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ISOLATION OF A VICILIN GENE FROM PEA (PISUM SATIVUM L.), AND NUCLEASE
SENSITIVITY OF SEED STORAGE PROTEIN GENES IN PEA CHROMATIN.

by
ROSALIND MARY SAWYER

ABSTRACT

A library of pea gendmic DNA in the bacteriophage vector EMBL3
was screened by hybridisation to cDNAs encoding vicilin, a major storage
protein of pea (Pisum sativwn L.) seeds. A vicilin gene, vic 4, was
isolated and characterised by restriction mapping and DNA sequencing.
The nucleotide and predicted amino acid sequences of vic 4 were campared
to those of vicilin cDNAs, and the gene was found to encode a 50,000 Mr
non-glycosylated vicilinsubunit that does not undergo post-translational
proteolytic cleavage. The introns in vie 4 were typical of those in
plant genes, being small and high in A+T content, and the nucleotide
sequences at the splicesites showed good hamology to the plant consensus.
The positions of the introns in vic 4 were similar to those in a gene
encoding a subunit of phaseolin, a related prétein fram French bean

(Phaseolus vulgaris) .

Methods were developed for the analysis of nuclease sensitivity of
specific genes in pea chramatin. The DNAase I sensitivity of the seed
storage protein genes was found to be greater in developing cotyledons,
where the genes were transcripticnally active, than in leaves, where they
were inactive. The pea ribosamal genes showed relative resistance to
DNAase I in both tissues. The nucleosame repeat length, determined by

digestion of chramatin with micrococcal nuclease, was similar in both tissues.

No evidence was obtained for DNAase I hypersensitive sites in pea
chromatin.  This result supports the findings of two other studies, and

suggests that such sites are absent fram plant chromatin.
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ABBREVIATIONS

All abbreviations used here are as in the

'"Instructions to Authors', Biochemical Journal 225 (1985)
1-26, with the following exceptions:

bp = base pairs

kb = kilobése pairs

DNAase I = pancreatic deoxyribonuclease

RNAase = ribonuclease

DABA = 37, 5°-diaminobenzoic acid

DAPI = 4,6-diamidino-2-phenylindole

EtBr = ethidium bromide

dNTP = deoxyribonucleoside triphosphate

ddNTP = dideoxyribonucleoside triphosphate

SDS = sodium dodecyl sulphate

SsC = saline sodium citrate

PEG = polyethylene glycol

A26O = absorbance at 260 nm

MNase = micrococcal nuclease

Xgal: = 5 dibromo-4-chloro-3-indoylgalactoside

IPTG = isopropylthiocgalactoside

57 - = 57 terminal phosphate of a DNA or RNA molecule
37 = 37 terminal hydroxyl of a DNA or RNA molecule
PMSF = phenylmethylsulphonylfluoride

vic 50K = vicilin polypeptide of 50,000 M.

vic 47K = vicilin polypeptide of 47,000 M,

cDNA = complementary DNA

BSA = bovine serum albumin

c.p.m. = counts per minute
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ABBREVIATIONS (contd.)

plaque forming units

p.f.u.
d.a.f. = days after flowering

polyadenylated RNA

poly(A+)RNA

N-terminal amino terminus of a peptide

C-terminal = carboxy terminus of a peptide.

diethylpyrocarbonate.

DEP

The one letter notation for amino-acids is given

in the Biochemical Journal 219 (1984) 345-373.
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CHAPTER ONE

INTRODUCTION




1.1 General Introduction

The elucidation of the regulatory mechanisms governing
differential gene expression in eucaryotés is a major object-
ive of modern molecular and developmental biology. The study
of the control of gene expression in plants has been greatly
facilitated by the advent of recombinant DNA technology, and
the availability of plant transformation systems. The large
genomes of most plants present difficulties in the isolation
of specific genes, but molecular cloning has enabled the iso-
lation of a number of these (Sorenson, 1984). The plant
transformation system available using the Ti-plasmid of
Agrobacterium tumefaciens (Barton and Chilton, 1983, Shaw
et al 1983,_Schell et al, 1984) has been used to study the
regulatory sequences of plant promoters (Herrera-Estrella
et al, 1984, Morelli et al, 1984, Broglie et al, 1934,

Simpson et al, 1985), and to obtain developmentally regulated
expression of plant genes (Sengupta-Gopalan et al, 1985).

This system has also been proposed.as a means of achieving

the genetic manipulation of crop plants (Shewry et al, 1981,
Miflin and Lea, 1984), to overcome some of the problems, such
as inter-specific barriers and lack of genetic variation in
inbred lines, which affect crop improvement by conventional
plant-breeding methods (Shewry et al, 1981). It is envisaged
however, that genetic manipulation will augment, rather than
supersede, these methods (Miflin and Lea, 1984). One of the
major drawbacks to the use of 4grobacteriwn plant transformation
systems in crop improvement is that the host-range of the
bacterium was, until recently, thought to be limited to dicoty-

ledonous plants, while many of the important crop plants are




cereals. Evidence has been provided for the infection of
monocotyledons by Agrobacterium (Drummond, 1984, Hooykaas-
Van Slogteren et al, 1984), but it is not known whether the
foreign DNA is integrated into the plant genome (Jones, 1985).
However, the technique of direct gene transfer into proto-
plasts has proved successful (Jones, 1985) in two species of
monocotyledonous plants, both of which are in the Gramineae,

as are the cereal crop plants.

The problem of the introduction of foreign DNA is not
the only one in achieving the transformation of plants. A
suitable system for regeneration of whole, fertile plants,
which have the foreign DNA stably inserted into the genome,
is required. Such systems are available for some dicots,
in particular tobacco, Nicotiana tabacum, and are being devel-

oped for monocots (Flavell and Mathias, 1984).

In order for genetic manipulation to achieve the desired
results in crop improvement, it is important that not only

the problems above be overcome but that

‘'the mechanisms employed should be based on good know-
ledge of underlying biochemical mechanisms and genetic

controls’
(Shewry et al, 1981).
Research into the molecular biology of plant genes, their
structures, functions and regulation is therefore a pre-
requisite for the genetic engineering of plants, as well as
providing an increased understanding of control mechanisms

during plant growth and development.




1.2 Molecular biology of plant genes

Many of the plant genes which have been isolated by
molecular cloning have been those encoding the seed storage
proteins of cereals or legumes (Sorenson, 1984, Higgins, 1984).
The seeds of these plants are an important source of dietary
protein for human and animal populations (Shewry et al, 1981).
The high levels of amide amino acids and arginine” in these
proteins, consistent with their role as a nitrogen store for
the germinating seed (Spencer, 1984), results in a deficiency
in other amino acids. The seed proteins of cereals usually
have a low lysine content, although some may be deficient in
threonine or tryptophan;: while those of legumes are gener-
ally low in cysteine and methionine (Shewry et al, 1981,
Higgins, 1984). Improvement in the nutritional -quality of
these proteins by genetic manipulation (Shewry et al, 1981,
Croy and Gatehouse, 1985) would reduce the need for the other,

more expensive, sources of essential amino acids (Shewry et al,

1981).

Economic and nutritional reasons are not however the
only ones for studying seed storage protein genes. Storage
protein synthesis occurs only in a particular tissue, the
endosperm of cereal seeds (Miflin et al, 1981, Higgins, 1984)
or the cotyledons and embryonic axis of legume seeds (Millerd,
1975), and is under strict developmental control. The stor-
age proteins may représent as much as 70% of the total seed
protein in legumes (Shewry et al, 1981) and the various
fractions of these proteins accumulate at different, specific
times during the cell expansion phase of development in these

seeds (Boulter, 1981). Thus the synthesis of seed storage




proteins in seeds provides an example of developmentally
regulated, tissue-specific gene expression in plants, and
has been compared (Boulter, 1981) to analogous systems such
as haemoglobin synthesis during erythropoiesis in animals

(O'Malley et al, 1977).

1.3 Storage protein synthesis and requlation in pea
(Pisum sativum L.)

1.3.1 Regulation of synthesis

As mentioned above, storage protein synthesis in
seeds is under strict developmental control. In pea, as
in other legumes, there is a rapid accﬁmulation of protein
during the cell expansion phase of seed development (Boulter,

1981) .

The three major seed storage proteins of pea,
vicilin, legumin and convicilin (Section 1.4), are synthesised
in this order (Boulter, 1981), and protein accumulation is
essentially complete by 22 d.a.f. (Boulter, 1981, Gatehouse
et al, 1982a). During this cell expansion phase, the genomes
of the cotyledon parenchyma cells undergo extensive endoredup-
lication, resulting in increases in nuclear DNA content of up
to 50C in Pisum sativum (Millerd and Spencer, 1974) or 64C
in Pisum arvense (Smith, 1973). The additional DNA above
the 2C level does not appear to act as a template for RNA

synthesis (Millerd and Spencer, 1974).

Translation <n vitro of polysomes and RNA iso-

lated from pea cotyledons at various times after flowering




shows that the mRNA levels for the various polypeptides
parallel the accumulation of these proteins (Evans et al,
1979, Gatehouse et al, 1982a). Isolation of total RNA and
hybridisation to cDNAs encoding the seed storage proteins
(Section 1.4) gives similar results (Gatehouse et al, 1982a),
and also shows that the level of seed storage protein mRNA
in leaf tissue is below the limits of detection of this

")

assay, t.e. less than 0.01% of the level of total poly(A )RNA

(Gatehouse et agl, 1982a). 'Run-~off' transcription from in-
tact cotyledon nuclei (Evans et al, 1984), isolated at
various stages of development, shows that the pattern of
transcriptsis similar to that of protein accumulation. No
transcripts coding for these proteins were detected in leaf
nuclei (Evans et al, 1984). These results suggest that the
regulation of pea seed storage protein synthesis is primarily
at the transcriptional level, although the relatively long
half-life of these mRNAs (Gatehouse et al, 1982a) suggests
that continued protein synthesis in the latter part of devel-
opment is dependent upon mRNA stability rather than trans-

cription (Gatehouse et al, 1984).

1.3.2 Intracellular sites of synthesis

The seed storage protein precursors of pea
(Higgins and Spencer, 1980, and Section 1.4) are synthesised
by polysomes on the endoplasmic reticulum (Chrispeels 2t al,
1982a) and are transported to the Golgi apparatus and thence
to the protein bodies via electron-dense vesicles (reviewed
in Chrispeels, 1984). The polypeptides are assembled into

oligomers in the lumen o©f the endoplasmic reticulum and




glycosylation, where appropriate, also occurs here (Chrispeels
et al, 1982a). The post-translational proteolysis of the
precursors (Section 1.4) occurs in the protein-bodies
(Chrispeels et al, 1982b). Storage proteins are thus usually
regarded as those proteins which are syntheéised to very high
levels during seed development, deposited in protein bodies
and hydrolysed rapidly on germination to provide a source of
reduced nitrogen (Boulter, 1981, Spencer,1984). This defin-
ition excludes other seed proteins which may be synthesised

at moderately high levels during embryogenesis, such as the
major (Croy et al, 1984) and minor (Gatehouse et al, 1985)
albumins of pea. These proteins are not deposited within
protein bodies and are not hydrolysed rapidly during germin-
ation (Gatehouse et al, 1985), although previous reports showed
a rapid decrease in the albumin proteins of pea during germin-
ation (Murray, 1979). Whether or not these proteins have a
storage function, their amino acid compositions are often more
balanced than those of the fractions generally regarded as
seed storage proteins (Shewry et aZ; 1981) . Thus, increases
in the levels of these proteins may be important in improving

the nutritional quality of the seed (Shewry et al, 1981).

1.4 Structure of pea seed storage proteins anc their genes

1.4.1 Legumin
Legumin is the name given to the 11S storage
protein fraction of peas and broad beans (Croy et al, 1979,
Wright and Boulter, 1974), although these proteins occur in

other legumes, ¢.¢g. glycinin in soyabean (Nielsen, 1984), and




in cereals, e.g. a glutelin of rice (Zhao et al, 1983). The
homologies between these legumin-type proteins (Derbyshire

et al, 1976, Gilroy et al, 1979) have been established, and
have led to calls for an improved nomenclature to reflect

these relationships (Croy and Gatenouse, 1985).

Legumin is a hexameric molecule of Mf: 360,000.
Each monomer consists of an acidic subunit (Mr = 40,000)
covalently linked via disulphide bonds to a basic subunit
(Mr ~ 20,000) (Wright and Boulter, 1976, Gilroy et al, 1979,
Croy et al, 1979). In pea, both the acidic and basic sub-
units show heterogeneity in charge and molecular weight
(Gatehouse et al, 1980). Legumin is initially synthesised
in peas as a family of precursors of Mr = 60-65,000 (Spencer
and Higgins, 1980, Croy et al, 1980a, Matta et al, 1981),
representing the monomeric form of the protein. The various
subunit pairs have been divided into 'major' and 'minor'
legumin species (Casey et al, 1981, Matta et al, 1981), with
the latter sub-divided into 'big' and 'small' legumins (Matta
et al, 1981). The =60,000 Mr precursors are cleaved post-
translationally to form the acidic and basic subunits (Spencer
and Higgins, 1981, Croy et al, 1980a). An 80,000 Mf.

legumin precursor has also been identified (Domoney and Casey,

1984) .

A number of cDNAs encoding legumin segquences
have been made from poly(A+) RNA isolated from developing
sequences of
pea cotyledons (Croy et al, 1982, Lycett et al, 1983b). The A
these cDNAs have confirmed that legumin is synthesised as a

=60,000 Mf precursor containing both acidic and basic subunits

{(Croy et al, 1982) .. These c¢cDNAs have been used to screen




libraries of pea genomic DNA inbacteriophage vectors, and a
number of legumin genes have been isolated (Shirsat, 1984).
One of these genes, leg 4, has been fully sequenced (Lycett

et al, 1984). The coding region is interrupted by 3 introns,
each of which begin with GT and end with AG([gieathnach et al,
1978), and whose boundaries are similar to the consensus
sequence for plants (Slightom et al, 1983). The positions
of the introns are similar to those of glycinin (Nielsen

et al, 1984) but the introns are shorter (Lycett et al, 1984).

The A+T content of the introns is high, as has been found

for a number of plant genes (Slightom et al, 1983).

The 5° region of the leg 4 gene shows that there
is a sequence upstream from the N-terminus of the mature
protein which encodes a 21 amino-acid peptide rich in hydro-
phobic residues (Lycett et al, 1984). This is.believed to
be a signal peptide (Blobel and Dobberstein, 1975), consistent
with the synthesis of legumin on the rough endoplasmic retic-
ulum (Chrispeels et a] 1982a). A number of sequences implic-
ated in transcriptional regulation are found upstream of the
translation initiation codon (Lycett et al, 1984). A 'TATA
box', shown to be important in determining the site of trans-
criptional initiation in many eucaryotic genes (Mathis and
Chambon, 1981, Benoist and Chambon, 1981, Breathnach and
Chambon, 1981), is present 66 bp upstream of this codon, and
the start site of transcription has been shown, by S1 nuclease
mapping, to be centred on a sequence CATC 25 bp downstream of
the TATA box (Lycet% et al, 1984). A 'CAAT box', found up-
stream of many eucaryotic genes (Benoist et al, 1980), is

present in leg A at -126 (+1 is the start of translation) and
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the sequences on the 57 side of thié box show pértial homo-
logy to the 'AGGA' box found upstream of a number of plant
genes (Messing et al, 1983 ). Two sequences showing partial
homology to viral enhancer elements are also present in the

5° flanking regions of leg A (Lycett et al, 1984).

The 37 untranslated region of leg 4 shows good
.homology to the 37 ends of previously isolated legumin cDNAs
(Croy et al, 1982, Delauney, 1984). There are 3 polyadenyl-
ation signals within this region; in all the legumin cDNAs,
polyadenylation occurs 19-20 bp downstream of the second site
(Lycett et al, 1983b). The sequences around this site may

be important in the potential secondary structure of the

message (Lycett et al, 1984) .

The presence of 5° and 3 regulatory sequences
in Zeg A, and its identical sequence to that of the cDNA
pDUB8, suggest that this gene is expressed in vivo.. This
has been confirmed by 4n vitro experiments, in which the
leg A gene was transcribed, albeit poorly, in an extract of
HelLa cell nuclei (Evans et al, 1985). Transcription of
various restriction fragments showed that the TATAbox was
required for initiation at the correct site, but sequences
5 to-97 bp did not appear to be required (Evans et al, 1985),

at least in this system.

A legumin pseudogene, ¥ leg D, has also been
characterised (Bown, et al, 1985). The seguence shows
partial homology to leg A4, and is located 1.3 kb from the
37 end of leg 4 on the recombinant bacteriophage Aleg 1
(Bown et al, 1985). Compared to leg A, there are a number

of frame-shift errors and deletions in % leg o, and the
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presence of stop-codons at codons 6 and 29 suggest that
the gene is non-functional; this is supported by the alter-
ations to the promoter sequences and absence of homology to

leg A upstream of =145 bp (Bown et al, 1985).

Compah‘so'n of the 5' sequen;:es of leg A with those of two other legumin genes, leg B.
and leg C(Lycett et al, 1985) showsthat all three genes are homo-
logous until about -300 bp, when leg A begins to diverge.
(In this report the start of translation was taken as +1).
A sequence present at -405 to -413 in all the genes shows
close resemblance to a consensus sequence found in a number
of seed specific genes (R. Goldberg and T. Sims, unpublished
results, cited in Lycett et al, 1985). Leg B and leg C remain
homologous for a further 550 bp after the divergence of
leg A. At the point where these two genes begin to differ,
there is a sequence in leg C which is homologous to.a number
of transposable elements. It has been suggested that in-
sertion of such an element may be responéible for the differ-
ence and may play a role in generating sequence diversity

(Lycett et al, 1985), in the legumin genes.

:'The number of legumin genes in pea has been
variously estimated to be 4 (Croy et al, 1982), 7 (Shirsat,
1984) or 8 (Domoney and Casey, 1985). The major legumins
are encoded by a small number of genes which are closely
linked (Casey and Domoney, 1984), while the minor leggmins
(Matta et al, 1981, Casey et al, 1981) are encoded by other
genes (Casey and Domoney, 1984). The occurrence of multigene
families encoding legumin polypeptides, and the resultant

charge and size heterogeneity, suggests that small changes
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in primary structure can be tolerated without affecting
protein function. However, the strong homology between

11S storage proteins in different species, e¢.g. glycinin of
soyabean and legumin of pea (Casey et al, 1981, Negoro et al,
1985) suggests that these genes are derived from a common
ancestral sequence, and that structural constraints in the

proteins have prevented rapid divergence of sequences.

1.4.2 Vicilin

The vicilin (78) fraction of pea seed storage
proteins, like legumin, has been found to be heterogeneous
(Thomson et al, 1978, Gatehouse et al, 1981). Vicilin iso-
lated from mature pea cotyledons gives a range of polypeptides
which show considerable size and charge heterogeneity
(Gatehouse et al, 1981). In vitro translation of polysomal
RNA from developing pea cotyledons gives only two vicilin
polypeptides, one of 50,000 Mr and one of 47,000 Mr (Croy
et al, 1980Db). The 47,000 M. polypeptide is not seen
in vicilin isolated from mature seeds and has been suggested
to be a precursor of the smaller vicilin polypeptides (Croy
et al, 1980b, Gatehouse et al, 1981), which are produced from
this subunit as a result of post-translational proteolysis.
This model has been confirmed by comparison of the partial
amino-acid sequences obtained for various vicilin polypeptides
with those predicted by a number of vicilin cDNAs (Gatehouse

et al, 1982b, 1983), as described later in this section.

Vicilin is a protein of M ~150,000 and a trimeric
structure, consisting of subunits of =50,000 M,, has been pro-

posed (Gatehouse et al, 1981). The smaller vicilin polypep-
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tides produced as a result of endo—proteolyﬁic cleavage of
some of these precursors (see above) remain associated in
~50,000 Mr subunits (Gatehouse et al, 1981). A similar
trimeric structure has been described for the related 78

protein of Phaseolus vulgaris, phaseolin (Puztai and Stewart,

1980) .

Vicilin is glycosylated (Derbyshire et al, 1976),
unlike legumin which does not contain carbohydrate (Gatehouse
et al, 1980). The site of glycosylation appears to be on
the 12,500 Mr polypeptide (Davey et al, 1981), and glyco-
sylation does not seem to be essential as its inhibition by
tunicamycin did not prevent the synthesis and transport of
vicilin (Chrispeels et al, 1982a, b). The appearance of
polypeptides of the correct sizes for vicilin and
convicilin (Section 1.4.3) when microsomal membranes from dog
pancreas (Higgins and Spencer, 1981) or pea cotyledons
(Gatehouse et al, 1981) were added to an in vitro translation
system containing polysomal RNA from pea cotyledons confirms

that these proteins are synthesised on membrane bound ribo-

somes (Section 1.3.2).

A number of cDNAs which encode pea vicilin seqg-
uences have been isolated (Croy et al, 1982, Lycett et al,
1983a, Delauney, 1984). These fall into two classes, those
encoding a 47,000 My vicilin precursor, e.g. pDUB4 (Croy et al,
1982) and pDUB7 (Lycett et al, 1983a, b), and those encoding
50,000 Mr precursors, e.g. pDUB2 (Croy et al, 1982) and pDUB9
{Delauney, 1984). These two classes of cDNAs show about 36%
homology in their nucleotide sequences and most of the changes

result in no difference in the predicted aminc acid seguence,
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or 1in conservative substitutions (Lycett et a} 1983a).
This reflects the relatively wide codon-usage in plant genes

(Lycett et al, 1983b).

Comparison of the amino acid sequences predicted
by the two classes of cDNAs with those of various vicilin
polypeptides (Lycett et al, 1983a, Gatehouse et al, 1982b,
1983) confirmed that the smaller vicilin polypeptides were
derived from the 47,000 Mf precursor. Cleavage of this sub-
unit results in the 33,000 Mr (a+8B) and 12,500 Mf (or 16,000
if glyco;ylated, Y) polypeptides (Gatehouse et al, 1982b,
Lycett et al, 1983a). The 50,000 M, precursors do not under-
go post—-translational cleavage (Gatehouse et al, 1982b}. A
third class of polypeptides, cleaved at both the o/B and
B/y sites, results in the production of the a (19,000 M;),

B (13,500 Mf) and y subunits (Gatehouse et al, 1982b, 1983) but
no message corresponding to this polypeptide has been found
(Lycett et al, 1983a). A fourth type of vicilin polypeptide,
cleaved only at the a/8 site, has also been proposed (Lycett

et al, 1983a).

The amino acid sequences predicted from the cDNA
sequences for the 50,000 Mf and 47,000 M.r polypeptides show
considerable divergence around the B/Y cleavage site (Gatehouse
et al, 1983, Lycett et al, 1983a). There are two deletions,
one each side of this site, in the 47,000 Mr sequence (Lycett
et al, 1983a). These sites are also regions of considerable
divergence betweeh the sequences of vicilin and those of
phaseolin and a-conglycinin, a 7S protein of soyabean
(Schuler ¢t al, 1982a, b), although most of the remaining

sequences show good homology for &1l three.
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Tho two cDNAs encoding 50,000 M. polypeptides,
pDUB2 (Croy et al, 1982) and pDUB9 (Delauney, 1984) show
some differences in the predicted amino acid sequences
(Delauney, 1984) and in their restriction maps, suggesting
that they may encode different polypeptides. This, together
with the observations that at least 4 fragments in EcoRl
digests of pea genomic DNA hybridise to the insert of pDUB2,
and pDUB4 hybridises to a different fragment at an intensity
equivalent to 273 gene copies (Gatehouse et al, 1983) shows
that each class of vicilin polypeptides is encoded by a
number of genes (Lycett et al, 1983a). The various poly-
peptides of the related 7S proteins phaseolin and conglycinin
have also been shown to be encoded by multigene families

(Slightom et al, 1985, Schuler et al, 1982a, b).

A complete sequence for a vicilin precursor
'preprovicilin’', has been compiled (Lycett et al, 1983a).
The predicted amino acid sequence shows that there are 15
residues upstream from the N-terminus of the mature protein.
The sequence is rich in hydrophobic residues, and is thought
to be a signal sequence (Lycett et ql, 1983a). The methionine
codon (AUG) at the start of the signal sequence is thought
to be the point of initiation of translation (Lycett et al,
1983a), although a 27 amino-acid signal sequence, containing
a number of methionine residues, has been reported for a pea
vicilin cDNA (Chandler, P.M., Arrifin, 7 and Blagrove, R.J.,
1984, cited in Spencer, 1984), and the complete sequence of a
phaseolin gene sudgests a signal peptide of 21-26 amino-acids

in length (Slightom et «l, 1983).

