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ABSTRACT

1. The aim of this study was to characterise the structural
organisation of the human ubigquitin gene family, in

particular the UbB and UbAg; sSubfamilles, about which no

information was available. This characterisation was
performed by the isoclation and segquence analysis of ubiguitin

cDNA and genomic clones.

2. A UbB cDNA clone was isolated by immunological screening
of a liver ¢DNA library. This clone contained two complete,
and a portion of a third, ubiquitin coding units in a tandem
repeat structure. This cDNA was used to 1solate the
corresponding UbB gene from a genomic library. This gene
contained three tandem repeats of the ubiguitin coding unit
and a single 715 base péir intron within the 5' non-coding
region. A heat shock promoter region was also identified
upstream of the gene, suggesting its involvement in the
stress response. Genocmic hybridisation analysis revealed the
presence of several UbB-related sequences 1in the genome.
Three of these were isolated and sequenced to reveal UDRB
processed pseudogenes, which differed from the gene in their
number of coding units: one contained two, while the other
two only contained one coding unit. A fourth related sequence

appears to be a duplicated UbB gene, but was not isolated.

3. The studies on the UbB subfamily alsec resulted in the
isolation of a pseudogene of the ubigquitin/tail fusion gene

subfamily, UbAgs. This pseudcgene was used to lsolate UDbAs)
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cDNA clones from placental and adrenal gland cDNA libraries
to reveal that the sequence of the human 52 amine acid tail
protein was very similar to the known yeast and slime mould
proteins and also contained a putative metal-binding, DNA-

binding domain. These cDNA clones were used to ilsolate the

corresponding UbAgs; gene. While the characterisation of the
5' non-coding region of this gene is incomplete, it contains
at least 5 exons separated by 4 introns distributed over 3400
base pairs. One intron is in the 5' non-coding region, two
interrupt the single ubiquitin coding unit, while the fourth
is within the taill coding region. Genomic hybridisation

revealed the presence of several UbAgp-related sequences in
the genome. One such sequence was isclated and segquenced to

reveal a UbAg> processed pseudogene, while re-examination of
the first pseudogene revealed that it too was processed but

had suffered a deletion of its 3' portion.

4. A putative variation in the number of coding units in the
UbC gene was identified, with 7, 8, and 9 coding unit alleles
postulated. This variation is exhibited as a restriction
fragment length polymorphism at the DNA level which
correlates with a UbC mRNA length polymorphism, both of which
are inherited in Mendelian fashion. It is likely that the

RFLPs result from unequal crossover events giving rise to

varying numbers of ubigquitin coding unit repeats.

5. In situ hybridisation with the UbB gene intron
specifically localised the duplicated UbB genes to chromosome

band 17pll.2. Similar hybridisation with the intact UbB cDNA
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clone also labelled this region, but also indicated several
other ubigquitin loci on other chromoscmes which may
correspond to UbB processed psecdgenes and members of other

ubiguitin subfamilies.

6. Several members of the Alu family of repetitive DNA

sequences were identified 1n association with some members of
the UbB and UbAg> subfamilies during sequence analysis. The

significance of this association is presently unknown.

7. These studies have provided a detailed characterisation of

the human ubiquitin UbB and UbAg, subfamilies, which like

many other higher vertebrate gene families appear to be
composed mainly of processed pseudogenes. They also provide
an example of a member from each ubigquitin subfamily in a
species other than yeast, which will allcw a study of the

mechanisms of ubiquitin gene evolution and expression.
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CHAPTER 1l: INTRODUCTION

1.1 Ubleuitin

Ubigquitin is a small polypeptide which appears to be present
in all eukarvotic cells. It was first isolated in 19735 from
bovine thymus during studies on the polypeptide hormone
thymopoietin (Goldstein et al, 1975). Goldstein and co-
workers purified an 8500 Dalton polypeptide which 1nduced the

in vitro differentiation of both precursor T (thymus-derived)

and B (bone-marrow-derived) cells into mature immunocytes,

while thymopoietin specifically induces the in vitro

differentiation of T cells. The same authors also reported
the adenylate cyclase activating properties of the
polypeptide, and its occurrence in a wide range of organisms
(as determined by radiocimmunoassay) including animal cells,
higher plants, yeast and bacteria (Goldstein et al, 1975).
This widespread occurrence, and its ability to induce
immunocyte differentiation, led to the name ubiguitous
immunopoietic polypeptide, or UBIP. However, 1t was concluded
that UBIP was unlikely to function as a hormene in vivo, due
to its presence in a wide range of animal tissues (Goldstein
et al, 1975). The claims of UBIP-induced lymphocyte
differentiation and adenylate cyclase activation have not
been confirmed by other investigators (Low et al, 1979; Low
and Goldstein, 1979).

Also in 1975, Goldstein's group reported the amino acid
sequences of the bovine and human protein, and renamed it
ubiquitin (Schlesinger et al, 1975; Schlesinger and

Goldstein, 1975). From these studies, ubiquitin was found to
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be a 74 amino acid (aa) polypeptide of identical segquence 1in
these two species. This sequence identity confirmed the
previous observation of complete immunological cross-
reactivity between the human and bovine proteins (Goldsteln
et al, 1975). Later studies revealed that ubiquitin consisted
of 76aa, being extended at the C-terminus by two glycine
residues, which were presumably lost as a proteolytic
artefact during its isolation (Wilkinson and Audhya, 1981).
The sequence of ubigquitin has been determined in cattle, man,
trout (Watson et al, 1978), fruit fly (Gavilanes et al,
1982), oat (Vierstra et al, 1986) and yeast (Wilkinson et al,

1986), and has been deduced from cDNA and genomic seguences

t al, 1984), veast (Ozkaynak et

from Xenopus (Dworkin-Rastl
al, 1984; 1987), chicken (Bond and Schlesinger, 1985; 198s6),
man (Lund et al, 1985; Wiborg et al, 1985), barley (Gausing
and Barkardottir, 1986), mouse (St John et al, 1986), slime
mould (Westphal et al, 1986; Giorda and Ennis, 1987),

Drosophila (Arribas et al, 1986), and pig (Einspanier et al,

1987a). These sequences are presented in Figure 1l.1l.1.
Remarkably, the aa sequence is identical in all animal
species ranging from fly to man, while yeast, plant and slime
mould ubigquitin differ from the animal protein at 3, 3, and 2
or 3 positions respectively, with slime mould exhibiting
heterogeneity at one position. The yeast and plant ubiguitins
differ at only two positions, while the slime mould protein
differs at 3 or 4 and 4 or > positions from yeast and plant
ubiquitin respectively. These cbservations have led to the
conclusion that ubigquitin is perhaps the most conserved

protein known, even more so than histone 4, generally



“ 5 10 15
Met-Gln-Ile-Phe-Val-Lys-Thr-Leu-Thr-Gly-Lys-Thr-Ile-Thr-Leu-Glu-

| 20 25 30
F Val-Glu-Pro-Ser-Asp-Thr-Ile-Glu-Asn-Val-Lys-Ala-Lys-Ile-Gln-Asp-
| Ser(P,Y) Asn(SM) Asp(P,Y) Ser(Y)
Gly(SM) Thr(SM)
|
i b 40 45

Lys-Glu-Gly-Ile-Prm-Prn-Asp-Gln-Gln-Arg—Leu-Ile-Phe-Ala~Gly-Lys-

| 50 55 60
Gln-Leu-Glu-AEp*Gly-Arg-Thr*Leu-Ser-Asp-Tyr—Asn-Ile-Gln-Lys—Glu-
Ala(P)

65 70 5
Ser-Thr-Leu-His-Leu-Val-Leu-Arg-Leu-Arg-Gly-Gly

| Figure 1.1.1: Amino Acid Sequence of Ubigquitin.

| The amino acid sequence of ubigquitin from several species as

: determined by protein seguencing and derived from cDNA and
genomic seguences from insect to human is listed. Differences in
ubiquitin from other organisms are shown under the sequence and
k! are from oat and barley (P), yeast (Y) and the slime mould

Dictyvostelium discoideum (SM). The slime mould variant Thr-28

1 residue (underlined) is present in three coding units of the
transcriptionally active five coding unit polyubiquitin gene (see

| Chapter 1.8). See text for references.
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considered the most slowly evolving protein (Sharp and Li,
1987a). This extraordinary conservation implies extreme
functiocnal constraint on the protein. Ubiquitin's functions
are discussed in the following sections.
The three-dimensional structure of human ubigquitin has been
determined at 2.8A resolution by X-ray diffraction studies
(Vijay-Kumar et al, 1985), and has since been refined by 'H
NMR assignment (Di Stefano and Wand, 1987; Weber et al, 1987)
and further crystal diffraction studies to 1.8A resolution
(Vijay-Kumar et al, 1987a). These studies reveal a very
compact and tightly hydrogen-bonded protein, with ~87% of the
residues involved in hydrogen-bonded secondary structure,
comprised of a S-stranded mixed B sheet, a 3.5 turn a helix,
a short helical turn, and 7 reverse turns. Notable residues
excluded from the secondary structure are the four C-terminal
aa, which extend away from the molecule, are not involved in
any secondary structure, and are very flexible in solution.
The availability of the C-terminus is critical to ubiquitin's
functions as described below. Conversely, the N-terminal
methionine is involved in structural hydrogen-bonding and is
buried in the molecule. The extensive secondary structure of
ubiquitin is consistent with previous observations of s
exceptional stability with respect to heat denaturation, pH
extremes or denaturing agents. For example, ubiquitin main-

tains its structure between pH 1 and 13, and below 80°9C (Cary

t al, 1980).

Plant and yeast ubiguitin have also been studied by X-ray
diffraction, to reveal three-dimensional structures very

similar to the human protein, relatively unaffected by the aa
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substitutions (Vijay-Kumar et al, 1987b). Notably, the
observed interspecies aa differences are clustered in a small

area on the surface of the molecule.

1.2 Ubiguitin-Protein Conjugates

To date, all of ubiquitin's known functions are mediated via
its covalent attachment to other proteins (see Chapters 1.3
to 1.7). All such conjugates are formed by an iscpeptide
linkage between the C-terminal glycine of ubiguitin and a
free amino group of the target protein, which may be its N-
terminus and/or a lysine e-NHp, group. The enzymatic reactions

leading to the formation of ubiguitin-protein conjugates have
been characterised during the analysis of ubiquitin-dependent
proteolysis in reticulocyte extracts (see Chapter 1.3) mainly
through studies by Ciechanover, Haas, Hershko, Rose and co-
workers. The system has also been recently studied in yeast
by Varshavsky and colleagues as discussed later. The
reactions of the ubiquitin-specific enzymes have been
detailed in recent reviews by Finley and Varshavsky (1985),
Hershko and Ciechanover (1986), and Rechsteiner (1987), and
constitute a multi-step pathway. The first stage involves the
activation of ubigquitin via a two-step reaction seqguence
catalysed by a ubiquitin-activating enzyme, El (Ciechanover
et al, 1981). The first step involves the formation of a
ubiquitin-adenylate-El complex and is the ATP-dependent step
of the activation system. The adenylate is then transferred
to an El sulfhydryl group to vield the activated El-S5-
ubiquitin thiocester. The ubiquitin aa residue thus activated

is the C-terminal glycine (Hershko et al, 1981). This
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reversible covalent linkage has been exploited in a single
step "covalent-affinity" chromatography method employing
ubigquitin-Sepharose to obtain near-homogenocus El as a
homodimer of 105,000 kDa subunits (Ciechanover et al, 1982).
Studies involving purified El1 and other components of the
system revealed that the activated El-S-ubiquitin complex
could not perform ubigquitin conjugation by itself, but

required two other enzymes termed E2 and E3 (Hershko et al;

1983).

It is now known that E2 may be ocne of a family of enzymes
which act as carrier proteins, transferring activated
ubiquitin as a thicester from El to various target proteins.
Five E2 species of 32, 24, 20, 17 and 14 kDa subunits have

been identified and termed E2; to E2g5 respectively (Pickart

and Rose, 1985a). Initial studies indicated that a third
enzyme, E3, was required to catalyse the final transfer of
activated ubiguitin from an E2 carrier to an amide linkage
with target proteins destined for proteolysis (Hershko et al,
1983). However, it now appears that some E2s can transfer
activated ubiguitin to certain proteins that are not
substrates for proteolysis independently of E3 (Pickart and
Rose, 1985a, and see below). Such proteins include specific
histone types (see Chapter 1.4) and are generally monoubigqui-
tinated, whereas E3-catalysed ubiguitination tends to produce
multiubiqutin substrates for proteclysis. As such there 1s

functional heterogeneity amongst the E2 species: E2g5 specif-
ically ubiquitinates proteolytic substrates in an E3-depend-

ent manner, while E24 can directly ubiquitinate histones

(Pickart and Rose, 1985a).
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Recently, investigation of the analogous enzyme system in the

yeast Saccharomyces cerevisiae has been undertaken by

vVarshavsky and co-workers. Yeast possesses a single El and 5
E2 enzymes of practically identical sizes to their mammalian
counterparts, a not unexpected similarity given the extra-
ordinary inter-species conservation of the protein with which
they interact (Jentsch et al, 1987). A most interesting
discovery resulted from the cloning and sequencing of the

gene coding for the 20kDa E2 species (the yeast analogue of

mammalian 323): this E2 enzyme is the product of the
previously identified yeast RAD6 gene. RAD6 is required for
several cellular functions including DNA repair, induced
mutagenesis, and sporulation (see Jentsch et al, 1987).
Additionally, the RAD6/20kDa E2 protein mediated the specific

in vitro ubigquitination of histone H2B in the presence of ATP

and purified yeast El enzyme: ie, in an E3-independent
fashion. The authors suggest that the multiple functions of
RAD6 are mediated by its ubiquitin conjugating activity, for
example ubiquitinating chromosomal proteins to induce the
necessary alterations in chromatin structure required for DNA
repair and sporulation. Also reported are: (i) homology
between the E2 series of enzymes; (i1ii) homology between the
yeast cell-division cycle gene CDC34 protein and the E2
enzymes, implying its membership in this family of enzymes,
and (iii) the cloning of the genes for the yeast 30kDa E2
enzyme (mammalian E27; analogue) and the El ubiquitin-
activating enzyme (Jentsch et al, 1987). The availability of
these genes and their products, plus the ability of combining

biochemical and molecular genetic analyses 1in the yeast
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system, should now allow the characterisation of the remain-
ing components of the ubiquitin activating and conjugating
system.

Other investigators have begun studies aimed at determining
the specific regions of the ubigquitin molecule which interact
with the enzymes of the ubiquitin system. Using ubigquitin
iodinated at His-69, Cox et al (1986) showed that this deriv-
ative did not influence ubiguitin's interaction with the El,
E2 or E3 enzymes, but apparently destabilised the subsequent-
ly-formed conjugates and increased their rate of degradation.
Further studies by Duerksen-Hughes et al (1987) using

ubiquitin chemically modified at Arg residues revealed that

‘modification at any one of Arg-42, -72 or -74 prevented the

protein from stimulating ATP dependent proteolysis. However,
different derivatives caused blockage at different stages.
Arg-42 and Arg-72 derivatives failed to be activated by El,
while the Arg-74 derivative formed normal levels of conju-
gated substrates. The subsequent failure of these conjugates
to be degraded is attributed to the interference of the Arg-
74 derivative with the conjugate-specific proteases. Prelim-
inary results also indicate that El is sensitive to modific-
ation at Tyr-58 (Duerksen-Hughes et al, 1987). These studies
begin to describe the regions and conformations of ubiquitin
recognised by the enzymes of the ubiquitin-dependent proteo-
lysis system.

