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ABSTRACT.

Two developmental systems for leaves of Festuca pratensis
were compared, namely development along the leaf (base to apex)
and development of the whole leaf with time. The methods for

examination of nucleic acids from leaves of F. pratensis were

optimised and the changes occurring in rRNA fractions, tRNAs and
polyribosomes during both developmental systems were recorded.
These changes were related to changes in levels and syntheses of
soluble and particulate proteins. Activities of enzymes intimately
involved in these relationships, namely RNAses, ATPases,
phosphatases, pyrophosphatases and phosphodiesterases were
monitofed durihg development. The metabolic status was further
exanined by the study of the polypeptide - synthesizing capacity
of the ribosomes at different stages as revealed in wheatgerm-
derived cell-free systems., Three phases of increased metabolism
were apparent in both developmental systems but only the initial
and final phases involved increased RNA synthesis which was
correlated with increased protein synthetic capacity.

Work involving "greening-up" and excision showed some
gimilarities to the normal courses of development but also
important differences particularly with respect to the magnitude

of the response.




ACKNOWLEDGEMENTS.

I wish to express my grateful thamnks to my supervisor,

Dr. J. A, Pearson, for his friendly encouragement, patience and
helpful comments during the course of this work and, particularly,
for the support shown through the difficulties of the last months;

to my supervisor at the Welsh Plant Breeding Station, Dr. H. Thomas,
for enthusiastic interest in the work and good-humoured guidance{

to Dr. J. L. Stoddart, Head of the Department of Plant Biochemistry,
for becoming more than a surrogate supervisor during Dr. Thomas's
absence and for all the suppdrt he has shown me over the lasti

four years; to the other members of the Plant Biochemistry laboratory,
Dr, T. W. A. Jones, Dr. C. J. Pollock, Dr. G. Riley, and k. J. Lloyd,
for their help and endurance, and to lirs. M. Lloyd-Evans and Miss

D. Millsfor their patient washing-up and particularly to Miss A,
Thomas for her cheerful technical help.

I would also like to thank Professor D. Boulter for provision
of research facilities in the Department of Botany at the University
. of Durham, Professor J. P. Cooper for the provision of superb
facilities and additional financial support during my time working
at the Welsh Plant Breeding Station, and the Science Research Council
for financial support.

My thanks go most especially to my father, Mr. E. F. Parker,
for his hard work and patience in the typing of this .work, and
finally to my husband, Barry, for his consideration, warm encourage-
ment and long-suffering support during the months of separation
during 1978 and, more recently, months of unusuel meal times. My
thanks also to my friends and relations who have all provided such

a tremendous source of encouragement.




ABBREVIATIONS.

. The following abbreviations are used in the text of this thesis:-

A Absorbance.

A *  Ampere.

AVP Adenosine monophosphate.
ADP Adenosine diphosphate.
'ATP Adenosine triphosphate.

ATPase Adenosine triphosphatase.

BSA Bovine serum albumin.
CBB Coomassie Brilliant Blue.
cpm counts per minute.

Cyt C cytochrome C.

DNAA deoxyribonucleic acid.
DEP diethylpyrocarbonate.
DTT dithiothreitol.

BE. coli Escherichia coli

EDTA ethylene diamine tetraacetate.

fresh wt. fresh weight.

GTP - guanosine triphosphate.

GF/C glass fibre disc.
X&. acceleration due to gravity.

h. hour.

HVPE high voltage paper electrophoresis.

HEPES N—2—hydroxyethylpiperazine-N1-2 ethanesulphonic acid.
Km : Michaeli's constant.

min. minute(s).

MW molecular weight.




Abbreviations (contd. )

NAD(H) nicotinamide adenine dinucleotide (reduced form).

0A - ovalbumin.
’ -1 -2
Pa Pascal(s). (m '.kg.s ).
PVP polyvinylpyrrolidone
PPO 2,5 diphenyloxazole.
PAGE polyacrylamide gel electrophoresis,
RNA ribonucleie acid.
rRNA ribosomal RNA.
nRNA messenger RNA.
tRNA transfer RNA.
RNAse ribonuclease.
s sedimentation coefficient.
SDS sodium dodecyl sulphate.
temp. temperature, .
TEMED . N:N:N1:N1~tetramethyl 1,2 diaminoethane.
TCA trichloracetic acid.

t.1.c. thin layer chromatography.

TM virus tobacco mosaic virus.

Tris tris(hydroxymethyl Jaminomethane.
U ' units of enzyme activity.

uv - ultraviolet.

vol volume.

v/v volume/volume.

W/ weight/volume.
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CHAPTER 1.

I. General Introduction.

Development control on many levels.

The immobility of higher plants causes them to be particularly
vulnerable to environmental stress, thus, unlike animals which can
often dissociate themselyes from the point of stress, they must rely
more heavily on their inherent genetic plasticity. This may be a
contributory factor in the maintenance of adaptability throughout the
development of higher plants and a justification for even the ageing
process generally being under positive control, unlike the equivalent
process in animals where the accumulation of random errors in the
cellular physiology contributes to the ageing condition (Orgel, 1970).
Unlike characteristic animal ageing, the ageing of higher plants is
frequently restricted to particular organs; for example, cotyledonary
leaves senesce following production of secondary leaves (Cherry, 1967)
or seasonal senescence of the aerial parts of many herbaceous plants.
In these instances, a control in senescence is required for the
maximal redeployment of metabolites to growing (Thrower, 1967) or
storage tissues or seeds (Sinclair and de Wit, 1975), Leopold (1961)
has further hinted at the ecological advantages inherent in a high
turnover of generations to encourage genetic selection of adaptive
qualities so important to the immobile plant. The adaptability of
earlier phases of development is in the reception of environmental
stimuli on which the subsequent development of the plant or
particular organ will depend. Thus, the daylength prevailing during
early stages of leaf development may influence the onset and course
of senescence (Krizek et al., 1966; Schwabe, 1970; Spencer and
Titus, 1972).

Investigations into the development of higher plants are
complicated by their lack of uniformity and beczuse ageing of
individual organs is not simultaneous. To impose uniformity, for
example by the use of excised orgens in experiments, immediately

removes the correlative influences of the remaining tissues and the




course of development will be disturbed (Lewington et al., 1967;
Simon, 1967). This points to another experimental problem in that
the course of development under different conditions may appear to
be the same but may, in fact, result from several different patterns
of metabolism (Simon, 1967).

The inherent adaptability in directing subsequent development
poses experimental problems of replication. It is vital to
development studies that constant conditions are maintained for the
growth of the plant which must be as genetically uniform as possible.
Most environmental influences (for example, light, temperature, water
stress, infection) and even the position on the plant (for example,
Hedley and Stoddart,(1972b)found differences in the development of

third and fifth leaves of Lolium temulentum) affect the course of"

development of the leaf. In addition, total leaf measurements may
give a false impression of the metabolic status of the leaf as the
direction of further development might result from catastrophic’

biochemical changes confined to & small area (Hardwick et 2l, 1968)

The leaf is, therefore, subject to an enormous variety of
stimuli on emergence, Light is the most obvious influence both in its
quality (intensity and spectral composition) and duration. Phytochrome
has been fréqueﬁtly implicated in the mediation of the reaction to
light. Its function has been related to increased enzyme syntheses
and activities (for example, Graham et al., 1968; Schopfer and Mohr,
1972), increased accumulation of RNAs (for example, Thien and
A Schopfer, 1975), chlorophyll synthesis (for example, Nadler and
Granick, 1970), increased hormonal levels (for example, Black and
Vlitos, 1971) and numerous other developmental components which lead
to profound effects on leaf moxrphology (Sanchez and Cogliati, 1975),
inter-organ correlations (De Greef and Caubergs, 1972) and
developmental life span (Singh, 1975). However, these are regarded
as secondary effects. Despite reports of its physical association
with nucleic acids (Galston, 1968; Quail, 1975) the level at which
phytochrome control acts seems to be concentrated at the membranes

(Hendricks and Borthwick, 1967; Tanada, 1968). This concept




eliminates the assumption that organismal development primarily
involves the selective control of gene expression. Post-transcriptional
control, for example through the activation of existing inactive
enzymes, may appear energetically expensive but in view of the value
of rapid adaptability, élready expounded, this level of control may
"represent a very important asset. Synthesis of enzymes from
transcriptional level takes perhaps several hours so that the

presence of an inactive pool of potentially active enzymes which

could be rapidly mobilized yould be a great advantage. However,

those responses which do nof require immediate interpretation may,
indeed, be mediated through nuclear channels of control. At least one
other photoreceptive substance, a blue-light absorbing pigment, is
important in the mediation of photomorphogenesis, thus providing a
greater variety of the capacity to adapt. |

During ageing, leaves retain the same elements of metabolic
flexibility allowing continued modification to adapt to prevailing
conditions. This is perhaps best exemplified in the regreening
property of many senescent leaves under favourable conditions
(Wollgiehn, 1967; Simon, 1967) and the rooiing of excised leaves
(Woolhouse, 1967).

The effects of growth regulators at all phases of development
have been widely reported but the primary ex@ression of their effect
remains speculative, ranging from direct effects on nucleic acids
(Woolhouse, 1967; Dyer and Osborne, 1971) to inhibition of protein
nydrolysis (Kuraishi, 1968; Tavares and Kende, 1970). The
realisation that effects of exogenously applied hormones whilst
imitating normal processes superficially frequently acted via
com@letely different channels (Woolhouse, 1967 ) has devalued the use
of hormones in development work. However, out of such work has come
th¢coufirmation that development can follow a number of different
courses with the same ultimate physiological‘éxpression.

The possibilities of pools of inactive enzymes and long-lived
mRNAs tend to lessen the importance of nuclear control since the
pools could be established during early development. Even work with
inhibitors need not necessarily imply requirement for mRNA

transcription although rﬁNA and tRNA transcription control may




provide important restrairits on metabolism. The observation of
' ) most obvious
at least one gene which is expressed enly at senescence, namely

that for chlorophyll degradation (Thomas and Stoddart, 1975)
should provide a useful probe into the nuclear control of the later
stages of developmenf. -

Even with minimal contribution from the nuclear-based nucleic
acid in the actual .control of development there is still'énormous '
scope for control at the.post-transcriptional level, many aspects
of which have already been mentiongd. One, which is perhaps less
obvious, is the possibility of changes in translational rate. Thus,
‘even exposing polyribosomes in the process of polypeptide.synthesis
to a cell-free system need not necessarily imply that the rate of
protein production echoes the in vivo situation. In this way, the
retention of active polyribosomes at, for example, senescence need
not imply that a high rate of protein synthesiérggg could.be
further insurance against environmental change.

The phenomena of delayed or reversed senescence would also
tend to favour a non-reliance on genetically pre-programmed
development. Amongst others, the adherents to the theories of
photoreceptive substances mediating photomorphogenic change at the
gene level would support the idea of continued nucleic activity even
at late stagés of development. However, if gene level control is not
the major proéess through which mediators of environmental influence
act then the alternative may well be the provision of a sufficiently
large programme at the onset of development to accommodate these
developmental possibilities. The work of Hedley and Stoddart (1972b)
showedAthree phases of increased protein synthesis during the

develbpment of leaves of Loljum temulentum. The first and last phases

were influenced by environmental conditions operating during early
development which would suggest the presence of a long-term influence
on e senescence signad.

The control of development need not, of course, be exclusive
to one system or another but involve a subtle. co-operative interplay
of 2 number of systems which need not be temporally, organismally

or interspecifically uniform. (A form of endogenous senescence may




also be important for example in determining the life span of
particular;y long-lived organs, for example, conifer leaves).

- For these réasons it is necessary to observe development of a
particular organ on & number of different eeituler levels. Only
by such observation will a clear, overall picture emerge of the
subtleties of developmental control. The paradox of experimental
work in development is the need to remove correlative influences
for the observation at particular levels bﬁt.having achieved this,
extrapolation to the natural state is not necessarily valid.

Tn the words of Wareing and Phillips (1970), "the plant body at
any given stage is the resultant of interaction between the
inherent (genetic) potentislities of the species and the external
factors of the environment."

Leaves of grass species are particularly useful for such
study as they not only age as a whole with time but, by virtue of
their basal meristems, sequentially elong the leaf from base to
apex. In addition, in theory, the probiems of variable patterns of
early growth are to some extent overcome by reference to the
emergence of the ligule as an indicator of leaf maturity. (However,
as has already been mentioned, environmental conditions affecting
early stages may also affect the subsequent course of senescence. )
This work was originally conceived to investigate the senescence

phenomena in leaves of Festuca pratensis with a view to probing

the triggering and sustaining mechanisms. As the work progressed
it became clear thet it was necessary to review this particular
developmental phase in the context of the complete development of
the leaf in order to derive critical qualitative and quantitative
comparisons. Despite the complexities of Qeve10pmental control
suggested above, it is reasonable to comé%re the status of the
well-established tenets of the central dégma at different phases.
Examination of the Xey components would be more likely to reveal
specific aspects of the course of development than the observation

of more secondary factors such as hormonal balance, enzyme activities




and ul trastructural characteristics. Nevertheless, these latter
may be important pointers to the underlying control but may not
necessarily be indicative of the means of achievement. To this end,
some of the qualitative and quantitative éharécteristics of nucleic
acids were investigated throughout leaf development in relation to
the content and synthesis of proteins. Enzymes of phosphorus
metabolism were examined since they were considered to be
intimately involved with the presumptive major basis of control.
Bearing in mind the caution with which results from cell-free
polypeptide-synthesizing systems must be interpreted (see above),
the polypeptide-synthesizing capacity of polyribosomes at different
developmental stages was examined in conjunction with the other
cellular characteristics. Preliminary work on the comparison of

two aitificial developmental systems, namely 'greening-up' and
excision, with the natural course of leaf development was elso

carried out.




II. General Materials and Methods.

i. Biological materials.

Seeds of meadow fescue (Festuca pratensis L) were provided
by J. Lewis (Seed Multiplication Department, Welsh Plant Breeding
Station) and stored in sealed containers at 4°C. Originally a

variety within the type S-215 was used, namely Festuca pratensis
L. cv Aberystwyth Perdita. From 1976, work was restricted to the

use of more robust, larger and faster growing Dutch variety,

Kweekbedriijf CID Langoed Zelder Ottersum, known as cv Rossa.

Seeds were sown in John Innes No. 1 compost in seed trays
and grown in a glasshouse at 21-25°C. Supplementary lighting was
provided, when necessary, by fluorescent lights maintaining a
daylength of 15 - 17 h. At the fourth leaf Stage the plants were
transplanted into individual 10 cm. diameter pots.

At the Welsh Plant Breeding Station, seeds were planted in
shallow boxes of John Innes No. 1 compost either in the greenhouse
under normal daylight, supplemented when necessary with high pressure
mercury vapour lighting to give a daylength of 16 h. or in a growth
room at 20°C. providing 16 h. photoperiod at an intensity of
22,000 - 25,000 lux. One week after sowing, 15 g. Fisons 52
fertilizer.(nitrogen:phosphate:potassium, 20:10:10) per 15.2x103 cm3
compost were sprinkled evenly over the box and was gradually
washed into the compost by daily watering.

In one instance (plants used for polyribosome extraction along
the leaf and for material for excising) plants were transferred to
the laboratory and maintained under a 16 h. photoperiod by a
fluorescent light at 5,600 lux and 23°¢.

Seeds of Pisum sativum cv Meteor or Pisum sativum cv Fel tham

First were soaked in tap water for 24 or 48 h. prior to germination
in seed trays lined with damp paper towel or absorbent cotton wool
saturated with'tap water. Trays were covered in aluminium foil and

o
seed germination proceeded for a further 48 h. at 25¢,




Wheatgerm extracts were prepared from untoasted wheatgerm

obtained from Niblack's Inc., Rochester, New York.

ii. Chemicals.

With the exception of those chemicals listed below, all
reagents were purchased from British Drug Houses Ltd. or from

Sigma Chemicels Ltd., and were of analytical grade when necessary.

.Radiochemicals were obtained from the Radiochemical Centre,
Amersham, Bucks.:-
| (a) 8-2H adenine in aqueous solution (22 ¢i/mmol. ){1mCi. /pl.)
(v) 14C—labelled amino acids in aqueous solution containing
‘ 2% (V/V) ethanol (50 pCi./ml.). Individually purified
L-amino acids uniformly labelled and mixed in the

proportions of a typical protein hydrolysate as follows,

% total activity

L-Ala 10.0
L-Arg 6.5
I1-Asp 9.0
L-Glu 12.5
Gly 5.0
"L—Isoleu 5.0
‘L—Leﬁ 12.0
L-Lys 5¢5
1-FPhe 7.0
L-Pro 6.0
L-Ser 5.0
1~ Thr 6.0
L-Tyr 345
L-Val 7.0

(¢) L- 0-14c  1leucine in agueous solution containing

2% (V/V) ethanol (354 nCi. /mol.)(50 }JCi./ml.).

Aurin tricarboxylic acid was a gift from Aldrich Chemical
Co. Ltd., Gillingham, Dorset. '
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Cytochrome C from Boelminger Mannheim, Mannheim, Germany.

Fluram from F. Hoffmamn - La Roche and Co., Ltd.,

Diagnostica, Basle, Switzerland.

0ligo(dT)-cellulose from Collaborative Research Inc.,
Waltham, Mass., U.S.A.

PPO and piperidine from Koch-Light Laboratories Ltd.,
Colnbrook, Bucks.

_ Sephadex G-25, G-100 from Pharmacia Fine Chemicals,

Uppsala, Sweden.

iid. Sterile technique.

Experiments frequently required maintenance of sterile

- techniques when glassware and solutions (where appropriate) were
autoclaved. Partiéular care was observed in maintaining sterile
conditions for the wheatgerm-derived cell-free system; after
autoclaving, solutions were stored at -20°C. and glaséware (no tably
Durham Tubes) was kept in sealed containers. Hamilton syringes were
rinsed thoroughly in ethanol followed by sterilized water, or
disposable tipped automatic syringes were used. Solutions were
continually checked for contamination by routine inclusion of
controls in cell-free system experiments. Sterility was further
ensured by reguler filtration through millipore filters (0.2 Pm.).
Whenever leaf sections were to be incubated, either in radioisotope
labelling experiments or excision experiments, they were first
weshed for 3 min. in & sterilizing solution consisting of

10 ml. sodium hypochlorite )
i 1. distil ter.
0.1 ml. Fonidet P42 g in 230 ml. distilled water

or g 10“15°mf°d;‘:;ig§°;%°nte § in 100 ml. distilled water.
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followed by at least three rinses with sterilized water. All such
manipulations were carried out under a laminar flow clean air

ablnet malntalnlng sterility by .UV light.

All Sephadex or Sepharose columns were stored at 4 C.,
saturated with sodium cyanide (0.02% W/V) solutions to maintain
steiility.

- iv. Chlorophyll estimation.

Pellets from centrifugations ﬁere extracted at least seven
times with equal volumes of acetone, "whirlimixed" and centrifuged
between extractions at 2,000 g. for 2 - 3 min. Al ternatively, pooled
chlordform:methanol washes from the extraction procedure for
particulate protein (Chapter 3, II i.) were thoroughly mixed and
0.25 ml. were teken up in 2.5 ml. acefone. Chlorophyll was estimated
by the method of Mackinhey (1940). A645 and A663 were recorded using
a Pye-Unicam SP800 spectrophotometer against an acetone blank

V. Experimental observation

of the two developmental systems.

The ageing of the whole leaf with time was investigated by
following the development of the fourth leaf (which emerged at
approximately day 23 from sowing) from emergence through to day 70

when it showed advanced senescence.

The ontogenic segquence along the leaf was investigated by
dividing the mature leaf into eight proportionally-sized sections
which assumed that the rate of development is uniform throughout

the leaf. Maturity was judged by the emergence of the ligule
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JITI. --.General development .data.

i. Growth and fresh weight changes.

The change in leaf length (Figure 1.1) follows the classical
sigmoid growth curve in which the exponential growth is followed by
a fall in growthlrate. Leaf fresh weight follows a similar pattern
to the increase in length but falls off dramatically with senéscence
presumably due to the translocation of products of catabolism to
other parts of the plant. Figure 1.2 shows the fresh weights of
equivalent length sections of leaf tissue from the base to the apex.
Fregh weight per unit section drops presumably as a result of
extension growth rather than cell division. Nearer the apex the fall
in fresh weight may also represent loss of catabolic products by
translocation. If the fresh weights of different aged whole leaves
(Figure 1.1 A) are expressed on a per unit area basis then it can be
seen that a massive increase in fresh weight occurs between day 24

"and day 29 as a result of high mitotic activity, which falls off due

to a predominance of extension growth by vacuolation over the following
20 days. A further increase, but less dramatic than the earlier
increase, is apparent at day 49 when the leaf has reached maximum
length, perhaps due to increased fibre content, and this is followed

by a decrease which confirms the speculative decrease indicated at
senescence in Figure 1.1 A. Day 49 can be regarded as the time at

which full maturity has been reached and senescence comménces.

ii. Chlorophyll levels during development.

The chlorophyll content per unit area increases (Figure 1.1 B)
to a maximum at day 42 (a). The fall between a and b is not due to
senescent degradation, as gonfirmed by expressing the chlorophyll
content on a per leaf basis, but rather reflects continued leaf

growth before reaching maximal growth. Actual chlorophyll loss is

apparent between b and c as confirmed by expressing chlorophyll
s the

content on a per leaf basis and per unit DNA basis. Day 49 i

turning point for the start of senescence.
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Chlorophyll content increases along the leaf from the base.
Degradation occurs beyond point 6. Comparison of chlorophyll status
in the two ageing systems would therefore suggest that point 6

along the leaf could be considered equivalent to ageing between

day 49 and dey 57.

iij. Morphology and fibre content

during development.

Pibre and silica contents increase with age in fescue
varieties (for example, Archer and Decker, 1977) and with high
temperatures and nitrogen stress. Photoperiod also has profound
effects on cell wall components (Bowman and Law, 1964; Allinson, 1971).
As a result problems of cellular component extraction of plant
material arise as the severity of required procedure will differ
between young and mature tissue and from tissue exposed to

different temperatures or daylengths. Fibre content of F. pratensis

was subjectively assessed as increasing to a maximum at day 57 and

portion 7 along the leaf.




Figure 1.1

A.

Changes in leaf length and fresh
weight during development of the

fourth leaf of F. pratensis.

Changes in chlorophyll content
per unit area during development

of the fourth leaf of F. pratensis.
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Figure 1.2

A. Changes in fresh weight per

section along the axis of a

mature leaf of F. pratensis.

B. Changes in chlorophyll content
expressed as % of the maximum,
per section along the axis of a -

mature leaf of F. pratensis.
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CHAPTER 2. NUCLEIC ACIDS AND DEVELOPMENT OF LEAVES
OF F. PRATERSIS. o

1. General Introduction.

i. Early events.
ii. Effect of Light.

iii. DPhase of Maturity.

iv. Senescence.

2. Methods.
i. Aims in Analysis of RNA.
ii. Extraction of RNA
a. Phenol method.
b. Limitations in the phenol method.
c. DEP method.
d. Limitations in the DEP method.
e. Spectrophdtometric estimation of RNA.
f. Comparison of phenol and DEP methods.
iii. PAGE
' a. PAGE system used.
b. HKolecular weight determination.
¢. Some effects of Mg2+ and EDTA.
d. Optimum electrophoresis conditions.
1. EDTA.
2. Mg2+.
3, Electrophoresis time.
4. Temperature.
5. TUse of Ca2+.
e. 'Split' gels.
iv. Radioisctope labelling of RNA
a. Time course of uptake.
b. Calculation of specific activities.
V. Nucleotide extraction and estimation.
vi. Ribosome extraction
&. Methods used.

b. Spectrophotometric estimation of ribosomes.
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‘vii. Sucrose gradient centrifugation.
viii. PAGE ‘
izx. Some quantitative and qualitative variations in
ribosome'yield,
a. Homogenization.
b. Effect of ionic strength.
¢. Effect of PVP.
d. Effect of incorporating a 'Lyphogel’
purification step.
e. Effect of centrifugation time.
f. Effect of RNAse and EDTA.
g. Addition of 'Nonidet' in the exiraction.
X. Radio-isotope labelling of ribosomes.
xi. Extraction of mRNA.
xii, PAGE.
xiii. Radio-isotope labelling of mRNA.
Experimental.
i. Total nucleic acids
a. Quantitative estimation of total nucleic acids.
b. Radio-isotope labelling of total nucleic acids.
c¢. Relative changes in specific fractions.
d. Radio-isotope labelling of specific fractions.
ii. Fucleotides _
a. Radio-isotope labelling of nucleotides.
iidi. Ribosomes
a. Quantitative estimation of ribosomes.
b. Comparison of 'free' and 'membrane bound.'
¢c. Radio-isotope labelling of ribosomes.
ive Poly(A)—containing mRNA.
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1. General Introduction.

