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Summary

The development of red blood cells in the mouse is a useful model system
for studying gene expression during differentiation. Erythropoiesis entails
the sequential expression of a coordinated set of gene products, culminating
in the formation of a highly specialised cell, the erythrocyte. Many of these
gene products can be used as recognisable markers of differentiation, for
example, spectrin, glycophorin and the globins themselves.

To date, however, it has really been possible to analyse only globin gene
expression in terms of its molecular mechanisms. This has been due to the
fact that reticulocytes synthesise predominantly globins and therefore the
messenger RNA population is similarly highly enriched in globin-specific
sequences. In order to acquire a greater understanding of the genetic control
mechanisms at work during erythroid differentiation, it would be highly
advantageous therefore to be able to study concomitantly the regulation of
other erythroid-specific gene sequences.,

To this end genetic engineering techniques have been employed to
construct a complementary DNA (cDNA) "library" of recombinant plasmids, using
the total reticulocyte mRNA population as template., It was hoped therefore to
select out clones from the library which contained "non-globin" sequences,
with the aim of using these as molecular hybridisation probes to further
investigate the process of differentiation.

As a preliminary study, the feasibility of using density-gradient
centrifugation to provide a convenient method of enriching the mRNA
preparations for "non-globin" sequences was investigated. By use of
appropriate size markers, suitable centrifugation conditions were obtained;
however, when messenger RNA processed in this fashion was analysed by
molecular hybridisation techniques the "non-globin" sequence content remained
only some 10% of the total messenger population. A closer analysis, however,
indicated that mRNA prepared by standard methodologies was significantly lower
than expected in "non-globin" sequences.

Such a conclusion was confirmed in a subsequent study of "non-globin"
protein synthesis in reticulocytes during induced anaemia. Proteins were
isolated from cells lab elled jip vifrQ, fractionated on Sephadex G100, and the
"non-globin® fractions examined by electrophoresis on SDS/polyacrylamide gels.
In addition, this analysis demonstrated that in immature reticulocytes
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obtained earlier in the phase of anaemia, "non-globins" represented a
significantly greater proportion of total protein synthesis than in their more
mature counterparts (from which messenger RNA was usually prepared).

In order to utilise immature reticulocytes it was then necessary to boost
yields of these cells from the low level (17%) obtained at this stage in the
anaemia. By manipulation of the dosage of phenyl hydrazine administered to
induce anaemia it was found possible to obtain blood containing a very high
(>98%) proportion of circulating reticulocytes. Messenger RNA prepared from
blood of this type was shown, by in viktro translation, to direct greater
synthesis of "non-globin" proteins.

This mRNA was used therefore as a template for synthesis of cDNA and the
single-stranded product converted to a double-stranded form by incubation with
DNA polymerase. The double~stranded cDNA was then treated with S-1 nuclease
to destroy the hairpin loop which remains joining the two strands together.

Attempts were made to insert this double-stranded cDNA into linearised
pAT153 plasmid DNA by the complementary homopolymer extension technique.
Unfortunately, this approach was not successful in producing recombinant
bacteria and was thus rejected in favour of the technique of "blunt-end
ligation"., This methodology involves the covalent linking of flush-ended
plasmid DNA and cDNA prior to bacterial transformation. Recombinants
resulting from the use of this procedure were screened by filter-bound colony
hybridisation (Grunstein/Hogness technique), to select out clones containing
reticulocyte cDNA sequences.

From 100 clones so identified, ten putative "non-globin" recombinants
were selected by a competition hybridisation assay. For this procedure
duplicate nitrocellulose filters bearing DNA from colonies lysed in sifu were
challenged with either an unfractionated reticulocyte c¢DNA probe, or with a
similar probe‘which had prev iously been hybridised, in solution, to a large
excess of plasmid DNA containing and globin cDNA sequences., Colonies
which showed evidence for competition, by reduction of hybridisation signal,
were considered globin recombinants and were eliminated. Colonies unaffected
by competition were considered putative '"non-globin" recombinants and
subjected to further study. These colonies were rescreened by the competition
assay and additionally by a filter hybridisation using o and P globin c¢DNA
sequences purified from a total reticulocyte cDNA.

The putative "non-globin" clones were then characterised by restriction
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analysis to ascertain the length of the inserted cDNA sequence and confirm its
insertion into the Bam H1 restriction site of the plasmid vector.

The restriction analysis was then extended by hybridisation to restricted
recombinant DNAs, separated by agarose gel electrophoresis and transferred to
a nitrocellulose filter. Such a filter was hybridised sequentially with a
reticulocyte cDNA probe, an o€ and ? globin ¢DNA probe and a probe prepared
from O( and F globin cDNA recombinant plasmids. Cloned cDNAs which showed
evidence for positive hybridisation to globin probes were again eliminated.

By use of recombinant plasmid DNAs bound to individual filters and liquid
scintillation counting, a similar methodology was employed to quantitate the
levels, in reticulocyte mRNA, of messenger species complementary to the cloned
cDNAs.

From the data acquired above, four clones were selected for a wider
study. Utilising the quantitative hybridisation procedure described above,
the representation of messenger RNAs homologous to the cloned sequences was
appraised in a number of different tissues. Of the recombinants analysed in
this way, two were found to specify sequences represented only in erythroid
tissues; one in fact was observed solely in reticulocytes. The two remaining
clones, by contrast, displayed a much wider distribution, showing significant
levels of expression in adult liver and in fibroblasts as well as in Friend
erythroleukaemia cells. In this last cell type a moderate rise in abundance
of the two cloned sequences was observed when the cells were induced to
differentiate in culture; they nevertheless displayed the greatest level of
expression in reticulocytes.

Possible candidates for the identity of the messenger RNA sequences
represented by the cloned ¢DNAs and the potential use of these clones to
further investigate the genetic control of erythropoiesis are discussed.
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I. MODULATION OF MESSENGER RNA ABUNDANCE DURING
DIFFERENTIATION AND DEVELOPMENT

A. Analysis of m-RNA populations.’

1. Comparisons of differentiated cell types and tissues.

A simplistic approach to the analysis of differentiation
would be to take the products of such events, two different
tissues for example and test them for similarities and
differences. It should be hoped therefore to observe
different sets of genes or their products which are specific
for a given tissue type. The possibility then exists that
some common feature relating to expression of such gene
products may be elucidated.

This type of rationale leads to intensive study of
m-RNA populations by the technique of nucleic acid hybridisation.
Such studies have been performed in a number of different
systems, by comparing tissues as above (1),(2),(3) by
studying development in simpler eukaryotes (4),(5) by
manipulating cells in culture to mimic differentiation
in vitro. (6),(7).

To begin comparisons, the structure of messenger
populations must first be studied (1), (8). This was made
possible by the advent of nucleic acid hybridisations
performed in solution. Under conditions of large RNA excess
the rate of its reassociation with a labelled DNA tracer
has been shown to obey simple kinetic rules (9),(5). In
particular, it has been shown that the rate at which a sequence

hybridises is inversely proportional to its complexity,



(expressed in units of molecular weight) that is, the
greater the total sequence diversity the slower the reaction
progresses. More complex analyses of solution reactions
have been possible because (to a first approximation at
least) the cDNA tracer, copied from the m-RNA template, by
reverse transcriptase maintains the same correct relative
proportions of the different sequences within the m-RNA.
The fraction of cDNA involved in a given transition can
then be considered to be driven by a similar mass fraction
of the RNA, hence the true kinetic complexity can be
calculated.

Analysis of messenger populations by such techniques
revealed an interesting and perhaps unexpected pattern. (1),
(2),(3),(10),(11). A typical tissue or cell line of
mammalian origin has been shown to contain somewhere between
11,000 and 15,000 different m-RNA sequences. However the
bulk of the mRNA has been found to be composed of only a
handful of sequences, the most abundant sequences being
represented in many thousands of copies per cell. The
majority of the sequence complexity is contained therefore
in merely 10-30% of the totél m-RNA mass. Moreover, such
sequences will be present in as low as 5 or typically 20
copies per cell. (12),(13). Frequently a third abundance
class of middle abundant sequences is identified (1), (3)
present typically in one to a few hundred copies per cell.
Hastie and Bishop (1) were particular to demonstrate that

such a class of messenger does exist, but it should perhaps



be stated that the division into abundance classes is to
some degree artificial (as may be expected). Some tissues,
oviduct (3),(12) or pancreas (13) show very obvious evidence
of abundance classes. Others, liver for example (3) show

a pattern where the kinetic classes are much more difficult
to identify. Computer fits of the data make it likely that
such classes do exist in virtually all cases. It may be
safe to say that within an abundance class the abundance

of its individual members will vary less than abundances
between classes.

Because of the complexity distribution, observed kinetic
measurements can be underestimates - large complexities in
small fractions of the RNA may be missed and the technique
is most insensitive to changes of complexity in the lowest
abundance class. Thus measurements where total sequence
complexity is of prime interest have often been performed
with single copy or unique DNA probes. Such probes can be
obtained by preparative hybridisation, a technique which
can also be used to obtain abundance class specific cDNA
fractions. (1), (14),(10). A single copy DNA may be purified
by reannealing total DNA to a low Cot value (Cot is conc.

x time) at which only repetitive sequences will have
hybridised (similarly for abundant sequences from m-RNA).
The total mixture is then fractionated on the basis of
differential binding affinities of single stranded and
duplexed molecules, when bound to hydroxyapatite (HAP).

Complexity estimates based on saturation values obtained



with uDNA probes tend to err in the opposite direction
from kinetic estimates, as the extent of hybridisation is
Jlow (3-4% typically) and repeated sequence contamination
will therefore amplify the observed complexity. For this
reason many groups have adopted both approaches (ll)
(15), (16)(17).

Tissue comparisons of mammalian and avian species
(l),(2),(3) have revealed a pattern which was not presupposed.
As already stated the sequence complexity represented on
the polysomes of a differentiated cell type may be a few
percent of the total genomic complexity. It might therefore
be expected that tissues express quantitatively quite different
sets of sequences on their polysomes. The pattern observed
however, has been one of extensive sequence overlap between
different tissues (1),(2),(3) and at different developmental
stages (4),(18),(19). In mammalian tissues Hastie and Bishop
demonstrated, by preparing fractionated probes, that abundant
sequences of liver and kidney were not absent from the
heterologous tissue mRNA or from brain. However, quantitative
variations could be quite dramatic. Abundant class cDNA
from liver for example reacted 1000 times slower with kidney
mRNA than with liver m-RNA. Abundant kidney m-RNA sequences
were also found at only moderate abundance in other cell
types. The converse situation however did mnot obtain.

That is, rare sequences were found to be rare in all three

tissue types and similarly middle abundant sequences were



at similar abundance (on average) in heterologous reactions.
Some degree of qualitative variation has been demonstrated
particularly in the abundant classes. Fractionated probes
from this class most often do not reachl00% plateau values

at saturation. Indicating that they contain sequences unable
to hybridise to heterologous m-RNAs.

A similar pattern can be observed in comparison of avian
oviduct and liver (3); m-RNA corresponding to the ten major
egg white proteins constituting some 70% of oviduct m-RNA
but also present in live m-RNA at a level representing
rarest class messengers. Again the majority of less prevalent

species were found in both tissues.



I.A.2. m-RNA population changes during development.

A more realistic approach to development can be obtained
by attempting to analyse differentiation events as they occur
in vivo. Such a study mnecessitates working with embryonic
material and as such is very difficult in mammals. Some
simple eukaryotes like the sea urchin however provide ideal
material for this type of analysis as large numbers of embryos
can be obtained at different developmental stages and the
process of differentiation monitored as it progresses.

The use of this system has been brilliantly exploitedvby
Davidson and his colleagues (4),(5),(20). The previously
desQribed complexity and abundance relationships in m-RNA
have been shown to similarly apply also to organisms like the
sea urchin (5) as well as to the mammalian systems already
elucidated (1-3),(6),(12),(13). 1In an analysis of sequences
expressed during embryonic stages and in adult tissues (4)
these workers used an innovative approach to the p?oblems
of complexity estimation (kinetic versus saturation)
to above . Their approach was to prepare a total unique DNA
probe as described before, however this total DNA probe was
then fractionated into sequences which were complementary to
messenger RNA and sequences non complementary. A preparative
hybridisation in large m-RNA excess followed by hydroxyapatite
chromatography provided such probes. The m-RNA complementary
DNA, referred to as m-DNA, can then be used in an analagous

fashion to a cDNA probe; the crucial difference being the



equal sequence representation of all m-RNA species regardless
of abundance. The preparation of such a probe for this work
is vital as in the sea urchins some 99% of the total sequence
complexity resides in only 10% of the m-RNA mass (L4).

An m-RNA probe was then used to ascertain the messenger
sequence overlap between gastrula stage embryos and adult
tissues. A gastrula m-DNA was prepared as this corresponds
to the first stage of the life cycle in which DNA transcription
occurs. In more immature stages maternal messenger stored
in the oocyte is utilised (4). This comparison with earlier
stages than gastrula waoas also performed. The sequence
complexity of gastrula m-RNA in 17 x lO6 (4),(21) nucleotides
which corresponds in this case to approximately 10,000 - 15,000
different sequences; +the average messenger size being
somewhat less than those already discussed. In total contrast,
the m-RNA complexities of all the adult tissues, intestine,
tube foot and coelomocyte were considerably lower representing
only 1500 to 3000 different sequences. Moreover, all three
adult tissues showed that 36% of the sequences expressed
were also present in gastrula. By mixing experiments, it was
also demonstrated that the sequences in common between gastrula
and adult were identical in all three cases. A core of about
1500 sequences seem therefore to be ubiquitdus in nature.

Sequences not held in common could be estimated using
the fraction of the uDNA which did not hybridise to gastrula
m-RNA. Total sequence complexity is then the sum of the

m-DNA by hybridisationand the so-called null-DNA reaction.



It is worth noting that the rate of null DNA reaction in
intestine was similar to that observed with m-DNA so both
shared and specific sequences seem to be at comparable
abundances.

Comparisons with other larval stages were equally
illuminating. Pluteus stage larvae are more mature than
the gastrulae and possess well defined skeletal and gut
structures. The messenger RNA present on pluteus larvae
polysomes however are identical to those found in gastrulae,
although the total extent of overlap is only about 80%. The
null DNA reaction failed to find any pluteus specific
sequences. It would seem therefore that maturation from
géstrula to pluteus is accompanied by loss of certain sequences.

This pattern of development whereby a gradual reduction
of sequence complexity accompanies development was borne
out by study of earlier stage embryos. Blastulae for example
contain 70% of the gastrula sequences but in addition possess
a further 10,000 or so sequences not found at later stages.
The oocyte moreover, contained over twice the sequences
complexity of the gastrula while at the same time displaying
complete sequence overlap with all the gastrula sequences,
including the 30% not seen in the blastula.

Despite a reduction in overall complexity the general
pattern observed during sea urchin development is thus one
where a fairly large body of sequences are found to be
common to different developmental stages, each stage of
development in addition contains sequences specific to

itself.
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One adult tissue showed itself to be quite different
from the remainder and that was the ovary. This was found
to have a total complexity somewhqt greater than the gastrula
although again some 80% of the gastrula sequences were found
to be shared. 20% of the total complexity was ovary specific.

Another simple eukaryote highly suitable for investigation
of its differentiation programs is the slime mould| Dictyostelium
. discoideunm which has been extensively studied over many
years (19),(22),(23),(24). The life cycle is somewhat
extraordinary being normally -uni-cellular,under certain
conditions however, many single cells can be made to converge
and aggregate to form a multicellular form referred to as a
"slug". The slug migrates to a suitable area and then
differentiates to form spore cells and stalk cells, the former
producing the next generation. Despite this somewhat bizzare
life habit, the genome composition is very similar to other
eukaryotes which have been studied (19),(22), showing a
genome with a typical single copy and repeated sequence
pattern. In particular, the pattern of interspersion of
repeated sequences between longer stretches of single copy
DNA is observed (22).

Differentiation can be induced in Dictyostelium by
starvation of a single amino acid. Studies of sequence
changes have been performed by a number of groups (19),(23).
The general trend is one of increasing sequence complexity, as
development proceeds. During this process approximately 50%

of the entire single copy genome is expressed (19), (23).
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Differences in complexity are most marked when vegetative
growing cells are compared with mature stalk and spore cells.
Roughly 18% of the single copy DNA (assuming assymetric
transcription) is found common to all stages of development,
this represents some 5,000 sequences. (The total complexity
of Dictyostelium is low). During differentiation marked
qualitative changes do seem to occur as sequences representing
20% of the single copy genome appear whilst about half this
number are lost as vegetative cells differentiate.

Kinetic estimates based on cDNA (23) corroborate such
a pattern, although total sequence complexity estimates are
a little lower. Comparison of vegetative cells and cultivation
cells demonstrate a reduction of hybridisation rate of 3-4
fold if cDNA from vegetative cells is reacted with fully
differentiated cell RNA. Approximately 27% of these sequences
are specific to the later developmental stages.

That such a pattern is not atypical is borne out by
similar findings in other simple eukaryotes (18), (25).
During sporulation, Aspergillus begins to express a greater
total sequence complexity, however sequences expressed in early
vegetative cells also continue to be observed, as are sequences
specific to spore cells. The increased complexity during
conidia formation and sporulation can be observed as stage
specific sequences exposed by fractionation of cDNA probes.
Some 300 sequences were found to be specific to spores and

another 1000 were expressed during differentiation but were



not found in the mature spore cell RNA or the vegetative

12

cell RNA. Kinetic analysis of these stage specific sequences

demonstrated that they still qontained representatives of
all three abundance classes.

As a fairly broad spectrum of new sequences seem to be
expressed during Aspergillus development it is particularly
interesting that a mutational analysis (26) revealed only
two loci involved in conidia formation. Taken with the
above data this would suggest that these loci represent
regulatory genes controlling a fairly large number of
structural genes. In support of such an interpretation
one of these loci seemed to control the type of growth,
switching between two distinct cell types observed in the
conidiospore.

That a pattern of increasing sequence complexity during
development has more general applicability and is mot solely
restricted to simple eukaryotes are the observations that
in pancreatic development (13),(27) in the rat, which is
amenable to such analysis, there appears to be a concomitant
increase in sequence complexity as the organ develops and
in uterine development although not strictly applicable

there is a large increase in total sequence complexity

(15),(28).
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I.A.3. Hormonally controlled m-RNA populations and in wvitro

differentiation systems

Two possible approaches in mammals mimié&ng this type
of developmental analysis of differentiation, have proven
feasible. Firstly study of hormonally regulated or sensitive
tissues have been investigated. Secondly some mammalian
cell lines, when treated under various conditions are able
to undergo changes both in morphology and gene expression
which closely mimic changes occurring during in vivo
differentiation. The most extensively studied of these are
the Friend Cell (29),(30), a transformed erythroid precursor
and the committed myoblast a precursor of muscle cells.
Other examples are conversion of 3T3 fibroblasts to
adipocytes (31) or transformation of teratocarcinoma cells
into embryoid bodies (32). The former approach has the
disadvantage of others thus far discussed, that they are
tissues made up from a large number of cell types, which may
generate artifacts, the latter systems suffer from the fact
that most are transformed cells. In the case of the Friend
Cell, the presence of the Friend virus (30) must be accounted
for, moreover most of the inducers of differentiation in
these systems are highly toxic in nature (DMSO, HMBA, BudR)
and may in themselves i cause changes unrelated to
differentiation. Both techniques though do offer the
possibility of observing a coordinated set of modulations
of gene expression, which should go some way to providing

an understanding of the differentiation process at this level.
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The classic response to hormones is perhaps best
exemplified by those tissues responding to steroids. The
chick oviduct for example, shows dramatic dependence on
oestrogen, both morphologically and with relation to the
m-RNA population. The tissue does contain a number of cell
types, which can complicate interpretation, but the over-
whelming majority of cells are the tubular gland cells,
which synthesise very large amounts of the egg-white proteins
ovalbumin, conalbumin, ovomucoid and lysozyme. (3),(12),(33).
Comparison of the m-RNA populations of mature oviduct with
immature oviduct using cDNA probes (3),(12) has revealed
striking differences in the population structure. In the
adult, the bulk of the RNA is contained within a rapidly
reassociating class of low complexity (3),(12). The immature
oviduct lacks this class of m-RNA although exhibiting only
two major transitions, not three as in the former. Such
differences are almost certainly due to the hormone as these
effects can be mimicked by administration of oestrogen to
chicks, whereby the oviduct shows the typical response to
hormone and the m-RNA population takes on the adult pattern.
Subsequent withdrawal of hormone causes rapid reversion of
the m-RNA population to the immature pattern (12).

In accordance with this pattern the effects of testo-
sterone on the rat ventral prostate gland are equally dramatic.
In the normal male rat, the prostate synthesises a small

group of secretory proteins the messengers for which account
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for some 45% of the total m-RNA. If hormone is withdrawn
by castration the level of these m-RNAs drops dramatically
to about 0.03% after two weeks (34),(35).

Such a response however is by no means invariant,
surprisingly in fact, the rat seminal vesicle although
physiologically linked with the prostate responds quite
differently to testosteromne. The structure of the message
population is very similar to that observed for the prostate,
with the majority of the mRNA devoted to a few secretory
products (35), yet withdrawal of hormone as above does not
cause a dramatic fall in the abundance of these sequences
which reduce in abundance by only séme 3 fold. There was an
order of magnitude shift in the level of middle abundant
sequences numbering approximately 100-150, but this is minor
in comparison with the effects of oestrogen on ovalbumin
which may vary up to 400 fold in concentration. As by far
the most striking effect of testosterone on the seminal
vesicle is on total RNA content and synthesis it was supposed
that the middle abundant sequences so affected by hormone
might be ribosomal protein, as has been suggested for other
middle abundant sequences (4),(36). However cross hybridisation
experiments indicated that these sequences were specific to
the seminai vesicle, contrasting with the bulk of the
complexity in the rare class which was both unaffected by

hormone and found also in the ventral prostate RNA at similar

abundance (34),(35).
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Another tissue where a large increase in RNA synthesis
occurs is the rat uterus. In addition to a rapid assembly
of polysomes in this tissue when hormone is administered an
extreme change in the total complexity of the m-RNA occurs
(15),(28). At 4 hr of stimulation with oestrogen there are
approximately 8000 sequences expressed whereas at full
development some 30-~40,000 different sequences are being
expressed. In this instance the complexity increase is
almost certainly real, as saturation estimates were used
to back up kinetic measurements of total sequence complexity.
Monahan et al. (12) found a large difference in complexity
for. oviduct before and after oestrogen stimulation but
subsequent study (33) indicates that this was artifactual,
although probably does represent quantitative rather than
qualitative shifts in the rare class messengers. Heterologous
hybridisations in the uterus demonstrated that there was
extensive sequence overlap but that 21% of adult sequences
were not present in the immature organ. Interestingly,
althouéh the immature (4 hr. stimulated) uterus has an
abundant class of messengers these proved not to be the
same as the mature abundant sequences. Although data for
totally hormone naive uterine tissue are difficult to obtain,
it appears that this material contains mRNA which is distinct
from that of the mature uterus.

Studies of in vitro differentiation using cell lines
again reveal that highly abundant m-RNA species are typical

of the differentiated state. In the Friend Cell (7),(29)
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for example comparisons of m-RNA populations before and
after induction with DMSO show that a new class of highly
abundant sequences appear, this being the build up of globin
m-RNAs as the cells undergo erythroid maturation (14),(29),(37).
Heterologous hybridisations have also revealed that no large
scale qualitative changes seem to be occurring. Virtually
all sequences of uninduced and induced cells are the same,
although small abundance shifts can be identified and
quantified using fractionated probes (14). In fact, by
these methodologies, with the exception of the globins

there seems to be little evidence for expression of new
sequences during induction (7), (14),(29). Clomnes differ

to some degree in their level of globin m-RNA content in

the uninduced state (29),(37),(38) but usually it may be
detected at middle to low abundance.

Although there is one instance of expression of new
sequences during Friend Cell induction (39), the evidence
points mainly to some subtle reduction in the level of
certain middle abundant sequences (21), which shift to
the rare class in induced cells.

One problem in analyses of this sort is the inevitable
background of uninduced cells in an induced population,
which could affect detection of qualitative changes.

This is true not only of the Friend Cell where
differentiation is induced chemically but also in myogenic

differentiation which occurs spontaneously in culture.
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This behaviour can be manipulated, for if the cells are
grown in medium containing BUdR then the myoblast cultures
remain undifferentiated (6). If allowed to differentiate
the myoblasts fuse to form syncytia which are multinucleatej
such structures are called myofibrils or myotubes.
Alternatively, some transformed myoblast cell lines exist
which will still differentiate on attaining confluence in
culture (40),(41).

The messenger population of the dividing myoblast is
typical of those observed to date, with perhaps a slightly
larger total complexity than usual for a cell line, numbering
around 14,000 sequences (6). As described before for Friend
cell differentiation, the muscle cell cultures show the
development of a mew highly abundant class of messengers,
comprising about 20% of the total population in roughly
six sequences. There also appears to be a marked qualitative
change in complexity. Heterologous hybridisations however
show that virtually all the myoblast sequences are still
present in myotube cultures although at lower abundance
still than that observed in myoblasts where they form the
rare class of messengers. This interpretation was confirmed
by single copy DNA hybridisation (16). The mew class of
abundant sequences in myotubes was found to be under
quantitative regulation as these sequences could be detected
at 40 fold lower abundance, in myoblasts. However, some
contribution to this level comes from differentiated cells

in the myoblast cultures (6).
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An apposite comparison, which relates to studies of
different cell types during development, has been to compare
myoblast m-RNA with that of a pluripotent teratocarcimoma
cell (10). Teratocarcinoma material in many ways should
provide an ideal in vitro model for differentiation, as
from an undifferentiated cell population a wide variety of
differentiated cells may be derived. This has led to the
belief that teratocarcinomas are deriveg themselves from
transformed gamete progenitors. They certainly possess
some unique features, of which, . B apart from expressing embryonic
antigens, perhaps the most intriguing is their remarkable
karyotype stability, even when grown as embryonal carcinoma
cells in culture. Moreover, although transformed,embryonal
carcinoma cells can give rise to mormal structures and tissues
in adult mice, when they have been injected into host
blastulae (L42).

Unfortunately, in culture the developmental plasticity
of embryonal carcinomas cannot be easily manipulated, although
induction of endoderm has recently been reported (32).
Nevertheless some differentiated cell lines have been derived
from pluripotent teratocarcinomas and some myoblasts lines
are amongst these. It is an interesting comparison to
observe the committed myogenic precursor with its pluripotent
parent. In addition one committed precursor, the myoblast
was compared with another committed cell, the Friend Cell

which has already been described.
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In terms of total sequence complexity the myoblast
was shown to be expressing a wider range of sequences than
either the Friend Cell or the teratocarcinoma, thus no
simple relationship exists between number of sequences
expressed and developmental state. These sequence differences
lie at the rare end of the abundance spectrum. All the
teratocarcinoma sequences were found in the myoblast line,
however some 10% of erythroid sequences were not found in
the latter cell type. Similarly a comparable fraction of
myoblast c-DNA could not be driven into hybrid by Friend
Cell m-RNA. In contrast though the sequences specific to
the muscle cell were of low abundance whereas those specific
to the erythroid precursor were found in the abundant m-RNA.
These abundant Friend Cell sequences although not present in
the committed myoblast were found to be present in the
m-RNA of the undifferentiated teratocarcinoma, but at a
lower concentration.

Taking the data obtained from the types of hybridisation
analysis described above, it is difficult to arrive at
firm conclusions. A number of different mechanisms seem to
operate during differentiation. Terminal differentiation in
most systems seems to be accompanied by an increased selectivity
in the messenger populations and in most higher vertebrates at
least, this is accompénied by the appearance of cell or
tissue specific products which correlates with a high

abundance of the messengers coding for such products. These
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highly abundant sequences are commonly absent from other

cell types, and whilst not entirely lacking are often found

at markedly lower abundances. Thus predominantly quantitative
changes seem to be regulating relative phenotypes.

Marked qualitative changes, particularl& during develop-
ment of lower eukaryotes, can also be observed and even in the
sea urchin where very small complexities may be found in
adult tissues, sets of gene transcripts of a specific nature,
with regard to tissue orrdevelopmental stage can still be
demonstrated.

The appearance of new sequences during development can
occur within high abundance m-RNAs coding for tissue specific
products as mentioned previously. Nevertheless, even minor
changes in the rare class sequences which have also been
found, represent profound changes in the number and types
of sequences: a few percent of the m-RNA mass, representing
many thousands of sequences. Thus large increases in m-RNA
complexity seem to accompany developmental specialization
as well as restriction of expressed sequences.

Notwithstanding these observations, it is still surprising
the degree to which the‘different m-RNA population comparisons
have demonstrated extremely extensive sequence overlaps,
where often the majority of m-RNA sequences expressed in
two totally unrelated cell types are held is common.
Undoubtedly much of this transcription is aimed at sequences

whose function is equally ubiquitous, that is to say obligatory
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for the general maintenance of cellular functions; the
so-called "house-keeping" functions. Numbers involved in
quantitating exactly how many such genes would be required,
seem to vary considerably (3),(4),(10) and it seems possible
that many rare class messengers may lack physiologically
meaningful functions. Whatever else, it indicates that
phenotypes may be radically altered by expression of a
small number of genes and that this may not necessitate
"on/off" Mechanisms but rather modulation of relative abundance.
As relative abundance is obviously of importance, it
becomes politic to ask from where the observed abundance
variation derives. More specifically, are the abundance
classes observed a reflection of relative transcription rates
or do selective post-transcriptional events regulate levels
of different messengers? This can also be extended to
other sequences which are specific to developmental stage
or tissue types, that is if they are not expressed on the
polysomes at a particular developmental stage, are the genes
for these sequences transcribed or not?
The place to look for the answers to these questions
undoubtedly therefore is within the nucleus, which owing
to its evolutionary significance might be expected to play

a crucial role in gene expression during differentiatiom.



23

I.A.L4. Analyses of nuclear RNA

To analyse these problems, studies utilising similar
approaches to those outlined for messenger population study
have been undertaken. Analysis of nuclear RNA can be by
use of single copy DNA probes (11),(16),(20),(41) or
alternatively cDNA to nuclear poly A(+) RNA can be prepared
(43), (44), although in this latter case it should be
remembered that the probe is only representative of the 3!
portion of the HnRNA template; assuming that thisbis the
sole priming site for cDNA synthesis, an assumption which
in itself may mnot be wholly wvalid.

The first feature of note with regard to nuclear RNA
populations is that they exhibit a far greater complexity
than that of polysomal m-RNA. (above refs.),(21), (45).

This has been found to apply to a wide variety of organisms,
including the sea-urchin (20),(21), various mammalian cell
lines (11),(16),(41),(46). Such a pattern is mnot common

to all eukaryotes, however and many of the simpler forms
including fungi contain nuclear RNA which is by most criteria
not distinguishable in sequence content from m-RNA (47).

That nuclear RNA is of greater complexity than m-RNA,
by on average roughly five to tem times (11),(16), (43), (44),
has led to much speculation regarding the nature of nuclear
sequences which are not present on the polysomes but presumably

turn over within the nucleus. Some of this confusion has

now been resolved from study of specific transcripts and
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use of cloned genomic DNA which will be discussed in more
detail in a subsequent section. Particularly baffling was
the very large total transcriptional activity of most nuclei,
where on average 25-30% of the total unique sequence
complements might be found in nuclear RNA. (11),(20). Either
this was a reflection of a huge number of structural gene
sequences which were transcribed only for the majority to
be degraded again; alternatively much of this unique
sequence representation must originate from non-coding
regions of the genome. This latter was suggested by the
more rapid rate of sequence divergence of nuclear RNA relative
to polysomal RNA (46), and has since been found to be largely
true, due to the presence of intervening sequences ("introns")
in these transcripts. (48),(49),(50).

Other controversies still remain however and a number
of factors are not resolved. Among these are the true
poly A(+) content of nuclear RNA and the complexity of the
poly A(+) and non polyadenylated compartments. One factor
now beyond doubt is that nuclear messenger precursors are
larger than the mature forms ( 48, (12),(129. Moreover the
size increaseﬁdue to transcription of introms, of precursors
over messengers is in good agreement with the complexity
increases referred to above. Steady state nuclear RNA has
variously been found to be much larger than m-RNA (44),(51)
or of similar size (42),(43). Some correlation between size
and complexity has been observed, in the two analyses of

Jaquet and colleagues (16),(41) for example. This does not
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account for the change in complexity of poly A(+) nuclear
RNA observed by a number of workers (52),(53) when nuclear
RNA is fully denatured (by heating in DMSO for example)
prior to poly A(+) selection on oligo-dT-cellulose. After
denaturation poly A(+) nuclear RNA has been shown to have
a complexity very similar to polysomal mRNA in contrast
to the greater observed complexities outlined previously.
Whether the sequences which copurify on 0Oligo~dT cellulose
arose by fortuitous aggregation, possibly due to repeated
sequence elements in the RNA (46),(54) or reflect nicking
of molecules during in vivo maturation or in vitro preparation
is mot clear. It is certain that many studies have been
performed with nuclear RNA made by techniques mnot adequate
to prevent degradation. The simplest interpretation of all
this data is certainly that most high complexity poly A(—)
RNA in the nucleus derives from spliced out intron sequences.
This would of course favour the latter interpretation for
the denaturation results. As such this is able to account
for a number of the seemingly inconsistent observations
regarding the RNA size, percentage of poly A(+) and relative
complexities of poly A(+) and poly A(-) fractioms, which
can be explained primarily by relative rates of processing
relative to export and degradation of intronic sequences.
Consistent with this view is the observation that
poly A(+) contiguous sequences derived from nuclear RNA
(16), (41), (44) are enriched in m-RNA and conversely that

polysomal cDNA and m-DNA is completely hybridised by nuclear
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poly A(+) RNA (7),(16),(20),(41),(43),(44). Additionally
poly A(-) nuclear RNA shows little hybridisation to messenger
cDNA (44). However when an m-DNA probe was used, which is
representative of the entire m-RNA sequence, a significant
fraction hybridised (16). This last point indicates that
some of the RNA molecules may have lost their poly A tract
due to degradation or suggests that transcription may be
completed before polyadenylation occurs.

What has still not been established is whether sequences
which may potentially be structural coding sequences are
turned over in the nucleus as a means of selective gene
expression. In support of such a hypothesis are a number
of findings suggesting that some poly A(+) adjacent sequences
from nuclear cDNA have no counterpart present in polysomal
RNA (43), (44). Some caution is necessary before concluding
that this represents potential m-RNA precursors not escaping
from the nucleus. Firstly oligo-A tracts are known to be
present in nuclear RNA (44), (46) and these may possibly
prime cDNA synthesis. Additionally self priming activity
of the RNA has previously been reported (44) (46) and
undoubtedly regions of secondary structure exists within
the RNA, furthermore much nuclear RNA is isolated as
aggregates (41),(43),(51). As RNA/RNA duplex is the in vivo
primer for reverse transcriptase it seems more than likely
that self priming can account: for a proportion of nucleus
confined cDNA. This cannot explain the findings of Herman

et al. (44) who sheared their HnRNA before selection on
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O0ligo-~dT-cellulose. However it must be possible for a
proportion of nuclear cDNA to run into intronic regions.
These portions of the cDNA transcript would of course be
nucleus confined.

A number of investigations however do provide evidence
for qualitative regulation at a post-transcriptional level,
although the mechanism involved is not clear. Two studies
in particular - one in sea urchin (21) and one comparing
nuclear RNA of different rat tissues (45) have shown that
even greater overlaps in sequence representation occur at
the nuclear level than at the cytoplasm. In the sea urchin
for example an m-DNA probe made from blastula stage embryos
hybridised to only 12% with intestine m-RNA. However when
the reaction was driven with nuclear RNA from a variety of
adult tissues including intestine complete reaction of the
probe was observed. That this was physiologically significant
was demonstrated by the fact that the blastula m-DNA
sequences were present at the same concentration as sequences
destined to appear on the polysomes.

In an analagous fashion single copy DNA saturation
estimates in rat nuclear RNA have shown that brain nuclear
RNA sequences show complete overlap with nuclear RNA of
liver and kidney. However in this case distinctive differences
in the total complexity of nuclear RNA were discovered with
4L -6% of the probe hybridising to thymus nuclear RNA when the

brain was able to hybridise over 15% of the probe. Thus a
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common core of sequences is transcribed in all three of

the above tissues and may also be common to all cell types.
It should perhaps be noted that both these examples are
slightly deviant from the norm in that both sea urchin
gastrulae and brain possess extremely large complexities

and might be expected therefore to show extemsive overlap
with other tissue types or developmental stages. Furthermore
some evidence has already been shown that the general trend
of sea urchin development is towards reducing complexity (4).
As has also been described the polysomal population on sea
urchin embryos also demonstrate a set of sequences of a
specific nature (4). Evidence that this is reflected at a
nuclear level has also been presented (55). Using single
copy DNA not represented in gastrula nuclear RNA a significant
proportion of mew sequences were shown to be tramscribed in
intestine nuclear RNA despite the fact that this tissue has

a much smaller polysomal RNA complexity (4). As the
proportion of total sequence complexity found to be specific
to intestine is no? large, experiments like those described
by Chikaraishi et al (35) would not be expected to reveal
such differences. In study of the myogenesis system however,
where there is a trend, unlike the sea urchin, towards a
greater complexity in developing from a pluripotent precursor
to a committed stem cell (10) a proportional increase in
nuclear complexity has also been recorded (16). In other

similar model systems for differentiation e.g. the Friend cell,
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some enrichment in sequences abundant in messenger RNA

has also been observed in nuclear RNA, suggesting that this
abundance may be transcriptionally controlled (7), (48).

Other work on avian erythropoiesis by Tobin and his
colleagues (56),(57), has demonstrated both processes at
work. In terminally differentiating erythroid cells the
complexities of both nuclear and cytoplasmic RNA compartments
was found to be surprisingly limited. The polysomes were
found to express as few as one hundred sequences (only
mammalian enucleate reticulocytes may have lower complexities
than this). A coincidently small fraction of single copy
DNA was found to be transcribed into nuclear RNA corresponding
to only L0O0OO sequences of average size or less than one
percent of the single copy genome. However the complexity
difference between nucleusyand cytoplasm was.inordinately large;
the nucleus expressing roughly forty times the number of
sequences found in cytoplasmic poly A(+)RNA. It seems

an inescapable conclusion here that nuclear polyadenylated
sequences which could be potential messengers are turning
over within the nucleus. More evidence in support of this
finding is provided by the same group (57). In these
experiments cDNA prepared from liver m-RNA was hybridised

to total the RNA of avian erythrocytes. A small fraction

of liver cDNA was indeed found to hybridise to avian nuclear
RNA (poly A(+) and poly A(-)) and was found to represent

something less than 100 sequences. Interestingly, these
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sequences were found also on the erythroid cell polysomes
as well as on the liver cell polysomes and seemed to derive
from intermediate abundant liver m-RNA.

