yen et al, 1988). Thus it is
‘hypothesised that regulated degradation of B-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 mighf
activate an RNase (which may be a ribosome component, or may be recruited to the
ribosome); alternatively binding may induce transientvstalling', leaving the mRNA inan
'cxposéd confirmation for cleavage by a non-specific endonuclease. |

1.2.3. mRNA Stability in Yeast

Progfess 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 strengthéned by measurement,
also by the 1,10-phenanthroline method, of the half-lifes of actin, PYK, and URA3
mRNAs as well as of two chimeric mRNAs, PYK/URA3 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
cleravage. However, doubt as to the generality of these observations arises from
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experiménts in which half-life was measured by a method involving the ﬁse of a strain
‘with a temperature sensitive lesion in the large subunit of RNA polymerase II (rpbI-1;
- RNA 'p'olymerase B), that at the rrestrietive temperature causes transcription of Polll
genes to cease immediately (Herﬁck and Jacobson, 1988). Half-lifes of 11 mRNAs of

known functionbdetennined by this method showed no correlation with length. The use

of a different method may be one reason for the discrepancy; alternalively the relationship
~ between length and stability may only hold in some instances. ‘ ‘

| vaen 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 stab111ty 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 URAI 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 PYKI and a
PYK/LacZ 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
o m’G(5)ppp(5)G (Scripati et al, 1976) Could it be this difference that determmes =
whether an mRNA belongs to the stable or unstable population? Apparently not since,
- when §. cerevisiae mRNAs were labelled with [32P] 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 rapldly
while long labellmg penods allow labelling of more stable mRNAs

~ In a recent extension of the work of Herrick and Jacobsoﬁ (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 stabilify was apparent, nor were two distinct populations of mRNA.
Herrick et al (1990) did, however, categerise the mRNAs as members-of three arbitrary
stability groups: stable, half-life > 25 minutes; moderately stable, half-life 10 to 20
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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 measuréménts were conéistent, 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 léngth, 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 orloss 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 o

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
MATal mRNA are consistent with this. The mRNA encoded by MATal is very
unstable (half-life, approx. 5 minutes; Herrick et al, 1990). Various chimeric mRNAs
have been produced by in frame fusion of either ACTI or PGK1I (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 observaﬁon 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 vbe 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 bec@e_appdrent that sub-fractions
of the "micros‘or_ne" (a term used to describe fractions consisting of endoplasmic
reticulum and what are now known to be ribosomes) retained synthetic ability. In
particular, Littlefield ét, 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 synthésis, 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 witha
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). Althohgh the eukaryotic ribdsome, 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
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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 TRNAs of E. coli are generated as a single precurSor molecule with the order
5'-16S-23375S¥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 TRNA 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.
Saccharomycés cerevisiae are pres_ént 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, séquences encoding the precursor rRNA are
transcribed in the order 5'-185-5.8S-25S-3", 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; Maxamet . . -

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 IRNA 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 1RNAs greatly exceed 35S rRNA in ﬂ
abundance, suggesting that the prccursdr 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 IRNA. One
of the genes, rna82, appears to encode an endonuclease that both processes the 3' end of
5S tTRNA, and has a role in 355 TRNA 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 255 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 278 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 tRNA genes can be inhibited by excess 5S IRNA, while the transcription 6f tRNA
- genes remains unaffected, prov1d1ng a feedback mechanism that is likely to be important
in SS rRNA gene regulation in vzvo A similar form of feedback inhibition exists in -
S. cerevisiae, again thought to be mediated: by a TFIIA-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 déplc_ted (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' v
hypothesis is supported by the finding that rat ribosomal protein L5 (the counterpart of
YL3), and Xendpus TFIIIA protect overlapping regions of 5S rRNA from nuclease.
(Huber and Wool, 1986a; Huber and Wool, 1986D). ‘

1.3.2. Newly Synthesised Rlbosomal Protems 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 fo 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 B-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 riboso_mal _ '
protein, L29, is also determined by the sequence at the N-terminus. Initial experiments

suggested that the first 16 amino acids are important (U_n'defwood and Fried, 1990). In

~ fact, it now appears there is some redundancy of information. The amino acid sequence

of L29 bétween residues 6 and 13 is identical in five out of seven positions with the
: scquencé 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 B-galactosidase to the
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nucleus. Underwood and Fried (1990), investigated the effects of sinbgle 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—chargcd 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 RNA 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
.26 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
708 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'orgavnism (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 rib_osomal proteins, together with several non-ribosomal proteins,
associate with the p.rimary,transcript The resulting ribonucleoprotein complex contains
most of the ribosomal proteins present in the mature ribosome. During maturation the
non{ribosomal proteins, like non-TRNA 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
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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 seenin

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 St11'ppéd 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 TRNA 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 123 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 -
etal, 1985). Similar results have been obtained for L15 of S. cerevisiae and L11 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 tRNAs -
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)

1.34. 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 expréssion of mating type (Miller et al, 1985). Similarly, coordjnatcly expressed

" “ribosomal protein genes have common upstream elements. For example, Teem et al
(1984), comparing sequénces upstream of eight ribosomal pfb‘tein 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 ilpstream of 6 of the 8
genes. The distance of HOMOL 1 from the réspectivé 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,v 1985).
When both HOMOL 1 and the RPG-box are présént upstream of a ribosomal protein
gene, the RPG-box is alwayé 3'to HOMOL 1, and they are usually separated by only a
few bp. The RPG-box can occur in both orientations, and meiy be present in more than

one copy.

In order to determiné the functional significance of these observations, Rotenberg and
‘Woolford (1986) analysed in detail the promoter of the RP39a gene. RP39a upstream
‘sequ'ences, variously manipulated, were fused to a reporter gene, lacZ of E. coli.
Following transformation of yeast, levels of B-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-like expression on /acZ (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 gené CRY1, although at significantly lower levels (Larkin.et a1,1987).. ‘

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 UASpg (upstream activation sequence of ribosomal protein genes)
- was deduced. Most ribosomal protein genes contain two UASp, elements, although
some contain only one. Critically, a consensus UASpg 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_I-. and RPG-like elements (one of each) are found upstream of TEF] and

' TEF2, both of which encode the translation elongation factor EF-lo. A 150 kD protein n

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, UASy,gs are seen to be not only fesponsible for coordi_na‘té-
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 c.. 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 Coﬁditions (see Warner, 1989). However, not all ribosomal protein genes '
appear to be subject to control by' TUF. For example TCMI lacks a UASrpgﬁ, 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, ENO2
~ (Brindle et al, 1990; Section 3.3.1.). Interestingly RAP1/TUF/GRF1 also binds to a
UAS element upstream of ENO2, as well as to one upstream of ENOI (Brindle et al,
.' 11990). Finally, RAP1 and ABF1 (and therefore probably TUF and TAF) show
‘e;i‘:ten'sive sequence similarity, supporting a notion that the two regulatory proteins.have
similar functional roles (see Brindle et al, 1990). -

1.3.5. Post-vTr_anscriptional 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 -
' oﬁéféns does not suggesf conserved 'response'elg:ments. ‘Moreover, although pro{/ision
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of additional copies of individual ribosomal protein genes can result in aproporti'on'ate'
~ increased in the respective mRNAs, ribosomal proteins levels do not inevitably follow
‘suit. Ribosomal protein abundance is thus regulated postQtransctiptionally 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 transcnptton-translatlon :
cell-free extract, in which ribosomal protein operons are used as templates. - Each
regulatory protein affects the translation only of the polycxstromc mRNA by wh1ch itis =~

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 it. Indeed, translational repression of the bicistronic
'L11 operon in vitro by ribosomal protein L1 is abolished by excess 23S rRNA
(Nomura et al, 1980), and the target for L1 within the L11 mRNA shares common
structural motifs with the binding site for L1 within 23S rRNA (Thomas and Nomura,
1987; Kearney and Nomura, 1987). Further, both Serratia marcescens and
Proteus vulgaris have an L1-like protein that can regulate expression of a chimeric
operon containing the L11 target site, indicating considerable evolutionary conservation
of the regulatory mechanism (Sor and Nomut'a, 1987). |

How does binding at a unique site within a polyciétronic mRNA affect translation of
every gene within it? The L11 gene precedes the L1 gene within the L11 operon. The
binding site for L1 lies upstream of both genes, and is intimately associated with a -
Shine-Delgamoysequence (Thomas and Nomura, 1987). Thus, binding of L1 can inhibit
translation of L11. Moreover, deletions that disrupt L11 translation initiation also abolish

translation of L1 (Baughman and Nomura, 1983). Thus, it would appear that translation
of L1 is dependent upon previous translation of L11. 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 bregulation of ribosomal
~ protein genes, in that protein levels do not necessarily parallel mRNA levels. For
example, although introduction of extra copies of tcml, encoding ribosemal protein L3, -
causes an increase in L3 mRNA abundance that corresponds to the gene dosage, little
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effect on L3 protein levels is observed (Pearson et al, 1982). This was taken initially as

) ev1dencc of a translanonal control mechanism analogous to that occumng in E. coli,

although polysome profiles were not mvestlgated (see below).

~ Results similar to the above have been obtained in the case of a second ribosomal protein
gene, RPS1A. | Here, hoWéver, 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 ranslational regulation were involved, they occur
within the coding regidn, 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 RP5/b 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 polysbme distribution of tcmi, 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 dosagc 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 regulatlon of nbosomal protem 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 'gcne dosage (Maicas et al, 1988). The ability of the cell to detect s’_o
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. -
; compartmént in which it occurs, is known, although it seems plausible that a prdtein
- 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 (L.32), extra copies of the géne result in an
inhibition of splicing of the corresponding pre-mRNA (Dabeva et al, 1986; see also
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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 . 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 differcnt 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 UASp, elements, and whether there are known counterparts in other organisms,
are given in Appendix 3. | | ' ’
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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 : o Reference/
, ' Source
IM101 supE, thi, A(lac proAB) F' traD36, proAB*, lacI9> Messing (1979) -
- lac ZAMIS

NM522  supA, thi, Aac-proAB), AhsdS(R-, M-),F’ proAB, Gough and Murray

lacl9 ZAM15. (1983)
NM621  hsdR, mcrA, merB, supE44, recD1009. Whittaker et al

(1988)

P2PLK-17  hsdR-M*, mcrA, mcrB, lac, supE, gal, P2. - Stratagene USA

- 2.2. S. cerevisiae Strains

. The S. cerevisiae strains used in this work are shown below with their genotypes.

Strainv Genotype y Source |
"DBY746 a, his3, ura3-52, leu2-3, leu2-112, trp1-289 David Botstein

DJy36 a, ura3-1 or ura3-52, ade, prp2-1, Gal+ Derek Jamieson

DIy89 a, leu2, ura3-52, his3, adel 2, Gal* Derek Jamieson

2.3. Plasmids and Bacteriophages

Plasmids and bacteriophages used in this study, other than those whose constructlon 1s
described clsewhere in this thesis, are listed below. '

Plasmid/ @ Description , " Source/Reference
Bacteriophage . '
pSP65R A fragment of the . cerevisiae 18S rRNA Santlago et al (1986)
o gene in pSP65 ;
pSPACT9 - A fragment of the S. cerevisiae actin gene in Bettany et al ( 1989)
pSP64 v

Bluescript IKS+ ' ' ‘ Stratagene USA

. M3mply19 ' Messing (1983)
EMBL3 Frischauf et al (1983)

-24 -



2.4. Oiigonucleotides

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

Oligonucleotide (5' to 3') ~ Use

GTGTGTTGATAAGCAGTTGCTTGGTT Probe for ENOI

- TCATGGTCATAGCTGTT ‘ Probc-pnmer (strand—speaﬁc M13 probes,
T P ‘ ~ BRL)
GTAAAACGACGGCCAGT | Universal sequencing primcr (-20)
GTTTTCCCAGTCACGAC 3 Univeral sequencing pﬁmer (-4v,
AACAGCF ATGACCATG | : Reverse sequencing primer
GTGAACACCTTCGTTAGC | ~ Primers for sequencing of YL6A
GGTAGAGTTGACAAACC . o .
GGGTGTGATGACATIGC "
CAACCATGTGATI‘GTCG o - : "

CCI‘i‘ CAATATCATTACC "
CACGGTTACATTCGTGG | o
ATTGTTTGCTITGAGG oo

'CAACTCTGTACTTGTGG B

2.5, E. coli Growth Media and Culture

22.5.1. Medla
D & M Salts:

Minimal Agar:
L-Broth:
L-Agar:

BBL Broth:

BBL agar:

- 28g KoHPO4, 8g KHyPOy, 4g (NH4)2S04, 1g sodium citrate.