The vehicle for transforming genetic information into cellular
realisation is the :ibosome (Wettstein et al., 1963). It is commonly
regarded as a RNA-protein complex through which mRNA passes with
consequent translation of genetic codons info polypegtides, by
sequential amino acid assembly (Burke and Marks, 1964). The rRNA
may serve only to provide a template for ribosomal protein assembly,
since partial destruction of the rRNA need not lead to loss of
ribosonal function (Furano and Barris, 1971). In addition, the
regulation of ribosome formation seems to be limited by the
availability of riboéomal proteins (Shulman et al., 1973; Warner,
1974), with consequent wastage of excess precursoral rRFA (Cooper
and Gibson, 1971; Grierson et al., 1976 ). Although the functional
importgnce of rRNA in the actual translation of mRNA megy have
diminished in the light of these observations it is nevertheless
a central pivot in ontogeny. It follows that its synthesis,
presence and activity will be intimately involved. These processes
in themselves may well represent further modes of developmental
control, apart from those occurring at the transcription level,
i.e., in the nucleus. Since no functioning ribosomes have been
found in the nucleus (Hamkalo and Miller, 1973), the cytoplasmic
location of the protein-synthesizing machinery, both from physical
and temporal considerations, supports the concept of ribosome
assembly and fﬁnction being responsible for the‘more rapid and
subtle re-establishment of cellular homeostasis following
environmentally—daused imbalance. For example, it is difficult
to imagine the phytochrome-mediated stimulation of phenylalanine
ammonia-lyase activity in pea (which is apparent within 1 h,
(Smith and Attridge, 1970) ) going through nuclear channels of
control whereas.cytoplééﬁic—controlled de novo synthesis could
be feasible. '

"~ Improvements in the extraction and ménitoring techniques
over the last 15 years have provided greater opportunities to
examine the role of all the nucleic acids and their involvement
in development. It has been realised that quite subtle differences

in synthesis of particular RNA species may have profound effects
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on the ordering of develdﬁhental'sequéﬁééé; for example, the
light-stimulated assembly of Fraction I protein is realised
through an incresse in chloroplast rENA synthesis (Cohen and
Schiff, 1976; Ingle, 1968 a). ‘

It was not until 1962 that two types of ribosome in
plants were distinguished (Lyttleton, 1962), on the basis of
their behaviour in sucrose density gradients. Clark et al.
(1964) isolated two ribosomal species from Chinese cabbage
with sedimentation coefficients of 83S and 68S. The origin of -
the latter was attributed to the chloroplast and amounted to
20-35% (W/W) of the total ribosome population. A variety of
other photosynthetic plants were examined and nearly all
yielded two distinct ribosome types with sedimentation coefficients
of about 80S and 70S (Boardman et al., 1965; Sissakian et al.,
1965; Sager and Hamilton, 1967). Host of the cases where such
distincfion was not observed have since been shown to be due: to
a disregard of species-specific ribosome stabilities on extraction;
for example, Brawermen and Eisenstadt (1967) failed to find two
clases of ribosome in Euglena, but in 1969 Rawson and Stutz, by
appreciation of the requirements for stabilizing cytoplasmiec
ribosomes, established sedimentation coefficients for two classes
which were consistent with those found in other plants.

bIt followed that since there were distinct sizes of ribosoms,
the constituent RNAs would probably be of different and identifiable
sizes. Stutz and Noll (1967) were the first to distinguish
cytoplasmic and chloroplastie rRNAs on the basis of their
sedimentation rates in sucrose density gradients. With the
subsequent development of PACE, Loening and Ingle (1967) provided
further and more elegant evidence of these different TRNAs.
In further studies, TRNAs of many green and non-green plant
tissues were examined (Ingle gﬁ_gl.; 1970; 1971). Their hetero-
geneity in RNA content was also found to be reflected in the
proteins associated with the ribosomal complex which were not
only dependent on ribosome size but varied from species to

"species (Gualerzi and Cammarano, 1970).
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Methods are therefore presently available to analyse the
ribosome, both intact and reduced to its constituent parts.
Their relationship to the developmental process can now be
assessed quite profitably. —
Vhereas the ribosome was found to be extractable by
relatively simple methods, since it is a discrete particle
with a sedimentation eoefficient quite different from other
cell organelles and particles, polyribosome extraction required
more care. These aggregates of ribosomes are visualized as
linked by mENA (Wettsteinébp963). The exposed linking mRNA is
very susceptible to shearing forces and RNAse attack (Thomas, 19769.
Plants piesent particularly difficult material for
polyribosome extraction because of their rigid cell walls,
presence of fibres and high levels of endogenous RNAse (Lyndon,
1966; Weeks and Marcus, 1969). Early polyribosome preparations
from plant tissue failed to yield polymers greater that tetramers
(Pearson and Wareing, 1970) but more recently reports of decamers
(Anderson and Key, 1971) and even dodecamers (Davies et al., 1972;
Evens et al., 1979; Saadi, 1978 personal communication) have been
made. With establishment of methods thought to meintain the
polyribosomes in their in vivo configuration (for example, by
comparison with electron micrograph studies of polyribosomes
~in situ (Eilam et al., 1971; Schiff, 1974) ) eomparisons based on
polymer size ratios ean be made of the protein synthetie
capabilities at any one time.in development (Beacky‘g;c_e_a;., 1978).
Al though mRNA was thought to have been isolated by ISihamaet al.
in 1962, its heterologous molecular weight presents particular
problems in its purification (Grierson and Loening, 1974).
The reslisation that at least some of the mRNA possessed 'Poly-(4)
tails! (Matthews, 1973; Brawerman, 1974; Sagher et al., 1974)
provided an elegant basis for one step isolation by affinity
chromatography. More recently, messenger ribonucleoprotein has
been removed from polyribosome preparations essentizlly by heat
shock, thus allowing isolation of all mRNAs in the process of

being trenslated whether poly-(A)-containing or not (Liautard
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and Liautard, 1977). Onee these methods were developed, closer
investigation of the qualitative and quantitative properties
of certain_mRNA could proeeed, with partieular reference to
development.

Until development of all the above techniques, nucleie
acid measurements had been on a gross scale (for example:
Smillie and Krotov, 1961; Key, 1964; Weidner and Mohr, 1967).
These provided limited information concerning the real roles of
nucleic acids in developmental control, particularly in the light
~of evidence of long-lived mRNA (Jachymczyk et al., 1974;

Payne, 1976; Taneja and Sachar, 1976), inactive ribosomes

(Kab&f and Rich, 1969; Wareing and Phillips, 1970; Beevers and
Poulson, 1972) and preferential synthesis or loss of different
tRNA species (Kaneko and Doi, 1966; Strehler, 1967; Biek et al.,
1970; Burkard et al., 1970; Sacher, 1973; Wright et al., 1973).

i. Larly events.

Several reports suggest that RNA synthesis is not required

for the progresasion of the early stages of seed germination
(Ihle and Dure, 1969; Walbot, 1972; Stoddart et al., 1973).
Germination in rice has been shown to be independent of RNA
synthesis 18-24 h. after the start of imbibition although
synthesis of RNA could be detected 9 h. after the start of
imbibition (Bhat and Padayatty, 1974). Wheat embryos show
formation of mature ribosomes within 6 h. of imbibition
(Dobrzanska et al., 1973). Ribosomal proteins are synthesized
‘ within 12 h. of the start of imbibition in rice (Bhat and
Padayatty, 1975) and other protein syntheses are detectable
within a few hours of imbibition (Wareing and Phillips, 1970).
All these observations require that ribosomes énd mRNA were
stored in the seed and made available immediately on imbibition.
There have been a number of reports of ribosome presence in
seeds (Weeks and Marcus, 1971;Schultz et al., 1972; Spiegel
and Marcus, 1975; Osborne et al., 1977) but Cherry (1967) and
Marcus and Feeley (1965) found them to be non-functional.
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Osborme et al.(1977) and Bray and Chow (1976), however, related
the viabilify of rye and pea seeds, respectively, to the degree
of fragmentation of the rRNAs in the dry seed. There have also
been & wealth of observations of mENA in the dormant seed (Barker
et al., 1971; Bhat and Padayatty, 1974 ; Jachymczyk et al., 1974;
Grierson and Covey, 1975; Payne, 1976; Osborne et al., 1977;
Peumans et al., 1978). Sueh stored mRNA may be spatially
separated from the transktional components (Giles et al., 1977)
or it may be in an inaetive form such as ribonucleoprotein
(Spirin, 1969; Weeks and Marcus, 1971; Jaehymczyk et al., 1971,
1974) or stabilized by the possession of poly-(A) tails (Huez
et al., 1974; Osborne et:al., 1977)ﬁ Some of these stored .
mRNAs have been shown to be translated in vitro (Gordon and
Payne, 1976; Peunans and Cadier, 1977; Osborne et sl., 1977)
.Significant increases in nucleic acid synthesis are not
really apparent in the seeds of most plants until 24 h. after
imbibition. A1l classes of RNA are synthesized in this phase
which is associated with eell diwvision (Grierson et al., 1976).
The order of RNA synthesis, and its significance, following
the use of stored protein-synthesizing apparatus (i.e. in the
first 8 - 12 h. (Stoddart et al., 1973)) has been much in debate.
Bhat and Padsyatty (1975) reported tENA synthesis within 6 h. of
imbibition of rice seeds (but they admitted that the incorporation

‘of radioactive label could have been due to turnover of their
exposed CCA ends. ). TRNA synthesis followed between 6 and 12 h.
and mRNA syntheais between 12 and 24 h, Dobrzanska et al., (1973)

showed mRNA to be the first synthesized eclass of RNA in wheat
germination if the seeds were pre-soaked. Where seeds were not
pre-sosked rRNA synthesis was found to be the earliest
transcrlptlonal event (Chen et al., 1971). Work on higher plants
is fragmentary but other systems such as early development of the
fungal spore have been closely examined. Tanaka et al. (1966)
observed a rRNA - itRNA - mRNA synthetic sequence within 1 h. of

Aspergillus oryzae eonidia germination, whereas Roheim et al.

(1974) found that all classes of RNA were synthesized within
15 min. of germination of spores of Rhizopus stolonifer. On the

basis of Greenberg and Penman's (1966) caleulation for the time
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required for transeription and proeessing eof rRNA leading to
funetional ribosome produetion in Hela eells, 15 min. is
inadequate to allow for de movo synthesis and assembly ef
ribosomes. Roheim 8% al. must rather have been observing
post-transcriptional modifieation. There are reports which
suggest that poly-(A) containing RNA is synthesized
immediately upon imbibition (Ajtkhozhin et al., 1973;

Spiegel et al., 1975; Doshehanov et al., 1975). Caers et al.
(1979)'suggest from their work with germinating wheat embryos
that there is no preferentisl employment of pre-formed or
newly synthesized mRNA as templates for polypeptide synthesis
and there are no qualitative differences in the polypeptide
products. However, thesze observations hinge on the belief that
the inhibitor of mMRNA synthesis used, eordycepin, has no other
in vivo effect and that radio-labelling is not merely a result
of post—transcriptiohal modification. Spiegel and Mareus (1975)
found that cordycepin had no mseasurable effect on polyribosome
formation in wheat embryos during the first 40 min., of
germination, indieating the minor importance of newly synthesized
mRNA within this period.

Probably the precise ordering of RNA synthesis is
species-specifie and is, to some extent, affeeted by environ-
mental eonditions. Presumably the information available for
translation by stored RNAs of the seed is suffieient 1o allow

'germination under favourable conditions but further growth
requires feedback of environmental conditions on which the
translational and transcriptionél controls can react. Doubtless
the sequences of RNA syntheses are significant but since all
classes are synthesized in large quantities within 24 h. and
all classes are present until this time, it . is more likely that
their relative proportions are of greater importance in
controlling development than their sequential synthesis.

Analysis of the stages following germination is
ecomplicated by the development of different organs, their
inherent developmental patterns and the inter-organ relation-
ships necessarily invoked. By the use of autoradiography,
Masuda et al.(1966) found that the bulk of RNA was formed prior
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to cell expansiom in oat e¢dleoptiles. Tester (1977), on the
other hand, demonstrated an inerease in synthesis of RNA in the
oat eoleoptile during expansion which declined with maturity.

At this point there is & shift of developmental emphasis on to
the emerging primary leaves which show a 400% increase in DNA
and tRNA and s 320% increase in rRNA. 82 h. after germination
the developmental patterns of these two tissues, as evidenced
by their nucleie aeid eomplements, are quite different.

RNA/DNA ratios have frequently been considered valuable in
comparison of different regions of differentiation since the
level of DFA per cell should remain constant (Brown and Naylor,
1965; Gyldenholm, 1968). Woodstock and Skoog (1960) found a
decrease in this ratio over two days in corn root tips. Whereas,
Brown and Naylor (1965) found in Mimosa root tips an increase in
the ratio followed by a decrease -after six days but, during the
corresponding period, there was a steady increase in the
epicotyls. Likewise, cotyledons, whether hypogeal or epigeal,
showed the classic symptoms of senescence irn their loss of
protein and RNA following full expansion (Payne and Boulter, 1974)
and this can be considered consistent with redeployment of

metabolie precursors in actively growing regions,

ij. Effect of light.
The illumination of dark grown aerial tissue has frequently

been shown to elieit an incresse in total ENA (Bogorad, 1967;

Filner and Klein, 1968; Gyldenholm, 1968; Poulson and Beevers, 1970;
Harel and Bogorad, 1973; Tester, 1977). There are, however, isolated
reports of light-induced inhibition of RNA synthesis (for example,
Ma thew et al., 1976 ). Grierson and Covey (1975) demonstrated a

tenfold increase in RNA accumulation in leaves of Phaseolus_aureus

occurring between 48 and 120 h. after the onset of illuminationm.
70% of this was TRNA. However, the dark grown seedling also
accumulates RNA to the same extent but this accumulation appears
to lag behind light-treated seedlings by approximately 24 h.
(Grierson et al., 1970). Alternatively, the period of processing
may be longer in the dark (Ingle, 1968b) Care must be exercised in
the.interpretation of resultis of radioisotope;labelling of RNA
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gince an increase in labelling may rather reflect an increased uptake
of label (causing a higher specific activity of nucleotide pool)

rather than increased synthesis (Woolhouse, 1967; Grierson, 1972).
Pulse-labelling of RNA has revealed the occuirence of high molecular
weight precursors of rRNA which are processed via several intermediates
over several hours (Greenberg and Penman, 1966; Rogers et al., 1970;
Leaver and Key, 1970; Grierson et al., 1970, 1976; Grierson and
Loening, 1972, 1974; Hartley and Ellis, 1973). The ratio of radioactively-
labelled precursor RNA to the radioactively-labelled product, i.e.,
mature RNA species, provides an estimate of RNA processing independent
of uptake (Grierson et al., 1976). Experiments have indicated that
larger amounts of precursor RNA are converted into rRNA within 2 or 3 h.
of illumination compared with dark controls.

The increase in RNA following exposure to light has been
attributed to a massive net increase in chloroplast rRNA (Ingle, 1968 b;
Bogorad, 1968; Treharne et al., 1970; Paranjothy and Wareing, 1971;
Harel and Bogorad, 1973; Mikulovich, 1978) with turnover but no increase
in cytoplasmic rRNA (Dyer et al., 1971; Cohen and Schiff, 1976). Some
reports suggest that the dark grown plant material contains no plastid
TRFA (Pollack and Davies, 1970; Heizmann,1970; Scott et al., 19715
Brown and Haselkorn, 1971). However, this seems unlikely in view of
the biochemical (for example, Granick, 1959) and ultrastructural
(Jacobson et al., 1963) changes apparent during early development of
the proplastid which must requiré protein synthesis, not all of which
could be processed by cytoplasmic ribosomes (Smith, 1970; Siddell znd
Ellis, 1975; Leech, 1976; Chelm et al., 1977). Plastid TRNA has
been identified in dark grown tissue by sucrose density gradient
anslysis (Boardman, 1967), PAGE (Ingle, 1968 a; Smith, 1970),
electron microscopy (Schiff, 1974; Jacobson et el., 1963) and
nybridization with plastid INA (Chelm et el., 1977); furthermore
its synthesis has been shown to occur at this time (Wollgiehn
and Parthier, 1977). A11 these observations evaluated the
etioplast rRNA contribution to total RNA as about % (W/¥).

This rises to between 20% and 30% (W/W) between 48 - 120 h.
after light treatment (Rhodes and Yemm, 1963; Parthier and
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Wollgiehn, 1966; Gyldenholm, 1968; Grierson and Covey, 1975;
Cohén and Schiff, 1976; Chelm et sl., 1977) lagging behind
maximal cytoplasmie rRNA synthesis by between 12 and 48 h.
(Ingle, 1968 a; Poulson and Beevers, 1970; Griersom et al., 1970;
Cohen and Schiff, 1976). Very little polycistronie precursor
RNA (2.9x106, Grierson and Loening, 1974; Hartley and Ellis, 1973)
is synthesized in dark grown seedlings but those growm in the
light show enhanced synthesis which is indicative of the inecrease
in chloroplast rRNA whiech follows (Grierson.gi_gl., 1976).
Synthesis of chloroplast RNA seems to be restricted to‘a
comparafively short pefiod in development and the subsequent
turnover is very low (Inglé, 1968 a). Although Actinomycin D
and a number of other nucleic acid synthesis inhibitors have
been shown to prevent normal greening (Bogorad and Jacobson, 1964;
Beridze et al., 1966), increased chloroplast RNA synthesis does
not appear to be a pre-requisite for all aspects of further
chloroplast development; for example, chlorophyll production
continues when chloroplast RNA synthesis is blocked by rifampin
(Bogorad and Wood cock,. 1971). Furthermore, Poulson and Beevers
(1970) have shown that chlorophyll production occurs during the
first 16 h. of illumination of barley leaves when there is no
increased chloroplast RNA synthesis.

An increase in the percentage of ribosomes occurring as
polyribosomes, following illumination, has been reported by
Clark et al. (1964); Williams and Novelli (1968); Pearson and
Wareing (1970); Travis et al. (1970) end Poulson and Beevers (1970).
This may partly be due to assembly of existing free monosomes.
Smith (1976) has shown that RNA synthesis is not required within
the first four hours of light-induced polyribosome level increase.
The rapid polyribosome formation (40 min.) in chloroplasts of
Chinese eabbage (Clark et al., 1964) is also consistent with an
"assembly" rather than a "synthesis" interpretation. However,
Harel and Bogorad (1973) have shown a preferential labelling of

chloroplast rRNA and subsequently polyribosomel ENA within2 h. of
light treatment. Work with inhibitors of RNA and protein
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syntheses has eonfirmed that these syntheses are required for
prolonged polyribosome increase (Smith, 1976 ). In fact, newly
labelled rRNA seems to be preferentiglly associated with
polyribosomes as epposed to monosomes (Cohen and Schiff, 1976)
'suggesting that newly synthesised rRNA is immediately involved
in protein production. However, light is again regarded as

. hastening rather than inducing the processing of rRNA.
Additionslly, Williams and Novelli (1964) found ribosomes of
maize leaves to be more active than dark grown leaves in their
capacity to incorporate amino acids into polypeptides 2 h.
after the start of light treatment, suggesting that light affects
some intrinsie property of the ribosomes. Travis et al. (1972)
showed that light lowered the magnesium requirement for ‘
polyribosome—directed_cell—free polypeptide synthesis and
experiments using puromyein suggested that light enhances the
occupation of ribosomal p-sites by peptidyl tRNAs.

The protein synthetie capacity, as judged by in vitro
analysis of chléroplastic and cytoplasmic ribosomes from young
leaves of Perilla, showed the former to be twice as active as
the latter (Callow et al., 1972). Boardman et al. (1966) slso
noted a comparatively low rate for cytoplasmie ribosomes from
tobacco leaves.

Poly(A)-containing mRNA, like other classes of RNA, seems
to be adcumulated more rapidly in light-treated leaves than in
dark controls but with no net synthetic increase (Giles et al.,
1977).‘Furthermore, poly(L)-containing mRNAs for all light-
induced polypeptides are present in dark grown tissue, though

not associated with polyribosomes. In fact, Grierson et al.,

(1976) suggest that dark grown seedlings of Phaseblus aureus
actually contain more cytoplasmic TrRNA and poly(A)-containing
mRNA than light grown leaves if the amounts are expressed on a
per cell basis. It must be remembered, however, that there are
substantial quantities of poly(4)-minus RNA (up to 50% (W/W):
Grierson et al., 1976) which have not been accounted for in

these reports. Unlike the conclusions of Harel and Bogerad (1973)
it seems that light mobilizes mRNA from an inactive form to &

translatable form. Grierson et al. (1976) coneluded that light
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either modifies the processing dr synthesis of RNA or affects
its metabolie stability.

‘There is a gradusl decline in both eytoplasmic and
chloroplastic TRRA following their attainment of maximum
accumulation. This declime is associated with completion of
cell division (Grierson et al., 1976). Poly(A)-containing RNA
declines rapidly at this stage (Grierson and Covey, 1975) which
may be due to degradation of merely the loss of poly(4)-tails
(Grierson et al., 1976). '

Despite the subtleties of sequential occurrence of various
classes of RNA and their precursors at the early stage of devel-
opment which have now been reported, it is still of value to
investigate the relative accumulation of these classes particularly
by radioisotope labelling,.providing due consideration of

nucleotide pool sizes is taken.

iii. Phase of maturity.

The intermediate phase following germination and greening

but preceding senescence has been largely ignored by the research
worker. Not only is it a phase which is difficult to define but
it does not have an experimental equivalent which is easily
manipulated as the early and late phases have in the "greening up"
and "exeision" experimental equivalents (see Chapter 5.); The
little information that is availabie generally involves protein
rather than nuecleie acid estimations (for example, Hedley and
Stoddart, 1971b) which need not necessarily be closely related in
this developmental period. The phase has been regarded as one of
moderate‘turnover of metabolites with overall synthesis equalling
degradation (Thomas, 1976h). Beyond the stage of full leaf
expansion, chloroplast rRNA appears to be made at a very low rate
or not at all (Ingle, 1968a; Treharne et al., 1970; Paranjothy and
Wareing, 1971; Callow et al., 1972). The protein synthetie
capacity in chloroplasis of Perilla decreased at full leaf
expansion whereas the activity of cytoplasmic ribqsomes expressed
per unit area of leaf was greatest at this time (Callow et &l., 1972).
At variance with this, Boardmendid{966) showed that chloroplast
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ribosomes imsolated from mature tissue were more efficient at
protein synthesis than cytoplasmie ribosomes. However, the
observation, by Mens and Novelli (1961), that cytoplasmis
ribosome activity eould be improved by washing the ribosomal
preparations in sodium deoxycholate may point to the need to
remove ribosomal-bound nucleases which otherwise interfere

. with template activity. Boardman et al. (1966) also inferred
that some inhibitory factor was involved whieh could be removed
by buffer washes.

iv. Senescence.