An alternative approach to the investigation of the regions
of ubiquitin of importance for its structure and function is
that of Ecker et al (1987a), who have chemically synthesised

a ubiquitin coding region and successfully expressed it in
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yeast to produce produce bioclogically active ubiquitin. Eight

unigque restriction sites were engineered into the "gene" to

allow in vitro mutagenesis studies by the replacement of one

"mutagenesis module" with an altered module encoding an aa
substitution. Several variant ubiquitins have been thus

expressed in Escerichia coli, purified, and subjected to

preliminary structural and functional studies (Ecker et al,
1987b). Clearly, this technique provides a versatile method
of generating specific variant ubiquitin proteins for several
types of study.

The fundamental importance of ubiguitin conjugation to the
function of the eukarvotic cell is dramatically demonstrated
by the mammalian cell line ts85. This cell line has a
temperature-sensitive ubigquitin activating (El) enzyme
(Finlevy et al, 1984), and upon shift-up to a nonpermissive
temperature (39°C), genératicn of new mitotic cells is
completely inhibited, and the cells arrest primarily in G2
phase, with a subset in late S phase (Mita et al, 1980;
Yasuda et al, 1981). The phenotype exhibited by ts85 at the
nonpermissive temperature provides insights into the varilous

functions of the ubiquitin system as discussed below.

1.3 Ubiguitin-Mediated Proteolysis

Ubiquitin has been most extensively characterised as an
essential component of the eukaryotic non-lysosomal ATP-
dependent proteolysis system, mainly through individual and
collaborative studies by Ciechanover, Haas, Hershko, Rose,
Rechsteiner, and co-workers. This ubiquitin-mediated pathway

has recently been comprehensively reviewed by Hershko and
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Ciechanover (1986); Ciechanover (1987) and Rechsteiner (1987)
and a summary of ubigquitin's involvement in this process is
presented here.
Ubigquitin was first identified as a component of the re-
ticulocyte ATP-dependent proteolysis system when a previously
identified essential compcnent of the system, ATP-dependent
proteolysis Factor 1 (APFl) was found to be ubiquitin
(Ciechanover et al, 1980; Wilkinson et al 1980Q). Further
studies revealed that ubiquitin became covalently conjugated
to protein substrates destined for proteolysis, leading to
the hypothesis that ubiquitin conjugation signals the
degradation of the conjugated protein by an enzyme system
specifically recognising ubigquitinated proteins (Hershko et
al, 1980). This hypothesis is supported by several studies
revealing a correlation between a protein's ubiguitination
and rapid degradation (see Hershko and Ciechanover, 1986;
Rechsteiner, 1987). One such case is the ts85 cell-cycle
mutant, whereby inactivation of El upon shift-up results in
the stabilisation of most of the short-lived intracellular
proteins that are normally rapidly degraded. This also
suggests that the ubiquitin system is responsible for the
selective turnover of the short-lived, regulatory proteins
(Ciechanover et al, 1984; Finley et al, 1984). Direct
evidence was obtained by studies on the breakdown of purified
preformed ubiquitin-protein conjugates in a reconstituted
reticulocyte lysate system (Hershko et al, 1984a). These
studies showed that proteolysis of the pre-formed conjugate
was independent of further ubiquitin conjugation, whereas the

breakdown of the free substrate required ubiguitin conjugat-
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ijon. A further aspect of the ubiguitin-mediated proteolysis
system was also revealed: an absolute requirement of ATP for
the degradation of the conjugated substrate, which was shown
to be separate from the ATP-dependent step in ubiguitin
activation (see Chapter 1.2). Thus the ATP-dependence of the
ubiquitin-mediated proteolysis system is twofold: first, the
formation of the conjugate, and second, the breakdown of the
ubiquitinated substrate. Rapoport et al (1985) estimate that
more than one ATP molecule is hydrolysed per peptide bond
cleaved.
While some of the enzymes involved in ubiquitin activation
and conjugation have been isclated and characterised (Chapter
1.2), much less is known of the conjugate-specific proteolyt-
ic enzyme(s). Rechsteiner and co-weorkers have recently
reported the identification and purification of a large ATPE/
ubigquitin dependent reticulocyte protease of ~1000kDa (Hough
et al, 1986, 1987). These authors also report the co-
purification of a smaller (~700kDa) protease which appears to
be ATP independent and is not specific for ubigquitinated
substrates. Both proteases exhibit extensive subunit
structure. In addition, Hershkc and Ciechancver (1986) have
fractionated three components of the reticulocyte protease
system, all of which are absolutely required for the ATP
dependent proteolysis of ubigqutin conjugates. These investi-
gations are in their initial stages, and further studies
should improve our knowledge of the proteolytic components of
the system.
Other features of the proteolytic system include specific

roles for the a-amino group and transfer RNA (tRNA), recently
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reviewed by Ciechanover (1987). From several experimental
results, Hershko et al (1984a) suggest that the availability
of an N-terminal a-amino group may be a requisite signal for
proteolysis via the ubiquitin system, while free c-amino
groups are not essential, but may accelerate the rate of
proteolysis. Recent evidence indicates that the N-terminal aa
itself may influence the in vivo rate of protein degradation,
with the protein's half-life a function of this residue: the
N-end rule (Bachmair et al, 1986). By this rule, short-lived
proteins have destabilising N-terminal residues, and are
rapidly ubiquitinated and degraded, while long-lived proteins
are apparently not ubiquitinated and hence stable.
Less well characterised is a role for tRNA molecules in the
proteolysis of some substrates, stemming from the observation
that the breakdown of some exogenously-added proteins is
sensitive to the presence of ribonucleases (Clechanover et
al, 1985). Experiments employing fractionated RNA species
indicated that the addition of tRNAs specifically restored
activity to RNA-depleted systems, with the active component
narrowed down to tRNAHLS, Further investigation revealed that
tRNA was a requirement for the conjugation of ubiquitin to
some proteclytic substrates (Ferber and Ciechanover, 1986).
While the mechanism behind this tRNA-dependence is unknown,
Ciechanover (1987) has noted that all known affected proteo-
lytic substrates have acidic N-termini, and that this feature
may serve as a recognition marker for the tRNA-dependent
reaction. He further speculates that this reaction may be a

tRNA-dependent modification of the N-terminus by the addition
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of an aa residue, an event with a known precedent (see
Ciechanover, 1987).
A further class of enzymes involved in the proteolysis system
are the so-called ubiguitin-protein lyases. The first type
has an isopeptidase activity, cleaving ubiquitin from histone
conjugates (Matsui et al, 1982) and also from potential
proteolytic substrates in the absence of proteolysis follow-
ing ATP-depletion (Hershko et al, 1980, 1984b). Whether the
same isopeptidase catalyses both reactions is not known. The
latter authors suggest that this enzyme may have a correction
function, releasing ubiquitin from incorrectly ubiguitinated
proteins not destined for proteolysis. A second type of lyase
is the ubigquitin carboxy-terminal hydrolase, which has both a
thioesterase activity (Rose and Warms, 1976), and the ability
to cleave amide linkages between ubiquitin and small amines
(Pickart and Rose, 1985b). Again, this enzyme may perforn a
corrective function, while both may function to recover and
recycle ubiquitin from the breakdown products of proteolysis,
and in the reversible ubigquitination of other proteins (eg

histones, Chapter 1.4).

1.4 Ubiguitin and Histone Conjugation

The first characterisation of a ubigquitin-protein conjugate
was reported in 1977 during studies on the chromoscmal
protein A24. Both Goldknopf and Busch (1977) and Hunt and
Davhoff (1977) reported that A24 was a Y-shaped protein
consisting of ubiquitin covalently linked to histone H2A.
Subsequent investigations revealed that histone H2B is also

ubiquitinated (West and Bonner, 1980), and these proteins are
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now known as uHZ2A and uHZ2B. In higher eukaryotes,
approximately 10% of H2A and 1-2% of H2B are ubigquitinated
(eg. West and Bonner, 1980). Conjugation occurs near the C-
terminus of the histone, with the C-terminal Gly-76 of
ubiquitin linked to the e-amino group of Lys 119 in H2A
(Goldknopf and Busch, 1977) and Lys 120 in H2B (Thorne et al,
1987). Ubiguitin-histone conjugation is apparently a general
feature of organisms possessing the ubigquitin system, as uHZA
and uH2B have also been identified in the slime mould

Physarum polycephalum (Mueller et al, 1985) and uH2A has been

characterised in the protozoan Tetrahyvmena pyriformis, where

ubiquitin is linked to a Lys residue near the H2A C-terminus
(Fusauchi and Iwai, 1985). However, the relative proportions

of Physarum uH2A and uH2B (respectively 7 and 6% of HZA and

H2B) vary from the higher eukaryote values (Mueller et al,
1985). Ubiquitinated histones and other chromosomal proteins
have also been detected in the yeast nucleus (Finley and
Varshavsky, 1985).

The role of the ubiguitinated histones is presently unclear.
The conjugates appear quite stable and do not result in the
degradation of the histone moiety, making it unlikely that
they are intermediates in histone breakdown (see Ciechanover
et al, 1984). Investigation of nucleosome composition during
mitosis has revealed that uH2A disappears from the

nucleosomes prior to metaphase and reappears in the Gj phase,

prompting suggestions that mitotic chromosome condensation is
in part triggered by the removal of uH2A from metaphase
chromosomes (Matsui et al, 1979). Similar events have been

observed by Wu et al (1981), and have been studied in detail
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in Physarum by Mueller et al (1985). In the latter case, de-

ubiquitination occurs during the 7 minute metaphase, while
re-ubigquitination takes place in the subsequent 3 minute
anaphase, out of a 9 hour nuclear division cycle. In mammal-
ian cells, these events are specific to ubiguitinated histone
species, as the conjugation of other ubiquitin substrates is
relatively unaffected (Raboy et al, 1986). Whether histone
de-ubiquitination actually triggers chromosome condensation
or is simply a late obligatory event in this process, 1s not
presently known.

A second possible function of ubiquitinated histones is their
involvement in the regulation of gene expression. This possi-
bility stems from the observations that transcribed chromo-

somal regions in Drosophila appear enriched in ubiquitinated

histones, as does the 5'-end of the mouse dihydrofolate
reductase gene (Levinger and Varshavsky, 1982; Barsoum and
Varshavsky, 1985). However, this may not be a universal
phenomenon, or may be restricted to certain genes, as the
immunoglobulin k-chain gene apparently lacks ubiquitinated
histones (Huang et al, 1986). These initial observations led
to an hypothesis of gene expression regulated by the chromo-
somal locus-specific ubigquitin-dependent degradation of hist-
ones (Levinger and Varshavsky, 1982). However, with regard to
the apparent stability of ubiguitinated histones (see above),
the hypothesis has been refined to suggest that histone
ubiquitination modifies chromatin structure to allow
interaction with other factors (Finley and Varshavsky, 1983).
While several lines of evidence indicate that substitution of

uH2A/uH2B in place of H2A/H2B has little effect on chromatin
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structure at the level of the mononuclecosome (see Hershko and
Ciechanover, 1986), histone ubigquitination may affect iqter-
actions between nuclecsomes, or between the nucleosomes and
other factors.
A feature of the ts85 cell line relevant to histone ubigqui-
tination is the observation that uH2A disappears from the
chromatin of ts85 cells with a half-life of ~3 hours follow-
ing the inactivation of the ubigquitin conjugating enzyme
(Marunouchi et al, 1980; Matsumotc et al, 1983). This presum-
ably occurs due to the inability to conjugate ubigquitin to
histones, while the deubiguitinating isopeptidase(s) is still
functional (Chapter 1.2). Notably this apparently complete
deubigquitination of histones at the nonpermissive temperature
does not trigger chromosome condensation, implying that this

may not be an in vivo function of histone-ubiquitin

conjugation.

Clearly, further investigations are required to characterise
ubiquitin's possible role in marking specific chromoscmal
regions for recognition by other factors. In this light it is
interesting to note that the functions of the yeast RADE gene
product may be mediated by its ubiquitin-conjugating ability,

including its in vitro ability to ubigquitinate H2B (see

Chapter 1.2). One such function is in DNA repair, whereby
ubiquitination of chromocsomal proteins at a damaged site may
produce structural change and enable access of the DNA repair

system (Jentsch et al, 1987).
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1.5 Ubiquitin and the Stress Response

The stress (or heat-shock) response refers to the induction
of a specific set of proteins following exposure of cells to
a variety of stresses, most commonly elevated temperatures,
but also agents such as amino-acid analogues, starvation and
heavy metals (for recent reviews see Burdon, 1986; Lindquist,
1986: Schlesinger, 1986; Bond and Schlesinger, 1987). While
the exact function of most of these heat-shock proteilns

(hsps) is not known, current evidence suggests that they pro-
tect the cell from damage caused by abnormal proteins result-
ing from the initial stress event, perhaps by the ilnvolvement
of hsps in their degradation.

Ubiquitin's known and postulated roles in the stress response
stem from several observations. The most direct observatilon
is that ubiquitin itself is a hsp. Ubigquitin genes containing
the consensus heat-shock promoter element (HSE) have been
identified in both chicken and yeast (Bond and Schlesinger,
1986; Ozkaynak et al, 1987). The HSE is a sequence element
which is found in the promoter region of heat-shock genes and
mediates their transcriptional activation following stress
(reviewed by Bienz and Pelham, 1987). In addition,
transcription of this chicken ubigquitin gene and synthesis of
ubiquitin itself is elevated following heat-shock (Bond and
Schlesinger, 1985) while this yeast ubiquitin gene has been
shown to be specific for the stress response (Finley et al,
1987) (see Chapters 1.8 and 1.9). The most straightforward
conclusion from these observations is that ubigquitin
expression is elevated to cope with an increased turnover of

abnormal proteins (generated by the stress conditions)
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through the ubigquitin-dependent proteolytic pathway (Bond and
Schlesinger, 1985).
Other studies indicate that the induction of the stress
response may be linked to the ubigquitin system. This was
first noted from studies on the mouse cell line ts85,
defective in the ubiguitin activating enzyme. At the non-
permissive temperature (399C), ubigquitin conjugation (and
hence ubiguitin-dependent proteoclysis) ceases. At the same
time, expression of heat shock genes is induced, at a
temperature which is well below that required for the stress
response in non-mutant cells (Finley et al, 1984). This
observed correlation between a lack of ubiguitination and
induction of the heat-shock response has led to the proposal
that these two systems are closely coupled and may function
in a complementary fashion (Finley et al, 1984). These
authors speculate that the coupling agent may be a protéin
factor capable of activating heat-shock genes, which is
normally ubigquitinated and degraded via the ubiquitin-
dependent proteolytic system. However, overloading of the
system by a build-up of heat-denatured proteins, or an
inability to conjugate ubiquitin (eg ts85 at the non-per-
missive temperature) would stabilise the factor and activate
the heat shock genes. A similar model proposed by Munro and
Pelham (1985) requires that the factor is inactive when
conjugated to ubiquitin in equilibrium with the free ubiqui-
tin pool. By similar events as described above, the factor is
deubigquitinated and hence activated. These authors further
speculate that the factor may be the heat-shock transcription

factor itself.
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However, recent studies of the levels of free ubiquitin and
ubiquitin conjugates in both normal and stressed chicken
embrvo fibroblasts do not support the hypothesised role of
ubigquitin's direct involvement in the induction of the heat
shock proteins (Bond et al, 1988). These autheors found that
while there was a shift in the ubigquitin pool from free to
conjugated forms, the size of the shift was small relative to
the size of the pocl: thus, an ample supply of free ubiquitin
is available during the induction of the stress response. An
alternative proposal is that an increased level of ubiquitin

conjugates may trigger the stress response (Bond et al, 1983).

