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Mark Skipsey: C loning and characterisation of
S a d en o sy l L-hom ocysteine hydrolase

This thesis concerns S-adenosyl-L-homocysteine hydrolase (SHH), the 
enzyme responsible for the reversible hydrolysis of S-adenosyl-L-homocysteine 
(SAH) to adenosine and homocysteine. SAH is formed as a direct product of 
transm ethylation reactions involving S-adenosyl-L-methionine (SAM) and is 
know n to be a po ten t inhibitor of m ost SAM m ediated  m ethyltransfer 
reactions. An Asparagus officinalis cDNA show ing strong  hom ology to 
previously cloned SHH cDNAs was identified by the random  sequencing of 
cDNAs from a library enriched for w ound induced clones. PCR prim ers were 
designed which allowed the amplification of a region of the SHH gene from 
any plant species tested to date. The alignment of sequences from both cloned 
PCR products, A. officinalis cDNAs, and previously isolated SHH clones, 
highlights the high level of sequence homology retained betw een divergent 
species as well as the presence of an extra polypeptide motif in the amino acid 
sequence of SHH genes from photosynthetic species. N orthern analysis using 
RNA isolated from asparagus suggested SHH is transcriptionally upregulated 
from  its constitutive low level by a w ound stimulus. An Arabidopsis thaliana 
genomic SHH clone was isolated and used in p rom oter/reporter gene fusion 
studies to facilitate a detailed study of the temporal and spatial expression 
pattern of the SHH gene. Data obtained from this study corroborated evidence 
obtained from northern, western and enzyme activity analysis, suggesting SHH 
was expressed in all plant organs. Perturbation of SHH gene expression was 
also a ttem pted  w ith in  transgenic p lan ts to try  and  fu rth e r elucidate 
biochemical pathways requiring SHH enzyme activity.
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A bbreviations

ACC - 1-aminocyclopropane-l-carboxylic acid
ATP - Adenosine Triphosphate
BCIP - 5-bromo-4-chloro-3-indoyl phosphate
bp - base pair
BSA - Bovine Serum Albumin
°C - Degrees Centigrade
cDNA - complementary DNA
ap - Calf Intestinal Alkaline Phosphatase
cm - centimetre
cpm - counts per minute
CTAB - hexadecyltrim ethylam m onium  bromide
dATP - deoxyadenosine triphosphate
dCTP - deoxycytosine triphosphate
dHiO - sterilised double distilled water

dGTP - deoxyguanosine triphosphate
dTTP - deoxythymidine triphosphate
dNTP - deoxynucleoside triphosphate
ddATP - dideoxyadenosine triphosphate
ddCTP - dideoxycytosine triphosphate
ddGTP - dideoxyguanosine triphosphate
ddTTP - dideoxythymidine triphosphate
ddNTP - dideoxynucleoside triphosphate
DMF - dim ethylform am ide
DNA - deoxyribonucleic acid
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DTT
EDTA
EtBr

gws
HEPES
IMS
IPTG
kb
IcD
KMB
kV
1
M
m A
MES
MTA
MTR
M TR-l-P
pF
MOPS
m R N A
4-MU
MUG
N A
NB
NBT
CD
PCR
PEG
p.f.u.
PIPES

dithiothreitol
ethylenediaminetetraacetic acid
Ethidium  Bromide
gram
gravity
E-glucuronidase
(N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulphonic acid])
industrial methylated spirits
isopropyl-Ê-D-thiogalactopyranoside
kilobase pair
kilodaltons
2-keto-4-methylthiobutyric acid
kilovolts
litre

■ Molar
■ milliamperes
• 2-(N-morpholine)ethanesulphonic acid
• m ethylthioadenosine
• methylthioribose
■ methylthioribose-1-phosphate
■ microfarads
■ 3-(N-morpholino)-propane sulphonic acid
■ messenger RNA
• 4-methylumbelliferone
■ 4-methylumbelliferyl glucuronide
• N utrient Agar
■ N utrient Broth
• nitroblue tétrazolium
■ Optical Density
- Polymerase Chain Reaction
■ polyethylene glycol
■ Plaque Forming Units
- Piperazine-N, N ' -bis [2-ethanesulphonic acid]
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PMSF - phenylmethylsulfonyl fluoride
PVPP - polyvinylpolypyrrolidone
R N A - Ribonucleic Acid
rp m - revolutions per minute
SAH - S-adenosyl-L-homocysteine
SAM - S-adenosyl-L-methionine
SDS - sodium dodecyl sulphate
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TCA - trichloroacetic acid
TEMED - N ,N ,N ',N '-Tetram ethylethylene-diam ine
TLC - thin layered chromatography
UV - Ultra Violet
V - volts
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Chapter 1 

General introduction to S-adenosyL  
L-homocysteine hydrolase

1.1 General introduction
As plants grow and m ature, several developmental processes occur as 

well as the p lant experiencing different environm ental stim uli. In order to 
respond to these stimuli or engage specific developmental pathways, the plant 
requires m echanism s to alter and control its m etabolism . One common 
chem ical m odification  observed in d iverse biochem ical p a th w ay s is 
méthylation. M éthylation is simply the addition of a methyl group [CHs] to an 

existing substrate. This process can serve several functions: the addition of a 
m ethyl group can be utilised to increase the length of the substrate 's carbon 
backbone; the m ethyl group may replace a more reactive side group and 
therefore produce a less reactive product; the reversible addition of a m ethyl 
group may inhibit binding of other substrates and lead to a tem porary loss of 
substrate function.

M éthylation has been observed to occur in m any biochemical pathways 
as well as being utilised to modify m ature products of several pathways. The 
m ajority of m éthylation reactions use S-adenosyl-L-methionine [SAM] as the 
m ethyl group donor and due to the diverse utilisation of the process of 
m éthylation, the enzym es involved in  this process are considered to be



Figure 1.1 Reaction equation for S-adenosyl-L-homocysteine
hydrolase

S -adenosyl-L -hom ocysteine hydrolase (SHH) is the enzym e 
responsib le  for the reversib le , therm odynam ically  u n favourab le , 
hydro lysis  of S -ad en o sy l-L -h o m o cy ste in e  to adenosine  and  L- 
hom ocysteine.
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encoded by  housekeeping genes. One of these enzym es is S-adenosyl-L- 
homocysteine hydrolase [SHH].

1.1.1 Introduction to S-adenosyl-L-homocysteine hydrolase
S-adenosyl-L-homocysteine hydrolase [EC 3.3.1.1, SHH] was first detected 

in  ra t liver extracts as the activ ity  responsib le  for the reversib le , 
therm odynam ically unfavourable, hydrolysis of S-adenosyl-L-hom ocysteine 
[SAH] to adenosine and homocysteine (de la Haba and Cantoni, 1959). This 
reaction is illustrated in figure 1.1. SAH is formed as a direct p roduct of S- 
adenosyl-L-methionine [SAM] dependent transmethylation reactions catalysed 
by a large variety of methyltransferase enzymes (Cantoni and Scarano, 1954). 
The affinity of m any methyltransferase enzymes, is much greater tow ards SAH 
than SAM, w ith SAH exhibiting a potent product inhibition (Deguchi and 
Barchas, 1971). To alleviate this p roduct inhibition, SAH produced  as a 
consequence of transm ethy lation  is m etabolised to hom ocysteine and  
adenosine by the action of SHH.

1.2 The methyl cycle and methionine salvage pathway
The hydrolysis of SAH to homocysteine and adenosine by SHH enzyme 

activity (as represented in figure 1.1) is only one reaction within a cyclic process 
know n as the m ethyl cycle. A related cyclic process also exists to recycle 
m ethionine from a separate biosynthetic by-product, and this is know n as the 
methionine salvage pathway. These two cycles are shown w ithin figure 1.2 and 
are described in detail in sections 1.2.1 and 1.2.2 w ith reference to this figure. 
Two salient features of the scheme shown in figure 1.2 should be noted.

Firstly, of the pathw ays illustrated, incorporation of m ethionine into 
protein (reaction 6) during protein synthesis, is the only pathw ay consuming 
the entire m ethionine molecule; the methyl, su lphur and 4-carbon moieties 
(reviewed by Giovanelli, 1987).

Secondly, as the m ethyl and m ethionine salvage pathw ays sim ply 
recycle methionine, no net increase in methionine quantities can occur using 
these pathw ays. The only pathw ay to produce extra m ethionine is de novo 
synthesis of homocysteine (reaction 1), the direct precursor of m ethionine.

2



Figure 1.2 The methyl cycle and methionine salvage pathw ay

This figure is adapted from previous figures by Miyazaki and Yang 
(1987), Theologis (1992), and Giovanelli et al. (1985).

Abbreviations; ACC, 1-aminocyclopropane-l-carboxylic acid; KMB, 
2-keto-4-m ethylth iobutyric acid; MTA, m ethylth ioadenosine; MTR, 
m ethylthioribose; M TR-l-P, m ethylthioribose-l-phosphate; N5-Methyl- 
H  4 Pte G lus, te tra h y d ro p te ro y ltrig lu tam a te ; SAH, S-adenosyl-L- 
homocysteine; SAM, S-adenosyl-L-methionine.

Enzymes are as follows: 1= cysteine synthase, cystathionine j -  
synthase and  cystathionine 6-lyase; 2= te trahydropteroyltrig lu tam ate 
m e thy ltransfe rase ; 3= SAM synthetase; 4= any SA M -dependent 
transm ethylase enzyme; 5= S-adenosyl-L-hom ocysteine hydrolase; 6= 
m ethionine incorporation into proteins via protein synthesis; 7= ACC 
synthase; 8= ACC oxidase; 9= SAM decarboxylase; 10= sperm idine 
synthase; 11= spermine synthase; 12= MTA nucleosidase; 13= MTR kinase; 
14= Conversion of MTR-l-P to KMB by a proposed three step process 
utilising unidentified enzymes, the first of these steps is thought to be an 
isomerase to convert MTR-l-P into methylthioribulose-1-phosphate; 15= 
Conversion of KMB to methionine by a transaminase.
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Biosynthesis of homocysteine occurs by transsulphuration from cysteine by the 

enzym es cystathionine y-synthase and cystathionine 6-lyase [EC 4.4.1.8] 

(reviewed by Giovanelli, 1987). The resultant homocysteine is m ethylated to 
form  m ethionine by tetrahydropteroyltrig lu tam ate m ethyltransferase [EC 
2.1.1.14] (reaction 2). This is an example of a methyltransferase enzyme which 

does not require SAM for activity, as it uses the triglutam yl derivative of N^- 
m ethyltetrahydrofolic acid. In vivo studies have shown m ethionine feedback 
to regulate its own de novo synthesis (Giovanelli et ah, 1985).

1.2.1 The methyl cycle
W ithin figure 1.2 the methyl cycle is represented by reactions 2-5. W hen 

the m ethy l g ro u p  of m eth ion ine is u tilised  in  a S A M -dependent 
transm ethylase reaction, the hom ocysteinyl m oiety is recycled to reform  
m ethionine. Reaction 2 w ithin this cycle is also common to the de novo 
synthesis pathw ay for methionine, which is due to the recycling process using 
hom ocysteine as an interm ediate. Therefore all hom ocysteinyl m oieties 
recycled, sim ply add to the hom ocysteine available for m éthylation  to 
m ethionine. Reaction 3 is common to the m ethionine salvage pathw ay, as it 
essentially activates methionine to allow its utilisation in several reactions due 
to its conversion to S-adenosyl-L-methionine [SAM]. The biosynthesis of SAM 
from  m ethionine is catalysed by S-adenosyl-L-m ethionine synthetase [EC
2.5.1.6] using ATP as an energy source (reviewed by Tabor and Tabor, 1984; see 
sec tion  1.3). R eaction 4 rep resen ts  the n u m ero u s S A M -dependen t 
m ethyltransferase reactions (see section 1.4.3) in which a transm ethylated  
product is produced w ith the concomitant production of SAH as a by-product. 
As previously described, SAH is hydrolysed into homocysteine and adenosine 
by the action of S-adenosyl-L-homocysteine hydrolase [SHH] (reaction 5). The 
homocysteine produced can be utilised in the same reaction observed in de  
novo  synthesis of m ethionine (reaction 2), to produce m ethionine and 
com plete the cycle. This cycle therefore results in no net gain or loss of 
m ethionine, requires ATP as an energy source and produces both adenosine 
and inorganic phosphate groups as by-products (reviewed by Giovanelli, 1987).



It has been shown that the adenosine by-product is rapidly  m etabolised to 
adenine nucleotides (Giovanelli et a l, 1985). This rem oval of adenosine is 
m echanistically im portant as both homocysteine or adenosine accum ulation 
will inhibit SAH hydrolysis by SHH enzyme activity due to the unfavourable 
equilibrium reaction (de la Haba and Cantoni, 1959).

1.2.2 The methionine salvage pathway
W ithin figure 1.2 the m ethionine salvage pathw ay is represented  by 

reactions 3 and 12-15. When the 4-carbon moiety of m ethionine is utilised for 
ethylene or polyamine synthesis, the methylthio moiety is recycled to reform 
m ethionine. The initial substrate of this pathw ay is m ethylthioadenosine 
[MTA] which is produced as a by-product following the initial reaction of 
ethylene synthesis (Yang and Hoffman, 1984; reviewed by Theologis, 1992) or 
follow ing sperm idine or sperm ine synthesis from  decarboxylated  SAM 
(Miyazaki and Yang, 1987). These reactions and biosynthetic pathw ays are 
discussed in section 1.4. Therefore two diverse biosynthetic p lan t pathw ays 
utilise an identical substrate, SAM, and produce an identical by-product MTA, 
hence allowing a single pathw ay to salvage methionine from both biosynthetic 
reactions.

The first reaction in the methionine salvage pathw ay is the hydrolytic 
cleavage of MTA by-product by m ethylthioadenosine nucleosidase [3.2.2.16] 
(reaction 12) to form  m ethylthioribose [MTR] and adenine. MTR is then 
phosphorylated  in an ATP-dependent m anner by m ethylthioribose kinase 
[2.7.1.100] (reaction 13) to form methylthioribose-l-phosphate [MTR-l-P]. MTR- 
l-P  undergoes an isomerization into methylthioribulose-1-P due to the action 
of m ethylthioribose-l-phosphate isomerase [5.3.1.23] (reaction 14). Following 
two further unidentified reactions (also represented by reaction 14), 2-keto-4- 
m ethylth iobutyrate [KMB] is form ed which is finally transam inated  into 
m ethionine by a transaminase (reaction 15). This cycle therefore results in no 
net gain or loss of methionine, requires ATP as an energy source and produces 
adenine as one of the by-products. W hen the five-carbon ribose moiety of MTR 
is converted to the four-carbon ketobutyrate chain of KMB, one carbon is lost as 
formate. In avocado extracts, L-glutamine is the m ost efficient amino acid in



effecting the conversion of KMB to methionine (see Miyazaki and Yang (1987) 
for an overview of this scheme). It has been shown that the adenine by-product 
is rap id ly  m etabolised to adenine nucleotides (Giovanelli et ah, 1983) as 
occurred w ith the adenosine by-product of the methyl cycle.

The described pathw ay will allow high rates of ethylene and poly amine 
production w ithout high intracellular concentrations of m ethionine, due to its 
recycling in an ATP-dependent manner.

1.2.3 Fluxes through the methyl and methionine salvage cycles
In a series of papers by Giovanelli's group, individual rates of the 

metabolism of the sulphur, methyl and 4-carbon moieties of m ethionine were 
estim ated  in  Lemna paucicostata and  used  to quan tita te  pa thw ays of 
m eth ion ine  m etabolism . Synthesis of SAM is the m ajor pa th w ay  of 
m ethionine metabolism w ith over 4 times as much m ethionine m etabolised 
by this route as accumulates in protein. The pools of soluble m ethionine and 
SAM are rapidly metabolised with turnover times of 3-4 m inutes. More than 
90% of the SAM is u tilised  for transm ethylation  w ith  m ethyl groups 
accum ulating in choline and its derivatives accounting for the major portion 
of flux through transm ethylation. As phosphatidycholine is the dom inant 
phospholip id  in m ost plants, phosphatidycholine m ethyl groups have been 
proposed to be a major product of transmethylation in the plant kingdom  in 
general (Giovanelli et ah, 1985; see section 1.4.3.3). Flux through m ethylthio 
recycling accounts for one th ird  the am ount of m ethionine accum ulating in 
protein, w ith sperm idine synthesis accounting for at least 60% of the flux 
through methylthio recycling.

Although this data refers to a single plant species, w ith significantly little 
ethylene production, which was grown in specific environm ental conditions, 
the resu lts clearly em phasise the substantial use of m ethionine w ith in  
transm ethylase reactions in com parison to protein synthesis or polyam ine 
synthesis. This scenario cannot be extrapolated to all individual plant tissues, 
species or environmental conditions due to the specialised utilisation of SAM 
w ithin  certain situations. In certain p lan t tissues, such as ripen ing  fruit, 
ethylene production may rise from less than 0.01 to as high as lOnmol [g fresh
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weight] h 'l . In such tissues, the flux through the methionine salvage pathw ay 
w ould greatly increase relative to the other methionine-metabolising pathways 
(Miyazaki and Yang,1987).

As bo th  po lyam ine and  ethylene b iosynthesis d ep en d  on the 
methionine salvage pathw ay to maintain a constant supply of methionine, the 
regulation of this cycle may be a control mechanism for the biosynthesis of 
these compounds. Studies have shown that MTR kinase specific activity varied 
over the course of tomato ripening, w ith an activity rise corresponding to the 
burst of ethylene production (Kushad et al., 1985).

Since both ethylene and polyamines share SAM as a common precursor, 
and are therefore alternative products of SAM, it has been hypothesised that 
they m ay regulate each other's synthesis, either directly or by m etabolic 
com petition for SAM (reviewed by Evans and M alm berg, 1989). Such a 
hypothesis is supported by studies of inhibition of ACC synthesis from SAM 
leading to increased incorporation of SAM into sperm idine (Even-Chen et a l, 
1982), how ever examples in disagreem ent w ith this hypothesis also exist. 
Therefore it appears that in some experim ental system s polyam ines and 
ethylene clearly interact through the interm ediate SAM, while in others the 
evidence contradicts this metabolic competition; this may reflect instances 
where pools of SAM may be limiting or non-limiting.

1.3 S-adenosyl-L-methionme synthetase
As all pathw ays discussed to date involve the utilisation of SAM, the 

following section reviews the current data available on SAM synthetase [EC
2.5.1.6], the only enzyme know n to synthesise SAM. This enzym e utilises 
m ethionine and ATP to produce SAM, as shown in reaction 3 of figure 1.2. 
SAM synthetase activity has been detected in E. coli as well as a large variety of 
diverse pro- and eukaryotic species (reviewed by Tabor and Tabor, 1984). In 
general all SAM synthetase preparations have an absolute requirem ent for a 

divalent cation [Mg2+] and are markedly stimulated by a non-covalent cation 

[K+]. The first SAM synthetase gene isolated from a higher eukaryote, was from 
Arabidopsis thaliana (Peleman et a l ,  1989a). This study proved Arabidopsis



thaliana contained two SAM synthetase genes per haploid genome, which has 
also been observed in yeast and mammals (reviewed by Tabor and Tabor, 1984). 
N orthern  hybridisations dem onstrated SAM synthetase to have a 10-20 fold 
higher expression in stems, roots and callus compared to leaves, inflorescences 
and seed pods. This variance in SAM synthetase mRNA distribution  was 
reflected w ithin enzyme activity studies, suggesting SAM synthetase enzyme 
expression to be prim arily  controlled at the mRNA level. Transgenic A . 
thaliana containing a SAM synthetase prom oter/fi-glucuronidase [gus] gene 
fusion exhibited 10 to 140 times more gus activity in the stems and  roots 
com pared w ith leaves, therefore it was concluded that the 5' end of the SAM 
synthetase gene was a major determinant for the differential expression pattern 
of the gene. Histochemical analysis proved that highest levels of gus expression 
occurred  in the xylem  and  phloem  th roughou t the w hole p lan t, the 
sclerenchyma tissue between vascular bundles in older parts of the stems, and 
in the parenchym a cells of the root cortex. This strong cellular preference was 
suggested to partly  correlate to lignification, a process know n to require 
m éthylation (Peleman et al., 1989a).

The same group of workers also isolated the second SAM synthetase 
gene of A. thaliana (Peleman et ah, 1989b). Using 3' specific probes it was 
proven that the mRNA expression profiles of both genes were identical w ithin 
A. thaliana organs. The SAM synthetase-gus fusion construct has also been 
introduced into N. tabacum and poplar [Populus tremula x P. alba], and the gus 
expression profile m irrors that observed w ithin transgenic A. thaliana. 
(Peleman et a l, 1989b; van Doorsselaere et al, 1993b).

Two separate SAM synthetase truncated cDNAs have been isolated from 
a parsley cDNA library prepared using mRNA isolated from  cell cultures 
treated w ith fungal elicitor. An SHH cDNA was also isolated from this library 
(see section 1.8). N orthern  hybridisations detected large am ounts of SAM 
synthetase w ithin floral buds and roots, with lower levels in stems and only 
trace am ounts in leaves. SAM synthetase mRNA levels w ere m arkedly  
increased by forced infiltration of fungal elicitor solution into leaves, as well as 
a 3-4 fold increase by elicitor induced expression within parsley cell cultures 
(Kawalleck et a l, 1992). SAM synthetase has also been cloned from other plant



species including; carnation (Larsen and W oodson, 1991), pop lar (Van 
Doorsselaere et al., 1993a) and tomato (Espartero et al., 1994). Three separate 
SAM synthetase cDNAs of the four possible genes in tomato have been isolated 
and each has been detected with a different expression profile in response to 
salt stress.

W ithin germ inating embryos of w heat, SAM synthetase activity has 
been observed to undergo a 2-3 fold stim ulation, w hich requires de novo 
protein synthesis bu t not transcription, Therefore it was concluded that this 
increase in activity occurred due to protein synthesis from stored mRNA. This 
is therefore an example of post-transcriptional regulation of SAM synthetase 
activity (M athur et ah, 1991).

Gibberellic acid has been found to stimulate SAM synthetase activity 3 
fold w ith in  the aleurone layers of de-em bryonated half seeds of wheat. 
W hereas untreated  controls contain one isozyme of SAM synthetase, treated 
controls contain three isozymes. This is in terpreted  as being due to the 
induction of a second SAM synthetase gene product to allow dim erization to 
form  three isozymes (M athur et al., 1992). This has also been observed in pea 
epicotyls (M athur and Sachar, 1991) and therefore is an example of differential 
expression of SAM synthetase genes.

This short overview describes a complex situation. W ithin those plant 
species in which SAM synthetase has been studied, a m inim um  of two coding 
genes appear to occur. The spatial organ-dependent patterns of SAM synthetase 
mRNA in A. thaliana and parsley are similar except for the levels w ithin 
inflorescences and floral buds. It was implied that the inflorescences from the 
two species are incom parable or that SAM synthetase gene activity varies 
greatly w ith respect to floral development (Kawalleck et a l, 1992). W ithin A . 
thaliana, both SAM synthetase gene transcripts appear to be expressed w ithin 
different organs, at the same levels. However in wheat and tomato, differential 
expression appears to occur in the specialised circumstances of gibberellic acid 
stim ulation  and salt stress, respectively. In A. thaliana SAM synthetase 
expression has been concluded to be mainly controlled at the transcriptional 
level, w hereas w ith in  w heat em bryos, post-transcrip tional control of 
expression from stored mRNAs occurs. Therefore all of this data taken together



suggests SAM synthetase genes to be potentially regulated at several levels, but 
it is unknow n if this regulation occurs at all sites of expression or only w ithin 
specialised situations. However it is of no surprise that the gene encoding the 
only know n enzyme for the synthesis of SAM, the second m ost abundant 
cofactor in metabolic reactions, is regulated in a complex manner.

1.4 Pathways utilising S-adenosyl-L-methionme
Although the first two pathways described in the following sections do 

not produce SAH as a by-product, they both represent pathways utilising SAM. 
As such these two pathways represent an additional drain on the SAM pool 
and therefore m ay affect SAM availability for the transm ethylation reactions 
described in section 1.4.3.

1 .4 .1  Polyamine synthesis and activities
The term  polyam ine is used in this short overview  in its restricted 

sense, m eaning only those polyamines w ith more than two am ine groups, 
such as spermidine [a triamine] and spermine [a tetraamine].

S-adenosyl-L-methionine decarboxylase [EC 4.1.1.50, SAMDC] is the key 
enzyme in the biosynthesis of polyamines (reviewed by Tabor and Tabor, 1984; 
first cloned from a plant species by Mad Arif et a l,  1994). The substrate for this 
enzyme is SAM and the product is decarboxylated SAM (reaction 9 in figure
1.2). SAMDC has been shown to be rate lim iting for the biosynthesis of 
polyamines, and its activity can be fully repressed by the addition of spermidine 
and spermine to cell cultures (Hiatt et a l, 1986). The decarboxylated SAM can be 
utilised by spermidine synthase [EC 2.5.1.16] to donate its am inopropyl moiety 
to putrescine to synthesise sperm idine, or alternatively it can be utilised by 
spermine synthase [EC 2.5.1.22] to donate its aminopropyl moiety to spermidine 
to synthesise sperm ine (reactions 10 and 11 respectively in figure 1.2). As 
previously described, the by-product of both of these reactions is MTA.

Num erous studies have correlated an increase in polyamine levels w ith 
cell division and  a drop in polyamines during any subsequent lessening of 
metabolic activity (reviewed by Evans and Malmberg, 1989). Polyamines also



bind to membranes and therefore alter their stability and permeability, as well 
as modifying DNA structures (reviewed by Slocum et ah, 1984). Several other 
activities of polyamines have been noted. These include, their involvem ent in 
root initiation and early growth, ovary and fruit development, differentiation 
of the floral meristem, and also the fact that exogenous polyam ines have the 
ability to retard senescence (all reviewed by Evans and Malmberg, 1989).

1.4.2 Ethylene synthesis and activities

1-am inocyclopropane-l-carboxylic acid synthase [EC 4.4.1.14, ACC 
synthase] catalyses the elimination of the MTA group of SAM, leading to the 
form ation of 1-aminocyclopropane-l-carboxylic acid [ACC] (Adams and Yang, 
1977; reaction 7 in figure 1.2). This is the rate limiting step in the synthesis of 
ethylene which is produced from ACC due to the action of ACC oxidase 
(reaction 8 in figure 1.2). The induction of ethylene production by a variety of 
m eans is due to de novo synthesis of ACC synthase (Kende, 1989). ACC 
synthase is encoded by a highly divergent m ultigene fam ily in  w hich 
individual genes are differentially expressed in response to developm ental, 
horm onal and environmental stimuli (Liang et a l, 1992).

Ethylene production is induced during several developm ental stages 
including fru it ripening, seed germ ination, leaf and flower senescence and 
abscission. It is also induced by external factors such as w ounding, anaerobiosis, 

viral infection, auxin treatment, chilling injury, drought and Cd^+ and Li+ ions 

(reviewed by Yang and Hoffman, 1984).

1.4.3 SAM-dependent transmethylation reactions
Of the 3,196 enzym es described in the latest version of E n z y m e  

Nomenclature, 98 are SAM -dependent methyltransferases (Webb, 1992). SAM- 
dependent transm ethylase enzymes catalyse a diverse range of m éthylation 
reactions resulting in the form ation of m ethyl ester, m ethyl ether, m ethyl 
thioether, m ethyl amine, methyl amide and other derivatives on proteins, 
nucleic acids, polysaccharides, lipids, and various small molecules (Kagan and 
Clarke, 1994; reaction 4 in figure 1.2). This transfer of a m ethyl group from
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SAM results in the concomitant production of SAH as a by-product. Several 
examples of biochemically proven plant transmethylase enzymes are know n to 
have their enzym atic activity inhibited by SAH. The following are a few 
examples: SAM:isoliquiritigenin 2'-0-m ethyltransferase (Maxwell et al., 1992); 
SAM:L-methionine S-methyltransferase [EC 2.1.1.12] (James and Hanson, 1995); 
SAM :quercetin-3'-0-methyltransferase [EC 2.1.1.42] (Tobias and Larson, 1991). 
Therefore all these exam ples require SHH enzym e activ ity  to rem ove 
inhib itory  levels of SAH accum ulation. The following sections (1.4.3.1-7) 
h igh lig h t som e specific exam ples of biosynthetic  pa thw ays req u irin g  
transm ethylase enzyme activities.

1.4.3.1 DNA méthylation
The m ost com m on m odification of DNA in  p lan t cells is the 

m éthylation of cytosine residues at carbon 5 to produce 5-methylcytosine (5- 
meC) w hich was first observed in plants by W yatt in 1951. In contrast to 
mammals in which 3-8% of cytosine residues are methylated (Shapiro, 1975), in 
plants up  to 30% of cytosine residues are modified (Adams and Burdon, 1985). 
This difference is due to two factors: the CG dinucleotide, which is m ethylated 
to about the same extent (70-80%) in p lants and  anim als, occurs m ore 
frequently  in plants; and in addition p lan t DNA is m ethylated  in  CNG 
trinucleotides where N  can be any base (Gruenbaum et a l, 1981). There is a 
considerable inter-species variation in the level of cytosine m éthylation, 
ranging from 4.6% in Arabidopsis thaliana (Leutwiler et a l, 1984), which has a 
small genome w ith relatively little highly repeated DNA, to 33% in rye, Secale 
cereale (Thomas and Sherratt, 1956). The distribution of 5-meC in the plant 
genom e is no t random , for example unique sequences w hich com prise 
approxim ately 38% of the cotton genome contain only 4% of the m ethylated 
cytosine resid u es (G useinov et a l, 1975). Also, although 70-80% of CG 
d inuc leo tides are m odified , a num ber of p lan ts  have a frac tion  of 
unm ethylated  DNA w ith closely spaced potential m éthylation sites. These 
areas of DNA appear similar to CpG islands which are often associated w ith the 
5' end of vertebrate housekeeping genes and have been found in the 5' region 
of a maize alcohol dehydrogenase gene (Antequera and Bird, 1988).
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These patterns of DNA méthylation are crucial as there are several lines 
of evidence to suggest that DNA méthylation is im portant in the regulation of 
plant gene expression.

1) P lant DNA binding proteins (DBF) are affected by 5-meC and these 
DNA protein interactions constitute a crucial level in the regulation of gene 
expression. The binding of several sequence specific DNA binding proteins is 
inhibited  by the m éthylation of CpG or CpNpG at their recognition sites 
(Staiger et a l ,  1989; Inam dar et a l,  1991) and conversely, DBP-m (a non
sequence specific DBF) extracted from pea, preferentially  recognises any 
m ethylated DNA (Zhang et ah, 1989). This would affect gene expression if the 
DBF unable to bind was a transcription factor, or if the DBF able to bind to 
m ethylated DNA, blocked the binding of a transcription factor.

2) The presence of 5-meC affects the secondary and tertiary structure of 
DNA (reviewed by Zacharias, 1993). Unorthodox DNA structures which are not 
p resen t in righ t-handed  B-form helixes can prov ide new  and  unique 
interaction sites w ith structure specific proteins. Cytosine m éthylation can 
influence these unusual structures by either enhancing or inhibiting their 
formation, therefore allowing an indirect effect on gene regulatory events in  
vivo by altering the equilibrium between unusual DNA structures and regular 
B-helix regions. Also the non B-form structures affect supercoiling, which is 
therefore an indirect result of cytosine m éthylation, and this can affect 
supercoil-dependent DNA-protein interactions and hence chrom atin structure.

3) M éthylation of DNA in vitro inhibits transcription, both transiently 
in protoplasts (Weber and Graessmann, 1989) and w hen the DNA is stably 
integrated in regenerated plants (Weber et a l, 1990).

4) The méthylation pattern of tissue-specific genes has been found to be 
different in tissues where the gene is expressed in comparison to tissues where 
the gene is silent (reviewed by Finnegan et a l, 1993).

5) Phenotypic alteration has been noted in plants exposed to extreme 
environm ental stress such as regeneration from culture. Some of these stable 
and reversible genetic alterations can be linked to changes in m éthylation, 
(reviewed by Finnegan et a l, 1993).

6) Transposable elements activities are regulated by m éthylation. A
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correlation was found between activity of the maize Ac element and a lack of 
m éthylation in its 5' region but not in its gene (Kunze et a l, 1988). Reactivation 
of Ac elements were observed in plants regenerated from cultures and it has 
already been noted that extreme environmental stress can cause an alteration 
in m éthylation.

7) The activity of introduced genes in transgenic plants can be affected by 
in vivo m éthylation (reviewed by Finnegan et ah, 1993). This may arise due to 
the m éthylation of the whole T-DNA or alternatively specific m éthylation of 
the transgene promoter. The méthylation of entire T-DNAs often correlates to 
the presence of more than one copy of the T-DNA and is thought to be one 
potential mechanism for the co-suppression phenomena (Matzke and Matzke, 
1995). This is discussed further in chapter 8.

This evidence clearly suggests that the maintenance and control of DNA 
m éthylation has an im portant regulatory role in gene expression. It has been 
d em onstra ted  tha t a DNA m ethyltransferase p referen tia lly  m ethylates 
hem im ethylated DNA (Pradhan and Adams, 1995). This situation w ould occur 
during semiconservative DNA replication, leading to the conclusion that the 
enzymes required for this process w ould be present in areas of elevated cell 
division such as plant meristems; hence the use of pea shoot tips to isolate the 
pea DNA methyltransferase in the series of papers by Adams et a l (e.g. Pradhan 
and Adam s, 1995). The first plant DNA methyltransferase was isolated from 
Arabidopsis thaliana using degenerate PCR prim ers (Finnegan and Dennis,
1993).

1.4.3.2 Protein méthylation
A large group of post-translational modification reactions involve the 

addition of a methyl group to the polypeptide chain (reviewed by Clarke, 1993). 
These reactions can occur during or immediately after synthesis or at later 
points in the lifetime of a protein molecule. The enzymes catalysing such 
reactions are known as protein methyltransferases and can modify a variety of 
nucleophilic oxygen, nitrogen and sulphur atoms on the polypeptide chain. 
These processes result in m ethyl esters, methyl amines, m ethyl am ides and 
other derivatives on the side chains of nine of the tw enty common amino
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acids, as well as on several additional residues w hen present at the amino or 
carboxyl terminus.

Protein m ethyltransferases can be divided into two groups. The first 
group m odifies carboxyl groups to form methyl esters and is generally a 
reversible reaction hence allowing its function of possibly regulating  the 
activity of the protein. A specialisation of this group allows the recognition of 
dam aged proteins to occur. The second group results in generally irreversible 
m ethyl transfer to su lphur and nitrogen atoms to produce a variety of new  
amino acids. These new amino acids are often found in structural proteins and 
m ay play  a role in the stabilisation of polypeptides in complex structural 
structures (see Clarke, 1993).

Protein méthylation has been specifically studied w ithin fungal elicitor 
treated alfalfa cells, due to the known induction of SAM synthetase and SHH 
in response to elicitors (Daniell and Edwards, 1995). These studies show ed 
pro tein  carboxyl m éthylation to increase in alfalfa cell cultures as a late 
response to elicitor treatment.

1 .4 .3 .3  Methylated phospholipid biosynthesis
The previously  described studies of m ethyl flux in L. paucicostata 

suggested  th a t the m ethyl groups of choline, phosphatidycho line  and 
p h o sp h o c h o lin e , w ere  the  m ajo r p ro d u c ts  of S A M -d ep en d en t 
transméthylations in this and possibly the majority of plant species (Giovanelli 
et a l, 1985; see section 1.2.3).

The pathw ay for phosphatidycholine synthesis w ithin plants has been 
proposed to differ from  those found in animals (Datko and M udd, 1988). 
H owever several SAM-dependent transmethylase enzymes are know n to occur 
w ithin the biosynthetic pathw ay (reviewed by Browse and Somerville, 1991). 
The three m ethyl groups required  to convert ethanolam ine to choline 
o rig inate  from  SAM. In certain p lan t species phosphoethano lam ine is 
m ethylated sequentially to form phospho N -m ethylethanolam ine, phospho 
N,M -dimethylethanolamine and phosphocholine, whereas in other species the 
phoshatidyl m oiety may be utilised for the final two m éthylation reactions 
(M udd and Datko, 1989).
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1.4.3.4 Lignin precursor biosynthesis
Three m onolignols differing only in the m ethoxyl groups on the 

aromatic ring can be polymerised into lignin. The relative abundance of the 
different m onolignol residues in lignin varies betw een species and w ithin 
species, as does the total lignin content. This methoxyl pattern of the aromatic 
rings is dependent on the action of o-m ethyltransferase [OMT] enzym es 
(reviewed by W hetten and Sederoff, 1995). Caffeic acid is m ethylated to form 
ferulic acid by caffeic acid 3-O-methyltransferase [C-OMT; EC 2.1.1.68]. This 
enzyme also catalyses the méthylation of 5-hydroxyferulate to sinapate. These 
méthylations limit the reactivity of the hydroxy groups, therefore reducing the 
num ber of sites on the aromatic ring that can form bonds to other monolignols 
during polymerisation.

A know n maize m utant w ith altered lignin content and com position 
has recently been shown to correspond to the gene encoding C-OMT (Vignols 
et a l,  1995). High-level antisense expression of aspen OMT in tobacco resulted 
in depressed C-OMT activity and a reduced ratio of syringyl to guaiacyl lignin 
subunits (Dwivedi et a l, 1994)

A second OMT, caffeoyl-CoA-3-O-methyltransferase [CCoA-OMT; EC 
2.1.1.104] was originally identified as a defense-related transcript w ithin dicot. 
species, w ith a cDNA clone being isolated from parsley cell culture (Schmitt et 
a l, 1991). However CCoA-OMT has now been proposed to have a role in lignin 
synthesis due to its proposed ability to methylate both caffeoyl-CoA and 5- 
hydroxyferuloyl-CoA during monolignol biosynthesis (Ye et a l, 1994).

1.4.3.5 Phenylpropanold metabolism
All phenylpropanoids are derived from cinnamic acid, w ith  several 

sim ple examples produced from cinnamate via a series of hydroxylation, 
m éthylation and dehydration reactions. These include caffeic, ferulic and 
sinapic acids and simple coum arins (reviewed by Dixon and Paiva, 1995). 
Therefore the production of lignin precursors should strictly be included in 
this section, bu t due to the extensive research w ithin this field, this data is
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sum m arised in the section above. However the im pregnation of the cell wall 
w ith ferulate is a known early response of infected parsley leaves, and not the 
production of lignin (Hahlbrock and Scheel, 1989).

The phenylpropanoid subunits of suberin require the m éthylation of 
caffeic acid to ferulic acid in their biosynthesis, as occurs in lignin precursor 
biosynthesis. As only one distinct méthylation is required it has been proposed 
that a separate OMT found only in the sites of suberin biosynthesis catalyses 
this m éthylation. Due to sequence hom ology and spatial and  tem poral 
expression, a clone from maize has been proposed to encode an OMT involved 
in suberin synthesis (Held et ah, 1993).

M any stress-induced phenylpropanoids are classified as phytoalexins 
w hich are antim icrobial com pounds synthesised in response to pathogen 
attack. Several know n OMT activities are involved in the pathw ays for the 
synthesis of several of these species-dependent com pounds. In parsley, the 
fu ranocoum arin , psoralen , has m ethoxylated  derivatives xan tho tox in , 
bergapten and isopimpinellin. The OMT activities required for the synthesis of 
these com pounds have been reported to be induced by elicitor treatm ent of 
cultured parsley cells (Hauffe et ah, 1986).

In maize, a flavonoid 3'-0-m ethyltransferase enzyme has been purified 
from pollen and was found to utilise quercetin as its major substrate (Tobias 
an d  L arson, 1991). This is an  exam ple of the m any  flavono id  O - 
m ethyltransferases which have been isolated and studied due to m éthylation 
playing an im portant role in flavonoid biosynthesis, as it reduces the reactivity 
of the phenolic groups while enhancing lipid solubility and volatility of the 
flavonoids (see Tobias and Larson, 1991 and references therein).

In Mesembryanthemum crystallinum, the accumulation of m yo-inositol 
and its m ethylated derivatives are correlated with tolerance to drought a n d /o r 
salinity (reviewed by Bohnert et a l, 1995). In petunia, anthocyanins are known 
to be m ethylated by o-methyltransferases (see review by H olton and Cornish, 
1995).

1.4.3.6 CMorophyll biosynthesis
In chlorophyll, four pyrrole rings are ligated into a tetrapyrrole ring with
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a m agnesium  atom in the centre. Ring II has a methyl group in position 3 in 
chlorophyll a, w hereas position 3 is a formyl group  in  chlorophyll b. 
C hlorophyll b, found only in higher plants and algae, is derived  from  
chlorophyll a, due to the action of an oxygenase (reviewed by von W ettstein et 
al., 1995). The chlorophyll- and  bacteriochlorophyll specific pathw ay from 
pro topo rphyrin  IX to chlorophyll contains a single step catalysed by a 
m ethyltransferase enzyme. This m ethyltransferase has been cloned from  
Rhodobacter capsulatus and R. sphaeroides, and both were expressed in E. coli 
to identify the gene products as the methyltransferase for M g-protoporphyrin 
IX (Bollivar et a l, 1994; Gibson and Hunter, 1994).

1.4.3.7 Alkaloid biosynthesis
Tropane and  nicotine are a category of the secondary m etabolite 

alkaloids derived from putrescine, which are found mainly in the Solanaceae. 
The first com m itted step w ithin the biosynthesis of nicotine and  tropane 
alkaloids is the méthylation of putrescine to form N -m ethyl-putrescine. This 
reaction is catalysed by putrescine N-methyltransferase [EC 2.1.1.53] (reviewed 
by Kutchan, 1995). A cDNA has been isolated from tobacco and its activity 
confirm ed by expression in E. coli. The transcripts of this gene accumulate 
p redom inantly , if no t exclusively, in root tissues of w ild-type tobacco, 
suggesting this organ to be the major site of nicotine biosynthesis (Hibi et a l,
1994). This corresponds to the site of tropane alkaloid biosynthesis in other 

members of the Solanaceae (Hashimoto et a l, 1991).

1.5 S-adenosyl-L-homocysteine metabolism in diverse species
SHH activity is utilised to metabolise SAH in the majority bu t not all 

living organisms. In some Gram-negative bacteria, SAH has been found to 
u n d e rg o  cleavage of the  g lycosyl linkage, y ie ld in g  ad en in e  and  
ribosylhom ocysteine (Duerre, 1962). This reaction is non-reversible, and 
catalysed by the enzyme S-adenosylhomocysteine nucleosidase [EC 3.2.2.9]. The 
same enzyme also cleaves 5'-deoxymethylthioadenosine, yielding methylribose 
and  adenine. E. coli contains S-ribosylhomocysteine hydrolase [EC 3.3.1.3]
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which cleaves the thioether linkage of S-ribosylhom ocysteine, y ield ing free 
hom ocysteine and a pentose (Miller and Duerre, 1968). The cleavage of the 
glycosidic bond of SAH is necessary prior to the cleavage of the thioether 
linkage of S-ribosylhomocysteine (Miller and Duerre, 1968). In a study  by 
W alker and  Duerre (1975) bacteria, yeasts, plants and several organs from 
w arm -blooded  vertebrates w ere assayed for the presence of SHH, S- 
adenosylhomocysteine nucleosidase, and S-ribosylhomocysteine hydrolase. In 
all species in which SHH activity was detected, none were found to possess 
detectable S-adenosylhom ocysteine nucleosidase or S -ribosylhom ocysteine 
hydrolase activity. Those species tested included: the bacterial species; E. coli 
and Proteus vulgaris; the yeast species; Saccharomyces cerevisiae, Candida 
albicans and Candida utilis: the plant species; green bean, spinach, field corn 
and barley: the fish species; yellow perch and rainbow trout: the b ird species;  ̂
m orning dove and chicken: and the animal species; white rat, dog, and rabbit. 
However none of the small sample of prokaryotic species analysed in this study 
were found to contain SHH activity. A larger study of prokaryotic species was 
perform ed by Shim izu et al. (1984), in which 149 strains of bacteria and 
actinomycetes were analysed for SHH activity. SHH enzyme activity was widely 
distributed in a variety of both Gram-positive and Gram-negative bacteria and 
actinomycetes. H owever none of the 22 strains of Enterobacteriaceae and 9 
strains of Bacillaceae investigated were found to exhibit detectable SHH 
ac tiv ity . W ith in  th o se  s tra in s  ex h ib itin g  SHH a c tiv ity , no S- 
adenosylhom ocysteine nucleosidase nor S-ribosylhomocysteine hydrolase 
activity was detected. Conversely, those strains which did not exhibit detectable 
SHH activ ity , abund an tly  contained  both S - a d e n o s y lh o m o c y s te in e  
nucleosidase and S-ribosylhomocysteine hydrolase activity.

Therefore, this sum m arised data clearly dem onstrates the occurrence of 
SHH th ro u g h o u t evo lu tionary  diverse organism s in c lud ing  p ro- and  
eukaryotes. In those prokaryotes in which SHH is not active, a tw o-step 
enzym atic process requiring S-adenosylhomocysteine nucleosidase and S- 
ribosylhom ocysteine hydrolase activity is present to metabolise SAH. These 
two pathw ays for SAH m etabolism  have, to date, proven to be m utually  
exclusive. Further evidence of this m utually exclusive relationship has been



provided by a study of the distribution of methylthioadenosine phosphorylase 
in eubacteria (Shimizu et a l,  1988). S-adenosylhomocysteine nucleosidase also 
hydrolytically  cleaves 5 '-deoxym ethylthioadenosine, the nucleoside end- 
p ro d u c t follow ing SAM donating  an am inopropyl group  in polyam ine 
synthesis. How ever, the previously described study of Shimizu et al. (1984) 
proved this enzyme activity was absent in eubacteria in which SHH activity 
was present. As SHH itself cannot hydrolyse 5'-deoxym ethylthioadenosine, a 
further enzyme m ust be involved in its metabolism. This enzyme proved to be 
m ethylthioadenosine phosphorylase [EC 2.4.2.28] and is only present w ithin 
SHH containing prokaryotic species in which S -a d e n o sy lh o m o c y s te in e  
nucleosidase is known not to occur.

1.6 SHH Enzymology
Significant structural sim ilarities are found betw een SHH enzym es 

isolated from several sources. The enzyme always consists of a num ber of 
subunits; the m am m alian enzyme is a tetram er w ith a Mr of =190,000 and a 
subunit Mr of 47,000 (Richards et a l, 1978; Doskeland and Ueland, 1982; Fujioka 

and Taka ta 1981), the plant enzymes are dimers or tetramers w ith a subunit of 
Mr 55,000 (Guranowski and Pawelkiewicz, 1977; Sebestova et a l,  1984), and the 
bacterial enzyme from Alcaligenes faecalis is composed of six subunits of Mr 
48,000 (Shimizu et a l, 1984). Each subunit contains 1 mol of tightly bound 

NAD+, which is required for activity (Richards et a l ,  1978; Palmer and Abeles, 

1976).

1.6.1 Studies on SHH enzymes isolated from animals

The role of the enzyme-bound NAD+ in the catalytic cycle was elucidated 

by Palm er and Abeles (1979), who show ed that NAD+ participates as a 

coenzym e in the reaction, w ith the reduction of NAD+ to N A D H  and 

concom itant oxidation of the 3' hydroxyl of SAH to a keto group. After 
elimination of homocysteine, the enzyme bound NADH is then used to reduce 
the 3' keto group back to a hydroxyl before the release of adenosine.

Conflicting evidence exists as to w hether or not SHH subunits are
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structurally identical. Doskeland and Ueland (1982) assigned the m ouse and 

bovine SHH tetramer enzymes as aiQi. In contrast Gomi et al. (1985) concluded 

from  analysis of the peptide m ap of SHH and from the stoichiom etry of 
inactivation of the enzyme by adenosine that the four subunits of the rat liver 
enzym e are structurally identical and functionally equivalent. The structure 
proposed by Doskeland and Ueland (1982) may be supported by Abeles et al. 

(1982), who concluded from the partial reduction of NAD+ during "suicide" 
inactivation of the bovine liver enzyme that two of the four subunits are 
involved in enzyme catalysis and the other two subunits serve a regulatory 
function. This conflicting data may have arisen due to the m echanism  of 
enzyme isolation. Gomi et al. (1985) proved that 'suicide' inactivation of SHH 
activity by adenosine [or its analogs] could only occur in the sim ultaneous 
presence of a thiol. This inactivation may therefore have occurred due to the 
presence of dithiothreitol in the reaction mixtures of previous workers.

Research has also been published which states SHH is a major adenosine 
and cyclic adenosine monophosphate [cAMP] binding protein (Hershfield and 
Kredich, 1978; Saebo and Ueland, 1978). It was demonstrated by de la Haba et al. 
(1986) that tightly bound NAD, which is essential for enzyme catalysis, can be 

made to dissociate reversibly from SHH. In the presence of ATP, Mg 2+ and KCl, 
ra t liver SHH is converted from an active enzyme to an inactive form w ith the 
release of all bound NAD. Incubation of the inactive enzyme form with NAD, 
leads to complete recovery of enzyme activity. The active enzyme does not 
bind cAMP, bu t in contrast the inactive form will b ind cAMP. Therefore in 
earlier reports of SHH binding cAMP, this binding activity may be attributed to 
the inactive enzyme form.

This short review  of SHH enzym ology from  non-p lan t sources, 
highlights the conflicting evidence found w ithin the literature , w hich in 
several, if not all cases, may simply have arisen through the use of differing 
protocols to isolate SHH enzyme from several different species and organs.

1.6.2 Studies on SHH enzymes isolated from plants
Unlike the vast data available for animal SHH enzyme activities and
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purification, relatively few studies have been performed using plant sources of 
SHH activity. Following the proven existence of SHH activity w ithin plants 
(Walker and Duerre, 1975), Poulton and Butt (1976) were the first to purify a 
plant SHH enzyme. As previously observed (de la Haba and Cantoni, 1959) the 
hydrolysis of SAH is not easy to investigate in vitro because the reaction 
equilibrium  favours the reverse direction in which SAH is synthesised from 
adenosine and L-homocysteine. Therefore in this study, in vitro hydrolysis was 
assisted by destruction of adenosine by added adenosine deaminase. Although 
Poulton and Butt (1976) purified SHH 100 fold from spinach leaves, no test of 
hom ogeneity was perform ed and therefore contamination of the preparation 
w ith enzymes which may act on any reaction products may have occurred. 
H ow ever the equilibrium  constant is almost identical to that observed in rat 
liver enzyme (de la Haba and Cantoni, 1959). Spinach leaf SHH appeared to be 
specific for L-homocysteine although the presence of D-isomer does not inhibit 
activity of the enzyme. Despite a low  Km for adenosine, the high Km for 
hom ocysteine suggests that SAH synthesis may only proceed in vivo  at a 
significant rate w hen homocysteine accumulates (Poulton and Butt, 1976). Due 
to the reaction equilibrium , both  adenosine and hom ocysteine m ust be 
rem oved for the hydrolysis of SAH to proceed. Therefore they postulated that 
L-homocysteine is m ethylated by NS-m ethyltetrahydrofolate to m ethionine 
(see section 1.2), and adenosine is converted to ADP through successive action 
of adenosine kinase and adenylate kinase (Poulton and Butt, 1976). All of these 
enzyme activities have been dem onstrated in plants.