"~ As already outlined in Chapter 1, foliar senescence can

.result from a number of causes which may superficially appear to
elieit similar cellular processes but which, in fact, may have
quite different modes of implementation (Lewington and Simon, 1968;
Wareing and Phillips, 1970). In order to isolate the plant's own
control applied to senescence from external interference (by '
environmental (e.g., by hormones) or secondary factors (e. &,
"wounding" responsa on excision)) the biochemistry of the intact
leaf must be investigated where possible. The role of nucleic
acids under these conditions is of particular interest. Are they
central to the implementation of this developmental phase as in
earlier phases or is the burden of control now on cytoplasmie
events such as protein synthesis and enzyme activation?

There is much evidence to suggest that the overall cellular
content of RNA and DNA declines graduslly following full expansion
of the leaf (Lindner et al., 1956; Botiger and Wollgiehn, 1958;
Smillie and Krotkov, 1961; Kessler and Engelberg, 1962;

Hardwick et al., 1968; Woolhouse, 1967; Callow, 1971). However,

a slight rise prior to a final rapid decliné has been reported
(Woolhouse, 1967). Generally, the cytoplasmic and chloroplastic
rRNA losses occur at a similar rate (Dyer and Osborne, 1971)

but in those species which do not show re-greening (e.g., Zggigigg)
the chloroplast rRNA declines much faster than the cytoplasmie

rRNA and may provide the reason for their inability to re-green.
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Although Srivastava (1972) failed to find any difference in

RNA synthesized by old and young barley leaves by the technique
of hybridization of DNA and RNA, some information on the changes
in particular RNA fraetions during senescence is available;

for example, the 1.11106 chloroplast rREA tends to be more labile
with age (Ingle, 1968a;Callow et al., 1972) as does the o.7x1o6
component of cytoplasmic ribosomes (Dyer and Osborne, 1971).
(Bowever, the lability of the 1.1x1O6 rRNA of Chinese cabbage is
reducedvby extraction in DEP and is apparent even in the
senescence (Strangeway, 1977)). Synthesis of 0.56x106 TRNA
apparently continues beyond that of 1.1x106 rRNA in Perilla

- (Callow et al., 1972). This is at variance with the speculation
_that both subunits are derived from the same polyeistronic
precursor (Grierson et al., 1976).

The declines in cytoplasmic ribosome populations (Shaw and
Manocha, 1965; Barton, 1966; Butler, 1967; Srivastava and Atkih, 1968)
and chloroplastic ribosome populations (Mittleheuser and Van
Steveninck, 1970; Eilam et al., 1971) as observed by electron
microscopy are both regarded as early symptoms of seﬁescence.

In Perilla the quantity of polyribosomes extractable from
chloroplasts and the proportion of polyribosomes to monoribosomes
decreases with age more rapidly than the quantity and proporiion
of polyribosomes from cytoplasmic origins (Callow et _al., 1972).
UPree" ribosomes are lost before those which are "membrane bound"
(Butler and Simon, 1970; Eilam et al., 1971). If these two
populations of polyribosome differ in the polypeptide product
made (see Chapter 2, part IX g.) then their differential loss may
be quite significant in the control of senescence.

The capacity of polyribosomes for directing protein
synthesis as demonstrated in in vitro studies is reduced more
rapidly in those derived from chloroplasts than from the cytoplasm
of Perilla by 80% and 50% respectively, over the same period of
time (Callow et al., 1972).

A rapidly labelled RNA fraction associated with polyribosomes

showed considerable reduction in its synthesis (Wollgiehn, 1967).
If this represents mRNA this observation is indicative of the

reduction in its synthesis with ageing.
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De nove synthesis of proteins, ﬁarticularly of hydrolytic
enzymes, is required for the normal procesé of senescence
(McHale and Dove, 1968; Udvardy et al., 1969; Martin and Thimann,
1972) and this is supported by the fact that inhibitors of protein
synthesis tend to inhibit the senescence phéﬁomenon (Thomas, 1975).
This implies the need for functional ribosomes but does not
necessitate RNA synthesis. However, Wollgiehn and Parthier (1964)
reported that inhibitors of RNA synthesis accelerated senescence.
Wollgiehn (1967) reported significant synthesis of RNA in tobacco
leaf discs six days after excision as evidenced by incorporation
of radioactively labelled adenine. Callow et al. (1972)
demonstrated synthesis of cytoplasmic, but not chlorplastiec,
rRNA following full expansion of the leaf and well into
senescence. This RNA labelling, as suggested to account for the
early RNA synthesis apparent at germination, may also represent
post-transcriptional modification of pre-functional RNA. One of
the reactions to treatment with ABA, which promotes senescence,
is inhibition of RNA synthesis (Villiers, 1968; Beevers et al.,
1970; Paranjothy and Wareing, 1971) though the relationship of
these is not established. Whether RNA synthesis oecurs or not,.
and the work with Actinomycin D carried out by Thomas (1975)
would suggest that if it does occur it does not affect the course
of senescence, retention of funetionsl ribosomes is essential.
The ability of most leaves, in quite late stages of senescence, to
re-green on decapitation of the plant (Wollgiehn, 1967) or in .
response to light (Takegami, 1975) or kinetin (Richmond and Lang,
1957) treatments, all of which seem to involve increases in RNA
and protein and are prevénted by inhibitors of RNA and protein
syntheses, must require that both the: '~ transcriptional and
translational capabilities of the cell have remained unimpaired.
In facf, Eilem et al., (1971) noted an increase in the proportion
-of polyribosomes at incipient semescence which indicates that
protein synthesis can occur at a very late stage in senescence.
Polyadenylation of mRNA appears to be requirgd for the normal
progress of senescence as experiments using cordycepin suggest

(Takegami and Yoshida, 1975) but this need not require transcript-

jional events.
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2. Methods.

i Aims in investigating the RNA complement and its

relationship to development in Festuca pratensis.

It was decided to follow RNA synthesis by radioisotope

lebelling in both developmental systems in Festuca pratensis,

i.e., sequential ageing along the leaf and temporal whole leaf
ageing. Most fractions, except precursoral ones (labelling time

was too long for observation of these), were examined in an attempt
to map their synthetie relationship and possible roles in eontrol.
It ﬁas also important to establish a link between these two
developmental systems. Hedley and Stoddart (1972b) established

the relationship between protein synthesis and enzyme activities

in Lolium temulentum, but could this be shown in nucleic acid

content and synthesis in F. pratensis?

ii. Extraction of RNA.

Since over 80% (W/W) of cellular RNA is intimately
associated with protein, mainly in the form of ribosomes, the
strategy for its purification must involve effective
deproteinization, particularly with regard to inhibition
of the ubiquitous endogenous and exogenous RNAses. The remaining
uncomplexed RNA is mostly low molecular weight soluble tRNA
which, by virtue of these characteristics, is less difficult to
extract (Hoagland et al., 1958) but, by the same token, is easily
lost due to its high solubility. Less than 2% (W/W) of the
cellular RNA is mRNA of heterogenous molecular weight and
therefore difficult to isolate and identify.

: a. Phenol methods.
These methods, based on those developed by Kirby (1965;1968),

include 8-hydroxyquinoline which prevents oxidation of phenol, has
some inhibitory effect on RNAse (Kirby, 1962) and may also be
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valuable in removing metal ions involved in binding RNA to protein
(Barlow end Mathias, 1966). Tri-isopropylnaphthalene sulphonate
also acts as an RNAse inhibitor and sodium phloride is added to
reduee the solubility of phenol in water and to precipitate
solubilized protein.
Phenol method used.

This method was adapted from that described by Leaver and
Ingle (1971) from the original technique of Kirby (1965).

Chopped leaf tissue was homogenized in a pestle and mortar

following freezing with liquid nitrogen. Equal volumes of
"detergent mix" and "phenol mix", amounting to approximately
five times the volume of leaf tissue, were added sequentially and

were thoroughly mixed.

"detergent mix."

10g./l. tri-isopropylnaphthalene sulphonate
60g. /1.  p-aminosalicylate (sodium salt)

50mM. sodium chloride
10mM. magnesium chloride
10mM. Tris-HC1 pH 7.4

3% (V/V) "phenol mix" (to dissolve p-aminosalicylate)
' "phenol mix."

Re-distilled phenol

10% (V/V) m-eresol

0.1% (V/V) 8-hydroxyquineline

saturated with 10mM tris-HC1 pE T.4

The homogenate was centrifuged at 2,500g in a MSE Minor

bench centrifuge for 10 min. at'room temperature. The lower phenol
layer was discarded. Sodium chloride was added to the aqueous layer
and interphase material to a final concentration of 0.5M, and
thdpoughly mixed. A second equal volume of phenol was added,
mixéd thoroughly and then separated by centrifugation as before.
The aqueous phase was retained and the nucleic acids pfecipitated
from it by the addition of three volumes of ice cold absolute
alcohol, followed by overnight storage at -20°C. The precipitated

nucleic acids were collected by centrifugation at 2,500g at room
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temperature follewed by at least three washes with 70% (V/V)
ethanol; the first eontaining 2g./l. SDS. The final pellet was
either resuspended in a small volume of appropriate buffer and
used immediately or stored under 70% (V/V) ethamol at -20°C.
Although operations were not carried out in a cold room
the RNA extracts were kept on ice between centrifugations and
the homogenization in liquid nitrogen contributed to maintenance

of low temperatures throughout.

b. Limitetions.

The high U.V. absorption of phenol interferes with
spectropho tometrie éstimation of the nucleic acids and effective
weshing reduces the yield. RNA may be lost in precipitates of
denatured protein (Poulson, 1973). Although phenol denatures many
proteins it does not completely inactivate nucleases (Littauer
and Sela, 1962; Kidson et al., 1963; Rushizky et al., 1963).
Most rRNA and tRNA will be extracted by this method but some
mRNA may be retained at the organic/équeous interface (Kidsom
and Kirby, 1964; Perfy et al., 1972; see Section XII.).

Phenol extraction can cause aggregation as well as loss of RNA
(Sedat and Sins-heimer, 1970; Schechter, 1973). Furthermore,
phenol extraction may result in contamination with pectie
substances which co-migrate with RNA in PAGE and hence interfere

with quantitation (Leaver and Ingle, 1971).

C. DEP methods.
The observation that DEP acts by causing irreversible

structural modification in proteins (Rosén and Fedortsik, 1966;

Wolf et al., 1970) prompted its use as a powerful enzyme inhibitor
and use in nucleic acid extraction (Fedorcsak and Ehrenberg, 1966).
The method compared favourably with the phenol methods in nearly
all cases in RNA extractions from plant material (Solymosy et al.,
1968; 1970; Lazar et al., 1969).
DEP method used.

The method of Solymosy et al. (1970) as modified by
Strangeway (1977) was used with minor alterations.
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The tissue was ground in a pestle and mortar following
freezing in liquid nitrogen with a total of 13.6 ml. "extraetion
medium" per g. fresh weight of tismsue.

"extraction medium"
2.9% (V/V) DEP (stored at 4°C.)

30 nM SDS (stored as 100g: /1. stock at 4°C.)
100 mM Tris-acetate pH 7.2 '
- 53 mM sodium acetate
either 2.6 mM EDTA (Disodium salt)
or 8.8 mM magnesium acetate

DEP is unstable in aqueous solution and so was added
separately, as was the SDS.

In early experiments incubation at 37°C. for 5 min. was
performed followed by centrifugation at 2,500g in a MSE Minor
bench centrifuge. 10% (W/V) sodium chloride was added to the
decanted supernatant and the mixture was incubated at 3700. for
a further 5 min. Tﬁe incubation steps were later dropped as they
pro#ided no significant increase in yield, providing the mixing
with sodium chloride was thorough. The extract was eentrifuged
at 10,000g for 20 min. at 4°C. in a MSE 18 centrifuge.

Three volumes of ice cold ebsolute ethanol were added to
the supernatant followed by storage at -20°¢. overnight. The
precipitated nucleic acids were collected by centrifugétion and
resuspended in a small volume of appropriate buffer without

further purification.

d. Limitations.

A1 though DEP extraction has been shown to give ENA products
which retain template activity (Fedorcsak et al., 1969), transfer
activity (Abadom and Elson, 1970; Fedorcsak et al., 1969) and
infectivity (Oxelfelt and Arstrand, 1970) and INA products which
retain their infectivity (phage INA, Kondorosi et al., 1972) and
transforming ability (bacterial DNA, Fedorcsak and Turtoczky, 1966)
nevertheless there has been criticism levelled at the use of DEP
based on various reported detrimental effects. Solymosy et al.

'(1970) and Oxelfelt and Arstrand (1970) observed inactivation of
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purified TMV-ENA. Denic et al. (1970) and Ortwerth (1971) noted
loss of tRNA aecceptor activity. Oberg (1970; reported inactivation
of single-stranded poliovirus but not of the double stranded
replicative form (Oberg, 1971). This latter oEservation pointed

to some form of complexing of the nucleic aoid with DEP and further
reports suggest that DEP interacts with adenine molecules
(Leonard_gﬁ;gl., 1970). However, for rRNA extraction procedures
none of these critiecisms seem valid particularly in view of the
consistent and high yields even with small quantities of plant

material,

e. Spectrophotometric estimation of RNA.

The concentration of RNA resuspended in buffer.wés estimated
from the U.V. absorption spectrum of samples diluted appropriately
in distilled water, assuming the following relationship:

0D, - 0Dy99 = 22 OD units = 1 mg./ml. RNA
(Tester and Dure, 1966)

Measurements were made using a Perkin-Elmer 402 or =a
Pye-Unicam SP 800 spectrophotometer employing a distilled water
blank. S

f. Comparison of phenol and DEP methods.

~ Comparisons of overall nucleic acid yield and behaviour under
PAGE (section iii) were made following phenol or DEP extraction
from F, pratensis leaves (Table 2.1; Figure 2.1). These show that DEP

extraction increases the yield without affecting the electrophoretic

behaviour of the rRNAs. Table 2.2suggests that there is loss in
purity as a result of DEP extraction.

Phenol extraction results in an Emax of 260 nm and an Emin
of 232 nm whereas for DEP extractions, whilst the Emax remains the

same, the E is shifted to 237 nm. Such a shift has been noted by

min
Strangeway (1977) and Solymosy et el. (1972) and has been
attributed to earboxymethylation of the nucleic acid bases by the

latter, although this might also arise from protein contamination.




TABLE 2,1
Comparison of the yield of nucleic acids

from leaves of F. pratensis following

extraction with phenol or DEP. The results
are expressed as pg. nucleic acid yielded

per g. fresh weight of tissue.

FIGURE 2.1
Comparison of the spectrophotometric scans

at 265 nM. of PAGE gels of phenol ( )

and DEP (------- ) extracted nucleic acid.
Approximately 15 pe. nucleic acid were
electrophoresed in each case for 3 h. at
room temperature at 50 V on 2.6% (W/V)
acrylamide gels in Loening's 3'E' buffer

minus Mg2+.




TABLE 2.1
Mg-g” .
12 3

DEP 810 (930 {725

°loincrease
yield 52 |49 67

FIGURE 21

A 265 nm
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TABLE 2.2

Comparison of purity of nucleic acids
prepared by phenol or by DEP methods.
The purity is judged by comparison of
spectral ratios as indicated.

DEP 2nd. wash values are those achieved
following a further ethanolic wash
which reduces the yield but improves

purity.

Figure 2.2
Comparison of PAGE of E. coli and

F. pratensis extracted by DEP.

Electrophoresis and gel buffers
include EDTA,



TABLE 2.2

Y

E%LE%
Phenol 204 | 187
DEP 1-63 | 172
ey | 193 | 189
FIGURE 22
E.col

A 265 nm

F.pratensis

0-56
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WhereE /F - endE A ratios approach the value 2.0 0.1
& good degree of RNA purlty can be inferred (Peterman, 1964).
Table 22shows that Emax/Fmin and Fmax/®280 for DEP-extracted RNA
were lower tham the eorresponding values for phenol-extracted
RNA but following further purifieation by furthei precipitation
with ethanol these values did improve although this caused a
reduction in yield. Although this implies that the DEP method
suffers from contamination of the RNA extract, the contamination
~is not such that i:mterferes with PAGE or spectrophotometric
estimation.

Sensu strieto RNA extraction is not improved by DEP use but

its use does allow for a réduction in purification steps and
therefore an increase in yield.

Using half leaves of Chinese cabbage, Strangeway (1977)
showed that the DEP method resulted in an increase in yield of
nearly 60% compered with the phenol method, with no observable loss
in purity'as judged by similar spectral ratios. The losses in the
phenol method were attributed to the need for extensive
purification steps. Solymosy et al. (1968) reported higher yields
of RNA using DEP in extractions from tobaeco and bean. Again the
.lower yields with phenol were attributed to the necessity for
cleaning-up steps for U.V. spectrophotometric estimation. Melera
et al. (1970) compared these two extraction procedures using
Physarum and showed there was no.difference in electrophoretiec
behaviour of the differently extracted'rRNAs. Strangeway (1977)

showed that all aspects of electrophoretic behaviour of RNA
extracted from Chinese cabbage were similar following extraction
by either method.

The elevated temperatures used by Strangeway (1977), and
originally used here, in the DEP method did not result in high
molecular weight aggregates as the criticisms of Lovett and Leaver
(1969) suggest. .

Not only were DEP extracted RNA yields appreciably (at least
50%) greater than those achieved with phenol extraction, but
suﬁsequent resolution in PAGE was markedly improved providing

Mg2+ jon regquirements were observed (see section II, iii Co)e

o
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Addition of Mg to the phenol extraction medimm led to
eontamination of the RNA with non-nucleie acid material.

This interfered with subse&uent eleectrophoresis but resolution
was parfially restored by inclusion of EDTA at a later stage
in extraction (Leaver and Ingle, 1971). However, as fully
explained in section II, iii e., thié results in loass of
integrity of the 1.1x106'RNA. Since inclusion of Mg2+ in the
DEP extraction procedure does not cause co-precipitation of
non-nucleic acid material and requires no further clarification
by EDTA addition, the integrity of the 1.1x106 RNA can be
maintained with no loss in resolution. The DEP method has the

further advantage of being rapid and relatively straightforward.

jji. Polyacrylamide Gel Electrophoresis (PAGE).

Sucrose density gradient analysis of rRNA was the most
widely used.method until 1967. The results from its use were
variable (Baltus and Quertier, 1966; Pollard et al., 1966;
Spencer and Whitfield, 1966) partly due to hydrostatie
pressure-induced degradation (Infante and Baierlein, 1971).
Methylated serum albuminm supported on Kieselguhr columns
were also used with limited success (Ishihama et al., 1962;
Loening and Ingle, 1967).

Loening (1967) modified the PAGE technique previously only
used for low molecular weight RNA (Richards et al., 1965) or
partial digests (Gouid, 1966) to allow separation of high
molecular weight RNA from a number of different sources. The
superiority of PAGE over previbus methods was further established
by Bishdp et al. (1967), Peacock and Dingman (1967) and
Grossbach and Weinstein (1968). Richards et al. (1965) had
already established the relationship of migration of low
"molecular weight RNAs in PAGE as being inversely related to
their sedimentation coefficients. Loening and Ingle (1967) showed
this to be true of high molecular weight HNAs also. In reports
in 1968 and 1969, Loenlng attributed apparent molecular welghts
to the resolved rRNAs. Thus cytoplasmic rRNAs have apparent
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molecular weights of 1.3x10° (258) and 0.7x10° (188) and
ehloroplastic rRNAs of 1. 111106 (235) and 0. 56110 (163)
(Mache et al., 1978).

a. PAGE =y=tem used.

Gels were prepared essentlally by the method of
Loening (1967, 1968).

For 2.6% (W/V) acrylamide gels a stock monomer solution
containing 150 g./1. acrylamide and 7.5 8. /1. bis-acrylamide was
made. For 7.5% (W/V) gels the bis-acrylamide concentration was
lowered to 3.25 g./i. These monomer stocks were stirred for over
1 h., filtered through Whatman No. 1 filter paper and stored in
the dark at room temperature for not more than two months.

Ammonium persulphate'(100 g./i.) stock was generally made up
fresh immediately prior to use, although occasionally it was stored
at 0°C. for a few days.

Electrophoresis buffers were:-

(A) '3E' buffer (Bishop et al., 1967)
120 mM. tris-acetate pHE 7.2 or 7.8
60 mM, sodium acetate

either 3 mM. EDTA (disodium salt)
or 10 mM, magnesium acetate
(B) '3E' buffer (Loening, 1969)
108 mM. tris-phosphate pH 7.6
90 mM, sodium dihydrogen phosphate
3 mM. EDTA (disodium salt)
A1l these buffers were diluted 2:1 with distilled water and

2 g./1. SDS added pridr to electrophoresis.
The desired acrylamide concentrations in the gel were

obtained by mixing appropriate proportions of reagents as follows:

Gel strength (% acrylamide) 2.6 7.5

stock monomer (mlr) 4.33 12,50
water (ml.) 12.11 3.94
13E! buffer 8.32 8. 32
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20 pl. TEMED and 200 pl. ammonium persulphate (stock) were
added simultaneously, mixed quiqkly but gently (so as to prevent
undue O, incorporation which inhibits polymerization).

"Plexiglass" tubes (9 cm. x 0.6 em. internal diameter) were
supported vertically in the electrophoresis tank. The lower ends
of the tubes were sealed with pre-sosked dialysis tubing secured‘
by small rubber rings. Closed rubber tubes were fitted over'the
membranes to form an air seal to prevent the unpolymerized gel
passing'through the membrane before setting. The gel:mix was
pipetted gently down the sides of the‘tubes, so as not to trap
air bubbles, to a depth of 8.00 cm. A small amount of distilled
water (approx. 100 pl.) was immediately layered over T.5% gels via
a syringe in order to flatten the gel surface. ’

"Split" gels were made by pipetting 7.5 gel mix to a depth
of 5 cm. and flattening the surface with distilled water. After
5 - 10 min. this water layer was removed and the 7.5% portion was
overlaid with 3 cm. of 2.6% gel mix, which was allowed to
polymerize in the normal wéy.

The air seals were removed and the tank reservoirs were filled
with appropriate buffer so that the tops and bottoms of the tubes
were completély covered. Electrophoresis was carried out using a
Vokam power pack set on constant current mode, either at room
temperature or at 4°C. Gels were pre-run at 6mA/gel for at least
30 min. to remove free acrylamide, ammonium persulphate and other
impurities (Poulson and Beevers, 1970). Samples containing between
10 - 30 pg. RNA in varying amounts of buffer (up to 100 }Jl.) and
containing 100 g./1l. sucrose were loaded. Electrophoresis was
performed at 6 mA/gel for between 2.5 and 4 h.

On completion of electrophoresis the dialysis membrane was
removed and the gels were either gently dislodged by pressure from
a pipette bulb in the case of low percentage acrylamide gels or by
means of a syringe adaptation filled with distilled water for high
"percentage gels. Particular care was rquired in handling "split"

gels. To ensure removal of these gels intact a compromise between

the two methods of gel release was employed.
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Gels were generally washed in 7% (V/V) acetic acid for at
least 1 h. prior to scanning, in order to remove U.V. absorbing
debris, partieularly from the top of the gel.

RNA bands were vigualised by scanning the gels in a
Joyce-Loebl Polyfrac af 265 nm., linked to a Servoseribe chart
recorder, or with a Vitatron UPS recording at 254 nm,

Confirmation of band location was achieved by staining with
toluidine blue (0.2 g./1.) for at least 1 h. followed by successive

" washes of distilled water.

b. Molecular weight determination.

Apparent molecular weights were calculated by reference to
the electrophoretic behaviour of highly polymerized E. coli RRA
~of assumed molecular weights of 1.08x106 and O.56x106 (Loening, 1969;
Payne énd Loening, 1970). -The estimates obtained for molecular
weights of RNA from F. pratensis are in goodvagreemént with those

obtained for other plant RNA species (Loeniné, 1968) (figure 2. 3).