1.6 Ubiguitin as a Functional Component of Cell Surface

Receptors

Recently another class of apparently stable ubiguitin
conjugates has been identified - cell surface molecules. The
first such example is the lymphocyte homing receptor, which
mediates the specific recognition of, and entry into, the
various lymphoid organs by circulating T- and B- lymphocytes
(for a recent review see Gallatin et al, 1986). A mcnocleonal
antibody (MEL-14) specific for the lymphocyte homing receptor
(which mediates lymphocyte recognition of the peripheral
lymph node) was isolated, and was found to block lymphocyte

homing both in wvitre and in vivo (Gallatin et al, 1983). In

an attempt to characterise the receptor molecule, MEL-14 was
used to screen a Agtll cDNA expression library. Sequence
analysis of the three independent cDNA clones thus obtained
revealed that all encoded ubigquitin (St. John et al, 1986).

These studies also revealed that the MEL-14 antigenic deter-
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minant was within ubiquitin's C-terminal 1l3aa, which were in
a conformation different to that in native ubigquitin or in
other cellular ubiguitin conjugates. Parallel experiments
involving aa sequence analysis of the purified receptor
produced segquences from two N-termini, one corresponding to
ubiquitin,'the other presumably the core polypeptide of the
receptor (Siegelman et al, 1986). These authors also reported
the immunoprecipitation of other cell surface proteins with
monoclonal antiubiguitin antibodies, suggesting that ubiqui-
tination of cell surface molecules may be a more general
phencmenon.
These suggestions were confirmed by the discovery that
ubiquitin is covalently bound to the core polypeptide of the
murine platelet-derived growth factor receptor (Yarden et al,
1986). In this case, ubigquitin was again identified by N-
terminal aa sequencing of the purified receptor, revealing
two approximately equimolar seguences. However, 1t was not
determined to which domain of the receptor (ie. extra- or
intra-cellular) ubiguitin was conjugated.
Another possible example of cell surface molecule ubiguitin-
ation comes from reports that anti-ubiguitin antibodies
inhibit the sodium-dependent uptake of several compounds in
rat brain synaptosomes (Meyer et al, 1986, 1987). These
authors suggest that neuronal transporters (or proximal
sites) may be ubiguitin conjugates.
Observations of ubigquitinated proteins on the outer cell
membrane poses the guestion of their origin. Three possible
pathways exist. First, cytosolic conjugation of ubigquitin to

the core polypeptide followed by transfer of the branched
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protein through the endoplasmic reticulum (ER) membrane for
transport to the outer surface. Second, transfer of an acti-
vated ubiquitin-E2 carrier enzyme into the ER and conjugation
to the core protein within the ER lumen. Third, transfer of
ubiquitin into the ER followed by activation and conjugation
to the core protein. The first two possibilities require the
transfer of a branched protein through a membrane, while the
third requires the presence of the ubiquitin activating and
conjugating enzymes within the ER lumen, both of which are
unknown entities. However, the identification of the ubiqui-
tin-tail fusion protein (Chapter 1.8) may provide a means for
trans-membrane ubiquitin transfer.
A second puzzle concerns the role of cell surface ubiguitin-
ation. Presumably ubiquitin is too "ubigquitous" to confer
functional specificity on a receptor, although St. John et al
(1986) report that MEL-14 recognises an unusual ubiguitin
conformation. Possibilites raised include a role in stabllis-
ing cell-cell interaction, or even as a pre-formed ubigquitin
conjugate to promote rapid degradation once a receptor is
internalised and exposed to the ubiguitin-specific proteases
(Siegelman et al, 1986). However, it is nutewmrthy-that
ubiguitin appears to be at or close to the "active site" of
the lymphocyte homing receptor and the neuronal transporters,
considering their inactivation by ubiquitin-specific anti-
bodies. Thus ubiquitin may play a significant role in cell

surface receptor function.
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1.7 Other Ubigquitin Conjugates

Two other examples of stable ubiguitin conjugates have
recently been reported. The first case is the identification
of ubiguitin as a component of paired helical filaments
(PHF), a pathological neuronal fibre specific to the brains
of Alzheimers disease patients (Mori et al, 1987). The
function of ubigquitin here is presently unclear, although the
authors suggest that its presence may reflect a failed
attempt at proteolysis of PHF, perhaps due to defects in the
ATP/ubiquitin-dependent protease system.

The second example concerns the insect flight muscle myofib-
rillar protein arthrin, which has been found to be a ubiqui-
tinated form of the more common muscle protein actin (Ball et
al, 1987). Again, the function of ubiguitination is unclear,
although the authors consider it likely that arthrin plays a
specific role in some aspect of the assembly or functlon of
the insect flight muscle thin filaments.

Clearly, as methods become available for examining proteins
in fine detail, ubiquitin-conjugation is becoming a more
commonly observed event. While the exact role played by such
conjugation is generally unclear at present, further studies

will no doubt elucidate the functional aspects of this novel

post-translational modification.

1.8 Ubiguitin Gene Structure

In the past four vears several groups have reported
nucleotide sequences of cDNAs and genes encoding ubiquitin

from several eukaryotic organisms. These include the entire

veast ubiquitin gene family (Ozkaynak et al, 1984, 19387),
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sequences from the slime mould Dictyostelium discoideum

(Westphal et al, 1986; Giorda and Ennis, 1987), barley
(Gausing and Barkardottir, 1986), Xenopus (Dworkin-Rastl et
al, 1984), chicken (Bond and Schlesinger, 1985, 1986;
Mezquita et al, 1987), mouse (St. John et al, 1986), pig
(Einspanier et al, 1987a), and man (Lund et al, 1985; Wiberg
et al, 1985; Baker and Board, 1987a; Einspanier et al, i987b,

Salvesen et al, 1987). Ubiquitin-coding regions have also

been sequenced in Drosophila as genomic restriction fragments

(Arribas et al, 1986), and thus the actual gene structure
remains uncharacterised.

The ubiquitin genes thus identified have revealed a
completely novel gene structure with two basic variations.
The first structural type is the polyubigquitin gene, which
consists of tandemly repeated 228bp (76aa) coding units
uninterrupted by spacer peptides. Evidence for polyubiquitin
genes exists for all of the abovementioned species. In the
four species from which polyubiquitin genes have been
sequenced (yeast, slime mould, chicken and man), introns are
absent from gene coding regions, while an intron interrupts
the 5' non-coding region (NCR) of one chicken and one human,
but not the yeast, polyubiquitin gene, the only such genes
presently completely characterised with respect to introns.
The number of polyubiguitin loci vary between these four
species: yeast has a single locus, while the others have at
least two. A more variable feature is the number of coding
units per locus: yeast has 5 or 6, slime mould 3 and §,
chicken 3 and 4, and man 3 and 9, while cDNA clones indicate

that barley, Xenopus and mouse contain one locus of at least
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3 coding units, with a 4 or more coding unit locus present in
the pig. In addition, Xenopus contains one polyubigquitin
locus with at least 12 coding units. The reason for this
variability is presently unknown, but is assumed to result
from unequal crossover during the evolution of the
polyubiquitin gene (Sharp and Li, 1987b). Notably the number
of coding units per locus does not appear critical, as the
yeast polyubiquitin locus can be functionally replaced by an

in vitro constructed single coding unit "minigene" (Finley et

- A - R

Another feature common to polyubigquitin genes is the encoding
of a single aa between the last coding unit and the terminat-
ion codon. This feature has been noted in all polyubiquitin
genes and cDNAs sequenced with the single exception of a
Xenopus cDNA, where the stop codon is immediately adjacent to
the last coding unit (Dworkin-Rastl et al, 1984). As with
coding unit number, this extra aa exhibits both inter- and
intra-species variation. Known residues are Asn (yeast), Asn
and Leu (slime mould), Lys (barley), Tyr and Asn (chicken),
Phe (pig), and val and Cys (human). The structure of the

polyubiquitin gene implies that its expression would produce

a polyprotein product, which 1s then presumably cleaved at

the Gly-Met junctions to produce monomeric ubiguitin. Thus,
the presence of the extra C-terminal aa would prevent par-
ticipation of unprocessed polyubiquitin in conjugation, which
is most likely its in vivo function. While these processing
enzymes have not been characterised, some of the enzymes

involved in recycling ubiquitin from ubiquitin-protein
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conjugates (Chapter 1.3) are potential candidates for such
processing events.

The second ubiquitin gene structural type encodes a fusion
protein of one ubiquitin moiety as the N-terminal domain,
joined directly to an unrelated protein sequence known as a
"tail" protein. These ubiquitin-tail fusions have only been
revealed through DNA sequencing, as the tail protein has
never been isolated, either individually or as a ubiguitin
fusion. Such fusion genes/cDNAs have been reported in yeast,
slime mould, mouse and man (Ozkaynak et'al, 1987; Westphal et
al, 1986; St. John et al, 1986; Salvesen et al, 1987), the
latter three as partial cDNA sequences. These reports
indicate two fusion protein subtypes varying in the length
and sequence of the tail protein. One type has a 52aa tail in
veast, slime mould and man, which is conserved to a high
degree between these species. The second type has a 76aa tall
in yeast, and 80aa in man, again strongly conserved. The
known mouse tail is of the former type, but the partiality of
the cDNA prevents analysis of its complete length. These
ubiquitin-tail fusion genes are presumably also present in
other eukaryotes. For example, a probe specific for the human
80aa tail coding region hybridises to a similarly sized rat
mRNA (Lund et al, 1985), while antibodies raised against a
synthetic peptide corresponding to a portion of the human
80aa tail protein specifically identify a protein in chicken
embryo fibroblasts and a wide variety of cells (see Bond et
al, 1988).

The aa sequence composition of the tail proteins indicates

several possible functions. First, in each tail type, about 1
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in 3 residues are Lys or Arg, suggesting a nuclear function
for this basic protein. This possibility is reinforced by the
identification of a stretch of basic aa similar to the
nuclear translocation signal of the SV40 virus T antigen in
each of the tail types: at its N-terminus in the 76/80aa
type, and the C-terminus in the 52aa tail protein (Lund et
al, 1985; ozkaynak et al, 1987). While these initial
observations hint that the tail protein may function to
transport ubiquitin to the nucleus (eg. for histone
conjugation), the subsequent indentification of a DNA binding
domain within each tail type indicates that the tail proteins
may function as DNA binding proteins, perhaps 1in the regulat-
ion of gene expression (Ozkaynak et al, 1987). Whether such a
function involves the intact fusion protein, or a ubiquitin-
free tail protein, is not known. Notably, cleavage of the
ubiquitin-tail fusion protein is known to occur, as yeast
mutants deleted at the polyubigquitin locus can still produce
mature ubiquitin from (at least) one of the ubigquitin-tail
fusion genes (Finley et al, 1987).
These known ubiquitin genes and cDNAs thus reveal a novel
gene structure, whereby ubiguitin must always be produced by
proteolytic cleavage of a fusion protein, consisting either
of ubiquitin fused to itself as a polyprotein, or fused to an

unrelated, but highly conserved, tail protein.

1.9 Ubigquitin Gene Expression

Most reports of ubigquitin cDMA and genomic sequences have
been accompanied by Northern analysis of ubiquitin mRNAS. The

general observation from these analyses is that several mRNAs
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of different sizes exist in each species. The most complete
Northern analysis has been conducted on the yeast S.

cerevisiae, which has a ubiquitin gene family of four

members: two 52aa tail fusion genes (UBIl and UBIZ), one /6aa
tail fusion gene (UBI3) and one polyubiguitin gene (UBIA4)
(Ozkaynak et al, 1987). Using gene specific probes,
expression of all four genes was detected in exponentially
growing cells. However, in stationary phase cells, UBI1l and
UBI2 expression falls to undetectable levels, UBI3 1s
expressed but produces a different size distribution of
mRNAs, while UBI4 expression increases dramatically. The
latter observation is in agreement with the known role of
UBI4 in the stress response and the location of a heat shock
promoter upstream of the gene (Finley et al, 1987; Ozkaynak
e aly 1987)

Several ubiquitin genes have been identified as a result of
their specific expression. For example, a chicken ubiguitin
cDNA was segquenced during a study of heat-inducible mRNAs,
while the subsequently cloned gene was found to contailn a
heat shock promoter and its transcription was induced ~5-fold
upon heat shock (Bond and Schlesinger, 1985, 1986). In addit-
ion, ubigquitin was identified in both Xenopus and slime mould
as a transcript of a developmentally regulated gene (Dworkin-
Rastl et al, 1984; Giorda and Ennis, 1987).

Analysis of Xenopus ubigquitin mRNAs reveals both population
polymorphism in mRNA length between individuals and a change

in the hybridisation pattern during the development of each

‘individual (Dworkin-Rastl et al, 1984). Similarly, the

hybridisation pattern of slime mould ubiquitin mRNAS changes
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relative to the developmental stage of the organism (Westphal

t al, 1986; Giorda and Ennis, 1987). Droscophila also exhib-

-l'D

its population polymorphism with respect to ubigquitin mRNA
length (Arribas et al, 1986), while the shorter mRNA species
in barley are developmentally regulated, being specifically
expressed in dividing cells, possibly to supply extra ubiqui-
tin needed for nuclear histone conjugation (Gausing and Bar-
kardottir, 1986). This speculation by these authors is inter-
esting as it is likely that the smaller mRNAs are transcripts
of the ubigquitin-fusion genes, which may function to trans-
port ubiguitin to the nucleus.

Less is known of the expression of ubigquitin genes in higher
animal species. In the rat, four different sized ubiquitin
mRNAs have been observed (Lund et al, 1985) while three are
present in the pig (Wiborg et al, 1985; Einspanier et al,
1987a). A most interesting result is the recent finding that
herpes simplex virus infection induces transcription of a
hamster ubigquitin gene, with this induction dependent on a
viral immediate-early protein ICP4 (Latchman et al, 1987).
The exact mechanism and function of this induction is not
known.

In man, three differently sized ubiquitin mRNAs can be
resolved by Northern analysis. Their sizes have been
estimated at 600, 900 and 2400nt, or 650, 1100 and 2500nt,
and have been termed UbA, UbB and UbC respectively (Lund et
al, 1985). In addition, the human and porcine species are
very similar in length (Wiborg et al, 1985). Lund et al
(1985) have demonstrated the specific hybridisation of the

80aa tail-fusion cDNA to the UbA species (and to a similarly
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sized rat mRNA), while the UbC mRNA is of the correct size to
correspond to the human 9 coding unit polyubiguitin gene
(Wiborg et al, 1985). However, this latter conclusion has not
been confirmed by the use of gene specific probes. This is a
common feature of ubigquitin Northern analysis, where, with a
few exceptions noted above, coding region probes have been
used, which are unable to distinguish products of different
ubiguitin genes. Thus the relationship of an organisms
ubiquitin gene family to the transcription products of these

genes has only been determined in yeast (Ozkaynak et al,

1987).