Another factor worthy of note is that the liver cDNA
was present at similar copy numbers per cell in both nuclear
and cytoplasmic RNAs of erythroid origin; the rarest class
of normally observed erythroid messengers is in fact
approximately one order of magnitude more prevalent in the
cytoplasm than in the nucleus. Additionally the level at
which these liver sequences were observed was extremely low
at roughly 0.08 copies per cell, contrasting with 0.5 copies
per cell for the rarest erythroid HnRNA sequences. The
authors interpret this data as indicative of transcriptional
control, and certainly the degree of sequence overlap is
extremely small compared with those observed in the previously
described data (21),(45). However it should be stressed
that use of a cDNA probe will almost certainly bias results
against finding high complexity components of small mass
fraction and the results obtainable with a single copy m-DNA
might be of interest. Nevertheless, as the sequences
detected are of extremely low abundance this argues against
any meaningful rate of liver sequence transcription in these
erythroid cells. This could indicate very rapid turnover
of these sequences after transcription, but as the authors
point out it more likely represents a subpopulation of the

erythroid cells, possibly of less mature developmental status,
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than do express these sequences also found in liver.
There is certainly no real evidence that any liver specific
sequences are transcribed in the nuclei of erythroid cells
but not subsequently expressed at a polysomal level.

The most detailed study with relevance to this issue
is a recent ome from Gros and his co~workers (58),(59)-.
This study analyses the changes occurring during myogemnesis
as referred to earlier (6). Again a pluripotent terato-
carcinoma cell line was used to compare with a myoblast
line derived from a similar parent stock and these were
compared to myotube cultures formed by differentation
in vitro (58). Relative complexities of nuclear RNA assayed
with single copy DNA probes revealed a significant increase
in nuclear complexity in the committed cells over that
observed in the embryonal carcinoma. It was demomnstrated
here as before, that sequences specific to each developmental
stage were detectable using c-DNA hybridisation to poly A(+)
cytoplasmic RNA. To analyse whether the changes occurring
at the nuclear level were due to de novo transcription of
these same sequences, probes enriched in stage specific
adult sequences were prepared by preparative hybridisations.
No evidence for the presence of these sequences in the
nuclear RNA of the earlier stages could be provided, strongly
suggesting that these stage specific sequences arise from
changes in transcriptional activity. Additiomal evidemnce

suggesting this interpretation was evinced from changes in
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chromatin nuclease sensitivity which has been correlated
with transcriptional activity (60) (See Section III.B.2)
and from in vitro translation (59) of RNA homologous to the
specific cDNA preparations. The proteins seen to be coded
for by these messengers did indeed turn out to be muscle
specific proteins including myosin, actin . and troponin

One feels that this investigation probably stretches
the techniques utilised to the limits and whilst meaningful
inferences are possible,if a more detailed understanding is
to be derived it must be obtained from differing approaches.
The study of RNA population has therefore been revealing
of a number of points, not least that major phenotypic
changes may be mediated by a relatively small number of
changes at the level of gene expression. However, the
fact that small changes are those most easily lost by this
technique has meant that important data needs to be obtained
from analysis of the expression of specific DNA sequences.
Experiments adopting this general approach will be discussed
in the following section.

Before leaving the analysis of nuclear RNA and its
involvement in differential gene activity, attention must
be drawn to one aspect beyond dispute. Whatever conflicting
evidence for or against qualitative control at a post-
transcriptional level, quantitative regulation most certainly
does occur. When analysed with nuclear cDNA or single copy
DNA the HnRNA most often hybridises with kinetics which

show evidence for only a single abundance class (7),(11),
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(20),(41), corresponding to an average representation

of one copy per cell. Moreover hybridisation of abundant
and rare cDNA from polysomal poly A(+) mRNA hybridises

to nuclear RNA at similar abundances (7),(20), (41), (43), (4L4).
Furthermore even when heterogeneity of abundance in nuclear
RNA has been identified the spread of abundances is very
limited compared with cytoplasmic variation (16),(30),(38),
(56). Of course, whether this quantitative modulation is
brought about by selective processing or transport or from
differential cytoplasmic stabilities is a debate which will

have to be reappraised in a subsequent section (IV. B and C).
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I.B. Analysis of specific gene products.

Until recently, the only specific hybridisation probes
available, have been derived from those gene transcripts
which were present in extremely large amounts by virtue of
their cell specific synthesis. Thus globin m-RNAs have
been extracted from reticulocytes (61),(62), ovalbumin from
oviduct (63), immunoglobulin from myeloma cell lines (64)
fibroin from silk worms (65). Using preparative hybridisation
it had also proved possible to isolate albumen m-RNA from
liver (66) and the myosin chain m-RNAs from muscle cells (67).
The pancreas specific m-RNAs are also studiable as in |total
they constitute about 90% of the total m-RNA (27) like globin
and reticulocytes (9),(62),(68).

Whilst the study of such m-RNAs enables a detail of
information to be achieved which is not possible when studying
populations of RNA molecules, a mecessary proviso has always
been that genes of this nature, that is of extremely high
abundance may be regulated in some aberrant fashion and are
therefore not applicable to a general situation. Whether
true or mnot, as tissue specific or tissue characteristic
gene products, these probes have still provided meaningful
information with regard to gene expression during differentiation

At the present time, however, such distributions are
no longer necessary. The development and growth of gemetic
engineering has meant that virtually any gene or its
m~-RNA may be obtained pure and with the added advantage

that quantities are no longer limiting. One particular
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advantage that has accrued is the possibility of studying
expression in detail, not Jjust of single genes, but groups
or families of genes having common structural (69), (70),
developmental (71),(72) or functiomal (71),(73) relation-
ships. When combined with the ability to study such genes
at both the m~RNA level,to isolate them from genomic
libraries (74),(75) and have access to their genomic
organisation. The possibility of such dissection of
differentiating systems should enable great advances to

be made in the near future. This is especially true with
the availability of sensitive blotting protocols (76), (77)
to study DNA and RNA and the rapid sequencing techniques
(78),(79). Already the sheer volume of new data available
is astonishing, although it perhaps needs to be stressed
that as yet not a great deal more is known about the
mechanisms which regulate eukaryotic gene expression; it
must surely be only now a matter of time before a degreé
of understanding is achieved.

I.B.l. Globin gene expression during differentiation.

One of the first questions therefore that required
answering was could the prevalence of these abundant
messenger RNAs derive from a similar elevation of sequence
at the DNA level? For gldbin this question was answered
fairly soon by saturation experiments using cDNAs transcribed
from globin m-RNA hybridised to total genomic DNA (80),(81).
Such experiments demonstrated that globin genes, as had

been expected from human genetic observation, were coded for
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by single copy genes, or if not strictly unique then the
repetition frequency was extremely limited. It was certain
at least that even the genes for proteins as abundant|as globin
were not derived from the repetitious portion of the genome,
observable in reannealing kinetics of total genomic DNA

(46), (49).

The sole true exception to this rule has been the
histone genes, most particularly of fhe sea urchin, which
have been shown to display fairly high repetition frequencies
suggesting that approximately 500 copies of the genes may
exist. In this case at least, the high abundance of the
m-RNA and protein is facilitated by the presence of a high
gene copy number. How universal this phenomenon turns out
to be remains to be seen; the number of histomne genes
necessary however, seems to be decreasing as they are isolated
from more advanced organisms. The frog Xenopus for example
and the fruit fly Drosophila possessing only about 20-50
and 100 genes respectively. However the primitive eukaryote
yeast has very moderaté'numbers‘of histone;genes (82),(83),
possibly only two copies per haploid gene.

A question which can be readdressed with these probes
is whether these tissue specific gene transcripts can be
found in other cell types of different lineage. A defimitive
answer might be expected from this approach, however the
observed situation is still somewhat equivocal. With regard
to globin gene expression for example Humphries et al.
observed homologous sequences present in both muclei and
cytoplasms of a variety of cell types (84), including liver,
brain and fibroblast lines. In complete contrast Groudine

and Weintraub (85), Spector et al. (86), Jaquet et al. (41)
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have all looked for the presence of globin transcripts and
in the former two cases ovalbumin transcripts,in other cell
types. Without exception no evidence for transcription of
these specialised products in "non-expressing™" tissues
could be obtained. In the case of Spector and colleagues
(86), no globin or ovalbumin mRNA sequences could be detected
even though low levels of endogenous "sarc'"related sequences
were observed in the same cells. No globin was observed in
either nuclei or cytoplasm of teratocarcinoma cells (41)
under conditions which would be expected to detect one copy
per 50 cells. However, Groudine and Weintraub (85) did
observe hybridisable globin RNA in total RNA of RSV transformed
fibroblasts, but not uninfected fibroblasts. Moreover the
expression of globin sequences was correlated with the
presence of the transforming gene and not with virus
transcription or replication per se. Interestingly only
embryonic and not adult globins were observed in these embryo
fibroblasts. (It remains possible that this is comnected
with a comparable phenomena observed in the K562 human
erythroid precursor cell line which will express foetal
globins if induced to differentiate with haemin. (87),(88).
This would be indicative of a relationship between foetal
or embryonic stage cells and adult precursor stem cells.
Such a connection would be supported by the observation that
many hepatomas express the foetal gene product a-fetoprotein
(133).)

If one accepts the possibility (as the authors do)that

the globin observed in liver and brain represented blood cell
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contamination of these RNAs then one possible way to resolve
these seemingly contradictory sets of data is to propose
that the globin observed in fibroblasts (84) was due to the
fact that only transformed fibroblasts were studied. As
demonstrated by Groudine and Weintraub (85) omne form of
transformation was able to cause expression of globin genes
albeit not of adult types. However some Friend Cell clones
have been shown to be somewhat leaky to adult globin gene
transcription in the uninduced state (38). The lack of
evidence for globin transcripts in embryonal carcinomas,
may then lie in the unique nature of these cells, which
despite being able to grow in culture show an extremely
stable karyotype (42), and thus may not possess this type
of tramnscriptional derepression suggested for other transformed
cells.

One approach which only redress to specific probes can
give is the study of primary sequence data. The globin
m-RNAs have been some of the first to be sequenced (89),(90),
(91),(92),(93). However, the only real gains from this work
has been an awareness of non-translated portions of mammalian
m-RNAs and perhaps more importantly that these non-coding
portions of the m-RNA were better conserved throughout
evolution than would be expected if they did mot have some
function. The potential of this type of analysis was not
however fully exploitableuntil clomned DNA sequences could be
combined with the new rapid sequencing techniques (78), (79)
(the results of this type of study are discussed in section

IIc ).



39

The intrinsic purity of globin probes though, enableds
unequivocal evidence to be obtained regarding the existence
of high molecular weight nuclear precursors to globin m-RNA
(94). Without doubt it has been established that P globin
m-RNA exists as a nuclear species of approximately three
times the size sedimenting at roughly 15S. (48),(49),(50),(94).
In addition a similar sized precursor to human K globin has
been identified (95). This species of precursor has also
been seen to be polyadenylated at its 3' terminus (48),(&9),
(94) however Bastos and Aviv (94) whose finding was one of
the original observations also described an extremely large
27S molecule which contained globin sequences but lacked
poly A. Despite the more sophisticated techniques mnow
available and the possibility of using cloned probes, no
other group has been able to find a similarly sized precursor
(96),(97). The reconciliation of this point is important as
it has implications for both the size of the globin primary
transcript and the site of polymerase binding and furthermore
relates to the role of poly A and the time and stage of its
addition to message precursors. Some evidence against the
notion of a very large B globin transcript have come from
S-1 mapping data using end labelled fragments (98). These
authors have shown that the 5' terminus of both the mature
messenger and the 15S precursor have identical coordinates
at the DNA level. This means that either transcription is
initiated close to the messenger cap site or less likely that

the large species if it exists possesses a large block of
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non coding sequence at the 5' end of the precursor, which
is removed to generate the 15S species.

The structure of the 15S precursor to globin m-RNA
has also been well established by a number of techmiques
(48),(49),(50). These all demonstrated that the precursor
was exactly homologous, - to the globin gene sequences in
the DNA and thus contained the intromns (48), (49),(50). It
became clear therefore that generation of mature messenger
RNA, with the coding sequences lying contiguously, was a
process carried out by RNA/RNA splicing and not by some
alteration of DNA structure during transcription, for example.

Globin probes i‘have also been used to study the
accumulation of these sequences during erythroid maturation

either in vivo or in vitro using Friend Cells as a model
?

system. In the latter case accumulation of globin protein
has been shown to mirror an equivalent increase in the
concentration of the messengers (29),(30),(62),(99-105).

The relative proportions of a« and P however can vary
significantly during the induction process (99),(101),(106),
moreover the inducer used can markedly affect the relative
rates of increase (101). Final ratios do not usually show
such variation, values around unity prevailing. Though in
the presence of haemin induction of B globin is about 3
times greater than that of o (101). Whether this uncoupling
of a and B globin m-RNAs is physiologically meaningful,
though is not clear. Studies of artificially stimulated
erythropoeisis, using phenyl hydrazine to induce anaemia,

have produced conflicting results (99),(107),(108). Cheng
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and Kazazian (107) prepared cells from spleen during
erythropoiesis and found an excess of B globin m-RNA, however
balanced production of a« and P m-RNA has been observed

under similar conditions by Phillips (108) and most recently
from bone marrow by Hunt and his colleagues (99).

The level at which the control of globin expression
may be mediated during this induction of m-RNA is equally
complex. A number of observations pointing to a change in
the rate of transcription have been made, as undoubtedly
the steady state level of globin in nuclear RNA increases
during Friend Cell induction (7), (14),(29),(37),(38).

Another indication of transcriptional control in the
globin system has come from study of the phenomenon of
globin switching in sheep. Sheep and some other related
species have the ability to express a new globin chain
when put under erythropoietic stress or given exogenous
doses of erythropoietin. This changeover is clearly
attained by de mnovo expression of the BC stress globin
m—-RNA and moreover no prior appearance at the nuclear level
can be observed (109).

However one Friend Cell P clone, at least, has shown
evidence of post transcriptional control, as little change
at the nuclear level was observed (38). Furthermore when
the induction of globin sequences in nuclear RNA is
compared with that seen at a polysomal level a clear disparity
exists; the concentration of globin in the cytoplasm being
much greater relative to total poly A(+) RNA than

in the nucleus (7), (14), (29), (37), (46).
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Obviously some post-transcriptional mechanism is contributing
to the observed high abundance of globin m-RNA in cytoplasms
of induced Friend Cells. Whether this is due to relative
rates of processing or transport from the nucleus or cytoplasmic
stabilities has not yet been determined. However studies on
the half-life of globin m-RNA during spleenic (62) or bone
marrow erythropoiesis (110) or during Friend Cell induction
has proved revealing (111),(112). Values for globin half
life acquired from radio-labelling by pulsing spleen cells

in culture or injecting mice directly and collecting bone
marrow or circulating reticulocytes have indicated an
approximate half life for globin m-RNA of about 17 hours.

A similar value has been observed in induced Friend Cells
(111),(113). The remaining components of the messenger
population have either a very short (2-6 hrs) half-life or

a smaller fraction 10-30% were shown to be much more stable,
with a half-=life of about 35 hrs. This fraction is crucial
as the only way possible for globin,with a shorter half-life
to reach a greater than 90% proportion of reticulocyte m-RNA
is for this component to become destabilised. This is
particularly crucial as in the latter stages of erythropoiesis
m-RNA synthesis ceases, stability must therefore be the major
parameter determining abundance. If mno change occurred then
globih could only rise to 20% of total poly A(+) RNA (11k4).
If this destabilisation model is correct then it would appear
to occur at a late stage of development virtually at the

reticulocyte stage or in the immediately previous orthochromatic
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erythroblast, as Lowenhaupt and Lingrel (111) found
no change in the stability of bulk non-globin m-RNA in
inducing Friend Cells, which mormally do mot progress
completely to become reticulocytes. Moreover these authors
in fact observed a destabilisation of globin m-RNA itself,
this however was due to the fact that in the early stages
of induction by DYMZS.0. the m-RNA decays very slowly having
a very stable turnover time of greater than 50 hrs. It may
be this factor, coupled with the increased transcription
rate which determines the final abundance of globin m-RNA.
Such very stable globin m-RNA has not been observed in vivo
as yet however. Perhaps the possibility of using specific
non-globin probes with Friend Cell cultures, which under
appropriate conditions, it appears can be made to develop
into terminally differentiated reticulocytes (115), will
be able to resolve this questionf

This leads us to the question of whether globin m-RNA
induction is obligatory for Friend Cell differemtiation.
A genetic analysis of this point by Harrison and his colleagues

- (reviewed in 30), (117) using mutants unable to differentiate

in DeM.S.0. has tended to support this idea. Most of the
non-inducible clones do not produce detectable amounts of
globin m~-RNA or other erythroid specific produc¢ts. Interestingly,
though many clones were inducible by different inducers,
butyric acid or H.M.B.A. and this gives weight to the idea

that different inducers do in actual fact act via different
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mechanisms. Some mutant clones however, have been shown

able to express a differentiation marker,the red cell

specific membrane protein spectrin, whilst unable to induce
globin. Thus some parts of the process of Friend Cell
differentiation can be uncoupled from globin synthesis.
Another mutant line has revealed a total inter-dependence
between haem synthesis and globin gene expression during

early induction. The same is true for terminal differentiation
eventsy; as no haemoglobin can form the cells do not go
through terminal differentiation. That this is linked to

haem expression was demonstrated by showing that supplementing
the medium with haem as well as D.M.S.0. enables the cells

to differentiate fully (118),(119).
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IT.B.2. Specific gene expression-hormonally controlled tissues.

The general pattern established for control of globin
expression does in fact seem to have been corroborated by
studies using other specific gene probes. For example
nuclear precursors for a number of other messengers have
been identified and these are all larger than the mature
m-RNA and equally have been found to contain transcripts of
the intervening sequences. Furthermore some of the processing
intermediates also have been identified (120-124). Other
investigations of the 5' and 3' termini of these precursors,
in ovalbumin for example (121) using the S-1 mapping technique
(98), have also confirmed the data from experiments on globin
transcripts; mnamely that the largest species found in
nuclear RNA show conservation of the termini from the DNA
level through to the mature messenger. Thus the primary
transcript does not appear to extend beyond the DNA equivalent
of the Cap site at the 5' end and the poly A addition site
at the 3' end. Revealingly, to date, no non-poly adenylated
species of nuclear precursor have been identified. The
addition of poly A at the 3' terminus must be one of the
earliest post-transcriptional processing events; contrary
therefore to expectations derived from study of nuclear
RNA populations.

Studies on a variety of specific genes, particularly
those under hormonal control have demonstrated a direct

correlation between hormonal stimulation, increase of protein
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product and level of cytoplasmic m-RNA. Much of this
work has been carried out using steroid-hormone inducible
sequences, such as the avian egg white protein genes. Study
of two such sequences  ovalbumin and conalbumin,using isolated
nuclei and tissue culture organ explants (125), to measure
rates of synthesis and decay, have attempted to elucidate
whether this messenger increase is controlled at the level
of transcription. Whilst it was demonstrated that both
genes were undoubtedly under transcriptional control (steps
were taken to try to distinguish this from very rapid turnover
of the primary transcript or blocking of polymerase elongation)
other mechanisms were also controlling the level of m-RNA.
Surprisingly perhaps, the behaviour of the ovalbumin and
conalbumin genes to the same stimuli could be quite different.
Firstly, conalbumin was shown to have a finite level
of constitutive transcription, ovalbumin on the other hand
appears to be tramnscribed extremely rarely in the absence
of hormone. This difference was accentuated in the time
courses of induction by secondary stimulation (after prior
oestrogen treatment and withdrawal). Under these conditions
ovalbumin synthesis only begins after a lag of about 2 hrs
whereas extensive conalbumin synthesis can already be seen
by 30 mins and rises immediately on stimulation. Progesterone
will also induce these sequences on secondary stimulation
(although it cannot be used for primary stimulation). Under
these conditions both sequences show increased synthetic

rate, however conalbumin in particular shows a relatively
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marked change in rate of turnover during induction and
under suboptimal doses ovalbumin m-RNA is highly unstable.
Thus it appears that progesterone at least, is additionally
affecting the stability of both m-RNAs.

Other interesting observations were made regarding
oestrogen receptor levels in the nucleus and cytoplasm
and the level of induction; the nuclear concentration being
proportional to synthetic rate. Additionally although showing
a smaller degree of induction)the conalbumin gene seems to
respond to lower levels of hormone than ovalbumin does.
This may account for its higher constitutive levels of
transcription. The time course of induction is also closely
related to numbers of receptors, however the conalbumin gene
began transcription at the same time as the receptor/hormone
complex was found in the nucleusj; the ovalbumin gene behaves
differently as transcription is noet activated immediately.
Similar observations on control of ovalbumin have been
obtained from other groups using more conventional techniques
such as probing unlabelled de novo synthesised RNA.

Differential control of the ovalbumin gene by oestrogen
or progesterone has been observed elsewhere (126). Use of
a specific oestrogen inhibitor was able to reveal the effects
of progesterone in isolation from oestrogen. Progesterone
clearly affected translation in some manner, although the
precise mechanism involved was not clear. A modulation of
initiation rate of messenger on ribosomes seemed the most

likely site of action. This is not a complete picture though
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as in the prolonged absence of oestrogen, progesterone was
unable to maintain ovalbumin m-RNA levels and a build up of
monosomes and free ovalbumin m-RNA sequences occurred. Thus
the continued efficiency of the translational machinery
appears in some way to be dependent on oestrogen.

Another interesting comparison is one between the
conalbumin gene and its identical liver analog transferrin
(127). This latter whilst identical to conalbumin and
similarly induced by steroid hormomnes is also regulated by
serum iron levels (128). Monitoring of synthesis in isolated
nuclei demonstrated transcriptional regulation in response
to hormone or iron deficiency. In the presence of both
stimuli a synergistic. effect was also noted. By comparison
with oviduct, the liver response is muted, however. Despite
the interaction between iron deficiency and oestrogen in
modulating transferrin expression, again different sites of
action have been inferred from the fact that the presence
of saturating amounts of ferritin did mnot block oestrogen
stimulation.

Other steroid inducible genes shown to be regulated in
this fashion are casein in mouse mammary gland (17), (129)
or the androgen regulated kidney (132) and liver products -

MUP (130) in the mouse and a, globulin. of the rat (131).

2
Glucocorticoids have also been shown to regulate tryptophan
oxidase and Tyrosine amin¢ transferase in the same fashion
(131). Also in the liver, rates of synthesis of a-foeto-

protein (133),(134) and serum albumin (132) have been shown

dependent on m-RNA level. Control of a-feto-protein by
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density dependence in a hepatoma line was additionally
shown to affect rates of transcription.

Whether this relationship is true of peptide hormones
remains unclear, however prolactin m-RNA levels are modulated
by thyrotropin releasing hormone, in concert with prolactin
synthesis (135).

Two observations nevertheless, supporting a slightly
different pattern are worthy of note. The rat urinary

protein a,-globulin has been shown to be sensitive to a

2
large number of different hormonal stimulation. Reinduction
of synthesis in hypophysectomised animals required the
presence of androgen, thyroid hormone, glucocorticoid and
pituitary growth hormone. However, whilst the messenger RNA
can be induced by the first three of this group, in the
absence of growth hormone no protein synthesis occurs.
Translation in vitro and hybridisation studies (136) have
demonstrated that functional message exists in the cytoplasms
of animals so treated. Further treatment of these animals

with growth hormone causes a rapid synthesis of o, -globulin

2
without affecting m-RNA levels. This is somewhat similar
to the situation observed in chick oviduct stimulated with
progesterone (126). Different mechanisms may be acting
though, as in the latter case inefficient initiation by
ribosomes seemed to be the goverming factor. In the dz-
globulin example, activation of translation was accompanied
by a shift from free polysome associated messenger to

membrane bound polysomes. This could be due to an effect

on elongation rate; the membrane association has been
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postulated to occur from implantation of the mascent
protein chain into the cell membrane.

The other example is that of procollagen synthesis in
developing bone (137),(138). Whilst the level of messenger
RNA here again correlates well with the rate of protein
synthesis, the rate of m-RNA synthesis does not appear to
be the dominant factor in establishing the m-RNA abundance.
Rather, a decrease in the stability of non-collagen m-RNAs
seem to be the cause. This is of course very similar to
the proposed mechanism of terminal erythroid differentiation
described earlier (114).

With regard to the future direction of this line of
investigation, the ability to clone sequences of interest
means that coordinately regulated groups of genes, like the
major egg white proteins can be studied. This should provide
greater insights into how tissues undergo specialisation.
Such an approach is perhaps best exemplified by the isolation

-
from a c-DNA iibraryof avian liver sequences responding to

oestrogen induction (71).
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I.B.3. Specific gene expression during development.

Similar techniques have been used also in simpler
eukaryotes to identify control mechanisms occurring during
development. Some specific products, present in high
abundance, sea urchin embryonic histones and Dictyostelium
discoideum actin, for example have been analysed. Where
specific probes have not existed ore commonly used tool
has been the applicatidn of cell free translation in wvitro,
using systems derived from wheat germ (400) or rabbit
reticulocyte lysate (hOl). The advantages of this approach
here are that a number of specific gene products can be
analysed simultaneously, additionally as the m-RNA populations
are predominantly of lower than average complexity a
meaningful number of proteins can be analysed. Furthermore
the nature of regulatory events can be usefully investigated
by comparing protein patterns derived from in vitro translation
and those derived from in vivo labelling of proteins. Quite
sensitive analyses are possible, particularly if two
dimensional gel electrophoresis (141) is employed.

A transition of particular interest occurs during sea
urchin early embryonic development. During the blastula
stage a change in the expression of histone m-RNA occurs.

This results in a switch from a set of so-called“early"histone
m-RNA to a mnew type referred to as "late" m-RNA. Each set

of m-RNAs codes for all five histone variants but are

thought to originate from different gene sets; the early
m-RNA supposedly deriving from the highly repeated, clustered

histone units. This implies that the "late" histone seen
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throughout subsequent development may originate from an
alternative source. To support this interpretation are

the observations that the histone proteins synthesised at
late blastulae stage change from a single form to a number
of sub-types (139), possibly having future cell type
specificities. Differences in m-RNA sizes correlating with
this change have been identified in some species (139), (140).
Hybrids formed under normal conditions also show reduced Tm
values indicative of base mismatching, moreover stringent
hybridisation to cloned "early" genomic DNA can produce
only homologous hybrids; mno hybridisation to late m-RNA

is observed under these conditions (142).

The mechanisms determining this switch in histone gene
expression are not so well defined conflicting reports exist
regarding the time course of switching. Early and late
histone transcripts have been observed in developmental
periods outside their normal expression (149). Others
however have been unable to find evidence of early histone
m-RNA in late development, although a small amount of late
histone m-RNA has been observed prior to mesenchyme blastula
stage (142). What is perhaps rather more clear is that
switching is mediated at the level of m-RNA synthesis. No
translatable m~RNA has been extracted and shown active in
vitro at times when no in vivo histone is present (140), (142).

Similar relationships have been implicated in the two
major developmental changes of Dictyostelium which have
been scrutinised. The first is the aggregation of vegetative

cells and the subsequent production of spores, the latter is
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the synchromnous transition from spores, which germinate
to form vegetative cells.

A fairly large number of éhanges have been identified
during aggregation, however one of the most easily identified
of these are the changes seen in the level of actin.

Typically very little actin is observable in gels of
labelled protein until about 1 hr. into aggregation. A
fairly large rise in actin level then occurs, however this
rise is only transient and is followed by a swift decrease.
Later levels rise again to an intermediate level but after
16 hrs of development actin decreases again to insignificant
levels (143),(144). 1Investigation of these changes by
in vitro translation (144) has demonstrated that all the
modulation of actin gene expression are regulated by the
concentration of actin m-RNA in the cytoplasm. No changes
in half-life of actin m-RNA could be correlated with these
changes so the authors conclude that actin m-RNA levels are
probably regulated at a transcriptional level. In support
of that conclusion was the sensitivity of this actin
developmental programme to RNA synthesis inhibitors such
as Actinomycin D. (144)

Analysis of a group of mutants for the aggregation
processes revealed also that the final precipitous fall
in actin synthesis may be controlled by cell-cell contacts,
as  mutants unable to aggregate maintained high levels of
actin synthesis (140), (145). (Late aggregation variation
in nine other proteins which fall in level at about the

same stage as actin also relate to m-RNA synthesis and moreover
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are also controlled by cell/cell contacts, as shaking
to prevent aggregation deletes this developmental response

Two other developmentally regulated proteins of high
abundance described in the same study show similar
transcriptionally mediated regulation. One mutant strain
developmentally incompetent was found unable to induce
these proteins, which appear very early in the differentiation
cycle. It is possible therefore that these proteins may
have some developmentally important functiom (144), (145).
More complete evidence for . transcriptionally controlled
developmentally regulated sequences has come from Williams
and his colleagues (146). Hybridisation of pulse labelled
nuclear RNA to such a sequence isolated from a vegetative
cell c-DNA library revealed transcriptional rate changes
correlated with developmental variations in m-RNA abundance.

During spore germination, a similar variety of
developmentally mediated chaﬁges in protein synthesis occur
(141),(147). Once again these changes were correlated with
the presence or absence of translatable: m-RNA (141). 1In
the specific case of actin regulation, again variations in
synthesis level were mainly accountable by m-RNA levels
in the cytoplasm (147).

To redress the balance somewhat, a number of translation-
ally controlled modifications of protein synthesis have also
been observed in Dictyostelium. Lodish and his colleagues
have identified six proteins which disappear very rapidly

during differentiation (143),(144). This seems to be
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mediated by a general drop in the rate of message initiation
due to a reduction of availability in one of the imitiation
factors. As Lodish has described previously (148) such a
change can have a specific effect on messengers with
differing affinities for ribosomes. In addition Firtel

has identified actin m-RNA presence in germinating spores
before translation is detectable in vivo (147).

In other developmental systems under scrutiny, chorion
production in Drosophila (149) and silk moth (70) and yolk
protein production in Drosophila (150) presence or absence
of m-RNA has again correlated with protein production.

In yeast, the cytochrome C gene has been shown to be regulated
transcriptionally (151).

Despite this definite trend,there may be one stage of
development where translational controls or post-transcriptional
controls actually are the dominant regulatory mechanisms.

This is during the period of very early embryonic development.

During oogenesis in Xenopus laevis a major shift in
the synthetic rate of histone occurs such that the egg is
synthesising 'much more histone than the oocyte. By tramslating
m-RNA extracted from oocytes, eggs and embryos in an
in vitro system Ruderman 22_2; (152) demonstrated that the
total histone m-RNA population did not change during this
period.

In the early mouse embryo translational control of
three particular proteins;sstimulated at the two cell stage

of development. No changes in m-RNA population occur at this
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time and translatable m-RNA was extractable from eggs
although in vivo no synthesis of these proteins could be
detected. Additionally, a-amanitin which is a specific
inhibitor of polymerase ITI transcription, does not affect
this change (152). Development beyond the two-cell stage
however did seem to require embryo mediated transcription.
In concluding this section the overriding impression
derived from study of the expression of these specific
gene products must be that the dominant factor determining
the level of cytoplasmic m-~RNA coding for these proteins
is modulation of the rate of transcription. Additionally
it seems that many increases in transcription are further
amplified by dincreased stabilities of the messengers
involved. As the majority of these gene products are,
by virtue of their tissue specificity, abundant proteins,
this begs the question whether these genes are in fact
controlled in a fundamentally different way from genes
coding for low abundance products, which may also be of
more ubiquitous representation. This is especially revealing
as in the previous discussion on RNA populations, a general
trend towards post-transcriptional regulation was described.
Most of these investigations, being concerned with the
major part of the sequence complexity amplify the effects
of low abundance sequences.
A number of recent publications may shed more light
on this situation in the future. Tilghmann and her

colleagues, by constructing a cDNA library have selected out



sequences which are later developmentally regulated and

rare in the m-RNA populations, their expression being
confined to the early stages of muscle development. The
regulation of such sequences may help to clarify this
situation. The study of gemnes (and products) of this nature
may also be revealing as they may function to control the
expression of genes observed later in development and
differentiation (153).

Two other groups have used recombinant DNA techmnology
as direct extensions of their previous work on m-RNA
population analysis. This enables specific probes, and
the concomitant increase in detail that ensues to be
exploited in examining the regulation of sequences of widely
different abundance.

Analysing development in the sea urchin, using randomly
selected clones from a library made at gastrula stage,
Davidson and his coworkers described a number of interesting
trends (154). One was a marked shift at the pluteus stage
to expression of a small number of sequences at very high
abundance. The gastrula by contrast had no extremely
abundant sequences. Surprisingly perhaps, a large number
of clones analysed contained sequences expressed uniformly
throughout development. Moést of these sequences were of
the rare class and if more abundant at any stage were only
modulated by a few fold in concentration. More abundant
clones of gastrula and pluteus stage more frequently showed

developmental stage abundance variation. However of Lo

57
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clones examined, only three patterns of behaviour were
identified. Moreover the vast majority of these abundant
pluteus sequences were fairly abundant in egg m-RNA. Whilst
there was a late developmental shift up in abundance of
these clones their general abundance relationships seemed
to have been established in the egg where the majority of
RNA is of matermal origin. Nevertheless during embryogenesis
some sequences found in the egg are not detectable at later
stages and conversely some sequences not detectable in the
egg, rose to observable levels later during development.
Preliminary evidence suggests, interestingly, that these
highly prevalent pluteus sequences attain these levels by
stabilisation of the m-RNA and a higher rate of transcription
(154). Whether the same controls exist in the egg and
during oogenesis however, remains to be seen.

The other example using random selection of clomnes,
comes from a study by Darnell and colleagues (155). In
this study nine cDNA clones corresponding to CHO cell
m-RNAs were selected and analysed for rate of transcription
and representation in nuclear and cytoplasmic RNA. The
results of this study demonstrate that relative nuclear
abundances for six of the clones were maintained in the
cytoplasm. However, the range of nuclear concentration observed
only varied by a factor of ten. The cytoplasmic concentration
on the other hand differed by approximately 100 fold at
steady state. Furthermore some m-RNAs were seen to have
similar transcription rates but different cytoplasmic

abundances and vice versa. This is probably the most direct
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evidence at present of post-transcriptional modulations
of gene expression. As the authors rightly point out
their data may well be indicative of a mode of gene expression,
such that the abundances of m-RNA exported from the nucleus
relate closely to transcription rates but that differentiated
cytoplasmic stabilities modulate the steady state levels.
Such a model is of course testable and further evidence
on this point will be of particular interest.

Perhaps slightly more contentious is their interpretation
of sequence comnservation data during processing of HnRNA
to message. In this system only a 2-5 fold size increase
in pulsed nuclear RNA was observed over the size estimates
for the nine m-RNAs. Based on this data they have concluded
that many more sequences mist be present in nuclei than
ever reach the cytoplasm i.e. that there is qualitative
selection of sequences for tramsport to the cytoplasm.
Accurate determination of primary transcript size is necessary
for such a conclusion. Moreover results obtained from direct
sequence analysis of genes in DNA from a number of sources
has indicated that the average size difference between
m-RNA and primary transcript may be significantly greater
than the 2-5X observed by Darnell and his colleagues. If
this can account for the observed discrepancy in transmitted
and conserved sequences, then processing of some primary
transcripts must be extremely rapid since this study utilised
pulses of only 5 mine. duration.

Undoubtedly, the ability to construct cDNA and genomic

libraries will have marked effects on the study of
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differentiation making it possible in particular to select
out developmentally regulated or tissue specific sequences
and more importantly perhaps, to extract messenger sequences
under coordinate genetic regulation many of which may not

be located on the same chromosome.
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IT. DNA SEQUENCES MEDIATING IN GENE EXPRESSION

A. Role of repeated sequences in eukaryotic genomes

It was well established a number of years ago that
the genomic DNA of most eukaryotes contained a significant
fraction of repetitioussequences. Some of this DNA was
very simple in sequence and repeated in |[tandem arrays ;
subsequéently shown to be clustered at centromeric regions
(46). More importantly some repeated sequences jwere observed to
have moderate repetition frequencies in the region of
100-1000 times per haploid genome. A number of observations
corresponded to suggest that these repeated sequences may
play a role in differential gene expression.

Extensive sequence analysis of a number of eukaryotic
genomes by Davidson and his colleagues (5) indicated that
these repeated sequences were not clustered within the
genome but extensively dispersed throughout it. Furthermore
the repeated sequences, which averaged 300 bp in length,
were interspersed between single copy DNA of approximately
1000 bp in length. That such an arrangement might be
functionally significant was witnessed by the fact that
this pattern was observed in organisms as disparate as
the sea urchin and Xenopus laevis. One possible exception
to this pattern though may be Drosophila which showed
longer repeat elements and longer single copy regions.

Other observations were that these 'repeated sequences
were not identical but showed evidence of sequence divergence
from a common ancestral sequence ( 54). On the other hand
the nature of the repeated sequences showed a surprising
degree of sequence conservation during evolution, implying
that these sequences were of functional significance.

It was also established that the majority of structural
genes were encoded by single copy DNA (5).
A number of models of gene expression using these

observations as a basis have been published (5),(156),(157),
(158).
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Subsequent study of the RNA sequence content tended
to corroborate those implications above. Unlike m-RNA
for example, Hn RNA was shown to 'contain a significant
repeated sequence fraction. Smith et al ( 54) by isolating
the RNA reassociating at low Cot, on HAP were able to show
that these hybrids contained both repeated sequence and
single copy DNA transcript covalently associated. This
was evidenced by the RNAse sensitivity of a large proportion
of the low Cot dupléxxmolecules. However if reassociation
to higher Cots was performed the sequences subseque tly
became nucleas resistant. Furthermore the size of the
repeat sequence element was small, about 300 bp like the
DNA repeats, whereas the HnRNA molecules were large, estimated
to be on average 3Kb in size. Other investigators have
found similar patterns (46).

However, the lack of resolution possible using total
genomic hybridisation probes ( 54) plus the uncertainty
about the true role for HnRNA (46) meant that interest in
repeated sequences waned somewhat. More recently though,
the possibilities of cloning and of rapid sequencing (1oc
cit) coupled with a number of other observations have
reawakened interest in the role of repetitious DNA.

‘Klein et al (159) have used cloned repetitious({DNA
from the sea urchin to characterise the wvarious repeated
sequence elemehts. Reiteration frequencies were estimated
for the different cloned sequences. A modal value of
around 100-1000 copies per genome was obtained with a
distribution from 3-12000. Checks were included to demomnstrate
that this random selection of clones was representative.