The C-terminus sequence predicted from the cDNAs

did not agree with that determined for the mature protein,
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(Lycett et al, 1983a) and. the sequences predicted by the
cDNAs pDUB2 and pDUB9 also differed (Delauney, 1984). This
suggests the post-translational removal of a C-terminal
peptide (Lycett et al, 1983a, Delauney, 1984). Despite the
different C-termini, the two tandem stop codons in pDUB2
(Lycett et al, 1983a) are also present in pDUB9 (Delauney,
1984) although a single stop codon is found at the end of the
coding sequence. The pDUB9 3~ non-coding sequence contains
two overlapping polyadenylation signals, as found in a number
of plant genes (Lycett et al, 1983b), while pDUB2 has a single
polyadenylation signal, unusual in a plant gene (Lycett et al
1983b, Messing et al, 1983). However, as neither of these
cDNAs contained poly(A) tails, there may have been additional

polyadenylation signals downstream (Delauney, 1984).

As yet there have been no reports of genomic
vicilin sequences for pea, although a complete phaseolin gene
has been isolated and characterised (Slightom et al, 1983).

A gene encoding a subunit of the 7S storage protein of soyabean
has also been isolated (Schuler et al, 1982a). Isolation of

a pea vicilin gene would extend the information available on
the multigene families encoding vicilin polypeptides and
provide more information about sequence relationships between

pea vicilin and related proteins in other species.

1.4.3 Convicilin

When the vicilin fraction of peas is examined by
SDS/PAGE, a =71,000 Mf polypeptide, immuno-precipitable by anti-
vicilin antibodies is seen in addition to the vicilin poly-

peptides described in Section 1.4.2 (Gatehouse et al,1981,
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Croy et al, 1980c). This polypeptide is a subunit of con-
vicilin, a tetrameric protein of about 280-290,000 Mr

(Croy et al, 1980c), which, unlike vicilin, is not glycosylated
and can be separated from vicilin by non-dissociating techniques
(Croy et al, 1980c, Gatehouse et al, 1981).‘ Convicilin
accumulates later during seed development than vicilin (Croy

et al, 1980c, Gatehouse et al, 1984). A cDNA encoding con-
vicilin has been isolated (Domoney and Casey, 1983) and shown
to hybrid-select convicilin mRNA, but not vicilin mRNA. How-
ever, the precipitation of convicilin with anti-vicilin anti-
bodies suggests that there is sufficient sequence homology
between the proteins for similar antigenic determinants to be
present. Analysis of the nucleotide sequence of a convicilin
cDNA and its predicted amino acid sequence shows it to be
partly homologous to vicilin, phaseolin and conglycinin seqg-
uences (Casey et al, 1984) ; the homology is greater to vicilin
than to the other two genes, suggesting that divergence of
these from the pea 7S proteins occurred before the divergence

of convicilin and vicilin (Casey et al, 1984)..

1.4.4 summary of features of pea seed storage
proteins and their genes

The previous sections have shown that the major
seed storage proteins of pea are synthesised as precursors
which subsequently undergo a variety of post-translational
cleavages (Chrispeels et al, 1982b, 1984, Gatehouse et al, 1984).
The various storage proteins are synthesised at different
times during the cell expansion phase of seed development
(Boulter, 1981, Gatehouse ¢t al, 1982a, Gatehouse et al, 1984)
and the control of synthesis seems to be primarily at the

level of transcription (Gatehouse #2¢ «l, 1982a, Evans et al,
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1984) . The cDNAs and genes which have been isolated show
that the precursors are encoded by multigene families and
contain a signal sequence (Blobel and Dobberstein, 1975),
consistent with their synthesis on membrane-bound ribosomes
(Chrispeels et al, 1982a). The 5° regions of the genes con-
tain a number of regulatory sequences, including some which
are plant-specific (Messing et al, 1983) while some of the
3° regions show multiple polyadenylation sequences (Lycett

et al, 1983b, 1984, Delauney, 1984) which are thought to be
characteristic of plant messages (Messing et al, 1983). -The
introns in leg A are small and have a high A+T content (Lycett

et al, 1984) as has been found for a number of plant introns
(Slightom et al, 1983).

Thus the genes encoding pea seed storage proteins
have a similar structure to those of most eucaryotes
(Breathnach and Chambon, 1981), and also contain some plant

specific sequences (Messing et al, 1983). As yet there is

little information on the function of the various regulatory
sequences; most of these are inferred by analogy with other
genes. Studies of more sequences encoding pea seed storage
proteins are therefore required in order to establish whether

particular regions confer tissue-specificity or are otherwise

involved in regulation.
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1.5 Chromatin structure and the control of gene

expression

1.5.1 Possible roles of chromatin structure in
gene regulation '

There is much evidence that the primary regul-
ation of gene expression in plants, as in other eucaryotes,
acts at the level of transcription. The presence of 57
regulatory sequences implicated in the control of trans-
cription (Messing et al, 1983) suggests that recognition
of these sequences by particular factors, such as proteins,
is important. As these sequences are present whatever
the functional status of the gene, differential expression
must depend on processes affecting this recognition. This
might be achieved by the presence of different proteins
which recognise these sequences in various tissues; those
in the tissue(s) in which the genes are transcribed being
activating proteins, and those in other tissues being re-
pressors. The accessibility of the chromatin template to
recognition factors might thus be a further important ele-

ment in the regulation of gene expression.

The binding of factors involved in the formation
of a potentially active transcription complex has also been
suggested as a mechanism of 'marking' genes during cellular
determination (Brown, 1984). It is ovroposed that once
formed, such complexes can be stably propagated in the pre-
sence of the binding factors (Brown, 1984). If, however,
DNA is replicated in the absence of such factors, a general
repressor mechanism, probably involving histone H1

(Weintraub, 1984, 1985) serves to package the gene into
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an inactive structure. Some aspects of chromatin struct-
ure have the property of self-propagation (Weintraub, 1985,
Section 1.9) and are necessary, but not sufficient, for
transcription. Such structures may therefore represent

the stable complexes mentioned above. Investigations into
the nature of transcriptionally active, or potentially
active, chromatin are therefore an important part of studies

on the control of gene expression.

1.5.2 Chromatin structure

The structure of chromatin has been the sub-
ject of recent reviews (Igo-Kemenes et al, 1982, Reeves,
1984, Conklin and Groudine, 1984) and therefore will be
described here only briefly. The DNA helix is packaged
into nucleosomes (Kornberg, 1974); octamers containing two
each of the four 'core' histones H2A, H2B, H3 and H4, assoc-
iated with 146 bp of DNA (Wang, 1982). The DNA is wrapped
around the outside of the nucleosome in a left-handed super-
helix with approximately 2 turns per nucleosome (Finch and
Klug, 1977, Lutter, 1977). The length of DNA between the
nucleosomes, the linker DNA, is variable, and is often
associated with histone H1 (Noll and Kornberg, 1977). The
fibre resulting from this packaging has a diameter of approx-
imately 10nm (Reeves, 1984, Conklin and Groudine, 1984).

A second level of packaging is achieved by the coiling of
this fibre into a 30 nm fibré which is now believed to form
a solenoid structure (Worcel, 1977, Thoma et al, 1979,
McGhee et al, 1980, Butler, 1984) with about 6 nucleosomes/

turn. A further hierarchical level of structure is the
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formation of loops or domains of chromatin (Igo-Kemenes
and Zachau, 1977, Vogelstein et al, 1980), attached at the
base to a proteinaceous matrix {Lewis and Laemmli, 1982,

reviewed in Reeves, 1984, Conklin andGroudine, 1984).

The initial models of chromatin structure were
based on data obtained from animals} however, the available
information (Spiker, 1984, 1985) suggests that the chromatin
of plants shows a very similar structure. This is to be
expected in view of the strong conservation of amino-acid
sequences of histones (Patthy et al, 1973) and of their
binding sites (Spiker and Isenberg, 1977) and the require-
ments for packaging of the large genomes of higher eucary-
otes into discrete chromosomes within the nucleus. The
packaging of DNA into chromatin-does, however, present pro-
blems of accessibility to enzymes and other factors involved
in replication and transcription. Many of the studies on
transcriptionally active chromatin have used various

nucleases to determine the accessibility of the DNA, and

these experiments are described in the following sections.

1.6 Micrococcal nuclease sensitivity and nucleosomal
structure of chromatin

Micrococcal nuclease cleaves the linker DNA between
nucleosomes so that miléd digestion of chromatin with this
enzyme results in the generation of a mixture of cleavage
products. When the DNA from these molecules is purified
and electrophoresed, the lengths of the fragments are multi-

ples of the length of DNA associated with a nucleosome
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monémer. This enzyme has been ﬁsed to show that many
active genes in chromatin have a nucleosomal conformation
(Reeves, 1984, Conklin and Groudine, 1984). A number of
studies have also shown that mild digestion of chromatin
with micrococcal nuclease results in the release of active
sequences, although other results have shown no such pre-
ferential release (Conklin and Groudine, 1984). It has
been suggested that the conflicting results were obtained
because the sensitivity was dependent on a disruption of
structure during transcription itself (Conklin and Groudine,
1984, Reeves, 1984). This suggestion is supported by the
finding that the nucleosomal pattern of some genes becomes
blurred or lost on activation, for example the o histone
genes of sea-urchins (Spinelli et al, 1982) show a nucleo-
somal structure similar to that of bulk chromatin in sperm
or mesenchyme bastula cells, which do not express these genes.
In 32-64 cell embryos however, where these genes are active,
the nucleosomal structure of these sequences is lost. The
bulk chromatin in these embryos still shows a typical nucleo-
somal 'ladder', although with an altered repeat length
(Spinelli et al, 1982). Taken together, the results of
such studies show that most active genes remain associated
with nucleosomes, But that the structure may be greatly
altered during transcription itself (Reeves, 1984). In
addition, small regions of chromatin may be nucleosome-free,

as described later (Section 1.9, Conklin and Groudine, 1984).

The use of micrococcal nuclease to detect chromatin-
specific structures has been somewhat limited by its sequence-
specificity (Bernardi et al, 1975}, which results in a pre-

ference for particular sites on protein-free DNA (Keene and
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Elgin, 1981). However, digestions with this enzyme on
protein-free DNA can be used to distinguish between sequence-
specific and chromatin-specific cuts (Worcel et al, 1983)

and micrococcal nuclease is still widely used to demonstrate

alterations in chromatin structure on gene activation (e.g.

Udvardy et al, 1985).

The problems of nucleosome phasing, Z.e. the regqular
placement of nucleosomes relative to a repeating DNA seq-
uence, and of positioning, %Z.e. the unique locations of
nucleosomes on non-repetitive DNA (Reeves, 1984), are other
features of chromatin structure for which micrococcal nu-
clease has been used as a probe. Chromatin is fractionated
into nucleosomes by the enzyme and their location along a
segment of DNA mapped by a variety of techniques (Igo—-Kemenes
et al, 1982). However, the sequence-specificity of the
enzyme, as mentioned above, necessitates careful controls with
protein-free DNA, which have not always. been performed (Igo-
Kemenes et al, 1982, Reeves, 1984). There are many con-
flicting results and much controversy over whether phasing
and positioning are random or not (Igo-Kemenes et al, 1982,
Reeves, 1984) and this feature of chromatin structure will

not be further described here.

1.7 DNAase I sensitivity of transcriptionally active
chromatin

A large number of studies have shown that active genes
in chromatin are more sensitive to DNAase I than are inactive
genes. The globin genes in chicken erythrocyte nuclei are

digested more rapidly than are the inactive ovalbumin genes
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(Weintraub and Groudine, 1976, Stalder et al, 1980a). This
preferential sensitivity of the globin genes is not found

in fibroblast nuclei, in which they are inactive (Weintraub
and Groudine, 1976). Similar results have  been obtained
for the ovalbumin genes in oviduct nuclei (Garel and Axel,
1976), the heat-shock genes of Drosophila melanogaster (Wu
et al, 1979b), the ribosomal genes of Physarum polycephalum
(Stalder et al, 1978 and a number of other genes (Weisbrod,
1982, Igo-Kemenes et al, 1982, Conklin and Groudine, 1984,
Reeves, 1984). Many of the experiments use solution hybrid-
isation of DNAase-I resistant DNA or of total DNA to various
cDNAs; the kinetics of reassociation indicate whether the
sequences corresponding to the cDNA have been preferentially
digested. A second method is to electrophorese the DNA
through an agarose gel, blot it onto nitrocellulose or a
nylon membrane, and hybridise to a specific probe. The
differences in hybridisation at various levels of digestion
between probes for active and inactive genes can be used to
determine the sensitivity of the active Ssequences. There
are few examples of the DNAase I sensitivity of specific
genes in plants (Spiker, 1984, 1985). The renaturation of
cDNA from wheat embryos with the resistant DNA purified from
DNAase I treated wheat embryo nuclei is 40% slower than that
with total DNA, indicating a preferential digestion of tran-
scriptionally active sequences (Spiker et al, 1983). In a
study of the gene encoding B-phaseolin, a subunit of the 7S
seed storage protein of French bean, Phaseolus vulgaris, it
was found that the active genes in cotyledons were more sen-

sitive to DNAase I than were the inactive genes in leaves
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(Murray and Kennard, 1984). Thus it appears that an in-
creased DNAase I sensitivityis a general feature of trans-
criptionally active genes in animals and plants. However,

in yeast there appears to be no difference in the DNAase I
sensitivities of actiQe and inactive genes kLohr and Hereford,
1979, Lohr, 1983), although increased sensitivity on gene

activation has also been reported (e.g. Bergman and Kramer,

1983) .

The structural basis of this preferential sensitivity
is usually regarded as an unfolding of higher-order chromatin
structures, such as the 30 nm solenoid fibre (Section 1.5.2),
in active genes (Conklin and Groudine, 1984, Kimura et al,
1983). However, changes in the structure or composition
of the nucleosomes associated with active genes are suggested
by the DNAase I sensitivity of the globin genes in nucleosome
monomers from chicken erythrocyte nuclei (Weintraub and
Groudine, 1976). This is supported by the restoration of
DNAase 1 sensiti?ity to nucleosome monomers when HMG proteins
14 and 17, which are associated with active sequences and
DNAase I sensitivity (Section 1.11, Weisbrod et al, 1980),
are added. Thus the structural changes which result in the
increased DNAase I sensitivity of active genes are not yet

fully understood.

The increased DNAase I sensitivity may affect sequences
outside of the transcriotion unit. The ovalbumin multigene
family in oviduct nuclei is in a 100 kb DNAase I sensitive
region, while the sensitivity of the chicken £f-globin gene
cluster extends about 7 kb 57 and 8 kb 3 to the genes

(Stalder et al, 1980Db). These large regions of sensitivity
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are often referred to as domains, although this does not
imply that they are equivalent to the domains or loops of

chromatin previously mentioned (Section 1.5.2).

Unlike the alterations in chromatin structure detected
by micrococcal nuclease (Section 1.6), those detected by
DNAase I appear to be independent of transcription. The
adult chicken B-globin gene is sensitive to DNAase I in
embryonic red cells, in which it is not expressed (Stalder
et al, 1980a); the gene becomes active in adult erythrocytes.
The observation that frequently transcribed sequences show a
similar level of DNAase I sensitivity to that of rarely tran-
scribed genes (Garel et al, 1977) also demonstrates that the
presence of transcriptional complexes is not required for
sensitivity. Thus DNAase I sensitivity is a property of
potentially, as well as actually, transcriptionally active

genes.

1.8 DNAase I hypersensitive sites in chromatin

Specific fragments are observed when DNA purified from
Drosophila melanogaster embryo nuclei, previously treated
with DNAase I, is electrophoresed, blotted onto nitrocellulose
and hybridised to 32P—labelled probes (Wu, 1979a). A unique
pattern of fragments is obtained for each probe, and is not
observed with protein-free DNA. Restriction of the DNA from
treated nuclei prior to electrophoreses, followed by hybrid-

isation to a short probe abutting a chosen restriction site,

allows mapping of the DNAase I cleavage sites (Wu, 1980).
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The sites represent double-stranded cleavages at very low
levels of DNAase I, and are known as DNAase I hypersensitive
sites. The fragments resulting from such a cleavage within
a restriction fragment appear as additional sub-bands (Wu,
1980) which are not present in protein-free DNA or DNA from

control, undigested nuclei.

DNAase I hypersensitive sites have been found in a
number of genes (Elgin, 1981), and are often, although not
always, associated with the 5 and 3 flanking regions. In
view of this, they have been implicated in the regulation of
gene expression (Elgin, 1981). The majority of the experi-
mental evidence available supports this hypothesis, although
much of it shows only a correlation between presence of these

sites and gene activation, potential or actual.

Hypersensitive sites are often present before gene activ-
ation (Weintraub and Groudine, 1982, Burch and Weintraub, 1983,
Fritton et al, 1984), indicating that transcription is not re-
quired for their formation. This is also shown by the per-
sistence of the sites in the absence of inducing factors
(Groudine and Weintraub, 1981). These properties suggest
(Elgin, 1981, Weintraub, 1985), that the sites may be involved
in 'marking' potentially active genes during cellular differ-
entiation (Section 1.5.1, Brown, 1984). Most studies on
hypersensitive sites support this hypothesis as many have
been shown to be tissue-specific (Stalder et al, 1980b,
Shermoen and Beckendorf, 1982). However, the persistence of
some sites, but loss of others, after the cessation of trans-
cription (Burch and Weintraub, 1983) and the presence of sub-

sets of hypersensitive sites depending on the functional
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status of the gene (Fritton et al, 1984), have led to
suggestions that there are arrays of such sites, each
binding various combinations of trams-acting factors in

different tissues (Weintraub, 1985).

Good evidence for a regulatory role for hypersensitive
sites in gene expression is provided by experiments on the
Drosophila melanogaster gene for salivary glue protein,

Sgs 4. This protein is produced in the salivary glands

of 3rd instar larvae of Drosophila, and a number of mutant
strains are available in which the production of this protein
is reduced, or absent altogether. There is a group of 5
DNAase I hypersensitive sites upstream of the gene in 3rd
instar larvae, but not in embryos or tissue culture cells

in which this gene is inactive (Shermoen and Beckendorf, 1982).
Mutant strains producing 1-3% of the wild-type levels of

glue protein mRNA have a 50 bp deletion 5° to the gene which
truncateé one of the hypersensitive sites, while the strain
BER I, in which there is no detectable glue protein mRNA,

has a deletion covering the region of two of the hypersensit-
ive sites. This strain however, lacks all five of the hyper-
sensitive sites (Shermoen and Beckendorf, 1982). These ob-
servations, suggest that the sequences deleted in BER I are
important for regulation of expression of Sgs 4; while those
deleted in the other strains are important in regulating the
levels of mRNA, but are not involved in temporal regulation

as these mutants still produce the protein at the appropriate
developmental stage (Shermoen and Beckendorf, 1982, Muskavitch

and Hogness, 1982). The importance of the deleted regions
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is supported by the effects of single-base changes near

the hypersensitive regions in several glue protein under-
producers (McGinnis et al, 1983a). The region appears to
function independently of distance as when a 1.3 kb trans-
posable element insertion just upstream to the TATA box is
present, the upstream hypersensitive sites were still formed
over the usual sequences (McGinnis et al, 1983b). mRNA
production in this strain was decreased to 1-2% of wild-type
levels, but the developmental specificity of expression was

maintained.

The examples given above suggest that the chromatin
structures perceived experimentally as DNAase I hypersensit-
ive sites have a role in the control of expression of a
number of genes, both developmentally regulated (e.g. chicken
globin genes, Sgs 4) and inducible (Drosophila heat-shock
genes) . It is surprising, therefore, that in the only stud-
ies to date which have attempted to detect these sites in
plant chromatin, none have been found (Murray and Kennard,
1984, Ferl, 1985). The study on a phaseolin gene in coty-
ledons and leaves of French bean showed no sub-bands re-
presenting DNAase I sites either within the gene, or in a
' 1.6 kb 57 flanking region immediately adjacent to it (Murray
and Kennard, 1984). General sensitivity, but no DNAase I
hypersensitive sites, were revorted for the maize Adh-1 gene,
(Ferl, 1985), although the pattern of accessibility of a
number of restriction sites in the promoter of this gene was
found to vary with its transcriptional status. The failure
to detect hypersensitive sites in plant chromatin may re-

flect a genuine difference in chromatin structure between
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animals and plants. Alternatively, the methods used may
have prevented the detection of such sites, although this
seems unlikely as the conditions permitted assessment of
general nuclease sensitivity (Murray and Kennard, 1984).
Further studies on these aspects of plant chromatin struct-
ure, using systems, such as legume seed storage protein
synthesis, which are analogous to those studied in animals
(Section 1.2), are needed to determine whether hypersensitive

sites are present or absent from plant chromatin.

1.9 DNA structures associated with hypersensitive sites

The single-stranded nuclease S1 has been shown to
cleave chromatin at or close to DNAase I hypersensitive
sites (Larsen and Weintraub, 1981). Recombinant plasmids
containing DNA from these regions were also cleaved at these
sites by S1 nuclease when the plasmids were supercoiled
(Larsen and Weintraub, 1981, Nickol and Felsenfeld, 1983).
Supercoiling is known to favour the formation of alternative
structures to B-DNA, such as cruciforms (Lilley and Markham,
1983, Lilley and Kemper, 1984), or Z-DNA (Nordheim et al,
1982, Nordheim and Rich, 1983, Singleton et al, 1982), and
it has thus been suggested that hypersensitive sites contain
DNA sequences which can adopt such conformations uncer approp-
riate conditions (Weintraub, 1983). However, it is unlikely
that cruciform structures can be formed zn vivo (Courey and
Wang, 1983), and it is not known whether eucaryotic genomes
are under torsional stress (Lilley, 1983). The binding of

a reagent with differing affinities for relaxed and super-
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coiled DNA suggests that the tension generated by negative
supercoiling is constrained by nucleosomes in eucaryotic
genomes (Sinden et al, 1980). Recent evidence suggests
however that at least part of the genome may be‘under tor-
sional tension (Lilley, 1983, Small and Vogelstein, 1985),
and the energy of this tension has been implicated in the

control of gene expression (Weintraub, 1985).

Although the cruciform structures mentioned above may
not be formed Zn vivo (Courey and Wang, 1983), there is direct
evidence that the regions around hypersensitive site; have
an unusual DNA sequence and may lack nucleosomes. The 5°
end of the chicken adult B-globin gene, which has been shown
to contain hypersensitive sites to DNAase I (Stalder et al,
1980b) and S1 nuclease {(Larsen and Weintraub, 1982, Nickol
and Felsenfeld, 1983), is excised from chromatin by the re
striction endonuclease Msp 1 to yield a 115 bp fragment
(McGhee et al, 1981). This result suggests that the region
is nucleosome—ffee, as the presence of such a structure,
associated with =146 bp of DNA, would be expected to block
at least one of the enzyme recognition sites (McGhee et al,
1981). This region also contains a stretch of 16 consecutive
guanosine residues (McGhee et aj 1981, Nickol and Felsenfeld,
1983). It has been suggested (Drew and Travers, 1984, 1985)
that the rate of DNAase I cutting at a point where a sequence
alters, e.g. from a (dA). (dT) stretch to a (dG).(dC) stretch,
is determined by changes in the conformation of the minor
groove, to which DNAase I is known to bind (Drew, 1984, Drew
and Travers, 1984). Thus it may he that the junction between

one type of seguence and another, and resulting changes in
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the conformation of the sugar-phosphate backbone of the helix,
are recognised, rathef than the base sequence itself (Drew
and Travers, 1985). In this context it is interesting to
note that the junctions between B-DNA and Z-DNA in negatively
supercoiled plasmids are sensitive to S1 nuclease (Singleton
et al, 1984), again suggesting a structural rather than a
sequence recognition. Thus sequences at or adjacent to
DNAase I hypersensitive sites may be important in generating

the altered structures at these sites (Elgin, 1984) .