1.10 Aims

The aim of this study is to characterise the structural
organisation of the human ubiquitin gene family, in
particular the UbB and UbAsgs subfamilies, about which little
information is presently available. At the initiation of
these studies (March 1985), only three reports of ubiquitin
cDNA or genomic sequences had appeared in the literature: a
partial Xenopus cDNA (Dworkin-Rastl et al, 1984), a partial
sequence of the yeast polyubiquitin gene (Ozkaynak et al,
1984), and the human 9 coding unit polyubiquitin gene
uncharacterised with respect to the 5' non-coding region
(Wiborg et al, 1985). While these studies had revealed the
novel structure of the polyubigquitin gene, there was a clear
need for further characterisation of ubigquitin genes to
complement and possibly answer questions raised by studies on
ubiquitin's functions in histone conjugation and protein

degradation. The fundamental importance of the ubigquitin
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system to the viability of the eukaryotic organism was by
| this stage well documented. Conversely, knowledge of the
means of providing ubiquitin for this system through the
| expression of ubigquitin genes was practically non-existent,
as no ubiguitin gene had vet been fully sequenced. With these
facts in mind, this study was undertaken to improve our
knowledge of ubigqutin gene structure, with the ultimate aim
of determining how ubiquitin gene expression is regulated to

satisfy the functional requirements of the ubiquitin system.

e e ———
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CHAPTER 2

MATERIALS AND METHODS
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2.1 MATERIALS

2.1.1 Reagents and Materials

Acrylamide, N,N,N',N' tetramethylethylene diamine (TEMED),
agarose (Type II, medium EEQO), 5-bromo-4-chloroindolyl-g-D-
galactoside (X-Gal), isopropyl-g-D-thiogalactopyranoside
(IPTG), oligo(dT)-cellulose, and dextran sulfate were from
Sigma Chemical Co., St Louis, MO, USA. N,N'-methylene-bis-
acrylamide was from Bio-Rad Labocratories, Richmond, CA, USA.
Low gelling temperature agarose was from FMC Bioproducts,
Rockland, ME, USA. Lymphoprep density gradient medium was
from Nyegaard and Co., Oslo, Norway. Nitrocellulose membranes
were from Bio-Rad (Trans-Blot) and Amersham International
(Hybond-C), Amersham, UK. GeneScreen Plus was from Du Pont,
Boston, MA, USA. Pipes (1,4-Piperazine diethanesulfonic
acid), 2'-deoxynucleotide triphosphates and 2',3'-dideoxy-
nucleotide triphosphates were from Boehringer Mannheim GmbH,
Mannheim, W. Germany. Oligonucleotide forward and reverse
sequencing primers were from New England Biolabs, Beverly,
MA, USA and BRESA, Adelaide, S. Australia. Radiochemicals -
[a-EzP]dATE and [a-32P]dCTP (3000 mCi/mMole) and [Y-32P]ATP
(>5000 mCi/mMole) - were from Amersham. X-ray £ilm (Fuji-RX
and Fuji-NC II) was from Fuji Photo Film Co., Tokyo, Japan.
Black and white instant print film (Land Film Type 37) was
from the Polaroid Corporation, Cambridge, MA. USA. Tryptone,
yeast extract and agar were from Difco Laboratories, Detroit,

MI, USA. All other reagents were of Analytical or A grade.
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2.1.2 Enzymes

Restriction endonucleases were from Becehringer Mannheim, New
England Biclabs, and Pharmacia, Uppsala, Sweden. The large

(Klenow) fragment of Escherichia coli DNA polymerase (EC

2.7.7.7) was from New England Bioclabs and BRESA. Alkaline
phosphatase (EC 3.1.3.1) and deoxyribonuclease grade II
(DNase, EC 3.1.21.1) were from Boehringer Mannheim.
Ribonuclease A type I-As (RNase, EC 3.1.27.5) and Proteinase

K (EC 3.4.21.14) were from Sigma. T4 DNA Ligase (EC 6.5.1.1)

was from BRESA, and Polynucleotide kinase (EC 2.7.1.78) was

from Pharmacia. S1 nuclease (EC 3.1.30.1) and M-MLV Reverse

transcriptase were from BRL, Bethesda, MD, USA.

2.1.3 Media for Bacterial Growth

E. coli strains were grown in the following media:

1) Minimal media (per litre): KpHPO4: 10.5g; KHoPO4. 4.59;
(NH4) 2S04 1:09; trisodium citrate, 0.5g. After autoclaving,

D-glucose, Mgso, and thiamine were added to concentrations of
0.2%, 0.02% and 0.01% (w/v) respectively (Miller, 1972).

2) L-broth (per litre): Tryptone, 10g; yeast extract, 3g;
NaCl, 5g (Lennox, 1955).

3) Low salt L-broth: as above, but with 0.6g NaCl per litre.
Media plates were 1.2% (w/v) agar or agarose. Soft or Top
agar/agarose contained 0.6% (w/v) agar/agarose. Where
required, ampicillin was added to a final concentration of 50

to 100ug/ml from a filter-sterilized stock solution.
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2.1.4 Bacterial Strains, Bacteriophage, Plasmids and

Recombinant Libraries

E. coli K12 JM103 (Messing et al, 1981) was used as the host
for M13mp8, mp9 (Messing and Viera, 1982), mpl8, mpl9, pUC1S8
and pUCl9 (Norrander et al, 1983) and their recombinants. E.
coli K12 ED8655 (Murray et al, 1977) was the host for EMBL3A
(Frischauf el al, 1983) and AgtlO0 (Huynh et al, 1984) bacter-
iophage and their recombinants. Bacteriophage Agtll (Young
and Davis, 1983a) and its recombinants were propogated in E.
coli K12 1090 (Young and Davis, 1983b). The pEX expression
plasmids (Stanley and Luzio, 1984) and their recombinants
were propogated in E. coli K12 MCl06l (Casadaban and Cohen,
1980) superinfected with pcIgs7 (Remaut et al, 1983) as the
source of temperature-sensitive cI repressor. Human genomic
libraries "B" and "D", constructed by ligating partially
Sau3A digested human genomic DNA between the BamHI sites of
EMBL3A, were gifts of Dr D. Anson, Oxford. A human liver cDNA
library constructed in pAT153/Pvull/8 (Giannelli et al, 1983)
was the gift of Dr D. Bentley, Oxford (Reid et al, 1984). A
human liver cDNA library constructed in Agtll-amp3 (Kemp et
al, 1983) was the gift of Dr G. Howlett, Melbourne. A human
placental cDNA library in Agtll (Clcnetech, Palo Alto, CA,

USA) was the gift of Dr R. H. Docn, Sydney. A human adrenal

gland cDNA library in Agtl0 was from Clonetech.
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2.2 METHODS

2.2.1 Routine Laboratory Procedures

wWhere required, sterilisation was performed by autoclaving at
121°C/100kPa for 15min, or by filtration through 0.2um
membranes. Heat-labile compounds (ie. 2-mercapto ethanol,
dithiothreitol, ampicillin, thiamine) or those likely to

precipitate during autoclaving (ie. MgSO4) were added after

autoclaving where required. Distilled deicnized water was
used for all solutions. For manipulations involving RNA,
solutions were treated with 0.1% (v/v) diethyl pyrocarbonate
overnight prior to autoclaving, and glassware was sterilised
in a dry air oven at 180°C overnight. Disposable plastic
labware not supplied sterile was autoclaved prior to use.
Nucleic acid solutions were generally purified by successive
extractions with an equal volume of phenol (saturated with TE
puffer: 10mM Tris/Cl; 1lmM EDTA, pH8.0) and an equal volume of
chloroform/iscamyl alcohol (49:1, v/v). Nucleic acids were
concentrated by ethanol precipitation, involving the addition
of 1/10th volume of 3M NaOAc pH 5.6 and 2 volumes (DNA) or
2.5 volumes (RNA) of absolute ethanol. Following incubation
at 0° or -20°c for 20 to 30 min, precipitates were collected
by centrifugation, rinsed with 70% (v/v) ethanol and dried

under vacuum. In some instances, a half volume of 7.5M NH4OAC

replaced NaOAc, and 3 volumes of ethanol were used. If volume
was limiting, ethanol was replaced by 0.6 volumes (DNA) or an
equal volume (RNA) of isopropanol. Nucleic acid concentration
was estimated by measuring the absorbance of solutions at 260

nm (1 Ajgg unit = 50ug/ml (DNA) and 40ug/ml (RNA)).
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2.2.2 Biological Containment and Radliation Safety

Recombinant DNA procedures were performed according to Cl
biological containment conditions stipulated by the
Australian Recombinant DNA Monitoring Committee. Radioactive
substances were used and disposed of in accordance with the

Australian National University Radiation Safety Handbook.

2.2.3 Gel Electrophoresis

Acrvlamide/N,N' methylene-bis-acrylamide (19/1, w/w) was
prepared as a 40% (w/v) stock solution, deionized over mixed
bed resin, filtered, and stored at 4°C. Ammonium persulfate
(20%, w/v) was made fresh monthly. Non-denaturing gels (400x
200%0.4mm) were 4 to 20% (w/v) polyacrylamide, 0.06% (w/V)
ammonium persulfate, 0.03% (v/v) TEMED, and contained the
89mM Tris base, 89mM Boric acid, 2.5mM EDTA (pHV8.3)
electrophoresis buffer (TBE) of Peaccck and Dingman (1967).
Denaturing (eg DNA sequencing) gels contained 8M Urea, were 6
to 8% (w/v) polvacrylamide, and were generally poured as a
"wedge", increasing in thickness from 0.4mm at the top to
1.2mm at the bottom. Gels were pre-electrophoresed for 0.5 to
1h prior to sample loading, and were electrophoresed at 25mA
(single thickness) to 33mA (wedge) employing an aluminium
heat dispersal plate. DNAs were generally detected by auto-
radiography. Sequencing gels were fixed in 10% acetic acid/
10% methanol (v/v) for 10 to 20 min and dried under vacuum
for 40 to 60 min at 80°9C prior to autoradiography.

A variety of agarose gels were used for the electrophorssis
of nucleic acids. Restricted total human genomic DNA (5ug/

lane) and recombinant EMBL3A phage DNAs (lug/lane) were
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electrophoresed in 200x200x5mm 0.8% (w/v) gels in TAE buffer

(40mM Tris base; 30mM CH4COOH; SmM CH,COONa; 2mMEDTA; pHV8.0)

at 1V/cm for 16h. Rapid analysis of various DNA samples was
performed in minigels (60x60x5mm) of 0.6 to 1% (w/v) agarose
in TBE buffer at 10V/cm. Restriction mapping gels were 200x

200x3mm, 0.4% (w/v) agarose in 40mM Tris base; 30mM CH3COOH;
20mM CH;COONa; 2ZmM EDTA; pHV7.8 (Uher, 1986), and were run at

1V/cm for 42h, fixed in 12% (v/v) CH3COOH for 10 min, and

dried under vacuum at 609C for 1lh prior to autoradiography.
Glyoxylated RNAs (Chapter 2.2.l1ll) were electrophoresed in
200%200x5mm, 1% (w/v) gels made in 10mM sodium phosphate
buffer (pH6.7) at 4V/cm with constant buffer recirculation.
Low gelling temperature gels were 0.6 to 1.4% (w/v) agarose
in TAE buffer. Nucleic acids were detected by U.V.
irradiation after staining with ethidium bromide (0.5ug/ml of
electrophoresis buffer) for 20 min following electrophoresis.
For minigels, ethidium bromide was included in both gel and

buffer at 0.5ug/ml. Where required, gels were photographed

through an orange filter.

2.2.4 Preparation of Plasmid and Bacteriophage DNA

Plasmid DNA was prepared from infected cultures by the alka-
line lysis method (Ish-Horowicz and Burke, 1981). Large scale
preparations were from 100 to 500 ml cultures in L-broth plus
ampicillin (100ug/ml) and were amplified for 16h with chlor-

amphenicol (170ug/ml) upon reaching an AgQQ of 0.8. Small

scale preparations (mini-preps) were from lml of an overnlght

culture in L-broth/ampicillin without amplificatiocn.
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Bacteriophage Ml3-derived single stranded (ss) DNA was pre-

pared by the method of Sanger et al (1980) with the addition

of a CHCl; extraction prior to ethanol precipitation. Double
stranded replicative form (RF) DNA was prepared on a large

scale by a modification of the method of Van Den Hondel and
Schoenmakers (1975). Phage culture from a ssDNA preparation

was diluted 1 in 250 into an E. coli JM103 culture in L-broth

grown to an Aggg ©f 1.0, incubated with shaking at 37°C for
4h, and RF DNA isolated from the cell pellet as for a plasmid
preparation. RF DNA was purified by CsCl equilibrium gradient
centrifugation (Maniatis et al, 1982) or polyethyleneglycol
precipitation (Lin et al, 1985). RF DNA was also prepared on
a small scale by a mini-prep of the cell pellet remaining
after ssDNA preparation.

Bacteriophage )\ DNA was prepared on a small scale from plate
lysate stocks originating from single phage plagues (Maniatis
et al, 1982) by the method of Ozaki and Sharma (1984). Large
scale EMBL3A phage preparations were from 400ml liguid lysate
cultures inoculated with 8x10° host cells pre-incubated with

1.6x10% phage pfu as described by Maniatis et al (1982).

2.2.5 Restriction Endonuclease Digestion

Restriction endonuclease (RE) digestions were performed under
the conditions given by Farrel et al (1981) employing low,
medium and high salt concentration buffers. Double or
multiple digestions were generally performed simultaneously
by selecting a mutually compatible buffer, or sequentially by
adjusting buffer conditions or incubation temperature between

RE additions where necessary. RE's were generally diluted at
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least 1 in 20 to prevent inhibition or alteration of
specificity due to high glycerol concentration. Digestions
were terminated by phenol and chloroform extraction, or by
the addition of loading buffers containing EDTA, and then
heated at 65°9C for 10min and quick-chilled prior to

electrophoresis to dissociate annealed compatible ends.

2:2.6 Subeclening

The pUC plasmid series and the M13mp bacteriophage series
were chosen as vectors for subcloning, DNA manipulation and
DNA sequencing because of the versatility offered by the
multiple cloning site and the ease of detecting recombinants.
A typical preparation of a vector for ligation involved
digesting approximately 500ng of vector with the relevant
restriction endonuclease(s), remcoval of 5' phosphate groups
with alkaline phosphatase (generally only for singly-digested
vector), phenol and chlorform extraction, and ethanol precip-
itation. Cleaved vectors were resuspended in 10ul TE buffer
(10mM Tris/Cl; 1lmM EDTA, pH8.0) at a concentration of 40ng/ul
(assuming 80% recovery), stored at 49C and used for up to one
vear. Target fragments for subcloning were prepared by one of
two methods. Wherever possible, the fragment source was
cleaved with a combination of RE's so that only the target
fragment was compatible with the cleaved vector. The digested
source DNA was then phenol and chloroform extracted, ethanol
precipitated and ligated with the vector. Where such forced
cloning was not possible, target fragments were isolated from
low gelling temperature agarose gels as described by Sanger

et al (1980). Ligation was performed in 30mM Trig/ed wHT. 5
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10mM MgClp; SmM DTT; lmM ATP by combining 40ng vector with an
approximately equimclar amocunt of target fragment(s) and 0.3U

(cohesive ends) to 1.0U (blunt ends) of T4 DNA ligase in a

final volume of 10ul. Incubation was at room temperature for
a minimum of 1 h (cohesive ends) to 6 h/overnight (blunt
ends). Ligations were heated at 65°C for 10 min and gquick-

chilled on ice prior to transformation.