The fact that each of these cloned repeats was different
confirmed the original idea that the repeated sequences

were a combination of a number of different repeat "families"
(159). These families were investigated further by analysis
of thermal stabilities of hybrids found between clomned

repeat unit and total DNA. The vast majority of repeat
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families showed that stable hybrids formed at high
stringency and no extra sequences were hybridised at a
criterion 10°C lower. However the melting temperature

of these hybrids was about 11°C Tess than reassociated cloned
strands, showing that intrafamilial sequence divergence

does take place. In general the cloned repeats could be
divided into three classes, those showing little or no
divergence (greater than that existing due to population
polymorphisms) those showing a greater divergence, but no
difference between hybrids found at the two hybridisation
criteria and those which did differ in this latter parameter:
being the most widely divergent families. The majority of
the families analysed fell into the second class. ‘

The full significance of this division into repeated
sequence families is better displayed by further analysis
in the sea urchin HnRNA by Scheller et al. (160 ) and in
maternal oocyte RNA by Costantini et al. (161). Parallel
findings have also been obtained by Firtel and his colleagues
(162),(163), (164) using genomic DNA libraries from
Dictyostelium.

In the sea urchin, the representation of a number of
cloned repeated sequences was analysed at different develop-
mental stages, oocyte and gastrula and in adult intestine
nuclear RNA. Differences in representation of over two
orders of magnitude were observed, furthermore such variation
in representation were observed to be highly specific to
developmental stages, repeat families could be very highly
represented at one stage and not at others. For example
the gastrula contained approximately twenty times as many
transcripts of one clone than did the intestine HnRNA. Thus
the sets of abundant repeated sequence families differ im
each of the three populations analysed. Perhaps unexpectedly
both strands of each repeat were found to be present in all

nuclear RNAs, most often both strands were represented at
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roughly equal concentrations , but sometimes asymmetrical
representation was observed. Nomne of the cloned sequences
was represented at anything like similar abundance in the
cytoplasm and the small copy numbers could be accounted
for by persistence of repeat containing matermnal messenger.

Further evidence that the repeat elements were part
of larger HnRNA molecules and not separate transcripts
were obtained by hybridisation to different HnRNA size
fractions. The most emphatic display of this pattern of
transcripts however has been provided by Costantini et al.
(161) using oocyte RNA which was self annealed to low R t
values and analysed in the E.M. Both intra and intermolecular
association are visible and many multimolecular hybrids are
formed, indiéating the presence of more than one repeated
sequence element per HnRNA molecule. The region of hybrid-
isation are bounded by long tails of unhybridised RNA,
showing the covalent association with single copy sequences.
Isolation of 1251 labelled repeat containing HnRNA using
cloned repeat sequence elements was able to demonstrate
that 85-90% of these molecules are single copy sequences.
The repeated sequences like the single copy were also
proportionally associated with poly A indicating that repeated
sequence elements are associated with RNA destined to become
messengers. What is unknown is whether the destined m-RNA
has the repeat elements removed before translation, as do
the messengers of the later cells. It seems unlikely that
the intact molecules could be translated as they contain
multiple "stop" codons in all reading frames (161).

In Dictyostelium a number of clones have been isolated
displaying a similar organisation. Dictyostelium has a
similar repeat sequence content to other eukaryotes. However
the HnRNA size is significantly smaller than in higher
eukaryotic species. This may have repercussions for some
aspects of gene expression. Two clones have been identified
which contain both single copy or repeated sequences. Mapping
of these clones has shown that the |repititious elements are

placed 5' to the coding sequences. For one clone a species
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of RNA which made stable full length hybrids was identified,
however a large amount of hybridisation to a heterogeneous
number of RNAs was also observed. It should be emphasised
however that the repeat elements in Dictyostelium are still
present on messenger RNA in complete contrast to the sea
urchin examples; there is some evidence that the repeat is
larger in HnRNA however. Another divergent feature of this
organisation relative to the sea urchin pattern is the
asymmetrical transcription of the repeated sequences as
well as of the single copy sequences.

Copy numbers for the Dictyostelium repeats are typical
though for interspersed repeat families considered above,
and the size of the repeated sequence element is also
similar. Strong evidence for covalent association of the
repeat with single copy sequence in RNA was provided by
comparing reassociation of the cloned DNA with labelled
poly (A)+ RNA. If the hybridisation was monitored by HAP
repetitive kinetics are observed, if followed by RNAse
digestion, predominantly single copy sequence kinetics
result (163).

This organisation; whilst ubiquitous in the Dictyostelium
genome (30% of poly A(+) RNA is thought to be arranged
in this fashion) is not obligatory. One clone shown to
encode a messenger containing an associated repeat element,
also hybridised a totally unique sequence. In addition
the multigene family of actin gemes does not show the presence
of a repetitiouselemént. The immediate 5' sequence in this
case was extremely A-T rich; the significance of which is
not yet clear (165).

Further, it is not yet known whether changes in repeat
sequence family representations in Dictyostelium show the
developmental variations seen in the sea urchin. Equally,
it is not known if the persistence of repeat sequences
within Dictyostelium messenger RNA is related to the fact
that gene sequences in this organism have been shown not

to contain intervening sequences (with one recent exception).
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Possibly, those m-RNAs mnot containing repeat elements are
those which do contain introns and are therefore extensively
processed before export from the nucleus, causing removal of
any repeated sequences.

Another aspect of the repetitioussequence organisation
of nuclear RNA and DNA has been reappraised using recent
technologies. In particular the work of Jelinek and his
colleagues has brought to light some interesting phenomena.
Investigation of genomic repeated DNA has shown that a large
percentage of this DNA contains inverted repeat sequences.
These inverted repeat units and also DNA which reassociates
at low Cot have been shown to hybridise to HnRNA repetitive
sequence (166),(167). In addition, if HnRNA is self annealed
these repeat sequences can be isolated. Fingerprint analysis
of the RNA repeats, DNA repeats and inverted repeat DNA
all show the presence of the same oligonucleotides (167).

The size of all these elements is around 300 bp like the
major interspersed repeat DNA fraction. These observations
have been made in both CHO cells (169), HeLa cells (166)
and close homology has been demonstrated between the
oligonucleotides in both the hamster and human nucleic
acids (167).

Partial sequence analysis of these regiéns has shown
that further homologies exist. Rubin et al. (170) and Houck
et al (171) have characterised the major 300 hp repeat family
from DNA. A common lineage has been identified for all
these sequences due to possession of a characteristic
restriction site for Alu I , This nuclease also cuts the
majority of low Cot repeated DNA and inverted repeat DNA in
a diagnostic fashion. Furthermore the Alu family DNA
repeats are closely related to the major repeat sequence
from hamster DNA (167). Some human Alu family members
have been sequenced after cloning (167) as have CHO analagous
clones (169). Comparison of Alu family clones has shown
the presence of a consensus sequence common to all members,
however sequences removed from this region show varying

degrees of divergence (167).
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Additional homologies have been deduced from sequence
comparisons)in particular pol IITI tramscripts from cloned
segments of genomic DNA (172) transcribed in vitro show
strong sequence homology. A number of viral origins of
replication also fit the consensus sequence. This is
particularly interesting as SV 40 large T antigen is thought
to act at this site and is probably responsible for
mediating the late gene expression in SV 40 and Polyoma (173).
The idea that these repeated sequence elements may play a
role in gene expression has been reinforced by other findings
on small RNA molecules associated with HnRNA. Jelinek and
Leinwand (174) for example identified a small RNA in CHO
and rat cells which copurified with HnRNA but which was mnot
itself polyadenylated. Sequence analysis of this RNA has
revealed a region of homology with the repeat sequences
referred to above (169). Indeed there is some homology
in this region to the human Alu family (167). The remaining
sequence diverges strongly from these other repeated sequences.
Therefore the small RNA is almost certainly transcribed from
other regions of the genome.

The situation would be a lot clearer were it mot for a
veritable plethora of small RNAs currently under scrutiny.

A 7S species of RNA of predominatly cytoplasmic origin has
been described by Weiner (175), which is able to make strong
hybrids with Alu family DNA. Small RNAs of predominantly
nuclear localisation known as the U series have also shown
some interesting properties. Apart from a high degree of
conservation of sequence (176) and ubiquitous occurrence
throughout eukaryotic organisms the Ul RNA has also been
found associated with nuclear HnRNP particles (177),(178).
Studies of sequence homologies have led Steitz and her
colleagues to postulate that the Ul RNA may function in
splicing of HnRNA, by virtue of an association between the
5" end of the Ul sequence with sequences at the intron/exon
boundaries. The small RNA containing RNAse P of prokaryotes

has been cited as a possible precedent here (172). Also
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in favour of this interpretation is the existence of a
solely nucleolar U series RNA which may therefore serve to
process ribosomal RNA precursors (179).

As yet of course, the significance of these findings
on repetitive sequences has not been fully elucidated.
Perhaps the most intriguing observation is the polymerase
ITTY promotor activity of the Alu family sequence and their
concomitant presence also within polymerase IT transcripts
(HnRNA). As this promotor activity was an in vitro
observation its physiological significance has yet to be
established as has the siting of Alu sequences with the
B=globin sequence cluster.

However, the evolutionary significance of repeated
sequence within the genome and the extremely high conservation
of some of these sequences argues strongly for a central role
in some biological process, even if this is merely as
replication origins and their transcripts say putative
primers for replication. Undoubtedly this field ié one
which will remain active in the near future and may still
hold the key to some fascinating aspects of eukaryotic

gene expression.

IT.B. Regulatory genes. IT.B.l. Classical genetic evidence.

Without doubt, one of the most significant factors in
the elucidation of prokaryotic control mechanisms has been
the use of genetics. It is genetic mutations more than any
other factor which can provide the mnecessary link between
structure and function. Regarding the problems facing
study of these controls of gene expression in eukaryotes
it is precisely this lack of mutant types which have failed
to provide evidence for regulatory genes. The prime
advantage of this genetic approach though is that no pre-
conceptions about structure (at the DNA level) or mode of
action need be made. The necessity to obtain mutants
affecting expression of structurél genes has been tackled
basically in two ways. Firstly, using classical genetic
techniques an @mphasis has been laid on heavy mutagenisation

of a well defined genetic locus to look for mutations
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affecting expression which map outside the structural gene
region. Ironically, this technique has proven less successful
than might have been expected; the greatest success in
discovering regulatory mutations having come from analysis

of natural variation in different populations. The availability
of highly inbred strains of mouse has proven invaluable in

this respect. '

The altermative approach is to ahandon classical genetic
analysis and essentially work backwards. The ability to clone
and sequence DNA easily has meant that so-called surrogate
genetics can be performed. In this instance DNA from a normal
individual (or group) can be manipulated chemically, by
restriction enzymes for example, and the resulting modified
molecules assayed in vitro to see which modifications to
the DNA structure affect their expression. Such analyses
of course can only provide information about the nature of
sequences lying very close (in genetical terms) to the
structural genes under study. Within this limitation such
an approach has proven quite fruitful in defining wvarious
control regions without shedding a great deal of new light
on the basic regulatory mechanisms, which of necessity may
" act over somewhat larger distances.

Unfortunately, as yet there is still no umnification
within a single system where a genetically idemntified
control locus can be subjected to scrutiny at a biochemical
level. A number of systems are potentially interesting and
one suspects that it may be in Drosophila, where the
necessary precision of genetic analysis can be achieved,
that the first breakthrough will occur. For the present the
best characterised systems are siﬁple eukaryotes, yeast
having provided some of the most provocative information
(180), (181),(182),(184). However until some notion of the
general applicability of such mechanisms to higher eukaryotes
can be ascertained, these findings will remain of dubious
significance.

In the mouse, use of inbred strains has enabled a

number of identifications of potemntial regulatory gemes.
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In nearly all these cases enzyme activity differences have
been identified which cannot be accounted for by changes
within the structural gene (or at least the coding portion).
The best characterised system to date has been the analysis

of the testosterone inducible acid hydrolases, PB-glucuronidase
a galactosidase and P galactosidase; the first of these

has been described in most detail (185-190).

In studying inbred strains of mouse Paigen and his
associates have isolated a number of types df fegulatory
mutants which they define in a number of ways. Systemic
regulators change the levels of enzyme activity throughout
the whole animal, whereas temporal regulation tends to
affect only certain tissues and regulate enzyme activity
changes with regard to particular developmental stages. A
third class of regulation seems to affect the degree of
response to hormone without affecting basal levels. Most
of these types have been found associated with the hydrolases
but their general applicability seems valid as other examples
can be quoted, including some in Drosophila which act within
these definitions.

The first identified locus in the P glucuronidase
system was the Gus-Tr locus (which distinguishes it from the
Gus-s structural locus). This gene regulates the degree of
inducibility of the B glucuronidase by testosterone. A ‘
number of alleles have been observed at this site all of
which showed preferential association with certain alleles
at the Gus-s structural gene.

To date recombinants have not been obtained by laboratory
crosses but the recombinant phenotype has béen observed in vivo.
Assay of enzyme synthesis has shown that Gus-r regulates the
number of molecules of enzyme manufactured. As its close
linkage to the structural geney might infer,the regulation
has been shown to be cis acting affecting the structural gene
only on the chromosome which it is carried; heterozygotes
show intermediate inducibility therefore. In heterozygote
animals with both low and high inducibility alleles a

predominance of omne structural variant is observed.
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Other regulatory sites in this complex have also been
identified, Gus-t for example regulates a developmental
shift in enzyme level seen during development only in mice
of C3H strain. This gene affects only the activity in
certain tissues, a third locus Gus-u appears to regulate
enzyme levels, not developmentally but throughout the whole
organisme.

Similar control sites to these two have been found for
B galactosidase and a temporal regulator of a-galactosidase
defined. All these act in Cis and show very close genetic
linkage to the structural gene. There is no fundamental
reason in fact why they may not be located within it.
However they are: séparable from the structural gene as
different electrophoretic structural variants can show
the presence of identical regulatory loci. All these
identified sites regulate the number of molecules of enzyme
synthesised. Other examples of regulatory gemes behaving
in this fashion have been isolated. Coleman (191), (192)
has identified a linked LV site which regulates levels of
S—amino levulinate dehydrase (ALD) and again both high and
low levels of enzyme were observed when identical gene
products were synthesised.

Bernstine and his associates have identified a cis
acting regulator of the mitochondrial malic enzyme (193-195).
This has been shown to act on rate of enzyme synthesis in
brain tissue, but does not affect heart. The two regulatory
alleles can control identical structural gene products; the
presence of structural electrophoretic variants has demonstrated
the cis acting mature of the regulation.

0ddly, no other regulators of hormone inducibility have
been discovered, with the possible exception of the Mup-a
locus (196), which seems to control the relative induction
of the two major urinary protéins MUP1 and 2. Good bio-

chemical evidence is somewhat lacking in this system however.
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Another pertinent feature is the predominance of cis
acting regulatory sites closely linked to the structural
gene. No cases of recombination have been identified in
the laboratory; in the absence of a preferential association
like that seen in the PB-glucuronidase though, strains have
shown opposite regulatory and structural linkages. The B
galactosidase regulator for example Bgl-t has two alleles
both of which have been found associated with either of
the two structural gene variants.

The most significant finding regarding these cis acting
regulators has been with regard to the Gus-r inducibility
locus controlling B glucuronidase. Paigen et al (188)
investigated m-RNA levels in testosterone induced mice of
different Gus-r phenotype, by translation of isolated RNA
in the Xenopus oocyte. This study revealed that Gus-r
controls the level of m-RNA activity. As a translational
regulation is less likely to be efficient in a heterologous
system the most likely explanation is that Gus-r controls
the rate of transcription of the Gus-s gene. To date, this
is the only direct evidence for the role of a eukaryotic
regulator.

In the mouse no definite cases of trans acting regulators
seem to exist and the reason for this is mot clear.
Additionally two possibly distant regulatory sites which
have been identified, in the development of H-2 antigens
(197) and controlling expression of B-galactosidase (185)
seem to act only on omne chromosome or differently on the
two products of the two chromosomes. No obvious mechanisms
are able to explain this behaviour. Both systems require
greater detail of genetic understanding however before any
biochemical interpretations can be made.

Drosophila has been able to provide us with one seemingly
trans acting regulatory site. This has been observed in
the control of amylase in the midgut (198). Different

Drosophila strains show three patterns of amylase activity
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distribution within the dried gut. This distribution of
amylase activity was found to be controlled by a single
genetic locus mapping approximately two crossover units
distal to the structural gene and thus fairly easily separable
by recombination. In heterozygotes the allele of the control
locus which promoted expression of amylase in the posterior
midgut was found to be dominant over mon-expression and
thus all structural isozymes present were expressed.

The classic observation of a regulatory site in
Drosophila is however again a cis acting control. This is
a locus identified by Chowmick and his colleagues (199)
after much intensive genetic analysis of flies bearing the
rosy phenotype, which has been shown to be due to a mutation
in the structural gene coding for Xanthine Dehydrogenase
(XDH). This region has been extensively mapped using
naturally occurring mutant strains, of which a number were
identified due to changes in electrophoretic mobility, and
also from mutagenesis by a variety of different techmniques.
The great advantage of using an organism like Drosophila is
that rare crossover events can be identified by screening
extremely large numbers of progeny, moreover the existence
of well defined lethal mutations enables engineering of
genotypes for such crossing experiments such that omnly
recombinant phenotypes can survive. Thus very rare events
can be observed without having to screen vast numbers of
progeny. This is an analogous technique to plating bacteria
on selective media.

Mutants showing variation in level of XDH activity
were isolated however from naturally occurring strain
polymorphisms, the mutagenisation producing mutants of
"on/off" character was only able to generate structural gene
mutants. These were useful however in defining the precise
locations of the structural gene borders. Standard mapping
techniques and examination of structural isozyme variants
were able to identify the chromosomal location of the locus
controlling high or low XDH expression. The regulatory site

was shown to lie in the same region of chromosome three
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as the XDH structural gene. Evidence that the level of
XDH activity was not coded at the XDH locus came originally
from the observation that high and low activities were
both associated with a variety of electrophoretic variants;
no systematic relationship could therefore be established
between activity and structural gene identity. Experiments
using antiserd also demonstrated that relative activity
could be correlated with numbers of enzyme molecules and
not catalystic efficiency, again supporting the idea of
separate identities. Initial experiments were unable to
obtain recombinants though and when using a finer analysis
on specially constructed strains nearly five million progeny
were screened to identify 35 crossover types being recombinant,
regulatory and structural gene loci. Further mapping of the
site of the regulatory geme using lethal markers and structural
gene mutants located at one extreme of the structural gene
located the regulatory site to one side of the structural
gene, separated from it by about 0.0034 map units. Conversion
of this genetic data into actual lengths of DNA places the
mutation site determining level of XDH expression approximately
3 Kb removed from one extremity of the XDH structural locus.
Finally, analysis of heterozygotes bearing electrophoretic
variants of the structural gene and enzyme activity level
demonstrated that the regulatory locus only controls expression
of the structural locus to which it is genetically linked.
This again is therefore cis acting regulation.
Undoubtedly now the techniques of molecular biology can
be applied to study this relationship as accurate mapping of
the site of mutation causing change in activity exists and
moreover shows the distances involved to be amemnable to such
an analysis. To extract a recombinant phage from a genomic
library bearing both structural and regulatory loci should
now be comparatively straightforward, indeed DNA sequencing
of the whole region should be eminently feasible. In
combination with other recently evolved techniques some
detailed understanding of how this gene exerts its effect

on the XDH polypeptide production could then be obtained.
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Two other systems which show promise also come from
investigation of dipterans , however in these cases the
molecular biology is perhaps better characterised than
the genetics. In dipteran insects, a fair amount of information
is now being accumulated on the chorion proteins and the
genes which code for them (200-202). The chorion is secreted
from three ovarian follicle cells and the chorion proteins
form the shell around the mature dipteran egg. Detailed
understanding of this system.undoubtedly owes much to Kafatos
and his coworkers (70),(203), (204) who have constructed
recombinant cDNA libraries from the closely related silkmoth.
The availability of these probes has made an analysis of
the geme structure and expression possible.

Chorion morphogenesis has been shown to proceed in a
highly ordered developmental fashion, with members of the
two chorion multigene families strictly regulated by develop-
mental stages. Various protocols have been developed to
identify which proteins are synthesised at a given developmental
stage and this has now been correlated with changes in m-RNA
expression (200), (201).

Working on the development of chorions in Drosophila)
Spradling, Waring and Mahowald (202) have identified that
two major chorion proteins made at a particular stage of
development correlate with the production of two specific
m-RNA species. These RNAs were subsequently mapped against
the polytene chromosomes and shown to be located in an area
known to éontain the mutational site for the trait occelliless.
Female flies homozymes for this mutation manufacture abnormal
chorions. Closer investigation of occelliless females
demonstrated that the m-RNAs coding for these two proteins
were produced in greatly reduced amounts as were the
proteins. Isolation of electrophoretic variants of the
two proteins enabled genetic localisation of the structural
genes and this was found to be very similar to the location
of the ocellilessmutation. Heterozygotes for the ocelliless
mutation were also shown to produce much greater amounts
of the two chorion proteins which were on the same chromosome
as the wild type allele. Thus a cis action of ocelliless

was identified.
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The other system of promise is a mutant phenotype found
in the silk moth-Bombyx~ mori and also affects chorion
production. This mutation known as GrB causes extreme
reduction or absence of a number of the chorion proteins,
additionally those affected are restricted to a given
developmental stage in chorion synthesis. KXafatos and
collaborators (204),(206) have also shown that heterozygotes
for this trait synthesise the affected proteins at about
half wild type levels. In vitro translation revealed that
GrB mutants do not make m-RNA for the missing proteins. The
coordinate loss of a number of proteins suggested that GrB
was either a regulatory defect or a fairly extensive deletion.

By screening a cDNA library with probes derived from
m-RNA of wild type and mutant phenotype, clones affected by
the mutation were isolated. These clones were shown to code
for the affected proteins by using binding DNA to filters
and using these to extract the corresponding m-RNAs, which
were then tramnslated in vitro.

The isolated clones could then be used to analyse DNA
of silk moths bearing wild or GrB phenotype. Southern
blotting experiments revealed that the GrB phenotype is
correlated with a large deletion of DNA presumably coding
for the missing proteins. What is interesting about this
finding is that a significant clustering of the chorion genes
is indicated and perhaps more importantly that this clustering
may relate to stage of developmental expression. In this
context it is interesting to note that in GrB homozygotes
(which do not produce late proteins) the early stage proteins
whose synthesis usually stops, are not switched off. This
switch mechanism could therefore be regulated by DNA sequences
absent from the GrB genome. As such this is a very similar
situation to that seen in the hereditary persistence of
foetal haemoglobin (HPFH) syndrome seen in man which will
be discussed below.

The last and most detailed example of the action of a

regulatory gené (or genes) has been identified from yeast



7

genetics and intensive molecular biological investigation,
it involves the control of the mating phenotype which is

controlled by a locus known as MAT,

In a further example of yeast mutation, this
time in the mitochondria the fusion of molecular biology
and genetics is so complete it will be elucidated in
Section IV.C. dealing with mechanisms of post-transcriptional
control.

Two types of regulatory event are described by the MAT
system, one is the ability of yeast strains to switch from
expression of one of two different alleles at the MAT locus
to expression of the other. The second is the means by
which the MAT loci exert their affect on the genes responsible
for the mating phenotype.

The ability to switch from one allele to the other
at the MAT locus has been explained by the "cassette" model
of regulation (180). A test of this theory (181) has
confirmed most of the details, which envisaged the existence
of two silent copies of the mating type gene in addition
to the copy present at the MAT locus. The sequence at the
MAT locus is the one expressed due to the presence of a
proximally sited promotor. Mating type switching can be
achieved therefore by substituting a copy of omne of the
silent genes, which may be of the altermative allelic type,

at the active MAT locus.
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IT.B.2. Molecular Analysis of Thalassaemias.

Surprisingly perhaps the other instance of gemnetic
and molecular biology coming together has been in humans.
This is the long recognised clinical syndrome known as
thallasaemia. The thallasaemias are a heterogeneous
class of hereditary anaemias, particularly associated with
malarial populations, and thought possibly to be common due
to heterozygote advantage under such conditions (as in the
case of sickle-cell disease).

The most commonly occurring thallasaemias are those
affecting the PB-like globin genes. This is most probably
because the adult o type chains are expressed at all but
the earliest stages of embryonic development and thus
homozygous o« thallassaemias tend to be fatal during foetal
development. This condition being known clinically as
Barts Hydrops fetalis. Many of the forms of P thallassaemia
are fatal in the homozygous form too but as P expression
begins only around the time of birth individuals so affected
progressively develop symptoms during infancy.

A fair degree of additional heterogeneity exists within
the definition of P-related thallassaemias. A form of the
disease associated with loss of B and § globin has been
shown most often to originate from structural gene deletiomns.
Evidence of this has been obtained from solution hybridisations
and blot hybridisation using adult globin probes (207), (208).
Other forms of P-thallassaemia are not so easy to explain
(209-211). The B+ thallassaemias are characterised by low
levels of globin chain synthesis and often express fair
quantities of messenger RNA. The BO condition however is
characterised by absence of protein but quite variable
amounts of message (209),(210). One particular 8° has
been consequently identified as due to a nonsense mutation,
which can be complementedin cell free translation by a
bacterial suppressor t-RNA (212).

Most cogent to this discussion however are the
thallassaemias characterised by the condition described as
hereditary persistence of foetal haemoglobin (H.P.F.H.).
Individuals so affected do not express adult globins but

suffer only mild anaemia as adults owing to a failure of
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the foetal ¥ globin chains to cease synthesis at birth.
In contrast, 6B thallassaemia is characterised by the
normal reduced expression of foetal globins and this leads
to markedly unbalanced a to B globin synthesis. Moreover
H.P.F.H. is seen as a pancellular phenomenon, whilst
synthesis is elevated in 6 P thallassaemia in a hetero-
cellular fashion. This latter is most likely due to
selective survival of cells still expressing the Y chains
(213).

Comparative study of the genomic DNA of H.P.F.H. and
0B thallassaemia sufferers might therefore be expected to
help identify regions of DNA mediating the shut down of
globin gene expression at birth. The results of such
comparisons (208),(213) have shown that very large
deletions of DNA characterise both syndromes.. In H.P.F.H.
the B and § genes are absent and material to the 5!
side of the § gene stretching up to 9 Kb have been seen
to be lost. Thus it seems that sequences mapping to the 3!
side of the foetal genes are involved in their continued
expression. This precedent is unique, no other examples of
3' regulatory sequences have been observed. Revealing in
this instance is a & B thallassaemic (208) which appeared
to have the A7 gene deleted but left intact the G7 gene,
which is situated further from the adult gene. In this
instance although the supposed megative control region was
absent normal reduction of 7Y synthesis had occured at birth.

Other relevant examples here are P thallassaemias where
DNA déleted to the 3! side of the P-globin resulted in
enhanced 7Y gene expression (211). Ano‘ther unexplained case
is a Y-B form of thallassaemia where the Y and & genes
are deleted, however a functional B gene plus bases of 5!
flanking DNA are present yet no expression of this P gene

occurs (214). -



80

Data of this nature has led Flavell and his colleagues
(213),(215) to propose a model that the regulation of the
switch from foetal to adult gene expression is controlled
by structural domains and thus mediated by chromatin
organisation. In this context it may be worthwhile pointing
out, as do these authors, that the interspersed pol III
transcribed sequences identified by Duncan et al. (172) do
delineate the regions of DNA specifying adult and foetal
globins. Thus these may play a role in controlling this
switch from foetal to adult globin expression. The role of
chromatin structure in this context will be considered below
(Section ITI.B.2).

It may be pertinent to make the observation that similar
to the genetic examples referred to earlier these putative
control regions act in cis only regulating the deleted
chromosome and map many kilobases away from the genes whose

expression they may be controlling.
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IT.C. DETATLED SEQUENCE ANALYSIS
The rationale behind most of the detailed study of

DNA sequences is simple, by comparing the sequences of
related genes within different species or different genes
within related species one hopes to identify sequence
elements displaying sequence conservation throughout
evolution. Any sequence showing such behaviour can be
considered to have some functional significance, the
maintenance of which can be identified by the sequence
conservation. Broadly speaking such an assumption has
proven correct, in fact, sequence analysis has tended to
reinforce the validity of this rationale. Naturally raw
sequence data is of little value per se without some functional
assay, but it does have value in determining which sequences
may be worth analysing for function and can also provide mnew
insights into the evolutionary relationships of different
types of DNA sequence and the ways in which these evolve.
Sequence analysis has to date shown up three unexplained
and unexpected phenomena. The first of these has been the
" discovery of intervening sequences (216-220) or so-called
"introns"; stretches of non-coding DNA which interrupt the
protein coding sequences or "exons" as they have been termed
(221). The second is the existence of DNA sequences referred
to as pseudogenes (222—226). These are typically gene
copies showing relatedness to functional genes but which,
for reasons unknown are no longer expressed. This fact
is usually ascertainable from mutations affecting sites known
now to be involved in gene expression or absence of open
reading frames within the protein coding regions. Furthermore
these pseudogenes show a marked divergence of sequences
away from those known to be functional, such fdaster evolution

is indicative of loss of genetic coding potential.

IT.C.1. Introns.
The discovery of introns has been one of the most
unexpected recent findings of molecular biology and has helped

to reaffirm a different lineage for the prokaryotes and
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eukaryotes. The fundamental difference highlighted is
that of colinearity of gene sequence in DNA and in the
m-RNA synthesised from it. The universality of this
observation amongst the prokaryotes left the scientific
community quite unprepared to find that this rule did not
apply in general to eukaryotes.

Introns were first identified from the unexpected
occurrence of restriction enzyme sites within the gene
sequences, when from previous analysis of cDNA or m-RNA
they were known not to exit at the level of messengers.

This was found in, firstly a cloned gene, globin (230)
and could possibly have been explained as artifactual,
however subsequent. findings on ovalbumin (218),(220) in
total genomic DNA proved that this was the true natural
biological organisation.

Discovery of various forms of sequence maturation in
viral systems, adenovirus (227) and papovavirus (238 ), (239)
demonstrated a degree of generality in the existence of
introns. Further studies using the R-looping technique (230)
which had already been used to show the existence of intromns,
were able to reveal that the nuclear 15S globin precursor
RNA (48) and nuclear precursors to SV 40 m-RNA (231) contained
the intronic sequences that were absent from the mature
messenger. This data was subsequently corroborated by other
methods. Thus as intron sequences were transcribed into
RNA, the maturation process must involve a splicing reaction
which excises the intronic region and joins the coding
segments such that they become contiguous for translation.

At first it seemed possible that introns could
conceivably be restricted to those gene products produced
in high abundance. As more structural genes were cloned
" however (232—238) it soon became obvious that introns were
the rule rather than the exception. It seemed possible
that higher vertebrates could have had an obligatory require-
ment for intronic sequences; even the retroviruses for
example (402) make spliced RNAs, although they do not actually

possess equivalent structural gene interruptions. However,
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not all coding DNA is organised in this fashion, the
analysis of cloned interferon genes has demonstrated (239),
(240) that both the leukocyte and fibroblastic forms lack
intervening sequences.

Data acquired from mnon-vertebrate species has been
far more difficult to interpret (241). Whilst yeast was
shown quite early on to mature its t-RNA transcripts in
an analogous though not identical fashion (242), (243)
yeast nuclear genes in general were found not to contain
introns (244),(245). An exception to this rule has been
the single actin gene (246),(247) which to all intents
and purposes fulfils all the requirements of a typical
vertebrate structural gene. A similar situation obtained
in Drosophila where the actin genes are multiple as in
higher vertebrates. Rather perverse then perhaps is the
finding that Dictyostelium which has also acquired multiple
copies of the actin gene (165) has a form that lacks
interruption (248). This would not be quite so difficult
to reconcile were it not for the fact that Firtel (249)
has identified a moderately expressed gene which does contain
two intronic elements. It will be revealing to find out
whether the sites of these actin gene introns split the
coding sequence in the same place in the protein sequence
in these different organisms and whether these sites
demonstrate evolutionary conservation as in the case of the
B-globin gene. Studies of P-related globin genes from man,

mouse, rabbit, chicken (246) and frog (247) all show that
' the amino acid sequence is broken in precisely the same
place in all these widely disparate organisms.

Such a high degree of evolutionary conservation has
led a number of workers (250),(251) to suggest functional
reasons for this "split-gene" type of organisation. The

exact role of introns is still quite equivocal.
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One hypothesis, first voiced by Gilbert (250) does
have some experimental support (237),(252-254). This idea
is that introns define functional units or domains within
a given protein, such that new combinations of these units
might be brought together during evolution by exon
duplication events. Novel proteins could be created in
this fashion and as each exonic element is functional in
its own right, this should help to speed the evolution of
proteins having new metabolic roles. Globin is one protein
which provides support~for this model, firstly a good
correlation exists between the distribution of functioms
and of division within the gene sequence into exons (253).
Secondly, in pérticular the central exon product has been
shown to function as a haem binding peptide in isolation,
when it can bind haem nearly as effectively as whole tetra-
meric haemoglobin (254). Additionally lysozyme has
demonstrated a functional division between exons (252).

The second exon for example, is mainly responsible for the
catalytic activity, and includes the active site. The
third exon adds extra substrate specificities. In support
of such an hypothesis was their observation that a protein
possessing a similar function in the dog shows homology,
but has only two domains.

Separation of signal peptides from the rest of the
protein by an intron has also been observed on a number of
occasions, In ovomucoid (237)&conalbumin (255).

Whereas in rat and human insulins although the structural C peptide
is delineated by the large intron, the signal peptide is not (234),
(235), (256).

More evidence on evolutionary relationships will be
necessary before this theory can be established, one possible
test might be to compare the haem binding regions of proteins
other than globin. It would be revealing for example if these
were also coded by a single exon, indeed one might expect a .
common evolutionary lineage for all such exons, if the theory

is correct.
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II.C.2. Pseudogenes

It has also been the study of globin genes from various
species which has highlighted the existence of pseudogenes,
examples of which exist in mouse (223), rabbit (222), goat (225)
and human B globin gene clusters (226), and also mouse
(257), (258) and human o gene clusters (224).

The majority of these pseudogenes are distinguished by
marked sequence homology to functional globin genes. They
are almost certainly themselves non functional by virtue
of deletion, insertions, frame shifts or point mutations
all of which render the gene untranscribable or impossible
to translate, due to the presence of chain termination
codons. Furthermore, where no such barriers
exist, the characteristic splice Jjunction sequences, so far
shown to be mnecessary for processing, are seen to be missing
(246). A related phenomenon seen in the mouse o pseudogene
(257),(258) was the complete absence of introns, which had
apparently been correctly removed according to the rules
derived from study of other splice junctions (259), (260).

In this instance the gene would be contiguous with its m-RNA,
however no evidence for its transcription exists. Leder

et al. have suggested a possible mechanism for generation

of such a deletion of introns (261). Many other explanations
are feasible; reverse transcription of m-RNA being omne
conceivable altermnative.

Why pseudogenes exist is not really clear, some authors
have pointed out (246),(262) that thus far pseudogenes
always lie between the foetal or embryonic genes and those
coding for the adult proteins. Maniatis and his colleagues
have also presented evidence from sequence divergemnce
patterns that a number of pseudogenes have had functional
periods before acquiring mutations which subsequently
inactivated them (224),(246). Proudfoot and Maniatis have
thus suggested that minor globin genes, like the B minor
and § globins of the mouse and man respectively could
therefore be evolving towards pseudogene status. Accordingly

Martin et al (263) have identified a silent & globin gene
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in 0ld World Monkeys (all higher primate species possess &

genes).

Pseudogenes could therefore represent an obligatory stage in
evolutionary change progressing through gene duplication, possibly
due to unequal crossing over events, which have been shown to

occur in the globin gene clusters of man (264),(224),

IT.C.3. Gene families

A further observation, which/incidentally has also partly
derived from study of globins, is the existence of gene
families. Recombinant DNA technologies have demonstrated
that the majority of loci, contrary to what was indicated by
hybridisation studies, coding for so-called unique genes,
are in fact organised as families of related sequences.
These families may take the form of multigene families with
clustered organisations like the Drosophila chorion protein
genes (201) or the mouse amylase genes (265) or may be
dispersed throughout the genome like the Drosophila actin
genes (248). More commonly, moderate repetition frequencies
have been recorded, as in the a and B globin clusters, or
the family of ovalbumin-like genes; two members of this
family were only identified recently from analysis of over-
lapping clones isolated from a chicken genomic library (266)
and are still of unknown function. In some examples, the
family display differential expression of individual members
as in the globins, or may show tissue specific variants,
like the actins. The amylase genes of the mouse are odd in
the fact that despite there being salivary and pancreatic
isozymic variants, brought about by a gene duplication,
the latter type has expanded to generate multiple copies.
Individual strains of mice however express only a single
member of this family.

Whether this: organisation into gene families has any
significance with relation to expression is unlikely, it

more plausibly reflects gene duplication events referred to
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earlier. However, a number of authors have pointed out
that the |mammalian globin gene clusters are all
organised in such a fashion that the linear order of the genes aldng
the chromosome mirrors their sequential expression during development,
However, as the Ichicken has
embryonic and adult genes arranged in a different fashion
(266) with the adult genes flanked by the embryonic,
the organisation of genes in the mammalian fashion cannot
be indicative of general mechanisms for differential
developmental gene expression. In fact it would seem that
genomic proximity is in no way necessary to ensure coordinate
expression. The a and B globin genes have been known for
some time to reside on different mammalian chromosomes
(267), vet are still coordinately expressed. This has
occurred despite the fact that originally the genes must
have been linked as was somewhat unexpectedly demomstrated
by Jeffries et al. (268) from investigations of Xemnopus
globins. Nevertheless, some clustéring of eukaryotic
genes in relation to their developmental expression has
been observed in Drosophila, and Bombyx (202), (205).
Furthermore, a characteristic "back to back", divergent
gene orientation in both the chorion genes (269) and in

the so-called, major "heat-shock" loci have been noted (270).
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IT.C.4. Regions displaying evolutionary conservation.

Detailed sequence data now exists on approximately .
twenty eukaryotic genes from various sources as divergenf'
as the sea urchin and man (246). Comparisons of such
sequence data, often aided by computer, have revealed a
number of highly conserved regions which may have functions
in regulating transcription. Major techmnical breakthroughs
have enabled tentative testing of the functionality of
these regions both in vivo and in vitro. It is this link
which will probably be vital in establishing how such
mechanisms operate.

By analogy with prokaryotes, eukaryotic promotor
sequences able to bind RNA polymerase would be expected to
be found mapping to the 5' side of the initiation site of
transcription. From S-~-1 mapping data (272) and other such
techniques, or cloning of c-DNAs the 5' termini of a number
of messenger RNAs has been established. The terminal
nucleotide is recognisable by virtue of its "cap" (reviewed
in 273), a modified guanine base. Study of DNA sequences
around the region of initiation has identified a comserved
sequence which Birnstiel and his colleagues (274),(275)
termed a cap sequence. Whilst this sequence is not
ubiquitously conserved related genes show related consensus
sequences, as in the case of the histones (274) or the
globin genes (246). Moreover, the capped nucleotide has
almost always been an A residue (246),(262).