SHH has been purified  to hom ogeneity from  yellow  lup in  seeds 
[Lupinus luteus] (Guranowski and Pawelkiewicz, 1977). The active enzyme of 
yellow lupin consists of two non-covalently bound identical subunits w ith Mr 
=55,000. This enzyme was only assayed in the technically simpler direction of 
SAH synthesis and w as found  to contain a stric t requ irem en t for l- 
homocysteine whereas some structural modifications of the nucleoside were 
tolerated (Guranowski and Pawelkiewicz, 1977).

SHH has also been purified to homogeneity from tobacco w here the 
enzyme is also composed of identical subunits with Mr =55,000, bu t the active 
enzyme is comprised of four of these subunits (Sebestova et ah, 1984).
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This overview of studies using purified SHH enzymes, highlights the 
difficulties in comparing data from different workers due to the use of varied 
species and differing buffer systems. However, it has been noted that unlike 
animal SHHs, plant SHH enzymes are not inhibited by adenosine (Sebestova et 
al., 1984). This has now  been proven to be an erroneous statem ent, as 
adenosine inhibition only occurs upon animal SHH enzymes in the presence 
of a thiol (Gomi et al., 1985). Therefore taking this finding into consideration 
the only significant difference between plant and animal SHH enzymes appears 
to be the subunit size of =55,000 and =47,000 respectively.

1.7 Possible further roles for SHH
1.7.1 SHH: a cytokinin-bindmg protein ?

A cytokinin-binding protein [CBP] complex was isolated from tobacco 
leaves (Mitsui and Sugiura, 1993) and found to consist of at least two subunits 
of 57 and 36kD (Mitsui et al., 1993). A cDNA putatively encoding the 57kD 
subunit was isolated and found to share extensive homology w ith previously 
cloned SHH cDNAs. The purified CBP complex had SHH activity and this gave 
a first, although not direct, indication of a possible function of CBPs in the 
horm one signal transduction, as SHH determines levels of SAH and therefore 
influences nucleic acid and protein méthylation (Mitsui et a l, 1993).

However later studies using maize have proven that SHH activity in  
vitro is not affected by cytokinins and that maize SHH enzymes and maize CBP 
activities show ed a different elution pattern  during  all chrom atographic 
fractionation (Romanov and Dietrich, 1995).

Although several CBPs have been isolated w ith no relationships defined 
betw een them  (reviewed by Palme, 1993), it appears unlikely that SHH, a 
conserved protein, w ith a conserved biochemical function, may be p a rt of a 
CBP complex within one plant species and not w ithin another. Further work 
needs to be perform ed to assess w hether SHH is part of a CBP complex in 
plants. If this is demonstrated, it then should be assessed whether SHH enzyme 
activity has any role within this complex.
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1.7.2 SHH: a copper-binding protein ?
It has recently been proposed that mouse SHH is a bifunctional protein 

w hich not only catalyses SAH hydrolysis bu t also acts as a copper-binding 
protein  (Bethin et al., 1995a). A mouse cDNA which was isolated following 
am ino acid sequencing of a peptide fragm ent of purified  copper-binding 
protein [CuBP] was >95% identical at the amino acid level, to the rat (Ogawa et 
al., 1987) and hum an SHH cDNAs (Coulter-Karis and Hershfield, 1989). This 
result was proven by a num ber of m ethods, not to be an artefact from  co
purification of SHH w ith a CuBP. It was also ruled out that these two proteins 
could share significant homology in the amino acid sequenced domain, leading 
to the isolation of the wrong cDNA (Bethin et a l, 1995a). A single high affinity 
copper-binding site per 48kD subunit was determ ined for m ouse liver SHH 
(Bethin et a l, 1995b). SHH purified from mouse liver was found to have copper 
bound to it which suggests in vivo copper binding, bu t this binding has no 
effect on SHH enzyme activity. The higher levels of SHH observed in liver in 
several studies (for example. Walker and Duerre, 1975) may reflect this organ's 
ability to accumulate high concentrations of copper, and it has also been noted 
that decreased levels of copper lead to decreased levels of SHH in mouse liver 
(Bethin et a l, 1995b). A lthough copper is tightly bound to m ouse liver SHH, 
stable copper bound to SHH will freely exchange w ith radioactive copper, 
which is atypical for enzymes w ith copper found at their active sites, and has 
therefore been proposed to suggest an intracellular trafficking role (Bethin et 
oL, 1995b).

This work suggests that the role of SHH in copper m etabolism  could 
involve both its enzymatic and copper binding properties. The homocysteine 
produced  by SHH-catalysed hydrolysis of SAH can be used to synthesise 
cysteine in animals. This is the only pathw ay for cysteine synthesis in animals 
(Giovanelli, 1987). Cysteine is a major constituent of metallothionein, a metal- 
binding protein and also glutathione, a proposed copper trafficking factor. 
Therefore this may link SHH activity to copper m etabolism  in animals. In 
p lan ts , de novo synthesis of hom ocysteine occurs from  cysteine in  a 
unidirectional m anner (Giovanelli, 1987), and therefore this link between SHH 
activity and copper metabolism may not be necessarily true. H ow ever the
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proposed copper binding activity of SHH may have a role w ithin plants. In 
anim als it is proposed that copper b inding by SHH m ay influence the 
distribution of intracellular copper (Bethin et a l, 1995a). SHH bound copper 
m ay influence copper distribution by equilibrating w ith various copper pools 
or by direct transfer of SHH copper to copper-binding enzym es or other 
proteins involved in copper m etabolism  (Bethin et a l, 1995a). To date the 
copper binding properties of plant SHH enzymes have not been studied.

1.8 SHH gene structuie and regulation
W hen this research was initiated in autum n 1992, the following SHH 

clones had been published or were available on the current EMBL database: 
Rattus norvégiens [rat] (Ogawa et a l, 1987); Dictyostelium discoideum (Kasir et 
ah, 1988); Homo sapiens [hum an] (Coulter-Karis and  H ershfield , 1989); 
Caenorhabditis elegans (Prasad et a l ,  1993); Leishmania donovani (H enderson 
et a l ,  1992); Petroselinum crispum  [parsley] (Kawalleck et a l ,  1992); 
Rhodobacter capsulatus (Sganga et a l, 1992).

1.8.1 Conservation of gene structure
A rat cDNA was the first SHH clone isolated, using antibodies produced 

following the isolation of purified ra t liver SHH enzyme. Sequence analysis 
revealed one open reading frame of 432 amino acids and the deduced Mr of 
47,300 was in excellent agreement w ith the reported Mr of 47,000. Experiments 

show ed tw o post-translational modifications to occur at the N H z-term inus 
w ith the initial methionine being removed and the new NHz-terminal alanine 
being blocked (Ogawa et a l, 1987).

The Dictyostelium discoideum cDNA was isolated using the rat clone as 
a heterologous probe (Kasir et a l, 1988). On sequence analysis of this cDNA the 
predicted  amino acid translation of 430 amino acids was found to be 74% 
identical to the rat cDNA's predicted amino acid sequence, and if conservative 
changes were taken into account this homology rose to 84%. The codon usage 
of ra t and D. discoideum mRNA is very different with a preferential use by D. 
discoideum of codons w ith A or T in the third position, which favours weaker

24



codon-anticodon interactions. This codon usage difference could be clearly 
observed on com parison of the 33 leucine residues occurring in identical 
positions w ithin the D. discoideum and rat predicted amino acid sequences. Of 
these 33 conserved leucines, 22 of the codons are changed in two bases [TTA in 
D. discoideum to CTG, CTT or CTC in rat] (Kasir et a l, 1988).

Initial analysis of these SHH cDNAs predicted am ino acid structure 

identified sequence 'motifs'. In proteins in which the NAD+ -binding site has 

been determ ined, a 'fingerprin t' characteristic for the dinucleotide-binding 
dom ains has been defined. This dom ain consists of a region of 6-sheet, 

followed by a region of a-helix, and then another region of 6-sheet, therefore 

m aking a 6 a 6  unit (Wierenga and Hoi, 1983). This unit structure has also been 
shown to have the following features: the sequence Gly-Xaa-Gly-Xaa-Xaa-Gly in 

the region joining the first 6-sheet and the amino terminus of the a-helix; the 

presence of a hydrophilic residue at the beginning of the first 6-sheet; the 
presence of an acidic residue at the carboxyl terminus of the second 6-sheet; and 
finally several neutral or hydrophobic residues located at specific positions in 

the hydrophobic core of the 6 a 6  unit (Wierenga and Hoi, 1983). Such a motif 
w as observed in the ra t and D. discoideum SHH pred ic ted  am ino acid 
sequences (Ogawa et a l, 1987; Kasir et a l, 1988).

Both the isolated rat and D. discoideum cDNAs were expressed in E. coli 
and SHH activity was detected in the recombinant bacteria (Gomi et a l,  1989; 
Kasir et a l,  1988). The bacterial expressed rat SHH enzyme was purified from 

the E. coli as a tetramer, with NAD+ bound to each subunit. The N H z-term inal 

alanine was no longer blocked although the initial m ethionine was removed. 
These results clearly indicated that the recombinant enzyme was structurally 
identical to the ra t liver enzyme except for the absence of the N H z-term inal 
blocking group (Gomi et a l,  1989). These findings also support earlier findings 
that SHH is composed of only one type of polypeptide chain (Gomi et a l, 1985; 
see section 1.6.1). Site directed mutants were created in which each of the three 

glycine residues of the putative NAD+ -binding site were converted to valine. 
Each of these m utant proteins were still immunoreactive but had no catalytic
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activity, contained no bound NAD+ and did not form the same quaternary 
structure as the w ild type protein expressed in E. coli (Gomi et a l ,  1989). These 
findings add further support to the proposal that this specific region of the SHH 

protein binds the cofactor NAD+.

The extreme amino acid sequence homology was further highlighted 
following the isolation of SHH clones from several evolutionary divergent 
species; hum an (Coulter-Karis and Hershfield, 1989); Caenorhabditis elegans 
(Prasad et a l, 1993); Leishmania donovani (H enderson et a l, 1992); parsley 
(Kawalleck et a l, 1992); and Rhodobacter capsulatus (Sganga et a l ,  1992). The 
SHH am ino acid sequence from  the purp le  non-su lphur photosynthetic  
bacterium  Rhodobacter capsulatus shows a remarkable degree of amino acid 
sequence hom ology to the previously cloned cDNAs. This conservation is 
approximately 65% identity and 77% similarity to the previously isolated SHHs 
from rat (Ogawa et a l, 1987), D. discoideum (Kasir et a l, 1988), hum an (Coulter- 
Karis and Hershfield, 1989), and C. elegans (Prasad et a l, 1993). This is one of 
the highest levels of sequence conservation ever reported  betw een proteins 
having a similar function in prokaryotic and hum an cells (Sganga et a l, 1992). 
This lack of sequence divergence may suggest a stringent requirem ent for SHH 
to retain its prim ary structure for function (Kasir et a l, 1988).

Several features of the Rhodobacter capsulatus SHH predicted amino 
acid sequence are notable. In rat, 5 '-p-fluorosulfonylbenzoyladenosine (FSBA) 

inactivates SHH by prom oting disulphide bond formation between Cys^S and 

CysH2 (Gomi et a l, 1986; num bering based on the rat sequence). However, 

w hen the Rhodobacter capsulatus SHH cDNA was cloned , it was found not to 

have a conserved Cys^^^ and that site directed m utants of the rat SHH at these 
points do not inactivate the enzyme (Sganga et a l,  1992). Therefore, these two 
'conserved' [or as first thought] amino acids may not be as im portant as earlier 
literature emphasised in the catalytic role of the enzyme.

Both the R. capsulatus and the parsley amino acid sequences (Kawalleck 
et a l, 1992) have an additional amino acid motif in comparison to the rat, D. 
discoideum, hum an, C. elegans and L. donovani sequences. R. capsulatus has 
an additional 36 amino acid region whereas parsley has an additional 41 amino
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acids. These two additional stretches are found in exactly the same position in 
the predicted protein sequence but do not show significant homology.

An insertional m utation of the bacterial SHH gene was constructed and 
is the only example of an SHH null m utation (Sganga et a l ,  1992). As the 
m ethyl cycle cannot operate in these m utant strains due to the lack of SHH 
activity, the hom ocysteine required  for m ethionine biosynthesis m ust be 
supplied by de novo synthesis from aspartate and sulphate. A lthough the 
m utant strain can not grow on minimal media, it can grow on minimal media 
supplem ented  w ith m ethionine or homocysteine. The SA M /SA H  ratio  is 
m uch lower in null m utants where SAH is not hydrolysed. This alteration in 
SAM /SAH ratio affects the synthesis of the photopigm ent bacteriochlorophyll 
w hich requires methyltransferase activity during its biosynthesis (see section
1.4.3.6). The m ethyltransferase involved in the b iosynthesis has been 
dem onstrated to be non-competitively inhibited by SAH, hence it is susceptible 
to a change in the SAM /SAH ratio. The bacterial SHH transcrip tion  is 
re p re sse d  by  h ig h  lig h t in ten s ity , m im icking  the  re p re ss io n  of 
bacteriochlorophyll biosynthesis by high light intensity, therefore indicating 
photosynthetic bacteria may control pigment biosynthesis in response to light 
intensity, at least in part by altering the intracellular SAH/SAM  ratio (Sganga et 
af., 1992).

The first and only genomic SHH clone from a higher eukaryote has been 
recently identified from rat (Merta et al., 1995). This gene has a complex 
arrangem ent com prised of ten exons found w ithin a 15kb span of DNA. 
Several pseudogenes are also present within this genome.

The only plant SHH cDNA published prior to the onset of this research, 
was isolated from cultured parsley cells, which had been treated w ith fungal 
elicitor that rapidly activates the transcription of many genes encoding specific 
steps in pathogen-defence related pathways (Kawalleck et a l,  1992). This cDNA 
is 64% identical to the rat cDNA and 79% similar at the amino acid level, 
reiterating the high levels of sequence conservation observed between diverse 
species. The extra stretch of amino acids present w ithin the predicted parsley 
SHH sequence which is not found in the rat or D. discoideum sequences, may 
help to explain the estim ated larger subunit size of p lan t SHH enzymes
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com pared to mammalian and bacterial (Kawalleck et a l, 1992; see section 1.6). 
The polyclonal antibody produced against the rat liver SHH purified protein 
(Ogawa et a l,  1987), cross reacted to the parsley cDNA transcription/translation 
product. Southern data show ed a small gene family of SHH genes w ithin 
parsley.

1.8.2 Regulation of SHH gene expression in plants
N orthern analysis proved forced infiltration of fungal elicitor solution 

into parsley leaves m arkedly increased SHH transcript levels, and elicitor- 
treated parsley cultured cells displayed a slow, but long lasting, increase in SHH 
mRNA abundance w ith a peak betw een 6-10 hours after addition. These 
increases in mRNA levels were proved to coincide w ith increased SHH 
enzymatic activity (Kawalleck et a l, 1992).

This sum m arised data on SHH transcript inducibility was postulated to 
suggest a close metabolic link between SHH activity and pathogen defence in 
leaf tissue, as several m éthylation reactions are know n to be associated w ith 
pathogen defence in parsley leaves (Kawalleck et a l, 1992). Therefore high 
levels of SAM synthesis and of activated m ethyl group turnover m ay be 
required for these reactions to proceed at elevated rates in stressed areas of the 
plant, w ith lower constitutive levels occurring elsewhere in the plant serving a 
housekeeping function (Kawalleck et a l, 1992). Research on the concentrations 
of SAM and SAH w ithin elicitor treated alfalfa cells suggest that, both increase 
in concentration after treatment. The ratio of SAM and SAH is also reduced 
from  10:1 to 4:1 after elicitation, suggesting increased m éthylation (Edwards,
1995).

1.9 SHH as a wound-induced gene in asparagus
As w ill be explained in chapter 3, the work described in this thesis 

originated from a clone isolated from a cDNA library prepared  from  RNA 
derived from mechanically separated asparagus cells. This m odel system was 
developed to study  the w ound response and therefore the asparagus SHH 
cDNA putatively represents a w ound induced clone.

The response to w ounding  in higher p lants involves a com plex
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in terp lay  of signals, which induce a large num ber of coordinated events 
involved in w ound perception and subsequent protection of the plant. N ot 
only are there local responses in the same organ but also m any higher plants 
are capable of inducing systemic responses in undam aged distant tissues (For 
review s see Bowles, 1990 and 1994; also see chapter 3). M any studies on 
w ounding have used slices of storage tissue such as tubers (Logemann et a l, 
1988) bu t analysis has revealed very few wound inducible transcripts, which 
possibly results from the fact that the viable cells in the local w ound response 
zone occupy only a relatively small volume of the total explant. Therefore it 
was desirable to develop a system to study the local w ound response in which 
viable cells adjacent to the w ound surface and in the proxim al w ound zone 
were enriched. These requirements led to the study of mechanically isolated 
asparagus cells as a possible model system for wounding.

Viable single cells can be isolated mechanically in very large num bers 
from  m esophyll tissues of asparagus (Paul et a l, 1989) and represen t a 
popu la tion  of physiologically and cytologically sim ilar cells that are all 

uniformly w ounded (further described in chapter 3).

This thesis concerns the cloning and analysis of an asparagus cDNA, 
isolated from  a library putatively  containing a large num ber of w ound- 
inducible clones. Prior to the onset of the research described in  this thesis, 
partial sequence data of this clone suggested significant homology to previously 
cloned S-adenosyl-L-homocysteine hydrolase cDNAs.

The initial objective of the project was to characterise the asparagus 
cDNA w ith respect to its expression pattern  w ithin mechanically separated 
asparagus cells and other w ounded asparagus tissue, to elucidate if this clone 
represen ted  a w ound inducible transcript. This cDNA also needed to be 
sequenced in full to confirm its putative identity as an asparagus S-adenosyl-L- 
homocysteine hydrolase clone.

As this asparagus cDNA putatively represented only the second plant 
SHH clone to be isolated, at the onset of this project, studies of gene sequence 
and structure conservation between plant SHH gene sequences were initiated.
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This utilised a PCR-based approach to attem pt to amplify stretches of SHH 
genes from diverse plant species.

As well as this work on the conservation of plant SHH genes, a study of 
the regulation of SHH enzyme activity was also embarked upon w ithin this 
project. To aid in this analysis an antibody had to be produced to help monitor 
SHH enzyme abundance. The study of SHH gene regulation would be aided by 
the use of reporter gene technology to monitor SHH prom oter activity in 
transgenic plants, and so a further objective of the project was the isolation of 
such a promoter. These combined analyses would be used to assess if SHH was 
a constitutive housekeeping gene, whose tem poral and spatial expression 
pattern could be upregulated by stimuli such as wounding.

A final objective of this work was to try and further analyse the role of 
SHH enzyme activity, by the perturbation of endogenous SHH gene expression, 
in transgenic plants.

To summarise the objectives of this work, this thesis aims to answer the 
following questions:

^  Is the asparagus cDNA a wound-inducible transcript?
♦  Are SHH gene sequences conserved in evolutionary divergent 

plant species?
^  Is the presence of an extra polypeptide motif conserved in diverse 

plant species?
Are plant SHH genes conserved in their gene structure?

#  Does the regulation of SHH enzyme activity occur at 
transcriptional, translational or post-translational levels?

❖ Do the locations of SHH promoter-driven transcription correlate 
to know n sites of transmethylation reactions?
Are any distinct phenotypic effects observed if endogenous SHH 
expression is inhibited?
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Chapter 2

Materials and Methods

The constituents of solutions nam ed within this chapter can be found in 
Appendix I. Bacteriological media preparations are described in Appendix II.

2.1 Sources of Molecular Biological Reagents, Enzymes, and Plant 
Tissue Culture Chemicals

M olecular biology grade chemicals and reagents were purchased from 
BDH Ltd., or from Sigma Chemical Company Ltd. Enzymes were obtained from 
BRL, B oehringer M annheim , S tratagene or Pharm acia. R adio-labelled  

com pounds were acquired from A m ersham  ([32p] a-dC TP w ith a specific 

activity of llOTBq/m ol and a concentration of 370MBq/ml, [32p] y-dATP with a 

specific activity of llO TBq/m ol and a concentration of 370M Bq/ml, [35g] a - 
dATP w ith a specific activity of greater than 22TBq/mol and a concentration of 
370M Bq/ml, [i4C]-adenosine w ith a specific activity 53Ci/m ol) Tissue culture 
salts and horm ones were purchased from Flow Laboratories or Sigma. Agar 
and agar-based media were from Difco Laboratories.

2.2 Bacterial Culture and Storage
2.2.1 Strains and Genotypes
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Escherichia coli:
XLl-Blue : recAl, endA l, gyrA96, thi-1, hsdR17, supE44, relA l, lac, [F' proAB, 

laciqZAMlS, TnlO (teh)], (Bullock et a l, 1987).

LE392  : el4"(mcrA), hsdR514, supE44, supF58, lacYl or A(lacIZY)6, galK2, 

galT22, m etBl, trpR55, (Sambrook et a l, 1989).

Agrobacterium tumefaciens
LBA4404, rifr binary construct host strain, (Hoekema et a l, 1983).

2.2.2 Growth of Bacterial Cultures
Liquid cultures were inoculated from bacterial colonies or from  glycerol 

stocks (bacterial grow th media are described in appendix II). Single colonies 
were picked into the appropriate volume of liquid bacterial media containing 
selective antibiotics, using a sterile pipette tip. From glycerol stocks, a small 
piece of the frozen stock was removed using a flame-sterilized inoculating loop 
and placed into culture medium. Cultures were m ainly grow n overnight, or 
sometimes until the required optical density had been achieved, in a shaking 
incubator at 37°C for Escherichia coli, or 28°C for Agrobacterium tumefaciens. 
Single colonies were produced by using a flamed glass spreader to distribute 50- 
SOOpl of cell suspension onto agar-solidified selective media; or alternatively a 
flam ed inoculating loop was used to streak overnight cultures onto similar 
plates of media. M edia containing agar was allowed to cool to 50 °C before 
adding  antibiotics and pouring into petri dishes. To decrease the risk of 
contam ination, cultures were handled only w ithin the confines of a lam inar 
air flow cabinet.

2.2.3 Storage of Bacterial Ctdtures
Glycerol stocks were made from overnight cultures by mixing 1:1 w ith a 

solution of 60% glycerol in NB. The glycerol stock was then flash frozen in 
liquid nitrogen and stored at -80 "C.

2.2.4 Antibiotics
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The following antibiotics w ere commonly used for the selection of 
plasm ids, episomes or bacterial strains carrying resistance genes, at the given 
final concentrations.

Antibiotic E. coli Agrobacterium

A m picillin 100|ig/ml N /A
Kanamycin lOOpg/ml 50pg/m l
Tetracycline 12.5pg/ml N /A
Rifam picin N /A 50pg/m l
A ugm entin N /A 400|Xg/ml
Vancom ycin N /A 850|Xg/ml

2.3 Cloning and Manipulation of Plasmids in E. coli
2.3.1 Large Scale Preparation of High Purity Plasmid DNA

Based on the m ethod of Sambrook et al. (1989). Cells were harvested in a 
GSA bottle from 500ml of an overnight culture (grown as described in section
2.2.2), by centrifugation at 3000rpm using a Sorvall centrifuge. After removal of 
the spent broth the bacterial pellet was resuspended in 50ml of solution 1 
(50mM Tris-HCl pHS.O, lOmM EDTA pH8.0). To this, 50ml of solution 2 (0.2M 
NaOH, 1% SDS) was added and the tube rolled several times until the solution 
cleared. Finally 50ml of solution 3 (3M Potassium Acetate pH5.2) was added 
and after gentle mixing, the glutinous precipitate was pelleted by centrifugation 
at 10,000rpm. The supernatant was filtered through poly-allomer wool prior to 
the precipitation of the total nucleic acid content by the addition of an equal 
volum e of propan-2-ol. Following centrifugation at 10,000rpm the resultant 
pellet was resuspended in 10ml of dHzO and Ig  of CsCl added /m l of dHzO 
(w arm ed to 30 °C to dissolve CsCl if necessary). On addition  of 800pl of 
lO m g/m l ethidium  brom ide the total volume of approxim ately 13.5ml was 
transferred to a Beckman polypropylene tube of this capacity. After heat sealing 
the tube, it was spun  at 15°C in an ultracentrifuge under vacuum , at 
55,000rpm, overnight. The following day the lower plasm id DNA band was 
visualised using a UV lam p and removed in a small volum e (1ml) using a
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needle and syringe. The EtBr was removed by mixing with an equal volume of 
dH zO /C sC l saturated  propan-2-ol. Following centrifugation the EtBr was 
present in the upper layer while the DNA was present in the lower aqueous 
layer. After several of the above extractions, to remove all EtBr, the plasm id 
DNA was precipitated from the aqueous layer. To allow plasm id precipitation 
w ithout precipitation of the CsCl, 3 volumes of dHzO were added to dilute the 

salt concentration before adding 2.5 volumes of room  tem perature ethanol. 
The resultant pure DNA plasm id was pelleted by centrifugation, w ashed with 
70% ethanol and vacuum  dried before resuspension in 300)11 of dHzO.

2.3.2 Small Scale Preparation of Plasmid DNA
The cells from  1.5ml of an overnight culture (grown as described in 

section 2.2.2) were pelleted using a minicentrifuge at 13,000rpm for three 
minutes. After removal of the spent broth the bacterial pellet was resuspended 
in 200pl of solution 1 (50mM Tris-HCl pHS.O, lOmM EDTA pH8.0). To this, 
200|il of solution 2 (0.2M NaOH, 1% SDS) were added and the tube inverted 
gently several times until the solution cleared. Following the addition of 200|o.l 
of solution 3 (3M Potassium  Acetate pH5.2) and inversion of the tube, the 
glutinous precipitate was pelleted by centrifugation. Total nucleic acid was 
precipitated from the removed supernatant by the addition of an equal volume 
of propan-2-ol. The resultant nucleic acid pellet was resuspended in 200pl of 
dHzO. An equal volume of 5M LiCl was added, to precipitate high molecular 

w eight RNA. After centrifugation the DNA containing su p erna tan t was 
rem oved and a phenol/chloroform  extraction performed. The plasm id DNA 
was precipitated from the removed upper aqueous phase by the addition of 2.5 
volum es of ice-cold ethanol. The resultant crude DNA plasm id pellet was 
w ashed w ith 70% ethanol and vacuum  dried before resuspension in 20pl of 
dHzO.

2.3.3 Restriction Digests
T hese  w ere  p e rfo rm e d  acco rd in g  to th e  m a n u fa c tu re rs  

recom m endations for each ind iv idual enzyme, using restriction  enzym e 
buffers supplied with the enzymes.
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2.3.4 Pwlfication of DNA from Agarose Gels
Several m ethods of extraction were utilised during this work, each of 

which are outlined below:

2.3.4.1 Geneclean
This m ethod utilises a kit containing all the nam ed solutions, w hich is 

available from Bio-101 Inc. The desired DNA fragment was excised from a low 
m elting point agarose gel and weighed in an 1.5ml micro centrifuge tube (the 
previously calculated weight of the tube was deducted from the above w eight 
to give the w eight of the gel slice). Three volumes of N al were then added to 
the slice and this mixture incubated at 55°C for 5 minutes. M eanwhile the glass 
m ilk suspension was vortexed vigorously. W hen the agarose slice had  
dissolved, 5pl of glass milk suspension was added and the tube left on ice for 10 
minutes, w ith regular inversion. After a short pulse in a microcentrifuge, the 
supernatant was removed and the pellet washed 3 times w ith 700pl of cold (- 
20°C) N.E.W. W ash, w ith resuspension occurring each time before a short 
spin. A fter the final w ash all the buffer was rem oved and the pellet 
resuspended in lOpl of dH iO , followed by incubation at 55 °C for 5 m inutes. 
The tube was spun  for 30 seconds in a m icrocentrifuge and  the DNA 
contain ing supernatan t carefully rem oved to a fresh tube. This elution 
procedure was repeated and the second lOpl added to the first.

2.3.4.2 Electroelution
The desired DNA fragment was excised from an agarose gel and placed 

in the chamber of an electroelution tank which already contained IX TAE to 
the correct w orking level. The collection chamber of the tank was then filled 
w ith High Salt Buffer to retain the DNA when a 100 volt charge was passed 
through the apparatus. After a one hour electroelution the H igh Salt Buffer 
containing the required DNA was removed from the collection chamber and 
an ethanol precipitation performed. The resultant DNA pellet was w ashed 
w ith 70% ethanol to remove excess salt before vacuum  desiccation and final 
resuspension in an appropriate volume for the subsequent use of the DNA.

35



Z3.4.3 Gel Slot
Once the desired DNA fragment was separated from other DNA on an 

agarose gel, a narrow  slot was cut in the gel just in front of the required DNA 
band. The gel was then placed back in the gel tank w ith enough IX TAE to 
reach the top of the gel bu t not to cover it. The subsequent em pty slot was filled 
w ith PEG /Salt solution and the gel ran for sufficient length of time to allow the 
band to run  into the slot but not beyond. The PEG/Salt solution was pipetted 
from  the slo t in to  a m icrocentrifuge tube and  v isualised  on a UV 
transillum inator to confirm the presence of ethidium  brom ide containing 
DNA. The DNA was precipitated from this solution using standard  ethanol 
precipitation. The resultant DNA pellet was w ashed w ith 70% ethanol to 
rem ove excess PEG /Salt before vacuum desiccation and final resuspension in 
an appropriate volume for the subsequent use of the DNA.

2.3.4.4 Centrifugal elution
A lthough the m ethod about to be described results in a relatively poor 

yield of DNA, with possible agarose contamination, it was found to be suitable 
for the isolation of DNA to be used subsequently in plasm id subcloning. It has 
the advantage of being very simple and quick. The gel slice was placed in a 
0.5ml microcentrifuge tube which had previously been pierced at the bottom  
using a fine needle and had a small plug of poly-allomer wool placed in it. This 
tube was placed in a 1.5ml microcentrifuge tube and then underw ent a short 20 
second pulse in a micro centrifuge. The liquid content of the gel slice is spun 
into the low er tube and contains a portion of the DNA. The DNA was 
precip ita ted  from  this solution using standard  ethanol precipitation. The 
resu ltan t DNA pellet was washed w ith 70% ethanol to rem ove excess salt 
before vacuum  desiccation and resuspension in an appropriate volume for the 
subsequent use of the DNA.

2.3.5 End-filling of Restriction Enzyme Generated Overhangs
To produce a b lunt end fragm ent from one w ith  5' overhangs the 

cohesive ends were end filled by the addition of a tenth volume of 2mM dNTP
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mix and 10 units of Klenow DNA polymerase directly following restriction 
enzym e digestion. This reaction was incubated at room  tem perature for 30 
m inutes before fragment purification from an agarose gel.

2.3.6 Dephosphorylation of DNA
Cloning, involving single restriction enzyme digested vector, had  its 

efficiency im proved by the dephosphorylation of the vector to prevent self 
ligation. Following digestion with the relevant enzyme, the DNA was extracted 
w ith  phenol/chloroform , ethanol precipitated, vacuum  dried and redissolved 
in a small volum e of IXCIP buffer. The relevant num ber of Calf Intestinal 
Alkaline Phosphatase units were added (0.1 u n it/p m o l 5' overhangs or 1.0 
u n it/p m o l 3' overhangs or blunt ends) and the incubation allowed to proceed 
at 37°C for 30 minutes. The dephosphorylated vector was then extracted w ith 
p h en o l/ch lo ro fo rm , ethanol precip ita ted , d ried  and red isso lved  in an 
appropriate volume for subsequent cloning.

2.3.7 L^ation of DNA fragments
Purified DNA was mixed in an «3:1 molar ratio of insert to vector before 

5X ligation buffer and 1 unit of T4 DNA ligase were added into as small a 

volume as possible. If the ligation involved a blunt ended fragm ent then lOX 
blunt end ligation buffer was used instead of 5X ligation buffer, to im prove the 
efficiency of the reaction (Rusche and Howard-Flanders, 1985). Ligations were 
generally left at 12 °C overnight before transformation into competent E. coli.

2.3.8 Transformation of E. coli with Plasmid DNA
2.3.8.1 Preparation of Competent Cells

A litre of 2X YT containing the appropriate antibiotic(s) was inoculated 
w ith 1 / 100th volume of an overnight bacterial culture. This was grow n for 2-
2.5 hours at 37°C, until the OD600=0.5-0.7, upon which the culture was chilled 

on ice for 30 minutes. The following steps were all perform ed aseptically using 
previously autoclaved equipment. The culture was spun at 4000X gmax for 20 
m inutes in a prechilled rotor. The pelleted cells w ere resuspended  in their 
original volume of ice cold Im M  HEPES, pH7.0. The culture was respun and
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the cells resuspended in half of the original volume of the same HEPES buffer. 
Follow ing centrifugation the pelleted cells were w ashed in 20ml of 10% 
glycerol p lus Im M  HEPES, pH7.0. Finally, the recentrifuged cells w ere 
resuspended in 2.5ml of 10% glycerol and flash frozen in 50pl aliquots.

2,3.8.2 Transformation Procedure
A vial of electroporation-competent bacteria were thaw ed on ice, and 

50pl of cells were transferred to each prechilled 0.2cm cuvette containing Ip l of 
ligation mix. The cuvette contents were shaken to the bottom  and left on ice 
for 1 minute. The Gene Puiser apparatus (Bio-Rad) was set to give 25pF, 2.5kV 
w ith the pulse controller set to 200 ohms and the dried cuvette placed in the 
electroporation chamber. Im m ediately following the pulse (yielding a time 
constant of 4.6msec optimum) 1ml of 2X YT media was added to the cuvette 
and the cells resuspended. This was transferred to a 1.5ml microcentrifuge tube 
and incubated at 37 °C for 1 hour while shaking to allow cell recovery, before 
plating.

2 .3 .9  Identification of Recombinant Plasmids in Transformed Colonies
Certain vectors used w ithin this thesis allow a colour assay to identify 

recombinant clones, due to the presence of the multiple cloning site w ithin the 

la c Z a  gene. This gene's product is the a-subunit of fi-galactosidase which 
complements a m utant gene in the host and facilitates the m etabolism  of the 
substrate  X-GAL (5-bromo-4-chloro-3-indoyl-fi-D-galactopyranoside) w hen 
induced by IPTG (isopropyl-fi-D-thiogalactopyranoside), forming a blue product 
w ithin colonies. Therefore when this gene is interrupted by the presence of an 
insert the recom binant colonies are white and not blue. To allow this colour 
selection 20pl of 40m g/m l IPTG in water, and 20pl of 40m g/m l X-GAL in 
dimethylformamide were spread onto plates before spreading cells.

2.3.9.1 Amplification from Bacterial Colonies by the Polymerase Chain 
Reaction

If colour selection was not available, as in the later stages of m ultiple 
cloning steps, and only a small num ber of colonies were available to be
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screened, then PCR (Polymerase Chain Reaction) was utilised. A lOOpl reaction 
mix (9.9|j,l IIX  PCR Buffer, 10[il of each prim er [lOOng/pl], l[il of Taq DNA 
polym erase [1 u n it/p i] , and sterile distilled w ater) w as assem bled and  
subsequently aliquoted. Each colony was picked with a sterile tip and dipped in 
a separate lOpl PCR reaction mixes before streaking on a fresh selection plate. 
The DNA was am plified using a Perkin Elmer Cetus DNA therm al cycling 
m achine using  the following program m e: D enaturing step = 94 °C for 1 
m inute; A nnealing  step = 50 °C to 65 "C for 1 m inu te  (the annealing  
tem perature is dependent on the specific primers utilised); and an Extension 
step = 72 °C for 2 minutes. This was performed for 25 cycles and the products 
analysed by agarose gel electrophoresis.

2.3.9.2 Colony Hybridisation
If colour selection was not available, a large num ber of colonies were 

screened by regrowth on a nylon membrane. Following bacterial dénaturation 
for 7 m inutes in denaturing solution, 7 minutes neutralisation in neutralising 
solution, and a brief w ash in 2X SSC to remove bacterial debris, the DNA was 
fixed to the m embrane using a Stratalinker® UV crosslinker (Stratagene). The 
filter w as prehybridised at 65 °C for at least 1 hour in  DNA hybridisation 
solution to block non-specific b inding of the radio-labelled probe. After 
addition of the freshly boiled probe (prepared as described in section 2.9.4) the 
hybridisation was allowed to continue at 65 °C overnight. Filters were washed 
at 65 °C for 20 m inutes in w ash A, and if higher stringency was required a 
further 20 m inute w ash in w ash B was performed. Following w ashing the 
m embrane was w rapped in 'Saran W rap' and exposed to X-ray film at -80 °C in 
a cassette containing an intensifying screen. The hybridising clones of interest 
were then grown in liquid culture from the reciprocal bacterial streak on a 
duplicate plate, for later restriction enzyme analysis.

2.4 Cloning arid Manipulation of Plasmids in

2.4.1 Transformation of Agrobacterium tumefaciens with Plasmid DNA
2.4.1.1 Preparation of Competent Cells
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This procedure is identical to the preparation of E. coli com petent cells 
(section 2.3.8.1) except that the required optical density of cells requires an 
extended period of grow th in comparison to E. coli. Therefore the 500ml 
culture inoculated w ith a 1/100th volume of a two day old starter culture, was 
left to grow at 28 °C overnight before reaching the required OD.

2.4.1.2 Transformation Procedure
This procedure is identical to the transform ation of E. coli com petent 

cells (section 2.3.8.2) except that the Gene Puiser machine (Bio-Rad) was set to 
give 25pF, 2.5kV w ith the pulse controller set to 600 ohms (yielding a time 
constant of 13.0msec optimum). The cells were left to recover for several hours 
at 28 °C before plating.

2.4.2 Small Scale Isolation of Agrobacterium tumefaciens Total Nucleic Acids
As described in Draper et al. (1988). A 5ml culture of Agrobacterium  

tumefaciens was grown overnight from a single colony. Cells were pelleted 
from  1.5ml of the culture by m icrocentrifugation for 5 m inutes, and 
resuspended in 300pl of dHzO, to which lOOfxl of 5% Sarkosyl was then added. 
After mixing, 150pl of 5m g/m l pronase was added and the mixture incubated 
at 37°C for 1 hour. The pronase treated cell suspension was mixed w ith 500pl 
of pheno l/ch lo ro fo rm  by vortexing and after centrifugation, the aqueous 
solution was rem oved and phenol/chloroform  extractions perform ed in a 
similar m anner for a further 3 times. Total nucleic acid was precipitated from 
the final aqueous layer by the addition of one twentieth volum e of 5M NaCl 
and  3 volum es of -20 °C ethanol. The nucleic acid w as collected by 
m icrocentrifugation for 10 m inutes, rinsed in 70% ethanol, d ried , and 
redissolved in 50pl of dHzO.

2.5 Small Scale Isolation of Total Nucleic Acids from Other Bacterial 
Species

A 10ml aliquot of culture was spun down and after discarding the 
supernatant, the resultant pellet was washed with 1ml of STE buffer to remove
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residual media. After recentrifugation and removal of the w ash buffer solution 
the pellet was resuspended in SOpl of freshly prepared lysozyme (50pg/|il in 
TE) and transferred to a microcentrifuge tube. This was incubated at 37°C for 15 
m inu tes to allow  cleavage of bonds betw een sugar res id u es in  the 
polysaccharide components of the bacterial cell wall. To lyse the bacterial cells 
450pl of GE reagent (5M Guanidium Thiocyanate, O.IM EDTA) was added and 
the solution vortexed. To this, 250pl of ice cold 7.5M Am m onium  Acetate was 
a d d e d  an d  the so lu tio n  le ft on ice for 15 m in u te s . S everal 
chloroform /isoam ylalcohol (24:1) extractions were then perform ed until the 
protein layer at the interphase was eliminated. The total nucleic acid was then 
precipitated w ith the addition of an equal volume of ice cold propan-2-ol. After 
centrifugation the nucleic acid pellet was washed w ith 70% ethanol and air 
dried, before resuspension of the nucleic acids in 50pl of dHzO.

2.6 DNA Sequencing
2.6,1 Single-Stranded Template Production

Sequencing of single stranded plasmid relies on three factors. Firstly, the 
p lasm id of interest m ust contain the FI origin of replication to allow  the 
production of single stranded DNA. Secondly, the plasm id m ust be in a male 
cell line, as these contain pili which allow M13 phage to infect the cells. 
Thirdly, the cells m ust be superinfected w ith defective M l 3 phage to rescue 
single stranded DNA from the plasm id of interest and extrude it into the 
m ed ium .

At the same time as 5ml of 2X YT was inoculated w ith a single colony of 
the cell line containing the plasm id to be sequenced, lOpl of VCSM13 helper 
phage was also added. This was left to grow, shaking at 37 °C, for 1 hour before 
the add ition  of kanam ycin to a final concentration of lOOpg/ml. After 
overnight grow th in similar conditions the resulting culture should contain 
phagem id DNA packaged as single stranded filam entous phage w hich had 
been extruded from the cells. A 1.5ml aliquot of the overnight culture had the 
cells pelleted by centrifugation and the upper 1ml of the supernatan t was 
rem oved to a fresh microcentrifuge tube. To precipitate the phage particles 
200pl of 20% PEG8000/2.5M NaCl was added to the supernatan t and  the
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m ixture left at room tem perature for 5 minutes, before pelleting the phage by 
microcentrifugation for 10 minutes. All the supernatant was carefully rem oved 
and the pellet resuspended in 200pl of dHzO. To rem ove the proteinaceous 
phage coats, phenol/ch loroform  extractions were perform ed until a clean 
interface was achieved. The aqueous single stranded DNA was precipitated 
w ith 15pl of 4M sodium  acetate pH5.2 and 500pl of ethanol from  the upper 
aqueous layer. Following a 10 m inute microcentrifugation the pelleted DNA 
was rinsed w ith 70% ethanol, dried and resuspended in 25pl of water, of which 
5pl was analysed by agarose gel electrophoresis.

2.6.2 Sequencing Using T7 DNA Polymerase
A T7 DNA polymerase sequencing kit (USB), using chain term inating 

ddNTPs (Sanger et ah, 1977) was utilised and the m anufacturers instructions 
followed. The kit allows the same protocol for both single and double stranded 
templates, once double stranded DNA has been denatured. To denature ~2\xg of 
double stranded DNA, it was resuspended in 18pl of dHzO, and 2pl of 2M 
NaOH added. After 5 m inutes at room tem perature, 2pl of 5M A m m onium  
Acetate pH4.8 were added and the DNA precipitated by the addition of lOOpl of 
ethanol. After centrifugation, 70% ethanol washing, and drying of the pellet it 
could be u tilised in fu ture steps in a similar m anner to single stranded  
template. To anneal the prim er to the template, the following were mixed and 
the final volume made to lOpl with dHzO:- 

Ipg  template
2pl of 5X Sequencing Annealing Buffer 

80 nanograms of primer 

This mixture was warmed to 65 °C for 2 minutes and then cooled slowly 
to room  tem perature. Once the Sequenase® enzyme had been diluted 1:8 with 
enzym e dilution buffer and the labelling mix d ilu ted  1:5 w ith w ater, the 
labelling reaction was performed. To the now cold lOpl annealing reaction the 
following were added:-

Ipl O.IM DTT
2pl of 1:5 dilute labelling mix
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0.5pl [a-35S] dATP
2(0,1 of 1:8 diluted Sequenase® enzyme 

This was mixed thoroughly and incubated at room tem perature for 2-5 
minutes. To terminate the reaction 3.5|ol of the labelling reaction was added to 
2.5|ol of each of the four prew arm ed dideoxy term ination mixture. After 2-5 
m inutes at 37°C, 4|ol of stop solution was added to each of the four tubes. To 
load these reactions on a prepoured gel, each was heated to 90 °C for 5 minutes 
and 2-3(0.1 loaded per lane. Gels were made by polymerising 60ml of Sequencing 
gel mix by the addition of 70pl of TEMED and 170(0,1 of 25% Am m onium  
Persulphate. This mixture was poured into sealed Bio-Rad sequencing plates 
and  left to polym erise for 1 hour. The gels w ere run  at an optim um  
tem perature of 50°C in IXTBE. Gels were dried onto W hatm an 3MM filter 
paper and exposed to X-ray film at room temperature, overnight.

2.6.3 Automated Taq DyeDeoxy™ Terminator Cycle Sequencing
The Taq DyeDeoxy™ Terminator Cycle Sequencing was perform ed on 

an A pplied Biosystems Model 373A DNA sequencing system using ABI dye- 
labelled dideoxy-nucleotides as terminators and AmpliTaq® DNA polymerase. 
In all cases the template plasm id DNA was double stranded and prepared by 
alkaline lysis (see section 2.3.2). To perform the reaction, ~l(0,g of tem plate was 
m ixed w ith 9.5(xl of reaction premix, 3.2pmol of prim er and the final volum e 
m ade to 20(0,1 w ith dHzO. After overlaying the above mixture w ith one drop of 
m ineral oil the following cycling reactions were perform ed in a Perkin Elmer 
Cetus M odel 480 therm al cycling machine: 96 °C for 30 seconds, 50 °C for 15 
seconds, 60 °C for 4 minutes, for a total of 25 cycles. To remove unincorporated 
excess DyeDeoxy™ terminators the reaction mix was increased to 100(0.1 by the 
addition of dHzO and then 100(ol of chloroform added to dissolve the m ineral 
oil. On addition of 100(ol of phenol:H20:chloroform (68:18:14) the m ixture was 

vortexed and centrifuged, before removal of the upper aqueous phase from the 
lower organic dye term inator containing phase. This extraction process was 
repeated  before precipitation of the extension products using 15(0,1 of 2M 
sodium  acetate, pH4.5 and 300(ol of ethanol. The dried pellet was then handed
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to the autom ated DNA sequencing service operated at Leicester U niversity 
w here sam ples were run, and processed onto floppy disks for com puter 
analysis.

2.6.4 Data Handling
Sequence data was analysed using the W isconsin Genetics Com puter 

Group (GCG) programmes (Devereux et a l,  1984). Amino acid alignments were 
perform ed using the CLUSTAL program m e w ith default param eters (Higgins 
and Sharp, 1989).

2.7 Transcript Mapping
A suitable DNA restriction fragment was isolated and dephosphorylated 

as previously described in section 2.3.6. A further restriction enzyme digestion 
was then perform ed to internally cleave the fragment. The appropriate probe 
fragment, which would only be dephosphorylated at the end protected from Sl- 
nuclease due to hybridising to RNA, was then isolated from an agarose gel.

2.7.1 Kinase labelling
The isolated probe fragm ent was end labelled using T4 polynucleotide 

kinase in the following reaction:-
5pl Probe fragment («2pmoles)
5(0,1 lOX T4 polynucleotide kinase buffer .

3(0,1 [y-32P] dATP which equals «lOpmoles 
2(ol T4 polynucleotide kinase (20units)
35pl dHzO

Following incubation at 37'C for 30 m inutes, 2(0,1 of 0.5M EDTA was 
added and the solution extracted once with phenol /  chloroform before ethanol 
p rec ip ita tion . The DNA was resuspended  in 50(0,1 of dH zO  and  the 
u n in co rp o ra ted  nucleo tides rem oved by Sephadex G-50 sp u n  colum n 
chromatography. Following ethanol precipitation the probe was dried and the 
incorporated counts m easured by Cerenkov counting.
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2.7.2 Nuclease-Sl Mapping
A lOpg aliquot of total RNA was mixed w ith 3pl of labelled probe 

(«60,000 cpm) and precipitated using ethanol. The resultant dried nucleic acid 
pelle t w as resuspended  in 30pl of nuclease-Sl hybrid isation  buffer and 
incubated at 85 °C for 10 m inutes to denature the nucleic acids followed by 
overnight incubation at the desired hybridisation tem perature (40-65 °C). The 
next day 300pl of ice-cold nuclease-Sl m apping buffer was then added  and 
digestion perform ed at 37"C for 30 minutes. The reaction was cooled to 0°C 
an d  80(0.1 of ice-cold nuclease-S l stop m ixture added . F ollow ing a 
phenol /  chloroform extraction, two volumes of ethanol were added  and  the 
nucleic acid pelleted by centrifugation. The pellet was w ashed w ith  70% 
ethanol, dried and resuspended in 4(0.1 of dHzO. Following the addition of 6(ol 
of sequencing stop solution, the mixture was boiled for 2 m inutes prior to 
loading on a denaturing polyacrylamide sequencing gel. Known DNA sequence 
ladder was run on the same gel to assay the size of any protected fragments.

2.8 Growth and Cnltnre
Asparagus officinalis (cv. Connover's colossal) seed was purchased from 

Nickerson Seeds Ltd.

2.8.1 Growth of Asparagus for Wounding Studies
For studies on the wound response in intact asparagus tissue, seeds were 

sow n on sterile verm iculite and then grown in the dark  at 26 °C. Etiolated 
seedlings were harvested 2 weeks after germination and mesocotyls were cut 
into 5mm lengths. Incubation proceeded on damp filter paper in Petri dishes at 
26'C in the dark for the specified time periods.