2.2.7 Preparation and Transformation of Competent Cells

Competent cells were prepared by the method of Dagert and
Ehrlich (1979), and also by a modification of this procedure
described in the "Manual for the M13 Cloning/Seguencing
Ssystem" (Pharmacia, Uppsala, Sweden). The first resuspension

was in 1/5th of the growth volume of 10mM NaOAc pH5.6; 50mM

MnClo; 5mM NaCl, and the second resuspension was in 1/50th of

the growth volume of 10mM NaOAc pHS.6; 70mM CaClp; SmM MnClp

and 5% (v/v) glycercl. Competent cells thus prepared were
snap-frozen on dry ice and stored at -709C. Transformation of
E. coli strains with plasmid and M13 RF DNA was as described
by Yanisch-Perron et al (1985) except that L-broth was used
throughout. A typical transformation employed half to all of

the ligation mixture described in Chapter 2.2.6.

2.2.8 Identification and Characterisation of Recombinants

Ligations involving the pUC plasmids and M1l3mp bacteriophage
were used to transform an appropriate & lacpro host (E. coli
K12 JM103) and grown in the presence of IPTG and X-GAL. Non-
recombinant vectors produce blue colonies/zones of retarded

growth ("plaques") by complementation of the host deficiency
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to produce a lac™ phenotype. Recombinant vectors produce a

lac~ phenotype due to the insertional inactivation of the 8-

galactosidase gene, resulting in white colonies/plagues. The
efficiency of ligations involving the pEX plasmids was
monitored by the increase in the transformation of host cells
to ampicillin resistance by the vector-plus-insert ligation
compared to the vector-alone control ligation. The presence
of an insert in a recombinant plasmid was confirmed by
comparing undigested parent and recombinant plasmids by the
colony disruption method (Maniatis et al, 1982) and/or
restriction analvsis of a plasmid mini-prep (Chapter 2.2.4)
on agarose mini-gels. Plasmid inserts were characterised by
restriction mapping employing a range of enzymes, and where
necessary, by Southern blotting and hybridisation of these
mini-gels. Restriction fragments of less than 600bp in length
were generally characterised by end-labelling (Chapter |
2.2.10) and non-denaturing polyacrylamide gel electrophoresis
(PAGE, Chapter 2.2.3).

Recombinant M13 phage ssDNA was analysed by direct gel elec-
trophoresis (DIGE) of the phage culture supernatant (Chapter
2.2.4) as described by Messing (1983). Where appropriate,
phage containing inserts in opposite orientations were

detected by the "C-test" (Messing, 1983).

2.2.9 Construction and Screening of a Human Liver cDNA

Expression Librarvy

The ¢DNA inserts from a human liver cDNA library in
pAT153/PvuIl/8 (Chapter 2.1.4) were excised by BamHI and PstI

digestion and extracted from low gelling temperature agarose
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gel slices as described by Sanger et al (1980). Inserts were
ligated with BamHI/PstI digested expression plasmid pEX»
(Chapter 2.1.4) and this mixture was used to transform E.

coli K12 MC1061 superinfected with pclggy as the source of

the temperature sensitive cI repressor (Chapter 2.1.4). The
resulting colonies were screened by the colony blot procedure
of Stanley (1983). The antiserum used to detect ubigquitin
antigenic determinants was a gift of Dr T. Suzuki. Cross-
reacting antigen was detected using a rabbit primary anti-
serum and a goat anti-rabbit IgG second antibody coupled to
alkaline phosphatase as described by Bocard (1984). Areas of
master plates correspcnding to positive signals were replated
at a lower density and re-screened. Second screen positives
were streaked onto ampicillin plates, transferred to a master
grid plate and re-screened. Third screen positives were

characterised by restriction mapping and sequence analysis.

2.2.10 Radiocactive Labelling and Probe Preparation

Restriction fragments were 3'-end-labelled by £filling in a
restriction site producing a 5' overhang, generally 1in the
same reaction mixture as the digestion. A typical reaction
involved the addition of 2.5uCi [a=-32P]JdATP, lul "-A" mix
(0.17mM each 4GTP, 4dTTP and dCTP) and 1lU Klenow polymerase to
the digested DNA (10ul) and incubation at room temperature
for 15 min. End-labelled fragments were generally analysed by
non-denaturing PAGE, emploving end-labelled HinfI-digested
plasmid pAT153/Pvull/8 as a size standard. Where required
(ie. MspI or Tagl restricted DNA), [a=>4P]dCTP and an

appropriate "-C" mix was used.
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where performed, 5'=-end-labelling was by a Polynucleotide
kinase forward reaction essentially as described by
Richardson (1965) employing [y-34PJATP (>5000 Ci/mMole).
Uniformly labelled ssDNAs for use as hybridisation probes and
S1 protection probes were generated from M13ssDNA subclones
of the region of'interest by primer extension basically as
described by Burke (1984). The l7mer seguencing primer was
annealed as for a sequencing reaction and extended by Klenow
polymerase in the presence of [a-32P]dATP and/or [a=-34P]dCTP,
followed by cleavage with a restriction exzyme cutting 5' to
the insert and termination with EDTA. Probes thus prepared
were used without further treatment for hybridisation to
Southern blots of plasmid and phage digests. For
hybridisation to genomic Southern or Northern blots, probe
preparations were made 0.15M NaOH, heated at 90°C for 3 min,
quick chilled, and electrophoresed in a 1.2% (w/v) low gell-
ing temperature agarose mini-gel. Following autoradiography
(15-20 min), probe slices were cut from the gel, boiled for
10 min and added to the hybridisation. Probes for S1 mapping
studies were separated from the template DNA by denaturing
PAGE, located by autoradiography, and eluted from gel slices
by incubating the mashed slice at 55°9C for 1 h in 500ul of

0.5M NaOAc, 10mM MgClp, lmM EDTA and 0.1% SDS.

2.2.11 Phage Library Screening and Hybridisation

Human cDNA libraries in Agtl0 and igtll, and genomic EMBL3A
libraries were plated on appropriate hosts (Chapter 2.1.4) on
150mm agar plates at an approximate density of 50,000 pfu per

plate. Generally, 6 plates (300,000 pfu) were screened at a
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time. Plagque lifts were prepared on nitrocellulose filters as
described by Benton and Davis (1977). Nitrocellulcse filters
were hybridised to a 32p-1labelled probe (Chapter 2.2.10) as
described by Maniatis et al (1978) except that poly (A) was
omitted from the hybridisation solution and the first wash
was omitted. Autoradiography was for 1 to 2 days at -70°C
with an intensifving screen. Areas of the master plates
corresponding to positive hybridisation signals were picked
into 500ul SM buffer (Maniatis et al, 1982) containing 1l0ul
CHCly/IAA (49:1, v/v) and eluted at 4°C for 6 h/overnight.
Suitable dilutions were re-plated at an approximate density
of 200pfu per 90mm plate, which were re-screened as above.
Positively-hybridising well-isclated plagues were used to

prepare plate lysate stocks (Maniatis et al, 1982). Where

necessary, a second re-screen was performed as above.

2.2.12 Preparation of DNA and RNA from Human Tissues

High molecular weight genomic DNA was prepared from human
blood by the method of Grunebaum et al (1984) and resuspended
at an approximate concentration of lmg/ml. RNA was prepared
from term placenta by the method of Chirgwin (1979), while
the method of Chomczynski and Sacchi (1587) was used to
prepare RNA from cultured transformed human lymphocytes and
lymphocytes isolated from freshly drawn human blcod by
density step gradient centrifugation through Lymphoprep. Poly
(A)t RNA was prepared by cligo(dT)-cellulose chromatography

as described by Aviv and Leder (1972).
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2.2.13 Nucleic Acid Capillary Transfer and Hybridisation

DNA fragments were transferred from agarose gels (Chapter
2.2.3) to nvlon membranes (Genescreen Plus) by the Southern
Blot technigue (Southern, 1975) as modified by Reed and Mann
(1985), employing 0.4M NaOH as the transfer solution. Prior
to transfer, gels were depurinated in 0.25M HCl for 15 min to
aid in the transfer ocf large fragments. Transfer proceeded
from 1 to 2 h (plasmid mini-gels) to overnight (genomic
digests). Hybridisation to a 32p-1abelled probe (Chapter
2.2.10) was as described by the manufacturer (Du Pont) in 10%
(w/v) dextran sulfate; 1M NaCl; and 1% SDS at 659C. For re-
hybridisation, hybridised probe was removed from the membrane
as described by Reed and Mann (1985).

RNA samples (Chapter 2.2.12) were treated with glyoxal
(Maniatis et al, 1982) and electrophoresed (Chapter 2.2.3).
RNAs were transferred to Genescreen Plus ('"Northern Blot")
emploving 10mM NaOH as the transfer solution (Dr Ken Reed,
personal communication) for 16 h. Hybridisation to a 32p-
labelled probe (Chapter 2.2.10) was as described by the
manufacturer (Du Pont) in 10% (w/v) dextran sulfate; 50%
(v/v) deionised formamide; 1M NaCl; and 1% SDS at 42°C. For
rehybridisation, hybridised probe was removed as described by

the manufacturer ("Preferred Method").

2.2.14 Restriction Mapping of Recombinant A Phage Inserts

Restriction maps were determined by a combination of methods.
(1) Complete digestion with a range of enzymes singly or in
pairs, followed by size fractionation on agarcse gels

(Maniatis et al, 1982). (2) Southern blotting of these gels
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(Chapter 2.2.13) and hybridisation with probes for specific
gene regions. (3) A modification of the method of Rackwitz et
al (1984) as described elsewhere (Baker and Beoard, 1987a)
involving hybridisation of an EMBL3A right arm-specific probe
to blotted partial phage digests. (4) A further modification
of the method of Rackwitz et al (1984) as described elsewhere
(Baker and Board, 1988) involving specific labelling of
either the left or the right phage cos end, followed by
partial restriction, electrophoresis and autoradiography of
the dried gel. In addition, some regions were mapped in more

detail as plasmid subclones.

2.2.15 DNA Sequencing and Computer-Assisted DNA Seguence

Analysis

DNA sequencing was accomplished by the "dideoxy" chain
termination sequencing technique (Sanger et al, 1977) as
applied to the M13 cloning vectors (Messing, 1983). Actual
reaction conditions used were from the M13 cloning/sequencing
manual produced by Bethesda Research Laboratories, MD, USA.
With the combination of cloning sites available in the M13
vector polylinkers (Messing and Vieira, 1982; Norrander et
al, 1983), most regions could be sequenced to completion by
subcloning various restriction fragments. However, some
regions did not contain "convenient" restriction sites, and
were sequenced by the method of Lin et al (1985) employing
DNase I to generate deletion subclones. Where performed,
plasmid sequencing was by the method of Hattori and Sakaki
(1986) emploving forward and reverse seqguencing primers as

appropriate. Sequencing reactions of subclones of 200bp or
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less were generally lcaded on a 0.4/1.2mm "wedge" denaturing
gel (Chapter 2.2.3), while those of longer subclones were
subjected to double lcading on a 0.4/0.8mm wedge gel, re-
loaded when the Xylene Cvanole FF (slower) dye of the first
loading had travelled the length of the gel. This procedure
routinely allowed the determination of 350 to 400 bases per
subclone. DNA sequences thus generated were stored and
analysed using the programs developed by W. Bottomley, CSIRO

Division of Plant Industry, Canberra, Australia.

2.2.16 S1 Nuclease Mapping and Primer Extension Analysis

S1 nuclease protection mapping was modified from Berk and
Sharp (1977). Uniformly labelled ss probe fragment (23105 cpm
Cerenkov; Chapter 2.2.10) and total cellular RNA (40 to 30ug,
Chapter 2.2.12) were co-precipitated and resuspended in 15ul
of 80% (v/v) deionized formamide, 0.4M NacCl, 40mM PIPES pH
6.4, 1lmM EDTA. Nucleic acids were denatured at 65°C for 10
min, hybridized overnight at 48°C, diluted to 500ul with cold
S1 buffer (Maniatis et al, 1982), 300 units of S1 nuclease
added, and digested at 37°C for 50 min. Digestion was
terminated with EDTA to 15mM, followed by isopropanol
precipitation with 2ug veast tRNA carrier, and resuspended in
Sul TE buffer.

Primer extension was performed essentially as described by
Basler et al (1986) with 10ug poly (A)T RNA (Chapter 2.2.12)
and 104 cpm (Cerenkov) 5'-[32p]-labelled primer (Chapter
2.2.10), using 80 units of M-MLV reverse transcriptase and

including 10 units of RNasin ribonuclease inhibitor in the

extension reaction.
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The products of both Sl nuclease mapping and primer extension
experiments were analysed by denaturing PAGE, employing a

sequencing ladder as size markers.
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CHAPTER 3: THE HUMAN UBIQUITIN UbB SUBFAMILY

3.1 Isolation and Seguence Analysis of a Human Liver

Ubiguitin cDNA Clone.

A human liver cDNA library was constructed and screened in
the expression plasmid pEX> (Chapter 2.1.4) as described in

Chapter 2.2.9. An initial screen of approximately 40,000
recombinants produced 15 immunopositive colonies. Following
two further rounds of screening, the resulting clone with the
largest cDNA insert of 720bp was selected and termed pRBL26.
The cDNA insert was characterised by restriction analysis,
with BglII, Sall and Pvull digestion producing fragments of
approximately 230bp (not shown), the expected size for a 76aa
ubiquitin coding unit. In addition, partiallrestriction
revealed that the 230bp Sall fragment was repeated within the
cDNA. These restriction enzyme sites and others were utilised
in determining the nucleotide sequence of pRBL26 by the
strategy shown in Figure 3.1.1. The sequence thus determined
is presented in Figure 3.1.2.

Sequence analysis revealed one long cpen reading frame of
525bp followed by a termination codon TAA, a 3' non-coding
region (NCR) of 142bp and a poly(A) tail. A polyadenylation
signal AATAAA (Proudfoot and Brownlee, 1976) occurs l7bp up-
stream of the polyadenylation site. The encoded l75aa poly-
peptide consists of 7aa of "non-ubiquitin'" sequence (cloning
artefact - see below) followed by l5aa from the C-terminus of
ubiquitin, two direct repeats of the 76aa ubigquitin segquence,
and ends with an extra non-ubigquitin cysteine residue (Figure

3.1.2). The enccded ubiguitin proteins are identical to the




Figure 3.1.1: Restriction Map and Sequencing Strategy of
the UbB cDNA Clone pRBL26.

Boxes represent the coding region as indicated. Lines
represent vector and 3' non-coding sequences and the
poly(A) taill [(A)]. Restriction fragments used to
generate probes are indicated above the map. Arrows
indicate the direction and extent of sequencing.
B:BamHI, E:EcoRI, G:BglII, S:Sal

Figure 3.1.2: Nucleotide Sequence of the pRBL26 cDNA.
The determined sequence is listed with the translation

above. Methionine residues at the start of each coding
unit are underlined. The extra cysteine codon preceed-
1ng the stop codon (*) is boxed. The first 23bp are due
to a cloning artefact - see page 48. Inverted repeats
wlthin each coding unit are underlined with arrows. The
first inverted repeat has been extended by 2bp as a
result of the cloning artefact (double headed Arrows).