Further upstream (5' to the initiation site), analysis
of cloned Drosophila genes by Hogness and Goldberg revealed
the presence of a sequence TATAAATAG residing approximately
30 nucleotides from the cap site. What is immediately
striking is the similarity of this sequence to the
prokaryotic promotor sequence known as the Pribnow box
(276). The eukaryotic version has since been multifariously
referred to by its discovers mnames or by a number of
onomatapoea resulting from the conserved sequence. Comparisons
by groups working on egg white protein genes (276), globin
genes (261),(246) and histone genes (274),(275) have all
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been able to identify a similar such sequence preceding

the initiation of transcription and to the list given by
Maniatis and his group (246) can be added the major heat
shock protein gemne Hsp 70 (277) and even the yeast actin

gene (2&3). Apart from good sequence conservation,(though
between them the globins can only muster universal appearance
of ATA at the equivalent site)'particularly noteworthy is

the extreme conservation of the distance of this Hogness

box region from the initiation site. The variation in
position stretches only five nucleotides in all the examples

so far considered (246).
J Twovgroups have idéntified a further region of sequence conservation,
at a position similar to the prokaryotic recognition site, approximately

' ten base pairs upstream from the promotor (274),(276). In addition however,
2 eukaryotic region further removed from the Hogness box, which displays
isequence homology to the recognition site has also been located, some
Efifty base pairs upstream, This has been termed by

Proudfoot et al (262) a CCAAT ("cat") box. This sequence

is extremely well preserved within the globin family and

the CAA element is common to virtually all examples known
(246). Some other gene-specific sequences have been

inferred as possible regulatory elements for example, the
mammalian adult P-globin sequences share a lot of homology

in their 5' flanking sequences, not common to the embryonic

or foetal B globin genes (246).‘ Amongst the histone clusters
of two widely diverged genes, genes coding for the same
histone types show some strong homologies (27&). Particularly
the H2A histones possess a run of 30 nucleotides of continuous
homology. Another sequence which may be histone specific

has also been identified some 15 nucleotides upstream from

the TATA box. This GATCC region does not seem to have any
equivalents amongst other eukaryotic genes. Interestingly,
Efstratiadis et al. (246) have identified a potential CAAT
box, in the sea urchin histones, but this is rather further

from the initiationcodon than is usual. Amongst other non-

vertebrates amnother CAAT is found in a similar upstream
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position, this time in the silk fibroin gene (278). However,
no such sequence can be found in the Drosophila heat shock
flanking region whereas an impressive homology does exist
between this gene and the fibroin gene at a very similar
site to the globin CAAT box (277). Unlike other eukaryotes
the Hsp 70 gene also shows a region of potential secondary
structure twelve nucleotides to the 5' side of the TATA box.
This region also demonstrates dyad symmetry (277); such
features are common in prokaryotic DNA/protein interactions
(274).

The histone genes have also revealed dyad symmetry
but this time located in the 3' flanking region (279), (275).
In general the 3' flanking region showed much greater
divergence of sequence in closely related genes than does
the 5' sequence. One ubiquitous feature of the 3' flanking
sequence is the element AATAAA in the DNA just upstream
from the poly A addition site, revealing (246),(276),(280)
this sequence is lacking from the 3' flanking region of
the histones, which of course are not polyadenylated (279).
Furthermore the curious finding that the Dihydrofolate
reductase (DHFR) messenger can terminate at alternative
sites (281) enhances the idea that this sequence plays a
role in polyadenylation as the alternative addition site
is preceded by AATAAA (281).

The secondary structure region seen in the histones
falls into two classes of conserved sequence, one common
to the histones H2A, H2B and the other to the remainder.
The dyad symmetry enables formation of a loop and stem
structure, which lies a few nucleotides upstream from an
additional stretch of conserved sequence. Birnstiel and
his colleagues (279) have suggested that these regions might
act as processing sites to cleave a polycistronic histone
transcript into individual messengers; the histones lack
introns within the coding sequence (282).

A notable feature of the flanking regions downstream

from the coding sequence is the complete lack of relationship



to any termination signals observed in the
This is in marked contrast to the putative
at the 5' side and thus may relate to some

functions, such as polyadenylation, unique

prokaryotes.

promotor sites
RNA processing
to eukaryotes.
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IT.D. Functional analysis of evolutionary conserved regionse.

A variety of means now exist with which to test the
functionality of these putative regulatory signals. The
ability to test both in vivo and in vitro has been illuminating,
although as yet some of the precise mechanisms remain to
be understood in detail.

Until recently all investigations of in vitro trans-
cription had been attempted with bacterial RNA polymerase.

An approach of doubtful applicability, as there has been

no evidence that this enzyme was able to recognise eukaryotic
promotor signals. The availability of specific clomed DNA
fragments redirected efforts to enable meaningful in vitro
transcription studies to be performed. Two cell free
transcription systems have been evolved (283),(284), one
depending on exogenous, purified polymerase II from eukaryotic
cells (283), the other using endogenous polymerase activity
with a cell free concentrate (284). Both systems are somewhat
crude in that they use whole cell extracts to provide the
initiation specificity. However they are both capable of
transcribing adenovirus (283) and globin genes (285) from

an initiation site identical to that utilised in vivo. No
doubt future work will be directed towards identifying
materials within the extract which donate specificity of
transcription; some way of removing the endogenous pol IIT
activity would be of obvious benefit.

Using such systems, the transcription of globin genes
(262), adenovirus genes and conalbumin genes (286) have been
studied. Transcription of mutants created in vitro by
restriction and deletion has indicated that the TATA box
sequence does play an important role in promotion. Chambon
and his coworkers for example found that deletion of the 5!
region beyond this region has no effect on transcription,
however extension of the deletion into the region of the
TATA box can reduce transcription to less than one percent

of its original efficiency (286),(287). Such a change can
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be brought about by a change of 3 bases in the end point

of the deletion. Moreover, the same is true for both
adenovirus genes and the conalbumin gene mneither of which
shows any homology in the 5' upstream sequences except for
the TATA box region. Additionally, juxtaposition of the
TATA box with plasmid sequences instead of the true m-RNA
sequence does mnot abolish transcription although it does
both reduce it and cause variation of the start point.
Sequences around the capping site are therefore contributory
to transcriptional efficiency, but mnot vital. Indeed
Proudfoot et al (262) have found an increase in efficiency
from some deletions in this area. These authors have also
found the CAAT box which they identified to be inessential
for in vitro transcription. Interestingly, where deletion
‘of substitution of the capping region occurred, initiation
was favoured at the A residue closest to the correct distance
from the TATA box. Perhaps the most impressive evidence

to date for the role of the TATA box has come from Chambon's
group (286),(288) who rather than deleting the region have
altered its sequence, by in vitro site-directed mutation.

A change in the Hogness box from TATA to TAGA has been
observed to cause a dramatic loss of transcriptional
efficiency in vitro.

These results must be tempered however by some of the
more obvious objections to the fidelity of the in wvitro
condition. Whilst it is particularly interesting that the &
globin gene, which shows some sequence variation at the 5!
flanking region compared to the other globin genes was
less well transcribed than the B, as is the case in vivo,
none of the globinstranscribe. as well as the adenovirus
template (262). Furthermore the conalbumin gene has been
shown to transcribe as efficiently as the adenovirus template,
ovalbumin though was significantly poorer and similar to
the transcription of the related "x" gene. In the intact
cell however, ovalbumin is transcribed much more efficiently
than conalbumin and forty times more rapidly than the x
gene (286).
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That the results of the in vitro investigations might
not be the whole story has been corroborated by somewhat
different findings using heterologous in vivo systems.

For example Benoist and Chambon (289) have demonstrated

that deletion of the TATA box in the SV 40 early gene
promotor does not abolish T antigen expression in permissive
host cells. It does remain possible here that some
alternative minor promotor is responsible, however Grosschedl
and Birmnstiel using cloned sea urchin histone genes injected
into Xenopus oocytes (290) have shown that transcriptional
efficiency is not grossly affected by similar such deletions.

Alterations in the cap-site sequence were also in-
effective in destroying transcription, although again
initiation proceeded from a site corresponding to the
normal distance 3' to the Hogness box.

Preliminary evidence from in vivo observations also
have suggested that regions further removed on the 5' side
from the initiation site may be involved. Two examples of
deletion of upstream CAAT sequences affecting transcription
are known (290),(291). In the former case, however, in
the histone H2B gene this deletion increased tramnscriptional
activity whereas in the latter case the transcription of
globin genes was markedly reduced. Other upstream regulatory
regions have been implicated in results from SV 40O, histone
gene transcription and Drosophila (291). Some of these
sites are up to 200 bases removed from the initiation site
and so novel mechanisms of action may have to be invoked.

A great deal of work is obviously required to refine
these techniques especially the in vitro systems to acquire
knowledge of factors mediating transcriptional specificity.
Heterologous systems also have obvious limitations.
Complementary application of both approaches at this stage
is vital and have provided some degree of insight. The
role of the TATA box for example has been shown to be
related to that seen in prokaryotes but not directly

comparable. Two examples of genes that lack this region
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(292),(293) both viral systems and evidence from in vivo
deletion mutants suggest that its presence is not obligatory
for transcription. However absence of such a transcriptional
signal has almost invariably been associated with hetero-
geneity at the start point of transcriptiom (289),(292), (293).
Thus it seems likely that TATA sequences act to align the
polymerase with the transcriptional start point. In support
of such a view are the observations that the presence of
Hogness boxes upstream from unrelated sequences can mediate
transcription in vivo and in vitro (286) from a start site
very similar to that predictable from the start point in

the natural gene.

These approaches will undoubtedly provide valuable
information on the role of primary sequence elements in
controlling transcription, the mechanisms elucidated must
have the particular limitation that in crossing so many
species barriers or constructing as yet crude in vitro
systems only generalised transcription mechanisms will be
revealed. Whilst these are important aspects it may well
be impossible to approach the questions of tissue specific
or developmentally regulated control of gene expression.
This whole aspect may be better served by other approaches.
The possibility of transferring eukaryotic genes into
different cultured cells may be one such viable proposifion
(294). Here it has been observed for example, that rabbit
globin genes can be faithfully transcribed in both mouse
erythroleukaemia cells as one might expect and also in mouse
fibroblasts (295),(296),(297). Cloned ovalbumin genes
however are transcribed from an aberrant start point in the
latter such cells (286),(298).

Some of the problems associated with modes of integration
in these transfer systems can be obviated by transfer of
cloned circular plasmid which seems capable of epigenetic
replication in eukaryotic cells (299). The use of SV 40O
vectors promises much (297),(300), (301) especially as the

endogenous eukaryotic globin promotor sequences seem capable



of directing globin gene synthesis in hybrid molecules

of this sort (302). New in vitro systems using SV 40
mini-chromosomes could be particularly fruitful, for few
if any regulatory interactions occurring in eukaryotic
cells are mediated via naked DNA but by that intractable
material chromatin. The structure of this nucleic acid
protein mixture, being unique to eukaryotes, could be at
the very heart of differential gene expression. The role
of chromatin structure will be discussed further below.

Before going on to discuss this aspect I should like
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to consider the best understood example of factors affecting

transcriptional regulation. This is the system of pol IIT

transcription which has provided an object lesson in how

to expect the unexpected.
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ITT. CONTROL OF TRANSCRIPTION

ITIT.A. Pol ITT genes

The use of the in vivo and in vitro systems approach
highlighted above on elucidating transcriptional mechanisms
has nowhere been implemented to greater effect than in
the control of transcription of pol IIT dependent genes.

Both eukaryotic and prokaryotic cells are now known
to.céontain three functionally and structurally distinct
classes of RNA polymerase. The first class Pol I normally
functions to transcribe the ribosomal RNA genes. Pol IT
has been shown to be the polymerase responsible for messenger
RNA transcription and is therefore the subject of much
intensive recent study. This polymerase is characterised
by its particular sensitivity to « amanitin (303). The
final class Pol IITI, transcribes the small RNAs,t-RNA and
55 RNA which are repetitious genome sequences and it thus may
function also to transcribe other small RNAs such as the
U series of small RNAs or the Alu family sequences of the
type found in the Pol III transcripts distributed within
the B-like human globin cluster (172) (and see Section II.A).
The significance of Pol III tramscription may therefore
be of greater importance to control of gene expression than
might at first 'sight be expected.

Cell free systems, like those referred to earlier, had
been elucidated for Pol III transcription somewhat prior
to those capable of accurate Pol II initiation (304), (305),
(306). Purified DNA templates such as cloned 5S genes (304),
(305) could be tramscribed jin vitro in the presence of
cell-free extracts from cell cytoplasms (305) or oocyte
nuclei (304).

In order to identify regions responsible for controlling
55 gene transcription deletion mutants constructed by
similar methodologies to those described previously were
analysed by assay in the cell free system. Transcripts of

the gene initiated correctly can be easily identified by size
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as this system shows correct termination. By analogy

with findings from prokaryotic systems the regions flanking
the 5' side of the 5S gene were analysed for deletions
affectiné transcription. Deletions within this region

were surprisingly, found to be ineffective in altering

the in vitro transcription; all such mutants were able to
synthesise 55 RNA (307). Replacement of sequences at the
5!' border of the gene by plasmid sequences did result in
some newly occurring heterogeneity of transcriptional
initiation site similar to that observed with deletion of
capping signals in the Pol II transcription systems. In
this instance transcription was initiated at G residues,

as in the case in the intact gene. Additionally transcription
could be observed when extra nucleotides were inserted into
the 5' side of the gene sequences.

When deletion from the 5' side of the 5S gene were
extended beyond nucleotide +50 into the gene sequence however
a dramatic change occurred such that deletions extending to
+55 nucleotides abolished transcription totally in vitro.
Thus it appeared that a region at the centre of the gene
was controlling transcription which would then initiate
at a roughly constant distance from this control sequence,
the precise initiation point depending on the precise
sequences at this distance. Using deletions mapping in
from the 3' margin of the 5S gene, Brown and his colleagues
(308) were fuwmther able to characterise the exact site of
the control region. The border to the 3' side of the
control region was found to map at +83 nucleotides from
the normal initiation site. It is not yet clear whether
all the nucleotides from +50 to +83 are responsible for
the control. Analysis of sequence homologies amongst other
Pol IIT transcribed genes pointed to an area at the 5!
side of the control region. Subsequent findings however
cast doubt on the validity of this observation.

Powerful evidence for the role of the control region

in controlling transcription was provided by excising this
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region and recloning it in plasmid pBR 322. This region
on its own was shown able to direct transcription of RNA
in vitro whereas a gene constructed from deletion of a
similar region was quite unable to do so.

The nature of this transcriptional control has turned
out to be of a novel mnature from work continued by Pelham -
and Brown (309) and Roeder and his colleagues (310),(311).

A major finding came from Roeder's continued analysis of
factors within the nuclear extract able to confer specificity
of initiation on Pol IIT transcription im vitro. Such a
study was greatly facilitated by the existence of an ideal
system for assay of complimenting activity. This was an
extract made from the mature eggs of Xenopus in the same

way as the oocyte extract, the crucial difference being that
the former cells do not synthesise 5S RNA. Fractions of
partly purified material from oocytes were therefore used

to test their ability to stimulate 5S transcription in an
egg cell free extract, containing cloned Xenopus 5S genes.
Ton exchange fractionation and electrophoretic amalysis of
complimenting activity revealed that it resided in a protein
of about 37,000 molecular weight. DNA binding studies

using this purified protein were undertaken, using DNAse 1
cleavage to detect areas of the DNA protected by virtue

of bound transcription factor. This located binding of

the factor to a region within the 5S gene mapping between
nucleotides -+47 and +96. This region of course correlates
very well with the control region defined by Brown and

his group as instrumental in directing 5S gene transcription.

Particularly cogent was the finding that this 37K
protein did not affect transcription of t-RNA genes also
transcribed by Pol IITI but was specific to 5S gemes.

However whilst the purified factor is able to affect
transcription of 5S genes of both oocyte type and somatic
cell type in vitro, no evidence for its presence in non-
oocyte cell extracts has been found (311), despite the

fact that such cells transcribe the somatic type 5S genes.
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The factor is therefore not responsible for differential
control of expression of the two types of 5S genes, although
it is possible that it bears different affinities for DNA

of either type. More likely however is that this regulation
is mediated by some different process(es). The factor

was also found to be absent from egg extracts when assayed
by specific antiserum (311).

A further extremely mnovel finding however was that the
same protein has been identified associated with 7S cyto-
plasmic ribonucleoprotein particles which contain 5S RNA
(309-311). Pelham and Brown (309) and Howden and Roeder (311)
have ‘both shown that the 37K transcription factor protein
is able to bind the 5S RNA transcript as well as the DNA
sequence. Furthermore, addition of 5S RNA to a cell free
transcription system was able to abolish transcription of
the genes. It appears that the RNA/protein interaction is
less tightly bound, so most likely occurs only at high RNA
concentrations. Thus it seems possible that 55 RNA synthesis
in the oocyte may control its own transcription by sequestering
the transcription factor as the concentration of the 5S RNA
increases, fihally switching it off at egg maturity.

Such a feedback control, if it does exist would be
extremely elegant in operation, and it remains to be seen
whether this mechanism does actually operate in vivo during
development. One observation which is hard to explain if
this feedback regulation does occur was that the 7S RNP
particle was not able to protect DNA in a binding assay,
yet was able to direct transcription of 5S genes in vitro.
Binding would be established as‘would be expected if the 7S
RNP was previously treated with RNase.

It may be possible that the transcription assay for
some reason potentiates disassociation of the 7S RNP complex
facilitating binding, perhaps alternatively the extract
contains enough endogenous RNAse activity to release

sufficient factors to stimulate transcription.



101

ITTI.B. Role of chromosome structure

l. Classical lines of evidence

Control of transcription at a chromosomal level has
been implicated by two classical observations. The first
of these is the characteristic "puffs" of the Drosophila
(and other Dipteran) polytene chromosomes, which have been
demonstrated by BeeTman and Clever to show both tissue
specific and developmental patterns of appearance (312).
Furthermore new puffed regions have been identified on the
administration of ecdysone the Dipteran maturation
hormone. Puffs have additionally been shown to be the sites
of RNA synthesis. But perhaps the best recent evidence for
puffs being the regions of active transcription have come
from study in the heat-shock system. The induction of the
heat-shock response is easily brought about by culturing
Drosophila larvae at elevated temperatures for a short period
(40 minutes at 37° centigrade for example (313) as opposed
to the normal environment of 25°C). After such treatment
the observed cytological changes are (313): regression of
pre~existing puffs and the appearance . of eight to nine new
puffed regions; the extent of heat shock correlates with
the size of the puffs. In addition heat shock leads to the
appearance of a similar number of new proteins and polysome
associated RNAs. From these RNAs have been identified
species which hybridised 5pécifically to heat shock puffs
when analysed by in situ hybridisation. These m-RNA species
also direct the synthesis of heat shock polypeptides in
in vitro translation systems. Puffing can also be inhibited
by transcriptional inhibitions such as actinomycin-D and
a—amanitin, moreover the immunofluorescent detection of
RNA Pol.II shows a preferential association of the polymerase
with heat shock loci and an inverse of level in the nucleo-~
plasm, correlating with a decline in non-heat shock regions
(313).

The heat shock system . provides a link with the second

observation as ,if heat shocked cell cytoplasmic extract is
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incubated with control nuclei heat puffs can be induced (31L4).
A similar phenomenon occurs when steroid hormones interact
with their target cells. Both oestrogen (315) and androgen
(316) have been shown to interact with a cytoplasmic receptor
protein. The binding of hormone causes two particular
changes in the receptor first a change in conformation
seems to occur, as the sedimentation coefficient of the
receptor changes in some cases, secondly the binding of
hormone causes a major translocation of receptor/hormone
complexes to the nucleus, where they bind to chromatin.
The receptors have been studied in some detail and seem
intimately involved with steroid action, cell lines unable
to respond to hormone for example have been found to lose
receptor or possess receptors unable to bind hormone. A
naturally occurring mutation in mice causing feminisation
of males ( T fm ) (317) seems to be caused by loss of receptor
activity. Additionally, so-called anti-inducers have been
identified which although able to bind the receptor protein
are unable to cause translocation and thus do not elicit
a hormonal response (316).

In theory, if the binding of receptors to DNA or
chromatin is able to activate transcription then it should
be relatively simple to isolate the regions of genetic
information which specifically interact with the receptor/
steroid complex to illicit de novo transcription. Unfortumately,
the binding capacity of the nucleus for receptor complex is
virtually infinite (316) and thus a large degree of non
specific binding undoubtedly occurs. Factors like these
complicate analysis but do not invalidate the theory that
receptor complex interaction with specific sites mediates
to produce transcriptional activity. Non specific binding
of specific regulatory proteins was previously observed in
E.Coli (318) in the case of Lac repressor binding to whole

DNA versus binding to specific operator sequences.
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That hormones do cause changes in chromosome super-
structure or architecture can be tentatively concluded
from experiments using E.Coli RNA polymerase. Despite
the pitfalls of such analysis)after removing all the known
artifacts of such investigations (and there have been many)
O'Malley and his co-workers (319) have been able to conclude
that the accessibility of the ovalbumin gene to polymerase
is greatly enhanced by prior administration of oestradiol.
By contrast, unstimulated chromatin supports transcription
in this system at a greatly reduced level, much lower in
fact than random transcription of all DNA sequences would
predict. However it may be worth noting that some trans-
cription does occur under these conditions and indeed that
some untreated heat-shock puffs have been observed to
accumuilate label in the presence of radioactive RNA
precursors (314). Thus even transcriptional controls via
chromatin structure modulation may in fact not truly be
the classically defined purely qualitative "on/off" type

interactions.

ITI.B. 2. Analysis by nuclease digestion

In order to probe the relationship between chromatin
structure and gene activity more precisely a number of
workers have utilised the approach of nuclease digestion
of chromatin (60),(320),(322). This might attempt to
identify different susceptibilities to attack, by nucleases,
of differentially active regions of chromatin. Altermnatively,
proteins involved in gene regulation, such as hormone/
receptor complexes or the proteins via which they interact
with DNA, might be released from active regions and thus
identified.

No-where has this approach been exploited more adroitly
than by Weintraub and his colleagues (322—326). Using low
levels of DNase I (isolated from bovine pancreas) digestion
Weintraub and Groudine (60) have shown that the globin genes

in expressing tissues were more sensitive to digestion than
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in non-expressing tissues. Furthermore the ovalbumin gene
was found to be preferentially digested in oviduct tissue
but not in red blood cells or fibroblasts. Subsequently a
number of other laboratories confirmed these findings
(327),(328),(329). However, two major reservations soon
became obvious when trying to correlate gene activity and
DNase I sensitivity. Firstly genes transcribed at vastly
differing rates were equally sensitive to DNase T (330)
thus preferential digestion was not a direct function of
transcriptional activity. Secondly both the P globin and
ovalbumin genes, in mature red blood cells of the chick and
in hormone withdrawn animals (60),(331) respectively were
found still to be in a DNase I semnsitive chromatin |
conformation. As mature chick red blood cells condense
their chromatin and shut down all transcriptional activity
(rather than extrude the nucleus, as in mammals) the
preferential digestion can only be indicative of a trans-
criptional potential of certain genes.

This interpretation was further vindicated by the
finding that in mouse erythroleukaemia cells the globin
genes were DNase I sensitive both prior to and after induction.
In fact the examples of cell lines with low and high
uninduced globin levels were of identical sensitivity, as
was an additional non-inducible variant (332). Thus despite
good evidence for transcriptional regulation of globin in
these cells no modulation of chromatin structure appears to
occur. However a distinct lineage specific relationship
was revealed by this study as both adult liver and hepatoma
did not possess preferentially digested globin genes whereas
in the erythropoietically active foetal liver the globin
genes were sensitive to DNase I. A further intriguing
observation from the same study was that a lymphocytic cell,
a myeloma expressing immunoglobulin did not show DNase
sensitivity of the globin genes whereas a lymphoblast line
did show digestion of the globin sequences. The implication
here is that differentiation may involve a general closing
down of potential transcripfional activity of certain regions
of the chromatin. A haemopoietic stem cell would therefore
maintain globin genes in a potentially active state and

these would be activated or not depending on the differentiation
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pathway followed. If the cell developed along the myeloid
lineage the genes would eventually be removed from the
potentially active compartment and thus lose their sensitivity
to DNAse, presumably as they matured from lymphoblast to
lymphocyte. Such an interpretation whilst undoubtedly quite
attractive is somewhat confounded by the fact that the globin
genes in mature red cells are still DNAse I sensitive.
However, as other transcriptional factors are most likely
lacking in such cells it may not be necessary here to
inactivate the genes. Indeed, from work using monoclonal
antibodies Greaves et al (333) have identified markers
similar to erythroid specific antigens as well as myeloid
markers on early haematopoietic precursors.

Another possibly relevant finding is that of Groudine
et al (322) that one of the endogenous viral genomes of
the chicken is sensitive to DNAse I. Expression of these
genes is under cellular gene control identified as a
Mendelian locus Gs which is dominant to an alternative
allele gs. As gs/gs homozygotes do not express the viral
genome it is perhaps strange that the viral genome is in
fact DNAse sensitive, however expression of the virus genes
was observed in erythroblasts although not in chick
embryo fibroblasts. The latter cell expresses in the Gs/Gs
genotype. Thus the two alleles seem to affect the tissue
specificity of the emndogenous viral genome expression,
without altering the chromatin confirmation. Interestingly,
Gs/gs heterozygotes express intermediate levels of viral
specific sequences, thus this regulatory locus like the
others previously identified acts in a cis fashion,only
determining expression of genes on the same chromosome.

A further refinement of the DNAse I technique has
revealed a slightly different picture however. An original
observation of Weintraub and Groudine (60) was that the
embryonic globin genes of the chick were insensitive to
DNAse I digestion at times when the adult genes were being

expressed. This observation like the others quoted so far
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relied upon a solution hybridisation assay for its
interpretation. Thus sensitivity was monitored by gradual
loss of hybridisability on exposure to DNAse I, owing to
cleavage into pieces too small to hybridise efficiently
under these conditions. The refined technique exemplified
in Stalder et al (323) utilised analysis of DNAse sensitivity
by Southern blotting type experiments where mild DNAse
digestion was followed by complete restriction enzyme cleavage.
Preferential cleavage could then be observed as loss of a
characteristic hybridisation band. This assay is far more
sensitive as a single double strand scission by DNAse will
cause loss of the characteristic sized band.

Under these conditions a closer examination of the
switch from embryonic B globin gene expression to adult gene
expression was undertaken. The blot assay revealed a number
of new distinctions. Firstly, in erythroblasts expressing
the adult gene at 12 days of foetal development, the embryonic
genes were found still to be relatively sensitive to DNAse T
digestion. This degree of sensitivity however was not as
great on the fully active adult genes. With increasing
developmental stage this difference becomes more pronounced.
By contrast, the ovalbumin gene is at all times more resistant
than either of the P globin genes at all stages of development
in red blood cells.

A further surprise though was the finding that the adult
B genes were equally digestible with DNAse I as the embryonic
B genes in embryonic cells expressing only the latter. Thus
it appeared that the adult genes may have been selected for
expression prior to the event and existed in a "pre-activated"
state. More recently however, it appears that a more prosaic
consideration may be responsible that is in the chicken
genome unlike the mammalian PB-like globin gene cluster the
orientation of the genes does not follow their order of
expression during development but the adult genes appear to
be flanked on either side by the embryonic (267). Therefore
a purely structural consideration might constrain the adult

genes in a DNAse sensitive configuration when both the
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embryonic genes are being expressed. This interpretation

has been reinforced by findings in a subsequent study by
Stalder et al. (324). Here using probes from both coding
regions, and flanking regions differing degrees of sensitivity
to DNAse could be observed. The coding region was exception-
ally sensitive however quite distant regions from the actual
structural gene regions still displayed a moderate level

of sensitivity. In one case the transition from moderate
sensitivity to resistance (defined by the level of digestion
from non-expressed genes like ovalbumin) was mapped to a
region 7 Kb upstream from one of the embryonic gemnes. It
appears likely that all the B-like globin genes are contained
within what the authors describe as a "chromosomal domain",
which may correspond to a looped out configuration like

that observed in Drosophila "puffs" or Xenopus lampbush
chromosomes. Additional evidence for higher order domains
within chromatin structure have also come from related
investigations by Elgin and her group (33#),(335). Again
using a combination : of DNAse (micrococcal)and restriction
enzymes to locate a sequence specific organisation.

Another significant finding was that of hypersensitive
regions of the chromatin which caused the appearance of
tissue specific cleavages. These could be recognised as
sub-bands on the blot where one cut was a restriction enzyme
cut and the other a double strand DNAse I scission. Specific
cleavage sites were observed for the a genes which were not
found in nuclei from brain or in a non erythroid cell line.
These hypersensitive sites were located in non coding regions
and were identified on both the 3' and 5' sides of the
o gene. Additionally in the B globin domain cutting sites
specific to the embryonic gene and the adult gene were
revealed. These were shown to be directly linked to
expression of the genes as the embryonic hypersensitive
site was lacking from adult gene expressing red cells and
vice versa. Similar types of cleavage have been identified
elsewhere by Chambon (336) about 1 Kb to the 3' side of the
conalbumin gene and by Wu - (337) to the 5' side of two
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heat-shock loci. In this latter case these sites were
sensitive to DNAse I prior to heat shock, in the former

the hypersensitivity was again tissue specific and was

found only in oviduct and liver where conalbumin is trans-
cribed. Wu has suggested that this difference might relate
to genes which are developmentally regulated and those

like heat-shock loci which are not. Another possibility

of course is that the hypersensitivity occurs for a variety
of conceivably -unrelated reasons, certainly no particular
correlation with site relative to the affected structural
genes can be observed. One interesting precedent does

exist though and this is in the hypersensitivity of a region
of the SV 40 genome which has been shown to be both the
replication origin and the transcriptional origin (338),(339).
This again raises the possibility that origins of replication
may play some role in regulation of geme activity as
indicated earlier (Section II.A. ) from the work of Jelinek
and others. It would be interesting to locate hypersensitive
regions in a well mapped genome region like the human B-like
globins and see if they show any relation to the Pol IIT
transcript regions of Duncan et al (172) or conversely to
obtain some more detailed sequence information on some of

the already identified hypersensitive chromatin sites.
Possibly these regions may correlate with the "remote control"
loci identified by surrogategenetic techniques which only
appear to function in vivo and not in vitro (291).

These results beg the question as to what confers
preferential DNAse I sensitivity on regions of expressed
chromatin. One possible explanationis provided by the
observation that DNA and histones were organised into
nucleosome or nu body structures (340),(341). Such an
interpretation was reinforced by the observation that mno
similar bodies can be identified at the highly transcribed
ribosomal RNA genes of Xenopus (342). Less rapidly
transcribed genes however have displayed the presence of
nucleosomes in the electron microscope and further nuclease

studies have indicated that micrococcal or staphlococcal



109

nuclease generate characteristic nucleosome associated
"ladders" from active genes. These ladders form due to
the lower susceptibility to cleavage of the nucleosome
associated "core" DNA relative to the "linker" region
(322), (343).

Recently however, Weisbrod and Weintraub (325).have
identified two nuclear proteins which could be eluted’
from chick chromatin under fairly low salt conditions.
DNAse I digestion of trout testis chromatin has also been
found to release a very similar protein (344), as did
digestion of heat shock puffs (345). These proteins on
closer examination were found to correspond to proteins
14 and 17 of the "high mobility group" of Johns et al (346)
or HMG proteins as they are now referred to. HMGLl4 and 17
have to date been shown to have the unique property of
conferring DNAse I sensitivity on the nucleosomes to which
they bind. The most surprising feature of this interaction
has been the ability of the HMGs to reconstitute with
depeleted chromatin to restore DNAse sensitivity, which
is lost when they are eluted. This interaction is quite
specific, only sequences sensitive before elution, regain
it on reconstitution (325). The implication from this
degree of specificity of binding undoubtedly is thaf active
nucleosomes possess some other character which enables the
HMG proteins to recognise them. In a closer study of
nucleosome proteins, isolated from active and inactive
chromatin by using an HMG affinity colummn (326). No
differences in comstitution could be observed although many
properties were tested. This study however did demonstrate
that in the nucleosome core, histone stoichiometry was
maintained in both active and inactive chromatin, thus
HMG14 and 17 do not replace any of these histones within
the nucleosome. 1In particular, the somewhat vexed question
of histone acetylation (see Ref. 347 for review) and gene
activity was approached. The results were inconclusive for

whilst growth in butyrate caused an increase of total
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binding to the HMG column the bound fraction actually
contained less acetylation than the unbound fraction. In
control cells electrophoretic analysis of histones from
the bound and unbound fractions displayed no significant
differences in acetylation. Therefore it appears that
whilst specific acetylation cannot be ruled out, the bulk
acetylation of nucleosomes does not confer specificity

of HMG binding and therefore DNAse sensitivity.

One observation of particular note from this study was
the relationship of HMG binding to the moderately sensitive
flanking region of chromatin around the active globin genes.
An interesting correlation was found with true DNAse I
sensitivity and the presence of HMGl4 and 17, the moderately
sensitive'region on the other hand were devoid of nucleosomes
of this sort. Thus it appears that this degree of sensitivity
is mediated by other factors, possibly higher order
chromosome structures. Like the DNAse I sensitivity ditself
however the HMG distribution seems- not to confine itself
purely to transcribed regions of chromatin for both the
spacer region between the two a-globin genes as well as
the genes themselves were associated with HMGs.

If the histones of the nucleosome core do not contain
the specificity for reconstituting HMGl4 and 17, then
possibly the DNA with which the nucleosomes are associated
might have this property. One interesting observation
supporting such an interpretation was that free DNA, whilst
having a lower affinity for HMGl4 and 17 Ithan: active but
HMG depleted nucleosomes, actually has a greater affinity
for the two HMG proteins than do nucleosomes from inactive
chromatin (325).

A number of laboratories have mnow identified a rather
more persuasive correlation however. Restriction endonucleases

which cut at sites containing the CpG moiety show
In this

varying abilities to cut when the C residue is methylated.
the low representation of CpG in eukaryotic genomes has

recently beedreaﬁirmed(348).Closer examination using specific
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sequence probes (349),(350),(351) have shown interesting
variability in some CpG sites in DNA of different avian

or mammalian tissues. For example, methylation of virtually
all these variable sites occurs in sperm. However in
oviduct certain sites around and within the ovalbumin gene
lack methylation whilst in erythrocytes these sites are
methylated. Despite the fact that a number of inconsistencies
exist a general trend towards undermethylation at variable
sites seems to correlate with tissue specific modes of

gene expression. For example in the oviduct ovalbumin
ovomucoid and conalbumin all show undermethylation at such
restriction sites, whereas only conalbumin displays under-
methylation in liver, where it, unlike the other two egg
white proteins, is also expressed (349). Some interesting
exceptions exist, one site mear the ovalbumin gene is

found to be undermethylated in erythrocytes but not in
oviduct and similar but reversed relationships exist for

the adult B globin gene (349).

The most impressive relationship though has been between
undermethylation, usually flanked by fairly well methylated
DNA regions, and the sensitivity of these regions to DNAse T.
Chambon has observed for example that some residual methylation
occurs in oviduct, this tissue is only in fact 80% tubular
gland cells and thus only 80% of cells express ovalbumin.
This gene shows a corresponding 20% of resistance to DNAse I
digestion (336). Conalbumin similarly demonstrates a close
relationship between undermethylation at variable sites and
DNAse sensitivity. Particularly important is that most
of the exceptional cases of methylation or undermethylation
lie in regions which do not display DNAse sensitivity. A
very similar picture for the regions surrounding the chick
a-globin genes has come from Weintraub '(352) who has shown
that a very close identity in map regions affected occurred
when the a-gene region was subjected to DNAse I digestion,
HMG1l4 and 17 binding and méthylation sensitive restriction

studies. Thus it would seem that all these features are
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combined in some way to define regions or domains of the
chromosome which are potentially active in transcription
of the enclosed structural gene sequences. This latter
point cannot be stressed enough as these parameters do not
show any direct relationship to transcriptional activity.
Thus at least one other parameter must determine whether
such potentially active genes are indeed transcribed.
Methylation might have seemed an eminently suitable candidate
as in prokaryotic systems methylation at a single base
has beeﬁ found to drastically alter the affinity of such
regions for specific binding proteins. Such a relationship
‘has not as yet been identified and in the case of ovalbumin at
least Chambon and his colleagues have found no change
in any of the variable siteshroundthe ovalbumin gene during
hormonal stimulation (336). Furthermore it has been indicated
from sfudy in the chick globin system that undermethylation
may precede the establishment of a DNAse sensitive structure
(353). Omne enticing possibility is hinted at from this
connection and that comes from the finding that to date
although methylaSes of DNA have been identified no demethylases
have been found. For regions of undermethylation to be
established therefore a new round of cell division would have
to occur. A number of previous investigations have related
commitment to differentiation along a given pathway to the
necessity to pass through a replication cycle. There is
also recent evidence that the switch to late gene expression
in adenovirus requires DNA replication per se as an obligatory
pre-requisite (354). If such a relationship does exist,
then a likely candidate for regions of DNA able to direct
the establishment of new undermethylated chromosomal domains,
would mnaturally be replication origins. These regions have
been referred to a number of times in this discussion and
it would seem an unlikely coincidence if they did not play
some role in gene expression.

If the initiation of transcription cannot be fully
explained by the aforementioned parameters then other factors

must be involved. By virtue of the knowledge acquired from
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prokaryotes and possibly now also from the 5SS gene examples,
the hunt for DNA binding proteins capable of recognising
sequence specific signals has been a popular area of
investigation for many years. Two recent examples indicate
that this supposition may not be unfounded. Gehring and
his group have identified a DNA binding protein extracted
from Drosophila eggs which has been found to bind a single
specific sequence from a genomic library (355). This
protein represents an extremely small fraction of the total
DNA binding protein and could conceivably function in the
regulation of gene expression. The other report concerns a
developmental mutant of cartilage function in the chick,
which seems to be caused by a mutant form of chromatin
associated protein which is normally only observed during
the precartilage stage of development. The normal protein
is present in the chromatin of heterozygotes, however the
mutant form is not and thus may be unable to bind the
chromatin successfully. Correlating with the loss of this
binding in the mutants homozygotes was the premature
appearance of a low molecular weight protein only normally
associated with differentiated cartilage cells (356).

Such evidence of course is only circumstantial and
merely sets the precedent for future investigation. The
importance of correlating biochemical data with genetic
information is once again emphasised and thus the possibility
of investigating some of the many Drosophila developmental
and homeotic mutants using the new sophisticated techniques
could eventually prove most illuminating. Work of this sort
is being instigated now by Hogness. Nevertheless, the
ability to look closely at defined regions of DNA perhaps
assembled into mini-chromosomes utilising more highly
specified in vitro systems should enable critical appraisal
of some of these DNA protein interactions. The hormone receptor

complex is a particularly cogent example of a protein which
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could be investigated in this way both in vitro and by
gene transfer in vivo.