0.2g MgS02.H20 made up to 1 litre with distilled HpO.

20g Bacto-agar (Difco), 25ml D & M salts, made up to 1 litre
with distilled H20. _

10g Bacto -tryptone (leco) Sg yeast extract (lecb) 10g NaCl..
made up to 1 litre w1th dlstllled HQO and adjusted to pH7.0 with .

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

10g 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%.
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BBL top agarose: ~ As BBL broth with the addition of gel quality agarose to 0.7%. .

2xYT Broth: 10g Bacto-tryptone (thco) 10g yeast extract (Difco), 5 g NaCl
' made up to 1 litre with distilled H20. : :

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

Where required, minimal medla were supplemented with sterile glucose (2rng/rnl) and
filter sterilised thiamine hydrochloride (vitamin B1; 20ug/mi).  L-broth, L-agar and.
BBL-agar were supplemented with 10mM MgSO4 for growth of bactertophage lambda

and-its derivatives.

2.5.2. Antibiotics

When required either yampicillin, ata final concentration of 100pg/ml, or tetracycline, at a
final concentration of 10pg/ml, were added to broth or agar.

2.5;_3. Growth Couditions _‘

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 IM101 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 M1n1ma1v

agar containing glucose and thiamine.

E. coli NM621 or E.coli P2PLK-17 were used for the propagation of the bacten'ophage
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, 5001.11 of a mid-log culture was added to 1ml of sterile 40%
glycerol/2% peptone, and kept at -70°C indefinitely.
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2.6. S. cerevisiae Growth Media and Culture

Complete medxum 2% glucose, 2% Bacto-peptone (leco) 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 amivno acids).
Solid medium As either YPG or GMM, but with the addition of Bacto-agar
' (leco) t02% -

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

Culturcf,s were streaked on YPG or GMM agar with appropriate additions and grown for
3 days at 30°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. o ’

For long term storage, 500;11 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.
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2.7.1. Elect'rophoresis'

10 x TBE buffer - 109g Tris-HC], 55g boric acid, 9.3g Na;EDTA.2H20 made
g . . uptol litre with distilled H2O (pH8.3). . -
10 x Sequencing TRE ~ ~ 121.1g Tris-HCl, 51.36g boric acid, 3.72g
o R NajsEDTA.2H20 made up to 1 litre wrth distilied H2O

| ~ (pH8.3).
10x TAE . 48.4g Tris-HCl, 16. 4g sodium acetate, 3.6g-
: NaEDTA.H20 made up to 1 htre W1th distilled HoO
(pH8.2). | | o
10x MOPS 41, 8g 3- [N-morpholmo] -propane- sulphomc acid, 4.1g
' ' - sodium acetate, 1.89g NagEDTA 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. Isolatlon of Nuclelc Acnds
TE ' o - 10mM Tris- HCl lmMNazEDTA (pHS. 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 (pHS8), then with TE. For RNA isolation
it was equilibrated with distilled HO. Short-term storage
was at 4°C; long-term storage at 20°C v

Phenol/Chloroform - A 1:1 mixture of phenol.chloroform.
TEN | | 10mM Tris-HCI, 1mM EDTA, 10mM NaCl (pH7.6.)..

SB S 0.2M Tris-HCI,” 1M sorbitol, 0.1M EDTA,
- o 0.1M p-mercaptoethanol (pH 7.5).

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

RNAeXtraction buffer . 0.1M LlCl O lM Tns HCI pH 7 5, 0. 01M DTT (freshl\
’ added). '

2.7.3. DNA Mampulatlon

Restriction enzyme - DNA cleavage was normally carried out in the presence of
buffers the appropriate BRL ReactTM buffer.
~10x ngation buffer bf 0.5M Tris-HCI, 100mM MgClz, 100mM DTT, 500ug/ml

‘BSA (fraction V; ngma) (pH7 6).

10 x Kinase buffer '0.5M Tris-HCI, 100mM MgClp, 50mM DTT, 1mM
spermidine, 1mM NapEDTA.2H20 (pH7.6).
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10 x Nick-translation 0.5M Tris-HCI, 100mM MgSO4, 1mM D'IT 500pg/ml

buffer - BSA (fraction V; Sigma) (pH7 3).
10 x Random-priming . 500mM Tris-HCL;, 100mM MgSO4; 1mM DTT; 0.6mM
buffer o . . each of dATP, dGTP and dTTP (Pharmac1a) 3pg/ml
- random dp(N)g (Pharmacia) (pH6.2).
Sucrose gradients  10% sucrose in 1M NaCl, 20mM Tris-HCI, 5_mM
_  NapEDTA.2H,0 (pH8.0).

. 40% sucrose in 1M NaCl 20mM TI'lS HCl, 5mM
7 NazEDTA 2H;0 (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).

20x SSPE ~-3.6M NaCl, 200mM sodium phosphate,
S ~ 20mM NasEDTA.2H,0 (pH7.4). :

BIOt-dcnaturing 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

Lafgc 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 et al (1989). On a small scale the boﬂmg 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 20pg/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 ace»tate’(pHS.Z) and the DNA was brecipitated by the addition
of 2 volumes of ethanol. - '
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282 Mi3 DNA

Isolation of smgle- and double- stranded M13 DNA was performed as descrlbed by
Sambrook et al (1989)

2.8.3. Bacteriophage Lambda DNA
2.8.3.1. Largé Sca"l’eb

Large scale isolation of A 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 (ODggg = 0.3) in a 2 litre flask in the presence of
10mM MgSO4 and 0.2% maltose. The culture was incubated at 37°C with vigorbus
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 overmght '.
Precipitated phage were pelleted (15000 x g, 15 minutes) and resuspended in 11ml of |
phage buffer. '

This phage suspension was vortexed with an equal v_oiume 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 T170 e

rotor at 20°C. The phage band was removed from the side through an 18-gauge syrmge '
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/éhloroform and
chloroform. The DNA was dialysed against TE as above, and stored at 4°C. Yields for
EMBL3 denvatlves were generally 100-200ug. '

' 2.8.3.2.7 Small Scale

Small scale isolation of A 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 DN A

High molecular weight S. Cerevisiae DNA was prepared' by a inbdiﬁcation 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 0.25¢g -
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 miéroscopy. 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 aftér incubation at 37°C for 2
| houfs; 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 éentrifugatidn at 15,000x 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. Fvollowing 'dialysis, the DNA was treated again with pre-boiled
RNase A, at a final concentration of 10pg/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. = ‘ N

2.8.5. S. cerevisiae RNA

In order to isolate undegraded RNA, all chemicals and receptaclés 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
ovcfnight 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 cehtr‘ifugz_ltionv 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 resuspende& in 5ml of RNA extraction buffer
and transferred to tubes contairiing 14g of glaés beads (40 mesh), 1ml of 10% SDS, and
10ml of phenol/chloroform. This mixture was vortexed cbntinuously 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 (pHS.2), 2.5 volumes of ethan_ol were added, and prééipitation 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 Manipulation 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
esséntially 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’camled out by the dideoxy
chain-termination method first described by Sanger et al (1977)." The polymcfasg: 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 Taqg 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).
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2.11.  Gel Electrophoresis
2.11.1. Agarose Gels -

For most purpi_)ses the gel buffer was TBE. When purifying DNA fragments, howeve‘r,:
TAE was used preférentially.’ 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 A
DNA cleaved with H indIll and/or H indIII-EcoRL. DNA was visualised by UV
fluorescence after staining the gel with EtBr (0.6pig/ml in running buffer). | ‘

Prior to electrophoresis, RNA was denatured by heating to 65°C for 15 minutes in RNA
denaturi‘ng 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 séparated 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
perSulp_hate and 20pl 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.
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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_]abelled 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, 50uCi 7[32Pj-dATP, and 1 unit of T4
 kinase (final volume 10pl), 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/ug. On average,
nick-translated probes had a specific activity of 107-108 cpm/ug; random-primed probes
and oligonucleotide probes a specific activity of 108-109 cpm/ug.

In order to use single-stranded M13 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
primef—extensiori (Hu and Messing,l 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 2ug of
single-stranded DNA were resuspended in 11ul of React 2™ (B'RL) 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 lul of
0.1M DTT; 1ul of a mixture of dCTP, dGTP and dTTP (0.5M each); 1pl (10 uCi) of
a-[32P]-dATP (800 Ci/mmol), and one unit of Klenow DNA polymerase. Reactions
were terminated by the addition of 1ptl of 0.5M EDTA. The probe was separated from

unincorporated nucleotides as above.
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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 20ug/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 éxception 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-hybridisatioh, and for a

minimum of 16 hours.

Northern blots to be probed with the end-labelled ENOI oligonucleotide were treated
~ essentially as above, except that the pre-hybridisation solution contained 40% (v/v)
forrnamide 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 ENOI oli_gonucléoﬁde were washed in 6 x SSC at kroorn
temperature for 15 minutes and then again in 6 x SSC at 42°C for a further 15 minutes.
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|  CHAPTER 3 |
SEQUENCING OF 12 UNIDENTIFIED cDNAs
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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 Pst site of the
plasmid cloning vector pBR322. Since I desired to use a s1ng1e-stranded DNA
sequencing strategy, appropriate fragments of the cDNAs were sub-cloned into the
vectors M13mp18 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). Psil
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 M13mp18/19 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 information was deduced by using
single-stranded probes (Hu and Messing, 1982; see Section 2.12.2.), prepared frem 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 smgle stranded form: Such probes were tested for their
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ability to hybridise to Northern blots of RNA prepared from S. cerevisiae DBY746, 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 codmg 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, 198'2). 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 c‘odon 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. PGKI 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 helpv to distinguish which ,
- frame is most likely to represent the true one, and may also highlight frame-shifts due to.
sequencing errors. On the basis of their study of 110 individual bsequences, Sharp et al |
(1986) compiled codon usage tables for . 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. Iincorporated 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 acidis -

unity. Cluster analysis of codon usage in S.’cerevisiae’ reveals that the majority of ge_n_es
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 |
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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). '

| Mostvof 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
- acDNA 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 {258=3360 nt, 185=1710 nt, -
© 5.85=158 nt and 55=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.). -
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~ Figure 3.1.

Table 3.1.

>100 2
%
Fd *
 mANA Hait-Life | %
min sok R

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 | mRNAhalf-life
(nt) (minutes)
Stable:- . o
‘ 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 +/- 2.2
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 haif-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
mRNASS 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. cDNA10

The mRNA from which cDNA10 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 c¢DNAI0 is shown in Fig.3.2.a. The internal 250bp EcoRI
fragment was subcloned into M13mp19 and the subclone was named pl0. The _
nucleotide sequénce 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 se"quence‘ '
was used to search the GenEMBL database and was found to be very similar to those of
the two yeast enolase genes, ENOI and ENO2 (Holland et al, 1981). ENOI and ENO2
are 95% identical at the DNA level over their coding regions. The differences between
cDNAI10 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, cDNA10 is
99.6% identical to ENO2 and 98.0% identical to ENOI over the sequenced region; at the
amino acid level it is 100% identical to ENO2 and 99% identical to ENO, due to a single
amino acid difference, methionine for leucine, at amino acid 183 of ENO! (Fig. 3.2.a.).
Thus cDNA10 would appear to encode ENO2. It can be further deduced that cDNA10
encodes ENO2 by comparing the restriction maps of both enolase genes (Holland et al,
1981) with that of cDNA10 (Fig. 3.2.b.). There is significant restriction fragment
polymorphism between the two enolase genes and it is evident that cDNA10 is equivalent
to ENO?2 rather than ENO!. The slight differences in restriction fragment sizes observed
between cDNA10 and ENO2 are presumably due to inaccuracies in measurements in one
or both studies. ' | |

3.2.1.2. cDNA22

The mRNA from which cDNA?22 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.
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Pstl EcoRl EcoRl Pstl

Ppal v S ~Pvul

200bp . ‘
— p10 =

EcoRI

GHHTTQHTGHTTGCTCCHHCTGGTGCTHHGﬁCCTTCGCTGHHGCQﬂTGHGHHTTGGTTCC 60
GluPheMet! [eAlaProThrGlyAlalysThrPheAlaGluAlaletArgl IeGlySer

GHHGTTTHCCHCHHCTTGHHGTCTTTGRCCHHGHﬁGHGHTHEGGTGCTTCTGCCGGTHHC 120
GluValTyrHisAsnLeulLysSerLeuThrLysLysArgTyrGlyAlaSerAlaGlyAsn

GTCGGTGﬁCGHﬁGGTGGTGTTGCTCCHHHCHTTCHHHCQGCTGHHGHHGCTTTGGHCTTG 180
UalGlyAspGluGlyGlyValAlaProAsn! |eGInThrAlaGluGluAlalLeuAsplLeu '

HTTGTTGHCGCTHTCHHGGCIGCTGGTCHCGHCGGTHHGGTCHHGHTCGGTTfGGHCTGT 240
I leValAspAlal lelLysAlaflaGlyHisAspGlylysVallys! |eGlyLeuAspCys

EcoR|

GCTTCCT
AlaSer

Figure 3.2.a.

