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Abstract

The protamines of rainbow trout are a family of small
(30-33 amino acid residues) and extremely basic proteins that displace

histones during spermatogenesis.

In this study two protamine gene sequences were cloned via a
genomic DNA library constructed in Charon 4A. The gene sequences
cloned correspond to only one of the six EcoRI fragments hybridizing

to protamine cDNA in genomic Southern transfers.

The cloned sequences were analysed by restriction enzyme
mapping, nuclease S1 and enoxuclease VII mapping and by nucleotide
. se .
sequencing. These analysts show that the two protamine genes
cloned do not contain introns. The clones were shown to be almost
jdentical. One gene encodes a protamine sequence previously described
both as an amino acid sequence and as a cDNA nucleotide sequence.

The second gene encodes a novel protamine sequence.



Introduction

Sequence organization of the eukaryotic genome

DNA reassociation analysis of'the eukaryotic genome has-démonstrated
that it contains three sequence classes of DNA (Britten and Kohne, 1968).
These are defined by the degree of sequence repetition per haploid -genome.
The three classes are unique (sequencespresent once or a few times), -
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moderately repetitive (sequencespresent up to 10" times) and highly

repetitive (sequencespresent more than 104 times).

Most unique sequences are interspersed in the genome with
moderately repetitive (Davidson-and Britten, 1973; Davidson et al., 1973;
Graham et al., 1974; Goldenberg et al., 1975; Meunier-Rotival et al.,
1982) and some highly repetitive (Jelinek et al., 1980; Singer, 1982)
sequences. In the sea urchin and many other eukaryotes the average
sizes of the interspersed repetitive and unique seqdences are 300 and
100 bp (base pairs) respectively (Graham et al., 1974).  However, long
interspersed repeats (approximately 5000 bp or longer) have also been
found (Meuncier-Rotival et al., 1982; Singer, 1982).  Both short and
long repeated sequences have also been found interspersed within satellite

DNA (Singer, 1982).

A large proportion of highly repetitive sequences are found in tande
repeats as satellite DNA (Walker, 1971a, b; Corneo et al., 1971). Satellite
DNA is located in the heterochromatic regions of centromeres and te]bmeres

(Corneo et al., 1971; Jones, 1970; Rae, 1972).

The use of specific sequence probes in DNA reassociation analysis
and the use of Rot analysis (RNA excess hybridization) has shown that

most messenger RNA coding sequences are found in the unique sequence.class



(Bishop et al., 1972; Harrison ét al., 1972; Suzuki et al., 1972;
Goldberg et al., 1973; Galaw, 1974)." However some coding

sequences have been shown to'be moderately repeéted. The histone genes
(Kedes and Birnsteil, 1971) and ribosomal RNA genes (Brown et atl., 1972).

are both examples of moderately repeated genes.

The intersperséd unique sequences have been shown to include
mesgenger RNA éoding sequences (Davidson et al., 1975). Whi]eu‘
messenger RNA coding sequences are (usually) unique, transcription of
repeated sequences does occur as they are found represented in heterogeneous

nuclear RNA (Spradling et al., 1974; Lewin, 1975).

Cloning of eukaryotic genes

The use of DNA cloning techﬁiques has made possible the analysis

of individual genes at the nucleotide sequence level.

The first cloning systems, using plasmids of E.coli? as vectors
were relatively inefficient. The methods used’for‘scheening popu]atioﬁs
of clones for specific sequences were laborious, especially if large
numbers of clones are involved. However, for genes such as the sea urchin
histone genes and.Xenopus ribosomal RNA genes that can be purified prior to
cloning the limitations on C]oning efficiency and screening were acceptable.
" These. genes were therefore among the first to be cloned (Morrow et al.,

. 1974; Kedes et al., 1975). However, the limitations of plasmids make

them unsuitable for the construction of gene libraries (Clarke and Carbon,
1976) and they have been superceded by phage]ampdaand cosmids as primary
cloning vectors (Blattner et al., 1977; Leder et al., 1977; Maniatis

et al., 1978; Collins and Hohn, 1978). These vectors are used in conjunctio
with highly efficient <n vitro systems fbr the packaging and infection

of lambda DNA (Hohn and Murray, 1977; Sternberg et al., 1977) and'rapid;



high density screening methods (Benton and Davis, 1977; Hanahan and
Meselson, 1980). These techniques make fhe isolation of any gene for which a

specific sequence probe is available relatively easy.

A number 6f methods for making and identifying sequence probes have
been developed. One of the most widely used of these is the construction
of cDNA clones from messenger RNA (Maniatis et al., 1976). cDNA
clones can be identified by metﬁods such as hybrid arrest translation
(Paterson et al., 1977) and hybrid selection directed translation (Stark
.and Williams, 1979 ); Synthetic oligonucleotide sequence probes have also
been used in a number of ways (Comb et al., 1982; Suggs et al., 1981).
The sequence to be synthesized is derived from amino acid sequence data
and this appkoach makes possible the cloning of the gene for any protein

for which even a very limited amount of amino acid sequence is known.

A variety of other methods have also béen used including |
immunoadéorption of ggggsomes (Kraus and Rosenberg, 1982), complementation
of yeast mutants with homologous (yeast)'DNA (Petes, 1980) and non-homolegous
(Drosophiia) DNA (Henikoff et al., 1981) and isolation of DNA that will |
transform mutant cell lines (Lowy et al., 1980). Although the number of
eukaryotic genes that have been cloned is quite large, and growing
rapidly, it is extremely small when compared with the number of genes in
the average eukaryotic genome. Man, for example, is thought to have of
the order of 50,000 genes and only tens of these have been cloned either as

genomic or cDNA sequences.

The structure of eukaryotic genes

The structural analysis of eukaryotic genes has revealed that

most genes have non-contiguous messenger RNA coding sequences. Blocks



of messenger RNA coding sequence, termed exons, are separated by blocks

of non-coding sequence termed introns. Introns are mainly founa in

the amino acid coding region of genes and have also been found in the 5'
non-coding regions of genes. No gene has been shown to have an intron

in the 3' non-coding region. Not all genes have introhs. The known
exceptions are the histone genes (Hentschel and Birnsteil, 1981) and'interferon
genes (Nagata et al., 1980). The ability of several yeést'genes to
complement E.coli mutants (Petes, 1980) suggests that these genes do not
contain introns in their amino acid coding sequences. Sequence and nuclease
S1.analysis of one such gene, the yeast iso-1-cytochrome C gene, confirms
this view (Smith et al., 1979; Faye et al., 1981). However, it is possible
that other such genes contain introns in their 5' or 3' non-coding

regions.

The number of introns in a gene can be very large. The amount
of gene sequence in introns may greatly exceed the amount in exons. The
Xenopus vitellogenin genes contain at least 33 intréns and the messenger
RNA sequence of 6kb (kilobasepairs) is spread over 21kb of genomic DNA
(Wah1li et al., 1980). Another extreme example of intron/exdn gene
structure is the chicken pro(xé collagen gene. This gene has at least
50 introns and the mRNA sequence of 5kb is spread over about 40kb of

genomic DNA (Wozney et al., 1981).

Evolution of eukaryotic genes

The discovery of the intron/exon structure of many eukaryotic
genes has led to the proposal of theories about their origin and function
(Gilbert, 1978; Blake, 1979; Reanney, 1979). The splitting of genes may
allow more rapid evolution of complex and large proteins to occur by "exon

shuffling". Such a process would allow new genes to be provided by the



combination of previously unjoined exons into a single transcription unit.
Evolution of genes could also occur by the internal duplication of one

exon of a gene. Support for such theories is given by the discovery that
in some genes exons appear to encode separate functional domains of the proteir
chain. An example of this is the central domain of the globin genes which
codes for the haem binding domain of the protein (Craik et al., 1980).

Other examples include the‘immunoé]obu]in genes (Sakano et al., 1979; Brack
et al., 1978) and the ovomucoid gene (Stein et al., 1980). To avoid

‘loss of genes during exon shuffling dup]icatiﬁn of a sequence prior to
shuffling would have to occur. Evidence for evolution of a gene

by internal dup]iéation of a DNA sequence is the structure of the

collagen gene. This suggests that it has evolved by repeated duplication

- of a sequence containing an exon of 54 base pairs (Yamada et al., 1980).

The analysis of gene families, such as the globin genes of man
(Maniatis et al., 1980; Proudfoot et al., 1980) and mouse (Hederlet al.,
1980) and the histone genes of several organisms (Hentschel and'Birnsteil,
1981) has shown the importance of gene duplication in evolution. The
discovery of pseudogenes suggests that gene duplication may occur with a
highér frequency than is suggested by the number of active genes (Leder
et al., 1981; Hollis et al., 1982; Wilde et al., 1982; Steinmetz et al.
1981). However, several of the pseudogenes so far discovered lack introns
(Nishioka et al., 1980; Hollis et al., 1982; IWilde et al., 1982), and
may represent transposition of messenger RNA sequences by retroviruses:
rather than normal gene duplication (Newmark,1982). |

L]

The primary transcr&bt, RNA processing

It is now widely accepted that interrupted structural genes are
transcribed colinearly to produce a precursor RNA molecule containing

intron sequences. The intron sequences are then presumably removed by



a series of splicing reacfions. If a gene contains more than oﬁe intron
this will involve a number of RNA molecules intermediate in size between
the primary transcript and the mature mRNA. The existence of putative
primary transcripts and processing intermedigtes'has been demonstrated
for globin genes (Leder et al., 1980; Proudfoot et al., 1980;

Maniatis et al., 1980) and the chicken ovalbumin gene (Roop et al., 1978).
Direct evidence for a precursor-product relationship between such molecules
and the mature messenger RNA has been produced by pulse-chase experiments
with the ovalbumin éystem (Tsai et al., 1980) and nuclease SI mapping of
rabbit g-globin precursors (Grosveld et al., 1981). The latter data
suggests that both the small and large intron sequences are removed by two
splicing reactions each and that excision occurs in an ordered manner.
These, and similar experiments with Ad2 suggest that the 5' end of the
primary transcript is the same as that of the mature messenger (Ziff and
Evans, 1978; Nevins and Darnell, 1978). More recent experiments using
nucleotide triphosphate analogues lacking a hydrolyzable B- v

bond show that G and U uncapped transcripts from the Ad2 EIV and protein
IX gene initiate at the cAP site in vitro (Buniék et al., 1982); These
experiments also demonstrate -that initiation sHows an absolute requirement
for a hydrolyzable 8- ybond in ATP whatever the initiating base. Therefore
no uncapped A initiated transcripts could be demonstrated as transcription

initiation is halted when the ATP analogue is used in the reaction.

» The position of the 3' end of the primary transcript is less
clear. It is clear that transcription can go through polyadenylylation
sites, most notably in the transcription of the u and §, heavy chain immuno-
globulin genes. In these genes transcription through polyadenylylation
sites and differential splicing of transcripts occurs. This allows the
simultaneous expression of IgM and IgD with the same antigenic specificfty'
and also the simultaneous synthesis of the membrane bound and secreted

forms of these molecules (Maki et al., 1981; Earlt et al., 1980; Chang



et al., 1982; Alt et al., 1982). The existence of four dihydrofolate
reductase mRNAs in mouse cells which differ only in the length of their

3' untranslated regions also suggests that readthrough of polyadeﬁy]y]ation
sites and utilisation of different polyadenylylation sites in the same

gene can occur (Setzer et al., 1980). Studies of the trahscripts of the
mouse 8 major globin gene (Hofer and Darnell, 1981) and the two chicken

a ' globin genes (Weintraub et al., 1981) suggest that polyadenylylation
accurs after endonucleolytic cleavage of the primary transcript.

Analysis of nascent nuclear transcripts of the mouse 8 major globin gene
suggest that 95% of the gene‘transcripts terminate about 1.4kb from the
polyadenylylation site (Hofer et al., 1982). The rapidity of polyadenylylatic
makes the analysis of in vivo termination sites extremely difficult

and there are at present ho in vitro systems that have been shown to

support specific tenninatioh or polyadenylylation.

The mechanism of the RNA splicing reactions is unknown.
‘However comparative sequence studies have led to the formulation of consensus
sequences for intron/exon boundaries. The sequence at the 5'boundary
of the intron is termed the donor site, the 3' boundary the
acceptor sitef The donor consensus sequence is 5'@AGGT2AGT3'. The
corresponding acceptor consensus is 5'PyPyPyPyPyPyNCAGG$3' (Breathnach
and Chambon, 1981). These consensus sequences are deriVed from analysis
of 90 donor and 85 acceptor sites. At most splice sites the sequences
are redundant to a certain degree so that the exact site of the splice cannot
be determined. However, in the ovomucoid gene several sites are exactly
defined (Stein et al., 1980). In these cases the intron starts with a
5' GT and ends with a 3' AG. A1l the splice junction sequences so far

elucidated show these two dinucleotides 1in positions at which they could

define the ends of the intron sequence.

The importance of the consensus sequence in the spiibing

reactions has been demonstrated in'a number of ways. Firstly the stepwise



removal of.the small and large intron sequences from the rabbit 8

globin gene transcript (Grosveld et al., 1981) can be explained by the
presence of acceptor and donor sites in the intrbn sequence. These can
recombine with the end sites to-reform the appropriate site to allow
removal of the remainder of the intron sequénce. A more direct demonstration
of the importance of the splice point consensus sequences has come from
analysis of the genotype of 8% thalassemias. Sequence analysis has shown
that several are caused by single base mutations in splice junction
consensus sequences (Busslinger et alf, 1981; Baird et al., 1981;
Treisman et al., 1982) that prevent complete processing. Transcriptional
analysis of one of these genes in a SV40 vector suggest that the

removal of the two introns may be coupled (Treisman ét al., 1982).

Initiation of transcription by RNA polymerase II

B

Comparison of the sequences around and 5' to the cAP
(transcription initiation) site of eukaryotic structural genes has revealed
several regions of homology. Consensus sequences for these regions
have been formulated by sequence comparisons. The first of these
conéensus sequences is for the cAP site jtself. This consensus is 5'
PyAPyPyPyPy 3'.  (Breathnack and Chambon, 1981). This consensus
is derived from the comparison of 22 genes for which the start site is
known unambiguously.v The A residue represents the first transcribed
nucleotide. A second consensus sequence is found approximately 30bp
5' to the cAP site. This sequence has been desighated the Hogness or
TATA box. The consensus sequence is 5' TATA#A? 3' (Breatghnach and
Chambon, 1981). The consensus was derived from comparison of 60 gene
sequences. The first T is found between nucleotides -34 to -26

(relative to the cAP site). In 85% of genes studied it occurs within
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2bp of nucleotide -31. The TATA box and cAP site sequences appear to
be ubiquitous in genes transcribed by RNA polymerase II. A third
consensus sequence, 5'GG$CAATCT 3', the CAAT box, is found in some

genes (Efstratiadis et al., 1980).

A number of different transcription systems have now been
developed that give accurate RNA polymerase II initiation and
transcription on cloned gene sequences. These include two based on Hela
cell free extracts, one requiring the addition of exogenous RNA polymerase

Il (Weil et al., 1979), the other utilizing the endogenous enzyme
| (Manley et al., 1980). Several SV40 vector systems have also been
developed to allow the introduction of cloned genes into mammalian cells
for trdnscriptiona] analysis (Hamer et al., 1980; Mellon et al., 1981).
Injectibn of cloned DNA into Xenopus oocytes has also been used
(McKnight et al., 1981). The use of viral vectors such as the SV40 derived
ones, has the additional advantage that these systems give proper
. processing and polyadenylyationof transcripts. The use of these
transcription systems has allowed the importance of different sequences
in the transcription process to be evaluated by transcriptional analysis

of DNA that has had its structure altered <n vitro.

Deletion mutants of thg 5' regions of a number of genes have
been constructed and assayed in this way. With the chicken ovalbumin
(Tsai et aj., 1980) and conalbumin genes (Corden et al., 1980), the
rabbit B-globin (Grosveld et al., 1981) and the Bombyx mori silk fibroin
genes (Tsujimoto»ét al., 1981) this approach has shown that the TATA box
region is essential for efficient inipiation. Deletions approaching
this region from the 3' side in the rabbit g-globin and the chicken

conalbumin suggest that the TATA box sequence may be sufficient to direct
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initiation. Inifiation appears always to occur approximately 30bp
downstream from the TATA box, the exact site depending on the sequence
around the initiation point. Howevér the existence of "false" TATA

box consensus sequences in the ovalbumin clone used by Tsai et al., (1980),
including a TATATAT sequence identical to the genuine ovalbumin TATA

box, that do not support transcription suggest that the consensus alone

is not sufficient to cause initiation. In the conalbumin gene a T

to G transversion in the TATA homology (at the second T) causes a 10 to

20 fold decrease in in vitro transcription (Wasylyk et al., 1980).

Similar deletion studies of the sea urchin H2A histone gene
(Grosschedl and Birnsteil 1980), and the HSVI tk (thymidine kinase)
gene (McKnight et al., 1981) show that the TATA box sequence in these
genes can be deleted without abolishing transcription. In the case of
the H2A gene deletion of the TATA consensus generates a number of new
jnitiation sites of lower (than wild type) efficiency which map into the
5' non coding region of the (normal) mRNA sequence. Partial deletion
(from the 3' side) of the TATA consensus in the tk gene produced
heterogeneous initiation. However, total deletion appeared to restore
accurate initiation. The accurate initiation of the tk gene was shown
to be dependent on sequences between nuc]eotides -100 and -40 (from

the cAP site).

The differences between these results may be due to the
different transcription assays used. The sea urchin H2A gene and the
HSVI tk gene were analysed by injection into Xenopus oocytes. The
chicken ovalbumin and conalbumin genes, the rabbit 8-globin and the
Banbyx mor< silk fibroin gene were all analysed in Manley Hela systems.
The effects of the TATA homology would therefore appear to be greater in

the HeLa cell extracts than in Xenopus oocytes. However a more subtle
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analysis of the HSVI tk gene in Xenopus oocytes would seem to refute this
generalisation (McKnight and Kingsbury, 1982). In this study small

regions were altered by recombining 5' and 3' Zn vitro deletions via

BarHl linkers. The only sequence changed is the sequence replaced by

the BamHI linker (10bp). A1l the other sequences are unchanged and in the
normal spatial relationship with each other. Two mutants generated

in this manner altered the TATA box sequence. The first was an A to C
transversion at the last base of the wild type consensus (5' TATTAA 3')
This produced a fifteen fold reduction in transcription. The second
“mutant introduced multiple basé changes into the consensus and produced

no detectable authentic tk mRNA. This analysis therefore suggests that
the TATA box sequence is of importance in the Xenépus oocyte |

system when in the normal spatial relationship to other 5' sequences.

The reported transcription of the tk gene with the TATA box deleted
suggests that such spatial relationships may be jmportant. In the
deletion experiment the deleted sequences afe replaced with pBR322
sequences. These may also affect transcription. Results from transcriptior
experiments using deletion mutants should therefore always be interpreted

with such factors in mind.

These deletion and mutation studies have also allowed the
analysis of the role of the cAP site consensus. Most experiments suggest
it defines the exact site of initiation but that it is not essential for
jnitiation. 1In its absence initiation occurs at one or more new sites
around 30bp from the TATA box. When it is not present initiatipn stili
appears to occur preferentially at A residues (Corden et al., 1980).
Deletion of the cAP site has also been shown to reduce the efficiency
of transcription‘of the histone H2A and conalbumin genes (Grosschedl

and Birnsteil, 1980; Corden et al., 1980).
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As well as the TATA box and cAP site sequences other, more
upstream, 5' sequences have beeniﬁzzrto greatly influence transcription
in a nunmber of systems. The BamHI Tlinker mutants of the HSVI
tk gene (McKnight and Kingsbury, 1982) described above reveal two further
5' sequence elements required for transcription. The first of these
occurs between nucleotides -61 and -47. Mutations at this site
predominantly affect a G rich sequence and reduce transcriptional
efficiency ten fold. The second sequence is found between nucleotides
-105 and -80. Quantitatively two types of mutants can be distinguished
in thislsequence. The first affect a C rich sequeﬁce (-105 to -97)
and produce a twenty-fold decrease in transcription efficiency. The
second produce multiple base changes in the sequence between nucleotides
-97 and -80 and reduce transcriptional efficiency ten fold. Both the
G rich sequence (-61 to -47) and the C rich sequence (-105 to 97)
contain the same six bp inverted repeat. The authors suggest that this
could function to form an intrastrand interaction producing a 42bp loop

from both strands between the two elements.

A far upstream sequence,that is important for effﬁcient
in vitro transcription of the histone H2A gene has also been found
(Grosschedl and Burnsteil, 1981). This sequence occurs between
nucleotides -139 and -111 and its removal reduces transcription five-fold.
The effect of this sequence can be mimicked by free DNA ends or by specific
pBR322 sequences. A similar sequence has also been found in the silk
fibroin gene (Tsuda and Suzuki, 1981). This sequence maps upstream
from nucleotide -74. Interestingly the enhancing effect of this
sequence is detected only in homologous cell frée transcription systems.
The same sequence,again in homologous transcription systems, causes
preferential transcription of the silk fibroin gene when alone or in

competition with a mouse B-globin gene or the Ad 2 late promotor. This
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effect is.not seen in heterologous systems.

Another transcription enhancing element is the 72bp repeat
sequence found 5' to the SV40 early transcrfption unit.  This
sequence has been shown to enhance transcription of the rabbit g-globin
gene when in a cis position. When the rabbit g-globin gene is
cloned into a vector lacking the 72bp sequence and introduced into cells
its transcription is reduced 200 fold (Banerji et al., 1981). The
position of the 72bp element relative to the initiation site of the
g-globin gene appears to be unimportant. The enhancing effect occurs
equally with the element 1400bp upstream or 3300bp downstream from the
B-globin cAP site.  However the human al-globin gehe does not appear to
require the 72bp element as it is efficiently expressed in an SV40

vector lacking this sequence (Mellon et al., 1981).

Termination and polyadenylylation of RNA polymerase Il'transcripts

Polyadenylylation of RNA polymerase II transcripts is
thought to be related to the consensus sequence AAUAAA.  This sequence
is found approximately 20 nucleotides from the 3' end (excluding poly A
Fai]) of most eukaryotic mRNAs (Proudfoot and Bfownlée, 1976). This
sequence or a close derivative of it, has also been found in all genomic
clones corresponding to polyadenylylated mRNAs, again approximately 20bp
from the presumed or mépped polyadenylylation site. The polyadenylylation
site usually corresponds to a number of A residues so the exact site of |
polyadenylylation cannot be defined (Benoist et al., 1980). The

exception to this is yeast genes which do not contain the AAUAAA consensus.

Deletion of the AAUAAA consensus i@ SV40 has shown that it

is required for polyadenylylation (Fitzgerald and Shenk, 1981). In
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addition it was shown that polyadenylylation occurred at a fixed
distance downstream from‘this sequence. The role of the consensﬁs

in directing po]yadeny]yTation js supported by its absence in non yeast
histone mRNAs which are not polyadenylylated and do not contain the
consensus (Hentschel and Birnsteil, 1981). The existence of multiple
transcripts from the DHFR gene also provides evidence for the role of the
consensus sequence as‘thg shortest mRNA has only a weak consensus sequence,
AAUA, while the longest mRNA has a full consensus, AAUAAA (Setzer et al.,
1980). Yeast genes lack the consensus. However all yeast RNA
polymerase Il transcripts are polyadenylylated (Hereford and Rosbash,
1977) including histone ﬁRNAs (Fahrner et al., 1980) suggesting a hdn'

specific polyadenylylation mechanism.

The relationship between polyadenylylation and transcription
termination, if any, is unknown. Polyedanylylation is extremely rapid
and may occur before tehnination has occurred. The existence of stable
non-polyadenylylated mRNAs, which do not appear to be the result of
degradation or deadenylylation ofrpolyadenylylated mRNAs (Milcarek
et al., 1974; Nemer et al., 1974) suggests that termination can

“occur independantly of polyadenylylation.

Little is known abdﬁt the sequence requirements for RNA
polymerase II termination. It has not even been demonstrated that
termination occurs specifically in most genes. Histone gene
transcripts however do appear to terminate specifically as there is no
evidence for precursor mRNAs or processing (Mauron et al., 1981;
Seiler-Twyns and B&rnsteil, 1981). A 23bp sequence has been shown to be
necessary for termination of the sea urchin HA histone gene in Xenopus
oocytes (Birchmeier et al;, 1982). This sequence is found at the 3'

end of the mRNA and is conserved between histone genes. The sequence
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includes a 16bp hyphenated inverted repeat and deletion of only 125p
out of the middle of the sequence is enough to abolish termination.
However the 23bp sequence is in itself not sufficient to direct termination,

sequences 3' to the termination site are also required.

Evidence has also been produced for a specific termination site
in the mouse B-globin gene (Hofer et al., 1982).  Analysis of labelled
nascent RNA by hybridisqtion to DNA sequences immobilized on nitrocellulose
show that 95% of transcripts appear to terminate approximately 1400bp
downstream from the polyadenylylation site. These appear to be genuine
globin transcripts as they are coordinately stimulated by stimulation

of globin transcription.

. An in vivo deletion mutant of the yeast CYCI (iso-1-cytochrome
C) gene that causes readthrough of the normal transcriptional termination
site has also been described (Zaret and Skerman, 1982). This deletion
‘is 38 base pairs long and has occurred between two 7 base péir direct
repeats, leaving only one of the repeats. The deletion ends
approximately 15 base pairs before the end of the wild type transcribed
sequence.  The deletion has two effects. It reduces the steady state
level of CYC1 messenger RNA to between 5 and 10% of the wild type
level and causes most CYC1 transcripts to be extended at their 3'rend$
by up to 1000 base‘pairg. " The wild type and mutant transcripts are all
polyadenylylated. However the CYC1 gene, in common with 11 out of 15
- yeast gene sequences compared in this paper, does not contain the AAUAAA
consensué sequence in its 3' non coding region. This sequence is therefore
not required for either polyadenylylation or tenniﬁation in yeast.
Unlike higher eukaryotes yeast appears to polyadenylylate all RNA |
ﬂpolymerase Il transcripts (Hereford and Rosbash, 1977), including histone
messénger RNA (Fahrner et al., 1980). Yeast may simply couple polyaden-

ylylation to termination of transcription by RNA polymerase I1.
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Althougﬁ the CYC1 deletion does not contain any obvious
sequence structure a comparison of the deleted sequence with the 3' non
coding regions of 14 other genes allows a consensus sequence to be
formulated. This consensus sequence was not present in all the sequences

looked at and its importance has not been demonstrated directly.

Steroid receptors and other induction sequences in DNA

Some genes are known to be induced by steroid hormones. These
include the ecdysone induced genes of Drosophila, chicken egg oviduct

genes and various liver specific genes.

The induction of gene activity by steroid hormones ﬁé thought to
be mediated by the binding of hormone-receptor complexes to specific
DNA sequences (Yamamoto and Alberts, 1976). The cloning of several
steroid responsive genes has made it possible to search for hormone-
receptor complex binding sites in these sequences. Sequences 5' to the
chicken egg oviduct genes ovd]bumin, conalbumin, ovomucoid, X and Y have"
a high affinity for purified chicken oviduct progesterone-receptor a
complex in a éompetition assay (Mu]Vihi]l et al., 1982). In vitro '
deletion mapping has localised the DNA sequence showing this high affinity
to between 250 and 300bp upstream from the transcription initiation site.
Comparison of this sequence with the same region in the cona]ﬁumin,
ovumucoid, X and Y genes has revealed sequence homology. A 19bp consensus
sequence has been formulated from these homologies. The importance of

this sequence %n vivo has not been tested.

The sequences required for glucocorticoid jnduction of tﬁe
_human growth hormone gene have been shown to be with 500bp of the cAP
site by transformation of cells that retain glucocorticoid receptors

~with cloned DNA. The rat az&.g]obu]in gene and endogenous mouse mammary
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tumour virus both retain hormone responsiveness when cloned and rein-
troduced into cells by transformation (Kurtz, 1981; Hynes et al., 1981;

Buetti and Diggelman, 1981).