¢.  Some effects of Mg’ and EDTA on PAGE.
Unlike the ratio of 2:1 of the large and small cytoplasmie

rRNA subunitg, based on their mass, a similar ratie for
chloroplastic TrRNAs has been rarely achieved. The ratio, more often
than not, approached 1:1 due to depletion of the 1.1x106 rRNA
(Ingle and Burns, 1968; Ingle, 19668 Fraser, 1969; Payne and
Loening, 1970; Leaver and Ingle, 19713 Dyer'gj_g;., 1971). In fact,
Leaver and Ingle (1971) reported that this fraction was absent
from Swiss chard, and Spencer and Whitfield (1966) suggested that
only one high molecular weight rRNA was present in the chloroplasts
of a number of species. Ingle (1968@ found that newly synthesized
1.1x106 +RNA was stable but soon broke down into two fragments.
This stability was found to vary with different species and
different ages (Ingle et al., 1970; Leaver and Ingle, 19713
Grierson, 1974). This led to the suggestion thal RNAse action
might cause these fragmentations. Since only one TRNA was affected
it was unlikely to be due to random RNAse activity. Ingle (19682)

claimed that the cleavage occurred in vivo and was due to the




" FIGURE 2.3

Calibration for determination of

molecular weights for electrophoretically
separated RNA species. The relationship
between mobility and log. (molecular weight)
haes been demonstrated by Bishop et al.,
1967; Loening, 1968; Peacock and

Dingman, 1968 .

e E. coli markers.

00 Migration of F..Dratensis
RNAs related to their
theoretical molecular weights.
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ribosomal conforﬁation which provided specific areas of exposure
for RNAse attack. The inclusion of Mgz+ jons from the onset of
extraction stabilized these cleavage points but a@dition following
extraction in their absence failed to maintain rRNA integrity.
Leaver and Ingle (1971) proposed the presence of "hidden breaks"
in the TRNA which were revesled by extraction in EDTA but could be
protected by Mg2+. Atchison et al. (1973) suggested that rather

than the presence of "hidden breaks"™ there might be "hidden

nucleases.™ They co-extracted RNA from tobacco leaves and E. colil,
reasoning that any treatment which only affected the 1.1x106 rRNA
from tobacco leaf would be evidence of its inherent instability.
Degradation of E. coli RNA did occur when'mixed with leaf TRNA but
it remained intact if extracted alone. Inclusion of guanidium
chloride, a strong dissociating agent, was the only means of
"hidden nuclease" removal but resulted in aggregation of RNA which
could be reversed by heating at 95°C. in the presence of EDTA.

Dyer and Payne (1974) proposed that there was a RNAse which was
latent under extraction conditions in which the integrity of the
ribosomes from bean root was maintained. However, disruption caused
preferential absorption of the RNAse on to ribosomes and low ionie
conditions casused its activation. Perhaps a similar situation exists
for chloroplast ribosomes. Bourque et al. (1973) described a much
improved extraction of RNA from Jack bean, tobacco and pea leaves
using 25 mM Mgz+ in the extraction mediuﬁ. Their resul ts suggested
that Me2t was not required for stabilizing the 1.1x10° TRNA but
rather as an inhibitor of RNAse activity since no breakdown was
observed in subsequent PAGE in the presence of EDTA and without Mg
in the cold. This result was quite at variance with the observation
of Leaver and Tngle (1971) that EDTA edded to Mg"'
later stage, whilst preventing some of the non-nucleic acid

contamination associated with Mg2+ inclusion, caused breakdown of

-extractions at a

the 1. 1x106 rRNA. However, electrophoresis in this instance was
carried out at room temperature and may have stlmulated RNAse
activity. Grierson (1974) showed that the absence of Mg alone in
PAGE was sufficient to reduce the integrity of the 1.1x106 rRNA.
It does seem likely that the use of such high Mgz+ levels by
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Bourque et al. (1973) allowed sufficient co-precipitation with the

nucleic acids for subsequent maintainence of the 1.1x106 TRNA in
PAGE. Mgz+ addition to RNA causes an increase in absorbance at

300 nm. but no increase at 258 mm. The inhibition of RNAse activity
could be attributed to a change in secondary structure by an
increase in H-bonding which might eonfer some sort of resistance

to RNAse sieek (Morrill and Reiss, 1969). However, Atchison et al.
(1975) regard such binding of divalent cations as minimal aeccording
to their measurements of hypochromicity. ‘

The requirement for EDTA in PAGE stemmed from the need to
"clarify" the Mg2+—extracted nucleic acid (see above). Nucleic
acids run'on_EDTA-containing PAGE not only displayed greater
resolution but migrated approximately 10% further along the gel
with no evidence of aggregation. Gagnon and de Lamirande (1972)
observed 60% autodegradation caused by EDTA in ENA preparations
from tobacco leaves. The DEP method of extraction does not suffer
from the Mg2+-related PAGE interference so EDTA is not required.
Consequently, chloroplast rRNA can be maintained without loss or
1oss of resolution on PAGE (Strangeway, 1977).

Extractions of nucleic acids from F. pratensis were carried

out in the presence and absence of Mg2+ and EDTA as described in the
legend to Figure2.4.The investigation was designed to establish the
stability of the chloroplast rRNA and to examine the claim of
Bourque et al. (1973). It was considered important to optimize the
extraction and separation of nucleic acids particularly in view of
further work involviné the monitoring of nucleic acids from leaves
of different ages.

The results from several'experiments are summarized in
Figure 2.4. The importence of. Mg2+ in maintaining 1.1x106 rRNA
integrity is clear. It must be present during cell disruption since
its subsequent addltlon fails to confer stability on the 1. 1x106
rRNA and merely confers the electrophoretic behav1our characterlstlc

of Mg -contalnlng PAGE systems. This is consistent w1th the work of

Ingle (1968a)which suggested fragmentation was an in vivo event.

However, providing the Mg2+ concentration is sufficiently high

( > 10 mM.) during extraction, and by implication in excess of the

S



FIGURE 2.4
PAGE of rRNA extracted from F. pratensis

by the DEP method. The figure at the top

of each profile represents the buffer
used in extraction (either containing

10 mM. Mg>® or 3 mM. EDTA) and the figure
beneath this indicates the electrophoresis
and gel buffer used. Electrophoresis was
carried out for 3 h. either at room

temperature (rt) or at 400. as indicated.
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TABLE 2.3

Effect of Mg2+ concentration during
extraction and subsequent PAGE of

rRNAs from F. pratensis. Concentrations
of extraction buffers and PAGE buffers
used were 2.5 mM., 5.0 mM. and 10 mM.

as indicated in the Table
a. peak area ratios 25S/ﬁ8$
(cytoplasmic)
b. peak area ratios 23S/16S
(chloroplastic)
The high values for 'a' on electrophoresis
and correspondingly low values for 'b!

may result from some form of aggregation.




TABLE 23

PAGE

1 25 |50 [100 raiio

tract] ,
" 158 | 201 | 260 | 255/18S
2:5 1-66 | 157 | 145 235/165
227 [211] 268 | 255/185S
00 12.07 [2:03| 1-78 | 235/165
211 21811233 | 255485
100 .97 183 167 | 23§A6S
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FIGURE 2.
PAGE of rRNA from F. pratensis

~ extracted by'the DEP method at

different concentrations of Mg2+

and electrophoresed at that
concentration also.
10 mM. extraction run on

20 mM. PAGE gels.
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chelating eapacitonf the EDTA concent:afion, its presence does not

. seem to be required during subsequent fAGE, particularly if this is

carried out at 4°C. However, these observations ‘do mot preclude the
possibility of "hidden breaks" if Mg2+ could be eonceived of as
binding with the rRNA and if subsequent chelation by EDTA was

insuffieient to cause reversal of the Mg2+-imposed stability.

The most likely explanation involves & return to the interpretation

of Ingle (196829 which is essentially a compromise between the two
alternative proposals of Atchison et al. (1973) and Leaver and
Ingle (1971). '

d. A Optimal electrophoresis conditions.

The optimal conditions can be summarized as follows:-

%?.

2.

. 0.56x10

EDTA. |
3mM. gave the best resolution. 1ml., seemed to cause
breakdown of O.7x106 TRNA and 6mM. caused the
appearance of a peak between 1,3x106 and 1.1x106 rRNAs.

ug?t

Ageregation seems to occur at high concentrations

( > 20mM.) but below this Mg’ has little apparent

effect on resolution (FigureQ,S).Table 5 indicates

that some degree of aggregation occurs on PAGE gels
containing 10mh. Mg2+ as evidenced by the high
1.3x106'= 0.7x106 rRNA ratios, The highest degree of
integrity was obtained when -extraction and PAGE were
carried out at 5SmM. At 2.5mM. some breakdown of
1.1x106 rRNA occurred which elevated the value for
O.7x106 TRNA resulting in a lower cytoplasmic rRNA
ratio. The deleterious effects arising from extraction
in low or highMgz+ buffers could be compensated for
by subsequent PAGE Mgz+ concentrations.
Electrophoresis time.

At 1 h. the rRNA has barely entered the gel; by 2 h. the
6

and O.7x106 peaks are resolved but the 1.1x10
remains a shoulder on the 1.3:;106 rRNA peak. By 2 h. 30 min.
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the 1.1x106rRNA is resolved from the 1.3x106 rRNA,
by 3 h. the peaks have broadened and any low molecular
weight RNA has migrated off the gel,
4., Temperature. ’
Lgaver (1973) demonstrated the beneficial effect on

maintenance of the chloroplast'1.1x106 rENA of lowered

temperatures. This was demonstrated for F. pratensis

(Figmre2,4)and subsequently routinely used.

R

5. Ca ,

_ . . 2+ 2+ . .
Substituting Ca~ for Mg~ d4did not result in
maintenance of the 1.1x_106 rRNA to the same extent.
Furthermore, electrophoresis had to be carried out in
the absence of SDS since precipitation of a calcium

salt resulted from its inclusion.

€. "Split" gels.

Since the speed of migration was affected by the "split" gel
arrangement a tracker dye of bromophenol blue was always included
in sample loading. Although good.separations could be achieved
with economy of time and materials (Figure 2, 6) the gels required
much more care in handling. As a result, the practicelity of
handling large numbers of gels was in doubt. However, as a reliable

and rapid "look-see" procedure it was highly successful.
P b .

iv. Radjo-isotope labelling of RNA.

-Sterilized sections (general methods) from four complete
leaves or portions of leaves were floated lower side down on
10 ml. sterilized water containing 50 pl. 3H-adenine to give a
final concentration of 5;1cy&a. in sterile Petri dishes., These
were directly illuminated at 2,000 lux for 22 h. at 23°C.

Incorporation was measured by taking small aliquots
(e.8., 50 ml.) of resuspended RNA in clean glass scintillation
vials or polypropylene inserts and adding 5 ml. or 2 ml. of

scintillation fluid respectively. The scintillation fluid used was

that of Patterson and Green (1965) and consisted of:-




FIGURE 2.6
Spectrophotometric profile of RNA

from leaves of F. pratensis

electrophoresed on a 'split' gel.
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4 g. PPO
1,000 ml. toluene
500 ml. Triton X-100.

The vials were shaken, then stored in the dark for 24 h.
prior to éounting to allow for subsidence of chemiluminescence,.

Where radioactivity was to be measured in PAGE gels the
following procedure was adopted. Gels were placed in troughs
formed of eluminium foil of the exact length of the gel as
determined by placing rubber bungs at either end. The trough was
| laid on a bed of crushed solid 002 until the gel was completely
frozen. The opaque frozen gel was then transferred to the cutting
block of a Mickle Tissue Slicer (Mickle Laboratory Engineering Co.,
Gomshall, Surrey) which was lined by a strip of damp filter paper
which immediately provided firm adhesion. Standard 1.0mm. slices
were cut and immediately trensferred to scintillation vials or
inserts. 0.5 ml. piperidine (100 g./1.) were added to each slice.
Each slice was dried down at 60°C. for at least 5 h. to allow
hydrolysis of the RNA. 0.5 ml. water were then added and the slices
allowed to swell for 1 h. prior to the addition of 5 ml. or 2 ml.
of scintillation fluid.

Counting was performed in a Beckman LS-200B scintillation
couhter with maximum counting efficiency of 30% for 3H and 85%
for 140 or in a Tracerlab Corumatic 200 scintiilation.counter‘with
eounting efficiency of 43p% for 3H and 90% for 140 or in a LKB
Rackbeta 1215 seintillation counter with counting efficieney of at
14C

least 45% for 8 and 98% for

a. Time course of radioisotopic uptake.

A time course of label uptake was conducted (FigureZ) and
although uptseke appeared to plateau after 10 h. incubations were
performed for 22 h. to ensure labelling of all synthesized fractions.

b. Calculation of specific activities.

Results were expressed as specific activities in order to
compensate for differences in RNA extraction or extraction require-

ments. These were calculated as cpm. per ng. RNA counted.




FIGURE 2.
Time course of uptake of 3H-adeniné (5 uCi./hl.).
Following thorough washing, 5 sections (1 cm. )

of F. pratensis leaves which had been incubated

in redioisotope were ground in 1 ml. 5% (W/V)
trichloroacetic acid, centrifuged at 2,500 g
for 5 min. and 100 Pl' aliquots were taken for
scintillation counting. The points are an

average of three such values.
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v. Fucleotide extraction and estimation.

Ethenol supernatants left after precipitation of RNA were

concentrated at least ten times by blowing down with compressed air
and gentle heating at 40°C. in a Grant BT 3-block thermostat (Grant
Instruments (Cambridge) Ltd., Cambridge). The concentréted samples
were applied as spots to the origin on a 72 ngﬁ. Whatman No. 3 MM
chromatography paper which was subsequently saturated with 8% (V/V) '
formic acid. Electrophoresis was conducted using a Shandon Southern
Model L 24 high voltage electrophoresis apparatus in 8% (V/V) formie
acid with a p.d. of 2 - 3 KV (~ 90 mA) for 1 h. The platen was
cooled to minimise resistive heating. On completion of electrophoresis,
the electrophoretograph was hung up to air dry and the positions of
the nucleotides recorded under U.V. light. Usually, only the standards
were of sufficient concentration to be visualized in this way. These
areas were marked and equivalent areas for the samples were cut out
for elution in 1.0 ml. distilled water and spectroscopic estimation
at A260 and A29O using a Pye Unicam SP 800 spectropho tometer linked
to a Servoscribe chart recorder to allow for scale expansion.
Estimation of radioisotope-labelling of nucleotides was carried
out by transferring aliquots (50 pl. - 100 pl.) of elutant to
secintillation vial insets, adding 2 ml. scintillation fluid and

following the counting procedure outlined in section iv.

vi. Polyribosome extrasction.
Wettstein et al. (1963) described ribosomal aggregates from

rat liver which directed 14C—leucine incorporation into protein
proportionally to the size of the aggregate. Two important methodo-
logical considerations arose froﬁ this work, namely that it wes
necessary to keep extraction temperature at about 0°C. in order to
favour heavy aggregates and that isolaﬁion required Mg2+. High
temperatures led to degradation to inactive monomers possibly as a
result of enhancement of RNAse activity (Arnstein, 1961).
As already mentioned, plants are particularly difficult

source material because of the harsh methods required for their




46

homogenization. In addition, the'ubiquity of RNAse requires that
steps be tsken to inhibit its action in polyribosome extractisn
(Weeks and Marcus, 1969; Anderson and Key, 1971; Boberts et al.,
1973). Payne and Loening (1970) described a number of inhibitors
used in ribosome isolation from pea roots. 0f these, bentonite
provided the best protection but caution in its use had already
been expressed by Tester and Dure (1966) who had shown it to cause
extensive ribosome binding. Loening (1968) had also indicated that
a combination of high Mgz+ and bentonite in the extraction caused
losses, in particular of chloroplast RNA. This was also indicated
in the work of Bourque et al. (197%). Weeks and Marcus (1969),
Travis et al. (1970), Anderson and Key (1971) end Alscher et al.
(1978) employed DEP as an effective RNAse inhibitor and routinely

obtained increased proportioﬁs of polyribosomes. However, in view of
some of the limitations outlined in section II, ii d. and reportis
suggesting that under some circumstances DEP causes 2:£::2i;:bof
ribosomes to their subunits (Huvos and Solymosy, 1971; Anderson and
Key, 1971), reduction in polyribosome yield and the percentage of
large polyribosomes (Davﬁaxg}_gi., 1972) and also aggregation in
PAGE (Strangeway, 1977) its usefulness in polyribosome exiraction is
in doubt. Certainly it cannot be used in isolation of polyribosomes
destined for in vitro protein synthetic activity measurements (Weeks
and Marcus, 1969; Anderson and Key, 1971).

The use of the RNAse inhibitor, polyvinyl sulphate, is limited
by its interference in U.V. monitoring of separated ribosome
fractions (Clark et al., 1964) and at high concentrations causes
dissociation into polydisperse (Hsiao, 1968) or discrete (Vanyushin
and Dunn, 1967) RNA products.

The use of Cu°' (Hall and Cocking, 1966) and 7t (Barker and
Rieber, 1967) as RNAse inhibitors was shown by McGown et al. (1971)
to cause anomalies (notably aggregation) in subsequent gradient
analysis.

Davies et al. (1972) described a method for polyribosome

extraction from pea stems avoiding the use of RNAse inhibitors with

their concomitant dubious side-effects. This involved the use of
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buffers of high concentration (200 mM., but less than 400 oM., )
and high pH (pE 8:5 - 9). Kf concentrations over the range

0 - 100 mM, and Mg2+ concentrations over the range 10 - 50 mM.

| 'were found not to affect the yield. However, absence or high
molarity ( > 80 mM.) of Mg2+ obliterated polyribosome appearance
on sucrose density gradients. Breen et al. (1972) found that
polyribosome isolation in high salt and high pH was effective in
barley also. The improvement conferred by raising the pH may be
due to the removal of RNAse associated with ribosomes which
remains absorbed and active at pH below 8.5 (Esieo, 1968).

Beachy et sl. (1978) established that for isolation of
polyribosomes from soybean, pH 9 buffers yielded poor polyribosome

patterns and buffers containing high K+ to Mg2+ ratios (greater.
than 6 : ﬁ) were better than lower ratios. Gray and Cashmore (1976)
had already reported this in their. polyribosome isolation using
buffers of pH 8.5 and containing K+ and M52+ in the ratio 20 : 1.
The criticism that high salt removes constituent proteins ean be
ignored from the functional aspect as polyribosomes isolated from
pea in high salt conditions have been shown to be fuddy active in

in vitro protein synthesis (Cammarano et al., 1972; Beachy et al.,

1978).

a. Methods used.

The method originally adopted wes essentially that of
Jachymezyk and Cherry (1968) as described by Pearson (1969).

However, modifications were made which provided both higher

yields and qualitative reproducibility for F. pratensis.
The original method and that used finally will be described
separately (a., B. resPectively). Factors in the course of
development'ef;%hévméthod,gre described in
A. Plant tissue.was ground to a fine powder following
freezing in liquid nitrogen. This not only aided
homogenization but also prevented polyribosome loss

usually assoeiated with excision and subsequent wilting
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Three times the timsue volume of extraction buffer were
added with or without Nonidet P40 or P42 (0.4% V/V)
(see ix. g.) ’
The extraction buffer contained:-

20 mM. Tris-HC1 pH 8.0

. 250 mM, sucrose (RNAse free)

10 mM, magnesium chloride

15 mM. potassium chloride

5 mM. P—mercaptoethanol
The resulting brei was centrifuged at 10,000 g. for 20 min.
at 4°C. in a MSE "High Speed®" centrifuge. 3 - 4 ml., of
post—mitochondrial superﬁatant wé:e carefully layered over
4 ml. of 1.5M sucrose dissolved in extraction buffer.
Cenirifugation followed at 105,000 g. for at least 3 h.
(see ix. e.) in a 10x10 ml. titanium angle rotor in a MNSE
"Superspeed" 65 ultracentrifuge at 4°C. Pollowing
centrifugation the supefnatant was decanted and the tubes
inverted over absorbent paper for several minutes. The tube
malls were wiped with absorbent papef and the opalescent
pellet was then either resuspended in extraction buffer
(50 - 200 pl.) or immediately frozen in liquid nitrogen and
stored at -20°C.
B. The final method adopted for polyribosome extraction was
essentially that of Jackson and Larkins (1976) and Larkins
et al. (1976) as modified by Beachy et al. (1978).
Plant tissue was ground following freezing in liquid nitrogen.
After thawing at 4°C., 0.1 g. PVP (see ix. c.) per g. tissue
were added followed by extraction buffer amounting to five

times the volume of tissue, with or without Nonidet P42

(0.4% V/V).
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The extraction buffer contained:-
200 mM. Tris-HCl PH 8.5
200 mM.  sucrose (RNAse free)
400 mM, 'potassium chloride
50 mM. magnesium chloride
5 mM. DT
Insoluble material was removed by centrifugation at 10,000 g.
for 20 min. in a 10x10 ml. angle rotor in s MSE "Superspeed"
50 TC at 4°C. The resulting supernatant was layered over
4 ml. 1.5M sucrose dissolved.in extraction buffer (A.) and the
procedure outlined in (4.) was pursued. '
Extracts destined for introduction into the vwvheatgerm cell-free
protein-synthesizing system or for sucrose density gradient
analysis were transferred to capped conical microcentrifuge
tubes.and clarified by centrifugation at 13,000 g. for 1.5 min.
at 4°C. in a Quickfit microcentrifuge (12x1.5 ml.) (Quickfit

Instrumentation, England).

b. Spectrophotometric estimation of ribosomes.

The U.V. spectrum was recorded using a Perkin Elmer 402 or a
Pye Unicam SP 800 spectrophotometer. Quantitative estimation was made

using the principle of Tester and Dure (1966),

A - A = 11 = 1 mg./ml. ribosomes.

260 290

vii. Sucrose density gradient centrifugation.

This has been the most favoured ribosome fractionation technique
(Peterman, 1964) and excellent resolution can be obtained (Noll, 1969;
Beachy et al., 1978; Evans et al., 1979).

The method of Britten and Roberts (1960) was used initially in
a modified form, involving the use of 20 ml. gradients from 15 - 34%
(W/V) sucrose. 1 ml. aliquots of gradient buffer increasing by 1.2%
sucrose content were layered over each other in 23 ml. centrifuge
tubes. Equilibration of the gradients was allowed to take place (to

smooth the step gradient into a linear one by diffusion) overnight

at 2°C.
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The gradient buffer contained:-
20 mM. Tris-HCl pH 8.0
10 mM, magnesium chloride
20 mM. potassium chloride

100 pg. ribosomes in approximatelyAZOO'pl. extraction buffer
were layered on to the gradients which were centrifuged for 1 h. 30 min.
at 85,000 g. in a 3x23 ml. swing out rotor on & MSE "Superspeed" 65
ultracentrifuge at 4 C. The gradients were fractionated by pumping
sucrose (500 g./i.) into the bottom of the centrifugation tube and
monitoring the absorption at 265 nm. of the displaced gradient
through a flow-through attachment in the Joyce Loebl polyfrac
(Figure 2.8 a).

Polyribosome separations obtained in this way were improved
upon by modification of the method adopted by Beaclyet al al. (1978).
Clarlfled polyribosome suspensions were applied to 12.5 - 50% (w/v)
sucrose linear gradients made using & Buchler auto-densiflow apparatus
(Buchler Instruments, Fuclear Chicago, Fort Lee, N.J., U.S.A.) and &
two- chambered Gradient maker with constent stirring. Gradients were
centrlfuged at 795, OOO g. for 1 h. 45 min. at 4 C. in a 3x25 ml.
swing out rotor on a MSE "Superspeed" 50 TC centrifuge. Fractionation
was achieved by reversal of the auto-densiflow apparatus and passage
of the gradient through a LKB 4701 A Uvicord ultraviolet
absorptiometer by means of a LKB Perpex peristaltic pump. The
transmittance at 254 nm. was recorded on a servoscribe chari recorder
moving at 200 mm./h. To check gradient linearity, fractions (0.5 ml. )
were collected after flowing through the Uvicord and the sucrose
densities were measured with refractometers (Figure 2.8 b).
Narrowing the percentage range of gradlents did not prov1de an
appreciably improved separation (FlgureZ 9, neither did prolonging
centrifugation (Figure 2,10).