2.8.2 Asparagus Cell Isolation
The mechanical isolation and culture of asparagus cells were carried out 

essentially as described by Paul et al. (1989). Six-week-old greenhouse grown 
plants had their cladodes stripped from the stems. The cladodes were surface 
sterilised in  10% bleach for 20 m inutes, then the bleach was rinsed off the 
sterile cladodes with 4 washes of 400ml of sterile H 2O. Small am ounts of sterile
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cladodes were gently ground in a small quantity of sterile H 2O using a m ortar 
and pestle. The resulting cell suspension was filtered through a 64pm sieve to 
remove large debris from the resulting cell suspension. This grinding process 
was repeated on the large debris using fresh H 2O to increase yields. After all 
sterilised cladodes had been ground twice, the total cell suspension volum e 
was transferred to a GSA bottle and the intact cells pelleted by centrifugation at 
SOOrpm in a benchtop Sorvall for 5 m inutes. The resu ltan t supernatan t, 
containing debris from damaged cells, was removed and the pellet resuspended 
in 100ml of sterile H 2O. After identical centrifugation the supernatan t was 

again rem oved and the pelleted cells resuspended in 80ml of asparagus 
m edium . The intact cell concentration was calculated w ith  the aid of a 
haemocytometer, and after similar centrifugation as described previously, the 
pelleted cells were resuspended to a final concentration of 4x105 intact cells/m l 
of asparagus medium . The cell suspensions were placed in 10ml aliquots in 
9cm petri dishes and after sealing with Nescofilm were incubated in the dark at 
25 °C on a rotating platform (40rpm). To harvest the cells, they were collected by 
centrifugation and stored at -80 °C if not for immediate use.

2.9 cDNA and Genomic Library Screening
All libraries screened within this thesis had previously been constructed 

at Leicester. Credit m ust therefore be given to Dr. Simon W arner and Mr. Rob 
Darby for construction of Asparagus officinalis cDNA libraries and Dr. Michael 
Roberts for the construction of an Arabidopsis thaliana genom ic library  
(W arner et a l ,  1992; Roberts et al., 1993). Both asparagus cDNA libraries were 
constructed in the same m anner using the insertion vector Lam bda Zap®II 
from  Stratagene. This vector allows in vivo excision of a plasm id containing 
the cloned fragment. In both cases Eco R I/N ot I adapters were used to allow 
rem oval of whole cDNAs from the vector. The Arabidopsis genom ic library 
was constructed in Lambda Dash II (Stratagene). All libraries screened had been 
am plified.

2.9.1 Plating of Lambda Phage
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cDNA libraries were plated on competent E. coli, strain XLl-Blue, while 
genomic libraries were plated on E. coli, strain LE392. Both strains of competent 
E. coli w ere p roduced  by inoculating  50ml of LB m edium  contain ing 
0.2%maltose and lOmM MgS04 with lOOpl of an overnight culture. U pon the 
culture reaching an OD600=0.5, the cells were collected by centrifugation and 

resuspended in 0.5 volumes of ice cold lOmM MgS04, and stored for up to a 
w eek at 4°C. These cells were utilised to obtain plaques of lam bda clones 
w ithin a bacterial lawn in the following manner. SOOpl of com petent cells were 
m ixed w ith the desired num ber of p.f.u. (p.laque form ing units) from  the 
recently  titred  library  and incubated at 37 °C for 15 m inutes to perm it 
adsorption of the phage to the cells. To this suspension, 8ml of molten top agar 
(appendix II) a t 48 °C was added, and the resulting mixture poured onto a 14cm 
petri dish containing solid NA m edium . The plates were inverted for 8-16 
hours at 37°C, dependent upon the size of plaque required. For 9cm petri 
dishes, 200pl of cells and 3ml of top agar was used.

2.9.2 Plaque Lifts and Library Screening
Petri dishes were cooled to 4°C to harden the top agar to help prevent 

the agar sticking to the nitrocellulose. Circles of Hybond-N (Amersham) were 
cut to the size of the plates in use, and the plaques transferred by laying the 
m em brane onto the plates for 2 minutes. During this time orientation marks 
were m ade w ith a needle and a marker pen to allow realignment of the filter to 
the plate after hybridisation. If duplicate filters were taken from the same plate 
the second m embrane was left on the plate for 4 m inutes. M embranes were 
placed plaque side up  on filter paper soaked in denaturing solution for 7 
m inutes, then transferred to filter paper soaked in neutralising solution for 7 
m inutes. A fter rinsing the filters in 2X SSC, the DNA w as bound to the 
m em brane u sing  a S tratalinker™  UV C rosslinker (S tratagene). The 
m em branes w ere then probed in exactly the same m anner as described in 
section 2.3.9.2.

2.9.3 Storage of Isolated Phage Clones
Clones of interest were isolated by coring plaques from  plates using a
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Pasteur pipette and eluting the phage from the core into SOOpl SM. If after 
several rounds of screening an individual plaque of interest could be isolated 
w ithout contamination from any other plaques, it was eluted as described with 
the addition of 20pl of chloroform, to prevent bacterial grow th, for long term 
storage at 4°C.

2.9.4 Preparation of Radio-Labelled DNA Probes
DNA probes were m ade using the random  hexamer prim ing m ethod of 

Feinberg and Vogelstein (1984). DNA probe stocks were isolated from  agarose 
gels as low melting point agarose gel slices, or purified from the gel (section 
2.3.4). After dilution to In g /p l, lOpl of probe stock was removed and boiled for 
5 minutes before addition to the following labelling reaction:- 

lOpl probe stock (lOng)
3(0,1 Oligolabelling buffer
0.6(ol of lO m g/m l BSA (DNase free)

1.5(ol [32P] a-dCTP

0.6(ol DNA polymerase I Klenow fragment 
The labelling reaction was allowed to proceed for 1 hour at 37 °C before 
incorporation was measured.

2.9.5 Measurement of Isotope Incorporation into DNA
To stop the reaction, 85(ol of dHzO was added to the 15(ol labelling 

reaction to dilute the enzyme and inhibit its activity. To calculate the total 
num ber of radioactive counts in the reaction, 2(0.1 was spotted onto a G F/C  disk. 
A further 2(ol was added to 500(ol of 500(Og/ml herring sperm  which acts as a 
carrier. To precipitate the DNA, 125(ol of 50% TCA was added and then the 
mixture spotted onto a fresh G F/C  disk in a vacuum funnel. The G F/C  disk in 
the funnel was washed twice with 10% TCA and once w ith IMS and therefore 
only incorporated radioactive nucleotides are found on this disk. The two disks 
were then placed in separate scintillation vials and counted on a LKB Wallac 
liquid scintillation counter. Incorporation was calculated as a percentage of the 
precipitated (incorporated) counts against the total counts in the reaction. To 
rem ove unincorporated nucleotides the probe was then spun  dow n a G50
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Sephadex (pre-autoclaved in STE to fully expand the Sephadex) column which 
had been made in a 1ml syringe barrel. The probe was boiled for 5 m inutes to 
denature the DNA before addition to the hybridisation reaction.

2.9.6 Rescue of pBluescript Carrying cDNA Inserts from Lambda Zap II via an 
In Vivo Excision Protocol

Two hundred microlitres of positive phage stock were mixed w ith 200pi 
of E. coli (XLl-Blue) at ODéOO=1.0, Ipl of R408 helper phage (>7.5X1010 p.f.u ./m l) 
and incubated at 37°C for 15 minutes. 5ml of 2X YT media were added and the 
culture shaken at 37 °C for 3 hours. The tube was then heated to 70 °C for 20 
m inu tes to kill the host XLl-Blues before rem oving  cell debris by 
centrifugation at 4000rpm for 10 m inutes. The supernatan t contains the 
pBluescript phagem id packaged as filamentous phage particles. Therefore to 
plate the rescued phagemid, lOpl of supernatant and separately lOpl of a 1:100 
d ilu tion  of supernatan t, were m ixed w ith 200pl of E. coli (XLl-Blue) at 
OD600=1.0 and incubated at 37°C for 15 minutes before plating 1-lOOpl onto NA 
plates containing lOOpg/ml ampicillin. Overnight incubation at 37 "C produced 
colonies of cells containing pBluescript in plasm id form, from which cDNA 
inserts could be isolated by restriction digests of purified plasm id DNA.

2.9.7 Preparation of P h ^ e  Lambda DNA
This m ethod was essentially performed as described by Sambrook et al. 

(1989), w ith the addition of some extra centrifugation steps to remove insoluble 
m atter w hich escaped earlier attem pted removal. To 500ml of prew arm ed 
NZCYM media, 1ml of an overnight culture of E. coli strain LE392 was added, 
and grow n at 37°C for 3-4 hours until OD600=0.5. This culture was then 
inoculated w ith lOio p.f.u. of a pre-titred phage stock and incubation continued 
until lysis occurred after 3-5 hours. On lysis, 10ml of chloroform was added and 
incubation continued for 10 minutes. Upon removal of the chloroform Ip g /m l 
of DNase I and RNase were added to digest released bacterial nucleic acid. Once 
digestion had occurred for 30 minutes at room tem perature, solid NaCl was 
added  to a final concentration of IM  and dissolved by stirring. Following 
centrifugation to pellet bacterial debris, the supernatant was rem oved and solid
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PEG8000 added to a final concentration of 10% and dissolved by stirring. To 
allow the phage particles to precipitate the solution was then left in iced water 
for an hour. The phage were collected by centrifugation and after removal of all 
the superna tan t the pellet was resuspended  in 8ml of SM. To rem ove 
particulate m atter which could not be resuspended the sam ple was quickly 
spun again and the supernatant transferred to a fresh tube. Ip g /m l of DNase I 
and RNase was added to digest any remaining bacterial nucleic acid during a 30 
m inu te  incubation  at room  tem perature. An equal volum e of phage 
precipitation buffer was then added to precipitate the now pure phage particles. 
The phage were collected by centrifugation and after the rem oval of all the 
supernatant, the pellet was resuspended in 1ml of SM. EDTA pH8.0 was added 
to a final concentration of 20mM followed by addition of proteinase K to a final 
concentration of SOpg/ml. Prior to an hour incubation at 56°C, 50pl of 10% SDS 
was added. The solution was extracted twice with phenol/chloroform  and the 
DNA precipitated by the addition of l/2 0 th  volume of 3M sodium  acetate 
pH7.0 and 2.5 volumes of ethanol. Following a 70% ethanol wash and drying of 
the DNA pellet, the phage DNA was resuspended in an appropriate volume of 
distilled water.

2.10 Analysis of Gene Expression by Northern Blotting
2.10.1 Extraction of Plant RNA

Total RNA was extracted from plant tissues essentially as described in 
D raper et al. (1988). Tissue was flash frozen in liquid nitrogen and ground with 
acid washed sand in a mortar and pestle. More liquid nitrogen was added and 
2 m l/g fresh weight of RNA grinding buffer was added whilst further grinding 
occurred. The ground mixture was transferred to a 50ml polypropylene tube 
and  left on ice un til the m ixture was thaw ed. An equal volum e of 
phenol / chloroform was added and the solution emulsified by inversion. The 
protein precipitate was collected at the interface by a 5 m inute centrifugation at 
3700rpm (4°C). The aqueous supernatant was rem oved and a further three 
p h e n o l/c h lo ro fo rm  extractions perform ed. The final aqueous phase was 
rem oved to a siliconised Corex tube and l/2 0 th  volume of 4M sodium  acetate 
and 2.5 volumes of ice cold ethanol added to precipitate total nucleic acids,
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which were collected by centrifugation at 10,000rpm for 10 minutes at 4°C. The 
pellet was resuspended in 2ml of dHzO and a half volume of 8M LiCl added. 

This was left on ice for 2 hours to allow the differential precipitation of RNA. 
The RNA was collected by centrifugation at 10,000rpm for 10 m inutes at 4°C, 
the pellet resuspended in a small volume of sterile distilled w ater and the 
concentration m easured by scanning spectrophotometry,

2.10.2 Scanning Spectrophotometry of Nucleic Acids
Nucleic acids have an absorption peak at 260nm and therefore OD26O is 

used  to determ ine nucleic acid concentration. Nucleic acid solutions were 
diluted 1 in 200 and transferred to a quartz cuvette to be scanned across the 
range 200-300nm using a Hewlett Packard spectrophotometer. A peak at 260nm 
w ith a trough at 220-240nm indicates a pure nucleic acid preparation. An OD26O 
of 1.0 is equivalent to a 40pg/m l RNA solution, or a 50pg/m l double stranded 
DNA solution.

2.10.3 Northern Blotting
Based on a m ethod by Fourney et al. (1988). lOpg of total RNA was 

denatu red  by heating to 65 °C for 5 m inutes in 19pl of RNA denatu ring  
solution. After cooling, 3pl of RNA loading buffer were added and the samples 
loaded on a 0.8% agarose RNA formaldehyde gel. This was run  at 100 volts in 
IX MOPS. To visualise total RNA loadings the gel was placed in an ethidium  
bromide solution for 20 minutes. After photographing the gel, it was washed in 
0.05M NaOH for 20 m inutes prior to washing in 20X SBC for equilibration to 
allow capillary transfer of RNA onto a nylon membrane. Capillary transfer was 
perform ed as described in section 2.11.3 and after transfer the RNA was 
c rosslinked  to the m em brane using  a Stratalinker™  UV C rosslinker 
(Stratagene).

2.10.4 H ybridisation of DNA Probes to RNA bound to a N ylon Support 
Filters were prehybridised in RNA hybridisation solution for two hours

at 42 °C before the addition of freshly boiled DNA radio-labelled probe. The 
hybrid isation  was perform ed overnight at 42 °C w hereupon  w ashes were
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perform ed using w ash A (and w ash B if necessary) at 42 °C. H ybridising 
mRNAs were detected by autoradiography.

2.11 Southern Blot Analysis of DNA
2.11.1 Extraction of Plant DNA

DNA was extracted from plant tissues using a CTAB extraction m ethod, 
essentially as described by M urray and Thompson (1980). Leaf tissue was flash 
frozen in liquid nitrogen and ground with the aid of acid w ashed sand and a 
m ortar and pestle. This pow der was transferred to a 50ml centrifuge tube and 
an equal volum e of 2X CTAB extraction buffer added. After a 30 m inute 
incubation at 60 °C a chloroform extraction was performed, and to the resultant 
rem oved aqueous phase 1/lO th  volume of 10% CTAB (prew arm ed to 60°C) 
was added. Following a further chloroform extraction to remove proteinaceous 
m aterial the DNA/CTAB complex was precipitated w ith the addition of 2 
volum es of CTAB precipitation buffer. Following a hour incubation at room  
tem peratu re , the p recip ita ted  DNA was pelleted by centrifugation  and  
resuspended in 450pl of IM  NaCl. The DNA was precipitated from this by the 
addition of 900pl of room tem perature ethanol, leaving the CTAB in solution. 
The pellet was resuspended in a 20pg/m l solution of RNase A and incubated at 
37°C for 10 m inutes. A final phenol/chloroform  extraction was perform ed 
before an ethanol precipitation of the DNA. On resuspension the DNA was 
scanned on a spectrophotom eter, as described in section 2.10.2, to allow 
dilution to a particular concentration.

2.11.2 Agarose Gel Electrophoretic Separation of DNA
Agarose gels were made by dissolving agarose in TAB buffer at 95 °C and 

then adding ethidium  bromide to a final concentration of 5pg/m l. The agarose 
concentrations w ithin gels varied from 0.6%-3% dependent upon the size of 
fragm ents requiring resolution. The required am ount of 6X DNA loading 
buffer was added to each sample before pipetting into the well of the gel. The 
gels were run  subm erged in TAB buffer containing Ip g /m l ethidium  brom ide 
at 40-150 Volts. The ethidium  bromide in the gel and TAB buffer intercalates 
nucleic acids allowing their visualisation and photography under U.V light.
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2.11.3 Southern Blotting
Based on the m ethod of Southern (1975). To prepare gels for Southern 

blot transfer, each was soaked in 3 volumes of; depurinating solution for 7 
m inutes, denaturing  solution for 30 m inutes, neutralising  solution for 30 
m inutes and finally a brief rinse in 20X SSC. To transfer the DNA, a capillary 
blot w as set up  in the following m anner. The treated gel was placed on 
W hatm an 3MM filter paper on a sponge standing in a tray of 20X SSC. The 
remaining surface of the paper and sponge was covered in cling film to prevent 
the 20X SSC from passing around the edges of the gel. Hybond-N (Amersham) 
was placed on top of the gel and marked with a pencil to allow later orientation 
to the original gel. Three pieces of 3MM soaked in 20X SSC were placed on top 
of the m em brane followed by a further three pieces of dry 3MM. A w ad of 
paper tOwels was placed over the 3MM with the final addition of a 0.5kg weight 
on the top. This was left overnight to allow capillary transfer. The transferred 
DNA w as bound to the Hybond-N  using a Stratalinker'^'^ UV Crosslinker 
(Stratagene). The membrane was then hybridised and probed as described in 
section 2.3.9.2.

2.11.4 Reuse of Blots
Probes were removed from filters by incubation at 45 °C for 30 m inutes 

in 100ml of 0.4M NaOH prior to washing in 100ml of Blot Strip Solution for 30 
m inutes at 45 °C. The blots could then be prehybridised and hybridised w ith a 
new  probe.

2.12 Plant Transformation Procedures
2.12.1 Tobacco (Nicotiana tabacum  ) Leaf Disk Transformation

Nicotiana tabacum (Petite Havana SRI) plants were transform ed using 
the leaf disk transformation method as described in Draper et al. (1988). Young, 
nearly fully expanded leaves were rem oved from greenhouse grow n plants 
and surface sterilised in 10% bleach for 15 minutes. Once sterilised all further 
m anipulations were performed with sterile equipment in a lam inar flow hood. 
To rem ove the bleach from the leaves, they were w ashed in four changes of
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400ml of sterile tap water. Alternatively, 1cm square leaf disks were cut using a 
scalpel, or 1.5cm diam eter circular disks were cut w ith a cork borer, in both 
cases m idribs and major leaf veins were avoided. The cut leaf disks were 
inoculated by a 30 m inute immersion in a suspension (an overnight culture 
d ilu ted  1:50 w ith liquid MSD4X2) of Agrobacterium  containing the binary 
construct of interest. As each disk was placed on solid MSD4X2 plates it was 
shaken to rem ove excess Agrobacterium  suspension. These p lates w ere 
incubated for 2-4 days, depending on w hen Agrobacterium  grow th could be 
visualised, in grow th rooms at 24-26 "C. Explants were then transferred  to 
MSD4X2 plates containing selective antibiotics (400pg/m l augm entin  and 
lOOpg/ml kanamycin) and incubation in the same grow th room at low light- 
in tensity  continued until antibiotic resistant shoots arose from  the callus 
a round  the leaf tissue. Once large enough these shoots w ere aseptically 
rem oved and transferred to MSG m edium  containing the same concentration 
of antibiotics. In this m edium  the shoots produce roots and then the plantlets 
can be transferred to soil.

2.12.2 Axillary Bud Propagation of Tobacco
To allow continued investigation of reporter gene expression in prim ary 

tobacco transform ants, axillary bud  propagation (Draper et al., 1988) was 
perform ed to produce large num bers of genetic clones of the original 
transform ants. M ature stems were cut into nodal sections w ith short 6-8mm 
petiole stum ps and sterilised in 10% bleach for 15 m inutes before rinsing in 
four changes of distilled water. The bleach damaged areas were then removed 
using  a sterile scalpel and the nodal sections placed in MSG containing 
4 0 0 p g /m l augm entin  and  IGOpg/ml kanam ycin. Follow ing 2-3 w eeks 
incubation at 24-26 °C under m oderate illum ination an apically dom inant 
axillary shoot developed which could then be rooted as described in  section 
2.12.1.

2.12.3 In p lan ta  A rabidopsis thaliana  Transform ation using Vacuum 
Infiltration

This was essentially perform ed as described by Bechtold et. al. (1993).
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LBA4404 Agrobacterium containing the Binl9 derived binary vector of interest 
were grow n w ith rifampicin (50pg/ml) and kanamycin (50pg/m l) for «14 h at 
28 °C in 1.51 of NB m edium  (final 00^00=0.8). After centrifugation, the bacterial 

pellet was resuspended in 500ml of infiltration m edium . M eanw hile, «50 
Arabidopsis thaliana (Var. Columbia) p lants w hich had  been greenhouse 
grow n in compost until the appearance of the first silique, were rem oved from 
the soil and rinsed carefully in tap water to wash off the soil. The plants were 
placed in a plastic beaker and the bacterial suspension added. To ensure the 
p lants rem ain under the surface of the suspension, a fresh sm aller plastic 
beaker w ith several holes punched in the bottom was placed on top of the 
p lants and secured in position. The apparatus was then transferred  to a 
vacuum  dissector and left under vacuum  for 20 m inutes w ith occasional 
swirling. The plants were replanted in fresh compost and the seed tray placed 
in a sealed plastic bag to allow recovery for 2 days. The bag was rem oved and 
the plants left to complete their life cycle in a greenhouse. The resultant seed 
set was harvested and the transgenic progeny selected as described in section 
2.12.5.

2.12.4 Arabidopsis thaliana Transformation using Root Culture
This was perform ed as described by Clarke et al. (1992). A. thaliana 

ecotype C24 and Columbia seed was vernalised at 4°C for one week, prior to 
surface sterilisation in 5% bleach for 20 minutes. Following extensive washing 
w ith sterile w ater to remove bleach, the seeds were plated onto germ ination 
media («40 seeds/9cm  plate). The seeds were left to germinate and provide root 
material, for 3-4 weeks in a standard light regime. After this time period whole 
seedlings were removed from the agar and the root system excised. The intact 
roots were placed on callus inducing media and incubation continued for 3 
days. M eanwhile the required Agrobacterium  strain was grow n up  in liquid 
culture (as described in section 2.2.2) for 48 hours prior to d ilu tion w ith 
Agrobacterium  culture dilution media to a final OD6oo=0.1. The intact roots 

w ere cu t into 0.5cm lengths and  suspended  in  20ml of the d ilu ted  
Agrobacterium . After 2 m inutes the roots were filtered on a 100pm nylon 
m esh and  finally b lo tted  on filter paper to rem ove all excess bacterial
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suspension. The roots were placed back onto the callus inducing m edia plates 
for cocultivation w ith the Agrobacterium  for 2-3 days. Bacterial grow th was 
w ashed off the root explants using Agrobacterium  culture d ilu tion  m edium  
and once again the roots were blotted dry on sterile filter paper. The roots were 
suspended in molten shoot overlay m edium (at 30 °C) and poured onto plates 
already containing 30ml of shoot inducing medium. Following several weeks 
of incubation, green callus w ith regenerating shoots developed from  the root 
explants. Those shoots w ith  expanded leaves w ere transferred  to shoot 
elongation m edia in polypot containers. After incubation for 4 weeks, large 
stems were excised and placed in boiling tubes containing «5ml of shoot 
elongation media to allow greater seed sets to occur.

2.12.5 Growing Plants from Seed
Any transgenic seed w ould be kanamycin resistant due to the binary 

vectors u tilised. Therefore tobacco seeds were sow n on 1/2M SO  plates 
containing; 1% sucrose, 400pg/m l augmentin and lOOpg/ml kanamycin, while 
Arabidopsis seeds w ere sow n in identical conditions except 3 5 p g /m l 
kanamycin was used. To sterilise the seed prior to sowing, it was w rapped in 
'M iracloth' and placed in 10% bleach for 10 minutes followed by several rinses 
in sterile tap water. Any kanamycin resistant seedlings were transferred to soil 
for further analysis, once selection occurred.

2.13 Polymerase Chain Reaction (PCR) Based Analysis of Plant 
Material
2.13.1 Small Scale Plant DNA Extraction

Based on the method of Edwards et al. (1991). A microcentrifuge tube cap 
full of tobacco leaf tissue (or equivalent quantity of Arabidopsis leaves) was 
hom ogenised in 400pl of PCR Extraction Buffer. Following centrifugation at 
13,000rpm for 5 minutes, 300pl of supernatant was removed to a fresh tube and 
an equal volume of propan-2-ol added to precipitate the total nucleic acids. 
Following a 5 minute 13,000rpm centrifugation to pellet the nucleic acids, the 
supernatan t was rem oved and the pellet w ashed in 70% ethanol prior to
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drying. The dry pellet was resuspended in 20pl of dHiO.

2.13.2 Plant Genomic PCR
A large reaction mix w as assem bled prior to aliquoting in to  ISpl 

volum es such that each aliquot contained 1.8pl of IIX  PCR Buffer, lOOng of 
each prim er and 1 unit of Taq Polymerase. A 2pl portion of the extraction 
outlined in section 2.13.1 was added as template DNA to bring the total volume 
to 20pl. The DNA was amplified using the cycles described in section 2.3.9.1 but 
30 cycles were normally performed.

2.13.3 Small Scale Plant RNA Extraction
Based on the m ethod of Guerineau et al. (1991). Two whole 3 week old 

A ra b id o p s is  seed lings, or an equ ivalen t volum e of m ateria l, w ere 
hom ogenised in 400pl of RNA extraction buffer, followed im m ediately by the 
addition of an equal volume of phenol /  chloroform. A 300pl aliquot of the 
u p p e r aqueous layer w as rem oved after centrifugation  and a fu rther 
pheno l/ chloroform extraction performed. The final 200pl of rem oved upper 
aqueous layer was subjected to a standard ethanol precipitation to pellet the 
total nucleic acid fraction. This pellet was dried and then resuspended in 50pl 
of dHzO prior to the addition of SOpl of 4M LiCl to differentially precipitate the 
RNA over a half an hour incubation period on ice. The resultant centrifugally 
produced pellet was washed with 70% ethanol and all the liquid rem oved prior 
to air drying. The RNA pellet was finally resuspended in 20pl of dHzO and 4pl 
electrophoresed on an agarose gel to visually quantify the am ount of RNA 
extracted.

2.13.4 Reverse Transcriptase mediated PCR on Plant Derived Templates
Ipg  of RNA extracted in the m anner described in section 2.13.3 was 

added  to a Reverse Transcription Mix and incubated at 42 °C for one hour, 
followed by boiling for 5 minutes to inactivate the reverse transcriptase before 
placing the reactions on ice. A 2fil portion of this reaction was used as a 
template in a PCR reaction performed exactly as outlined in section 2.3.9.I.
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2.14 Analysis of Gene Expression in Transgenic Plant Tissues
All GUS protocols are as described in Draper et al. (1988).

2.14.1 Hîstochemical Localisation of ^-Glucuronidase (GUS) Enzyme
Fresh tissues were suspended in GUS histochemical buffer and vacuum  

infiltrated for 15 minutes prior to incubation at 37 °C for 1-24 hours, depending 
on the in tensity  of the staining. The blue precipitate form ed due to the 
presence of active GUS enzyme was more clearly visualised following the 
clearing of samples in 70% ethanol.

2.14.2 Quantification of GUS Activity Using a Huorometric Assay
The tissue of interest was ground up in an appropriate am ount of GUS 

extraction buffer using a m ortar and pestle or a m icro-hom ogeniser and 
m icrocen trifuge tube. Follow ing pelle ting  of debris by a 5 m inu te  
centrifugation at 13,000rpm, the supernatant was transferred to a fresh tube and 
stored on ice until assaying. Sufficient wells of a microtitre plate were filled 
w ith  200pl of 200mM N azC O s for the time points of the assays being 

performed. The reaction was started by adding lOpl of plant extract supernatant 
to 500pl of GUS fluorom etric assay buffer (prew arm ed to 37°C) and 
immediately pipetting 20|il of the mixed reaction into one of the filled wells in 
the microtitre plate. This acts as a zero time point. During incubation at 37°C 
this procedure was repeated at regular intervals to achieve a time course. The 
fluorescence from  each individual well in the m icrotitre p late w as then 
m easured  using a Perkin-Elm er fluorim eter. D ilutions of Im M  4-m ethyl 
um belliferone w ere used  to allow  a s tan d ard  concen tra tion  against 
fluorescence curve to be calculated.

2.14.3 Luciferase Assays
These assays were performed essentially as described by Ow et a l, (1986). 

The tissue was ground up in 500pl of luciferase extraction buffer using a pestle 
and m ortar. Following pelleting of debris by a 5 m inute centrifugation at 
13,000rpm the supernatant was transferred to a fresh tube and stored on ice
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until assayed. To assay sam ples, 25pi of protein extract was added  to a 
bioluminescence photom eter reaction cuvette and placed in the luminometer. 
The machine injects m easured aliquots of ATP buffer and 0.025mM luciferin 
(made up  in lOOmM sodium citrate) and measures the light emitted.

2.14.4 Protein Quantification using Bradfords^ Assay
The assay (Bradford 1976) was performed in a microtitre plate w ith 20pl 

of protein  sam ple, lOOpl of w ater and lOOpl of Bradford solution. Bovine 
serum  album in standards were prepared to allow the direct calculation of 
pro tein  concentration using a custom  w ritten program m e on a D ynatech 
MR5000 microtitre plate reader.

2.15 SHH Enzyme Assay
The following method to assay SHH enzyme activity was kindly donated 

by Dr. Robert Edwards of Durham  University where m ost of this w ork was 
perform ed. The assay relies on the ability of the enzyme SHH to catalyse the 
synthesis of S-adenosyl-L-homocysteine from homocysteine and adenosine, 
which is the reverse reaction to the normal in vivo activity. This m ethod can 
be divided into two separate protocols; the first for the crude isolation of SHH 
enzyme from  plant tissues, and the second for the assaying of SHH enzyme 
activity w ithin these crude extracts.

2.15.1 Crude Enzyme Extraction
Plant tissue («Ig) was ground in a pestle and m ortar w ith 2 v /w  of SHH 

enzyme extraction buffer, a pinch of acid washed sand and a spatula of PVPP. 
The liquid portion was decanted into a microcentrifuge tube and following 
centrifugation at 17,000g for 15 minutes at 4°C, the supernatant was rem oved 
to a sm all beaker noting the volume. To this, 0.56g of solid am m onium  
sulphate was added per ml and stirred at 4°C for 30 minutes. The precipitated 
p ro tein  was pelleted by centrifugation and resuspended in 2.5ml of SHH 
enzyme assay buffer. After clarification by centrifugation the protein extract was 
desalted using a Pharmacia PD-10 Sephadex G-25 column which had been pre
equilibrated w ith SHH enzyme assay buffer according to the m anufacturers
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instructions. The resultant solution was used in the assay step following the 
estim ation of protein content using Bradford's m ethod as described in section 
2.14.4.

2.15.2 Enzyme Assay
To perform the assay the following reagents were sequentially added to a 

microcentrifuge tube:-
lOpl DL-Homocysteine (omitted in controls)
A ppropriate am ount of crude enzyme extract
lOpl of i4C-adenosine/adenosine (lOOpl of 20mM adenosine added to

lOOpl of i4C-adenosine.)
Make up  to lOOpl with SHH enzyme assay buffer.
After mixing, the contents of the tube were incubated for 30 m inutes at 

30°C. The reaction w as term inated  by the add itio n  of lOpl of 50% 
trichloroacetic acid and left to stand on ice for 10 m inutes. Follow ing 
centrifugation, to pellet precipitated protein, 20pl of reaction was spotted in a 
1.5cm strip on a silica TLC plate containing fluorescent indicator (F254). To ease 
visualisation of the SAH product, the origin was preloaded w ith 5pl of a 
0 .5m g/m l solution of SAH. The plate was developed for 10cm in butan-1- 
ohacetic acid:water (12:3:5) and after the plate dried the SAH was visualised by 
viewing the plate w ith a UV lamp at 254nm. The SAH product was cut from 
the plate and placed in 0.5ml of methanol in a scintillation vial to elute SAH 
from  the silica. After 10 m inutes, scintillant was added  and the sam ple 
counted.

2.16 Analysis of Gene Expression by Antibody Detection
2.16.1 Peptide Design and Synthesis

The design of the three peptides will be discussed in chapter 5. The three 
peptides synthesised at the University of Leicester were:

SHH-PEPl C T S S G R E Y K V K D
SHH-PEP2 T G Q V P D P T S T D N
SHH-PEP3 Q E  Y W W C T E R A L D
An aliquot of each peptide was sent to ZENECA Pharmaceuticals where
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the following procedures were all performed, so that the test bleed sera and 
final bleed sera were eventually received at Leicester for analysis.

Each peptide was conjugated to an im m unogenic carrier molecule 
Bovine Serum Albumin [B.S.A.] prior to immunisation. Peptides 2 and 3 were 
coupled to the B.S.A using glutaraldehyde which couples the peptide at the free 
am ine group . Pep tide  1 w as coupled  to the B.S.A using  MBS (m - 
maleimidobenzoic acid iV-hydroxysuccinimide ester) which couples to the free 
sulfhydryl group on the N-terminal cysteine residue. It should be noted that on 
im m unisation, an im m une response is usually generated against the carrier 
(B.S.A), sometimes the crosslinker (glutaraldehyde or MBS) and hopefully the 
peptide.

2.16.2 Antibody Production
For each of the three conjugated peptides, three individual N ew  Zealand 

W hite rabbits were immunised. The following list outlines the im m unisation 
time course, which is the normal procedure performed at ZENECA.
1) 500pl of prebleed taken from each rabbit.
2) 200pg of conjugated peptide was subcutaneously injected into each rabbit in a 
total volum e of 1ml of Freund's complete adjuvant.
3) Four weeks later lOOpg of conjugated peptide was subcutaneously injected 
into each rabbit in a total volume of 1ml of Freund's incomplete adjuvant.
4) Four weeks later lOOpg of conjugated peptide was subcutaneously injected 
into each rabbit in a total volume of 1ml of Freund's incomplete adjuvant.
5) Two weeks later a 5ml test bleed was performed.
6) Two weeks after the test bleed, and therefore four weeks after the last 
im m unisation, lOOpg of conjugated peptide was subcutaneously injected into 
each rabbit in a total volume of 1ml of Freund's incomplete adjuvant.
7) Two weeks later a 5ml test bleed was performed.
8) Five weeks after the test bleed, and therefore seven weeks after the last 
im m unisation, lOOpg of conjugated peptide was subcutaneously injected into 
each rabbit in a total volume of 1ml of PBS.
9) Eleven days later the final bleeds were taken.

Prior to any test bleeds or the final bleed being sent to Leicester for
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analysis the serum  was separated from the whole blood. Therefore each bleed 
was allowed to clot at room tem perature and then left at 4°C overnight. The 
serum  was decanted off from the clot and spun at 1500g at 4°C for 20 minutes. 
The cleared serum was then frozen and packaged for storage.

2.16.3 Screening for Antipeptide Antibodies
Each test bleed and  final bleed serum  received from  ZENECA 

th ro u g h o u t the im m unisation procedure, was screened for an tipep tide  
antibodies using peptide dot blots. The peptides used on these blots were non
conjugated and  therefore any im m unodetection was caused by antipeptide 
antibodies ra ther than anticarrier or anticrosslinker antibodies. Specific 
quan tities of pep tide  were aliquoted onto H ybond Super-C m em brane 
(Am ersham ) w hich unlike Im m obilon does not require p re-w etting  and  
therefore allows the loading of the peptide solution in tight dots. These strips 
of Hybond were then used in the manner described in section 2.16.7.

2.16.4 Extraction of Plant Proteins
To extract a crude protein sample, ten individual 3 week old Arabidopsis 

seedlings w ere hom ogenised using a m ortar and pestle in 1ml of Anti- 
Proteinase Extraction Buffer (alternatively equivalent w eigh t/vo lum e ratios 
were utilised for differing num bers of seedlings or other tissue samples). All 
sam ples w ere sto red  on ice th ro u g h o u t the ex trac tion . Fo llow ing  
homogenisation, the extract was transferred to a microcentrifuge tube and spun 
at 13,000rpm for 5 minutes at 4°C. The resultant supernatant was rem oved to a 
fresh  tube  and  a B radford assay perform ed to quantify  the p ro te in  
concentration (as detailed in section 2.14.4). If the sample needed diluting to 
achieve a w orkable concentration, d ilu tion  w as achieved w ith  fu rther 
quantities of Anti-Proteinase Extraction Buffer. To prepare the protein  for 
separation by SDS-PAGE an equal volume of 2X SDS Gel Loading Buffer was 
added to an aliquot of the quantified extraction and boiled for 5 m inutes to 
ensure SDS binding to the whole protein.

2.16.5 SDS-PAGE Gel Electrophoresis and Staining of Proteins on these Gels
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Laemmli mini Bio-Rad II protein gel kits were used and  assem bled 
according to the m anufacturer's instructions. Prior to pouring the gel, a comb 
was inserted between the empty plates to mark the position of the resolving gel 
and stacking gel interface at 1cm below the teeth of the comb. The percentage of 
gel used was dependent on the size of proteins to be separated. After pouring 
the desired percentage resolving gel, a layer of butanokdHzO (1:1) was overlaid 
on the acrylam ide mix to exclude oxygen from the polym erisation reaction. 
Following a 30 m inute polymerisation this overlay was poured off and the 
stacker gel solu tion  added , into w hich the combs w ere p laced. Once 
polym erised the combs were removed and the wells rinsed w ith dHzO. The 
gels were placed in the electrophoresis apparatus and glycine running buffer 
added to the inner and outer chambers insuring no leakage from the inner to 
the outer chamber was occurring. The appropriate volum e of boiled protein 
sample was loaded per well and the gels run at 125V until the sample dye front 
reached the stacker gel/resolving gel interface, at which point it was increased 
to 150V until the dye front reached the base of the gel. In all cases the gels were 
run  in duplicate to allow blotting of one and Coomassie staining of the other. 
The gel to be stained was immersed in Coomassie stain and incubated on a 
rocking platform  for one hour. The stain was then rem oved and the gel 
im m ersed in destain solution (10% acetic acid, 10% m ethanol), w hich was 
renew ed  frequently  th roughou t the overnight desta in ing  process. The 
destained gel was stored in 10% glycerol in an airtight plastic bag.

2.16.6 Western Blotting of SDS-PAGE Gels
To transfer the separated protein samples from the SDS-PAGE gel to 

Im m obilon P (Millipore) m em brane a Milliblot-SDE system was used. One 
piece of Immobilon P and six pieces of W hatman 3MM paper were cut to the 
size of the gel. Two pieces of W hatman were pre-wet in anode buffer 1 and 
placed on the blotter. One piece of W hatman pre-wet in anode buffer 2 was 
placed on top. The Immobilon P membrane was activated by pre-w etting in 
m ethanol, rinsed in dHzO and then placed on the three pieces of W hatman. 
The SDS-PAGE gel was then added and the final three pieces of W hatm an pre
w et in cathode buffer were placed on top of the gel. The blotter apparatus was
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run  for one hour at 50mA for one gel or multiples of this for more than one 
gel.

To confirm  pro tein  transfer, the Im m obilon P w as subm erged in 
Ponceau solution for 5 minutes and cleared by rinsing w ith dHzO. The position 

of the markers were noted before all traces of stain were removed by washing 
in TBS-Tween.

2.16.7 Immimodetection of Proteins or Peptides
To block portions of the m em brane w ith no proteins bound, it was 

incubated  in TBS-Tween containing 5% M arvel for 1-2 hours a t room  
tem perature or overnight at 4°C. The membrane was then sealed in a plastic 
bag w ith 5ml of TBS-Tween containing 1% Marvel and the relevant dilution of 
prim ary  antibody. After a one hour incubation at room  tem perature, the 
m em brane was washed three times for 5 minutes in 50ml of TBS-Tween. The 
m embrane was then sealed in a plastic bag with 5ml of TBS-Tween containing 
1% Marvel and a 1:1000 dilution of secondary antibody (alkaline phosphatase 
conjugated goat anti-rabbit immunoglobulins; DAKO). This was incubated and 
w ashed in the same m anner as the prim ary antibody. The m em brane was 
rinsed in BCIP buffer to equilibrate it and then transferred to 5ml of BCIP buffer 
containing 50pl of 50m g/m l BCIP and 50pl of 30m g/m l NBT. The colour 
developm ent was allow ed to proceed until the position of the detected 
pro tein /peptide was clearly visible before stopping the reaction by washing the 
membrane with excess dHzO.

The above procedure was utilised for both western blots of SDS-PAGE 
gels and peptide dot blot strips with the exception of the use of a m ulti slot tray 
for antibody incubation w ith peptide dot blots, rather than plastic bags.
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Chapter 3 

The isolation and sequence analysis 
of Asparagus officinalis SHH 
c D N A s

3.1 Introduction
The response to w ounding in higher plants may not only involve local 

responses bu t also may induce systemic responses in undam aged distant tissues 
(reviewed by Bowles, 1990 and 1994). Within the local response there appears to 
be two distinct stages; the first, occurring w ithin m inutes generally does not 
involve transcrip tion /translation ; the second later phase, is the de novo 
synthesis of mRNA, proteins and organic molecules involved in a variety of 
defence mechanisms. Some of the events reported to occur during the first 
phase include an oxidative burst and cell wall strengthening (Bradley et ah, 
1992; O lsen and Varner, 1993; and Thompson et al., 1987), an increase in 
respiration (Bostock and Stermer, 1989 and Lu et al., 1993), the production of 
plant cell wall-derived elicitors (Darvill and Albersheim, 1984), an increase in 
jasmonic acid (Doares et al., 1995), the release of hydrolytic enzymes from the 
vacuole, electrolyte leakage, changes in ion flux, membrane depolarisation and 
production of callose (Bostock and Stermer, 1989), ethylene production (Yang 
and  Hoffm an, 1984) and changes in protein phosphorylation (Farmer et al., 
1989). The more extensively studied events of the second phase require de
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Figure 3.1 Asparagus officinalis seedlings and cells

Figure 3.1 A A three week old asparagus etiolated seedling which
was utilised for wounding studies by cutting into 5mm sections.

Figure 3.1B A four week old asparagus frond from  w hich the
cladodes were stripped for mechanical separation of asparagus cells.

Figure 3.1C An initial crude preparation of mechanically separated
asparagus cells after passing through a 64pm sieve. The arrows point to 
dead cells with disrupted chloroplasts, and the scale bar represents 50pm.





novo  gene expression and  include; the induction  of p h en y lp ropano id  
biosynthesis (Jahnen and Hahlbrock, 1988), further modification of the cell wall 
p ro teins (Showalter, 1993), lignification (Smith et ah, 1994), production  of 
hydrolytic enzymes such as chitinases and glucanases (Simmons et ah, 1992) 
and  synthesis of po lygalacturonase and  p ro teinase in h ib ito r p ro te ins 
(Bergmann et ah, 1994 and Pena-Cortes et ah, 1988). W ounding has also been 
reported  to induce several novel genes whose function has no t yet been 
assigned, such as AoPRl, the intracellular PR-protein from asparagus (Warner 
gf o/., 1992).

The w ound site is sealed in different manners depending on the plant 
species. M ost m onocotyledonous species have no m eristem atic activity  
associated w ith the w ound site, therefore cell autolysis and cell death occurs at 
the w ound site, w ith the cells im m ediately adjacent to the w ound surface 
becoming infused w ith an extensive layer of lignin and other phenolic based 
polymers. In dicotyledonous plants and some monocots, including asparagus, 
parenchym al cells at the w ound site redifferentiate to allow cell division to 
occur to form a suberized wound periderm (Bostock and Stermer, 1989).

A num ber of the particular processes involved in the w ound response 
have already been discussed in chapter 1, with particular reference to the steps 
requiring transm ethylation reactions in which SAH will be produced as a by
product.

A t Leicester, a model system to study the local w ound response was 
developed  using m echanically isolated asparagus cells. These cells w ill 
dedifferentiate, initiate DNA synthesis, expand and divide w ithin 4-5 days with 
a high degree of reproducibility (Paul et ah, 1989). Over 60% of the single cells 
survive mechanical grinding and around 90% of the viable cell population 
enter into division in liquid m edium (Paul et ah, 1989; see figure 3.1).

Studies of these cells have show n that, as well as cell expansion 
occurring 3 days post isolation, there is a large rise in respiration rate and a 
m assive increase in  RNA synthesis (H arikrishna et ah, 1991). Extensive 
qualitative changes in the protein content of the cells occurs during the first 
few days in culture (Harikrishna et ah, 1991 and 1992). Further w ork has 
provided evidence that mechanically isolated asparagus cells exhibit a typical,
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bu t greatly  am plified w ound response during the first 3-4 days after cell 
separation in comparison to chopped asparagus seedling tissue (Darby et a l, 
1996). This conclusion w as reached by assaying a range of m olecular, 
biochem ical and physiological param eters indicative of a norm al w ound  
response, in finely chopped seedling tissue and in the m odel system cells; for 
example the kinetics of phenylalanine ammonia lyase induction was identical 
in the two tissues bu t the amplitude within chopped seedlings was lower than 

in  the mechanically isolated cells. This study also analysed changes w ithin the 
high abundance class of mRNAs in the asparagus model system by performing 
in vitro translation of mRNA and separation of the synthesised proteins by 2-D 
gel electrophoresis. This revealed a doubling of the num bers of d istinct 
proteins w ithin the five day period post-isolation w hen the w ound response 
and cellular dedifferentiation occur. These inducible proteins were grouped 
into three classes: class A were induced rapidly, bu t transiently , by cell 
separation, peaking by one day and then falling back to basal levels after 24-36 
hours; class B were induced more slowly, peaking after 3 days and then slowly 
re tu rn ing  to the basal levels; class C show ed a sim ilar g radual rise in 
abundance but this was maintained as the cell population entered mitosis. On 
the basis of this 2D-gel analysis, cDNA libraries w ere constructed  and  
differentially hybridised to cDNA populations synthesised from  unw ounded 
cladode tissue or mechanically separated cells. These experim ents suggested 
that over 30% of the clones found in the libraries represented transcripts 
induced specifically by cell separation. Almost half of the clones in the libraries 
failed to hybridise to either probe. These 'cold plaques' (Hodge et ah, 1992) were 
utilised in northern dot blots to determ ine that 20% of the non-hybridising 
clones rep resen ted  m edium -low  abundance transcrip ts induced  by cell 
separation or w ounding. N orthern blots using 150 differentially expressed 
cDNAs as probes, show ed that m ost transcrip ts rap id ly  induced  in 
m echanically separated cells, had a similar tem poral expression profile in 
w ounded seedlings. However, for nearly all genes, the transcript abundance 
w as m uch low er in mRNA populations from w ounded  seedlings w hen 
com pared to that observed in the model system cells. The tem poral expression 
of transcripts from several genes fell into the broad categories outlined by the
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Figure 3.2 Northern analysis of AoSHH transcripts

Figure 3.2A Northern analysis of AoSHH transcripts following cell
isolation. Total RNAs hybridised to the DB6 insert. RNAs were isolated 
from the following:

Lanes 1-5 

Lane 6

asparagus cell population 0 ,1 ,3, 5 and 7 days 
post isolation respectively, 
asparagus cell population 2 months post 
isolation.

Figure 3.2B N orthern  analysis of AoSHH transcripts follow ing
wounding. Total RNAs hybridised to the DB6 insert. RNAs were isolated 
from the following:

Lane 1

Lanes 2-4

unwounded, two week old, dark grown 
asparagus seedlings.
Two week old, dark grown asparagus seedlings 
cut into 5mm sections, and incubated in sterile 
conditions for 1, 2 and 3 days post slicing 
respectively.

lOpg of total RNA was loaded per lane.



A

B

1 2 3 4 5 6

' y - ' ' " ' ' - !'

ri.Skb

1 2  3 4

«1.8kb



2D analysis (Darby et a l, 1996).
Once it was shown that the cDNA libraries potentially yielded a large 

num ber of w ound induced clones [including AoPRl (W arner et a l,  1992)], 
Simon W arner, at Leicester, random ly selected clones which appeared rapidly 
induced  and each were partially  sequenced. The p red ic ted  am ino acid 
sequences were subjected to searches using Pearson and Lipman algorithms for 
homologous sequences w ithin the EMBL database to try and elucidate putative 
clone identities. One such clone, named DB6, hybridised to a 1.8kb transcript, 
w hich w as upregulated  by the mechanical isolation of asparagus cells. The 
partial sequence of DB6 had a significant level of identity to a cloned rat cDNA 
presen t in the EMBL database which encoded the enzym e S-adenosyl-L- 
hom ocysteine hydrolase. A few weeks into this w ork a second p lan t SHH 
cDNA from parsley was reported (Kawalleck et a l, 1992; as described in chapter 
1). This partially sequenced asparagus cDNA was the starting point for the 
work described in this thesis.

The objectives for this section of work were, to fully sequence the 
asparagus cDNA to confirm or disprove its putative identity, and to study the 
transcrip t profiles of this clone in mechanically separated  cells and  other 
w ounded asparagus tissue.

3.2 Northern analysis of DB6 transcript within the model system
Further northern  analysis was perform ed using DB6 as a probe, to 

determ ine in detail the expression profile of the DB6 transcript in response to 
the mechanical isolation of asparagus cells and the w ounding of etiolated 
asparagus seedlings. The northern utilised RNA extracted from asparagus cell 
populations at several time points post isolation (figure 3.2A), and confirmed 
tha t DB6 hybridises to a transcrip t approxim ately 1.8kb in length. The 
abundance of the hybrid ising  mRNA increased in the asparagus cell 
population com pared to the basal level found in the freshly separated cells. 
This transcriptional activation occurred within one day of cell separation and 
was m aintained for up to seven days. The elevated level of the hybridising 
transcript was not m aintained indefinitely, being m uch reduced in long term 
cultured cell total RNA (2 months post isolation). To test w hether the clone



Figure 3.3 Restriction site map of DB6 and comparison to DBF
(AoSHH)

Figure 3.3A Schematic drawing of DB6 and its subclones.
The restriction enzyme sites used to derive the four subclones of 

DB6 (DB6.1-DB6.4) are shown. The relative position and orientation of the 
three prim ers (MSKl-3), constructed to complete the sequencing of DB6, 
are also shown.

Figure 3.3B Com parative restriction enzyme analysis of the two
asparagus SHH cDNAs isolated from lambda ZAPII cDNA libraries, and 
rescued as pBluescript®II SK- clones, namely DB6 and DBF (AoSHH).

All odd num bered lanes contain DB6 restricted DNA and all even 
num bered lanes contain DBF restricted DNA. Due to the use of Eco 
R l/N o t  I adaptors during library construction. Not I w as used in each 
digest to remove the whole cDNA. Unlike Eco RI, Not I has no internal 
recognition sites. Digests were as follows:

Lanes 1 and 2 Bam HI and Not I
Lanes 3 and 4 Eco RI and Not I
Lanes 5 and 6 Eco RV and Not I
Lanes 7 and 8 Hind III and Not I
Lanes 9 and 10 Not I
Lanes 11 and 12 Sac I and Not I
Lanes 13 and 14 Xho I and Not I
Lanes 15 and 16 Bam HI, Eco RI and Not I
Lanes 17 and 18 Hind III, Xho I and Not I
Lane M 1KB ladder
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represented a w ound-inducible transcript, total RNA was also isolated from 
etiolated asparagus seedlings which had been chopped into 5mm sections and 
incubated on sterile W hatm an 3MM paper dam pened w ith  dHzO, for the 
specified time points post wounding. This RNA was utilised in the same 
northern  blot and can be seen in figure 3.2B. These results prove w ound 
induction of DB6 transcript to occur w ithin one day post w ounding, bu t 
transcript levels return  to the basal level found in etiolated seedlings w ithin 
three days. This w ound induction therefore has a different induction profile to 
that observed with the hybridising transcript detected in the isolated cell RNA. 
As both the northerns presented in figure 3.2 were part of the same blot, which 
u nderw en t identical treatm ents, including the same exposure period, the 
levels of hybridising transcript are directly comparable. Com paring both day 
zero time points, greater transcript levels are detected in etiolated seedlings in 
comparison to green cladode tissue. However as previously noted (Darby et ah, 
1996) the mechanically separated cell population exhibits an amplified w ound 
response in comparison to chopped seedling tissue.