A fusion gene consisting of'the Harvey MSV p21 transforming
gene and the long terminal répeat of MMTV that is glucocorticoid
induced (Huang et al., 1981) sﬁggests that the LTR is responsible for
the hormone résponsiveness bf MMTV. However some other MMTV sequences
were present so this conclusion is not definitive. An Zn vitro
binding assay of purified glucocorticoid receptors to MMTV DNA suggests
that there is at least one receptor binding site outside the LTR
(Payvar et al., 1981). This site is several kb downstream from the
normal start site for MMTV transcription. However, no <n vitro manipulations
- have yet béen done to try and identify directly the sequences involVéd.i

in hormone responsiveness.

The sequences required for cadmium regulation of the mouse
metalliothionein I gene have been shown to be within 90bp of the cAP
site by ana]ysfs of 5' deletion mutants of a metalliothionein/HSV I
t k fusion plasmid. The plasmid was microinjected into mouse eggs and
the effect of cadmium on the level of tk‘activity analysed (Brinster et

al., 1982).

The in vivo structure of active genes. -

In an attempt to understand the mechanisms of gene control the
in vivo structure of genes has been analysed in a number of ways. Two
features have been found that appear to be associated with gene activity.
Firstly the DNA of the gene and ijmmediately surrounding sequences
tends to be undermethylated in the active gene when compared with the same

sequences in thé inactive gene. This can be assayed by digestion with
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restriction enzymes sensitive to CpG methylation (Shen and Maniatis,
1980; Ploeg and Flavell, 1980; Mandel and Chambon, 1979). The second
feature is tHe increased sensitivity of expressed genes to <n vivo
digestion with DNAase I or micrococcal nuclease (Weintraub and Groudine
1976; Wu et al., 1979a, b). The use of restriction enzymes and the
Southern blotting technique have allowed the jdentification and mapping of
DNAase hypersensitive sites around genes. This was first done in two of
the heat shock genes of Drosophila melanogaster (Wu, 1980). This
analysis showed that DNAase I hypersensitive sites were present at the

5' ends of the genes studied both in embryos and a cell line. The '
hgat shock genes are readily inducible in both the enﬁryos and the

cell 1ine. Upon heat shock the who]e gene appears to become very
sensitive to digestion (Wu et al., 1979b). DNAase I hypersensitive
sites have now been mapped in a number of Drosophila genes. The
Drosophila hi;tone genes each have a Sing]e 5' DNAase I hypersensitive
site (Samal et al., 1981) and the four small heat shock genes

(hsp 22, 23, 26 and 28) each have two 5' hypersensitive sites (Keene

et al., 1981). The Drosophila sgsé glue protein gene normally has five
5' DNAase I hypersensitive sites in tissue where it is being expressed.
A1l these sites are absent in tissue where the gene is inactive (Sheﬁnan
and Beckendorf, 1982). A number of mutants that do not synthesise the
sgs 4 gene product, or synthesise it at a very low level, show deletions
that affect the DNAase hypersensitive sites (Shermoen and Beckendbrf,
1982; Muskavitch and Hogness, 1982). One of these mutations has the
sequence corresponding to the third (from the gene outwards) site, normally
at -330bp, deleted. The site is also deleted but the four other sites
are found as normal. Another deletion removes the DNA sequences
corresponding to the fourth and fifth sites (-405 and -480bp). However,
all the hypersensitive sites are absent in this mutant. This suggests

a hierarchical relationship between the sites. The -330 site is associated
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with a partially self-complementary invefted repeat and around the

-405 site there is a 14bp sequence showing homology to three other glue
protein and hsp 70 gene 5' sequences (although these are found at
different distances from the cAP site). Whether the sequences also
correspond to DNAase I hypersensitive sites fn these genes is unknown.

The -480 site is associated with a three-fold direct repeat.

Tissue specific DNAase I sites have also been mapped 5'
to the chicken a and 8 globin genes (Stalder et al., 1980; Weintraub
et al., 1981). These DNAase I hypersensitive sites appear to accurate]y
reflect the transcriptional switch from the embryonic 8 and a globin
genes to the adult genes. The inactivation of these genes is also
reflected by increased methylation of the DNA. Gene activity in this
system is also reflected by the presence of high mobility group proteins
(Weisbrod et al., 1980). Analysis of lines of chicken red blood
cell precursors transformed by ts-AEV that can be induced to make globin
upon temperature shift suggests that changes in DNA methy1at10n and
chromatin structure precede transcription and can be independently estab-
lished (Weintraub et al., 1982). Another analysis by the same group shows
the presence of SI nuclease sensitive sites 5' to active chicken globin
genes. Thesé sites are associated with DNAase I hypersens{tive sites
but do not map to exactly the same position (Larsen and Weintraub, 1982).
Similar SI sensitive sites are found in supercoiled cloned chicken globin
genes. However, the <n vivo sites do not appeér to be stress dependant
as they are unaffected by pretreatment with ethidium bromide, restriction

enzymes or nicking/closing enzyme.

As well as the association of undermethylation with gene
acfivity in vivo by restriction enzyme analysis the importance of methylation

in gene control has been more directly demonstrated in a number of ways.
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Stein et al., (1982) contransformed tk and aprt (adenine phosphoribosy]l
transferase) genes into tk aprt cells. The tk DNA wasAunmethylated
the aprt DNA waé either unmethylated or methylated <n vitro with

Hpall methylase. Transformed cells Qere selected using the tk gene and
the éprt genotype and phenotype then determined (Stein et al., 1982).
The aprt phenotype was expressed only when the transfohning DNA was
unmethylated. Compere and Pa]mfter (1981) have shown that a cell line
which is non-inducible for metallothionein I activity becames inducible
when exposes to 5 azacytidine (a cytidine analogue that cannot be»
methylated and appears to block methylation of cytidine residues). The
in vitro methylation of cloned DNA has been shown to affect its
subsequent transcription in Xenopus oocytes (Waechter and Baserga, 1982;
Vardiman et al., 1982). These experiments suggest that the methylation
of specific sites may be important rather than the general level of |

methylation.

Whether the relationship between the <n vivo chromatin structure
and DNA methylation is causal or merely a reflection of gene activity
js unknown. However, one of the ts AEV transformed red cell precursors
cell lines isolated by Weintraub et al., (1982) has globin gene specific
DNAase I hypersensitive sites at the permissive temperature but only shows
undermethylation of the respective gene sequences upon temperature shift.
This suggests that changes in chromatin structure can precede gene

expression and can occur independently of changes in DNA methylation.

The evolution of the rainbow trout

The rainbow trout, Salmo gairdnerii 1is a member of the family
Salmonidae of the order Isospondyli. The Salmonidae are closely related

to the~Ciupeidae which include the herring of the same order.
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It has been proposed that the fishes evolved via a number of
polyploidisations (Ghno et al., 1968). Evidence for this includes the
results from counts of chromosome number and analyses of the cellular
DNA content of different fishes (Ohno and Atkin, 1966; Ohno et al.,
1968). Included in this evolutionary scheme is the evolution of the
Salmonidae from the Clupeidae by a tetraploidisation event. The
evidence for this tetraploidisation is found in the chromosome counts
and DNA content analyses mentioned. Isozyme studies of the tetrameric
enzymes malate dehydrogenase (Bailey et al., 196§) and lactate dehydrogenase
(Massaro and Markert, 1968; Bailey and Wilson, 1968) a]so.suggest that
a tetraploidisation event occurred during the evolution of the Salmonidae.
Isozymes of both enzymes are due to the exist%hce of two monomer types
o and B, which can combine in different numerical combinations. As
- the Clupeidae are thought to represent a tetraploid form of the original
vertebraete genome (Ohno et al., 1968) the Salmonidae are, in an
evolutionary sense, octaploid. . The genetic study of the Salmonidae
especially in comparison with other fish families, is therefore |

interesting from an evolutionary viewpoint.

Spermatogenesis.

Wi\‘uJ‘\
Spermatogenesis is the developmental process byﬁspenn

are produced. The process involves several stages (Fig. 1). The

first step is the repeated division of diploid stem cells. The stem
cells then undergo a further mitotic division to produce primary
spermatocytes. The primary spermatocytes then undergo meiotic

division. The first division of meiosis gives rise to secondary spermato-
cytés which although being diploid in DNA content have only a haploid
number of centromeres (as the chromatids remain paired). The second

_division of meiosis gives rise to spermatids. Spermatids are haploid in
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both DNA content and centromere number and are the direct cellular
precursors of épenn. The process of differentiation of spermatids

to sperm is termed spermiogenesis. Spermiogenesis involves many
biochemical and morphological changes. 0One of these changes is the
condensation of the nucleus which occurs during the latter half of the
process. In maﬁy species the nuclear condensation involves replacemeht
of the histones normally found bound to DNA with novel, sperm specific
proteins called protamines. This gives rise to highly condensed
nucleoprotamine which is transcriptionally inactive. The appearance of
protamines and their binding of DNA is one of the more easily
characterised events of spermatogenesis. Protamines from a wide range
of organisms have been described and characterised to a greater or lesser
extent (Coelingh et al., 1969, 1972; Nakano et al., 1970; Kistler et
al., 1973, 1974; Subirana et al., 1973; Monfoort et al., 1973;
McMaster-Kaye and Kaye 1976; Bellve et al., 1975; Bellve and

- Carraway, 1978; Bols et al;, 1980). The complete amino acid sequences
of several fish protamines have been described. These are the
rainbow trout protamines (iridines) (Ando and Watanabe, 1969; Gred-

amu et al., 1981), the tuna fishthynnins (Bretzel, 1972a, b, 1973), the
herring clupeines, (Ando and Suzuki, 1966, 1967) and one component of

salmon salmine (Ando and Watanabe, 1969).

Several models for the binding of protamine to DNA have been
proposed. The fact that the volume of sperm nuclei is very close to the
volume of the DNA contained in -the nucleus favours a model where the
protamine is almost entirely contained in one of the grooves of the DNA
helix. One model has the protamine binding in the large groove via
polyarginine and helical domains (Warrant and Kim, 1978). A second proposes
that protamine binds in the minor groove in an extended conformation
(Balhorn, 1982). X ray diffraction studies and infra red data support

the latter model.
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Protamines, however, are not found in the sperm of ai]
species. The sperm of crabs appears to lack basic protein canpletély
. (Vaughn and Hinsch, 1972) while sea urchin sperm contain a novel histone
but no protamines (Ozaki, 1971). One fish; the gonfish, also appears
to lack protamines. In the goldfish sperm chromatin appears indistin-
guishible from somatic chromatin.. No novel sperm specific chromatin

proteins of any type are detectable (Munoz-Guerra et al., 1982).

Spermatogenesis in the rainbow trout

In contrast to mammals, where spermatogenesis is continuous,
spermatogenesis in rainbow trout is seasonal and hence discontinuous.
Spermatogenesis occurs nat&ral]y in rainbow trout during the months
August to January but can be induced in immature fish by pituitary
extracts from sexually mature salmon (Robertson and Rinfret, 1957). The
seasonal , discontinuous nature of spermatogenesis fn rainbow trout results
in fhe process being semi-synchronous. This means that at any g{ven time
one cell type will be predominate in the testis. However all other
cell types will also be present in lower numbers. During spermatogenesis
the weight of the testis increases approximately a thousand times, from " .

around 10 milligrams to between 5 and 10 grams.

In a rainbow trout, as in all other organisms, transcriptional
activity decreases during spermatogenesis. This is reflected in
a decrease both in the total amount, and in the sequence complexity
of messenger RNA (Ando and Hashimoto, 1958;4 Levy and Dixon, 1977a) and
also in a reduction in the ability of isolated chromatin to support
RNA synthesis (Marushige and Dixon, 1969). This latter effect occurs in- -
two distinct stages. A marked decrease is first seen at an early stage

and is associated with an increase in the histone content and a decrease in



the non histone protein content of chromatin. A second large decrease,
resulting in complete cessation of the ability to support RNA synthesis,
occurs during the displacement of histones from chromatin by

protamines.

The semi-synchronous nature of spermatogenesis in rainbow
trout and the ability to induce spennatOgeneéis in sexually immature fish
make the rainbow trout an ideal species for'studying the processes of

spermatogenesis.

The protamines of rainbow trout

The rainbow trout protamines are small and extremely basic.
Fractionation of total protamine on alumina (Ando and Watanabe, 1969)
dr carboxymethyl cellulose (Ling et al., 1971), yields three components.
The amino acid composition of .the three components reveals that they are-
heterogeneous (Ling et al., 1971). Amino acid sequencing confims this
(Ando and Watanabe, 1969; Gedemu et al., 1981a) and suggests that there
are 5 protamine species. These data give the length of the protamines
as 30 to 32 amino acid residues. . The extreme basicity of the

protamines is due to their high molar arginine content of 66-71%.

The time course of protamine synthesis and DNA binding during
spermatogenesis can be followed by the use of unit gravity gradients
to separate the different cell types found in the testis (Louie and Dixon,
1972). The protémineé first appear in the middle spermatids and are
rapidly synthesised in middle and late spermatids. Synthesis occurs on
characteristic disomes. The polysome profile of the testis reflects the
sexual maturation of the fish through the number of disomes present

(Ling and Dixon, 1970). At first synthesis of protamine is actinomycin
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-

- D sensitive but synthesis later becomes insensitive to actinomycin D
(Ling and Dixon, 1970). This suggests that protamine messenger
RNA is synthesised prior to maximum protamine synthesis and is metabolically
stable. The presence of protamine messenger RNA in cytoplasmic ribon-
ucleoprotein particles, both associated with ribosomes and in the post
ribosomal .cytoplasmic supernatant, suggest that such particles may
represent a stabie store of brotamine messenger RNA (Gedamu et al., 1977a).
The kinetics of the synthesis of the three protamine components, CI,
CII, CIII (Ling et al., 157]) differ suggesting that the three components
may play different specific roles in nuclear condensation. It is
not known whether the kinetics of synthesis are controlled at the

transcriptional or translational level.

Shortly after synthesis the protamines become phosphorylated
(Ingles and Dixon, 1967; Sander and Dixon, 1972). Phosphoryliation
occurs on the serine residues. It appears that all the serine residues
can become phosphorylated as the number of different phosphéry]ated
species that are seen corresponds to the number of serine residues
in the protamine molecule. - The protamines subsequently become
dephospﬁory]ated-before the sperm are completely mature (Ingles and
Dixon, 1967). The dephospﬁx?%tion of protamine appears to be correlated
VJ%SKEhe formation of nucleoprotamine (Louie and Dixon, 1972). An
_enzyme capable of phosphorylating protamine has been partially purifiedj

from rainbow trout testes (Jefgil and Dixon, 1970).

Modification of histones is also observed in the developing
testis. Histones are extensively modified by{both phospharylation
of serine residues and acetylation of lysine residues’during all stages
of spermatogenesis up to the middle spermitid when protamine replacement

occurs (Dixon, 1972).
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The modifications of protamines by phosphorylation, and of
histones by phosphorylation and acetylation, reduces their net positive
chagge and hence will decrease their binding to DMA.  This, and'thef
time at which these modifications occur, suggest that éﬁé; may help
facilitate the ordered displécement of the histones by the protamines.
The existence of a highly heterogeneous series of basic-protein fragments
during nucleoprotamine formation suggests that histone proteolysis may

also be important (Marushige and Dixon, 1971).

The structure and synthesis of protamine messenger RNA

As might be expected from the small size of protamine, protamine
messenger RNA (mRNA) is extremely short. Most protamine messenger is
also mﬁm&ﬁ%o can be readily purified by oligo dT-cellulose
chromatography, sucrose gradient centrifugation and preparative po1y-‘
acrylamide gel electrophoresis (Gedamu and Dixon, 1976).

On high resolution polyacrylamide gel systems, purified
o 2 (“iiiﬁ;mine mRNA can be resolved into 4 components with
lengths of 270, 290, 310 and 330 bp (Iatrou and Dixon, 1977).
Translation of the four‘separated'mRNA components in wheat germ and rabbit
reticulocyte cell free translation éystems reveals that each codes for all
three,protamiﬁe components (Gedamu et al., 1979). Fractionation of
deadenylylated protamine mRNA using the same system also reveals 4
components (Gedamu et ai., 1977b); Translation assays again reveal that
each component is heterogeneous'in jts coding for protamine species
(Gedamu and Dixon, 1979). Naturally occurfing poly(A)~ protamine mRNA
is also found in rainbow trout testis. This poly(A)” mRNA is biologically
active and appears to have a different cellular distribution from po]y(A)+

protamine mRNA during the early stages of protamine synthesis. At this



stage poly(A)  protamine mRNA is found almost entirely in polysomes
while po]_y(A)+ protamine mRNA is almost equally distributed between
polysomes and bost ribosomal supernatant (Iatrow and Dixon, 1977).
However the Tow level of poly(A)  protamine mRNA as a percentage of the
total amount of protamine mRNA (<4%) make its biological significance

questionable.

Some primary structure of protamine mRNA has been determined
by sequence analysis of radioactive single strand cDNA (Davies et al.,
1977; Ferrier et al., 1977) and by direct sequence analysis of TI
ribonuclease fragments of protamine mRNA (Davies et 51., 1979).

These experiments have revea]ed the presence of the putative polyadenylation
signal AAUAAA in an untranslated region (Ferrier et al., 1977).

The T1.ribonuclease digestion suggests that considerable secondary
structure exists in the protamine ﬁRNA molecule because large T1
oligonucleotides containing internal G résidues arise from the 3' non

coding region. The existence of secondary structure in protamine mRNA

is also suggested by the melting'profi]es of the purified mRNA (Davies

et al., 1976). |

Evidencé suggests that protamine mRNA is synthesised long
before it is translated .(latrou et al., 1978). Analysis of testis cells
separated on unit gravity gradients show that protamine mRNA is present
in large quantities in primary spermatocytes while protamine synthesis
occurs on1y in spermatids. -In primary and secondary spermatocytes
protamine mRNA appears only in the post ribosomal cytoplasmic supernatant
and is not found on ribosomes until the spermatid stage. This suggests
that the protamine mRNA is stored in the cytoplasm in an untranslatable
form.  This may be the ribonucleoprotein particles found in the cytoplasm.

These contain polyadenylated RNA that, in vitro, codes only for protamine
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(Gedamu et al., 1977). The synthesis of protamine mRNA in brimary
spermatocytes also raises the possibility that transcription only occurs
in truly diploid cells and before meiosis begfn; (primary spennatécytes
are, before meiosis begins, diploid in both DNA content and centromere
number being tetraploid in DNA contenf during the divisibn process.
Secondary spermatocytes are diploid in DNA content and haploid in

centromere number).

Number and repetition of protamine genes

Syntheéis of radioactively labelled cDNA, using highly purified
protamine mRNA as a template, a\llows a specific protamine sequence probe
to be prepared. Two groups have used such a cDNA probe in reassociation
experiments designed to estimate the number, and repetition of, the

protamine genes.

In the first of these studies cDNA was reassociated with a vast
excess of total genomic DNA at a single temperature (Levy and Dixon, 1977b).
The results of this experimenf suggest the reiteration frequency of the
protamine genes is between 0.4 and 4 per haploid genome. No eétimate

of the number of different protamine genes is made.

In a second study(cDNA'was again reassociated with a vast
excess of total genomic DNA. However the experiment was repeated at two
different temperatures (Sakai et ai., 1978). The results of reassociation
at the higher temperature suggests fhat the protamine genes are unique.
However at the lower temperature the results indicate that a large
percentage of the sequences present in the cDNA are repeated about six
times per'héploid genome. This suggests that there are about six unique
prbtamihe genes that share considerable sequence homology. This would

agree with the amino acid sequence data that shows that the protamines differ



little in primary structure. That this homology is retained at the
nucleotide level suggests either recent duplication and divergence

or correction mechanisms to prevent‘nucleotide,sequence drift.

Cloning and sequence analysis of protamine cDNA

Several different groups have cloned and sequenced protamine
CDNA (Jenkins et al., 1979; Jenkins, 1979; Sakai et al., 19813

Gedamu et al., 1981a)  These sequences are shown in figure 2.

A11 the protamine cDONA sequences with a long 3' non translated
sequence show the consensus sequence AAUAAA starting between 85 to 100bp
from the termination codon. This suggests the length of the 3’

non-codiné region in protamine mRNA is about 100 to 120bp.

Over half of the cDNA's end at the same point in the mRNA,
71bp upstream from the termination codon.  This suggests that there is
a very tight secondary structure at this point in the mRNA which causes

premature termination by reverse transcriptase.

Examination of the codon usage in the protamines shows that
there is preferantial usage of certain arginine and serine codons (Table
1). Approximately 30% of the arginine codons are CGC and 27% AGG.

The codons AGA and CGT are used approximately equally and account for
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most of the remaining arginine codons. The two CGPu codons are used very

rarely, accounting for only 8% of the arginine codons between them.

The serine codon TCC accounts for 73% of the serine codons, the coden AGC

the remainder. The fourxother serine codons TCT, TCA, TCG and AGT are

not used at all.
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43 GA1TCATAGTCTTATCTATCAATCACTATCCCOCAG

ATTCATAGTCTTATCTATCAATCACTATCCCCAGAAGACGCAGA-

ence translated sequence
GTTCCTLCACACCACCIGTTCGCACGLLCCGCCCLLCCAGGCThTCCCGACGTCGTCcCACGAGAGCAGGCCGCACCACGCCTTAG
;TCCTCCAGACGACCTGTCCGCAGGCCCCGCCCCCCCACCCTGTCCCGACGTCCTCCCAGCAGAGG&GCCCGCALGACGCGTTAC
‘ATCCTCCAGCCCACCTCTCCCCAGGCCCCGCCCCCCCAGGGTCTCCCGACGTCCTCGCAGGACAGGAGGCCCCAGGACGCCTTAG
TCCTCCACCCGACCTCTCCCCACCCGCCCCCGCCCCAGCGTCTCCCGACCTCGTCCCAGGACAGGAGGCCGCACCAGCCCTTAC

"CCLAGLCGCCCTG1LCGCACCCOLCCTCGCCCCAGCCTCTCCCGG-—-CGTCGCAGGAGAGGAGGCCCCAGCAGCCGTTAG
AAGACGCACA—--GCCACCLbLCCTCTCCGCAGCCCCCGTCCCCCCAGCGTCTCCCGG--CGTCGCACGAGAGCACGCCGCAGGAGGCCTTAC

P4 ACA=-CGCCCGGT--=AACCTACCTGAACTA-ACCGCCCCCTACCCGLCGG- TTLlCCCTCLALALTCGACCALTCCTACTCCAGAGATGTTAAAAGTCTGCTTAAATAAAAGATC

1. Jenkins, (1979)

2. Gedamu et al.,(198la)

3. Sakai et al.,(1981)

N

2¢3 ATGCCCAGAAGACGCAGA==-GLCACCCUCLCTCTCLCLAUGCGECETCCCCCCACTRTETCCCGE~-CCTCCCACGACAGCAGUCCECAGGALGECTTAC

60> Lgccc:chl\ccuu\---ccc/\cm.umcrcccm\cccocccrccccuucccrcrccccc-—ccrcccAccAcaccacccccc.\ccmccanc

1783 TCACTATGCCCAGAACACUCAGA =~ CLCAGLLGRLITATUCCUAGGCOLLLTEGCCE {CACGCTCTCCEGG==CGTCCCAGCAGAGCAGCCLGCAGGALGCCTTAC

9“‘ bLLAGCCUCCUUATLLLLAOGLGLCLTLbLCCCAbbbTOTCLCLc‘“CCTLCLALbAGﬁCbALbLCG(AQbAhQLUT1Ah

pol TATCTATCAATCACTATCCCCAGAAGACGCAGA—~CCCACCCUCCCTATCCGCAGGCGCCTCOCCCCAGOGTCTCCCC0-—- COTCGCACGCCACGCCGCCCCAGGACCCGTTAG
3' untranslated sequence

202%  ATA-CAATGCGTA-GAACCTACCTGACCTATC-CGOCCCCT-CCn=-~GGOTTCACCCTCCC==~CACCCCTGOTATCTAGAGGTC TT-AMGTCTGCTTAAATAMAGATGAAC-TTTTAACT ),

pal  ATA-GAATGGGTA-GAACCTACCT—~--AT-~CGCCCCCT-C C----GGCTTC':'CCCT(,CC-----GACCCCTGGTGGTCCACAGATGTI—MAGICTGC'I‘IMATMMCATG(IK.:C-TI‘TIA

rul ()ZA-(I;CCGGGT—-MCCTACCTGAACTA-ACCG

592 ATA-GAACCGGTA-GAACC‘IACCTGACCTATC-CGCCCCCT—CC----GGGTI‘CI'C(.(.TLCC ----- cAcccr’rccucrcucxrcrcn-mc'rcrccnwrcccccnrrucr(A)N

112 A‘IATGMCGGGTATOMCCTACCTGACCTATCACGCC(.CCT-cc----(.CGTI‘CT(,LLTCCC-—---GACCCcTGGTOGTGTACAGGTCTI‘-MAGTCTCCTI‘MATMAAGATGGCC-'ITTTMCT (A

213 ACA-GOCCGCET==A

432 ACA-GGCCGGGT---AACCTACCTGAACTA=ACCCCCCCCTACC==GG~ TTCTCCCTCCAGACTCCACCACTCGTAGTGCAGAGATGTTAAMAGTCTGCTTAAATARAAGATGGGCGTTTTAACT (A)

2¢3 u—cccccccr--—Acccuccrmcn-.xcc;'\cccccmcc----oc-ncTc(,cTcCAcAc-rccACCAcrcc.TAc'rccacacA'ranMAc-rcrc )

6b> ACA-GGCCGGGT---MCTTACCTGMCTA—ACCGCCCCCTA(.C----GG-TI‘CTC(‘CTC(.AGACTCGAC(.ACTGCTAGTGCAGAGMG'I'IMMGTCIGCTTAMTMMGATGGGCCT!‘-TMCT(A)

1782 Au-cc'rccccr---MccrAcc'rcMc'rA-Accccoccc-mc---—cc-rTcrcccrc.cAcAcrccAcCAc'rccm;-rcCAcAcucmww;rcrccnunmcuc"uccrrrruﬂ(A)

94? ACA=GGACCOGT=-~AACCTACCTGAACTA-ACCGCCCCCTACC == ~GG=TTCTCCCTCCAGACTCGACCACTGCTAGTGCAGAGATG TTAAAAGTCTGCTTARATAAAA

£So1oumoy wnmIXew 103 PIUITIe 319M saouanbag
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TIT Phe O TCT Ser O TAT Tyr O TGT Cys O
TIC Phe O TCC Ser 16 TAC Tyr O TGC Cys O
TTA Leu O TCA Ser TAA Term O TGA Term O
TIG Leu O TCG Ser "TAG Term 8 TGG Trp O
‘CTT Leu O CCT Pro 4 CAT His O CGT Arg 27
CIC Leu O CCC Pro 11 CAC His O CGC Arxg 52
CTA Leu O CCA Pro CAA Gln O CGA Arg

CIG Leu O CCG Pro CAG Gln O CGG Arg

ATT Ile O ACT Thr O AAT ‘Asn O AGT Ser O
ATC Ile 3 ACC Thr O AAC Asn O AGC Ser 6
ATA Met O ACA Thr O AAA Lys O ACA Arg 18
ATG Met 3 ACG Thr O AAG Lys O AGG Arg 40
GIT Val 1 GCT Ala O GAT Asp O "GGT Gly O
GIC Val ¢4 GCC Ala 4 GAC Asp O GGC Gly 8
GTA Val O .GCA Ala O GAA Glu O GGA Gly 8
GIG Val 8 GCG Ala O GAG Glu O GGG Gly O

saouanbas yNgo sutmejoad ut a8esn uopo) 1 @21qel

€€
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Preferential codon usage has been reported for a large numser
of genes and several theories suggested to explain it. These
include the proposals that it is an evolutionary strategy to reduce the
number of mutations with drastic effects (Modiano et al., 1981),
that it reflects dinucleotide frequency preference (Nussinov 1981) and
that codon usage reflects the genus or type of organism, (Grantham
et al., 1980), this perhabs being due to tRNA availability. Another
‘theory.a1so suggests that tRNA availability and codon anticodon binding
energies may be reflected in third position preferences in codons
(Wilson et al., 1980). ’ Obviously constraints can operate at a number
of different places. The theory that prefefentia] codon usage may be a
strategy to reduce the number of mutations with drastic effects
(i.e. mutations to give stop codons or nonpolar hydrophobic/hydrophilic
amino acid substitutidns) goes some way to explaining the preferential
codon usage in the protamine genes. There is preferential use of the
four CG arginine codons. This would allow single bp mutations to occur
in the wobble (third) position of the codon Wifhout.producing
an amino acid change. There is also preférentia] usage of the CGU and C
codons in tﬁis Qroup. These two codons are two changes away from any
_ termination codon while the CGA and CGG need on1y a single change to give a
stop codon. This explanation also fits the preferential use of the |
arginine AGG codon over the AGA codon. - The preferentially used serine
codon, TCC, also allows third position change without changing the amino
acid. It also needs two changes to give a stop codon, however so do all
the TC serine codons. It is unlikely that preferential codon usage
reflects a‘single factor but is probably due to a number of constraints
~ operating simultaneously. At present a full explanation is therefore

impossible.
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Comparison of the coding sequences of the cDNA clones (Fig.
2) shows that they are remarkably conserved at the nucleotide 1éve1
as well as at the amino acid level. Most of the sequencé variation is
found between codons 6 and 11.  This corresponds to the major sité of
.serine phosphorylation. The sequence variation found in this region
can be used as a basis for dividing the cDNA sequences into two groups.
The first group is characterised by having two or three sérine residues
and a sing]g proline residue in the variable region. A1l the cDNAs
repfesentgiﬂgzk of thi§ group terminate prematurely, only 27 codons of
the coding sequence are present. Comparison of the four sequences
that fall into this group show that two amino acid and three nuc]eotidé sequer
ces are represented. The amino acid change is at the third codon
represented, this being either arginine (AGA) or serine (AGC). The
third nucleotide sequence is due to a change in the third, or wobble,
base of a valine codon. This change may repreégnt allelic variation as
the comparable cDNAs showing this change were cons tructed by differehf

groups.