Another popular current line of investigation relates
to nucleosomes. Not any longer their extreme presence or
absence but more subtle variations like phasing which may
be able to altermnately cover or expose regions of significant
sequence organisation. In this context, it is notable
that the hypersensitive SV 40 region around the replication/
transcription origin appears to be nucleosome free (357)
and the important regulatory sites around the 5S gene seem
to be similarly arranged (358). As yet nuclease hyper-
sensitivity is the only direct link we have with active
transcription so this may have important repercussions.
Changes in nucleosome phasing have been observed during
development (343),(359) and the intriguing possibility that
regulatory proteins may interact with multiple sequence
elements brought into register by nucleosome phasing

arrangements has been proposed (360).
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IV. POST-TRANSCRIPTTIONAL CONTROL

When previously considering evidence for post-
transcriptional controls during differentiation and
development I have made no distinction between the various
levels at which such controls might be instigated. A
somewhat crucial question with regard to post-transcriptional
control is whether controls of this nature are exercised
in the cytoplasm by messenger stabilities or translational
control, or whether events in the nucleus are able td
regulate the flow of message into the cytoplasm. A possible
candidate here would be differential rates of splicing.

The role of splicing will be comsidered below. First I
shall look at transiational control and the role of messenger
stabilities; din regard to the latter some evidence relates

to how turnover may be controlled.

IV.A. Translational control

The control of mRNA translation is an extremely
versatile stage at which to regulate protein synthesis in
response to fluctuating environmental conditions. The '
response can be widespread, coordinated, and furthermore
extremely rapid. Moreover recovery from inhibition of
protein synthesis could be accomplished very rapidly assuming
m-RNA molecules are still available for translation.
Possibly the best example of translational control is that
of the mature unfertilised egg cell. Costantini et al.
(161) have demonstrated the unique nature of stored maternal
messenger from both sea urchin and Xenopus. The breakdown
of nuclear-cytoplasmic [membragnes in these cells means that
this control may be exercised not purely in a translatiomnal
control but as a maturation arrest of m-RNA molecules.
The structure of egg RNA is very similar to that indicated
from more indirect means for nuclear HnRNA. Thus the
egg may exercise its translational control at the processing
stage. Certainly there is evidence that the egg can translate
competent m-RNA. Globin m-RNA for example has been translated

in a mouse ovum (361).
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One of the clearest examples of translational control
in a coordinated respomnse to external stimuli is in the
control of protein synthesis in fibroblasts deprived of a
surface on which to grow (362),(363). This highlights in
fact a number of coordinated multilevel changes. Messenger
production reduces five fold, although HnRNA synthesis
remained normal. Protein synthesis declined (362) but m-RNA
was shown to remain in the cytoplasm (363). No major sequence
changes occurred but m-RNA extracted from such cells cannot
translate efficiently in cell free systems. This RNA
although normally labile turmed over much more slowly. One
possible implication from this work is a link between
translation and stability such that active translation
reduces the stability of the message. Other systems though
have indicated an opposite interpretation that non-polysomal
m-RNAs are in fact being turned over. The arrest in
translation of messenger in suspended fibroblasts appears
not to stem from an initiation defect as during recovery
there is a dramatic switch to large polysomes as messengers
are translated once more (363).

The previous examples illustrate a general translational
control mechanism however some specific cases have already
been referred to. (Section I.B.3 ). Precise mechanisms
for how such controls are exercised are unknown, some
potential control RNAs have been identified (364),(365) but

as yet no clear picture has emerged.
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IV.B. Messenger stability - role of Poly A

The widely different abundances of messenger RNAs
in the cytoplasm of a number of cell types has already been
highlighted. The fact that nuclear RNA abundances vary
less than cytoplasmic suggests that relative cytoplasmic
stabilities may play an important role in determining
abundance. One situation, the reticulocyte has shown how
the half life of different messengers can play a dominant
role. How does this apply to nucleated cells? Studies by
Penman and colleagues (366) and by Perry (367)(368) show
a somewhat clouded picture. Penman's group compared the
reassociation kinetics of éDNA prepared from steady state
and actinomycin blocked cells. The results demonstrated
in Drosophila cells a striking correlation between abundance
and stability, such that blocked cells showed an enrichment
for low complexity prevalent messenger species. Equally in
mouse L cells Meyuhas and Perry (368) were able to show a
similar correlation. This was improved by making fractionated
cDNA probes. Interestingly this study revealed that abundance,
low complexity, and small messenger size generally correlate
well. Thus, small messengers were both stable and abundant
but large messengers tended to be rare and part of the
complex class. This relationship was of course only a broad
generalisation but suggests that turnover could be related
to both random events, mediated by target size and specific
mechanisms which would allow larger m-RNAs like ovalbumin
to accumulate.

However, HeLa cells do not seem to show a similar
relationship (366). Perry has suggested this might be due
to the comparison of steady state and pulse labelled material
rather than long term ‘chased and pulsed RNA. The presence
of a fairly large turnover in the steady state population

could mask the stability/abundance relationship. It would
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seem that this point requires some further investigation
most likely the use of cloned probes such as in [Darnell's
study of CHO cells (155) could help to clarify the inter-
relationships of transcription, processing and decay rates.
The evidence from abundant, specific probes has certainly
given support to the idea that stability plays an important
role in determining cytoplasmic abundance.

In trying to determine what factors might control
stability one aspect repeatedly emerges but an unequivocal
answer has remained elusive. This has been the role of
polyadenylation of m-RNAs and stability. Two features lend
support to%connection firstly, the rapidly degraded m-RNAs
of prokaryotes lack poly A, and secondly the histone m-RNA
of eukaryotes similarly lacks poly A and also shows a
short half-life (369). ‘

During early development however in sea urchins and
in Xenopus most of the histone is made from stored, maternal
messenger which must therefore be stable. It is iogical
therefore to ask the question whether this histone messenger
is polyadenylated. Investigations in unfertilised eggs
and oocytes have indicated a higher proportion of poly A(+)
histone messenger (152), however it seems that the three
hours half-life of the m-RNA iobserved during cleavage would
just be sufficient during oogenesis to supply the needs of
the embryo (369). In analysing the switch from a low to
high level system of histone m-RNA when Xenopus oocytes become
mature eggs, Ruderman et al. (152) concluded that a relation-
ship between stability and translation existed. This
synthetic rate change of 50 fold is not determined by changes
in total m-RNA content. However a change in the distribution
of poly A(+) and poly A(—) histone m-RNA does occur; at
all times active m-RNA for histone was located in the
poly A(-) fraction as assayed by in vitro translation. Thus
it appeared that stability was linked to translation, only
translated messengers being degraded, the rapid switch in

synthetic rate being determined by deadenylation of m-RNA
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thereby establishing a link between the reduced stability
and poly A(-) status. No good evidence exists elsewhere
that poly A(-) m-RNA translates or initiates better than
poly A(+) although it is motable that the poly A(-) fraction
of cells is only found associated with polysomes whereas
poly A(+) messengers are found as free mRNPs as well (370).
Thus deadenylation could occur during sequestration into

the polysome fraction.

Other evidence linking polyadenylation to stability
has come from correlations between decay rates of m-RNA
and poly A tail shortening (371),(372). However in other
systems no relationship could be found (373). Nevertheless,
newly synthesised molecules do seem to have larger poly A
regions than those that have "aged" in the cytoplasm.

The most direct evidence on the role of polyadenylation
in determining stability has been acquired by Huez and his
coworkers (374),(375),(376). Globin m-RNA from mammals
when injected into Xenopus oocytes showSa marked stability
and can be translated for some time. By contrast, if the
message is deadenylated before injection rapid degradation
ensues after a short period of functional translation.
Subsequent readenylation of globin m-RNA is able to restore
its stability in this system. Similarly histone m-RNA
extracted from HeLa cells and injected into oocytes direct
systems for a period which is then followed by a rapid
decline. On addition of a stretch of 40-50 Adenylate
residues the injected RNA was stabilised such that histone
synthesis was still detectable 43 hours later. Poly A not
covalently attached to the histone was unable to bring
about this stabilisation.

Nevertheless when a similar study was attempted with
fibroblast interferon removal of the poly A tract usually
associated with this m-RNA did not affect its stability in

the Xenopus oocyte (377). Unless the oocyte can recognise
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interferon m-RNA and readenylate it in a way not possible

for the other messengers, the connection between poly A

and stability cannot be absolute. Here of course the problems
associated with employing heterologous systems could be
manifold. Under these conditions for example globin m-RNA
s-eems more stable than in reticulocytes, although in these
cells in fact it may have been destabilised (111). The
relationship between polyadenylation and stability may

remain obscure until a mnaturally occurring change in stability
similar to that observedfor globin m-RNA in Friend cells (111),
(112), can be shown to derive from some specific change

such as a deadenylation event.

Polyadenylation may in fact have a quite different role.
Darnell for example (378),(379) has propounded the idea that
poly A addition selects out sequences for export to the
cytoplasm from those to be turned over within the nucleus.
This work on transcription in adenovirus has shown that
poly A addition is very rapid and more interestingly although
termination of the polymerase always occurs at the same place,
the concentration of different messenger transcripts could

relate to the choice of polyadenylation site.
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IV.C. Role of splicing

Of rather more interest recently though has been the
role of that originally novel and perplexing observation
that eukaryotic genes contain interruptions in the coding
sequence. Study in a number of viral systems soon revealed
that m-RNAs were maturation products of higher molecular
weight precursors, which had the intronic elements removed
by RNA/RNA splicing (227),(228),(229). Since these
observations were soon confirmed for cellular genes, the
possibility that splicing may play a central role in
determining gene expression has been pursued with much
vigour. Splicing could be thought to control gene expression
post-transcriptionally in a variety of ways. Firstly,
qualitative regulations could be made on the basis of
sPlice/no splice decisions or quantitative modulations
could be utilised in splice choice determinations like the
alternative splicing modes for the two T antigens in SV 40
(380),(381). Alternatively quantitative variations could
be instigated by different processing rates for different
messengers, perhaps dictated by variation in splice sequences,
showing different affinities for the splicing machinery.

To evaluate such possibilities the mechanisms of
splicing have come in for some close investigation. At
first the possibility of studying splicing in yeast t-RNAs
was extremely attractive due to the ability to obtain mutants
(382), (383) and genetic in vitro splicing systems. Un-
fortunately it soon became clear that factors governing
the splicing of t-RNAs were different from those pertaining
to pol ITI transcripts. A number of investigators have
alternately tried to invoke secondary structure models
governing the processing of structural gene transcripts
(384),(385). No satisfactory relationship has yet been
found which can unify splicing of m-RNAs from widely diverse
species into a single mechanism based on such considerations.
Unexpectedly perhaps, the only durable interpretation of

obligatory splicing signals has come from Chambon's group
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and their studies on intron/exon sequence junctions (286),
(289). The only inviolable rule seems to be the GT/AG
dinucleotide conservation observed at these regions. Such
considerations make the mechanism of splicing obscure in

the extreme but the model proposed by Stéitz and her
colleagues (177),(178) involving the role of the Ul snRNA

is at least attractive if mnot wholly convincing; problems
of stabilising the RNA/RNA.duplex with such short homoiogies
seem to exist (386). However, study of Ul related sequences
within introns of the gene has revealed not only that
multiple splice domnor sequénces exist but that they seem
also to function in vivo (387). A similar pattern seems to
occur in the 15S globin m-RNA precursor (388).

Some of the stability problems involved in Ul association
with splicing sites could be resolved perhaps by reference
to others of the family of snRNAs which exist. Utilisation
of different sequence variations of the U series RNAs could
be one method of varying the processing rates of different
messengers in different cell types by virtue of varying
degrees of homologies between the snRNA and the splice
junction sequence.

The obligatory nature of splicing for messenger RNA
precursors which normally contain introns has come from a
number of investigators. Hamer and Leder (389) constructed
a number of SV MO/globin hybrid molecules and compared "the
efficiency of the different genomes to generate stable globin
containing m-RNA. Only molecules containing a functional
splice were able to generate stable RNA. When, for example,
the globin sequence was inverted such that it was read
the antisense strand no functional messenger could be formed.
The fact that intronic sequences differ so much in content
and length has indicated that the junction sequences are the
crucial signals in achieving successful splicing. The
previous authors for example have shown, that only 18
nucleotides of the large globin intron including the junction

sequences were required to generate a functional splice.
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Deletions in the intron/exon junction can be crucial to
expression however (390),(391). In the latter case

removal of an SV 40 splice junction in vitro and subsequent
infection caused the destabilisation of a normally stable
messenger. Other data on SV 40 from Weisman and his
colleagues ( 246 indicated that preservation of nine
nucleotides on the 3' side of the SV 4O leader splice
Junction are able to direct the splicing of the transcript,
if however this is reduced to seven nucleotides large amounts
of unspliced m-RNA are formed.

The extremely close relationship between splicing and
m-RNA formation would imply this may be a process where
major regulations of gene expression could occur. Splicing
choice differences within the SV 40 T-antigen messenger
precursor obviously is instrumental in determining the
relative levels of large T-antigen and small T-antigens
(380), but no evidence exists as yet that this ratio can
be modulated during development. Whether higher organisms
use this type of genetic organisation typified by the viral
systems is also highly debatable. Some evidence from the
sea-urchin (392) suggests that four differently sized
transcripts can be formed from a single gene. Whether the
case for the same gene product is not known. Such molecules
could of course be generated by terminator read through to
give heterogeneity in size such as that observed for D.H.F.R.
(281).

A great deal of circumstantial evidence now points to
the use-of different splicing choices within the immunoglobulin
system to generate a number of alternative messenger RNAs.
Hood and his coworkers have highlighted two processes where
splicing may well dictate messenger identity (393), (394).

In the heavy chain Ig M immunoglobulins, molecules secreted
into the medium possess a different 3' terminus from those
which are implanted into the cell membrane. Both these forms
of the immunoglobulin display the same idiotype and thus

must have the same variable region. This mechanism cannot
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be the same as the heavy chain switch of content regions
(achieved by DNA deletions) as both Ig M forms are co-
expressed. Mapping of this genomic region has indicated
the presence of an additional coding segment located
distal to the normal 3' end of the Ig M constant region
which is able to code for the C-terminal region of the
membrane bound form. This was indicated by the high
content of hydrophobic amino acid coded by this regionj;
a feature typical of membrane associated proteins. The
model proposed therefore is that splicing choice determines
whether the complete transcript,which includes the membrane
exon,is processed using the proximal or distal C-terminal
domain exons, to generate secretory or bound forms
respectively. A somewhat novel arrangement is involved in
producing the membrane associated form as the donor sequence
for the last splice is actually part of the secretory form
exon and thus lies within a coding segment.

A similar system seems to have evolved for Ig D
expression which enables two types of constant regions to
be co-expressed with a single idiotype. Blattner and his
colleagues (395),(396) have shown that the Ig D constant
region is coded for only 2 Kb downstream from the p constant
region contrasting markedly to the widely separated remaining
heavy chain C regions involved in the heavy chain switch.
These authors have similarly suggested that Ig D can be
expressed by different splicing arrangements of a transcript
which includes both p and k constant regions.

Both these groups though have pointed out that this
splicing choice could be a passive consequence of changes
in poly A addition site or polymerase termination. Use of
alternative poly A addition sites is a phenomenon highlighted
earlier and thus may make this the more likely mechanism.
In this case read through to the distal terminus could
generate the altermative messenger form and thus the primary
transcripts would be of variable sizes. This would be ome
possible way of distinguishing between these two processing

pathways.



125

However widespread the use of splicing as a vehicle for
controlling gene expression tufns out to be,itsperturbation
has already been shown to cause a genetic defect. Faulty
splicing patterns seem to be responsible for two known
cases of B thallassaemia (397). It is notable that these
consist both of a qualitative and a quantitative change
in processing in each case respectively. This at least may
enable some of the mechanics of the splicing system to be
elucidated.

The most remarkable instance of splicing linked gene
expression has come from genetic and molecular biological
investigation of mutants of yeast cytochrome b. This gene
has been shown to consist of five exonic regions and four
introns (398). One particular class of mutants comprising
a single compl€mentation group have been identified as
mapping within the second intron; these are referred to
as box 3 mutants (399). Analysis of certain box 3 mutants
has revealed that they prevent splicing of the cytochrome b
m-RNA precursor which thus accumulates. Moreover these
mutants can be complémented in trans, which suggests the
presence of a diffusible gene product instrumental in
splicing. Sequence analysis of wild type and mutants,
particularly of chain terminator type has demonstrated that
the second intromn (box 3 region) possesses an open reading
frame.

This region seems to be translated, as nonsense mutants
accumulate novel polypeptides which demonstrate colinearity
with the gene sequence. Thus it appears that the unspliced
box region transcript is first translated into a protein
which is then able to function as a splicing enzyme called
a"maturase" by the authors, which removes the second intron
inbwhich it is encoded. Removal of this intron aligns
exonic regions of the cytochrome b gene transcript which
can then be translated into functional cytochrome. The

existence of mutants which make inactive cytochrome b
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but are able to compliment box 3 mutants argues strongly
for this interpretation. One advantageous spin off from
this organisation is that cytochrome b systems should be
self regulatory. The concentration of the maturase will
determine the efficiency of splicing and thus the
concentration of cytochrome. It is clear however that a
small quantity of maturase is sﬁfficient to splice many
m-RNA precursors.

A particularly relevant factor is that the box 3 coded
maturase looks to be pleiotropic as such mutants make no
cytochrome oxidase subunit 1 either, so this could be
identifying a fairly general mechanism. On the other hand
it seems that the box 7 mutants of cytochrome b could also
function as maturases for one of the additional introns of this
gene as they are complémented by and complément box 3
mutants; they should therefore code for a._diffement maturase.
There is also evidence that other split genes in yeast
mitochondria may encode maturases within introns, the oxi 3
gene being a likely candidate.

The generality of this type of regulation in a wider
context is dubious but not totally implausible. Although
it is simple for mitochondria to translate unspliced
messenger precursors there is certainly no precedent for
this in nuclear genes. However as splicing is obviously
efficient in terms of splices per maturase molecule,
concentrations at steady state could be vanishingly small.
Nevertheless, it is revealing that one splice is performed
in generating the maturase, so some other, perhaps less
specific system looks to be involved as well. Fimally, the
intron/exon boundary sequences whilst showing some features
common to those of nuclear transcripts do not appear to
follow identical splicing rules and thus may be mediated
by a separate processing machinery. As mitochondria would
also appear exceptionally to utilise a variant genetic code

however, these factors may not be mutually exclusive.



127

MATERIALS AND METHODS
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Production of Reticulocytes

Reticulocytes were obtained originally from the blood
of mice made anaemic by intraperitoneal injection of
phenylhydrazine hydrochloride (O.l ml; 2.5%). Cells were
harvested after filtration through glass wool from mice
bled on the fifth day after injection by centrifugation
(MSE Mistral 4 x 250 ml 15 mins. 1500 rpm). The white cell
fraction was removed by aspiration from the top of the
pellated red cell fraction. The remaining red cell fraction
was resuspended in Hanks B.S.S. and the process described
above repeated. The cells were washed in this manner once
more and pelleted again before lysis.

For protocols where immature cells were required the
injection regime was modified as follows: acetyl
phenylhydrazine was injected (0.2 ml 2.5% in P.B.S.) as
before but the procedure was repeated on the second day
after injection. Cells were then harvested on the subsequent
day.

Reticulocytes were thén purified from this blood by
centrifugation through Ficoll/Triosil (6%/16.7%). The
density of which was calculated to allow mature red blood
cells and reticulocytes to pellet but leave the Yymphocytes
at the blood/Ficoll interphase. Granulocytes were distributed
within the Ficoll/Triosil layer but did not pellet.

Reticulocytosis was estimated by supra-vital staining
with brilliant Cresyl blue. Ten drops of packed cells were
diluted with ten drops of B.S.S. and an equal volume of
stain added. The mixture was incubated for 10 mins at 37°C
and then used to prepare microscope slides. The stained
preparation was diluted to give approximately 100 cells
per field when viewed under oil immersion. The reticulocyte
count was estimated from analysis of ten random fields and
is expressed as the percentage of non nucleated cells found
to be characteristically stained. (See Fig. 12 ).

White cell contamination was estimated from May-
Grunewald Geimsa staining (kindly performed by S. Hughes)

and was never greater than 0.1%.
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Isolation of messenger RNA

RNA was prenared from reticulocyte rich blood by
repeated phenol/chloroform extraction in ANE/SDS buffer
as described (62). Where polysomes were prepared cells
were lysed in 1 mM MgCl2 and mitochondria and cellular
debris pelletted at 8000 g. Polysomes were then pelletted
by centrifugation for 1-2 hr at 120,000 g. The polysome
pellets were resuspended in ANE/SDS and the RNA obtained
by repeated phenol/chloroform extraction.

RNA from younger reticulocytes was prepared by
modification of the methods described in (403 and (4ou4).
Cells were resuspended in T.N.M. buffer (100 mM Tris HCl, pH 7.4
150 mM NaCl; 3 mM MgClZ)‘and lysed by addition of Nonidet
NP 40 to a final concentration of 0.5%. The lysed cells
were then centrifuged at 800 g as above to remove macroscopic
debris. The supernatant was then made 10 mM in EDTA and
1% in S.D.S. Caesium Chloride (B.R.L. ultrapure reagents)
was added to a final concentration of 1.4 g/ml and the
solution centrifuged at 10,000 g for 30 min at 20°¢c
(Sorvall HB-4 rotor). The suprenatant was removed by passing
a syringe needle through the protein SDS pellicle as
indicated (hOB)diluted with 2-3 vols of distilled deiomnised
water and precipitated with 7-8 vols of ethanol. The
precipitate was recovered by centrifugation at 10,000 g
(10'0°C) the ethanol decanted, and the pellet dried and
then resuspended in T.N.M./EDTA/SDS as described above.

The solution was then re-extracted with caesium chloride
and ethanol precipitated.

The total RNA prepared by either method was then
fractionated by affinity chromatography on Poly-U-Sepharose
(405)n?where small yields were expected by oligo-dT-cellulose
(406).

The poly A(+) RNA was then desalted on Sephadex G-50
columns, the required fractions pooled and freeze dried.

For gradient fractionation the RNA was bound once ?o

an oligo-dT-cellulose affinity column, precipitated and
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loaded onto the top of 5-20% sucrose gradients carrying a
60% sucrose pad at the base. Centrifugation conditions
were as detailed in appropriate figure legends.

Analysis of affinity chromatography was performed by
electrophoresis on 2.6% acrylamide disc gels. The gels
were run in buffer containing 36 mM Tris base, 30 mM
NaHzPOM, 1 mM EDTA, 0.2% SDS, using bromophenol blue as
tracer dye run in a parallel gel. After electrophoresis
the gels were scanned using a Joyce-Loebel gel scanner to

detect the presence of RNA by ultraviolet absorbance.

Density Gradient Centrifugation

Fractionation of messenger RNA was performed on 5-20%
sucrose gradients in N.E.T.S. buffer (100 mM NaCl, 10 mM
Tris - HC1 pH 7.4, 1 mM EDTA 0.1% SDS). The gradients
were formed by underlaying progressively denser sucrose
solution in a series of defined steps and allowing the
gradients to form by overnight diffusion. Gradients were
used immediately after this. The quality of the gradients
was ascertained (sometimes from a parallel gradient) by
measurement of refractive index using a refractometer.
Unloading was by upward displacement using an M.S.E.
unloading cap. Fluorochemical (FChB, 3M CQ) was employed,
owing to its chemical inertness and high density, for
displacement of the gradient. The presence of unlabelled
RNA was monitored with an L.K.B. Uvicord spectrophotometer
and labelled RNA by liquid scintillation counting.

For estimating the sizebof c-DNA probes, alkaline
sucrose gradients (0.9 M NaCl, 0.1N NaOH) 4-11% sucrose
were employed; prepared as described above. Analysis
was performed on 12 ml gradients run in an IEC B-60 with
a 6 x 14 rotor. Precise conditions of centrifugation are
described in the relevant figures. S-values were calculated

by computer from distances migrated.
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Solution Hybridisations

These were performed in sealed glass capillaries at
42°C in buffer containing 0.5 M NaCl, 100 m M Hepes pH 7.0,
5 mM EDTA and 50% v/v formamide (Fluka). Appropriate
volumes of mRNA, cDNA and E.coli carrier t-RNA were mixed
from solutions in distilled water and lyophilised to drymness.
The pellets were resuspended in a suitable volume of
hybridisation buffer (0.5 - 5.0 ul) and sealed inside glass
capillaries. The reaction mixes were boiled for 5 mins
and quenched in ice before beginning the hybridisation. The
extent of hybridisation was measured using S-1 nuclease.
The contents of each capillary were expelled using 250 ul
S-1 buffer (0.07 M Na acetate, 0.14 M NaCl, 5 mM ZnSOu,
pH 4.5) supplemented with 14 pg/ml denatured calf thymus
DNA. To the mixture was added 100 pul S-1 enzyme (Sigma)
(20 units) and the reaction incubated at 37OC for 1 hr.
To estimate the total number of counts 100 pl was removed
to a counting vial. To estimate the acid soluble material
200 pl were transferred to a tube c¢ontaining 50 pl 1 mg/ml
BSA chilled on ice. To this was added 50 pl of PCA (6N)
and the tubes were incubated on ice for 20 mins. The
precipitable material was removed by centrifuging at 2500 rpm
for 15 mins. 200 pl of the supernatant was used for
scintillation counting. The percentage of hybridised
material (H) was calculated from HY = 100 x (1 - QL%EE )
where S and T are the acid soluble and total counts
respectively. The factor of 0.85 is calculated from the
relative volumes counted, corrected for differential

efficiency of counting in acid media.



132

Synthesis of cDNA probes

For solution hybridisation cDNA was synthesised by
a method adapted from Baltimorie (407). The reaction
mix was as follows: 25 mM Tris pH 8.2, 50 mM Mg acetate,
10 mM D.T.T., 200 mM NaCl, Oligo dT;, ;g 200 pg/ml
(P.L.Biochemicals), Actinomycin D 75 pg/ml, unlabelled
dNTP's at 2 mM and labelled dANTP at 0.2 mM. Template
concentration was 10 ug/ml and the reaction contained
100 p/ml reverse transcriptase. The reaction mix was
incubated for 2 hr at 3700 incorporation stopped by addition
of EDTA to 0.01 M and SDS to 1%. The cDNA was separated
from unincorporated nucleotides by Sephadex G-50 chromato-
graphy. The excluded material was made 50 :aM in NaOH,

25 mM in E.D.T.A. and the template RNA hydrolysed at 37°C
for 4 hrs. The solution was then neutralised in the
presence of 50 mM Tris and phenol red. The c-DNA was
finally desalted on Sephadex G-50 and lyophilised. The
c-DNA was stored at -ZOOCFin sterile water.

Probes synthesised as above had specific activities
in the range 2-8 x lO6 cpm/pg using 3H dCcTP (Radiochemical
Centre). Their sizes were estimated by centrifugation
in alkaline sucrose gradients. (Fig. 6a/b).

For Southern blotting experiments probes were
synthesised to approximately 6 x lO8 cpm/pg. 32P dCTP
(400 ci/mmol) being added to a typical reaction mix containing
10 pg/ml m-RNA, 0.5 mM dNTP's (Boehringer Corp. Ltd.),

40 pg/ml oligo dT;,_,g» 100 uCidCTPBZP, 140 mM KC1,

50 mM Tris pH 8.0, 10 mM MgCl2 30 mM B-mercaptoethanol

and 5-10p of A.M.V. reverse transcriptase. This mix was
incubated for 1 hr at 42°C and the template then hydrolysed
as above but at 5000 for 30 min. The probe was then
isolated on G-50 Sephadex and concentrated if necessary by

lyophilisation.
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Synthesis of cDNA for cloning

Originally this was performed as described by
Humphries et al (404). The first strand synthesis was
performed as for solution hybridisation probes. The
second strand was synthesised in a reaction mix containing
30 mM Tris HC1l pH 7.5, 4 mM MgClZ, 0.5 mM B-mercaptoethanol,
1 mM dNTPs and 9 p of Klenow fragment of DNA polymerase I
(B.C.L.) per microgram cDNA template. The mix was incubated
for 5 hrs at 20°C then phenol extracted, dialysed extensively
against 1 mM Tris HCl pH 8 and incubated with S-1 nuclease
at Su/ml in buffer containing 300 mM NaClZ, 30 mM Na acetate,
pH 4.5, 3 mM ZnSOu to remove the hairpin loop. The mixture
was again phenol extracted and dialysed as above, before
being concentrated by lyophilisation.

For its convenience, a modified protocol of Schimke
(408) was adopted for later synthesis. First strand synthesis
was as described for Southern blotting probes except that
template concentration was 25 pg/ml and 7p/pg of reverse
transcriptase were used. Final specific activity was adjusted
in this case to lO6 cpm/pg. After incubation with reverse
transcriptase the reaction was stopped by boiling for 3!
and rapid quenching on ice. The mix was then diluted with
an equal volume of 200 mM Hepes pH 7.0 containing 0.5 mM
dNTP's. To this was added 35 p of DNA polymerase I Klenow
fragment and the mix was incubated for 2 hr at 1500. The
reaction was stopped by addition of SDS to 0.1% and the
unincorporated nucleotides removed by chromatography on
Sephadex G-=50 in 20 mM NaCl. The excluded material was
treated as described previously to remove the hairpin.
The products of these reactions were analysed by alkaline .
sucrose gradient centrifugation in 4-11% gradients. (Fig. 15 ).
Finally, to ensure perfectly flush ends, the c-DNA was
incubated with DNA polymerase I as described for plasmid

repair.
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Preparation of Plasmid Vectors for Cloning

Covalent closed circular pAT 153 plasmid DNA (25 pg)

was linearised using Eco RI, Bam HI or Sal I and the
digests checked by analysis on 1% Agarose gels. (Fig. 18).

The 5' overhanging ends were then made flush by
"filling-in" using DNA polymerase I, Klenow fragment under
conditions described by Chambon (409). (20' at 14°C) in
a reaction mix containing 30 mM Tris-HC1l, pH 8.0, 4 mM
MgClz, 10 mM B-mercaptoethanol, 1 mM each of dANTP's and
2.5 u/pg of Klenow fragment of polymerase I. The terminal
5' phosphates were then removed using alkaline phosphatase
(Boehringer Corp. calf intestinal grade 1) (0.05 p/pg) in
50 mM Tris (pH 8.0) at 37°C for 30 min. The reaction was
stopped by addition of phenol/chloroform and extracted
twice followed by ether extraction and then ethanol
precipitation.

Plasmid DNA treated as above was ligated to equimolar
quantities d.s. c-DNA by blunt-end ligation using T4 DNA
ligase (N.E. Biolabs.), under conditions containing
50 mM Tris-HCl1, pH 7.5, 10 mM MgClz,
1 mM ATP, 50 ng of plasmid DNA, 2-8 ng of ds c-DNA and 1 pl

10 mM B-mercaptoethanol,

of ligase in a total volume of 10 pl. The reaction mix
was incubated at 12°C for 20 hrs when a second addition of
ligase was made and the reaction allowed to proceed for a
further 24 hrs. The ligation mix was then stored for
future use at -20°C or kept on ice for immediate use in

transformation.

Preparation of Plasmid DNA

Plasmid was initially prepared utilising the method
described by Birnie (410). Small overnight cultures were
incubated from plates or stabs and used to seed bulk
cultures grown in L-Broth (lL contains 20 g Bactotryptone,
10 g yeast extract, 20 g NaCl) which were allowed to grow

to late log-phase (A = 0.6) whereupon chloramphenicol

600
was added to 0.2 mg/ml and the cultures grown for a further

17 hrs.
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Cells were then harvested by centrifugation 8.5K 10!
(sorval GS3) at 4°C. The pellet was resuspended in
0.05 M Truis pH 8.0 and the cells repelleted. The cells
were then lysed using 0.05 M Tris/25% sucrose and lysozyme
1 mg/ml (Sigma), by incubation at 4°¢ for 5!' followed by
incubation at BOOC for 15 mins after addition of EDTA to
approximately 0.08 M. 0.7 vol 36% Triton-X100 was added
to complete lysis. Chromosomal DNA was removed by
centrifugation at 30 K for 1 hr at 20°C. The supernatant
was carefully decanted to a vol of 30% NaCl added and the
plasmid DNA was concentrated by precipitation at 4°c in
the presence of 10% (w/v) P.E.G. The plasmid DNA was then
extracted by centrifugation (8.5 K 15' Sorval G5A) and
loaded onto Casium chloride isopycnic &radients in O.1 x SSC
containing Ethidium Bromide (0.3 mg/ml). The plasmid was
banded by centrifugation at 37.5 K rpm for 64 hrs (MSE 10 x 10)
at 20°cC. Unloading was by peristaltic pump using upward
suction.

As yields were rather poor (100 pg from 1.6 L of culture),
although of high purity (see Fig. 18), where large quantities
were required, the alkaline extraction technique of Birnboim
and Doly (411) was employed. The basis of this technique
is denaturation and rapid renaturation which precipitates
the chromosomal DNA but enables the plasmid to "snap-back"
and thus it remains in solution. For a one litre culture
such as above, the cells were resuspended in 40 mls/gm
solution (25 mM Tris, pH 8.0, 50 mM Glucose, 10 mM E.D.T.A.,
5 mg/ml lysozyme) and placed on ice for 30 min, before
addition of 80 mls of alkaline S.D.S. (0.2 N NaOH, 1% S.D.S.).
60 mls of 3MNa acetate (pH 4.8) are then added and the
solution gently mixed. Chromosomal DNA is pelleted by.
centrifugation at 8000 rpm 0°C 10 min. The supernatant
is then used to precipitate the plasmid DNA by addition of
320 mls of ethanol. The plasmid is pelleted and resuspended
in 40 mls of 0.2 M Na acetate, 0.1 M Tris HCl, 1 mM E.D.T.A.,
0.2% SDS (pH 8.0), then phenol/chloroform extracted twice,
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followed by ethanol precipitation. The pellet is then
RNAse treated (50 mM Tris HCl1l, pH 8.0, 1 mM E.D.T.A.)

in 5 mls 200 ug/ml RNAse A at 3700 for 1 hr, followed by
room temperature precipitation with 1.2 vols Ethanol 0.2 M
Na acetate. The pellet is then resuspended in 2 mls Na
acetate/Tris/ E.D.T.A./SDS and treated with Proteinase K
(50 pg/ml) at 37°C for 30 min. After proteinase treatment
the plasmid DNA is re-extracted with phenol/chloroform

and precipitated with 3 vols of cold ethanol. The pellet
is then resuspended in 0.2 M Na Acetate and finally re-
precipitated at room tempera%ure using 1.2 vols of ethanol.

Small cultures of bacteria were used (2 mls) in a
scaled down version of this method for making rapid
preparation of DNA for simple analysis. In this case the
RNAse step is omitted but phenol/chloroform extraction wds
found to give improved results in restriction analysis.

As the previous methodology was somewhat tedious and
involved, for preparations requiring a number of different
samples the modifications of D.Isch-Horowitz (pers. comm.)
were utilised. This is essentially an amalgam of the two
previous methodologies. The alkaline extraction is followed
as far as the neutralisation step, however the neutralising
salt is Potassium acetate as opposed to Sodium acetate,
which helps to pack down the chromosoﬁal DNA as the
potassium salt of S.D.S. is highly insoluble. The supernatant
is then decanted through gauze, to remove any floating
precipitate and the plasmid precipitated by addition of
0.6 vol of isopropanol. After centrifugation (8 K rpm 10 min
4°c Sorvall G.SA) to pellet the plasmid DNA, it was re-
suspended in 13.4 mls Tris/EDTA (10 mM: 10 mM) to which
was added 14.4 g CsCl and 1.4 ml 5 mg/ml Ethidium bromide.
This solution was split into two equal portiomns and
centrifuged as previously described (I.E.C. B60 10 x 10
rotor, 40 K, L2 hrs, 20°C).
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Transformation

Competent cells were prepared by the Calcium/Rubidium
technique. E.coli HB10l were taken from an overnight culture
and seeded into a 200 ml culture in L-Broth. Growth was
continued until the culture reached an optical density of
0.6 0.D. (A6OO)’ when the cells were harvested by
centrifugation at 4,500 rpm for 10' at 4°C. (Sorval G5-A
rotor). The bacteria were then resuspended in 100 mls of
buffer containing 50 mM CaClz, 50 mM RbCl, 10 mM Tris pH 7.9
and incubated on ice for 20'. The cells were pelleted
once again then gently resuépended in 20 mls of buffer as
described above supplemented with 15% V/v glycerol (sterile)
and 1 ml aliquots distributed into Eppendorf tubes on ice.
The competent cells were stored at —7OOC for up to 4 months.

For transformation aliquots were thawed by warming at
3700 Jjust sufficient to melt the bacterial suspension which
was mixed gently by inversion and kept on ice. 200 ul of
cells were added to 50 ng of plasmid DNA (in 10 mM Tris
pH 7.9, 20 mM MgClZ, 10 mM CaClZ) and incubated for 20 min
at OOC, the mixture was then heat-shocked for 5 min at
3700 when 1 ml of L-Broth was added. The suspension was
further incubated for 1 hr at 37°C with gentle shaking then
plated (100 A per plate) onto L-Agar plates containing
100 pg/ml Ampicillin.

Storage of Transformants

Recombinant colonies were transferred individually to
96 well microtitre plates using sterile toothpicks. Each
well contained 120 pl of medium consisting of L-Broth
supplemented with K, HPO, (6.3), KH,, PO, (1.8), Na Citrate
(0.45), MgS0,, . TH,0 (0.09), (NH4)2804(0.9), glycerol (44)
(where the numbers in brackets are grams per litre) and
100 ug/ml Ampicillin. The microtitre plates were stored
frozen at -20°C in sealed plastic bags. Replicas of the
plates could be made using Cooke transfer plates to inoculate
the fresh microtitre plate. Plates were incubated overnight

at 37OC before permanent storage.
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Screening of Recombinant Colonies

This was performed by modification of the standard
Grunstein Hogness technique (412). Microtitre plate stocks
were replica plated onto sterile nitrocellulose filters
(millipore) overlaying antibiotic supplemented L-Agar
petri platés, using Cooke transfer plates. This enabled
transfer of all 96 colonies in one step. The transfer plate
was applied to the surface of the nitrocellulose with slight
pressure and then removed. The transferred spots of bacterial
suspension were allowed to dry by absorption and the plates
were then incubated overnight to allow colony formation. A
sterile needle was used to key the filters.