3.3 Sequence analysis of DB6
A crude restriction enzyme map of DB6 had previously been constructed 

by Karl Deacon at Leicester. To facilitate sequencing of DB6, subclones were 
generated using internal restriction sites, as shown in figure 3.3A. To allow the 
final unknow n sequence to be elucidated, three primers were designed within 
the previously sequenced regions. The position and orientation of annealing of 
these primers can be seen in figure 3.3A. These primers were;

MSKl 5' GGTAACAAAGATATCCGCC 3'
MSK2 5' GCCTGGAAGGGTGAGACCC 3'
MSK3 5' GGAAGAGAGTGCCGGCATCC 3'
The 1633bp contiguous sequence derived from the four subclones and

the in ternal prim ers, illustrated that the whole DB6 clone was potentially  
derived from an SHH transcript bu t that it was not a full length cDNA. Not 
only was the poly A tract absent from the 3' term inus of the clone, bu t a 
putative translational start site was not present at the 5' end. On comparison of 
the predicted amino acid sequence of DB6 to that of the published parsley SHH
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Figure 3.4 Sequence analysis of AoSHH

N ucleotide sequence and deduced amino acid sequence of the 
Asparagus o ffic in a lis  S-Adenosyl-L-Homocysteine H ydrolase cDNA, 
AoSHH. The first nucleotide of the start codon is base 0 and the initial 
m ethionine is assigned num ber 1. The stop codon is represented by an 
asterisk. The position of the first nucleotide of the initial clone, DB6, is 34 
and the position of the final nucleotide, 1666.



-2 5  CICC7ITrcAGATCOGATCTGAAGAAATOGCTCTCCK33TÎ^^  ̂ 34
M A L L V E K T T S G R 1 2

35 CGAGTACAAGGTCAAQGACATC?rCTCAC3GCCGACT]XXXXXXXXTCGAGATCGAG(̂  ̂ 94 
1 3 E Y K V K D M S Q A D F G R L E I E L A 3 2

95 ACTCCAGCTCTACOGTCCOGAGTACCGGAOGGCAOGKXTrCAAGOCGCSGOCaGGTCaGTAA 154 
33 E V E M P G L M A C R A E F G P A Q P F S 2

155 CAAOCX3COCAAAAATCACrcXlATCCCrayVGATGACGATOCAAACTGCCGTCCTCAT  ̂ 214 
5 3 K G A K I T G S L H M T I Q T A V L I E 7 2

2 1 5  AACCCTAA(XGCCCnXGOCXXX»GGITCaCTOGTGCrcCTaCAACATATlCrOCAC^ 274  
7 3 T L T A L G P E V R W C S C N I F S T Q 9 2

2 7 5  GGACCATG0CGCXXXnX3CCATraCCCG1X3ACTOCQCCTCO3TClTC<32Cr^^ 334
93 D H A A A A I A R D S A S V F A W K G B 1 1 2

335 GACCCTOCAOGAGTAC7rGGIX33TGCACCGAGCGraCXXrrOGACTGGGGOCCCGGĈ  394 
1 1 3 T L Q E Y W W C T E R A L D W G P G G G 1 3 2

395 C0CTGA0CTCATCXW%ATGAC03CaG(%ACA0CACTCTCrTGATCCATGAGG03GrGAA 454 
133 P D L Î V * D D G G D T T L L I H E G V K 1 5 2

455 GŒXXAOGAAGAGrrACGAGAAGACGGGGAAGAlGCCOGATCaGGCGTCTAœGACAATGC 514 
1 5 3 A B E E Y E K T G K M P D P A S T D N A 1 7 2

515 TGAGTTœAGATCGIXaCTCACAATCATCAOGGATGGGCTCAAGGrGGACCCXZACCAÂ  ̂ 574 
1 7 3 E F Q I V L T I I R D G L K V D P T K Y 1 9 2

575 CAGGAAGATOAAGGATAGGATT’GI<X33TGTGTOGGA03AGACX:ACCACCGCXX?K:AAGAG 634 
193 R K M K D R I V G V S E E T T T G V K R 2 1 2

635 GCirrAOCAGATGCAGGCTAACAATTCXXTrCITri'OCCTGOGATCAATGTCAATGACrC 694 
2 1 3 L Y Q M Q A N N S L L F P A I N V N D S 2 3 2

695 CGnx:ACX3Ü«AOCAAGITTGACAATCn^ATGGATGCCGQCACTCTCTrcOCGAT^  ̂ 754 
2 33  V T K S K F D N L Y G C R H S L P D G L 2 5 2

7 5 5  GATGAGQGOCACIGATGTTATGATTCXTrcaCAAGGnGCAGTrcnxrîGOGarTAT^^ 814 
2 5 3  H R A T D V M I A G K V A V V C G Y G D 2 7 2

815 TOrcOGAGAGGGCTGTGClGCTQCACTCAAaCAGaCTGGTGCXXGTGIT’ATTGlGACO^ 874 
273 V G E G C A A A L K Q A G A R V I V T E 2 9 2

875 GATCGACCOCATCTOlGCTCTTCAAaCCXTrAATCGAOGGTCTrCAGGÎOCTCAOCĈ̂ 934 293 Î D P Î C A L Q A L M E G L Q V 1 T L E 3 1 2
9 35  GGATC?ÎTGTCTCAGAaGCC3GATATCTTTGTrAœACCAC0GGrAACAA03ACATCATCAT 994 
3 1 3 D V V S E A D I F V T T T G N K D I I M 3 3 2

995 GOGGACCACATGAOGAAGATCAAGAACAATGCCATTGTCrOCAACATTG(7rcACTrTGA 1054 
333 L D H M R K M K N N A I V C N Î G H F D 3 5 2

1055 CAACGAGATIGACATGCTAGGITrGGAGACATACOCTGGCATCAAGAGAATCAOCATCAA 1114 
353 N E I D M L G L E T Y P G I K R I T I K 3 7 2

1115 GCCCCAGACIS3ACOGC?IGOGrrCTrCXXrraAAA<XAACACIGGrATAAT^  ̂ 1174
373 P Q T D R W V F P E T N T G I I V L A E 3 9 2

1175 GQGCCGACTCATGMCCTIGaGTCTaCCACTGGrcAaXXACSCTITXTIHlATGl^  ̂ 1234
393 G R L M N L G C A T G H P S F V M S C S 4 1 2

1235 CTrCACCAACCAGGIX%TTGCrCAGCrAGAGTTGTGGAATGAGAAGGCAAGCGaCAA(7PA 1294 
413 F T N Q V I A Q L E L W N E K A S G K Y 4 3 2

1355 GOGCAAGCiy âGAGCCAAOCTrACAAAGCTCAGmTrTCACAGOCGGACTACATCAGOGT 1414 
453 G K L G A K L T K L S P S Q A D Y I S V 4 7 2

1415 CCCCATCGAGGGIHXCTACAAGCCAOClCACTACAGGrACTAGACGCTGrTGTaCCGQCSG 1474 
473 P I E G P Y K P P H Y R Y *  485

1475 AGAGATCATCGCAGCAAGAAAGTATTAAGATTGAAGAAGAGAGTTGrrATOGAOGACATG 1534

1535 GCTATATrTACmAmxxnACCTAmVTTQCTGmvrcmXXXyV^CmTAGACT 1594

1595 GATCCTCTTCTTCTCTITGATTTATTACXSATATGAATTCTGTITAAATTrîG^ 1654

1655 CTAATGATGAGCTAGCAGACATATGTTCKTIGGrAGAATAAœAGGlTTrGAACTTrGrG 1714

1715 CAAAAAAAAAAAAAAAAAAAAAAAAAA 1741



cDNA (Kawalleck et a l, 1992) it was discovered that DB6 was 11 amino acids 
shorter at the amino term inus than the parsley SHH clone. Therefore it was 
concluded that DB6 was a truncated cDNA, and so cDNA libraries were 
screened to identify a full length asparagus SHH cDNA (see figure 3.4).

3.4 Scieenmg of cDNA libraries for full length cDNAs
DB6 had been previously isolated from a lambda ZAPII cDNA library 

constructed using mRNA extracted from mechanically isolated cells 1-3 days 
post separation. A library constructed in exactly this m anner bu t containing 
cDNAs synthesised from  RNA extracted from one day  post m echanical 
isolation cells, also existed. Both libraries were screened to try and isolate a full 
length DB6 cDNA. Approximately 25,000 plaques were plated from each library 
for the prim ary screen. The resultant plaque lifts were probed w ith radio
labelled DB6.4 plasmid insert, the 5' end of the DB6 cDNA (see figure 3.3A).

Following three rounds of screening one positively hybridising clone 
was obtained which originated from the library constructed from cells one day 
post isolation, and therefore was from a different library to DB6. To assess if 
this new  clone (designated DBF) was a full length version of DB6, initial 
studies utilised the presence of several restriction endonuclease sites, found by 
the sequencing of DB6, to ascertain if the same sites were present in the same 
locations w ithin DBF. The resultant agarose gel of this analysis can be seen in 
figure 3.3B. This m apping project proved the presence of the know n restriction 
enzyme sites w ithin DB6 to also be present within DBF. It also showed DBF to 
be a larger cDNA than DB6, with the extra sequence being present at both the 5' 
and 3' termini of the cDNA. To demonstrate that DBF probably originated from 
the same transcript as DB6, it was sequenced.

3.5 Sequence analysis of AoSHH (DBF) and its identity to DB6
Portions of DBF were sequenced using the external prim er sites in the 

vector and using the primers MSKl-3 synthesised to sequence DB6. Due to the 
100% identity  found using com putational analysis (Devereux et ah, 1984) 
between overlapping DBF and DB6 sequenced regions, DBF was not sequenced 
in its entirety as the initial sequence data suggested both clones corresponded to
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Figure 3.5 Alignment of predicted amino acid sequences of
AoSFIH and SHH genes from diverse species

CLUSTAL V m ultiple sequence alignm ent of all cloned SHH 
proteins available upon  the completion of the sequencing of AoSHH. 
SHH protein sequences were deduced from the following sources: a=A. 
officinalis, b= P. crispum (accession number=M81885), c=R. capsulatus 
(M80630), d=R. norvégiens (M15185) e=H. sapiens (M61831), f= D . 
discoideum  (M19937), g=C. elegans (M64306), and  h=L. donovan i 
(M76556). The * represents non divergent amino acids and the . represents 
conservatively substituted amino acids.
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transcripts from the same gene. This 100% nucleotide sequence identity  was 
observed in the 3' untranslated regions as well as in the coding sequences.

DBF therefore became designated as Asparagus officinalis S-Adenosyl-L- 
Homocysteine Hydrolase (AoSHH). AoSHH was 1767bp in length, which is the 
approxim ate predicted size of the transcript detected on northern  analysis. 
AoSHH encodes the entire asparagus SHH amino acid sequence of 485 
residues, w ith 25bp of 5' untranslated leader. The 284bp of 3' untranslated  
sequence contains a pu tative polyadenylation signal (AATAA) 20 bases 
upstream  of the 3' term inal poly A tract. The nucleotide sequence and 
predicted amino acid sequence of AoSHH can be seen in figure 3.4.

3.6 Amino acid sequence conservation between AoSHH and other 
cloned SHH cDNAs

Interestingly, predicted amino acid sequence comparisons to other SHH 
cDNAs, showed that AoSHH contained an extra stretch of amino acid residues 
(num bered 145-191 in figure 3.4) at the same position as observed in the 
predicted translation product of the Petroselinum crispum  (Kawalleck et ah,
1992) and Rhodohacter capsulatus (Sganga et ah, 1992) cDNAs, which are not 
present in SHH cDNAs from non-ph^tosynthetic species.

The m ultiple sequence alignment (Higgins and Sharp, 1989) show n in 
figure 3.5, highlights the high level of sequence conservation betw een the 
predicted amino acid sequence of AoSFIH and other SHH clones available at 
the time. This amino acid sequence sim ilarity can be seen to cross major 
evolutionary boundaries. For example the predicted amino acid sequence of 
the d icotyledonous p lan t Petroselinum crispum (Kawalleck et ah, 1992) is 
90.1% identical to that from the monocotyledon Asparagus officinalis. This 
observed  conservation even occurs across d ifferent k ingdom s w ith  the 
pred icted  am ino acid sequence of SHH from the bacterium  Rhodohacter 
capsulatus (Sganga et ah, 1992) being 58.7% identical to AoSHH.

The result of a similar CLUSTAL alignment, perform ed at a later date to 
include three further species [ Triticum aestivum (Richards and Gardner, 1994), 
Catharanthus roseus (Schroder et ah, 1994) and Plasmodium falciparum  
(C reedon et ah, 1994)] found to contain the extra am ino acid m otif, are
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Figure 3.6 Dendrogram of diverse SHH gene sequence alignment
data

D endrogram  of a similar amino acid sequence m ultiple alignm ent 
to that shown in figure 3.5. As well as the eight species utilised in figure 
3.5, three more recently cloned SHH cDNAs, found to contain the extra 
amino acid motif, are included [namely, C. roseus (Schroder et a l, 1994), T. 
aestivum  (Richards and Gardner, 1994), and P. falciparum (Creedon et a l,  
1994)].
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displayed as a dendrogram  in figure 3.6. This clearly shows a clustering of the 
four p lan t SHH sequences utilised, namely AoSHH, C. roseus (Creedon et al., 
1994) P. crispum (Kawalleck et a l ,  1992) and T. aestivum  (R ichards and 
Gardner, 1994), w ith the highest percentage similarity of amino acids over the 
entire predicted amino acid sequence lengths. The two species w ith the greatest 
individual percentage similarity of 97%, are the two m am m alian species, H. 
sapiens (Coulter-Karis and Hershfield, 1989) and R. norvégiens (Ogawa et a l,  
1987). A lthough the SHH cDNAs from both R. capsulatus (Sganga et a l, 1992) 
and P. falciparum (Creedon et a l, 1994) contain the extra amino acid motif, 
neither of these species is more closely related to the plant grouping than to the 
non-plant species. Particular note should be made of R. capsulatus whose 
sequence is more similar to the group containing H. sapiens (Coulter-Karis and 
H ershfield, 1989), R. norvégiens (Ogawa et a l,  1987), C. elegans (Prasad et a l,
1993), D. discoideum (Kasir et a l ,  1988) and L. donovani (H enderson et a l, 
1992) than that of the p lan t species, while the amino acid sequence of P. 
falciparum is the least conserved compared to any other species. Even the level 
of amino acid percentage similarity between P. falciparum and all the other 
d iverse  species is above 50% and represen ts a sign ifican t sequence 
conservation.

3.7 Discussion
Previous w ork by Simon W arner and Karl Deacon at Leicester had 

pu tatively  identified an asparagus cDNA which originated from  an SHH 
transcript, upregulated by the mechanical separation of mesophyll cells. This 
initial cDNA, DB6, was not full length, which led to the isolation of AoSHH 
(formerly called DBF). It was concluded that these two cDNAs arose from the 
same transcript due to their nucleotide sequence identity at least w ithin the 
overlapp ing  regions sequenced. The rem arkable SHH am ino acid and 
nucleotide sequence identity reported in this chapter and elsewhere (Kasir et 
a l, 1988, and Sganga et a l,  1992), suggests that if two genes encoding SHH exist 
w ithin one species, then little or no nucleotide sequence diversity m ay exist. 
Therefore if DB6 and AoSHH originated from transcripts of separate asparagus 
SHH genes, their nucleotide sequence may be identical. However both cDNAs
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contained 3' untranslated portions of nucleotide sequence w hich were also 
found to be identical. Evidence presented in chapter 6 suggests the presence of a 
possible small SHH gene family w ithin asparagus. This could allow certain 
gene family members to be expressed in a differential m anner to other family 
m em bers, as found w ith  m any other genes, for exam ple, phenylalanine 
am m onia-lyase (Shufflebottom et al,, 1993). On screening libraries to isolate 
full length copies of DB6, a cDNA was isolated which originated from the same 
transcript and therefore the same gene. This finding m ay suggest that this is 
the asparagus SHH gene family m em ber induced by the process of cell 
separation, a model for the study of wounding.

N orthern analysis confirmed AoSHH transcript to be highly elevated by 
the mechanical separation of asparagus cells. This increase also occurred upon 
conventional w ounding of asparagus seedlings. However, as noted previously, 
mechanically separated cell populations exhibit an amplified w ound response, 
including increased gene expression, in comparison to chopped seedling tissue 
(Darby et ah, 1996). This amplified w ound response may simply be due to the 
extreme nature of w ounding found in the model system, or a portion of the 
increased levels of SHH transcript may be due to an extra requirem ent for SHH 
enzyme activity to allow the huge metabolic transition occurring w ithin the 
cells. This transition is superim posed on the w ound response as quiescent 
photosynthetic mesophyll cells dedifferentiate to form dividing heterotrophic 
cultured cells.

Studies by Paul et al. (1989) and Harikrishna et al. (1991) have shown 
that mechanically separated cells dedifferentiate to form dividing cultures in 
w hich the first cell divisions occur w ithin four days post isolation, and 
therefore at this time point, DNA replication has already occurred. The 
increase in the DNA content of the cell cultures was m easured and DNA 
synthesis estimated to start after two days of cell separation. This change from 
quiescent m esophyll cells to dividing culture cells requires the enzym es of 
DNA replication to be active w ithin the cells. DNA m éthylation is an integral 
process of DNA synthesis if control of gene expression is to be m aintained 
(reviewed by Finnegan et ah, 1993; discussed in chapter 1). Therefore w ithin the 
rap id ly  dividing cell population, SHH enzyme activity will be required  to
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metabolise SAH produced by the DNA methyltransferases. This requirem ent 
m ay explain the slightly elevated levels of SHH transcript observed w ithin 
long term cultures in comparison to freshly separated cells.

W ithin the w ound response several phenylpropanoid branch pathw ays 
are know n to be activated, as reviewed in chapter 1 (Hahlbrock and Scheel, 
1989). Several known transmethylation reactions occur w ithin these pathw ays 
and some of the induced methyltransferase enzymes responsible have been 
cloned. For example, a cDNA for CCoA-OMT (S-adenosyl-L-methionine;frflns- 
caffeoyl-coenzym e A 3-0-m ethyltransferase), was isolated from  a Zinnia  
elegans m odel system (Ye et al., 1994). Like the asparagus m odel system, this 
system utilises separated mesophyll cells and therefore the two systems are 
very analogous. W hen the Zinnia cells are cultured in basal m edia w ith the 
ad d itio n  of NAA (1-naphthaleneacetic acid) and BA (benzyladenine) 
horm ones, the mesophyll cells differentiate into tracheary elements (TE), but 
in basal m edia alone, or w ith the addition  of single horm ones, no TE 
differentiation occurs. N orthern analysis revealed CCoA-OMT mRNA levels 
to differ in a m edia-dependent manner. A lthough the greatest induction of 
CCoA-OMT mRNA occurred during  TE differentiation, due to the lignin 
synthesis, it was noted that mRNA accum ulates at low er levels w ith in  
dedifferentiating cultured cells in basal media w ithout hormones or w ith the 
addition of a single hormone. Recently a cDNA for CAOMT (caffeic acid O- 
methyltransferase) was isolated from this model system (Ye and Varner, 1995). 
Unlike CCoA-OMT, CAOMT transcription was greatly induced in cells in basal 
m edia, in comparison to hormone-containing media. These papers conclude 
that m any enzymes required for lignin synthesis are induced as a result of the 
w o u n d  resp o n se  d u rin g  cell separa tion . Specifically , tw o p ro v en  
m ethyltransferase enzymes have been shown to be induced by the separation 
of Zinnia  mesophyll cells, an analogous system to that used for asparagus. 
W ith the induction of several transm ethylation-requiring pathw ays, the basal 
levels of SHH gene expression required for various housekeeping functions of 
prim ary metabolism may not be sufficient under stress conditions, causing the 
observed transcriptional activation of SHH.

A similar model system, for the isolation of defence related transcripts,
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was utilised for the isolation of the parsley SHH cDNA (Kawalleck et ah, 1992). 
This cDNA was isolated from cell suspension cultures after treatm ent w ith a 
know n elicitor from the fungus Phytophthora megasperma f. sp. glycinea. The 
parsley system  utilises long established, dividing heterotrophic suspension 
cultures treated  w ith elicitor, whereas the asparagus system  uses freshly 
isolated m esophyll cells. In the long established parsley culture the initial 
w ound response has faded and therefore any induction of PcSHH transcript 
was due to the addition of the elicitor. H owever AoSHH transcrip t was 
upregulated  w ithout the use of an elicitor and therefore is present in the 
library due to the mechanical separation of the cells. It has been noted that 
several genes are induced both by the process of w ounding and pathogen attack 
(for example, Shufflebottom et ah, 1993). This difference in the m odel systems 
used to isolate these two plant SHH cDNAs, may explain the slight variance in 
induction profile between the cDNAs. After elicitor treatm ent of the parsley 
cells, PcSHH mRNA levels peak between 6-10 hours, w ith levels above basal 
observed in the final time point of 31 hours; whereas in the asparagus system, 
the AoSHH transcript is expressed at its peak level up to 7 days post separation.

The com parison of the predicted amino acid sequence of AoSHH to 
other cloned SHH cDNAs highlights the high level of sequence conservation 
that has occurred within the SHH proteins prim ary structure. Similar studies 
using species separated by about one billion years in evolutionary history, led 
to the postulation that this conservation of the amino acid structure served an 
im portant function (Kasir et ah, 1988). This remarkable sequence conservation 
facilitated the study of SHH sequence structure in diverse p lan t species as 
described in the next chapter.
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Chapter 4 

Investigation of SHH gene 
conservation across several plant 
sp ecies

4.1 IntroducHon
C om parisons of the AoSHH pred icted  am ino acid sequence to 

previously cloned SHH cDNAs suggested a high degree of amino acid sequence 
conservation (see chapter 3). The percentage sequence identity observed upon 
alignm ents of the AoSHH, parsley (Kawalleck et ah, 1992), Rhodohacter 
capsulatus (Sganga et ah, 1992) and hum an (Coulter-Karis and Hershfield, 1989) 
predicted amino acid sequences are 90.1%, 58.7% and 58.1% respectively. To 
fully appreciate this level of sequence conservation, these results need to be 
view ed in the context of other sequence identities for genes isolated from 
diverse species. SAM decarboxylase isolated from potato is only 34.9% identical 
to a hum an SAM decarboxylase predicted amino acid sequence and 30.7% 
identical to one from yeast (Mad Arif et ah, 1994). SAM synthetase-1 from 
Arahidopsis thaliana is 49% identical to E. coli and 57% identical to yeast 
versions of this gene (Peleman et ah, 1989a). By focussing on a specific gene 
found only in plant species, the percentage sequence identity  betw een the 
monocot species (asparagus) and the dicot species (parsley) SHH clones of 90.1% 
can be seen to be greater than 81.55% or 81.45% identity for chalcone synthase
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clones from  Zea mays and Petunia hybrida, or H ordeum  vulgare  and 
A ntirrhinum  majus, respectively. These percentage identities observed in 
diverse plant species chalcone synthase genes, are considered to show  very 
strong conservation through evolution (Niesbach-Klosgen et a l, 1987).

O ther workers (Kasir et al., 1988; Sganga et a l, 1992) have also noted the 
high degree of prim ary amino acid sequence conservation w ithin SHH cDNAs 
from  diverse species, and both Kawalleck et al. (1992) and Sganga et al. (1992) 
rem arked on the presence of an 'extra amino acid motif' found w ithin SHH 
cDNAs isolated from species with a photosynthetic ability. A lthough this extra 
amino acid motif differed in size between parsley and Rhodohacter capsulatus, 
41 amino acids and 36 amino acids respectively, it was present in the same 
relative position. This data related only to genes from a single p lan t and a 
single bacterial species and therefore was of uncertain significance.

H ow ever, w hen upon sequencing of AoSHH, it was also found  to 
contain this extra amino acid motif (chapter 3) in the same position w ithin the 
derived amino acid sequence, I decided to test the hypothesis that the presence 
of the extra amino acid motif was due to the photosynthetic nature of the 
species from  w hich the clones were isolated. A PCR-based approach was 
u tilised to amplify SHH gene portions from several diverse p lant species to 
assess w hether the extra amino acid motif was present. The study was extended 
to also include non-photosynthetic and photosynthetic bacterial species. A 
similar PCR approach was also utilised to study a further aspect of SHH gene 
conservation within several plant species, namely intron position.

To allow amplification of a portion of the SHH gene(s) from  p lan t 
species, two prim ers were designed to anneal to regions of DNA spanning the 
sequence encoding the extra amino acid motif. To design prim ers which could 
be utilised on a diverse range of plant species, the sequence of each prim er was 
based  upon  alignm ent of three species SHH cDNA sequence. W hen the 
prim ers were originally designed the only plant SHH sequence in the databases 
was that of parsley cDNA (Kawalleck et a l, 1992). The SHH sequences from 
asparagus (this work), parsley (Kawalleck et a l, 1992), and that from rat (Ogawa
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et a l ,  1987) were aligned using programmes from the GCG software package 
(Devereux et a l ,  1984) and degenerate primers were designed on the basis of 
this alignment. By using two plant and one animal SHH cDNA sequences it 
was anticipated that the prim ers would allow the amplification of SHH gene 
portions from a diverse range of plant species. A conserved putative NAD 
binding  site had  been identified in both published SHH cDNA sequences 
(Ogawa et a l, 1987; Kawalleck et a l, 1992) so primers were not designed to this 
portion of the gene as this sequence w ould be present in other genes requiring 
this cofactor.

Suitable prim er sites were found either side of the extra am ino acid 
motif coding region, found within the plant cDNAs. The first primer, MSPCRl 
has 8 fold degeneracy while the second MSPCR2 has 4 fold degeneracy. Xba I 
restriction sites were included at the 5' end of each prim er together w ith 3 extra 
bases to aid in the cloning of any product. The position of annealing of these 
prim ers w ith respect to the AoSHH sequence shown in figure 3.4 are, MSPCRl 
255 to 277 and MSPCR2 718 to 696.The sequence of these primers are:-

MSPCRl 5' GCG TCr AG A TGC AAC ATA/c TIC TCC/A ACC/i CAG GA 3' 
Xfwl

MSPCR2 5' GCG TCT AGA TTA/c TCA AAC TTG CTC TTG GTA/c AC 3'
Xfwl

It was hoped that these primers would allow the specific amplification of 
SHH sequences from all plant species and that the size of the product w ould 
reveal whether the extra amino acid motif was present.

4.3 Amplification of SHH sequence from several diverse plant species
PCR amplifications were performed on genomic DNA from Arahidopsis 

thaliana cv Columbia, Asparagus officinalis cv Connover's Colossal, Nicotiana 
tabacum  cv Petite H avana SRI (tobacco), Brachypodium distachyon  and 
Triticum aestivum  (wheat). Asparagus was used as a control as AoSHH was 
utilised in the prim er design and therefore a PCR product should be amplified
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Figure 4.1 Amplification of SHH gene fragm ents from diverse
plant species

Figure 4.1A MSPCRl- and MSPCR2-primed amplified products ran
on a 1% agarose gel, proving all five plant species to produce a «470bp 
product containing the extra amino acid motif.

M =lkb ladder size marker 
1= Arahidopsis thaliana 
2=Asparagus officinalis 
3=Nicotiana tabacum 
4=-ve control (no template DNA)
5=Brachypodium distachyon 
6=Triticum aestivum

Figure 4.1B Southern blot of the gel in figure 4.1A hybridised w ith
the radio-labelled  DB6, dem onstrating  DNA sequence conservation 
between amplification products from different species.
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from  a genomic DNA template from this species. W heat and Brachypodium  
are both m onocotyledonous species like asparagus. Unlike the hexaploid 
species w heat, Brachypodium has a small genome size (Shi, 1991) and therefore 
is po ten tia lly  a m odel m onocotyledonous species for gene iso lation . 
Arahidopsis and tobacco are both well characterised m odel dicotyledonous 
species.

Figure 4.1A shows the products of this PCR amplification. The asparagus 
genom ic DNA, positive control tem plate, gave an expected =470bp PCR 
product. All species tested dem onstrated the same sized SHH PCR product 
w hich is consistent w ith the presence of an extra amino acid m otif and the 
absence of introns within this sequence.

A single product was observed in all amplifications except from  the 
w heat genomic DNA template which had a product of the predicted size and a
smaller product. The size of the second smaller w heat product was consistent

^  —     — -----------------

w ith the predicted product size if amplification had occurred from an SHH 
template, that has no extra amino acid motif.

Southern blot hybridisation with the AoSHH probe dem onstrated that 
all PCR products hybridised after high stringency washes (0.5X SSC and 0.5% 
SDS at 65 °C for 15 minutes) to the AoSHH probe confirming the PCR products 
w ere indeed am plified from SHH genes. This suggests conservation of the 
nucleotide sequence to have occurred between diverse plant species and the 
resultant autoradiograph of the experiment can be seen in figure 4.1B.

4.4 Cloning and sequence analysis of plant SHH amplification 
products

To analyse the PCR products further, each am plified fragm ent was 
cloned in to  pCR™ vector (Invitrogen), follow ing the m an u fac tu re r 's  
instructions in the TA cloning kit. Both strands of the resultant plasm id inserts 
were sequenced from primers in the vector and using MSPCRl and MSPCR2 as 
sequencing prim ers. The resu ltan t nucleotide and  pred icted  am ino acid 
sequences were used in sequence alignments and this proved that each PCR 
product was a result of the amplification of an SHH gene. The smaller wheat 
PCR product was shown to be derived from an SHH gene sequence but, as
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Figure 4.2 A lignment of the predicted amino acid sequences of
the SHH PCR products

Figure 4.2A CLUSTAL V m ultiple sequence alignm ent of the
sequenced PCR products, which demonstrates the presence of the extra 
amino acid motif in all p lant species tested. The extra amino acid motif is 
show n in green, the * represents non divergent amino acids and the . 
represents conservatively substituted amino acids.

Figure 4.2B Identical to figure 4.2A, except for the removal of the
non-plant SHH 370bp amplification product. This figure highlights the 
conserved nature of all the plant SHH amplification products.



A
A. o f f i c i n a l i s  
T. a e s tiv w a  
N tabacum
A . th a lia n a
B. d is ta c h y o n  
370bp product

HAAAAIARDSASVPAmGETLQEYTiWC3%)^--------- DWGPGGGPDLIVDDGGDmLiH
RAAAAlAR0SASVPi»œGETLÛGYMWtnsyiL--------- DMGPGGGUSUVODGWOTTLLIH
HAAAAIARDSIUiWAVKGETUBïMWCTERAL--------- DWGPGGGPDLIVDDGGDATLLIH
HAAAAIARDaAAAPAMKGETLQEïWWCTERAL----------DMGPGGGPDLIVDDGXajA'rLLIH
HAAAA1AR£)SAAWAMK6ET1£EWWCTERCL--------- DMGVGGGPDLIVMGasPTLLIB
OAAAAlAAAGIPVFAWKGaBTEEEÏEMCIBQTILKDGKPW DANMVU3DQGDLT-------

* * * * * * * * * * * * *  *

A. o f f i c i n a l i s  
T. a es tiv u m  
S tabacum
A, th a lia n a
B . d is ta c h y o n  
370bp product

FÆVKAEEEYEKTCamPDPASTCWAKFQTVLTIlRDGLKVDPTKYRKMKraiVGVSKKTTT 
EGVKAEEEYEKTGKMPDPTSTÎWAEFQIVLTIIiaXÏLKVDPTKÏRKMKnRrVGVSEETTT 
EGVKAEEETÏAKSGKIJPDPSSTEKVEFXJtVLTIIKDGIjnTDPLKYTKMKERLVGVSEETTT 
EGVKAEKIFEKl'QQVPDPTSTDNPEFQIVLSIIKEGDCAÆlPKK.yHKMKKKLVGVSggTTT 
EGVKAEEEFEKSœiPDPESAEKPEFKIVLTI IRIXÎIjm»RKÏRKMKERLVGVSEETTr 
-----------EILHK----------------------------------------------------------KYPOMLERIHGITEETTT

A. o f f i c i n a l i s  
T. aestivian 
N tabacum
A . th a lia n a
B. d is ta c h y o n  
3701^ product

GVKRLYQMQANNSIiFPAlNVNDS
GVKM-YÛMQANNSUJFLTINVNDS
GVKRLYQMQANGTLLFPAINVNDS
GVKM^YQMQ(XJGTIiFPAlîJVNDS
GAKM-YQTC»nK5TLLPPAINVNDS
GVHRUJ3KLKAGTLKVPAINVMMA

B
A. o f f i c i n a l i s  
T. a es tiv u m  
H tabactnn
A. th a lia n a
B . d is ta c h y o n

HAAAAlARDGASVPAWKGBTLOBYWMZTERAIÆWGPGGGPDLIVDDGGDTTLLIHBGVKA
RAAAAIAIfflSASVFAHKGETIXXnrHHCnXRAUXISPGGGaLOUVOIXSQTITLLXHEGVKA
HAAAAXARDSRAVFAKKGETLQEYWWCTERALDHGPGGGPDLIVDDG<a»TLLIHE<?/Ka
haaaaiardsaaafaw kgetl<s :ywwcteraij>wct>gggpdlivddggdatllihegvka

HAAAAX&RDSAAVFAWKGETLEEYWHCTERCLDHGVGGGPDLIVDDGœPTLilHEGVKA 
.* * * * * * * * *  . ** * * * * * *  ̂ * ******^**** *** *********  **********

A . o f f i c i n a l i s  
T. aestivum 
If tabacum
A . th a lia n a
B. d is ta c h y o n

EEEYEKTGïMPDPASTDNAEFQIVLTI I3«>3LKVDPTKYRKMKrSRTVGVSEETTTGVKRL

EBEXAKSGKLPDPSSTCNVEFC^VUriIRDGEUCnX>LKXTEMKKRLV6VSEETTTGVKRL 
EEIFEKTQOVPDPTSTEWPKFQIVLSIIKBCaJGVDPKKYHKMKERLVGVSEETrTGVKRL 
EKEFEKSfSUPDPESADNPEFKIVLTI IHœUCTn&RKYRKMKERLVGVSEETTTGAKRL
** . •,*,,*** *,** * ** **^*^********** ***

A. o f f i c i n a l i s  
T. a es tiv u m  
N tabacum
A . th a lia n a
B . d is ta c h y o n

YQM0BNNSLLFPAINVND6
YQMQANNSLLFLTINVNDS
YQMOANGTLLFPAINVNDS
y q m q q n g t l l p p a in v n d s

YOngmGIIZFPAlNVNDS 
** * ..* * *  _ ******



expected, d id  not contain the extra amino acid motif found in all the other 
amplification products. To investigate the origin of the smaller PCR product in 
wheat, a fresh DNA isolation was performed and used in PCR w ith the primers 
MSPCRl and MSPCR2. The smaller SHH product was no t am plified bu t the 
approximately 470bp fragment was still present. No further products could be 
radioactively detected upon Southern blotting (result not shown). Further 
experim ents w ere perform ed using several small scale DNA extractions 
(Edwards et ah, 1991) bu t the smaller product was never observed. This will be 
discussed later, bu t it should be noted that the origin of this sm aller 
amplification product was thought to be non-plant, contam inant DNA.

The predicted amino acid sequences of all six am plification products 
were aligned using CLUSTAL V (Higgins and Sharp, 1989) as shown in figures 
4.2A and 4.2B. The protein sequence of the extra amino acid motif found in the 
5 plant derived SHH amplification products is conserved, w ith levels slightly 
lower bu t similar to those found when comparisons are m ade using full length 
p lant sequences. In addition, a high degree of conservation was observed in the 
sequences flanking the extra amino acid motif. A dendrogram  of these PCR 
products predicted amino acid structure can be seen in figure 4.3.

4.5 Amplification of SHH sequence from diverse bacterial species
As it was concluded that the origin of the 370bp amplification product 

w ithin the original w heat template reaction was due to non-plant contam inant 
DNA, this suggests tha t the prim ers MSPCRl and MSPCR2 m ay allow  
am plification of DNA from evolutionary diverse species apart from  plants. 
This was tested using bacterial species. As discussed in chapter 1, not all bacteria 
have SHH enzym e activity, and therefore do not contain the SHH gene. 
Studies by several groups (Walker and Duerre, 1975; Shimizu et ah, 1988) have 
shown which bacterial species contain SHH enzyme activity. Based upon these 
studies SHH gene amplification was attem pted from three species show n to 
contain SHH activity, nam ely, Halobacterium salinarum, a R hodosp irillum  
species and Agrobacterium tumefaciens LBA4404. Rhodospirillum  species are 
close relatives of Rhodohacter species, in which SHH was found to contain the 
extra amino acid motif (Sganga et ah, 1992). The choice of these three species

80



Figure 4.3 SHH protein dendrogram of predicted amino acid
sequence derived from PCR product sequence

A CLUSTAL V dendrogram  alignment of the sequences show n in 
figure 4.2A.



— A. officinalis

—  T. aestivum

N. tabacum

■A. thaliana

B. distachyon.

370bp
product

" I I I I I

60 70 80 90 10045 50

%  Similarity of amino acids



also facilitates the study of the correlation between extra amino acid motif 
presence and  the photosynthetic  na tu re  of the species. Halobacter a n d  
Rhodospirillum  species are photosynthetic, while Agrobacterium  is a non
photosynthetic bacterial species. Using template DNA, derived as described in 
section 2.5, am plification was perform ed on the listed  bacterial species. 
A m plification products were observed in Halobacter and R hodosp irillum  
tem plate reactions which were identical in size to the amplification product 
found in an asparagus positive control. However, no am plification product 
could be observed in samples with Agrobacterium tem plate DNA (results not 
shown). Therefore, although the amplification products were not cloned and 
sequenced, their size proves the presence of the extra amino acid motif w ithin 

two further photosynthetic bacterial species.

4.6 A further primer design to investigate conservation of plant SHH 
intron position

Upon the isolation and sequencing of a genomic Arahidopsis SHH gene 
(discussed in chapter 6), it was discovered that a single intron existed w ithin 
the coding region. Thus a further prim er was designed, which in conjunction 
w ith  M SPCRl, w ould  allow  am plification of the Arahidopsis in tron  and 
surrounding DNA sequence. The use of two SHH-specific primers w ould allow 
the design of a simple assay to determine the presence or absence of an intron 
at or near the same position as that found in Arahidopsis, in several diverse 
plant species. Due to the high level of nucleotide sequence conservation found 
between diverse plant species in the original PCR experiments, the sequence of 
prim er MSPCR3 was sim ply designed upon the nucleotide sequence of the 
Arahidopsis genomic clone. A GC rich region of the genomic clone which was 
close to the 3' end of the intron and within the coding sequence was utilised. 
Therefore the sequence of MSPCR3 is:-

MSPCR3 5' GCG TCT AGA ATC ATG ACA TCA GTG GCC CTC AT 3'
Xbaï
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Figure 4.4 PCR of an SHH intron from diverse plant species

MSPCRl- and MSPCR3-primed amplified products ran on a 1% 
agarose gel, proving that 3 of the 5 species tested contain an in tron 
between the prim er annealing sites.

M =lkb ladder size marker 
1 - Arahidopsis thaliana 
2=Asparagus officinalis 
3=Nicotiana tahacum 
4=-ve control (no template DNA)
5=Brachypodium distachyon 
6=Triticum aestivum





4.7 Amplification of SHH intron/exon boundaries from plant species
The sequence data obtained from AoSHH (a cDNA) and AtSHH (a 

genomic clone) allow the size of amplification products to be predicted if no 
introns exist between MSPCRl and MSPCR3. Using Arabidopsis as a positive 
control for a species known to contain an intron w ithin this amplified region, 
PCR analysis was performed on the same species as previously described, using 
the same template DNA. The resultant amplified products were analysed by gel 
electrophoresis and can be seen in figure 4.4. This gel was Southern blotted and 
hybridised to a radio-labelled AoSHH probe, proving all amplification products 
cross hybridise to AoSHH (results not shown), and only one p roduct is 
amplified from each species.

The size of the products («520bp) from amplification from  an asparagus 
and tobacco genomic DNA template were consistent w ith the predicted size 
based on the AoSHH cDNA sequence for an SHH gene lacking an intron. 
H ow ever Arabidopsis produced an 820bp product as predicted  from  the 
genom ic clone, w hile both B rachypodium  and w heat p roduced  larger 
amplified products of approximately 1.3kb and l.lk b  respectively. This result 
suggests both Brachypodium and wheat SHH genes contain introns at or near 
to the position of the intron in the Arabidopsis SHH gene, bu t that in both 
these species the introns are larger.

4.8 Cloning and sequence analysis of further plant SHH amplification 
products

To confirm that each of the amplified products were the correct portion 
of DNA, each was cloned into a suitable vector for sequencing. MSPCR3 prim er 
con ta ined  an  Xba I site sim ilar to MSPCRl and  therefore fo llow ing 
precipitation and digestion of the asparagus and tobacco PCR reactions, these 
amplification products were cloned into similarly cut pBluescripf^^SK-. Due to 
the presence of an Xba I site within the Arabidopsis amplification product, and 
the larger size of the Brachypodium  and wheat products, w ith an increased 
chance of containing this restriction enzymes recognition sequence, these three 
products were cloned in pCR™ (Invitrogen). Both strands of the plasm id
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Figure 4.5 Plant SHH intron/exon boundaries

Schematic diagram  of the in tron/exon boundaries w ithin the PCR 
products show n in figure 4.4. In those species containing an intron, the 
boundary was found to be at exactly the same position w ithin the amino 
acid sequence. The intron splice site consensus sequences are shown.
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inserts were sequenced as well as several subclones. The resultant nucleotide 

sequence dem onstrated the presence of a single intron in exactly the same 
position w ithin the predicted amino acid sequence in three of the five plant 
species tested. This is schematically represented in figure 4.5. The predicted 
amino acid sequence of each product is not shown as it is identical to that of the 
MSPCRl and MSPCR2 amplified products, apart from an extra 19 amino acids 
present at the MSPCR3 termini of the product.

The introns found w ithin the Brachypodium and w heat SHH gene 
am plification  products w ere no t com pletely sequenced, therefore only 
approxim ate sizes are given on figure 4.5. The sequence data p roved  the 
presence of typical splice site junctions in all three introns [5' splice site 
consensus AG/GTAAG; 3' splice site consensus TGCAG/G (Simpson et a l, 
1992; Goodall and Filipowicz, 1991)], as shown in figure 4.5. The Arabidopsis 
intron is discussed in detail in chapter 6 and the splice site junctions and other 
sequence consensus elements are in agreement w ith the previous criteria for 
dicot introns (Goodall and Filipowicz, 1989); it is larger than the m inim um  
length of 70 nucleotides, and greater than 59% AU rich, at 67.7%. The two other 
SHH genes found to contain an intron are from m onocotyledonous species. 
The AU richness of m onocotyledonous species introns varies to a greater 
degree than dicotyledonous species introns, w ith the optim al splice site 
sequences alleviating the need for a high AU content (Goodall and Filipowicz, 
1989). As the entire introns were not sequenced, the 100 nucleotides next to 
each splice site were com pared to the PCR products coding regions. In 
Brachypodium  the coding region has only 40% AU content whereas the 200 
sequenced nucleotides of the intron have à 63% AU content. In w heat, these 
figures are 38% and 56% respectively. This average m onocotyledon species 
in tron  AU content m ay com pensate for the lack of optim al splice site 
sequences.

4.9 Discussion
Each of the five plant species tested w ithin this analysis were found to 

contain the extra amino acid motif postulated to exist w ithin SHH genes from 
photosynthetic species, therefore the working hypothesis holds for all cases

83



tested. The presence of an amplification product from the original w heat 
tem plate of an SHH gene not containing the extra amino acid motif, was 
unexpected. This led to repeat experiments being perform ed, using freshly 
extracted w heat genomic DNA tem plate where the 370bp fragm ent was not 
observed. It was therefore concluded that the initial 370bp product amplified in 
the w heat DNA tem plate reaction, probably arose from  a contam inant. 
Sequence comparisons of the predicted amino acid structure w ith SHH genes 
found on the EMBL database suggested the 370bp product was not from a plant 
origin, bu t was m ost similar to D. discoideum (Kasir et ah, 1988), C. elegans 
(Prasad et ah, 1993), H. sapiens (Coulter-Karis and Hershfield, 1989) and R. 
norvégiens  (Ogawa et ah, 1987) SHH sequences, w ith  approxim ately 68% 
identity in all cases. This proves that the PCR contamination did not arise from 
a hum an source and that this 370bp SHH sequence was an artifact. This idea is 
also supported  by the lack of a 370bp product in PCR reactions from  several 
fresh DNA extractions from wheat. However, this data dem onstrated that the 
MSPCRl and MSPCR2 may be used to amplify SHH sequences from  m any 
species across kingdoms.

Repeating the analysis using bacterial species dem onstrated the presence 
of the extra amino acid m otif w ithin two further photosynthetic bacterial 
species, b u t u n fo rtu n a te ly  am plification  d id  no t w ork  in  the n o n 
photosynthetic  species utilised. Therefore although the correlation of the 
photosynthetic nature of the species and the presence of the extra amino acid 
m otif was confirmed, the absence of the extra amino acid motif w ithin non
photosynthetic bacterial species could not be shown. H ow ever this study  
endorses the possible non-plant origin of the 370bp amplification product from 

. the original wheat extract.
This w ork has confirmed the correlation of the presence of the extra 

amino acid motif w ithin photosynthetic species. The isolation of further SHH 
cDNAs has also added further examples to this correlation. These include the 
dicotyledonous plant species, tobacco (Mitsui et ah, 1993), Catharanthus roseus 
(Schroder et ah, 1994) and Medicago sativa (Abraham s et ah, 1995); the 
m onocotyledonous p lan t species w heat (Richards and G ardner, 1994); and 
perhaps m ore surprisingly  the m alarial parasite Plasmodium falciparum



(Creedon et al., 1994). The presence of the extra amino acid motif w ithin the 
non-photosynthetic  Plasmodium malarial parasite is unexpected, as prior to 
this clone, only photosynthetic species contained this region. H ow ever, 
ribosom al sequences and the presence of a 35-kb plastid-like cytoplasm ic 
elem ent in Plasm odium  has led to the proposition of an algal-like origin to 
these parasites (Creedon et a l, 1994), which may help to explain the presence of 
this extra amino acid motif in a non-photosynthetic species. The presence of 
the extra amino acid motif in SHH sequences from photosynthetic species as 
well as its absence in non-photosynthetic species, has been suggested to indicate 
an early evolutionary deletion or insertion in the SHH gene (Aksamit et a l, 
1995).

Despite the accumulation of data in support of this correlation as a result 
of these studies, no attem pt has been made to explain the role of the motif 
w ith in  these species. It has been proposed  by o ther w orkers th a t a 
photosynthetic specific role is performed by the extra amino acid motif w ithin 
these species (Richards and Gardner, 1994; Creedon et a l,  1994). H ow ever a 
recent paper by Aksamit et a l, (1995) has demonstrated that the presence of the 
extra amino acid m otif is not essential for a functional SHH gene w ithin 
Rhodobacter capsulatus. A  m utant strain of R. capsulatus called StLBl has been 
identified which contains a d isrupted SHH gene (Sganga et a l, 1992). This 
strain  has no detectable SHH activity causing reduced bacteriochlorophyll 
synthesis, due to the inhibition of a required m ethyltransferase reaction as a 
result of SAH accumulation. The rat SHH cDNA was expressed in strain StLBl, 
causing detectable SHH activity and increased levels of photopigm ents. 
Therefore the expression of the rat SHH can functionally com plem ent the 
m utan t strain R. capsulatus StLBl. This result can be interpreted in two ways: a 
photosynthetic specific function cannot be assigned to the extra amino acid 
m otif present in R. capsulatus; or alternatively this motif may contribute to a 
different role such as regulation of enzyme activity or another unknow n 
activity for the enzyme. W hether this conclusion can be extrapolated to include 
plant species has not been addressed. The dendrogram  shown in chapter 3 and 
the m ultiple sequence alignments of Aksamit et a l (1995), highlight the higher 
level of conservation found w ithin p lan t derived extra amino acid motifs
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com pared to the same gene sequence from  other phyla. The percentage 
sequence identity of several extra amino acid sequence motifs are quoted by 
Aksam it et ah (1995) with all plant derived sequences scoring above 70%, while 
the R. capsulatus sequence scores only 22% (PcSHH was used as the reference 
sequence). This score is actually lower than the 27% sequence identity observed 
for P. falciparum, w hich is know n to be a non-photosynthetic  species. 
Therefore, for sequence diversity of this magnitude to occur w ithin a portion of 
a gene w ith proven sequence conservation occurring elsewhere, suggests that, 
as w ith P. falciparum, this portion of the gene may not be utilised for a specific 
purpose such as photosynthesis. This may explain the lack of requirem ent of 
this portion  of the SHH gene in the restored, ra t cDNA containing, R , 
capsulatus StLBl. To test if a similar approach w ould restore SHH activity 
w ithin plants, a m utant would be required w ith no or perhaps reduced SHH 
activity. This will be discussed in chapter 8.

On isolation of an Arabidopsis genomic SHH clone (see chapter 6) a 
single intron was found w ithin the coding sequence. It is interesting to note 
that this in tron occurred exactly at the position in which the PCR prim er 
MSPCR2 annealed. Therefore in Arabidopsis only the 15 nucleotide bases at the 
3' end of MSPCR2 could anneal to the genomic tem plate to allow the cloned 
am plification  p roduct to have been produced. The 8 nucleotide bases 
complementary to the 5' end of MSPCR2 were present at the other side of the 
intron within the genomic DNA. This m ust also be true for Brachypodium and  
w heat which w ere show n to contain an intron at exactly the same position 
w ithin the nucleotide sequence. The original wheat DNA extract was utilised 
for amplification using MSPCRl and MSPCR3 and only a single product was 
detected. This result infers that MSPCR3 does not anneal to the contam inant 
DNA to allow amplification to proceed. Unlike MSPCRl and MSPCR2, which 
w ere designed on com parison of diverse SHH sequences and therefore 
contained degeneracy, MSPCR3 was simply the nucleotide sequence taken from 
the Arabidopsis genomic clone. The lack of degeneracy and the simple design 
of MSPCR3 has potentially only allowed its use on the closely related plant 
SHH sequences. To test this, MSPCRl/MSPCR3 prim ed am plification was 
perform ed on the bacterial species previously utilised. No amplification was
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observed from any bacterial species except a faint band of approximately 520bp 
from Halobacterium salinarum. This is the expected product size, as prokaryote 
species do not contain introns within their genes. This result suggests MSPCR3 
is not a good prim er for the amplification of SHH products from non-plant 
sources.