247

Restriction map (see also Fig. 3.2.b.) and sequence of cDNA10.
Narrow lines represent pBR322; the bold line indicates the cDNA
insert. Open boxes represent the GC tails at the end of the insert.

- pl0 is the M13 subclone from which sequence information was

obtained. The overlinedEcoRI site in the DNA sequence represents
the junction between the insert and the vector. The predictcd amino
acid sequence is shown below the DNA sequence. Underlined
nucleotides mark the differences between the cDNA10 sequence and
that reported for ENOI, in which C at position 6 is T; CA at positions
45 and 46 is TT; C at position 159 is T; and T at position 201 is C.
The overlined C, at position 102, is a T residue in the reported
sevquénce of ENO2. All of the differences are conservative, except
for the one at positioh 46, which results in a methionine residue here
instead of the leucine residue in ENOI. The sequence of ENOI and
ENO2 are from Holland et al (1981).



Psti Hindll Kpnl ~  EcoRl Hindll EcoRl Hindll Kpnl Bgll .  Pst

cDNAmLM] _

' p10

Hindll Kpnl ~ EcoRiHindll EcoRl Hindll Kpnl  Bgll

pENO2

| Hindlll , ) Hindil EcoRl Hindlll Kpnl Bl Hindlll
PENO1 M
250bp

Figure 3.2.b. Restriction maps of cDNA10, ENOI and ENO2. Open boxes in the
cDNA10 map represent the GC tails of the insert. Restriction maps
of ENO!I and ENO?2 are taken from Holland et al (1981).



Ppal  Pstl Rsal  psti pyul

p22
200bp
: —

GCTTTGTTCARATTTATGTATTTTCGGARCGCCOGCE66CECGCCECCCETTGTCOARCE 60

AlaleuPhelysPhele tTyrPheArgAsnAlaGlyGlyArgAlafl aArgCysArgThr
* LeuCysSerAsnlLeuCys! | ePheGlyThrProAl aGlyAlaProProValValGluPro
PheUaIGlnlIeTgrUaIPheSerGluﬁrgﬁrgﬁrgﬂlaﬁrgﬁrgProLeuSerﬁsnPro

CAGGCACGCATGCGGAGGCTTCATGTTCATTCACAACAAGARACTGCAATACACGGTCAG 120

GInAlafArgMetArqArqgleuHisValHisSerGInGInGluThrAlal leHisGIuGin -

ArgHisAlaCysGlyGlyPheMetPhel | eHisAsnLysLysLeuGInTyrThrlalArg
GlgThrHisﬁIaGIuﬁlaSerCgsSerPheThrThrHrgHangsﬁSnThrﬁrgSerGIg :

GTCGCCCGACCGARTCCCGTCCTCGCGAGTTTCATGCTGGAGCAGT TCGGCEGCGCAGGG 180

UaIHIaﬁrgProﬁsnPranlLeuﬂlqSerPheMetLeuGluGInPheGIgGlgﬁlaGlg
. SerProfispArgl | eProSerSerfArgVal SerCysTrpSerSerSerAlaflaGinGly
ArgProThrG luSerArgProArgGluPheHisAl aGlyAlaVal ArgArgArgArgAla

CGHGCTGGCCGCGGCCHTGCGCTﬁTTTCHCCCHGGCGCTCGGGGHGGTCGHTCCCGGCCG‘ 240'

ﬁrgﬂlaGlgﬁrgGlgHisﬂlaLeuPheHisProGlngaﬁrgGlgGlgHrgSerﬁrgPro
GluLeuAlaflafAlaMetArgTyrPheThrGinAlaleuGlyGluValAspProGlyArg

SerTrpProfArgProCysAlal |eSerProArgArgSerGiyfArgSer| |eProAlafla
‘ ’ ’ Rsal

CﬁﬁGGﬂCﬁTGCTGﬁTGGHCﬁTCGCCﬁCCGﬁ__* 270
GInGlyHisAlaAspGlyHisArgHisArg

LysAspMetLeuMetAsp| leAlaThr

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

sequence obtained from cDNA22. 2 [ i ]2
Full bars represent stop codons i ] 1
and short bars methionine 1 I 1

) |

codons. Bars above the diagram

represent 100 bp intervals. ||
v -3
|




The cDNA was devoid of sites for common hexanucleotide recognition-sequence
~ enzymes. Thus an Rsal-PsI fragment (Fig.3.3.a) was subcloned into M13mp19
cleaved with HincIl and Pstl. 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"
NBREF 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 showh in Fig. 3.4.a. “The two Sall-Pstl fragménts were
subcloned into M13mp19 (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 F1g 3.4.a. The sequence is shown as bemg continuous
across the Sall 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 Sa[I site. The gel was very easy to read in this
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‘Pyul PstlSall , Pstl  Ppal

pd6S ——
pd6L

200bp
—

CHHCCHHCCHCHHCTHCHTHCHCHTHCHTHCHCHHTGGTCGCTCHHGTTCHHHHGHHGCT 60
GInProThrThrThrThrTyrThrTyr! leHisAsnG lyArgSerSerSerLysGluAla

Sall ’ :
CCARACTTTTAAGARAACTGGGTGGTCGACGGTGTCTTTGACGAAGTCCTTGGACAAATAC 120

ProThrPhelyslysThrGlyTrpSerThrlal SerLeuThrLysSerLeufsplLysTyr

AARGGGTAAGTACGTTGTCCTAGCCTTTATTCCATTGGCCTTCACTTTCGTCTGTCCAARCC 180
LysGlyLysTyrValVallLeuAlaPhel |eProLeufilaPheThrPheValCysProThr .

GHHHTCHTTGCTTTCTCHGHGGCTGCTHHGHHHTTCGHHGHHCﬁﬁGGCGCTCﬁHG t 235
GlullelleAlaPheSerGluAlaAlalysLysPheGluGluGInGlyAlaGin '

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 Sa/l site used in cloning is indicated by
overlining. The sequence is shown as continuous, even though no
sequence data were obtained across the Sall 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 13
Figure 3.4.b. Open reading v
frame map of sequence obtained 2 | | : 2

- from cDNA46. Full bars 1
represent stop codons and short
bars methionine codons. Bars _; _n -1
above the diagram represent
100 bp intervals. 2 J, ]2

30 13
I i

Figure 3.4.c. Northern blot of total yeast RNA
probed with p46S and p46L DNAs.
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- 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 mdlcate
distance in nucleotldes

3 TTTTYTYIHNGRSS....'viveevn SKEAPTFKKTGWSTVSLTK.SLDK 39

N B I O R R

41 TDILWSASAQGKSAFSTSSSFHTPAVTQHAPYFKGTAVVNGEFKELSLDD 90

40 YKGKYVVLAFIPLAFTFVCPTEIIAFSEAAKKFEEQGAQ 78

RSN PO RS R R RN RS B R I

91 FKGKYLVLFFYPLDFTFVCPTEIVAFSDKANEFHDVNCE 129

Figure 3.4.e.

Similarity between the putative amino acid sequence derived from
cDNA46 (top) and that derived from the mouse gene, MERS
(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 MERS 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 Sa/l
- fragment missing, although such a fragment was not detected by restriction analysis.
" Unfortunately, this was not investigateci, for example by end-labelling Sall cleaved
cDNA46 and separation of the fragments on a polyacrylamide gel. However, the
possibility that the sequencé 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 Sequencc
derived from cDNA46 is 44.7% identical, or 57.9% similar when conservative changes
are allowed, to that derived from MERS, 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 Sall site overlaps codons 28-30. Thus, if theré 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 MERS, no significant homology is observed (data not shown). |

3.2.1.4. cDNAT4

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 Bg/II-PstI fragment was
~ subcloned into M13mp19 cleaved with BamHI and PstIv(p74S). The extent of sequence
information obtained from p74S is displayed below the restriction map. In the DNA
sequence a complete Bg/II site is shown, although the actual sequence read was a
composite of the 5' side of a BamHI site and the 3' side of a Bg/II 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
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Ppal Pstl | Bglll  pstipyul

200bp
_ o ~ p74s

_Bglll
, HGﬁTCTGGGHHCHCTTHCHHCCTCHTTTTHCTHCHHHTGHCGGGTTGGHHGTTHTCTTCH
—-HrgSerGIgHsnThrTngsnLeulIeLeuLeuGlnHetThrGIgTrpLgsLeuSerSer
- —- AspLeuGlyThrLeuThrThrSerPheTyrTyrlLys *
- 'IIeTrpGlqusLeuGlnProHlsPheThrThrﬁsnﬁspGIgLeuGluUalIIePheLgs

ARGACGARGAAGARRAGGACCATCCTGTARGARAGT TGACCARCGCTARGGGCGAATCAT
— LysThrlLysLysLysArgThr| leLeu *

— AspGluGluGluLysAspHisProValArgLysLeuThrAsnAlalysG lyGluSerPhe

TCﬁﬂGGTTGCTHGTHTTGCTHHTGCTCHHGTCCGTTHHHHHGHTHTHHTHTCHCGﬁﬂTTT

- LgsUalRIaSerlleﬁlaﬁsnﬁlaGanalHrg-*

GTTHCTHHTTTHHCﬁTGCGTHﬁﬁTHCTTﬁTTTCﬁCHTHTHTHHTTCHHHGHTTTHTHHGT
RARTGTCTTGTGCTAAT

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 Bg/II 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.

1 L

Figure 3.5.b. Open reading frame
map of the sequence obtained from

cDNA74. Full bars represent stop = |

codons and short bars methionine -1 " -1

codons. Bars above the diagram :

represent 100 bp intervals. -2 l -2
S -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
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, opf:n 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. "



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
NBREF databases was observed. Thus the identity and function of this gene remains to
be established. '

3.2.1.5. cDNAS85

The mRNA from which cDNAS8S 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‘o'f cDNASS5 is shown in Fig. 3.6.a.. The orientation of the cDNA in
the vector was not determined. The smaller of the two HinclI-PstI fragments was
subcloned into M13mp19 (p85S) cleaved with the same en'zymes. The sequence derived
from p85S$ is presumably that of the Coding stfand since p85S hybridises with mRINA
(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
possiblé 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.
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GTCGACTTTTCTGGTCAARARGGCTGGTTTGATTGCTGCCAGARGAARCCGGTTTACTACGT 60

- UdlﬂspPheSerGlgGlnLgsﬂlaGlgLeulIeﬂlaHIaﬂrgﬂrgThrGlgLeuLeuﬁrg
- — SerThrPheLeuwallLysfrgLeuVal *
— ° ArglLeuPheTrpSerLysG IyTrpPheAspCysCuysG InLysAsnArgPheThrThrirp

" GGTTCTCARARGACCCARGATTARTCTTTTTAATTTTGGTTTCTTTCCTTCTGTCATATT 120
- GIgSerGlnLgsThrGlnﬁsp *

- PheSerLgsHspProﬂrgLeul lePheleul leLqualSerPheLeuLeuSerTnggr
HTTTTHTCHHTTTTCTTHHHTHHTTHTHTHHTTTHHCGHCGTCCTHTH 168

—~ PhelleAsnPhelLeulys *

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
M13 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. '

Figure 3.6.b. Open reading frame 3
map of the sequence obtained from o 2
cDNASS. Full bars represent stop 1

codons and short bars methionine : :
codons. Bars above the diagram i
represent 100 bp intervals. -2 2

-3 -3

~ Figure 3.6.c. Northern blot of total yeast RNA probed
~ with p85S DNA.



Figure 3.6.d.

Codon Preference

Codon preference plots for the sequence obtained from cDNAS5.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of
departufe 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.