Lysis was as follows: all procedures being performed
by applying the nitrocellulose filters to the pre-soaked
surface of Whatman 3MM paper. The filters were treated with
10 mg/ml lysozyme (Sigma Grade 1) in 10 mM Tris pH 8.0,

49 Sucrose for 5 min followed by two 5 min treatments with
0.19% Triton X100, 0.5N NaOH. After lysis the filters were
neutralised with three 10 min washes on 1M Tris--HCl1l pH 7.6
and a final treatment with 1.5 M NaCl 0.5 M Tris HC1l pH 7.6.
Finally the filters were baked at 80°C for 2 hours to fix
the DNA.

Baked filters were then prehybridised in a solutiomn
containing 3 x SSC (SSC is 0.15 M NaCl, 0.015 M Na Citrate),

1l x Denhardt's solution (0.2% of each polyvinyl pyrolidine,
Bovine serum albumin and ficoll) for at least 3 hrs at 68°c.
Hybridisations were performed in the same solution supplemented
with 100 pg/ml Salmon Sperm DNA and 5 x lO5 - lO7
32P labelled cDNA, wunder the conditions described above.

cpm of

Hybridisation was for at least 16 hrs in sealed plastic bags
containing approximately 4 mls of buffer. After hybridisation
the filters were washed (approximately’}ZS ml per filter)

with three changes of 0.1% SSC, 0.1% SbS at 42°¢ for 30

mins each wash. The filters were then allowed to air dry

and subjected to autoradiography at —70°C with Dupont

"Cronex" intensifying screens.
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Southern Blotting

Restriction fragments were transferred to nitro-
cellulose filters from 2% agarose gels run in 40 mM Tris-HCl
pH 7.8, 20 mM Na Acetate, 2 mM EDTA by the technique of
Southern ( 76). The gel was treated with 0.5 M NaOH,

1.5 M NaCl for 20 mins and then neutralised with two washes
of 20 min each in 3 M NaCl, 0.5 M Tris pH 7.0. The gel

was then placed over two "wicking sheets" of 20 x SSC
flooded 3 MM paper, standing with the 3 MM in contact with

a reservoir of 20 x SSC. A nitrocellulose filter cut to
size was placed over the gel, after being thoroughly soaked
in buffer and any air bubbles carefully removed. The
nitrocellulose was then protected by two similarly cut
pieces of (Whatman No.l) filter paper over which was then
placed a stack of paper towels (about 5 ins. thick) suitably
weighted to gently compress the towels. After allowing

the transfer of nucleic acid to proceed overnight, the
filter was baked at 80°C for 2 hrs. Prehybridisation was

as described for the filter hybridisation protocol but
hybridisation was performed in buffer containing 20 mM Na2P04
and 10% w/v Dextran Sulphate (Pharmacia) in a volume of
approximately 4 mls for 16 hrs. The filter was then washed
with two changes of 125 mls 2 x SSC for 15 mins each at

room temperature followed by four changes of 0.1 x SSC 0.1%
SDS at 65OC. After washing the filter was air-dried and

autoradiographed as described above.

Nick Translation

Nick-translated probes were prepared by the method of
Rigby et al (413) with some modifications. DNase I was
activated as described by thawing 50 pl of a stock solutiomn
of 1 mg/ml into 0.45 ml of 10 mM Tris-HCl1 (pH 7.5), 5 mM
MgClz, 1 mg/ml BSA at OOC for 2 hrs. The reaction mix
contained 20 uM dNTP's (unlabelled), 50 mM Tris-HC1l pH 7.9,
10 mM MgCl,, 10 mM B-mercaptoethanol, 133 ng/ml activated
DNAse I, 100 pCi 32P dCTP, 0.5 pg DNA and 0.5 units of DNA
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polymerase T (Boehringer Corp. Ltd.). The mix was incubated
for 1 min at room temperature before addition of polymérase
when it was transferred to a 14°C water bath and incubated
for 4 hours. To stop the reaction EDTA was added to 130 mM
final concentration and the mix incubated at 68°C for 15 mins.
The nick translated DNA was separated from unincorporated
nucleotide on a 20 x 1 cm Sephadex G-50 column run in

1l x SSC buffer. The excluded material was pooled and
concentrated, if necessary, by lyophilisation. Probes

prepared in this fashion were of specific activity 1-2 x 108

cpm/pg-.

Restriction Analyses

Restriction endonucleases were used in accordance with
the manufacturers recommendation (B.R.L. or N.E. Biolabs).
Incubations were for 1 hr at 3700, except for Southern
blotting experiments where genomic DNA was digested overnight
(500 pg/ml). Restriction products were analysed on 1%
or 2% agarose gels or 6% polyacrylamide run in Tris, Na
Acetate, EDTA buffer (pH 7.8). DNA bands were visualised
by staining the finished gel in Ethidium Bromide (l ug/ml)
and observing under ultraviolet light. Photography was by
Polaroid 540 pos/neg or 54 fast pos only film; exposures
varying from 0.5 - 4 min (540) and 1 - 10 secs (54).

Filter Hybridisation of Cloned Sequences

For titration of cloned sequences in cDNA of reticulocytes

and other tissues plasmid DNA was bound to nitrocellulose
filters (1.3 ¢m dia. Millipore Corp. Ltd.) as follows:
the DNA was suspended in 1 x SSC such that 0.4 ml contained
the requisite quantity of DNA to bind to the filter.
1 MNaOH (0.4 ml) was then added to denature the plasmid
and this was incubated at room temperature for at least
30 minse.

Presoaked filters were then assembled in. "swinnex"

holders, fitted to a suction apparatus and syringes were
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attached above to form reservoirs. The filters were then
washed with 5 ml 6 x SSC by applying suction from a vacuum
pump; the flow rate was adjusted such that 5 mls flowed
through in approximately 4-5 min.

The plasmid DNA was then neutralised by addition of
approximately 2 mls of mneutralising solution (0.2 M HCI,

9 x SSC and phenol red indicator). The neutralised DNA
solution was then applied to the filters as before which
were then washed with a further 5 ml of 6 x SSC and baked
for at least 2 hrs at 80°C to fix the DNA.

Nitrocellulose filters (1.3 cm Millipore) with bound
plasmid DNA (2 pg) were prehybridised overnight in a solution
containing 5 x SSC, 5 x Denhardt's solution, 50 mM Na,S0,,,
10 g/1 glycine, 250 pg/ml carrier DNA and 50% v/v formamide
(BDH analar). Hybridisations were performed in 200 pl of
buffer as above but without glycine or NazPoh and with 1 x
Denhardt's solution and 100 pg/ml Salmon sperm DNA. Labelled
cDNA probe (32P specific activity approximately &-7 x lO6cpm/ug
was added to give between 2.5 x 105 and 1.8 x lO6 cpm per
well. The hybridisations were carried out in 24 well
microtitre plates sealed with teflon tape (3 M Co. Ltd.)
placed inside similarly sealed sandwich boxes, incubated
for 48 hrs at 42°C with swirling. After hybridisation,
the filters were washed extensively (4 changes of 125 mls
per 18 filters; 20 mins each wash) in 0.1 x SSC, 0.1% SDS
at 600C, air-dried and the hybridised material estimated
by liquid scintillation counting (5 mls Packard MI 96

scintillant).
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Protein Fractionation

Packed cells from approximately 30 mice were obtained
as described above and 1 ml mixed with 3 mls of Ham's DF12
containing 100 pCiB5S methionine. The cells were gassed
and incubated for 1 hr at 37°C during which incorporation
of radioactivity was approximately linear. After incubation
the cells were pelleted once again and washed twice with
Hank's BSS. The cells were then lysed by osmotic shock by
addition of 10 mls of distilled water. The haemolysate
was centrifuged to remove macroscopic debris (6000 rpm,

51, 400). The supernatant was added drop by drop to a
vortexing solution of 200 mls acid-acetone (1.5% v/v HCl).
The precipitate was allowed to settle out, the supernatant
poured off and the protein concentrated by spinning at
6000 rpm for 5 min. The pellet was washed twice with
copious quantities of acetone to remove any residual haem
and dried under a nitrogen stream. Protein was stored at
-20°C until required.

The total reticulocyte proteins were fractionated on
a 2.5 x 100 cm G-100 Sephadex column run at a flow rate of
15 ml/hr as described by Burka (414). The column was
equilibrated with 6 M Urea, 1% B-mercaptoethanol. 2.5 mls
fractions were collected and the eluate monitored at 280 nm
using an LKB uvicord. The void volume was indicated by
the presence of blue dextran added to the sample. Aliquots
of the fractions (0.5 ml) were used for liquid scintillation

counting to detect the presence of labelled proteins.
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RESULTS



I. ANALYSIS OF RETICULOCYTE M-RNA AND PROTEIN SYNTHESIS

A. Gradient Fractionation of Reticulocyte m-RNA

As documented elsewhere (39)(61)(68) the m-RNA of
reticulocytes comprises some 80-90% globin m-RNAs. It was
hoped therefore to make some simple one step purification
which might enrich for non globin m-RNA sequences. The
globin m-RNAs have already been shown to sediment with a
value of 9S8 (37)(61), bulk messenger by contrast shows
a median value of around 18S (41). The rationale of this
approach was therefore to attempt a separation by molecular
weight using sucrose gradients.

An initial gradient calibration experiment is shown
in Fig. 2. Retic ribosomal RNA was used as markers and the
position of globin m-RNA in the gradient was indicated by

l251) labelled mouse globin

trace amounts of in vitro (
m~-RNA. To achieve a satisfactory degree of purification

it was mecessary to achieve a greater separation of the 9S
and 18S peaks while at the same time preventing the 28S
material from pelleting. In addition it was desired to
concentrate the non globin fractions into a smaller region
of the gradient to maximise recovery of what could be

only small amounts of RNA. To try and facilitate this
separation the basic 5% - 25% sucrose gradient was modified
by inclusion of a heavy sucrose pad at the base. A variety
of concentrations were tried, optimum results being

obtained with a pad of 60% (w/w) sucrose. The calibration

of such a gradient is shown in Fig. 3.

14k



FIGURE 1.

Polyacrylamide Gel Analysis of mouse
Reticulocyte m-RNA.

Samples were loaded onto the top of L4.5%
polyacrylamide gels and electrophoresed until
the Bromophenol Blue marker dye had reached

the bottom (8mA; 5 hrs). The gels were scanned
using a Joyce-Loebel gel scanner.

a) 4O pg RNA unbound after one passage over
Poly-U-Sepharose.

b) 4 pg RNA bound after two passages.
c) 4 ug RNA not bound on second passage.

Gels b) and c) were scanned at 3 x sensitivity
relative to gel a).
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FIGURE 2.

Density Gradient Fractiomation of
Reticulocyte m-RNA.

RNA (ho% reticulocyte poly A(-); 5000 cpm 9S globin
m-RNA 123T) was loaded onto 12 mls, 5%-209
sucrose gradients in NETS buffer (lOO mM NaCl,
10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 0O.1% SDS)
and centrifuged for 5 hrs at 40,000 rpm,

20°C in an IEC 6X14 swing-out rotor. The
gradients were unloaded by upward displace-
ment, the presence of the unlabelled RNA

being monitored using an LKB Uvicord.

Fractions were collected and analysed for
m-RNA content by liquid scintillation counting.
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The first attempts to recover RNA by this method
proved pgoblematical as recovery from the heavy sucrose
by ethanol precipitation was found to be poor (less than
A way of circumventing this problem was to isolate the
poly A+-RNA from the gradient by affinity chromatography
This had the combined advantages of being insensitive to
m-RNA concentration, therefore allowing dilution of the
sucrose solution, and also effectively removes any gradi
impurities. Chromatography on Oligo-dT-cellulose (40§ w:
considered most appropriate as only small amounts of mRN.
were expected to result from good purification. The fin:
material can then be concentrated by lyophilisation rath
than precipitation which might reduce yields ‘(Poly—U-
sepharose owing to its higher binding affinity requires
elution in Formamide and therefore precipitation is
obligatory-)

An example of the finalised technique is shown in
Fig. 4. The RNA for the gradient was cycled once on
Poly-U-sepharose (MOS and loaded onto the top of a 12 ml:
gradient with a 60% pad at the base. To maximise the
sharpness of the density interface the pad was added to
step formed gradients immediately before sample loading.
The presence of residual ribosomal RNA was hoped to act
as carrier during the centrifugation and subsequent
handling. Identical marker gradients were run in parallej

units| |
Approximately 10.0D.A (400ng) of RNA could be processed

in a single tube. After unloading the pooled non-globin



FIGURE 3.

Density Gradient Fractionation of Reticulocyte
m-RNA.

Gradients were prepared as for Figure 2 but
they were underlayed immediately before
centrifugation using a 2 ml pad of 60% sucrose
in NET. Centrifugation conditions were as
described previously except that the separation
was for 10 hrs.
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fractions were diluted with an e ual volume of N.E.T.S.
buffer and brought to a final salt concentration of 0.5 M
for binding to Oligo-dT-cellulose.

Recovery of RNA from the gradient was approximately
10-12% of the total appiied which accorded well with

expected recoveries.



FIGURE 4. Density Gradient Fractionation of
Reticulocyte m-RNA.

Poly-A containing RNA (400pg) selected
from a single cycle of affinity chromato-
graphy was loaded onto 5%-20% sucrose
gradients with a 60% sucrose pad at the
base and centrifuged as described in the
legend to Figure 3.

Material from fractions 15-22 was pooled
and poly-A containing RNA isolated by
addition of NaCl to 0.5M and dilution
with an equal volume of Binding Buffer,
(0.5M NaCl, 10mM Tris-HCl, pH 7.4, 1mM
-EDTA, 0.1% SDS) followed by two cycles
of binding to Oligo-dT-cellulose (2 ml
bed volume). The bound RNA was eluted
with sterile water, concentrated by
lyophilisation and desalted on a 20X1 cm
Sephadex G-50 columm.

RNA sedimenting at 9S was recovered from
fractions 9-11 by precipitation with
ethanol.
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B. Hybridisation Analysis of Fractionated RNA

The size fractionated putative non-globin mRNA was
first amnalysed by molecular hybridisation, utilising a
titration procedure (37)(38). 1In this approach a standard
titration curve is prepared by hybridising a fixed mass
of cDNA to its template RNA at increasing mRNA/cDNA
ratios. The same procedure is performed with a test RNA
and the original cDNA. By comparison of the two curves,
the concentration of cDNA sequences in the test RNA can be
determined. The results of this type of analysis are
shown in Fig. 5: the standard curve was constructed using
unfractionated reticulocyte mRNA and hybridising it to a
cDNA made from it. The "non-globin" RNA was similarly
hybridised to this cDNA. The exact concentration of globin
sequences in the "non—globin" mRNA can be calculated from
the required shift in the mRNA/cDNA scale which will enable
the two titration curves to be superimposed. The result
indicated by'Fig. 5 was that a two-fold change in scale
was required to align the "non-globin" titration curve
with the standard curve. The estimated globin content of
the "non-globin" m-RNA was thus still approximately 50%.
Whilst this was still a large fraction of the "non-globin"
RNA it did imply a five-fold purification of the "non-globin"
sequences. From such an analysis however, it is mnot
possible to conclude categorically that the 50% of non-globin

RNA sequences are all derived from messenger.



FIGURE 5.

Titration of "non-globin" m-RNA with
Reticulocyte c-DNA.

Titration was performed as described

in Materials and Methods. Hybridisation
values are corrected for S-1 resistant
background and differences in final
plateau values for the two c-DNA probes.

Upper scale and -e- :"Nou-globin RNA
Lower scale and -A- : Standard curve,
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It was thus decided next to prepare a "non-globin"
c-DNA probe (see Fig. 6) and analyse the sequence content
by kinetic methods. The resulting reassociation curve
for the "non-globin" mRNA and its cDNA are shown in Fig. 7.
The computer analysis of this curve resolved two components.
The major component represents some 90% of the total cDNA

(see Table 1) and has a true R_t very close to that

1/2
previously observed for globin m-RNA under these conditions
((29). The second and minor component is therefore the
"non-globin" sequence content, but in fact seems to represent
only 11% of the total cDNA. The discrepancy between this
result and the titration data can be attributed to non
messenger sequences in the non-globin RNA, presumably
ribosomal RNA. Such a contamination is not totally unexpected
as the preparation technique necessitated extraction of a

very small m-RNA (poly A(+)) population from a high rRNA
background.

Despite the "non-globin" m-RNA component only represent-
ing a small fraction of the total cDNA the data enables an
estimate of the approximate non-globin sequence complexity
albeit within the accuracy constraints imposed by analysing

10% components. The true Rot for this component of the

1/2
cDNA is still extremely limited being just less than ten
times greater than that for globin. Thus it would appear

that the mouse reticulocyte expresses an abnormally small

diversity of sequences; +this analysis placing it between



FIGURE 6.

Size Analysis of "Non-globin" c-DNA.

c~DNA (3000 cpm) was loaded onto 4%-11%
alkaline sucrose gradients (0.9M NaCl,
0.1N NaOH) and centrifuged for 21 hrs
at 30000 rpm at 20°C. Fractions (1 ml)
were collected by upward displacement
and used for liquid scintillatiom
counting.
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FIGURE 7.

Kinetic Analysis of "Non-globin" m-RNA.

"Non-globin" c-DNA was hybridised with
its template RNA under conditions
described in Materials and Methods.

The extent of hybridisation was estimated
using S-1 nuclease; values are not
adjusted for the resistant background.
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TABLE 1. ANALYSIS OF NON~GLOBIN cDNA COMPLEXITY.

cDNA mass R No. of average
Component fraction Rotiobs. Rot;corr Complexity seqguences
2 2
=3 -3 5
1 88.70% 5.14 x 10 4,56 x 10 4 x 10 2
2 11.30% 3.70 x lIJ_l 4.19 x llZl—2 3.68 x 106 6

The Rot; obs. is corrected using the mass fraction of cDNA of that
2

particular componsnt to give Rot; carr.
2

Complexity was calculated using 4 x 105 as a standard for globin.

The complexity was converted to sequence number using the standard

for total globin m-RNA and 6 X 105 daltons as the average molecular

weight for mouse messenger RNA.
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4L and 9 different sized messengers of average size.
Undoubtedly one cannot rule out the possibility that a further
much more diverse sequence set is present but at an abundance
too low to be observed under these conditions. Notwithstanding
this proviso, the hybridisation data squares well with
observations from other laboratories regarding the complexity
of reasonably abundant non-globin products (39 )(415).

The implication of this kinetic investigation was that
no enrichment of "non-globin" sequences had accrued from
the gradient fractiomation procedure. To examine this
possibility, the "non-globin" cDNA was titrated with either
unfractionated reticulocyte m-RNA or RNA taken from a 9S
size cut (see Fig. 4) of m-RNA. TInterestingly, the cDNA
hybridises equally well to both RNAs, moreover the plateau
is attained at a RNA/cDNA ratio very similar to that seen
for the homologous reaction between unfractionated mRNA
and cDNA. Whilst the 9S RNA may still contain some non-globin
sequences the implication of this analysis is that it differs
little from the unfractionated m-RNA and thus both contain
all the sequences present in the cDNA, in roughly similar
proportions. (Fig. 8)'

Despite some evidence that the unfractionated m-RNA
may in fact be markedly lower in "non-globin" sequence
content than previously estimated, as in fact has been
reported for mouse reticulocytes (62 ) by Aviv and his
colleagues, the nature of the "non-globin" c-DNA population
suggested that a greater enrichment may be obtained by other
techniques. The first approach was to investigate the anaemia
to ascertain if non-globin synthesis remained constant during

this period.



FIGURE 8. Globin m-RNA Sequence Content of "non-globin"
C-DNA.

"Non-globin" c-DNA was hybridised to
reticulocyte m-RNA or 9S size fractionated
RNA under conditions as described in
Figure 5.

—A=—9S RNA —@—reticulocyte m-RNA
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C. Analysis of Reticulocyte Proteins Labelled in Vitro

Evidence from a number of sources ( 68)(416)(417)
has suggested that more immature cells may be synthesising
greater quantities of "mnon-globin" proteins. A method was
devised therefore to observe the in vivo protein synthesis
patterns of reticulocytes at various stages of an induced
anaemia to determine whether non-globin synthesis remains
constant during reticulocyte maturation.

To assess non-globin protein synthesis mice were
rendered anaemic by a single injection of acetyl phenyl
hydrazine (O.l ml 2.5%). On subsequent days after injection,
blood from about 20 of the mice was collected and used to
prepare 35S labelled acid/acetone protein precipitates,
using a haemolysate induced by osmotic shock. A small sample
of the blood was subjected to Brilliant Cresyl Blue supra-
vital staining to assess the severity of the anaemia. The
progressive change to the circulating reticulocyte count is
shown in Fig. 9.

A portion of the total acid/acetone protein was then
subjected to fractionation on Sephadex G-100 under conditions
similar to those described by Bulova and Burka (414). The
separation was however performed using buffer containing
6 M Urea, 1% B-mercaptoethanol. The presence of a reducing
agent is imperative when fractionating globins as aggregation
due to the presence of cysteine bridges is common. The

results of this analysis are shown in Table 2 and in Fig. 10.



FIGURE 9.

Production of circulating reticulocytes
during induced anaemia.

Mice were rendered anaemic by a single
injection of acetylphenylhydrazine

(0.1 ml, 2.5%). Blood was collected
on subsequent days after injection and
a small aliquot used for estimation of
reticulocyte count, by Brilliant Cresyl
Blue vital staining.
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The major peak of radioactivity was found always to correspond
to the peak of ultra-violet absorbance. The major peak of
radioactivity can also be seen to remain remarkably constant
with regard to the fractions in which it was eluted (see
particularly 10b and c), moreovér the peak height displays

a similar consistency. The fraction of the total protein
contained within the pre-peak which eluted just behind the
excluded material (dextran blue marker) however, varied
markedly with the stage of the anaemia (see Table 2). In
particular, whilst the peak reticulocytosis occurred at

Day 5, when blood to synthesise messenger RNA was normally
harvested, the maximum for "pre-peak" protein synthesis was
quite clearly earlier, on the third day. As this pre-peak
was obviously heterogeneous in nature and most likely non-
globin proteins, all the pre-peak fractions (plus the first
few of the globin tail) were pooled, concentrated and used
for analysis on polyacrylamide/st slab-gels. Unfortunately,
owing to heavy losses of material at the concentration step
only two sets of samples produced meaningful results. The
stained protein bands are shown in Fig. 11. Track 1
contains protein from Day 2 and Track 2 from Day 3. In
both cases a good agreement between staining pattern and
autoradiographic pattern was observed. For example both
tracks show the presence of a major band, probably two

different proteins, of approximately 30K mw (Band F).



FIGURE 10.

Fractionation of Acid Acetone Precipitated
Proteins.

358 labelled proteins from sequential days
of an induced anaemia (see Fig. 9) were
prepared by acid acetone precipitation.
Fractionation into globin and "non-globin"
components was performed on Sephadex G100
columns run in 6M urea; 1% B-mercapto-
ethanol. 2.5 mls fractions were collected
and 0.5 mls used for liquid scintillation
counting.

a) 40 mg protein from Day 2.
b) 20 mg protein from Day 3.

¢) 20 mg protein from Day 5.
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TABLE 2. ANALYSIS OF INDUCED ANAEMIA.

Days afteg Vol. of Yield of Circulating Fraction Total
injection Packed Protein Reticu Protein Non-globin
Cells (mg)® (%)
(mls)
l 2.0 69.2 5 -
2 2.0 112.0 11 5.0
3 2.0 34.7 17 7.9
4 1.7 67.0 21 3.7
5 1.0 40,0 31 2.6
7 - - 6 -

2 single dose of acetylphenylhydrazine (0.1 ml, 2.5%) was administered

on Day 1.

Cresyl Blue.

Volume of packed cslls obtained from 30 mice.

Protein was extracted as an acid/acetone precipitate.

Reticulocyte count was obtained from vital staiping with Brilliant

Non-globin content of total protein was estimated from liquid

scintillation counting of G-100 Sephadex column fractions (see

Fig. 10).
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Band F was also the major radioactively labelled product.

Band E however, although prominently staining, was found

not to have incorporated radioactivity. A number of differences
exist between tracks 1 and 2, most nmotably a low molecular
weight band in Track 1 (Band H) which may be a bona fide
protein or could conceivably be breakdown products of a
higher molecular weight protein. Lodish has identified a
protein of similar molecular weight in reticulocyte membranes,
however, the protein in track 2 is not represented in track 3
and therefore may not be stable as are most membrane proteins.
Some very high molecular weight species are lost between

Day 2 and 3, this could possibly be some residual Spectrin
synthesis occurring in less mature reticulocytes.

As was indicated by the kinetic analysis, the protein
labelling study suggested that reticulocytes were synthesising
only a highly restricted set of protein products, comprising
some six different species. Similar results have been
obtained from work in other laboratories. Undoubtedly,
factors such as detection level are again important here,
as there may be a fairly large number of proteimns of too
low a specific activity to reveal themselves on an analysis
of this nature. With so few observable products it is
unlikely that much masking due to comigration was occurring
but it may be possible to resolve Band F into its two

presumed components by an analysis on 2-dimensional gels

(418).



FIGURE 11.

SDS/Polyacrylamide gel Electrophoresis
of fractionated "non-globin" proteins.

Pooled "mon-globin" protein fractions

from Sephadex G-100 fractionations were
concentrated and loaded onto a 10%
polyacrylamide/SDS slab gel with a 4.5%
stacking gel in buffer containing 0.01M

Tris pH 8.0, 1 wM EDTA, 1% SDS, 5% P-wercaptoethanol,
The gel was run in buffer containing 0.38 M glyciue,
0.05 M Tris pH 8.3, 1% SDS,,until the Bromophenol
Blue tracker dye had reached the bottom of the gel,
(approx. 9 cms, ) The gel was then stained with
Coomassie brilliant blue in 50% TCA as descibed by
0’Farrell (418) and prepared for fluorography
according to the method of Bonner & Laskey (449).

1) "Nom - globin" protein sample from Day 2 of
induced anaemia,
2) As above but from Day 3.
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D. Manipulation of the Anaemic Response

The previously described investigation of non-globin
protein synthesis strongly indicated that cells harvested
on the third day after injection should contain a higher
proportion of non-globin m-RNA sequences than material
obtained from the standérd protocol, which collected blood on
the fifth day. The problem to overcome was the low level
of circulating reticulocytes at the early stages of the
aneemia (only 17% on Day 3; see Fig. 9). Variations in
dosage and administration time were adapted to boost the
yield of reticulocytes at the early stages of the anaemic
response. An extremely severe anaemia was found to be
produced by the third day using an injection regime, which
both doubled the original dose (Day 0) and then repeated
this 48 hrs subsequently (Day 2). As judged by Brilliant
Cresyl Blue staining, the anaemia was very severe; greater
than 98% of circulating cells scoring as reticulocytes by
this methodology. More importantly perhaps, a much greater
proportion of cells than normal demonstrated a highly
extensive staining pattern, indicative of the presence of
immature cells, with a more highly developed endoplasmic
reticulum. (Fig. 12). More mature cells show a localised
more granular staining appearance (Fig. 12).

One further modification found fruitful was to prepare
the acetyl phenyl hydrazine in PBS solution rather than

citrate/NaOH as normally utilised. This had a quite marked



FIGURE 12.

Photomicrograph of Brilliant Cresyl Blue
stained blood smear.

Blood was obtained from anaemic mice as
described in the text and stained to show
the presence of reticulocytes as described
previously. The arrow designates an
immature cell showing an extensive open
staining pattern. The triangle indicates
a more mature cell with a more localised
granular stained appearance.
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Photomicrograph of Brilliant Cresyl Blue
stained blood smear.

Blood was obtained from anaemic mice as
described in the text and stained to show
the presence of reticulocytes as described
previously. The arrow designates an
immature cell showing an extensive open
staining pattern. The triangle indicates
a more mature cell with a more localised
granular stained appearance.
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effect on nonspecific mortality, that is death occurring
before the onset of anaemia, reducing it to around 2%
compared with a maximum of 15% when the standard phenyl
hydrazine hydrochloride solution was used.

Such a gross anaemia was found to have some unfortunate
repercussions however. Firstly, as may be expected there
was a considerable drop in the haematocrit, the volume
of packed cells obtained from a given number of mice being
significantly reduced. Secondly, the presence of precipitated
haemoglobin in the form of haemochromes, both in the cells
and the plasma, caused a marked increase in the fragility
of the reticulocytes, such that a considerable proportion
of lysis occurred under centrifugation conditions necessary
to pellet the cells and remove the buffy coat.

To attempt to overcome these problems an ' investigation
was made of the possibility of using other media to separate
the red and white blood cells. Initial results using
"lymphoprep" (a ficoll/hypaque mixture) were promising.

Lysis was virtually absent and the major white cell fraction,
small lymphocytes were collected at the interphase between

the lymphoprep and the overlayered whole blood. The use of

a dense ficoll layer allowed centrifugation at lower than
normal "g'" forces but the density of lymphoprep is designed
primarily for the preparation of lymphocytes, thus granulocytes
may have been pelleting with the red cells. Therefore using

the methodology of English and Andersen (419) a Ficoll/Triosil
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mixture of greater density was prepared to ensure that
granulocytes did not pellet. These cells did still not
remain at the interphase but were suspended within the
Ficoll layer. Examination of microscopical preparations
confirmed that the white cell contamination of reticulocytes
prepared in this was at least as low as that obtained by
standard procedures, and was most probably somewhat lower.
Unfortunately, when the protocol was scaled up for a
bulk preparation a fairly large proportion of cells did lyse,
although this did not affect the purity of the obtained
reticulocytes. It seems that despite care being taken to
ensure the conditions for the bulk preparation were identical
to those used for the pilot experiments, the precise height
to volume ratio of the centrifugation vessel was critical
in determining the extent of lysis. Naturally, the main
effect of these problems was to limit the amounts of RNA
finally obtained. the RNA was to be used for

However, as

cloning procedures it was felt
a penalty to incur in order to
cells.

An example of a cell free
this protocol as compared with

shown in Fig.

13.

that this was not too great

obtain RNA from immature

translation of mRNA made by

the previous protocol is

A worthwhile enrichment in at least one

non-globin sequence can be observed on this exposure.



FIGURE 13.

Cell free translations of reticulocyte
m—RNA [

m-RNA from mouse reticulocytes was
translated in a message dependent lysate
from rabbit reticulocytes prepared
according to Pelham and Jackson (401).
The translation mixes were applied to
the slots of a 12.5% polyacrylamide/SDS
gel with a L.5% stacking gel. Sample
and running buffers were as described
for Figure 11 and the gel was also
fluorographed as previously described.
(The translations were kindly performed
by Dr H. Jacobs).

Track A: m-RNA prepared from reticulocytes
obtained by the standard conditions
of induced anaemia.

Track B: m-RNA prepared from reticulocytes
obtained by the modified protocol,
which gives a higher proportion
of immature cells.
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IT. CONSTRUCTION OF CLONED PROBES

A. Preparation of cDNA for Cloning

The cDNA used for establishing the cloning methodology
was synthesised as detailed by Humphries et al (4O4); for
its simplicity, later experiments utilised the protocol
described by Schimke (408)(420). Both methods involve
synthesis of the first strand by reverse transcriptase
(gift of J.W. Beard) and use of DNA polymerase I for the
second strand synthesis (see Methods). Similar yields
were obtainable from both methodologies, approximately 50%
of the single stranded cDNA being converted to duplex cDNA.
The main limiting factor for either approach was the yield
at first strand synthesis, which was mainly dependent on
the reverse transcriptase preparation in use. This is in
good agreement with data presented by Schimke.

The conditions required for S-1 digestion of the hairpin
loop of the cDNA were investigated by monitoring the digestion
of (BH) labelled cDNA under conditions identical to those
used for the d.s. cDNA reaction. The extent of digestion
at various time intervals was assayed by estimating the
percentage of cDNA rendered acid soluble. The results are
shown in Fig. 14. The minimum quantity of enzyme commensurate
with complete digestion in a reasonable time was chosen
for the bulk reaction. The value chosen was 10 units in
2.5 mls; this accords well with the 5u/ml reported in

ref. (420).



FIGURE 14.

Titration of S-1 Nuclease.

The time course of digestion of single
stranded cDNA with varying amounts of
enzyme was monitored as described in
Materials and Methods, by assay of acid
solubility, under the conditions used
for hairpin scission of double stranded
molecules.

2 units — X y 5 units —@—

10 units —A— y 20 units — % —
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The products of the first and second strand syntheses
were analysed by alkaline sucrose gradient centrifugation.
Gradients of the d.s. cDNA before and after S-1 cleavage
are shown in Fig. 15a-b respectively. A significant shoulder
is visible after second strand synthesis indicating that
the second strand synthesis is not complete; from the
relation of the sizes of the fragments in the two peaks,
it would appear that the mean s.s. cDNA size is approximately
230 nt. In support of this interpretation is the observation
that the size of the d.s. molecules falls away sharply
above 500 nt. This implies that the second strand synthesis
is copying a proportion of the single strand DNA in its
entirity rather than all molecules partially. Such a
hypothesis is supported by the fact that after S-1 cleavage
a marked peak at the original s.s. peak size is once again
observed. Partial second strand synthesis should reveal
itself by a reduction in the size of the products after
S-1 treatment.

The cDNA was concentrated by ethanol precipitation of
the S-1 reaction products (after phenol/chloroform extraction)

in the presence of carrier E.coli t-RNA.



FIGURE 15.

Analysis of the products of "s cDNA
synthesis and S-1 cleavage.

The ds cDNA was sedimented in 12 mls.
4%-11% alkaline sucrose gradients using

an IEC 6 x 14 rotor at 39,000 rpm for

13 hrs at ZOOC. Fractions were collected
by upward displacement and used for liquid
scintillation counting, to detect the
presence of cDNA.

a) ds cDNA products before S-1 scission
of hairpin.

b) ds cDNA products after S-1 scission
of hairpin.
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B. Construction of Plasmid Vectors

1. Preliminary Characterisation of Plasmid DNA

Originally it was envisaged cloning in plasmid pBR322;
however, the availability of its derivative pAT 153 enabled
a change to the new plasmid and by use of the host E.coli
HB101l a reduction of the original category 3 containment
requirement to category 2.

However, the new plasmid was less well characterised
than the parent molecule, so some preliminary investigation
of the pAT 153 plasmid was made. The simplestanalysis of
the plasmids was to Hae II digest both of them as pAT was
derived from a partial Hae ITI digestion of pBR 322. The
digestion products were examined by ethidium bromide staining
of a 6% polyacrylamide gel (see Fig. 16). All the expected
bands were observed in pAT 153, the major missing fragment
being the second largest, a 622 base pair fragment.
Unexpectedly however, inspection of the lower molecular weight
fragments revealed that a small 83 b.p. fragment was absent
als6. This fragment maps contiguously with the large missing
fragment and thus establishes the total deletion of material
from pBR 322 as 705 b.p. extending from map positions 1646
to 2351 on the map established by Sutcliffe (421)(422).

In preparation for cloning, plasmid DNA was linearised
at the unique Eco RI site as shown in Fig. 17a. The schematic
in Fig. 18 shows the steps involved in constructing recombinant

plasmids by two common methodologies. The most frequently



FIGURE 16.

Preliminary characterisation of plasmid
pAT 153.

Plasmid DNA from pBR 322 or pAT 153 (ug)

was digested as specified by the
manufacturer using Hae II. The products

of the reaction were analysed by electro-
phoresis on 6% T E.A. polyacrylamide gels
and stained with ethidium bromide (1 pg/ml).
The bands were visualised under u-v light.

Track A: pAT 153 digest.

Track B: pBR 322 digest.

The arrows indicate the bands missing from
the corresponding pAT 153 digest, the sizes
of which are as indicated.






FIGURE 1

Linearisation of plasmid DNA.

Plasmids were linearised using enzymes
cutting at unique sites within the
plasmid, and the digests visualised omn
1% agarose T.E.A. gels.

a) Track 1,

Track 2,
Track 3,

b) Track 1,

Track 2,

unrestricted pAT 153 plasmid
DNA;

pPBR 322 linearised with EcoRI.
PAT 153 +treated as above,
PAT 153 linearised with Sal I;

pPAT 153 linearised with BamHI.
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utilised protocol is that shown on the left-hand side of
the diagram, which utilises complimentary homopolymer
extensions to the linearised plasmid and the double stranded

cDNA.

2. Experiments Employing Tailed Plasmid

The "tailing" reactions were all performed with .
terminal transferase prepared from calf thymus in this
laboratory by the method of Bollum (420),

The strategy adopted was to add G-C "tails" as (owing
to their high thermal stability) the optimal tail length
is somewhat shorter than is necessary for A-T tails. This
stability should also help to maximise the number of
recombinant molecules formed. One disadvantage of this
approach was that it does not lend itself to, simple’ techniques
for excising the cDNA insert; like the partial denaturation
and S-1 cleavage possible for A-T tailed plasmid recombinants
(see ref. 70 for details of this technique). The basic
tailing procedures were as described by Humphries et al.
(4o4k) with some modifications. All reactions for example
used cobalt as divalent cation as this helps to promote
extension to recessed 3' termini like those generated by
Eco RI cleavage (423). As addition of C residues is also
somewhat more efficient, these were added to the plasmid;

G residues were added to the essentially blunt ended cDNA.

The time course of C addition to plasmid DNA was

3

monitored by addition of “H dCTP and assaying the number of



FIGURE 18. Schematic diagrams showing the steps
involved in constructing recombinants
by the "tailing" and "blunt end"
ligation methodologies.



TdT

GGGG

. ]

Pol |

phosphatase

T4 Ligase




160

counts excluded on Sephadex G-50 at various incubation
times. From the total number of counts eluting with the
excluded material the number of residues added per 3!
terminus was calculated. A similar procedure was adopted
for addition of AdGTP to the cDNA, except that owing to
only limiting quantities being available, pilot experiments
used blunt ended Hha I restriction fragments of phage A DNA.
The results are shown in Figure 19. Both reactions are
characterised by a rapid phase of addition plus a slower ones
Having established conditions for adding an optimum
number of 20 residues (see ref.424 ), bulk reactions were
performed and the homopolymer extended plasmid and cDNA
dialysed against annealing buffer (10 mM Tris-HCl, pH 7.6,

100 mM NaCl 1 mM EDTA).

2’
Equimolar quantities of tailed plasmid and cDNA or

tailed A fragments were annealed under a variety of conditions

and mixed with 0.1 M Tris before being used to transform

competent E. coli cells and plated omnto L-Agar plates

containing 100 pg/ml Ampicillin and 10 pg/ml Tetracycline.

The original annealing conditions were heating to 60°c for

1 hr followed by slow annealing, by allowing the water bath

to cool to room temperature. A modification to this

annealing protocol was to incubate at 60°C for 4 mins then

for 1 hr at 43°C before allowing to cool to 30°C. The

DNA mixture was then held at room temperature for 15 mins



FIGURE 19.

Time course of homopolymer extension
using terminal transferase.