The presence of an intron in exactly the same position w ithin three of 
the five plant species tested, suggests that the structure of the SHH gene has 
been conserved, in addition  to the noted prim ary am ino acid sequence 
conservation. Results presented in chapter 6 suggest both asparagus and tobacco 
contain  sm all SHH gene fam ilies, therefore M SPCRl/M SPCR3 prim ed  
amplification may have generated more than one product, as intron size could 
vary  betw een each copy of the particular species SHH genes. The results 
obtained can either be explained by the total absence of any introns in any copy 
of either species SHH genes, resulting in a single product; or the intron which 
m ay exist in certain copies within these species is too large to amplify using the 
conditions in this experiment. The presence of an intron in the same position 
w ithin three diverse plant species may suggest that the ancestral copy of the 
gene contained this intron, as it is unlikely for an in tron to arise through 
evolution in exactly the same position at least three times. An example of 
conservative intron position is found in chalcone synthase (CHS) genes which 
also have a conserved amino acid structure (see section 4.1). Sequence analysis 
detected an intron in exactly the same position w ithin four species; Hordeum  
vulgare and Zea mays (monocots). Petunia hybrida and A ntirrh inum  majus 
(dicots). It was suggested that the conserved position of this intron may be due 
to its presence prior to the division of mono and dicotyledons (Niesbach- 
Klosgen et ah, 1987).
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Chapter 5 

Characterisation of SHH gene 
expression

5.1 Introduction
Prior to the isolation of SHH cDNAs or the p roduction  of SHH 

antibodies, the only data characterising SHH gene expression w ithin p lant 
tissues came from studies of SHH enzyme activity. A lthough m ost studies 
concentrated on the enzym ology of the purified  pro tein  ra ther than  the 
com parative activity profile in separate tissues, they do provide evidence of 
SHH enzym e activity w ithin particular tissues. Following the dem onstrated 
presence of SHH enzym e activity w ithin Phaseolus vulgaris and Spinacea  
oleracea leaf tissue, and Phaseolus vulgaris , Zea mays and Hordeum distichon 
etiolated seedlings (Walker and Duerre, 1975), several studies of p lan t SHH 
enzymology were initiated. These studies only used two extractions from the 
same species, which showed the SHH enzyme activity w ithin one week-old 
etiolated Phaseolus vulgaris seedlings was greater than in leaf tissue (Walker 
and Duerre, 1975). SHH activity has also been detected w ithin Beta vulgaris L. 
ssp vulgaris leaves (Poulton and Butt, 1976), Lupinus luteus seeds (Guranowski 
and  Paw elkiew icz, 1977) and Nicotiana tabacum cell suspension  culture 
(Sebestova et a l, 1984).

SHH activity was studied in detail w ithin extracts of Lupinus luteus



cotyledons at different stages of seed formation and seedling developm ent. 
Constitutive SHH activity was present in yellow lupin cotyledons during seed 
form ation and germination, w ith the lowest activity levels present during the 
dry dorm ant seed stage. This low level of activity is reached following a steady 
decrease during  the m aturation period. SHH activity levels increase to a 
m axim um  in  seedlings four days post-germ ination  (G uranow ski and  
Pawelkiewicz, 1978).

The parsley SHH cDNA generated the first molecular probe available to 
study SHH transcript levels in plants (Kawalleck et al., 1992). N orthern analysis 
of parsley organ RNA, revealed the SHH transcript to be m ost abundant in 
floral buds and stems, w ith lower levels being detected in roots and leaves. The 
parsley SHH transcript was also upregulated upon pathogen attack of the plant 
tissue, as discussed in chapters 1 and 3. When this present study of SHH gene 
expression was initiated this was the only molecular data available for SHH 
transcript abundance within any plant species.

Over the duration of the work presented within this thesis, several SHH 
clones were isolated and published, including; Nicotiana sylvestris [tobacco] 
(Mitsui et ah, 1993), Triticum aestivum [wheat] (Richards and G ardner, 1994), 
Plasmodium falciparum (Creedon et al., 1994), Catharanthus roseus (Schroder 
et ah, 1994), Xenopus laevis (Seery et ah, 1994), Mus musculus [mouse] (Petrovic 
et ah, 1994) and Medicago sativa (Abrahams et ah, 1995).

M ost of the p lant SHH cDNAs isolated were obtained as a result of 
differential library screens, to try and isolate transcripts involved in several 
diverse phenom ena. The w heat cDNA was isolated from  screens using 
alum inium  tolerant and sensitive w heat cultivars (Richards and G ardner, 
1994). The Catharanthus roseus cDNA was identified in a differential screen for 
transcrip ts in d u ced /u p reg u la ted  by the addition  of 8% sucrose to cell 
suspension cultures (Schroder et ah, 1994). The Medicago sativa cDNA was 
isolated in a screen to identify transcripts predominantly expressed in the stem 
(A braham s et ah, 1995). However the tobacco clone was isolated following 
purification of a cytokinin-binding protein (Mitsui et ah, 1993; see chapter 1). 
These iden tifica tions of SHH tran scrip t w ith in  several experim ental 
approaches, for the isolation of transcripts expressed in specific patterns,
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highlights the potential diverse situations in which SHH activity is required 
and m ight reflect complex control mechanisms governing it's expression.

This portion of work aims to identify the pattern of expression of SHH 
in plants and assess whether the regulation of SHH enzyme activity occurs at 
the level of transcription, translation or as a post-translational event.

5.2 Derivation of probes, antibodies and assays ntÜised in this study
5.2.1 DNA probes

The results presented in chapter 4 emphasise the amino acid sequence 
iden tity  observed betw een SHH genes of diverse p lan t species, bu t also 
dem onstrate cross species hybridisation of radio-labelled DNA probes to occur 
due to the nucleotide sequence identity. It is therefore possible to perform  
northern analysis using heterologous species SHH DNA probes. However once 
the SHH PCR products derived in this project had been cloned, probes from 
several species were available. Throughout this study a num ber of SHH DNA 
probes w ere utilised including DB6, AoSHH, AtSHH (see C hapter 6) and 
tobacco and Arabidopsis PCR products, so for each blot described, the probe 
utilised is named.

5.2.2 SHH antibodies
Kawalleck et ah (1992) utilised the SHH antibody raised against the 

pu rified  ra t SHH pro tein  (Ogawa et ah, 1987), to detect an in vitro  
transcription/translation product of the parsley SHH cDNA. Dr. Canton! (Natl. 
Inst, of M ental Health, Bethesda, MD) kindly sent an aliquot of this antibody 
bu t upon  its use on w estern blots it was observed to bind to several plant 
proteins and therefore to be too non-specific for its required purpose (results 
not shown). An Arabidopsis SHH specific antibody was therefore raised w ithin 
this project as described in chapter 2. The three peptides synthesised for 
antibody  p roduction  w ere chosen from  the AtSHH derived  am ino acid 
sequence (see chapter 6) because of several criteria, including; the presence of 
hydrophilic residues which are more likely to be found on the protein surface; 
and secondary structural predictions, as turns are often very immunogenic (See
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Figure 5.1 SHH antibody derivation and analysis

Figure 5.1A Sequence of the three synthetic peptides used for
antibody production, and comparison to the same regions of the AoSHH 
and PcSHH amino acid sequence.

Figure 5.IB Representative peptide dot blots probed with sera from
the first bleed of rabbits injected w ith peptide 1. The num bers represent 
separate blots for each rabbit injected w ith the same peptide. The letters 
represen t each p ro te in /p ep tid e  loaded on each strip. These were as 
follows;

a=500ng of unconjugated peptide 1 
b=100ng of unconjugated peptide 1 
c=10ng of unconjugated peptide 1 
d=100ng of unconjugated peptide 2 
e=100ng of unconjugated peptide 3 
f=100ng of BSA 
g=100ng of lysozyme 

The Greek letters represent differing dilutions of each rabbits sera. These 
were as follows;

a=l:10 dilution of sera 

(3=1:100 dilution of sera 

Y=l:1000 dilution of sera 
Therefore lanes d-g were u tilised to assay the specificity of each 
im m unogenic response. The lack of cross reaction to the other non
specific peptides and lysozyme proved the antigen recognition to be 
specific. The BSA sample cross reacted due to anti-carrier antibodies. 
Similar experim ents were perform ed w ith sera from each of the nine 
rabbits utilised, after each test bleed.

Figure 5.1C W estern blot of lOpg of total p ro te in /lane , isolated
from three p lant species leaf tissue, probed w ith anti-AtSHH antibody 
(peptide 3). Proteins were isolated from the following:

Lane 1 Arabidopsis leaf tissue
Lane 2 asparagus cladode tissue
Lane 3 tobacco leaf tissue
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Gullick, 1994 for further discussion). As the SHH protein sequence is well 
conserved between plant species, all areas of amino acid sequence fulfilling the 
in itial requirem ents w ere com pared to know n p lan t sequences to allow  
utilisation of the more conserved peptides (see figure 5.1A).

The resultant antibody was also needed to m onitor SHH protein levels 
in SHH perturbation experiments, as described in chapter 8.

5.Z2.1 Antibody titre
As outlined in chapter 2, the serum extracted from each test bleed was 

analysed for the presence of SHH specific antibodies using non-conjugated 
peptide dot blots. These blots were utilised to assess the absence of peptide 
specific antibodies w ithin the preim m une-bleeds (data no t shown) and to 
quantify the am ounts of pure peptide detected by each bleed (an example is 
shown in figure 5.1B). These results suggested that the serum  from each of the 
nine rabbits displayed a specific response to the individual peptide injected. 
The rabbit serum  able to detect the lowest concentration of peptide, w ith the 
greatest antibody dilution was defined as the serum  containing the greatest 
im m unogenic response. The serum  w ith the greatest im m unogenic response 
for each peptide was then used to probe a western blot of p lan t proteins to 
assess the specificity of each antibody. This experiment served a dual purpose as 
the blot contained protein extracts from the leaves of the three p lan t species 
utilised in this study; Arabidopsis thaliana, Nicotiana tabacum, and Asparagus 
officinalis. These blots therefore provided  evidence for the use of the 
antibodies against SHH protein from further plant species. The results clearly 
showed that peptide 3 produced the most specific reaction against total plant 
proteins and this specificity to occur in the reaction against tobacco and 
asparagus SHH protein as well as against A. thaliana SHH protein (see figure 
5.1C).

5.2.3 SHH enzyme analysis
Following unsuccessful attem pts to perform SHH enzyme analysis at 

Leicester, this portion of work was perform ed at the University of D urham  
w ith the assistance of Dr. R. Edwards. The method of assaying SHH enzyme
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Figure 5.2 Concentration dependent SHH enzyme analysis

SHH enzyme activity assays ran on a TLC plate, to demonstrate that 
the assay is protein concentration dependent. The following volum es of 
2.6ng/pl mechanically separated asparagus cell protein extract was assayed:

Lane 1 no protein
Lane 2 lOpl protein extract
Lane 3 2 0 |0.1 protein extract
Lane 4 40|il protein extract
Lane 5 80pl protein extract
Lane 6 80pl protein extract but no homocysteine added
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activity (described in Chapter 2) was form ulated by Dr. R. Edw ards. Initial 
analysis was perform ed using protein extracted from mechanically separated 
asparagus cells as northern analysis had previously suggested these samples to 
contain the greatest quantities of SHH transcript (see C hapter 3). Therefore 
protein extracted from these samples was utilised in initial assays, as increased 
levels of SHH protein and perhaps enzyme activity were more likely to be 
found  in these sam ples, to assess if the assay was protein  concentration 
dependent.

The assay m easures the synthesis of SAH from  adenosine and  
hom ocysteine, w hich is the therm odynam ically favourable SHH catalysed 
reaction. How ever, although unlikely, if sufficient SAH w ere synthesised 
w ith in  the assay time period, the SHH enzyme m ay perform  the reverse 
reaction, the hydrolysis of SAH to adenosine and homocysteine. Therefore to 
ensure that this equilibrium point was not reached, several concentrations of 
protein were assayed in the initial experiment. The resultant autoradiograph of 
the TLC plate can be seen in figure 5.2. This demonstrates that w ith the samples 
used , the assay is linear w ith respect to protein concentration, u p  to the 
addition of 200pg of total protein. This suggests that the equilibrium  point of 
the SHH m ediated reaction was not reached.

Two further control reactions can also be observed in figure 5.2. The 
omission of homocysteine inhibits the reaction completely, therefore the 14C 
label is only observed in the adenosine, proving that the other 14C labelled 
band is not a naturally occurring adenosine degradation product. The omission 
of any crude protein extract proves that the reaction is m ediated by the plant 
protein extract and not by impurities in the chemicals. The rf values of both 14C 
labelled com pounds compared favourably w ith those obtained for unlabelled 
sources that were run  on the plates sim ultaneously and detected by UV 
fluorescence.

5.3 Analysis of ojjfWwiKs SHH protein
The northern analysis presented in chapter 3 (see figure 3.2) proved that 

SHH transcrip t abundance was increased by the m echanical separation  of 
asparagus cells and by the wounding of etiolated asparagus seedlings. However
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Figure 5.3 SHH protein and enzyme activity analysis from
mechanically separated asparagus cells

Figure 5.3A W estern blot of lOjig of total p ro te in /lane , isolated
from mechanically separated asparagus cells, and probed with anti-AtSHH 
antibody (peptide 3). Proteins were isolated from the following:

Lanes 1-5 asparagus cell population 0 ,1 ,3 , 5 and 7 days
post isolation, respectively.

Protein size marker is indicated in kDa at the side of the blot.

Figure 5.3B SHH enzyme activity assays of protein isolated from
mechanically separated asparagus cells. Proteins were assayed from  cell 
populations 1, 3 and 5 days post-separation. (Points represent the m ean 
and the vertical bars represent the standard deviationn-i of data from three 

m easurem ents.)
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Figure 5.4 SHH protein and enzyme activity analysis from
wounded, etiolated asparagus seedlings

Figure 5.4A W estern blot of lOpg of total p ro te in /lane , isolated
from chopped, etiolated asparagus seedlings, and probed w ith anti-AtSHH 
antibody (peptide 3). Proteins were isolated from the following:

Lanes 1-4 asparagus seedlings 0 ,1 ,2  and 3 days post
wounding, respectively.

Protein size marker is indicated in kDa at the side of the blot.

Figure 5.4B SHH enzyme activity assays of protein isolated from
chopped, etiolated asparagus seedlings. Proteins were assayed from  
seedlings 0 ,1 , 2 and 3 days post-wounding. (Points represent the mean and 
the vertical bars represent the standard deviationn-i of data from three 

m easurem ents.)
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northern analysis only provides data regarding steady state levels of transcripts 
w hich does not necessarily correlate w ith protein  abundance or enzym e 
activity.

5.3.1 W estern analysis

Once a good antibody raised against the synthetic A. thaliana p ep tid es  
w as obtained, analysis of protein levels w ithin the asparagus mechanically 
separated cell populations was performed. Figure 5.3A shows the result of such 
a w estern blot. An increase in SHH protein abundance can be observed within 
one day post cell separation. The SHH protein abundance continues to increase 
over the seven day time course. Figure 5.4A shows a western blot of proteins 
extracted from a time course post-wounding of etiolated asparagus seedlings. 
This resu lt suggests that the SHH protein  concentration does no t alter 
significantly by w ounding in asparagus seedlings. A sim ilar resu lt was 
observed using tobacco leaf disk samples, w ounded by stabbing (result not 
shown; m ethod described in chapter 7).

5.3.2 Enzyme analysis

SHH assays were performed to test if SHH protein abundance correlates 
w ith SHH enzyme activity.

These analyses dem onstrated that SHH enzyme activity was induced by 
w o u n d in g  in  asparagus. The resu lts of the assays on sam ples from  
m echanically separated  cells and finely chopped etio lated  seedlings are 
represented graphically in figures 5.3 and 5.4. Figure 5.3B clearly shows that 
SHH enzyme activity increases over the five day period post asparagus cell 
separation. Figure 5.4B shows that SHH enzyme activity in etiolated seedlings 
is already present at higher levels than in light-grown seedlings and is further 
induced by w ounding. This increase in activity is only observed for one day 
before starting to return  to basal levels. The incorporation of 14C label into 
SAH, w ith respect to the total protein content within the assay, appears to be 
greater in the etiolated seedling time course com pared to the mechanically 

separated asparagus cell population time course.
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Figure 5.5 N orthern analysis of SHH transcripts w ithin tobacco
organs

Figure 5.5A Initial northern analysis of SHH transcripts w ithin
tobacco organs. Total RNAs hybridised to the DB6 insert. RNAs were 
isolated from the following:

Lane 1 leaf
Lane 2 root
Lane 3 stems
Lane 4 petals
Lane 5 anthers

Figure 5.5B N orthern analysis of SHH transcripts w ithin tobacco
organs, including a temporal division of anther m aturation. Total RNAs 
hybridised to the DB6 insert. RNAs were isolated from the following: 

Lanes 1-5 identical to figure 5.5A
Lane 6 pollen
Lane 7 im m ature anthers
Lane 8 1 day post-wounded asparagus etiolated

seedlings
Lane 9 5 day post-separated asparagus cell populations

It should be noted that similar results were obtained using a tobacco probe 
derived from PCR experiments.

Figure 5.5C N orthern analysis of CAD transcripts w ithin tobacco
organs, including a temporal division of anther m aturation. Total RNAs 
hybridised to a tobacco CAD probe. This blot is the same blot presented in 
figure 5.5B, following the removal of SHH probe.

lOpg of total RNA was loaded per lane.
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5.4 Northern analysis in tobacco
SHH transcript analysis was performed on tobacco, as well as asparagus, 

for two reasons; firstly to provide an abundant source of RNAs isolated from 
specific organs, and  secondly to p rovide transcrip t analysis for la ter 
comparisons w ith SHH prom oter/reporter gene fusions in transgenic tobacco.

5.4.1 SHH transcript expression in tobacco organs
N orthern  analysis was perform ed using total RNA extracted from 

several tobacco organs. The results from this analysis can be seen in figure 5.5. 
W ithin tobacco, SHH transcript can be detected in all tissues tested. Tobacco 
SHH mRNA was m ost abundant in anthers, with smaller levels in petals and 
roots, and only trace am ounts in leaves and stems (see figure 5.5A). The 
highest transcrip t levels observed in anthers, were fu rther analysed, in a 
tem poral context. The initial RNA extraction utilised anthers dissected from 
flowers at all stages of m aturity, which often had pollen attached. Therefore a 
simple sub-division of anther m aturation was utilised. Fresh RNA extractions 
w ere perform ed from  pollen on dehydrated , dehisced anthers w hich are 
m etabolically  inactive and  therefore this rep resen ted  a po llen  RNA 
popu la tion , w hile a fu rther total RNA population  w as extracted from  
im m ature anthers which had been dissected from tobacco buds. These samples 
were used in a fresh northern blot w ith the original tobacco organ extractions 
and two asparagus RNA extractions used in figure 3.2, to assess comparative 
transcrip t levels (see figure 5.5B). This result indicates that although SHH 
transcrip t is present w ithin both im m ature anthers and m ature pollen, the 
greater transcrip t abundance occurs in the m ature pollen ra ther than the 
developing anthers. The use of asparagus RNA sam ples h ighlights the 
relatively high transcript levels observed in mechanically isolated asparagus 
cells and w ounded asparagus seedlings, compared to the lower transcript levels 
observed in tobacco organs.

It was predicted that SHH transcript might be present w ithin stem tissues 
at a greater level than detected, due to the process of lignification occurring in 
this tissue, as transm ethylation reactions are required to generate the lignin



Figure 5.6 N orthern analysis of SHH transcripts during tobacco
stem and flower maturation

Figure 5.6A N orthern analysis of SHH transcripts w ithin tobacco
stems. Total RNAs hybridised to the DB6 insert. RNAs were isolated from 
three separate tobacco plants. Lanes 1-3 were isolated from a 2 week old 
plant, lanes 4-6 were isolated from a 3 week old plant, and lanes 7-9 were 
isolated from a 4 week old plant. For each plant three stem sections were 
utilised. Therefore lanes 1, 4 and 7 contain RNA from the oldest section, 
nearest the base of the stem; lanes 2, 5 and 8 contain RNA from m iddle 
sections; and lanes 3, 6 and 9 contain RNA from the youngest section, 
nearest the apical meristem. Lane 10 contains RNA from 1 day post
w ounded asparagus etiolated seedlings, and lane 11 contains RNA from 5 
day post-separated asparagus cell populations.

Figure 5.6B N orthern analysis of CAD transcripts w ithin tobacco
stems. Total RNAs hybridised to a tobacco CAD probe. This blot uses the 
same stem RNAs as used in figure 5.6A and hence the labels are the same.

Figure 5.6C N orthern analysis of SHH transcripts w ithin tobacco
buds and anthers. Total RNAs hybridised to the DB6 insert. RNAs were 
isolated from the following:

Lane 1 Anthers from A9 barnase transgenic 4-6mm
tobacco buds

Lane 2 Anthers from 8-12mm tobacco buds
Lane 3 Anthers from <8mm tobacco buds
Lane 4 >35mm tobacco buds
Lane 5 15-20mm tobacco buds
Lane 6 10-14mm tobacco buds
Lane 7 4-10mm tobacco buds

lOpg of total RNA was loaded per lane.
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precursors. To assess w hether the RNAs did indeed represent those extracted 
from  tissue active in lignification, the RNA blot was reprobed w ith a tobacco 
CAD [cinnamyl alcohol dehydrogenase] cDNA probe (kindly provided  by 
ZENECA; Knight et al., 1992). CAD is a good m arker for the process of 
lignification as it is on the branch point of the phenylpropanoid pathw ay that 
leads to the production of lignin precursors. As can be observed in figure 5.5C, 
the largest accum ulation of CAD transcript was found w ith in  im m ature 
anthers. No CAD transcript was detected within asparagus tissues, suggesting 
that the heterologous tobacco probe does not hybridise to asparagus transcripts. 
The lack of hybridising CAD transcript in mature pollen samples suggests that 
CAD expression during pollen m aturation occurs at a specific time period 
during  anther developm ent, and not at other times. As w ith SHH, greater 
quantities of hybridising transcript are detected in roots and petals than in ' 
stems. This suggests that the RNA extracted from m ature stem tissues does not 
represent the RNAs present during the process of lignification.

5.4.2 SHH expression in lignifying tobacco stems
The previous results obtained using an RNA extraction from  tobacco 

stems, suggested that SHH and CAD transcripts were very low, if present at all. 
To assess if this situation occurred at all stages of tobacco stem  m aturation, 
further tobacco stem RNA extractions were performed. Therefore three tobacco 
plants of 2, 3 and 4 weeks old, had RNA extracted from their stems. Three 
sections of the stems of each plant were utilised for RNA extraction, to try and 
encom pass the diverse stages of lignification w ithin stem  tissue. N orthern  
analysis of these RNA samples can be seen in figure 5.6A. Once again the levels 
of SHH transcript were low in comparison to mechanically separated asparagus 
cells or w ounded asparagus seedlings, bu t not to the same extent as that 
observed in the stem extract used in figures 5.5A and 5.5B. A lthough the 
transcript levels w ithin tobacco stem sections do not vary to a large extent, a 
significant level of transcript abundance can be observed in this northern. For 
the two youngest plants the transcript abundance in the three stem sections is 
slightly higher w ithin the m ost im m ature section [the section nearest the 
apical meristem], and the more im m ature the plant, the greater the transcript
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abundance overall.
A separate blot containing the same stem RNA extractions, probed w ith 

CAD can be observed in figure 5.6B. CAD transcript can be observed in every 
stem sample, as seen w ith SHH, but the levels of transcript detected are m uch 
lower. The only two samples in which CAD transcript abundance is elevated 
are the oldest stem sections from the two older tobacco plants, which are more 
lignified.

5.4.3 Temporal regulation of SHH transcript during tobacco bud maturation
Previous analysis had shown SHH transcript was present at higher 

levels w ith in  m ature pollen than im m ature anthers RNA sam ples. This 
in vestiga tion  of SHH transcrip t abundance w ith in  m a tu rin g  tobacco 
buds/flow ers was continued further using an RNA blot donated by Dr. M. 
Roberts (Leicester) following its use in other studies. The stage of developm ent 
of the gam etophyte can be predicted from the length of tobacco buds a n d /o r 
anthers (Roberts et a l ,  1993). This led to the use of the samples observed in 
figure 5.6C. It was of interest to analyse SHH transcript abundance w ithin these 
contexts w ith respect to future experiments (see chapter 8). The abundance of 
SHH transcript can be observed to increase during bud  m aturation, w ith SHH 
transcript more abundant in anthers from larger rather than smaller buds. The 

relevance of the first lane will be discussed later.

W hen the SHH antibody was available to study  SHH protein  levels 
w ith in  tissues, an Arabidopsis thaliana SHH genomic clone (described in 
chapter 6) had  been isolated. It was therefore know n that both  transgenic 
tobacco and A. thaliana plants were being produced to m onitor reporter gene 
fusion constructs. Hence, the w estern analysis of endogenous SHH protein 
levels was perform ed on A. thaliana total protein extracts as well as tobacco, 
unlike the transcript analysis. These studies were undertaken to assess if post- 
transcriptional control of SHH expression occurred.
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Figure 5.7 SHH protein and enzyme activity analysis from
tobacco organs

Figure 5.7A W estern blot of total protein isolated from equal fresh
w eight sam ples of tobacco organs, probed with anti-AtSHH antibody 
(peptide 3). Proteins were isolated from the following:

Lane 1 Stems
Lane 2 Roots
Lane 3 Leaves
Lane 4 Bud

The size of the detected protein is indicated at the side of the blot

Figure 5.7B SHH enzyme activity assays of protein isolated from
tobacco organs. Proteins were assayed from buds, leaves, leaf m idveins, 
and varying sections of stem tissue. Stem 1 represents protein extracted 
from a two week old whole tobacco plant stem, while stem 2-5 represents 
protein extracts from a single six week old tobacco plant stem, where stem 
2 is the youngest portion of the stem and stem 5 is the oldest. (Points 
rep resen t the m ean and  the vertical bars represen t the stan d ard  
deviationn-i of data from three measurements.)
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5.5.1 SHH protein in  tobacco organs

SHH protein  w as im m unologically detected in  all tobacco tissues 
analysed (see figure 5.7A) with the lowest levels occurring in m ature roots. The 
four lanes of figure 5.7A represent SHH protein detected w ithin stems, roots, 
leaves and buds of tobacco. The low level of protein detected in the root extract 
may reflect the m ature nature of the roots utilised.

5.5.2 SHH protein in  Arabidopsis thaliana organs
SHH protein  was im m unologically detected in all four A. thaliana 

tissues analysed (see figure 5.8A). However, the levels observed in each tissue 
were not identical, w ith buds, roots and stems containing significantly greater 
quantities of SHH protein than leaves. As found w ith tobacco samples, buds 
contain the greatest quantity of SHH protein.

5.6 SHH enzyme assays
A lthough both SHH transcript and protein levels have been analysed, 

further control mechanisms may operate to regulate SHH enzyme activity and 
therefore enzyme assays were performed.

5.6.1 SHH enzyme assays from tobacco tissues

The graphical representation of SHH enzyme activity assay results for 
tobacco tissues, shown in figure 5.7B, clearly shows enzyme activity to vary 
betw een tissues. The lowest activity was m easured w ithin tobacco leaf lamina 
tissue bu t if the midrib of such a leaf was analysed then an approximate 10 fold 
higher SHH activity is observed. As observed in the w estern analysis, SHH 
enzyme activities are greater in buds than in leaf tissue. The northern analysis 
of tobacco stem extracts suggested SHH transcript to be more abundant within 
younger portions of the stem and within the stems of younger plants. This is 
reflected in the enzyme assay results w ith the greatest activity in stems being 
observed in the one extract from two-week old tobacco stems. The other four 
extracts from the same six-week old tobacco plant, decrease in m easured SHH 
enzyme activity as the stem matures.
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Figure 5.8 SHH protein and enzyme analysis from A r a b id o p s i s

organs

Figure 5.8A W estern blot of total protein isolated from equal fresh
w eight sam ples of Arabidopsis thaliana organs, probed w ith anti-AtSHH 
antibody (peptide 3). Proteins were isolated from the following:

Lane 1 Buds
Lane 2 Leaves
Lane 3 Roots
Lane 4 Stems

The size of the detected protein is indicated at the side of the blot

Figure 5.8B SHH enzyme activity assays of protein isolated from
Arabidopsis thaliana organs. Proteins were assayed from buds, leaves, 
stem  m eristem , roots and stems. (Points represent the m ean and the 
vertical bars represen t the standard  deviationn-i of data from  three 

m easurem ents.)
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5.6.2 SHH enzyme assays from Arabidopsis thaliana tissues
The graphical representation of SHH enzyme activity assay results for 

Arabidopsis tissues, shown in figure 5.8B, clearly shows enzyme activity to vary 
between tissues. Each specified organ or tissue was dissected from 4 week old A . 
thaliana plants which were just starting to bolt. As previously observed in the 
tobacco w estern analysis, the Arabidopsis leaf tissue contains the lowest SHH 
enzym e activity. The levels of SHH protein w ithin buds, roots and stems 
appeared quite similar upon western analysis, w ith buds appearing to contain 
the greatest SHH protein. However, the enzyme analysis suggests buds to 

contain slightly more enzyme activity than stems but less than root tissue.

5.7 Discussion
The use of synthetic peptides based on Arabidopsis thaliana S H H  

predicted amino acid sequence (see chapter 6) allowed the production of SHH 
specific antibodies. The serum  from rabbit one which had  been im m unised 
w ith peptide three gave the best results and allows immunological detection of 
SHH in the three plant species tested.

The initial attem pts to perform  SHH enzyme assays at Leicester used 
tobacco tissue because of its size and availability. The use of this species may 
have caused the problem s encountered in obtaining a positive assay result 
based on the m ethod of Poulton and Butt (1976). Tobacco is know n to contain 
m any phenolics which are normally sequestered within specialised organelles, 
how ever upon grinding tissue to isolate protein samples, these phenolics are 
released (reviewed by Anderson, 1968). The phenolic com pounds are oxidised 
upon their release and inhibit many enzyme activities. To try and circumvent 
this problem . Dr. R. Edw ards (Durham) suggested the addition  of PVPP, 
sodium  m etabisulphite and ascorbic acid to the extraction buffer, to try and 
prevent phenolic oxidation. These additions to the sim plified assay m ethod, 
communicated by Dr. R. Edwards, were used with success for all p lant species.

Results presented in chapter 3 suggested that SHH transcrip t was 
upregulated by the mechanical separation of asparagus cells, and the w ounding 
of etiolated asparagus seedlings. Data presented within this chapter confirm
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this induction, at both the protein and enzyme level. The SHH transcrip t 
w ithin the asparagus cell population was upregulated w ithin one day of cell 
separation and m aintained for up  to seven days. The protein, how ever, is 
upregulated w ithin one day bu t continues accumulating to higher levels over 
the seven day period tested. This is reflected in the enzyme assay studies, w ith 
increasing SHH activity being detected over the five day period tested.

The northern analysis of SHH transcript presented in chapter 3, suggests 
a short tem poral induction of SHH mRNA following w ounding of etiolated 
asparagus seedlings, w ith a return to basal levels within 3 days post wounding. 
A lthough w estern data suggests that SHH protein levels rem ain constant 
th roughou t this w ounding time course, the enzym e activity m irrors the 
transcript induction. SHH enzyme activity is increased w ithin one day post 
w ounding and then decreases towards the basal levels observed in etiolated 
seedlings. This suggests that the enzyme assay is a more sensitive m ethod of 
assaying active enzyme accumulation than western analysis.

Q u an tita tiv e  com parisons of enzym e activ ity  w ith in  the tw o 
experimental conditions tested, suggest that SHH activity is greater in w ounded 
etiolated seedling experiments than in mechanically separated cells. This is 
contradictory to the northern analysis of SHH transcript presented in chapter 3. 
The com parative transcrip t levels w ithin mechanically separated  cells are 
m uch greater than those observed in etiolated seedlings. However, it has been 
noted that mechanically separated cells produce a large increase in total soluble 
protein  content, unlike chopped seedlings (Darby et ah, 1996). The chopped 
seedlings are etiolated m aterial and therefore do not contain the major 
proteins of light-grow n m aterial, namely the large and sm all subunits of 
Rubisco. Therefore although all data is consistent with the observed transcript 
abundance, the relative enzyme activities may not be directly com parable as 
they are expressed on a per protein basis.

This analysis of SHH protein levels and enzyme activity in asparagus 
has confirmed the w ound inducible nature of SHH, w ith the possible roles for 
w ound induced SHH activity having been already discussed in chapter 3. This 
study also suggests that SHH gene expression and enzyme activity is regulated 
m ainly at the transcriptional level.
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The northern analysis of tobacco organs confirms the greater abundance 
of SHH transcript in tobacco roots compared to leaves (Mitsui et al., 1993). 
How ever this study includes RNA from several other tobacco organs. This 
northern analysis (figure 5.5B) contained RNA from stem tissue. As this tissue 
sample produced a weak signal when hybridised to the SHH probe, the blot was 
reprobed w ith CAD (figure 5.5C), as a control probe for lignification. This also 
gave a lower than expected signal, so RNA was extracted from several stem 
samples. By com paring the SHH signals in any of the stem  sam ples (figure 
5.6A), to the stem  sample on figure 5.5B, and using the common asparagus 
extracts as standards, the SHH transcript levels detected w ithin the original 
stem RNA extraction can be observed to be much lower than all the other stem 
samples. This m ay reflect an incomplete RNA extraction from the initial stem 
source, w ith only RNA, present in the outer dermal layers, being extracted, 
rather than the RNA present in the lignifying/lignified tissue which is much 
more recalcitrant to grinding. Therefore the results observed w ithin figure 5.6A 
are considered to be a true reflection of SHH transcript presence within tobacco 
stems.

The observation that SHH transcript is more abundant w ithin younger 
portions of stems of varying aged plants, and that younger plants contain 
greater quantities of SHH transcript in their stems, correlates w ith  SHH 
enzyme activity. However, CAD is predom inantly transcribed in the older, 
m ore m ature, portions of the stem of each plant. This pattern  of transcript 
abundance, and observed SHH enzyme activity correlates to the process of 
lignification in tobacco stems. As reviewed in chapter 1 (see section 1.4.3.4), 
monolignol biosynthesis needs SAM -dependent OMT enzyme activity, hence 
requiring SHH enzyme activity to catabolise the inhibitory accum ulation of 
SAH by-product. These OMT-mediated reactions occur earlier in monolignol 
b io sy n th e tic  p a th w ay s than  C A D -m ediated reactions, w hich  reduce  
hydroxy cinnam aldéhydes to hydroxycinnam yl alcohols at the end of the 
pathw ay (reviewed by W hetten and Sederoff, 1995). How ever, it should be 
noted that CAD transcript has also been detected w ithin cells no t producing 
lignin, and therefore any hybridising CAD transcript may not only be present 
for monolignol biosynthesis (O'Malley et al., 1992). Despite this possibility, the
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SHH and CAD transcript abundance w ithin tobacco stems of varying age, 
correlates to the process of monolignol biosynthesis; SHH activity present prior 
to CAD, as found in the biosynthetic pathway.

Recently an alfalfa [Medicago sativa] SHH cDNA was isolated from  a 
differential screen for stem abundant cDNAs (Abrahams et al., 1995). A lthough 
isolated due to its abundance in stems, this cDNA hybridised to transcripts in 
all other tissues tested, including leaves, roots and floral buds, as observed in 
the tobacco northern, presented in figure 5.5A or B. N orthern analysis of alfalfa 
RNA isolated from individual stem internodes, indicated SHH transcript to be 
present equally in all samples, except for a decreased level in the very youngest 
stem  tissue analysed. This data does not concur w ith the present analysis of 
tobacco stem tissue and may represent a species-dependent difference in the 
production of monolignol biosynthesis or other pathw ays occurring in stem 
tissue w hich require SHH enzym e activity. H ow ever, unlike this study, 
A braham s et al. (1995) have not analysed SHH enzyme activity w ithin these 
alfalfa stem sections to confirm its correlation to transcript levels. Therefore 
the transcript levels observed within alfalfa stems may rem ain constant, except 
in very  young stem s, bu t the translation from  these transcrip ts m ay be 
regulated or alternatively the activity of the enzyme may be regulated.

This analysis of SHH transcript w ithin alfalfa also concludes that SHH 
transcript decreases upon w ounding of stems. This decrease can be observed 
w ithin four hours of wounding, and w ithin 24 hours post-w ounding no SHH 
transcrip t was detected. This negative response to w ounding  is in direct 
disagreem ent w ith data presented from asparagus tissue. These apparently  
conflicting results may have arisen through the use of different plant species, 
experimental design or explant utilised. A part from the obvious difference in 
species used, very different explants were analysed. In the case of alfalfa, stem 
explants w ere sliced into 2-5mm sections and then incubated  in O.OIM 
phosphate buffer, pH  7.0, whereas etiolated asparagus seedlings were utilised in 
this study, which were similarly sliced but incubated over a longer time course 
in dHzO in the dark. The relatively high transcript presence w ith in  alfalfa 

stem s com pared to other tissues, m ay provide the required  SHH activity 
needed during the w ound response, and therefore no transcript induction is
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observed. The actual reduction in transcription may suggest the term ination, 
upon  w ounding, of the processes previously requiring SHH activity w ithin 
these stems.

The tem poral abundance of SHH transcrip t w ith in  an th e r/p o lle n  
m aturation  suggests a greater transcript requirem ent w ithin m ature pollen 
rather than im m ature anthers, although both tissues contain relatively high 
levels of SHH transcrip t in com parison to tobacco leaves. This tem poral 
regulation is also observed in figure 5.6C, in which greater SHH transcript is 
detected as buds m ature, and older anthers contain more hybridising transcript 
than  younger anthers. The first lane of this blot contains RNA from  a 
transgenic tobacco line in which a tapetum-specific prom oter has been used to 
express Bacillus amyloliquefaciens RNase [barnase] (Paul et al., 1992). 
Expression of this cytotoxic gene w ithin any cell-type causes cell ablation, 
therefore by using a tapetum-specific prom oter the tapetal cells are essentially 
all destroyed, resulting in male-sterile plants due to the lack of developm ent of 
m icrosporogenous cells. The use of this sample in the northern  analysis 
suggests th a t SHH expression m ay occur in  the tape ta l cells or the 
m icrosporogenous cells, due to the reduced signal observed in this extraction 
compared to similar wild-type extractions.

The w estern analysis of tobacco and Arabidopsis thaliana SHH protein 
confirmed that SHH protein could be detected in every plant tissue tested. As 
exemplified by the analysis of w ounded, etiolated asparagus seedlings, the 
enzyme assay is a more sensitive tool to study gene expression and regulation 
than w estern analysis. However, simply because the transcript and enzyme 
activity follow identical profiles w ithin the analysed asparagus samples, this 
does no t exclude translational or enzyme activity control mechanisms within 
other species, tissues or environments.

Due to the absence of large and small subunits of Rubisco, the major 
proteins of light grow n plant tissue, in root tissues the proportion  of SHH 
protein relative to the total protein content of a root extract will be increased. 
To try  and alleviate this potential problem, equal w eight samples of tobacco 
and Arabidopsis organs were homogenised in the preparation of total protein 
extracts. Therefore the total protein loaded in each lane on these western blots
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was proportional on a fresh weight basis. However the enzym e assays are 
expressed on the basis of total protein extract and therefore the results observed 
for Arabidopsis roots may be non-comparable to other tissues.

A w heat SHH cDNA has been isolated from a root tip library and has 
only been studied w ithin roots (Richards and Gardner, 1994). A lum inium  is ' 
know n to inhibit root grow th due to the inhibition of cell division, under 
acidic soil conditions. Therefore SHH transcript levels were m onitored in roots 
exposed to inhibitory concentrations of aluminium. The SHH transcript levels 
were found to decline within 2-4 days of treatment. H eat shock, also know n to 
arrest the cell cycle, caused a rapid decrease in SHH transcript w ithin root tips.
It was concluded that the decrease in SHH transcript may reflect a decreased 
requirem ent for méthylation due to decreases in the synthesis of DNA a n d /o r  
lignin in the growth inhibited roots.

This sum m arised study does not compare SHH transcript levels in root 
tips to other w heat tissues, hence not allowing analogies to the comparisons 
observed in species utilised in this study. However the concluding rem arks 
that SHH transcript abundance declines in cell cycle arrested cells, agrees w ith 
conclusions reached from this study. In areas of high metabolic activity such as 
m echanically separated  cells, w ounded  tissue, m eristem s and  developing 
anthers, SHH gene activity appears to be greater than in less metabolically 
active tissue, such as leaf lam ina in w hich rap id  cell d iv ision  and 
differentiation is not occurring. Due to the varied metabolic pathw ays outlined 
in chapter 1 in which SAM-dependent OMT activities are required, and hence 
SHH activity is utilised, the precise requirem ents for SHH enzym e activity 
w ithin each tissue tested cannot be surmised. However, w ithin certain tissues 
such as stems, the majority of SHH expression can be expected to be needed for 
the process of lignification. In areas of rapid  cell d iv ision such as the 
Arabidopsis stem meristem, SHH may be utilised to remove SAH by-product 
from DNA méthylation.

By studying SHH at the transcript, protein and enzyme levels, it has been 
concluded that SHH gene expression is controlled m ainly at the level of 
transcription. As SHH was detected in every plant tissue tested, this may 
suggest SHH is expressed in every tissue at a low housekeeping level, but this is
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increased upon specialised requirem ents. Therefore, to fu rther study  this 
transcrip tional control, it w ould be advantageous to clone the prom oter 
regions of an SHH gene and carry out prom oter/reporter gene assays.
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Chapter 6

Isolation and sequence analysis of 
an Arabidopsis thaliana SHH 
genomic clone

6.1 Introduction
The northern analysis presented in the previous chapter provides data 

on both the transcriptional regulation of SHH w ithin specific organs, and 
tem poral patterns of expression within some of these organs, however it does 
no t comprehensively cover all temporal and spatial SHH expression patterns. 
R eporter gene technology has provided a convenient m ethod to assay the 
location of transcript expression.

To isolate potential prom oter fragm ents two m ain  approaches are 
u tilised . Genom ic libraries can be constructed and screened for clones 
hybridising to the sequence of interest. A lternatively inverse PGR has been 
used to try and isolate gene prom oter fragments. This later approach was 
successfully utilised to isolate an asparagus prom oter fragm ent for a cDNA 
previously  isolated from asparagus separated cell libraries, after the m ore 
conventional technique of genomic library screening failed (W arner et ah, 
1993). One consideration prior to the attempted isolation of genomic sequences, 
is the possibility of members of small SHH gene families w ithin species, which 
m ay allow  specificity of expression to develop w ith in  particu lar fam ily
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Figure 6.1 Genomic DNA blots hybridised to SHH probes

Figure 6.1A Arabidopsis thaliana genomic Southern blot probed
w ith  the Arabidopsis SHH PCR product am plified w ith MSPCRl and 
MSPCR2 primers.

Lane 1 digested with Eco RI
Lane 2 digested with Sal I
Lane 3 digested with Xho I.

Figure 6.1B Asparagus officinalis genomic Southern blot probed
w ith the AoSHH cDNA.

Lane 1 digested with Eco RI
Lane 2 digested with Hind III
Lane 3 digested w ith Hind III and Xba I.

Figure 6.1C Nicotiana tabacum genomic Southern blo t p robed
w ith the AoSHH cDNA.

Lane 1 digested with Eco RI
Lane 2 digested with Hind III
Lane 3 digested with Hind III and Xba I.
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m em bers, as found in the phenylalanine gene family of Phaseolus vulgaris L. 
(Shufflebottom et ah, 1993). Therefore if a plant species was found to contain 
m ore than one SHH gene, the prom oter fragm ent from  a m em ber of this 
pu ta tive  sm all gene fam ily may not drive represen tative repo rte r gene 
expression in all tissues where SHH gene expression is observed. Due to this 
consideration genomic Southern blots were perform ed on DNA from  three 
model species, prior to the attempted isolation of an SHH promoter.

6.2 Genomic Southern analysis
Southern blot analysis was perform ed using genom ic DNA from  A . 

thaliana, A. officinalis, and N. tabacum as can be seen in figure 6.1. The large 
num ber of hybridising bands observed in some A. officinalis and N. tabacum 
DNA restriction digests, suggest that SHH is likely to be a member of a small 
gene family in these two species. However in A. thaliana the presence of a 
simple array of bands suggests that SHH is present as a single copy gene, and 
therefore this gene should be expressed in all tissues dem onstrating SHH 
enzyme activity. This finding prom pted the attempted isolation of the putative 
single A. thaliana gene.

6.3 Genomic library screening
An existing Arabidopsis thaliana var. Landsberg erecta genomic library 

constructed using IDASH II (Stratagene) by Dr. M Roberts (Roberts et ah, 1993) 
was available w ithin the laboratory. Prior to screening this library, the presence 
of SHH within the library was tested by using MSPCRl and MSPCR2 to PCR a 
fragm ent of SHH gene from  an aliquot of the library. As this experim ent 
p roduced  a positive result, the library  was screened using  the cloned 

Arabidopsis MSPCRl / MSPCR2 prim ed am plification product, as a probe. 
Approximately 80,000 plaques were plated from the freshly titred library for the 
prim ary screen. The resultant plaques were lifted in duplicate and probed with 
the described radio-labelled SHH DNA fragm ent. Each of the pu ta tive  
hybridising regions were cored from the plate, eluted in  SM and titred for a 
second round  of screening. Following a further two rounds of screening, to
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Figure 6.2 Restriction enzyme map of the AtSHH X clone

M ap of the portion of the genomic clone hybridising to probe 
fragments. The specific probes utilised to map this clone are shown above 
the restriction enzyme map, and include the four asparagus DB6 cDNA 
subclones (shown in green), as well as the Arabidopsis MSPCRl/M SPCR2 
am plification p roduct (shown in orange). The final probe fragm ent 
utilised was an 1845bp Xho I fragment of the genomic clone itself. This 
was show n by previous probes to include a small portion of the SHH 
coding region, bu t to m ainly contain DNA sequences 5' to the 
translational start site.

The black arrows symbolise the rem ainder of the lam bda clone's 
insert of approximately 14kb, which was not mapped.
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Figure 6.3 Subclones of the AtSHH X clone

Simplified restriction enzyme m ap of the m apped region of the 
genomic clone. Below the restriction map are each of the subclones used 
to derive the sequence of AoSHH. Those subclones draw n in green were 
derived from  the lam bda clone directly, while the clones in blue are 
subclones of the previously cloned lam bda insert fragm ents. The Eco 
RV/X/zo I fragment at the bottom of the figure was utilised as the probe in 
SI-m apping of the transcriptional start site. Particular note should be 
m ade to the presence of several well spaced restriction enzyme sites, 
p resent w ithin the potential 1845bp Xho I prom oter fragm ent, w hich 
w ould provide a deletion series of promoter fragments.

The black arrows symbolise the rem ainder of the lam bda clone's
insert.
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achieve plaque purity, one positively hybridising clone was obtained.

6.4 Mapping and snbcloning of the SHH hybridising 1 
done

DNA was isolated from the single putative Arabidopsis SHH X clone as 
described in section 2.9.7, and restriction enzyme analysis was performed. This 

show ed the X clone to contain an insert of greater than 20kb, which is w ithin 

the upper lim it of the A-DASH II vector (9-23kb). The restriction  enzym e 

analysis revealed several common restriction enzyme sites to be present w ithin 
the clone, and therefore generated num erous DNA fragments. Some of these 
fragm ents were m apped, using the Arabidopsis probe used to isolate the clone, 
and heterologous asparagus cDNA fragment probes, on Southern blots of these 

restriction enzyme digests. The resultant map of a portion of the X clone and 

the probes used in it's derivation can be seen in figure 6.2. This m ap suggested 
m ost of the coding region of the gene was present w ithin a 4kb Sal I fragm ent 
of the genomic clone. W ithin this fragment a 1845bp Xho I fragm ent contained 
a sm all portion of coding region at its 3' end while the m ajority of this 
fragm ent po ten tia lly  contained the 5' upstream  region contro lling  the 
transcription of the gene. These two fragments of the lam bda insert were 
therefore initially subcloned into pBluescript™SK- [Stratagene]. Term inal 
sequencing of these fragments verified the presence of an SHH coding region. 
To determ ine the sequence of the 3.5kb span of DNA of interest, it was 
extensively subcloned, both from the existing subclones and from the lambda 
insert, as represented in figure 6.3. The map of the lambda insert suggested the 
presence of a single intron within the SHH gene coding region.

6.5 Sequence analysis of the lambda done
The final contiguous sequence of all the subclones, encoded a protein of 

485 amino acids and confirmed the presence of a single suspected intron within 
the coding region. The intron is 281bp long, which is slightly larger than the 
average size of 219bp for a dicot intron (Simpson et ah, 1992), and was found 
between amino acids 237 and 238. Neither of these amino acids' coding regions
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Figure 6.4 Sequence of the promoter region of AtSHH

The nucleotide sequence of the 1845bp Xho I subclone of the 
Arabidopsis thaliana S-Adenosyl-L-Homocysteine H ydrolase (AtSHH) 
genomic clone. As m apping studies suggested, this fragment contains the 
first 30 amino acids of the coding sequence, which are shown below the 
nucleotide sequence. The untranslated portion of this subclone contains 
the pu tative prom oter sequence. The sequence is num bered from the 
initial ATG, the adenosine residue being +1. The probable transcriptional 
s ta rt site at -60 is show n in b o ld ty p e . The putative TATA box is 
underlined at -97 to -102. Several nucleotide direct repeat sequences are 
also underlined.