The second group ofksequences is characterised by having a
single serine residue and no proline residue in the Variable region.

Five out of six of the cDNA clones representative of this group have the
‘whole of the coding region of the mRNA represented. The five fd]]-length
~ clones all have the'ubiquftous ATG initiation codon at the beginning of
‘the coding region immediately followed by a proline residue. Comparison
of the'coding sequences shows that there are three amino acid sequences
and four nucleotide sequences represented. One protefn sequence
difference is at residue ten (valine or isoleucine), the second at residues
twenty four to twenty six (Arginine, glycine, glycine, with either valine

or isoleucine at residue ten, or glycine, glycine, arginine with
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isoleucine at residue ten). The fourth nucleotide sequence is cauéed
by a change in the third, or wobble, base of an arginine cédon at
residue nine (CGT in five of the sequences, CGG in one). Again this

could represent allelic variation.

Comparison of the 3' non coding sequences represented in the.
cDNAs show that they are almost as well conserved, within each of the
two groups, as the coding sequences. Howevér the two groups have
' distinctly different 3' non coding sequences. The one exception to this
phenomenon is the clone pTPIL (Jenkins, 1979), which contains a group

1 type coding sequence but a group 2 type 3' non-coding sequence.

This analysis of cDNA‘sequences suggests that the protamine
genes may have evolved by repeated duplication of the genome, the most
recent of these being the duplication during the’evo1ution of
the Salmonidae from the Clupeidade. However, it is impossible to
pfesent a detailed evolutionary scheme without knowing if nucleotide
sequence variation is allelic or not. Cloning of genomic sequences

should make this possible.
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Materials and Methods

Plating bacteriophage lambda

Charon 4A and recombinant derivatives were plated on E. coli
ED8654 (sup E, sup F, hsd R’ Mt s*, met”, trp R. Murray 1977). A
static culture, grown in LB, was di]uted']:SO into fresh LB and grown,
with shqking, to an 00650 of 0.5.Cells were then pelleted by
centrifugation and resuspended in an equal volume of 10mM MgSO4. Cells
in MgSO4 could be kept for several days.at 4°C. Phage were then absorbed
- by addition of 100u1 of phage (in phage buffer) to 500u1 of plating bacteria,
vortexing, and incubating at 37°C for 20 to 30 minutes. 2.5m1s of LB
top agar‘(42°C) made 10mM in MgSO4, was then added and mixed by rolling.
The mixture was then poured onto a fresh, thiék, 9cm diametef LA plate.
The plates were then inverfed and incubated at 37°C overnight. A1l
volumes were scaled up if plates larger than 9cm diameter were being

used.

Phage plate lysates

Phage plate lysates were prepared by plating phage at a density

3 pfu/cm2 (if possible using phage picked'from a single

of 8 to 10 x 10
- plaque). After lysis became confluent the‘phage were harvested by
flooding the plate with phage buffer and then scraping off the top
layer, with the phage buffer,.into a suitable container. A small volume
of ch1orofonn was then added and the mixture vortexed to ensure complete

lysis. The phage suspension was then clarified by centrifugation (Sorva]]

ss34 4%, 10krpm , 10 minutes) and kept at 4%,
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Preparation of DNA from phage plate lysates

DNA was prepared from phage plate lysates essentially as
described by Cameron et al., (1977) except that the phage suspension
recovered from fhe plate lysate was first treated with 10ug/ml1 DNAase
and RNAase (37°C, 30min). The DNA was also routinely phenol/chloroform
extracted after recovery. The DNA was then stored in 10mM TrisHC1pH8.0,
1mM EDTA rather than 100mM TrisHC1pH7.5, 1mM EDTA as described.

DNA'prepared by this method was restricted in 4mM spermidine as

described (see restriction digests).

" Phage 1ligquid lysates

A static culture of cells was diluted 1:20 LB (made 10mM in
MgSO4)'and grown at 37°C, with vigorous éefation to an OD650 of 0.45-0.6
(approximately 2-3 x 108 cells/m1). Vigorous aeration was ensured by
using LB at 10% of flask volume and using a shaking incubator at
full speed. When the 00650 reached the appropriate range phage were
innoculated at a multiplicity of infection of one and incubation continued
as before. The growth and subsequent lysis of the cells can be followed
by following the rise, and then the fall to a minimum level, of the 00650‘
When lysis was complete (i.e. when the 00650 reached a minimum) chloroform
was added to 0.2% and shaking continued for 10 minutes. The 1ysaté was
the clarified by centrifugation (Sorvall G5A, 10Krpm,. 4%, 10 minutes).
Contaminating E} coli DNA:and RNA were removed by treatment with 10ug/ml
DNAase and RNAase at 37% for 30 minutes. Phage were then purified by

PEG precipitation and centrifugation through CsCl step gradients.

To PEG precipitate phage from liquid lysates NaCl was‘first added
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to 4% w/v. . Solid PEG 6000 was then added to 10% w/v and dissolved

by gentle swirling. The lysate was then left at 4%C for at least an

hour. The PEG precipitate‘was then pelleted by centrifugation

(Sorvall GSA, 10K rpm, 4°C, 10 minutes). The supernatant was

discarded and the pellet resuspended in a small volume (2-5% starting
volume) of phage buffer. The resulting phage suspension was then partially
clarified by centrifugation (Sorvall HB4, 5K rpm,4°C , 10 minutes).

Phage were then purifjed by two cycles of centrifugation through CsC1 step

gradients.

Caesium chloride step gradients

CsC1 step gradients were run in a Beckman SW40 fotor using4c1éar
(nitrocellulose) tubes. Step densities were 1.3, 1.5 and 1.7g/m}
(31%, 45%, 56% w/v CsC1 at 20°C) in phage buffer. The step volumes
were 1 to 1.5ml. The steps were introduced by pump into the bottom
of the tube (1ightesf first) and the phage suspension was then carefully
layered on top. Centrifugation was at 35K rpm, 20°C for 1.5 to
2 hours. Phage, showing as a clean white band approximately 1/3 of the
way through the steps, were collected by side puncture. CsC1 was removed

by dialysis against two changes of 10 TrisHC1pH8, ITmM EDTA.

Preparation of phage DNA

Phage DNA was prepared from purified phage by three phenol/
chloroform extractions followed by two chloroform extractions. Phage
DNA was then either dialysed into 10mM TrisHC1pH8.0, 0.1mM EDTA (using
four to six buffer changes) or ethanol precipitated and redissolved

in the same buffer. Phage DNA's were stored at -20°c.



Preparation of EcoRI methylase

EcoRI methylase was prepared from frozen E.coli RY13 cél]s
essentially as described by Greene et al., (1974, 1975). 200g
of cells were thawed in EB buffer (10mM K-P pH7.0, 7mM 8 MSH, 1mM EDTA)
and disrupted by sonication. Cell debris was removed by centrifugation
(Sorvall SS34, 19K rpm,45mid>and‘the resulting supernatant streptomycin
precipitated. The precipitate was removed by centrifugation (Sorvall
GSA, 8 Krpm,30mih) and the supernatant fractionated'with 50% v/v
saturated.(4°C) ammonium sulphate. The ammonium sulphate pfécipitate
was recovered by ceﬁtrifugafion (Sorvall GSA, 8K rpm, 30 minutes)
and redissolved in EB + 0.2M NaC1. The enzyme was then fracﬁionated
on a 240m1 phosphocellulose (Whatman P11) column, concentrated on
HAP and refractionated on a 40ml carboxymethy] cellulose (Whatman
M52) and a 50cm sephadex G100 column exactly as described by Greene
.et al., (1975). Between the carboxymethyl cellulose and sephadex
G100 columns the enzyme was concentréted using a Millipore immersible
CX ultra filter. The active fractions from the sephadex G100 column

were pooled and dialysed into 5mM K-P pH7.0, 3.5:M 8 MSH, 0.5uM EDTA,

40

0.1% NP40, 0.1M NaCl, 50% v/v glycerol and stored at -20°c. The purified

enzyme was then assayed for contaminating endonuclease on supercoiled

t

plasmid DNA and for 5' and 3' exonuclease using a religation assays on

restriction enzyme (EcoRI and Pstl) sticky ends. In methylase reacfion

buffer (0.1M TrisHC1pH8.0, 1mM EDTA) both these tests were negative.

One unit of EcoRl methylase is defined as the amount of enzyme that will

incorporate 1 pmole of methyl groups into DNA in one minute under standard

reaction conditions ( 0.1M TrisHCIpH8.0,10mM EDTA,6uM SAM).



41

Cloning in lambda Charon 4A

The lambda cloning vector Charon 4A (Fig. 3) was used to
construct a genomic library essentially as described by Kemp et al.,

(1979).  The original rational.of the system is best described by
Maniatis et al., (1978).

(1) Preparation of Charon 4A EcoRI arm fragments

Charon 4A DNA was restricted to completion with an excess of
EcoRI and recovered by phenol/chloroform extraction and ethanol
precipitation. The DNA was redissolved at 50-100ug/ml1 in 100mM TrisHClpHB,
10mM MgC]2 and the lambda cohesive ends annealed at 42°C for two hours.

The solution was then cooled on ice and made 10mM in EDTA.  The DNA

fragments were then size fractionated on 10-40% sucrose gradients

(25-50ug/gradient).

(2) Preparation of trout genomic DNA EcoRI* fragments .

Trout testis DNA was first methy]atéd to completion with EcoRI
methylase in 100mM TrisHCIpH8.0,10mM EDTA, 6uM SAM with 1 unit of
EcoRI methylase/10ug DNA at 37°C for 2hrs. The degree of methylation
was determined by removing a portion of the reaction immediately after
addition of the enzyme, adding a small amount of lambda (C185757) DNA
(0.2-0.5ug) and incubating in parallel with the main reaction. The

lambda DNA was then tested for restriction with EcoRl

After recovery of the methylated DNA by phenol/chloroform
extraction, dialysis (to remove EDTA) and ethanol precipitation the
* ’ *
DNA was restricted with EcoRl activity. The EcoRI activity of EcoRI

is promoted by restriction in low salt buffer (Polisky et al., 1975).



Fig.3 Charon 4A restriction map

Total size 45.41lkb

Replaceable
segment

B BamHI R EcoRIl
H HindII1l S Sstl
K XKpnl X Xbal

cos lambda cohesive ends

From de Wet et al.,(1980).

Left arm
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The reaction was in 25mM TrisHCIpH8.9(at 37°C) 2mM MgCl,, at 37°C
for 8 hours using several different enzyme concentrations (all
producing only paftia] digestion). DNA was recovered by phenol/
chloroform extraction and ethanol precipitation before being size

fractionated on 10-40% sucrose gradients (100-200ug/gradient).

(3) Size fractionation of DNA

DNA was size fractionated on 10-40% sucrose gradients exactly
as described by Maniatis et al., (1978). Fractions of 0.5ml1 were
collected via an ISCO ultraviolet flow analyzer. Appropriate

fractions were then analysed on agarose gels.

(4) Ligation and packaging of DNA

Charon 4A EcoRl arms and size fractionated (12-20kb) EcoRI*
genomic fragments were ligated either using the DNA concentrations of
Maniatis et al., (1978) or Kemp et al., (1979). Charon 4A arms were
first annealed in 100mM TrisHCIpH7.6, 10mM Mg C]Z at 42°C for two hours.
The solution was then cooled on ice, genomic.EcoRI* fragments added

TiasHC
and the buffer adjusted to 66mM TMSSHI pH7.6, 10mM Mg C12, 1mM EDTA,
40mM NaCl, ZnM Na€d, 2uM DTT, 0.1uM ATP, 125ug/m1 BSA. T4 DNA

ligase was then added and the ligation incubated at 12% overnight.

The ligation mix was then placed on ice and packaged exactly
as described by'Grosveld et al., (1981). The packaging extracts were
kindly supplied by Melville Richardson. After packaging the recombinant
phage were diluted into 0.5m1 of phage buffer and kept at 4% .

Amplification of recombinant Charon 4A library

The recombinant phage were amplified on LA plates by plating at
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a density of 50pfu/cm2. This Tow plating density was to ﬁinimize
selective amplification. Phage were harvested as described. After
clarification the phage suspension was PEG precipitated and loaded

onto CsC1 step gradients. After centrifugation was complete the entire
volume below the prdtein band was collected and stored at 4°Cc.  The

phage titre in this stock was determined as described.

Assay of non-recombinant phage

The percentage of non-recombinant phage in the Charon 4A
1ibrary was determined by plating on BB2 agar containing 40ug/ml 5
chloro 4 bromo 3 indolyl-g-D-galactoside (x gal) using an E. coli lac z
deletion strain C344 (thré , Teu, By, sup E, ton A, hsd RM™, lac z ).

Recombinant phage produce colourless plaques, non recombinant blue plaques.

Screening recombinant plaques for specific DNA sequences

Recombinants were screened using nick translated probes
essentially as described by Benton and Davis (1977). Phage were plated
at a density of 70pfu/cm2 on 22cm x 22cm plates of LA agar using top
agaroﬁe (0.7%) instead of top agar. Phage were grown overnight and then
cooled to 4°C before blotting. Replica filters were absorbed sequentially
for 1 minute and 5 minutes. After denaturation and neutralization filters

wWhalraa

were blotted dry between)a¥M paper and baked for 1.5 to 2 hours at
80°C in a vacuum oven. Filters were hybridized as described except that

sonicated E. coli DNA (SOﬁg/m1) was included as carrier (instead of salmon

sperm DNA).

Recombinant phage were purified by two further cycles
(after the original screen) of screening at low plating density. Plaques

were picked, using a sterile toothpick, into 0.5m1 phage buffer containing



a drop of chloroform and stored at 4°¢.

Use of the lambda vector EMBLI

EMBLI is a spi type lambda cloning vector which is a close
derivative of 11059 (Karn et al., 1980). It is a BamHI vector with a
| cloning capacity of 6.3 to 24.4 kb. The restriction map of EMBLI is
shown in Fig. 4. The bacterial strains used in conjunction with EMBLI

R

-+ + R -+ +
were Q358 (rk, My SUII’ 80") and Q359 (rk, m s SUII’ 80", P2).

Genomic fragments for cloning in EMBLI were prepared by |
partial " Sau3A or BamHl digestion. The DNA was then size fractionated
on 0.6% agarose gels and fragments of the appropriatefﬂ# recovered by

electroelution.

EMBLI DNA was restricted with a two fold excess of BamHI and
recovered by phenol/chloroform extraction and ethanol precipitation.

The BamHI restricted EMBLI DNA was then used directly.

Ligation of vector and insert DNA was carried out as
described by Maniatis et al., (1978) and DNA was packaged as described
by Grosveld et al., (1981). The phage from the packaging reaction were
then plated on Q359.

The bacterial media and methodology were the same as for

propogation and use of charon 4A.

Sub cloning in pAT153

(1) Preparation of recombinant DNA

Sub clones of charon 4A recoxbirants were constructed~using

the plasmid vector pAT153 (Twigg and Sherratt, 1980; Fig. 5). Plasmid



Fig.4 EMBL 1 restriction map

Total size 46kb

cos

Replaceable

segment

B BamHI

H HindII1I

R EcoRI

cos lambda cohesive ends

From Karn et al., (1980).

Left arm
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Fig.5 pAT153 restriction map

Total size 3657bp

8 BamHI

H HindIII

R EcoRL

S Sall

P Pstl

Amp Ampiciilin resistance marker
Tet Tetracyclin resistance marker

From Sutcliffe,(1978) and Twigg and Sherrat, (1980)
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DNA was restricted and recovered by phenol/chloroform extraction and
ethanol precipitation. Small fragments released by double enzyme
restriction were removed by sepharose CL2B chromatography in 0.3M NaCl
0.1M NaOAc pH5. Phage DNA was resfricted using the same enzyme(s)

and recovered by phenol/chloroform extraction and ethanol precipitation.
0.5ug of plasmid and 0.25ug of phage DNA were coligated in 50ul of

66mM TrisHC1 pH7.6, 1mM EDTA, 1de MgCl,, 40mM NaCl, 2nM DTT, 0.1mM ATP,
125ug/m1 BSA using T4 DNA ligase. Ligation was at 10°C for 2 hours
and then 0°C for 12'to 16 hours. The ligation was then diluted by
addition of 0.3ml1 of ice cold TMC (10mM TrisHC1 pH7.5, 10mM MgC]z, 10mM
CaC]Z), and transfected into compet%ht HB101 (Boyer and Roulland-Dusseix,
1969) using a modification of the method of Mandel and Higa (1970).

(2) Transfection into HBIOI1

To prepare competent cells a static culture of HB101 was Qiluted
1:50 in LB and grown, with shaking, at 37°C, to an 00650 of 0;5. The
culture was cooled on ice for 15 minutes and the cells pelleted by
centrifugation and resuspended in } volume of ice cold 50mM CaC12.
After étanding on ice for a fﬁrther 15 minutes the cells were again pelleted
and resuspended in 1/10 volume of ice cold 50mM CaC]z. Transfection
was carried out by the addition of 50ul of DNA/TMC to 100ul of component
cells. After vortexing the mix was then incubated on ice for 15
minutes. The transfection mix was then warmed at 37°C for 2 minutes and
Im1 of 1B, at 37°C, added and incubation at 37°C continued for a further
30 minutes. The ce]];'were then plated on LB plates in 2.5ml of BBL-
top agar. The LB plates contained antibiotics to select for trans-
formants, antibiotics at 50% concentration were also included in the top

agar. Tetracyclinewas used at 10ug/ml, ampicillin at 100ug/ml.
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(3) Sizing of recombinants

Recombinants were identified by replica plating 6n suitable
antibiotic plates and plasmids sized using a quick lysis procedure
modified from that of Barnes (1977). Colonies or patches of recombinanf
plasmids were picked into 100ul of 1 x TBE buffer (see agarose gels)
and suspended by vortexing. 20u1 of 5% SDS, 100mM EDTApH7.0 were
added and mixed by vortexing. The lysis mixture was then heated at
70°C for 10 minutes, vortexed again and cooled. The cell lysate was
then electrophoresed on a 0.6% agarose/TBE -gel until the BPB marker was

at the bottom of the gel.

Growth of plasmids and preparation of plasmid DNA

A single colony of transfected HB101 was innoculated into 25ml
of LB containing a plasmid selecting antibiotic. The culture was
grown overnight with shaking, at 37°C and then innoculated into 200m1
of LB/antibiotic. Incubation was continued at 37%, again with shaking,
until the OD650 reached 1:0. Replication of chromosomal DNA was
then blocked by the addition of a suitable antibiotic (for pAT153
chloramphenicol, at 150ug/ml, was used), and incubation continued

overnight.

The culture was then chilled on ice and cells collected by
centrifugation (Sorvall GSA, 10K rpm, 4°C, 15 minutes). Cells were
resuspended in 40mls of ice cold 10mM TrisHC1 pH7.4, 1mM EDTA and repelleted
(as before, 10 minutes).  The cells were then resuspended in 4mls of
jce cold 25% sucrose, 50mM TrisHC1 pH8.1, 40mM EDTA by hom§ogenisation and
1.2mls of 10mg/ml lysozyme (in the same buffer) added. The mixture
was then left to stand on ice for 10 minutes (with occasional mixing)

A1.2mls of ice cold 0.5M EDTApH8.1, were added and the mixture was left on ic
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“for 5 minutes. Finally 10.8mls of ice cold 0.1% triton X-100, 62.5
mM EDTA, 50mM TrisHCIpH8.1 were added. After standing on ice for 10
minutes the lysed cells were centrifuged at 20Kfpm(Sorva]],SS34), '
4°C for 1 hour and the resulting supernatant collected. Plasmid

DNA was then purified by two cycles of caesium ¢hloride/ethidium bromide

density gradient centrifugation.

Agarose gels

(1) DNA gels

Gels of 0.6% to 2% agarose were run vertically. The gels were
16cm X 20cm (wide) x 0.8cm. Agarose was first dissolved in distilled
water by refluxing, cooled to 50°C ahd made to-1 x TBE (90mM Tris,90mM
boric acid, 2mM EDTA, pH8.3 ) by the addition of 10 x TBE and then cast.
Samples were made 6% w/v Ficoll, 0.01% BPB, 20mM EDTA ph7.0 by the addition
of 5 x stock. Samples containing bacteriophage lambda DNA were heated
to 70°C for 5 minutes and then cooled on ice before loading to melt the
cohesive ends of lambda. Electrophoresis was at 30 to 60v overnight.

Gels were stained in 1ug/m11ethidium bromide,1 x TBE for 45 to 60
minutes and photographed using a short wavelength UV transilluminator

and a polaroid camera with a red filter.

Gels of below 0.6% agarose were run horizontally. Gels weré
26cm x.20cm (wide) x 0.5cm.  Gels were made and cast as before except
that %ﬁg; acetate buffer (50mM Tris, 20mM NaOAp, 2mM EDTA, 10mM NaCl
pH'ed to 7.9 with glacial acetic acid) was used and ethidium bromide at
1ﬁg/m1, was included in the gel. The gel was connected to buffer
reservoirs using wicks of Whatman 3MM paper soaked in gel} buffer.
Electrophoresis was at 50 to 75v overnight. The gel was covered with a

thin sheet of plastic during electrophoresis.
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(2) RNA gels

RNA was run on agarose formaldehyde gels essentially as
described by Rave et al., (1979) except that gel buffer was 1 x MOPS
(20mM MOPS, 1mM EDTA, 5mM NaOAc, pH7.0). Vertical slab gels were |
prepared as described for DNA gels. 10 x MOPS and 50% v/v formaldehyde
(to 6% v/v) being added after refluxing and cooling of the agarose
in distilled water. Samples were made SQZv/v formamide, 6% v/v
formaldehyde, 1 x MOPS, heated at 60°C for 5 minutes an& quenched on ice.
Samples were then made 3% w/v ficoll, O.OOS%IBPB, 10mM EDTA pH7.0 by
the addition of 10 x stock before loading. Electrophoresis was at
30-35 v overnight. For visualisation of RNA the gel was stained in
50ug/ml acridine orange/1 x MOPS for 30 to 90 minutes and then destained

in two changes of 1 x MOPS (30 minutes each).

Electroelution of DNA from agarose gels

"To elute DNA from a gel a slice of agarose was first removed
from directly in front of the DNA to be eluted. A piece of sterile
dialysis membrane was then placed in the slot and under the band
(the gel being placed horizontally). The trough was then filled
with buffer and the DNA electrophoresed onto the membrane. When the DNA
had all moved onto the membrane it was rapidly removed into a small
volume of distilled w#ter and washed thoroughly. The DNA was then

recovered by ethanol precipitation.

Native acrylamide gels

Acry]amide gels 20cm x 15cm (wide) x 1.5mm were used. Gel

buffer was 1 x TBE. The acrylamide : bisacrylamide ratio was 30:1.
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The gel 'mix was degassed thdroughly before polymerization. - Poly-
merization was catalysed by the addition of ammonium persulphate
to 0.03% and a predetermined volume of TEMED. Gels were aged overnight
after polymerization and preelectrophoresed for 30 minutes before

use. Electrophoresis was at 100v.

Southern transfers

Southern transfers were carried out essentially as described
by Southern (1975) using the modifications described by Wahl et al.,
(1979).  Transfer was in 20 x SSC and after transfer the nitrocellulose

wWosihg)
membrane was u§éﬁ“ﬁn 2 x SSC, blotted dry using Whatman 3MM paper and

baked at 80°C in a vacuum oven for 1} to 2 hours.

Northern transfers

Northern transfers of RNA from agarose/formaldehyde gels to
nitrocellulose were carried out essentially as described by Thomas (1980).
Transfer was usually overnight. The nitrocellulose membrane was baked ,

without rinsingin 2 x SSC as described for Southern transfers.

Hybridisation of nitrocellulose membranes

Nitrocellulose membranes were hybridised to labelled probes
exactly as described by Maniatis et al., (1978) except that 10% w/v
dextron sulphate was included in the hybridisation (Wahl et al., 1979)
Hybridisations with G/ C tailed EgﬁiAplasmids as probes contained
]0ﬁg/m1 poly I to prévent non-specific hybridisation to G/C rich

sequences. Occasionally the stringency of washing was increased by

adding a final wash in 0.1 to 0.5 x SET.
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Preparation of trout testis DNA

Trouf testis DNA was prepared from nuclei isolated as
described by Marushige and Dixon (1971). Isolated nuclei were washed
four times by resuspension and centrifugation in saline/EDTA as
described. The nuclei were then resuspended in NTE (100mM NaCl,
100mM TrisHC1 pH8.0, 100mM EDTA). Proteinase K was added to 100ug/ml
and mixed thoroughly by gentle homogenization. SDS was then added to
1% w/v and the mixture incubated at 37°C for 3 hrs. The resulting
DNA solution was then phenol/chloroform extracted twice, chloroform
extracted twice and then extensively dialysed against 20mM TrisHCl
pH8.0. DNA was then purified by two cycles of caesium chloride/

ethidium bromide density equilibrium centrifugation.

. Caesium chloride/ethidium bromide density equilibrium centrifugation -

DNA solutions were made up to a density of 1.55g/ml, by the
addition of .solid CsC1, and Tmg/ml ih ethidium bromide. The DNA was
then banded by centrifugation (Beckman A4 or MSE 10 x 10m1, 35Krpm,
ZOOC for 60 hours). DNA was visualised by UV illumination and collected
by side puncture with a syringe. Ethidium bromide was removed by repeated
extraction with isopropanol saturated with water and CsC1. The DNAs
were finally dialysed against 10mM TrisHC1 - pH8.0, 0.1mM EDTA and stored
at -20°C.

Preparation of trout testis RNA

(1) Preparation of total cellular RNA

Total cellular RNA was prepared using the methodology of
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Chirgwin et al., (1979). Testis tissue was homegenized in 4M

. guanidium thiocyanate,0.5% w/v sodium N-Tlaurosy] sarcosine, 25mM sodium
citrate, 0.1% w/v Sigma antifoam A and 0.1M gMSH in a Sorvall omnimix.
The resulting solution was then centrifuged at 8Krpm, 10%C for 10 minutes
(Sbrva11 HB4). The resulting pellet was discarded and the supernatant
remixed. The supernatent was then layered onto 1.2ml1 cushions of 5.M
CsC1, 25mM NaOAc pHS'and centrifuged at 36K rpm, 20°C for 12 hrs
(Beckman SW50). The pelleted RNA was then recovered by first carefully
removing most of the overlaying solution with a pipette draining off the
remainder and redissolving the RNA in 7.5M guanidine hydrochloride,

25mM NaCitrate pH7.0, 5M DTT. The RNA was then ethano]_precipitated

by the addition of 0.025 volumes of acetic acid and 0.5 volumes of ethanol.