A regulatory role for left-handed Z-DNA (Wang et al,
1979) which usually consists of an alternating pyrimidine-
purine sequence, has been proposed (Rich, 1982, Rich et al,
1984) . Antibodies to Z-DNA bind to sites in eucaryotic
chromosomes (Nordheim et al, 1981, Rich, 1982) and a sequence
with the potential to form Z-DNA has been shown to be widely
distributed in encaryotic genomes (Hamada et al, 1982).
Methylation of cytosine residues can favour the B to Z-DNA
transition (McIntosh et al, 1983, Rich et al, 1984). Under
methylation of CpG dinucleotides is associated with tran-
scriptional activation in many, but not all, eucaryotic genes
(Doerfler, 1983), and clusters of such dinucleotides have
been implicated in the nuclease sensitivity of certain genes
(Wolf and Migeon, 1985). Thus models for negative regulation
of gene expression by Z-DNA formation have been formulated
(Rich, 1982, Reeves, 1984). In one model, the effects are
local, Z.e. affect only one or a few genes, and are mediated
via changes such as methylation. The second model involves
longer range effects, possibly mediated via supercoiling,

within a loop or domain (Section 1.6) of chromatin (Rich, 1982).
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Although most of the evidence implicating Z-DNA, or other
perturbations of DNA structure, in the regulation of gene
expression, is correlative, the experiments summarised in
this section indicate that DNA secondary structure is pro-
bably involved in establishing different chromatin struct-
ures such as hypersensitive sites. Possible interactions
of such sites with specific binding proteins, and evidence
for the role of these proteins in gene expression, is pre-

sented below.

1.10 DNA-binding proteins and interactions with hyper-
sensitive sites

The proteins described in this section are those which
have been shown to bind in the vicinity of DNAase I hyper-
sensitive sites and/or whose binding has been shown to be
different to active and inactive genes. Thus the various
histone modifications which have been correlated with active
sequences (Reeves, 1984) and the associations of high mobil-
ity group (HMG) proteins, such as HMG 14 and 17, with active
genes and DNAase I sensitivity (Weisbrod et al, 1980, .

Weisbrod and Weintraub, 1981) are not described further.

1.10.1 Proteins that bind to Drosophila heat-shock genes

Two DNA-binding proteins have been detected in
Drosophila nuclei (Parker and Topol, 1984a,b). One of these,
the B factor, binds to 65 bp around the start of transcription
of the histone H3, H4 and the actin 5C genes. This region
includes the TATA box (Section 1.4.1) and part of the leader

sequence (Parker and Topol, 1984a). The second factor binds
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to a 55 bp region 5° to the TATA box in the heat-shock gene
hsp 70 (Parke; and Topol, 1984b); this region contains a
consensus sequence commén to Drosophila heat-shock genes
(Pelham, 1982). This heat-shock transcription factor (HSTF)
has been shown to be more active in heat-shocked than in
control nuclei (Parker and Topol, 1984b). The binding
activity of the B-factor is reduced in nuclei from heat-
shocked cells; it has been suggested that this may be assoc-
iated with a decrease in transcription of most sequences other

than the heat-shock genes (Parker and Topol, 1984b).

Studies on DNA-binding proteins often involve
the use of protection assays against various nucleases. The
HSTF binding was shown by DNAase I footprint analysis (Galas
and Schmitz, 1978). This assay reveals regions protected
by protein factors as gaps in the pattern of nuclease-gener-
ated fragments compared to those which result from digests
on DNA in the abserice of protein factors. A second protect-
ion method involves digestion of DNA, in the presence of pro-
tein extracts, with exonuclease III, and analysis of the re-
sulting fragments (Wu, 1984a). Use of this method to probe
the structure of the Drosophila hsp 70 and khsp 82 genes has
revealed a protected region in non-induced cells from -12 to
-40 bp in hksp 70 and from -17 to -39 in hsp 82 (site I) (Wu
et al, 1984a,b, 1985). These fragments are also protected
in heat-shocked cells, as is another region upstream of each
gene (site IT). The protected regions map within the posi-
tions of DNAase I hypersensitive sites (Wu, 1980, 1984a). The
initial studies involved mild digestion of nuclei with DNAase I,
followed by exonuclease III digestion (Wu, 1984a). This

work was extended using assays ix v7.tro on chromatin (Wu,1984b)
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and DNA (Wu, 1985) of Zsp 82 or hsp 70 incubated with ¢rude
nuclear extracts from non-shocked or heat-shocked cells.
Site I included the TATA box and the binding activity was
present in both extracts. Site II, which included the
consensus sequence (Pelham, 1982), was protected only in,

or with extracts from, heat-shocked nuclei. These results
suggest that the TATA-binding activity may be involved in
establishing a chromatin structure, detected as a hyper-
sensitive region, that allows binding by the heat-shock
activating protein (HAP) on induction (Wu, 1985). The poor
TATA-binding of %sp 82 compared with khsp 70 may be due to the
high affinity of a 28 bp symmetrical dyad in hsp 82 for HAP
(Wu, 1985). HAP and HSTF bind to similar regions of DNA 5~
to the heat-shock genes but their binding activities are

different in non-induced cells (Wu, 1984b).

The binding of proteins within a hypersensitive
region and the consequent protection of DNA may not be contra-
dictory as it may be conformational changes due to the pro-
tein/DNA interactions which result in hypersensitivity. It
has been shown (Udvardy et al, 1985) that two regions flanking
a 12 kb region of the 87A7 locus in Drosophila show protection
in footprinting assays. This locus contains two ksp 70 genes,
transcribed in opposite directions. The protected sites are
flanked by cutting sites and are longer than expected for a
nucleosomal structure; extra cuts can be introduced into these
regions after heat-shock. Thé structure gradually returns to
the non-induced state after heat—shock, with a time course
similar to that of the general recovery from heat-shock (Udvardy

et al, 1985).‘ These protected regions have therefore been
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proposed to define a region which is inaccessible in non-
induced cells, possibly due to interactions of proteins bound

at the two sites, but which unfolds during heat-shock.

1.10.2 Proteins that bind to the chicken B-globin genes

Protected regions within the 5° hypersensitive
domain in the adult B-globin genes of chicken erythrocytes
have also been found (Jackson and Felsenfeld, 1985). Two
sites within the region are protected in adult erythrocytes,
while the entire region in ;Typrimitive red blood cells, in
which these genes are inactive, is relatively resistant to
DNAase I. Reconstitution of protein-free globin DNA with
histones and an extract from cells expressing the gene restored
DNAase I sensitivity (Emerson and Felsenfeld, 1934). Ex-
tracts from non-expressing cells did not restore the sensit-
ivity. Footprinting experiments using partially purified
preparations of the factor responsible for conferring sensit-
ivity have shown two regions of protection (Emerson et al, 1985).
The first contains palindromic sequences, and part of a con-
sensus sequence found in many B-globin promoters, and the
second contains the stretch of 16 gua n osine rxresidues (McGhee
et al, 1981). The positions of protected regions in thi;

in vitro assay corresponded to those Zn vivo (Jackson and

Felsenfeld, 1985).

The correlation of the binding sites for the
above proteins with regions of DNAase I hypersensitivity, and
the ability of the factor from chicken erythrocyte nuclei to

confer sensitivity, argues strongly for a role for chromatin
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structure in the control of gene expression, vZa recognition

by proteins involved in transcriptional regulation.

1.11 ° Summary of chromatin structure and gene regulation

The examples described (Sections 1.6 to 1.10) show
that chromatin structure, both over large domains which show
increased sensitivity to DNAase I, and at specific sites in
the vicinity of active genes, is implicated in the control of
gene expression. It is probable that both DNA secondary
structure, and recognition by specific proteins are important
in this regulation. The few studies which have been carried
out on plant chromatin (Section 1.8) suggest that although
the structure of bulk chromatin may be similar to that of
animals, there are a number of differences (Murray and Kennard,
1984) . In view of this, further studies on the chromatin

structure of specific plant genes are required.

1.12.° Aims and objectives of this work

In order to extend the studies of the molecular
biology of pea seed storage protein genes, one of the aims
of this work was to isolate a vicilin gene from a pea genomic
library and to characterise it by restriction mapping and

DNA sequencing.

An investigation of the nuclease sensitivity of
specific genes in pea was seen as an important extension of
the studies on plant gene regulation. At the time when this
work was begun there was very little information available

on the digestion of plant genes by nucleases. Thus it was
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necessary to establish appropriate methodolqu for such

an investigation. The general sensitivityléf the pea seed
storage protein genes was examined by comparing the rate of
digestion of the active genes in developing cotyledons with
that of the inactive genes in leaves. Another objective of
this work was to establish if pea chromatin contained DNAase I
hypersensitive sites, as at the time there was no information

about the presence or absence of such sites in plant chromatin.



CHAPTER TWO

MATERIALS AND METHODS
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2.1 Materials

2.1.1 Chemicals and biological reagents

All reagents, with the exception of those listed
below, were from BDH Chemicals Ltd., Poole, Dorset, U.K., and

were of analytical grade or the best available.

Acrylamide, bis-acrylamide, adenosine 5 —-triphos-
phate (ATP), ampicillin, bovine serum albumin (BSA), 37,57~
diaminobenzoic acid (DABA), DNAase I, dithiothreitol (DTT),
ethidium bromide (EtBr), herring sperm DNA, isopropylthiogalact-
oside (IPTG), lysozyme, D-mannitol, maltose, MES (2[N-
Morpholino]ethage sulphonic acid), pronase, PMSF, proteinase
K, RNAase A, spermidine and spermine were from Sigma Chemical

Co., Poole, Dorset, U.K.

Sephadex G-50, Ficoll 400 and Percoll were from

Pharmacia Fine Chemicals, Uppsala, Sweden.

Caesium chloride (CsCl) and sodium chloride (NaCl)

were from Koch-Light Ltd., Haverhill, Suffolk, U.K.

Nitrocellulose filters (BA85, 0.45um) were from
Schleicher and Schull, Anderman and Co. Ltd., Kingston-upon-
Thames, Surrey, U.K.

3MM paper and GFC discs were from Whatman Ltd.,

Maidstone, Kent, U.K.

Bacto-Agar was from Difco Laboratories, Detroit,

Michigan, U.S.A.

BBL trypticase peptone was from Becton Dickinson

and Co., Cockeysville, M.D., U.S5.A.
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Yeast extract was from Sterilin Ltd., Teddington,

Restriction endonucleases were from Bethesda
Research Laboratories (U.K.) Ltd., (BRL), Cambridge, U.K.,
The Boehringer Corporation (London) Ltd., Lewes, East Sussex,
U.K., or New England Biolabs., CP. Laboratories Ltd.,
Bishops Stortford, Herts, U.K.

T4 DNA ligase, 5-dibromo-4-chloro-3-indoylgala-
ctoside (Xgal) and Tris(hydroxy methyl)aminomethane were from

The Boehringer Corporation (London) Ltd.

Micrococcal nuclease (MNase) was from Worthington

Biochemicals, Millipore (U.K.) Ltd., London,, U.K.

Radiochemicals and nick-translation kit N.5000

were from Amersham International p.l.c., Amersham, Bucks, U.K.
M13 sequencing kit and agarose were from Bethesda
Research Laboratories (U.K.) Ltd.
Plasmids and ANM258 used in the experiments de-

scribed were supplied by Dr. R.R.D. Croy from communal stocks.

All solutions, with the exception of electrophoresis
buffers and solutions for Southern blotting, were sterilised

by filtration or by autoclaving.

2.1.2 Bacterial strains and plasmid and bacterio-
phage vectors

Bacterial strains were derivations of E.col7 K12.
The table below lists these strains, plasmids and bacterio-

phage used as vectors oxr probes, and the sources or references

for each.
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TABLE 1 E.coli strains, plasmids and bacteriophage

Bacterial
Strains Genetic Characters Reference or Source
JM83 ara, A(lac-proAB) rpsL (=strA) Bethesda Research
$80, lacZ A M15. Laboratories (BRL)
JM101 Alacpro, supE, thi, F traD36, Dr. J. Messing or
proAB lacI9 zamis. BRL.
K803 r, » m gal met - Wood, W.B. (1966)
- _+ ,.R +
Q359 (P2) r, mp 80 SUpp Karn et al (1980)
with P2 lysogen.
- _+ ,.R +
Q358 r, mp 80 Su;yg Karn et al (1980)
Plasmids
pDUB2 ApR vic 50k (in pBR322) Croy et al (1982)
Lycett et al (1983a)
pDUB9 vic 50K (n pGR321) Delauney (1984)
pDUB7 vic 47k (in PGR%ln Lycett et al (1983a)
pDUB24 leg. 2. (in pUCSH) Lycett et al (1984)
pUC8 ApR, lac2 Vieira and Messing
(1982)
R R .
pPBR322 AP Tc Bolivar et al (1977)
Bacteriophages
EMBL3 spi_, trpE Frischauf et al
(1983)
M13mpl8 multiple cloning site BRL
M13mpl9 multiple cloning site BRL

KEY: ApR = ampicillin resistance, TcR = tetracycline resistance,
vic 50K = 50K vicilin c¢DNA, vic 47K = 47K vicilin cDNA,

leg A = legumin gene A.
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2.1.3 Plant Material

Plants were grown as described by Evans et al (1979).
Pea seeds (cv. Feltham First, obtained from Sutton Seeds Ltd.,
Reading, Berks, U.K.) were germinated on Alkathene polyethylene
granules (I.C.I. Plastics Division, Welwyn Garden City, Herts,
U.K.) in a dark spray room at 28OC, with water misting for
5 min. in every hour for 4-54d. Seedlings were transferred
to 22 water culture bottles of nutrient solution and grown
under controlled conditions as follows: 16h total lighting,
28°¢ day temperature, 23°% night temperature, 75-80% relative
humidity. Leaves were harvested from similar points on plants
of the same age, and pods harvested at various times (9-22 days)
after flowering. For nuclei preparations, tissue was used
at once. For DNA preparations, tissue was frozen in liquid

nitrogen and stored at -80°C until required.

2.1.4 Glassware and plasticware

Glassware and plasticware used in manipulations
of DNA, bacterial cultures and for storage of sterile stock
solutions and media, was autoclaved prior to use. Glassware,
and plasticware used for very small amounts of DNA, or when
very good recovery was required, was siliconised using

'Repelcote' (Hopkin and Williams, Romford, U.K.).

2.1.5 Growth media for bacteria and bacteriophage

The composition of the various media used for

growth of micro-organisms is given below:
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TABLE 2 Compositign of growth media
Medium .Nutrients (12)
L broth 10g trypticase
5g yeast extract
10g NaCl.
BBL bottom 10g trypticase
layer agar 5g NaCl
5g MgSO4. 7H20
10g agar.

BBL top

layer agar

YT broth

As BBL agar but
6.59g agar.

8g trypticase

5g yeast extract
5g NaCl

YT agar
15¢g

YT top

layer agar

As YT broth but

agar.

As YT agar but
7.5gagar

YT agar containing 50ug/ml

ampicillin and 40Oug/ml X-gal.

YT /Amp/Xgal
S-broth 33g
20g
759
1g

For the gene library screens

trypticase
yeast extract
NaCl

D-glucose

(Section 2.2.10), BBL top layer

agarose was used instead of agar as agarose was less likely

to slip or to stick to the filters during plaque lifts

(Section 2.2.10.2).

layer agar for plate lysates

Agarose was also used in place of top

(Section 2.2.11.1) because agar

contains inhibitors of restriction endonucleases which are

difficult to eliminate from DNA preparations.
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2.2 Methods

2.2.1 Biochemical techniques

2.2.1.1 Phenol extraction of DNA samples

Samples were deproteinised by addition
of 1 vol. of redistilled phenol equilibrated with T.E. buffer
(10mM Tris, lm% ethylenediaminetetracetic acid (EDTA)) pH8.O.
Phases were mixed by vortexing for 30sec. and separated by
centrifugation at 12000 g in a microfuge (MSE MicroCentaur)
for 1 min., or, for larger samples, atl0,000¢g in a Sorvall RC-5B
centrifuge for 5 min. The aqueous phases were re-extracted
with 1 vol. of phenol:chloroform;isoamylalcohol (25:24:1 by vol).
In some cases, the organic phases were re-extracted with 0.5 vol
of T.E. buffer and the aqueous phases combined. Phenol was
removed either by 2-3 extractions with diethyl ether, or by 1

extraction with chloroform.

2.2.1.2 Precipitation of DNA with ethanol

0.1 vol of 3M sodium acetate pH 4.8 and
2.5 vol of ethanol were added to the DNA solution and mixed.
Samples were kept at -80°c for 30 min or -20% overnight.
Precipitates were collected by centrifugation at 12000.g for
5 min in a microfuge, or at 120004 for 20 min at 4°C in the
Sorvall RC-5B centrifuge. Pellets were washed in 70% (v/v)
ethanol, dried briefly under vacuum and resuspended in a small

volume of distilled water or T.E. buffer.

2.2.1.3 Dialysis of DNA solutions

Dialysis tubing (Medicell International

Ltd., London, U.K.) was orepared by boiling for 10 min. in 2%
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(w/v) sodium carbonate solution, rinsing extensively in distilled
water, boiling for 5 min in distilled water and rinsing several
times in distilled water. One end of the tubing was secured
and the DNA solution pipetted into the tubing. The other

end was secured, leaving a space to allow for an increase in
volume. The tubing was placed in 2% of T.E. buffer and stirred

at 4OC for 24h, with 2 further changes of buffer.

2.2.1.4 Preparation of denatured herring sperm DNA

500mg DNA was dissolved in 50ml of
distilled water by stirriné for 2-4 h at room temperature. DNA
was sheared by passing through a 19gauge hypodermic needle.
The solution was boiled for 10 min. and stored at -20°C in

small aliquots. The DNA was boiled for 5 min prior to use.

2.2.1.5 Spectrophotometric quantitation of
DNA solutions

The optical density (0.D) of DNA solutions
were determined by adding lul of DNA solution to a quartz cur-
vette containing 1lml of distilled water. lul of the buffer
in which the DNA was dissolved was added to 1 ml of water in a
reference curvette, and the optical density from 320 to 230nm

recorded using a Pye Unicam SP8-150 uv/vis spectrophotometer.

The O.D.26O of a DNA solution of luyg/ml
is 0.02. A pure DNA sample has an O'D‘26O/O‘D'28O ratio of
v1.8 and the O.D.26O/O.D.235 ratio is greater than this. The
0] is zero. Deviations from these values indicated the

'D'320

presence of contaminants such as phenol or proteins in the

solution.
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2.2.1.6 Storage of bacteria

Bacteria were stored for up to 6 weeks
at 4°C on inverted agar plates tightly sealed with Nescofilm
(Nippon Shoji Kaisha Ltd., Osaka, Japan). For longer storage,
single colonies were streaked out onto selective agar plates
and bacteria from the streak used to inoculate vials con-
taining 1 ml of Lbroth (Section 2.1.5). Cells were resus-
pended and 1 ml 80% (v/v) glycerol added and mixed in. Vials
were stored at -80°C. Bacteriophage were stored at 4°c in

phage buffer (Section 2.2.10) saturated with chloroform.

2.2.1.7 Pre-treatment of ribonuclease

RNAase A was dissolved in water to 1lOmg/ml
and boiled for 10 min. to inactivate DNAases. Small aliquots

were stored at —8OOC.

2.2.2 Enzymatic reactions used in manipulations of DNA

2.2.2.1 Restriction endonuclease digestions

The three-buffer system shown below was

used . (Maniatis et al,1982).

TABLE 3. Restriction endonuclease buffers

Buffer NaCl Tris/HClpH7.4 MgSO4 DTT
Low 0 10 10 1
Med 50 10 10 1
High 100 50 10 1
Sma I 20mM KC1 10 (pH8.0) 10 1

Concentrations are mM, and stocks of 10x these were used.
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DNA was digested with é 2-3 fold excess of enzyme. 0.1 vol

of a 10x stock of the appropriate buffer (Table 3) was added,
and the volume made up with distilled water to 1lOx that of

the enzyme. Plasmid and bacteriophage DNAs were incubated

for 2-3 h at the appropriate temperature, genomic DNAs for at
least 5 h. Reactions were terminated either by heating to
70°C for 5 min or by addition of agarose gel loading beads

(20% (v/v) glycerol, 10mM Tris/HC1l, pH8.0, 1lOm% EDTA pH8.0,

0.2% (w/v) agarose, 0.1% (w/v) each of bromophenol blue, xylene
cyanol and orange G. The mixture was autoclaved and forced

through a 19 gauge hypodermic needle to form the beads).

2.2.2.2 Ligation of DNA fragments

DNAs to be ligated were digested with
appropriate restriction endonucleases, phenol extracted, ethanol
precipitated and resuspended in a small volume of T.E. buffer
pH8.0O. Fragments were mixed to give a 3-fold molar excess
of insert over vector. 0.1 vol of 10x ligation buffer
(0.66M Tris.HC1l pH7.5, 50mM MgClz, 50mM DTT,1lOmM ATP) and 2-5
units of T4 DNA ligase (Weiss, 1966) were added, mixed in and
the tubes incubated at 15°C overnight. 0.1 to 0.5 vol of the

ligation mixes was used to transform competent E.coli cells,

(Section 2.2.14.2).

o

2.2.3 Preparation of pea genomic DNA from leaves
and cotyledons

A modification of the method of Graham (1978) was
used. Tissue was weighed and ground in liquid nitrogen in a

mortar and pestle at 4°c. Ground tissue was mixed into
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5 vol of O0.1M NaCl, 0.025M EDTA pH8.0, 2% (w/v) SDS, and 0.1%
diethylpyrocarbonate (DEP). 5M sodium perchlorate was added

to 1M and the solution mixed well. 0.5 vol chloroform:
octanol (99:1 (v/v)) and 0.5 vol phenol were added. The
mixture was shaken on ice for 50 min, then centrifuged at
20,0009 for 5 min at 4°¢ (Sorvall RC-5B centrifuge). Aqueous
phases were pooled and extracted with an equal vol of chloroform:
octanol by shaking as above. Phases were again separated by
centrifugation. Aqueous phases were pooled, two vol ethanol

added and tubes left at -ZOOC for 30 min.

Nucleicacids were spooled out using a siliconised
glass rod, pooled and dried briefly under vacuum. 20 to 25
ml of resuspension buffer (50mM Tris, 1OmM EDTA, pH8.0) were

added and the solution shaken overnight on ice.

0.6 ml of a 2% (w/v) solution of Pronase, pre-
viously incubated at 37°C for 2h to self-digest, was added to
the DNA solution and incubated at 37°C for 3h. The sample
was weighed and solid caesium chloride added to 0.94g/g solution.
EtBr solution (1lOmg/ml) was added to 100ug/g of solution, and
the tube shaken gently until all the solid had dissolved. The
solution was transferred to quick-seal tubes (Beckman) using
sterile syringes and needles and centrifuged in a Beckman
VTi-50 rotor in a Sorvall OTD-65 ultracentrifuge at 44000 rpm
for 20 h at lSOC. DNA bands were removed and recentrifuged.
Bands were again withdrawn, EtBr removed by extraction with
isoamylalcohol saturated with resuspension buffer, and the
DNA solution dialysed against resuspension buffer. DNA was

ethanol precipitated, and dissolved in resuspension buffer.
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DNA was stored in small aligquots at -80°C and the purity and
concentration of the solution determined spectrophotometrically

or by DABA fluorescence as described in Section 2.2.20.2.

2.2.4 Agarose gel electrophoresis

Agarose was dissolved in 200ml of Tris/acetate
electrophoresis buffer (0.04M Tris-acetate, 0.001M EDTA pH7.7)
by heating in a microwave oven for 4-5 min. EtBr solution
(10mg/ml) was added to 0.75ug/ml and the gel poured in é hori-
zontal 180 x 150mm perspex mould sealed to a glass plate with
silicon grease. Wﬁen set, the mould was removed and the gel
placed in an electrophoresis tank containing Tris/acetate
buffer. Samples were mixed with agarose gel beads (Section
2.2.2.1) and loaded into the wells. Electrophoresis was

overnight at 30V, or for 4-5h at 100-120 V.

Agarose minigels were made using Tris/borate buffer
(TBE, 0.089M Tris, 0.089M boric acid, 0.002M EDTA) and
cast in a minigel electrophoresis apparatus (Cambridge Bio-
technology Laboratories). Minigels were electrophoresed at

50V for 45-90 min.