-1 7 5 9  CT0CÜ^(m?ITQACCTITICTEGTCGATICAATAGAATCX;AAT3ICITAATCXA - 1 7 0 0

-1 6 9 9  CO^GCTTTTATTTCGTGTAATTTATITrcCAAACCrACCTlCrACCAGTTTCATAACTCTC - 1 6 4 0  

-1 6 3 9  GAATAAATITATCAAATAGTCTTTTXmGTCCTCAAAGTCTTGGGATAATAAATGGTCAGT - 1 5 8 0  

-1 5 7 9  GCTATGTATCACCCGGATGTGAAACATTATGGGTGGAGATAGACTATrATAAATTTA'ITG - 1 5 2 0  

-1 5 1 9  AAATATACGATTGTrACTCGrrTAATAGCAAAAGTAGTACAATGTATATAGTTTCTATCG - 1 4 6 0  

-1 4 5 9  AGAACAAGATCn'ATTTAAAATIGQAAAACrrACA'ITrAAAA'riCATAAACATATAAAGATA - 1 4 0 0  

-1 3 9 9  GTAACATGTTAGATCICCATACnACCACCAAAACAAGAAAAAAGAAMXKACATCGCCAC - 1 3 4 0  

-1 3 3 9  ATAATKXnATQATICTCACIGTOGGCTQCTITGAAATATTOGATICTTTTGGTAAAlCA - 1 2 8 0  

-1 2 7 9  CACAACATAATATAATEACAATAAATATATATATACTAAAGTATAATTAATATAATTAAT - 1 2 2 0  

-1 2 1 9  A(%3\CATnr[TIAATICTGTITIGATCTITIAAGATCAGTCAGATCCACCGACGTICK^^ - 1 1 6 0  

-1 1 5 9  CAOGCGCAGGTœAGATCCAAACAGCACACACACACACACAATGCCACTAGTGTAAATQC - 1 1 0 0  

-1 0 9 9  TTQGTGGCIATTGCATITGCACCTATTGATACTCTTICTICAAAAACAAGTTATrGTITr - 1 0 4 0  

-1 0 3 9  TATITKAACœAACTITAATAOGGATICATAC]XXX;ATrTAGGTGTTAAATCTGATAAT -9 8 0

- 9 1 9  AAAAATAAATAAAAAGTICTAGATITCAATITICCGTATATAGCGGGTrGAATrGTCTAT - 8 6 0  

- 8 5 9  TTTAATATGAAAATTGXCGGATCTTATAAACAAAATGTrCTGAAATATGTAAAAGGATTT - 8 0 0  

- 7 9 9  AGCCAAAGTTAACCAAAAAAAAAAAAACAAACAGAAAAGTCACATTCACATGTCGTGGTA -7 4 0  

- 7 3 9  GATCTAAGGCATTAATITAgaaaïaïSIOGTrACAATAAGCGGAGAACATGGGACGTrrC - 6 8 0  

- 6 7 9  TCGIGGTCTAATCAGACGAACGAGATCTCATAAATIAAATGACTICAGX(%AGGGAATrC - 6 2 0  

- 6 1 9  ATQGCAGAATGATAATGCAACTTAAGTGACTITAGAGTGAAAATGATACGAGAACAATGC - 5 6 0  

- 5 5 9  ATAATCCATATGACCGTTGAGTGAGTGATACCATTAGCGCGATACAAGCGGGACTATAAA - 5 0 0  

- 4 9 9  CTGATCTAGATTGTITITCTITGGGAAAAAAlGTrACAAATrn'AAATATGTAGTrTGAAT - 4 4 0  

- 4 3 9  TGTIAAACCAAGATICAACAGAAATATACCGTAAATAAACAACAGTIGATAATAGTCATC - 3 8 0  

- 3 7 9  GAAAAGATATCAACIGATTCTICACTKQGCIACTGnUACGQCCCGTTAGGTrCTrCAATA - 3 2 0  

- 3 1 9  TAAGTCAATAACTACGATCriACGATICACTGAAACAAATAAAACACAGCCACGTGTCCAC - 2 6 0  

- 2 5 9  CCTGCCACATCACOGTCnaATCTAACCCACGACAAGCTrACAACACGGGTCATACCGGCT - 2 0 0  

- 1 9 9  CX?IGCAGCGTGTIX%13TCAT3ZJ^CGGGATTAC7V1CITCTACCAGATCCACCAAACCCTCA - 1 4 0  

- 1 3 9

- 7 9  TTCTCTICTCCTClXZACAaiCTICrCTCICTCICICTCIC^^ - 2 0

- 1 9  T(7ICAGATCTAGC7CAACCATGGCGTIGCICGTCnAGAAGACCTCAAGTGGCC%TGAATA 4 1  
1 M A L L V E K T S S G R E Y 1 4

42  CAAGGTCAAAGACATQTC7IT]^Ga%ATITX]GGTCGICIT%AACI^ 9 0
1 5 K V K D M S Q A D F G R L E L E  30



Figure 6.5 Sequence of the coding region of AtSHFf

Nucleotide and deduced amino acid sequence of the Arabidopsis 
thaliana S-Adenosyl-L-Homocysteine Hydrolase (AtSHH) genomic clone 
coding region. Translated nucleotides are shown in capital letters. The 
sequence is num bered as in figure 6.4. The predicted amino acid sequence 
is shown below the nucleotide sequence, w ith intron acceptor and donor 
junctions underlined. The transcriptional start site at -60 is show n in 
boldtype. The termination codon is indicated by an asterisk.



- 7 9  t t c t c t t c t c c t c g c a c a c a c t t c t c t c t c t c t c t c t c t c t g c c t c c t t c c g g a t t c a a a  -2 0

- 1 9  tctcagatctagctcaaccATGOCGTrOCTCGTCGAGAAGAQCTCAAGTGQCCG?rGAATA 41 
1 M A L L V E K T S S G R B Y 1 4

42 CAAGŒ'CAAAGACATarCICAAacCGATTlCGGIXDGTCTOGAACina 101
1 5 K V K D M S Q A D F G R L E L E L A E V 3 4

102 TGAGATQCXrKX3ACÎ^TQ3CrTGrTOGrrAGCGAATIXX3GW2CI^  ̂ 161
3 5 E M P G L M A C R T E P G P S Q A F K G 5 4

162 COCTAGAATCAOCGGATCTCTTCACATGACCAlXXAAACOGOCGrACTCATCGAAACOCT 221 
5 5 A R I T G S L H M T I Q T A V L I E T L 7 4

222 AACTC3:nxrrcGGÎGCTaAAGTCAGATGGTGrT<XTGCAACATCTITTC  ̂ 281
7 5 T A L G A E V R W C S C N I  F S T Q D H 9 4

342 T(AGGAGn'ACIX33TGGIGTACCGAGOGTGCTCrAGATTGQ0GIXX:AO31GGIGGI\2C  ̂ 401 
1 1 5 Q E Y W W C T E R A L D W G P G G G P D 1 3 4

402  TCIGATTGirGATGATGGTGGIGACOCTACrcTrriGATTCATGAGQGriGTTAAAQCTCA 461 
1 3 5 L I V D D G G D A T L L I H E G V K A E 1 5 4

462 GGAGATCITIGAGAAGACTGGrCAAGnxXTCATOCTACTICTACTGATAACœTGAGrT 521 
155 E I F E K T G Q V P D P T S T D N P B F 1 7 4

522 TCAGATaTTGTTGTCTATTATCAAGGAAGGfîCITCAAGTlGATOTAAGAAGTACCAC  ̂ 581 
1 7 5 Q I V L S I I K E G L Q V D P K K Y H K 1 9 4

582 GATGAAœAGAGACTK ÎTGGrGPCTCTGAGGAAACTACCACraGTG  ̂ 641
1 9 5 M K E R L V G V S E E T T T G V K R L Y 2 1 4

642 <XAGATQCAQCAAAATGGAACrCITTrGTIXXCTQCCATTAACGITAAOGACTCI\?rGAC 701 
2 1 5 Q M Q Q N G T L L F P A I N V N D S V T 2 3 4

7 0 2  C A A G A G C A A Q s H a t t g a c c t t c a g a t t g t t c t t a c t a g t g a t g a t a a t c t g c t a g g t c t t  761  
2 3 5  K S  K 237

7 6 2  a g c t c t g t a g C t t t g a t g c g a t a g g c t C a a c a a c a a c a t a a t c a c t a a g c a g a a g c a a g c  821

8 22  t t t t c a t t g t t g g t t g t t g a a a g t a t t a c g a t c t a g t a g a g a a a a g t c c t t c c t t g g t t a  881

882  c a g a a t t t g c a t g a a a a g t c a a t a t t t c t c a t g c t t t c t t t g a t t t t a t a t t c a a c g t t t  941

942  t g t t t a c a c t t a t g t g c t g t t a c t g a t a a a t t c a t t t g t c c t t g a t t t a c â a ' l T C G A C A A  1001  
2 3 8  F D N 240

1002 CTIXSTATGOTTCXXSSlCACrcACTCCCTGATGGrcTCATGAaGOa  ̂ 1061
2 4 1 L Y G S G H S L P D G L M R A T D V M I 2 6 0

1062 CQCTOGAAAaGTTGCTGTTATCTGTOGATATGGrGATGTTGGAAAGGGTrGrrGCroCTGC 1121 
2 6 1 A G K V A V I C G Y G D V G K G C A A A 2 8 0

1122 CATGAAGACTGCT03TaCTAGACTCATTGTGACrGAGATT>2ATœCATCrGIX3^  ̂ 1181 
2 8 1 M K T A G A R V I V T E I D P I C A L Q 3 0 0

1182 AOCTÎTGATGGAAGGAiCTTCAGGITCITAOCCTIGAOaATGTKJrCTrCAGAAGCrGATAT 1241 
3 0 1 A L M E G L Q V L T L E D V V S E A D I  320

1 2 4 2  CTITGÎ^CCACX:ACCX3GTAACAAAGACATCATCAT0GTCX3ACCACATGAQGAAGATGAA 130 1  
3 21  F V T T T G N K D I  I M V D H M R K M K 3 4 0

1302 GACCAAOCCrATr<?rX7IV2AAOCATTGGTCAOTTGACAATGAGATTGACA1GCĈ  ̂ 1361 
3 4 1 T N P I V S T I G H P D N E I D M P G L 3 6 0

1362 TGAGACTTACCCnxaSTGTGAAGOGTATCAOCATCAAQCCACAGACTGACAQCÏIGGGIVĜ  1421 
3 6 1 E T Y P G V K R I T I K P Q T D R W V F 3 8 0

1422 COCAGAGA<XAAG0CTGGAATCATTGrCTTGGCÎGAO3GTCGrcrGATGAACriG0GTO 1481 
381 P E T K A G I I V L A B G R L M N L G C 4 0 0

1482 TOCCACTCGTCACOCAAGTTTCXÏÎK âTGICTTGCTCTrTCAŒ  ̂ 1541
401 P T G H P S P V M S C S F T N Q V I A Q 4 2 0

1542 GCTCGAOCTCTOGAAOSAGAAAœAAGCGGAAAGTAOGAGAAGAAGGICTACGrriCTTCC 1601 
4 2 1 L E L W N E K A S G K Y B K K V Y V L P 4 4 0

1 6 0 2  CAAGGATTTGGATGAGAAOGTITOCATTACTGCACTTOGGa^AacrTGGAOCCAaacrTAC 1 6 6 1  
4 4 1 K H L D E K V A L L H L G K L G A R L T 4 6 0

1662 AAAGCTŒX^^GGAOiAATCrGACrAaZICAGCATTCCAATI^GGGACŒTAC^ 1721 
4 6 1 K L S K D Q S D Y V S I P I E G P Y K P 4 8 0

1722 TCXrrCACTACAQGTACTGAGAGAGAGAGAGAGTCGAC 1758
481 P H Y R Y * 485



were split by the presence of the intron (See figure 6.5). The predicted amino 
acid sequence of the coding region was found to be 89.7% identical and  94.4% 
similar to the predicted amino acid sequence of the AoSHH cDNA. Therefore 
the sequenced portion of the genomic clone was called Arabidopsis thaliana S- 
Adenosyl-L-Homocysteine Hydrolase (AtSHH).

W ithin the in tron neither a conserved branch po in t sequence nor 
polypyrim idine tract, similar to those found in yeast or vertebrate introns, were 
found, agreeing w ith Goodall and Filipowicz (1989) w ho observed these 
elements are not essential for plant intron splicing. All previously cloned dicot 
introns contain a minim um  60% AU content and this intron agrees w ith these 
findings at 67.7%. Plant introns on average are 15% more AU rich than exons, 
w ith  dicot introns on average 71% AU rich, and exons only 55% AU rich. In 
the case of the Arabidopsis SHH gene intron, these values are 67.7% and 50.7% 
respectively. Conserved sequences for 5' and 3' splice sites have been proposed 
(Simpson et a l, 1992; Goodall and Filipowicz, 1991) for plants and similar 
sequences are observed at the AtSHH introns boundaries. As the percentage 
m ism atch at each position of the splice site junction consensus sequences is 
h igher in p lants than either yeast or vertebrates, w ith only 5.2% of p lan t 
introns having an exact match to the 5' consensus (Luehrsen et a l ,  1994), an 
exact consensus sequence at the splice sites of the AtSHH intron was not 
expected or observed.

As predicted by the derived map, the 1845bp Xho I fragm ent contained 
the coding region for the first 30 amino acids of the protein. However this was 
present at the 3' end of this subclone, which therefore represented a putative 
prom oter. W ithin this pu ta tive  p rom oter sequence several features of 
previous prom oters were observed. Notably the first ATG sequence present 
after the transcriptional start site is the translational start site. Also a putative 
TATA box can be observed on figure 6.4, as well as several direct repeats within 
the prom oter sequence. No other long open reading fram es were detected 
w ithin this subclone and the only significant homology (using January 1996 
release of EMBL/Gen database) to the nucleotide sequence was to a hum an 
enhancer elem ent (M autner et a l, 1995) w ith 70.6% identity in a 68bp region 
(numbered -29 to -96 on figure 6.4).
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Figure 6.6 Sl-transcript mapping

Sl-transcript m apping used to identify the probable transcriptional 
start site of the AtSHH gene. Both lanes 1 and 2 were hybridised to the 
same RNA population but only lane 2 was treated w ith Sl-nuclease. Post 
Sl-nuclease digestion the products were separated on a denaturing gel 
w ith a sequencing ladder run  along side as a molecular mass m arker 
(lanes G, A, T, and C). The major protected fragment corresponds to 149bp.



G A T c  1 2

149bp product



6.6 Transcript mapping of AtSHH
Transcript m apping can be utilised to determine the boundaries between 

transcribed and non-transcribed regions of genes, and also to m ap in tron /exon  
boundaries. In this experiment it is used for the former purpose. The m ethod 
relies on the principle that DNA/RNA hybrids are protected from digestion by 
exonucleases specific for single stranded nucleic acids.

Using a subclone of AtSHH, a probe was prepared from an Eco RV /  Xho I 
fragm ent, w hich can be seen in figure 6.3. This pBluescript™  subclone was 
digested w ith Xho I, to linearise the plasmid. Following dephosphorylation of 
the 5' termini, Eco RV cleavage produced a 460bp fragment. This fragm ent was 
purified and end labelled using T4 polynucleotide kinase. Therefore a probe 
w ith the antisense strand labelled at the 5' end was generated.

Previous data presented in chapter 5 had shown SHH transcript and 
protein to be present in every plant organ tested. Therefore the RNA used to 
p ro tect the DNA probe fragm ent, could be isolated from  any tissue, so 
Arabidopsis bud total RNA (donated by Dr. Roberts), isolated from  a large size 
range of buds, was hybridised to the probe at 50 °C and subsequently treated 
w ith Sl-nuclease. The products were run along side sequencing ladder on a 6% 
polyacrylamide sequencing gel.

The autoradiograph showed one major protected fragm ent which was 
149bp in length (figure 6.6), among a small number of protected fragments.

6.7 Discussion
The genomic Southern analysis of hybridising SHH gene fragm ents 

w ithin both tobacco and asparagus, suggested small SHH gene families to exist 
w ithin these species. The probable occurrence of more than one SHH gene was 
also reported w ithin parsley (Kawalleck et a l, 1992). Further studies published 
during  the course of this w ork confirm sim ilar results w ith in  Nicotiana  
sylvestris and alfalfa (Mitsui et a l, 1993; Abrahams et a l, 1995). The Southern 
b lot of N . sylvestris is not directly com parable to the Southern analysis 
described in  this chapter as N. tabacum was utilised in this study as well as 
different restriction enzymes. N. sylvestris is the female progenitor of N .
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tabacum  and therefore some family members w ithin N. tabacum m ay have 
arisen from this parent line. The isolation of two separate cDNAs, show ing 
strong identity [«80%] at the nucleotide level, confirms the presence of small 
SHH gene families w ithin N. sylvestris, and m ore than one gene fam ily 
mem ber is transcribed (Mitsui et a l, 1993). Within rat, a single genomic clone 
has been isolated bu t at least seven pseudogenes have also been identified 
which confuses Southern analysis (Merta et a l, 1995). The possible occurrence 
of this situation w ithin plant species can not be ignored, w ith a single gene 
being transcribed while the other detected gene fragments on Southern analysis 
m ay represent non-transcribed pseudogenes. The relatively sim ple array of 
hybridising bands observed in Arabidopsis thaliana genomic DNA, and this 
species' small genome size, led to its utilisation in the isolation of an SHH 
genomic clone.

A single clone was isolated from an A. thaliana genomic library, which, 
upon  m apping, subcloning and sequencing, was found to contain an SHH 
gene. The restriction enzyme map of the genomic clone does not correlate to 
the genomic Southern due to the use of two different ecotypes for these two 
experiments. The approximate 1750bp region of the clone encoding the SHH 
amino acid sequence contains one intron. Regions 5' of the coding region have 
also been subcloned and putatively contain the prom oter regions controlling 
the transcriptional expression of this gene. These potential prom oter fragments 
were used in further experiments discussed in the next section of work.

The transcript m apping experiment defined the likely position of the 
transcriptional start site. However, despite the protection of a 149bp DNA 
fragm ent by hybridisation to SHH mRNA, the presence of an intron w ithin the 
5' untranslated region of the transcript cannot be discounted.

The AtSHH translational start site is the first ATG sequence present after 
the transcriptional start site. This agrees with Kozak (1987), who proposed the 
40s ribosomal subunit binds at the 5' capped end of mRNA and m igrates 3' 
until an AUG is found. Therefore the first AUG is utilised in m ost cases. The 
flanking sequences of the first ATG are also im portant because if they are sub
optim um , this first AUG may be bypassed and a later AUG utilised. Kozak's 
study was based on diverse eukaryotic genes. A study by Joshi (1987) used only
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plant genes and found that the 'first AUG rule' was consistent in 92% of the 79 
p lant gene sequences tested. This study postulated a plant consensus sequence 
region around  the AUG of UAAACAA U G G CU. and  AtSHH has sim ilar 
sequence around the utilised AUG (UCAACCAUGGCG). This similarity to the 
optim um  consensus sequence around the first AtSHH AUG probably aids in 
the use of this site as the translational start site.

An adenine residue is utilised in 85% of plant transcriptional start sites, 
w ith pyrim idine bases flanking (Joshi, 1987). This is observed in AtSHH where 
the S l-m apping  studies placed the transcriptional start site at an adenine 
residue (numbered -60 on figure 6.4), w ith large («20 nucleotides) pyrim idine 
tracts at either side. Leader sequences vary from 9-193 nucleotides w ith 53% of 
plant genes having 40-80 nucleotide leader sequences (Joshi, 1987). Most leader 
sequences (90%) are AU rich with 21% being in the 51-60% AU rich category 
(Joshi, 1987). Both these observations are also seen in AtSHH.

A TATA site is found in 84% of plant genes tested and a consensus 
sequence of TC AC T AT AT AT AG has been postulated to occur 37±7 nucleotides 
upstream  of the transcript initiation site (Joshi, 1987). In AtSHH a sequence 
similar to the consensus is 36bp upstream  of the transcriptional start site.

The only significant nucleotide sequence hom ology found  w ith in  
current databases to the putative AtSHH prom oter sequence, is to a hum an 
enhancer elem ent region. H ow ever this hom ology is found  in  the DNA 
sequence between the TATA box and the translational start site, including the 
transcriptional start site. This region is comprised of large pyrim idine tracts to 
w hich all the identity  was observed. The actual portion  of hum an DNA 
showing homology is not an experimentally proven enhancer bu t is w ithin a 
span of DNA in which proven enhancers are found (Mautner et a l, 1995).

As previously m entioned one other higher eukaryotic genomic SHH 
clone has been isolated from rat (Merta et a l,  1995). This clone is comprised of 
10 exons which are dispersed over 15kb. Two of the introns found w ithin this 
gene are in exactly the same position as the two introns found in the lower 
eukaryote nem atode C. elegans SHH gene. H owever this conserved intron 
position is not observed in AtSHH. The intron w ithin AtSHH is found only 
two codons from the position of an intron within the rat gene.
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This isolation of an Arabidopsis thaliana SHH genomic clone, allows the 
u tilisation  of potential prom oter regions w ithin reporter gene constructs, 
leading to an increased knowledge of SHH transcriptional control, as discussed 
in the following chapter.
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Chapter 7

Construction of AtSHH reporter 
gene constructs, and their analysis in 
transgenic Nicotiana tabacum and 
Arabidopsis thaliana

7.1 Introduction
Follow ing the isolation of an AtSHH genom ic clone, a pu ta tive  

prom oter fragm ent was available to be tested using reporter genes in fusion 
experiments. This technology assays the location of norm al prom oter activity 
by simple histochemical staining of tissue or by quantitative enzyme activity 
measurem ents. The E. coli fi-glucuronidase gene (gus; Jefferson et ah, 1986) and 
the firefly luciferase gene (Ow et ah, 1986) were chosen as reporter genes as both 
of these encode enzymes, that are easily assayed (Draper et a l, 1988; Ow et a l, 
1986). The g u s  reporter gene has the added  advan tage of acting on 
histochemical substrates which provide a visual m arker for prom oter driven 
gus gene expression. These AtSHH p rom oter/repo rter gene fusions were 
designed to provide data regarding the temporal and spatial gene expression of 
SHH. Tobacco was chosen as the species to be initially transform ed as the 
process of Agrobacterium  m ed ia ted  tobacco transfo rm ation  is sim ple, 
repeatable and generates transgenic plants over a relatively short time period
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Figure 7.1 Assembly of an AtSHH-luciferase construct

The previously constructed vector pKS AoPRl Full LUC (W arner et 
al., 1994) was utilised to create pKS AtSHH LUC, an interm ediate vector 
containing an AtSHH prom oter next to the luciferase reporter gene. This 
portion of the intermediate clone was ligated into suitably digested pBIlOl 
AoPRl LUC (Warner et ah, 1994) to create the final binary construct pBIlOl 
AtSHH LUC.
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(D raper et al., 1988). How ever, since an Arabidopsis thaliana p rom oter 
fragm ent was being studied, the longer process of A. thaliana transform ation 
w as also perform ed (Clarke et ah, 1992), to ensure th a t the observed 
transcriptional activity within the foreign host species, tobacco, reflected that of 
the endogenous host. Tobacco is a m uch larger species than A. thaliana, being 
advantageous for simple dissection of plant organs, such as flower parts, for 
analysis.

W hen the reporter gene constructs were designed, the sequence of the 
entire m apped  genomic region (see chapter 6) w as unknow n. H ow ever, 
m apping and initial sequencing data had dem onstrated that a 1845bp Xho I 
fragm ent contained the coding region for the first 30 amino acids of the AtSHH 
protein, at it's 3' terminus. This fragment of the genomic clone was considered 
an excellent candidate to contain the required prom oter elem ents to direct 
transcription of the reporter genes. Sequence analysis of this 1845bp Xho I 
fragm ent showed that an Nco I site was present at the ATG initiating codon. 
This allowed fusions of the AtSHH putative prom oter to reporter genes w ith 
Nco I sites at their ATG translational start site. This form s an exact 
translational fusion where the initiating methionine is encoded by both halves 
of the fusion and therefore is referred to as a transcriptional fusion in this 
w ork, to differentiate this fusion and another fusion containing the first 30 
amino acids of the AtSHH coding sequence. As the transcriptional start site had 
not been m apped at the onset of the construction of the reporter gene plasmids, 
the use of this fragm ent avoided the potential problem  of m issing the 
transcription start site from the constructs. Therefore all constructs were either 
tran sla tio n a l fusions, or transcrip tional fusions in  w hich the in itia l 
m ethionine codon was the site of fusion. If the first 30 amino acids of the 
translational fusion encoded a signal peptide sequence, then the fusion protein 
m ay be exported, leading to glycosylation of the GUS protein and formation of 
functionally inactive enzyme (Iturriaga et a l, 1989). This was not considered a 
problem  as no predicted regions within the 30 amino acids displayed predicted 
hydrophobic domains characteristic of signal peptides (von Heijne, 1985) and 
other SHH proteins are found in the cytosol.

Expression data relating to the cloned parsley SHH cDNA (Kawalleck et
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Figure 7.2 Assembly of a transcriptional AtSHH-gws construct

The previously constructed vector pSK PRla-GUS (donated by S. 
F irek, a t Leicester) was u tilised  to create pSK AtSHH-GUS, an 
interm ediate vector containing an AtSHH prom oter next to the gu s  
reporter gene. This portion of the interm ediate clone was ligated into 
suitably digested pBinl9 (Bevan, 1984) to create the final binary construct 
pBinl9 AtSHH-GUS.

In this construct the fusion between the AtSHH prom oter and the 
gus gene occurs at the translational start site.
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al., 1992), and the northern, western and enzyme assay studies presented in 
chapter 5, suggest SHH to be expressed in every tissue tested, w ith an increase 
in this expression occurring upon wounding. Therefore these hypotheses were 
tested using the transgenic plants obtained in this study.

7.2 Reporter gene constructs
Two separate reporter genes were utilised to ensure that any results 

obtained were not artifacts due to the use of a specific reporter gene. To allow 
full comparisons to be made between gus and luciferase gene expression, the 
same prom oter fusion was required between the two reporter genes. Therefore, 
the fortuitous presence of a Nco I site at the translational start codon w ithin 
AtSHH was utilised in fusions to both reporter genes.

7.2.1 Construction, of an AtSHH promoter-luciferase gene fusion
Previously constructed plasmids were utilised in the construction of an 

AtSHH prom oter driven luciferase reporter gene construct. An interm ediate 
vector, pKS AoPRl Full LUC (Warner et al., 1994; see figure 7.1) was digested 
w ith  Nco I and Xho I to remove the AoPRl prom oter from the rest of the 
vector. Using these sites the 1760bp AtSHH prom oter fragm ent was isolated 

from the appropriate A, subclone and ligated into the plasm id to create pKS 

AtSHH-LUC, a cloning intermediate.
The binary vector pBIlOl AoPRl-LUC (Warner et ah, 1994) was digested 

w ith Bam HI and Sal I removing the AoPRI-LUC cassette, and the Xho l/B a m  
HI digested AtSHH-LUC cassette from pKS AtSHH-LUC was ligated into the 
plasm id to create pBIlOl AtSHH-LUC.

7.2.2 Construction of AtSHH promoter-6-glucuronidase gene igus) fusions
7.2.2.1 A transcriptional AtSHH promoter-gws fusion

An SHH prom oter-reporter cassette was constructed utilising the gus 
reporter gene in place of the luciferase reporter gene using an identical AtSHH 
prom oter fragment, to facilitate direct comparisons between the two reporter 
genes.
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Figure 7.3 Assembly of a translational AtSHH-gws construct

An Xho I fragm ent containing the AtSHH prom oter was ligated 
into the commercially available vector pBIlOl.l to create the two possible 
constructs shown.

In this construct a translational fusion occurs, w ith the first 30 
amino acids encoded by the AtSHH gene being translated before the gus 
gene.
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Initially the plasm id, pSK PRla-GUS (donated by Dr. S. Firek, at 
Leicester; see figure 7.2) was digested w ith Nco 1/X ho  I to release the PRla 
p rom oter, leaving a gus  gene containing an Nco I site at its in itiating  
m ethionine codon. The 1760bp AtSHH prom oter was sim ilarly digested and 
ligated into the vector to create pSK AtSHH-GUS. The Xho 1/Bam  HI fragm ent 
of this plasm id was then cloned into the Bam H l/Sal I sites of pBinl9 (Bevan, 
1984) to create a binary plasmid pBinl9 AtSHH-GUS.

7.2.2,2 A translational AtSHH promoter-gws fusion
A simple one step cloning strategy allowed a further gus gene fusion to 

be m ade using pBIlOl (Jefferson et al., 1987; see figure 7.3). pBIlOl is a 
com m ercial b inary  vector (Clontech), w hich is a derivative of pB inl9 
containing the gus reporter gene downstream from a cloning site, followed by a 
NOS term inator region, to direct efficient polyadenylation of the gus message. 
U pstream  from this region is an np tll gene cassette that allows selection of 
transform ed plants on media containing kanamycin. These sequences all lie in 
the Ti plasm id derived left and right borders, that both assist and define the 
region of DNA transferred into the plant's genome.

Sequence data predicted that a fusion with pBIlO l.l w ould generate an 
active translational fusion between the AtSHH prom oter and the gus gene 
w ith the first 30 amino acids of the translational fusion encoded by the SHH 
gene. This construct was made by ligating the 1845bp Xho I fragm ent of the 
SHH prom oter into the Sal I site of pBIlOl.l. The resultant clone was nam ed 
pBIlOl AtSHH Correct. The SHH prom oter fragment also ligated into pBIlOl.l 
in the opposite orientation, w ithin the same ligation (i.e. in the anti-sense 
orientation), creating pBIlOl AtSHH Wrong. This construct was used as a 
control in expression studies.

7.3 Initial transformation data
Each of the four described constructs' structures were confirm ed by 

Southern hybridisation experiments, and predictably sized restriction enzyme 
fragments were found to hybridise to labelled AtSHH 1845bp Xho I probe.

The p lasm ids w ere in tro d u ced  in to  LBA4404 A g ro h a c te r iu m
116



Figure 7.4 Genomic Southern analysis of Agrobacterium
harbouring the four AtSHH-reporter gene constructs

Southern  analysis of transform ed Agrobacterium tumefaciens 
LBA4404, harbouring the four nam ed constructs, hybridised w ith  the 
1845bp Xho I putative AtSFIH promoter probe. Lanes 1-4 are digested w ith 
Eco RI and lanes 5-8 are digested with Hind III.

Lanes 1 and 5 pBIlOl AtSHH correct
Lanes 2 and 6 pBIlOl AtSHH wrong
Lanes 3 and 7 pBinl9 AtSHH-GUS
Lanes 4 and 8 pBIlOl AtSHH-LUC

The m aps of each of these four constructs (seen in figures 7.1-7.3) predict 
the probe to hybridise to the observed fragments
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tumefaciens using electroporation (described in section 2.4). T ransform ed 
agrobacteria were selected on NA media containing rifampicin and kanamycin. 
Pure single colonies were grown in liquid culture and total DNA preparations 
perform ed (Draper et ah, 1988; described in section 2.4.2). The resultant DNA 
w as digested w ith appropriate restriction enzymes and Southern blots carried 
ou t to confirm the constructs were harboured w ithin the agrobacteria (see 
figure 7.4).

The transform ation of tobacco w ith all of the above constructs was 
perform ed first, due to the speed and ease of production of transgenics.

7.3.1 Tobacco leaf disk transformation
Transform ed tobacco plants were generated by standard  techniques 

(Draper et ah, 1988), for each of the four reporter gene constructs. Once the 
putative transform ed plants had produced sizable roots in MSG containing 
kanam ycin, they were transferred to compost filled pots and m aintained in 
transgenic grow th rooms. At the time of this transfer a small sam ple of leaf 
tissue was removed from each line for initial analysis. Data presented w ithin 
chapter 5 suggested SHH transcript to be present w ithin every tissue tested, 
therefore reporter gene activity was predicted to be present w ithin these excised 
portions of leaf tissue. The four kanam ycin-resistant plants harbouring the 
construct, pBIlOl AtSHH W rong, were utilised as controls in a histochemical 
analysis of leaf tissue of all 36 GUS lines. Unexpectedly, the leaf tissue from 
pBIlOl AtSHH W rong lines, produced blue colouration w ithin the tissue, as 
well as all the other GUS lines tested. The experiment was repeated utilising 
w ild-type tobacco plants as negative controls and  identical resu lts w ere 
obtained for all the previously tested lines, but no blue p igm ent could be 
v isualised  in w ild-type controls. This result therefore suggested  tha t the 
'negative control' constructs transform ed into tobacco, expressed gus activity 
and w ould not be suitable for negative controls. Due to time constraints these 
plants were not analysed further. This histochemical analysis also suggested 
that GUS activity was greater in vascular tissue within the leaf, than in the leaf 
lamina. This observation was studied in detail in section 7.5.I.2.

Sim ilar analysis of all 21 ind iv idual kanam ycin -resistan t p lan ts
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Figure 7.6 Genomic PCR analysis of transgenic tobacco lines

Figure 7.6A PCR amplification of the complete AtSHH prom oter, a small 
fragm ent of the vector's m ulti cloning site and a small portion of the 5' 
end of the luciferase reporter gene, by utilising the vector prim er M l 3-20, 
and an internal luciferase prim er (annealing to the luciferase gene at its 5' 
end).

Lanes 1 and 10 1KB ladder
Lanes 2-7 Amplification from DNA extracted from

transgenic lines 5 ,10,11,14,16 and 23, 
harbouring the construct pBIlOl AtSHH LUC 

Lane 8 No template, negative control
Lane 9 Amplification from DNA extracted from

untransform ed tobacco

Figure 7.6B PCR amplification of the complete AtSHH prom oter, a small 
fragm ent of the vector's m ulti cloning site and a portion of the 5' end of 
the gus reporter gene, by utilising the vector prim er M13-20, and an 
internal gus prim er (annealing to the gus gene approximately 400bp from 
its 5' end).

Lane 1 1KB ladder
Lanes 2-7 Amplification from DNA extracted from

transgenic lines 15,17,19,20, 23 and 24, 
harbouring the construct pBIlOl AtSHH Correct 

Lane 8 Amplification from DNA extracted from
un transformed tobacco 

Lanes 9-12 Amplification from DNA extracted from
transgenic lines 4, 9, 20 and 22, harbouring the 
construct pBinl9 AtSHH GUS 

Lane 13 Positive control amplification from
Agrobacterium harbouring the construct pBinl9 
AtSHH GUS



harbouring  the pBIlOl AtSHH-LUC construct w ere perform ed using leaf 
protein extractions in a fluorometric assay, for luciferase activity. Due to the 
positive nature of the results from this and the previous experiment, a sample 
of lines containing each construct were chosen for further study. Of the 21 
ind iv idual kanam ycin-resistant p lants harbouring the pBIlOl AtSHH-LUC 
construct, 6 lines were chosen for further analysis; of the 18 ind iv idual 
kanam ycin-resistant plants harbouring the pBinl9 AtSHH-GUS construct, 4 
lines were chosen for further analysis; and of the 18 individual kanamycin- 
resistant plants harbouring the pBIlOl AtSHH-GUS construct, 6 lines were 
chosen for further analysis. Fluorometric analysis of reporter gene activity was 
perform ed on leaf lamina tissue of some of these chosen lines. Similar sized 
explants w ere harvested, their protein content extracted in the appropriate 
extraction buffer and  quantified, and  a fraction of the extract used for 
fluorometric assays. The GUS activity was calculated and expressed in terms of 
picomoles of 4-MU p roduced /m in /m g  of total protein. The luciferase activity 
was calculated and expressed in terms of Luc u n its /p g  of total protein. The 
results of this analysis are presented in figure 7.5, which emphasises the varied 
constitutive levels of reporter gene activity found w ithin leaf lam ina tissue of 
different transform ant lines.

Luciferase activity can be seen to vary between the highest expressing 
plant, line 5 and the lowest expressing plant, line 23, by approxim ately one 
order of magnitude. GUS activity can be seen to vary between the highest and 
lowest expressing lines by a similar degree, within each construct.

DNA extractions were performed on each of the selected lines and PCR 
analysis perform ed to confirm the presence of the AtSHH prom oter fragment 
5' to either the luciferase or fi-glucuronidase reporter genes (see figure 7.6).

7.3.2 Arabidopsis root explant transform ation

As analysis of the T1 tobacco lines suggested no significant variation in 
GUS expression betw een the translational and transcriptional fusions (see 
later), the relatively time-consuming transform ation of Arabidopsis was only 
perform ed w ith one construct, pBIlOl AtSHH Correct. This GUS reporter gene 
construct was chosen due to the common use of pBIlOl vector w ithin previous
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Figure 7.5 AtSHH-reporter gene constructs' expression in tobacco
lines' leaf lamina

Figure 7.5A Luciferase activity in the six tobacco lines chosen for study.

Figure 7.5B GUS activity in six representative tobacco lines. Lines 15, 17 
and 19 harbour pBIlOl AtSHH Correct and lines 9, 20 and 22 harbour 
pBinl9 AtSHH GUS.

(Filled columns represent the mean and the vertical bars represent 
the s tan d a rd  deviationn-i of data obtained from three independen t 
m easurem ents.)



studies, allowing direct comparisons of data.
Arabidopsis thaliana [ecotypes C24 and Columbia] w ere transform ed 

w ith pBIlOl AtSHH Correct, using the technique described by Clarke et al., 
(1992). This m ethod requires the T1 plants to set seed in vitro, so the first 
generation available for reporter gene analysis was the T2. The T2 generation is 
a segregating population of plants in which some offspring of the original 
transform ant will no longer contain a T-DNA, so a large portion of each T1 
line seed was selected on kanamycin. Whole three week old kanam ycin- 
resistant T2 plants were analysed for GUS activity using fluorometric analysis 
and no significant variance in GUS expression could be detected between C24 
and Columbia transform ants (see figure 7.7). Therefore only C24 lines were 
analysed in the T3 generation.

The segregation ratios for each T2 seed population were subjected to chi- 
square tests and five C24 lines were found to have a 3:1 ratio suggesting the 
presence of a single T-DNA insert locus. The resultant seed set from  nine 
individual T2 plants, for each of these five lines, was collected and a portion 
germ inated on kanam ycin selection plates. The T3 seedling populations in 
which all seedlings were kanamycin-resistant were selected as the lines to be 
studied. These lines are potentially homozygous for a single T-DNA locus 
insert, however, it is possible that more than one T-DNA copy is present at this 

locus.

7.4 Wound induced reporter gene expression
Results presented within chapters 3 and 5 have proven SHH transcript 

and enzym e activity to be induced by w ounding w ithin etiolated asparagus 
seedlings. This induction occurred within one day post-w ounding and then the 
transcript and enzyme activity decreased back towards the basal levels over the 
following two days. Therefore transgenic plants were analysed to assess if the 
putative AtSHH prom oter fragment utilised would cause w ound induction at 
the level of transcription.

As m aturing T1 tobacco plants were to be utilised, this w ound induction 
study  could not be perform ed upon etiolated seedlings as w ith  asparagus.
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Figure 7.7 AtSHH-GUS activity in Arabidopsis T2 seedlings of
two ecotypes

Figure 7.7A GUS activity in four representative Arabidopsis  ecotype C24 
lines.

Figure 7.7B GUS activity in four representative A rab idopsis  ecotype 
Columbia lines.

(Filled columns represent the mean and the vertical bars represent 
the standard deviationn-i of data obtained from three independent 

measurements.)
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Therefore a previous m ethod used to study w ound inducible reporter gene 
expression w ithin transgenic tobacco was utilised (Warner et ah, 1993). Leaves 
from  transgen ic  tobacco p lan ts w ere rem oved and  cut in to  squares 
approxim ately lcm2 in size, avoiding major veins and the midrib. These leaf 
squares w ere uniform ly stabbed nine times using yellow  pipette tips. The 
w ounded  leaf pieces w ere transferred  to Petri dishes lined  w ith  3MM 
W hatm an paper dam pened w ith sterile water, and incubated in plant growth 
rooms for 0-3 days.

7.4.1 Tobacco

Three leaf disks were utilised/sam ple and the experiment perform ed in 
triplicate using different sections of the same leaf for each transform ed line 
assayed. The fluorometric analysis of reporter genes for a representative sample 
of lines is show n in figure 7.8. This data dem onstrates that an increase in 
reporter gene activity is detectable w ithin one day post-w ounding and this is 
the period of maximal reporter gene activity, w ith activity reducing over the 
following two days [2-3 days post-wounding], towards the basal level observed 
in leaf samples assayed on day zero. This described pattern of w ound induced 
reporter gene expression was observed in all 13 lines tested, w ith no difference 
in  the tem poral induction  profile observed betw een  luciferase or fi- 
glucuronidase reporter genes; or between transcriptional and translational gus 
gene fusions. This fluorom etric data confirm ed the prev iously  observed 
variance in expression levels between transformants.

The average increase in reporter gene activity w ithin one day of the 
w ounding of leaf tissue can be expressed in terms of an x fold increase in 
reporter gene activity in comparison to the levels recorded prior to w ounding 
[day 0 time point]. The average for each construct is as follows: pBIlOl AtSHH- 
LUC constructs had an average 2.34 fold increase in reporter gene activity in 
response to w ound ing  [standard  deviation=0.976]; pB inl9  AtSHH-GUS 
constructs had an average 2.042 fold increase in reporter gene activity in 
response to w ound ing  [standard  deviation=0.508]; pBIlO l AtSHH-GUS 
constructs had an average 1.885 fold increase in reporter gene activity in 
response to w ounding  [standard deviation=0.415]. These values give an
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Figure 7.8 W ound-induced AtSHH-reporter gene expression in
representative tobacco lines

Figure 7.8A Luciferase activity in Line 11 w ounded explants, m onitored 
at one day intervals post-wounding.

Figure 7.8B Luciferase activity in Line 23 w ounded explants, m onitored 
at one day intervals post-wounding.

Figure 7.8C GUS activity in Line 19 (harbouring pBIlOl AtSHH Correct) 
w ounded explants, monitored at one day intervals post-wounding.

(Points represent the m ean and the vertical bars represen t the 
s ta n d a rd  dev ia tio n n -i of data obtained from  three in d ep en d en t 

m easurem ents.)
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average w ound induction of reporter gene activity of 2.151 fold [standard 
deviation=0.744].

Histochemical analysis of a tobacco leaf explant, one day post-wounding, 
can be observed in figure 7.17. The constitutive gus expression in the leaf 
lam ina tissue provides the blue background upon which the more intense blue 
staining appears at w ound sites. The w ound sites include the cut edge of the 
explant as well as the stab holes. This picture also dem onstrates the greater 
staining observed in the vascular tissue of the leaf than in the lamina tissue.

7.4.2 Arabidopsis
F luorom etric  analysis of w oun d ed  A rabidopsis  leaves w as no t 

perform ed as the Arabidopsis leaves were found to desiccate easily and the 
tissue started  to rot w ithin three days if excess w ater was used. Therefore, 
histochemical analysis was performed on fresh leaf tissue, and tissue one day 
post-w ounding (see figure 7.18). As observed in w ounded tobacco tissue, more 
intense staining is observed at w ound sites (which include the cut edges of the 
explant as well as the stab wounds), while constitutive expression in the leaf 
lamina, w ith greater staining in the vascular tissue, can also be observed.

7.4.3 Tobacco callus
Once w ound induction of reporter gene constructs was observed within 

transgenic tobacco, analysis of tobacco callus tissue was perform ed as several 
w ound-induced transcripts are also known to be expressed w ithin callus (for 
example Firek et al., 1993). As neither the gus nor luciferase reporter gene 
utilised in the reporter gene constructs, contained an intron, expression of the 
repo rte r gene m ay occur w ith in  the prokaryotic species A grobacterium  
tumefaciens. To analyse expression w ithin callus tissue, young, nearly fully 
expanded leaves were removed from each T1 transgenic p lant and identical 
procedures to a tobacco transformation were performed, w ithout agrobacterial 
inoculation. Due to these leaves already harbouring a T-DNA, expressing 
kanamycin resistance, the leaf explants all produced callus upon incubation on 
MSD4X2 m edia containing kanam ycin and augm entin. These calli were
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Figure 7.9 AtSHH-reporter gene constructs' activity within
tobacco callus in representative tobacco lines.

Figure 7.9A Luciferase activity in the callus and leaf lamina tissues of the 
representative lines, 11,16 and 23.

Figure 7.9B GUS activity in the callus and leaf lam ina tissues of the 
representative lines, 17 (harbouring pBIlOl AtSHH Correct), 16 and 23 
(harbouring pBinl9 AtSHH GUS).

(Filled columns represent the mean and the vertical bars represent 
the s tan d a rd  deviationn-i of data obtained from  five independen t 
m easurem ents for callus tissue and three independent m easurem ents for 
lam ina tissue.)
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rem oved from the leaf disks following a 3 week incubation and analysed for 
reporter gene activity.

The m easured reporter gene activities w ithin callus and leaf lam ina 
tissue of representative lines is shown in figure 7.9, and histochemical staining 
of a callused leaf explant can be seen in figure 7.17. As predicted from  the 
fluorometric data, callus at the edge of the leaf explant stains to a greater degree 
than the leaf tissue to which it is attached, but this may also reflect the easier 
entry of the X-Gluc substrate into the unorganised callus cells, than the leaf 
tissue. The variable difference between the reporter gene activity m easured in 
the calli and leaf lamina tissue can be partly explained by the methodology of 
the experim ent. Leaf disks of previously transform ed tissue w ere used to 
produce callus over a 3 week period. During this incubation, some callus could 
be observed to occur on the surface of the leaf disk and not at the cut edges, 
often at the site of small puncture w ounds arising as a result of forcep handling 
during the experimental preparation. This leaf tissue has also not experienced 
norm al environm ental conditions w hile in culture, so the leaf lam ina 
incubated on the MSD4X2 kanamycin selection plates was not utilised as the 
control tissue for leaf expression. The leaf tissue m easurem ents were taken 
from  leaf sam ples p rio r to the incubation period. Due to the possible 
occurrence of contamination during in vitro culture of the callusing leaf disks, 
a large num ber of disks and plates were utilised, so several leaves from  each 
transgenic line were utilised to provide sufficient lam ina tissue. As the 
m easurem ent is an average of several leaves this value may not reflect the true 
activity  w ith in  the actual leaf sam ple from w hich the callus tissue was 
extracted. To try  and overcome this problem , 5 sam ples of calli w ere 
independently assayed for each line, and the average activity plotted in figure 
7.9.

Despite the lack of accurate numerical comparative data, a general trend 
could be observed; the reporter gene activity within callus was greater than that 
m easured in leaf lamina tissue for each reporter gene, each construct and each 
line assayed.

7.5 Developmental reporter gene expression in untreated transgenic
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Figure 7.10 AtSHH-reporter gene constructs' activity within stem
tissue of representative tobacco lines

For each graph, stem section A represents the youngest portion of 
the stem  tissue utilised, and section D represents the eldest portion of 
stem tissue utilised.

Figure 7.IDA Luciferase activity in line 11 stem explants.

Figure 7.1GB GUS activity in line 19 (harbouring pBIlOl AtSHH Correct) 
stem explants.

Figure 7.10C GUS activity in line 22 (harbouring pBinl9 AtSHH GUS) 
stem explants.

(Filled columns represent the mean and the vertical bars represent 
the s tan d ard  deviationn-i of data obtained from  three independen t 

m easurem ents.)
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plants
As T1 tobacco m aterial was utilised in all previous studies, it was also 

used in the analysis of developmental expression in untreated tobacco plants. 
However, if the analysis of a particular tissue was considered to be detrimental 
to the norm al developm ent of the plant, such as the extraction of root tissue, 
these structures were not analysed. Analysis of this nature was therefore 
perform ed upon  the T3 Arabidopsis transform ants for w hich num erous, 
genetically identical plants were available for each line.

Once the first flowers of each tobacco line had set seed, to provide the 
next generation of transgenic tobacco plants, analysis of the stems of each line 
was performed. N orthern data and SHH enzyme analysis had both suggested a 
tem poral expression profile of SHH transcript and enzyme activity to occur 
w ithin lignifying tobacco stem tissue (see chapter 5). To test if the Arabidopsis 
SHH prom oter causes a similar tem poral transcript profile w ith in  tobacco, 
sections of stem tissue were analysed for reporter gene expression (see section 
7.5.1.1). As reporter gene activity had not yet been assayed w ithin developing 
flower buds, because the first flowers were left to set seed, tissue culture of stem 
explants was perform ed at the same time, to recover genetic clones of the 
original T1 transformants (method described in section 2.12.2).

7.5.1 Tobacco

7.5.1.1 Reporter gene activity within tobacco stems
The plants used in this analysis had started to set seed and therefore 

represented more m ature explants than those utilised for northern analysis in 
chapter 5. Four sections were assayed fluorom etrically from  each stem  of 
eleven representative transgenic lines, to try and encompass all representative 
stages of stem  lignification. Figure 7.10 presents data  for three of these 
representative lines. Although each graph does not show the greatest reporter 
gene activity to be present within the same section of stem tissue, this analysis 
dem onstrates the AtSHH prom oter does not drive identical reporter gene 
activity w ithin each stem section. Similar observations were m ade in chapter 5 
following northern and SHH enzyme activity analysis. The inability to utilise
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Figure 7.11 Comparative AtSHH-reporter gene constructs' activity
in leaf lamina, veins and midribs of representative
tobacco lines

The three tissues assayed were the leaf midrib, major veins coming 
from the m idrib, and finally leaf lamina tissue in which no large veins 
were present.

(Filled columns represent the mean and the vertical bars represent 
the s tan d ard  deviationn-i of data obtained from  three independen t 
m easurem ents.)
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stem s from  the same age plants, as utilised in northern  analysis, m ay 
contribute to the differing tem poral pattern  of expression observed in the 
reporter gene analysis. Histochemical analysis of a cross-section of stem tissue 
can be seen in figure 7.17, in which all tissues of the stem appear to stain apart 
from  the secondarily thickened xylem. More intense stain ing appears to 
correlate to the phloem tissue of the stems, with both the cortex and pith  cells 
also staining.

7.5.1.2 Reporter gene activity within vascular tissue of the leaf
D uring the initial analysis of leaf tissue from all gus gene containing 

transgenic lines, it was observed that more intense histochem ical staining 
occurred in the vascular tissue of the leaf than in the leaf lam ina (see figure 
7.17 for an example). This may have arisen as an artifact of the histochemical 
staining, as the substrate may have preferentially entered the vascular tissue 
th rough  the w ound  site at the edges of the leaf explants. Therefore, 
fluorometric analysis was used to test if greater reporter gene activity could be 
detected in the vascular tissue of the leaf compared to leaf lamina. To allow 
standardisation of the tissues compared in this analysis, three clearly defined 
areas of the leaf were analysed: the leaf midrib; major veins arising from  the 
m idrib; and leaf lam ina occurring between these veins in  w hich no major 
veins were present. Three separate extractions were made for each tissue, from 
a single leaf, for each line and luciferase activity analysed.