Since the Uvicord recorder records transmittance the

extinction curve (which is related to sample concentration) was

log J,f , so that quantitative

f different ribosome size classes could be assessed.

constructed by the relationship E =

comparisons o
This was achieved by weighing delineated areas under particular

peaks.




FIGURE 2.8

a. Spectrophotometric profile obtained

from ribosomes extracted from leaves of

F. pratensis separated on a step sucrose

density gradient.

b. Spectrophotometric profile obtained

from ribosomes extracted from leaves of

F. pratensis separated on a linear sucrose

density gradient, together with the %

sucrose concentrations as recorded by

refractometer.
1 subunit
2 monoribosome
3 dimer
4 trimer
5 tetramer
6 pentamer.

o — w— "

Backcsroum:\ density of blank ael_



A 265 nm

FIGURE 2.8a

5
4 }
'

A 254 nm

sedimentation ~—

3S04NS 9/,

o = m i ——

sedimentation —»




FIGURE 2.
Spectrophotometric profile of

polyribosomes extracted from leaves of

P. pratensis on a 20 - 45% sucrose

density gradient.

FIGURE 2.10

Spectrophotometric profile of
polyribosomes extracted from leaves of

F. pratensis separated on 12.5 = 50%

sucrose density gradient for 2 h. 15 min.
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viii. PAGE.

Criticism has been levelled at the use of sucrose density

gradient method of fractionation because of profile distortion by
hydrostatic.pressures (Infante énd Baierigin, 1971), reproducibility
of gradients, the need for sample clarity and the large volume of
sample required for loading. All these problems are overcome by the
use of PAGE. The use of PAGE in separation of ribosome fractions was
first described by Hjertens et al. (1965) and in the separation of
polyribosomes by Dahlberg et al. (1969; 1973). Despite the elegance
of the technique there have been few reports of its successful
utilization f&r higher plant ribosomes (Thomas, 1973; Ledoigt et al.,
1975; Strangeway, 1977).
The method uséd was g modification of that described by
Thomas (1973) for the electrophoresis of pea seed ribosomes.
2.2% polyacrylamide gels were made using the following
proportions of reagents:-
stock monomer
(150 g./1. acrylamide : 7.5 g /1. bis-acrylamide 3.66 ml.

buffer 8. 32 ml.
water 12.78 ml,
TEMED 0.02 ml.
ammonium persulphate (100 g./1.) 0.20 ml,

The buffer used in this instance was:-
60 mM. Tris-acetate pH 8.0
45 mh. potassium acetate

22.5 mM. magnesium acetate
This buffer was diluted 2 : 1 with distilled water for use as

electrophoresis running buffer. Electrophoresis was carried out at 2°c.
with continual circulation of the running buffer between the upper and
lower tanks using a peristaltic pump with a flow fate of 5.0 ml. per
min. This was necessgary to counteract the concentration of Mg2+ ions
at the cathode and the concomitant depletion of Mg2+ in the gels.

Gels were pre-run for at least 30 min. at 13 V. per gel (5.75 mA)
using a Vokam power pack set on constant voltage mode. § - 15 ns.

. polyribosomes in 10 - 100 Pl. extraction buffer were loaded on to

gels (no sucrose was added as the amount adhering to the 105,000 g.
pellet after centrifugation through sucrose was sufficient to

"weight" the sample on application to the gel surface).
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Electrophoresis was carried out for between 1 h. 45 nmin. and

2 h. 15 min. Gels were removed and washed in 7% (V/V) ethanol for
at léast 1 h, to remove U.V. absorbing debris that prevailed in
the first 4 em. 6f the gel. Polyribosome bands were visualized by

scanning at 265 nm. in a Joyee Loebl polyfrac.

iXe Some quantitative and gualitative variationa in

polyribosome yield.

The conditions for polyribosome extraction show an apparent
dependence on the species used as starting material. This may
partly be due to differences in endogenous RNAse content,
differences in cell wall rigidity, presence of fibres and
compartmentation. Thus, for each species, optimal polyribosome
isolation conditions must be ascertained.

2. Homo genization.

Liquid N2 vs. "Polytron"™ vs. electric chopper.

Green tissue is highly fibrous (Chapter 1.) and so poses
particular problems in choice of suitable homogenization procedure.
Liquid N2 was the obvious choice since it is rapid, subsequent
grinding is independent of fibre content of the tissue and it is
applicable to small quantities of starting material.

o - However, in recent reports the "Polytron" (Willems) has been
used with success (Giles et al., 1977 Evans et al., 1979).
Its great advantage lies in the speed with which extractions can
be carried out (3 - 30 s.). Although exceptional polyribosome

isolations were performed on pea embryonic axes and cotyledon

tissue, the fibrous nature of F. pratensis was not suited to the

"Polytron." At best the yield was in the region 35 - 40 pg. per &.
fresh weight. In addition large quantities of tissue (5 &.) were
required which limited its usefulness ih this instance. Finally,
homogenization was attempted using an electric carving knife
adapted to chop the tissue by razor blades at high speed and in a
confined area. This cutting method was not hampered by the fibre

content of P. pratensis but the length of time required for

complete homogenization was detrimental to the final yield
(Figure 2.11).
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FIGURE 2.11 A.

Comparison of sucrose density gradient
analysis of polyribosomes extracted by
(a) electric chopper and (b) ligquid N,
from F.Apratensis leaves. Although there

is virtually no qualitative difference

in the behaviour of the extracts on
sucrose density gradients, quantitatively
the liguid ¥, method resulted in a 2%
increase in yield over the electric
choppef method. (a) 80 pg. polyribosomes

loaded; (b) 60 ng. polyribosomes.

FIGURE 2.11 B.

Comparison of PAGE of polyribosomes ]
extracted by (a) 'Polytron' 36 pg./g. fwt.
18.2 pg. loaded; (b) liquid N, 108 neg. /g. fwt.
10 pg. from F. pratensis leaves and P. sativum
(10 pg.). (Yield 520 pg./g. fwt.) - increase
in yield of 300%.
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Liquid N2 was the most effective homogénization aid for

F. pratensis and was finally adopted for use throughout this

work unless otherwise indicated.

b. Effect of ionic strength.

Bolton (1966) noted that polyribosome extraction from E. coli
required observation of Mg2+ optima. Beyond the range of Mg2+ v
optimal concentration, polyribosome aggregation occurred and below
this range, dissociation of ribosomes into sub-units and the release
of latent RNAses. Gray and Cashmore (1976) and Beachy et al. (1978)
established the importance of ionic composition and Jackson and
Larkins (1976), Breen et al. (1972) and Davies et al. (1972) the
importance of high ionic strength and pH of the buffers used in
polyribosome isolation. High levels of K (> 600 mM. ) were shown to
iead té dissociation of polyribosomes into sub-units as a result of
replacement of Mg2+ by the monovalent ion (Breen.gi_gi., 1972).
Wilson (1968) showed that at K+ concentrations above 500 mM.

RNAses were solubilized from microsomal suspensions of corn tissue
which may account for polyribosome dissociation.

Further to the advantages of using high pH buffers (see
introduction) Wilson (1968) also found that RNAse activity declined
at pH above 7.2.

Figure 2.12shows the results of extractions of polyribosomes
+ 2
from F. pratensis leaves at different pH and different K : Mg+

ratios.
. + 2 .
These results indicate that high pH and a high K 3 Mg+ ratio

were required for good yields and larger range of polymers. The

buffer system of Beachy et al. (1978) was finally adopted.

Ce Effect of PVP.

Since Festuca pratensis was known to contain high quantities

of phenolics, particularly in association with ageing, steps were
taken to reduce their interference in polyribosome isolation.
Tannins frequently complex with proteins and so may indirectly
complex with polyribosomes. PVP has been shown to dissociate such

complexes even to the extent of reversing 1my1b1t10n of enzyme




FIGURE 2.12

PAGE profiles of polyribosomes from

leaves of F. pratensis extracted under

variable conditions.

8.

pH 8.0 with original extraction
medium (Mg2+:K+, 1:1.5).

15 pe. polyribosomes electrophoresed.
pH 8.5 with original extraction
medium (Mg2T:K', 1:1.5).

18 o= polyribosomes el ectrophoresed.
OH 8.5; 200 mM. Tris (Mg®':K'

pH 8.5; 200 mM. Tris, 30 mM. Mg2+
(1t X", 1:0.5)

oH 8.5; 200 mM. Tris, 50 mif. Mg*

(Me?* iK', 1:8)

, 1:1.5).
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activity (Goldstein and Swain, 1965). Insoluble PVP wes added to the
homogenate prior to the first centrifugation (insoluble PVP is 70%

as effective as soluble PVP but has the advantage of being separable
by centrifugation. ). Figure 213shows the improvement on polyribosome

yield and pattern when PVP was included in the extraction,'

d. Effect of incorporating a "Lyphogel" step

in the extraction.

The greened tops and unemerged base of leaves of F. pratensis

were extractedseparately in the normal way. However, following the
10,000 g. centrifugation the supernatants were mixed with 15% (W/V)
"Lyphogel™ beads and kept at -4°C. for 20 min., followed by
centrifugation at 1,000 g. for 3 min. The supernatant was layered
on 4 ml; sucrose cushion and the normal procedure was carried out.
At least a 30% decrease in yield occurred in both extractions
probably as a result of losses related to the further manipulation
steps. (The polyribosomes extracted were fully functional in
directing protein synthesis in a wheatgerm derived cell-free system.
The ~crylamide of the "Lyphogel" did not apparently poison the
system. This adds weight to the feasibility of teking particular
polymerie fractions from PAGE separated polyribosomes for analysis

of protein synthetic capacity.)

€. Effect of centrifugation time.

Leaver and Dyer (1974) criticised the interpretation of
polyribosome size class retios obtained by previous workers without
consideration of the preferential sedimentation of these different
classes by different centrifugation times. In order to establish
the centrifugetion conditions that would provide an accurate
indication of size class ratios a number of centrifugation times
were analysed. Figure 214 indicates that by 3 h. 30 -min. there is
1ittle enhancement of the monoribosome peak by further
centrifugation. For in vitro studies (Chapter 6) where
monoribosomes are not functional, 3 h. centrifugations were

considered adequate. However, arising from the question of




FIGURE 2.13%

Sucrose density gradient profiles of

polyribosomes extracted in buffer 2

in the presence and absence of PVP.

150 pl. polyribosomes centrifuged in

each case (containing a. 110 pg., b. 120 pg. ).

The polyribosomes were extracted from

young, emerging leaves of F, pratensis.
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FIGURE 2.14 _
PAGE profiles of polyribosomes extracted

from F. praténsis following 105,000 g.

centrifugations for different lengths

of time. %)}ﬂu loadings in each case,
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centrifugation time is the speculation of how aecurately extracted
ribosomes characterize the status of ribosomes in situ. Phillips
gﬁlgi; (1969) regarded a proportion of monoribosomes of 20-25% as
being rather high to reflect the actual cell complement, but this
assumed that monoribosomes arising from protein synthesis completion
are spontaneously broken down. However, Kabat and Rich (1969)
observed monoribosomes in cells not actively engaged in protein
synthesis and were able to distinguish active monoribosome from
inactive or procedurally altered ones (also, Blobel, 1971).
Comparison with electronmicrographs has confirmed that extracted
polyribosomes do appear éo reflect the in situ situation, assuming
that the manipulations required for electronmicrdscopy do not disturb

the cellular composition.

f. The effect of RNAse and EDTA.

In order to establish the validity of polyribosome preparations
and to rule out the possibility of ribosomal aggregation, EDTA or
RNAse were added to the resuspended polyribosome pellets (Nemer
et al., 1974; Beachy &t al., 1978). Figure2.15shows the effects of -
incubation with both these denaturants as established by both sucrose
density gradient analysis and PAGE. 5 P& bovine pancraetic RNAse
were added to 100 Pl' resuspended polyribosomes and incubated &t 57°C.
for 30 min. This resulted in the loss of polyribosomes and concomitant
enhancement of monoribosome and sub-unit peaks. EDTA was added to a
final concentration of 20 mM. and incubated at 0°c.. for 30 min.
which resulted in degradation of larger polyribosomes limiting

maximum size to that of tetramers with a concomitant enhancement of

monoribosome and sub-unit peaks.

o, Addition of "Nonidet."

Many reports indicate that inclusion of detergent in the
extraction medium for polyribosome isolation leads. to an increased
yield (lonsdale and Boulter, 1973; Larkins end Dav1es, 1973). This is
attributed to the release of "nembrane-bound" polyrlbosomes (Eilam

et al., 1971; Beachy et al., 1978). Some workers have attributed



FI GURE

Sucrose density gradient and PAGE profiles

of polyribosomes from leaves of F. pratensis

a. incubated in RNAse prior to separation (—

b. incubated in EDTA prior to separation ( —

........... no ma_l separa‘bion.
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FIGURE 2.16

Sucrose density gradient and PAGE profiles

of polyribosomes from F. pratensis in the
ebsence (a) or presence (b) of 0.4% (V/V)
'Nonidet' P40. '
In b, Line 1 (
total polyribosomes extracted in the
presence of 0.4% (V/V) 'Nonidet! P40;

Line 2 (- ) represents re-extraction

) represents the

of the 10,000 g. pellet from a with
0.4% (V/V) 'Nonidet' P40.

140 pl. were loaded onto sucrose density
gradients.

25 yl. were loaded onto PAGE gels.
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functional sigﬂificance to these two classes (Setterfield, 1961;.
Wright, 1963;Ibyne and Boulter ’ 1969){ Electronmicroscopic studies
of plant and animal tissue have suggested that "free" and "membrane-
bound" ribosomes might synthesize different proteins (for example,
Opik (1968) suggested preferential synthesis of storage proteins by

"membrane-bound" ribosomes in seeds of Phaseolus vulgaris.). There

are a number of reports of specific polypeptides formed on particular
polyribosomes. Synthesis of zein is confined to polyribosomes
associated with protein bodies in corn (Burr and Burr, 1976; Larkins
et al., 1976); synthesis of the large sub-unit of Fraction I(and.not
structural proteins)of the chloroplast is generally attributed to free and not
thylakoid-bound polyribosomes ( Ellis ,1975 ; 1976.) .

This polyribosomal preference appears to be, to some extent,
species-specific. For example, there is no difference in the
polypeptides synthesized in vitro by either "free™" or "membrane-bound"
polyribosomes from soybeans (Beachy et al., 1978) and although over
50% of tobacco chloroplast ribosomes were found to be associated with
the thylakoid they were not responsible for the large sub-unit of
Fraction I nor structural protein synthesis (Chen and Wildman, 1970).
"Free" ribosomes hafe frequently been shown to be more active in

in vitro protein-synthesizing systems than "membrane-bound"
polyribosomes(for example, Rolleston , 1974 ) .

This has led to the suggestion that "membrane-bound" polyribosomes are
a store of relatively inactive message. The significance of these two
populations is not fully known but their existence and their relation-
ship during development cannot be ignored as their differential
functions may provide a means of control during development.

Gordon et al. (1975) found DOC end Triton X-100 equally effective
in providing substantially increased yields of polyribosomes. The use
of Nonidet has most recently been preferred since it is a relatively
mild detergent and of much greater purity than Triton X-100.

A 30 -~ 40% increase in yield following Nonidet inclusion in the
extraction procédure was usually achieved from leaves of Festuca
pratensis. The polyribosomal profiles indicated a slight preferential

increase in polyribosomes relative to monoribosomes (Figure 2; 16).
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X. Radio-isotope labelling of polyribosomes.

This was carried out as described in Section iv. Particular
care was taken in handling 2.270 PAGE gels for slicing to prevent

their fragmentation and distortion on freezing.
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xii, Extraction of mRNA.
It has already been stated (General Introduction) that mRNA

extraction has proved the most difficult to achieve. However, many
mRNAs contain sequences of poly(A) whieh can be exploited in order

to purify the mRNA (Aviv and Leder, 1972; M;tthews, 1973; Higgins

et al., 1973; Sagher et al., 1974; Brawerman, 1974; Verma et al.,
1974). Histone mRNA (Adesnik et al., 1972), spinach chloroplast

nRVA (Hartley, 1976) and yeast mitochondris mRNA (Groot et el.,

1974) lack these sequences. Other chloroplasts have been shown to
contain a small proportion of poly(A)-containing mRNA; for example
maize chloroplasts contain 6% (Haff and Bogorad, 1976). Evidence

also suggests that there are a number of cytoplasmic nRNAs which

lack poly(a) (Nemer et al., 1974; Milcarek et al., 1974; Fraser, 1975;
Grierson and Covey, 1975; Covey and Grierson, 1976; Gray and Cashmore,
1976). Poly(A)-containing mRNA can be extracted.by a number of methods
based on its affinity binding to a purine base bound to a supporting
matrix, for example oligo-dT cellulose (Aviv and Leder, 1972; Fraser,
1975), poly(U)-sepharose (Haff and Bogorad, 1976), millipore filters
(Sagher et al., 1974).

The significance of the poly(A) sequence is still much in
debate. 70% of HelLa mRNAs and 40% of sycamore mRNAs carry poly(4)
sequences (Milcarek et al., 1974; Covey and Grierson, 1976, respect-
ively). Matthews (1973) concluded from studies of the rate of
labelling of the poly(A) region compared with the remaining portion
of the molecule that poly(4) was added post-transcriptionally.
Grierson (1975) and Haff and Bogorad (1976) provided evidence for this
in Phaseolus sureus and maize respectively by the inability to detect
poly a(T) seQﬁences in the DNA. Milcarek et a1 - (1974) suggest
that a large proportion of the poly(A) material in Hela cells is

associated with the membrane even after removal of the associated
polyribosomes. Could the poly(A) sequences provide some sort of
directive, indicating the site of particular messages and their
translational apparatus? The observatioh of a considerable degree of
variation in poly(A) length (for example, Sagher et el., 1974) and
reports suggesting that poly(A)-plus and poly(A)-minus mRNAs are
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not necessarily functionally different (Lodish et al., 1974; Gray
and_Cashmore, 1976) have lent support to the suggestion that ordered
.shortening of these sequences may provide some sort of timing control
nechanism (Sheiness and Darnell, 1973). On this basis, estimates of
poly(A)-containing mRNA, whilet providing evidence of newly -
polyadenylated (nﬁf necessarily newly{synthesized) message need not
reflect the tranqytional capacity of the cell since mRNAs containing
only short poly(A) sequences (and therefore excluded from affinity
chromatography) or without poly(A) may nevertheless be functional.
In fact, polyadenylation has been shown not to be a prerequisite for
polyribosome formation in early germination (Spiegel and Karcus, 1975).
Whatever the function of the poly(A) sequence and fhe signifi-
cance of poly(h)—containing mRNA, it was considered‘of interest to

compare the poly(A) content of F. pratensis at different times during

development.

a. Method used.

DEP complexes with adenine residues (Leonard et al., 1970)

thus prohibiting its use in the isolation of poly(A)-containing mRNA.
The total RNA extraction was performed using the phenol method
outlined in Section 2 ii. a. This, too, has been criticised on the
basis of dlfferentlal affinity of the two ends of the mRNA between the
phenolic and aqueous phases thus removing the poly(A) §%§£a¥¥£$ mRNA.
Special attention was, therefore, paid to retaining the interface
region with the aqueous phase. The ethanol precipitated 2,500 g. pellet

did not require washing since contaminating phenol was removed in the

following procedure modified from that of Fraser and Carter (1976)

The pellet was resuspended in 1 ml. "binding buffer" which consisted of:-

10 mM. Tris-HC1 pH 7.8
400 mM. sodium chloride
4 mM. EDTA (disodium salt)
sps (2 g. /1,000 ml.)
) This was shaken with 20 mg. oligo-dT cellulose for 30 - 60 min.
at room temperature, followed By centrifugation at 2,500 g. for 1 min.
The pellet was washed four times with 0.5 ml. "binding buffer" and
the washes were podled. Initially, this was then followed by four
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successive washes with 0.5 ml. “"elution buffer" which consisted of:-
10 mM.  Tris-HC1 PE 7.8
1 mM. EDTA
sps (2 g./1,000 ml.)

These washes were pooled and combined %ith 50 ng. yeast
"carrier" s-RNA. Precipitation of the "carrier" RNA and poly(4)-
containing RNA was achieved by addition of three times the volume of
ethanol and storing at -20°c. overnight.

Additionally, an intermediate elution step was introduced
between the "binding buffer" and "elution buffer" washes. This

"intermediate buffer" contained 200 mM. sodium chloride.

xiii PAGE.
Pellets obtained after centrifugation of the ethanol precipitate

were resuspended in "elution buffer" containing 10% (W/V) sucrose and
were applied to 2.6% (W/V) polyacrylamide gels which were
electrophoresed according to the method described in section II iii. a.
PAGE was only used to demonstrate the distribution of radioactive
label entering poly(A)-containing RNA since the carrier RNA would
interfere with any spectrophotometric measurements and the levels of
mRNA would probably-be below the limits of conventional spectrophoto-
metric scanning gapabilities. Gels were sliced for radioactive
counting as described in Section IV. Figure2:.17shows a typical
distribution of lgbel associated with mRNA and comparison with the
yeast "carrier" RNA spectrophotomeiric scan shows that the criticism

of association even under PAGE is not valid.

Xiv. Radio-labelling of mRNA.
Except when poly(A) was to be used for in vitro studies, labelling

was carried out as a matter of course. This was because the low levels
of poly(A)—containing RNA were below the limits of normal spectro-
photometric estimation. Labelling was carried out by floating 1 cm.
sterilized leaf sections lower side down in dishes containing 5 PCi/ﬁl.
B-adenine in 10 ml. sterilized water for 17 h. at 25°C. in the light.
Small aliquots (50‘Pl-) of "binder buffer" washes, "intermediate

buffer" washes and "elution buffer" washes were counted as described in

Section IV.



FIGURE 2.17

PAGE profile of yeast 'carrier' RNA
superinposed on the BH—adenine
distribution of label in poly(A)-RNA
(histogran).
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3. Experimental.

i. Total Nucleic Acids.

a. Quantitative estimation of total nucleic acids.

Figure 2.18 shows the yield of nucleic acid obtained per leaf
at different stages following emergence of the fourth leak“( 2 Day 20).
Nucléic acid levels rose rapidly during early growth, levelling out
and finally decreasing during senescence, If the data are expressed
on a unit area basis (Figure 2.18 B) the decline in nucleic acid
content appears to occur earlier. However, comparison with Figure 1.1,
Chapter 1,would suggest that elongation rather than cell division
occurred at (a) and would therefore account for the apparent decline
in nucleic acid levels. Comparison of Figures 2.18 A and B would
imply that at (b) genuine degradation of nucleic acid has occurred.

Figure 2.19 shows the yield of nucleic acid extracted from

proportional sections from mature leaves of F. pratensis. Three
other experiments all showed similar peaks of increased yield of the
same order but these were either shifted acropetally or the width of
the peak varied slightly. Since these experiments were done with
plants grown under different conditions, these slight deviations can
be regarded as arising from this (see Chapter 1). The decline at
point 3 in Figure 2. 19 may also be an artifact of elongation rather

than cell division.

b. Incorporatiqn of radio-isotope label

into nucleic acid.

The incorporation of 3H—adenine into nucleic acid, as a
measure of nucleic acid synthesis, was followed in development of
the fourth leaf and development along the fully mature ledf of

F. pratensis. With reference to Figure 2,20, it can be seen that

both developmental systems displayed at least two (and probably
three) peaks of increased specific activity. With reference to
chlorophyll levels (Figures 1.1 B and 1.2 B) and cellular morphology

(as visualized by light microscopy and el ectronmicroscopy) these




FIGURE 2.18
Quantitative estimation of nucleic acid
at different stages in development of

the fourth leaf of F. pratensis

expressed as
A. pg. per leaf, and

B. Pg./unit area.
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FIGURE 2.19

Quantitative estimation of nucleic acid
along a fully developed leaf of

F. pratensis.
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FIGURE 2.20

Specific activities of radioisotope
labelling of RNA in development leaves
of F. pratensis.