(2) Preparation of cytoplasmic polysomal RNA

Total cytoplasmic polysomal RNA was prepared exactly as

described by Jenkins et al., (1979).

(3) Fractionation of poly (A)+ RNA

Poly (A)+ RNA was fractionated by two .cycles of oligo dT cellulose
chromatography essentially as described by Avivand Leder (1972).
The loading buffer was 0.5M NaC1,20mM TrisHC1pH7.0,1mM EDTA,0.1% w/v SDS.
Elution was in the same buffer without NaC1. RNA was recovered by

ethanol precipitation.

Nuclease SI and Exonuclease VII mapping

(1) Labelling of DNA

Total plasmid DNA was labelled by nick translation as described
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After labelling for 60 minutes ATP was added to 1mM along with T4 DNA
ligase. Incubation was then continued at 37°C for a further 60
minutes. DNA was then recovered and unincorporated nuc1eofides removed
by phenol/chloroform extraction, sephadex G50 chfomatography and ethanol
precipitation. The labelled DNA was then restricted with suitable
restriction enzymes and again recovered by phenol/chloroform extraction

and ethanol precipitation.

(2) Hybridisation of DNA with mRNA

The DNA aﬁa mRNA were mixed and ethanol precipitated. The
coprecipitated nucleic acid was then redissolved directly in hybridisation
mix (40mM PIPES 7.7, 400mM NaCl, 1nM EDTA, 80% v/v formamide). The
hybridisation mix was then taken up into a siliconised glass capillary
which was then flame sealed. The nucleic acids were then denatured by
incubating the capillary at 90°c fdr 5 minutes. Hybridisation was

then at 52°C for 4 hours.

(3) Digestion with nuclease SI and exonuclease VII

Nuclease SI digestion was in 0.284 NaCl, 0.034 NaOAc pH4.5,
5mM ZnC]z, 5% glycerol, 10ug/ml denétured salmon sperm DNA, 100 units/
m1 nuclease SI (Berk and Sharp, 1978; Favalora et al., 1980). The
hybridisation mix was expe]ied directly into the digestion buffer
containing the enzyme, at 37%. Digestion was continued for 30 minutes.
The reaction was stopped by addition of EDTA to 5mM. The reaction was

then ethanol precipitated after the addition of Sﬁg carrier RNA,

Exonuclease VII digestion was in 30mM KC1, 10mM TrisHCI pH7.4,
10mM EDTA, 0.25 units/ml exonuclease VII (Berk and Sharp, 1978).
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" As with the SI digestion the hybridisation mix was expelled directly
into prewarmed (45°C) digestion buffer. Digestion was continued for
60 minutes. The reaction was then made ZOOmM'in NaOAc pH7.0 and ethanol

precipitated after the addition of 2.5ug of carrier RNA.

(4) Gel electrophoresis

-

The products of the nuclease S1 and exonuclease VII digestion
were dissolved in 1541 of 100% formamide, denatured by boiling for
3 minutes and cooled in ice/water. E]ectrophbresis was on 20cm x 15cm
x 1.5mm gels of 8% w/v acrylamide (acrylamide/bis acrylamide ratio of
5.67:1) gels containing 98% v/v formamide in 20mM NaP04, pH7.5
(Maniatis et al., 1975).at 100v. Marker dyes were run in adjacent
slots. The gels were preelectrophoresed for 30 minutes before loading
and the buffer constantly recirculated. The gel was fixed in 3 changes
(20 minutes each) of 40% methanol, 10% acetic acid and dried under

vacuum at 70°C.

Labelling DNA by nick translation

Nick translation of DNA was carried out by a procedure
modified from that of Rigby et al., (1977). DNA was first nicked
u§ing DNAase by giving .approximately one nick per 0.5 to 1.0kb.

The reaction was in 66mM Tris HC1 pH7.5, 6mM Mg C]Z. DNAase
was diluted in 50mM Tris 7.4, 100ug/ml BSA and added to 20% v/v. The
reaction was at 20°C for 2-15 minutes. DNA was recovered by phenol/

chloroform extraction and ethanol precipitation.

Nicked DNA was then labelled using E. coli DNA polymerase
(Klenow fragment) in 66mM Tris HC1 pH7.5, 6mi MgC]2 , 2.5mM DTT, 30uM
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cold dNTPS (dGTP, dATP, TTP) and 50uCi o°2

P dCTP per 0.5:g9 of DNA.

The reaction was at 20-30°C and the degree of incorporation followed by
TCA precipitation of 1ul samples. The reaction was terminated by addition
of EDTA to 10mM and deprotenised by phenol/chloroform extraction.

Unincorporated nucleotides were removed by Sephadex G50 chromatography.

End labelling with E.coli DNA polymerase 1 (K]enow fragment)

E.coli DNA polymerase 1 (Klenow fragment) was used to label
restriction enzyme 3' recessed ends. The reaction conditions were the
same as those for nick translation except that the reaction was at

32

5-20°C and cold and «”“P dNTPs were chosen to give specific labelling.

End Tabelling DNA with T4 DNA polymerase

T4 DNA polymerase can be used in either to fill in restriction
enzyme 3' recessed sticky ends or to replace the 3' adjacent
nucleotide atvthe end of double straﬁded DNA. The reaction buffer
was 66mM Tris HC1 pH8.0, 30mM KC1, 6mM Mg Cl,, 1mM DTT, 100ug/m1 BSA.
Cold dNTPS were added to 30um when necessary and a32 P dNTPS were
added to give an approximate two fold molar excess over sites to be
labelled. The reaction temperature was at 20°C. The reaction was
terminated by addition of four volumes of 2.5M NH4 OAc and DNA recovered

by ethanol precipitation. -

End labelling using AMV reverse transcriptase

AMV reverse transcription was used to label 3' recessed
restriction enzyme sticky ends. The reaction was in 50mM Tris HC1 pH7.8,
10mM Mg Clz, 50mM NaCl 6mM 8 MSH. Cold dNTPS were added to 6uM as

necessary and a32 P dNTPS added to give a two fold molar excess over sites



to be labelled.

DNA Sequencing

DNA sequencing was carried out as described by Maxam and
Gilbert (1980). DNA was end labelled with either AMV reverse
transcriptase 3@ T4 DNA polymerase and cleaved using the G, G+A, T+C
and C specific reactions. Sequencing gels were 40cm x 20cm x 0.35mm and
were prepared and run as described by Sangg? and Coulson (1978).
6%, 8% and 20% gels were used. For autoradiography the 6% and 8% gels
were dried onto Whatman 3MM paper under vacuum and at 80°C.  20% gels
were exposed wet. Exposure was if possible at room temperature to

maximise resolution.

Scintillation counting

Dry samples (e.g. GFC filters) were équnted in 5mls of PPO/'
POPOP toluene counting fluid in plastic minivials. Liquid samples
were counted in NE260 (Nuc]ear.tnterpri§e) uéing 9 volumes of NE260 to
1 volume of aqueous sample. . A11 samples were counted in a Packard
3320 Tri-Carb scintillation counter.

-

Autoradiography

Autoradiography was carried out using Kodak X;Omat S film and
Kodak X-Omatic regular intensifying screens. Exposure was norma]ly'at
-70°C using preflashed film (Laskey and Mills, 1975). For seqﬁencing
gels,where resolution is of primary importance autoradiography was

without intensifying procedures if sufficient counts were present.

58
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Restriction digests

Restrictions using EcoRl, BamHI, HindllIl, Pstl and Sall
were in EcoRI buffer (10mM TrisHC1 pH7.5, 10mM MgC]Z, 100mM NaCl, 10mM
B MSH). All other enzymes were used in the buffers recommended by
the suppTiers. For gel electrophoresis digestion was termination by
addition of } volume of FDE (30% ficoll, 0.05% BPB, 100mM EDTA pH7.0).
Restrictions containing bacteriophage lambda DNA were heated to 70°C for 5'
and quenched on ice, after addition of FDE, to melt the lambda
cohesive ends. Alternatively DNA could be recovered by phenol/chloroform
extraction and ethanol precipitation. = Trout testishfor southern
transfers were always recovered in this way, and redissolved in 10mM

TrisHC1 pH8.0 before elctrophoresis.

‘Phenol/chloroform extraction of nucleic acid

Nuc]éic acids were deproteinized by phenol/chloroform
extraction. Phenol was added to 50% v/v and mixed thoroughly for 5 to
15 minutes. A similar volume of chloroform was then added and mixed
thoroughly. The aqueous and organic phases were then separated by low
speed centrifugation. The aqueous layer was then removed and extracted
twice and equal volumes of chloroform. The organic phases were

routinely back extracted with agueous buffer to minimise losses.

Ethanol precipitation of nucleic acid

DNA was precipitated by addition of NaCl or NaOAC pH7.0, to a
final concentration of 0.3M and 2% volumes of ethanol. The ethanol
was mixed -in thoroughly and the DNA precipitated-at~-70°€-for 30-to -
45 minutes or at -20°C overnight. The DNA was then pelleted by

centrifugation (Sorvall HB4, 10K rpm, 30 minutes, Eppendorf minifuge,
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! full speed, 15 minutes) at 4°c.

RNA was precipitated in.a similar manner by the addition of

NaOAc pH5.0 and 3 volumes of ethanol.

TCA precipitation of DNA

DNA samples for scintillation counting were added ‘to 1ml
of ice cold 0.2M Na4PP1, 150ug/m1 BSA and mixed by vortexing.
0.3ml of ice cold 50% w/v TCA was then added and m1xed by vortex1ng
After standing on ice for 15 minutes the prec1p1tated DNA was collected on
GFC filters by vacuum filtration. The filters were washed thoroughly
with 5% TCA before being dried and counted in PPO/POPOP scintillation
fluid.

Molecular weight markers

DNA molecular weight markers were lambda (C1857S7) cut with
EcoRl, Hindll1l, Bglll, Sall, Kpnl or EcoRI + HindIll, pBR322 cut

with AZul, Hpall and Haelll.

The sizes of fragments produced by these digests is shown
in Table 2.

: a25S
RNA size markers were ribosomal RNA. The sizes of 239,

18€ and 7§ + RNA were taken as 5kb, 1.97kb and 121b respectively.

Unknown molecular weights were determined from a plot of 10910
b@i versus mobi]ity drawn using the known molecular weights of the

markers.



Table 2
(a) Lambda C1857S7 molecular weight markers

EcoRI1 HindII1 Bglll BamHI EcoRI / HindII1'
21.24kb 23.15kb 22,01kb 16. 84kb 21.24kb
7.24 9.42 0 13.29 7.23 5.14
5.81 6.56 9.7 6.785 4,965
5.65 4,38 2.39 6.53 4,28
4.88 2.32 0.65 5.62 3.54
3.54 2.02 0.435 5.53 2.02

0.56 0.06 1.91
0.125 1.595
’ ' | 1.37
0.95
0.845
0.560
0.125
Kpnl Sall
29.96kb 32.76kb
17.07 15.27
1.5 0.5

(b) pBR322 molecular Weight markers

Alul Hpall HaelIll
910bp 46 622bp 110 587bp 89
659 19 527 90 540 80
655 15 404 76 504 64
521 11 309 67 458 57
403 242 34 x2 434 51
281 238 26 x2 267 21
2572 217 .15 234 18
226 201 9 x2 213 11
100 ' 190 192 7

90 180 ‘ " 184

63 160 x2 124

57 147 x2 123

49 - 122 : .- 104 - - - - - - e e
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Recrystél]ization of formamide

Formamide was recrystallised by stirring slowly at 0%c for
3hrs and then standing at 0°C to allow recrystallization. The liquid
remaining after recrystallization was discarded and the formamide
remelted. This process was then repeated a further two times.
Formamide was deionized immediately before use by stirring with Bio-Rad

AG501 mixed bed resin.

Recrystallization of urea

A saturated solution of urea was prepared at room temperature
and filtered through nitrocellulose (0.45:M). The urea was then
recrystallized by standing the solution at 49¢ overnight. The urea

was then collected on a glass scintre under vaccuum and dried.

Recrystallization of acrylamide

Acrylamide was recrystallized by dissolving at 70g per litre
in chloroform at 50°¢C, filtering through Whatman number 1 paper
(while still hot) and standing the filtrate at -20°C overnight. The
reckysta]]ized acrylamide was then collected on a glass scintre

under vacuum and dried.

Recrystallization of bis-acrylamide

Bis-acrylamide was dissolved at 10g per litre in acetone at
45 to 50°C and then filtered and recrystallized as described for

recrystallisation of acrylamide.



Media and solutions not specified in text

L Broth (LB), 1% Difco Bacto tryptone, 0.5% Difco Bacto yeast extract,
1% NaCl.

L Agar (LA), LB plus 1.2% Difco agar.
L Agar top, LB plus 0.7% Difco agar.

BBL agar top, 1% Baltimore Biological Laboratories trypticase, 0.5% -

NaCl, 0.7% Difco agar.

Phage buffer, 0.3% KH2PO4, 0.7% Na2HP04 (anhydrous), 0.5% NaCl, 10mM

Mgs0,, 1TmM CaCl,, 0.001% gelatin.

4’ 2’
X gal indicator plates. BBL agar plates containing 40ﬁg/m1 X Gal. The
X ga1 is first dissolved in dimethyl formamide at 2mg/ml and then added

to molten agar cooled to 50°¢ jmmediately before the plates are poured.

Antibiotics, antibiotics were added to agar and broth from stock solutions
Agar was first cooled before antibiotics were added. The concentrations
of stock solutions and the concentrations antibiotic were used at are as

follows:-

-Tetracyling,stock 10ug/m1 in methanol, used at 10ug/ml.
Ampicillin, stock 100mg/m1 in 0.35 N NaOH, used at 100ug/m1.

Chloroamphenicol, stock 20mg/ml in methanol used at 150mg/m1.

The concentration of antibiotics in top agar was generally

half that used in agar or broth.

63
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Results

Southern transfer mapping of trout testis DNA

To determine the number and size of restriction fragments
in the trout genome that contain protamine gene sequences Southern
transfers of total genomic DNA were made and hybridised with.nick

translated protamine cDNA plasmid clones.

DNA prepared from a single testis was restricted with EcoRI,
BamHl, HindIll, Kpnl, Sstl and Pstl. Each digest contained 10ug of
trout testis DNA and a two fold excess of enzyme. The BamHI digest
was electrophoresed on a 0.8% agarose gel, the other digests on a 1.0%
agarose gel. Lambda DNA restricted with Bg7IIl and EcoRIplus HindIIl
was used as molecular weight markers. Electrophoresis was continued
until the BPB dye marker was two thirds down the gel. The gel was then
stained, photographed and transferred. The transfer was then hybridiéed
with an equal mixture of nick translated pTP4,8 and 11 (Jenkins, 1979).

The hybridisation mixture contained 5 x 106

cpm/m1 of this probe.
Hybridisation was for 16 hours after which the transfer was washed to

a final stringency of 0.1 x SET, 68°C. Hybridising fragments were then
identified}by autoradiography (Fig. 6). The molecular weights of the
hybridising fragments were estfmated by comparison with the lambda

marker digests and are shown in Table 3.

In all the didests two strongly hybridising bands are seen
(asterisked both in fig.6 and table 3). In addition additional bands
with varying signal strengths are seen. The Pstl digest shows a single
moderate1y hybr1d151ng band The amH] and Sstl d1gests show two
vsuch bands. A1l the d1gests also contain several weekly hybr1d1s1n§
bands. The EcoRI and HindI1l digests both contain four or five such

bands (the possible fifth band being in an area of high background).



Fig.6 Southern transfers of genomic trout DNA.

(a) 1.0% agarose gel transfer.

S sstl
P Pstl
K Kpnl
H HindIII
R EcoRI

M molecular weight scale

* gtrongly hybridising fragments

(b) 0.87 agarose gel transfer.

B BamHI
M molecular weight scale

* strongly hybridising fragments

Each digest contained 1lOug trout DNA.Molecular

weight markers were O.lug of ACl857S7 restricted

with BglII or EcoRI plus HindIII and coelectrophoresed
with 10ug of EcoRI restricted trout DNA.) fragments
were identified by transfer and hybridisation

with nick translated AC1857S7 DNA.
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Fig.6
(a) (b)
M
15kb
10kb
Skb M
5kb
3kb
3kb
2kb 2Kb
oy 1.5Kkb




Table 3. Size of genomic fragments hybridizing to protamine

cDNA.

EcoRI1 HindIII KEnI
*
16.6kb (8.4kb) 10.2kb
* .
(10.8) 7.8 9.5
%* X
9.1 5.8 7.6
*x
7.8 5.3 7.3
%*
5.1 5.0 2.7
3.6 3.6
3.4 2.6
Pstl Sstl BamHL
* +
. 9.2kb ~20kb 4.7kb
*
7.7 10.2"% 4.3
% lag
5.8 5.3 3.9"
*
4.8 5.0 3.8"
*
3.0 4.5 3.2
1.57 3.5 1.8

- % Bands of strong intensity

+ Bands of intermediate intensity

( ) Putative bands either obscured by high background

and/or adjacent high intensity bands
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The Pstl digeét contains four Week]y hybridising bands. The Kpnl
digest contains at least three but because of the high background

in the high molecular weight region of the gel ﬁzgzithese are found

jt is possible that additional bands are not being resolved. In
addition the Xpnl digest appears to contain two very weekly hybridising
bands. The BamHl and Sstl digests both contain two weakly hybridising
bands. At a lower stringency of post hybridisation washing (1 x SET,
68°C) the hybridisation signal from the weaker bands increases in
proportion to the strongly'hybridising bands. Some of the

difference in signal would therefore appear to be due to the degree of
homology between the cDNA probe and the genomic fragments hybridising
(1 x SET, 68°C, allows hybfidisation of sequences with approximately
22% mismatch). However, even at this low stringency the difference

in signal is approximately four fold. In addition hybridisation

with either type of cDNA g]one (pTP4 or pTP8, Jenkins, 1979).separately
showed the same pattern of hybridisation even after a high

stringency post hybridisation wash (0.1 x SET, 68°C).

The differences in hybridisation signal of the various bands

could be explained in a number of ways. Firstly they could be
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repeated or contain a number of protamine gehes. Cloning of the largest

(and strongly hybridising) EcoRI fragmént shows that it contains only

a single protamine gene sequence. Alternatively the weakly hybridizing
bands could represent pseudogenes or short cross hybridising sequences.
‘A third possibility is that the strongly hybridising bands represenf
protamine genes with contiguous coding sequences while the weék1y
hybridising bands represent intron contéining genes. Again cloning and

analysis of the longest EZcoRI fragment shows that the gene contained - -

in this fragment does not contain intervening sequences. It is not known

whether the weakly hybridising bands contain intron containing protamine
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genes. The presence of three introns in the human Y interferon gene

(Taya et al, 1982), in contrast with the intronless o and g interferon
genes, demonstrates that closely related genes may have very different
gene structures. A]]Athree introns in the vy interferon gene split the
amino acid coding part of the gene, the introns being found between amino
acid residues 18/19, 41/42 and 102/103 (the coding frame is 166.residues
in length). As the coding sequence in the protamine genes is extremely
short, even the presence of a single intron in the coding sequence could
be expected to diminish the signal obtained in a Southern transfer. This
would be true even if the non-contiguous parts of the gene were contained
in the same restriction fragment. |

Another possible explanation is that there are two families of
repeated protamine genes, these corresponding to the two major bands
in Southern transfers. The minor bands could then represent (unique)
polymorphic variants. If this explanation is true the extent of the
homology must be much greater than the size of the gene itself (subsequent
clonal ang]ysis is showing the protamine gene to be less than 0.5kb in
length). Unfortunately no copy number estimate was included in this
experiment (such as'genome equivalents of CH4A/TP3A) making an estimate
of the copy number of the fragment represented in the strongly
hybridising bands impossible.

The genomic Southern transfers are therefore not. straightforward
in that they do not give a clear picture of the number or repetition
frequency of the protamine genes. Cloning of all hybridising fragments
followed by .copy number determination would be required to determine
the relationships of the various hybridising fragments seen in
Southern transfers. | |

Construction of the trout genomic library.in Charon 4A - T

Charon 4A EcoRI arms and trout genomic 12-20kb. EcoRI* fragments
were made and purified as detailed in materials and methods. The

trout genomic DNA used was from the same preparation as thetused



69

for the genomic Southern transfers. After methylation with EcoRI
methylase the DNA was digested with 2,4,6,8 and 12 units/ug of EcoR1l
under EcoRI* conditions. Digestion was for 8hrs at 37°c.  The
fragments produce were then sized as described in materials and methods.
Representative sucrose gradient profiles and sample gels of charon
4A/EcoRI and trout/EcoRI* digests are shown in Figs. 7 and 8 respectively.
The purified Charon 4A arms and trout EcoRI* fragments were combined in
_two ligations. The first ligation contained the two DNAs at the
concentration specified by Maniatis et al., (1978). The second contained
the two DNAs at the concentrations specified by Kemp et al., (1979).

The ligations contained 11ug and 10ug of arms and 4ug and 8ug of

genomic EcoRI* fragments respectively. After packaging the two

4

ligations produced 2.55 x 105 and 0.95 x 10" pfu respectively. The

first 1igation was therefore much more efficient producing 6.4 x 104
pfu/ug of eukaryotic DNA.  The second produced only 0.95 x 104 pfu/ug
of eukaryotic DNA. Maniatis et al., (1978) report efficiencies ranging
from 3.8 x 104 to 5.6 X 105 pfu/ug using Charon 4A to clone eukaryotic
DNA via EcoRI linker molecules. Kemp et al., (1979), using the

2 pfu/ug of eukaryotic

EcoRI* methodology reported an efficiency of 1.3 x 10
DNA. Both ligations were therefore somewhat less efficient than might

have been expected.

The total number of recombinant phage obtained was 3.5 x 105.

This is approximately 1.75 genome equivalents (assuming aAsize of -
3.x:106 kb for the frout genome and an average insert size of 15kb).
Assuming a random distribution of sequences within the library this gives
an 82% probability of the library containing any single copy sequence

(Clarke and Carbon, 1976).

The recombinant phage were divided into seven pools (5 x 104 pfu



Fig.7 Representative Charon 4A/EcoRI sucrose gradient.

(a) OD260 profile.
Gradients were pumped out from bottom to top
via an ISCO ultraviolet flow analyser.Fractions

were approxiamately O0.5ml.

A Annealed Charon 4A EcoRI arms (30.7kb).
Charon 4A left arm (19.8kb).

Charon 4A right arm (10.89kb).

Charon 4A 7.8kb internal fragment.

(o> B = N o T - <}

Charon 4A 6.9kb internal fragment.

(b) 0.4%Z agarose gel of fraction samples.Tracks,

from left to right,are,

1. Fraction number 7

2. " "8
3. " "9
4o " "10
5. " "o
6. " "2
7. " "13
8. " "4
9. " "1
0. " " 16

Samples were 15 to 25ul in size.

Fractions containing arm pieces and no visible
internal fragments were pooled and DNA recovered
by ethanol precipitation.Fractions 9 to 13

inclusive were precipitated from this gradient.
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Fig.8 Representative trout genomic DNA/EcoRI sucrose gradient.

(a) OD profile.

260
Gradients were pumped out from bottom to top via

an ISCO ultraviolet flow analyser.Fractions were
of about 0.5ml.

(b) 0.47 agarose gel of fraction samples.Tracks,from
left to right,are,

1. Fraction number 9

2. - = 10
3. - . 11
4. e + 12
5. K iy 13
6. v " 14
7 X . 15
8. i > 16
9. o - 17

10. AC185787/BglIl

Samples were 15 to 25ul per fraction.

Fractions containing primarily fragments between

14 and 20kb were pooled and DNA recovered by ethanol
precipitation(ie. fractions 10 and 11).

The top two bands in the A/BglII digest represent

incomplete digestion products.



Fig.8

(a)

Bottom Top
%260

T T T I T T T Hol T T T Hal T T T oo T T T Ta5

Fraction number

(b)




72

each) and amplified. The degree of amplification was about 104.
After amplification a representative assay from two pools,
each representing one of the two ligations, was carried out on X gal

indicator plates. This revealed a background of 4% non recombinants.

Screening the trout genomic library for protamine gene sequences

The genomic library was screened by plating 35,000 pfu from

" each pool at a density of 60pfu/cm2 (i.e. one 20 x 20cm plate per pool).
Replica filters were prepared and hybridised with an equal mixture of
the protamine cDNA clones pTP4, 8 and 11 (Jenkins, 1979). Two strongly
hybridising and two weakly hybridising positives were jdentified and
purified by two further low density plaque screens. The weakly
hybridising phage were later shown by hybridisation to testis mRNA,

not to contain protamine gene sequences. Neither of th@sephage
corresponded to the weakly hybridising bands seen in genomic Southern
transfer experiments. Addition of polyl (10Qg/m1) to prehybridisation
and hybridisation mixes abolished hybridisation between the nick
translated protamine cDNA plasmids and these bhage. This suggests

that the hybridisation originally observed was due to non specific
binding between the dG/dC tails used to insert the cDNA sequences

into pBR322 (Jenkins et al., 1979) and dG/dC rich sequences in these
phage. Subsequent to this discovery polyl (10ug/ml1) was included in all”
hybridisations containing the protamine cDNA clones. A second

library screen, in which polyl was included during the -prehybridisation
and hybridisation, revealed only the same two strongly hybridising

phage found in the first screen. It was concluded that these were the
only two phage that contained protamine gene sequences in the library.
The two phage were found in different pools, this signifies they

represent independent cloning events. Both were grown up and DNA preparec
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They were designated CH4A/TP3A and CH4A/TP4A as they originated from

pools 3 and 4 of the library respectively.

The finding of only two protamine gene clones in the library
was surprising. If the library was qomp]ete]y random it should
contain 10-11 different protamine clones (1.75 genome equivalents of
library x six genes) representing 4 or 5 different protamine genes
(6 genes x 80% probabi]ity'of:finding any single copy sequence). The
presence of only two protamine gene clones therefore suggests that the
library is hot random.” This means some sort of selection for certain
sequences has occurred during the construction of the library.

Selection is most likely to occur during the making of size fractionated
DNA (by non-random digestion) or during amplification of the library

(by unequal growth of recombinant phage).

Subsequent restriction analysis of the phage show that the
inserts in both are defined by EcoRI sites at the junction with the
Charon 4A arms. If cleavage of the genomic DNA occurred on]y at
écoRI* sites and not at any full EeoRI sites only one in four of the
Charon 4A/insert junction sites should be full EcoRI sites. This suggests
that methylation of the genomic DNA was not complete allowing selection
to occur by the preferential cleavage of unmethylated EcoRI sites
during EcoRI* digestion. The fact that the size of the insert in one
of the clones, CHAA/TP3A, is approximately the same size as a genomic
- ZeoRI fragment reinforces this view. The sizes are 15. 41kb and

16.6 kb respectively. The difference in the size is well wwtb the
accuracy of measurement for fragments of this size, especia11y as the
genomic blot was from a 1% agarose gel. Another possibility is that the
quRI* digestion is not as random as once thought. Polisky et al.,

(1975) suggest that the EcoRI* recognition site is 5' NAATTN 3' and
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such sequences are cleaved to give 5' tetranucleotide extensions
(AATT). Nearest neighbour and]ysis showed that the 3' N fs most |
likely to be dC (59.2%) or T (26.1%) and less likely to be dA

(14.2%) and very rarely dG (0.55%). This suggests an effective
specificity of more than 4bp, however the digestion should still be’
random enough to produce a good library if a wide range of digestion
conditions are used. However a second analysis of the EcoRI*
activity (Woodbury et al., 1980a), raises doubts about the premise of
the 5'AATT3" recognition specificity. This analysis suggests that
after full EcoRI sites the preferred cleavage site is 5'GGATTT3'.