3.2.2. ¢cDNAs Representing Short Half-Life mRNAs

3.2.2.1. cDNA9

The mRNA from which cDNAS9 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 HindIII-Pst] ‘fragments _
~ were subcloned into M13mp18. The coding strand was determined by hybn'dising
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 HindIll site, this junction was’ not -
sequenced, as shown in the sequencing strategy (Fig. 3.7.a.). However, a contlnuous

open reading frame is observed in frame 1 (Flg 3.7.b.). The putauve 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 res1dues) and 18 basic residues (9 lysine and 9 argmme

‘ 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. c¢DNA1l1

The mRNA from which cDNA11 is derived was estimated to have a half-life of 18.0 +/-
2.2 minutes (Santiago, 1986), and a length of approx. 960 nt (thxs study) The length
~ of the cDNA insert is only approx. 380 bp, however : :
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TTTGCHHGGCHGGHGHHCCGCTTTGGTTCHCGHTGGTCTHGCCTHH‘GHGGTTTGHGHGHH 60
PheﬂlaHrgGInGIuﬁsnﬁrgPheGIgSerHrgTrpSerSerLeuHrgGIgLeuﬂrgGIu

~ Hindlll
TCTHGGHHGGCTHTHTCTHTHGTTFWTHTTGGTTGTTTTGGTCHGCTCTGTTHCTG 120
SerﬂrngsﬂlalIeSerlleUalLgsLeuTngrpLeuPheTrpSerﬁIaLeuLeuLeu -

ARGCTARCATTATCARGTTGGTTGARGGGTTTGGCTAACGACCCAGAARARCAARGGTTCCA 180
LysLeuThrLeuSerSerTrpLeulysGlyLeuR | aRsnAspProG luAsnLysValPro

| TTGATCAARGGTTGCTGATGCTARGCARTTAGGTGARTGGGCTGGTTTGGGTCAAGACGAC ‘;_240
Leul leLysUalAlaAspAlalysGinLeuGiyGluTrpAlaGlyLeuGlyGInAspAsp

CGTGRAGGTARCGCCAGARAGGTTGTCGGTGCCTCCGTTGTTGTTGTCAAGARCTGE e 297
ArgGluGlyAsnAlafArglysValValGlyAlaSerValValValValLysAsnTrp '

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 HindIIl
site used in cloning is indicated by overlining. The sequence is
shown as continuous, even though no sequence data were obtained
across the HindIIl 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 pSL DNAs, only the latter
hybridised, indicating that the sequence obtained from p9L is that of

the coding strand.

' : 1 1
Figure 3.7.b. Open 3 ] ll " 3
reading frame map vof |
the sequence obtained 2 " I 2
from cDNA9. Full
bars represent stop 1 v 1
codons and short bars
‘methionine codons. ! [[ -1
Bars above the |- m 2
diagram represent 100 [ 1]
bp intervals. 3 -3

1 1
Figure 3.7.c. Northern blots of total yeast RNA probed
with p9S and p9L DNAs.



Figure 3.7.d.
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Codon preference plots for the sequence obtained from cDNASY. ‘ '
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 indiéate

Figure. | 3.7.e.
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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 (intermediatc
bar) and argininq (full bar). The numbers indicate the position of the

- amino acids stating with leucine (Fig. 3.7.a.) :



pvul Pt EcoRl  pgtf Ppal

200b: pitiS
p— .

- EcoRl » |
GAATTCATCAARCARATTGGTTARGTCCATGGARCGARACTGGTTGARGTCACATTACATA

— GluPhel leAsnlLyslLeuValLysSerMetGluArgAsnTrpLeulLysSerHisTyrl le
— AsnSerSerThrAsnTrpleuSerProTrpAsnGluThrGly %*
— 1leHisGInGInlleGly %

TﬁHCTHCTTHTTTTHTCTHHGTCCTHTHTHGTTCTGTTHTTCHCTHGTTTGTHTHTTGTH

CCTCTA

60

120

126

| Figure 3.8.a. Restriction map and sequence of cDNA11l. Narrow lines represent
pBR322 sequences; bold lines indicate the cDNA insert. Open boxes
show the GC tails at the ends of the insert. p11S is the M13 clone
from which sequence information was obtained; arrows show the

extent and direction of the sequence. The sequence derived from
p118S 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.
3 3
2 2
|
1 -1
20 112
3 -3

Figil re 3.8.b. Open reéding frame map of the sequence obtained from cDNAI1.

Full bars represent stop codons and short bars methionine codons.

Bars above the diagram represent 100 bp intervals.



Figure 3.8.c.
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Codon preference plots for the sequence obtained from cDNA11.
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.



A restriction map of cDNA11, together with the sequencing strategy, is shown in
: Fig.3.8.a.‘ p11S contains the smaller of the two EcoRI-Pstl fragments in M13mp19.
The sequence obtained ﬁom p118S 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 OREF, 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. | | ' |

3.2.2.3. 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 p13XPL and p13XPS
are Xbal-Pst1 fragments in M13mp19; p13KPL and p13KPS are KpnlI-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% idéntity at the amino acid level. When
conservative changes are allowed.the similarity at the amino acid level is 82.9%
(Fig. 3.9.1.).

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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Figure 3.9.a.

Ppal Pstt  Kpnl Xbal Pstl  Pvul
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v

p13XPL
p13KPL

Y o { o —

p13KPS

200bp

TACARGTACAGATTACGTGARGARARTCTTCATTGCTAACGARAGGTGTTCACACTGGTCAA
TyrLysTyrArgleuArgGluGlul lePhel leAlaRsnGluGiyValHisThrGlyGln

TTCATTTACGCTGGTAAGARGGCTTCTTTGAARCGTCGGTAARCGTCTTGCCATTGGGTTCT
Phel leTyrAlaGlylysLysAlaSerleufsnValGlyAsnValleuProlLeuGlySer
Kpnl
GTCCCﬁGHHGGTHCCHTTGTCTCCHﬁCGTTGﬁﬁGﬁﬁHﬁGCCﬁGGTGHCHGHGGTGCCCTH
‘ UalProGIuGIgThrlIeUaISerHanalGIuGIuLgsProGIgﬂspﬂrgGlgﬁlaLeu

GCCAGAGCTTCTGGTAACTACGT TATCATCATTGGTCACARCCCAGATGARRACARAACC

HlaﬁrgﬁlaSerGlgﬁsnTgrUalIlelIelléGIgHisﬂsnProHspGluﬁsnLgsThh'

AGAGTCAGATTACCATCCGGTGCCARGARGGTTATCTCTTCTGACGCCAGAGGTGTCATC
ArgValArglLeuProSerGlyfAlalLysLysVal | leSerSerAspAlafrgGlyVal l le

GGTGTCATTGCCGGTGGTGGTAGAGT TGACARACCATTGTTGARGGCTGGTCGTGCTTTC
GlgUaIIIeﬁlaGIgGlgGIgﬁrgUalﬂspLgsProLeuLeuLgsﬁlaGlgﬁrgﬁIaPhe

CHCHHGTﬁCﬁGﬁTTGHHGHGHHHCTCTTGGCCHHHGHCCCGTGGTGTTGCCHTGHHTCCH :

H|ngsTgrﬁrgLeuLgsﬁrgﬂsnSerTerroLgsThrﬂrgGIgUalﬁIaHetﬁsnPro

, Xbal
GTTGﬁTCHCCCTCHCGGTGGTGGTHHCCHTCHHCHTHTTGGTHHGGCTTCTHCTHTCTCT

UalHslesProH:sGIgGlgGlgﬂanlsGlnHlslIeGlngsHIaSerThrIleSer”

ﬁGﬁGGTGCCGTTTCTGGTCHﬁHHGGCTGGTTTGHTTGCTGCCHGHHGHHCCGGTTTHCTH
" ArgGlyAlaValSerGlyGinLysAlaGiyLeul leAlaf|afrgArgThrG lyLeuleu

’CGTGGTTCTCHHHHGHCCCHHGHTTHHTCTTTTTHHTTTTGGTTTCTTCCTTCTGTCHTH
ArgGlySerGlnLysThrGinAsp ¥

TTHIIIIHTCHHIIIILI|HHHTHTTHTHTHHTTTHHTCCGHHHCGTTCCTTHTHH‘
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480.
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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. p13XPL,
p13KPL, p13KPS and p13XPS 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 clomng are indicated by overlining. The putatlve amino acid

sequence is shown below the DNA sequence.



Figure 3.9.b.
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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.
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Figure 3.9.c.
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Codon preference plots for the sequence obtained from cDNA13

Upper frame 1; rmddle, 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.

: Beneéth 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.



Figure 3.9.d.
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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.).



R , 1o
151 CCTGGCCGTGGTGCTCCGTTGGCCAAGGTTQCTTTCCGTAATCCTTATCA 200 -

6 GTACAGATTACGTGAAGAAATCTTCATTGCTAACGAAGGTGTTCACACTG 55
R NN N A RN RN B
201 CTACAGAACTGATGTTGAAACCTTTGTTGCAACTGAGGGTATGTACACTG 250

56‘GTCAATTCA&TTACGCTGGTAAGAAGGCTfCTTTGAACGéCGGTAACGTé_105

e e FEEEE b e e ree veerr e
251’GCCAATTCGTTTACTGCGGTAAAAACGCTGCTTTGACCGTTGGTAATGTC 300

106 TTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTCTCCAACGTTGAAGA 155
PEEE 1 L b rberererr borererbrrrn ol
301 TTGCCTGTTGGTGAGATGCCCGAGGGTACCATTATTTCCAACGTTGAGGA 350

156 AAAGCCAGGTGACAGAGGTGCCCTAGCCAGAGCTTCTGGTAACTACGTTA 205
I T I I I O I B I O Footrrbrerereery il '
351 GAAGGCCGGTGACCGTGGTGCATTGGGTCGTTCTTCTGGTAACTATGTTA 400

_206;TCATCATTGéTCACAACCCAGATGAAAACAAAACCAGAGfCAGATTACCA 255

terr e el I Lheer ek !
401 TCATTGTCGGACATGATGTTGACACTGGCAAGACCCGTGTCAAGTTGCCC 450

256 TCCGGTGCCAAGAAGGTTATCTCTTCTGACGCCAGAGGTGTCATCGGTGT 305
Srbrrrrrrrrerrerr b orinnd | O I O I R I I 6 O O
451 TCTGGTGCTAAGAAGGTTGTCCCTTCTTCTGCTCGTGGTGTTGTCGGTAT 500

306 CATTGCCGGTGGTGETAGAGTTGACAAACCATTGTTGAAGGCTGETCGTIG 355
RN R e R N N RN RN N
501 TGTTGCTGGTGGTGGTCGTATTGACAATCCTTTGCTCAAGGCTGGACGTG 550

356 CTTTCCACAAGTACAGATTGAAGAGAAACTCTTGGCCAAAGACCCGTGGT 405
N O I I I T I O e O I O O B A O Y I O R A0 1
551 CATTCCACAAGTACCGCGTCAAGCGTAACTGCTGGCCTCGTACTCGTGGT 600

406 GTTGCCATGAATCCAGTTGATCACCCTCACGGTGGTGGTAACCATCAACA 455
P reee tr e trrrrr et er et erererr el
601 GTCGCTATGAACCCCGTCGATCACCCTCACGGTGGTGGTAACCATCAACA 650

456 TATTGGTAAGGCTTCTACTATCTCTAGAGGTGCCGTTICTGGTCAAAAGG 505
S I I T O e I e I I O R Y I P N N I I R R R A RN R
651 CGTTGETCACTCTACTACCGTTCCTCGCCAATCCGCTCCTGGTCAARAGG 700

506 CTGGTTTGA&TGCTGCCAGAAGAACCGGTTTACTACGTGGTTCTCAAAAG‘555

R RN R R RN R N B RN R ‘
701 TTGGTCTTATTGCTGCTCGTAGAACCGGTCTTTTGCGTGGTGCTGCTGCT 750

556 ACCCAAGATTAATCTTTTTAATTTTGGTTTCTTCCTTCTGTCATATTATT 605

(RN R
751 GTCGAAAACTAA. . vttt terersenasncanennasas . 762

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.



66
51
116
101
166
-.151

YKYRLREETIF IANEGVHTGOF IYAGKKASLNVGNVLPLGSVPEGTIVSNY 50
| .11 Polslol e bbb e al ol b be ettt
YHYRTDVETFVATEGMYTGOFVYCGRNAALTVGNVLPVGEMPEGTIISNV 115

EEKPGDRGALARASGNYVIIIGHNPDENKTRVRLPSGAKKVISSDARGVT 100 -

R N R R R R A P R R E R RN R RN R PR RN
EEKAGDRGALGRSSGNYVIIVGHDVDTGKTRVKLPSGAKKVVPSSARGVV 165

GVIAGGGRVDKPLLKAGRAFHKYRLKRNSWPKTRGVAMNPVDHPHGGGNH 150
et bbbttt ettt bbbttt
GIVAGGGRIDNPLLKAGRAFHKYRVKRNCWPRTRGVAMNPVDHPHGGGNH 215

QHIGKASTISRGAVSGQKAGL IAARRTGLLRGSQKTQD 188

B O B e N P N A R AR N N R

216

OHVGHSTTVPRQSAPGOKVGLIAARRTGLLRGAAAVEN 253

'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 joihs amino acids that are not
identical, but for which a pair of possible codons can be foun_d o
 that are related in one buvt 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 cDNAI13 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 re51dues (15 lysine, 7
histidine and 16 arginine residues) in a total length of 197 amino acids.