The AATAAA polyadenylation signal is underlined.
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sequenced human protein (Schlesinger and Goldstein, 1975)
plus the Gly-Gly C-terminal dipeptide. Thus pRBL26 contains a
partial ubigquitin cDNA: presumably a full-length clone would
contain at least 3 ubiquitin coding units and include a §5'
NCR.
The first 23bp of the cDNA appear to have resulted from a
cloning artefact. Sequence analysis reveals the presence of a
10bp inverted repeat spaced by llbp within each coding unit
(Figure 3.1.2). The start of the cDNA is co-linear with the
inverted repeats in the first coding unit. A model to explain
this artefact is presented in Figure 3.1.3. This model invol-
ves the pairing of the inverted repeats in the first coding
unit to form a loop (AG = -8.4 kcal; Tinoco et al, 1973)
following first strand cDNA syﬁthesis. During second strand
synthesis, the first strand is nicked, leading to elongation
at the 3' end of the nick and opening of the loop. Therefore,
the first 23bp of the cDNA are the inverted complement of the
actual mRNA sequence (see Figure 3.1.3), and give rise to the
"non-ubigquitin" nature of the first 7aa (Figure 3.1.2).
Similar cloning artefacts have been reported previously (eg:
Fields and Winter, 1981; Volckaert et al, 1981; Basler et al,
1986).
The pRBL26 cDNA is not of the UbA, ubigquitin-tail fusion type
genes, as the reading frame terminates one codon after the
last ubiquitin coding unit. In addition, pRBL26 is not the
product of the UbC nine coding unit ubiguitin gene (Wiborg et
al, 1985), as the 3' NCRs exhibit poor homology, either in
length or nucleotide seguence (not shown). Therefore, by

exclusion, pRBL26 most likely represents a UbB gene
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a) lst strand cDNA synthesis

3' TGAGAAAGACTGATGTTGTAGGTCTTCCTCAGCTGGGACGT==-=-poly(T) 5'
(i) (ii)

b) loop formation

TAGT (i)

G CAGAAAGAGT 3'

T d dedode ok oWk

% GICTTCCTCAGCTGGGACGT===-poly(T) 5'
GTAG (L)

¢) chain extension

TAGT (i)
G CAGAAAGAGTCGACCCTGCA---poly(A) 3'
T khkdkkk *hkkik
31 GTCTTCCTCAGCTGGGACGT--~poly(T) 5'
GTAG (11)

nick
d) nicking and unfolding

(3 ) TAGT (1)
5' CGACTCCTTCTGGATGTTG CAGAAAGAGTCGACCCTGCA---poly(A) 3'
ot e

3' TGGGACGT---poly(T) 5'

e) repair and extension

(ii) G4
5' CGACTCCTTCTGGATGTTGTAGTCAGAAAGAGTCGACCCTGCA---poly(A) 3
e T e e o e s A o e et

3' [GCTGAGGAAGACCTACAACATCAGICTTICTCAGCTGGGACGT-~~poly(T) 5'

f) derived mRNA (top) versus artefact cDNA (bottom)

5 ACTCTTTCTGACTACAACATCCAGAAGGAGTC@ACCCTECA---pﬂlY(A 2k

& - - - - - -

B! CGACTCCTTCTGGATGTTGTAGTCAGAAAGAGTCGACCCTGCA——-paly(A) A

Figure 3.1.3: pRBL26 cDNA Sequence Rearrangement Model.

After first strand syvnthesis (a) the inverted repeats (IRs)
(i) and (ii) fold to form a loop (B). The 3' end of the cDNA
is elongated by reverse transcriptase (c) and accidental
nicking occurs (arrow). (d) and (e): Elongation occurs from
the nick and unfolds the locop (shown as separate events).
Note that the IRs have been reversed. (f) Sequence of UDbLB
mRNA deduced from the genomic sequence (Chapter 3.6) compared
to the artefact c¢cDNA. Asterisks represent IR base-pairing,
crosses represent inter-strand base pairing, dashes represent
mismatches. The mRNA boxed region (f) is in the inverted
orientation in the cDNA (e).
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transcript. This conclusion was later confirmed by Northern
analysis (Chapter 3.6.5). This cDNA was then used to generate

probes to enable the isolation of the corresponding gene.

3.2 Isolation and Characterisation of Human Ubigquitin Genomic

Clones

An M13 subclone containing a 228bp Sall fragment spanning the
last coding unit of pRBL26 (Figure 3.1.1) was used to gener-
ate a coding-region probe. This probe was used to screen some
600,000 phage from two human genomic libraries, "B" and "D"
(Chapter 2.1.4), from which 24 positive clones were selected.
These clones were then screened with a probe specific for the

cDNA 3' NCR. This probe was a 235bp SalI/BamHI fragment con-

taining 37bp of ubiquitin coding seguence, the extra cysteine
and stop codons, and the entire 3' NCR and poly(A) tail
(Figure 3.1.1). This 3' NCR probe hybridised to 5 of the 24
ubiquitin coding region-positive clones (see Figure 3.2). The
37bp of ubiquitin coding regicn present in the 3' NCR probe
did not cross-hybridise to ubigquitin coding regions under the
hybridisation conditions used (Figure 3.2). Clones were named
by prefixing their number with EHB or EHD, for EMBL Human B
or D library respectively. The five 3'-positive clones, EHB4,
EHB6, EHB7, EHB8 and EHD1l, contained different genomic frag-
ments based on restriction fragment patterns, although EHE®6
and EHB7 shared some fragments (nct shown). Hybridisation
analysis with coding and 3' NCR probes was used to identify

suitable fragments for subcloning and further analysis.




Figure 3.2: Isolation of UbB-related Genomic Clones.

An example of the 1dentification of UbB 3' NCR sequences
among ublquitin genomic clones by dot-blot analysis is
shown. Approximately 1lug of denatured phage DNA from 12
ublquitin-positive clones (listed at left) was dotted
onto duplicate nylon membranes and hybridised with a
ubiquitin coding-region probe (Panel A) or a 3' NCR
probe (Panel B). Clones EHB4 and EHD]1l were selected for
further analysls as described in Chapters 3.3 and 3.4.

Clone EHD5 1s discussed further in Chapter 4.1.
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3.3 Sequence Analysis of a UbB Processed Pseudogene EHB4

The restriction map of genomic clone EHB4 is presented in
Figure 3.3.1l. Hybridisaticn analysis located all coding and
3' non coding sequences to a 3.2kb PstI fragment, which was
subcloned into pUCl8 to yield pB4.1 (Figure 3.3.1). The
nucleotide sequence of the pRBL26-1like region of EHB4 was
determined by the strategy shown in Figure 3.3.1 and is
presented in Figure 3.3.2. Analysilis of the seguence reveals
that it is very similar but not identical to pRBLZ6. The most
notable difference is that EHB4 contains only two copies of a
ubigquitin-like coding unit, compared to at least 3 for a full
length ¢DNA. The similarities include highly similar coding
(92 to 96%) and 3' NCRs (95%) (see Chapter 3.9) and the extra
cysteine codon preceeding the stop codon (Figure 3.3.2). The
flanking regions of EHB4 exhibit features characteristic of
processed pseudogenes. First, a poly(A) tail is encoded at
the position corresponding to the cDNA polyadenylation site
(Figure 3.3.2, nt 814 to 833). Second, the sequence 1is
flanked by the direct repeat AGAAAYAGYTCAGTG (nt 84/98 and
829/843), Y is a pvrimidine), of which the first 5 bases of
the 3' repeat overlap the poly(A) tail. The coding region
also exhibits pseudogene features. The first coding unit
contains an in-frame stop codon TAG at the 65th codon. In
addition, there are 13 other DNA mutations leading to codon
changes: 10 in the first and 3 in the second coding unit
(Figures 3.3.2 and 3.9.1). The second coding unit is also
interrupted by an llbp insertion between the 38th and 39th
codons (Figure 3.3.2, nt 541 to 551). The lack of a cDNA 5'

NCR prevents analysis of the 5' NCR of EHB4. However, the



Figure 3.3.1l: Restriction Map and Sequencing Strateqgy of
Genomlic Clone EHBA4.

Top line: Restriction map of EHB4 Sall insert.

Lower line: 3.2kb PstI subclone pB4.1. Boxes represent
coding and non-coding regions as indicated. Arrows
indicate the direction and extent of sequencing.
B:BamHI, E:EcoRI, G:BglII, H:HindIII, P:PstI, S:SalI,
V:Pvull.

Figure 3.3.2: Nucleotide Sequence of a UbB Processed
Pseudogene EHBA4.

The determined sequence 1s listed with the translation
of the ubiquitin-like region given above. Encoded
residues differing from ubiquitin are overlined with a
bar. An 1llbp insert within the second coding unit and
the AATAAA polyadenylation signal are underlined. The
encoded poly(A) tail-like region is indicated by a
dashed underline, while the position corresponding to
the cDNA polyadenylation site is marked by an arrowhead.
Flanking direct repeats are overlined with arrows.

Asterisks are stop codons.
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location of the 5' flanking direct repeat (generated by
pseudogene insertion) 1l00bp upstream of the start codon
(Figure 3.3.2, nt 84 to 98) suggests that this 100bp region

is representative of the gene's 5' NCR.

3.4 Seguence Analysis of a UbB Processed Pseudogene EHD1

Restriction mapping of genomic clone EHD1 located all coding

and 3' non-coding hybridisation on a 1.8kb EcoRI/HindIII

fragment, which was subcloned into pUCl8 to yield pDl.1l
(Figure 3.4.1). The nucleotide sequence of the pRBL26-like
region of EHD1 was determined by the strategy shown in Figure
3.4.1 and is presented in Figure 3.4.2. Sequence analysis
reveals that while it is similar to the cDNA clone and to
EHB4, it shows marked differences to both. Most notably, EHD1
contains only one ubiquitin-like coding unit. As with EHB4,
EHD1 contains the extra C-terminal cysteine codon, and a 3'
NCR that is respectively 94% and 93% similar to those of
pRBL26 and EHB4 (see Chapter 3.9). EHDl alsoc appears to be a
processed pseudogene. A short poly(A) tail is encoded 6bp
downstream of the position corresponding to the cDNA
polyvadenylation site (Figure 3.4.2, 569 to 576). In addition,
the sequence is flanked by the direct repeat ATTCTGGA (83/90
and 576/583). The single ceding unit is 93% similar to those
of the cDNA, while its translation differs by 8 residues from
ubiquitin (Figure 3.4.2). Unlike EHB4, no nonsense codons or
insertions disrupt the reading frame. The EHDl1l coding unit
terminates with an amber codon (TAG), compared tc the TAA
ochre codons of pRBL26 and EHB4. Most interestingly, the 98bp

upstream of the ubiquitin-like initiation codons of the two



Figure 3.4.1: Restriction Map and Sequencing Strategy of
Genomic Clone EHD1.

Top line: Restriction map of EHD1 Sall insert.

Lower line: 1.8Kkb EcoRI/HindIII subclone pDl.l1. Boxes

represent coding and non-coding regions as indicated. .
Arrows 1indicate the direction and extent of sequencing. i;
B:BamHI, E:EcCoRI, G:BglII, H:HindIII, P:PstI, S:Sall,

Sp:SphlI.

Figure 3.4.2: Nucleotide Sequence of a UbB Processed
Pseudogene EHDI1.

The determined sequence is listed with the translation

of the ubiquitin-like region given above. See Figure
3.3.2 legend for symbols.
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pseudagenes are 88% similar, with the similarity ceasing at
the 5' flanking direct repeats (see Chapter 3.9). There is no
similarity between the two pseudogenes either upstream of the
5' repeat or downstream of the 3' repeat, an observation
which is in agreement with their processed pseudogene nature,

in that they may be inserted at any location in the genome.

3.5 Sequence Analvsis of a UbB Processed Pseudogene EHB7

Restriction mapping of genomic clones EHB6 and EHB7 indicated
that they contained overlapping genomic fragments, with all
ubiquitin coding and 3' non-coding hybridisation present in
the area of overlap (Figure 3.5.1). A 3.5kb BamHI fragment
from EHB6 was subcloned in pUCl8 to yield pB6.1. Similarly,
pB7.2 contains a 5.7kb HindIII fragment from EHB7 (Figure
3.5.1). One of the BamHI sites used to produce the EHB6 3.5kb
BamHI fragment is a cloning artefact resulting from the
fusion of the genomic insert Sau3A site with the EMBL3A phage
right arm BamHI site. For this reason, EHB7 was chosen as the
clone best representing the in vivo genomic arrangement,
although much of the sequence was determined on EHB6. Figure
3.5.2 shows the nucleotide sequence of the EHB6/EHB7 pRBL26-
like region determined by the strategy shown in Figure 3.5.1.
Sequence analysis reveals that EHB7 is analagous to EHDl in
that it is a single coding unit UbB processed pseudogene.
However, EHB7 is present at a different genomic location than
is EHD1l, based on differences in their gencmic maps (Figures
3.4.1 and 3.5.1) and different nucleotide seguences upstream
and downstream of the pseudogenes (Figures 3.4.2 and 3.5.2).

EHB7 also appears to have arisen from reverse translation of



Figure 3.5.1: Restriction Maps and Sequencing Strategies of EHB6 and EHB7.
Restriction maps of genomic clones EHB6 and EHB7 and their subclones pB6.1 and

pB/.1 are shown. Boxes represent coding and non-coding regions and Alu repeats
as 1ndicated. Arrows 1ndicate the direction and extent of sequencing. Inserts
are aligned to show thelr overlap. The Sau3A site (Su) responsible for the BamHI
slte at the end of the EHB6/pB6.1 insert is shown: other Su sites are not shown.

B:BamHI, E:EcoR1l, H:H1ndIII, P:PstI, S:Sall, Su:Sau3A, T:TagIl. Only the T site

used for sequencing 1s shown.

— ﬁ—r“m-ﬂ-—w-m—— W-ﬂww'#m - — :
i T i . . ———— — " — - L e ——— - — - - I — W A —




e . L - e = —_— — —_— - = - -

BHE B B E H B B H E E BS
L1} | T I N I T A (L
EHB6 e ’
-"’r :
- /
#.--"' !
— /
ke [
i ’
e . e -~ Ubiquitin Coding Region
- !
- 0
B == H P E E P B : :
- s = Non-coding Region
pB6.1 | | l (| [V
: ............ : [ = Alu Repeat and Transcriptional Orientation
I ___.h... |
i 500bp - - :'
L ]
= a
|
H p E E P Su F F E P T H
Pol L I I | | Ili:l!im_’l
5\\“‘ e 4
- .‘_...._..__I ""_'.
\-\“-‘-‘ ' J‘f’ ﬂ*_
'\.“‘ ##f
“h'ﬁ.‘_ #J’
M o
o ot
SBW B “AB,H E E EE E H_+" S E H S
e i L] e e ) B | |1 | |




Figure 3.5.2: Nucleotide Sequence of a UbB Processed
Pseudogene EHB7.