Gels were visualised under short-wave ultraviolet
illumination and photographed using a red filter and ASA 3000

film, Type 667 (Polaroid).

2.2.5 Transfer of DNA onto nitrocellulose filters

A modification of the method of Southern (1975)
was used. Gels cdntaining genomic DNA were soaked briefly
in O.1N HCl and rinsed in distilled water. This step was

omitted for gels containing plasmid or bacteriophage DNA. Gels
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were soaked 45 min in denaturing solution (1.5M NaCl, 0.5M
NaOH) , rinsed several times in distilled water and soaked for
45 min in neutralising solution (3M NaCl, O.5M Tris/HCl, pH7.0).
Gels were equilibrated in 20xSSC (3M NaCl, 0.3M sodium citrate)
for 5 min and placed on top of a piece of Whatman 3MM paper

on a glass plate, arranged so that the ends of the paper dipped
into a reservoir of 20xSSC. A piece of nitrocellulose was
scaked in distilled water for a few min, then in 20xSSC, and
placed on top of the gel. A piece of Whatman 3MM paper soaked
in 20xSSC was placed on top of the filter, followed by several
dry pieces of paper and layers of absorbent material such as
disposable nappies. The whole apparatus was weighed down with
a glass plate and brick and transfer of DNA proceeded for 3h

to overnight at room temperature.

The nitrocellulose filter was removed and baked
at 8OOC under vacuum for 30-120 min. Filters were stored

between sheets of 3MM paper until required.

2.2.6 Isolation of DNA fragments from agarose gels

A number of methods were tried; the two given here
were those most commonly used. For both methods, the DNA
was digested with an appropriate restriction endonuclease,
electrophoresed through an agarose gel, and the required frag-

ment cut out from the gel, trimming off excess agarose.

2.2.6.1 1Isolation on glass-fibre discs

- This was a modification of the method of
Yang et al (1979),‘using sodium perchlorate to disrupt the gel.

All perchlorate solutions were filtered on glass fibre discs
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prior to use. The gel slice was weighed and 3 times this
weight in volumes of 8M sodium perchlorate were added. The

slice was allowed to dissolve for 10-30 min at room temperature.

A 6mm disc cut from a Whatman GFC glass-fibre disc was
placed on a sheet of 3MM paper placed on top of several layers
of absorbent tissue, and was washed with 5x30ul of 6M sodium
perchlorate dissolved in T.E. buffer, pH7.5. The dissolved
gel slice was dripped slowly onto the disc, followed by
50x30ul 6M sodium perchlorate in T.E. buffer. The disc was
washed with 50x30pl of 95% ethanol, dried in air and placed in
a 0.5ml eppendorf. 20ul of 0.1xT.E. buffer pH7.5 was added
and the tube incubated at 37°C for 30 min. A hole was

pierced in the base and the eluted DNA solution spun out into

a 1.5ml eppendorf.

2.2.6.2 Electroelution onto dialysis membranes

This method was adapted from that of
McDonnell et al (1977) by Dr. A. Shirsat. The gel slice was
placed in a piece of dialysis tubing secured at one end. 0.5ml
of Tris/acetate electrophoresis buffer (Section 2.2.4) was added,
and the open end of the tubing closed, excluding air bubbles.
The tubing was placed in an electrophoresis tank containing
Tris/acetate buffer and electrophoresed at 100V for Vv1h until
the DNA was visible, under u.v. illumination, as a thin line
on the tubing. The current was reversed for about 30 sec.
and the buffer removed from the tubing and placed in a 1l.5ml
eppendorf. The buffer was phenol extracted and the volume

reduced by extraction with butanol until about O.lml remained.
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Butanol was removed by 3-4 extractions with diethyl ether
and DNA was precipitated with ethanol and resuspended in dis-

tilled water.

2.2.7 32P—labelling of DNA by nick-translation

The nick-translation kit . (Section 2.1.1) was
used according to the manufacturer's instructions for labelling
to a specific activity of 108 c.p.m./ug, except that the
volumes were adjusted so that 0.1 to 0.2ug of DNA was routinely
labelled with 50 uCi of a[32P]-dCTP in a volume of 25ul.

Incubation at 15°C was for 2-2%h.

Labelled DNA was separated from unincorporated radio-
nucleotide by passage through a 5-cm column of Sephadex G50
equilibrated in 150mM NaCl, 1OmM EDTA, 50mM Tris/HC1l pH7.5,
and 0.1% SDS. 0.4ml fractions were collected and 1lul
aliquots counted in a B-scintillation counter. Fractions
corresponding to the 1lst peak of radio-activity contained
labelled DNA, and were pooled for use as a hybridisation probe.

Specific activities of > leO8C£LHVUg were routinely obtained.

2.2.8 Hybridisation to nitrocellulose filters

Filters were prehybridised in the solutions indic-

ated below for 1 to 4 h at 65°C.

The probe was denatured by boiling for 6-8 min, and
was cooled rapidly on ice. The prehybridisation solution was
removed from genomic filters and replaced with a similar one

solution

containing 1.5 x Denhardtsxlbefore addition of probe. Probe

was added directly to the prehybridisation solutions of other
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TABLE 4 Prehybridisation solutions

Type of filter Solution
Genomic DNA 5xSSC

5xDenhardts' solution

100pg/ml denatured herring

sperm DNA.

0.1% SDS
Plasmid or bacteriophage As above but 3xSSC.
DNAS, colony hybridisations
Plagque lifts As above but 6xSSC.

1 x Denhardts' solution is 0.02% (w/v) of each of Ficoll 400,

BSA and polyvinylpyrrolidone (PVP).

filters. Usually l—5xlO7c.pmufrom a probe of specific
activity >108c4mnwug were added to genomic DNA filters, and
SXlO6 to lxlO7c4Lm.to other filters. Hybridisations were at

65°C overnight except where indicated otherwise.

Filters were washed to the stringencies indicated
in the figure legends. Genomic DNA filters were typically
washed 2x30 min at SOOC in 5xS8SC, 0.1% SDS, 2x15 min at 650C
in 0.1xSSC, 0.1% SDS. Plaque lift filters were washed 2x30 min
at 650C in 3xSSC. Plasmid and bacteriophage filters, and
colony hybridisations were washed 1x30min in 3xSSC, 0.1% SDS,
1x30min. in 2xSSC, 0.1% SDS and 2x15 min in 0.1xSSC, 0.1% SDS,

all at 65°c.

. . . . o
Filters were dried in air, or under vacuum at 80 C

for a few min.
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2.2.9 Autoradiography

Filters were taped to a piece of Whatman 3MM paper
on a glass plate, the origin and sides marked with radioactive
ink, and the whole covered with cling film. Pre-flashed film
(Fuji RX Safety) and an intensifying screen (Dupont Lightning
Plus) were placed over the filter (Laskey and Mills, 1977),
followed by a glass plate. The assembly was secured with tape
or elastic bands, wrapped in bléck polyethene bags and placed
inside a light-tight box. Autoradiography was at -80°C for
30 min to 3 weeks. Films were developed in Phenisol developer

(Kodak) and fixed in Xodafix (Kodak).

2.2.10 Screening of a pea genomic library

The library of pea genomic DNA was constructed
in the bacteriophage vector EMBL3 (Frischauf et al, 1983) by
Dr. A. Shirsat of this department. The library was screened
by the method of Benton and Davis (1977). An outline of
the screening procedure is shown in Figure 1, and details of

each screen are given in Section 2.2.10.4.

2.2.10.1 Transfection of host cells with
bacteriophage

E.coli host cells (Q359 or K803) were
grown overnight in L broth supplemented with 0.4% (w/v) maltose.
The culture was centrifuged 5 min at 4000 g and the pellet re-
suspended in 0.5 vol of phage buffer (50mM MgClz,lOmM Tris/HC1,
pH7.5) . Phage at various dilutions were mixed with plating

5

cells (2.5x10" p.f.u. and 3ml of cells in the first screen,

100ul of each phage dilution and 100ul of cells in subsequent
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screens) and incubated at 37°C for 15 min. Top layer BBL
agarose at 50°C was added to each (30 ml per plate in the first
screen, 3ml for subsequent screens), mixed, and the contents
poured onto BBL agar plates (20x20 cm square in the first
screen, 9 or 15 cm diameter petri dishes in subsequent screens).
When set, plates were inverted and placed ét 37OC overnight,

then stored at 4OC.

2.2.10.2 Transfer of plaques to nitrocellulose filters

Filters, marked with a hole punch to aid
in orientation, were placed on the surface of the agar plates
for 5 min. Holes were punched through into the agar via the
holes in the filters. Filters were removed, placed plaque
side up on blotting paper soaked in denaturing solution
(Section 2.2.5), and left for 3-4 min. Filters were trans-
ferred to blotting paper soaked in neutralising solution
(Section 2.2.5) for 3-4 min, and then to blotting paper soaked
in 2xSSC (0.3M NaCl, 0.03M sodium citrate) for a further 3-4 min.
Filters were baked at 80°C under vacuum for 1 h, hybridised
(Section 2.2.8) to the 32P—labelled insert of the vicilin cDNA,
pDUB2 (Croy et al, 1982, and Fig.2), and autoradiographed at
-80°cC. In each screen, a duplicate set of filters was hybrid-

ised to 32P—labelled pBR322.

2.2.10.3 Identification of recombinants

Plaques hybridising to pDUB2 were identif-
ied by aligning the autoradiographs with the holes punched in

the agar, picked off the plates, and phage eluted in 1-2 ml of
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FIGURE 1

Outline of protocol for screening of

a pea genomic library-

Host cells (K803 or Q359) infected with

phage at various dilutions.

Top layer agarose added,poured onto BBL agar

plates. Incubated overnight at 37%%.

Plates transferred to fridge for 20 min. to

stop further growth and harden top layer agarose.

Plaques transferred to nitrocellulose filters.

Filters baked under vacuum and hybridised to

pDUB2.  Autoradiographed at -80°C.

Plugs of agar removed from around plaques
hybridising to the probe. Phage eluted into
buffer and used in subsequent rounds of

screening.
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FIGURE 2

Restriction maps of vicilin cDNAs

The maps of the vicilin cDNAs pDUB2 (Croy et al,
1982, Lycett et al, 1983a), pDUB7? (Lycett et al,
1983a) and pDUBY9 (Delaney, 1984 are aligned with an
idealised vicilin message showing the o/8 and B/y

potential processing sites.

Key - L = leader sequence, 3 UT = untranslated 3~

region, D = Hind II, N = Bst N1, B = Bgl T1I,
P =Pst 1, X=X¥ba I, C = Acc I, H = Hind 111,
U = Sau 961, E = Bst EII.
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phage buffer saturated with chlorofoim. In the first screen,

a plug of agar was removed from around the positive plaque
using a cork borer, in subsequent screens several plaques were
picked off from around each area of hybridisation using pasteur
pipettes. This was to allow for any misalignment of films
with the holes in the agar. In the final screen, the number

of plagques was such as to allow exact identification with
hybridisation spots on the autoradiograph. Three individual
plaques were picked off and eluted in 400ul of phage buffer
saturated with chloroform. The eluates from the plaques picked

off in each screen were used as sources of phage for the next

screen.
2.2.10.4 vVariations in screening procedure

In the first screen, 2.5xlO5 phage from the

library were plated out. In the second screen, the phage from

the agar plug removed from a lst screen plate was used to

infect both K803 and Q359 cells. In subsequent screens only K803

cells were used as hosts as more intense hybridisation signals
appeared to be obtained with these cells. The plaques around
12 regions of hybridisation in the second screen were picked
off and eluted. 5ul of each of these was spotted onto a lawn
of plating cells in the third screen. Positives were not
picked off, but were used to select which of the 12 clones
should be screened further. 6 clones were screened a 4th time.
Plaques were picked from 4 of these (7 in total) and screened

a 5th time. Individual plaques were picked off and 3 of these
screened a 6th time. Three plaques were picked from a plate
on which >90% of the plaques hybridised (see previous section).

One of these plaques was plated onto Q359 host cells and used
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to prepare stocks of bacteriophage (Section 2.2.10.5).

2.2.10.5 Preparation of stocks of
purified bacteriophage

Transfections were set up as in Section
2.2.10.1, using the eluate from one of the plaques picked off
in the final screen. The dilutions used were such as to give
confluent 1lysis ‘(lO_l and 10_2). After overnight incubation
of the plates, 4‘ml of phage buffer was added to each and the
plates shaken at room temperature for 5h. Buffer was removed,
pooled and centrifuged briefly at 8000y to remove bacterial
and agar debris. A few drops of chloroform were added and

the phage stored at 4°c. Plates were re—extracted overnight

at 4OC with 3 ml of buffer.

Both extractions were titrated by plating
out various dilutions. The total volume was less than the
volume of phage buffer added to the plates due to some ab-

sorption by the agar.

2.2.11 Small-scale preparations of bacteriophage DNA

2.2.11.1 Plate-lysate method

The method was adapted from that in

Maniatis et al (1982).

105 p.f.u. from the stocks were used to

infect cells in plate lysates as above. Extractions were
centrifuged 10 min. at 8000.g to remove debris and DNAase I
and RNAase A added to the supernatant to lug/ml. The mixture

was incubated at 37OC for 2 h and an equal vol. of 20% (w/v)
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PEG, 2M NaCl in phage buffer was added. Tubes were left at
0°c for 2h and PEG precipitates collected by centrifugation

at 10,000y for 20 min at 4°cC. Precipitates were resuspended
in 1.5 ml phage buffer, transferred to Eppendorf tubes and
centrifuged briefly in the microfuge. 10ul 10% SDS and 20ul
250mM EDTA pH8.0 were added, and tubes incubated at 68°C for
15 min. 0.5ml aliquots were extracted with phenol, precip-

itated with ethanol and resuspended in 50ul of T.E. buffer.

2.2.11.2 Liquid lysate method

Transfections were set up using various
numbers of phage (lO6 to 2xlO7 p.f.u.). After 15 min at 37OC,
transfections were added to 10ml of L broth containing 50mM
MgSO4 and 0.4% . (w/v) malﬁose, and shaken vigorously at 37%
overnight. 0.2ml chloroform was added to complete the 1lysis,
and cultures centrifuged for 10 min at 8000:.¢g to remove bacter-
ial debris. PEG precipitation of bacteriophage was as de-~
scribed above. Pellets were resuspended in 2ml of phage
buffer and DNA purified by the method of Cameron et al (1977).
0.2ml aliquots‘were removed and mixed with 0.2ml phage buffer.
1pul of DEP was added and tubes vortexed. 10ul 10% SDS and
50pul of 2M Tris, O.2M EDTA pH8.5 were added, tubes vortexed
"and incubated at 7OOC for 5 min. 50pul potassium acetate was
added and tubes cooled and left on ice for 2h. Protein debris
was pelleted by centrifugation for 15 min. Supernatants were

which were
transferred to fresh tubes L' filled with ethanol at room
temperature. DNA precipitates were collected by centrifug-
ation for 4 min. and tubes drained onto absorbent tissue.

Pellets were resuspended in T.E. buffer containing 50pg/ml

RNAase A.
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2.2.12 Large-scale preparation of bacteriophage DNA

Transfections were set up using 0.3 ml of plating
cells and 5xlO8 phage from the stock. 1.5m1 of this was added
to 250 ml of prewarmed S-broth, supplemented with 50mM MgSO4,
in a 2 2 flask. Cultures were shaken at 37°C overnight and
chloroform added to complete the lysis. Cultures were centri-
fuged at 8000 ¢ for 10 min and DNAase I and RNAase A added to
the supernatant to a final concentration of lug/ml. PEG was
added to 10%(w/v), and NaCl to 1M. Precipitation was
overnight at 4%. Precipitates were collected by centri-
fugation as for small-scale preparations and resuspended in
6-8ml phage buffer. The suspension was extracted once with
chloroform, then twice with phenol using a rotary shaker at
4°c for 1 h. Phases were separated by centrifugation and the
aqueous phase extracted twice with chloroform, and precipitated
with ethanol at room temperature. DNA was pelleted by centri-
fugation at 12000:g for 10 min at 4OC, washed with 70% ethanol,

dried and resuspended in 1 ml of T.E. containing 50ug/ml RNAase

2.2.13 Restriction mapping of genomic clones

The DNA obtained from large-scale preparations was
digested with a number of restriction endonucleases in single
and double digests (Section 2.2.2.1). Digests were electro-
phorised through 0.5% agarose gels with a variety of size
markers. From the restriction sites in the vector DNA and
the bands seen on EtBr-stained gels, a partial map of the clone
was constructed. Gels were blotted onto nitrocellulose

(Section 2.2.5) and hybridised to the insert of nDUBZ2. The
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bands seen on the autoradiographs were used to predict the

position of the vicilin gene within the insert (Section 3.1.4).

2.2.14 Sub-cloning into bacterial plasmids

2.2.14.1 Restriction and ligation of DNA

Two sets of sub-clones were made, one
from a Sal I digest of the bacteriophage clone and one from an
Eco RI/Sal I digest. Sal I-digested DNA was ligated into
Sal I-digested pUC8, while Eco RI/Sal I digested DNA was ligated

into either Eco RI, or Eco RI/Sal I digested pUC8 (Section 3.1.4.2).

2.2.14.2 Preparation of competent cells

This was a modification of the method of
Mandel and Higa (1970). 100 ml of YT both was inoculated
with 1 ml of an overnight culture of JMB3 cells and shaken at

37°C until an 0.D. of 0.3-0.4 was reached (approx.2%h).

600
Cells were centrifuged at 4000g for 4 min at 4°C and the

pellets resuspended in 0.5 volumes of 0.05M ice-cold CaClz.
Tubes were left on ice for 10 min and centrifuged at 4000 g
for 20 min at 4°C. Pellets were resuspended in l/15 of the
original culture volume of ice-cold 0.05M CaCl2 and left on

ice for at least 30 min prior to use.

2.2.14.3 Transformation of host cells by
plasmid DNA

2.5pl (0.25 vol.) of the ligation mix was
added to 100yl of competent JM83 cells and incubated on ice
for 20 min. Controls of the unrestricted vector, restricted

and religated vector, and calcium chloride (0.05M) were included.
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Cells were heat-shocked at 37°C for 5 min, and 1 ml YT broth
added and left at 37°C for 1 h to allow expression of ampicillin
resistance. 100yl of cells were plated out onto ¥YT/Xgal/Amp
plates (Section 2.1.5). For Eco RY/Sal I sub-clones 107t
dilutions of cells were also plated out. Plates were incub-
ated at 37°C overnight. Recombinants were identified as white
colonies, this was because insertion of DNA onto the multiple
cloning site of pﬁC8 prevents the action of the enzyme B-
galactosidase on the chromogenic substrate Xgal (Vieira and

Messing, 1982). Transformed white colonies were picked off

onto fresh YT/Xgal/Amp plates.

2.2.15 Preparation of bacteria for colony hybridisations

A modification of the method 6f Grunstein and Hogness
(1975) was used. Transformed colonies were picked off onto
a grid drawn on a selective agar 'master' plate. Colonies
were also streaked in the same positions onto a nitrocellulose
filter placed on the surface of a fresh plate. The filter and
plates were marked to aid orientation, and incubated at 37°%
until streaks were visible. The 'master' plate was then placed
at 4°c. The nitrocellulose filter was peeled off the plate
and placed, colony side up, on filter paper soaked in de-
naturing solution (Section 2.2.5) and left for 5 min. The
filter was placed on blotting paper soaked in neutralising
solution, and on blotting paper soaked in 2xSSC, for 5 min each
time. Filters were baked at -80°C under vacuum for 1 h, and
hybridised to the 32P—labelled insert of pDUB2. Positive

colonies were picked from the 'master' plate and streaked onto

fresh plates, or used to prepare plasmid DNA.
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2.2.16 Small-scale preparations of plasmid DNA

This was essentially the method of Birnboim and
Doly (1979). 2 ml aliquots of YT containing 50pg/ml ampi-
cillin were inoculated with a single bacterial colony and
grown overnight at 37°%. 1.5ml1 of cells were centrifuged for
30 sec in a microfuge, the supernatant removed and the tube
drained onto absorbent tissue. 100ul of solution I (SOmM.
glucose, 10mM EDTA, 25mM Tris/HCl pH8.0, 2mg/ml lysozyme) were
added, tubes vortexed and kept on ice for 20.min. 20ul of
solution II (0.2N NaOH, 1% SDS) were added, tubes vortexed
gently, and kept on ice for 5 min. 150yl of 3M sodium
acetate, pH4.8, were added, tubes inverted to mix and left on
ice for 1h. Bacterial DNA and debris was pelleted by centri-
fugation for 5 min. 400ul1 of supernatant were removed and
precipitated with 1 ml of ethanol at -20°C for 30 min. Pre-
cipitates were collected by centrifugation for 2 min and the
supernatant removed by inverting tubes onto filter paper.
Pellets were dissolved in 100pl of 0.1M sodium acetate/0.05M
Tris/HCl pH6.0 and reprecipitated. Pellets were dried under

vacuum and dissolved in 50ul of water or T.E. buffer.

2.2.17 Restriction mapping of plasmid sub-clones

Clones identified as containing pea genomic in-
serts were digested with a number of restriction endonucleases.
Using known sites in the vector, the partial restriction map
of the bacteriophage genomic clone, and the results of hybrid-
isations to pDUB2 and pDUB9, maps were constructed of several

plasmids (Section 3.1.4.2).
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2.2.18 Construction of M13 clones

M13 cloning and dideoxysequencing were carried

out by standard methods (Messing, 1983) using the BRL kit.

2.2.18.1 Restriction and ligation of DNA
into M13 vectors

DNA from plasmid sub-clones containing
vicilin sequences was cut with various restriction endonucleases
(see sequencing strategy, Section 3.1.4.3). M13 vectors
mpl8 or mpl9 were cut with appropriate restriction enzymes

and the vicilin DNA fragments ligated into these vectors.

2.2.18.2 Transformation of E.colZ cells by M13

JM101 cells, made competent as in Section
2.2.14.2, were usea as the host. 0.1-0.5 vol of the ligation
mixes were added to separate 0.3 or 0.2ml aliquots of cells,
mixed, and left on ice for 40 min. Controls of unrestricted
vector, restricted and religated vector and 0.05M CaCl2 were
included. 10ul of 100mM 1PTG, 50pl of 2% (w/v) X-gal, 0.2ml
of fresh exponentially growing JM10l cells and 3ml of YT top-
layer agar at SOOC_were added, tubes mixed and the contents
poured onto YT plates. When set, plates were inverted and

incubated at 37OC.

2.2.18.3 Selection of transformants

Colourless plaques, produced as a result
of insertional inactivation of the B-galactosidase gene

(Messing, 1983) were either picked off directly for template
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preparation, or were picked off onto master-plates and nitro-
cellulose filters and treated as for colony hybridisation
(Section 2.2.15). Plaques hybridising to the insert of pDUB2

were picked off for preparation of template DNA.

2.2.18.4 Preparation of single-stranded DNA
from transformed cells

50ml of 2xYT broth was inoculated with
0.1 ml of an overnight culture of JM10l cells. 2ml aliquots
were inoculated with a single plaque and grown at 37°C over-
night. A blue plaque picked from a control plate (unrest-
ricted vector) was also grown up. 1.5ml1l of each culture was
centrifuged in a microcentrifuge for 3 min, the supernatants
removed and the pellets stored at 4°¢c. Supernatants were re-
centrifuged, and 1 ml of each transferred to a fresh tube.
200ul of 20% (w/v)PEG, 2.5M NaCl were added, mixed in and tubes
left at room temperature for 20-40 min. Precipitates were
collected by centrifugation for 3 min and the supernatants re-
moved. Pellets were re-centrifuged and excess PEG removed.
Pellets were resuspended in 100pl of T.E. buffer and extracted
with 50ul1 of phenol, then with 50ul of chloroform. DNA was
precipitated with 0.1 vol of 3M sodium acetate (pH4.8) and
3 vol of ethanol at -20°C for 1 h., pelleted by centrifugation
for 7 min and washed with 1 ml of ethanol. Pellets were dried
under vacuum and resuspended in 20pl of T.E. buffer. 2ul
aliquots were subjected to gel electrophoresis for comparison

of sizes with that of the control.