This sequence would not give a AATT 5 extension and therefore would be
unlikely to clone with a high efficiency in an EcoRl site (i.e. in
Charon 4A). The TM of EcoRl sticky ends in ligation buffer is about
5-6°C (Dugaiczyke et al., 1975). A one base pair mismatch would
Tower this considerably. Although one half of'the ligation site would
be normally paired the GA mismatch at the other half would presumably
hinder the ligation process. It is possible that the site would be
half ligated and repaired upon introduction into E. colZ. The GGATTT
sequence would occur, on average, every 4;629 bp in 60% TA DNA. '
Cleavage of this seduence could therefore rapidly make a large proportion
of DNA either unclonable or only clonable at low efficiency. The same
analysis of the EcoRI* recognition site suggests that the hierarchy of
‘cleavage after the 5'GGATTT3' sequence is 5'AAATTT3', 5'GAATT¢3' and
5'NAATTN'3'. If N is dC or N' dG the last sequence is cleaved only
very sTowly. With g#iégaata in mind it is clear that EcoRI* digestion
is not an ideal way to produce a “random" digest of DNA for cloning,
even after protection of full EcoRI sites by EcoRI methylase.

A possible way to improve the EcoRI* cloning methodology would be to use

‘partial EcoRI* methylation to protect the most rapidly cleaved EcoRI* sites
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Under low ionic strength conditions the EcoRI methylase also shows a
reduced specificity and protects DNA from EcoRI* digestion (Woodbury

et al., 1980b). Assuming the hierarchy of sequence recognition is
similar for both the EcoRI endonuclease and methylase under EcoRI*
conditions a combination of partial EcoRI* methylation and digestion
should produce a much more random collection of clonable fragments.
However with the recent development of BamHI -lambda vectors such as
Charon 28 and 30 (Rimm et al., 1980) and 11059 (Karn et al., 1980).

the easiest way to produce random digests of DNA for preparing genbmic A
" libraries is by partial digestion with Sau3A. This enzyme recognises
the sequence 5'GATC3' to produce the same tetranucleotide extension as
BamH1 allowing easy cloning of such fragments into BamHI sites.

Sau3A cleavage appears to be unaffected_by the nucleotides adjacent

to the recognition sequence. Another advantage is that as the
recognition sequence contains all four bases in equal proportion the
frequency of occurrence of the site is affected only slightly by

variation in the GC content of the DNA.

Analysis of recombinant phage by restriction manping and Southern

transfer

The recombinant phage CH4A/TP3A and 4A were mapped with the
restriction enzymes EcoRI, BamHI and Hindlll. Initially 1.0ug of
phage DNA was restricted using restrictions enzymes singly and in
combination. fhe DNA was then electrophoresed and sized against lambda
molecular weight markers. Generally 0.8ug of the digest was
electrophoresed on a f.O% agarose gel and the remaining O.Zﬁg on a 0.4%
agarose gel. Southern transfer and hybridisation with nick translated
éDNA plasmids was used to identify fragments containing protamine gene

sequences. Fig. 9 shows the pattern of bands produced by restriction of



Fig.9 Restriction digest analysis of CH4A/TP3A and CH4A/TP4A

(a).1.07 agarose gel.Tracks,from left to right are,

1. CH4A/TP3A EcoRI

2. " BamHI

3. " HindIII1

4. " EcoRI/BamHI
5. " EcoRI/HindII1
6. " BamHI/HindII1

7. AC1857S7 EcoR1/HindIIL
8. AC1857S7 BglIl

(b) 1.0%7 agarose gel.Tracks from left to right are,

1. CH4A/TP4A EcoRI

2. " BamHI

3. " HindIII

4. Y EcoRL/BamHI
5. " EcoRI/HindII1
6. " BamHI/HindIII

7. pCM2 BamHI/EcoRL

pCM2 BamHI/EcoRl fragment sizes are 4.8kb,2.5kb,1.6kb
and 1.1kb.

* Asterisk denotes fragments hybridising to protamine

cDNA clones.
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CH4A/TP3A and 4A with EcoRI, BamHI and EindIIl after electrophoresis
on a 1.0% agarose gel. Fragments containing protamine sequences

are asterisked.

Restriction mapping was extended to include the enzymes
Xbal, Sstl and Xpnl using the same methods. Both CH4A/TP3A and
4A were seen to contain two small HindII1 fragments. Further
experiments show that the larger of these contains a Kpnl site.
To map these fragments they were first sized on a 5% acrylamide gel
(Fig. 10). . This analyses shows that both phage actually contain four
small #indIIl fragments. To order these fragments both phage were
restricted to completion with EcoRI (cutting out the phage insert which
has no internal EcoRI sites) and then partially digested with HindIII.
Half of each digestion was then electrophoresed on a 0.5% agarose
gel and the second half on a 0.9% agarose gel. Both gels were

transferred onto nitrocellulose. The transfer of the 0.5% gel was
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then hybridised with the protamine cDNA probe to jdentify HindlII partials

extending from the end of the insert next to the right arm of Charon 4A.

The 0.9% gel transfer was hybridised with a subclone (from CH4A/TP
3A) of the 1.2kb EcoRI/Hindlll fragment from the opposite end of the
insert (fragment a, Figs. 12 and 13) to identify HindIII partials
extending from this end of the insert. The resulting autoradiograms

and #indIIl restriction maps are shown in Fig. 11.

The restriction maps of CH4A/TP3A and 4A (Figs. 12 and 13)
show that the two clones are very similar. Extending from the EcoRI
site at the junction with the left arm of Charon 4A to the EcoRI site
in CH4A/TP4A at the junction with the right arm of Charon 4A both phage

are identical except for the presence of a second ¥bal site in

CH4A/TP3A. In addition CH4A/TP3A extends for an extra 2.1kb. The size of



Fig.10 HindIII restriction fragments from CH4A/TP3A and
CH4A/TP4A.

Digests contained 1.5ug of phage DNA and were sized

on a 5.0% polyacrylamide/TBE gel.Tracks,from left to

right,are,

1.
2.
3.
4.
5.

CH4A/TP3A HindIII/Kpnl
CH4A/TP4LA HindIII/Kpnl
pBR322 Alul

CH4A/TP3A HindIII
CH4A/TP4A HindIIL

Fragment sizes are,

Track 1. 820bp,617bp,302bp and 263bp.

Track 2. n n n n "

Track 4. 661lbp,617bp,302bp,263bp and 155bp.

Tl‘ack 5 n n " " n "
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Fig.1l Mapping of HindIII restriction sites in CH4A/TP3A and

CH4A/TPLA.

Phage were restricted to completion with EcoRI and then

partially with HindIII.

(a)

(b)

(e)

Southern transfer of phage electrophoresed on a 0.97
agarose gel and hybridised with a subclone of EcoRI/
HindIII fragment a (fig.12) from CH4A/TP3A.

Track 1. CH4A/TP4A

Track 2. CH4A/TP3A

The sizes of the two smallest fragments in both tracks
are 1.1kb and 1l.6kb.

Molecular weight markers were AC1857S7 digested with
BglIl,kpnl and EcoRI/HindIII.

Southern transfer of phage electrophoresed on a 0.67%
agarose gel and hybridised with protamine cDNA clones.
Track 3. CH4A/TP3A

Track 4. CH4A/TP4A

The sizes of the four smallest fragments in each digest
are,

Track 3. 4.2kb,5.0kb,5.3kb and 6.0kb

Track 4. 2.1kb,2.95kb,3.2kb and 3.9kb

Molecular weight markers were AC1857S7 digested with
BamHI,EcoRI,BglII and EcoRI/HindIII.

The resulting HindIII restriction map from the measured
HindIII fragment sizes(fig.10) and the above results.
RA Charon4A right arm.

LA Charon4A left arm.

H HindIIL

R EcoRl



Fig.ll
(a) (b)
-
- -
(c)
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Fig.12 Restriction map CH4A/TP3A and pTP3A

B8 BamHI
Bg BglIl
H HindIII
Hp Hpal

K Kpnl

Ps Pstl

Pv Pvull

R EcoRIL

X Xbal

trout genomic sequences

vector DNA{charon 4A or pAT153)
] trout genomic fragments hybridizing to protamine>cDNA

pTP3A contains no sites for SstII,Xhol,Aval,Smal.



Fig.12 Restriction map CH4A/TP3A and pTP3A
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Fig.13 Restriction map CH4A/TP4A and pTP4A

A Aval

B BamHI
Bg Bglll

H HindIII
Hp Hpal

K KpnIl
Ps Pstl
Pv Pvull
R EcoRI
X Xbal
trout genomic sequences

vector DNA(charon 4A or pAT153)

/] trout genomic fragments hybridizing to protamine cDNA

pTP4A contains no sites for SstII,XhoIl,Smal.



Fig.13 Restriction map CH4A/TP4A and

4

pTP4A
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the inserts (13.5 and 15.6 kb) means that‘tﬁey could only represent one
of the EcoRI genomic fragments that hybridi;e in Southern transfer
experiments, this being the 16.6 kb fragment.  CH4A/TP3A.probably
contains the whole of this fragment (the difference being due to
measuring innacuracies) and CH4A/TP4A a EcoRI/EcoRI* piece of this
fragment as it is too long (13.5kb) to represent'the second longest
genomic EcoRI fragment (91kb) even after allowing for measuring
inaccuracies. Subsequent sequence analysis has shown that CH4A/TP3A
contains an EcoRI* site in a homologous position to the EcoRI site at the

end of the insert in CH4A/TP4A.

The mapping of the HindIII sites at the left-end of both phage
inserts by hybridisation with an EcoRI/HindIII subclone from CH4A/TP3A
showed that this fragment hybridised equally well with both phage.

This proves that the phage retain sequence homology as well as restriction
site homology throughout their extire length. That they are not clones
of the same piece of DNA is shown by the extra Xbal site in CH4A/TP3A.

As the library was made with DNA from a single testis these differences

do not represent variation between inhdividual fish.

To determine'whether the difference in restriction pattern
(a single Xbal site) is statistically significant the data was
analysed according to the methodology of Nei and Li (1979) and
Brown et al., (1979).

First the proportion of unchanged ancestral sites,

was estimated using the equation:



5= any (Brown et al., equation 1)
n, + zny - any °?
where S =  estimated s
nxy = . number of restriction sites shared by both sequences
ny = nunber of restriction sites in sequence X
n‘y = number of restriction sites in sequence Y

~ This estimate is used when summing data for different enzymes (with the

same number of bp in their recognition sequence).

|

Sequence X = CH4A/TP3A

Y = CH4A/TP4A
S = 9 “ o9
vvo-5 -0

The mean number of nucleotide substitutions per nucleotide

site,'a, was then estimated using the equation:

(2) §=-(3) In[(s? - 1)/3] (Nei and Li, equation 9).
Where § = estimated &

r = number of bp in enzyme recognition
sequence

Substitution of §'= 0.9 in this equation gives:

s =0.0176

The approximate variance of & is given by:
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(3) V(o) =181 YT v(S)1/0(a ¥ - 1)r S1Z (Nei and Li, equation 14).
where

@) V() = (501-5) - $2(185)2/7 (Ned and Li, equation 12)

(5) Where n = (n + ny)/2

Substitution of

R (10 +9)/2 = 9.5

and S = 0.9 into equation (4) gives

V(S) = 0.835
Substitution of this value into equation (5) gives
V(3) = 0.259

The estimated nucleotide substitution rate is therefore not
significant. This is due mainly to the small sample size. However
the results confirms the subjective impressions obtained from the

restriction maps of CH4A/TP3A and 4A.

Subclaning CH4A/TP3A and CH4A/TP4A

To facilitate more detailed analysis of the protamine gene
sequences in CH4A/TP3A and 4A EcoRI/HindIIl fragments of these phage
were subcloned into the plasmid vector pAT153 (Fig. 5, Twigg and
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Sherratt, 1980). The small (29bp) fragment released ffom pAT153

by EcoRI/HindIIl digestion was removed by‘Sepharose CL-2B

chromatography to minimise plasmid reformation. Both CH4A/TP3A

and-4A contain only three EcoRI/HIndIIl Fragments. dne of these is

the 5.72kb fragment from the right (short) arm of Charon 4A. In
addition to this fragment both phage clones contain a 1.1kb EcoRI/HindIlI
fragment adjacent to the left (long) arm of Charon 4A (fragment a in
Figures 12 and 13). The third fragment contains the protamine gene
sequence (fragment b in Figures 12 and 13).  In CH4A/TP3A this fragment
is 4.2kb, in CH4A/TP4A it is only 2.1kb. Because of tﬁe small numbér,
and differences in size, of the EcoRI/HindlIl fragments from both

Charon 4A clones it was possible to identify the resulting subclones
solely by molecular weight. Therefore recombinant plasmids were first
identified by replica plating on ampicillin and tetracyclin
(recombinants being AmpR, Tets) and then analysed on agarose'gels using
a quick lysis procedure. pAT153 transformed colonies were used as
markers for the quick lysis gels. The subclones containing fragments

a and b from the Charon 4A clones were identified and grown up. The
two subclones containing the protamine gene sequences (fragment b) from

CH4A/TP3A and 4A were denoted pTP3A and pTP4A respectively.

Restriction mapping of subclones pTP3A and pTP4A

The restriction maps of the two subclones containing protamine
gene sequences, pTP3A and pTP4A, were extended to include the enzymes
Hpal, Sstll, BgLll, Pstl, Poull, Smal, Clal, Xhol and Aval. The
cleavage sites for these enzymes were mapped relative to the EcoRI and
HindI1l sites in the plasmids (defining the ends of the insert) by
double digestions with these two enzymes. Each digest generally contained

0.5:9 of DNA. The digest was then electrophoresed on a 1% agarose gel
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with suitable molecular weight markers.

The restriction fragments containing protamine gene sequences
were localised by Southern transfer of CH4A/TF3A and 4A restricted with
the same enzymes. The transfers were hybridised with the mixed
cDNA ﬁrobe (pTP4, 8, 11, Jehkins et al., 1979) to identify the size of the
coding fragments. The Charon 4A clones.were used for these Southern
transfer experiments to avoid the plasmid/plasmid hybridisation that
would have occurred using the cDNA clones to probe subclone digest

transfers.

The resulting subclone restriction maps are shown in Figures
12 and 13. The maps confirm that the two clones are very similar,
pTP4A being approximately 2.1kb shorter at the EcoRI end than pTP3A
The restriction maps of the sequences common to both clones (i.e. up to
2.1kb fram the HindIII site) are identical except for the apparent
replacement of an Xbal site in pTP3A by an 4val site in pTP4A.
However there is no relationship between the recognition specificities
of these two enzymes (Xbal recognises 5'TCTAGA3', Aval recognises
5'CPyCGPuG3').  Therefore, rather than a change in site this difference
'must represent simultaneous loss and gain of neighbouring sites.
This again shows that the clones do not represent identical gene

sequences but closely related sequences.

Northern blotting of trout testis RNA

Polysomal and total cellular RNA were prepared from frozen
mature trout testis. Half of the RNA in each preparation was
fractionated into poly(A)” and po]y(i\)+ RNA by two cycles of oligo dT

cellulose chromatography. Samples of unfractionated poly(A)” and po]y(A)+



- Fig.1l4 Northern transfer of trout testes mRNA hybridised

with protamine cDNA clones.

1.4% agarose/formaldehyde gel,tracks,from left to

right are,

1. Unfractionated polysomal RNA,5ug

2. " " " ,zsug
3. " total cellular RNA,S5ug
4. " ’ 1 " n ’zsug

5. Poly(A)— polysomal RNA,5ug

6. (1] 1" " ’25ug .
7. " total cellular RNA,5ug
8' 1" ‘ " " 1] ’Zsug

9. Poly(A)+ polysomal RNA,0.5ug

10. " " " ’2.5ug
11. " total cellular RNA,0.5ug
12. " n n " ,2.5ug

Molecular weight markers, a 28s RNA(5.0kb).
b 18s RNA(1.97kb).



Fig.14
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RNA from both the polysomal and total cellular RNA preparations were
electrophoresed on a 1.4% agarose/formaldehyde gel and subsequently
transferred to a nitrocellulose filter. The resulting transfer was
then hybridised with an equal mixture of nick translated pTP4, 8 and
11 (Jenkins, 1979) and subsequently washed to a fina] stringency of
0.1 x SET, 68°C. A transfer of unfractionated polysomal RNA frdm the
same gel was hybridised to a nick translated Xenopus ribosomal

DNA probe, pcM4305 (Bishop, 1979) to provide molecular weight markers.

The autoradiograms resulting from the cDNA hybridised filter
is shown in Figure 14. Unfortunately it is impossible to calculate
the size of the protamine message from this gel as the smallest
ribosomal molecular weight marker (7S, 121bp) does not appear on the
marker transfer. Presumably this molecule is too small to bind effectively

to nitrocellulose.

The first four tracks show that the percentage of protamine
mRNA is slightly higher in unfractionated polysomal RNA than in
unfractionated total c¥1lular RNA.  This is at variance with the
results of Iatrou and Dixon (1977, 1978) who suggest that at the early
protamine stage of spermatogenesis the amount of protamine mRNA in the
polysomes and cell sap is about equal but as a percentage of total
RNA, the amount of protamine mRNA is about 9 times higher in the cell
sap than in the polysomes. This difference may be caused by the fact
that the testis used in this study are at a later stage of maturation than
those used by Iatrou and Dixon. During maturation protamine mRNA
is first stored in ribonucleoprotein particles and js subsequently
translated onldisomes after mRNA synthesis is essentially complete .

(Iatrou et al., 1978).

The second set of four tracks show that poly(A)” protamine



mRNA does occur at low concentrations in the cell as reported by

Gedamu et al., (1977). The results show that most of the poly(A)~
protamine mRNA is associated with ponsomes.' Severa1 reports suggest
that poly(A)  mRNAs are often simply a degradation production of po]y(A)+
mRNAs (Sheiness and Darnej11, 1973; Gorski et al., 1974; -Gorski et

al., 1975). That this may be the case for poly(A)” protamine mRNA

is suggested by the fact that this is found mainly in polysomal RNA
(Iatrou-and Dixon, 1977) and that it may in fact have an extremely

short7(2-5‘nucleotides) poly(A) tail (Gadamu et al., 1977).

The third set of four tracks represent polysomal and total
cellular pd]y(A)+ RNA. | Agéiniit can be seen that the percentage of
protamine mRNA is higher in the polysomes than in the total cell..

The second two tracks of these four demonstrate that no nuclear pfdtmnine
mRNA precursors can be seen. Any precursors would be expected to be
po]y(A)+ as polyadenylylation occurs very rapidly after transcriptioﬁ-
(Nevins and Darnell, 1978). However it is possible that poly(A)~
pfeéursors occur in this system as reported by Iatrou and Dixon (1978).
However no éuch precursors can be seen in either the unfractionated or
poly(A)” total cellular RNA. A repeat experiment, loading 3 times as

much RNA on the gel, and overexposing the resulting hybridised filter,

also failed to detect any precursors.

Mapping the coding regions of pTP3A and pTP4A with restriction enzymes

known to cleave protaﬁihé cDNA sequences

To further define the protamine gene sequences in pTP3A
and pTP4A restriction fragments known to contain the gene sequences
(by Southern transfer experiments) were restriction mapped with the

enzymes Haell, Haelll and Hpall. These three enzymes cut all known cDNA
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sequences in an easily recognisable pattern. In addition, a fourth
enzyme, AZul, which does not cut any of the known protamine cDNA
sequences, was used. The restriction mapping was carried out using

the rapid method described by Smith and Birnsteil (1976).

The 0.94kb BanHl/Pstl fragment from pTP3A and the 0.65kb
BamHl/EcoRI fragment from pTP4A were purified by electroelution from
agarose gels. Both fragments were then specifically labelled at the BamHI

32 b4ctP to

site using E. coli DNA polymerase I, dATP, dGTP, TTP and o
fi1l in the 5' tetranucleotide extension (5'GATC3'). Neither the

pstl site or the EcoRI site will be labelled as tﬁe former has a

3' tetranucleotide extension and the latter a 5' tetranucleotide
extension that contains only A and T residues. The labelled DNA
fragments were then digested to completion with an excess of the

Haell and electrophoresed on a 5% acrylamide/TBE gel. The gel was dried
and autoradiographed. The resulting film showed only a single band

(smaller than the original fragment) for each digest. This demonstrates

that no internal labelling had taken place.

The labelled DNA was then partially restricted with Haell,
Haelll, Hpall and AZul. Cold carrier DNA was added (0.5ug) and then the
ONA was_incubated'with enough enzyme (0.5 standard unitSj to give complete
digestion in 60 minutes. Samples were taken at 2, 5, 10, 20, 40 and
60 minutes and pooled. The DNA was then e]eétrophoresed on a 5%
acrylamide/TBE gel. Radiolabelled molecular weight markers (pBR322
Hpall, AC1857S7 EcoR1/Hind11l) were electrophoresed in parallel slots.
The gel was then dried down and the labelled fragment visualised by
autoradiography. The resulting autoradiogram is shown in Figure 15.
The fragment sizes were measured and used to construct restriction maps.
As the BamHI/Pstl fragment from pTP3A is relatively large it was decided

to check the map obtained by mapping in the opposite direction. To do this



Fig.15 Smith and Birnsteil restriction mapping of pTP3A
BamHI/Pstl and pTP4A BamHI/EcoRI fragments.

Samples were elecrophoresed on a 5.07% polyacrylamide

TBE gel.Tracks,from left to right,are

M. Molecular weight scale.
1. pTP3A BamHI/Pstl fragment restricted with Alul.
2. pTP4A BamHI/EcoRI " " " "

3. pTP3A BamHI/Pstl " " " Haell
4. pTP4A BamHI/EcoRI " " " "

5. pTP3A BamHI/Pstl " " "  Haelll
6. pTP4A BamHI/EcoRI " " " "

7. pTP3A BamHI/Pstl " " "  Hpall

8. pTP4A BamHI/EcoRI " " " "

Molecular weights were calculated from pBR322/Hpall
and AC1857S7/EcoR1+Hind11I markers.

Fragment sizes are,

—Track—1s-952bp—and ‘550bp= : —

Track 3. 952bp and 447bp.

Track 5. 952bp,851bp and 407bp.

Track 7. 952bp,781lbp and 361bp.

Track 2. 645bp.

Track 4. 645bp and 473bp.

Track 6. 645bp and 439bp.

Track 8. 645bp and 38lbp.

The Hpall site represented by the 78lbp fragment in the
pTP3A BamHI/Pstl fragment(asterisked in the fig.,track 7)
was shown to be two Hpall sites seperated by 20bp when
using the pTP3A BglII/Pvull fragment,labelled at tﬁe
BglII site,to confirm the above results by mapping in

the oppdsite direction.
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Fig.16 Restriction maps of pTP3A BamHI/Pstl and pTP4A BamHI/EcoRL

protamine gene containing restriction fragments.
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the Puull/BgLll fragment was purified, labelled and digested in an
analogous manner. The results obtained confirmed the map obtained but
revealed that the first Hpall site seen in the BamHI labelled frequent
(i.e. the largest sub fragment in Figure 15, marked with an asterisk)

is in fact a doublet representing two Hpall sites separated by 20bp.

The resulting restriction maps, aligned by the BamHI sites
4n the insert in pTP3A and pTP4A, are shown in Figure 16. The restriction
maps show that both fragments contain the characteristic restriction
pattern of the protamine cDNA sequences. This is a Hpall site, a
Haelll site and a Haell site separated by 51bp and 42bp respectively.
These restriction sites also give the orientation of the coding sequence,
the Haell site being towards the 5' end of the coding sequeﬁce and‘the
Hpall site being in the 3' non coding region of the mRNA. The spacing
of the sites suggests that there are no introns in the region between
the Hpall and Haell sjtesb Within the accuracy of measurement these

sites are at the same spacing in the gene as they are in the cDNA

The restriction maps also show that thedistance between the
BamHl site and the gene is about 20bp longer in pTP4A than in pTP3A.
A further difference between the clones is found in‘the pres§ence of
an Alul site immediately 5' to the gene (70bp from the H@eII site) in
pTP3A which is absent in pIP4A, Comparison with cDNA sequences

suggest that this site is well outside the coding region.

Nuclease SI and exonuclease VII mapping of the protamine coding sequences

in pTP3A

To delineate the protamine gene in pTP3A more accurately and
to determine if the gene contains introns the coding region in this

clone was mapped using nuclease SI and exonuclease VII.pTP3A was used for
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this rather than pTP4A because its larger size make it more likely to

contain a complete protamine gene.

The labelling of pTP3A, the DNA/mRNA hybridisations and the
SI andexo VII digestions were carried out as described in methods.
The hybridisation contained approximately 50ng of DNA and Tug of trout
testis RNA. Assuming protamine mRNA is 5-10% of total trout.testis
po]y(A)+ RNA and that the (probable) six genes are transcribed with
equal efficiency this is an approximate 10 to 20 fold excess of each
protamine mRNA over the respective gene sequence.—rhﬁgﬁiiq;é hybridisation
will essentially be controlled by the RNA concentration and most of the
mRNA homologous DNA sequences should be hybridised.  This relatively
large excess of RNA over DNA should also help to stop partially homologous
RNA sequences (i.e. other protamine mRNAs) hybridising to the protamine

sequence in pTP3A.

Hybridisations were done using plasmid DNA either Tinearized
with EcoRI, restricted with Haell or restricted with HaellI. Three
hybridisations were carried out using EcoRI linearized plasmid, two of
these were digested with S1, one with exonoclease VII. Hybridisations
containing Haell or Haelll digested plasmid were digested with S1.

A control hybridisation containing Haell or Haelll cut plasmid but no

RNA was digested with SI or exoVII to check for DNA/DNA reassociation.

S1 digestion/hybridisations containing Haell, or Haelll and EcoRI
linearized plasmid were electrophoresed on a 8% acrylamide/formamide

gel along with radiolabelled pBR322/Haelll size markers. The exonuclease
VII digestion/hybridisation of EcoRI Tinearised plasmid was e1éctro- .
phoresed on an identical gel in paraellel with an S1 digestion of an
identical hybridisation. Controls (digestions of hybridisations lacking
RNA) were included on both gels. The gels were dried down and bands

visualised by autoradiography. The resulting authoradiograms are shown



Fig.17 Nuclease S1 and exonuclease VII mapping of the

protamine gene in pTP3A.

(a) Nuclease S1 mapping.

87
to

acrylamide,987 formamide gel.Tracks,from left

right are,

. pBR322/Haell molecular weight markers

S1 digest of HaeIl cut pTP3A/trout testes mRNA
hybridisation

Sl digest of HaeIIIl cut pTP3A/trout testes
mRNA hybridisation

S1 digest of EcoRI cut pTP3A/trout testes mRNA
hybridisation

S1 digest of EcoRI cut pTP3A control(~ mRNA)

hybridisation

Fragment sizes are,
Track 2. 130bp,123bp and 100bp
Track 3. 176bp,167bp and 58bp
Track 4. 232bp and 224bp

(b) Exonuclease VII mapping.

87
to

3.

acrylamide,987 formamide gel.Tracks from left

right are,

S1 digest of EcoRI cut pTP3A/trout testes mRNA
hybridisation.

Exo VII digest of EcoRI cut pTP3A/trout testes
mRNA hybridisation

pBR322/Haell molecular weight markers

Fragment sizes are,
Track 1. 232bp and 224bp
Track 2. 235bp and 229bp
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in Figure 17.