The determined sequence is listed with the translation
of the ubiquitin-like region given above. The sequence
1s presented in two portions spaced by an n1.5kb
unsequenced region. See Figure 3.3.2 legend for symbols.
Additional symbols are: Alu poly(A) tails (dashed
underline) Alu flanking direct repeats (overlined with
arrows), and a BamHI semisite (overlined) at which
partial Sau3A cleavage occured during genomic library

construction to generate the BamHI site at the end of
the genomic clone EHB6 insert (see Figure 3.5.1).
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JHATIhﬂulT;:TLACTGGQGGTTGGCTAGAAUCTGC1:TCTGTTCTTCATCATGTGGGCCTQACAGAGCTGTAGGGATC
10 20 30 =0 30 54d 70 30

ATGAGGAACAAGTAAGAAAGAGGGAACAGAGTGGCGAATGGCCTTGTTGAATGGCGAGEGTCTGGAGGCATTCCAGTGEC
30 100 110 120 120 140 150 160
MET @ I F L K T L T G
e AATGTGATIGETGATCTGCAGCTTCCTCGCATCCTCCAAGAGGTCAAAATGCAAATCT TCCTCGAAAACCCTGACCGG
170 180 190 200 210 220 230 24

K T 1 r Lt f VY £ P .8 D I L @ N V K A K I HWVERTEEG
AAGACCATCACCCTGCAGGTGGAGCCAAGTGACATCCTCCAAAATGTGAAGGCCAAGATCCATGTTAAAGAGGGCATCCE
250 260 270 280 290 300 310 320

T TR T R N - T R T TR S R TR -
CCCTGACCAGCACAGTCTCATCTTTGTAGGCAAGCAGT TAGAAGATGGCTGCACTGTTTGTGACTACAACATTCAGAAAG

330 240 380 360 370 380 330 400
E £ A L H LV LHLTGERTGG G ¥ ¢
AGTCAGCCCTOCACCTGOTCCTCCATCTGAGGGGTG JGCTATTAATTCTTCAGTCTTGCATTCGTAGTCGACAAGTGATGGO
410 420 430 i ) 450 L50 470 480

ACTACTCTGCACTAAAGCCATTTGCCCCAAT T TAAGTTTATAAATTACCAGTTTCGGTAATAGCTGAACCTGCTCAAAAT
430 500 510 520 530 540 550 540

v —————————
STTAATAAGCGTTTTGTTGCATGGTTAAAAAAAAAAAAACGGAATAAGACAGAAACCACAGTTCTTICATAGCTTAATCTC
o B 80 =30 500 510 520 530 6540

ATCCATCATTTTTGCCATATTCCATTGATTAGAAGCAAGTCACTGGTCTAGCACACATTCAGAGGGAAATGGTCACACAA
5850 560 870 680 230 700 710 720

GGATOTAAATAATAAGAGTCATGTATCATCCAGGGCATCTTAAAAAGCTGCCTGCCACAGCAGCCAATAAGTTAATTAGT

730 740 7E0 760 770 780 790 200
oI TCETTENaGATE ALTTALALTGAAAATAUAQCAQAGAGTAGAGTCAAAUUATAEAALTTTGGAAAuAﬁAATAAALLC
810 azo 830 840 - 350 850 870 380
TTCCC;CAAAAALCLTCAbTCTAuGTGGAAGATAAGGTuTAGCAAAATTAAAAGAGAAATAALAGCLATTGTAAGCAAAA
290 S00 310 220 330 340 350 S60
AuC»AAbATAuCAACC&TCHAAuGAAAhAAuLAATATATTALGGC*CuTHAAABTATAAAuTTCTATALATCAAﬁAACCA
270 =280 290 1000 1010 1020 1030 1040
TALACAATAQTAAAATAAuACAATEAGTTAAGGATGLLTTCTGCAALATATGTGﬂLAAAGAhTTFATATCTTTAATAAAU
1050 1060 1070 1080 1080 1100 1110 1120
Alu B7#1
AATTCTCGGCCAGGEGCAGTGGCTCACATCTGTAATCCCGGCACTT JLGRGGLCAAuGLAuGTGGAT:ACGA&LTCAGG
1130 1140 1150 1160 1170 1180 1150 1200
ALATCAAuATCATLGTGGuLAALATGTGAAACCLCGLLT»TACTAAAAATALAATTAGCT&uGLTLGFTGGCAuATGLCT
1210 1220 1230 1240 1250 1260 1270 1280
GTA&TCCCAGETAGTCCGGQGGCTGAGTCAGGAGAATCGCTTGAACGCAGGAGGCGGAGCTTGCAGTGAGCTGAGATCAT
1290 1300 1310 1320 13230 1340 1250 13640
N —
GCCACTCCACTCCAGCCTGGTGACAGAGAGAGACTCTGTCTCAAAAAAAAAAARAAAAAAAAGAATTC v1.5kbv
1370 1380 1390 1400 1410 1420
Wi
CTGCAGATGGCTTGGAACTCTGAACATGACTTTATTTTCCCTTAAATGACCCATTCCCTIﬁIII&IIIﬁ{TTﬁIIEﬁI??
10 20 30 40 S0 (-10] 70 30

_IEZ&II“_IIT&IITATTTATTGAGACAAGGTGTCATCGECCAGGGTCGAGTGCAGTGGCACAATCACAGCTCATTGTC
30 BT 110 120 130 140 150 1860

2nd monomar outar Alu =— -
CCOACTCATCCTCCCAGGTAGCTGGCACTACAGGCATGTGCATCCATGECTTGETAATTTTTTGTATCITITITITITTT

170 180 190 200 210 220 230 240
I}IITGAGACAQAGTCTCGCTCTGTCGTGTA TCCAGTGCAGTGGCGCGATCTCGGCTCACTGCAAGTCTGCCTCCCA
250 260 270 280 2590 300 210 320
GGTTCTCCTGCCTCAGCCTCCCGAGT AuCTGGGACTALAGL;GGECCGCCACCA&:&.:GCR:GL.CTAATTTTTGGTATTTTTAu
330 340 350 260 370 380 330 400
TAGAuATGGGGTTTCACCALGTTAgccAuTATGGTCTCGAAuTTGTGALCTAuTGATCTGGGCACCTCAGCCTGCTAAAG
410 420 430 w40 480 450 470 420
central Alu = -
TOCTGGGATTACAGGCA I‘AAGCCACCAL..GCCCAGLCTAATTTTTTGTATGTTTMJTAuAGACGGGGTTTCAECATGTCGG
430 500 510 520 530 540 5EQ 560

1at monomer ocuter Alu
uCAuGCTGGTCTTGAAuTCLTGbCuTCAAGTGATCTGCCTCCCAAAuTGCTGGGATTACAGGCATAAQCCTCTGTGCCCA
570 580 530 800 510 520 830 24l

-'-l
uCCTGALCCALTCGCTTTTAA&AUGAUAGGGAGTAATTGAATTAGCAATGAATTAATTGGATAAGAﬁACTCTAACTCAGA
550 B&0 870 580 A4S0 700 710 720

AAACACATCAATTOTTATAAATAATACTTAAAAAGCCCAATCCTTTCATAAATAGTGAAGCTT
730 740 750 760 770 780
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a different mRNA than EHDl, as the former is polyvadenylated
at the cDNA position (Figure 3.5.2, nt 587), while the latter
is polyadenylated 6bp 3' to this position (Figure 3.4.2, nt
569). In addition to the encoded poly(A) tail (Figure 3.5.2,
nt 587 to 569), EHB7 also exhibits processed pseudogene
direct repeats (nt 67/76 and 565/574). The coding region and
3' NCR are respectively 87/89% and 89% similar to the cDNA
regions (see Chapter 3.9). The coding unit encodes an open
reading frame differing from ubiquitin at 14 residues due to
DNA mutations, while the extra C-terminal cysteine codon TGT
has mutated to a tyrosine codon TAT (Figure 3.5.2). Again,
the 101lbp upstream of the EHB7 initiation codon is respect-
ively 70% and 77% similar to those of EHB4 and EHD1l (see
Chapter 3.9), with similarity ceasing at the direct repeat,
supporting the likelihood that this region represents the
gene 5' NCR.

Sequence analysis also revealed the presence of 3 members of

the Alu family of repetitive DNA sequences close to the EHB7

processed pseudogene. One Alu repeat occurs 524bp downstream
(Figure 3.5.2, nt 1128 to 1421) while a further 1.3kb
downstream one complete and two half Alu repeats are present
(Figures 3.5.1 and 3.5.2). The Alu repeats are described in

detail in Chapter 7.

3.6 Sequence Analysis of a Human UbB Gene EHBES8

J.6.1 Characterisation of Coding and 3' Non-coding Regions

The restriction map of genomic clone EHB8 is presented in
Figure 3.6.1. Hybridisation analysis located all coding and

3' non-coding sequences to a 4.1kb PstI fragment, which was




= Alu Repeat and Transcriptional Orientation &= @ = Ubiquitin Coding Region

O = Location of Heat Shock Elements = Ubiquitin Non-Coding Regions

Figure 3.6.1: Restriction Map and Sequencing Strategy of Genomic Clone EHD8.

Top Line: Restriction map of EHB8 Sall insent.
Lower line: Restriction map and sequencing strategy of the 4.1kb Pstl subclone pB8.3. Boxes represent coding and non-coding regions and Aluy

repeats as indicated. An open circle represents the location of the heat shock elements. Arrows indicale the direction and extent of sequencing.
Arrows originating from a vertical bar represent DNasel-generated subclones. B:BamHI, E:EcoRI, G:Bglll, M:Mspl, P:Psll, S:3all, Sm:Smal,
T:Tagl. Only those M, Sm and T sites used for sequencing are shown. Hindlll does not cleave within the EHB8 insert.
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subcloned into pUCl8 to yield pB8.3 (Figure 3.6.1). Notably,
Sall cleavage of this subclone and the pRBL26 cDNA produced
approximately 230bp fragments which hybridised to the ceding
region speclfic probe (not shown), whereas Sall did not
cleave any of the three processed pseudogene subclcones. In
fact, Sall cleaves only once within the 60kb represented by
the four pseudogene genomic clones (Figures 3.3.1, 3.4.1 and
3.5.1). The nucleotide sequence of 3.lkb of the pB8.3 insert
was determined by the strategy shown in Figure 3.6.1 and is
presented in Figure 3.6.2. Sequence analysis reveals that

EHB8 contains the gene most likely represented by the pRBL26

CDNA clone. This gene consists of three direct repeats of the

ubigquitin coding unit, followed by an extra cysteine codon,
stop codon (TAA), and a 3' NCR identical to that of the cDNA
clone. The coding units encode the correct ubiguitin protein
sequence, are joined directly head to tail and neither the
coding region nor the 3' NCR are interrupted by introns. The
"corrected" cDNA sequence (Figure 3.1.3) begins with the 55th
codon of the first (5') coding unit, spans the second and
third coding units, and matches the 3' NCR until 17bp down-
stream of the AATAAA polyadenylation signal, where the cDNA
has a poly(A) tail. As is the case with many other genes,
there is some ambiguity about the exact pclyadenylation site:
the first A of the poly(A) tail could be encoded by the gene
(Figure 3.6.2, nt 2915).

While the three coding units encode identical proteins, their
DNA sequence similarities are also very high: 96.5% for
first/second and second/third comparisons, and 94.7% for

first/third. These figures are higher than necessary, given




Figure 3.6.2: (Following Pages) Nucleotide Sequence of a

Human Ubiquitin UbB Gene.

The sequence determined by the strategy outlined in Figure
3.6.1 is given with the translation shown above. The TATA box
is indicated by a heavy underline. The most upstream mRNA
start site is indicated by an arrowhead. The positions of the
splice acceptor and donor sites of the 5' NCR intron are
indicated "intron". The AATAAA polvadenylation signal is
underlined and the pRBL26 cDNA polyadenylation site is shown

by an arrowhead. The variant polyadenylation site of

pseudogene EHD1 is shown in brackets. Alu repeats upstream of

the gene are indicated and numbered, with their poly(A) tails
shown by a dashed underline. Alu flanking direct repeats
(where present) and a direct repeat in the 3' NCR are
overlined with arrows. Sequences resembling the consensus

heat shock element are numbered HSE 1, 2 and 3.




- TGCAGTGAACGGTGATCACACCACTGCACACCAGCCTGGGGACACAGCCAGACTTTGTCACAAAAAAGC
10 20 30 40 50 <10 70

R

—_—_—m m m m -
AAAAACAACTGGCCAGTGTATGAGGGGCTCGTGTTTTTTIGTTTGTCTGTTTGTTGAGACAGAGTCTCACT

80 S0 100 110 120 130 140

CTGTCGCCAGACTGGAATGCAGTGGCACATTCTCGGCCCACTGCAATCTCTGCCTCCTAGGTTCAAGCAA
1954 160 170 180 190 200 210

[TATCTGCCTCAGCCTCCCAAGTAGCTGGGATTACAGGCGCCCGCACCACGCCCGGCTAATTTTTTTIGTA
220 230 240 250 260 270 280

I TTTTAGTAGAGACGGGGTTTCACCACCTTGGCCAGGCTGGTCTTGAACCCC CTGACCTCATGATCCACCC
290 300 310 320 330 340 350

Alu B8+ 1
GCCTCGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCTCCCGCCCGGCCAGGGGCGCGCGTTTTTAA
360 370 380 390 400 410 420

AACATGGGAGAGGGAATTGTGCTTCACAATCACCATCAGGTGTCTCGATATCGGGTGCCACGCCGTCCCG
430 440 450 400 470 480 490

rﬁ/ﬂu B8+#2
CTTCTGAGGCGCGGCGGCCCACTTTGGCAGGCCGAGGCGGGTGGATTACCTGAGGTCAGGAGTTCGAGAC
S00 510 520 530 540 550 S60

CAGCCTGACAAACATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAATTAGCCGGACGTGGTGGLCGCA
S70 S80 590 600 610 020 630

TGCCTGTAATCCCAGCTACTTGGGAGGCTGAGGCAGGAGAATCGCTTGAACCCGGGAGGCGGAGGTTGCG
540 650 660 ©/0 680 690 700

ATGAGCCGAGATCGCGCCATTGCACTCCAGCCTGGGAAACAAGAGCGAAATCCGTCTCAAGAAAAAAAAG

710 720 730 740 750 760 770

QﬁﬁﬁggcccccccTCCTTCTCCCGCCGGAAATACCCTCTTTCAGGACGGCGCGCCTGTGCGGCGACGCGC
780 790 800 810 320 830 240

GCTCAGTTACTTAGCAACCTCGGCGCTAAGCCACCCCAGGTGGAGCCCAGCAACAACAGAGCCCACCaeaT
850 860 870 880 890 S00 910

CCCCCACCAATCAGCGCCGACCTCGCCTTCGCAGGCCTAACCAATCAGTGCCGGCGCTGCAAGGAAGTTT
USED 920 S30 940 950 960 970 HSE1 980

CCAGAGCTTTCGAGGAAGGTTTCTTCAACTCAAATTCATCCGCCTGATAATTTTCTTATATTTTCCTAAA
990 1000 HSE3 1010 1020 1030 1040 1050

CAAGGAAGAGAAGCGCATAGAGGAGAAGGGAAATAATTTTTTAGGAGCCTTTCTTACGGCTATGAGGAAT
1060 1070 1080 1090 1100 1110 1120

TTGGGGCTCAGTTGAAAAGCCTAAACTGCCTCTCGGGAGGTTGGGCGCGGCGAACTACTTTCAGCGGCGC
1130 1140 1150 1160 1170 1180 1190

ACGGAGACGGCGTCTACGTGAGGGGTGATAAGTGACGCAACACTCGTTGCATAAATTTGCCTCCGCCAGC

1200 1210 1220 1230 1240 1250 1260
Y
CCGGAGCAT TTAGGGGCGGTTCGGCTTTGTTGGGTGAGCTTGTTTGTGTCCCTGTGGGTGGACGTGGTTGG
1270 1280 1290 1300 1310 1320 1330
- Intron
TGATTGGCAGGATCCTCGGTATCCGCTAACAGGTACTGGCCCGCAGCCGTAACGACCTTGGGGGGGTGTGA
1340 1350 1360 1370 1380 1390 1400