T — Y W S i s
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2.2.19 Sequencing of DNA by the di-deoxynucleotide
chain termination method

2.2.19.1 Annealing and labelling reactions

DNA was sequenced according to the method
of Sanger et al (1977) using the BRL kit and the manufacturers'
instructions. The 10mM stocks of ANTPs were diluted to O.5mM
and used for the nucleotide mixes in Table 5.

TABLE 5 Solutions for dideoxy sequencing

Stock G° a° 70 c®
10 x reaction

buffer 20 20 20 20
dGTP) 1 20 20 20
dTTP; O.5mM 20 20 | 1 20
dCTP; 20 20 20 1

ddNTP solutions

vol.1lOmM stock vol.HZO final concentration
ddGTP 1 19 O0.5mM
ddATP 1 79 0.125mM
ddTTP B} 9 1. Omi
ddCTp 1 19 O0.5mM

All dilutions were with distilled and deionised water. All

volumes are in ul.

For the annealing reactions 5ul of single-stranded tem-
plate DNA (Section 2.2.18.4) was mixed with 4.5pl1 water, 2ul
M13 15 bp primer and 1lpl 10 x polymerase reaction buffer,

heated to 85-90°C for 5 min and allowed to cool slowly to

room temperature.

1yl DNA polymerase {(Klenow fragment, diluted to 1i/ul

with the kit dilution buffer), 1lul O0.1M DTT and 1lul 35S—dATP
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were added to each template/primer mix. Equal volumes of

the appropriate N, mix and ddNTP were mixed and 2ul aliquots
placed in the appropriate G,A,T or C sequencing tube for
each template. 3ul of template/primer mix were added to each
tube, mixed and tubes incubated at 3dOC for 20 min. 1l of
dATP was added to each tube and tubes incubated for a further
15 min at 3OOC. 3ﬁl of formamide dyes (0.1% (w/v) xylene
cyanol, 0.1% (w/v) bromophenol blue, 10mM Na2 EDTA, 95% (v/v)
derionised formamide) were added, tubes incubated at 9OOC for

5 min, and samples 1oaded directly onto DNA sequencing.gels.

2.2.19.2 Preparation of polyacrylamide gels
for DNA sequencing

A solution of 38% acrylamide, 2% bis-acrylamide
was stirred for 2h with Amberlite Monobed resin, filtered and
stored at 4°C until required. 15ml of this solution was
added to 50g urea and 10ml 10x TBE buffer (Section 2.2.4),
the volume made up to 100 ml and the mixture heated to dis-
solve urea. The solution was filtered through cellulose
acetate ('Nuflow', 0.22um, Oxoid Ltd.). 0.4ml 10% ammonium
persulphate solution and 20ul of TEMED (N ,N,N”,N"-tetramethyl-
ethylene diamine) were added to 50ml of solution, mixed rapidly
and poured between two glass plates separated by 0.4mm spacers
and sealed by Whatman yellow tape. Combs were inserted and

gels left to set for at least lh at room temperature.

2.2.19.3 Polyacrylamide gel electrophoresis
and autoradiography

Combs were removed from gels and tape

from the base of the gel. Gels were set up vertically so that
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the base dipped into a reservoir of TBE buffer. The top

was sealed with silicon grease to a buffer reservoir. Wells
were cleared with a syringe and needle, a metal plate clamped
across one glass plate and gels electrophoresed at 50mA until
the applied voltage reached 1500v (about 2-3h). Samples were
loaded in the order G,A,T,C for each template, and were electro-
phoresed at 50mA, 1500v. One gel was run until the bromo-
phenol blue had jus£ reached the base (2h) and the other until
30 min after the xylene cyanol had reached the base (5h).

Gels were removed from the electrophoresis apparatus, one plate
lifted off and a piece of Whatman 3MM paper placed over the
gel. The position and identification of samples was marked,
the paper and gel turned over and the gel surface covered with
a sheet of polyethene. Gels were dried under vacuum for
several hours to overnight. Autoradiography was as described
in Section 2.2.9 exéept that the film was placed directly in

contact with the gel surface.

2.2.19.4 Analysis of DNA sequences

57to 3” sequences were read directly
from the autoradiographs. The 3° to 57 sequence and amino
acid sequences of each strand in all three reading frames were
obtained using a programme 'Sequence Translate' on a BBC micro-
computer. Sequences were compared to those of vicilin cDNAs,
and to that of phaséolin, the 7S protein of Phaseolus vulgaris,

French bean (Slightom et al, 1983).

2.2.20 Nuclease sensitivity of pea chromatin

An outline of the methods used to investigate the
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nuclease sensitivity of specific genes in pea chromatin is

shown in Figure 3.

2.2.20.1 Isolation of nuclei from pea leaves
- and cotyledons

The method was modified from that of
Willmitzerand Wagnexr (1981). A known weight of tissue,
typically 4-5g, was used. Leaves were washed in sterile
water, cotyledons were separated from the testa and embryonic
axis. Tissue was chopped in 5 volumes of buffer A (0.7M
mannitol, 10mM MES, 5mM EDTA, O0.1% BSA, 0.2mM PMSF, pH5.8).
Chopping was performed on ice and all subsequent operations
were carried out at 4°C or on ice except where stated. All

centrifugation steps used pre-cooled swing-out rotors.

Chopped tissue was filtered on N125 cloth,
('Simonyl', Henry Simon, Stockport, U.K.), (boiled for 5 min
prior to use and allowed to cool) and resuspended in 5-10
volumes of buffer B (buffer A supplemented with 0.05mg/ml
purified pectinase, 0.1lmg/ml cellulase) which had previously
been incubated at 25°C for 15 min. Leaves were incubated

for 2-3 h and cotyledons for 4-5h at 25°C.

The suspension was filtered on N53 cloth
and washed with buffer C (0.25M sucrose, 10mM NaCl, 1OmM MES
pH6.0, 5mM EDTA, 0.15mM spermine, O.5mM spermidine, 20mM mercapto-
ethanol, 0.2mM PMSF, 0.6% Nonidet P40, 0.1% BSAa). Tissue was
resuspended in buffer C and a small volume homogenised in a
ground glass homogenizer. 10 strokes were used for leaves
and 15 for cotyledons. This was repeated until all tissue

had been homogenised. The homogenate was filtered on N125
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FIGURE 3

Outline of procedure used to investigate the nuclease
sensitivity of genes in pea chromatin.

Isolated pea nuclei.

|

Digested with nuclease, varying either

enzyme concentration or time of incubation.

|

Reaction terminated and DNA purified.

l

DNA restricted and purified.

|

Aliquots removed for estimation of

l

Similar amounts of DNA/well electrophoresed

DNA content.

through agarose gel.

v
Gel blotted onto nitrocellulose.

v
Filter hybridised to specific 32P—labelled

probe.

Autoradiographed.
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) ¢
cloth, and the filtrate from this filtered on N53 cloth.

The filtrate was centrifuged at 2000 ¢
for 5 min at 4°C in the MSE Mistral centrifuge. The pellet
was resuspended in a small volume of buffer C,adjusting to a
volume equivalenf to 3g after addition of 4.5g of buffer D
(6g of 5x buffer C, with the Nonidet P40 concentration kept to
0.6%, added to 20.5ml Percoll and pH adjusted to 6.0 with 1IN
HC1) . The solutions were mixed gently and thoroughly and
filtered on N53 cloth. The filtrate was centrifuged at
1000 ¢ for 5 min at 4°c. The pellet was resuspended in a
small vol of buffer C and the supernatant recentrifuged after
shaking to abolish density differences. This was repeated
2-3 times. The resuspended pellets were combined and centri-
fuged at 1000¢ for 5 min at 4OC, the resulting pellet resus-
pended in a small volume of buffer E (1.2g of 5x buffer C, with
the Nonidet P40 concentration at 0.6%, added to 7.97 ml Percoll,
pH adjusted to 6.0 with 1IN HC1l) and centrifuged at 5000 g for
5 min at 4°C using the Sorvall RC-5B centrifuge. The floating
layer containing nuclei was removed, diluted with buffer C and
centrifuged at 1000 ¢ for 5 min at 4°c using the MSE Mistral
4L, centrifuge. . The pellet was washed several times with
buffer C by cenfrifugation at 1000 ¢ for 3-4 min at 4°c and
the final pellet resuspended in 500ul of buffer C. A small
amount of suspension (10Oul) was removed, stained with DAPl and
examined under the fluorescence microscope (Nikon Diaphot).
Nuclei were counted using a haemocytometer (Hawksley, Gallenkamp
and Co., Stockton-on-Tees, U.K.), 500ul sterile glycerol added
to the remaining suspension and nuclei stored at -80°¢. DNA

content was determined using the fluoresence assay described

below.
~* the numbers of the membranes refer to the pore size in microns.
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2.2.20.2 Fluorimetric estimations of DNA contents

It was necessary to know the DNA contents
of nuclei and DNA preparations so that equal amounts could be
used in each digestion. As detection of nuclease sensitivity
depended on differences in intensities of bands or autoradio-
graphs (Section 2.2.20.7) it was important that similar amounts
of DNA were loaded into each well of the agarose gels. There-
fore, DNA contents of nuclease-treated and restricted samples
(Section 2.2.20.75 were measured.

DNA contents were estimated by a modific-
ation of the method of Thomas and Farquhar (1978). Solutions
of calf thymus or herring sperm DNA were made in the range from
20-1000ug/ml. 10ul aliquots were placed in separate tubes.
10ul 'of nuclei and 90ul of buffer C and 50% (v/v) glycerol
(Section 2.2.20.1), or 1lpl of nuclease-treated samples and
9ul of water, were placed in separate tubes. All standards
and samples, excépt for nuclei preparations when material was
in short supply, were in duplicate. Two blanks containing no
DNA were treated in the same wav as the samples and standards.

10ul of 5mg/ml BSA were added to each
tube and either NaCl added to 150mM (nuclei) or sodium acetate
to 50mM (DNA). Samples were precipitated with 250pl ethanol
for 30 min at -20°C. Pellets were collected by centrifug-
ation for 10 min in a haemétocrit, washed twice with 80% eth-
anol, dried in vacic and resuspended by vortexing in 20ul of
a 400mg/ml solution of DABA. Tubes were incubated at 60°C
for 30 min, cooled and 1 ml 1IN HCl added. Tubes were vor-
texed, contents pipetted into a 3ml quartz cuvette and the
tube filled with a further 1 ml 1N HC1. This was added
to the cuvette, the solution mixed and fluorescence in-

tensity determined at an excitation wavelength of 405nm and an
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emission wavelength of 505nm. 2ml of 1N HCl were used to
zero the fluorimeter (Baird Atomic Fluoripoint), and the

background fluorescence was obtained from the blanks.

A graph of fluorescence intensity against
DNA content was plotted for the standards, and used to deter-

mine the DNA content of the samples.

2.2.20.3 Storage conditions of nucleases

The buffers used for storage of nucleases
were those of Wu et al (1979a). DNAasel was stored at a con-
centration of at least lmg/ml in DNAase I digestion buffer
(60mM KC1l, 15mM NaCl, 15mM Tris/HCl, pH7.4, O.5mM DTT, O.25M
sucrose, 0.05M CaClz, 3.0mM MgClz). MNase was stored at
lmg/ml in MNase digestion buffer (as above but 1.0mM CaCl2

and no MgClz).

Small aliquots of the stocks were stored
at -20°C and thawed as required. Aliquots were subjected to

a maximum of 2 freeze-thaw cycles before discarding.

2.2.20.4 Activity of nucleases

The activity of nucleases was determined
from the extent of digestion of various substrates. DNA or
nuclei were digested for varying times, or with different con-

centrations of enzyme, the DNA purified and electrophoresed

through agarose gels.

Activity was estimated from the extent
of digestion of DNA compared to undigested controls, except for
the digestion of nuclei by MNase, which was shown by the pro-

duction of a 'ladder' of DNA fragments whose lengths were
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multiples of the length of DNA associated with a nucleosome.

A spectrophotometric assay, which measured
the rate of change in A26O as highly polymerised DNA was di-
gested into smaller fragments, -was also used to estimate
DNAase I activity:(Kunitz, 1950, Millipore Corporation, 1979).
A range of DNAase I solutions, typically 20, 40, 60 and 100u/ml,
were prepared from the stock by dilution with 0.15M NaCl. The
spectrophotometer' (Pye Unicam SP8-150 uv/vis) was adjusted to
25°C and 260nm. 2.5ml of substrate (10mg highly polymerised
herring sperm DNA dissolved in 200ml of 6.25mM MgSO4, 25ml of
1.0M acetate buffer added and made up to 250ml with sterile
distilled water) Was pipetted into each of 2 cuvettes and incub-
ated in the spectrophotometer to establish the blank rate.
0.5ml of 0.15M NaCl was added to the reference cuvette, and
0.5ml of enzyme to the sample cuvette. The contents were mixed
rapidly and the change in absorbance at 260nm monitored for
8-10min. The rate of change in A260 was calculated from the
linear part of the trace. The rate of change/ml of assay
mixture was calculated for each dilution and divided by the
number of units/ml to obtain the activity (AA26o/min/unit).
The mean activity was calculated for each stock, and the differ-
ences between the means were compared using a small-scale stat-
istical test (student t test). The test assumed that the
samples were drawn from populations with a common variance;
this assumption was justified for this assay as the main errors

were in the dilutions and in the measurement of rates from the

traces.
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2.2.20.5 Digestion of DNA and nuclei
with nucleases

Nuclei suspensions were washed in 5-10
vol of digestion buffer by centrifugation at 1000 g for 5 min
at 4OC, and the pellet resuspended in this buffer to a DNA
concentration of 0O.5ug/ml. 15ug of DNA was routinely used
for each digestion, in a final volume of 40-150ul (samples to
be compared were always digested in similar volumes). 0.2 vol
of 5x digestion buffer was added to each sample and the volume
made up with water. Digestions were begun by addition of
enzyme, and were incubated at 25°C (DNAase I and MNase) or
12-15°C (DNAase I) for the appropriate time. Reactions were
terminated by addition of EDTA to 12mM and of SDS to 0.5%,

the tubes placed on ice and DNA purified as described below.

Protein-free DNA was digested as for
nuclei except that the initial washing step was omitted and
usually replaced by ethanol precipitation and resuspension

in distilled water.

For each set of digestions a control
tube containing digestion buffer in place of enzyme was in-
cubated for the same length of time as the longest digestion,

then treated in the same way as the digestions.

2.2.20.6 Purification of DNA from nuclease-
treated samples

A modification of the method of Stalder
et al (1979) was used. RNAase A was added to the terminated
digestions and controls to a concentration of 0.lmg/ml, and

tubes incubated at‘37OC for 30 min. SDS was added to 0.5%,
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NaCl to 0.4M and proteinase K to lmg/ml. Tubes were
incubated at 37°C for at least 2h. 0.5 vol of water was
added and samples were extracted with phenol (Section 2.2.1.1),
re-extracting the organic phases with distilled water. DNA
was precipitated with ethanol and re-dissolved in distilled

water.

2.2.20.7 Restriction of samples and detection
of nuclease sensitivity

DNA samples from nuclease-treatments
and controls were restricted (Section 2.2.2.1) with approp-
riate enzymes. Reéctions were terminated by phenol ex-
traction and DNA precipitated with ethanol and dissolved in
distilled water. Aliquots were taken for estimation of
DNA content (Section 2.2.20.2) and similar amounts of DNA
loaded into each well of an agarose gel, electrophoresed
(Section 2.2.4) and blotted onto nitrocellulose (Section 2.2.5).
Filters were hybridised to specific 32P—labelled probes and
autoradiographed as described in Sections 2.2.8 and 2.2.9.
Nuclease sensitivity was determined by comparing the inten-
sities of the band$ for active sequences (e.g. seed storage
protein genes in cotyledons) with those for inactive sequences
(e.g. these genes in leaves). Hypersensitive sites, 1if
present, were detected by the presence, at low levels of

digestion, of bands in addition to the usual restriction

fragments.
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3.1 The isolation and characterisation of a pea
vicilin gene

3.1.1 Screening of the pea genomic library

The library of pea genomic DNA in the vector
EMBL3 was screened by hybridisation of plaques to the insert
of pDUB2 as described in Section 2.2.10. A single plaque
was observed to hybridise to pDUB2 on autoradiographs of
plague lifts from the lst screen. Figure 4 shows an auto-
radiograph of a plaque-lift from the 6th and final screen.
The phage at this stage were essentially pure, as greater
than 90% of the plaques hybridised to the probe. As only
one plaque hybridised in the 1lst screen, all of the plaques
hybridising in the final screen were derived from this plaque

and therefore contained similar recombinant bacteriophage.

3.1.2 Titration of stocks of bacteriophage prepared
from individual plaques

Stocksiof recombinant bacteriophage made by the
plate lysate method (Section 2.2.11.1) from the plaques iso-
jated from the 6th screen had a titre of approximately
1.6 x 109 pfi/ml for each extraction. sufficient bacterio-

phage were therefore available for the transfections in sub-

sequent DNA preparations.

3.1.3 Preparation of DNA from recombinant bacteriophage

The recombinant bacteriophage which contained a
pea genomic sequence hybridising to pDUB2 was designated
Avic 1. In order to characterise the vicilin gene in Avic 1,

it was necessary to obtain a restriction map of the clone, and
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FIGURE 4

Autoradiograph of a plaque lift from the final screen
of the genomic library

The filter was hybridised to the labelled insert
of pDUB2, and washed to a higher stringency (1xSSC,
2x15 min. at 65°C) than for other plaque 1ifts
(Section 2.2.8). The film was exposed to the filter

overnight at -80°c.
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Fig.4
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to sub-clone fragments into bacterial plasmids. For these
procedures a large quantity of DNA of sufficient purity to
be cut by restriction endonucleases was required. A number
of different methods of bacteriophage DNA preparation were
therefore tested for yield and quality. The results of

small-scale preparations are given in the following Table.

TABLE 6 Assessment of small-scale bacteriophage
DNA preparations

Restriction

Method Yield of DNA Degradation

T Endonuclease

Digestion

1. _
Small-scale 2 ug/2xlo5 pfu Poor No
plate lysates
2. 6 *
Small-scale 10ug/5x10° pfu Poor Yes

liquid-lysates

Incubation of a tube without exogenous enzymes at 37%
for 2h resulted in degradation. Neither of the small-scale

methods were therefore satisfactory.

Two methods of large-scale DNA preparation were used.
When the method described in Section 2.2.12 was followed, the
yield of DNA was 130ug from 5 ml of PEG precipitate, which
contained 4xlOll pfu/ml. The DNA was cut into discrete
fragments by restriction endonucleases (Figure 5) and there
was no visible degradation. Omitting the chloroform ex-
traction prior to the phenol extractions in this method re-

sulted in a very poor yield of DNA, although titration of an

3 pfu/l

aliquot of the PEG precipitate gave a value of l.3xlOl
of culture. When aliquots of this PEG precipitate were

purified as for the small-scale liguid lysates, approximately

15ug of DNA was obtained from l.8xlOll pfu. The DNA was
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FIGURE 5

Restriction digestions of recombinant phage DNA pur-
ified from large-scale PEG precipitates by chloroform
and phenol extractions

Tracks (a) and (j), ANM258 restricted with Hind ITII/

Eco RI; tracks (b) to (i) recombinant phage DNA re-

stricted with (b) Eco RI/Sal I, (c) Hind III/Sal I,

(d) Hind III, (e) Bam HI/Hind III, (f) Bam HI/Sal I,

(g) Sal I/Bgl II, (h) Sal I, (i) Bgl II. Numbers on

the right are size-markers (ko).
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cut by restriction endonucleases as shown in Figure 6A.

When the precipitates were purified in this way after 20

days of storage, the DNA was partially aegraded during
restriction (Figure 6B). The most reliable method of DNA
preparation, with a good yield of purified DNA, was therefore

that described in Section 2.2.12.

3.1.4 Characterisation of the vicilin gene in Avic 1.

3.1.4.1 Restriction mapping of Avic 1

A restriction map of the bacteriophage
vector EMBL3 is shown in Figure 7. In order to map the pea
sequence inserted into Avic 1, restriction digestions such as
those in Figure 5 were performed on Avic 1 DNA. The re-
striction sites known to be present in the arms of the vector
(Frischauf et al, 1983) were also used in the construction of‘
the map from the restriction data. The location of the
vicilin gene, referred to as vic 4 hereafter, was determined
from the results of hybridisation of blots of gels such as
that in Figure 5, to inserts of pbDUB2 or pDUB9..  The approxim-
ate sizes of fragments obtained from restriction digestions
of Avic 1, and the results of hybridisation experiments, are

summarised in the Table below.

The hybridisation of the probe to the
large fragments (>20kb) extending from the left arm into the
insert in several digests (e.g. Hind III, Bam  HI, Eco RI)
suggested that the vicilin gene was close to the left arm.
This was confirmed by the loss of hybridisation to this frag-

ment in double digests of these enzymes with Sal I, which has
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FIGURE 6

Restriction digestions of recombinant phage DNA
purified from a large-scale PEG precipitate by the
potassium acetate / DEP method

A. Immediate purification of precipitate.

Track (a) ANM258 restricted with Hind III/
Eco RI.

Tracks (b) to (g) recombinant phage DNA
restricted with (b) Xho I (c) Hind III

(d) Bam HI/Hind III (e) Bam HI, (f) Eco RI/
Bam HI, (g) Eco RI.

Track (h) ANM258 restricted with Hind III.
Numbers at the right-hand side of the photé—

graph are size-markers in kb.

B. Purification of precipitate after 20 days'

storage at 4OC.

Tracks (a) to (h) recombinant phage DNA re-
stricted with (a) Eco RI/Sal I, (b) Bgl IT,
(c) Sal I/Bgl II, (d) Sal I, (e) Hind III/
Sal I, (f) Hind III, (g) Bam HI/Hind III,

(h) Bam HI/Sal I.






FIGURE 7

Restriction map of the bacteriophage vector EMBL3
(Frischauf et al, 1983)

B = Bam HI, E = Eco RI, H = Hind I1II, G = Bgl II,
K =Kpn I, S =8Sal I, T = Sst I, LA = left arm of
vector, RA = right arm, RF = replacement fragment,

PL = polylinker.

In the pea genomic library, the fragment between
the polylinkers was replaced by 15-20 kb fragments
from a Sau 3A digest of pea DNA, ligated into the

Bam HI sites of the polylinkers.



86

q3Z =wd| : 3jeas

vy

Vi

pus o H L _m_u_o H

1

pus 7

Fig.7



87

TABLE 7 Restriction digestions of Avic 1

Digest Band sizes (kb)

Xho 1 24.5, 10.5, 5.8 (not hybridised)

Hind III 26.5, 6.7, 6.2, 4.3, 2.9, 1.7, 1.45
Bam HI 24.5, 9.4, 3.5, 1.95, 1.7

Eco RI 28.5, 11.0, 2.85, 2.25, 1.7

Bgl IT 2.5, 7.2, 3.1, 2.6, 1.5

sal I 20.5, 6.6, 9.5

Eco RI/Bam HI. 26.6, 9.4, 2.85, 2.25, 1.9, 1.7, 1.5

Eco RI/Sal I 20.5, 9.4, 2.65, 1.85 1.55, 1.35

Bam HI/Hind ITI  20.5, 6.2, 4.8, 4.3, 1.75, 1.45

Hind ITI/Sal I 20.5, 5.2, 4.7, 4.2, 2.85, 1.71, 1.45
Bam. HI/Sal I 20.5, 10.1, 6.3, 3.5, 2.0, 1.8, 1.36
Bgl II/Sal I 20.5, 7.2, 4.7, 3.1, 2.6, 1.5, 1.2

% ‘
Indicates hybridisation to the inserts of pDUB2 and to
pDUB9 - no difference was observed in the patterns of hybrid-

isation obtained with the two probes.

a site in the polylinker at either end of the insert (see
Figure 7). When the size of the insert was calculated, con-
siderable variation was seen. For example, the size of the
insert calculated from a Hind III digest was 14.45 kb, that
from the Bam HI digests 11.4 kb, while that from a Sal I
digest was only 6.6 kb. Part of the difference could be
accounted for by the obscuring of small fragments on the gels
by RNA, and by the difficulty of determining precisely the
sizes of the large (»20kb) fragments. However, there were

too many inconsistencies for these to explain all the differences-
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In order to construct a more complete restriction map, there-

fore, fragments of Avic 1 were sub-cloned into bacterial

plasmids.
3.1.4.2 Sub-cloning of Avic 1 fragments
into bacterial plasmids
The Sal I digest of Avic 1 suggested an
insert size of only 6.6 kb. This size of insert would result

in a phage genomé of only 36.1 kb, which is not large enough
to be packaged by the in vitro packaging system used in the
construction of the gene library. A set of sub-clones of a
Sal I digest of Avic 1 was therefore constructed in puUCS8

(Vieira and Messing, 1982), as shown in Figure 8.