The S1 results allow the mapping'of the 5' and 3' ends of the
protamine gene inpTP3Aand also suggest that the gene contains no
introns. The EcoRI digested DNA track shows two bands of 224 ahd
232bp respectively. This suggests length heterogeneity in the
hybridising mRNA rather than two exons as this is approximately the '
size expected, deadenylated protamine Iq mRNA being 215-275 nucleotides
long (Gedamu and Dixon, 1979).  The 232bp band is much darker than
the shorter band. The Haell digested DNA track allows the mapping of
the 5' and 3' ends of the gene as cDNA sequences show that the Haell
site is closer to the 5' end of the mRNA than to thé 3' end. The
shorter band seen, 58bp, therefore gives the distance to the 5' end
of the gene. This resu]f suggests a short 5' non translated sequence
of aboqt 16 bases in the mRNA. The 3' boundary of the gene is given
by the longer Haell track bends. Two bends are seen, these being
167 and 176 bp. These therefore show the séme spacing és the "EcoRI"
bands. Again the longer band is much hedvier. This suggests
the length heterogeneity of the hybridising mRNA is at its 3' end rather
than it's 5' end. This result also gives the length of the 3' non
translated region of the mRNA as 117 to 126bp. Full length 3' cDNA
sequences show a 3' non translated sequence of between 113 and 120bp.
The results obtained with the ZaelIl cut DNA confirm these findings,
the 5' and 3' end points matching to with 2bp. The exoVII result -
confirms the absence of introns in the coding sequence in pTP3A.  The
exd/II digestion gives two bands of 229 and 235bp compared with S
which gives bands of 224 and 232bp. The 3-5bp difference is explained
by the fact that exoVII leaves 2-3bp extensions beyond the end of ds
nucleic acid while S1 will digest to give blunt ds ends (Ghangas and

Wu, 1975). One surprising difference is that the two exoVII bands are
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of approximately equal intensity while, as before, the large S1 band

js much darker than the smaller one. The reason for this is unknown.

In conclusion these results allow the mapping of the 5'
and 3' boundaries of the protamine gené in pTP3A (Figure 18) and
show that the gene, in common with histone (Hentschel and Birnsteil,
1981) and interferon (Nagata et al., 1980) genes contain no introns.
The 3' length heterogeneity most probably represents hybridisation
of the poly A tail to oligo dT sequences fol]owed py nibbling of the
AT (and hence relatively weak) hybrid. Po]yédeny]y]ation normally
occurs at a stretch of coding strand A residues making the exact |

site impossible to define by either S1 mapping or sequencing. It is

in fact likely that polyadeybﬂaﬁoh does not occur at a single nucleotide.

Alternatively it may represent a cross hybridising transcript from

a second protamine gene. This is less likely however as all cDNA
sequences so far published show enough differences to make protection
of the whole gene in these experiments unlikely. The map of the

gene in pTP3A (Figure 18) also suggests that pTP4A, although shorter
that pTP3A, is long enbugh to contain the whole gene and 50bp of

5' sequence, assuming the pTP4A contains a gene of identical or similar

structure.

The absence of an intron in the protamine gene in pTP3A is
interesting in that the two other higher eukaryotic genes that do not
contain fntrons, histones and interferon, share the féature of being
relatively short genes. Interferons are 166 amino acids long, the
gene includes a 21 to 23 amino acid signal peptide coding region.
The'tbta] length of the reading frame is fherefore 187.to 189 codons.
Histones range ‘in size from 102 to 207 amino acids in length, all but
one (Histone HI) being between 102 and 135 amino acids. That these

small genes lack introns can be explained by the exon equals functional

i
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structure theory (Gilbért, 1978; Blake, 1979) by assuming they consist
of only a single functional unit or domain. Alternatively they may
represent ancestral polypeptides that evolved separately instead of

by recombination of several exon defined ancestral coding units.

The DNA sequence of the protamine gene and surrounding sequences in

pTP4A

The nucleotide sequence of the protamine gene in pTP4A was
determined by sequencing the 650bp EcoRI/BamHl fragment.  Southern blotting
and restriction analysis had already shown that the gene was contained
within this fragment. The sequencing strategy in shown in Fig. 19. To
label the BamHI site pTP4A was restricted with BamHI and the BamHI

32P CTP and AMV reverse transcriptase. The

site 3' Tabelled with a
plasmid was then restricted with EcoRI and the uniquely labelled

650bp BamHI/EcoRI fragment recovered by preparative polyacrylamide

gel electrophoresis on a neutral 5% gel. The EcoRI site was 3'

labelled in an analogous manner using a32P GTP and T4 DNA polymerase.
Again the 650bp ZcoR1/BamHI was récovered. To sequence from the

internal (to the gene) HApall site the 1.36 Alul fragment was recovered from
a preparative 1.5% agarose gel. The recovered fragment was then
restricted with ApaIl  The Hpall site was then 3' labelled with T4 DNA

32 325 GTP.  The labelled DNA was then restricted

polymerase and o™ P CTP or a
with Taql aﬁd the uniquely labelled 0.48kb AZul/Hpall and the 0.59kb
Hpall/Taql fragments recovered as described above. The labelled DNA was
then cleaved using the G, G+A, T+C and C specific cleavage described by
Maxam and Gilbert (1980). The reaction times used were 5, Bq)i and 5°
minutes respectively. It was found that to maintain tHe specificity of
cleavages the first ethanol precipitation had to be carried out immediately
after stopping the reaction. A representative sequencing gel is shown

in Fig. 20.
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Fig.20 Representative sequencing gel.

Gel shown is an 8%,20cm x 40cm x 0.4mm,sequencing gel
of the HpalI/Alul fragment giving the sequence from
the Hpall site towards the BamHI site 3' to the gene
(see fig.19).The gel was run at a constant current of
25mA.After the gel had been preelectrophoresed for 30
minutes the first set of four tracks was loaded.The
second set of four tracks was loaded when the BPB dye
marker in the first tracks was approxiamately lcm from
the bottom of the gel.The third set of tracks was
loaded when the BPB dye marker in the second had
reached the xylene cyanol dye in the first.Electro-
phoresis: was continued until the BPB dye marker in
the last loading was approximiately 5cm from the
bottom of the gel.The gggflioadings(left to right in
the fig.)represent electrophoresis times of about 90,
190 and 290 minutes.The\ggﬁfktracks in each loading
represent,from left to right,the G,G+A,T+C and C
specific cleavages.The sequence is read from bottom

to top.
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This sequencing strategy gave the complete nucleotide sequence
of the 650bp EcoRl/BamHI fragment. Nearly all the sequence was
confirmed by having the sequence of both strands. The only unconfirmed
sequence was 33bp on the EcoRI side of the Hpall site and 19bp
immediately preceeding the BamHI site. = The sequence is shown in
Figure 21 a]png with the sequence of pTP3A (determined by S.P. Gregory,
N.0. Dillon and P.H.W. Butterworth) and the homologous CDNA
sequence pRTP59 (Gedamu et al., 1981). A comparison of the consensus
sequences found in the protamine gene region of pTP3A and pTP4A is

shown in Fig. 22.

The first feature of interest is that the sequences of pTP3A
and 4A are very similar, even in the regions most distant from the
coding sequence. This is to be expected from the restriction mapping
data which show the two clones to be virtually identical. The
differences found between the two sequences are four transitions, five
fransversions, four 1bp deletion/insertions, one 2bp deletion/insertion

and one 16bp deletion/insertion.

The pTP3A ‘sequence contains an EcoRI* site in a position
analogous to the EcoRI site delineating the boundary of the insert
in pTP4A (and CH4A/TP4A). - The sequence of this EcoRI* site in pTP3A
is 5'TAATTC3' (opposite strand 5'GAATTA3').  According to Woodbury
et al., (1980), this is one of the most rapidly cleaved EcoRI* sites
(excluding the full EeoRI site) than can produce 5'AATT overhangs and hence
be clonable into EcoRI sites. The half of this site corresponding to the
end of the insert in pTP4A would also reconstitute a full EcoRI site
upon cloning into an EecoRI site. This suggests that pTP4A is derived
from the genomic EcoRl fragment represented in CH4A/TP3A by EcoRI* -
cleavage at this sité.' Interestingly a second EcoRI*tsite, 5'CAATTT3' is

found 17bp from the position of the first, in both pTP3A and pTP4A.



Fig,21 Nucleotide sequence of protamine gene region in pTP3A and

pTP4A and comparison with a homologous cDNA sequence

Details of differences

pTP3A pTP4A eonal Nucleotide
A T - -121
C T . - -91
c A - -67
T A - =47
Cc A - -6
C G C +66.
c C T +176
G T T +189
A A G +221
A T - +309
T C - +319
A T - +335
A C - +337
A TA - +347/348
T . C - +385
G A - +411
A 16bp° - +412 to 427
1 pRTP59

2 Deleted sequence is TATTGGTATTGAAAAC
Total transversions,5

Total transitions,é4



3A

3A

3A
4A

3A
LA

sot

3A
4A

591

3A
4A

4A

3A
4A

=450 =400
TCTTACAACATTCCAAATCACCATTAAATAAAGATCTGGTTGATTATTTCTAAC

-350 -300
ATCGTTCATT(;(:GTTGCCLAAACAAACAOATTG'l' TATCGGTGT AMAATCGCACACTGATGCCATCTCTTGGTAAATGCTTCATTACTGCAACTCATGTGTTTTACCGGTGTGCTTCAGATACCCCGATG

=250 =200 =150
TATTGTGATGTACTGAACAAGACTGGTTACTCGCATCAATCCCTCTCTCCTCATTTAACATTCACACACAGATCACTATT TAAAATGACAAAATAAAAATATCATTATTACAT CATCCTGCCACTGCT

-100 -50
ACTATGATGTCACATAAT]! QAGATGT 'ITTCTCAATITAAACTGTCTT’I‘AACACTIATTGCATCAT(.ATTTATCC(IIATMTCACATCACTCCACC'I‘CCCCTCCAGCCCTATAAMGGGACC.ACCGCCCG

|
TGATGTTTTCTCAATTTAAACTGTCTITAATACTTATTCCATCATCATT TATCCAATAATGACATCACTCCAGC-CCCCTCCAGCCCTATAAAAGGGACCACCGCCCG

+ 1 $0 .
TCTAMCA TTITATC CATCAATCACAATGCCCAGAAGACGCACATCCTC (.A(,CCCACLTGTCCGCAGGC(:CCGCCGC(lJCCAGGGT GTCCCGACGT CCTCCCAGGAGAGGAG@%CGCACGAGG CGTTAG

TCTAAMATTI‘TATCCATCAATCACAAIQCCCAGAA(-AC GCAGATC CTCCA(..(.CLACCTGTCCCLAGCCGCCGCCGC(;CCAGGGTGTCCC(;ACGTCGTCGCAGGAGACCAGCCCCCAGGAGGCGI' TAC
TCCTCCAGCCGACCTGTCCGCAGGCGCCGCCGCCCCAGGGTGTCCCGACGTCGT CGCAGGAGAGGAGGCCGCAGGAGGCGTTAG

150 200
AT AGAACGGGTAGAACCTACCTGACCTATCCGCCCCCTCCOGGTTCTCCCTCCCCACCCCTCCTAGTGTAGAGGTGT TAAAGTCTGCT TAAATAAAAGATGGGC~TTTTAACTAAAACTGTTACGACT

ATAGAACGGGTAGAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCGACCCCTGGTAGTGTAGATGTGT TAAAGTC TGCTTAQATAAAAGATGGGC-TTTTAACTAAAACTGTTACGACT
ATAGAACGGGTAGAACCTACCTGACCTATCCGCCCCCTCCGGGTTCTCCCTCCCCACCCTTGGTAGTGTAGATGTGTTAAAGTCTGCT TAAATAAAAGATGGGCGTTTTAACTA (poly A)

250 300. 3
TIA’).ATTAGT AGATAGGTTTTTTAGGCTGTAAGAGTTITT GGCGGTAGAGTTAATAATATATT T~CAGATAATATAAATAATAGCCT ACT~A-TGT TAGTAA~~TATATATAAT TAAAACGTT TTAAT

TTATATTAGTAGATAGGTTTTTTAGGCTGTAAGAGTT TTTCGCCGTAGAGTTAATAATATATTTTGAGATAATACAAATAATAGCCTACTTACTGTTAGTAATATATATATAATTAAAACGTTTTAAT

400 450 500
AATTGTATCTGTTCCTAATAAATAAATACATTAAAACAG-———-——======w-= TGACA! CATTCAATCATCAACCGTCAAGTCAGATAATGCTTTGTACCATTATGGTTTAGTTCGCGCTCATTIT ¢
AATTGTATCTGTC CCTAATAAATAAATACATTAAAACA ATATTGGTATTGAAAACTGACACATTCAATCATCAACCGTCAAGTCAGATAATGCTT TGTACCATTATGGTTTAGTTCGCGCTCATTTTC

527

AGCATAAATCTACAGTCATTTCTGGATCC
AGCATAAATCTACAGTCATTTCTGGATCC

1. Gedamu et al.,(1981a)
The pTP3A sequence was determined by S.P.Cregory,N.0.Dillon and P.Butterworth,

department of Biochemistry,University College,London.

*
EcoRL  site,TATA box,cAP site,ATC initiation and TAG termination codons are underlined

1’

€ol
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According to Woodbury et al., (1980) this is one of the most slowly

cleaved EcoRI* sites.

The sequence of pTP4A reveals that the sequence from the
EcoRI site to the ATG initiation codon is 60% TA rich. The
(amino acid) coding sequence is 70% GC rich and the‘3' non coding
region of the gene is about 50% GC rich. The 3' regiﬁn beyond the gene
however is 70% TA rich. The GC rich protamine gene therefore appears
surrounded by TA rich sequences. The sequence of pTP3A shows that the
5' TA rich sequence extends for at least another 327bp beyond the end

of the sequence in pTP4A.

As pTP4A extendds 120bp 5' to the putative transcription
start site (by SI mapping of pTP3A) both pTP3A and 4A are long enough
to include all known 5' consensus sequences. The first of these,
5 GG%CAATCB‘, occurs about 70 to 80bp upstream from the transcription
start site in many eukaryotic genes (Efstratiadis et al., 1980).
However, it is not %bi%pitous and neither of the protamine clones have a
comparable sequence. The closest sequence to the consensus is 5'TCTCAATT3'
which occurs between 105_3nd -112. In pTP4A a C to A transversion

produces the sequence 5'ATCCAATAA3'. This sequence occurs between

- residues -70 and -62.

The second 5' consensus is the TATA box homology. The
consensus for this sequence is 5' G-GTATA¢A¢—G--G3' (Breathmach and
Chambon, 1981) with the first T occurring between residues -34 and -26.
The pTP3A/4A sequences show the sequence 5'CCCTATAAAAGGGAC3' with the
first T at residue -33. This sequence shows an exact 11bp homology
(Fig.22)ﬁwith the TATA box sequences of the adenovirus 2 major late

promoter (Ziff and Evans, 1978) and the conalbumin gene (Cochet et al., 1979



Fig.22 Consensus .sequences in the pTP3A and pTP4A protanine

gene region.

TATA box homology

Consensus > G-GTATA%A%—G——G

pTP3A AGCCCTATAAAAGGCAC T -33
pTP4A © AGCCCTATAAAAGGGAC T -33
ad2? " GGGGCTATAAAAGGGGG T -30
Conalbumin®  TCCTCTATAAAAGGGGA T -30

cAP site homology

ansensusl Y-——AYYY
pIP3A TCTAAACATTTTé?CAA'
pTP4A TCTAAAAATTTT&ICAA

Polyadenylylation signal consensus

Consensus3 AATAAA

pTP3A TAAATAAAAG
pTP4A TAAATAAAAG
cDNAs*»720 " TAAATAAAAG

1. Breathnach and Chambon, (1981).

2. Major late promoter,Ziff and Evans, (1978).
3. Cochet et al.,(1979).
4. Jenkins, (1979).

5. Gedamu et al., (1981la).
6. Sakai et al.,(1981).

Y pyrimidine

']l



106

Both the conalbumin gene and Ad2major late promoter are transcribed

with high and equal efficiency in vitro (Corden et ai., 1980).

Preliminary resﬁ]ts (S.P. Gregory, personal communication) suggest that
the protamine gene in pTP3A is transcribed with comparable efficiency

to the Ad 2 major late promoter in the Manley HelLa cell free transcriptioh
system (Manley et al., 1980). The extended homology of the TATA box
sequence therefore appears to be reflected in the similar transcription

efficiencies of these gene in vitro.

The third 5'_consénsus sequence is the one for the cAP or
transcripﬁion ijnitiation site. The consensus séquence for the cAP
site is 5'Py---PyAPyPyPyPyPy3'. Two such sequences are found in thé
correct spatial relationship to the coding sequence (as defined by
nuclease S1 mapping){ These sequences in fact overlap. The first is
5'ATTTTATCCAT3' which has the consensus A residue 14bp from the initiation
codon. The second is 5'TAAACATTTTA3' which has the consensus A residue
19bp from the initiation codon. This second consensus is found only
in pTP3A. In pTP4A a C to A transversion at the C residue preceding
the consensus A destroys the consensus. The nuclease Sl mapping data
| is not accurate enough to absolutely distinguish between the two sites.
However nuclease S1 mappinQ to a sequence ladder shows that it is the
first consensus that is utilised (S.P. Gregory, personal communication) and
shows that transcription appears to start at the consensus A residue.
This is consistent with the finding that 90% of protamine mRNA begins (after
the cap nucleotide) with an A residue (Gedamu et al., 1981b). This A
residue was therefore deSignated nucleotide +1. Nucleotide positions

5' to this base were given a minus sign prefix.

Surprisingly, considering the evidence that suggests that pTP3A
and pTP4A may be allelic a single base substitution is found in the coding

region of the two gene sequences. Even more surprising is that this
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change causés a change in the amino acid sequehce. The change is a

C to G transversion that changes amino acid residue 17 in the protein
sequence frbm proline (CCC) in pTP3A to alanine (GCC) in pTP4A.

None of the known protamine amino acid sequences or cDNA sequences show
such an amino acid change. However, it has been sequenced on both
strands in pTP4A and has also been confirmed by Smith and Birnsteil
restriction analysis. This is possible because the change creates

on extra Hhal (5'GCGC3') site in pTP4A (Fig.23) . The possibility
exists that this change represent a c]oﬁing artifact. This, however
js unlikely as cloning artifacts are usually deletions. If it represents
a genuine change the combination of the evidence for allelism between
pTP3A and 4A and the fact that such a change has not been seen before
suggest that it may represent an in vivo mutation inherited by the

fish from which the gene was cloned. = Presumably, due to the time of
expression of the gene, any deleterious effect would not be seen in the
fish in which such a mutation occurs. Alternatively this change could
be interpreted as evidence for the protamine genes being a repeated

gene family cohtaining a limited number of polymorphisms.

The 3' non translated part of the protamine gene in pTP3A and
4A contains a typical 5'AAATAAAA3' consensus sequénce 13bp from an 8bp
sequence containing 6 A residues. S1 mapping data suggest that this
is wgﬁngonadeny1ylation occurs. The sequence is 5'AACTAAAA3'.
Comparison with cDNA sequenées showing homology to pTP3A and 4A (Fig. 2) sug
thatipolyadenylylat{on occurs in the 4A residues after the CT dinucleotide.
This gives a total length for the 3' non translated region of
| 119bp (including the 4A residues). This agrees well with the
longer of the 2 nuclease S1 bands (which corresponds to a 3' non translated
region of 120bp). | The second nuclease S1 band, which maps the

3' end of‘the gene 7bp shorter, probably represent nibbling of nuclease



Fig.23 Confirmation of the C to G transversion between the

(a)

(b)

coding sequences of pTP3A and pTP4A by Smith and

Birnsteil restriction mapping.

The two sequences are,

Codon 13 14 15 16 17 18
ArgArgArgArgProArg

pTP3A AGGCGCCGCCGCCCCAGG

pTP4A AGGCGCCGCCGCGCCAGG
ArgArgArgArgAlaArg

Hhal sites are underlined.The C to G transversion
creates a second Hhal site in the pTP4A sequence.
This sequence should therefore have two Hhal sites

8 bp apart.

pTP4A EcoRl/BamHl fragment,labelled at the EcoRI
site,partialiy restricted with Hhal.The sequénce
ladder in the adjacent track is the G+A cleavage
ladder of the Hpall/Tagl fragment(fig.19).This
gives the lengths of the two fragments as 179bp
and 187bp.

pTP4A Hpall/Taql fragment(fig.l19)partially

restricted with Hhal and run alongside a T+C
sequence ladder of the same fragment.The two
Hhal éleavage fragments gﬁﬁﬁ:'with the known

sequence given above.

These results therefore confirm the pTP4A sequence

as a previously undescribed protamine gene sequence.
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S1 through the CT dinucleotide to the two A'residue preceding it.

Such a relationship between the consensus sequence and the site of
polyadenylylation is found in most other polyadenylylated mRNA seduences.
There is evidence to suggest the consensus is a signal for pb]yadeny]ylation

(Fitzgerald and Shenk, 1981).

In the region 3' to the gene the most striking feature isvan
exact 16bp ihverted repeat sequence. The centre of this repeat is
130bp downstream from the polyadenylylation site. The 3' region
also reveals a 16bp deletion in pTP3A (or dinsertion in pTP4A) 176bp
from the polyadenylylation site. This deletion, and three 1bp deletions
and one 2bp deletion in pTP3A confirm the S1 mapping data which
suggested a 20bp increase in the distance from the BamHl site to the
Hpall site (in the gene) in pTP4A when compared with pTP3A.  The

sequence shows the difference to be 21bp (16 + 3 x 1 + 1 x 2).

The approximately equal number of transversions (five) and
transitions (four) is comparable with data obtained from sequence
comparisons of duplicated and diverged genes (Smithies et al., 1981,
Gojobori, et al., 1982). The approximately equal occurrence of
transversions and fransitions js not compatible with the assumption that
any base change is equally likely or with analysis based on chemical
considerations of the mutagenic process. The former would give twice
as many transversions as transitions and the latter fikeen times as
many transitions as transversions (Topal and Fresco, 1976). It is
possible that transversions may obliterate the evidence of previous
transitions and hence give an artifically low transition rate on analysis
However the sequences in pTP3A and 4A aréTEIose1y related that it is
reasonable to assume all changes represent single mutational events makfng

this argument invalid. The observed mutation rates must represent the
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interaction of both the mutational process (involving the chemical basis
of base mismatch and the mechanisms of DNA replication) and of

presumed repair mechanisms,

The'total number of transversions (five) plus transitions
(four) gives é substitution rate of 0.014 substitutipns per nucleotide
pair. The same calculation for the non transcribed sequence only gives
a rate of 0.036 substitutiongper nucleotide pair. This compares with
the value of 0.018 calculated from the restriction site data of the
charon clones. The relatively high mutation rate in the sequences
immediately surrounding the transcribed sequence may be partly explained
by their high AT content. Positive correlations between the rate of
nucleotide substitution and AT content have been found in comparison
studies of recently diverged genes (Smithies et al., 1981) and of
active and pseudogenes (Gojoberi et al., 1982). The data of Smithies

et al., (1982) suggest that an increase in the AT content from 40%
to 60% (the region 5' to the gene in pTP4A has an AT content of

60% ,the region 3' an AT content-of 70%) increases the nucleotide "
sustitution rate at least eight times. Restriction enzyme

polymorphisms in the human 8-globin gene cluster (Jeffreys,1979;
Antonarakis et al.,1982) suggest that on average 1 base

out of every 80-100 will be polymorphic (equal to substitution rates of
0.010 to 0.0125). The sequenéé heterogeneity between pTP3A and 4A

is therefore not inconsistent with their being alleles or repeated genes
~ given the high AT content of the regions containing the majérity of the

substitutions.

Attempted cloning in EMBLI

To attempt to construct a second, more random, trout genomic



111

library a new approach was used to try and take advantage of recent

advances.in cloning technology.

The first such advance is the use of BamHI lambda cloning
vectors. The use of BamHI vectors allows the nearly random fraggmentation
of genomic ONA by partial digestion with Sau3A.  Sau3A recognises
the tetfanuc]eotide sequence 5'GATC3', cleaving to produce 5' tetranucleotide
extensions with the same sequence. Sau3A DNA fragments can therefore
be readily ligated into BamHI sites as BamHI digestion also produces this
5! tetranuc]éotide extension. The use of Sau3A also has another
advantage. As the recognition sequence contains all four nucleotides
in equivalent amounts its frequency of occurrence (every 256bb in 50%

GC random sequence DNA) will not vary appreciably with changes in base

composition of DNA.

The second recent deve]dpment is the construction of lambda
cloning vectors that allow the direct selection of recombinants.
These are based on the spi+ phenotype which prevents growth of lambda on
strains.of E. colz lysogenic for phage P2 (Lindahl et al., 1970)
The spi+ phenotype is due to the 1ambda red and gamma functions as well
as a P2 coded function. In the spZ type lambda vectors the red and
gamma functions are situated on the central rep]éé@b]e lambda fragment
and hence are deleted in recombinant phage being replaced by the cloned
DNA fragment. The recombinant phage are therefore spz and can be
selected by plating on a strain of E. colz lysogenic- for P2. .The use ofi
this selection system means that it is not necessary to purify phage

. arm pieces to reduce the number of non recombinants.

The vector chosen to exploit these new developments'was'a
derivative of 11059 (Karn et al., 1980) called EMBL1 (Fig. 4). For

all functional purposes this phage is the same as A\1059. It does,
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however, lack one of the FcoRI sites (at 67 map units) found in A1059.
EMBL1 is a BamHl spi+rep1acement vector with a cloning capacity of
6.3 to 24.4kb. Size selection of genomic DNA is therefore essential

to prevent cloning of multiple fragments.

To prepare genomic fragments suitable for cloning trout testis
DNA was digested with 0.005, 0.01, 0.025, 0.05 and 0.1 units of
Sau3A per ug of DNA. Digestion was for 60 minutes at 37°C.  The
digests were pooled and electrophoresed on a preparative 0.6% agarose
gel. Molecular weight markers of A(C185757) digested with BgZIl were
jncluded in adjacent slots . Génomic fragments of between
13.3 and 22kb were purified by electroelution and ethanol precipitation
(using isopropanal to remove ethidium bromide). The recovered DNA
was quantified by taking a small sample and electrophoresing it into a
0.8% tube gel containing lug/mil ethidium bromide. The intensity of
flourescance under short wave UV illumination was then compared with

that of known amounts of A DNA under the same conditions.

EMBL1 DNA was restricted with a two fold excess of BamHI,
phenol/chloroform extracted and recovered by ethanol precipitation.
A small aliquot was electrophoresed on a 0.6% agarose gel to check that

restriction was complete.

0.5ug of EMBL1/BamHI DNA was then ligated in a 5ul volume and
2.0ug of EMBL1/BamHI DNA and 1.0ug of trout/Sau3A fragments were
coligated in a 20ul volume. The two 1igations were then packaged (as
described for the charoh 4A cloning) and assayed on Q358 and/or Q359,
the former being the non-selecting strain and the latter the selecting
P2 lysogenic strain. Religation of EMBL1/BamHI DNA gave 107 pfu per
ug on Q358. Coligation of EMBL1/BanHI DNA and trout/Sau3A DNA gave 1.25

6 4

x 10° pfu/ug of DNA on Q358 and 5 x 10" on Q359.
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To determine whether the phage selected by plating on

‘Q359 were in fact recombinants the phage from the EMBL1/trout
coligation/packaging were first amplified by plate iysis using Q359.

The phage stock obtained in this way was then used to make a plate lysate.

on (358. DNA was then prepared from this plate lysate as detailed

in methods. The DNA obtained was then restricted with EcoRI, BamHI

and EcoRI and BamHI together. The restricted DNA was then electro-
phoresed on a 0.5% agarose gel along with A weight markers (Fig. 24).

The first feature to be noticed is that each digest gives distinct

bands. Digestion of a collection of random genomic clones would not
produce distinct bands in this way. First of all BamHI digestion should
produce a smear because ligation of Sau3A sites to BamHI sites will

only reconstitute full 2amHI sites in one in foﬁr cases. One

guarter of recombinant phage will therefore have one of the BamHI

sites reconstituted giving one of the BamHI arms on restriction with
BamHI.  However most of the phage BdeI sites will not be reconstituted.
A collection of recombinanfs will therefore produce a smear due to

random BamHI cleavage in the inserted genomic fragments. The same sort of
argument holds for EcoRI restriction, only the small EcoRI fragment
whol]y contained in the right arm should be seen. In fact one of the
fragments produced by the EcoRI digestion corresponds to the small right
arm fragment. The measured sizes of the restriction fragments fqund in
given in Fig. 24. In each case the largest fragment corresponds to

the two end arm fragménts-annea]éd together and can be ignored. A
tentative restriction map, made by comparison with the EMBLI restriction
map is shown in Fig. 25 along with the EMBL1 map. A}thgugh the restrictio
map of the supposed]y-spi—phage is only tentative it suggests that the
vector has undergone reafrangement around‘the middle EMBL1 EcoRI site.