This fluorometric analysis of representative transgenic lines, confirmed 
the observation that greater reporter gene expression occurred in the m idrib 
and large veins of tobacco leaves in comparison to the leaf lamina (see figure 
7.11). The use of luciferase expressing lines proves tha t the histochem ical 
analysis was not an artifact of staining or an artifact of GUS enzyme activity. 
The results clearly show a decreasing level of reporter gene activity from 
midribs to veins and finally leaf lamina tissue. An average 1.75 fold [standard 
deviationn-i=0.85] greater luciferase activity was m easured in veins com pared 

to leaf lamina, while an average 2.24 fold [standard deviationn-i=0.772] greater 
luciferase activity was assayed in the midrib of leaves com pared to leaf lamina.
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Figure 7.12 AtSHH-reporter gene constructs' activity during bud
development of representative tobacco lines

For each line assayed the buds were categorised according to size 
and further divided into tissue type.

Figure 7.12A Luciferase activity during bud development in line 14.

Figure 7.12B GUS activity during bud development in line 24 (harbouring 
pBIlOl AtSHH Correct).

(Filled columns represent the mean and the vertical bars represent 
the s tan d ard  deviationn-i of data obtained from  three independen t 

m easurem ents.)
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This analysis proves that AtSHH driven reporter gene expression does 
not occur uniformly w ithin leaves, with greater expression in vascular tissue.

7.5.1.3 Reporter gene activity within developing and mature flowers
Initial histochemical analysis of m ature open flowers dem onstrated gus 

gene expression in all tissues observed. However this analysis dem onstrated 
th a t pollen stained very quickly com pared to other tissues and  possibly 
represented a tissue w ith high levels of reporter gene expression. Therefore 
only flowers w ith non-dehisced anthers were utilised to prevent the dispersal 
of po llen  on flow er parts, w hich w ould  affect the resu lts obtained  in 
fluorom etric analysis.

To allow simple staging of bud  developm ent, four size ranges were 
utilised for bud  classification. The four categories chosen were based upon 
those defined by Roberts et al. (1993) for the stages of male gametogenesis. Buds 
<10mm represented  those in which sporogenesis has been com pleted; 10- 
16mm buds represent those in which m icrospore developm ent occurs; 16- 
30mm buds represent those in which microspore mitosis occurs; and finally 
the open buds, >30mm in length, in which it was observed that the anthers had 
not dehisced, represented the later stages of pollen m aturation. Utilising these 
stages of bud  developm ent allowed any detected reporter gene activity to be 
com pared to the northern analysis of bud development presented in chapter 5. 
Each category of buds was dissected into three portions for reporter gene 
analysis. The samples referred to as 'm ale' were derived from  the anthers and 
filaments. The samples labelled 'petals' were derived from petals and sepals; 
w hile the samples labelled 'female' were derived from the rest of the bud  
tissue, namely the developing ovary, stigma and style.

Three separate buds were dissected for each stage and  the averaged 
results of this reporter gene analysis can be seen in figure 7.12, for two 
representative transgenic lines, one containing the luciferase construct and the 
other a gus gene construct. The temporal and spatial expression profile of each 
construct can be observed to follow a similar pattern of expression. The 'female' 
and 'petal' samples of the developing buds display the greatest (up to 2 fold) 
expression during  the 10-30mm stages of developm ent. M eanw hile in  the
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Figure 7.13 AtSHH-reporter gene constructs' activity in flower
organs of two representative tobacco lines

Flower parts were dissected from flowers in which the anthers had 
not dehisced.

Figure 7.13 A Luciferase activity in the tissues of the flower from line 14.

Figure 7.13B GUS activity in the tissues of the flower from  line 24 
(harbouring pBIlOl AtSHH Correct).

(Filled columns represent the mean and the vertical bars represent 
the stan d ard  deviationn-i of data obtained from three independen t 
m easurem ents.)
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'm ale' tissue, this pattern of a gradual increase in activity is seen in the same 
two stages, however upon reaching the final stage assayed, the reporter gene 
activity significantly increases. This represents the stage of pollen m aturation 
following m icrospore mitosis which culminates in the form ation of m ature 
pollen  (Roberts et ah, 1993). This increase in the reporter gene activity is 
thought to be due to the high level of reporter gene activity m easured in 
m ature released pollen (see next paragraph), also being present in the m aturing 
pollen in the non-dehisced anthers.

To further examine the spatial expression pattern of the reporter genes 
the >30mm buds w ith non-dehisced anthers were dissected into individual 
flower parts and assayed. The results of this analysis can be seen in figure 7.13, 
for the same two representative lines used in figure 7.12. This analysis 
dem onstrates that the large increase in reporter gene activity observed in 'male' 
explants during this stage of development (figure 7.12), is due to expression in 
the anthers ra ther than  the filaments. The expression w ith in  the 'pe ta l' 
portions utilised in figure 7.12, occurs to a greater degree in the petals than in 
the sepals. The lower comparative expression of the luciferase reporter gene in 
the stigma compared to the GUS activity, was observed in several lines, and 
histochemical analysis always dem onstrated strong GUS activity to be present 
in the stigma (see figure 7.17). This analysis shows reporter gene expression in 
every plant flower part assayed. These results were confirmed by histochemical 
analysis of transgenic flowers containing a gus gene construct, an example of a 
stained stigma can be seen in figure 7.17.

A nalysis of m ature pollen from each line contain ing a luciferase 
construct resulted in the highest luciferase activity m easured in any tissue, 
with an average of 10,451,816 Luc u n its/pg  of total protein for line 14 (standard 
deviationn-i= 3,134,519). This analysis was not performed on GUS lines as it has 
been suggested that the gus gene may express aberrantly in pollen (Uknes et a l, 
1993). H ow ever the results obtained using luciferase constructs confirm the 
prediction of high reporter gene activity w ithin m aturing and m ature pollen. 
M ature seeds w ere also analysed giving an average value of 270,732 Luc 
u n its /p g  of total protein for line 14 (standard deviationn-i= 27,670).

The seed set from  this tobacco T1 generation was p lated  on MSO
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Figure 7.14 GUS analysis of five T3 homozygous Arabidopsis
lines, chosen for further study

Figure 7.14AGUS activity, m easured at 7 day intervals, during seedling 
developm ent.

Figure 7.14B Comparative GUS activity in root tissue and aerial tissues of 
three week old plants grown in kanamycin containing agar media.

(Filled columns represent the mean and the vertical bars represent 
the s tan d ard  deviationn-i of data obtained from  three independen t 

m easurem ents.)
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containing augm entin and kanamycin to study the segregation ratios, bu t no 
fluorometric analysis was performed due to this generation being a segregating 
popu la tion  unlike the T1 in w hich all the previous analysis had  been 
performed. Therefore the fluorometric analysis of reporter gene activity during 
seedling developm ent was perform ed on transgenic Arabidopsis lines (see 
section 7.5.2.1). Histochemical analysis of gus gene expression was perform ed 
on four week old kanamycin-resistant T2 seedlings and a typical example can 
be seen in  figure 7.17. This histochemical analysis dem onstrates GUS activity 
throughout the root, including the root hairs, and in the cotyledons and true 
leaves. Even at this early stage of developm ent greater expression can be 
observed in the vascular tissue, however the hypocotyl of the seedling does not 
appear to stain.

7.5.2 A rabidopsis

7.5.2.1 Seedling development
Once the five lines described in section 7.3.2 had been proven to contain 

a single T-DNA locus, seed collected from  the T2 p a ren t lines giving 
homozygous progeny was sown on soil in petri dishes. Following a three day 
vernalisation to synchronise seed germination, the petri dishes were incubated 
in  a grow th cabinet for a three week period post-planting. At one week 
intervals (post-planting), 5 seedlings from each line were hom ogenised in 
buffer and fluorometrically assayed, this was perform ed in triplicate for each 
line. This analysis was performed for three weeks and the results can be seen in 
figure 7.14A. Overall a gradual increase in GUS activity can be observed over 
the assay period. Histochemical analysis was also perform ed on samples from 
each time point and examples of these can be seen in figure 7.18. The seedlings 
rem oved from  the soil, one week post-p lanting , sim ply  consist of the 
cotyledons, the hypocotyl and a short root, all of which can be seen to stain in 
histochemical analysis, w ith the hypocotyl staining least as observed in tobacco. 
The seedlings removed from the soil two weeks post-planting, had produced 
their first true leaves as well as extending the root and as observed w ith tobacco 
seedlings, the whole root, including root hairs, stained, as d id  the cotyledons. 
The first true leaves show greater expression at the leaf tips and once again
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Figure 7.15 Analysis of GUS activity in the organs of the five T3
homozygous A ra b id o p sis  lines, chosen for further
study

Five tissues or stages of development were assayed, for each line.

Figure 7.15 A Line 1.

Figure 7.15B Line 4.

Figure 7.15C Line 10.

Figure 7.15D Line 16.

Figure 7.15E Line 20.

(Filled columns represent the mean and the vertical bars represent 
the stan d ard  deviationn-i of data obtained from  three independen t 

m easurem ents.)
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low er expression is observed in the hypocotyl. A strong area of staining is 
visible at the prim ordia for the next pair of leaves. The final sam ple, taken 
three weeks post-planting, contain several true leaves, an example of w hich 
can be seen in detail following histochemical staining, in figure 7.18. This 
histochemical analysis of leaf tissue from a three week old Arabidopsis p lant 
suggests greater gus gene expression in the vascular tissue of the leaf than in 
the leaf lamina, as noted in both histochemical and fluorom etric analysis in 
tobacco transformants.

7.5.2.2 Organs
No analysis of reporter gene expression in root tissue was perform ed on 

tobacco transform ants and therefore Arabidopsis homozygous T3 plants were 
utilised for this purpose. The three week old kanamycin-resistant plants grown 
on germ ination media were utilised as a source of root material, as the intact 
roots could be easily extracted from the agar media. To allow comparative data 
to be accumulated, the aerial portion of the same plants were also assayed and 
the results of this analysis can be seen in figure 7.14B. In all lines the GUS 
activity m easured w ithin root tissue is greater than that observed in aerial parts 
of the three week old plants, w ith an average 6.9 fold greater expression level 
in the roots compared to aerial portions of the plant.

Figure 7.15 shows comparative GUS activity in various organs for each 
of the five T3 homozygous lines studied. Overall this analysis confirms the 
analysis of tobacco transgenics, with comparatively low levels of reporter gene 
expression observed in leaf tissue, compared to other tissues, nam ely siliques, 
stems and inflorescences. However, once again reporter gene activity is present 
w ithin every tissue assayed. Histochemical analysis of a whole inflorescence 
can be observed in figure 7.18. This analysis confirms GUS activity w ithin all 
structures of the flower as previously noted for tobacco transgenics. Both the 
stigma and anthers can be observed to display more intense staining.

7.6 Comparative reporter gene and endogenous SHH gene 
expression
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Figure 7.16 Analysis of g u s  and endogenous SHH transcript levels

For both northern analysis lanes 1-4 correspond to T3 homozygous 
Arabidopsis lines 1, 4 ,10  and 16 respectively.

Figure 7.16A N orthern  analysis of gus gene transcripts in whole p lan t 
tissues. Total RNAs were hybridised to a gus probe.

Figure 7.16B N orthern analysis of AtSHH gene transcripts in whole plant 
tissues. Total RNAs were hybridised to an AtSHH probe.

Figure 7.16C GUS activity in extracts of whole p lants used for RNA 
extractions.

(Filled columns represent the mean and the vertical bars represent 
the stan d ard  deviationn-i of data obtained from  three independen t 

m easurem ents.)
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To analyse if the putative AtSHH prom oter fragm ent utilised in the 
reporter gene constructs was driving similar levels of reporter gene transcript 
expression to endogenous SHH transcript, northern  analysis of transgenic 
Arabidopsis was performed. RNA extractions from a num ber of plants from 
each of four T3 homozygous lines were quantified and separated by agarose gel 
electrophoresis prior to blotting. Fluorometric analysis of a portion  of the 
extracts was also performed prior to phenol extractions during RNA extraction. 
The resu ltan t blot was first probed w ith a gus gene probe and  following 
rem oval of this probe, an AtSHH probe, labelled to approxim ately the same 
specific activity. The results of this analysis can be seen in figure 7.16. The gus 
gene probed blot was exposed for half the time as the AtSHH probed blot to 
achieve a similar exposure, suggesting GUS transcript to be present at higher 
levels than the endogenous SHH gene transcript, in all four lines.

7.7 Discussion
A putative AtSHH prom oter has been dem onstrated to drive reporter 

gene expression in both Nicotiana tabacum and Arabidopsis thaliana. The use 
of two reporter genes, E-glucuronidase and luciferase, allow ed com parative 
data to be accumulated, which because of its agreement suggests all observed 
reporter gene expression to be due to the prom oter fragm ent utilised, rather 
than the reporter gene itself. This is clearly dem onstrated in the anther and 
pollen of flowering tobacco where ectopic expression of GUS activity has been 
dem onstrated  (Uknes et a l, 1993), however as luciferase activity was also 
m easured in these tissues, this expression is not considered to be an artifact.

The plasm id, pBIlOl AtSHH W rong, contained the 1845bp AtSHH 
putative prom oter fragm ent in the wrong orientation w ith respect to the gus 
reporter gene. Histochemical analysis dem onstrated GUS activity w ithin leaf 
tissue of transgenic tobacco plants containing this construct. This resu lt 
suggests that the 1845bp fragment utilised as a putative AtSHH prom oter could 
drive transcription in either orientation. This situation may have arisen due to 
two possibilities. Firstly, this fragment could contain a second prom oter from a 
d ifferent Arabidopsis gene and therefore drives gus gene expression w hen 
placed next to the reporter gene. Examples of bidirectional prom oters present
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Figure 7.17 Histochemical localisation of GUS expression in
AtSHH-gMS T1 tobacco plants

Figure 7.17Awounded leaf expiant.

Figure 7.17B four week old seedling.

Figure 7.17C leaf removed from a four week old seedling. 

Figure 7.17D callus at the edge of a wounded leaf explant. 

Figure 7.17E section of stem tissue.

Figure 7.17F stigma.
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on m uch sm aller DNA fragm ents have been identified. An et ah, (1996) 
identified an actin prom oter which also appears to drive expression of an 
unknow n function gene in an antisense orientation. The two TATA boxes of 
these genes are only 270bp apart and therefore very small prom oter sequences 
are required  to drive expression of the genes. As an «1.8kb fragm ent was 
utilised in this work, it is very feasible for bidirectional prom oters to exist on 
this fragment. Secondly, strong enhancer elements w ithin the 1845bp fragm ent 
m ay cause transcription of the gus gene from cryptic tianscriptional start sites 
near the fusion.

As described in chapter 6, DNA sequence alignm ents of the 1760bp 
putative AtSHH prom oter to sequences held on the EM BL/Gen databases 
produced no significant matches. This suggests that if a translational fusion to 
the gus gene has occurred in pBIlOl AtSHH Wrong transgenic lines, then the 
sequence of the fusion gene is not w ithin current databases. H ow ever, the 
translational fusion may be very short or alternatively contain an intron, 
causing the lack of a significant match. Inspection of the DNA sequence near 
this end of the 1845bp fragment, identifies possible motif sequences. A putative 
TATA box can be observed at -1473 to -1470 (numbers refer to those observed 
on figure 6.4). Upstream from this only two possible methionine codons can be 
found, -1555 to -1553 and -1649 to -1647. It is possible that neither of these are 
utilised as the translational start site and a transcriptional fusion to the gus 
gene has occurred.

Both reading frames from the two methionine residues contain one stop 
codon before the fusion site which may be expected to inhibit gus  gene 
expression in putative translational fusions. However the presence of introns 
cannot be discounted, leading to the removal of these inhibitory codons for 
active translational fusions. Several potential 5' and 3' splice sites exist in the 
sequence.

The second possible explanation for gus gene transcription from the 
inverted AtSHH putative prom oter fragment may rely on the rem oval of this 
fragm ent from its endogenous DNA context. Strong enhancer elements may 
exist w ith in  the fragm ent w hich can cause transcrip tion  from  m inim al 
prom oters such as a cryptic transcriptional start site (already proven to exist
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Figure 7.18 Histochemical localisation of GUS expression in
AtSHH-gMS T3 A ra b id o p sis  plants

Figure 7.18A day 0 w ounded leaf expiant. 

Figure 7.18B one week old seedling.

Figure 7.18C leaf from three week old seedling. 

Figure 7.18D day 1 wounded leaf explant. 

Figure 7.18E two week old seedling.

Figure 7.18F inflorescence.
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«290bp from  the end of the fragm ent). These elem ents m ay no t cause 
transcrip tion  w hen in their endogenous context, b u t w hen  p resen t in a 
transgene may drive the observed unexpected reporter gene expression.

The northern  analysis of gus  gene and endogenous A tSHH gene 
expression presented in section 7.6, suggests greater accum ulation of reporter 
gene transcript than endogenous AtSHH gene transcript. This m ay be due to 
the pu tative AtSHH prom oter fragm ent causing greater expression w hen 
present as a transgene in a different context to the endogenous copy, due to the 
lack of control of putative enhancer elements. A lternatively this result may 
represen t a difference betw een mRNA stabilities of the gus  gene fusion 
transcript and the endogenous AtSHH transcript. It should however be noted 
that both these transcripts contain identical 5' portions up  to the fusion.

The large array of expression levels observed w ithin different tobacco 
transform ants (figure 7.5) may be related to the num ber of T-DNA inserts 
present w ithin each T1 tobacco transformant. Segregation analysis of the seed 
set from these lines suggested every line to contain m ore than one T-DNA, 
m aking the segregation analysis very difficult to interpret clearly. The presence 
of several T-D N A /Tl tobacco transformant has been noted w ithin other work 
at Leicester (W arner et al., 1993), and may reflect the use of relatively high 
concentrations of kanam ycin [lOOpg/ml] to select transform ants containing 
pBinl9 derived constructs. This plasmid is known to contain a point m utation 
w ith in  the nptll gene which causes a four-fold reduction in the resistance of 
the transform ed plants to kanamycin (Yenofsky et ah, 1990). Also, as a small 
sam ple of putative transgenics was analysed in this study, the selection of 
healthy more vigorous plants for further study can not be discounted. As this 
selection process occurred as the plants were transferred to soil from selection, 
the choice of vigorous lines may reflect those lines which were less stressed 
under selection possibly due to the presence and expression of more than one 
kanamycin-resistance gene.

Alternatively, the sequences surrounding the T-DNA may cause some of 
this observed variance. W ithin the five Arabidopsis lines proven to contain a 
single T-DNA locus for which each line is homozygous, the variance observed 
between lines may be due to T-DNA copy number, however more probably the

131



surrounding context of sequences flanking the inserted constructs influences 
the level of expression.

Previous data presented within chapters 3 and 5 suggested an increase in 
AoSHH transcript to occur w ithin one day, as a response to w ounding of 
etiolated seedlings. A similar induction profile was observed upon  w ound 
induction studies of transgenic tobacco lines. In all assays, reporter gene activity 
increased within one day post-wounding and started to return to basal levels by 
day two. The average increase in reporter gene activity of approximately tw o
fold is a similar m agnitude to that observed upon northern analysis presented 
in  figure 3.2B, The num erical increase in SHH enzym e activity  w ith in  
asparagus seedlings upon w ounding can not be directly compared to transgenic 
tobacco data as different tissues and types of wounding were utilised, bu t the 
w ound induction profile appears to follow the same tem poral pattern. It can 
therefore be concluded that the AtSHH prom oter utilised in this study  can 
cause wound-inducible transcript expression. The presence of greater reporter 
gene activity w ithin callus than m easured in leaf tissue from which the callus 
was derived, is consistent w ith the w ound inducible nature of this prom oter. 
Significantly greater AoSHH transcript was detected in mechanically separated 
asparagus cells than in w ounded seedlings (figure 3.2), and these cells like 
callus rep resen t a m ass of undifferentiated  cells, bu t unlike callus, all 
intercellular connections have been severed. This may help to account for the 
level of expression observed in callus, which is similar to or slightly higher 
than the level in w ounded leaves (one day post-wounding) depending on the 
line assayed.

The data derived for stem  tissue cannot be directly com pared to the 
northern or SHH enzyme analysis presented within chapter 5, as the age of the 
plants utilised varied. Due to the use of mature transgenic tobacco, as a seed set 
was required, the four stem  sections utilised were not identical to the four 
sections taken from any of the plants from which RNA was extracted. The 
histochemical analysis of stem sections suggests the greatest GUS activity to 
occur in the phloem  tissue which is in agreement w ith the GUS data obtained 
for SAM synthetase prom oters isolated from Arabidopsis and used to express 
GUS in transgenic tobacco (Peleman et a l, 1989a and 1989b). H owever unlike

132



SAM synthetase where this was the only tissue in which GUS activity was 
observed, the AtSHH driven reporter gene expression occurs elsewhere. 
Expression w ithin leaf tissue was not uniform within all tissues, w ith greater 
expression in the vascular tissue compared to leaf lamina. N orthern analysis of 
SHH transcrip t abundance w ithin tobacco organs, p resented  in chapter 5, 
suggested greater SHH transcript abundance in root tissue compared to leaves, 
as noted  by M itsui et al. (1993). This was confirm ed w ith in  transgenic 
Arabidopsis plants (figure 7.14B) in which «7 fold greater GUS activity was 
observed in the roots com pared to the aerial portions of the plants. The 
reporter gene analysis also confirmed northern analysis presented in chapter 5, 
from which it was concluded that greater SHH transcript is present w ithin the 
anthers of flowers in which pollen maturation is nearly complete.

Overall the use of the reporter genes has allow ed sim ple assays of 
A tSH H  p ro m o ter d riven  expression, w hich upon  h istochem ical and  
fluorom etric analysis appears to occur in every organ assayed and perhaps 
every tissue w ithin each organ assayed. These findings led to the comparison of 
num erical expression data, to data available for the w idely used prom oter 
CaMV35s. As none of the tobacco lines utilised in this study were thought to 
contain a single T-DNA insert, comparisons were not m ade to these results. 
The five independent transgenic Arabidopsis lines, from  w hich hom ozygous 
T3 plants were analysed, were known to contain T-DNA at a single loci. Despite 
the possibility that each of these lines may contain tandem  T-DNAs at this 
locus, these lines w ere used  for com parative purposes. In  a control 
transform ation experiment by Clarke et al. (1992), 71 independent Arabidopsis 
ecotype C24, T1 transform ants were generated using the p lasm id pBI121 
(Jefferson et al., 1987). This plasm id is simply pBIlOl in which a CaMV35s 
prom oter has been cloned 5' to the gus gene to drive its expression. Therefore 
this construct is identical to pBllOl AtSHH Correct, except for the prom oter 
fragm ent and the presence of AtSHH coding region on the 5' end of the 
resultant transcript, leading to a GUS fusion protein. Of the 71 transform ed 
lines, the highest GUS activity m easured in the leaf tissue was 12,040 pmoles 
4 M U /m in /m g  of total protein, which is less than the average GUS activity of 
13,725 pmoles 4 M U /m in /m g  of total protein, m easured in leaf tissue of the
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five Arabidopsis lines studied in this work. The CaMV35s prom oter has been 
shown to be active in most tissues, but not all, w ithin several plant species (for 
example see Battraw and Hall, 1990; Benfey et al., 1990). As observed in this 
study using Arabidopsis seedlings, CaMV35s driven GUS activity is also low 
w ithin the hypocotyl causing very weak histochemical staining (Holtorf et a l, 
1995).

The highest AtSHH driven reporter gene activities observed in the 
transgenic plants correlate to tissues in which high m etabolic tu rnover is 
generally regarded to occur, such as wounded leaf, callus and m ature pollen.

N orthern  analysis, (figure 7.16) suggests that the GUS transcrip t is 
p resent in the same tissue as the endogenous SHH transcript, bu t at greater 
abundance. It is unknow n w hether this is due to the GUS transcript being 
m ore stable than the SHH transcript or alternatively, the rem oval of the 
AtSHH prom oter from its endogenous DNA context causing it to drive greater 
expression.

The AtSHH prom oter fragm ent utilised in this work appears to cause 
high level transcription of transgenes in most tissues of more than one plant 
species, w ith  a w ound inducible increase in this expression, w hich m ay 
provide several im portant uses for this promoter, as discussed in chapter 9.
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Chapter 8 

The attempted perturbation of SHH 
enzyme activity by the use of partial 
sense or antisense technology

8.1 Introduction
W hen a transgene, containing sequences homologous to an endogenous 

gene[s], is introduced into plants, expression of both the introduced transgene 
and the homologous host gene[s] can be suppressed (van der Krol et al., 1990). 
This phenom enon is often referred to as cosuppression (reviewed by Flavell, 
1994; Matzke and Matzke, 1995). The cellular mechanisms responsible for the 
various forms of reported transgenic silencing rem ain unknow n, although 
several m odels have been proposed (reviewed by Flavell, 1994; M atzke and 
Matzke, 1995).

The isolation of AtSHH (described in chapter 6) and PCR-derived SHH 
gene fragm ents from  other species (described in chapter 4) led  to the 
developm ent of the m olecular tools to m anipulate endogenous SHH gene 
expression, and hence perturb the biochemical pathways utilising SHH. Several 
examples exist in which the complete coding region of a transgene have been 
expressed in transgenic plants leading to two possible phenotypes; the first 
phenotype arises due to the transgene being overexpressed, and the second 
phenotype arises due to cosuppression of both the trans- and endogenous gene
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(for example van der Krol et a l, 1990; H art et a l, 1992; Boerjan et a l, 1994). The 
switch between these two states can be developmentally controlled, leading to 
m ore com plicated in terp re ta tion  of results (see Boerjan et a l ,  1994 for 
examples). To alleviate these problems, this study used an attenuated [partial] 
sense construct which w ould not result in overexpression, as the complete 
coding sequence had not been introduced as a transgene, and therefore w ould 
hopefully only lead to cosuppression. This approach was successfully utilised 
by Smith et a l (1990) to cosuppress polygalacturonase gene expression in 
ripening tomato fruit.

Cosuppression of SAM synthetase was observed to lead to the following 
phenotype; stunted plants w ith thick, leatherlike, asymmetric and torn leaves, 
which em itted a 'cabbage-like' smell (Boerjan et a l, 1994). However as discussed 
in  chapter 1, SAM, whose synthesis w ould be inhibited by lack of SAM 
synthetase, not only donates the m ethyl group in m any transm ethylation 
reactions but can also donate its four-carbon moiety for ethylene or polyamine 
synthesis. Therefore if similar levels of cosuppression of SHH were achieved in 
this study, the phenotypes previously noted in cosuppressed SAM synthetase 
plants m ay not be observed. It was predicted that transm ethylation reactions 
w ould be directly inhibited by the accumulation of SAH, due to cosuppressed 
SHH. However, the potential alteration in SAM/S AH ratio may lead to effects 
on ethylene and polyamine synthesis resulting from the potential decreased 
usage of SAM for transmethylation.

The promoter-GUS fusion data for SAM synthetase and that observed 
for AtSHH-GUS fusion studies in this work differ considerably, despite both 
genes encoding  im p o rtan t housekeeping  enzym es. For exam ple, an 
Arabidopsis SAM synthetase prom oter was found to preferentially  drive 
reporter gene expression in vascular tissue (Peleman et a l, 1989a), whereas, the 
reporter gene analysis described in chapter 7, for AtSHH prom oter constructs, 
proved reporter genes to be expressed in every tissue and developm ental stage 
tested. The SAM synthetase cosuppression phenotype described earlier, arose 
from a construct in which the CaMV35s prom oter of the cauliflower mosaic 
virus was used to express the complete Arabidopsis SAM synthetase coding 
region [sam-1] in tobacco (Boerjan et a l, 1994). A similar construct in which the
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CaMV35s prom oter was utilised to drive partial sense SHH gene expression 
was designed so comparisons between SHH and SAM synthetase cosuppression 
could be made. However as the reporter gene studies of these two genes' 
p rom oters had  suggested  a d istinct difference in the ir respective gene 
expression profiles, the use of a 'constitutive' prom oter to drive the SHH 
transgene may lead to more deleterious effects in the greater num ber of tissues 
in w hich SHH gene expression normally occurs. This m ay only result in the 
production  of viable transgenic lines in which low levels of cosuppression 
occurs. The lines in which high level cosuppression of SHH occurs m ay die 
during the transformation process.

As discussed in chapter 7, the AtSHH prom oter caused reporter gene 
expression levels similar to or greater than the levels observed using CaMV35s 
driven reporter gene constructs, in all the tissues tested. This led to the design 
of another construct which utilised the AtSHH prom oter to drive the SHH 
partia l sense gene fragm ent. Therefore these two constructs represen ted  
'constitutive' expression cassettes.

Previous attem pts to transform  SAM decarboxylase sense transgene 
constructs under the control of the CaMV35s prom oter into p lan ts have 
resulted in very low transformation frequencies [analysed by callus counts], and 
each of the transform ed calli died early in development. Inducible prom oters 
were then utilised to control expression of these deleterious sense transgenes 
(Kumar et a l, 1996).

As a sim ilar phenom enon was one of the an tic ipated  resu lts of 
cosuppressing SHH, two further partial sense constructs were utilised. A 
tobacco PR la prom oter (kindly donated by Simon Firek, at Leicester) has been 
dem onstrated to drive reporter gene expression upon induction by treatm ent 
of transgenic Arabidopsis p lants w ith Im M  salicylic acid. By utilising this 
prom oter to drive SHH partial sense gene transcription, the expression of the 
engineered gene can be induced by salicylic acid treatm ent. One further 
construct was also designed as the PR la prom oter is know n to also cause 
reporter gene expression in several plant tissues upon the onset of flowering 
(Uknes et a l ,  1993). An anther-specific promoter (kindly donated by Michael 
Roberts, at Leicester) was utilised to control expression of the final SHH partial
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Figure 8.1 Assembly of SHH partial sense constructs

Assembly of one example of an Arabidopsis SHH partial sense 
construct, nam ely an AtSHH driven SHH partial sense construct. The 
construct pAtSHH cassette was designed to provide a cassette containing 
the partia l sense SHH gene fragm ent and a polyadenylation signal 
sequence. The second construct show n, pA tSH H -A tSH H , is an 
interm ediate construct in which, in this example, the AtSHH prom oter 
has been cloned 5' to the cassette. The final construct, pBinAtSHH-AtSHH 
is the b inary plasm id which was transferred into Agrobacterium fo r  
transform ation of Arabidopsis.

Identical schemes of construct design were utilised for the other 
three prom oters used in this study. The promoter fragments used to make 
each of the four partial sense constructs were derived from the following 
sources:

Double CaMV35s removed from pJIT163 (Guerineau et a l, 
1992)

AFG removed from a plasm id kindly donated
by Dr. M. Roberts at Leicester 

AtSHH removed from pKS AtSHH-LUC
(described in chapter 7)

PR la removed from a plasm id kindly donated
by Dr. S. Firek at Leicester
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sense construct. The APG gene was isolated from Arahidopsis and  reporter 
gene studies suggested the APG promoter directed anther-specific transcription 
(Roberts et ah, 1993). This result was further confirmed by the use of an APG 
driven ribonuclease [harnase] construct (Roberts et a l ,  1995). The use of the 
cytotoxic harnase gene confirms APG to not cause a constitutive low level of 
expression previously undetected by GUS assays, bu t does no t ru le out 
expression in m inor cell types or w ithin small num bers of cells in particular 
organs (Roberts et a l ,  1995). This work does suggest that the APG prom oter 
drives high level, tissue specific expression of a transgene, which is w hat is 
required  for the final SHH partial sense construct. The northern  analysis 
p resented in chapter 5 suggested SHH gene expression to occur in tobacco 
anthers, during the w indow of expression of APG. Therefore it was anticipated 
that the expression of the APG driven SHH transgene in the anthers, may affect 
pollen viability.

Each of the above described transcripts were utilised in an in planta, 
Agrohacterium  m ediated transformation of Arahidopsis, as described in section
8.4.1. W hen it was discovered that this technique had failed to produce any 
transgenic seed, even in control transform ations, the longer procedure of 
Arahidopsis root transformation was attempted. It was unknow n if this would 
produce transgenic plants for analysis w ithin the remaining time period of this 
p ro jec t an d  therefo re  fu rth e r  experim ents w ere in itia ted . Tobacco 
tran sfo rm a tio n  p ro d u ces transgen ic  lines m uch qu icker th an  the 
transform ation of Arahidopsis and therefore was utilised in the further studies. 
A simple one step cloning procedure produced an antisense SHH construct (see 
section 8.3) which was driven by CaMV35s.

8.2 Construction of SHH partial sense constructs
The overall schem e of the construction of one exam ple of an 

Arahidopsis SHH partial sense constructs can be seen in figure 8.1. To allow 
each fusion of the AtSHH coding region to the described prom oters, to be 
exactly the same in all cases, the first «370bp of the AtSHH coding region was 
utilised. Therefore each fusion occurred using the Nco I site found at the 
AtSHH translational start site. Initially a cassette containing the AtSHH coding
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Figure 8.2 Assembly of the tobacco SHH antisense construct

A sim ple one-step ligation of a Bam ti l /S a c  I tobacco SHH gene 
fragm ent into identically digested pROK II (described in the text), resulted 
in the final construct, pTOBSHH-anti.
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region and a term ination signal, to produce efficient polyadenylation, was 
constructed. This was perform ed using pSL301 (Invitrogen), a vector w ith an 
Nco I site w ithin its polylinker. Therefore, Nco I /Eco RI digested pSLSOl was 
u tilised in  a tripartite ligation w ith the «370bp Nco ïjX ha  I fragm ent of the 
AtSHH genomic clone and an «220bp Xba I/Eco RI fragment from pKS AtSHH- 
LUC (described in chapter 7) containing the cauliflower mosaic virus 35s 
term inator sequence. The resultant plasm id was nam ed pAtSHH cassette. The 
'cassette' was then cloned after each of the four previously described promoters, 
nam ely APG, AtSHH, CaMV35s and PRla, within a pBluescript™SK- derived 
plasmid. To achieve this, ZCpn \/N co  I prom oter fragments, Nco 1 /P stl cassette 
fragm ents and Kpn l/P s t  I digested pBluescript™SK- were ligated together to 
form four intermediate constructs, an example of which can be seen in figure
8.1. The sources of the four prom oter fragments utilised are described in the 
legend to figure 8.1.

The Kpn 1/ Sma I fragments of each intermediate construct, were cloned 
into similarly cut pBinl9 (Bevart, 1984), to form the final binary constructs. Due 
to an extra Sma I site carried from a previous polylinker into the interm ediate 
p lasm id containing the APG prom oter, a Sma I fragm ent was ligated into 
pBinl9 to form  the binary plasm id from this plasm id. The content of each 
b inary  p lasm id  was confirm ed by several diagnostic restriction  enzym e 
endonuclease reactions. All four binary plasm ids w ere transform ed into 
LBA4404 Agrobacterium tumefaciens. Total agrobacteria DNA extractions were 
prepared  and Southern blots perform ed to confirm that the constructs were 
harboured w ithin the Agrobacterium (data not shown).

8.3 Construction of an SHH antisense construct
The overall scheme of the construction of a tobacco SHH antisense 

construct can be seen in figure 8.2. pROK II is essentially the binary plasm id 
pBinl9 w ith two sequences previously cloned into the m ultiple cloning site 
(MGS). Firstly, a CaMV35s prom oter has been cloned into the Hind HI/Xba I 
sites of the MCS, and secondly a nopaline synthase termination site (NOS) has 
been cloned into the Sac I /Eco  RI sites of the MCS. This therefore resulted in 
the construction of a plant binary vector to allow CaMV35s driven expression
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of a desired sequence which will be polyadenylated, w hen this plasm id is 
transform ed into plants. A simple one step cloning process allows the insertion 
of the previously cloned tobacco SHH MSPCR1-MSPCR3 PCR p roduct (as 
described in chapter 4), in the antisense orientation w ith  relation to the 
CaMV35s prom oter, so that antisense SHH RNA will be transcribed. This 
tobacco PCR product was cloned into pBluescript^'^SK- via Xba I sites found at 
the end of both primers. Fortunately the orientation of the clone was such that 
on removal of the insert from pBluescript with the enzymes Bam H I/Sac  I (no 
recognition sites for either of these enzymes are found in the PCR product 
itself), the clone is in the antisense orientation with respect to the position of 
the CaMV35s prom oter in pROK II. Therefore following ligation to identically 
digested pROK II, the resultant plasm id contains the tobacco PCR product 
cloned into pROK II in an antisense orientation. This was confirmed by several 
diagnostic  restriction enzym e endonuclease reactions, and  the resu ltan t 
plasm id nam ed pTOBSHH-anti. This plasmid was transform ed into LBA4404 
Agrobacterium tumefaciens. PCR analysis of the bacterial transform ants 
confirmed that the constructs were harboured within the Agrobacterium (data 
not shown).

8.4 Transformation of A. fkaKawa with SHH partial sense constructs
8.4.1 In planta A. thaliana transformation

To ascertain whether expression of the SHH partial sense transgene was 
deleterious in some of the constructs, numerical analysis of transform ation 
frequency w as considered to be advantageous. Therefore the in planta, 
A grobacterial m ediated  transform ation of Arahidopsis  w as perfo rm ed  
(Bechtold et ah, 1993). This transform ation  p rocedure  u tilises w hole 
Arahidopsis plants which are subjected to vacuum infiltration of a suspension 
of Agrobacterium  harbouring the binary construct of interest. If deleterious 
effects occur in the transform ed lines this m ay be observed, as the T1 
generation is available for analysis w ithin this transform ation procedure. The 
actual transform ation event is thought to occur during seed form ation in the 
flow ers (Bechtold et al., 1993), however it should be noted that sectors of
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transform ed tissue have been noted in the adult TO plants, following vacuum  
infiltration.

As the final optical density of the inoculating culture is critical to the 
experim ental technique, this standardises the num ber of Agrohacterium  used 
to infiltrate the plants. By utilising one tray of fifty plants, all sown at the same 
tim e and  subsequently  grow n in  identical conditions, the quan tity  and 
m atu rity  of the Arahidopsis p lan ts  u tilised  w as also s ta n d a rd ise d . 
Transformation was performed using this technique, w ith all four partial sense 
constructs and one gus  reporter gene construct (pBIlOl AtSHH correct, 
described in chapter 7) as a control for transformation frequency. Selection for 
kanam ycin-resistant seedlings, from the entire seed set from  all fifty plants 
utilised in each of the five transformations, yielded no transgenic seedlings, 
suggesting this Arahidopsis transformation procedure had failed.

8 .4 .2  A . thaliana  root transform ation
Following the failure of in planta transform ation of Arahidopsis, the 

alternative m ethod of root explant transformation was performed, according to 
Clarke et al. (1992). This m ethod was not considered to be as ideal as in planta 
transfo rm ation , as m any variables are involved in the frequency  of 
transform ation. A lthough bacterial density, explant age and cocultivation 
pe rio d  are iden tical in  every transform ation , o ther factors affecting 
transform ation frequency can vary. The removal of excess Agrohacterium  
following cocultivation is considered im portant to prevent overgrowth of root 
explants w ith Agrohacterium, which affects plant viability. The plating density 
of root explants has been shown to be critical for efficient transform ation 
(Clarke et ah, 1992). A lthough roots from the same num ber of seedlings were 
used for each transformation, the distribution of these roots w ithin the agar 
could not be standardised. Despite these problems in assessing com parative 
data, transformations for all four partial sense constructs and one control gus 
re p o rte r  gene construct (sam e as before) w ere perfo rm ed . F u rth er 
inconsistencies of this transform ation system were also observed. Unlike in  
planta transformation, this procedure proceeds via a callus stage. In tobacco the 
AtSHH prom oter was shown to drive reporter gene expression in callus tissue,
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Figure 8.3 A ra h id o p sis  transformation frequencies

Table of the observed Arahidopsis transform ation frequencies for 
each partial sense construct and the control construct, pBIlOl AtSHH 
correct.
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therefore any transform ants containing an AtSHH or CaMV35s prom oter 
construct may not develop beyond the callus stage if expression of the partial 
sense construct is deleterious to plant growth or development.

As previously described in chapter 7, the first generation available for 
analysis using this transform ation procedure is the T2. This is a further 
problem  as any deleterious effects which occur in the T1 generation, such as 
inviable pollen, may result in the loss of the T2 generation.

8.4.3 Transformation frequencies
The transform ation frequencies were recorded for each construct and 

figure 8.3 tabulates the results obtained. The variance observed in the num ber 
of in d iv id u a l calli, pu ta tive ly  represen ting  the num ber of ind iv id u a l 
transform ation events, is small and may be due to the density of root explant 
p la ting . It w as concluded th a t each partia l sense construct generated  
transform ants at approximately the same frequency as the control construct. 
How ever, it was noted that a larger proportion of the putative individual 
transform ation events [calli] did not produce viable seed in each of the partial 
sense transform ations, in  com parison to the control transform ation. The 
significance of this result is hard  to interpret w ith such small sam ple size 
populations. Also, the num ber of lines in which the resultant seed set was 
kanam ycin sensitive, representing escapes or silenced T-DNA inserts, was 
greater in the control experiment than in the four partial sense experiments. 
Therefore the overall num ber of individual transform ed lines producing  
kanamycin resistant T2 seedlings are similar in all transformations.

The results of this analysis identified 6 APG-SHH lines, 6 AtSHH-SHH, 9 
CaMV35s-SHH and 9 PRla-SHH lines for further analysis.

8.4.4 Initial analysis
The T2 was the first generation available for analysis, so a portion of the 

seed set from each T1 transform ed plant was sown on germ ination m edia, 
containing 35pg/m l kanamycin and lOOpg/ml augm entin (Clarke et a l, 1992). 
Following germination and 3 weeks growth, the resistant plants were analysed.

To confirm the presence of intact T-DNA in the kanam ycin-resistant
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putative transform ants, total protein, total RNA and genom ic DNA m ini
extractions were performed on grouped samples of tissue from a large num ber 
of plants from each line. The analysis of these extractions is described later.

8.5 Transformation of N. fabAcww with an SHH antisense construct
The transform ation of tobacco leaf disks was perform ed by standard  

techniques (D raper et a l,  1988). Once again, the same gus  reporter gene 
construct was utilised as a control for the frequency of transform ation. As 
previously described for the transform ation of A. thaliana, the presence of a 
callus stage in the transform ation protocol may be problematical, due to the 
expression of the antisense gene fragment by the CaMV35s prom oter in this 
tissue.

Two separate transform ation experiments were perform ed w ith both 
pTOBSHH-anti and a control reporter gene construct, pBIlOl AtSHH correct. 
The num ber of calli arising on each leaf disk in the first transform ation were 
counted upon removal of shoots for rooting. However analysis this late in the 
transform ation procedure may bias the results, as any calli arising from  
transform ation  events in  w hich deleterious expression of the antisense 
construct occurs may not be observed. Therefore, a second transform ation 
experim ent was perform ed in which the whole transform ation experim ent 
was sacrificed w ithin two weeks of Agrobacterium  inoculation, to try  and 
accurately count the num ber of calli arising. The num ber of calli observed on 
42 individual leaf disks for both pTOBSHH-anti and control transform ations, 
w ere noted. The average num ber of calli observed in antisense construct 
transform ations was 4.64 (standard deviationn-i 1.71) while an average of 4.68 
(standard deviationn-i 1.18) calli were observed on disks transform ed w ith the 
reporter gene construct. Therefore the transformation frequency observed for 
the SHH antisense construct in tobacco appears to be identical to that observed 
in control studies.

To ensure that each shoot chosen in the original transform ation arose 
from a separate transform ation event, only one shoot was excised from each 
leaf disk. This procedure was also performed on control transform ation shoots
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to continue studies through the rooting process. A lthough a num ber of shoots 
containing each construct w ould not root, the observed variance between each 
construct was no t significant, and was similar to previously observed levels. 
W hen roots had grown, each of the small plantlets was transferred to soil and 
grow n to m aturity in transgenic growth rooms. During this period frequent 
observations w ere m ade to assess any phenotypic difference betw een 
pTOBSHH-anti containing lines and gus reporter gene transform ants. No 
phenotypic  variance was observed in this T1 generation and therefore 
m olecular analysis was performed. To standardise the m aterial used in this 
analysis, a portion of the seed set of the T1 lines was sown on germ ination 
media containing lOOpg/ml kanamycin and lOOpg/ml augm entin to select for 
putative transform ants.

Once again, despite the proven presence of kanamycin resistance in each 
seedling, the existence of a complete T-DNA is not assured and therefore 
sim ilar extractions were perform ed, as those previously described for A . 

thaliana transform ants.

8.6 Western analysis of transgenic plants
To assay if the presence of the T-DNA and putative expression of the 

partial or antisense SHH coding regions, had any effect on endogenous SHH 
pro tein  levels w ith in  transgenic plants, w estern analysis w as perform ed 
utilising the anti-AtSHH antibody raised in this project.

8.6.1 T2 Arahidopsis p lants
Utilising the total protein extracted from grouped samples of kanamycin 

resistant plants from each line, w estern analysis was perform ed. To allow 
comparative data to be achieved the accurate loading of equal quantities of total 
protein was imperative. To achieve this, Bradford assays (Bradford, 1976) were 
perform ed on diluted samples of each extract. Once the protein concentration 
of each extract was known, all extracts were diluted to the same concentration, 
prior to the addition of SDS gel loading buffer.

To ensure that the above procedure resulted in equal loading of each 
sam ple, each SDS-PAGE gel was run  in duplicate. One gel was stained w ith
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Figure 8.4 Western analysis of A rahidopsis SHH partial sense
transgenic lines

Figure 8.4A W estern blot, of the protein sam ple extracted from
control plants, probed w ith anti-SHH antibody. The samples loaded were 
always at the same concentration of 0.832pg/pi, and only the volume of 
sample loaded was adjusted, as outlined below.

Lane 1 15pl Lane 4 7.5pl
Lane 2 13.5pl Lane 5 4.5pl
Lane 3 9.5pl Lane 6 1.5pl

Figure 8.4B Western blot, probed with anti-SHH antibody, of equal
quantity  protein samples from T2 plants of each kanam ycin-resistant 
CaMV35s driven partial sense transgenic Arahidopsis line. The lane 
num bers correspond to the following lines;

Lanes 1 and 11 Kanamycin resistant control line 
Lanes 2-10 CaMV35s partial sense lines la , 2b, 3b, 5a, 6a, 7a,

8a, 9b
and 15b, respectively 

Figure 8.4C Same as figure 8.4A using protein sam ples from T2
plants of each kanamycin-resistant PRla driven partial sense transgenic 
Arahidopsis line. The lane numbers correspond to the following lines; 

Lane 1 and 11 Kanamycin resistant control line
Lanes 2-10 PRla partial sense lines 2b, 3a, 4b, 5a, 7a, 10b, 11a,

12a and 18a, respectively 
Figure 8.4D Same as figure 8.4A using protein samples from T2
plants of each kanamycin-resistant AtSHH driven partial sense transgenic 
Arahidopsis line. The lane numbers correspond to the following lines; 

Lane 1 Kanamycin resistant control line
Lanes 2-7 SHH partial sense lines la , 2b, 3a, 7a, 10a and 18,

respectively
Figure 8.4E Same as figure 8.4A using protein sam ples from  T2
plants of each kanam ycin-resistant APG driven partial sense transgenic 
Arahidopsis line. The lane numbers correspond to the following lines; 

Lane 1 Kanamycin resistant control line
Lanes 2-7 APG partial sense lines 4b, 6a, 7b, 10b, 11a and

14b
respectively



A 2 3 4 5

«53kD

6 1 2 3 4 5 6 7 8 9  10 11

»53kD

c 1 2 3 4 5 6 7 8 9  10 11

=53kD

4 5 6 7

=53kD

E 1 2 3 4 5 6 7

»53kD



Coomassie to visualise the proteins and confirm equal sample loading, while 
the other gel was western blotted. Following blotting, the proteins transferred 
to the m em brane were visualised by Ponceau staining to ensure identical 
loading patterns to the Coomassie stained gel.

Each gel contained a control protein sample, treated as above, which was 
extracted from transgenic kanamycin-resistant Arahidopsis thaliana var. C24, 3 
w eek old plants which had  been sown on germ ination m edia containing 
35pg/m l kanamycin and lOOpg/ml augmentin, at the same time as the partial 
sense seed. This seed was donated by David Martin at Leicester, and was known 
to contain a T-DNA w ith no deleterious effects on the resultant plant.

To assess the am ounts of SHH protein which could be distinguished 
w ithin this assay, a further western blot was also perform ed. This blot only 
contained protein from the control plants and can be seen in figure 8.4. As 
described in the legend to figure 8.4A, decreasing volumes of protein extract 
were loaded in each lane. This result demonstrates that in the first three lanes, 
representing ISpl, 13.5pl and 9.5|0.1 of protein extract respectively, the degree of 
SHH imm uno-detected dye development is very similar. Only on comparison 
of the lane containing 9.5pl of extract to those lanes containing less extract can a 
clear visual difference be observed. This result suggests that between 12.48pg 
and 7.904pg of total protein this assay is saturated, however at quantities below 
7.904|ig a visual difference is observed.

Taking the results of this experiment into consideration, the blots for 
each of the partial sense constructs were developed. These blots can be seen in 
figure 8.4B-E. W ithin each blot no visual difference betw een each line or 
between the partial sense lines and the control sample can be observed. As the 
AtSHH prom oter has been shown in the last chapter to drive reporter gene 
expression in every tissue tested, including all portions of 3 w eek old 
Arahidopsis plants, it was anticipated that this prom oter, as well as the 
CaMV35s prom oter, would drive high levels of expression of the SHH partial 
sense transgene in these tissues. Therefore, any m arked variance in SHH 
protein levels were anticipated on blots from these lines. However both PRla 
and APG prom oter driven SHH partial sense lines were anticipated to have no 
variance in this experim ent, unless DNA-DNA interactions occurred (see
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Figure 8.5 W estern analysis of Arahidopsis SHH partia l sense
transgenic lines and tobacco SHH antisense transgenic lines.