When small-scale preparations of plasmid DNA
(Section 2.2.l6f were made from the transformants (Section
2.2.14.3) and reétricted with Sal I, two clones, S4 and S23,
contained inserts. That of S4 was 6.4 kb in size and hybrid-
ised to pDUB2 and pDUBY9 inserts. The insert of S23 was 9.2 kb
and did not hybridise to either probe. The 6.4 kb and 9.2 kb
fragments were assigned to the map positions in Avic 1 shown
in Figure 8.

In order to locate the vie A4 gene more pre-
cisely, and to construct a more detailed restriction map of
Avic 1, the two Sal I sub-clones S4 and S23 were digested with
a variety of resﬁriction endonucleases. The results of such
digestions on the whole plasmids and on isolated inserts, and
of hybridisations to inserts of pDUB2 or pDUB9 were used to

construct the maps shown in Figure 9.
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FIGURE 8

Construction of pUC8 sub-clones from a Sal T digest
of Avic 1.
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FIGURE 9

Restriction maps of Sal I sub-clones in pUCS8

E = Eco RI, B = Bam HI, S = Sal I, X = Xba I,

J
I
o
n
o+

I, G = Bgl II, H = Hind III.

L = Sal I site at left-arm end of Avic I.

R = Sal I site at right-arm end of Avic I.
wzzzzzzzzzi = pUC 8 C———1= pea DNA

region of hybridisation to vicilin

CDNAs.
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The EcoRI/Sal I fragment of 1.85 kb pre-
sent in S4 was the only EcoRI/Sal I fragment to hybridise to
either of the vicilin cDNAs. In order to obtain a sub-
clone containing this fragment, the products of an EcoRI/Sal I
digestion of Avic 1 were ligated into pUC8 cut with ECORI .
or Eco RI/Sal I, and used to transform competent cells (Figure
10) . The transformed cells were screened by colony hybrid-
isation (Section 2.2.15) to the insert of pDUB2. Several
hybridising colonies were picked off the plates and used to
prepare small amounts of plasmid DNA (Section 2.2.16). When
this DNA was restricted with Eco RY/Sal I, 9 clones contained
the 1.85 kb fragment which hybridised to the insert of pDUB 2.
Several of the clones reverted to wild-type blue colonies (see
Section 2.2.14.3). One sub-clone, ES 10, which remained white
when streaked onto fresh plates, was chosen for further charact-
erisation. This clone was derived from the ligation into
Eco RI cut pUC8 and contained the 1.85 kb EcoRI/Sal I fragment
ligated to a 1.3 kb EcoRI/Sal I fragment, as shown in Figure 11.
The clone was mapped using restriction endonuclease digestions
and hybridisation to pDUB2 and pDUB9 inserts, and the map is

shown in Figure 11.

The final restriction map constructed for

Avic 1 is shown in Figure 12.

3.1.4.3 DNA sequencing of viec A

As the Eco RI/Sal I 1.85 kb fragment of
Avic 1 was the only fragment in such a digest to hybridise to

the vicilin cDNAs it was chosen for DNA sequencing. A set of
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FIGURE 10

Construction of sub-clones in pUC8 from an Eco RI/
Sal I digest of Avic I

Symbols are as in Figure 8.
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FIGURE 11

Restriction map of the Eco RI/Sal I sub-clone, ES 10

Symbols are as in Figure 9.

|

puUC8 L ™"3 = pea DNA

region of hybridisation to vicilin

cDNAs.,

The Xba I site is now known to be V250 bp from

the Sal I site
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FIGURE 12

Restriction map of Avic 1

The map was based on the details of the various
sub-clones, and the restriction and hybridisation data

for Avic 1.

Symbols are as in Figures 7 to 9.

/777773 = EMBL3 EENEEN - peca genomic DNA.

Expanded region is the 1.85 kb fragment subsequently
used for DNA sequencing.

The 9.2 kb Sal I fragment has not been mapped in as
great detail as the 6.6 kb fragment; thus only the
Bam HI and Hind III sites are shown in this region of
Avic 1. Scale of Avic 1 map is 1 cm %1 kb; scale

of expanded region is 1 cm A100 bp.
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sub-clones was constructed from the products of an EcoRI/Sal 1/
Hind III digest of ES 10 (Section 3.14.2) ligated into either
Eco RI/Hind III or SalI/Hind III cut M13 mpl8 (Section 2.2.18).
Transformants were selected by colony hybridisation to pDUB2
(Section 2.2.18.3). Two clones, 48 (Sal I/Hind III) and

15 (EcoRI/Hind III) hybridised very strongly under high string-
ency conditions (0.1xSSC, 0.1% SDS, 68OC). When single-
stranded DNA prepared from these clones was electrophoresed
through an agarose gel, 48 was considerably larger than the MI13
}control, and 15 was of a similar size to the control. Both
of these clones were used as templates for DNA sequencing, as

shown in Figure 13.

Further sets of sub-clones were made from
Sau 3A digests of the 1.85 kb EcoRI/Sal I fragment, ligated
into Bam HI cut mplY%, and from XbaI/Eco RI digests of S4
(Section 3.1.4.2), ligated into XbaI/EcoRl cut mpl8.. DNA
was purified and sequenced as before and the directions of
sequencing from the various sites are shown in Figure 13, to-
gether with a partial map of the introns and exons of viec A.
The partial sequence of viec A is shown in Figure 14, and is
compared with the nucleotide and predicted amino acid sequences
of pDUBY9 in Figure 15. There is a close match over corres-
ponding regions between the two sequences, confirming the
hybridisation data. This ;hows that the vie A gene encodes
a 50 K Mt vicilin polypeptide. The gene isolated is incomplete;
comparison of the position of the Xba I site in the cDNA with
that in the genomic clone shows that some of the 5 coding seg-
uence must be missing from the latter (Figure 13). The

sequence is discussed in detail in Chapter Four.
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FIGURE 13

Sequencing strategy for viec 4

The restriction map of vie A4 shows the sites
used in DNA sequencing, and the arrows below it
show the directions of sequencing. The approximate
positions of the introns and exons so far determined
for vie A are also shown, as is a restriction map
of pDUBSY9.
IVS = intervening sequence, S = Sau 33,

X = Xba I, H = Hind III, G = Bgl II, E = Eco RI.
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FIGURE 14

Partial nucleotide sequence of vic 4

The sequences shown are those obtained as shown
in Figure 13.
(1) Sequence from around the Xba I site.

(2) Sequence from around the Hind III and Sau 3A

sites.



97

g ¥4 1L°vy
JIVOVORD WIIN

---------------------------------------------------------------------------------------------------------------

34590983 400dDYIYIHSDNDNITIHEOENIDYS I dIY1TINANJLYY
W9 190 L9WOIVIIVIIAAING LIIWI LI9 LYIWIYLLLIVI LD LAIRADY) LHAIYIYL DY 1¥99Y 149 11990 10990 1499 1930 LI¥I9 LI JOUAAD LOW ¥ 1N

z c — c w ~ > z o u Q o Am|w>~ lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll Q- «
IV3IGVIVLVOVILIVLIVI 19 1V 1 VIOV LYI30TAI LLIVARID L 1¥9 199 111 IV1 191129 1YW LLY 1 HARMO00IRI LA LLLYLI LIDWIOMANLLLIVIOL9L ¥I1A

SAID ¥V 1T 4 NY D NNI YNIOIOTTOETITNSSVY XYY

. WLLLIVOLIVLLIVIOVIL9IDL3I9VIIINILYLIVIVLIVIYIIIWIIL LI LI HAIIVOYI LRI LIO LA LIYI09 11 19991 1391 11O LI IVADLIDLIJOW Y21

I11 pUlH

NYAdHIVYVIITANIANAQGSSSTHYNANDADBANNTIIIIODIIII QNI WY
WL3339LLIVIILIVIIIOVIOVIILIVI L LLLLI91OUITILLILGL LEARILIORRAIY LLARAIO LOVIIVAA LEAA L9 MR MOV AIIROOWIIND LIOW 1210

A48 3IDOBNINYUDIANTISIAOI NI INANMLATIANIYYSNAHLTTIIS O vy
IHAIIVIVIIVIRIAI THARI LA OAI 1999 19 L LOVEILLLIYIVIIRARSIRIOIW LLOVIV LY 196 LYID990%) LIVIVLIYIRIN0 LIS LIYLVIOLY ¥21n

A?lWD—unn--u-nu-n--uu-u-u--.-.--.---.----o.--..-n..-onn-.-u---o..-.,n -------------------------------- ¢-¢
QO@P«.—.&:««S.—I—'Q.—. -------------------------------------------------------- AR AL LA A QU—D
- oN
A0 X vy

' T HOgILVIORY YIIA

JWZM:GHWXW:MMJJDXN.PNW»Q.—.Amlwbu ------------------------------------------- qnc
L1ITTAIRIVIVICIVIVIVIVARIVI LYIOWIRAIV LLLLD L [ S9RARIVIVOTIAO LY LLYD LOVOVIVOVARAAR LS LLYLO LY 10 IR0 101 LIV 100 11 191V 1Y ¥in

ESADN 4 6§V 3 TTINXYSJIOSTASEDBNDN VY
191191991 119V TVISIVIOLILIIYILELLE ] IOVOORRAAILYLOWYLIO 147 11901 199980Y L LIYIWOW LOVLLE9I9 19 1YL EIVLID LW IRARI LA ¥21A
A © T egy

o m J I‘ m m AN-I m>~ -------------------------------------------------------------------------------------------------- «. ¢
99121914911 LIIOVILVILLIIDDIOL LTI IVIIDETITVIRII0LI9L01101 111 LIYIYIVE 1DV LIVARISWIVILVIWLIYIOVLIL3099999LLLS YI1A

T

Figure 14



98

FIGURE 15

Comparison of nucleotide sequences of

vie A and pDUBY

The partial nucleotide sequence of vic 4 is
shown above that of the cDNA pDUB9. The amino-acid
sequence shown is that predicted from pDUB9; differ-
ences in the amino-acid sequence predicted by vie 4

are discussed in Chapter Four.

IVS = position of intervening sequence in vic 4

The vertical arrow indicates the position of the B/y

cleavage site in a 47,000 M vicilin polypeptide.
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DA v e e JTICTTCTAGGTCTGATCCTCARMAT CCTTTTATCTT CARGT CTAACARGTTT CASHCTCTTTTTGAG
A craniiiiriciiirsisseireceieesiens S S RS D P ONPF I FKSNKFQTLFE

CDNA ARTGAMAAT GGGCACATT CGACTTCTGCAGAAATTT GACCAACGTTCTARMTTTT COAGAAT CTACAMACTACCT CTTTT GGAATATARGTCCANACCTCACACAATATTTCTTCCA
AACNENGHIRLLOKFDORSKIFENLONYRLLEYKSHKPHTIFLP

CDNA CAGCACACCGATGCCOATTACATCCTTGTTGTACTCAGT GGARARGLTATACT CACAGT GTT LAAACCLGATGATAGAMACTCCTT CARCCTT GRGCBCOGAGATACGRTAAAACTT CCT
AA. O HTDADY T LYVVYVLSG6GKAILTVLKPDDRNSFNLERGDODTIKLEP

Sau % 1v8-2
VECA tuvenrensssasensasnssnsstsninnresneesonsrusnerntosessencsnsnnsssssssssssesssarnsensnsensensenss JCTTICTTATIGTCTOGAMATCAR
cDNA GCTOGCACAATTGCTTATTTGETTAACAGAGAT GACARCGAGGAGCTTAGAGTATTAGAT CTCOLLATT CCCGTARATAGACCTGECCAACTTCAGTCTTTCTTATTGTCTGEAMATCAR
AA. A GTITAYLYNRDONEELRVLDLATIPYNRPGOQLOSFLLSGNDE

Xba 1 1V§-3
VicA ACCARCAATCCTACTTATCTGGGTTTAGTAAGAACATTCTAGAGGCTTCCTTCARTACTGATTATGAMGAGACAGAAAGGTTCTTTTAGRAGAGLAT GAGAAGAGACACAACACAGA
CONA AALCAACAWACTACTTATCTGGETT CAGTAAGAACATT CTAGAGGCTTCLTT CAATACTGATTAT GARGAGATAGHPAGGTTCTTTTAGAAGAGCAT GAGAAAGAGACACAALACAGA
AA. N O @QNYLSGFSKNILEASFNTDYEEIEKVLLEEHEKETOQHR R

VicA AGRAGCCTTAAGGRTARGGA
cDNA AGARGCLTTAAGGATARGAGGCAGCARAGT CARGRAGAGAAT G TAATAGTARRATTAT CAAGGG GACAAA TTGAGGAATT GRGTAMAAT GLARAGT CTACCTCLAAAAAGTGTTTCC
AA. R SLKDKROQOQSQEENVYVIVKLSRGEOIEELSKNAKSTSKKSUYS

DN TCTGARTCTGAACCATT CAACTTGRGAAGT CGCOGT CCTATCTATT CCAACGAGTTTGOAARATT CTTTGARATCACCLCAGAGAVATCLACAGCTT CAAGACTTGGATATATTTGTC
AR, SESEPFNLRSRGPIYSNEFGKFFEITPEKNPQLODLDTIFUVY

IV5-4
VicA .....................'SMTCTATATTGWWWWMBWTWMTWMWWGWMWMGTGGGTU‘MGCMT&A
€DNA ARTTCTGTAGAGATTARGGAGGGATCTTTATTGTTGCCACACTACAATT CAAGOGLCATAGTAATAGTARCAGTTARACGAAGGAAAGGAGATTTTGRACTTGTGGGT CAAACATGRHA
AA. NSVETKEGSLLLPHYNSRAIVIVTVNEGKGDFELUVYVGORNE
VicA MWWWWWMWTMTWW GCAATTACAHAAGCTARATT GTCTTCAGGAGATGTTTTTGTGATTCLA
DA ARCCARCAABAGCAGAGAAAAGAAGAT GAC GAGTAAGAGGAACARG GAGAABAGGAGATAAATARALANGT CLAAATTACAAAGCTAAATTATCTTCAGGAGAT GTTTTTGTGATTCCA
AA. N G O0EFEQRKEDDEEEEQGEEEIHNKOQUANYKAKLSSGDVFUYVILP

Rind 111 1V5-5
VicA GCAGGCCATCCAGTTGCCGTAMAALTTCCTCARTCTTATTTOCTTGEGTTTGGTATTAATECTGAGACAAT CAGAGGACTTTCTTGCAGGOBAT GABGATARTGTGATTAGTCAS
CONA BCAGBOCATCCAGTTGLCCTANECTTCCTCARATCTTGATTTGCTTGOGTTT 6GTATTAATGLTGAGAACAATCAGAGGAACTTTCTTGLAGGCBATGAGGATAAT GTGATTAGTCAD
AA. A GHPUYUALKASSNLOLLGFGINAENNORNFLAGDEDNUYI SO

Sau R
VicA ATACAGCGACCAGT GARAGAGCTTGCATTCCCTGGATCAGCTCARGAGETTGATAGGATACTAGAGAAT CAGAAA CARTCTCACTTTACAGATGC T CAACCT CARCARAGGGAGAGAGEA
DA ATACAGCGACCAGTGRAAGAGCTTGCATTCCCTGGATCAGCTCAAGAGGTT GATAGGATACTAGAGAAT CAGAAACAATCLCACTTTGCAGAT GCTCARCCT CAACAMMGGOAGAGAGGA
AA. I ORPVKELAFPGSAQEVDIDRILENRRKOSHFADAGOQGPOORERSE

Sau A
VicA AGTCETGAMCAAGAGATC
cDNA AGTCOTGASACAAGAGATCOTCTATCTTCAGTTTGAAATGTTT CTTMTGAGTGGAMTACT ATGTATGTATGCTATCAAGAGATATATCTCACGOGGAGCART GRATARACAATG
ABe S R E T R D R L S § VU X sauriiunininecneereeroencrsnannsnnsennonssssssnsnnnses Caeesessneeseraneriirreetas .

0N TTATCTTATAACTATAATTATATATCCACTTTTCTACTATGAATA. . . . (1433)

Figure 15
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3.2  Nuclease sensitivity of genes in pea chromatin -
preliminary results - ' ' '

Comparisons of nuclease sensitivity between various
samples were made using standard conditions of digestion;
the results of investigations into establishing these con-

ditions are presented below.

3.2.1 Yield and DNA content of isoclated nuclei
preparations

Intact nuclei were used in digestions to ensure
that chromatin was maintained, as far as possible, in its
native state. Figure 16 shows isolated nuclei stained with
DAPI and seen under the fluorescence microscope. Yields
of nuclei were typically 106/g of leaf tissue, those from
cotyledons were more variable, and were low from older
(18-22 d.a.f.) cotyledons. The DNA contents of nuclei pre-
parations, as measured by DABA fluorescence (Section 2.2.20.2),
were 0.2-0.4ug/ml forleaf and 0.05 to O.4ug/ml for cotyledon
nuclei. Low concentrations of DNA did not always correlate
with poor yields of nuclei from cotyledons; this may have been
because of the increased amount of DNA/nucleus due to endomit-
osis and endoreduplication (Boulter, 1981) . The nuclei in
older cotyledons are larger because of this increase in DNA
content, and may have been easily broken during isolation by
the forces required to disrupt the tissue, so resulting in poor
yields of intact nuclei. DNAase I digestions were carried out

on similar amounts of DNA rather than numbers of nuclei.

3.2.2 Storage conditions and effects on activity of DNAase I

The activities of stocks of DNAase I stored in
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FIGURE 16

Fluorescence micrograph of

intact pea nuclei

Nuclei from 11 d.a.f. cotyledons were stained
with the fluorescent dye DAP1l and examined as

described in the text.

Magnification = approx. 400x
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digestion buffer, as measured by the spectrqphotometric assay
described in Section 2.2.20.4, are‘given in Table 8. Differ-
ences between the mean activities were not found to be signif-
icant. This result suggested that DNAase I solutions stored
under these conditions retained full activity. However, the
activity obtained here, approximately 6.6 x 10—4/min/u, was
about two-thirds of that obtained under optimal conditions, z.e.
under these conditions, one Kunitz unit gives a change in

of 1 x 1O~3/min. Storage of DNAase I at -20°C in 0.1 N

B260
HC1l led to complete inactivity in this assay (data not shown).

*
TABLE 8 Mean activities of DNAase I stocks as assayed
spectrophotometrically

Stock Period of _ A26O/min/unit of
concentration storage enzvme
(mg/ml) at -20°C Y
1.66 none 6.6 X lO_4
1.66 10 months 6.31 x 10 %
1.0 none 6.63 x lO—'4

*
Each figure is the mean of 8 determinations; two for each
dilution of the stock. A small-sample statistical test

(student t test)was used to compare the means (Section 2.2.20.4).

3.2.3 Digestion of DNA and chromatin by nucleases

The electrophoresis assay for nuclease digestion
was described in Section 2.2.20. Figure 17 shows that DNAase I
stored at -2OOC in 0.1 N HCl was inactive; no reduction was
observed in the size of the DNA fragments to which enzyme was
added (tracks (a) and (c) to (h)) compared to that of the

control (track (b)).
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FIGURE 17

Activity of DNAase I stock stored in O.1N HC1

10ug of ANM258 were digested at 25°¢ with
DNAase I at 5u/ml for (a) and (c), O, (d) 2,
(e) 5, (£) 10, (g) 15 and (h) 30 min. DNA was
purified and electrophoresed through a 0.5% (w/v)
agarose gel. (b) is a control containing buffer
instead of nuclease, incubated for 30 min. (i)
and (j) are digests of ANM258 with Eco RI and Hind

ITI respectively.

Numbers on the right are size-markers in kb.
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The gels in Figure 18 show the activity of
DNAase I stored in digestion buffer with ANM258 (Figure 18A)
pea genomic DNA (Figure 18B) and pea chromatin (Figure 18C)
as substrates. In each case, there was an increase in
digestion, shown by a reduction in size compared to the
control tracks, as the time of incubation (Figures 18A and
18C) or concentration of enzyme (Figure 18B) was increased.
The lack of degradation in the control of 11 d.a.f. cotyledon
nuclei (Figure 18C, track (a)), suggests that there was little
endogenous nuclease activity within these nuclei. A similar

result was found for leaf nuclei (data not shown).

The extent of digestion of pea DNA in track (c),
Figure 18B, was similar to that of pea nuclei in track (d),
Figure 18C. From the amount of DNA and enzyme in each digest
(see legend to Figure 18) there were approximately 1.6 x lO_3
units of enzyme/ug DNA for pea DNA, and 0.67 units/ug for
11 d.a.f. cotyledon nuclei. If each substrate was equally
accessible to the nuclease, then the digestion of pea leaf DNA
at the 4-500 fold lower enzyme to DNA ratio might have been

expected to take 4-500 times as long as that of the chromatin,

7.e. 800 to 1000 min. As the DNA was digested to this extent
within 10 min, it appeared to be 80 to 100 times as sensitive

to DNAase I as was the chromatin in 11 d.a.f. cotyledon nuclei.

The results showed that the DNAase I stocks stored
in digestion buffer digested linear DNA (ANM 258), genomic DNA
and chromatin in isclated nuclei under the conditions described

in Section 2.2.20.5.

The activity of MNase with DNA and chromatin as

substrates is shown in Figure 19. Digestion of DNA (Fig.19A)
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FIGURE 18

Activity of DNAase I stored in digestion buffer as
assayed by gel electrophoresis

A. Bacteriophage DNA as substrate

2ug of ANM258 DNA were digested at 25°C with
DNAase I at 1Ou/ml for (b) O, (c) 1, (d) 2, (e) 5,
(£) 10 and (g) 15 min. (a) is a control incub-
ated for 15 min. with buffer instead of nuclease.
DNA was purified and electrophoresed through a 0.5%

(w/v) agarose gel.

B. Pea genomic DNA as substrate

61g of pea leaf DNA was digested at 25°C for
10 min. with DNAase I at (b) 0, (c) 0.1, (d) 0.05,
(e) 0.2, (f) 0.5 and (g) 1l.0u/ml. DNA was purified

and electrophoresed through a 0.7% (w/v) agarose gel.

C. Pea chromatin as substrate

15ug of DNA in 11 d.a.f. cotyledon nuclei were
digested at 25°C with DNAase I for (a) O, (b) 0.5,
(¢) 1.0 and (d) 2.0 min, (e) is a control containing
buffer instead of nuclease. DNA was purified and
1.51g electrophoresed through a 1% (w/v) agarose

minigel.
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FIGURE 19

Activity of micrococcal nuclease on DNA and
chromatin

A. Digestion of pea leaf DNA

10ug of pea leaf DNA were incubated at 25°C
with MNase at (b) and (c¢) 50, (d) 100, (e) and
(f) 200u/ml. In (b) and (f) reactions were ter-
minated immediately after addition of enzyme, other
reactions were incubated for 6 min. (a) is a con-
trol containing buffer instead of nuclease. (g) and
(h) are ANM258 restricted with Eco RI and Hind IITI
respectively.

B. Digestion of (1) pea leaf and (2) pea 11 d.a.f.
cotyledon nuclei

10ug of nuclei were incubated at 25°C for 6 min.
with MNase at (a) 50, (b) 100 and (c) 200u/ml.

(a) is a control containing buffer instead of nuclease

Numbers at the right are size markers in kb.
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was rapid; even the zero time track at 50u/ml MNase (track (b))
shows an appreciable decrease in size of DNA relative to the
control (track (a)). Chromatin (Figure 19B) was more re-
sistant to MNase digestion than was DNA, as was found in the
DNAase I digestions. Discrete bands of defined sizes were
present in digests of chromatin at each of the enzyme concen-
trations used (Figure 19B). The sizes of the bands were
similar in both leaf and cotyledon nuclei. The mean size
difference between bands was found to be 171 bp for both tissues.
The large standard error, 25 bp, was due to the difficulty of
estimating the sizes of the bands, and the differing sizes
within each band caused by the action of MNase at different
sites in the linker DNA. Therefore the chromatin in nuclei

isolated as described in Section 2.2.20.1 retained a nucleo-

somal conformation.