 The red and gamma functions map around this EcoRI site. It would



Fig.24 Restriction analysis of EMBL 1 spi derivative.

Phage DNA was prepared from a plate lysate,restricted
and electrophoresed on a 0.5% agarose gel.Tracks,from

left to right,are

1. AC1857S7 BamiIl

2, AC1857S7 EcoRI/HindIII

3., EMBL 1 spi- phage EcoRIL

4, EMBL 1 spi phage EcoRI/BamHI
5. EMBL 1 spi_ phage BamHI

6., AC1857S7 BglIL

EMBL 1 spi phage fragment sizes are

Track 3. 20,5kb,13.2kb,3.4kb,3,1kb,2,8Kkb
4. 23kb,19,5kb,7,5kb,5,7kb,3.4kb,3,1kb,2,8kb
5, 20kb,14,5kb,9.2kb

In tracks 3,4 and 5 the largest fragment in each

digest represent the combination of the tﬁo restriction
fragments with the lambda cohesive ends.The sizes of
these double fragments were not calculated.,Phage DNA-
prepared froﬁ plate lysates is usually badly nicked .
and so cannot be heated to 70°C after restriction to
melt the lambda cohésive ends.Faint bands were shown

to be partial digestion products or undigested DNA on

further analysis,
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seem that the spi selection system has selected for a variant, which
presumably has had the red and gamma functions affected by -the DNA
rearrangement that has occurred. The fact that no-qther variants or
recombinants are present suggest that the cloning procedure, at some
stage, did not work. Whether the variant found was in the DNA stock
used at a low concentration or arose during the cloning process

is unclear. Unfortunately due to lack of time it was impossible to
pursue the investigation of this cloning system further. To attempt
to aha]yse the problem it would first be necessary to regrow phage
stocks, checking the épd phenotype at each step. It would then be
best to attempt to clone a suitable pure BamHI fragment. It would allow

g ot iy :
protamine recombinants.

- easy analysis of the ligation step and also of
The presence of recombinants could most easily be determined by
Benton and Davis screening of packaged phage plate directly onto Q359
without amplification. Phage could be screeneq with both a central

EMBL1 restriction fragment and also with the fragment being cloned.

7
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Discussion

The number and repetition frequency of the protamine genes of rainbow

trout

The number and repetition of the protamine genes has previously
been estimated by DNA reassociation studies. Sakai et al., (1978)
compared the rate of reassociation of the protamine genes at two
‘different temperatures and using‘two assay systems, nuclease SI and
HAP chromatography. At 70°C a single transition Qas seen with both
nuclease SI and HAP assays. Comparison with an integral unique sequence
standard showed that the protamine genes were also unique. At 60°C
“two transitions were seen with nuclease SI assay of hybrids. One of
these was unique, the other representing a protamine fraction reassociating
about six times faster. This faster reassociating fraction was ;hown
to have a higher degree of mismatch than the uniquely reassociating
(60°C and 70°C) fractions. When HAP was used to analyse the 60°C
reassociation experiment only the faster reassociating fraction was seen.
This experiment therefore suggests that the rainbow trout contains six
different protamine genes that are unique but contain closely related
sequences.  Sequence analysis of cDNA clones shows this to be
essentially correct. The cDNA sequences from three different groups is
shown in Fig. 2. In total these represent five protein sequences.
However nucleotide sequence comparison suggests that the number of genes
represented could be either six or seven. Because of the very close
sequence relationship between the sequences it is impossible to be sure
what represents gene difference and what represents sequence polymorphism.
" For exampie two of the clones sequenced by Gedamu et al., (1981), numbers
94 and 178, differ in the coding region by a single wobble position
substitution and by a single substitution in the 3' non coding region.

On these differences alone it is impossible to unambiguously assign these
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sequences to different genes rather than to gene polymorphism.

The results of the genomic Southern transfer experiments
in this study do not resolve this question. With all six of the
restriction enzymes used two strongly hybridizing bands are seen.
In addition the Pstl digest contains a single band of intermediate
jntensity and the SstI and BamHI digest two such bands. All the
digests also contain a number of weakly hybridizing bands. Unfortunately
no copy number estimate of the strongly hybridizing bands can be made as
no genome equivalent standards were included 1in the gel. This
severely 1imitslthe analysis as such an estimate could help distinguish
between the several explanations of the data. Firstly, if th?// _
strongly hybridizing bands were single copy this would suggest that the
weakly hybridizing bands also represent protamine genes (assuming
that estimates of gene number from DNA reassociation kinetics and cDNA
sequence analysis is éssentially,correct). Several factors argue
against this assumption, firstly hybridization with either the cDNA clone
pTP4 or pTP8 (Jenkins, 1979) separately gives the same pattern of
hybridization, even with a high stringency post hybridization wash
(0.1 x SET, 68°C). Washing ta a higher stringency (0.05 x SET, 68°C) causes
loss of both probes from all hybridizing fragments. Secondly, a Tow
stringency post hybridization wash (1‘SET, 68°¢C, allowing approximately
22% mismatch) does not substantially increase the signal from the
@eak]y hybridizing bands in relation to the signal from the more
5£rong1y hybridizing bands. These two poinfé argue-against the different
in signal strength being due to differences in degree of genomic fragment/
probe homology. Reinforcing this view is that cloning and sequence
analysis of fragments corresponding to the largest (16.6 kb), strongly
hybridizing band in Southern transfers (i.e. CH4A/TP3A and 4A) show that

the gene sequence in these two clones is not exactly homologous to either
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of the two cDNA probes used. However possible explanations still

exist. For example the strongly hybridizing bands could represent
intronless protamine genes while the weaker bands represent protamine

genes containing introns. The presence of an intron in the gene sequences
would reduce the length of hybridizing sequence (already short)

and hence reduce the resulting signal. Alternatively the strongly
hybridizing bands could represent sequences present several times in the
trout genome. If this is the case -the two strongly hybridizing

bands could represent repeated gene families corresponding to the two

types of cDNA sequence. The intermediate strength bands could then be due
to restriction site polymorphisms ahd would therefore probably

repfesent single genes. This puts the repetition frequency of the

strongly hybridizing fragments at approximately 3 to 5. The weakly
hybridizing bands could then possibly correspond to crosshybridising
sequences or pseudogenes. However such proposals cannot be distinguished .

without clonal analysis and determination of sequence copy number.

Construction and use of genomic libraries

The relative ease of constructing and sckeening fully
representative libraries of genomic DNA sequences in lambda vectors made
this approach an obvious choice for cloning the protamine genes.

Although single genes, contained in restriction fragments of known size,
may be more easily cloned by judici6us choice of restriction endonuclease
and cloning vector the cloning of a number of genes-is more easily

done via a random 1ibrary. fhe construction of a random library also

allows easy isolation of adjacent and overlapping sequences.

The first method described for the construction of random
genomic libraries was that of Maniatis et al., (1978). Random DNA

fragments were produced by partial digestion of genomic DNA with Alul
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and Haelll. Both these restriction enzymes have a tetranucleotide
specificity and cleave to produce blunt ends. These fragments were
first size fractionated, then EcoRI methylated and finally cloned into
the vector Charon 4A (Blattner et al., 1977) via synthetic EcoRI
linkers. This approach has the advantage.that the cleavage of DNA by
enzymes with tetranucleotide specificity is relatively random.

This ensures that there is a high and approximately equal chance of any
fragment being represented in the Tibrary. The disadvantage of this
approach is the large number of manipulations involved in preparing the
DNA for cloning. The use of the EcoRI* specificity of the EcoRI
endonuclease to prepare random genomic fragments for cloning, as
described by Kemp et al., (1979), appeared to circumvent this disadvantage.
Polisky et al., (1975) reported that the EcoRI* activity of the EcoRI
endonuclease recognised the sequence 5'NAATTN'3‘. The cleavage of full
EcoRI sites by the EcoRI* activity is extremely rapid. For this
reason Kemp et al., (1979) use EcoRI methylase to protect EboRI sites
prior to EcoRI* digestion. Although the ﬁature of N and N' in the
EcoRI* site appears to affect the cleavage of the site the reduced
specificity should still ehsure nearly random digestion of DNA.  For-
example, if the effect of N and N' on cleavage is enough to make the
specificity of cleavage approximate a 5bp recognition sequence such
cleavages should still occur about every 1kb. As fragments of between

13 and 19kb are being cloned this site frequency is acceptable.

‘The results obtained using this method in this study suggest
that for a number of reasons this approach was not as successfull
as expected.v A total Qf 350,000 recombinants were made and screened.
This represent§'1.75 trout genome equivalents. Using the formula P=1-
(1-f)N where P is the probability of a given-unique sequence%ngSFesent in

a collection of N clones each containing a fraction, f, of the genome clonec
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(Clarke and Carbon, 1976) this number of clones gives P=0.82. This
assumes 15kb per clone and a genome size of 3 x 106 kb for the
rainbow trout (Louie and Dixon, 1972).. Assuming six protamine sequences
per genome a library screen should therefore give 10-11 positive
clones (6 x 1.75) representing 4 or 5 of the protamine genes (6 x 0.82).
As only two clones were isolated the library js obviously not random.
Part of the reason for this is likely to be the recognition of sites
other than 5' NAATTN'3' by the EcoRI* activity (Woodbury et al., 1980a).
Preferential recognition of the sequence 5'GGATTT3' may rénder a large
proportion of the DNA unclonable. That three of the four EcoRI
sites at the ends of the inserts in CH4A/TP3A and 4A probably represent
genomic EcoRI sites suggests that a second .problem was the incomplete
EcoRI methylation of the genomic DNA prior to EcoRI* digestion.
"Analysis shows that undermethylation can have a large effect on the
degree of randomness of fragmenté produced by subsequent EcoRI* digestion.
For example, if methylation is 90% complete an unmethylated EcoRI
site wi]] occur on average, every 31kb in 40% GC DNA (an EcoRI site
will occur every 3086bp, 90% methylation will leave 1 X 16'unmethylated).
80% methylation would give an ummethylated EcoRI site every 15.5kb.
Assuming unmethylated EcoR1 sites are cleaved most rapidly upon EcoRI*
digestion it is clear that undermethylated DNA will rapidly be reduced in
size. Subsequent cleavage of EcoRI* sites will therefore produce a

collection of fragments of lower than expected randomness.

The subsequent development of BamHI lambda cloning vectors makes
the use of Charon 4A unnecessary. Sévera] restriction enzymes with
tetranucleotide specificity that prdduce the same 5' extensions as
" BamH1 have been discovered and then can be used to produce random collectior
of genomic DNA.  BamHI vectors include several charon derivatives

(Rimm et al., 1980) as well as lambda derivatives that allow direct selectic
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of recombinanté through the spi phenotype (Karn et al., 1980; Loenen and
Brammer, 1980). The attempted use of one such phage EMBL 1 Was

however unsuccessful. The reason for this is not known. Selection for
the spz phenotype revealed a homogeneous population of phage. These
were clearly related to EMBL 1but showed sequence rearrangements in the
sequences corresponding to the red and gamma genes responsible for the
sp? phenotype.  This result suggests that no spi phage were produced
by insertion of trout éenomic cDNA indicating that something made this
DNA unsuitable for cloning. As the spi phage were homogeneous it is
possible that they represent a variant present in the phage DNA
preparation used for cloning. To investigate this possibility the DNA
used could be packaged without restriction/reltigation and any spi

phage selected, grow up and restricted. To investigate the reasons why
the trout genomic DNA was not cloning successfully control experiments
with a defined BanHI fragment, purified from a recombinant phage from
another source would be ideal. Unfortunately the time was not available

to carry out such experiments.

The structure of the protamine gene in pTP3A

The structure of the protamine gene in pTP3A was analysed
by restriction mapping, nuclease SI and exonuclease VII mapping and
sequence analysis. This showed that the gene sequence contained no
intervening sequences and. fixed the 5' and 3' ends of the mRNA homologous
sequence. The assignment of the ends of the gene sequence are confirmed
by ‘comparison witH-Tl oligoribonucleotides (5' end) and with homologous
cDNA sequences (3' end). The gene is 238 nuc1éot1des 1ong. The
length of the 5' non translated sequence is 19$bp. The 3' non translated
sequence is 112bp. The translated sequence is identical to the

sequence found in two cDNA clones, PII (Jenkins, 1979) and 59 (Gedamu
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et al., 1981). However only 59 has a homologous 3' non translated
sequence. The 3' sequence of 59 shows two base substitutions

in comparison with pTP3A and a single base insertion.

The intronless structure of the protamine gene in pTP3A
js interesting in that the two other higher eukaryotic structural genes
that have been shown not'to contain introns (histones and inferferon)
have their sma]i size in common with ihe.protamine gene. Gilbert
(1978) has suggested that the exon/intron structure of genes allows
more rapid evolution bf genes by recombination in introns producing
exon "shuffling" or through novel splicing pathways. This proposal
has been extended by the apparent relationship between exons and protein
functional units or domains (Blake, 1979). Another proposh] is that the
intron/exonkstructure of genes and,the RNA splicing reactions used to
produce a mature mRNA may be due to the ancestral use of RNA as the primary
genetic material (Reanney, 1979). RNA splicing would then represent
the recombination mechanism of such an ancestral genetic system.
A1l of these theoretical proposals about the evolution and function
of the intron/exon structure 6f genes give essentially the same analysis
of an intronless gene. The intronless structure either represents a
simple, ancestral, polypeptide coding unit or it represents a gene that has
lost its introns. The discovery of intronless pseudogenes
(Nishioka et al., 1980; Wilde et al., 1982; Hollis, et al., 1982) suggests
that eukaryotic cells contain mechanisms that allow the removal of
introns from genes. The most 1ikely mechanism for this is the rein-
tegration of a cDNA molecule, possibly via a retrovirus. Retroviral
oncogenes appear to be intronless counterparts of normal, intron contafning
cellular genes (Bishop, 1981). The retrovirus is therefore able to make
intronless genes from intron containing cellular genes and express them.

However, apart from such oncogenes, no active intronless counterpart of
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a normal intron containing, cellular gene has been foﬁnd. Structufalj
analysis of actin genes from a variety of organisms suggests that
introns can be removed from normal genes. Comparison of the nucleotide
sequence of the rat skeletal muscle actin gene with actin genes

from a number of other organisms (Zayut et al., 1982) suggests several
evolutionary schemes. Firstly, if the theory that genes have
originally evolved‘by assembly and.rearrangement of several exons is
correct the brimordia] actin gene was split in at least all those
pasitions in which introns. are found in the various present day actin
genes. The variety iﬁ intron position and number is then due to varying
deletion of exons. However, it is also possible that insertion |

of introns has foccurred,<perhaps by integration of transposable
sequences. A chicken histone H3 gene containing 2 introns has been
discovered (Engel et al., 1982). The gene has normal intron/exon
splice junctions and the coding sequence contains no stop codons.

The encoded amino acid sequence suggests the gene could specify a minor
H3 histone found inlow abundance in somatic tissues. However, the
evolutionary relationships and transcriptional activity of this gene are
unknown. No such histone gene has been discovered in any other

organism.

The second possibility is that the protamine, interferon and
histone genes have never.contained introns. This would suggest
that these sequences evolved without the recombination of different
ancestral coding sequences. Because of their small size this may be
quite likely to occur.. This is especially true in the case of the
protamine gene, not anly because of its extremely small size,
approximately 1/6 of the size of the interferon gene (187-189 amino
acid residues) and 1/3 to 1/6 the size of the various histone genes

(102 to 207 amino acid residues) but also due to its simple structure.:
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The protamine molecule is not only relatively simple at the primary
sequence level but also appears to adopt a simple tertiary structure when
bound to DNA. The primary amino acid sequence contains only five
or six different amino acids and is basically formed of blocks of
arginine residues separated by differing numbers of non arginine
residues. Comparison of the known amino acid. sequences of fish protamine
(Fig.31 ) shows that only a single non arginine residue appears to be
absolutely conserved, this being the serine residue at position 8
in trout protamine CI.  The protamine molecule is thought to bind in
an extended manner to DNA (Balhorn , 1982), therefore there appears
to be no vital tertiary structure considerations. It is therefore
reasonable to assume such a simple molecule evolving without the
combinatioh of several different exons. In fact the protamine molecule
is at least as simple as many of the exons on multi-exon genes.
In the context of the intron/exon structure of genes and gene evolution
it would be interesting to determine the structure of the bovine
protamine gene. The bovine protamine is 47 amino acid residues in
length (Coelingh et al., 1972). The amino acid sequence shows that the
bovine protamine hés three central polyarginine segments. and amino
and carboxy terminal segments of 14 and 11 residues respectively.‘
Comparison with the structure of fish protamine in a schematic
diagram (Fig. 26) sugéests that the amino terminal extension represents
an addition to the presumably more primiti&e fish protamine. This
extra sequence also has a novel function not seen in fish protamine.
This is to provide both intra and intermolecular disuiphide bridges via
the three cysteine residues in the sequence (Baihorn,'1982)m- It would
therefore be interesting to see if this extra sequence and function is
represented by a second exon, separéte to that containing the polyarginine

segments (equivalent to the fish sequence). . The carboxy terminal sequence
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of the bovine protamine is less obviously an extension to the fish
protamine. However this sequence also participates in formation of
intermolecular disulphide bridges and may also be considered an added

sequence. This sequence may then be encoded in a third exon.

The sequences of the protamine gene regions in pTP3A and pTP4A

The sequenced regions of pTP3A and 4A are very similar. In the
total of 648 base pairs common to both sequences there are 9 base
substitutions and three 1bp, one 2bp and one 16bp deletion/insertions.

. The two sequences are shown in Fig. 22. . The most surprising nucleotide
substitution is a C (in pTP3A) to G (in pTP4A) transversion in the first
base of the codon for amino acid residue 17. The codon change is
CCC/proline to GCC/alanine.  The pTP3A sequence, with a proline at
position 17 has previously been described as a protamine amino acid
sequence and as a cDNA nucleotide sequence. The protein sequence is that
of the CII fraction of protamine (Gedamu et al., 1981a; Fig.31) -
and the nucleotide sequence has been described by Jenkins (1979), in’
pTP11, and by Gedamu et al., (]981a), in pRTP59. The pTP4A sequence
has neither been described as an amino acid or cDNA sequence. However
a very similar protein sequence with an aldnine residue at the analogous
amino acid residue, has been described in purified protamine from
Salmo irideus. This is the jridine II sequence (Fig. 31). Salmo irideus
is considered taxonomically indistinct from Salmo gairdnerii, the species
used in this study. However, jt is thought they represent distinct,
genetically isolated populations. The sequence may then represent a
gene polymorphism found at a very low frequency in 5. gairdnerii
but at a high frequency in S. 7rideus expiaining jts previous description
only in the {352;-species. Alternatively the two sequences may represent

different genes. The previous description of a pTP4A type amino acid
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éequence only in S.<rideus may then be due to a higher level of
expression of this gene in this species than in S. gairdnerii.  The

change could also represent a cloningartifactbut this is highly unlikely.

Analysis of the sequenced regions by nucleotide content shows’
several interesting features. The sequences were analysed by AT
.and GC content and base excess (A over T and G over C) in the coding
strand (Fig. 27). For analysis the sequence was divided into blocks of
50bp from the cAP site. The analysis shows that the genera]iy GC
rich gene sequence is surrounded by AT rich domains that extend to the
end of the éequehced region. The GC richness of the gene is partially
e*p]ained by the number of arginine residues and the preferential use of
CGC and AGG arginine. codons (Table 1). However the GC richness extends'
.into the 3' nonltraﬁs1ated region as well. The reason for the
surrounding AT rich sequences is unknown. The AT content of the surrounding
regions approximately compensates for the GC content of the gene
region. The region from nucleotide - 200 to +500, containing the gene
and surrounding AT rich sequences, has an a?erage AT content 58.7%,
very close to the normal value for a higher eukaryote genome. Analysis
of the coding strand for base excess (base asymmetry) reveals two domains,
an A rich domain corresponding to nucleotides -50 to +150 and a C rich
domain corresponding to nucleotides -250 to +50.  The significance of
the domains is unknown. Simi]ar-ana]ysis‘has revealed similar domains in
other sequences (Smithies et al., 1981). The part of the A rich
domain corresponding to the coding sequence is mainly due to the preferential
use of AGG and AGA arginine codons over the only T containing arginine codon,

AGT.

The nucleotide sequence of the 5' non translated region and
the 5' flanking region contains a number of repeated sequences. One
sequence of 39-46bp is repeated three times (Fig.28(a)). The first

example of this sequence is found between nucleotide positions -215 and
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*Fig.27 Nucleotide distribution in the protamine gene region
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per 50bp.(ie. A-T or G-C)

--- pTP4A if different from pTP3A

Nucleotides 401 to 450 taken from pTP4A only as pTP3A
contains a 16bp deletion in this region.
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Fig.28 Repeated sequence elements in the protamine gene region.

(a)

-220 -172

1. CGTCATTTAAC-——ATI---QAQACAQAGATCA'-CIAITTAA-AATGACAAAATAAA

-100 =50
2. CTGTCTTTAA%——-ACT——-TéTTQCAICATCA—TTTATCCEATAATGACATCACTCC
-37 +21

3. GCCCTAIAééAGGGéECACCGCgCngEAéAiéTTTTATCCATCééICACAATGCCCA

——rap———

TATA +1 Met
box

(b)

1.  (-192)ATTTAAAATGACAACATCA-TCCTGC-CAC(-143)

(—60)ACATCACTCCAGC§CCC

CTCCAGC-CCT(-32)
GAAGACG

(+11) ACAATGCCCCAGATC
CTCCAGC—-CGA(+46)

NN?NN : X pTP3A sequence,Y pTP4A sequence where different
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-178.  The second occurs between nucleotides -95 and -56 and the third
between nucleotides -32 and +15. The latter therefore contains mosf

of the TATA box sequence, the cAP site consensus and ends at the ATG
initiation codon. The degree of homology between the elements varies.
The first and second show 61% homology, the second and third 55% and the
first and third 45%. Assuming that the protamine gene in pTP3A and pTP4A
is extremely ancient the third sequence, which includes part of the gene
structure, must be the original sequence. The first duplication event then
presumably formed the first element as this shows least homology

to the third element. The degree of sequence divergence between these
two sequences (55%) gives an estimated duplication time of between

33 to 66 million years ago (assuming sequences are not selected for and a
nucleotide substitution rate of 1% per 0.6-1.3 million years). A

second duplication event, of the first element, to form the second, then
presumably occurred. The first and second elements show 39% divergence
corresponding to an estimated duplication time of between 22 to 44 million

years ago.

The second group of sequences, shown in Fig.28(b) , show a
more complex re]ationship. Two of the sequence elements, the second and
third (represented by nucleotides -59 to -34 and +12 to +43 respectively)
share a homologous sequence of 25bp, the third element containing a
8bp insertion. Each element also shows an internal direct.repeat of
a 9bp sequence at the 3' end. These two sequences can therefore be
kepresented es abb'. 'The fifét eTement is more complex. A'sequence
of 16bp shows homology to the first 16bp of the second and third elements
and can therefore be represented as ab. However the sequence contains a
19bp insertion that in part shows homology to sequences 5' to the ab
sequence and also to the 5' half of the ab sequence. This structure ca-

therefore be represented by i?b
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Consensus sequences in the protamine gene region of pTP3A-and pTP4A

(1) Far upstream sequences, the CAAT consensus

The first putative consensus sequence in the protamine gene -
region in pTP3A is the sequence 5'TCTCAATTT3'. The 3' C in this

sequence is nucleotide -103.  The consensus sequence this partially matches

C
T

residue is found between nucleotides -93 to -70 in the gene sequences

is 5'GG-CAATCT3' (Efstratiadis et al., 1980). The corresponding C

from which the consensus was derived. All these genes also show
conservation of at least one of the two G residues of the consensus.

The sequence in pTP3A is therefore neither a good fit to the consensus
sequence nor in the correct position being at least 10bp further upstream

than normal.

In pTP4A a second putative fit to this consensus is found. A C
to A transversion at nucleotide -66 produces the sequence 5'ATCCAATAA3'.
The C residue of the CAAT sequence is at nﬁcleotide -67. This
- sequence is not a good fit to the consensus either as again neither of the
two 5' G residues of the consensus are conserved. This sequence is'a1so
too close to the gene to fit within the normal spatial relationship
found between this consensus and gene sequences. However it is less
(3bp) outside the normal range of the consensus/cAP site spacing then the
first sequence. It may therefore be aAcoinCidential rather than a conserved
sequence. The absence of this consensus sequence in pTP3A would not
be surprising as it is not ubiquitous and in the rabbit g-globin
(Grosveld et al., 1981), conalbumin (Corden et al., 1980) and HSVI tk
(McKnight and Kingsbury, 1982) genes,ﬁﬁggg it does occur, it does not

appear to be necessary for efficient transcription.

(2) The TATA box and cAP site and the control of transcription

Both the pTP3A and 4A sequences contain a cAP site consensus
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and a TATA box homology which is in the correct spatial reiationship to

the cAP site.

The cAP site utilised in pTP3A has been defined by nuclease
S1 mapping (Fig. 22). Although the pTP3A sequence contains two
potential cAP sites-only one appears to be utilized ¢n vivo.  The cAP
site not used in pTP3A is déstroyed in pTP4A by a C to A transversion at
nucleotide -6. The TATA box sequence shares a 12bp homology with the
analogous sequences in the conalbumin gene and the Ad2‘major 1ate promoter
(Fig.22). Both the conalbumin and Ad2 major iate promoters are strong
in vitro ad in vivo promoters (Corden et al., 1980). Similarly the
protamine gene promoter appears to be of equal efficiency to the
Ad2 major late promoter in the Manley cell free system (S.P. Gregory,
personal communication). However it is difficult to assess whether this
reflects the in vivo activity of the gene as no direct measurement has been
made. The protamine sequence encoded in pTP3A (a CII type polypeptide)
is the most abundant 7n vivo (Ling et al., 1971). However as the time
scale of spermatogenesis is long (several months) and protamine mRNA
appears to be synthesised and stored in cytoplasmic ribonuc]ebprotein
particles (Iatrou et al., 1978; Gedamu et al., 1977a) this may not
réf]ect a high gene trénscription rate. It is also possible that

there are several genes coding for the same polypeptide sequence.

The similarity of the TATA box homology to the E.colz Pribnow
box (Siebenlist et al., 1980) suggests that the ceﬁsegsés—sequeneé—for
the-Rribmow-box—is—the functions of the two sequences may be analogous.
The Pribnow -box functions as a promoter for E. coli RNA polymerase.
Although the consensus sequences for the TATA and Pribnow box homology
are very similar their spatial relationship to the transcription
initiation site is different. ~ The Pribnow box‘is found only 11 to 14
nucleotides upstream from the transcriptional start site compared with'the

24 tq 34 nucleotides between the TATA box and the cAP site. However as
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there are 10.5bp per turn of the DNA helix the two séquences ére in the
same orientation with respect to their initiation sites. The E.colZ
RNA polymerase appears to initiate by fi%st binding randomly to

DNA and then translocating to a promoter (Park et al., 1982). Binding
to a promoter causes unwinding of nucleotides -10 to +1. Negative
control of transcription initiation in E. coli appears to be byldirect
blocking of RNA po]ymeraée binding to or transcription from the promoter
sequence. The binding of control factors, usually proteins, is
mediated by operator sequences. These mediate factor binding directly.
Operator and promoter seduences may pver1ap. Positive control
mechanisms, such as the cAMP/CRP system also occur. These systems appear
to facilitate transcription initiation directly, the effector mq1ecu1e
binding immediately adjacent to the‘promoter sequence. The ubiquitous
nature and high degree of sequence conservation of the TATA box and its
apparent control role in directing transcription in in vitro systems
§Upport the viéw that it is directly involved in the mechanism of RNA
polymerase II initiation, as a promoter, rather than in a transcriptional
control mechanism. . Contro] of transcription Zn vZvo must then
bresumab1y depend on controlling the access to or translocation from the
TATA box by RNA polymerase II. One possibility is that control may be
in a manner analogous to the control system in E.colz ,that is by
repressor or inducer binding to sequences immediately adjacent to the
TATA box. The localization of the sequences involved in cadmium regulation
of the metallothionein gene to within 90bp of the cAP site (Brinster

et al., 1982) make this regulation system a candidate for an effector
molecule/operator type control mechanism. The Tocalization of the
sequences involved in hormone regulation and of potential hormone/receptor
binding sites to sequences immediately upstream from hormondly regulated
genes (Mg1vihill et al., 1982; \Kurtil 1981§ Huang et al., 1981) make
these genes candidates for similar control mechanisms. The effect of

hormone/receptor complexes on 7n vitro transcription has not been analysed
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However the efficient transcription of the ovalbumin and conalbumin
geneé in the Manley HeLa cell free system suggests that such
transcription systems are_not suitable for such analysis. The
delineation of the sequences involved in these regulation systems wi}]

help to elucidate the exact nature of the control mechanisms involved.