All ‘ribos_omal protein genes sequenced to date from . cereviside 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,

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 (Santlago 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-PsiI fragment -
and the large HincII-PstI fragment were subcloned into M13mp19 cleaved w‘ith} Hincll'
and Ps:I. Unfortunately this does not provide a continuous sequence. However, it has
proved very difficult to s_nbclone the large EcoR V-Pst] fragment since rearrangements at

-~ the M13-cDNA boundary, and possibly rearrangements elsewhere in the sequence, were

invariably obscrved to occur. One anomaly in the sequence of p19L is the presence of an
EcoRlI site at position 25 that was not detected when RF p19L 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,subkclone are
 those of the major'ORFs (Fig.3.10.b.). On this basis the sequence obtained from p19L
is presumably that of the coding strand and the sequence obtained from p19S that of the
non-coding strand. Further support for the sequence obtained from p19S being that of
the non-coding strand is that no evidence of a polyA tail is found atits 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 p19L 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).
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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. p19S and p19L

~are the M13 subclones from which sequence information was
obtained; arrows show the extent and direction of sequence. The
sequence derived from p19L, 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 p19S
will be that of the non-coding strand. The complement of the p19S
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. . . - . S
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Figure 3.10.d.

Distribution of the acidic (A) and basic (B) resid’ues within the-amino .

acid sequence obtained from p19L. The acidic residues are glutanﬁc R

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
NBREF 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 :dppI‘OX.-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 Bg/II-Ps¢I and
EcoRI-Ps fragments, cloned into M13mp19. ‘

‘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, C YHZ that
encodes the ribosomal protem L29 (Kaufer et al, 1983).

The sequence of CYH?2 is shown in Fig. 3.11.a. Starn 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
CYH?2 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'-end of the cDNA39 sequence (which precedes a
poly(A) tract; data not shoWn),-ie one of three transcription termination sites used in
CYH2 (Kaufer et al, 1983). |

The codon bias of CYH2 is shown graphically in Fig. 3.11.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. 3.11.c. 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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GGGTHGHHTT CCRARTGTTC CAGTTATCGT CRARGCTAGA TTCGTCTCCH AGTTGGCTGH]

. ACAPARARTC ACAGCToCTG GTCaToIToT TeARTToATC OCTTAR GOGCATCARCARAR
: | | |

- [AGCTCTATGIATITTCCARTARRTTATATATCTTCAGI TTRATCTAATTCAACATCIACT]

?

[TCTGIATTATTTATATGACCCATTTTGACGTTTTTT
+ +

Figure 3.11.a Restriction map of cDNA39 and sequence of CYH2 (taken from
Kaufer et al, 1983). Narrow lines represent pPBR322 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 Bg/II and
EcoRlI 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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Flgure 3.11.b. Codon preference plot of the CYH2 sequence. The degree of
departure from the dotted line indicates the extent of dev1at10n from
‘'random codon usage. The window length was set at 10 codons. |

Beneath the plot, the open reading frame is indicated a boxed region.
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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 & 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 approf(. 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
ftom the indicated Sa/I-Ps# fragment, which was subcloned into M13mp19 (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. Cereviside bgene 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 cDNA9Q over the area sequenced.

The sequence of the coding region of tcml, together with the deduced amino acid -
sequence, is shown in Fig. 3.12.a. The region equivalent to that derived from p90 is
boxed. The indicated nucleotide in treml at position 765 is a G residue in cDNA9O0. 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 feml 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.: L3isa 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. ¢DNA100

~t

The mRNA from which cDNA100 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 cDNA100 is shown in Fig. 3.13.a. The small EcoRI-Ps fragment
was subcloned into M13mp19 (p100S). Since the sequence obtained from p100 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.).
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AGAGCTGCCT CCATCAGAGC TAGAGTTAAG GCTTTTCCAA AGGATGACAG ATCCARGCCA 120
GTTGCTCTAA CTTCCTTCTT GGGTTACARG GCTGGTATGA CCHCCHTTGTVCHGHGHTTTG 180
",'GHCHGHCCHG GTTCTHEGTTSCCHCHHGCGT GARGTTGTCG ARGCTGTCAC CGTTGTTGAC
ACTCCACCAG TTGTCGTTGT TGGTGTTGTC GGTTACGTCG ARACCCCARG AGGTTTGAGA 300
TCTTTGACCA CCGTCTGGGC TGAACATTTG TCTGACGARG TCAAGAGAARG ATTCTACARG 360
ARCTGGTACA AGTCTAAGAR GRRGGCTTTC ACCAAATACT CTGCCAAGTA CGCTCAAGAT 420
GGTGCTGGTA TTGAAAGAGA ATTGGCTAGA ATCAAGAAGT ACGCTTCCGT CGTCAGAGTT 480
TTGGTCCACA CTCARATCAG ARRGACTCCA TTGGCTCARA AGARGGCTCA TTTGGCTGAR 540
ATCCAATTGA ﬂccsggsTTc CATCTCTGAA ARGGTTGACT GGGCTCGTGA ACATTTCGAA 600
AAGACTGTTG cTETEE%EﬁG‘E6TTTTﬁﬁﬁ?7iﬁ%ﬁﬁiﬁﬁﬁTTEﬁTTEEEEE‘TﬁTTGETEﬁﬂ_ - 660
[ECCARGGGTC ACGOTTTCOA AGGTGTTACC CACAGATGG0 GTACTARGAR ATTOCCARGA 720
[BRGACTCACA GAGGTCTARG AARGGTTGCT TOTATTGOTE CTTGOCATEE HGCCCHCGTT|  780
[ETCTGGAGTE TTOCCAGAGE TGGTCARAGA GOTTACCATT CCAGARCCTC CATTARCCAT] 840
 FARGATTTACA GAGTCGGTAR GGGTGATGAT GAAGCTAACG GTGCTACCAG CTTCGACAGA 900
ACCARGAAGA CTATTACCCC AATGGGTGGT TTCGTCCACT ACGGTGARAT TARGARCGAC 960
TTCATCATGG TTARAGGTTG TATCCCAGGT AACAGAAAGA GRATTGTTAC TTTGAGAAAG 1020
TCTTTGTACA CCAACACTTC TAGAARAGGCT TTGGARGAAG TCAGCTTGAA GTGGATTGAC 1080
ACTGCTTCTA AGTTCGGTAR GGGTAGATTC CHHHCCCCHG.CTGHHHHGCH TGCTTTCATG
GGTACTTTGA AGARGGACTT GTAR | | 1164

Figure 3.12.a. Restriction map of cDNA90 and coding sequence of the zcml 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 Sall site used in subcloning is overlined. The boxed
region represents the sequenced available from cDNA90. The one
difference observed between cDNA90 and #cm! is highlighted by a
triangle at position 765; in cDNA9O0 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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Codon preference plot of the tcml sequence. The degree of
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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 (fulI_ 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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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. p100S is the
M13 subclone from which sequence information was obtained.
Arrows indicate the extent and direction of sequence. The EcoRI site
used in subcloning is shown by overlihing. 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 1s shown below the DNA

sequence.
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Figure 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.



0 ' 50 100

C 2.0 ‘ :
sy /\-\/\J/_’\/\/\/

1.0

05 - ————— T

2.0
Lsq -

1.0

~ Codon Preference

Figure 3.13.c. Codon preference plot of the sequence obtained from cDNA100.
- Upper, frame 1; middle, frame 2; lower, frame 3. The degree of
departure from the dotted line indicates the extent of dev1at10n from ’

‘random codon usage. The window length was set at 10 codons.
~ Beneath each plot, open readmg 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.



4 [ : 50 100

2.0 -] ‘
1.5 _: /\_\/\M v

1.0 -

R G S S

2,0
1.5

1.0 3

Codon Preference

. Figure 3.13.c. Codon preference plot of the sequence obtained from cDNA100.
Upper, frame 1; middle, frame 2; lower, frame 3. The degree of
departure from the dotted line indicates the extent of deviation from
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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 arginipe (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 ¢ arginine;k4 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 signiﬁcém’t 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. |

- 49 -



33 | 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. ¢DNAI10

cDNA10 encodes the glucose-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
eprnentially in rich medium containing 2% glucose. It has been estimated that»thé B
ENOQO?2 product is 20-fold more abundant than the glucose-constitutive ENO1 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 ENO/ and ENO2 mRNAs reflect those of the
respective proteins (McAlistair and Holland, 1982). Thus it is not surprising that
cDNA10 represents ENO?2 rather than ENO!. From his analysis of genomic Southern
blots, Santiago had postulated that cDNA 10 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. ENOI and ENO2 mRNAs cannot be distinguished using a cDNA10 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 ENOI and ENO2 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 ENO2, two UAS elementé; 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
 ENOI, 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 ENOI in a manner. quantitatively 'sim‘ila‘r to that of ENO2 (Cohen et al,
-1987). ENOI also has sequence elements near to pdsitibn -445 that are fﬁnctionally
similar to the UAS elements of ENO2, 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 ENO2 are indeed the sites of
protein/DNA interactions. The two proteins, RAP1 (repressor/aétivator protein) and
ABF1 (autonomously replicating sequences [ARS]-binding factor), bind to overlapping
| sequences around position -461 of ENO2. RAP1 also binds to one of the UAS elements
in the ENOI gene, while another factor, designated EBF1 (enolase binding factor) binds
to sequences just upstream (Brindle et al, 1990). However, the URS of ENOI has not |
been investigated further. Interestingly RAP1 is the same protein as TUF, the _
trans-acting factor that binds to UASpg elements in ribosomal protein genes (Section
1.3.4.). Further ekperiments are required to assess whether the binding of RAP1 and/or
ABF1 to ENO2 mediates glucose induction or whether they are required for transcription
~per se. However, RAP1 dependent transcriptional activation is required for efficient
expression, but not gluéosc regulation, of ADH 1, another glycolytic gene (Santangel and
Tornow, 1990). In cells grown in gluconeogenic conditions a trans-acting factor, the
product of the GCR1 gene acts as a positive regulator of both ENO! and ENO2, as well
as of other glycolytic genes (Holland et al, 1987; Santangelo and Tornow, 1990). Itis
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 dxscrepanc1es is not clear. Thus, in addition to enolase
mRNA, mRNAs cncodmg at least one, and perhaps two, other glycolytlc e€nzymes fall ,
within the long half-life populatlon

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 MERS
is shown in Fig.3.4.d. MERS 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) Cellls 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 Rifki‘nd,' 1978). In order to prepare an erythroid—épccific 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, pMERS,
was sequenced and a single open reading frame of 257 codons was found. MERS
mRNA is notably more abundant in three MEL lines as compared with non-erythroid
mouse lines. Thus MERS is expressed preferentially in erythroid cells, and on the basis
of preliminary evidence, most abundan’tly in immature erythroblasts. |

No TATA-like element has been found upstream of the MERS transcription start site,
although there are several typical targets for transcription factors within the 150nt

proximal to the cap site (Y amamoto et al, 1989). In addition there is a motif reminiscent

of one essential for transcription of the human B-globin gene, and that is common in adult

B-globin promoters of many species but uncommon in the promoters of other eukaryotic |
genes (Myers et al, 1986). The function of MERS remains unknown, although
Yamamoto et al (1989) hypothesise that by virtue of lacking a TATA box it may be a
"housekeeping" gene. ENO2,PYK and PGK may also be considered to be
"housekeeping” genes, as may ACTI (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
MERS 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 mRNA9Q) 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, thoixgh 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 é.nd at 23°C; in the cxpeﬁments 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 qﬁibbles about the absolute half-life of
any particular transcript. | ’ ’

3.3.2.1. cDNA39

c¢DNA39 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 A_posit-iyon.' This presumably arose from a C to A mutation at

prition 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.

cDNA309 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.

: .CYHZ isa single éopy gene (Fried and Warner, 1982) that maps to chromosome VII .
(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 CYH?2
under the control of the GALI0 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 B .

centre.