Extension of homopolymer tails was monitored
by estimation of radioactivity excluded on
Sephadex G-50 using JH labelled d CTP- A -
or 4 GTP.-Xx-

A typical reaction mix contained 2 ug

of plasmid DNA, 200 mM Hepes pH 7.0,

1lmM CoCl,, 1mM B-mercaptoethanol, 100 uCi
of labelfed d CTP (or 4GTP), 11 pl T 4T
in a volume of 200 ul.
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before finally being kept on ice until ready for trans-
formation.

The concentration of plasmid DNA was also increased
from 1.4 pg/ml to 4 pg/ml (whilst maintaining equimolar
ratio to cDNA) to try and influence annealing rate.

None of these protocols was able to produce recombinant
clones containing cDNA or A fragments however.

One conceivable cause of this was thought to be the
possibility that Eco RI tailing was interfering with the
promotor of the tet resistance gene which maps close by
(425). A repeat experiment was tried plating out the
bacteria onto L-agar containing only ampicillin as anti-
biotic. After 48 hrs, 32 colonies were observed and picked
onto master plates for a further analysis.

The colonies continued to grow well in the presence of
ampicillin both on plates and in liquid culture. However,
no growth could be induced when tetracycline was also
supplemented in the medium. This either indicated that the
hypothesis was correct, or that the colonies did not contain
plasmid DNA. Small scale plasmid isolation by the alkaline
extraction technique (411) and Grunstein/Hogness type filter
hybridisations (412) were both employed to test for the
presence of plasmid DNA and were both found to give megative
results. (Data not shown).

At this point it was decided to investigate the

possibilities of an alternative strategy, especially as
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E.M. investigations of similarly tailed plasmid within

this laboratory indicated that the terminal transferase

was extending at internal "nicked" sites within the plasmid,
and was therefore most likely itself contaminated by

exonuclease activity.

3. Experiments employing Blunt-End Ligation

One possible alternative strategy was to adopt techniques
similar to those described by Fantoni (426) and by Chambon
(409). This approach covalently bonds the cDNA and the
plasmids before transformation using the enzyme Th ligase,
which can perform this function for molecules having either
cohesive or blunt-ended termini. (See Fig. 18 right hand
pathway).

The first appraisal of the feasibility of this procedure
was to linearise a sample of pBR 322 DNA at its unique Pvu II
site which creates blunt ended molecules. The cleaved
molecules were then incubated with Th DNA ligase and used
for transformation. After overnight. incubation, the anti-~
biotic supplemented plates were found to contain a very
large number of colonies, which was not observed on comntrol
plates.

The next step was to test the procedure with plasmid
opened at the Eco RI site. To utilise such a restriction
site it is first necessary to "repair" the cohesive termini
and generate blunt-ends. This was performed using the

Klenow fragment of DNA polymerase I, which lacks the 5'— 3!
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exonuclease activity of the whole polymerase; +this enzyme
thus functions only as "gap-filler". After plasmid "repair"
it was incubated with double stranded cDNA in a reaction mix
containing 200 ng of plasmid and 10 ng of d.s. cDNA. One
quarter of this material was then used for transformation
and plated onto L-Agar plates containing ampicillin

(100 pg/ml). After overnight incubation of the plates at
37OC a total of 102 colonies were found to be present,
whereas control plates with a similar quantity of plasmid
bore roughly one order of magnitude fewer colonies. The
colonies derived from the ligated material were allowed to
grow to a suitable size and then transferred using tooth
picks to a reference agar plate and also streaked onto the
surface of a nitrocellulose filter for Grunstein/Hogness
screening. The plates were incubated overnight and the
filter treated for screening, to lyse the colonies, as
described in Materials and Methods. The filters were then

32P cDNA probe prepared from the reticulocyte

hybridised to a
m-RNA used for the synthesis of the d.s. cDNA employed in

the ligation. After washing and drying fhe filters they

were then exposed to autoradiography. The results are

shown in Fig. 20. Nine colonies were seen to have hybridised
well to the probe and no hybridisation was observed to
colonies containing only pAT 153 DNA. These nine positively

hybridising colonies were repicked and replated onto both

ampicillin and ampicillin plus tetracycline supplemented
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L-agar plates. All the colonies grew on tetracycline
supplemented medium although with somewhat differing rates

of growth.



FIGURE 20. Grunstein/Hogness screening of cDNA
recombinants.

Linear "repaired" plasmid (200 ng) was
ligated to 10 ng of s cDNA using Tk

DNA ligase in a volume of 22 pul for

16 hrs at 12°C. One quarter of this
mixture was used to tramsform competent
E.Coli HB 101. After overnight incubation
the colonies were streaked onto nitro-
cellulose filter overlaying L-agar plates
(1.5%) and hybridised to J<P labelled
reticulocyte cDNA (2 x 105 cpm) for 16 hrs
in 3 x SSC, 1 x Denhardt's solution at 68°C
with 100 pg/ml salmon sperm DNA. The
filters were washed as described and auto-
radiographed for 4 days.
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C. Optimisation of the Technique of Blunt End Ligation

A major obstacle which imugt be overcome with the
techngiue of blunt-end ligation is the problem of the
background of drug resistant colonies which contain plasmid
lacking a cDNA insert; having merely recircularised on
ligation. Fortunately,overcoming this problem is not
difficult. By treating the plasmid with alkaline phosphatase
prior to ligation, the 5' terminal phosphate moieties can
be removed. (409 ), 424 ). Under these circumstances the
plasmid can then only recircularise if new 5' phosphates
are donated by the cDNA. When so treated, the background
of colonies containing plasmid alone is very low, representing
only a small fraction of the recombinant clomnes (approximately
10-20%).

Another improvement to the origimnal protocol was the
use of alternative restriction sites within the plasmid as
the site of cDNA insertion. As described in (409 ) the
Sal I site or Bam HI site (see Fig. 18) can be used to
advantage. This accrues from the "repair" reaction performed
after the linearisation of the plasmid with either of the
above enzymes. Because of the assymetric disposition of Sal
or Bam cuts, after repair an extra nucleotide pair is generated
at the end of each half of the original hexanucleotide
recognition site. The new tetranucleotide sequences which
will lie immediately adjoining the insert c¢cDNA can thus

be used to excise the cDNA by suitable choice of tetra-
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nucleotide recognition enzyme (see Fig. 18). 1In the case
of Bam HI, for example the recognition site is GGATCC.
After repair, the cDNA will lie contiguously with the
sequence GATC, which can subsequently be cut by the enzyme
Sal 3a and thus release the insert DNA. The only disadvantages,
of course, being that pAT 153 is cut into approximately
eight major fragments itself by Sau 3a and one cannot |
guarantee that the insert will mot itself contain a Sau 3a
site.

Optimisation of the ligation reaction was approached
in the following way: batches of T4 DNA ligase from various
commercial outlets, Miles, BRL and N.E. Biolabs were titrated
using a functional assay which measured ligation efficiency
by estimating the number of transferred colonies generated
by religation of pBR 322 previously cut at its unique Pvu II
sites This assays directly the blunt end ligation activity
as Pvu II cleavage generates base paired termini.

The results of these experiments are shown in Table 3,
the best results being obtained with either of the latter
two preparations.

Each subsgquent step in the procedure was now monitored
by assay of religation and transformation efficiency.
Plasmid (pAT 153) was first linearised using Bam HI or Sal T
(see Fig. l7b) and the cohesive termini "repaired" using
POl I Klenow fragment, as described previously. The plasmids
were then incubated with alkaline phosphatase and the

transformation efficiency of religated plasmid, before and



TABLE 3. COMPARISONS OF LIGASE EFFICIENCY.

Units/ Colonies/ Efficiency Stimulation

Enzyme yg Jils] rel. to wild type over lipear
BRL 0.5 6 x 10° 0.2% 1.25 X
n 1 1.9 x 105 0.65% 3.9 X
" 2 1.3 x 10% 4.5% 27.0 X
" 16 6.9 x 10 23.8% 143.8 X
Mmiles 2.7 1.1 x 10° 0.56% 2.2 X
" 5.4 0.9 x 10° 0.45% 1.8 X
" 10.8 0.7 x 10° 0.35% 1.4 X

Reactions were performed in a total volume of 6 pl in a mix containing
20 ng of plasmid DNA and varying quantities of ligase as shown above

in the buffer described in Materials and Methods.
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after phosphatase treatment was tested, as shown in Table 4.
By comparison with the ligation efficiency of Pvu II cut
plasmid, the "repaired" plasmids were able to achieve about
20% of that efficiency which indicates that roughly 1 in 5
molecules was completely base paired after repair. In
contrast, the religation efficiency of phosphatased plasmid
was very low, nearly two orders of magnitude below that
observed for repaired non-phosphatased molecules.

A final test was now to mimic the addition of blunt-
ended d.s. cDNA by using Hae IITI fragments of pAT 153 DNA.
The results of this test are shown in Table 5. Whilst
phosphatased plasmid displayed similar transformation
efficiency as previously, when Hae III fragments were present
to act as terminal phosphate donors a marked increase in
transformation frequency was observed. This varied from nearly
20 fold increase for Sal cut plasmid to 60 fold for Bam
cut. The latter stock of plasmid was therefore used for
subsequent ligation reactions.

The reticulocyte c¢DNA library was established using the
above protocol but two further modifications were found
necessary to generate recombinants with these later cDNA
preparations. Firstly it was found necessary to reincubate
the cDNA with DNA polymerase to ensure that the ends were
truly flush, secondly the ligation incubation was grossly
extended from 20 hrs to 44 hrs with an addition of a fresh
aliquot of enzyme after the first 20 hrs of incubation. These
modifications resulted in final ligation efficiencies of about
1-1.5 x th colonies per microgram of input plasmid DNA.
Simple variations from equimolar ratios of plasmid and cDNA

were tried (eg. 2:1 and 1:2) but no advantage was found to

accrue.



TABLE 4. COMPARISON OF LIGATION EFFICIENCY OF REPAIRED AND PHOSPHATASED

PLASMIDS.
Condition of Plasmid Bam HI SAL 1
Repaired-Ligase-Phosphatase 5.6 X lD2 1.1 x 102
Repaired-Ligase+Phosphatase 6.4 x 102 4 x lUl
Repaired+Ligase-Phosphatass 7.4 x lD4 7.1 x 104
Repaired+Ligase+Phosphatase 1.1 x 1D3 8.4 x 102
Native 1.7 x 106

Reactions were performed in a total volume of 6 pl in a reaction mix

as described in Materials and Methods, using 50 ng of plasmid DNA.



TABLE S. ABILITY OF EXOGENOUS HAE III PLASMID

FRAGMENTS TO RESTORE

LIGATION TO PHOSPHATASED PLASMID.

Conditions of Ligation

Bam HI

SAL 1

—LiQase-Hae III fragments
-Ligase+Hae III fragments
+Ligase-Hae III fragments
+Ligase+Hae III fragments

Native plasmid

1.5

10

10

1 x 10°

6.2 x 10°

2.8 x 10°

5.2 x lD4

The above reactions were performed using 20 ng of plasmid DNA, 1 ng of

Hae III fragments (i.e. equimolar ratios) and 1 pl of Ligase in a total

volume of 5 ul, in the ligation buffer described in Materials and

Methods.
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D. Screening Protocols and Development of Competition

Hybridisation Assay

Having established a cDNA library, it was necessary to
devise a methodology by which a reasonable number of clones
could be rapidly screened with globin probes, to select
out those of interest, which might carry non-globin cDNA
inserts.

The first technical advance was the evolution of
techniques for permanent storage of recombinants in an
ordered array. The recombinant colonies were picked (with
tooth picks) from the original plates, after spreading and growth
%ie transformation mix, into wells of 96-well microtitre
plates, as used for tissue culture. Problems were experienced
here with finding a suitable medium in which to grow the
colonies, but the publication of Wensink and his colleagues
(426) provided details of a highly suitable medium. This
enabled good growth and by virtue of its glycerol content
allowed permanent storage (at —ZOOC) by freezing. Replicas
of such microtitre plate collections could be generated very
simply by the use of transfer plates (Cooke Microtitre Ltd.).

Moreover this technique provided a simple way of making
multiple copies of the plasmid collection on nitrocellulose
filters, for screening with different probes.

The first approach to identifying the globin cDNA
containing colonies was to label a and B globin cDNA clones
(gift of C. Weissman) by nick translation. Hybridisation
with such a probe however was found to be valueless owing

to the homology which exists between the pCRI plasmid (in
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which the globin cDNA's were cloned) and the pAT 153 of
the reticulocyte c¢DNA library. Attempts to remove this
background by addition of gross excesses of competing
PAT 153 DNA or E.coli DNA to either prehybridisation or
hybridisation steps proved futile.

Eventually a competition hybridisation assay was
developed using the o and B globin cDNA plasmids to compete
cut globin sequences within the reticulocyte cDNA probe,
used for screening the recombinants. A number of factors
were found to be important. Again, initial attempts to
effect competition, by adding the globin plasmids into the
hybridisation mix had negative results. Additionally it
was found obligatory to cut the pCRI globin plasmids, with
an enzyme such as Hae III to reduce it to small pieces.
Otherwise problems with non-specific background (which appeared
to stem from concatameric associations of plasmid) were
found to occur.

The final protocol adopted required a very large excess
of the globin plasmids, restricted and denatured and then
hybridised in solution to the 3'?'P cDNA probe (see legend to
Fig. 21). The hybridisation of such a competed probe could
then be compared to the results obtained for an identical
amount of probe hybridised to a duplicate filter of
recombinant colonies. Such a screening is shown in Fig. 21.
Colonies which were reduced markedly in hybridisation signal
intensity (like the control a/p globin cDNA clones) in the

presence of competing cloned o and B cDNA sequences were



FIGURE 21.

Competition hybridisation assay.

Duplicate nitrocellulose filters bearing
reticulocyte cDNA recombinants were
subjected to Grunstein/Hogness hybridisation
as described for the previous figure. The
uncompeted filter was hybridised tg 32p
labelled reticulocyte cDNA (2 x 10° cpm).
The competed filter was hybridised with

an equal amount of 32p reticulocyte cDNA,
previously hybridised to a large excess of
restricted and denatured pCR 1 « and B
globin c¢DNA recombinants. After hybridisatior
the filters were washed and autoradiographed
as described previously.
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scored as globin cDNA recombinants. Those colonies found
to be unaffected by competition were considered putative
non-globin cDNA recombinants.

From a screening of 96 colonies (all of which had
scored positive on two independent screenings with uncompeted
reticulocyte cDNA probe) ten were selected which appeared
to be insensitive to competition on two successive independent
screens. These ten colonies only were then subjected to
competition hybridisation once more, in the presence of
appropriate controls (see Fig. 22). With the possible
exception of one clone (pNG-l) none showed any evidence of
competition so all were designated putative non-globins

and identified as pNG1l-10.



FIGURE 22.

Competition hybridisation of putative
"non-globin" recombinants.

Ten reticulocyte cDNA recombinants
selected from the previous competition
hybridisation were subjected to this
procedure once again to confirm their
assignment as "non globin" cDNA clomes.
The individual clones were designated
pNG 1-10 as indicated in the schematic
shown. The three controls are indicated
by the letters a, p, b, representing
the pCR1 «, pAT 153, pCR1 B clones
respectively.

A) filter hybridised to uncompeted probe.
B) filter hybridised to competed probe.

Not all the "non globin" clones show
visible hybridisation on this exposure.
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IIT. CHARACTERISATION OF NON-GLOBIN CLONES

A. Use of Purified Globin Probes

As the non-globin cDNA clones had been selected on
the basis of only a single criterion, namely the competition
hybridisation assay, it was felt neeessary therefore to
prepare pure globin probes with which to challenge these
clones.

Purified o and B specific probes were prepared in the
following manner: plasmid containing a or B globin cDNA
sequences was bound to nitrocellulose filters by the
technique described in Materials and Methods. The filters
were then hybridised to a total reticulocyte (32P) labelled
cDNA probe (see legend to Fig. 23). The filters were then
washed to remove non-specifically bound counts, and the
specifically hybridised globin sequences eluted from the
filters by incubation in 70% formamide buffer at high
temperature (6800). The process was followed with a P-decay
monitor, and a filter bearing pAT 153 DNA only was used as
control. An a filter after washing, hybridised radioactivity
to a level of approximately 500 c.p.s., whereas a pAT filter
did not show retention of label above 2-3 c.p.s. The
hybridisation was therefore shown to be sequence specific.
Moreover, after elution no more than 10% of the bound
counts remained on the filter.

Following elution of the o and B specific cDNA sequences

the probes were brought to 50% formamide and 3 x SSC suitable
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for hybridisation to two identical filters bearing the
non-globin recombinant colonies, treated for screening as
described previously. The results are shown in Fig. 23
and demonstrate the specificity of the probes. The a and
B probes do not cross hybridise, nor do they hybridise to
PAT 153 DNA, as would be expected. In addition none of
the colonies previously designated non-globins show
significant hybridisation which confirms the original

designations.



FIGURE 23.

Hybridisation of "non globin" recombinants
with purified a and B globin c¢DNA probes.

Duplicate nitrocellulose filters bearing

the ten "non globin" clones and suitable «
and P globin and pAT 153 controls as
indicated in the schematic were hybridised

to a or B specific globin c¢cDNA purified

in the following manner: pCR1 a and pCR1 B
plasmid DNA (10 pg) were bound to separate
l.3 cm. diameter nitrocellulose filter

discs as described in Materials and Methods.
The discs were prehybridised in a solution
containing 3 x SSC, 1 x Denhardt's solution,
50% formamide for L4 hours at 42°C. The
filters were then hybridised overnight at
42°C in the same solution supplemented with
100 pg/ml salmon sgerm DNA and reticulocyte
cDNA probe (4 x 10%® cpm), (these reactions
were performed in 5 ml glass bijoux). After
hybridisation the fllters were washed
extensively at 50 C in 0.1 x SSC, 0.1% SDS.
Each filter was then transferred individually
into 0.7 mls of a solution containing 70%
formamide, 0.1 x SSC, 1 x Denhardt's solutlon,
100 pg/ml carrier DNA and incubated at 68°C
for 4 hours to melt off hybridised cDNA. This
solution was then brought to the same
concentrations as the original hybridisation
mix and used to challenge the filters bearing
recombinants described above.

The left-hand filter is probed with o cDNAj;
the right-hand filter with P cDNA.
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B. Restriction Analysis of Non-Globin Recombinants

Restriction digests were employed to further characterise
the recombinant plasmids. The simplest analysis is shown
in Fig. 24 and shows the recombinants cut with Hinc II
and EcoRI. This generates three fragments, a large fragment
containiné most of the plasmid DNA a small 452 bp fragment
and a fragment containing the Bam HI site, normally 652 bp
long, in the wild type pAT 153. 1In all cases it can be seen
that the fragment containing the Bam site is shifted to
a higher molecular weight than wild type indicating that
the recombinants have material inserted at this restriction
site. With the exception of clone pNG 5 none of the
recombinant plasmids seem to have undergone gross modification
during cloning. The plasmid DNA of clone pNG 5 however
appears to have suffered extensive deletion. The insert
sizes indicated by this gel are all moderate,lying in the
region of 100-200 bp. with the exception of clone pNG 3
which seems to have an insert size of about 900 bp.

More precise size mapping of the inserts was performed
by 6% polyacrylamide gel electrophoresis of digests using
enzymes which cut more frequently. The insert sizes indicated
by these digests are summarised in Table 6. In virtually
all cases there is good agreements between insert size
estimates obtained from different restriction digests.

Fig. 25 shows an extremely useful digest, that obtained
from Hin f. This digest when coupled with Eco RI digestion

provides fragments of 1000, 630, 520, 400, 300, 220 and 150 bp.



TABLE 6. RESTRICTION DIGEST SIZE ANALYSIS OF RECOMBINANT CLONES.

Enzyme Digest

Hinc II/ Hinf I/ Dpn 1 Ava II/ Average Size
Clone | Eco RI Eco RI Hae III Taq 1 (saw 3a) Eco RI Estimate (bp)
pNG 1 155 150 160 160 165 - 140 155 £ 8
2 180 180 230 210 300% 200 200 % 17
3 950 820 775 1000 12002 950 900 % 78
5b - - - - - - -
6 175 160 170 175 195 180 176 ¥ 10
7 200 160 180 190 210 170 | 185 I 17
8 90 600 1370 330 600 ) 300 -°
9 200 180 200 195 200 170 191 ¥ 12
10 90 100 95 65 - 85 87 11

a Estimated sizes only owing to the presence of deletions. Not included in size estimates.
b Sizes of inserted DNA cannot be determined owing to the large deletion in this plasmid.

c Owing to extreme variability in size, mm&HEmﬁmm\m<mHmmm was not estimated.



FIGURE 24.

Restriction digest of "mnon-globin"
recombinants using Hinc II/Eco RI
double digest.

The results of this digest were visualised
by ethidium bromide staining of a 2% agarose
gel run in T+E.A. buffer. The numbers at
the top of the tracks identify the "non-
globin" clones, lane p contains a similar
digest of pAT 153. The band indicated by
an arrow is the band containing the Bam H1
site into which the reticulocyte cDNAs were
cloned. The size markers in lane H. are
derived from a mixture of a Hin F and a
Hin F/R1l double digest.
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FIGURE 25.

Restriction digest using a Hin F Rl
double digest.

The clones are identified as described

in the previous figure. The lanes marked
p contain digests of pAT 153; the central
lane being a double digest and the end
lane a Hin F digest alomne. The arrow
again indicates the fragment containing
the Bam Hl1 site. This analysis was
performed on a 6% T.E.A. polyacrylamide
gel.
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which thus makes an extremely useful set of markers for
calibrating other digests. Sometimes these markers are a
mixture of Hin f/RI and Hin f alone as this latter digest
provides an additional marker at 1.6 Kb; this fragment
being the one cleaved by Eco RI to generate the 1000 bp.
and 630 bp. fragments.

Insert size estimates from this digest all accord well
with the previous digest excepting clone pNG 8 which appears
to have a very large insert, similar in size to that of
PNG 3. (However see later blotting data in Fig. 30). The
Hae II digest’shown in Fig. 26 is most motable for the
fact that clone pNG 3 is cut at sites within the insert to
generate three new fragments. This is of some interest as
Hae II sites are generally rare within the eukaryotic
genome. This digest is also a fairly useful check on the
presence of small deletions as the band containing the Bam
site (arrowed) is only 181 bp. in length. Again pNG 8 is
indicated as having a very large insert.

Interpretation of the Tag I digest in Fig. 27 is somewhat
more complicated owing to the presence of a specific partial
digestion product, which under conditions of enzyme excess
used here has cleaved in some cases but not in others.

The fragment containing the site which cleaves very poorly

is further made cryptic by virtue of the fact that, as a
composite of a 141 bp. and a 475 bp. fragment, it comigrates
on this gel with the bona fide 622 bp. fragment. Only tracks

for pAT 153 and pNG 2 show the presence of any 141 bp fragment



FIGURE 26.

Restriction digest of recombinants with
Hae IT.

This analysis was performed as described
in the preceding figure. The lane
containing the size markers (lane m)

shows a Hin F/RI double digest of pAT 153.
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and thus some of the associated 475 bp. band. Clones pNGl and 3
however show the presence of a fragment close in size to

the 475 bp. fragment but in the absence of any 141 bp. band.
Thus these fragments of close to 475 bp must originate from
the insert itself plus sequences which normally runs as a
315 bp. band (part of the doublet which is arrowed) which
contains the Bam site. The plasmid of clone pNG 3 shows

the presence of an additional high molecular weight band
thus establishing a Taq I site within the insert. Neither
the Taq site nor the Hae II sites are found in the coding
sequences of any of the globin genes sequenced to date.
Taken with the insert size data for this clone (900 bp.),
this is fairly strong corroborative evidence that this clone
contains a non-globin insert. (See also tetranucleotide
analysis in Fig. 29).

The presence of a deletion of sequeﬁces in the pNG 2
plasmid is revealed by the absence of the 312 bp. fragment
which lies contiguously with the 315 bp. fragment that
contains the Bam site. This deletion presumably extends in
the anticlockwise direction (towards the RI site) and thus
the junction of the two Taq fragments is missing.

Similar evidence for this deletion was obtained from
Dpn I or Sau 3a digest of this clone. Evidence for a related
type of deletion of sequence in clone pNG 3 was also revealed
by Dpn I digestion. However this deletion cannot be quite
so extensive as that seen in pNG 2 as the Taq site absent
for the latter clone is still preserved in clone pNG 3 (see

Fig. 27).



FIGURE 27.

Restriction digest of recombinants
with Taq 1.

This analysis was as described for Figure
25. The markers are as described for
Figure 24. The fragment indicated by the
solid black arrows carried the Bam site,
the fragment indicated by the arrows
shown in outline is the 141 bp fragment
referred to in the text.
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As described earlier however the true significance of
the Dpn I or Sa& 3a digest is that these enzymes both
recognise the sequence GATC which should lie in immediate
juxtaposition with the inserted cDNA (see Fig. 18). Digestion
with either of these enzymes should liberate all the plasmid
fragments plus an addition fragment or fragments corresponding
to the excised insert. Fig.l28 demonstrates the clearest
example of this for clone pNG 7, which reveals the presence
of a novel 230 bp. fragment specific to this clone. Three
other clones pNG 1, 6 and 9 all behave in a similar fashion
and presumably possess intact GATC sequences on either side
of the inserted cDNA, although these seem more resistant
to cleavage than pNG 7.

One other digest Ava II/RI was performed. This gave
very similar results to the Hin f/RI digest so the results
are shown only in Table 6. A feature of note in this
digest was the absence of cleavage at site 1438 on the map
according to Sutcliffe. (421),(427). The 303 bp. fragment
was therefore replaced by a 345 bp. fragment, the contiguous
42 bp. piece mot having been cleaved from it.

Interestingly, but perhaps not unsurprisingly, only
pNG 3 showed any evidence for sites within the insert DNA,
most likely due to the small size of the inserted material
in the other cases. As clone pNG 3 did possess a fairly
large insert, it was digested with a number of enzymes which

cut more frequently than those so far discussed.



FIGURE 28. Dpnl digest of clone pNG 7.
Lane p) Dpn 1 digest of pAT 153.
Lane 7) Dpn 1 digest of pNG 7.
Lane M) size markers as indicated.
The arrows denote the novel insert

fragment specific to the recombinant
digest.
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2. Tetranucleotide Mapping of Clone pNG 3

Enzymes which cut at tetranucleotide recognition sites
were used to look for intermal sites within pNG 3 insert
DNA. The results are summarised in Table 7 and Fig. 29
The figure displays the data as pairs of tracks comparing
PNG 3 with pAT 153. Novel fragments, specific to pNG 3
are distinguished by arrows, other features of note are
indicated using appropriate symbols. One interesting anomaly
was found in the Alu digest. No fragments at 226 or 136 bp.
described by Sutcliffe, can be observed in the pAT 153
digest. Instead there is a new fragment seen at approximately
93 bp. plus what appears to be a doublet at 257 bp. (See
legend to Fig. 29). A conceivable interpretation is that
the 226 bp. plus the 136 bp. fragments have reassociated,
possibly during the deletion of material from pBR 322 to
generate pAT 153. The new disposition of sites then would
create 93 bp. and 257 bp. fragments. However it should be
pointed out that virtually all the composite fragments
formed where they lie across the Jjunction of the pBR 322
deletion are the sizes that would be predicted from the
proposed Hae II coordinates (see Section ITI.Bl).

A number of other small anomalies in the pAT 153 mép
have been located, for example there is a 303 bp. fragment
seen in the Hha I digest (identified by a black square)
which was most likely generated by failure to cleave at the

junction of the 270 bp. and the 33 bp. fragments observed
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in the pBR 322 sequence (421),(422). Another possible
missing'site is located at the junction of the largest Alu
fragment, which should be 659 bp. in size. However it is
unlikelf that this would resolve from the 655 bp. fragment
indicated below. Thus it seems that the contiguous 63 bp.
fragment may still be attached, pushing this fragment to

a size 6f 722 bp, which accords more closely with the
observed distance of migration.

However, the 659 bp. Alu fragment also in fact maps
over a region where a number of other fragments show somewhat
anomalous migration for reasons not obviously explicable
in the same terms. This applies to the top Hae III and
Hpa II fragments and the 206 bp. Hha I fragment (see Figure
1egend) all of which migrate somewhat slower than predicted
(i.e. apparently larger in size) from their reported sizes.
This can be ascertained from the fact that a calibration
made up from all the digests shown, plotted as size vs.
migration distance as a semi-logarithmic relationship is
in fact highly accurate and consistent.

The most perplexing observation has in fact been
drawn from the Hin f/RI digests where, in digests analysed
on 6% polyacrylamide the 520 bp. marker runs anomalously at
approximately 580 bp, however if the digest is examined on
2% agarose (in the same buffer system) this fragment xruns
true to its expected size. (Compare for example its
separation from the 630 bp. fragment above it in Figs. 24

and 29). It seems difficult to invoke secondary structure



FIGURE 29.

Tetranucleotide cutting enzymes analysis
of clone pNG 3.

The analysis was performed on 6% poly-
acrylamide gels as described previously.
The tracks are arranged in pairs with the
enzyme used for digestion as shown. Lanes
3 contain digests of clone pNG 3, lanes p
digests of pAT 153. The markers are as
described for Figure 2.4.

The arrows represent novel fragments
generated by a cleavage within the
inserted cDNA of clone pNG 3. The
fragments indicated by black triangles

are the fragments which contain the Bam
site. The sizes of these fragments are
also indicated. Fragments indicated by
hollow triangles (size also indicated)
delineate fragments deleted or absent

from pNG 3. The fragments in the Alu 1
and Hha 1 designated by solid symbols
(black spot and black square respectively)
represent fragments migrating anomalously
as referred to in the text. The remaining
fragments marked in the Alu digest (white
spot and black star) represent fragments
not predicted from the mapping data of
Sutcliffe (421).
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in a fragment of this size being responsible for such a
difference in behaviour. Perhaps some gquirk of base
composition is responsible; this interpretation would
perhaps carry some weight with regard to the overlapping
and anomalously migrating fragments pointed out above.

With regard to pNG 3 itself one or two other strange
features are apparent also. However, the first point to
note is that the pAT fragment containing the Bam site
(indicated in the pAT digests by a small black triangle) is
in all cases changed in molecular weight in the recombinant
plasmid, confirming that the cDNA is indeed inserted at
this position.

The disposition of internal sites is indicated in
Table 7, all the enzymes used here, cut intermnally at least
once. Again a tendency towards a high G-C content is implied
by this data suggesting that this protein may be somewhat
atypical in its base sequence composition compared to other
eukaryotic cDNAs. However, the highly ubiquitous Alu sites
are typical of other eukaryotic sequences.

Evidence for a small deletion of material at the junction
of cDNA and the Bam site used originally to linearise the
plasmid was apparent from a Tha I digest. This confirms
the Sau 3a data referred to earlier. The extent. of fhis
deletion cannot be much greater than 30 bp. however,as the
Taq I site only 10 bp. removed fromvthe missing Tha and Sau 3a
sites was seen to be present (see Fig. 27 ). Less explicable

is the Hpa II digest of pNG 3 where the junction of the



TABLE 7., DISTRIBUTION OF RESTRICTION SITES IN INSERT OF CLONE PNG 3.

|

Number of sites 0 1 2 3 4
Enzymes EcoRI Tag I Hae II Alu I
Hinc II Hha I Hae III Hha I
Pst I Hpa II
Sau 3a
Hinf I
Hind III

Ava 1II
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217 bp. fragment indicated and the top fragment must be
missing. The 217 bp. fragment contains the Bam site and

lies contiguously with the largest Hpa II fragment, which

by virtue of material still attached is raised to a higher
molecular weight in the pNG 3 digest. Accordingly, there

is no fragment seen at 192 bp. in the pAT Hae III digest
(indicated by a hollow triangle) which has a 3' junction
very close to these Hpa II sites referred to. Similarly,

the partially overlapping 206 bp. Hha I fragment is also
missing from the pNG 3 digest. This data would indicate

that at least 70 bp. were missing from this region of the
plasmid (70 bp. is the distance from the 3' end of the
largest Hpa II fragment to the 3' end of the 206 bp. Hha I
fragment). Were this the case, then all this material would
be missing from a single Taq I fragment normally 312 bp.

in length, such a change in molecular weight would be clearly
visible in the Taq digest shown in Fig.27 . This fragment
however is quite unaffected which poses some difficult
problems of interpretation. As the two digests were made

on different plasmid DNA preparations it may just be possible
that this represents material deleted during the subsequent
handling of pNG 3. However as plasmid preparations of pNG 3
were not prepared from material grown from a single colony
this possibility seems highly unlikely. These rearrangements
may alternatively stem from changes in sequence due to point

mutation, or conceivably altered methylation patterns of



plasmid DNA. Notwithstanding such altermnatives, no
satisfactory explanation for these restriction pattermns
has been found to date. Data from plasmid sequencing
would no doubt be able to resolve this question, but this
was considered of little significance in relation to more
important aspects regarding the nature of the inserted

sequencee.

181
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C. Southern Blot Analysis of Non-Globin Recombinant Clones

The next approach was to utilise the restriction data
to further characterise the non-globin clones by hybridisation.
The first objective was to establish that the previously
identified novel fragments seen in the recombinant digests
did in fact contain the inserted cDNA. An additional
advantage of this appfoach was that by choice of suitable
digest the pCRI globin cDNA clones could be used as probes,
as the homology between the pCRI and pAT 153 plasmids
resides in regions of pAT separable from that region
containing the Bam HI site.

The nine non-globin recombinants were restricted with
Hin f and Eco RI to generate a pattern like that shown in
Fig. 25. This digest was chosen as all the fragments still
resolve clearly on a 2% Agarose gel. The Ethidium bromide
stained pattern of this digest separated on agarose is shown
in Fig. 30a. Fragments of pAT 153 DNA were also run as
markers, these being a mixture of a Hin f digest and a Hin f/RI
double digest. One of these tracks also contained radio-
labelled fragments, lébelled by use of reverse transcriptase
as described by Stark ( 77). The globin plasmids were also
restricted and run on this gel, but they were digested with
the enzyme Hha I which generates a large fragment containing
the globin cDNA sequences and many small fragments which
do not resolve properly on a 2% gel.

The DNA fragments were then transferred to nitrocellulose

by the Southern blotting technique ( 76) using 20 x SSC as
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transfer buffer. After baking as usual to fix the DNA

the filter was hybridised with 32P labelled reticulocyte

cDNA probe. The resultant autoradiograph is shown in

Fig. 30b. Close comparison with the accompanying figure
(Fig. 30a) demonstrated that in virtually all cases the
fragment which hybridised with reticulocyte cDNA was the
fragment specific to the recombinant digest, which contained
the Bam HI site in the wild type plasmid. The only exception
to this rule was the clone pNG 8 which seems to have
hybridised material to a very minor fraction of the digest
and not to the major new fragment, which can be clearly seen
migrating at approximately 1.3 Kb in size. However, as
reference to T ble 6 will show, this clone has given extremely
variable size estimates for the inserted cDNA, for reasons
which are still obscure. The hybridisation data presented
here are consistent with an insert size of about 200 bp,
which in fact is in good agreement with the original size
estimate derived from the HincII/RI digest of Fig. 2u4.

This recombinant, as well as clone pNG 10 also shows evidence
of weak hybridisation to a second fragment which is mnot
visible on the ethidium stained gel shown here, but which
may be those seen at a similar position in the Hin f/RI
digest of Fig. 25. This fragment could derive from some

low level of RI¥ activity causing cleavage within the insert.
If this is indeed the case then clones pNG 8 and 10 may

well contain similar sequences inserted in them.



FIGURE 30.

Southern blot analysis of "non-globin"
recombinants.

Plasmid DNA from the "non globin"
recombinants (2 pg) was digested
using a HinF/R1l double digest (see
Fig. 25) and run on a 2% agarose gel
run in T.E.A. buffer (lanes 1-3, 5-7,
8-10). Hha 1 digests of the pCR 1 «
and B globin cDNA plasmids were run in
the lanes indicated. The remaining
lanes contain pAT 153 marker fragments
digested as for Figure 24. After
electrophoresis the DNA fragments were

transferred to nitrocellulose in 20 x SSC

as described in Materials and Methods.
The filter was then hybridised with
reticulocyte 32p cDNA and subjected to
autoradiography for 16 hrs.

a) ethidium bromide staining of restriction

digest fragments

b) autoradiograph of digest after transfer

to nitrocellulose and hybridisation.
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One somewhat unfortunate and surprising aspect of
this hybridisation and of the subsequent ones, accrues from what
can only be a spurious homology between globin cDNA and
the pAT 153 vector, which is located within the particular
fragment containing the Bam site. Virtually all the clomnes
hybridise more strongly than the pAT however, in the case
of clone pNG 3 it should be pointed out that the quantity
of DNA is somewhat lower than for the other clones to the
extent that it is barely visible on the ethidium stained
pattern (Fig. 30a). The insert fragment can however be
clearly seen by hybridisation. (Fig. 30b).

This blot analysis was extended by preparing purified
a and B globin cDNA probes as described previously for the
Grunstein/Hogness hybridisation (Fig. 23). The same filter
was hybridised to this probe and the autoradiograph displayed
in Fig. 23). The same fiiter was hybridised to this probe
and the autoradiograph displayed in Fig. 3la. This probe
shows good hybridisation to o and B insert DNA (tracks a
and b) in the Hha digest of the pCRI globin cDNA recombinants.
With the possible exception of clone pNG 1 none of the other
clones displays hybridisation to these globin probes.
Clone pNG 1 has previously shown evidence that it may be a
globin cDNA insert (cf. Fig. 22). Finally, the filter
was rehybridised using nick-translated a and P globin cDNA
plasmids as probe (Fig. 31b). Homology between the pAT
recombinants and the pCRI derived probe can be observed

as hybridisation of the two fragments at 520 and Loo bp



FIGURE 31. Southern blot analysis.

a) nitrocellulose filter described in

Figure 30 and hybridised with purified
o and B globin cDNA. (See legend to
Fig. 23).

as for 31 a) but hybridised with nick-
translated pCR 1 o« and B globin cDNA
plasmids.
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running across the whole filter. Hybridisation to the Hha
digests of the o« and P cDNA clones is of course observed
to all the digest fragments and thus the o and B insert
fragments are much less intense than previously, representing
as they do a much smaller fraction of the probe than before.
Additionally though two clones diépiay specific hybridisation
to the fragments containing their insert cDNA. In the case
of pNG 2 this identifies the insert as globin sequences,
for clone pNG 5 interpretation is far more difficult,
owing to the large extent of material deleted from it.
Thus the recombinant fragment of this cloned DNA also contains
the region of homology between the pAT vectors and the pCRI
probe sequences. More data on the identity of the sequences
inserted into pNG 5 are required before it can be positively
identified as a globin c¢DNA insert or not.