3.2.4 Activity of DNAase I from different sources,
and effects of a proteinase inhibitor

The activities of DNAase I from Sigma Chemical Co.
and from Worthington Biochemicals were compared using the
electrophoresis assay. At similar concentrations, both
enzymes digested pea DNA and nuclei, although the extent of
degradation was slightly greater with the Worthington enzyme

than with the Sigma enzyme (data not shown).

The effect of the proteinase inhibitor, PMSF,
was investigated in order to determine whether a contaminating
proteinase was present in the nuclei preparations. The pre-
sence of PMSF in digestions of pea leaf nuclei resulted in a

slightly greater extent of digestion than in its absence (data
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not shown) . However, a similar result was observed when
PMSF was present in digests of pea leaf DNA, suggesting that
the inhibitor was affecting other processes besides proteinase

activity.

3.2.5 Effect of temperature on DNAase I digestions

Detection of DNAase I hypersensitive sites, 1if
present in pea chromatin, required very mild digestion of
nuclei. Low levels of digestion were obtained either by
reduction of the temperature of incubation or by the use of
very low concentrations of enzyme, or by a combination of
the two. The results of DNAase I digestions at 12°C of pea
leaf DNA and nuclei are shown in Figure 20. As at 250C,
chromatin was more resistant to digestion than was DNA; all
of the pea DNA was degraded to small fragments after 5 min,
(Figure 17A, track (f)), whereas large-sized fragments remained
in the chromatin after 7 min of digestion (Figure 17B, track
(d)) . For each substrate, digestion was slower at 12°c than

at 25°c.

3.3 General DNAase I sensitivity of genes in pea chromatin

DNAase I sensitivity was investigated by gel electrophoresis
and hybridisation to specific probes as previously described
(Section 2.2.20, Figure 3); differential sensitivity was deter-

mined by comparisons of the intensities of bands seen on the

autoradiographs.

3.3.1 DNAase I sensitivity of ribosomal genes

Detection of the multiple copy ribosomal genes was
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FIGURE 20

DNAase I digestions at 12°%

A. 15ug of pea leaf DNA were digested at 12°C
with DNAase I at 1lOu/ml for (b) 0O, (c) 1, (d) 2,
(e) 3 and (f) 5 min. (a) is a control containing

buffer instead of nuclease.

B. 6ug of DNA in pea leaf nuclei were digested at
12°C with DNAase I at 4u/ml for (b) O, (c) 1 and
(d) 7 min. (a) is a control with buffer instead

of nuclease.
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readily obtained‘compared to that of the low copy number

seed storage protein genes (Section 3.3:2). Figure 21 shows

a map of pHAl (Cuellar, 1982), a plasmid containing the pea
ribosomal repeat inserted into the vector pACYC 184 (Chang

and Cohen, 1978). This plasmid was labelled and used as a
probe to assay the DNAase I sensitivity of ribosomal chromatin

in pea leaves and cotyledons.

The gel in Figure 22A shows the Bam ' H1l digestions
of DNA purified from DNAase I treatments of leaf DNA, leaf
nuclei and 11 d.a.f. cotyledon nuclei. The restriction pro-
files of the samples were similar except for the controls
(tracks (b), (f), (j)) which had restricted poorly, the 15u/ml
tracks for leaf DNA (track (d)) and cotyledon nuclei (track (m))
wjich showed a reduction in fragment sizes, and the 5u/ml track
for cotyledon nuclei: (track (k)) which was incompletely re-

stricted.

The result of hybridising a southern blot of this
gel to pHAl is shown in Figure 22B. The sizes of the fragments
in genomic DNA which hybridised to the probe were 7.4, 4.9 and
4.5 (doublet), 2.8, 1.95, 1.18 and 0.63 kb (tracks (b) to (e)).
Additional bands of 9.0 and 6.7 kb were seen in some tracks
when the film was exposed for 30 min (data not shown). The
larger bands were absent from tracks in which restriction was
estimated to be complete (e.g. tracks (g) to (i) and (1)) and
were therefore partial digestion products. Figure 23 shows
the fragments expected if certain Bam H1l sites were not cleaved.
The 4.5 kb band probably represented the distance from the last

Bam Hl site in one repeat to the lst site in the next (Fig.23).
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FIGURE 21

Map of Bam HI and Hind III sites in the plasmid pHAl

pHAl (Cuellar, 1982) contains a Hind III fragment
of pea DNA, carrying the ribosomal repeat, inserted

into the vector pACYC184 (Chang and Cohen, 1978).

Sizes of fragments are in bp. B = Bam HI,
H = Hind III, —— = pACYC184 (3.75kb)

3 = ribosomal repeat of pea.

In addition to the internal fragments of 2.65,
1.18 and 0.63kb, a 1.7 kb fragment from the Bam H1l
site in the vector to the first.site in the insert,
and a 6.4 kb fragment from the 4th site in the insert
to the site in the vector, will result from a Bam HI
digestion of this plasmid. All of these fragments

can be seen in track (a), Figure 22A.
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FIGURE 22

DNAase I sensitivity of the ribosomal genes in pea
chromatin

A. DNAase I digestions and Bam HI restrictions of

pea leaf DNA, nuclei and 11 d.a.f. cotyledon nuclei.

Track (a) Bam HI restriction of pHAL.
Tracks (b) to (e) pea leaf DNA, (f) to (i)

leaf nuclei, (j) to (m) 11 d.a.f. cotyledon nuclei.

7ug of DNA were digested for 6 min. at 25°C with

DNAase I at (c¢), (g), (k) 5Su/ml, (d), (h), (1), 1lOu/ml
and (e), (i), (m) 15u/ml. (b), (£f) and (j) are
controls containing buffer instead of nuclease. Other

tracks are size markers.

B. Autoradiograph of a blot of the gel in (A) above,
hybridised to pHAl. Tracks are as in (A). The
filter was washed to high stringency (0.1 x SSC, 0.1%

SDS, 650C). Film was exposed for 3h at -80°C.
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FIGURE 23

Partial Bam HIcleavage of the ribosomal repeat in pea

The 9.0 kb band seen in Fig.23B may arise if only
site is cut (predicted fragment length 8.74kk). The
7.0 and 6.7 kb fragments might arise if site 1 is not
cut (predicted fragment length 6.93 kb); heterogeneity
in the épacer length might result in production of
two fragments. The 4.5 and 4.9 kb bands may re-
present the distance from site 4 to site 1 (4.3 kb);
again, spacer length heterogeneity could account for
the two different fragments. Alternatively, the
4.9 kb band might result from site 4 being blocked
(predicted fragment length 4.93 kb). The 1.95 kb
bond may result if site 3 is not cleared (predicted
fragment length 1.81 kb). The 1,95 kb. band may

result if site 3 is not cleaved (predicted fragment

lengthll.Bl kb) .
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The differences in the smears of fragments on
the ethidium-bromide stained gel (Figure 22A) resulted in
variations in intensities of the bands between tracks (Figure
22B) . For example, the loss of bands from leaf DNA (track
(e)) and 11 d.a.f. cotyledon nuclei (track (m)) was associated
with the decrease in fragment size of total DNA in these
samples (tracks (e) and (m), Figure 22A). For tracks in
which the restriction profiles were similar (Figure 22A,
tracks (g) to (i) and (1)), the intensities of the bands on
the autoradiograph showed little difference between tracks
(Figure 22B, tracks (g) to (i) and (1)). Thus the differences
in band intensities could be attributed to variations in total
DNA fragment sizes rather than to differences in nuclease
sensitivity. The similar band intensities for leaf nuclei
at 5u/ml (track (g)) and 15u/ml (track (i)), and for cotyledon
nuclei at 1Ou/ml (track (1)), suggest that there is no differ-
ence in sensitivity of ribosomal chromatin in the two tissues,

and that it is relatively resistant to DNAase I.

The genomic DNA (tracks (b) to (e)) in this ex-
periment was similar in sensitivity to chromatin, in contrast
to previous results (Section 3.2.3). This was probably be-
cause the DNA was resuspended in 50mM Tris, 1OmM EDTA (Section
2.2.3) rather than distilled water (Section 2.2.20.5) and
therefore the relatively high levels of EDTA may have chelated

some of the Mg2+ ions required for DNAase I activity.

3.3.2 Legumin genes

A map of plasmid pDUB24, which has a Bam Hl in-

sert containing the 125 /4 gene from Aleg 1 (Lycettet al (1984),
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is shown in Figure 24. The insert was used to probe Hind

III digests of pea leaf DNA in order to establish the usual -
restriction pattern for this sequence. The probe hybridised
to fragments of 4.15, 3.15, 2.75, 2.4 and 1.6 kb in size

(data not shown). The most intense was the 2.4 kb fragment.
The 2.4 kb fragment corresponds to the Hind III fragments con-
taining the coding regions and some 3~ flanking sequences of
legumin genes A, B and C (Shirsat, 1984, Croy et al, in pre-
paration) . The 1.6 kb band probably represents the pseudogene,
Y Leg D (Bown et al, 1985), while the other bands may represent
hybridisation between the 5° flanking sequences of lgg A in

the probe, and those of the various legumin genes. The dist-
ance from the Hind III site just within the leg A gene (see
Figure 24) to the next site 5° to the gene is unknown as the

A genomic clone does not include this site (Figure 24). Thus

the 4.15 kb band may represent this fragment.

This probe was used to determine the DNAase I
sensitivity of legumin genes in leaf and 11 d.a.f. cotyledon
nuclei by hybridisation to a blot of the gel in Figure 25A.
The resulting autoradiograph is shown in Figure 25B. The
sizes of the fragments detected by the probe in the controls
(tracks (a) and (f)) were 4.2 and 2.5 kb. A band of 1.7 kb
was also visible in some tracks when the autoradiograph was
exposed for 2 weeks. The intensity of the bands was

2.5>4,2>1.7, as for the genomic DNA restrictions.

The gel in Figure 25 shows that pea leaf DNA was
digested to very small fragments (tracks (k) to (n)) by the
levels of DNAase I used here. Digestion of leaf and 11 d.a.f.

cotyledon nuclei with these levels of DNAase I did not markedly
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FIGURE 24

Map of pDUB24, a plasmid containing legumin gene A

A. Aleg 1 genomic clone showing legumin gene A and
pseudogene y leg D, and the 3.4 kb Bam HI fragment

that was sub-cloned into pDUB24.

B. Expanded map of insert of pDUB24. The mature

message is shown below the map.

O
T = Hind III, | = Xho II, T'= Bam HI, ? = Acc I,
ﬁ]= Xho I, 1.==Ava I, T = Pst I, Y = Bst N1,
Vs
= Bgl I, = Hinc II.
IVS = intervening sequences.

(Not to scale).
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affect the restriction profile (tracks (b) to (e) and (g) to
(3)). No bands were observed on the autoradiograph for the

protein-free DNA samples (data not shown).

Comparison of the intensities of the bands in
leaf and cotyledon nuclei (Figure 25B) shows that the 2.51 kb
fragment in leaf nuclei was present on the autoradiograph
after 1 min of digestion (track (d)). At this level in_
11 d.a.f. cotyledon nuclei, however, the band was only just
visible (track (i)). After 2 min, this band was just visible
in the leaf nuclei sample (track (e)) but was completely absent
from the cotyledon nuclei (track (3)). The levels of hybrid-
isation to the 4.2 and 2.5 kb bands in the control, zero-time
and 30 second digests (tracks (a) to (c) and (f) to (h)) were
similar for the two tissues, although restriction of the con-
trol track for cotyledon nuclei was incomplete (track (f)).
The differences in intensity of hybridisation described above
cannot be attributed to differences in DNA content. Thus
examination of the gel photograph in Figure 25 shows that the
1 min digestion tracks for leaf (track (d)) and cotyledon (track
(1)) nuclei show that each contained similar amounts of DNA.
Therefore, the difference in intensity of the 2.5 kb band
between leaves and cotyledons represented an increased sensit-

ivity of the legumin genes in cotyledon nuclei.

Similar results were obtained using this probe in
other experiments (data not shown) with leaf, 9 d.a.f., 10 and
11 d.a.f. cotyledon nuclei. The legumin genes in cotyledon
nuclei always appeared to be 2-4 times as sensitive to DNAase I
as those in leaf nuclei. The sensitivity of the lequmin genes

was similar in 9, 10 and 11 d.a.f. cotyledon nuclei. ¢
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FIGURE 25

DNAase I sensitivity of legumin genes in pea chromatin

A. Ethidium-bromide stained gel of samples from

(1) leaf nuclei, (2) 11 d.a.f. cotyledon nuclei and

(3) protein-free DNA. 15ug of DNA were digested
with DNAase I at 1lOu/ml for (b), (g), (k) O, (c),

(h), (1) 0.5, (&), (i), (m) 1.0 and (e), (3), (n)

2.0 min. at 25°C. Tracks (a) and (f) are controls
containing buffer instead of nuclease, incubated

for 2.0 min. Samples were purified, restricted with
Hind III and electrophoresed through a 0.5% (w/Vv)

gel. Numbers at the right are size-markers in kb.

B. Autoradiograph of a blot of the gel in (A),

hybridised to the insert of pDUB24. (Stringency
of washing was 0.1 x SSC, 0.1% SDS, 650C). Sizes
of fragments are kb. Film was exposed for 1 week

at -80°C.
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3.3.3 Vicilin genes

The restriction maps of 3 vicilin cDNAs are
shown in Figure 2, Methods. pDUB7 which encodes 47K Mr
vicilin polypeptide, was used as a probe to assay the nuclease

sensitivity of vicilin genes in chromatin.

The labelled insert of pDUB7 was hybridised to
southern blots of gels of various restriction digests of pea
DNA. The following bands were seen on the autoradiograph:
EcoRIL, 6.7 kb, Bam Hl, 6.5kb and Ava I, 4.8 and 3.0 kb.

A similar experiment, in which a blot of DNA purified from
DNAase I treated 11 d.a.f. cotyledon nuclei and restricted
with Eco RI was hybridised to this probe, gave a band of

6.6 kb in the control (data not shown). This band was also
present, but at a greatly reduced intensity, in tracks where
nuclei were digested with 10 or 15u/ml DNAase I for 6 min at
25°C. This suggested that the wvicilin geneslin cotyledon
nuclei are sensitive to DNAase I, but as the sensitivity in
leaf nuclei was not assayed, no comparisons can be made between

the active and inactive vicilin genes.

3.4 DNAase I hypersensitive sites in pea chromatin

The levels of enzyme used in Section 3.3.2 (1lOu/ml) may
have resulted in considerable digestion of total chromatin
even during the short incubation times (0.5-2 min). Hyper-
sensitive sites, if present, might therefore have been masked
by the degradation of bulk chromatin. In order to reduce
the extent of digestion, the temperature and/or enzyme concen-

traction was reduced (Section 3.2.4).
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The gel'photograph in Figure 26 shows the extent of
digestion of chromatin in leaf and 13 d.a.f. cotyledon nuclei
by very low levels of DNAase I for 30 min at 15°C. Over a
50-fold increase in enzyme concentration, there was no size
reduction in the restriction profiles of digested samples as
compared with the controls (tracks (a) and (b)). However,
there were some differences in the amounts of DNA; this was
due to the difficulty in determining accurately the small
amounts of DNA in the aliquots taken for fluorescence analysis

(Section 2.2.20.2).

A blot of this gel was hybridised to the labelled plasmid
pPUBY9, containing a vicilin 50K Mr cDNA insert (Figure 2,
Methods) . Although some bands were detected (data not
shown) no conclusions about any putative DNAase I hyper-
sensitive sites could be drawn from this experiment as hybrid-
isation was poor and the background high due to prolonged

exposure of the film (3 weeks).

Further experiments, employing these very mild digestion
conditions and using probes of high specific activity com-
plementary to the 5° and 3” flanking sequences of the genes,
are required to establish the presence or absence of hyper-

sensitive sites in pea chromatin (see Chapter Four).
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FIGURE 26

DNAase I digestions of leaf and 13 d.a.f. cotyledon
) o
nuclei at 157C

15ug of DNA were digested at 15°C for 30 min,
the DNA purified and restricted with Bam HI, and
electrophoresea through a 0.8% (w/v) gel.
L = leaf nuclei, C = 13 d.a.f. cotyledon nuclei.
Numbers above each pair of tracks are the DNAase I
concentrations, in u/ml, and those on the right are

size-markers in kb.
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et al, 1981, Lycett et al, 1983a) contains a number of
polypeptides, each being the product of a different gene.
Two cDNAs, pDUB2 and pDUB9, which encode vicilin 50K Mr
polypeptides that differ slightly in sequence (Delauney,
1984) represent one class of genes, type A, while the cDNAs
pDUB4 (Croy et al, 1982) and pDUB7 (Lycett et al, 1983a)
represent a second class, type B, encoding the 47K Mr pre-
cursor (Section 1.4.2). Two other classes have also been
proposed (Lycett et al, 1983a). Thus the differences
between the vic 4 gene and the cDNA pDUB9 suggest that the
gene encodes a 50K Mr vicilin polypéptide of type A, which
may be different to those encoded by pDUB9 or pDUB2. The
detection of several 50,000 M. type vicilin genes in Southern
blots of pea genomic DNA (Gatehouse et al, 1983, Delauney,
1984, Section 1.4.2) shows that each class of vicilin poly-
peptides is encoded by a number of genes, and the isolation
of three such sequences, vic A, pDUB2 and pDUB9, confirms

this.

The sequence identity of leg 4 and the cDNA

pDUB8 (Lycett et al. 1584, Section 1.4.1) showed that this
gene was expressed in pea cotyledons. The absence of a

cDNA identical to viec A prevents assessment of its functional
status. However, the evidence for multigene families en-
coding the pea vicilin fraction, and the charge hetefogeneity
of the vicilin polypeptides (see above and Section 1.4.2)
suggests that a number of vicilin genes are transcriptionally
active. The good homology of vie 4 with pDUB9, and the
absence of deletions, frameshift errors or stop codons within

the coding region, which have been found in a legumin pseudo-
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gene (Bown et al, 1985), suggest that this gene is expressed

in pea cotyledons.

4.1.3 Analysis of predicted amino acid residues
adjacent to the intron positions in vic 4

The sites of the four introns which have been

found to interrupt the coding sequence of vie 4 are shown

in Figure 15, and their sequences in Figure 14. The number-
ing of the introns was by analogy with the positions of those
in phaseolin (Slightom et al, 1983). A comparison of the
amino acid sequences at the boundaries of the introns in
‘wvicilin with those of the corresponding introns in phaseolin
is shown in Figure 27. Although the sequences of vicilin
and phaseolin show some regions of divergence (Lycett et al,
1983a), there is considerable conservation of amino acid
sequences around the intron/exon boundaries (Figure 27).
The average homology at these boundaries is 48.5% but for
IVS 5 it is over 70% at both donorand acceptor boundaries,
while at the donor boundary of IVS 3 the homology is 100%.
Where there are differences, the residues in the two sequences
are often similar types of amino acids (see Figure 27).
There would appear to be no functional reason for this con-
servation, as the introns are spliced out of the primary
transcript before the mature message is transported out of

the nucleus (Breathnach and Chambon, 1981). The consensus
nucleotide sequences at the splice sites in plant (Slightom
et al, 1983) and animal (Lewin, 1980), Breathnach and
Chambon, 1981) genes include only two nucleotides in the

coding region on either side of the splice site. The con-
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preferences at each position are shown in Figure 28, to-
gether with the consensus sequences derived from 20 plant
splice sites (Slightom et al, 1983) and from other split
genes (Lewin, 1980, Breathnach and Chambon,\l981). All of
the introns in vie A for which the sequences are available
begin with GT and end with AG (Breathnach et al, 1978).

The sequences around the splice sites in vie A show greater
homology to the plant than to the animal consensus sequences,
with a few exceptions (Figure 28). The two donor sites
both have an A at -2 instead of a T, which is consistent
with the plant rather than the animal consensus. The prefer-
ence for C at position +2 of the acceptor site (Figure 28)
does not fit with either of the consensus sequences. Com-
parison of the intron/exon boundary sequences of individual
introns of vie 4 with those of the corresponding introns in
phaseolin (Slightom et al, 1983) shows that the differences
from the plant consensus sequences are often common to both
genes (Figure 29),e.g. the presence of G instead of T at
position +2 of the acceptor site in IVS 4, and A instead of
G at position +1 of this site in IVS 3. However, the
preference for C instead of T at the +2 position in the
acceptor sites of 3 of the vic A introns (see above) is not

shown by the corresponding phaseolin sequences.

Homologies at the exon sides of the boundaries
are unsurprising, in view of the conservation of intron
position with respect to amino acid sequence between vie A
and phaseolin (Sebtion 4.1.3). Homologies at the intron
side of the boundaries may reflect possible requirements of

a splicing mechanism; these are likely to involve those nucleo-
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tides which are similar to the plant consensus sequence.

The homologies between vic 4 and phaseolin sequences at the
splice sites are overall less than those between vic A4 and
the plant consensus sequence (Figure 28), however, the homo-
logy for IVS 5 is 82% at the acceptor site and 92% at the
donor site (Figure 29). This supports the hypothesis that
both genes have diverged from a common ancestor, as suggested
by the conservation of intron positions, the sequence homo-
logy (Lycett et al, 1983a, Spencer, 1984) and the wide dist-
ribution of 7S proteins amongst the legume family (Derbyshire
et al, 1976). The conservation of intron positions and
close homology of nucleotide sequences at the splice sites

suggests that the introns were present in the ancestral gene

at these positions.

4.1.5 Size and A+T content of introns in vie 4

The sizes of the completely sequenced introns
in vie 4 (Figure 14) are, iVS 3, 104 bp and IVS 5, 131 bp,
compared with 124 bp and 103 bp for the corresponding introns
in phaseolin (Slightom et al, 1983). These introns are
small compared to many from non-plant species (Breachnach
and Chambon, 1981) and those of glycinin (Nielsen, 1984) or
soybean leghaemoglobin ( Jensen et al, 1981), but
are similar in size to those of legumin (Lycett e¢ al, 1984)

and soybean actin (Shah et al, 1982).

It has been noted (Slightom ¢t g1, 1983, Lycett
et al, 1984) that introns of higher plants tend to be A+T
rich. The two introns of pi¢ 4 for which complete sequences

are available, IVS 3 and IVS 5 (Figure 14), have A+T contents
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of 74.5% and 75% respectively. The corresponding figure
for the coding sequence, taken from that of pDUB9, is 60.5%
and so the average difference in A+T content between these
introns and the exons is 14.25%. This is not such a large
difference as observed for phaseolin, where the A+T content
of the exons was 55.3% and the difference between this value
and that of the introns was 17.1%. However, the vie 4
sequence is not yet complete and the final difference may

be greater. The reason for the high A+T content of plant

introns is not yet apparent (Slightom et al, 1983).

4.1.6 Other sequences of interest in vzec 4

The divergence of amino acid sequences between
vicilin 47,000 Mr and 50,000 Mr polypeptides around the
potential B/Y processing site (Gatehouse et al, 1983, Lycett
et al, 1983a) has led to suggestions that precursors with
the sequence‘neutral amino acid residue-hydrophobic amino
acid residue - basic amino-acid residue'at the cleavage site
do. not undergo proteolysis (Gatehouse et al, 1983). However,
this sequence is not found in this region in the amino-acid
sequence predicted by pDUB9 (Delauney, 1984), nor is it present
in that predicted by vic A (Figure 15), and is therefore not

universal in uncleaved precursors (Delauney, 1984).

An analysis of the sequences in the vicinity of
cleavage sites of a number of seed proteins (Delauney, 1984)
showed that cleavage occurs within highly hydrophilic regions,
suggesting that the sites are on the outside of the protein
molecule (Gatehouse et al, 1983). Cleavage occurs on the

C-terminus of an asparagine residue (Delauney, 1984), and a
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consensus sequence N%—Xl—XZ—D/E—E at the cleavage site has
been determined (Delauney, 1984) where Xy is often a small
neutral residue and X, a hydrophobic residue. The presence
of this sequence does not always imply cleavage, which may
be determined by the accessibility of the site to proteases
(Delauney, 1984). The vZe A amino acid sequence, like that

predicted from pDUB9, lacks these residues in this positioh.