A putative Neurospora crassa counterpart of CYH2 has been cloned, cyp-I (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.v
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 o

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 cxpressed' have been created by substituting the
wild-type CYH2 locus for cyh2 driven by a GALI0 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 L27' 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
L.27' is not assembled into ribosomes when yeast 1.29 is present (Fleming et al, 1989).
This demonstrates the strong evolutionary conservation between ribosomal proteins of

organisms that have diverged considerably.
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On the one hand,the mRNA encoded by CYH?2 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 oceur
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 (TCM] ; 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
eukafyotio 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 UASrbg,’
which are present in either one or two copies (Woudt et al, 1987; see Section 1.3.4.).
Such sequence elements are not present in the promoter region of TCM1. Instead
another element UAST, has been found to be involved in the transcription of TCM1. |
Further, a protein denoted TAF (TCM1 activation factor) binds to UAS in vitro (Hamil
et al, 1988)." In support of a hypothesis that TAF is indeed a transcriptional factor for
TCM 1, nucleotide alterations in UAST 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, in TCM1, 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 UASpg,
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but only in the presence of TAF or TUF respectively. - This additional protein may be the
‘trans-acting factor that allows coordinate regulation of the rideoma_l protein genes.

~ As stated in Section 3.1.2.3.,‘mRNA9_0. has a half-life of approx. 7 minutes (Santiago,
1986; Herrick et al, 1 990; Table 3.1.). However, Herrick et al (1990) independently
estimated the half-life of 7TCMI1 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, TCMI encodes a
moderately stable mRNA and cDNA90 an unstable mRNA. Clearly their measurements
are not as accurate as they believe. ’

3.3.2.3. ¢DNA13

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, cDNA11 and cDNA100 appear to be relatively
basic and that, with the exception of cDNA11, 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 (p19L) is more basic than acidic. Again, however, it
must be emphasised that all these sequences were derived from only oné 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.

3.3.3. Comparison with Other S. cerevisiae Genes
URA23 encodes orotidine-5'-phosphate decarboxylase, an ehzyme 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 (Bach et al, 1979); on the basis of incorporation kinetics;
7.3 minutes (Kim and Warner, 1983b); and finally using the temperature-sensitive Polll
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 URA3 gene product. On the bases of both decay and
incorporation kinetics, the half-life of URAI has been found to be approx. 15 minutes
(Pelsy and Lacfoute, 1984). Within the same pathway, PPR/ mRNA (pyrimidine
pathway regulation) with a length of 2900nt, the product of which regulates both URAI
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
'vproportion 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 éomplctc 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 sequehce 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.

Theréfore, 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
_ populatlons there is a continuum of half-lifes. '

Finally the one cDNA (cDNA82)4for which no sequencé information is available is one
* of the eight copied from mRNAs with short half-lifes. ¢cDNAS82 was not sequenced
~ because of difficulties encountered in subcloning either the PsfI fragment containing the
entire cDNA or an internal HinclI-PstI fragment. . The reasons for this were not

" investigated.
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Table 3.2.

mRNA Frame | Codons | % Rare codons/
| Analysed codons
Stable:- ,
- ¢cDNAI10Q (ENO2) - - 437 0
- cDNA22 - - ' FND

cDNA46 1 78 154
cDNA74 .3 51 - 7.8
cDNASS 1 27 0

Unstable:-
cDNA9 1 99 13
cDNAI1l 1 20 15
cDNA13 1 188 0

- ¢cDNA19 - - FND
¢DNA39 (CYH2) | . - 149 2
cDNAS2 - - NS
c¢cDNA90 (TCM1) - 387 1
c¢DNA100 1 41 ' 18

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 likély 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 Adde’dv in Prbof

‘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

- $12 from rat and mouse (Lin et al, 1987, J. Biol. Chem., 262, 14343-14351; Aydne
. etal, 1989, Nucl. Acid. Res., 17, 6722.). Thus at least four of the elght short half-life
mRNAs encode rlbosomal protclns

The nucleotide sequence derived from cDNA11 has been used again to search the
GenEMBL database. Clear homblogy 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 cDNAll sequence ends 320nt upstream of the cochng
reglon of this gene. Thus cDNAll remains to be identified. '
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CHAPTER 4 . _
NUTRIENT UPSHIFT, HEAT-SHOCK AND
o SPLICING
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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 TCMI 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 p'lasmid harbouring the K37 gene was linearised and hybridised, under
conditions that favour R-loop formation (Woolford and Rosbash, 1979), with S. pombe
poly(A)T RNA. RNA released from hybrid molecules was translated in a wheat germ
cell-free translation system, and analysed by polyacrylamide gel electrophoresis..
1D-electrophoresis revealed a 31kD product, within the size range characteristic of
ribosomal proteins of S. pombe, while 2D-eleCtrophoresis, which can be used to
separate the rather basic ribosomal proteins from vmost other cellular proteins (Warner
and Gorenstein, 1978), showed that the 31kD product migrates in the same region as do
other S. pombe ribosomal pfoteins. However, no specific assignment could be made,
since the relevant area of the gel is rather crowded v(N.F. Kaufer, personal.

communication).

Although the K37 gene was cloned by virtue of its homology with TCMI of
S. cerevisiae, it has been shown in this study that cDNA9O, 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 31kD, and TCM has only 38.4%
nucleotide 1dent1ty with cDNA13 over the coding region (Fig. 4.1.; note that only pan of
the cDNA13 coding region is avallable 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
c¢DNA13, would providé 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.
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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 ethanoi 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. TRNA 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 glucosé; only after 60 minutes in the richer
medium is the higher growth rate observed. Possibly this is due to a reqﬁireme’nt foran
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’
chaﬁges 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 RP554, to a coding region formed by fusion of
a segment of the yeast CYCI gene (iso-cytochrome-C) to the lacZ gene of E. coli
(Donovan and Pearson, 1986). The final construct contained no CYCI regulatory
sequences. The rate of synthesis of B-galactosidase from the gene fusion, after |
'. integration into the yeast genome at the RPS5A locus, increased upon addition of glucose ‘
~ tocells growmg in ethanol minimal medlum and with the same kmetlcs as did the rate of
synthesm 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 UASe element found upstream of many yeast ribosomal protein
genes, and which is recognised by the trans-activation factor TUF (Huet et al, 1985;
Section 1.6.). A consensus UASyg, introduced by means of a synthetic ohconucleonde .
into a transcriptionally-inactive reporter gene, confers responsiveness to glucose in..
addition to restoring transcriptional activity (Herruer et al, 1987).
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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 rcspiiatory metabolism. Thus induction of hsps is a very general response
to adverse conditions (see Linquist, 1 986).

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 températures, 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).
Améng 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

IeCoVver.

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 iemperaturé), the rates were approx. double those of the 23°C
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culture, possibly due to increased efficiency of the polymerase at the higher temperature.
The response to heat-shock appears not to be mediated by UASpg 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 UASp, 'elements have
~ been deleted (Larkin et al, 1987). Moreover, introduction of a consensus UASpg into a
transcriptionally-inactive reporter gene, does not confer a response characteristic of
ribosomal protein genes (Herruér 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 °C or at 36°C, both
mRNAs decay four-fold faster irrimediately 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 tcniperature effect, since precursor *

rRNA continues to be made. Its processing is impeded, however (W arner ‘an'd 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 éncode‘} ribosomal proteins do have an intron (see Woolford, 1989; Appendix

3) A number of S. Cereviside'géhe’s 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
(Linetal, 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
encbdes a protein (Jackson et al, 1988; Lee et al, 1986; Last and Woolford, 1986; Chang
et al, 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 expériments described here, DJy36, an S. cerevisiae Strain harbouring the
temperature-sensitive prp2-1 mutation, was used to investigate whether any of the genes
~corresponding to the short half-life mRNAs of Santiago (1986) contain introns.
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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% glucosc. Without the addition of glucose the culture took over 10
days to commence exponential growth. 500ul 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 0D660nm 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 (-7 O°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 blottcd (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 pre’sence' 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 ENO1
© gene (Section 2.4.), was used to probe the Northern blots. As discussed in
‘Section 3.3.1., ENOI. mRNA is expressed constitutively (Holland et al, 1981; Cohen et
al 1987). The chosen oligonucleotide is complementary to the 5-untranslated reglon of
ENOI mRNA (residues 2 to 26); when hybndlsauon is carried out at 42°C and in 40%
formamide, it does not hybridise with ENO2 mRNA (M.J. Holland, personal
communication; this study). Fig. 4.2.a. shows a Northern blot probed with both
cDNA13 and the ENOI-specific oligonucleotide. Even though mRNA loading evidently
wvaries 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 expenmem was repeated usmg a cDNA90 probe. cDNA90 encodes ribosomal
- protein L3, the TCMI 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 ENOI! oligonucleotide, and with cDNA13.

Probe ENOI CDNAY0 CDNA9

0O lo 20 30 60 120 0 10 20 30 60 120 0 10 20 30 60 120

— 1 77kb

—152kb
— 1 28kb

— 0 78kb

— 0 53kb

Figure 4.2.b. As Fig. 4.2.a. probed with an ENO/ oligonucleotide, reprobed with
cDNA90 (7CM1), 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 mRNA13.
* 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 begm 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 ODggonm 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 w1thdrawn for RNA
"preparatlon a small portlon 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 polyacrylamidc 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/fbrmaldehyde gels, and blotted.

As a loading control the yeast transposon Ty1, 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 HindIII 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 mRNAI13 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 mRNA13 is
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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 (S-ection 3.2.2.6.; Fig. 4.3.b.). The proﬁlés of mRNA13 and
mRNA90 can be seen to be quite similar, although mRNA90 probably recovers more
quickly. Thréc: 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. mRNA19 behaves similarly. mRNAL1I, 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 invcstigate whether the genes corresponding to various’
s_hoit half-life mRNAs contain introns, their expression was studied in DJy36 (Section
2.2.), which carries the temperature sensitive mutation prp2-1. 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 -1 exhibita
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 ODggonm 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
froxﬁ each sample was fractionated by electrophoresis, and blotted. In order to verify
that expression of prp2-1 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-pgrmiséive
teinp’eraturé. A small proportiori- appears either to have been splice’d,correétly,' or to
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Figure 4.4.a. Expression of the actin gene in PRPY and prp2-1 strains. A
. Northern blot (=10pg 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 (prp2-1) 0 min;
lane 4, DJy36 (prp2-1) 60 min at 23°C; lane 5, DJy36 (prp2-1) 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 hybﬁdiscs with cDNA13 at the restrictive temperature, suggesting the .

presence of an intron within the corresponding gene (Fig. 4.4b.). Mature mRNA13is
| 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 Janes are:
observed at both the restrictive and the permissive temperatures.. Unfortunately, due to a
l 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
cDNA100, showed yervi,dence 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 fcason

as suggested above.

A second blot (an adjacent region of the same gel) was probed first with cDNA19
(Fig. 4.4.b.). Although mRNA19 abundance appears slightly lower at the restrictive
than at the permissive temperature, this could well reflect iﬁcomplete 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

" cDNAI1 (Fig. 4.4.b.). As in the case of cDNA100, neither mature mRNA nor

pre-mRNA is detected at the restrictive temperature, again suggesting that the
corfespondjng 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. 44b) 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 cDNAII, and finally cDNA9. The second was

probed with cDNA13 followed by cDNAIOO.

1 77kb
1 52kb
1 28kb

0 78kb

0 53kb
0 40kb

0 28kb



at the restrictive than at the permissive temperature. This may reflect the presence of an
1ntron in the corresponding gene, although no pre- -mRNA is ev1dent Altematlvely, it
“may reflect incomplete recovery from heat-shock. ‘
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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 mRNA13 and mRNAO90 are subject to similar control. Further, studies of
mRNA13 expression in a temperature sensitive splicing mutant (prp2-1), indicate the
presence of an intron in the corresponding gene. As discussed in Section 4.1.5., it is
rare for an S. cerevisiae gene encoding a non-ribosomal protein to contain an-intron. |
These data, together with the short half-life of mRNA13 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 mMRNA13 indeed encodes a ribosomal prbtein. v

Even in a wild-type strain, when genes eﬁcoding the ribosomal proteins L.32 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 mRN A13 levels are also regulated, in

one way or another, at the level of splicing.

mRNAO9 recovers rapidiy 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 corréspondirig to cDNAY 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 MATal gene
(Miller, 1984), the majority of S. cerevisiae introns are between 200 nt and 500 nt (see
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Woolford, 1989). Although mRNAS9 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. Siﬁﬁlarly, the fast recovery of mRNAO after
vhéat-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, mnRNA11 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
mRNA100 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. |
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cDNA 9 11 13 19 39 82 90 100

Corresponding ; CYH?2 TCM1
ribosomal protein: ’
S. cerevisiae _
Corresponding S12 * K37(S) L27'(M) ' L1
ribosomal protein: | (R,M) , V1 (Di) cyp-1 (T, A)
~ J other organism(s) L2 (E) ™)
| 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 | YES NO YES YES N.D. N.D. YES N.D.
after Heat-shock? '

Spliced mRNA? YES | YES | YES | NO YES | ND. NO YES

Conclusion ++ + +4+ +/- ++ ++ +

Table 4.1. Summary of information concerning the cDNAs derived from short
~ half-life mRNAs. Abbreviations:- A, Arabidopsis thaliana; Di,
Dictyostelium discoideum; E, Esch_eribhia coli; M, mouse; R, .ra.t; :
'S, Schizosaccharomyces pombe; T, Tetrahymena thermophila;
N.D, not done; ?, data not conclusive; ++, encode 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
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5.1. Introduction

cDNA13 appears to represen‘t 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
c'ontrolksequenc'es. 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 cDNA13. |
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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).