The hybridisation pattern of clone pNG 2 is revealing
as it highlights a problem which takes on greater significance
when the next series of experiments is discussed. Analyses
of this cloned sequence previous to that shown in Fig. 31b
gave no evidence that this contained a globin cDNA insert.
Comparison for example of the result obtained using globin
specific cDNA (Fig. 31a); the pertinent difference between
the two probes béing the representation of the entire B
globin m-RNA sequence in the pCRI-p DNA, whereas the cDNA
probes are derived from an oligo-dT primed synthesis of

reticulocyte messenger RNA. The cDNA probe is thus much
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greater enriched in sequences contiguous with the primer

i.e. the 3' end of the messenger. Conversely such a cDNA
probe will be rare in sequences derived from the 5' end

of the messenger. As the cloned cDNAs are short they

could contain sequences derived mainly from the 5' end of
globin messenger RNA. When probed with a labelled oligo-dT
primed cDNA, a clone of this type although containing globin
sequences, will hybridise to a much lesser extent than a
similar sized insert derived from the 3' end of the messenger.
This presumably describes the nature of the sequences cloned
in pNG 2 as only a "full-length" globin probe hybridises

well to this sequence. Equally clone pNG 1 insert is
probably disposed towards sequences derived from the 5' end
of the a-globin messenger as this hybridises relatively
poorly to reticulocyte c¢cDNA. Unfortunately, this insert
would not hybridise to the cloned a probe either (see Fig.31lb)
as this was found to represent sequences almost exclusively
derived from the 3' end of the messenger. A cloned insert

of the pNG 1 type would be difficult to sift out by the
competition asséy and thus could be expected to behave as

a non-globin, by the previous hybridisation criteria.



187

D. Quantitation of Non-Globin Sequences.

l. Quantitative Estimation of Relative Abundance in

Reticulocyte m-RNA of Sequences Complementary to
Cloned cDNAs.

The relative abundances of the m~RNAs from which the
non-globin cDNA clones were deriyed were estimated by a
filter hybridisation assay. Itlwas further hoped that
quantitative data on abundances in reticulocyte m-RNA would
help to confirm the assignment of non-globin status on these
clones. Plasmid DNA was bound to small (1.3 cm) nitro-
cellulose filters as described in Materials and Methods
(see also legend to Table 8). These were hybridised to
reticulocyte cDNA in individual wells of a 24-well micro~
titre plate. Triplicates of each incubation were performed
and the results shown are ave?age values. The extent of
hybridisation as estimated from liquid scintillation counting,
after washing off non-specifically bound counts are shown
in Table 8.' This data is also shown expressed as a
percentage of the extent of total hybridisation to the two
globin sequences. The very high levels of hybridisation to
the cloned sequences in pNG 1 and pNG 2 helps to confirm
previous assignments that these do in fact contain globin
cDNA sequences. The rather lower level of hybridisation
to these clones than is observed, for the pCRI a and B
globin sequences can be explained(as described at the end
of the previous section) if these clones represent sequences
which come mainly from the 5' regions of the messenger RNA.
The clone pNG 5 displays an extremely low level of hybridisation
to reticulocyte cDNA and thus is probably mnot a globin
sequence, despite the possible interpretation of the data

shown in Fig. 31b.



TABLE 8. QUANTITATIVE ESTIMATES OF NON-GLOBIN m-RNA ABUNDANCE IN

RETICULOCYTES.
o % cDNA hybridisedb % Hybridisation
Cloned Sequence above background relative to total globin
pCRIwx 7.7 46.2
pCRIp 5.2 31.2
pNG I 3.8 22.8
pNG 2 3.3 19.8
pNG 3 0.73 4.4
pNG 5 0.002 0.12
pNG 6 1.8 10.8
pNG 7 1.2 7.2
pNG 8 1.4 8.4
pNG 9 0.35 2.1
pNG 10 1.8 10.8

] Mg of sach cloned sequence was bound to a 1.3 cm diameter

nitrocellulose filter.

b Hybridisation values are corrected for hybridisation to a similar
filter bearing pAT 153 DNA. Values shown ars averages of triplicate

filters.
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The remaining clones all hybridise to somewhat greater
extents than might have been expected, which places very
strong constraints on the possible number of different
sequences which have been cloned. However the observed
abundances are not so great as to identify the clones as
containing globin sequences.

Four clones for which the best evidence relating to
non-globin status existed were chosen therefore for the

tissue specificity studies described below.

2. Analysis of Tissue Specificity of Non-Globin mRNAs from

Reticulocytes

A titration analysig, such as that described previously
for estimating the abundances of non-globin sequences im
reticulocyte m-RNA, was adopted to ascertain if the non-globins
were expressed in cell types other than the reticulocyte.

Four clones were chosen for this study (for the reasons
stated above) and grown in bulk cﬁlture to prepare suitable
quantities of plasmid DNA. The DNA was prepared by the
alkaline extraction technique with the additional caesium
chloride gradient centrifugation as described in Materials
and Methods. The four chosen clones were pNG 3, pNG 6.
pNG 7 and pNG 9.

The tissues or .cell types chosen for study were two
erythroid cell types: induced and uninduced Friend cells
(clone M2), one associated (by virtue of the location of
foetal erythropoiesis) tissue type: adult liver (this was

rat liver as mouse material was unobtainable), a non-erythroid
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cell type: a fibroblast cell line (SCZ), and a non dividing
tissue: brain.

As previously described, plasmid DNA was denatured
and bound to nitrocellulose filters then hybridised to 32P
labelled cDNA probe derived from one of the five m-RNAs
described above, by o0ligo-dT primed synthesis. After
extensive washing, the filters were subjected to liquid
scintillation counting to estimate the extent of hybridisation.
Triplicate filters for each incubation were used and the
resuits are derived from hybridisations utilising two
different levels of input counts (derived from two independent
probe syntheses).

The results of this analysis are shown in Table 9,
expressed as the fraction of the total input cDNA bound to
the filter. Standards were B globin DNA (the pCRI cDNA clone)
and pAT 153 DNA alone. The table shows mean values for the
extent of hybridisation plus the standard error which was
calculated from a full statistical analysis of variance.

The 1% significance level for each experiment is also
indicated in the table. This data is also represented histo-
graphically either tissue by tissue (Fig. 32) or clone by
clone (Fig. 33). In the former case the standard errors

are again indicated by error bars and the arrow at the
ordinate represents the 1% statistical significance level.

Surprisingly perhaps, the cloned sequences seem to
fall into at least three distinct patterns of hybridisation.

Two clones pNG 3 and pNG 7 appear to be erythroid specific
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FIGURE

2.

Tissue specificity of "non globin" mRNAs
from mouse reticulocytes.

Filter bound plasmid DNA was hybridised

to 32P labelled cDNA probes from different
tissues as indicated (for details see
Materials and Methods). The data are
represented histographically for all the
cloned sequences hybridised with each
cDNA probe; the height of the bar
representing the fraction of cDNA bound.

Standard errors on these values are shown
as error bars and the arrow at the ordinate
indicates the 1% statistical significance
level. (See also Table 9).
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but the remaining two are represented much more widely.
Clone pNG 7 is represented omnly in erythroid cell types

and demonstrated a marked induction during Friend cell
differentiation. Indeed this sequence reaches 30% of the
level of B globin in these cells, after five days of growth
in D.M.S.0. The clone pNG3 whilst also erythroid specific,
seems to be expressed only in reticulocytes at detectable
levels, for it was undetectable even in induced Friend
cells. (See Table 8 for compafison). Analysis of material
from foetal liver or anaemic spleen might demonstrate at
which stage of erythropoiesis this particular sequence is
induced. Availability of Friend cell cultures able to undergo
terminal differentiation to the reticulocyte stage could

be particularly illuminating.

A totally different behaviour is displayed by the clones
pNG 6 and 9 (Fig. 33). The former in particular being more
prevalent than P-globin in the uninduced Friend cell (Fig. 32)
upon induction though only a moderate change in abundance
occurs, a factor of about four fold. For the PB-globin
sequence a greater than 50 fold change in steady state level
was observed. Clone pNG 9 rises to similar levels as pNG 6
upon Friend cell induction but the precise increase in
relative abundance between the induced and uninduced states
cannot be accurately determined, as pNG 9 is on the limits
of detection in these latter cells; below the 1% significance

level in fact (Fig. 32).



FIGURE 3

Tissue specificity of "non globin"
mRNAs from mouse reticulocytes.

This figure presents the same data

as displayed in the previous one but

shows the relative levels of hybridisation
for individual clones in all the different
tissues. In this instance the fraction of
cDNA hybridised has been corrected for the
extent of reaction (approx. 20%). In all

cases the abscissa represents the level of
hybridisation to filter bound pAT 153 DNA.
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Furthermore both these clomnes reveal a broad spectrum
of representation in other cell types (Fig. 33) hybridising
significantly above background in adult liver and most
noteworthy, in fibroblasts. 1Indeed clone pNG 6 hybridises
to an extent greater than one order of magnitude above the
B-globin control. The results in the fibroblasts are
revealing as, whilst the levels observed in liver and brain
could possibly be explained by residual contamination of
these tissues, with blood cells for example, this cannot be
true of cells grown in tissue culturé. Additionally despite
the Pact that PB-globin hybridises significantly to both
adult liver and brain and thus may well indicate contamination
of these tissues with blood, this can in no way account for
the higher levels of hybridisation observed for clones pNG 6
and 9. Were this the case then the contribution to the
hybridisation value could not be more than 6ne third the
level displayed for B-globin (cf. Table 8) as this is the
maximum level seen for these clones in reticulocytes. The
hybridisation to liver cDNA is most likely a reflection of
a true expression of these sequences within this tissue.

Interestingly, although these clones (pNG 6 and 9)
seem to represent sequences of a relatively ubiquitous mnature,
they occur at much higher abundance in reticulocytes than
in other cell types. Additionally both sequence increase in
abundance during D.M.S.0. induction of Friend cells. This

strongly implies that despite being widely distributed,
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they are also sequences intimately connected with erythroid
maturation, and presumably therefore with red cell functions.
The possibility must therefore be considered that the
hybrising sequences in non-erythroid cells may not be
identical to those cloned but are the products of closely
related genes which are normally expressed in other cells

or tissues. Possible candidates for such genes will be

discussed further below.
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DISCUSSION
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T.A.l. Gradient fractionation of RNA

Evidence has been presented above for the successful
cloning of non-globin messenger RNAs from mouse reticulocytes.
The procedure employed was a ligation technique, joining
blunt—-ended cDNA and plasmid molecules. The total cDNA
population was cloned and the desired sequences selected,
by different screening approaches, from the total plasmid
collection.

As other workers (39),(56) have reported successful
fractionation of reticulocyte messenger RNA sequence
population, to enrich for non-globin sequences, it may be
pertinent to analyse whether such an approach could have
been adopted here. The first point of relevance is that,
for the cloning procedure outlined above it was considered
a priority to have good quality (high proportion of intact
molecules) m-RNA from which to begin synthesis of d.s. cDNA.
This meant that gentle handling of the RNA was critical at
all times. The gradient fractionation seemed an attractive
possibility as it does not involve extremes of temperature
or ionic conditions. Moreover, for the conditions of
centrifugation described, optical density monitoring and
radioactive counting suggested that a worthwhile separation
should have occurred. With such a large globin m-RNA
content the problem of contamination through aggregation
is a very real one and this is considered the most likely

cause for poor enrichment. Alternatively it is mnot absolutely
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certain that no change in message structure occurred by
centrifugational fractionation, as subsequent investigation
on in vivo synthesised proteins at least revealed that the
mouse reticulocyte may well possess a lower non-globin
content than the rabbit. Certainly, the evidence of Aviv
and his colleagues (62),(114) is in agreement with such

an interpretation. DPossibly this stems from an earlier
release from marrow and thus a higher proportion of immature
circulating cells in the latter species. Certainly,
different strains of mice show differential responses to
induction of reticulocytosis. Moreover genetic variation
at the Fv-2 locus is thought to regulate certain cycling
parameters of precursors within the marrow (428), which
could certainly affect the rate of release of reticulocytes
into the circulation. Nevertheless it could have been
revealing to try further gradient purification of the
material from early reticulocytes; however, owing to the
lysis occurring during preparation of this material it

was felt that further possible exposure to nucleases should
be avoided so this was not considered the best course of
action for a maximum purification of fivefold. Alternative
purification methodologies do exist however as it was

clear that no fractionation procedure could obviate the
necessity to further select out globin cDNA containing
recombinants at the screening stage. These were not followed

up exhaustively.
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Both the sets of authors referred to above used
preparative hybridisation using HAP chromatography but
for the reasons previously stated, the use of high temperature
and exposure to calcium phosphate was considered likely
to significantly degrade the messenger or the cDNA derived
from it; the latter of course relies on the preservation
of its hairpin loop for second strand synthesis.

The possibility of using such a methodology for
preparation of a non-globin enriched probe was considered
strongly however. Naturally, the best purification should
be obtainable from hybridisation of pure globin sequences,
so attempts were made on this basis to fractionate
reticulocyte c¢cDNA by hybridisation to the pCRI o and P
globin cDNA plasmids. For reasons not totally clear the
hybridisation between plasmid sequences seemed more rapid
than between plasmid and cDNA compleémentary sequences. Thus
it was found impossible to drive the majority of sequences
into hybrid even after sonication or restriction of plasmid
sequences prior to hybridisation. The results obtained
from the competition hybridisation make it probable that
this failure was due to an insufficient plasmid excess being
used. For efficient competition a mass excess of about
50,000 was employed.

The fractionation approach was therefore rejected in
favour of the competition hybridisation, which naturally had
the advantage of simplicity. Although, it may subsequently

have been thought worthwhile further separating the hybridised
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and unhybridised sequences by HAP chromatography. This
could also possibly have provided a probe enriched in
non-globin sequences, however the ability to purify the
globin sequences from a cDNA probe looked a more viable
proposition so was adopted instead.
2. Non-globin RNA and protein synthesis

The analysis of the reticulocyte messenger population
and the protein labelling study presented here are both
consistent in indicating a very low complexity of mnon-globin
messenger and protein synthesis. Such figures would suggest
that mammalian reticulocytes possess an abnormally low
complexity, orders of magnifude-less than observed in other
cell types, for example. One precedent for this type of
organisation in reticulocytes has come from the study made
by Tobin and his colleagues (56),(57) in avian reticulocytes.
Their study indicated that approximately 80 non-globin
sequences are found in the avian cells which would suggest
that either a second non-globin component should be found,
at lower abundance perhaps, in the mouse reticulocytes, or
that the avian reticulocyte still expresses a wider range
of functions. This latter possibility may not be too
unexpected owing to the ongoing transcription within the
nucleated reticulocytes of the chick. The absence of
nuclei in mammalian reticulocytes would therefore be
instrumental in determining the lower complexity. In the

chick, no evidence for other than a single non-globin sequence
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abundance class was obtained but again (as in this report)

in the absence of truly well fractionated probes the presence
of additional sequences at really low abundance cannot be
ruled out.

In this context though it is pertinent to observe that
in mouse anaemic spleens, consisting mainly of orthochromatic
erythroblasts, the sequence complexity of the mnon-~globin
fraction was also found to be abnormally limited, being
in the region of 500 sequences (429 ). Ikawa and his
colleagues have,also in the above report, shown evidence
for a somewhat wider sequence diversity in mouse reticulocytes;
they interpret their data as indicating that about half of
the spleen erythroblast m-RNA complexity was still present
in reticulocytes. Their interpretation, however, is based
on a heterologous hybridisation curve between erythroblast

non-globin c¢cDNA and reticulocyte m-RNA. The Rot for

1/2
such a reassociation curve is only of significance if the
mass fraction of the RNA driving the reaction is known or
can be estimated. In this context these authors, like
others (68)(430) have estimated that about 10% of the
reticulocyte m-=RNA is non-globin and this accords well with
the kinetic data presented in this report. If this is

taken as a guideline, then at a maximum (if all the
reticulocyte sequences are represented in the spleen
population) only eight averaged size sequences are indicated

by their data as present in reticulocytes. Such a value

is in good agreement with data presented here and also with
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data presented previously by Ikawa (39).

Other evidence relating to the non-globin messenger
complexity of reticulocytes is sparse. Bishop and others
(9) have shown the presence of RNA species other than
globin in cDNA excess reactions hybridising to genomic DNA.
The number of sequences involved was not ascertained from
this study though.

It has been work performed in rabbit reticulocyte
lysates through labelling of translation products which has
provided most of the information regarding messenger content.
Alternatively in vivo labelling of proteins, often of the
reticulocyte membrane can provide some idea of the numbers
and nature of the non-globin proteins to expect would be
encountered. Lodish and Small for instance (68) have
identified a 64 K molecular weight non-globin protein
synthesised in rabbit reticulocyte lysates, which appears to
be the major non-globin protein product, when assayed by
in vitro tramnslation in the wheat germ cell-free system.

The level of synthesis of this protein drops significantly
lwhich is
during reticulocyte maturation. A phenomenonpequally well
described for general non-globin protein content in rabbit
reticulocytes (416). Lodish and Desalu have further
identified six major non-globin proteins synthesised in.
reticulocyte lysates and in whole cells (415). Two of these
proteins seem to be membrane proteins (417), (431), (432)

but again the predominant synthetic product is a 64 K protein.



200

I.A.2. Non-globin RNA and protein synthesis.

The results described by Lodish and his colleagues
show a good concordance with the non-globin protein analysis
in this study. In particular the number of protein bands
observed was similar in number and also of limited complexity
which is also in accordance with the kinetic analysis of
m-RNA described above. Oth;r similarities are motable.
Band H (Fig. 11 track 1) is of similar molecular weight
to the Band F of Lodish, corresponding to a protein of about
20 K. The Band E (Fig. 11 track 2) shown here is very
similar to the migration expected of actin (43 K) which

lwhich

would agree with evidence of Lodish andAis a known component
of reticulocyte membranes. In contrast though, this band
was not labelled in this study although a prominent staining
component. Another particular difference is that in rabbits
at least no major 30 K protein species have been observed,
although some membrane proteins of 33 K and 36 K have been
identified (431 ), (433 ). 1In this analysis (Fig. 11 track 2)
the Band F is by far the major non-globin product. Chang
et al. ( 433 though, in a study of mouse erythroid membrane
protein synthesis revealed that the qualitative distribution
of protein synthesis in these two species may well be
different. No 64 K protein was associated with the mouse
or rabbit membrane. This is therefore most likely cytoplasmic
in location. Mouse reticulocytes appear to synthesise two
membrane proteins, which these authors equate with Bands 4.1
and 4.2 of the human erythrocyte membrane; these are in

the range 70 - 80 K molecular weight ( 432). Band C (Fig. 11
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track 2) runs in this region of the polyacrylamide gel
analysis of the G-=100 column fractionated proteins. However
another protein of similar molecular weight (approximately
70 K) has been identified by Thiele et al. (434). This is
is a lipoxygenase; an enzyme capable of mitochondrial
dissolution. What distinguishes this enzyme is its increased
synthesis during reticulocyte maturation, which is in
complete contrast to other reticulocyte non-globins. This
change in synthetic rate seems to be governed by translational
control and not post-translational modification of the
protein. Band C of this report also seems not to be present
in the earliest material (Fig. 11 track 1) but is clearly
visible in proteins from later during the induced anaemia’
(Fig. 11 track 2).

Other possible candidates for non-globin synthesis in
reticulocytes would be: the major ion channel protein,
known as Band 3 in human membranes, which is about 96 K
molecular weight, another prominent membrane protein is
the enzyme glyceraldehyde-3-phosphate dehydrogenase, an
enzyme crucial to glycolysis. Reticulocytes, as they
destroy their mitochondria, are dependent on glycolysis for
their energy. Thus, glucose uptake is of major importance
as well. Another cytosolic protein known to be present in
erythrocytes and which is active in reticulocyteé is
carbonic anhydrase. The activity of this enzyme is elevated
during the later stages of erythropoiesis (435 and its

synthesis is regulated like globin via the haemin control
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of translation which operates in reticulocytes (436).
Moreover this protein has a monomer molecular weight of
about 30,000 which would make at least one of the components
of Band F a likely candidate. Indeed red cells contain

two isozymic forms of carbonic anhydrase so this could
account for a doublet at approximately this molecular weight
which is what was observed. A further point worthy of note
is that only one of these forms, although they are very
similar is erythroid specific, the other is widely represented.
Additionally reticulocytes have been found to have increased
levels of catalase (437) an enzyme which in monomeric form
is approximately 60,000 molecular weight. This could well
be the major 64,000 dalton protein of rabbit reticulocytes.
The molecular weight difference can be accounted for by
post translational modification, certainly in liver m-RNA
where catalase is also a relatively abundant protein product,
the de novo synthesised protein as determined by cell free
translation is about 4000 daltons larger than the in vivo
synthesised protein. ( 438§

Bulova and Burka (414 ) have used G-100 sephadex separation,
as used here, to analyse non-globin synthesis in rabbit
reticulocytes. Only very few products, about five in all,
were identified as non-globins but no information on their
identity was available. Some bad contamination between
fractions was observedthere and this may stem from the lack
of a reducing agent (such as mercaptoethanol) in their

separating buffer.
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I.A.3. Cloning Methodology and analysis of clones

The protocol described here is naturally not the sole
technique which could have been exploited. It should be
said however, that many of the strategy decisions were
directed by choice of restriction site which could be
utilised for cloning. This was generally dictated by the
containment requirement (as determined by the G.M.A.G.).
Thus the Pst I site, which is considered optimal for tailing
reactions (owing to the overhanging 3! termini) could not
be utilised except under Category 3 conditions; +this was
due to the strong promotor which lies near this restriction
site. Altermatively, the Pvu II site in pBR 322 would have
been, in many ways, ideal for blunt end ligation as it
produces flush ended termini. However this site lies within
the fragment which was excised in forming the pAT 153
plasmid derivative.

It is undoubtedly true though, that some method for
convenient excision of the inserted cDNA is highly advantageous.
Here despite the fact that in a number of cases the expected
San 3a sites were recreated the problems of separating the
insert fragment from the eight plasmid fragments also
generated is a major obstacle.

Restriction is the most reliable method for perforhing
this function despite the attractiveness of S-1 cleavage of
A-T tailed recombinants. In this context the use of linkers

to insert the cDNA could be beneficial for future protocols.
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The use of different screening strategies has already
been discussed but one slightly contentious point should
perhaps be pointed out. The success of the competition
assay, depends on the ability of Grunstein/Hogness
hybridisation, to respond in at least, a semi-quantitative
fashion. If some form of quantitative relationsh?%ﬁ%ﬁ%ween
hybridisation signal and representation of sequence within
the probe then the recombinants should group into two
categories; those showing high level hybridisation, which
should be globin recombinants and low level hybridisation,
which should be to non-globin recombinants. It is clear
however, that the recombinants do not group this way. In
particular, many globin recombinants must hybridise with
much lower efficiency than would be expected. The variability
in quantity of DNA bound to the filter may be one source of
error. In some cases additional variation may have stemmed
from colonies detaching from the filter. Globin cDNA clones
derived from 5' message sequences may well have hybridised
poorly to oligo-dT primed cDNA probes, as was highlighted
earlier. Recombinants with this structure should however
be fairly rare in the plasmid collection, unless first
strand synthesis of cDNA was full-length and second strand
synthesis was markedly poorer. In fact evidence for the
precise reverse of this situation was presented here. One
other explanation for variability in the hybridisation
could also stem from differences in the size of the insert.
This could be especially true for a situation where the

hybridisation is performed in filter bound DNA excess, and the
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individual colonies are competing for the same sequences
within the probe. Under these conditions longer inserts
may well be able to sequester greater amounts of probe.

I.A.4. Restriction Data.

The detailed restriction analysis has revealed a number
of interesting features of somewhat unexpected nature. The
Taq I and Ava IT digests have drawn attention to the problems
that can be encountered when digesting methylated DNA
substrates. This problem has also been encountered elsewhere
(439) and has been reported as stemming from methylated
sequences lying contiguous with the recognition site but
not within it. For example the Taq I recognition sequence
is TCGA, however if the recognition sequence is TCGAmeTC
as in pAT 153 then no scission occurs, unless very large
enzyme excesses are used. This phenomenon is much easier
to identify for the pBR 322 digest as this contains no other
fragment running in the region of the composite fragment.
This situation is in contrast with the behaviour displayed
by Sau 3a and Mbo I for example where the methylation lies
centrally within the restriction site and will prevent
scission by Mbo I but does not interfere with Sau 3a (or
Dpn I).

Not so straightforward to reconcile however is the
anomalous appearance of the Alu T map of pAT 153. Some
true rearrangement of sequences rélative to pBR 322 seem to
have occurred. As no other regions of the plasmid seem to have
been affected, indeed all the expected sized fragments,derived

from the
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removal of the Hae II pieces, which straddle the join were
observed. This anomaly may actually stem from a strain
variation in the plasmid stock held at this laboratory

or may have occurred during passage. That this is a
sequence rearrangement and not a point mutation is evinced
from the fact that a composite fragment was not observed,
however two mnovel sized pieces were found strongly suggesting
the former interpretation. No sequences of .easily detectable
size appear to be missing but undoubtedly detailed sequence
information such as exists for pBR 322, especially around
this region (near the replication origin) would be of
particular benefit.

Some of the recombinants pose interesting problems.
Clone pNG 8 for example which has cDNA compl@mentary sequences
in a fragment which makes up only a very minor fraction of
the digest. This could have indicated that the clone was
not purified or was really a mixture of two plasmids within
a single clone but different digests have implied different
sizes for the inserted sequences. The Hinc II/RI digest was
in complete agreement with the hybridisation data for example;
the Hae II digest quite markedly wrong. Uncut plasmid shows
no evidence for the presence of more than one plasmid type
(data not shown) but indicates a size commensurate with the
Hinc II/RI data.

More interestingly perhaps, clone PNG 3, on tetra-
nucleotide sequence analysis, has revealed a large insert

size and moreover a high proportion of rare eukaryotic cutting
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sites. The preponderance of GC containing restriction sites
could indicate that this sequence codes for an arginine

rich and therefore basic protein. This must be considered
a somewhat speculative appraisal however. An altermative
hypothesis could be thaf pPNG 3 really is an amalgam with

two inserted sequences ligated together, this would account
for its unusual length. If this is the case, then one

Qf these inserts could be of prokaryotic origin (plasmid
fragment or E.coli genomic DNA) which could account for the
prevalence of sites rare within the eukaryotic genome. One
possible test of this interpretation would be by blot
hybridisation to a restriction digest which makes an
internal cut in the insert DNA.‘ Unfortunately none of those

identified to date are amenable to separation on agarose.

T.A.5. Quantitative estimates of abundance and tissue specificity.

The titration data, in particular the analysis of
tissue specificity and developmental variation of the
four clones studied in detail, raises some fascinating aspects.
In the type of quantitative analysis performed here,
under conditions of filter bound DNA excess, the rate of
reaction has been shown to depend on relative abundance of
the hybridising sequence within the probe and is directly
proportional to it (440). Thus at any given time the extent
of hybridisation should be proportional to the abundance
of the reacting sequence. One source of potential error has
been identified - this relates to the possibility that the

abundance of cloned sequences restricted to sequences derived
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from the 5' region of the messenger RNA will be underestimated
owing to its poor representation in a probe synthesised by
priming from the 3' end of the messenger RNA. The main
relevance of this lies in sorting out globin specific clones
which hybridise poorly and thus appear as non-globins. Thus
two clomnes pNG 1-2 were found to hybridise to a lesser extent
than the pCRI globin cDNA plasmids. One possible solution

to this problem could be to use a randomly primed probe,
although for quantitative analysis that approach has other
problems. Altermatively, labelled RNA not cDNA could be
employed as a probe especially if kinase labelled at the

5' end. This would provide a good correlate relative to
hybridisation values obtained by cDNA methodology. However,
two reasons make it unlikely that such factors will have
interfered with the analysis presented here. Firstly,
recombinants which are non-globins, as they are comparatively
rare in the m-RNA population, are very unlikely to have

been selected out at all if they showed a reduced level of
hybridisation to an oligo-dT primed probe. Equally, 5!' end
specific clones should be rare in the original cDNA; if

they represent already rare sequences, this type of clone
will doubly be underpresented in the plasmid collection.
Furthermore this effect, like any other variation due for
example to insert size, could only reduce the level of
observed hybridisation there is no possibility of overestimate.
Thus, comparison of the hybridisation behaviour of any given
clone in different tissues would at all times be valid.

Under certain specific circumstances, comparison of the
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absolute quantitative levels of hybridisation between
cloned sequences within a given tissue could be erroneous.

Examination of the data presented here argues against
that possibility. With regard to length of cloned sequence
it can be seen that despite its extra size clone pNG 3 at
no time showed a greater abundance than other non-globin
sequences. More importantly perhaps, the relative abundances
for a and P globin in the reticulocyte RNA as assessed here
were in very close accordance with previously obtained wvalues
(99), (108), (148); the o« sequence being found in excess
although somewhat shorter than the P insert. The actuai ratio
of 1.5:1 is in very close agreement with Phillips et al.
(108)(1.25:1), Mezl et al. (99)(1.4:1) and a 1l.4:1 ratio
predicted from analysis of initiation rates by Lodish (148).
Only in abnormal erythropoiesis or during Friend cell
induction have o to B ratios indicating excess P m-RNA been
reported. Much variation in these parameters has been
experienced however, depending on the clone analysed and
the inducer employed.

The results obtained with the P-globin filters also
agree well with other analyses of Friend cells. A background
level of 0.062% hybridisation was observed here (Fig. 33)
(corrected for approximately 20% level of hybridisation
relative to saturation). Values of 0.06% for a and B
m-RNA have been shown by Gilmour et al. (37), 0.09% by
Nudel for B alone (clone 745A) or <0.05% for a + B by

Minty et _al. (29) (M2 cells). Some clones appear to have
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higher basal levels, in particular clone 707, but variation
due to growth medium factors has also been noted (29). The
induction ratio observed here is also in close agreement
with those seen elsewhere. For example by this technique
globin is induced 50 fold in its steady state level, on five
days induction in D.M.S.0. Compared with other recorded
values of 50 times (101), 32 times (29), 50-100 times (37),
25 times (38). The first three of these estimates are for
clones T45A, M2 and M2 respectively, the fourth for 707.

The other factor of relevance here is the observed
tissue specificity of B-globin sequence expression. Here,
as for some other workers, significant levels of P-globin
m-RNA have been detected in both brain tissue and adult liver.
One possible source of this P-globin sequence representation
could stem from contamination of these tissues, as referred
to earlier. However with regard to the liver results omne
factor may be particularly pertinent, as this cDNA was
derived from rat liver, and in the rat, even in quite mature
adults, a proportion of erythropoiesis still takes place
in the liver (W. Ostertag, pers. commun.). No similar
"explanation can be invoked for brain tissue of courée, but
this material is difficult to wash clean of blood. On the
other hand the level of P-globin sequences observed in
brain are very low, on the limits of statistical significance
and, as less than optimal amounts of probe were. available
here (brain m-RNA is also a relatively poor template for

reverse transcriptase), coupled with the high complexity of



this tissue's m-RNA population it is possible this result
is spurious. It is notable that these results stand in
stark contrast to these also obtained here in fibroblasts
(s2) which despite being a transformed line (29) show no
evidence for expression of the P-globin gene, a situation
at odds with that observed by Humphries et al. (84) but
similar to that seen by other authors (85),(86). This is
revealing as extensive sequence crossover had been shown
for uninduced Friend cells and this fibroblast line (29).
Thg spectrum of tissue specificity displayed by the
four non-globin clones is interesting. The clone pNG 3
for example would appear only to be expressed at the
reticulocyte stage during erythroid maturation and also
is specific to that cell type, as far as those tested can

indicate. One possible candidate for the m-RNA coded by
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this clone could be the lipoxygenase alluded to before (434),

which was found not to be expressed until late maturation
of the reticulocyte. Its presence as messenger might hope
to be detected at a later stage than the Friend cell
equivalent, after the final cell division for example.
Certainly, the mitochondrial destructive function would be
of little value to cells other than reticulocytes, except
possibly other cells which are destined to die shortly,
epidermal cells perhaps, or which have high levels of
glycolytic activity.

The behaviour of clone pNG 7 is well in line with it

being one of the classic erythroid markers, as it appears



212

specific to the erythroid lineage and induces markedly in
Friend cells. Of possible candidates for the identity of
pPNG 7, catalase though would seem unlikely as this should
be seen in liver as well as erythroid cells (437), (438).
Moreover the rise in catalase activity does not usually
occur until the orthochromatic stage (435); a somewhat
later stage than the Friend cell appears to represent.
Carbonic anhydrase levels begin to rise in polychromatic
erythroblasts which would fit with the observed data for
PNG 7. 1In addition as pointed out earlier carbonic anhydrase
is the most likely major product synthesised in mouse
reticulocytes. However, Kabat and his colleagues have
described only a moderate induction of this enzyme activity
during Friend cell induction (3 fold) (102). Again carbonic
anhydrase activity is detectable in liver and particularly
in kidney. No evidence here relates to the kidney levels
of any of the cloned sequences but this could be a worthwhile
addition to the tissues examined. The general behaviour of
carbonic anhydrase perhaps fits the pattern described for
the clomes pNG 6-9 which show evidence for a wider distribution
and more moderate (2 fold and 9 fold respectively) levels of
induction in Friend cells.. Howe&er both these clones show
a higher level of representation in liver than would be
expected for carbonic anhydrase, more in line with catalase
type behaviour.

Neither of these assignments squares too well with the

fairly high levels observed in fibroblasts. No catalase has
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been detected in fibroblasts, mnor has acetylcholine esterase
which also induces during Friend cell inhibition. Of
other inducible Friend cell products some of the most critical
are in the haem pathway, & -amino laevulinic acid synthetase
is one and is rate limiting for haem synthesis (441). Haem
synthetase is another enzyme whose funcfion is crucial to
maturation in Friend cells (118),(119), a matant line
deficient in this enzyme is unable to differentiate. Cytidine
deaminase has also been identified by Friend herself (442)
as an enzyme activity raised during both normal erythropoiesis
and during Friend cell induction. This enzyme is also
reported to be specifically associated with stress erythro-
poiesis in the mouse. Arnstein and his colleagues have also
identified a late rise in the level of adenylate kinase (435).
A number of these functions could be attributed to
pNG 7, especially these of @ore specialised erythroid nature,
but it should be said that at this stage there is mo
categorical evidence ruling out the possibility that pNG 7 is
a portion of a globin sequence, although its somewhat greater
representation in Friend cells than in reticulocytes, relative
to the globins, somewhat argues against this. It_may possibly
be a minor globin, of B or a related type (the mouse has a
number of uncharacterised P-like genes) which is affected
by stress erythropoiesis, like the BC chain of the sheep (116).
It may be of foetal-like function; a foetal globin P-chain
has been reported in Friend cells and foetal liver (443),

(444) though its existence is somewhat
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contentious. No evidence for its existence in reticulocytes
has been produced however,

Enzymes of a wider representation which might be
expected to be more ubiquitous, are glycolytic enzymes,
as reticulocytes obtain all their energy from this form of
respiration, and the associated pentose-phosphate pathway
enzymes such as phosphogluconate dehydrogenase which supplies
NADPH (445). Perhaps another 1likely candidate is super oxidé
dismutase, which works hand in hand with catalase, and
incidentally also has a molecular weight in the 30 K region.

An alternative explanation for the existence of these
products and or some of the more erythroid specific enzymes,
in fibroblasts could be due to the transformed nature of
these cells. This applies for two reasons. Firstly,
tumour cells have a link in common with reticulocytes in
that they often also undérgo aerobic glycolysis for their
energy requirement. This phenomenon could account:for
elevated levels of glycolytic enzymes in fibroblasts
in common with reticulocytes. -Secondly, and more prosaically
perhaps, the type of transcriptional leakiness associated
with transformed cells could be responsible for the cross
hybridisation between the reticulocyte non-globins and the
fibroblast c-DNA. Such virally induced derepression can be
quite specific for different sequences, as witnessed by the
effect of RSV transformation on avian erythrocytes (85).
This could account: for the possible hybridisation to the

non-globins pNG 6 and 9 and the negative result for the
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B-globin. As already stated, this fibroblast line does
show evidence for holding most of its sequences in common
with Friend cells.

Further investigations are naturally required to make
the above discussion anything more than speculation. One
major step to identifying the cloned non-globin sequences
would be to obtain data on the proteins they code for by
in vitro translation after hybridisation selection to filter
bound plasmid. Preliminary evidence suggests this is a
fairly good method of corroborating the non-globin status
of the clomned sequences, by analysis of the translation
products on acid-urea gels (446). That at least is not
troubled by problems relating to the location of the cloned
sequence within the messenger. Although the recent
availability of both genomic cloned sequences for a and B
globin could reinforce the original assignments in perhaps
a more umnequivocal fashion. More positive evidence on the
nature of the cloned sequences could be informative. To
date analysis by Southern hybridisation and to filter bound
RNA have been unsuccessful in determining the messenger size
of the cloned sequence or its genomic organisation. It may
be found necessary to excise the inserted DNA for an analysis
of this sort.

Other extensions to the approach so far adopted would
be to. further the analysis'of hoﬁ these sequences vary in
abundance during erythropoiesis. The stem cell line (416)

of Dexter could prove informative in this context (447). It
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is also interesting to note that a direct link in sequence
content between reticulocyte m-RNA and the Friend cell has
been established here, for sequences other than globin.

This stands diametrically opposed to the work of Obinata

et al. (39) who have stated that reticulocyte non-globin cDNA
does not hybridise to Friend cell RNA. However that was not
the only contentious result of that report and the advantage
of clomned probes could be considered decisive.

In analysing both tissue specificity and erythropoiesis,
some information on the level at which expression is mediated
could be obtained. For example, can the non-globin sequences
be found present in nuclear RNA prior to their appearance
in the cytoplasm? Are they regulated coordinately with
globin m-RNA? And can they be detected in the nuclear RNA
of cells of tissues in which they are not expressed? If they
appear to be transcriptionally regulated, then do changes in
the DNAse I sensitivity of the chromatin occur and if so,
at what developmental stages? Perhaps most tantalisingly,
does the regulation of those sequences specific to the
erythroid lineage vary from the mechanisms of regulation
for sequences of a more ubiquitous nature? By creating a
battery of cloned probes'derived from a single cell type
some of these questions can be approached which could reveal
some of the mechanisms of erythroid differentiation.

More immediately perhaps the cloned non-globin sequences
could be used to attack two smaller but by no means trivial

questions. Firstly, the aspect of differemntial stabilities
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for the globin and non-globin compartments could be
addressed using specific non-globin sequences to see if
they become destabilised in reticulocytes as Aviv has
predicted (11k4).

Secondly, some debate has occurred as to whether non-
globin reticulocyte proteins are synthesised exclusively
on membrane bound polyribosomes as suggested by Burka and
colleagues (414 ), (448 ), but denied by Lodish (431).

The possession of cloned reticulocyte non-globin
sequences could provide one way of resolving that debate

at least.
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