GCAGGGGGGAATGGGTGAGGTCAAGGTGGAGGCTTCTTGGGGTTGGGTGGGCCGCTGAGGGGAGGGCGTGG
1410 1420 1430 1440 1450 1460 1470

CGGAGGGGAGGGLCGAGGTGACGCGGCGCTGGGCCTTTCCGGGACAGTGGGCCTTGTTGACCTGAGGGGGE
1480 1490 1500 1510 1520 1530 1540

CGAGGGCGGTTGGCGCGCGCGGGTTGACGGAAACTAACGGACGCCTAACCGATCGGCGATTCTGTCGAGT
1550 1560 1570 1580 1590 1600 1610

ITTACTTCGCGGGGAAGGCGGAAAAGAGGTAGTTTGTGTGGTTTCTGGAAGCCTTTACTTTGGAATCCCAG
1620 1630 1640 1650 1660 1670 1680
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TGTGAGAAAGGTGCCCCTTCTTGTGTTTCAATGGGATTTTTATTTCGCGAGTCTTGTGGGTTTGGTTTTG
1630 1700 1710 1720 1730 1740 1750

TTTTCAGTTTGCCTAACACCGTGCTTAGGTTTGAGGCAGATTGGAGTTCGGTCGGGGGAGTTTGAATATC
1760 1770 1780 1730 1800 1810 1820

CGGAACAGTTAGTGGGGAAAGCTGTGGACGCTTGGTAAGAGAGCGCTCTGGATTTTCCGCTGTTGACGTT
1830 1840 1850 1860 1870 1880 1830

GAAACCTTGAATGACGAATTTCGTATTAAGTGACTTAGCCTTGTAAAATTGAGGGGAGGCTTGCGGAATA
1900 1910 1920 1930 1940 1350 13960

TTAACGTATTTAAGGCATTTTGAAGGAATAGTTGCTAATTTTGAAGAATATTAGGTGTAAAAGCAAGAAA
1970 1980 1990 2000 2010 2020 2030

Intron MET @ I F V K
TACAATGATCCTGAGGTGACACGCTTATGTTTTACTTTTAAACTAGGTCAAAATGCAGATCTTCGTGAAA
2040 2050 2060 2070 2080 2090 2100

T s EOEL Y T E v OE OP & DT LR ONN K A K
ACCCTTACCGGCAAGACCATCACCCTTGAGGTGGAGCCCAGTGACACCATCGAAAATGTGAAGGCCAAGA
2110 2120 2130 2140 2150 2160 2170

o b . ¢ ¢ B P D @ % R L I F A 4G K @ L E B G
TCCAGGATAAGGAAGGCATTCCCCCCGACCAGCAGAGGCTCATCTTTGCAGGCAAGCAGCTGGAAGATGG
2180 2190 2200 2210 2220 2230 2240

gaY L = B oY N o K OE S TNE W L V. L B L R.G G
CCGTACTCTTTCTGACTACAACATCCAGAAGGAGTCGACCCTGCACCTGGTCCTGCGTCTGAGAGGTGGT
2250 2260 2270 2280 2290 2300 2310

e g AR A R s e T o s R T - A Y AR S N (e
ATGCAGATCTTCGTGAAGACCCTGACCGGCAAGACCATCACCCTGGAAGTGGAGCCCAGTGACACCATCG
2320 2330 2340 2350 2360 2370 2380

E N V K A K I @ D K E ¢ I PP D Q@ @ R L I F A G
AAAATGTGAAGGCCAAGATCCAGGATAAAGAAGGCATCCCTCCCGACCAGCAGAGGCTCATCTTTGCAGG
2390 2400 2410 2420 2430 2440 2450

¢ 8 L B DG B . T L. S5 b ¥ N I @ ¥ E S5 T L H L A
CAAGCAGCTGGAAGATGGCCGCACTCTTTCTGACTACAACATCCAGAAGGAGTCGACCCTGCACCTGGTC
2480 2470 2480 2490 2500 2510 2520

p e e METD T F.V R ML T G & T L % L B Y
CTGCGTCTGAGAGGTGGTATGCAGATCTTCGTGAAGACCCTGACCGGCAAGACCATCACTCTGGAGGTGG
) 2540 2550 2560 2570 2580 2590

FEIN S SEWT I e e mam @ el e g I PORE D G &
AGCCCAGTGACACCATCGAAAATGTGAAGGCCAAGATCCAAGATAAAGAAGGCATCCCCCCCGACCAGCA
2600 2610 2620 2630 2640 2650 2680

B r T B 4 G ® &3 8. FE DS R T LS D Y NI @ K E
GAGGCTCATCTTTGCAGGCAAGCAGCTGGAAGATGGCCGCACTCTTTCTGACTACAACATCCAGAAAGAG
2670 2680 2690 2700 2710 2720 2730

S T L H L VvV L R L R g @ & * -
TCGACCCTGCACCTGGTCCTGCGCCTGAGGGGTGGCTGTTAATTCTTCAGTCATGGCATTCGCAGTGECC
2740 2750 2760 2770 2780 2790 2800

AGTGATGGﬁATTACTCTGCACTATAGCCATTTGCCCSAACTTAAGTTTAGAAATTACAAGTTTCAGTAAT
2810 2820 2830 2840 2850 2860 2870

Y (v
AGCTGAACCTGTTCAAAATGTTAATAAAGGTTTCGTTGCATGGTAGCATACTTGGTGTTTTGTGATGAAA
2880 2890 2900 2910 2920 2930 2940

TTCTCTAGTGATGTGTGGGTACGCTTAAAACTGGTGAAAATGTTTAGGGATTTAATTTTGAGATTGGTAA
2950 2960 2970 2980 2930 3000 2010

TGTGCTCAAAGTTAAGTCACTTGACTTTGGTATACACTTGGGTGGGCTGAGGGGCAAGAGCCTTCTTTGC
3020 3030 3040 3030 3080 3070 3080

TGTTTAAGTCATTACAAGTTAGGATCC
3090 3100




55
the degeneracy of the genetic code, and are a further feature
of the stringent evolutionary constraints on the ubiquitin
system. Some of the DNA sequence differences are shown in
Figure 3.6.3.
Analysis of the 3' NCR around the polyadenylation signal and
site reveals other sequences that have been implicated in 3
end formation. McLauchlan et al (1985) have identified a
consensus sequence YGTGTTYY present in 67% of mammalian genes
examined approximately 30bp downstream of the AATAAA signal,
whlich has been shown to be required for efficient formation
of mRNA 3' termini. EHB8 contains such a seguence with one
mismatch GGTGTTTT 31lbp from the AATAAA signal (Figure 3.6.2,
2924 to 2931). Another sequence, CAYTG, 1is possibly involved
in the selection of a polyadenylation site in conjunction
with the AATAAA signal via hybridisation with the small
nuclear RNA U4 (Berget, 1984). A similar sequence, CATGG

(Figure 3.6.2, nt 2909 to 2913) occurs in EHB8 within the

polyadenylation region AATAAA(N)loCATGGNA*; where N 1s any nt

and A* is the first residue of the poly(A) tail. This region
matches the consensus for a Class I U4 RNA hybrid (Berget,
1984), suggesting that Ud4-mediated polyadenylation may
operate here. The presence or absence of these two sequences
has been implicated in the differential usage cof alternate
polyvadenylation sites in the human albumin gene (Urano et al,
1986). Another sequence observed in several eukaryotic genes
is TTCAAA or close derivatives, which occurs 32 to 62bp down-
stream of AATAAA (Urano et al, 1986). EHB8 contains a recog-
nised derivative, TTAAAA, 67bp from AATAAA (Figure 3.6.2, nt

2965 to 2970), but alsoc contains the consensus TTCAAA beginn-




Figure 3.6.3: UbB Coding Unit Nucleotide Sequence

Variation

Panels 1, 2 and 3 represent sequenciling gel
autoradiograms of the region encoding codons 31 to 39 of
the first, second and third coding units of the UbB gene
respectively. The nucleotide seguence and translation of
the first coding unit are given at the left of Panel 1,
reading 5' to 3'/N- to C-terminal from top to bottom.
Positions of nucleotide sequence variation are indicated
wlth an arrowhead on Panel 1 and the variant nucleotides
are listed beside Panels 2 and 3. All changes are in the
third position of the codon and do not affect the
encoded aa sequence. The diagram below the figure is a

schematic representation of the seguencing reactions.

Boxes are ubiligqultin codling units. S:Sall
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ing llbp upstream of AATAAA (nt 2882 to 2887). Involvement of
this sequence in mRNA 3' end formation has vet to be confirm-
ed (Urano et al, 1988).

The 3' NCR contains direct and inverted repeats downstream of
the termination codon. The 13bp seguence CAGTC/GATGGCATT
occurs at nt 2778/2790 and 2800/2812. The region 2783 to 2830
contains an imperfect 22bp inverted repeat which could form a
stem=-loop structure with a AG of =-19.0kecal (Tinoco et al,

1973) as follows:

CGC T
2770 TAATTCTTCAGTCATGGCATT AGTGCCCAGTGA G
2830 TACCGATA TCACGTCTCATTACG

3.6.2 Characterisation of the 5' Non-coding Region

Initial sequence determination of EHB8 only extended 350bp
upstream of the first coding unit initiation codon. As pRBL26
was a partial cDNA, no 5' non-coding sequence was available
for comparison with EHB8. However, comparison can be made to
the ~100bp mutually homologous 5' flanks of the three pseudo-
genes EHB4, EHD1l and EHB7, which are theoretically represent-
ative of the mRNA 5' NCR. The results of such a comparison
are as follows. All 4 sequences are identical for the first
8bp upstream of the first coding unit, but further upstream
EHB8 shows no similarity to any of the pseudogene regions.
The seguences diverge 5' of the sequence AGGT, which matches
the consensus AGGT/G resulting from the splicing of an intron
(Breathnach and Chambon, 1981). The EHB8 sequence at this
point is TTTTACTTTTAAACTAGGT (Figure 3.6.2, nt 2060 to 2078),

which is a reasonable match to the splice acceptor consensus

(y)mnyagGT/G (intron in lower case; Breathnach and Chambon,
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1981). These observations indicate that an intron may exist
in the 5' NCR of EHBS.
A pseudogene 5' NCR-specific probe was generated from a 196bp

EcoRI/BglII fragment from the 5' flank of pseudogene EHD1

(Figure 3.4.1). This probe contained 9bp of ubiquitin coding
sequence, 98bp of 5' flank common to all 3 pseudogenes and a
further H9bp specific to EHDL (Figure 3.4.2, nt 1 ta 196).

The probe hybridised to pB8.3 restriction fragments upstream
of a BamHI site located ~ 740bp upstream of the first coding

unit, in particular to 350bp TagIl/BamHI and 80bp MspI/BamHI

fragments (Figure 3.6.1). The nucleotide sequence arcund this
BamHI site was determined by the strategyvy shown in Figure
3.6.1 and is included in Figure 3.6.2. Comparison of this
sequence with the pseudogene 5' flanks revealed that this
BamHI site was within the gene's 5' homologous region and had
been lost from each pseudogene as a result of base changes.
Homology resumes at the seguence CAGGTA (Figure 3.6.2, nt
1359 to 1364), which matches the splice donor consensus
A/CAGgtr (intron in lower case, r is a purine; Breathnach and
Chambon, 1981l). These results further support the presence of

an intron within the 5' NCR of this gene.

3.6.3 Characterisation of an Intron Within the 5' Non-coding

Region

Sequencing of the 740bp BamHI/BglII fragment upstream of the

coding region (Figures 3.6.1 and 3.6.2) revealed that the
intron was 715bp in length, with the "coding-like" strand
relatively G rich (35.5%) and C poor (15.8%), producing an

overall GC content of 51.3%. Many (56%) of the G residues lie
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within the clusters GLXG or GXGp (n = 2 to 7, X =A,T or C)

which occur 37 times within the intron. The sequence AGGT at
the splice junctions is redundant: the exon/intron and
intron/exon boundaries in Figure 3.6.2 have been chosen to
confer with the "GT-AG" rule (Breathnach and Chambon, 1981).
Two possible splice branch point sequences (Keller and Noon,
1984) are present: GTGAC (nt 2046 to 2050) and CTTAT (nt 2054
ol 2058 ) :
There are several direct repeats within the intron. The two
major series are: (numbering refers to Figure 3.6.2)

1455 TGAGGGGAGGGCGTGGGG 1951 ggcTTGe-GGAATATTA

1473 GAGGGGAGGGCGaGGtG 1977 ATTTTGAAGGAATAgQTE

1940 TGAGGGGAGG-CtTGcGG 1998 ATTTTGAA-GAATATTA
The intron alsoc contains an imperfect 18bp inverted repeat
spaced by 7bp (Figure 3.6.2, nt 1753/1770 and 1778/1795)

which could form a stem-loop structure with a AG of -15.8

kcal (Tinoco et al, 1973).

3.6.4 Determination of the Transcription Initiation Site

The transcription initiation (mRNA start) site was determined
by a combination of S1 nuclease mapping (Chapter 2.2.16) and
cnmpari;on with the processed pseudogenes, and a subseguently
isolated full-length cDNA (Chapter 3.7).

The probe employed for S1 mapping was a 350bp Tagl/BamHI

fragment located upstream of the coding units (Figure 3.6.1).
The BamHI site is within the region of homology with the
pseudogene 5' flanks and provides a reference point to fix
one end of protected fragments. Hybridisation of total human
lymphocyte RNA (Chapter 2.2.12) to the probe protected a set

of 5 fragments 68 to 72 bases in length from digestion by Sl
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nuclease (Figure 3.6.4). This result places the mRNA start
sites over the 5bp range 1274 to 1278, Figure 3.6.2. As each
protected fragment was of approximately equal intensity, no
major site is indicated.
A second estimate of the mRNA start site was obtained by com-
parison with the length of the processed pseudogene 5' NCRs.
Generally, processed pseudogenes represent full-length DNA
copies of mature mRNAs (Sharp, 1983). The three processed
pseudogenes described above have arisen from at least two
separate mRNAs, based on the different position of polyaden-
yvlation of EHD1l (Chapter 3.4). Thus the fact that all three
5' limits of similarity to the gene (Chapter 3.9) cease
within a 2bp region, strongly indicates that this position
corresponds to the mRNA start site. For EHB4, the 5' limit is
nt 1271, Figure 3.6.2, while for EHDl1l and EHB7, it is 1272.
Interestingly, these positions are respectively 3 and 2bp
upstream of the most upstream mRNA start site determined by
S1 nuclease mapping.
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