Figure S.1.
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- 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).
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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 2 library in
EMBL3, a bactenophage lambda replacement vector. Because of the compaublhty of
" their cohesive ends with those generated by cleavage of the vector DNA with BamH]I,
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 80ul 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
d_esired_‘ range. The reaction was then scaled up as follows: three 40ug 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 poeled, extracted once with phenol,
once with phenol/chloroform, ethanol precipitated and resuspended in 200l 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 centn'fugalion through a sucrose gradient

46ml 10-40% sucrose gradients were poured in two Beckmann SW28 tubes and 100u1
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. 10l
of every other fraction was diluted 5-fold with H0 and analysed by electrophoresisina - -
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 SW350 tubes. The
DNA was recovered by centrifugation at 45,000 rpm for 1 hour, and was resuspended in
50ul of TE. S5ul 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 BamHI, SalI and EcoRI between the arms and the
‘non-essential "stuffer” region. The vector DNA cleaved with EcoRI and BamHI, and
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Figure 5.2.a. Partial digests of DBY746 DNA. Lane 1 is intact bacteriophagé
‘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 phosphatasé, was obtained from Promega. The phosphatase
treatment prevents the stuffer 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 1.6jg of EMBL3 DNA in a total volume of 10pl at 14°C for 16 hours.
Recombinant DNA molecules were p'ackaged 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 (3x105 pfu in
total). Assuming that the S. cerev‘isia‘e haploid genome is approx. 1.4x107 bp (Lauer .
et al, 1977), approx. 320 ycast 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 cDNAI13

In order to isolate the gehe(s) represented by ¢DNA13, approx. 50,000 phage from the
amplified library were plated on 5 Petri dishes (150 x 150mm). Plaque-lifts probed with
random—prfmed cDNA13 revealed 20 "positive" signals. Plaques from the
corresponding regions were ré-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-Blot Analysis of Recombinant DNAs

DNAs prepared from JMG1-6 were cleaved with various enzymes to detérmine whether
the same region of the yeast genome is represented in each. Digests that demonstrate the
six clones to be related are shown in F1g 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 OFAGE (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 5.3.2. Agarose gel of DBY746 DNA and JMG1-6 DNAs cleaved with
Xbal (1), Xbal & Tagl (2), and Tagl (3). Cleavage withXbal 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.

X ladder
STX454-1B [nx48Kb] STX454-1A
1 1 1
—
[ ]
¢ e e e o 1 1
V e * # 0§ % . vk

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 hybndlses 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 ev1dence in the IMG2 sequence of an intron
characteristic of those found in other yeast genes. "The putative 5'-splice site,
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Figure 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. EERsER denotes approx. loctation of coding sequences:

and denotes approx. location of intron. The intron is at the

5' end of the gene.



Kpnl :
GGTACCGTAGGCAGAGGCCTATCCTCATTCTCCCACTGTGTARRCTAGGCGTTCTGCCAGCG 62

GCTHHGCGTTCTCCGCGTHTTGTTTCHCCGTTGGGCCTHCGGTCGHTGGTTTGGCHTTGC 122

TCTGCHCGHTCHGHTCHHTCTGGHHTHGTRTGGGHHTTGCCHHHCGCﬁGCHCCHGfGCHC 182
:EbGﬁTGTGHﬂCCTHTGGﬂTTHCTHCGCﬁﬁTGCﬁCTHTCGCﬁTHGGCHTHHTCGHTTGRH 242

CCCTGCCCCTCCCCTCCTTCﬁﬁTHTCHTTRCCTCGITTTTTTTHTTHTTGGGTCHTTTTT 302
-] 2 _
THGCGHCTHHTHHCCHTTTCTGﬁéCﬁﬂHCTHHGHHHCCHTTHGHTCHHTHHGCHHTGGGT - 362

HetGﬂg)

HTGTCHGCHCCGTGHTTTHHCﬁﬁCCﬂTGTGHTTGTCGTHHTGGCGCHHTGTCHTCHCHCC 422
Y

CTTTTHCHGTCTTTTTHTTCCTTTTGTTGHHHHTGTHTCGTGTHTHCTHHCHGHHCTGTG 482

‘ .
TTTTTTCTCHTTHTTTTTTHTTCHGGTHGﬁGTTHTTCGTHHCCHHHGHHHGGGTGCTGGT' 542
(GNgHrgUaIIIeﬁrgﬂsnGlnHrngsGlgﬁlaGIg

TCTATCTTTACCTCCCACACCAGATTGAGACARGGTGCTGCCARGTTGAGAACTTTGGAT ~ 602
Serl|ePheThrSerHisThrArgleuRrgGInGlyAlaAlalysbeufrgThrlLeufsp

THTGCTGHHCGTCHCGGTTﬁCHTTCGTGGTHTCGTTHHGCHHHTTGTCCHCGHCTCCGGT  662
TyrAlaGluArgHisGliyTyrllefrgGlylleVallLysGinIleVaiHisAspSerGly

HGHGGTGCCCCHTTGGCCHHGGTTGTCTTCCGTGHCCCHTHCHHGTHCHGHTTGCGTGHH 722
- ArgGlyAlaProleufilalysValValPhefArgAspProTyrLysTyrArgleuArgGlu ‘

~GARATCTTTATTGCTAARCGARGGTGTCCACACTGGTCARTTCATTTACGCCGGTARGARG 782
GluIlePheIleﬁlaﬁsnGluGlgUalHlsThrGlgGlnPheIleTnglaGlngngs

Kpnl
GCTTCTTTGARRCGTCGGTARCGTCTTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTC - 842
AlaSerl_euAsnValGlyAsnValLeuProlLeuGlySerValProGluGiyThriIielal

. TCCAACGTTGAARGARRAGCCAGGTGACAGAGGTGCCCTAGCCAGAGCTTCCGGTAACTAC 902
SerﬁandIGluGIuLgsProGIgﬂspﬂrgGlgﬁlaLeuﬁlaﬁrgﬁlaSerGlgHsnTgb

GTTHTTHTCHTCGGTCHCHHCCCHGHCGHHHHCHHGHCTHGHGTCHGHTTHCCHTCCGGT 862
UalllellelleGIlyHisAsnProAspGluAsnLysThrArgValArgl.euProSerGly

GCCRRGARGGTTATCTCTTCTGATGCCAGAGGTGTCATCGGTGTCATTGCCGGTGGTGGT 1022
HIaLgngsUalIIeSerSerHspﬂlaﬁrgGlgUalIleGIgUaIIleﬂlaGlgGlgGlg _ '

.HGHGTTGHCHHHCCHTTGTTGHﬁGGCTGGTCGTGCTTTCCHCHRGTHCHGRTTGHHGHGH k-1082
'HrgUaIﬁspLgsProLeuLeuLgsHIaGlgﬁrgﬂ|aPheHlngsTgrﬂrgLeuLgerg

ARCTCTTGGCCARARGACCCGTGGTGTTGCCATGARTCCAGTTGATCACCCTCACGGTGGT 1142
AsnSerTrpProLysThrArgGlyValAlalletAsnProVal AspHisProHisGlyGly



Xbal

GGTAACCATCARCATATTGGTAARGGCTTCTACCATCTCTAGAGGTGCTGTTTCTGGTCAA 1202
GlyAsnHisGInHisIleGlylLysAtaSerThrlleSerArgGiyAlaValSerGlyGin

AAGGCCGGTTTGATTGCCGCCAGARGAACTGGTTTGTTACGTGGTTCTCARRRGACCCAR 1262
LgsHIaGlgLeuIIeﬁIaﬁlaﬁrgﬁrgThrGlgLeuLeuﬁrgGIgSerGlnLgsThrGln

GHTTHGHTTHTGTRHHHTHGTCHTTCTTTHHGCHHGHTCTHHHHHHHHHHHGHTHHCTCH 1322

 Asp %

.HﬁHﬁﬁTTCCTCHHﬁGCHHHCHHTHCHHTHTHHCHTHHCHCTTHTTTTTHHHGCHHHHHTT‘ 1382

TCTHHHTTHGHTTTTGTTCTGTHGTHHTHGHHTRTTTCTTCHHHGTHHHCTTTHHTHTHC 1442

TCTCAT,

Figure. 5.6.

Kpnl

1448

DNA and predicted amino acid sequences of the YL6a gene. Boxed

regions in the 5' flanking DNA indicate sequences related to the .

consensus for UASmpgs (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 po’siﬁon 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 se_quénce
obtained by Otaka et al (1984). Their sequence lacks the initial
methionine residue. - ' . ‘ | o



701 ATACAAGTACAGATTGCGTGAAGAAATCTTTATTGCTAACGAAGGTGTCC 750
HErrrrer e e e rrrr e e et e e e |
1 .TACAAGTACAGATTACGTGAAGAAATCTTCATTGCTAACGAAGGTGTTC 49

751 ACACTGGTCAATTCATTTACGCCGGTAAGAAGGCTTCTTéGAACGTCGGf 800

RN RN N R R RN R RN RN R RN
50 ACACTGGTCAATTCATTTACGCTGGTAAGAAGGCTTCTTTGAACGTCGGT 99

801 - AACGTCTTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTCTCCAACGT 850
FEEErrerr e e rer bbbt b et br el
100 AACGTCTTGCCATTGGGTTCTGTCCCAGAAGGTACCATTGTCTCCAACGT 149

851 TGAAGAAAAGCCAGGTGACAGAGGTGCCCTAGCCAGAGCTTCCGGTAACT 900

CEVEEEr e eer e e e e e e el
150 TGAAGAAAAGCCAGGTGACAGAGGTGCCCTAGCCAGAGCTTCTGGTAACT 199

901 ACGTTATTATCATCGGTCACAACCCAGACGAAAACAAGACTAGAGTCAGA 950
freeeer - reerr rererrrrrrrrer reeerrrr te e
200 ACGTTATCATCATTGGTCACAACCCAGATGAAAACAAAACCAGAGTCAGA 249

951 TTACCATCCGGTGCCAAGAAGGTTATCTCTTCTGATGCCAGAGGTGTCAT 1000

trrerirrerrrreeerrr et rrr e e et e e
250 TTACCATCCGGTGCCAAGAAGGTTATCTCTTCTIGACGCCAGAGGTGTCAT 299

1001 CGGTGTCATTGCCGGTGGTGCTAGAGTTGACAAACCATTGTTGAAGGCTG 1050

RN RN RN RN R R AR RN R RN RN
300 CGGTGTCATTGCCGGTGGTGGTAGAGTTGACAAACCATTGTTGAAGGCTG 349

1051 GTCGTGCTTTCCACAAGTACAGATTGAAGAGAAACTCTTGGCCARAGACC 1100

FLETELEEEEr e e et e e e e e e e e e b b o
350 GTCGTGCTTTCCACAAGTACAGATTGAAGAGAAACTCTTGGCCAAAGACC 399

1101 CGTGGTGTTGCCATGAATCCAGTTGATCACCCTCACGGTGGTGGTAACCA 1150
Perrrerrreerrerrreeeerereerrrerrrreeerrerrrerrrnd
400 CGTGGTGTTGCCATGAATCCAGTTGATCACCCTCACGGTGGTGGTAACCA 449

1151 TCAACATATTGGTAAGGCTTCTACCATCTCTAGAGGTGCTGTTTCTGGTC 1200

. PEETETEERER e e ere e et vt
450 TCAACATATTGGTAAGGCTTCTACTATCTCTAGAGGTGCCGTTTCTGGTC 499

‘ 1201'AAAAGGCCGGTTTGATTGCCGCCAGAAGAACTGGTTTGT&ACGTGGTTCT 1250

Peeeere rrerereerrr berveeerrrr et rrrrrrrrrn
500 AAAAGGCTGGTTTGATTGCTGCCAGAAGAACCGGTTTACTACGTGGTTCT 549

1251 CAAAAGACCCAAGATTAGATTATGTAAAATAG. ..TCATTCTTTAAGCAA 1297

NARRRRRRRRRRNANN R N B R e Il
550 CAAAAGACCCAAGATIAATCTTTTTAATTTTGGTTTCTTCCTTCTGTCAT 599

1298 GATCTAAAAAAAAAAAGATAACTCAAAAAATTCCTCAAAGCAAACAATAC 1347
[ 1 I 1 | | [ | I I I | '
600 ATTATTTTATCAATTTTCTTAAATATTATATAATTTAATCCGAAACGTTC 649

1348 AATATAACA%AACACTTAT%TTTAAAGCAAAAATTTCTAAATTAGATTTT 1397

RN »
650 CTTATAA. st ittt eeeneencacannnenns ittt 656

- Figure 5.7.  DNA sequence of YL6a (upper) compared with the sequence of ‘
cDNAI13 (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.
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101
35
151
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251
185

Figure 5.8.