A. fourth leaf at different stages

in development.

B. along a fully mature leaf.
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FIGURE 2,21
Absolute levels of uptake of radioisotope.

A. the fourth leaf of F. pratensis

during development

B. along the fully mature leaf.
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FIGURE 2.22

Ratio of incorporation to uptake of

radioisotope label

A. in the fourth leaf in F. pratensis

during development

B. slong the fully mature leaf.
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peaks can be attributed to more or less similar periods in
development.

' The first peaké, coinecident with whole leaf emergence or
greening of the leaf base, were consistent with many reports of
light enhanced RNA synthesis (Chapter 2 I, ii.).

~ The probable second peak was less familiar but may reflect the
synthesis of RNA required for the coding and translation of proteins
associated with maturity (for example, some of those involved in
secondary product metabolism. ).

The third peak was consistent with a number of reports , M&
(Chapter 2 I, i!;)- In this instance the final pesks are large in
compérison to the previous two. This may be partly due to a decrease
in RNA content which may reflect in vivo loss or increased RNAse
- activity as a result of wounding (Pitt, 1974 ). Nevertheless, RNA
levels at senescence were of the order apparent at early stages of
development (Figure52.183ndjl19)and these values may be underestimates
in view of phenolic contamination in extracts from older material,
so synthetic activity is justifiably implicated. This challenges the
suggestion that senescence occurs independently of RNA synthesis.

I+ could be argued that membranes of older tissue become "leaky"
(Simon, 1974) thus providing increased pools of radio-isotopica;ly
labelled precursor for RNA synthesis. However, from the values for
total uptake of radio-isotope (Figur62a20 and ratio of incorporation
to uptake (Figure?2 22 this does not provide a valid interpretation
of the enhanced incorporation at incipient senescence.

Criticism can be levelled at the interpretétion of radio-isotope
labelling through specific activities, not least of which is the order
of magnitude involved in each piece of data.Since different conditions
necessarily prevailed for different experiments specific activities

provide the least controversial basis for comparisons.

C. Relative changes in specific RNA fractions.

Using 2.6% (W/V) PAGE gels more detailed information concerning

the metabolism of particular ribosomal fractions was obtained.,
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Figures 223 and2.24 show the percentage of each fraction of rRNA as a
function of the total rRNA (and breakdown products). Point 8 along
the leaf was not recorded since the levels of rRNA were below the
sensitivity of the spectrophotometer. In addition, the increased
levels of endogonous phenolics in older tiséue (apical and Day 56 )
prevented conclusive estimation of peak areas from being made.

In different aged tissue the cytoplasmic rRNAs declined with
age with a consequent increase in breskdown products. Ageing along
the leaf showed an overall decline in cytoplasmic rRNAs apart from
two points where an increase was apparent (Points 5 and 7). It is
interesting to note that at these points the 0.381105 rRNA also
seemed to increase. Since the inclusion of the O.38x105 rRNA in the
ribosome has been regarded as conferring functional status on the
ribosome (Pearson,personal communication)its presence would suggest that at
Points 5 and 7 the ribosomes were active or at least have had the
capacity to be so. There is no such discdntinuity in the differently
aged tissue either in the 1.3x106, O.7x106, or the O.38x105rRNAs.

The 1.11106 rRNA declined eailier than the 1.3x106 rRNA in the
ontogenic sequence along the leaf. The proportion of O.56x106 TRNA
appeared to increase slightly but this was probably due to inflation
by breakdown products. In the development with time there was also a
decrease in 1.1X1O6 rRNA which preceded the 1.3X106 rRNA loss. Again,
the 0756)(106 rRNA increase might %iﬁf reflected breakdown of other
rRNAs, particularly when compared }6 the high proportion of other
breakdown products.

The early decline in 1.1X1O6 TRNA could have reflected a shift
in the optimal conditions required for the maintainance of its
integrity, for example Mg2+ requirements. Other results where
variable lggg: concentrations were employed showed no enhancement of
the 1.1x106 TRNA from senescent tissue. However, the possibility of
some other non-optimal factor in extraction cannot be excluded;
for example RNAse levels may be raised above those successfully

inhibited by DEP in the extraction. Although specific RNAses have




FIGURE 2.23
Yield of 1.3x106 TrRNA (255)

and o.7x1o6 TRNA as % of the total
RNA extracted, calculated from
2.6% PAGE gel profiles

A. in different aged leaves of

¥. pratensis

B. in sections along mature leaves

of F. pratensis.

refer to the percentage
of breakdown products

at each phase.
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FIGURE 2.24

Yield of 1.1x106 (238) and 0.56:(106 (16s)
TRNAs. rRNA as % of the total RNA extracted,
calculated from 2.6% PAGE gel profiles

A. in different aged leaves of F. pratensis

B. in sections along mature leaves of

F. pratensis.

refer to the percentage

of breakdown products

e e S

at each phase.
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FIGURE 2.2
Ratio of (5S):(4S), 0.38x105:o.25x10
TRNAs as calculated from 7.5% PAGE

5

gel profiles
A. in different aged leaves of

F. pratensis

B. in sections along mature leaves

of F. pratensis.
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FIGURE 2.26
Cpm. incorporated into 1.3x106 (258)
and 0.7x106 (18S) cytoplasmic rRNAs

as percentages of the total cpm.
entering the 2.6% PAGE gel
A. in different aged leaves of

F. pratensis

B. in sections along mature leaves

of F. pratensis.
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béen observed those resulting from wounding and'eénescence are
generally regarded as being ubiquitous in their effect. It
therefore seems unlikely that only chloroplast rRNA would be thus
affected by their release in extraction, unless the RNAse is
attached to the 1.1x106 RNA (Hsaio, 1968). Even if the conditions
required for extraction have changed this.would still be evidence
of an age-related change in chloroplast rRNA. It would seem however
that the breakdown of 1.1x106 TRNA was an in vivo event probably

. resulting from the disruption of chloroplast structure.

d. Radio-isotope labelling of specific RNA fractions.

As a result of discrepancies arising from phenolic contamination
in spectrophoiometrically estimating RNAs from older tissue and im.
order to create uniformity in data it was decided to compare the
radio-isotope labelling of different fractions by reference to the
total radio-isotope label entering the gel. Both ageing systems
showed considerable RNA synthesis of both cytoplasmic and
chloroplastic rRNAs quite late in develobment. In both,the early
maximal synthesis of chloroplastic rRNA preceded maximal synthesis
of cytoplasmic rRNA. The synthesis of 1.3x106 and O.7x106 rRNA
appeared to be closely linked in both developmental systems but the
link between 1.1x106 rRNA and O.56x106 rRNA synthesis seemed more
tenuous. This independence is in accord with other work which has
suggested that the 1.1X1O6 and O.56x106 TrRNAs are not derived from
the same precursor (eg.Callow et al ;1972),

"The increased levels of rRNAs apparent in Figure 2.23 B were
mirrored by increased synthesis (Figure 2.26 B} thus further
confirming the real nature of these increases. 'The increased
synthesis of rRNAs at incipient senescence in devélopment with time
was not mirrored by any increase in percehtage of these fractions.
This, however, probably indicates rapid turnover of rRNA at this
stage as also evidenced by an increase in breakdown products over

that expected for the observed decline in rRNA. Furthermore, since

the whole leaf is taken for extraction any increase in HNA, which

’




'FIGURE 2,27
Cpm. incorporated into 1.1X1O6 (235)

and O.56x106 (16S) chloroplastic
rRNAs as percentages of the total cpm.
entering the 2.6% PAGE gel

A. in different éged leaves of

F. pratensis
B. in sections along mature leaves

of F. pratensis.




FIGURE 2.27

==

s

N © 3
S1UNOD _Eov\myc:ou wead o,

3 4 50 60
days from sowing

20

B

o 0 ~

SJUNO0D 1B10},/51UN0D Yead o,

base




65

may in fact be localised (for example as apparent in points 5 and7
along the leaf), may be diluted by the high levels elsewhere.

The fact that the apparently increased levels of 0.56x106 TRNA
at Day 49 were not reflected by increased synthesis may provide
further evidence that this fraction has been artificially inflated

by breskdown products of non-radioisotope-labelled older rRNAs.

ii. Radiolabelling of nucleotides: estimation of changes

in the pool.

The relative\amounts of radio-isotope associated with various
adenine derivatives were obtained. Spectrophotometric estimations
were frequently at the limits of instrument reliability and so,
whilst informative to some extent (for example, high levels of
labelled adenine and adenosine were present in young and old tissue,
with a qoncomitant decline in labelled nucleotides), were not used
for specific activity calculations. Comparison of elutable counts
from the BVPE paper were considered a more reliable indicator of
metabolic pools. However, whilst these data may provide some
"indication of available radioisotope-conteining pool they do not
take into account any compartmentalization that may limit the
accessibility of some or all of these precursors. These precursors
may be so located as to predetermine their metabolic pathway,
possibly in such a way as to preclude entry into nucleic acids.,
Pertinent to the question of compartmentalization is the observation

"of Nierlich (1967; 1968) that there is a preferentiel incorporation
of endogenous products of RNA breakdown rather then use of
exogenous precursors in bacteria. If this were so in the case of
higher organisms then at a time when turnover was high the resultant
incorporation of radioisotopically-labelled precursors might be low.
Radio-isotopic labelling, under these circumstances, would not
provide a good indication of synthetic activity.

The levels of labelled AMP and ATP appeared to be inversely
related until the oldest tissue when label appeared to be prefer-
entially incorporated into ADP. It is possible that where AMP was




FIGURE 2.28

Cpm. entering nucleotide fractions
as percentage of the total counts

entering the pool.

o---0 AMP
B—N ADP
oA ATP

A--—-A Adenosine

O----0 Adenine
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labelled preferentially this indicated high metabolic activity,
radicisotope label passing through ATP and :ADP, and that stages
with high radioisotopically-labelled ATP levels (Day 35 - 49)

indicated a build.up of energetic capacity, only possible when
the leaf stopped growing and prior to senescence involving high

metabolic activity once again.
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iig. Ribosomes.

a. Quantitative estimation of ribosomes.

Ribosomes were extracted by method I using 10 mM. Mg2+ and

by method 2 (see Chapter 2, 2 vi. a) from'pr0portional sections
along the leaf. It was found to be necessary to carry out the
extractions and gstimations simul taneously; freezing of the leaf
tissue for 24 h. storage at -20°C and freezing the ribosome
100000 g pellet resulted in lowered yields. The yield per section
is shown in Pigure 2.29 (each section was between 3 - 4.5 cm.
long. ). There were two peaks of increased yield as was apparent
for total nucleic acid yield (Figure 2.19). The second peak was
slightly shifted acropetally in the total ribosome estimations,
which may result from differences in the ease with which membrane-
bound RNA was released by the different methods of extraction since
frée ribosomes are unlikely to be lost. For example, at point 5
(Figure 2.19) there was an increase in yield probably deriving from
bound ribosomes (Figure 2.30) which were, perhaps, incompletely
released by the milder detergent, Nonidet, used in ribosome
extractions. Alternatively this shift could result, as in other
experiments, froﬁ even slight differences in growth conditions to
which the plants have been subjected which resulted in differential
development. |

Figure 2.30 shows the ratio of free to membrane-bound
ribosomes (extracted by method 2) from pr0portional sections along

the leaf of F. pratensis. The number of free ribosomes increased

dramatically with incipient senescence. There was also an increase
midway along the leaf which corresponded to a period of increased
synthesis of nucleic acid (Figures 2.20 and 2. 26) and also one
where a number of ribosome breakdown products were in evidence
(Figures 2.23 and 2.24). This may be symptomatic of a period which
follows completion of cell division, of high turnover or replacement
of ribosomes which have been prev1ously associated with early
growth. It is at this time that the ratlo of polyrlbosomes to
monoribosomes dropped (Figure 2.31) as would be expected if the




FIGURE 2.29

Yield of polyribosomes per section

along the mature leaf of F. pratensis

1. Ribosomes extracted by method 1.
2. Ribosomes extracted by method 2.
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FIGURE 2.30

The ratio of free to meqbrane bound
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ribosomes from sections/the mature
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FIGURE 2. 31

The ratio of polyribosomes to

monoribosomes from sections

along the mature leaf of F. pratensis.
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emphasis had been shifted from protein synthetic activity to
degradation and replacement of existing protein synthetic
machinery. The ratio of polyribosomes to monoribosomes mirrored
the data for free and membrane-bound riboéomes, thus at senescence
monoribosomes increased corresponding to the increase in free
ribosomes. The two Figures taken together would tend to suggest
that membrane-bound ribosomes were polyribosomic whilst free
ribosomes may have been polyribosomic but the yields were elevated

by loss of bound ribosomes in the form of monoribosomes.

b. Radio-isotope labelling of ribosomes.

Proportional sections of mature leaves of F. pratensis were
labelled with 3H_adenine. The specific activities obtained from
radioisotope-labelling of the ribosomes are shown in Figure 2. 32.

It would appear that at points 4 and 5 a considerable amount of
synthesis has occurred, since both the yield and counts incorporated
were high. However, at point 4, 2.2% PAGE gels provided evidence of
subunits with as much as 10% of the total ribosomal counts appearing
in these. It is more likely that these were evidence of synthesis,
but they could result from breakdown either due to rapid turnover
or to some metabolic change which caused the degradation of
ribosomes in extraction. The appearance of subunits may have been

a function of the increased levels of free monoribosomes which may
have been more susceptible to dissociation. There seems to have bexn
considerable ribosome synthesis at senescence, in accord with the
results in Figures 2.20 and 2.23.

Figure 2.33% shows the ratio of counts incorporated per pg. of
polyribosomes to those incorporated per pg. of monoribosome.
Comparison with Figure 2.32 indicates that at both points where
specific'activity was high, i.e. at point 4 and at the apex, the
counts seem to have been preferentially entering the monoribosome
‘fraction. Once again, bearing in mind the long incubation in
radioisotope (22 h.), this could have resulted from rapid turnover
or have been indicative of synthesis per se. However, it does not

diminish the fact that considerable synthesis must have occurred at

both these times.




FIGURE 2.3%2
Specific activity of incorporation
of cpm. into ribosomes from sections

along the mature leaf of F.pratensis.
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FIGURE 2.33%

Ratio of the specific aciivity of
counts incorporated per pg. of
polyribosomes to the counts
incorporated per pg. of monoribosomes
from sections along the mature leaf

of F. pratensis.
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iv., Poly(A)-containing mRNA.

Poly(A)-containing mRNA from proportional sections along
3

mature tissues of F. pratensis was labelled with “H-adenine for

17 h. in the light. Extraction involved three washes of the
0ligo(dT) cellulose-poly(A)-mRNA complex with "binding buffer®
followed by one of "intermediate buffer" and finally dissociation

by washing with elution buffer. The counts obtained from resuspended

mRHA, following alcoholic precipitation with a carrier RNA, were

‘recorded on a per section basis (Figure 2.34). Three areas of high

poly-adenylation were apparent, which seemed to precede the high
polyribosome to monoribosome syntheses (Figure 2.33) and coincided
with high levels of polyribosomes (Figure 2.31).

Since no estimate of yield of mRNA could be obtained from
such small gquantities of material, these results were of limited
value. Furthermore, it is not possible to ascertain whether
poly(A)-containing mRNA in the process of being translated is as
easily extracted as "free" mRNA either due to the inaccessability
of the pcly(A) tail or reduction of its size.

It does seem that low levels of polyadenylation do occur even .

guite late in development.




FIGURE 2.34

Cpm. incorporated into poly(A)-containing

mRNA from sections along mature leaf

of F. prztensis.
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Chapter 3. Proteins and development of leaves

of Festuca pratensis.
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I. Introduction.

Estimates of total protein content and synthesis during
development have largely been ignored in favour of examination of
particular enzymes (see Chapter 4) or structural proteins. Where
such work has been reported the cellular proteins have usually been
split into two general classes, "soluble" and "particulate." The
former are free in the cytosol and are easily extracted whereas the
latter are either integral parts of membrenes or associated with
cell organelles and require more vigorous extraction; for example
with detergent. Since the extraction procedures are relatively
straightforwafd it is-surprising how little information on the
synthesis and turnover of these classes of protein is available.

This information, particularly in conjunction with concomitant
nucleic acid estimations, could provide important clues to the
factors involved in the displacements of synthesis and degradation
which lead to growth and finally to the death of the plant.

Early workers (for example, Gregory and Sen, 1937) assumed
that there was a continual turnover of proteins. With the introduction
of radioisotope precursors, this was confirmed; net protein content
was found to be remarkably stable but concurrent with this was a
continual synthesis and degradation. The balance between anabolic
and catabolic processes seems to be largely responsible for the
progress of development (Mothes, 1926; Walkley, 19403 Vickery et al.,

'1940; Chibnall and Wiltshire, 1954; Ded e ken-Grenson, 1954).

There is little recent work concerning total protein metabolism

during the development of attached leaves. Nost workers have adopted
the approach of probing inte the control mechanisms via artificial
systems which eliminate correlative influences, for example by
following the early metabolism through greening of etiolated tissue
and late metabolism through eycision and applying external conditions
of suppression or stimulation (see Chapter 5); whilst these are
useful model systems they need not necessarily relate to the processes
of the intact plant (for examples, see Chapter 5). This Chapter is

concerned with the protein complement of intact leaves of

Festuca pratensis.
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i. Eerly development.

Appreciable protein synthesis is apparent within a few hours
of imbibition of seeds (Marcus and Feeley, 1964; Hallam et al., 1972;
Bhat and Padayatty, 1978; Stoddart et al., 1973%) with little or no
net protein content change. Protein synthesis is obligatory for the
progress of germination as work i ith inhibitors has suggested
(Stoddart et al., 1973; Bhat and Padayatty, 1975). This is unlike the
independence of germination from the early synthesis of RNA.

Stoddart et el. (1973) observed two phéses of increased protein
synthesisi the first maximum occurring between 4 and 5 hours following
the onset of imbibition and indepénéent of RNA synthesis, and the
sécond at 8 h. and at least partizlly dependent on RNA synthesis.
Jachymeczyk et al. (1974) showed that protein synthesis could proceed
without RNA synthesis for up t; 40 h.in pea embryonic axes. This and
many other observations (for example, Marcus and Feeley, 1964; Bhat
and Padayatty, 1975; Usborne et al., 1977) necessarily required
viable pre-existing mRNA, rRNA and other components“of translation
(see‘Chapter 2, Introduction).

Observation of high levels of the enzymes required for RNA
synthesis (Barker and Reiber, 1967) and of a number of other enzymes
(Eedley and Stoddart, 19729 at the start of germination suggests that
the early synthesized proteins are not concerned with resynthesis of
the enzyme complement. The existing or activated enzyme complement
freguently consiste of high levels of soluble hydrolases which
provide precursors for the early synthesis of protein (and RNA) from
the breakdown of the storage materials of the seed endosperm
(Larson and Beevers, 1965). It would seem likely that the early
synthesized proteins are those of a structurasl kind and/or those
reguired for the more subtle aspects of metabolic control produced

in response to environmental conditions.
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ii, Light effects.

Total leaf protein increases rapidly -(2 -3 h.) when etiolated
leaves are placed in the light (De-Deken Grenson, 1954; Mego and
Jagendorf, 1961; Rhodes and Yemm, 1963). As already observed for
RNA synthesis (see Chanpter 2), light is not a prerequisite for
protein accumulation either; for exemple, Fraction I synthesis is
merely accelerated by light treatment (Ellis, 1969 ). Fraction I
content has been the most studied soluble protein with relation to
development. Its synthesis is restricted to the early phase of leaf
development corresponding with leaf expansion (Woolhouse, 1967;
Smillie, 1969). Following this it turns over at e very low rate and
declines gradually.

The increased capacity of ribosomes from light treated leaves
to direct poly-(U) incorporation into phenylalanine as a result of
accelerated acceptance of initiation factors (Travis et al., 1972)
may provide at least part of the reason for light-accelerated, but
not necessarily enhanced, protein synthesis in vivo. Other resul ts
confirm that light is associated with the development and maintenance
of the protein-synthesizing apparatus.(Williams and Novelli, 1964,
1968; Travis et al., 1970) rather than being involved specifically
with the induction of particular proteins or stebilisation of mENA

(Pine and Klein, 1972).

i1i. Phase of maturation.

Hedley and Stoddart (19729 reported a peak of progg%?éiynthesis
n

which correlated with attainment of maxilimin chlorophyllkand occurred

approximately midway through the total life span of attached leaves

of Lolium temulentum. The enzyme activities associated with this

phase varied depending on photoperiod and leaf position. Fevertheless,

this peak bore a constant temporal relationship to leaf emergence and

no visible effect of photoperiod on this phase wes detectable.
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Environmental factors which tended to delay the onset of senescence
apparently did so by extension of the interval between the second and
third incorporation maxima and partly by delaying initiation of the
first. Environmental factors prevailing in the early stages of
development can affect the onset and course of senescence (Schwabe,
1970). It is possible that this predestined second protein synthetic
phase merely has a maintenance function rather than one in which
important control factors might be operating and, as such, need not be

flexible.

iV. Senescence.

There are many reports which suggest that senescence requires
synthesis of protein (Wollgiehn, 1967; Woolhouse, 1967; McHale and
Dove, 1968; Udvardy et al., 1969; Hedley and Stoddart, 1971 Db
Lertin and Thimann 1972; Baumgartner et al., 1975; Thomas, 19762
although the net levels of protein decline (Carr and Pate, 1967;
Woolhouse, 1967). This decline may result from degradation or decreased
synthesis; Synthesis may be limited by amino acid availability due to
export to younger parts of the plant or by reduced protein synthetic
capacity. The former suggestion loses credibility in the light of work
with detached leaves where protein declines even in the presence of
high levels of amino acid (Vickery et al. , 1937) and with its reliance
on the assumption of continual turnover of protein. Fraction I, for
example, does not turn over appreciably following maturation yet it
declines quite rapidly at senescence. Froteases (lartin and Thimamy
1972) and RNAses (Dove, 1973; Baumgartner et al., 1975; Thomas, 1975)
are synthesized at senescence and obviously require a low threshold
of protein synthetic activity. Once degradative engymes have been

maximelly induced or activated senescence will proceed unabated and it

is at this point that senescence becomes irreversible.
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Y. Aims in investigating prbteins

in development of Festuca.

Syntheses of soluble and particulate protein fractions were

guantified from leaves of F. pratensis throughout development, both

sequentially along the leaf and temporally. Estimates of free amino
acids were also carried out in order to provide some indication of
amino acid flux and pool size but without consideration of compart-
mentztion. Would the three phases of maximal protein synthesis in

development of leaves of Lolium temulentum (Hedley end Stoddart, 1972

be reflected not only in another species, Festuca pratensis, but also.

in the development sequentially along the leaf axis 7




76

IT. Methods.

i. Extraction of protein and amino acids.

Protein extraction is relatively straightforward providing
precautions are taken to buffer the extract at approximately
neutrality, to protect the easily oxidiged sulphydryl groups
with suitable reducing agents _

Leaf material (0.16 - 2.0 g.) was homogenized in 2 ml,
extraction buffer with acid-washed sand at room temperature. The
extraction buffer consisted of

40 mM. Tris-FCl pH 7.5
10 mM. magnesium sulphate’
250 mM. EDTA (disodium salt)

2 mM, mercapitoethanol.

The Nomogenate was centrifuged at 13,000 g. for 6 min., in a
Quickfit microcentrifuge. 0.5 ml. supernatant were mixed with
0.5 ml. 'denaturation buffer!' and heated in a water bath at 10000.
for 2 min. to give a crude denatured .soluble protein extract.

The 'denaturation buffer' consisted of
62.5 mM. Tris-HC1 pH 6.8
5% (W/V)elycerol
250 mM, mercaptoethanol
20 g./1.SDS.