A second possibility for controlling access of RNA polymerase
II to promoter sequences %ﬂ through chromatin structure Inactive
chromatin appears to have multiple layers of organisation and such
a high degree of structure probably precludes access by RNA polymerase to
DNA sequences. The association of general DNAase sensitivity with active .
chromatin suggests that active chromatin has a more open structure than
inactive chromatin. The more specific association of DNA under-
methylation, HMG pfoteins and DNAase and nuc]ease S1 hypersensitive sites
with active genes also suggests that specific chromatin regions that
contain active genes show novel features. The exact relationships between
these features and gene activity is not known. However the evidence
for the importance of DNA methylation and DNA/nuc]eaée S1 sensitives
sites is compelling. The DNAase hypersensitive sites associated with‘
the chicken o and g-globin genes are self propagating and therefdre
show one of the essential properties for sites involved in differential
gene control (Groudine and Weintraub, 1982). However such sites are
not sufficient to cause transcription. In the Drosophildsqs4 glue
prote1n gene there appears to be a h1erarchy of interaction and formation
between the f1ve tissue spec1f1c gene assoc1ated DNAase 1 hypersens1t1ve
sites. - What exactly these sites represent in terms of chromatin
structure and how they are involved in transcription is not known.
However it is clear that control of transcription in eukarotes can
be mediated in a number of ways. A possible scheme for gene control is

shown in Fig.29.
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Fig.29 A possible scheme for control of transcriptiom.

Inactive chromatin
DNA is inaccessible to

RNA polymerase II

Alteration of chromatin structure
leading to general accessibility

of DNA to RNA polymerase II1

Possible stimuli include differentiation

processes

Chromatin with general DNAase I
sensitivity,specific gene associated
DNAase I and nuclease SI hypersensitive
sites,undermethylated gene DNA and
novel chromatin proteins.This structure

is self perpetuating.

Constitujtive gene expression Controlled gene expression
eg. Globin genes eg. Metallothionein gene

Hormone regulated genes
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(3) The AATAA consensus, polyadenylylation and transcription termination

The protamine gene sequences in pTP3A and 4A contain the sequence
5'AAATAAAA3' 20bp (to the T residue) upstream from the site of mRNA
polyadenylylation. The same sequence is found in all the full length
(3') cDNA clones (Fig. 2). The consensus AATAAA sequence, or a closely
related sequence, is gbiqpitous to all non yeast polyadenylylated mRNAs.
The sequencelis always found 15 to 20 nuc]eotfdes upstream from polyadenylyl-
ation site. Histone mRNAs, which lack a polyadenyl tail, do not contain
the sequence. Yeast mRNAs are all po1y$deny]y1ated indicating a non
specific polyadenylylation mechanism. Yeast mRNAs do not contain the
sequence. A1l this evidence suggests that the AATAAA sequence directs
pd]yadeny]y]ation. Direct evidence for this role has also been produced
by deletion analysis of the sequence in SV40 (Fitzgera]d and Shenk, 1981).
It is not known if polyadenylylation and termination are linked in any way,
the available evidence for specific termination sequences in eukaryotes
" is very limited. The available evidence suggests that polyadenylylation
occurs after endonucleolytic cleavage of the nascent transcript at the
site of polyadenylylation. Termination at a downstream site could then
occur randomly with respect to sequence by linkage to this cleavage
or at a specific downstream site. As the cleavage/polyadenylylation
reaction and degradation of the transcript 3' to the polyadenylylation site
are extremely rapid most techniques are not sensitive enough to detect these
presumed downstream transcripts. However, by labelling RNA in isolated
nuctei and then binding specific RNA to DNA clones immobilized on
nitrocellulose,Hofer et al., (1982) have shown that most transcripts of the
mouse B-globin major gene appear to terminate approximately 1.4kb
downstream from the polyadenylylation site. A yeast deletion mutanf :
has been described that causes readthrough of the normal termination site

(presumed to correspond to the 3' end of the mRNA in yeast) of the cYcl
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gene (Zaret and Sherman, 1982).  The deletion occurs immediately prior to
the normal termination sité. Immediately 5' to the deletion is a

region of dyad symmetry. In E. coli,rho factor independent termination of
transcription is associated with the presencé of a region of dyad

symmetry near the 3' end of the transcription unit. Termination occurs

in a T rich (coding strand) sequence (P1étt, 1981). A sequence containing
a dyad symmetry has been directly demonstrated to be necessary for
termination of the sea urchin H2A histone gene (Birchmeier et al., 1982).
Termination of the H2A gene normally occurs 4 nucleotides downstream from
al6 nucleotide hyphenated (by 4bp) palindrome. An analogous sequence is
found at the 3' of the protamine mRNA sequence in prBA and 4A (Fig. 30).
This is a 17 nucleotide hyphenated (by 5bp) palindrome. The 5' half of

the palindrome includes the TAAAA pentanucleotide from the polyadenylylation
consensus. The distance between the end of this sequence and the
polyadenylylation site is 4 nucleotides. This is the same as the distance
between the H2A palindrome and termination site. The terminal 4 nucleotides
in the protamine and H2A mRNAs are almost identical being ACTA and ACCA
reSpectiVe1y.The protamine sequence may then be a termination signal extendin
the extremely compact nature of the gene to fusion of the polyadenylylation
and termination sites. In other protamine cDNA sequences (Fig. 30)
jdentical or closely related sequences occur. The minimum number of bases
in any cDNA sedueﬁce tﬁat can pair to form a hairpin structure in.the‘mRNA
is five. The»importance of these sequences could be tested by i<n vitro
mutagenesis and expression analysis in eukoryotic viral/cell transfection

systems (the only systems to support polyadenylylation of & clone transcripts

The sequence 3' to the polyadenylylation site in pTP3A and 4A
also contains several palindrome sequences including a 16bp sequence

5'ATTAAAAGGTTTTAATA3' between residues 356 and 372. If termination occurs



Fig.30 Interrupted palindrome at the 3' end of the protamine gene

pTP3A/4A,P81,13

59,432

1782

6b

Histone HZA4

12

a b
CTTAAATAAAAGATGGGC-TTTTAACTAAAA

CTTAAATAAAAGATGGGCGTTTTAACT(A)N
CTTAAATAAAAGAEGA&CGTTTTAACT(A)N
CTTAAATAAAAQATGGGQG-TTTAACT(A)N

AACAACGGCCCT-TAT-~AGGGCCACCA

P8,131,59,43,178 and 6b are cDNA sequences

1. Jenkins, (1979)

2. Gedamu et al.,(198la).’
3. Sakai et al.,(1981).
4. Birchmeier et al.,(1981).

.

a Polyadenylylation consensus sequence

b Polyadenylylation site

c 3' end H2A mRNA

157
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3' to the polyadenylylation site it would be interesting to see if

any such sequence features are associated with the site. The site of
termination could possibly be determined by alteration of the polyadenylyl—
ation consensus sequence allowing large amounts of full length

transcripts to be synthesised. Again this analysis would best be done in
an eukaryotic viral clone/transfection system as such systems are most

Tikely to support'specific termination.

Are the protamine genes in CH4A/TP3A and 4A allellic or members of a

repeated gene family?

Comparison of the restriction sites in CH4A/TP3A and 4A and
the corresponding subclones, pTP3A and 4A show that the two sequences
are very closely related but not jdentical. Sequence analysis of
the corresponding gene regions confirms this. The restriction mapping
data from the charon 4A clones shows a single Xbal site polymorphism. |
Use of this data to calculate a figure for the nucleotide substitution
rate gives a value of 0.0176 substitutions/nucleotide site.  However
the limited size of the data sample gives a correspondingly large
variance value, 0.259. The sequence data gives a nucleotide substitution
rate of 0.014 for the whole of the,région sequenced in both clones
(649bp).  The corresponding figures for the non transcribed. and trans-
" cribed sequences faken separately are 0.036 and 0.0088 respectively.
The question is whether these differences represent polymorphic differences
Betwéen gene alleles or members of a repeated gene family. The relevant
points to be considered are

(1) The copy number of the CH4A/TP3A and 4A sequences in’ the trout

genome

The 1afge size of the trout genomic fragment in CH4A/TP3A and 4A

and the fact that they both contain no internal EecoRI sites means that both
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clones must be represehtative of the largest genomic EcoRI fragment. The
sequence of pTP3A reveals an internal EcoRI* site at a position analogous
to the EcoRI site at the boundary between the genomic sequence and the
Charon 4A right arm at the foreshortened end of CH4A/TP4A.  This

suggests that CH4A/TP3A represent§ the 16.6kb genomic EcoRI fragment in its
entirety and CH4A/TP4A this fragment cleaved at the EcoRI* site found in
CH4A/TP3A.  The copy number of CH4A/TP3A and 4A is therefore the copy
number of this genomic EcoRI fragment. This fragment is one that
hybridizes strongly in genomic Southern transfers. However ft is not known
whether this increased signal is due to increased copy number or other
factors. If it is assumed that all protamine genes have the same structure
(i.e. do not contain introns) it is highly likely that the CHAA/TP3A and

4A clones are representatives of a repeated gene rather than gene alleles
as the increased signal from the 16.6kb genomic fragment becomes

difficult to éxp]ain without resorting to increased copy number.  However
an increased copy number of this fragment would be expected to lead to an
increase in the number of corresponding clones isolated from the genomic
library. Two clones were isolated from a library of approximately

1.75 genome eqqiva]ent superficially suggesting a copy number of unity.
However as the library- appears to be distinctly non random and as the exact
cause of this non randomness is not known this data cannot be used to argue

for or against increased copy number..

(2) Comparison-of the nucleotide substitution rate-in-allelic, recently

diverged and repeated gene sequences

Although no systematic study of the level of nucleotide sequence
polymorphism in eukaryotes has been made some data is available. A
study of restriction site polymorphisms in the human B-globin gene cluster

(Jeffreys, 1979) suggests that in this region as many as 1 out of every 80
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to 100 nucleotides may be polymorphic (this is equivalent to a nucleotide
substitution rate of 0.01 to 0.0125 spbstitutions/nuc1eotide). A1l

the variant restriction sites detected were within intron sequences.

A more detailed analysis, including nucleotide sequencing (Orkin et al., 1982)
extends this analysis and shows the same average rate of polymorphisms.

Many of the polymorphisms found appear to be non randomly associated.

Only one sequence polymorphism is found in the translated sequence of the

8 globin gene, this is a C to T transition in the second codon of the
translated sequence. The change is in the third base-df the codon and does
not alter the amino acid sequence. The human a« globin gene cluster also
shows polymorphic variation.  However these appear to be.due to DNA
deletion/insertion evenksrather than nucleotide substitutions (Higgs et al.,
1981). Deletion polymorphisms appear to be associated with short

direct repeats (Efstratiadis et al., 1980; Shen et al., 1981). A

sequence analysis of the duplicated y-globin genes show that in the 5' two
thirds of the gene there is more difference between the two alleles of

the AY gene than between the AY and GY genes. The converse is true

for the remaining one third of the gene.  This surprising finding seems

to be due to a gene conversion event between a AY and a GY - gene making one
of the AY alleles a 5'GY R 3'AY hybrid.  The apparently high rate of
nucleotide substitution between‘the two AY alleles ih}the 5' two thirds

of the gene is therefore actually representative of the substitution rate
between duplicated genes. The original duplication event occurred
approximately 34 million years ago. The gene conversion event is extremely
recent, probably with the last one or two million years. Comparison of

the duplicated sequence shows an average nucleotide substitution rate of
0.154. The local base substitution rate appears to be related to the AT
content of the DNA (Smithies et al., 1981).

The positive correlation between AT content and the nucleotide
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substitution rate may be due to the fact that AT rich sequences can tolerate
distortion of the DNA helix more easily because of the relative

weakness of AT over GC base pairs. The value of 0.014 for the

nucleotide substitution rate between the sequenced regions of pTP3A and

4A (which, from the restriction site data, is probably of the same magnitude
for the whole of the sequences in the Charon 4A c]ohes) is therefore more
conéistent with the genes being alleles rather than duplicated genes.

This nucleotide substitution rate is somewhat higher than that estimated
for the human 8 globin gene cluster (0.01 to 0.0125). The difference

may be partly due to the high AT content of the DNA seqﬁences surrouhding
the protamine gene. The high AT content may also explain the higher
number of transversions (5) than transitions (4). The data of Smithies

et al., suggesting that high AT content increases the number of trans-
versions more than the number of transitions (Gojobori et al., 1982).
Comparison of globin genes from a number of organisms (Efstratiadis et al.,
1980) has suggested that non coding DNA evolves at é rate of about 1%

every 0.6 to 1.3 million years. Assuming anlaverage rate of polymorphism
of 1% this means that the sequences in pTP3A and 4A either duplicated,

or were genetically matched,very recently (~ 0.5 million years ago) or are
in fact alleles. A gene matching event is un]ike1y given the large size
of the sequence involved (inb). The GY/AY gene conversion involved
only 1.5kb of DNA.  The only non allelic non functiona} sequences that
show extreme sequence conservation are tand%h]y repeated sequences such

_as ribosomal genes RNA or the histone genes of sea urchin or Drosophila.
This may be due to gene matching events that operate by crossing over.

Such a system would select for conservation of homology. Histone

genes that are not tand§h1y repeated such as the human (Heintz et al., 1981)
and mouse (Sittman et al., 1981) do not show conservation of gene order

in different clusters or restriction sites around individual genes.
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' (3) Does a difference in the amino acid sequence encoded in pTP3A and

pTP4A mean they are different genes?

The coding region in pTP3A encodes an amino acid sequence that
has previbus]y been described both by amino acid sequencing of purified
protamine and also (from amino acid residewe 7 on) by nucleotide
sequencing of cDNA clones. The amino acid sequence coded for has been
termed CII by Gedamu et al., (1981a). In pTP4A amino acid residue 17
is changed from a proline (in pTP3A) to ai alanine residue by a C to G
transversion.  The corresponding codons are CCC (pro]iné, pTP3A)
and GCC (alanine, pTP4A). The resulting amino acid sequence has not been
described in Salmo gairdnerii protamine either by amino acid sequencing
or by nucleotide sequencing of cDNA clones. A1l such sequences show a
proline residue at an analogous position. This suggests that the sequence i
pTP4A may represent a mutational event.  Such a mutation may not be
deleterious to the fish carrying it as although the proline residue is
conserved in Salmo gairdnerii protamines comparison with all known fish
protamine amino acid sequences (Fig. 31) show it is not ubiquitous. In
fact an amino acid sequence containing an alanine at this position is
found in iridine II. This sequence is virtually identical to the
sequence encoded in pTP4A. The iridines are the protamines of Salmo
irideus which is classified as being taxonomically synonymous withv
Salmo gairdnerit. Amiﬁo acid sequence comparisons of different protamines
therefore show that not only is the proline residue not absolutely
conserved in the mqlecu]e but that an identical amino acid substitution
is found in a very closely related species. It is possible that such
a change would be maintained as a gene polymorphism in Salmo gairdnerit
rather than being eliminated by selection. The previous discovery‘of an
analogous sequence in Salmo irideus but not gairdneéii may possibly be

due to a higher frequency of such a polymorphism in the former species
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rather than the presence of a novel gene. Alternatively the two
sequences in pTP3A and pTP4A may represent different gehes. However
such a change does not argue absolutely for the .sequences being different

genes.

In conclusion the evidence would appear to suggest that two
two genes may in fact be allelic. However without c]oning and
analysis of the remaining protamine genes in Salmo gairdnerii and
accurate determination of gene repetition frequency the possibility that

they represent two members of a repeated gene family- remains open.

Sequence conservation in protamine gene sequences

Protamine amino acid sequences show that their structure is very
similar. Analysis of genomic and cDNA sequehces show that this similarity
is also found at the nucleotide level and extends to the 3' non
translated part of the gene sequence. The main area of sequence
variation occurs between amino acid residues 5 and 11 (Fig. 32). This
area corresponds to the major site of serine phosphorylation of the
protamines. The sequence variation in this region allow the cDNA
sequences two be divided into two types (Fig. 2). The part{tion of the
sequences into two groups is reinforced by analysis of the sequences
outside the region of most variation. As well as being one amino acid
shorter than type 1 sequences in the above region type 2 sequences are ’
also an amino acid shorter in the carboxy terminal half of the coding

sequences (residue 22 in the type 1 sequence is deleted in type 2 sequences).

Apart from this change the amino acid sequences,with one exception,
are identical in this region. However type 1 and 2 sequences can
be distinguished by use of synomonous arginine codons at amino acid residues

15 and 21 (numbered in type 1 sequence). At residue 15 the type 1



Codon 5 6 7 8 9 101112 15 21 22
2421 -GT AGA GTT |
Arg val
T K
’IE pg’ AGA
A
" E I'T
1. p’I‘PBA,591 AGATCCTCCAGCCGACCTGTCCGC CGC CGACGT
ArgSerSerSerArgProValArg Arg ArgArg
1 3 ‘ ' l I 24 25 26 27
43 »217, AGA--~-GCCAGCCGCCGTGTCCGC CGT CGG~-- AGAGGAGGCCGC
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sequence has a CGC codon, the type 2 sequence a CGT codon. At residue

21 the type 1 sequence has a CGA codon, the corresponding type 2 codon

is CGC. In addition to this variation between typés there is a novel

type 2 variant in the cDNA pTP4A (Jenkins, 1979) sequence. While all

other type 2 sequences encode Args Gly2 Arg5 in the carboxy terminal

part of the protamine molecule pTP4A encodes Arg4 G]y2 Args.' In

addition all type 1 cDNA sequences terminate at the end (amino terminal/5"')
of codon six or in the first two base pairs of codon five. Only a

single type 2 cDNA sequence terminates at an analogous point. The remainder
include a complete coding sequence. Some also extend into the 5'

non translated part of the mRNA sequence. Compérison of the pTP3A/4A

gene sequences with full length type 2 cDNA clones suggest that thé

amino acid and nucleotide sequence of fhe amino termina]Apért of the
molecule is the same in both type 1 and type 2 sequences. The 3' non
translated part of the gene seqﬁence can also be used to divide the sequences
into the same two types. However there’is one exception to the type 1

and 2 gene sequences. This is the cDNA pTP11 (Jenkins, 1979)

sequence which has a type 1 coding sequence and a type 2 non translated

3' sequence. This could represent a gene sequence that arose by
recombination between a type 1 and type 2 gene with the recombination
occurring in the identical seqhences in the 1ast ten codons-Ofohe coding
regions. The pTP11 sequence could also be a cloning artifact resulting
from template switch during the first stage of cDNA synthesis.  This

could be caused by a RNAase activity degrading the first mRNA temp]até

allowing the cDNA to reinitiate on a second mRNA.

The sequence conservation of the protamine gene 3' non trans]atea
sequences at the nucleotide level is surprising. Only the 8 globin mRNA
sequences of higher primates show a similar sequence conservation (Martin

etvaI., 1981). Presumably such conservation of nucleotide sequence reflects
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a functional role for the 3' non translated part of the protamine mRNA.'
The sequence homology is found not only within the two sequence types
but also between the two types. After alignment sequences representative
of the two types (clones pRTP43 and 59, Gedamu et al., 1981a) show a
nucleotide substitution rate of 0.034. The function of the 3' non
translated sequence may be represented by a secondary structure
requirement.  The sequences of protamine mRNA ribonuclease T1 resistant
eligoribunucleotides (Davies et al., 1979) show that they are all derived
from the 3' non translated sequence (Fig. 33). Tl resistant
oligoribonucleotides representative of both gene sequence types are
found. One possible functional role for the sequence conservation/
secondary structure of this part of the mRNA may to be allow mRNA storage
in the cytoplasmic ribonucleoprotein particles found in trout testis
cells (Gedamu et al., 1977a). RNA from these particles only directs

the synthesis of protamine in a-wheat germ translation system. RNA
storage in these particles therefore appears to be specific. This
specificity presumably residNe in both the protein and mRNA parts

of the particles. This storage system may also select for nucleotide
sequence conservation of the coding region of the mRNA. Alternatively
the whole sequence may be under some other form of nucleotide sequence
variation restraint. One probable restraint on the coding usage is
selection for preferential codon usage. The high GC content of the
coding region may also make it more evolutionary stable as GC rich
sequences appear to mutate less rapidly than AT rich sequences (Smithies

et al., 1981).

Evolution of the protamine gene family

Comparison of known cDNA sequences shows that between them they
describe six different amino acid sequehces. The number of different

coding region sequences is increased to seven by a nucleotide substitution



‘Type 1 gene sequence TAGNlOGTAGAACCTACCTGAéCTAzCCGCCCCCTCCGGGTTC',;CCCTCCCGACCCCTGGTEGTGNQS(A)N
T1 28,29 AACCTACCTGACCTATCCGCCCCCTCCEG
T1 54 AACCTACCTGACCTATCCGCCCCCTCCGGGCTCTCCCTCCCGACCCCTGXNNG

' G.T A :

Type 2 gene sequence TAGN9GTAACCTACCT2AACTAACCGCCCCCTACCGGTTCTCCCTCCAGACTN61(A)N
T1 31,32 AACTAACCEQCCCCTACCEE?TCTCCCTCCAG
T1 43 TAACCTACCTEAACTAACCEFCCCCTACCEQ?TCTCCCTCCAG

Internal G residues are underlined

Type 1 and 2 gene sequences are from fig.2

Tl oligonucleotide sequences are from Davies et al., (1979)
X Purine

TAG Coding region termination codon

*yNyu 2utwejoad
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in the wobble base at codon 10 (Fig.32) between the cDNA

sequeﬁces 178 and 94.  However there are also amino acid sequences for
protamines which have not been described as ¢DNA nucleotide sequences.
These are the CI type protamine and a third variant of CIII type
protamine containing a proline residue at position 10. This increase
the number of amino acid sequences described to eight. In addition

the pTP4A sequence described in this study also encodes a ninth protamine
sequence. Whether all these sequence variants represent different
genes or not is unknown and this can only be determined by cloning all
the protamine genes from a single fish. The different sequences

are éhown in Fig. 34. Also given is the number of coding and 3'

non translated base substitutions and deletion insertions. On the
basis of these changes an evolutionary scheme for the orotamine genes
can be proposed (Fig. 35). Again, without cloning and analysis of all
protamine genomic sequences such a scheme is on]y aﬁ estimate. With
respect to the evolution of the protamine genes it would be

interesting to determine the number and structure of.the'clupeine genes of
herring. The Sqlmonidae, of which the rainbow trout is a member,
apparently arose from the Clupeidae by a tetraploidisation event. The
clupeine gene structure and number should therefore}a11ow the
determination of a more detailed evolutionary scheme for the protamine
genes énd division of the evolutionary history of the genes into pre and

post tetraploidisation events.

Conclusion

In this study two protamine genes from the rainbow trout
(Salmo gairdnerii) wifere cloned from a 1am5da genomic library. The
structural analysis of these geneé show that they contain no intervening
'sequences.‘ One clone, CH4A/TP3A, contains a protamine gene which encodes

a prévious]y described amino acid sequence. In addition a cDNA sequence
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Fig.34 Different protamine genes deduced from nucleotide and

amino acid sequences.

pTP3A,591 ProArgaSer3ArgProVa1Arg5ProArgSerArg6G1y2Arg4

2,5

1
2427 ,P8 SerzArg2

CIIIl,431,2i.3 ProArgaAlaSerArgZValArgsProArgValSérArgSGlyzArg4

crrrt,osl, 1788 C Tle
2 .
P4 Ile ArgaGlyZArg5
CIIIl’a’7 Pro
4
CIL Arg5 Val

1. Gedamu et al.,(198la).

2. Jenkins, (1979).

3. Sakai et al.,(1981)

4. Descibed only as amino acid sequences

5. 242 and P8 differ by two wobble position base substitutions
(codons 5 and 11)and by three base substitutions and three
deletion/insertion events in the 3' non translated region.

6. 94 and 178 differ by one wobble position base substitution
(codon 10) and by one base substitution in the 3' non-
translated region.

7. An Ile or Val to Pro amino acid substitution involves at
least two base substitutions.
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Fig.35 Evolution of the protamine gene family.

Arranged by minimum change between adjacent genes(see figs 31 and 33)

Distances between branch points is not to scale.

CIXI/codon 10,Pro

pTP3A/59
242

P8

CI

P4
94/178
43

N\

Ancestral gene



which is identical to the CH4A/TP3A sequence in the coding (translated
region) has previously been described. The second clone CH4A/TP3A
although almost identical to the other in structure, contains a novel
protamine gene sequence. The similarity in structure of the two
clones suggest that they are either alleles showing po]ymorphismskor

very closely related repeated genes.

154 -~
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AEV
ATP
BBL

bis acrylamide

B-MSH
bp
BPB
BSA

cpm
CRP .
dATP
dCTP
dGTP
dNTP
DEAE
DNA
DNAase
ds

DTT
EDTA
exo VII
GFC '
HAP

kb
Krpm
LA

LB

M

mg

ml

M
MMTV
MOPS

Abbreviations and Symbols

avien erythroblastosis virus
adenosine 5' triphosphate

BBL trypticase

2-mercaptoethanol
base pair
bromophenol blue
bovine serum albumin

cyclic (3' - 5') adenosine monophosphate

DNA copy of RNA

carboxymethyl

counts per minute

cAMP receptor protein
deoxyadenosine triphosphate
deoxycytosine 5' triphosphate
deoxyguanosine 5' triphosphate
deoxynucleotide 5' triphosphate
diethylaminoethyl
deoxyribonucleic acid
deoxyribonuclease

double stranded

dithiothreotol
diaminoethanetetra-acetic acid
exonuclease VII

glass fibre filter
hydroxyapatite

kilobase (pair)

103 revolutions per minute

L agar

L broth

molar (moles/litre)
milligramme (]0'3 gramme)
millilitre (1073 Titre)
millimolar (10-3 molar)

mouse mammary tumour virus
morpholinopropane sulphonic acid

N,N*'-methylenebisacrylamide
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mRNA

NP40
- 0D
OAc

PEG
pfu

pH
PPO
PPOPOP
rDNA
RNA -
RNAase
rRNA
SAM
SDS
SET

ss

SSC

S1

TBE
TCA
TEMED
Tris(HC1)
ts

TTP

ug

ul

M

v/v

w/v

w/w

xgal
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messenger RNA

molecular weight

nonidet-P40

optical density at wavelength of x nanometres.
acetate (CH3COO')

phosphate (PO4)

polyethylene glycol

plaque forming units

minus log, hydrogen jon concentration

2,5 - diphenyloxazole
1,4-bis-2-(4-methy1-5-phenyloxazolyl)-benzene
ribosomal RNA coding DNA-

ribonucleic acid

ribonuclease-

~ ribosomal RNA

S adenosyl methionine

Sodium dodecyl-sulphate

0.7 NaC1, 30mM TrisHC1pH8.0, 2mM EDTA

single stranded

0.1%4 NaC1, 0.015M Na Citrate

nuclease Sl

tris borate/EDTA gel buffer (90mM Tris, 90mM boric acid, 2mM EDTA)
trichloroacetic acid

N,N,N'",N* - tetkanethy]enediaminé

Trishydroxymethylamino methane (pH'ed with hydrochloric acid)
temperature sensitive ‘

thymidine 5' triphosphate

microgramme (10'6 gramme)

microlitre (10_6 Titre)

uM (10'6 molar)

volume/volume

weight/volume

weight/weight

5 chloro 4 bromo 3 indolyl-g-D-galactoside