Figure 8.5A Western blot, probed with anti-PRla antibody, of equal
quantity  protein  samples from T2 plants of some kanam ycin-resistant 
PR la driven partial sense transgenic Arahidopsis lines. The lane num bers 
correspond to the following lines;

Lanes 1-8 PRla partial sense lines 2b, 3a, 4b, 5a respectively
Lane 9 Empty
Lanes 10 and 11 Kanamycin resistant control line

Two samples have been ran for each line, the odd num bered lanes were 
treated  w ith  salicylic acid before protein  extraction and  the even 
num bered lanes with water, as a control.
Figure 8.5B Western blot, probed with anti-SHH antibody, of equal
quantity  protein  samples from T2 plants of some kanam ycin-resistant 
PR la driven partial sense transgenic Arahidopsis lines. The lane num bers 
and treatments correspond to the same lines as in figure 8.5A.
Figure 8.5C Western blot, probed with anti-PRla antibody, of equal
quantity  protein  samples from T2 plants of some kanam ycin-resistant 
PR la driven partial sense transgenic Arahidopsis lines. The lane num bers 
correspond to the following lines;

Lanes 1-6 PRla partial sense lines 7a, 10b, 11a respectively
Lanes 7 and 8 Kanamycin resistant control line

Two samples have been ran for each line, the odd num bered lanes were 
trea ted  w ith  salicylic acid before protein  extraction and the even 
num bered lanes w ith water, as a control. The converse is the case for the 
control samples.
Figure 8.5D Western blot, probed with anti-SHH antibody, of equal
quantity protein samples from T2 plants of each kanamycin-resistant PRla 
driven partial sense transgenic Arahidopsis lines. The lane num bers and 
treatments correspond to the same lines as in figure 8.5C.
Figure 8.5E W estern blot, probed with anti-SHH antibody, of equal
quantity  protein  sam ples from T2 plants of each kanam ycin-resistant 
antisense transgenic tobacco line. The lane num bers correspond to the 
following lines;

Lanes 1 Kanamycin resistant control line
Lanes 2-7 Antisense lines 1, 2, 3, 4, 5, and 7 respectively
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discussion), as the prom oters w ould not drive expression of the SHH partial 
sense transgene in this tissue. A further experiment was perform ed using PRla 
partial sense transgenic lines at this developmental stage. Twelve, three week 
old plants from sample lines were removed from the germ ination m edia and 
six plants floated on Im M  salicylic acid while the other six were floated on 
water, overnight. Protein was extracted, treated as before, and each set of equal 
concentration protein samples ran in triplicate on SDS-PAGE gels. As before 
one gel was stained w ith Coomassie to ensure equal loading while the other 
two were blotted and subsequently stained with Ponceau. Therefore, for each 
set of protein extracts, one blot was probed w ith anti-AtSHH antibody, while 
the other was probed w ith a PRla antibody (kindly donated by Luis M ur at 
Leicester). The results of these western blots can be seen in figure 8.5. The anti- 
P R la  probed blots dem onstrate the salicylic acid m ediated  induction  of 
endogenous PR la expression and no induction of PR la by water. However, 
once again the anti-AtSHH probed blot shows no significant variance in SHH 
protein concentration between salicylic acid and water treated samples.

The lack of SHH protein variance between lines of each construct in all 
of the above experiments suggested two possibilities; firstly, the partial sense 
transgenes were not being expressed and hence would have no effect on SHH 
protein levels, or secondly, the degree of transgene expression is not causing a 
dram atic effect on SHH protein level leading to no obvious variance of SHH 
protein in this assay.

8.6.2 T2 tobacco plants
An iden tical experim ent w as perfo rm ed  u sing  four w eek old 

kanam ycin-resistant tobacco plants. The control plants for this experim ent 
consisted of a previously analysed transgenic line containing pBIlOl AtSHH 
correct, as described in chapter 7. The protein was extracted, and quantified in 
the same manner as previously described before being analysed in duplicate on 
SDS-PAGE gels. One gel was stained with Coomassie and the other blotted and 
stained w ith  Ponceau. The resu ltan t blot, follow ing probing  w ith  SHH 
antibody, can be seen in figure 8.5E. As observed with the Arahidopsis samples 
no m arked variance in SHH protein levels could be observed between lines or
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Figure 8.6 RT-PCR primers and mechanism

A schematic representation of the described (see text) RT-PCR 
reaction utilised to analyse SHH transgene expression at the RNA level. 
The OG2 prim er allows first strand cDNA synthesis due to its stretch of 17 
T residues annealing to mRNA poly (A) tails. The resultant first strand 
cDNA product is represented by the green line to distinguish it from the 
mRNA, represented by the red line. By utilising an SHH specific prim er 
(represented by the blue arrow) in the PCR utilising the first strand cDNA 
as a template, an SHH specific sense strand is first synthesised (represented 
by the purple line extending from the SHH specific primer). Using this 
sense strand as a template, the primer OG9 can anneal to allow production 
of the an tisense strand  due to the com plem entary natu re  of the 
synthesised 3' end of the sense strand. Therefore an SHH specific product 
is produced.
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the control sample. Therefore the conclusions regarding the partia l sense 
constructs could also be draw n for the antisense tobacco lines.

8.7 RT-PCR analysis of transgenic plants
Due to time constraints, northern  analysis of each line w as no t 

perform ed, but to ensure that each line contained a transgene which was being 
expressed, and hence check one of the possible conclusions reached in the 
previous section, RT-PCR [reverse transcriptase polymerase chain reaction] was 
performed. First strand cDNA was produced from the total RNA extracts taken 
from the kanam ycin-resistant T2 seedlings, as outlined in section 2.13.4. To 
prim e this synthesis, prim er OG2 was utilised, the sequence of which can be 
seen in figure 8.6. This prim er contains a stretch of 17 T residues to allow 
annealing to all mRNA poly (A) tails. Therefore, all first strand cDNA contains 
this prim er at it's 5' end. As well as containing a stretch of T residues this 
prim er also encodes a further 18 base sequence which contains a Bam HI and 
Xho  I site and is complementary to a further prim er, OG9 (see figure 8.6). 
Therefore in the PCR, in which the first strand cDNA population was used as a 
tem plate, OG9 annealed to the com plem entary region of OG2 to prim e 
amplification. To produce a specific product the other prim er utilised in the 
PCR reaction was specific for SHH. The SHH prim er u tilised varied  w ith 
respect to the construct being analysed. In PCR from transgenic lines containing 
partial sense constructs, the SHH prim er MSPCRl was utilised (described in 
chapter 4), whereas in transgenic lines containing the antisense construct the 
SHH prim er MSPCR3 was utilised (described in chapter 4). In utilising an 
MSPCRl and O G 2/9 prim er combination, the endogenous SHH transcript 
could be amplified as well as the transgene.

8.7.1 Arahidopsis partial sense lines
The RT-PCR products from CaMV35s driven partial sense lines and 

AtSHH driven partial sense lines can be seen in figure 8.7. W ithin all lines, 
including control lines, the endogenous SHH product was am plified. The 
sm aller partial sense transcript was also am plified from  all partia l sense 
transgenic lines. This resu lt suggests all transgenic lines assayed w ere
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Figure 8.7 RT-PCR from A rah idopsis SHH partial sense
transgenic lines

Figure 8.7A  MSPCRl- and OG9-primed PCR products, amplified
from RT synthesised first strand cDNA, ran on a 1% agarose gel. This 
proves all transgenic Arahidopsis containing a CaMV35s driven SHH 
partial sense transgene were expressing this transgene as mRNA. The lane 
num bers correspond to the following lines;

Lanes 1 and 12 1KB ladder
Lanes 2-9 CaMV35s partial sense lines la , 2b, 3b, 5a, 6a, 8a,

9b and 15b, respectively 
Lane 10 negative control for PCR (no template)
Lane 11 control for RT reaction (kanamycin resistant

control line)

Figure 8.7B MSPCRl- and OG9-primed PCR products, amplified
from RT synthesised first strand cDNA, ran on a 1% agarose gel. This 
proves all transgenic Arahidopsis containing an AtSHH driven SHH 
partial sense transgene were expressing this transgene as mRNA. The lane 
num bers correspond to the following lines;

Lane 1 1KB ladder
Lanes 2-7 SHH partial sense lines la , 2b, 3a, 7a, 10a and 18,

respectively
Lane 8 negative control for PCR (no template)



A 1 2 3 4 5 6 7 8 9  101112

_  en d ogen ou s product 
_  transgene product

6 1 2 3 4 5 6 7

.... en d ogen ou s product 

_  transgene product



expressing the partial sense transgene.

8.7,2 Tobacco antisense lines
The RT-PCR products from seven transgenic antisense containing lines 

can be seen in figure 8.8A. This RT-PCR was not intended to be quantitative but 
to simply prove the transcription of the transgene to be occurring in the plant 
tissue. This is dem onstrated w ithin six of the seven lines tested. No product 
could ever be produced from line 5 in repeat experiments. Therefore genomic 
PCR was perform ed on the lines using the DNA extraction obtained from the 4 
week old kanamycin-resistant plants. The result of this PCR, utilising a prim er 
which anneals in the CaMV35s prom oter and another which anneals 3' to the 
m ultiple cloning site, proved six of the seven lines contained this portion of 
the T-DNA (see figure 8.8B). This PCR product contains a portion  of the 
CaMV35s prom oter, 3' to the prim er annealing site, the antisense SHH gene 
fragm ent, and the polyadenylation signal. To ensure that the DNA extraction 
from line 5 w ould allow PCR amplification, two primers annealing w ithin the 
nptll gene were utilised to prove that all seven lines contained this portion of 
the T-DNA (see figure 8.8C). Therefore it was proposed that line 5 possibly 
contained an attenuated T-DNA in which no expression of the antisense SHH 
gene portion could occur. This line was therefore only utilised further as a 
control.

These experiments therefore demonstrated that in the six lines in which 
the whole T-DNA had been transferred, antisense SHH transcript was being 
expressed, despite the lack of effect on SHH protein levels observed upon 
western analysis.

8.8 Further analysis of the transgenic lines
As the w estern analysis revealed no significant reduction  in SHH 

protein  levels, despite proven transgene transcription, each line was left to 
m ature w ith regular observation for any phenotypic effects.

8.8.1 Arahidopsis lines
Although APG driven partial sense SHH transgenic lines were analysed
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Figure 8.8 RT-PCR and genomic PCR from tobacco SHH
antisense transgenic lines

Figure 8.8A MSPCR3- and OG9-primed PCR products, amplified
from RT synthesised first strand cDNA, ran on a 1% agarose gel. This 
proves five transgenic tobacco lines containing an SHH antisense 
transgene were expressing this transgene as mRNA. The lane num bers 
correspond to the following lines;

Lane 1 1KB ladder
Lanes 2-7 Antisense lines 1, 2, 3, 4, 5, and 7 respectively
Lane 8 negative control for RT reaction (kanamycin

resistant control line)
Lane 9 negative control for PCR (no template)

Figure 8.8B CaMV and M13-27 prim ed PCR products am plified
from genomic DNA, ran on a 1% agarose gel. This proves five transgenic 
tobacco lines contain the portion of the T-DNA encoding the transgene. 
This PCR product could not be amplified from line 5 DNA template. The 
lane num bers correspond to the following lines;

Lanes 1 and 10 Ikb ladder
Lanes 2-7 Antisense lines 1, 2, 3, 4, 5, and 7 respectively
Lane 8 positive control for PCR (plasmid template)
Lane 9 negative control for PCR (untransformed plant)

Figure 8.8C KanI and Kanll prim ed PCR products amplified from
genomic DNA, ran on a 1% agarose gel. This proves all transgenic tobacco 
lines contain the portion of the T-DNA encoding the kanamycin selection 
gene. The lane numbers correspond to the same lines as in figure 8.8B.
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by western analysis as three week old plants, no effect was expected due to the 
APG prom oter only driving expression in the anthers. As discussed in the 
in troduction to the chapter, these lines were produced in case all the other 
constructs proved to be too deleterious to the plants to generate transformants. 
The analysis of SHH protein w ithin the anthers of transgenic plants was not 
attem pted due to its technical difficulty. Therefore to assess if the presence and 
expression of this construct had any effect on these plants, the quantity of seed 
set was analysed. Every remaining plant from each line was grown to m aturity 
and left to set seed. This analysis therefore prevented the removal of anthers 
from flowers to extract RNA for RT-PCR analysis. The resultant seed set from 
each plant, of each line was collected and weighed. A lthough large variations 
in seed set weight were observed between each plant, as observed in the control 
set of plants, no significant variance could be observed between the seed set of 
one line or another, between APG driven partial sense lines and other partial 
sense lines or even the control lines.

As m entioned all other partial sense Arabidopsis plants were also left to 
m ature and no phenotypic effects could be observed in any of these plants.

8.8.2 Tobacco lines
The T1 generation of each antisense line had previously been grow n to 

m aturity  in vivo  to achieve the T2 seed set, w ith no observed phenotypic 
effects. Despite this, the T2 plants were also left to m ature in the greenhouse, to 
confirm the lack of phenotype.

8.9 Discussion
To perturb  the endogenous expression of SHH in p lants, constructs 

driving the overexpression of partial sense SHH constructs w ere tested in 
transgenic Arabidopsis and tobacco. It was anticipated that the cosuppression of 
SHH, leading to a decrease or removal of SHH enzyme activity, m ay cause 
dram atic phenotypic effects as all transmethylation reactions w ould be affected 
by SAH accumulation. These inhibited reactions would possibly include DNA 
m éthylation, an im portant mechanism in transcriptional regulation, as well as 
causing effects in several biochemical pathways (reviewed in chapter 1). Two
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m utations of the SHH gene itself have been studied  and dem onstrated  to 
deleteriously affect transmethylation reactions. The previously described SHH 
null m utan t in  Rhodobacter capsulatus (Sganga et ah, 1992; see chapter 1) is not 
lethal if grow th supplem ents are provided. However, in a higher organism , 
mouse, an embryo lethal m utation [lethal nonagouti] has been attributed to a 
deletion of the SHH gene (Miller et al., 1994). A lthough the a g o u t i  gene 
controls coat colour in mice, the m utation in the above allele is proposed to be 
a deletion in which some 3' controlling elements of the agouti gene are deleted. 
However, it has been proposed that the embryo lethal nature of this m utant is 
due to this deletion also containing the mouse SHH gene. Experiments have 
dem onstrated SHH mRNA to be present in heterozygous embryos at the time 
of hom ozygous embryo death, and the chemical inhibition of SHH activity in 
cell cultures causes a specific inhibition in inner cell m ass developm ent. The 
tim ing of embryo death correlates to a switch from long cell cycle times w ith 
low levels of DNA méthylation, to a period associated w ith dramatic increases 
in both DNA m éthylation and cell proliferation. This data suggested that the 
lack of SHH activity in homozygotes caused embryo lethality (Miller et a l ,  

1994). Therefore, the only two examples of SHH null m utations both caused 
phenotypic effects, but within the higher organism this was observed in a more 
dram atic manner.

It was p red ic ted  th a t a sim ilar lethal pheno type m ay occur, if 
cosuppression led to inhibition of all SHH gene expression. However, as noted 
previously the cosuppression of SAM synthetase led to a distinct phenotype 
w hich was viable (Boerjan et a l ,  1994). Although a significant reduction in 
m easured SAM synthetase activity was observed in cosuppressed tissue in 
which the transgene could not be detected, SAM synthetase activity could still 
be detected. Therefore none of the cosuppressed plants contained a null 
phenotype. As previously highlighted, the inhibition of SAM synthetase 
activity and hence the reduction in the production of SAM was predicted to 
affect more pathways than the removal of SHH activity, due to the use of SAM 
in ethylene and polyamine biosynthesis. Therefore a 'constitutive' CaMV35s 
construct was utilised to copy this experiment. The use of the AtSHH prom oter 
served a dual purpose. Firstly, if phenotypes were observed using the CaMV35s
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prom oter it was anticipated that similar phenotypes may be observed using 
AtSHH, therefore proving its potential use as a 'constitutive' prom oter. The 
second reason AtSHH was used, relates to the possible mechanisms controlling 
gene inactivation (reviewed by Flavell, 1994; Matzke and M atzke, 1995). One 
m ain distinction in the several models available for the m echanism  of gene 
silencing is whether the silencing results from transcriptional inactivation, or a 
post-transcriptional process such as RNA turnover. It has been proposed that 
m ost cases of cosuppression involve a post-transcriptional process, presum ably 
RNA turnover (M atzke and M atzke, 1995). A biochem ical sw itch m odel 
suggests that RNA accumulates until a threshold is reached, at which point 
RNA degradation is initiated. This threshold may only be reached due to the 
expression of the homologous transgene as well as the endogenous gene, hence 
causing cosuppression. Transcriptional inactivation meanwhile can cause gene 
silencing in cases where only the prom oter fragment of the transgene shows 
hom ology to the suppressed endogenous gene (see Park et ah, 1996 for an 
example). It is thought that the pairing of hom ologous unlinked  loci is 
responsible for the silencing effects, and this DNA-DNA interaction can 
generate inactive genetic states through either de novo m é thy la tion  or 
heterochrom atin formation (reviewed by Matzke and Matzke, 1995). Therefore 
if the levels of SHH partial sense transgene mRNA production  w ere not 
sufficient to cause post-transcriptional silencing, the use of the Arabidopsis 
SHH prom oter fragm ent m ay lead to transcriptional inactivation due to 
hom ology w ith the endogenous SHH gene's promoter. This phenom ena may 
also possibly occur between the SHH partial-sense gene fragm ent and the 
endogenous gene. One proposed mechanism of this silencing, too complex to 
explain in detail here, is thought to operate via DNA méthylation, one of the 
predicted affected pathways of SHH perturbation (Matzke and Matzke, 1995).

Following the failure of in planta Arabidopsis transform ation (Bechtold 
et ah, 1993), Arabidopsis root transform ation (Clarke et ah, 1992) was 
perform ed, w hich w as no t considered as ideal a system , due  to the 
aforem entioned points. The transform ation frequency analysis perform ed 
during  the transform ation event suggested no significant difference betw een 
partial sense and control transform ation experiments (later confirm ed upon
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com pletion of this experiment). The conserved nature of the SHH coding 
region between divergent plant species was dem onstrated in chapter 4, and 
therefore the partial sense constructs based on the AtSHH sequence w ould 
probably interact w ith the endogenous tobacco SHH genes. Examples of 
heterologous transgene expression causing cosuppression have been observed 
(for example D wivedi et ah, 1994). Therefore each construct and the control 
construct were utilised in a tobacco transform ation (results not shown). The 
resultant transform ation frequencies showed no significant variation from the 
control transform ation, and the resultant plants were phenotypically normal. 
Therefore no further experiments were perform ed on these transgenics. The 
result of this and the ongoing Arabidopsis transform ation suggested that the 
partial sense constructs were not having the desired effects. Therefore the 
prev iously  described tobacco antisense construct was m ade. A ntisense 
transgene expression is also thought to act as a post-transcriptional process but 
w ith  a slightly different mechanism to partial sense. An RNA degradation 
pathw ay is activated due to the presence of the antisense RNA species which 
m ay form  RNA-RNA duplexes w ith the endogenous transcript. Therefore by 
utilising the tobacco antisense construct, it was hoped that gene silencing may 
occur via a separate mechanism.

As noted in the results both species transformation w ith each respective 
construct led to no significant variance in transform ation frequency in 
com parison to control experim ents. A lthough the sam ple size for the 
Arabidopsis  transform ation was small, the tobacco transfo rm ation  was 
perform ed on a larger scale and still no variance was observed. These results 
suggest that the anticipated possible lethal effects of SHH cosuppression in 
callus and young differentiating tissue did not occur.

The western analysis of endogenous SHH protein w ithin the transgenic 
plants suggested no single line contained a significantly lower quantity of SHH 
protein than any other transgenic or control line. The western blot containing 
different volum es of the same protein extraction, clearly dem onstrated  this 
assay to be able to distinguish between the specific quantities of SHH protein. 
H ow ever if the reduction in SHH protein levels were sim ply very low, for 
example a 5% reduction, then this assay was not sensitive enough to be able to
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distinguish these lines. If this did occur, this small reduction in SHH protein 
level had no effect on the plants' phenotype.

Since these experiments were designed and initiated, one example of 
SHH antisense expression in tobacco has been published (M asuta et al., 1995). 
This study  utilised the complete coding sequence of a cloned tobacco SHH 
cDNA in  an antisense orientation behind the CaMV35s prom oter. This 
resulted in some transgenic lines, w ith reduced endogenous mRNA levels, in 
w hich no endogenous protein could be detected by w estern analysis. These 
plants also contained an altered SAM /SAH ratio, although only half of the 
transgenics show ed any phenotypic effect, sim ply described as grow th 
alterations (Masuta et ah, 1995).

Due to the lack of sim ilar results in this study , such as d istinct 
differences in endogenous SHH protein levels upon western analysis, RT-PCR 
was perform ed to confirm that expression of the transgenes was occurring. If 
no expression of each transgene occurred then the m echanism s of post- 
transcriptional gene silencing described above could not occur. The RT-PCR 
analysis proved transgene expression in the CaMV35s and  AtSHH driven 
partial sense constructs as well as the antisense construct. The use of the prim er 
OG2 ensured that only polyadenylated transcript could be used as a template for 
first strand cDNA synthesis. This confirms that the transgene transcripts are 
polyadenylated but this does not necessarily mean that each transcript is stable. 
It is possible that the transgene transcripts are rapidly turned over due to being 
recognised as 'fo reign ' transcripts. This may reduce the possib ility  of 
cosuppression  occurring. The RT-PCR resu lt therefo re  sim ply  proves 
transcription to occur and not whether this transcript is stable. One transgenic 
tobacco line was identified to contain an attenuated T-DNA, in which an intact 
n p tll  gene had been transferred and integrated into the genome unlike the 
antisense SHH portion of the T-DNA. Results of this kind may be elim inated 
in the future by the use of more recently developed binary vectors, for example 
the pPZP series (Hajdukiewicz et ah, 1994), in which the selectable m arker gene 
is positioned next to the left border T-DNA sequence. As the right border T- 
DNA sequence enters the p lan t DNA first in any A grobacteria l-m edia ted  
transform ation, the sequences next to this region are m ore likely to be
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transferred  than  those next to the left border. Therefore this causes m ost 
transgenics, selected by use of the selectable marker gene product, to have had 
the rest of the T-DNA transferred into the genome during the transform ation 
event.

The lack of any phenotypic effects as well as no m easurable decrease in 
SHH protein  concentration, despite dem onstrated transgene transcription, 
leads to two possible conclusions. Firstly, the perturbation of SHH gene activity 
was not achieved in this study, or secondly, any perturbation which did  occur 
sim ply reduced the level of the SHH activity to such a small degree it was 
imm easurable w ithin the confines of the assay used in this study, and caused 
no phenotypic effects.

If m ore time had  been available, fu rther w ork w ould  have been 
perform ed upon these transgenic plants. This w ould have included SHH 
enzym e assays to m easure activity w ithin transgenic tissues com pared to 
control tissues. However as the original analysis provided no indications of 
which plants were possibly cosuppressed, analysis of every plant generated was 
no t perform ed in this study  due to lack of time. Further transform ation 
experim ents w ould  also be perform ed to generate a larger population  of 
transgenic plants. In the study by M asuta et al. (1995), 230 transgenic tobacco 
lines w ere generated from  which only four lines w ere stud ied  in detail. 
However, this study utilised a simple assay to choose which lines to study prior 
to m olecular analysis. Each line was inoculated w ith  TMV, w hich it was 
hypothesised would not be able to replicate because of the lack of 5' cap mRNA 
m éthylation due to the altered SAM /SAH ratio. Those lines w ith reduced 
sym ptom s of viral infection w ere stud ied  further (M asuta et ah, 1995). 
H ow ever this study does not address how the endogenous transcripts are 
m ethylated  at the 5' cap if the TMV transcripts are not. Also, no control 
experim ent exists for inoculation of an 'unhealthy ' tobacco p lan t (stunted 
phenotype) w ith TMV. However this study did result in the isolation of some 
transgenic plants from a large population, which have a reduced endogenous 
SHH pro tein  level. Similar perturbation experim ents also produce larger 
num bers of plants than derived in this work, and involve analysis of only the 

cosuppressed lines (for example, Boerjan et ah, 1994).
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Therefore, in conclusion, it is unknow n w hether this section of work 
did not achieve the desired aim of cosuppressing the endogenous SHH gene, or 
w hether any cosuppression simply resulted in a very small reduction in SHH 
protein levels w ith no phenotypic effects.
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Chapter 9

D iscussion

9.1 Summary of work in this thesis
The work described in this thesis originated w ith a clone isolated from a 

library constructed using poly (A) RNA isolated from mechanically separated 
cell suspension  cultures. P relim inary studies of this clone, DB6, w ere 
perform ed p rior to the onset of this thesis. These studies had  putatively  
assigned DB6 as an asparagus SHH cDNA which appeared to be upregulated by 
the mechanical separation of asparagus cells.

Upon completion of the sequence analysis of DB6, the putative identity 
of the asparagus cDNA was confirmed by strong sequence conservation (90.1% 
identity  at the amino acid level) to the recently published PcSHH sequence 
(Kawalleck et ah, 1992). This sequence analysis proved this clone was derived 
from a single transcript, but that it was truncated at both ends. The isolation of 
AoSHH (formerly DBF) provided a full length cDNA. RNA hybridisations 
dem onstrated  that AoSHH expression was not only upregu la ted  by the 
mechanical separation of asparagus cells but also by the w ounding of etiolated 
asparagus seedlings. AoSHH is therefore a wound inducible gene.

Sequence data base searches perform ed w ith the pred icted  protein  
sequence of the AoSHH clone highlighted the strong sequence conservation of 
the SHH gene throughout evolution. A single anomaly to this observation was 
analysed using a PCR based approach. This dem onstrated that SHH proteins
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from all five diverse plant species tested contained an extra amino acid motif 
which had  not been found in non-photosynthetic bacterial or anim al genes. 
Similar analysis also show ed that three of the five p lan t species analysed 
contain an intron in exactly the same position within the SHH gene, suggesting 
conservation of SHH gene structure as well as sequence.

Analysis of SHH protein  levels and  enzyme activity confirm ed the 
induction of SHH in mechanically separated asparagus cells, and this activation 
was observed to be m ainly regulated  at the level of transcrip tion. SHH 
transcrip t, protein  and enzyme activity was detected in all tobacco or A. 
thaliana tissues assayed, confirming the housekeeping nature of this gene. The 
greatest levels of transcript abundance correlate to areas of high metabolic 
activity.

Genomic Southern analysis of three plant species dem onstrated  that 
both asparagus and tobacco probably contain small SHH gene families. This led 
to the isolation of an SHH genomic clone from A. thaliana, provid ing  a 
putative prom oter for analysis using reporter gene constructs in transgenic 
plants.

Reporter gene activities w ithin transgenic tobacco confirm the w ound 
inducib le  na tu re  of SHH and its relatively  h igh activ ity  w ith in  the 
m etabolically active cells in callus tissue. This analysis also confirm ed the 
prom oter driven expression of SHH in every tissue tested.

The attem pted perturbation of SHH gene expression w ithin transgenic 
p lan ts  by using partia l and antisense technology d id  no t p roduce the 
anticipated results. To definitively decide on the outcome of these experiments, 

further analysis would need to be performed (see section 9.2).

9.2 Proposals for future work
The following sections set out the proposed ideas to further analyse SHH 

gene expression, activity and its role.

9.2.1 Further analysis of the AtSHH promoter
As described in chapter 7, a presum ed negative control construct for
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reporter gene expression, gave positive results. This construct contained the 
AtSHH prom oter u tilised  in the described experim ents, in the incorrect 
orientation w ith respect to the gus gene in pBIlOl.l. Therefore it was concluded 
that the 1845bp fragm ent utilised as a putative AtSHH prom oter could drive 
transcription in either orientation. This situation was thought to be due to one 
of two possibilities. Either the fragm ent contained a second prom oter from a 
different A. thaliana gene, or strong enhancer elements w ithin the fragm ent 
cause transcription from cryptic transcriptional start sites near the fusion. It was 
noted that the first explanation was very feasible as such a large fragm ent of 
DNA was tested for its putative promoter activity. If this prom oter is to be used 
to drive expression of transgenes in future experiments (see section 9.3), it 
w ould be advantageous to be able to use a smaller promoter fragm ent w ith the 
same ability to drive gene transcription. Therefore a series of prom oter deletion 
experim ents should be perform ed to define the limits of the SHH prom oter 
w ith in  the original DNA fragm ent utilised. These studies m ay also help 
explain the ability of the original prom oter fragment to drive gene expression 
in both orientations. Current approaches to this type of study include analysis 
of 5' deleted  prom oter-reporter gene fusions, either transiently  by direct 
introduction into protoplasts, or by stable transform ation of plants. Several 
convenient restriction endonuclease recognition sites appear th roughout the 
1845bp Xho I fragment initially used for prom oter constructs, allowing simple 
5' deletions to be created. These 5' deletions may corroborate the presence of 
another prom oter, as a viable explanation to the bidirectional activity of the 
original prom oter fragment. In these studies each deletion w ould need to be 
placed in the vector in either orientation.

The 5' deletion analysis may also be com plem ented by 3' deletion 
analysis. This technique relies on fusing upstream  regions of the prom oter to 
m inim al sequences that can drive transcription (for exam ple, the -40bp 
CaMV35s promoter). This analysis w ould complement the 5' deletion analysis 
since rather than looking for lo ss of activity', w ith the 3' deletion fusions the 
'gain of activity' is sought.

9 .2 .2  Further experiments on perturbation studies
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Due to the lack of time and expected phenotypic results, the transgenic 
lines containing constructs designed to perturb SHH gene expression were not 
fu lly  analysed. If, as p red icted , the lines undergoing  the m ost severe 
perturbation  had developed a phenotype, then these lines could have easily 
been chosen for further study. As no such phenotypic indications were 
observed in the described study (chapter 8), unlike those of M asuta et a l (1995), 
too m any lines existed to perform  further analysis. H ad more time been 
available or lines w ith altered phenotypes been produced , then northern  
analysis of endogenous and transgene SHH transcrip t w ould  have been 
perform ed and compared to wild-type lines to assess if decreased expression 
levels had occurred. SHH enzyme analysis w ould also have been perform ed to 
assess if the actual activity of SHH enzyme within these transgenic lines was 
decreased. If more time had been available more transgenic lines w ould have 
been produced, leading to an increased probability of positive results being 
obtained for each of the constructs.

9.2.3 Plant SHH enzymes: copper-binding proteins?
As described in chapter 1, SHH enzyme from mice has been proposed to 

be a bifunctional protein, not only catalysing SAH hydrolysis bu t also acting as 
a copper-binding protein (Bethin et al., 1995a). This aspect of possible SHH 
enzym e function has not been assayed using SHH enzym e isolated from  a 
plant source. Results presented w ithin this thesis suggest SHH enzyme levels 
are induced upon the mechanical separation of asparagus cells. This may 
constitute an ideal starting tissue for the isolation of SHH enzyme [utilising 
one of the previously published m ethods for SHH purification from  plant 
tissue (Poulton and Butt, 1976; Guranowski and Pawelkiewicz, 1977; Sebestova 
et al., 1984)] to analyse its putative copper-binding activities. Once active 
enzym e has been isolated, similar studies to Bethin et al. (1995b) could be 
perform ed to assess if the isolated enzyme had copper attached, as observed 
w ith mouse SHH, or if any copper associated with the purified protein would 
exchange w ith radioactive copper. These studies w ould provide evidence for 
the copper-binding role of SHH proposed in mice, also occurring in plants.
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9.3 Concluding remarks on SHH and possible applications
Upon the isolation and subsequent sequencing of AoSHH, which at the 

time, was only the second plant SHH cDNA derived and the first from  a 
m onocot species, analysis of sequence conservation w as perform ed. As 
previously discussed in chapters 3 and 4 the percentage sequence identity  
observed betw een AoSHH and the dicot parsley, the bacterium  R. capsulatus 
and the mammalian hum an predicted amino acid sequences were 90.1%, 58.7% 
and 58.1% respectively. This concurred w ith previous observations of a high 
degree of prim ary amino acid sequence conservation in SHH cDNAs from 
diverse species (Kasir et a l, 1988; Sganga et a l, 1992). This conservation was 
also observed to occur at the nucleotide level (chapters 3 and 4), allowing the 
use of degenerate PCR primers to amplify portions of SHH genes from diverse 
plant species and also from some bacterial species. Sequence analysis of SHH 
PCR products followed by alignments of the predicted amino acid sequence 
allow ed dendrogram  alignm ents of SHH sequence conservation betw een 
diverse plant species to be drawn (chapter 4). This form of analysis is utilised as 
a major tool in molecular evolution studies. These analyses com pare slowly 
evolving RNA and protein sequences to try and identify w hen two species last 
shared a common ancestor (see Mooers and Redfield, 1996). As SHH is a gene 
w ith a proven conserved amino acid sequence throughout diverse species, it 
m ay be utilised for this type of work in the future. For analysis of plant species 
evolution, the prim er sets already constructed and utilised in this study could 
be used to amplify portions of SHH sequence from many more plan t species. 
N ot only can amino acid sequence conservation be stud ied  b u t also the 
presence or absence of the conserved position intron found in this analysis 
w ithin certain plant SHH genes (chapter 4). Intron position and presence has 
p rev iously  been used in studies of m olecular evolution of p lan t genes 
(Niesbach-Klosgen et ah, 1987).

It has been suggested that by only assaying one protein sequence, results 
of such studies m ay be biased. Therefore a num ber of d ifferent protein  
sequences should be compared. The largest example of this type of study was 
used  to try  and evaluate the time of divergence of the major biological 
groupings (Doolittle et ah, 1996). This study utilised 57 different proteins, each
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of which had to comply to several criteria, including its isolation from  at least 
three species including an animal, a plant or fungus and a bacterium . SHH 
fulfilled all of the criteria bu t for an unstated reason was not utilised in this 
study. This may be due to the presence of the extra amino acid m otif in SHH 
sequence from photosynthetic species. However, as dem onstrated by Aksamit 
et al. (1995), the SHH gene can be split into regions for the basis of sequence 
identity. Therefore, the values obtained from comparisons of sequence from 
the initial methionine to the amino acid preceding the extra amino acid motif, 
or from  the first amino acid following the extra amino acid m otif to the last 
amino acid, could be used. Therefore on this basis SHH could be another 
enzyme utilised in the study by Doolittle et al. (1996).

In conclusion, it has been dem onstrated that SHH is a good candidate 
gene for m olecular evolution studies between both p lan t species and other 
more diverse organisms.

An SHH cDNA was initially  derived from  a lib rary  contain ing 
transcripts from mechanically separated asparagus cells, a model system for the 
study  of w ounding. N orthern analysis confirmed the w ound induction  of 
AoSHH (chapter 3), while western and enzyme activity analysis confirmed this 
data in tobacco as well as asparagus (chapter 5). Upon generation of transgenic 
p lan ts containing AtSHH prom oter-driven reporter gene constructs, the 
w ound-inducible nature of SHH was verified at the transcriptional level from 
a third species, A. thaliana (chapter 7). It can therefore be concluded from these 
several lines of evidence that SHH is a housekeeping gene, expressed in all 
tissues assayed, whose expression can be upregulated by a w ound stimulus. A 
prom oter providing this type of transcriptional activity may be commercially 
useful, as a possible alternative to the use of the CaMV35s prom oter. 
Comparative data presented in chapter 7 suggested equal if not higher reporter 
gene activity in transgenic A. thaliana seedlings containing sim ilar gus gene 
constructs driven by either the AtSHH prom oter or CaMV35s prom oter. 
Therefore the AtSHH prom oter may be utilised in the future as an alternative 
to CaMV35s for the general expression of a transgene. One of the m ost 
common uses of CaMV35s is to drive the expression of the selectable m arker 
gene w ithin T-DNA constructs. As the AtSHH prom oter drives upregulated
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expression in both w ounded and callus tissue it w ould be ideal for this purpose 
in transform ation experiments which occur via this tissue, such as tobacco 
transform ation. As well as being an alternative prom oter for transgene 
expression, AtSHH may be used in conjunction w ith CaMV35s w ithin the 
same experiment. For example, when a transgenic plant is transform ed w ith a 
second construct or crossed to another transgenic line, a second selectable 
m arker gene is u tilised to be able to select the double transform ant. As 
described in chapter 8 the presence of the same promoter on both T-DNAs may 
lead to a cosuppression event (for example. Park et ah, 1996), hence the use of 
AtSHH as an alternative to CaMV35s.

One further advantage and possible application for the AtSHH prom oter 
related to its upregulation by w ounding, would be to drive expression of a 
defence gene. This gene would be expressed in all tissues so far noted to contain 
SHH gene expression (see chapter 7), and this expression w ould increase upon 
a w ound stim ulus leading to greater accumulation of the defence protein. 
Studies similar to these are currently being performed by ZENECA.
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Solution,!

Agrobacterium Culture Dilution Media 
Gamborg's B5 Salts Solution 
20g/l glucose 
0.5g/l MES
Adjust to pH5.7 with IM  KOH.

Anode Buffer 1 
300mM Tris-HCl pHlO.4 
10% M ethanol

Anode Buffer 2 
25mM Tris-HCl pHlO.4 
10% M ethanol

Anti-Proteinase Extraction Buffer
50mM Sodium Phosphate Buffer pH7.0
Im M  EDTA pH8.0
0.2mM PMSF
IpM  Pepstatin A
2pg/m l Leupeptin
IpM  E64

Asparagus M edium : Modified from Nagata and Takebe (1971). 
C om ponent Concentration (mg/1)
N H 4N O 3 825.000

KNO3 925.000
CaCl2.2H20 220.000
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MgS04.H20 1233.000
KH2PO4 680.000
N a2EDTA 37.300
FeS04.7H20 27.800
H 3BO3 6.200
M nS04.4H20 22.300
ZnS04.7H20 10.580
KI 0.830
NaM o04.2H20 0.250
CUSO4.5H 2O 0.030
M annito l 30,000.000
Sucrose 10,000.000
Myo Inositol 100.000
Thiamine HCl 1.000
N A A 1.000
6-BAP 0.300

A djust pH  to 5.8 w ith KOH and just prior to use add 3.4ml of filter sterile 
glutamine (2.35g/100ml) per 80ml of medium.

ATP Buffer 
50mM HEPES pH7.6 
20mM MgClz 
lOmM ATP

Automatic Sequencing Reaction Premix 
4pl 5X TACS Buffer 
Ip l dNTP Mix
Ip l DyeDeoxy™ A Terminator 
Ip l DyeDeoxy™ T Terminator 
Ip l DyeDeoxy™ G Terminator 
Ip l DyeDeoxy™ C Terminator



O.Sjiil AmpliTaq® DNA Polymerase
(all of the above are purchased from Applied Biosystems as a kit)

BCIP Buffer 
lOOmM Tris-HCl pH9.5 
5mM M gCh 
lOOmM NaCl

Blot Strip Solution
O.IX ssc
0.1% SDS
0.2M Tris-HCl pH7.5

lOX Blunt End Ligation Buffer 
0.66M Tris-HCl pH7.6 
50mM MgClz

50mM DTT
O.IM ATP
O.IM Spermidine
lOmM Hexamine Cobalt Chloride

Bradford Solution 
600m g/l Serva Blue G250 stain 
2% Perchloric acid

Callus Inducing Media
Gamborg's B5 m edium  (Gamborg et a l, 1968)
0.5g/l MES 
20g/l glucose
Adjust pH  to 5.8 w ith IM  KOH 
8 g /l Difco Agar 
Following autoclaving add:- 
5m g /l sterile silver thiosulphate

189



0.5m g/l sterile 2,4-dichlorophenoxyacetic acid 
0.05m g/l sterile kinetin

Cathode Buffer 
25mM Tris-HCl pH9.4
40mM 6-Aminohexanoic Acid (also called Amino-n-caproic acid)
20% M ethanol

CIP Buffer
50mM Tris-HCl pHS.O 
O.IM EDTA

Coomassie Stain

0.25g Coomassie Brilliant Blue R/100ml of 10% acetic acid and 10% methanol

2X CTAB Extraction Buffer 
lOOmM Tris-HCl pH8.0 
1.4M NaCl 
20mM EDTA 
2% CTAB

10% CTAB 
10% CTAB 
0.7M NaCl

CTAB Precipitation Buffer 
50mM Tris-HCl pH8.0 
lOmM EDTA pH8.0 
1% CTAB

6X DNA Loading Buffer 
0.25% Xylene Cyanol FF 
0.25% Bromophenol Blue
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15% Ficoll (Type 400)

D enaturing Solution 
1.5M NaCl 
0.5M NaOH

50X DenhardT s
1% B.S.A.(Bovine Serum Albumin)
1% P.V.P (Poly Vinyl Pyrrolidone)
1% Ficoll (Type 400)

D epurinating Solution 
0.25M Hydrochloric Acid

G erm ination M edium
Half-strength Murashige and Skoog Medium (Murashige and Skoog, 1962) 
lOg/1 sucrose
Adjust pH  to 5.8 w ith IM  KOH 
8 g /l Difco Agar
Following autoclaving add sterile silver thiosulphate to a final concentration 
of 5m g/l

Glycine Running Buffer 
25mM Tris 
250mM Glycine pH8.3 
0.1% SDS

GUS Extraction Buffer
50mM Sodium Phosphate Buffer pH7.0
lOmM EDTA
0.1% Triton X-100
0.1% Sarkosyl
lOmM 6-m ercaptoethanol
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GUS Fluorometric Assay Buffer
Im M  m ethyl umbelliferyl glucuronide in GUS extraction buffer

GUS Histochemical Buffer
50mM Sodium Phosphate Buffer pH7.0
Im M  EDTA
0.5mM potassium  ferricyanide 
O.SmM potassium  ferrocyanide
Im g /m l X-Gluc (5-bromo-4-chloro-3-indoyl glucuronide)

H igh Salt Buffer 
3M Sodium Acetate 
0.01% Bromophenol Blue 
pH7.9 with glacial acetic acid

H ybridisation Solution (DNA)
5X SSPE 
5X D enhardfs 
0.5% SDS
lOOpg/ml boiled Herring Sperm

H ybridisation Solution (RNA)
5X SSPE 
5X D enhardf s 
0.5% SDS
lOOpg/ml boiled Herring Sperm 
50% Formamide

Infiltration M edium

M urashige and Skoog macro and micronutrients (used as per m anufacturers 
instructions)
lOpg/1 6-benzyl amino purine 
5% sucrose
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5X Ligation Buffer 
0.25M Tris-HCl pH7.6 
50mM M gCh 
5mM ATP 
5mM DTT 
25% PEG8000

Luciferase Extraction Buffer 
lOOmM phosphate buffer pH7.5 
Im M  DTT

IPX MOPS 
0.2M MOPS pH7.0 
80mM Sodium Acetate 
lOmM EDTA pH8.0

MSD4X2
As MSG w ith the addition of:-

O.lmg/1 naphthalene acetic acid (NAA) 
lm g/1  6-benzyl amino purine (BAP)

MSG
MS salts (Flow Laboratories) 
lOg/1 sucrose
Adjust to pH5.8 w ith O.IM KGH.
To solidify the media technical agar was added to 0.

N eutralising Solution
1.5M NaCl
0.5M Tris-HCl, pH8.0

Nuclease-Sl Hybridisation Buffer 
40mM PIPES pH6.4
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Im M  EDTA pH8.0 
0.4M NaCl 
80% Formamide

Nuclease-Sl M apping Buffer 
0.28M NaCl
0.05M Sodium Acetate pH4.5 
4.5mM ZnS04
20pg/m l single-stranded DNA (carrier DNA)
100-1000 u n its/m l nuclease-Sl

Nuclease-Sl Stop Buffer 
4M A m m onium  Acetate 
50mM EDTA pH8.0 
50 |ig /m l tRNA (carrier RNA)

N.E.W. W ash 
50% ethanol 
lOOmM NaCl 
lOmM Tris-HCl pH7.5 
Im M  EDTA

Oligolabelling Buffer
The final buffer is made by mixing Buffers A,B and C in the ratio 2:5:3. 
OLB A
625pl of 2M Tris-HCl pH8.0 
25pl of 5M M gCk 
350|il of H 2O

18pl of fi-mercaptoethanol
5pl each of 3\xM dATP, dGTP, dTTP
OLBB
2M HEPES pH6.6 
OLBC
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Random  hexadeoxyribonucleotides (Pharmacia) suspended in 3mM Tris-HCl 
pH7.0, 0.2mM EDTA at 90 OD260 units/m l.

IIX  PCR Buffer
167pl 2M Tris-HCl pH8.8
83pl IM  Am m onium  Sulphate
33.5pl IM  M gCh
3.6pl fi-mercaptoethanol
3.4pl lOmM EDTA pH8.0
75pl of each lOOmM dNTP stock
85pl lO m g/m l BSA

PCR Extraction Buffer 
lOOmM Tris-HCl pH8.0 
50mM EDTA pH8.0 
500mM NaCl 
1.4% SDS
lOmM fi-mercaptoethanol

PEG /Salt Solution 
2.5M NaCl 
20% PEG 6000

Phage Precipitation Buffer 
20% PEG8000 
2M NaCl

P h en o l/ Chloroform
The following reagents were mixed in the ratio 25:24:1 respectively.
Tris-HCl pH8.0 equilibrated Phenol
C hloroform
Isoamyl Alcohol
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Phosphate Buffer
Mix K2H PO 4 and KH2PO4 in a 82ml:18ml ratio to achieve a pH  of 7.5.

Ponceau Stain 
0.5% Ponceau 
1% acetic acid

Reverse Transcription Mix 
4pl 25mM M gCh
2pl lOX Reverse Transcription Buffer 
2pl lOmM dNTP Mix
0.5pl Recombinant RNasin Ribonuclease Inhibitor 
0.8pl AMV Reverse Transcriptase 
2pl OG2 Primer 
xpl Template RNA
y pi of dH 2 0  to yield a final volume of 20pl

lOX Reverse Transcription Buffer 
lOOmM Tris-HCl pH8.8 
500mM KCl 
1% Triton X-100

RNA D enaturing Solution 
65% Formamide 
8% Formaldehyde 
1.3X MOPS

RNA Extraction Buffer 
50mM Tris-HCl pH9.0 
150mM LiCl 
5mM EDTA pH8.0 
5% SDS
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RNA Formaldehyde Gel 
IX MOPS
2.2M Formaldehyde 
0.8g Agarose
Make up to 100ml with H 2O.

RNA Grinding Buffer 
6% 4-Amino Salicylate 
1% Tri-Isopropyl Napthalene (TNS)
6% Phenol
50mM Tris-HCl pH8.4

RNA Loading Buffer 
50% glycerol 
Im M  EDTA pHS.O 
0.25% Bromophenol Blue 
0.25% Xylene Cyanol FF

2X SDS Gel Loading Buffer 
lOOmM Tris-HCl pH6.8 
4% SDS
0.2% Bromophenol Blue 
20% Glycerol
200mM DTT (added from a IM  stock just prior to use)

Sequencing Annealing Buffer (5X)
200mM Tris-HCl pH7.5 
lOOmM M gCh 
250mM NaCl

Sequencing Enzyme Dilution Buffer 
lOmM Tris-HCl pH7.5 
5mM DTT
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0.5m g/m l BSA

Sequencing Gel Mix 
7M urea 
5.7% acrylamide 
0.3% bis-acrylamide 
IX TBE

Sequencing Labelling Mix 
1.5pM dGTP 
1.5pM dCTP
1.5pM dTTP

Sequencing Stop Solution 
95% form am ide 
20mM EDTA 
0.05% Bromophenol Blue 
0.05% Xylene Cyanol FF

Sequencing Termination M ixtures 
Each mixture contains 50mM NaCl and,
80pM dGTP 
80pM dATP 
80pM dTTP 
80pM dCTP
In addition, the 'G ' mix contains 8pM dideoxy-dGTP; the 'A ' mix contains 8pM 
dideoxy-dATP; the 'T  mix contains BpM dideoxy-dTTP; and the 'C ' mix 
contains 8pM dideoxy-dCTP.

Shoot Elongation Media
As Germination Media w ithout the addition of Silver Thiosulphate.

SHH Enzyme Assay Buffer
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O.IM Tris-HCl pHS.O 
5mM DTT

SHH Enzyme Extraction Buffer
SHH Enzyme Assay Buffer plus the addition of:-
lOmM Sodium M etabisulphite
lOmM Ascorbic Acid

Shoot Inducing Media 
Gam borg's B5 m edium  
0.5g/lMES  
20g/l glucose
Adjust pH  to 5.8 with IM  KOH 
8 g /l Difco Agar 
Following autoclaving add:- 
850m g/l sterile vancomycin 
35m g/l sterile kanamycin 
5m g /l sterile 2-isopentenyladenine 
0.15m g/l sterile indole-3-acetic acid

SM
lOOmM NaCl 
8mM MgS04 
SOmM Tris-HCl pH7.5 
0.01% gelatin

Shoot Overlay Media
As Shoot Inducing Media except the 8 g /l Difco Agar is replaced by 8 g /l of low 
m elting-point agarose.

20X SSC 
3M NaCl
0.3M Sodium Citrate
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20X SSPE 
3.6M NaCl 
0.2M NaH2P04 
0.02M EDTA pH8.0

STE
0.3M NaCl
lOmM Tris-HCl pH8.0 
Im M  EDTA

IPX T4 Polynucleotide Kinase Buffer
0.5M Tris-HCl pH7.6
O.IM M gCh
50mM dithiothreitol
Im M  Spermidine HCl
Im M  EDTA pH8.0

IPX TAE
P.4M Tris-acetate pH8.P 
IPmM EDTA

IPX TBE 
108g Tris Base 
55g Boric acid 
5.8g EDTA

Dissolve in a 900ml of H 2O and pH  to 8.3 before making up to 1 litre.

TBS Tween 
200mM NaCl 
50mM Tris-HCl pH7.4 
0.1% Tween 20
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W ash Solution A 
3XSGC
0.5% SDS

W ash Solution B 
0.5X SSC 
0.5% SDS
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Appendix II 
Bacteriological Media

Liquid m edia
NB (nutrien t broth) was purchased  as a pre-m ade pow der from  Difco 
Laboratories and dissolved in water.

LB: per litre - lOg NaCl
lOg bacto-tryptone 
5g Yeast Extract

2X YT: per litre - lOg NaCl
16g bacto-tryptone 
lOg Yeast Extract

NZY; per litre - 5g NaCl

2g MgS04 • 7H 2O 

5g Yeast Extract
lOg NZ Amine (casein hydrolysate)

NZCYM: per litre - As for NZY with the addition of Ig  of Casamino Acids 

Solid m edia
Media was solidified by the addition of bacto-agar to 1.5%, except for Top Agar 
which is NZY w ith the addition of 0.7% bacto-agar.
N A  (nu trien t agar) w as purchased as a pre-m ade pow der from  Difco 
Laboratories and dissolved in water in individual bottles.

To sterilise media it was autoclaved at 120 °C for 20 min.
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