0.25 ml. supernatant were added to 0.25 ml. trichloroacetic
acid (100 g./i.) and centrifuged at 13,000 g. for 6 mih. to remove
precipitated soluble protein. The supernatant was taken for free
amino acid estimation.

The 13,000 g. pellet from the first centrifugation was
re—extracted with 1 ml. extraction buffer followed by another
13,000 g. spin. This supernatant was discarded and the pellet was
washed twice with 1 ml. chloroformimebhanol mix (2:1 V/V}) followed
by one wash with arhydrous methanol to remove remaining lipids.

. o
The 13%,000 g. supernatants were pooled and kept in the derk at 4 C.
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for later chlorophyll estimations.
2 ml. 'denaturation buffer' were added to the final
13,000 g. white pellet which was then incubated at 100°C. for
2 min. Clarification was carried out by centrifugation at 13,000 g.

for 6 min. The supernatant represented the crude particulate protein

fraction.
ii. PAGE

The polyacrylamide rod gel system used was essentially that of
Eenrigues and Park (j975) and employed a2 1 cm. stacking gel of
5% (W/V) polyacrylamide and a 9 cm. running gel of 15% (W/V)
pélyabrylamide. The acrylamide was made up in ’
190 mi. Tris-EC1 pH 8.8
1 & /1. SDS
20 mM. EDTA (disodium salt)
with 4 g./l1. bis-acrylamige.
The final pH of the stacking gel was 7.0 This resulted from
it being made up with gel buffer diluted with two volumes of diluting
solution consisting of 1 g./i. SDS and 20 mM. EDTA (disodium salt)
at pE 6.5. The gels were prepared in perspex tubes of internal diameter
0.6 cm. The surfaces of both the running and stacking gels were levelled
by careful overlaying with about 100 pl.,distilled water which were

removed following gel polymerization. The running buffer consisted of

50 mM. Tris-EC1 pE 8.2
> ml, EDTA (disodium salt)
1 g./1.8SDS

380 mM. glycine.
The electrophoresis tanks were set up as described in
Chapter 2, II iii. 50 pl. 'desalted' protein extract (see following
section) were loaded onto gels and rTun at 3 mA. per gel. slectro-
phorésis was carried out, at room temperature, until the bromophenol

blue itracker dye, which markea the solvent front, was approximeately

0.5 cm. from the bottom of the tube.
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Gels were removed with a s¥yringe device which released them
from the tubes by pressure and circulation of water. Gels were
immediately stained with CBB stain made up as a 37.5 g./i. solution
in 12.5% (V/V) acetic acid and 31.25% (V/V) propanol, for at least
3 h. (Féirbanks et al., 1971). Destaining was achieved by immersion in

3,75 g. /1. CBB
12.5% (V/V) ecetic acid
12.5% (V/V) propanol
for 1 - 2 h., followed by
1.875 & /1. CBB
12.5% (V/V) acetic acid.
for 3 h. and, finally, several changes of 10% (V/V) acetic acid.

Gels were scanned at 640 nm. using the densitometer attachment
of z Vitatron MPS spectrophotometer.

FKolecular weights were estimated by comparison of migration of
cytochrome C (12,270 MW), ovalbumin (43,000 MW) and BSA (66,000 ¥W)
(Eenriques and Park, 1975; Weber and Osborn, 1969).

iii. Estimztion of protein.

Following comparison with the Biuret method for protein
estimation, the method of Lowry et al. (1951) was finally adopted.
Prior to quantitation, the crude extracts (both soluble and particulate)
were subjected to a 'desalting' step involving passage through
Sephadex G-25 columns supported vertically in Fasteur pipettes, by
elution with distilled water without restricting flow. This was
essential since SDS and mercaptoethanol both interfere with the colour
production in the Lowry method (Vallejo and Lagunas, 1970; Geiger and
Bessman, 1972; Ross and Schatz, 1973). Other methods of sulphydryl
contamination removal were also tried, namely by carboxymethylation
with excess iodoacetéte (Ross znd Schatz;:.1973), oxidation by addition
of hydrogen peroxide (Geiger and Bessman, 1972) and dizlysis, but these
were not as successful as G-25 columns. The 'desalted' extracts were
suitably diluted (usually 6o Pl‘ in a total of 600 pl. water or buffer)
and brought to 5700. 3 ml. copper solution (freshly made by the



FIGURE 3.1

Calibration of Lowry estimation of
protein with different concentrations

of BSA.

FIGURE 3.2
Calibration of fluorescence method
of amino acid estimation using

different concentrations of glycine.
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addition of 1 ml. of CuS0,.5H,0 stock (20 mM.) to 100 ml. of sodium
carbonate (anhydrous) stock (70 mM.) in 100 mM. sodium hydroxide,

and equilibrated at 37°C.) were added and incubated for exactly

10 min. at 3700. 300 ul. Folin-Ciocélteau réagent were then added
with thorpugh and immediate mixing. Exactly 15 min. later the
absorbance at 719 nm. was measured using a Vitatron colorimeter
(Vitatron U.K. Ltd.) in conjunction with a Fisons autodispenser.
Following correction for the blank (prepared by substituting water

or buffer for the protein extract) the protein content was estimated
by reference to a standard calibration curve (Figure 3.1). Errors

due to sulphydryl group reactions were further minimized by assaying
in chromic acid weshed tubes. Where samples were not tdesalted!,
protein was precipitated with two and = half times sample volume

with trichloroacetic acid (100 g./l.) at 4°C. for 30 min., centrifuged
at 13,000 g for 6 min. at 4°C. in 2 Quickfit microcentrifuge and the
pellets digested with 250 Pl. 100 mM. sodium hydroxide overnight at
40°C. in a Grant BT 3 block thermostat. Suitable aliquots of this

digest were then used in Lowry estimations.

iv. Estimation of free amino acids.

Amino scid estimation was achieved by fluorimetric measurement
of the reaction of Fluram with primary amines. Providing fluophor
concentration does not become self quenching this method is highly
reproducible, sensitive to picomole amounts, requires no heating or

harsh conditions, thus having many advantages over more traditional

methods.

Estimations were carried out using a Vitatron ¥PS with the
fluorimeter mode. 0.1 ml. sample (suitably diluted, if necessary)
was mixed with 1.5 ml. 200 mM. borate buffer (pH 9.0). 0.5 ml. Fluram
(15 mg. /100 ml. acetone) was added with instantaneous mixing. The
fluorescence was recorded with reference to a blank of 0.1 ml.
§0% (V/V) ethanol and a standard glycine solution (1 m¥. in 80% (V/V)
ethanol ). The concentrations of amino acids were estimated by reference.

to a calibration curve obtained for glycine (Figure 3.2).
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V. Redioisotope labelling

of proteins and amino acid pools.

Following sterilisation, 1 cm. sectiqns of 4 leaves were
incubated with shaking for 16 h. at room temperature in 4.1 ml.
buffer (pH 7.5) containing 1.25 pCi per ml. L-(14U-C) amino acid
and 5.5 mM. ATP, in light from an Angle-poise lamp at 5,000 lux.

The buffer was that used as extraction buffer (Section II. i).
Estimation of amino acid incorporation involved harvesting the

leaf sections and, following profuse washing to remove surface
radioactivity, homogenization as described in Section II. i.

The radioactivity incorporated into protein was calculated from the
total counts which had entered the PAGE gel following electrophoresis,
by counting 1.8 mm. slices obtained using a wire slicer and metal guide
The first 3.6 mm. of the gel were not included in this estimation
assuming this to contain residual lipids and non-protein material.

Cel slices were treated as for RNA gel slices (see Chapter 2, II iv)
and counted in a Trace-Lab Corumatic 200 scintillation counter with

98% efficiency for '4C, using toluene:Triton X 100 : PPO
scintillation fluid (Chapter 2, II iv).
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ITI. Experimental.

i.. Quantitative estimation

of protein during development.

Soluble and particulate protein fractions were estimatéd in
both developmental systems. Figures 5.3 and 3.4 show the protein
Yields obtained. Figure 5.3 A shows that soluble protein increases
to a maximum by Day 49 (full expansion) and is then degraded.

" Particulate protein is alsq maximal by Day 49 but seems to decline
prior to this, perhaps as a result of membrane maturation associated
with extension growth. The early decline in soluble protein content
if expressed per unit area (Figure 3;3 B) is probably due to
vacuolation. Figure 3.4 shows a similar trend in protein content to
Figure 3.3 B, with an early increase which declines with age to the

initial level.

ii. Radioisotope labelling

of proteins during development.

Figures 3.5 and 2.6 show the results of several experiments
designed to investigate the levels of protein synthesis with
development. In this instance the labelling patterns are very
different (cf. similarities in radioisotope-labelling RNA, Chapter2,
Figure 20). However, in both developmental systems there are high
rates of soluble protein synthesis at early and senescent stages of
development, The high rate of protein synthesis at extreme senescence
(Day 62) is consistent with 2 number of reports of de novo synthesis
of degradative enzymes (Chapter 3, I iv).

In Figure 3.6 there is a third peak of increased specific
activity of soluble protein approximnately mid-way in development.

Not only is this consistent with the results of Hedley and Stoddart

(19728 for temporal development of Lolium temulentum but also it
coincides with a period of increased RNA synthesis (Chapter 2,
Figure 2.20). If this phase is short-lived (2 -4 days in

L. temulentum : Hedley and Stoddart, 1972 then it is possible that




FIGURE 3.3

Soluble (S) and particulate (P)
prétein contents of fourth leaves
of different ages expressed

A. on a per leaf basis

B. on a per unit area basis.
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FIGURE 3.4
Soluble (S) and particulate (p)

protein contents of sections along

the mature leaf.
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FIGURE 3.5

‘Specific activity of
radioisotope-labelling of
soluble (S) and particulate (P)
proteins during development of

the fourth leaf with time.
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FIGURE 3.6

'Specific activity of
radioisotope-labelling of
soluble (S) and particulate (P)
proteins in sections along the

mature leaf.
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FIGURE 3.7

Amino acid content of fourth leaf

of F. pratensis expressed

A. on a per leaf basis

B. on a per unit area basis.
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FIGURE 3.8
Amino acid content of sections along

the mature leaf. .

FIGURE 3.9

Specific activities of
radioisotope-labelling of
amino acid pools in sections

along the mature leaf.
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FIGURE 3.10

Specific activities 6f
radioisotope-labelled pools
in the development of the
fourth leaf.
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in the sampling of different aged leaves from F. hratensis it was

missed, since there were up to 7 days between samples. Alternatively,
it may be such a localized resurgence of synthetic activity that the
relative inactivity of other areas may dilﬁte out its effect when
exp;essed as total leaf specific activities. The synthetic pattern
for particulate protein is very different along the leaf (Figure 3.6)
when compafed with temporal development (Figure 2.5). This could also
be explained if the laying down of particulate protein was localized
in very yeung tisgue, i.e., the effect of elongation and maturation
with lower levels of particulate protein synthesis effectively

dilutes out the high localized activity.

iii. Quantitative estimation

of the free amino acid pool.

In both developmental systems there is an increase in free
amino acids at incipient senescence. This may result from an increased
degradation of proteins in excess of synthesis (even though this is
enhanced at this time). The amino acids may accumulate prior to
translocation and redeployment to younger parts of the plant.
Following the increase is a final decline which coincides with the
final stages of senescence when protein synthesis is very low.
The early increase in free amino acid pool (particularly noticeable

at Day 29, Figure 3.7) may result from increased metabolism of protein.

iv. Radioisctope labelling

of the free amino acid pool.

The increase in specific activity of the amino acid pool at
very late senescence is shown by both de%elopmental systems (Figures 3.9
and 3.10). It has been suggested for bacteria that anabolism
preferentially utilizes the breakdown products of catabolism
(Nierlich, 1967; see Chapter 2, III ii). If this could be extended to
the preferential translocation (for redeployment) of the products of
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catabolism then the elevatéd specific activities of radioisotope-
labelled amino acid pools could be thus explained. The increased
specific activity at Day 42 (Figure 3.10) may be indicative of this
precursoral preference and may, in additiop, pfovide the answer to

the missing peak of protein synthetic activity occurring, as it does,
approximately mid-way in development, corresponding to the increased
RNA synthetic levels shown .in Figure 2.20 and indicated equivocally

in Figure 3.11 (all particulate and one soluble peak showing increased

‘relative synthesis).

Ve Radioisotope labelling

of protein fractions.

Four major soluble proteins and three major particulate
proteins were clearly distinguished at 21l ages. Their relative
syntheses were estimated by measurement of the radioisotope label
present in them compared with the total radioisotope label entering
the gel. The profiles show striking similarities. There are two
predominant types of phasic synthesis apparent for these proteins,
both consisting of two periods of increased synthesis. One shows
early and late phases, as exemplified by soluble proteins 1, 2 and 4,
and the second shows an early and a mid-developmental phase, as
exemplified by all the particulate protéins and by soluble protein 3.
These results may be indicative of three synthetic phases, the first
corresponding to overall cellular synthesié and provision for normal
metabolism, the second maybe representing a maintenance and
replacement of existing protein constituents (mostly pérticulate)
and the third phase representing a de novo synthesis of degradative

soluble enzymes.

Vi. Summary.

Although three peaks of increased protein synthesis were not
apperent in whole leaf ageing (Figure 3,5) the relative syntheses of
particular proteins would suggest three phases of increased synthetic

acfivity (Figure 3.11). In the development along the leaf evidence




FIGURE 3.11

Radioisotope-labelling of

soluble (S) and particulate (P)
jrotein fractions expressed as

% counts entering the PAGE gel

with development of the fourth leaf.

Soluble fractions 1 57,000 MW
2 20,000 MW
3 18,000 MW
4 15,000 MW

Particulate
fractions 5 37,000 MW
6 15,000 MW
7 12,000 MW
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is presented of three phases of increased protein synthesis in
soluble protein at least (Figure 3,6). Amino acids increase prior

to translocation at early senescence (Figures 3.7, 3.8). The specific
activities of the.amino acid pools increased at late senéscence

(Figures 3,9, 3.10) perhaps as a result of preferential translocation
of products of catabolism. At levels of decreased incorporation of
radioisotopically-labelled amino acids into protein the sizesof

amino acid pools were mot the limiting factors.
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Chapter 4. Enzymes and development of leaves

of Festuca pratensis.

I. Introduction
i.

ii.

iii.

iv.

I1. Methods

ii.

iii.

Early events
Light effects
Phase of maturity
Senescence
Enzyme location.
Extraction for assay of soluble enzymes
PAGE of isoenzymes
ATPase
A. a. test-tube assay
b. calculation of enzyme activity
¢. divalent ion requirement
d. pH optimization
e. specificity towards ATP
f, calculation of K and ¥
= ‘ o4 m max
g. optimal Mg
h. response to enzyme concentration
B. PAGE assay.
RNAse

test- tube assay

calculation of enzyme activity

o Ip

. pH optimization

substrate optimization

ie lo

. response to enzyme concentration

lo

B. PAGE assay.
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v. Pyrophosphatase
A a. test-tube assay’
b. calculation of enzyme activity

pH optimization and Mg2+ requirement

c'
d. optimal ¥g®'
e. calculation of K, and V
- max
f. response to enzyme concentration

B. PAGE assay.

vi. Phosphatase

A. a. test-tube assay
b. calculation of enzyme activity
c. pH optimization and Mg2+ requirement
'g. calculation of Kh and vmax
e. response to enzyme concentration

B. PAGE assay
a. acid phosphatase

b. alkaline phosphatase.

vii. Phosphodiesterase
A, a, test-tube assay
b. calculation of enzyme activity
. pE optimization

c
d. calculation of K and V
= m max

viii. Location of enzymes
a. sucrose density gradient centrifugation

b. differential centrifugation.

ix. Assays of other enzymes used as cytological markers

a. catalase
b. NAD-cytochrome C oxidoreductase

c. succinate dehydrogenase

d. uricase.
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Experimental work.

i, Enzymes of phosphorus metabolism during development
ii. Isoenzyme patterns during development

iii. Enzyme location.
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I. Introduction.

Enzymes are necessarily involved in developmental control and
have taken on an even more central role with the realisation that
the rates of catabolism are as important as the rates of anabolism
in. the regulation of gene actioh (Trewavas, 1976). Nucleases will
therefore be implicéted in control of gene expression. Nucleic acids
turn over at different rates in different species (Lin et al., 1976;

- Trewavas, 1970; Grierson, 1976), and Dove (1973) has suggested that
different nucleases are responsible for the regulation of different
nucleic acids. Ribonucleases may act in a degradative (Ressler and
Engelberg, 1962; Bagi and Farkas, 1967; Dove, 1967; Lewington et al.,
1967) or synthetic fashion (Barker and Douglas, 1960; Reddi, 1959)
and may‘act at a number of different levels or may be compartmented
such that their action is restricted. In addition to ribonucleases a
number-of other enzymes may regulate nucleic acid levels by hydrolysis
(for example, phosphatases.and phosphodiesterases). In most studies the
latter has not been diStinguished from RNA-specific enzymeé'(Wyen
et al., 1969). Pyrophosphatases have been implicated as importent in
development in that their activities result in shifts in the production
of ATP. Kornberg (1962) noted that biosynthetic pathways for nucleic
acids, proteins, lipids and carbohydrates had at least one synthetic
reaction releasing pyrophosphate. Acid pyrophosphatase has been
associated with catabolic processes and alkaline pyrophosphatase with
anabolic processes (Naganna and Sripathi, 1954; Parups, 1976).

ATPase, with its critical role in membrane-mediated transport and ATP
provision (Raghavendra and Das, 1978) is also likely to have important
consequences in development. Although a number of other enzymes have
been shown to play important roles in the determination of development -
for example, glutanine synthetase activity is important in its role of

.converting nitrogen released from protein hydrolysis into translocatzable
giutanine (Skorey and Beevers, 1978) and the concomitant change in leaf
status-from sink to source (Ryle and Powell, 1972) - the relationship

of phosphorus metabolism to ontogenetic control must be crucial.
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i, Early events.

Germination involves rapid increases in a number of enzyme
activities resulting from activation and induction (see Chapter 3),
Thomas (1976& found that the increase in phosphatase during germination
was pertially inseneifive to cyclohexamide and that this form of
enzyme was particle-bound. Yatsu and Jacks (1968) noted the presence

of acid phosphatase in protein bodies of dry cotton seeds. Hydration

nay result in its activation. De novo synthesis does occur concurrently witl

this activation (Shain and Mayer, 1968; Thomas, 19763. All but one of
the nine isoenzymes of acid phosphatase in germinating lettuce seeds
were present in the dry seeds (Meyer et al., 1971). Stoddart et al.
(1973) observed an acid phosphatase isoenzymic shift during the first

12 h. of barley germination from a slow mo?ing form to two faster-moving
forms (in electrophoretic separation) suggestive of mobilization by
dissolution of high molecular weight agegregates or associations.

Naganna and Sripathi (1954) found increases in acid phosphatase and
both acid and alkaline pyrophosphatases in germinating wheat

presumed to have a catabolic function in the mobilization of food
reserves for germination. A new soluble ATPase appears 24 - 48 h. after
lettuce seed germination (Meyer et al., 1971) but independent of protein
synthesis. Meyer et al. (1971) provide equivocal suggestions that this
arises from release of a partially inactive particulate phosphatase.
RNAse activity has been shown to increasé in germinating peas (Barker
and Douglas, 1960) and barley coleoptiles (Ledoux et al., 1962);

however, Grellettet al., (1968) noted simultaneous increase in RNA

and RNAse in Vicia sativa embryos with an increase in RNAse but

decline in RNA of the cotyledons.
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ii. Light effects.

There are a number of novel enzymes which arise from light
treatment and the activities of many others are modified drasticelly
by 1ight (Marcus, 1960; Keister et sl., 1962; Kagava et al., 1973).

One of the most striking increases in activity is that of

polyribosome associated RNAse in lupin seedlings which may be up to

a twofold increase (Acton et al., 1970). This observation is
consistent with the degradative function of RNAse since growth has
been inhibited by 1light. Udverdy et al. al. (1967) found light inhibited
partlcle-bound RNAses but stimulated total RlNAse act1v1ty in Avena
leaves. The partlculate RNAse was mostly associated with chloroplasts.
:ATPase activity increased by 72% in greening bean leaves and

deve10ped a requirement for Mg (Gregory and Bradbeery 1975)
resembling the activity reported for greening

(McCarty and Racker, 1968) but the short time required for this increase
suggests that it resulted from activation rather than de novo
synthesis. Alkaline pyrophosphatase activity correlates with increased
protein synthesis in bean leaf discs and is associated with chlorophyll
jncrease in cucumber cotyledons (Rauser, 1971). Acid phosphatease
activity doubled in the first 10 h. of illumination in leaves of

L. temulentum (Hedley and Stoddart, 19724,

- iii. Phase of maturity.

Enzymes associated with rapid growth and high metabolic
activity decline at maturation. Acid RNAse declines with cessation
of protein synthesis in first seedling leaves of barley (Lazar and

decreases trelative to

Farkas, 1970). Alkaline pyrophosphatase leses i%s dominanee over
acid pyrophosphatase in fully grown bean leaves as subsequent leaves
develop (Naganna and Sripathi, 1954). Leaves developing transloczation
function show increased acid pyrophosphatase activities (Naganna and

Sripathi, 1954; Kar and Mishra, 1975).
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iv. Senescence.

Although caution has already been applied to interpretation of the
resulté obtained in ageing studies particuiarly concerning the
relationship of detached and attached tissue, it is even more critical
to the interpretation of enzyme activities (see Chapter 5). In vivo
resul ts would suggest that RNAses and acid phosﬁhatases increase
markedly at senescence (Lazar and Farkas, 1970; McHale and Dove, 1968;
Parish, 1968 ; Hedley and Stoddart, 1972b;Yatsu and Jacks, 1972).

Chrometin associated RNAse increased with the progress of
senescence in barley first leaves as the second leaves started to
grow (Srivastava, 1968 a) whilst soluble RNAse decreased and only
increased at very late stages of senescence. Baumgartner and Malile
(1977) observed dramatic changes in the ﬁroportions of isoenzymes of
RNAse during the course of morning glory petal senescence with two
isoenzymes increasing and two disappearing. The RNAse increase is at
least partially due to de novo synthesis as shown by density labelling
studies (Baumgartner et 21., 1975; Sacher and Davies, 1974) and work
with inhibitors (DeLeo and Sacher, 1970; Thomas, 1975).

Both alkaline and acid p&rophosphatases decline with age in
sunflower and tobacco leaves and cucumber cotyledons, but the alkaline
pyrophosphatase decline showed a closer correlation with chlorophyll
decline (Rauser, 1971) and with increases of catabolic enzymes
(Lewington et al., 1967). Kar and Mishra (1975) reported a concomitant
increase in acid pyrophosphatase with é decréase in alkaline
pyrophosphatase in senescence of both attached and excised rice
leaves. Kisban et al, (1964) also found a reduced alkaline to acid

pyrophosphatase ratio in wheat and barley leaf senescence.

V. Enzyme location.

There is evidence to suggest that the primary cytological location

of many enzymes changes during development or more specifically that

different isoenzymes, which are differently loceted, are dominant at
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different stages. As has already been mentioned, chromgtin-associated
RENAse is more sctive than soluble RNAse in senescence (Srivastava,
1968 b) and dominant ATPase activity changes from:® particulate to a
soluble cellular location during the first 72 h. of germination of
lettuce seeds (Meyer et al., 1971).

Similarly, the increase in acid phosphatase with age has been
found to be restricted to the particulate fraction (Udvardy et al.,
1969). The cellular location of the enzymes under investigation was
established in order to distinguish age-related shifts in location.
Neutrél ATPases are generally considered to be associated with the
plasma membrane (for example, Winter-Sluiter et al., 1977) and
alkaline ATPases may be of mitochondrial origin (Leonard and
Botchkiss, 1976). ,

Approximately 80% RNAse is soluble (Lyndon, 1966; Gibson and
Paleg, 1972). Vacuoles or lysosome-like vesicles have been implicated
as the site for soluble acid RNAses. Acid RNAses have also been
observed in mitochondrial location (Wilson and Shannbn, 19633
Matile, 1966; Malile.' and koor, 1968; Leigh, 1978 personal communication).
The alkaline RlAses have frequently been observed as being particulate
(Matsushita and Tbuki, 1960; Reddi and Wauser, 1965; Semadeni, 1967).