DSGRGAPLAKVVFRDPYKYRLREEIFIANEGVHTGQFIYAGKKASLNVGN
SRR AR RN RN RN R RN R

e e YKYRLREEIFIANEGVHTGQF IYAGKKASLNVGN

VLPLGSVPEGTIVSNVEEKPGDRGALARASGNYVIIIGHNPDENKTRVRL
CELEE T e e e e e et e e e
VLPLGSVPEGTIVSNVEEKPGDRGALARASGNYVIIIGHNPDENKTRVRL

PSGAKKVISSDARGVIGVIAGGGRVDKPLLKAGRAFHKYRLKRNSWPKTR
PEOEErere e e e ettt
PSGAKKVISSDARGVIGVIAGGGRVDKPLLKAGRAFHKYRLKRNSWPKTR

GVAMNPVDHPHGGGNHOHIGKASTISRGAVSGOKAGLIAARRTGLLRGSQ
AR RN RN AR AR R R R AR R RN R RN
GVAMNPVDHPHGGGNHQHIGKASTISRGAVSGQOKAGLIAARRTGLLRGSQ

KTQD* 255
FEEL
KTQD* 189

100
34

150

84
200
134
250

184

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 cDNA13. * represent stop codons.



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‘,pyn'midine (Teem et al, 1984). The
~ JMG?2 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 MAT ol 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 Ilgation 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 transcnpt of this gene that is the
prcdommant species seen on Northem 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.
Fuﬁhcr, 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 IMG2 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 piotein 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 cDNA13.

A putative TATA box (TATTAT) 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

-78 -



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 'cahdidates for UASypg 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 UASpg elements from other yea's.t' ’
ribosomal protein genes (for a compilation of UASpgs 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 (Rb= 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 11nt for the MATal 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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" Figure 5.9.

Consensus Sequence EégAECCSTECé

T
| C
Position 169-184  AGCACCAGTGCAC
Position 265-279 AATATCATTACCT

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 YLG6 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, CANI 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 gené (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 1ndeed transcribed. However, further studies will be-
necessary, including the clomng 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 in
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 YL6Db lies
within a DNA segment that is not stably propagated in E. coli, perhéps 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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%A%AATGTCT Consensus sequence from Cigan and Donahue (198
%AéAéAATGTCE - Consensus sequence from Hamllton etal (1 987)
TAAGCAATGGGT Yiea | '

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'ét al (1987) compared 96 yeast genes. See text for details. -

Nucleotide | Average Yeast YL6a
L Gene (%) (%)
A 46 52
T 25 20,
C 21 | 16
G 12 12

Table 5.3. The frequency of each nucleotide within the 25 prupstreém 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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Figare 5.11.  Distribution of acidic (A) and basic (B) residues within ribosomal
protein YL6a. The acidic residues are giutamic acid (full bar) and
asparﬁc 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 YL0a, 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 V1 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
seqnences 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 V1 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).
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Flgur> 5 12 a. A 1% agarose gel Lanes 1, 4, 5 and 8; 2 DNA cleaved with HindIII:
- lanes 2'and 6; cDNA 13 cleaved with PstI 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 posmon in

JMG2 DNA is shown in Flg 12.b.

1kb
. . | —
Sl Xbal HindliXbal KpniKpnl Xbel  Sell HindilHindllXbel ~ Sell
RHA || ) |( \ | LHA
Hindil Smd | kel Kpnl
Fragmentz cISE;\H m

Figure 5.12.b.

Figure 5.12.c.

Figure 5.12.d.

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. | |

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

Blots of JMG1-16 plaques pfobed 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.
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1[3 2 2 1 1
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Figure 5.12.a.

Figure 5.12.C.

Figure 5.12.d.
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Corhpariéon of the amino acid sequences of ribosomal proteins C
YL6a, K37 of S.pombe (Nischt et al, 1987), V1 of D. discoideum

(Singleton, 1989) and L2 of E.coli (Zurawski and Zurawski, 1985).

Boxed areas show identities.
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K37 V1 L2
Identity | Similarity | Identity { Similarity | Identity | Similari
YL6a -72.2 | 83.7 56.2 75.3 32.6 54.4 .

K37 - .- 56.7 749 | 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 al, 1987), V1 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). c¢DNA13 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 imp_ertant 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 tilat it
is transcribed. At present we do not know whether YL6a is transcribed. However, the -
- fact that pseudogenes 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 pretein 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 riboéomal protein (Abovich et al, 1985). However, they found that
single mutants lacking only one copy were v(iable, albeit with a growth-rate slower than |
wild-type. Further, although RPS51b 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 LI6a or L16b mutants are viable but grow more slowly than
wild-type. LI16b 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 L/6b 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 sﬁength 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. ' ' S

It should also be mentioned that not all ribosomal protein | genes are essential for cell
v1ab111ty A ribosomal protcm 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 resultmg from the inefficient processing of 20S to 18S RNA, and hence in
substantial deficiency in 40S ribosomal subunits (leey etal, 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% (B}aronas-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 se(juence 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 evidénce_ of introns in any of the three
S. pombe counterparts of YL6 (Gatermann et al; 1989).

From the sequenée 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 Samc 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 132 (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 L1 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.
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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 mappmg, promoter
analysis, and gene dlsrupnon ’

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 processmg of pre-TRNA, 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 syrithesis, 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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Chemicals

BSA
DEPC
DTIT
EDTA
EtBr
SDS
SSC
Tris
TEMED

' ] t [} [} 1 ] [} 1

APPENDIX 1

Abbreviations

bovine serum albumin

- diethylepyrocarbonate

dithiothreitol -

ethylencdlalmnetctra-acetlc acid (disodium salt)
ethidium bromide

sodium dodecylsulphate

-standard saline citrate

tris (hydroxymethyl) amino ethane .
N,N,N',N'-tetramethylethylenediamine

Nucleic Acids

dATP - deoxyadenosine triphosphate
dCTP -~ deoxycytidine triphosphate
dGTP - deoxyguanosine triphosphate
dTTP - deoxythymidine triphosphate
DNA - deoxyribonucleic acid

cDNA - complementary DNA

RNA - ribonucleic acid

mRNA - messenger RNA
Miscellaneous

bp - base pair(s)

€ - degrees centigrade

Ci - Curie v

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 logjo [H+]

Ipm - revolutions per minute

uv - ultra-violet

viv - volume per volume
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APPENDIX 2

403 Ribosomal Proteins | 60S Ribosomal Proteins

Al B2 C3 Al B2 3

SO | Ys2 | - | Lia | YL3 | 3!
st yst| - | Lib| - -

'S2 | Ys8 | 14 | Lic | YL31 | rp4?
S3 | YS3 | i3 | 2 | YL2 | m2
sS4 | yss | mpi2 | L3 | YLI | mpi
s6 | vs7| - 4 | YL5 | 6
S7 | vs6| ms | Ls | YLs | m8
s10 | vs4 | o | L6 | YL8 | mpil

K)

? p v
S12 | YS10} 1p30 L8 YL11 | rp25
S13 | YS11-| p21 L9 YL7 -
S14 YS9 | 19 L10 | YL12 { rpl6
S16a | YS16 | 1p5S5 L12 | YLI3 -

S17 | YS17? - L13 | YL1O | rpl5
S18 | YS12 | 1p4l L15 | YL23 -
S19 | YS13 - L16 | YL22 | rp39

$20 |vs21| 42 | L17 | YLI16 | rp18?
S21 |YS18?| 52 | L17a| YL32 | -

s22 |vysio?| - | L8 | YLi8 | -
s24 |vs22| 50 | L19 | yLo | -
S25 - - 120 | YL17 | -
s26 | Ys25| - 121 | YLI5 | rp22
s26a | YS26| - | L22 | Y120 | mp33?
s27 | vs20| m61 | L23 | YL14 | p33?
s27a | YS15| - 125 | YL25 | -

S28 | YS14 | 1p37 L26 | YL28 -
S31 | YS23 | 1p45 L29 | YL24 | p62?

S32 | vs28| - L30 | YL21 | rp29
s33 |vs27| - | L31 | vL29| -
S36 | YS29| - L32 | YL38 | p73
s37 | YS24| - L33 | YL33 [ -
L34 | YL36 | -
L35 | YL30 | -
L36 | YL34 | -
L37 | YL37 | p47
L38 | YL26 | -
139 | YL39 | -
LAO - -
41 | L2z | -
42 | yLa2 | -
143 | YL35 | -
L44/45]| YL44 | -
146 | YLAO | -

147 | YLA

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 Copy No. of No. of .Counterparts in other
: - | Sizeof No.of | UASip; | Introns organisms
Protein Gene elements
L2 362 2 1 0 L1(X,D)
L3 (TCM1I) 387 1 0 . 0 LI1(T, A)
L5 (YL6) 254 2 1? 1 K-family (S); V1 (Di) ©
L16 174 2 2 0  |L5(E);L21(T); V18 (Di) 4
L17a 137 2 1 1 ?
- JL25 137 1 2 1 123 (E)?

L29 (CYH?2) 148 1 2 1 L29 (N); L27' M)
L30 - 155 2 1? 1 7b .
L32 105 1 2 1 L30 (M, R)
L34 112 2 2 1 L31 (R)
L41 103 L36a (H, R)

1143 - 88 , L37 R)
L46 51 2 1 1 |L39R); L36(S)
L2(UBI1,UBI2) 52 2 2 1 -
p28 185 2 2 1 L18 (R); L14 (X)
p29 155 2 2 1 ? S
A0 312 1 : PO (H)
Al 106 1 ; -
L44 (A2) 106 1 2 0 -
L44' 106 1 2. 0 -
LA5 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)
p51 136 2 2 1 S17 (H, R, Ha, Ch)
p59 (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. Abbreviatidns: A,
* Arabidopsis thaliana; Ch, chicken; D, Drosophila melanogaster; Di, D. kdiscoideum; E,
E. coli; H, human; Hal, Halobacterium fnorismOrtui; 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)
¢ This study.
~ d Singleton et al (1989).
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APPENDIX 4
Measurement of mRNA Half-Life |

Several methods have been used for the estimation of mRNA half-life. ‘HoWevcr, 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. Inhibitioh 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 et al, 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 URA3 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).

Trahscription 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 123.&33.2.1.). |

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
“mRNAg, it can be difficult to obtain prbbes of sufficient activity. Thirdly, radiolabelled
precursors are not instantaneously flushed from the cells. Finally, radio-labelled
degradation products can be .re-incorpo‘rated 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
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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.
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APPENDIX §

Amino | Codon | Frequency |Amino | Codon | Frequency
acid acid
Gly GGG | 0.0075 Thr ACG |0.015
GGA ]0.005 ACA |0.055
GGU |0.95 , -ACU |0.485
GGC 10.0375 . ACC |0.445
Glu GAG |0.085 Trp UGG | 1.00
GAA 0915 '
, , Stop UGA ]0.08
Asp GAU |042 : 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 |04125 Tyr | UAU |]0.13
' UAC |0.87
Ala GCG ]0.01
GCA 10.03 Len UuuG |0.75
GCU ]0.68 ' UUA |0.13
GCC ]0.2825 1 CUG [0.022
: CUA ]0.07
Arg AGG ]0.0233 B CUU |0.022
AGA |0.8667 : CucC 10.003
CGG ] 0.00 , - ‘
CGA |0.00 ‘ Phe Uuu |0.21
CGU ]0.106 uuc |0.79
CGC |0.0016 - :
: Gln CAG |0.055
Ser AGU |0.283 CAA ]0.945
AGC- | 0.0266
UCG |0.015 His CAU 10.026
UCA ]0.038 CAC 074
UCu ]0.53 ‘
UCC ]0.36 Pro CCG .]0.0075
CCA ]0.86
Lys AAG |0.81 “CCU {0.125
AAA 10.19 CCC 10.0075
Asn AAU | 0.14 "~ Ile AUA ]0.02
AAC (086 AUU | 045
: AUC 10.53
Met AUG | 1.00

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

explanation.
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