The functions of the proteolytic cleavage of vicilin
precursors is not known, although it has been suggested
(Lycett et al, 1983a; - Delauney, 1984), that it may make
particular sub-units more accessible to hydrolysis at differ-
ent times during germination. The abundance of uncleaved
50,000 Mr precursors in vicilin isolated from mature pea
seeds (Gatehouse et al, 1981, 19823) shows that post-trans-
lational proteolysis is not essential for protein assembly,
transport and function. Pulse-chase experiments using radio-
active sugars have shown that glycosylation of vicilin occurs
initially on a vicilin sub-unit of =50,000 M (Chrispeels
et al, 1982a), The label subsequently accumulates in the
=16,000 M. (Y) vicilin polypeptide, indicating proteolytic
cleavage of thg precﬁrsor (Chrispeels et al, 1982a, 1984).

A potential glycosylation site, N-X-T/S,has been identified
in the 47,000 precursor amino acid sequence. This sequence
is absent from the non-glycosylated 50,000 M vicilin poly-
peptide (Lycett et al, 1983a). The amino-acid sequence at
this site predicted from the vic 4 gene, is K-A-S5, as is that

predicted from pDUB9 (Delauney, 1984), corresponding to a

sequence R/K-A-S in the polypeptide (Lycett et al, 1983a).
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This shows that the vie 4 gene encodes a non-glycosylated
vicilin precursor. Glycosylation does not seem to be
essential for synthesis, assembly and transport of vicilin
(Section 1.4.2, Chrispeels et al, 1982a, b, Spencer, 1984),
and neifher legumin nor convicilin contains carbohydrate.
The presence of a mixture of glycosylated and non-glycosyl-
ated peptides in the vicilin fraction of pea may therefore
be associated with differential breakdown of the various
components during germination, as suggested for the post-

translational proteolysis of vicilin (see above).

4.2 Assessments of methods used to determine the nuclease
sensitivity of genes in pea chromatin

The methods used to investigate the nuclease sensitivity
of genes in pea chromatin were based on those described for
other systems, e.g. globin genes in chicken erythrocyte nuclei
(Stalder et al, 1980a, b), various genes in Drosophila em-
bryonic nuclei (Wu et al, 1979a) and ribosomal genes in

Physarum polycephalum (Stalder et al, 1978, 1979).

4.2.1 Nuclei isolations

Digestions were carried out on intact nuclei
rather than isolated chromatin in order to maintain the
native chromatin structure. It has been shown (Prentice
and Gurley, 1983, Prentice et al, 1983) that nuclei isolat-
ion procedures can affect the kinetics of subsequent DNAase I
digestions. The most important parameter was the cell con-

centration; the level of divalent cations, e.g. Mg2+ and
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Ca2+ also had a small effect (Prentice and Gurley, 1983).
The nuclei isolated in these experiments were from cultured
Chinese hamster cells; it is therefore difficult to predict
whether similar parameters are important during the isol-
ation of nuclei from pea tissues. The number and concen-
tration of the plant cells, for example, will depend not only
on the weight of tissue and volume of buffer, but on the ex-
tent of disruption of ﬁissue after cutting with razor blades,
and the extent of digestion of the cell walls by pectinase
and cellulase (Sgction 2.2.20.1). Cell division in pea
cotyledons ceases by about 7 d.a.f., and seed development
enters the éell expansion phase (Boulter, 1981). Thus the
9-18 d.a.f. cotyledons used here contained similar numbers
of cells, but as similar weights of tissue were used in each
isolation, the cell concentrations were variable. High cell
concentrations during isolation of nuclei resulted in a de-
crease in the DNAase I sensitivity of chromatin in Chinese
hamster cells (Prentice and Gurley, 1983) and it has been
shown that diffusable cytoplasmic and nuclear factors can
affect DNRase I sensitivity (Prentice et al, 1983). - If
the effects of high cell concentration are due to release of
these diffusable factors, then a similar effect might be ex-
pected for the large cells of older cotyledons, which would
contain more of such factors than smaller cells. Thus the
lower concentrations of cells in the isolations from older

cotyledon nuclei probably reduced the effective concentration

of any such factors.

Chromatin structure in Chinese hamster cells was

shown to be affected by swelling of cells in buffer prior to
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disruption (Prentice and Gurley, 1983). This corresponds

to the incubation of pea tissue with cellulase and pectinase
prior to homogenisation (Section 2.2.20.1); this period was
however, considerably longer than the 5 min. incubation for
Chinese hamster cells (Prentice and Gurley, 1983). Re-
arrangements or alterations in chromatin structure may there-
fore have occurred during this period. However, the isol-
ation method used here (Section 2.2.20.1) has been shown to
produce intact, functional nuclei (Willmitzer and Wagner,
1981, Evans et al, 1984), and the results of MNase digestions
(Section 3.2.3) showed that the nucleosomal structure of
chromatin waslmaintained in these nuclei. As both leaf and
cotyledon nuclei were isolated by the same procedure, and the
results were reproducible (Section 3.3.2), it is unlikely

that the observed differences in sensitivity of legumin genes
in the two tissues (Section 3.2.3) were due to the nuclei iso-
lation methods. The results obtained with the ribosomal
genes (Section 3.3.1), which are similarly active in the leaves
and cotyledons and were relatively resistant to DNAase I in
both tissues (Section 4.4), also suggest that DNAase I sensit-

ivity was unaffected by nuclei isolation procedures.

4.2.2 Digestions of nuclei

4.2.2.1 Use of similar amounts of DNA per digestion

The use of similar amounts of DNA in
each cdigestion, rather than numbers of nuclei (Section 3.2.1)
was justified here because of the large increase in DMA con-
tent of cotyledon nuclei during seed maturation (Millerd and

Spencer, 1974, Smith, 1973, Boulter, 1981 and Section 1.3.1).
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If similar numbers of nuclei were used, up to 50-64 times
more DNA (Millerd and Spencer, 1974, Smith, 1973) would be
present in cotyledon rather than leaf nuclei. As there is
no evidence-that DNA above the 2C level acts as a template
for RNA synthesis (Millerd and Spencer, 1974), the excess

of DNA might mask any sensitivity of the fraction of DNA
which does act as a template. The large amount of DNA sub-
strate in the older cotyledon nuclei might also have caused
the enzyme concentration to become limiting, resulting in a
false estimation of the rate of digestion. Similar amounts
of DNA, rather than numbers of nuclei, were also used in an
investigation of the nuclease sensitivity of the B-phaseolin

gene in cotyledons and leaves of Phaseolus vulgaris (Murray

and Kennard, 1984).

4.2.2.2 Activities of DNAase I solutions

The results of the spectrophotometric
assay for DNAase I activity (Section 3.2.2) showed that it
was approximately 2/3rds of optimal activity. The reasons
for this may have been partly due to the dilutions; the
DNAase I solid contained ZOOO or 2670u/mg and thus the 1lmg/ml
(or greater concentration) stocks had to be diluted extens-
ively to obtain the range from 20-100u/ml. In addition, the
degree of polymerisation of high molecular weight DNA cannot
be determined once it is in solution (Millipore Corporation,
1979) and thus in order to determine precisely the activity
of an unknown DNAase I solution it is usual to compare the
activity with that of a standard solution (Millipore Corpor-
ation, 1979). This was not performed for the solutions here

as only the relative activities, before and after storage,
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were required. The retention of activity during storage

in digestion buffer (Table 8) showed that comparisons of
nuclease sensitivity between samples digested with enzyme
stored for different times were still valid; in practice,
however, samples to be compared were usually digested at

the same time with the same aliquot of enzyme. The DNAase I
stock which was stored in O.1N HC1l was discarded as it was
shown to be inactive in both the spectrophotometric (Section

3.2.2) and electrophoresis assays (Section 3.2.3).

The various investigations into the estab-
lishment of digestion conditions showed that both DNAase I
and MNase digested DNA and chromatin substrates under the con-
ditions used (Section 3.2.3). The 80 to 100-fold greater
DNAase I sensitivity of DNA compared to that of chromatin has
been found previously (Kunnath and Locker, 1985). Although
preliminary investigations showed that a slightly greater ex-
tent of digestion was obtained with the Worthington enzyme
(Section 3.2.4), the DNAase I obtained from Sigma was used
throughout; this was because limited, rather than extensive
digestion was required. The use of PMSF, which appeared to
increase the rate of digestion, was also avoided because of
this requirement. The effects of PMSF on pea DNA as well as
on pea nuclei suggest that it affects other processes besides
acting as a proteinase inhibitor. A phosphatase inhibitor
has been found to reduce the rate of DNAase I digestion
(Prentice and Gurley, 1983); it thus seems advisable to omit

all types of inhibitors from buffers used for nuclease di-

gestions.
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4.2.2.3 Comparison of DNAase I digestion
conditions with those used in
other studies

The DNAase I and MNase I digestion
buffers used here (Section 2.2.20.3) were similar to those
used for the detection of altered chromatin structures in
Drosophila embryo nuclei (wWu et al, 1979a). The method of
purification of DNA from nuclei was based on that usea for
Physarum polycephalum (Stalder et al, 1978, 1979). The
purified DNA was cleaved by restriction endonucleases, as
shown by the control tracks in the autoradiographs (Figure
22B, tracks f, j, Figure 25B, tracks a, f). The methods sub-
sequently described for nuclei isolations, digestions with
nucleases énd DNA purifications in plants (Spiker, 1983,
Murray and Kennard, 1984, Ferl, 1985) are similar to those

used in this work.

The levels of enzyme used in DNAase I
digestions in the literature vary over a wide range from less
than lu/ml (Murray and Kennard, 1984) to 1l6u/ml (Wu et al,
1979%a) . Many of the concentrations are given as ug of
DNAase I/ml, and so the activity cannot be compared with those
used here unless the units/mg of solid enzyme are given. The
range of concentrations used in this work was initially from
2 to 15u/ml, usually 10u/ml, although later a range of 0.0l

to 0. 5u/ml was used (Section 3.4).

The amounts of DNA per digestion also
vary from lmg/ml (Wu et al, 1979a, Stalder et al, 1980a, b)
to 0.3-0.4mg/ml (Stalder et al, 1978) or O.lmg/ml (Murray anc
Kennard, 1984). The concentrations used here were from

O.1lmg/ml to 0.38mg/ml, Z.e¢. in the lower end of the range.
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and leaf nuclei. A similar repeat length, 170+30 bp, has
been obtained for chromatin from pea seedings (McGhee and
Engel, 1975). These results contrast with those obtained
for the chromatin of Phaseolus vulgaris (Murray and Kennard,
1984); the repeat length was 191*6 bp in nuclei from leaves
and mature cotyledons, and 177+7 bp in nuclei from developing
cotyledons. This difference was observed both in total
chromatin on an EtBr-stained gel and when probes for ribo-
somal or phaseolin gene sequences were hybridised to a blot
of the gel, (Murray and Kennard, 1984). A similar shorten-
"ing of the nucleosomal repeat length has been observed during

sea-urchin embryogenesis (Spinelli et al, 1982, Section 1.6).

It has been suggested that the change in repeat length
is associated with DNA replication rather than transcription
(Murray and Kennard, 1984), as both young leaves and develop-
‘ing cotyledons are highly active transcriptionally. If this
is correct, then the results for pea are surorising, as the
cotyledon cells, like those of bean, undergo extensive replic-
ation of DNA (Millerd and Spencer, 1979, Smith, 1973) during
seed development. The width of some of the bands in the
nucleosomal ladder (Figure 19, Section 3.2.3) complicates the
measurement of the size of the fragments within the band, re-
sulting in the large standard error in repeat length (Section
3.2.3). The data for French bean chromatin were obtained by
scanning negatives or autoradiographs with a densitometer.

A similar approach is required in order to establish whether

or not the repeat-length in pea chromatin changes during seed

maturation.
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ence for chromatin--specific cleavages by DNRAase I, 7.e.

hypersensitive sites, in the ribosomal genes.

Differences in the nuclease sensitivity between active
and inactive genes are usually detected by the relative rates
of disappearance of the restriction fragments corresponding
to the genes (Sections 1.7 and 2.2.20.7). The differences
in intensities of the bands hybridising to the ribosomal genes
can be largely explained by the variations in the extent of
restriction and by the size distributions of DNA fragmentsA
(Figure 22B and Section 3.3.1). It thus appears that the
ribosomal genes in pea leaf and cotyledon nuclei show similar
extents of degradation by DNAase I, and are in fact relatively
resistant to digestion by this enzyme as fragments still per-

sist in the 15u/ml tracks (Figure 22B, tracks (i), (m))

Comparison of the rate of DNAase I digestion of ribosomal
genes in chromatin of Brassica pekinensis and Matthiola incana
to that of total chromatin showed that there was no prefer-
ential digestion‘of ribosomal sequences (Leber and Hemleben,
1979). The initial rate of digestion of ribosomal genes
was slightly slower than that of total chromatin, suggesting
that they were more resistant to low levels of enzyme than
was bulk chromatin. A similar result was found for ribosomal
genes in leaf and cotyledon nuclei of Phaseolus vulgaris
(Murray and Kennard, 1984). When the blot which had been
used to demonstrate the sensitivity of the active phaseolin
gene (Section 1.7) was washed to remove the phaseolin probe,
and rehybridised to pHAl, no loss of frdgments hybridising to
the latter probe was detected across an 8-fold range of DNAase I

concentrations (Murray ancd Kennarc, 1984).
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This apéarent resistance of plant ribosomal chromatin
to DNAase I digestion contrasts with results obtained in a
number of other organisms. The ribosomal genes of the slime
mould Physarum polycephalum have been shown to be preferent-
ially sensitive to DNAase I (Stalder et al, 1978) and DNAase I
hypersensitive sites have been detected in the ribosomal
chromatin of Tetrahymena, a protozoan (Bonven and Westergaard,
1982).  DNAase I sensitivity is correlated with the ex-
pression of ribosomal genes of only one species in hybrids
between Xenopus laevis and X. borealis; the genes from the
other species are transcriptionally inactive and resistant
to DNAase 1 (Macleod and Bird, 19822. The conflicting results
may be reconciled by the suggestion (Murray and Kennard, 1984)
that most of the ribosomal genes in plants are inactive even
in tissues where the transcription rate is high, and that the
resistance of these inactive genes masks the preferential
sensitivity of the few active ones. This is supported by
the observation (Garel et al, 1977) that both rarely and fre-
quently transcribed genes show similar sensitivities to
DNAase I; thus it might be predicted that the sensitivity of
active ribosomal genes would be similar to that of the legumin
genes in cotyledons (Figure 25, Section 3.3.2). Despite the
differences in copy number, Z.e. V8 genes for legumin (Domoney
and Casey, 1985) and 7,800 genes for ribosomal RNA (Ingle,
1979) the persistence of the ribosomal bands after 6 min. of
digestion with 15u/ml DNAase 1 (Figure 22B, tracks (i), (m))
compared to the loss‘of legumin genes in cotyledons after
1 min. of digestion with 10u/ml DNAase 1 (Figure 25B, track (i))

suggests that it is the inactive ribosomal genes which are

being detected.
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4.5 Dihase I sensitivity of pea seed storage protein genes

The different rates of digestion by DNAase I of the
legumin genes in pea cotyledons and leaves (Figure 25B, and
Sec£ion 3.3.2) correlate with the transcriptional activity
of these genes in the two tissues (Gatehouse et al, 1982,
Evans et al, 1984). The bands in cotyledons disappear at
about 1 min. of digestion (Figure 25B, track (i)) whereas
bands are still just visible in the leaf samples after 2 min.
of digestion (Figure 25B, track (e)). These results suggest
that the genes in cotyledons are 274 times as sensitive to
DNAase I as those in leaves; this is similar to the 5-fold
difference reported for the active and inactive ovalbumin
genes (Garel and Axel, 1976) but is somewnat lower than the
order of magnitude difference seen in most examples (Reeves,
1984). Further experiments involving mild digestion con-
ditions over a wide range of enzyme concentrations, such as
that in Section 3.4, combined with densitometric analysis of
autoradiographs, should allow a more precise determination of

the relative sensitivities of the active and inactive genes.

The demonstration that active pea seed storage protein
genes are more sensitive than inactive genes is similar to the
results obtained for the R-phaseolin gene in French bean
(Murray and Kennard, 1984), the Adh-1 gene promoter in maize
(Ferl, 1985) and transcriptionally active chromatin in wheat
embryos (Spiker et al, 1983). Thus it appears that, for
class II genes at least, the structure of transcriptionally

active plant chromatin is altered such that it is more access-

ible to nucleases (Section 1.7).
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The expression of legumin and B-phaseolin is develop-

mentally regulated (Section 1.2). Analogous systems such

as globin synthesis during erythropoiesis (Stalder et al,
1980a, b), were among the first to be studied with respect

to DNAase I sensitivity of animal chromatin (Weintraub and
Groudine, 1976, Garel and Axel, 1976, Staldexr et al, 1980a,b,
Sherﬁoen and Beckdorf, 1982). However, a number of induc-
ible genes have also been investigated such as the heat-shock
genes in Drosophila melanogaster (Wu et al, 1979 a, b, Wu,
1980), a gluco-corticoid-dependent viral enhancer element
(Zaret and Yamamoto, 1984) and induced globin synthesis in
murine erythroleukaemia cells (Sheffery et al, 1984, Salditt-
Georgieff et al, 1984). The promoter of the maize Adh-1
gene, which is induced in anaerobic roots, has been shown to
bé DNAase I sensitive (Ferl, 1985), although it was not stated
whether this sensitivity was associated with induction. The
accessibility of various restriction sites within this pro-
moter does however change on the induction of this gene in
anaerobic roots (Ferl, 1985) and is discussed in more detail
in Section 4.6. A number of plant genes, such as the small
sub-unit of ribulose bisphosphate carboxylase, are regulated
by light (Tobin and Silverthorne, 1985). Therefore, studies
of nuclease sensitivity of light-inducible genes in plants
are possible, provided that suitable methods for the isolation
of nuclei from dark-grown and light-grown tissues, (e.g.
Gallagher and Ellis, 1982), and appropriate hybridisation
probes, are available. Such an analysis of the chromatin
structure of light-regulated and other inducible genes in

plants will determine whether the preferential DNAase I
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However, it is possible that the probe and restriction endo-
nucleases used were inappropriate in both that study and the
present work. The probe used to assay for hypersensitive
sites in phaseolin was a 1.6 kb fragment extending from

110 bp within the gene to 1471 bp 5 to thevstart of trans-
cription (Murray and Kennard, 1984). The DNA purified from
French bean nuclei was restricted so that the gene was cut
into two fragments, one corresponding to the probe and the
other %rom the site 110 bp within the gene to a site well
past that of poly(A) addition (Murray and Kennard, 1984).

In the experiments on legumin genes in pea, digestion of

the DNA with Hind III gave two fragments, one of which (V2.5
kb, Section 3.3.2) contained all of the leg A gene downstream
of the site just after the translational start point (see
Figure 24 and Lycett et al, 1984). The second fragment,
thought to be that of 4.15 kb (Section 3.3.2), contains all
of the 5° promoter and flanking sequences of leg A (Figure 24).
The probe used to assay for hypersensitive sites was the
insert of pDUB24 (Figure 24, Section 3.3.2). If there had
been any 5° hypersensitive sites in either gene, then the
restriction fragments corresponding to the flanking regions
would have been cut into two or more bands detected by the
probes. The absence of such bands (Figure 25B, and Murray
and Kennard, 1984) suggests that there are no such sites 5~
to the gene, however, if the sites were very close to the
start of the gene it is possible that the smaller fragment
generated by a double-stranded DNAase I cleavage, and the
resulting change in size of the larger fragment, would not be

detected. Hypersensitive sites are detected close to the
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cap site in the heat-shock genes of Drosophila (Wu, 1980,

Wu, 1984a) as well as further upstream. As many genes which
have been studied have more than one 5° hypersensitive site,
e.g. Drosophila heat-shock genes (Wu, 1980, Wu, 1984a),.
Drosophila Sgs 4 genes (Shermoen and Beckendorf, 1982),
chicken B-globin genes (Stalder et al, 1980b), it would be
expected that even if sites close to the cap site were not
detected in legumin and phaseolin because of the probe and
restriction enzyme combination used, other sites further up-
stream would have been detected if present. However, further
experiments using probe/restriction enzyme combinations that
will allow the detection of sites close to the start of the

gene, are necessary.

When the B-phaseolin gene was ligated into pBR322 and
tested for Sl sensitivity (see Section 1.9), it was found
that this enzyme cut at a number of sites 5° and 3 to the
gene when the plasmid was supercoiled (Murray and Kennard,
1984) . A correlation could be made between seguences with
the potential for cruciform formation, and Sl-sensitive sites;
however, the absence of both DNAase I and Sl-hypersensitive
sites in vZvo suggests that such studies on supercoiled plas-
mids are of limited value in predicting the chromatin struct-
ure of these sequences (Murray and Kennard, 1984). Similar
experiments were therefore not performed for the pea seed

storage protein genes.

The lack of any DNAase I hypersensitive sites in the
maize Adh-1 gene (Ferl, 1985) supports the results from the
legumin and phaseolin genes. However, examination of the

accessibility of three restriction sites upstream of the
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promoter of this gene éuggests that the chromatin structure
of this region changes on induction of the gene. The order
of the sites is Pst I, Xba I and Bam H1l, with Pst I being
nearest to the gene.. Comparison of the cutting by each
enzyme in chromatin from anaerobic roots,z;hich the gene is
induced, with that in aerobic roots, in which the gene 1is
inactive, showed the Pst I and Xba I sites were much more
accessible in chromatin from anaerobic roots. This shows
that the chromatin was in a more open conformation in the
active gene. In nuclei from leaves, a tissue in which the
Adh-1 gene is not expressed, the Bam Hl and Xba I sites were
inaccessible, but the Pst I site was cut to the same extent
as in anaerobic roots. It has therefore been suggested that
on induction during anagrobiosis the entire promoter region
becomes more accessible than in aerobic roots, but that in
leaves, specific binding of a protein rather than general
chromatin condensation represses the gene (Ferl, 1985).

At first, these results seem at variance with the lack of
DNAase I hypersensitive sites in plant chromatin. However,
the patterns of accessibility to restriction endonucleases,
which are by definition site-specific, can be explained in
terms of a general opening up of chromatin on induction (Ferl,
1985), as suggested by the general increase in DNAase I sen-
sitivity of the active pea legumin and French bean phaseolin
genes. The pattern of cutting in leaves can be explained
if the putative repressor protein (Ferl, 1985) binds to a

region covering the Bam Hl and Xba I sites, but not thePst I

site.

The information so far available for specific genes in

plant chromatin suggests that, unlike animal genes, they lack
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DNAase I hypersensitive sites. However, the presence of
these sites in animal chromatin isvonly indicative ofva
particular structure which results in very High sensitivity
of the DNA to this enzyme, and there may be many other
chromatin structural alterations which cannot be detected

by this nuclease. More experiments on a range of genes in
different plant species, using varibus nucleases, and other/
probes of chromatin structure ‘such as cdppér-phenanthroline
(Drew, 1984, Cartwright_and Elgin, 1982); are required to
establish the.detailed chromatin strucFure of plant genes.
The mild conditions required for digestion of plant chromatin
(Murray and Kennard, 1984) suggést thatlit may be generally
more sensitive to nucleases than animal chromatin, and this
high level of general sensitivity may mask any specific hyper-
sensitive regions; Experiments involving one of the foot-
printing assays used to detect protection by DNA-binding
proteins (Section 1.10) may therefore be more useful than
nuclease digestions in probing the details of plant chromatin
structure, and protein/DNA interactions. Such an assay may
also be useful in determining whether there is a protein in
pea cotyledons which binds to the putative tissue-specific

sequence in the legumin genes (Section 1.4.1).

A number of differences at the sequence level have been
detected between animal and plant genes (Sections 1.4 and
4.1.3 to 4.1.5, Lycett et al, 1983b, Messing et al, 1983)
and it would not be surprising if differences existed at
higher levels of structure. Investigations into chromatin
structure should therefore be combined with those on DNA

sequences in efforts to understand the mechanisms involved

in requlating differential gene expression in plants.
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