The latency of enzymes at different stages may alter.

Parish (1968) and Pire (1959) noted that peroxidase activity could
be raised in young plant tissue to almost mature levels by freezing

and thawing or application of anionic detergents.
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i. Extraction for assay of soluble enzymes.

Leaf tissue was homogenized in a pestle and mortar with three
times its volume of extraction buffer withAappfoximately 16% (W/V)
sand and 1.6% (W/V) PVP. The extraction buffer consisted of

50 mM. Tris-HCl pH 7.6
5 mM. magnesium sulphate
15 mM. potassium chloride
2 mM. mercaptoethanol. ‘

The homogenate was centrifuged at 1,000 g. for 10 min. at 4°C.
in a MSE bench centrifuge. Aliquots of the supernatant were used for
ATPase estimation without further purification. The 1,000 g.
supernatant was centrifuged at 20,000 g. for 20 min. in an IEC
International refrigerated centrifuge Model PR-2 (International
Equipment Co., Needham Hts. Mass., USA) using a 6x7 ml. angle rotor
(295 head). Aliquots of this supernatant were used directly on PAGE
after making to 10% (W/V) with sucrose. Further aliquots were used
in Lowry protein estimation following precipitation with
trichloroacetic acid znd digestion with sodium hydroxide (as described
in Chapter 3, II iii).

The supernatants were desalted by passage through Sephadex 25
(medium) columns (13x0.8 cm.; void volume = 4 ml.), without restricting
flow then eluted with buffer containing

10 mM, Tris-HCl pH 7.6
1 mM. magnesium sulphate
3 mM. potassium chloride _
and collected in four times the original volume. Desalting provided
up to 400% improvement in enzyme activity. These eluants were used
undiluted for all other enzyme assays. The 20,000 g. pellet was
combined with the 1,000 g. pellet for ch}oroPhyll estimation.
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iji. PAGE of isoénzymes.

A modified slab gel system, similar to that described by
Price (1968) and illustrated and described in detail by Hedley (1971)
was adopted. The 7% (W/V) acrylamide gel solution was made up by
nixing ’

7% (W/V) "Cyanogum 41" ) adjusted to pH 9
76.3 mM. Tris g with 1.0 M. citric acid
0.5% (V/V) TEMED

0.1% (W/V) ammonium persulphate.

Slabs (7.5%x7-5x0.3 cm.) were poured (whilst horizontal) and
contained by perspex 'formers' made ﬁater—tight with silicone grease.
At the eventual upper end, the perspex former was slotted so as to
provide six lanes (0.8 cm. wide) for sample application. A glass
front plate was placed carefully over the setting gel so as to
exclude air bubbles. The front and back plates were clamped together.
Once the gel had polymerized the upper and lower 'formers' were
removed and excess acrylamide scraped away or washed off with
trunning buffer' containing

320 mM. boric ecid adjusted to pE 9.0
with 2.5 M. NaOH.

Strips of acrylamide gel the width of the slab and 0.5 cm. wide
were layered across the top of the slotted end of the slab gel so as
to form enclosed compartmenté\for sample application. The PAGE gels
were held vertically between two perspex troughs, the lower end
immersed in 'running buffer' containing an anodic pletinum electrode.
13 cm. wicks of three layers of Whatman No. 3 chromatography paper
(7.5 cm. wide) were soaked in 'running buffer' and then eased between
the front and back plates until flush with the strip of gel
overlaying the slab. The other ends of the wicks were immersed in
'running buffer' contained in the cathodic chamber.

50 - 100 pl. samples were applied to the compartmented surface
of the gel. Electrophoresis was carried out using a power pack set

at constant current mode providing 15 mA. per gel (resulting in a
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potential difference of about 320 V.) at 4°C., until the ionic
front (visualized by co-electrophoresis with bromophenol blue) was
1 cm. from the lower end of the gel (usually about 3 h. ).

Prior to electrophoresis, gels could be stored for up to

%36 h., with the 'formers' still in position, in closed containers

at 4°C.

jii. _ ATPase (EC 3. 6. 1. 3)
ATPase
~ ATP p— ADP + P,

A. a. Test-tube assay

" For each sample two tubes were prepared containing

final
concentration
150 pl. 100 oM. citrate buffer pH 5
(Sgrensen) 60 mM.
50 pl. 50 mM. ATP 10 mM.
25 pl. 100 mM, celcium nitrate ~ 10 mM.
or 25 p1. 100 mM. magnesium sulphate 10 mM.

or neither of these last two.

The ATP was made as & 5 ml, stock solution of 50 mM. in water
saturated with sodium bicarbonate to pH 6.

To one of the duplicate tubes 25 pl. enzyme extract (crude
1,000 g. supernatant) were added, to give aifinal assay volume of
250‘pl. Both tubes were incubated at 3700. for 10 min. The reaction
was terminated by addition of 500 Pl. ammonium molybdate (2 mM. in
5 M. sulphuric acid). 25 pl. enzyme extract was added to the second
assay tube (control) following the addition of the ammonium molybdate.
200 Pl‘ Fiske SubbaRow reducer (Bartlett, 1959 - see below) were added
and the mix was made up to 5.0 ml. with distilled water. The A719 vas
recorded. Estimation of ATPase activity was expressed as Pi released

with'referénce to a calibration curve constructed using Na3P04.12H20

(Figure 4.1).



FIGURE 4.1

Calibration of absorbance at 719 nm.

for released phosphorus (Pi).

TABLE 4.1

Divalent ion requirement. Left hand column
indicates the assay conditions. A719 is

the absorbance of the assay to which

enzyme extract has been added. A719Blk is
the control, enzyme added after completion
of incubation, and A719 is the difference

between these two values.
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The ¥iske-SubbaRow reducer consisted of
10 mM. aminonaphthol sulphoﬁic acid
40 mM. sodium sulphite
made up in 790 mM. sodium metabisulphite.
The reducer was filtered through Whatman No. 1 chromatography
paper prior to use and was made up fresh every fortnight.

b. Calculation of enzyme activity.

1 Fmole Pi in 5.0 ml. gives A719 = 0.875

Since ATP + H' + OH P— ADP +APi
ATPase activity can be obtained as follows:
40 x x
U.ml-1;ﬁ- -----------
10 x0.875
= 4.57x

where x = A719 assay.

c. Divalent ion requirement.

Assays were carried out in the presence or absence of
10 mM. magnesium suphate or 10 mi, calcium nitrate as shown in
Table 4.1. All subsequent assays included 10 mM. magnesium sulphate.
A certain amount of competitive inhibition occurred when both
catalytic ions were added at 5 mM.
d4. pH optimization.

Using buffers ranging from pH 3 to pH 10 assays were carried
out at final pH 4 to pH 8 (Table 4.2, Figure 4.2).

Ali subsequent assays were conducted at pE 5.0 using 100 mM.

citrate buffer (Sgrenson).
e. Specificity towards ATP.
50 mM. solutions of ADP and AMP were prepared in a similar

way to the preparation of stock ATP solutions and were used in
place of ATP in incubations as indicated in Table 4. 3.

f. Calculation of K and V .
b m— max

Several ATP concentrations were introduced into the assay

(Figure 4. 3 A). A Lineweaver=Burk plot (Lineweaver and Burk, 1934)

was constructed (Figure 4.3 B) and the Kh found to equal 3.6 mM,

and the vmax = 4.7 Uml.-1. All subsequent assays included 10 mi. ATP.



TABLE 4.2

ATPase activity as estimated by Py release
under different pH assay conditions (final
pH). The different compositions of buffers
hag different effects on the final pH

as indicated.

FIGURE 4.2

ATPase activity under different pH assay

conditions.

e—e the results of the use of Sgrensen
citrate and Gomori Tris-HCl buffers
the results from the use of

A---8 Sgrensen glycine.NaOH buffers.
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| P PH Uml?
af[ 30 |40 | 060 274
< _
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TABLE 4.3
Specificity of ATPase effect of
enzyme extract on ATP, ADP and AMP.

FIGURE 4.3 A.
Effect of substrate (ATP) concentration

on ATPase activity.
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TABLE4.3

enzyme

substrate |AA719 activityUrnl1
ATP 065 | 297
AP 033 | 151
AMP  |015 | 069
FIGURE & 3
A

ATP (mM)



FIGURE 4.3 B.
Lineweaver-Burk plot of ATPase activity.
V= Tm

S = substrate concentration in moles.

FIGURE 4.4

Effect of magnesium concentration on

ATPase activity.
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FIGURE 4.5

Effect of enzyme extract concentration

on the assay for ATFase.

FIGURE 4.6

Photograph of PAGE gel stained for

ATPase activity (d). Tracks1&2 are
stained for AMPase and ADPase respectively.
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g Optimal Mg2+,poncentration.’

Having established the divalent ion requirement (see c.)
the optimal concentration was ascertained using a range of
concentrations (Figure 4.4). Subsequent aséays were carried out
in the presence of 10 mM. magnesium sulphafe.

h. Response to enzyme concentration.

A number of enzyme concentrations were added to the assay in

order to confirm classic enzymatic characteristics (Figure 4.5).

B. PAGE assgx;
Following electrbphoresis the slab gels were incubated overnight

in a mixture of
9.4 mM. ATP
1 mM. magnesium sulphite
50 mM. calcium nitrate
20 mM. Tris-HC1 pE 7.5
S mM. magnesium sulphate
125 mM, EDTA (disodium salt)
1 mM. mercaptoethanol.
A stock of ATP and magnesium sulphite was made to pH 7.5 with
NaOH and was added in equal volume to a stock containing 100 mM. calcium
nitrate in protein extraction buffer (see Chapter 3. II i). The ATPase
isoenzymes appeared as white bands of calcium phosphate. Neither the
inclusion of lead nitrate in the incubation (Plant Biochemistry,
Jodrell Laboratory, Kew, 1978; personal communication) nor the inclusion
of emmonium sulphate (10 g./1.) provided any improvement in the technigume
or visualization of the bands. The specifity of this location porcedure
was tested by substituting ADP and AMP for the ATP in the incubation
(Figure 4.6). In the enzyme extract there is one general phosphatase (e7)
another non-specific phosphatase (¢c) and ATPase (d). The general

‘ phosphatases are probably responsible for the activity recorded in

Table 4. 3.
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iv. HRNAse. (ec 2. 7. 7. 16/17)

RNAse disrupts all internucleotide linkages in RNA via
intramolecular transphosphorylation.

The assay was based on the release of soluble nucleotides by the
action of the HRNAses on RNA. The amount of activity can be assessed
by the increase in absorbance at A26O due to soluble nucleotides
after precipitation of the oligonucleotides.

A. 8. Test-tube assay.

The incubation contained
125 pl. buffer (elther Tris-HC1 pH 7.5 (Gomorl)
or citrate pE 5.0 (Sgrenson))
125 pl. yeast ribonucleic acid (sodium salt)
(made up as 0.8% (W/V) solution at
pH 5.2 with 0.1 M. NaOH)
50 ,.:.1 enzyme extract.

Incubation at 37 Onc. was terminated after 45 min. by the addition
of an equal volume (i.e., 300 pl.) of 400 mM. cadmium sulphate
followed by a further incubation at 3700. for 15 min. The precipitated
oligonucleotides were removed by centrifugation at 1,000 g. for 5 min.
in a MSE bench centrifuge. 100 pl. of the supernatant were diluted
25 times with distilled water and the A260 recorded on a Pye-Unicam
SP 800 spectrophotometer with reference to both "water blanks" and
"no substrate blanks."

b. Cealculation of enzyme activity.
It was found that 1 Pmole NTP in an equivalent assay volume of

0.6 ml., diluted and measured in the manner described, gave an

A = 0. 26.
Thus, if A

260
of sample = X,
260 s 20 x x

enzyme activity (U.ml—1)

]

[}
-—
L]

-3

o
0
o

c. pH optimization.

Using buffers ranging from pE 3.2 to pH 10, assays were carried

out as shown in Figure 4.7.
pH 5 was found to be optimal for the assay of RNAse but as there

are numerous reports of an alkaline RNAse (for example, Reddi, 1966;




FIGURE 4.
Effect of pH on RNAse activity.

FIGURE 4.8
Effect of substrate concentration

(expressed as % W/V of total assay
since yeast RNA is of heterologous

molecular weight) on RNAse activity.
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Wilson, 1968; Birmingham end Maclachlan, 1972; Dove, 1973) estimations
were also made at pH 7.0 on the principle that it might manifest itself
at different stages of development (Sahulka, 1971), a possibility which
may have been obscured by using extracts of complete, fully matured
leaves.

4. Substrate optimization.

Several assays were carried out at different substrate
concentrations to find the concentration at which maximal activity
(vmax) occurred, i.e., saturation. All subsequent assays used 0.8% (W/V)

ribonucleic acid solutions (Figure 4.8).

B PAGE assay.
The RNAse isoenzyme detection method was essentially that of
Wilson (1969). | '
Following electrophoresis, slab gels were incubated at 4°C. in
5 mM. citrete buffer (pH 5.0) for 15 min. to bring the pH of the gel
to that for optimal RNAse activity. The gels were then incubated for
a further 30 min. in 0.4 % (W/V) yeast RNA in citrate buffer (pH 5.0)

at room tempefature. The éels were then immersed for 30 s. with

constant agitation in toluidine blue solution (0.2 g. in 0.5% (V/V)
acetic acid). The gels were then plunged into a large volume of
de-ionized water to dilute the stain rapidly. Destaining was achieved
by several washes of 7% (V/V) acetic acid. Subsequent soaking in

5% (V/V) perchloric acid (Wilson, 1969) did not enhance the banding
péttern. Isoenzymes appeared as clear bands against a background of
blue-black RNA stained gel (Figure 4.10).

The ENAse locating method of Rosenthal and Lacks (1977) wes
tested. Although little success was achieved with slab gels, the
method was successful when applied to rod gels. This may be due to
the increased intensity of background staining in the rod gels by
v1rtue of their thickness which allowed clearer delineation of the
unstained areas. The method works on the pr1nc1ple that RNAse activity
can be restored after electrophoresis in SDS, i.e., denaturing

conditions. RNA substrate is immobilised on the gel supports by




FIGURE 4.

Effect of enzyme extract concentration

on the assay for RNAse.
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FIGURE 4.10

Photograph of RNAse isoenzymes as
visualized by the method modified
from Wilson (1969) as applied to
slab PAGE gels.

FIGURE 4, 11
Diagram of RNAse location on rod gels
as visualized by the method of Ros_enthal
and Lacks (1977).
EB = stained by ethidium bromide
CBB = protein stained by coomassie
Brilliant Blue

4 presumptive RNAse

= areas of CBB stain
fluorescence
[J clear areas of RNAse action
opaque band
M dark opague band.
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inclusion prior to polymerization of the gel (unlike the previously
described method where RNA substrate is only allowed to penetrate
the gel after electrophoresis). Rod or slab gels were made including
0.002% (W/V) yeast RNA. Following electrophoresis in appropriate
running buffers containing 0.1% (W/V) SDS and 2 mM. EDTA (disodium
salt) the gels were washed in distilled water followed by incubation
for 1 h..in a mixture of
40 mM. Tris-HC1 pH 7.6
2 mM. magnesium chloride
0.02% (W/V) sodium azide
then a second distilled water wash, and incubation overnight at 30°C.
to allow for reconstitution of the RNAse. The gels were then
transferred to another mix containing in additioﬁ 2 mM., calcium
chloride and were incubated for a further 3 h. at 30°C.
1 pg./hl. ethidium bromide was then added and the development of
fluorescence under a U.V. source was monitored over 1 h. Figure 4.11
shows a typical band distribution as recorded from rod gels. (These
gels could not be photographed easily because of the necessity for
U.V. light.).

v. Pyrophosphatase (EC 3. 6. 1. 1)
- Pyrophosphatase hydrolyses pyrophosphate to orthophosphate.

A. a. Test-tube assay.
The determination of acid and alkaline inorganic pyrophosphatase

activities was carried out essentially by the method of Kar and
Kishra (1975) in conjunction with the method of Stanton (1968) for
the determination of liberated phosphorus as modified from Bartlett
(1959). The methods of Jaffe and Galston (1966) and Lowry and Lopez
(1946) for phosphorus measurement were compared but the Stanton
procedure proved the most reproducible and straightforward.
The assay mix included
150 pl. citrate buffer pH 5
50 Pl. 75 mM. sodium pyrophosphate
50 Pl° enzyme extract
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or 100 Fl' Tris-HC1l buffer PH 8
50 Pl' 75 mM. sodium pyrophosphate
50 Pl' 750 mM. magnesium chloride
. 50 pl. enzyme extract.
Incubation was carried out at 37 C for 10 min. and was
terminated by addition of 500 Pl' 20 mM, ammonium molybdate in
5 M. sulphuric acid. Initially, 1 ml. 20% (V/V) perchloric acid was
used to stop the reaction and after centrifugation, aliquots of the
clarified supernatant were taken for phosphdrus estimation. The
method was simplified by the addition of ammonium molybdete directly
to the incubation. 200 Pl' Fiske-SubbaRow réducer (see II iii, A a)
were added and the incubation was made up to 5 ml. before centri-
fugation at 3, SOO g. in a MSE Multex centrifuge. The developed colour
was measured at A719 in & Vitatron colorimeter and the phosphorus
concentration calculated by reference to a standard curve constructed
using Na3 4.12H 0 (Figure 4.1) after adjustment for "no’ enzyme" and
"water blanks.'

b. Calculation of enzyme activiti.

1 Pmole Pi in 5.0 ml, gives A719 = 0.875
- 1 20x x
U.nl”' pyrophosphatase = =-=--=-—---
10 x 0.875

= 2429 x where x = A719 assay.

c. pH optimization and Mg2+ requirement.

The assays were carried out at a range of pH in the presence

or sbsence of 200 mM., magnesium chloride. From Figure 4.12 it can be
seen that magnesium favours alkaline pyrophosphatase activity and

inhibits the activity at lower pH (Rauser, 1971).

4. Optimal Mg2"

Assays were carried out at pH 8.0 in the presence of a range of

magnesium chloride concentrations (Figure 4.13). Subsequent assays
+
included 750 mM. Mg® .

e. Calculation of K and V ax’

Several sodium pyrophosphatase concentrations were introduced

A). A Lineweaver-Burk plot was constructed

into the assay (Figure 4.14
(Figure 4.14 B) and the K for acid pyrophosphate was found to equal
9.0 mM. and the vmax = 1.69; K for alkaline pyrophosphatase
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FIGURE 4.12

Effect of pH on the assay for
pyrophosphatase in the presence ( &—® )
or absence (& ---4 ) of 200 mM. MigCl,,.
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FIGURE 4.13

Effect of Mg2+ concentration on
alkaline pyrophosphatase
activity (pH 8.0).

FIGURE 4.14 A.
Effect of sodium pyrophosphate

concentration on pyrophosphatase
activity.
| o—=o plus Mg2+ at pH 8,0
A---A minus Mg2+ at pH 5.0.
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FIGURE 4.14 B.
Lineweaver-Burk plot for acid ( &—=2)

and alkaline (4—&A ) pyrophosphatases.

The alkaline pyrophosphatase assay

included 750 mM. Mg2+.
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was found to equal 27.3 mM., vmax = 4.55.
A11 subsequent assays included 75 mM. sodium pyrophosphate.
f. Response to enzyme concentration.

Figure 4.15 shows the results of a number of assays carried out

using various enzyme concentrations to confirm classic enzymatic

characteristics.

B. PAGE assay.
The identification of pyrophosphatase isoenzymes on PAGE slab

gels was based on the test-tube method as suggested by Shaw and
Prasad (1970). Following electrophoresis the gels were incubated in
15 ml. citrate buffer pH 5.0
5 ml. 75 mM. sodium pyrophosphate

or 10 ml. Tris-HC1 pHE 8.0

5 ml., 750 mM., magnesium chloride

5 ml., 75 mM. sodium pyrophosphate
for 1 h. 30 min. at room temperature. 10 ml. 200 mM, ammonium molybdate
in 5 M. sulphuric acid were added followed by 4 ml. Fiske-SubbaRow
reducer. Blue bands appeared almost immediately. Recording'of these
had to be carried out within 1 h. due to their transient nature.
The bands were never particularly well defined as in other enzyme

location procedures, tending to appear diffused (Figure 4.16).

vi. Phosphatase.
(Acid phosphatase EC 3. 1. 3. 2;

Alkaline phosphatase BC 3. 1. 3. 1)

The assay is based on the amount of 4-nitrophenol liberated
per unit time from 4-nitrophenylphosphate, as detérmined in alkaline
solution at 410 nM. (Walter and Schftt, 1974).

phosphatase

4-nitrophenylphosphate ¢ H20 == A4—nitrophenol + H3P04

A. a. Test tube assay.

The assay mix contained
250 p1. acetate buffer pH 5
or 250 Pl.' glycine buffer pH 10
250 Pl' 15.2 mM. p-dinitrophenol phosphate
100 pl. enzyme extract (diluted tenfold)



FIGURE 4.15

Effect of enzyme extract concentration

on the assay for pyrophosphatase.

A—-A alkaline pyrophosphatase
A—~A acid pyrophosphatase.
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FIGURE 4.16
Photograph of alkaline pyrophosphatase
isoenzymes visualized by the method of

Shaw end Prasad (1970) as applied to
slab PAGE gels.




FIGURE 4.16
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Incubation was for 10 min. at 3700. and was terminated by addition
of 2,5 ml. 100 mM. sodium hydroxide. The resultant colour development
was measured at A41O with a Vitatron colorimeter. Enzyme activity was
calculated by reference to a standard curve constructed for
p-nitrophenol (Figure 4.17) after adjustment for ™o enzyme" and
"water" blanks. .

b. Calculation of enzyme activity.

The unit of enzyme is that amount of enzyme releasing 1.0 umole

of p-nitrophenol per min. at 37°C.
Figure 4.17 shows the calibration curve constructed for

p-nitrophenol diluted as for the enzyme assay. From this it can be

extrapolated that 1 pmole p-nitrophenol has an A401 = 6.75.
o ; 100x x
therefore, U,ml~ " = --=-=-—- = 1.5%
10x6.75
here x = A .
W 401 assay

c. Optimization of pH and Mg2+ requirement.
The effect of 200 mM. and 20 mM. magnesium chloride concentrations

on the assay were examined'at a range of pH. There was no preferential
enzyme activation with either concentration of magnesium (Figure 4.18)
at pH 5.0, but there was slight activation at higher pH.
d, Calculation of K and V
- U3 max

Several concentrations of p-nitrophenol phosphate were included
in assays for acid phosph%tase (Figure 4.19 A). A Lineweaver-Burk plot

was constructed (Figure 4.19 B). vmax was found to equal 1.1 U,ml-1
and Kh = 1.9 Pﬂmle.
e. Response to enzyme concentration.

Figure 4.20 shows the results of a number of assays carried out

using various enzyme concentrations to confirm classic enzymatic

characteristics.



FIGURE 4.17
Calibration of absorption at 410 nm.

of p-nitrophenol in alkaline solution.
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FIGURE 4.18
Effect of pH and Mg2+ on phosphatase

assay.

o—o No Mg2+

A 2+
A--4 20 mM. Mg
g0 200 mM. Mg?t.




FIGURE 4.18

1-2¢

i~

@©
O

© <
o @)

Hen sseyeydsoyd

N
o

12

11




FIGURE 4.19 A.
Effect of p-nitrophenol phosphate

concentration on acid phosphatase

activity.

FIGURE 4.19 B.

Lineweaver-Burk plot for acid

phosphatase.
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FIGURE 4. 20

Effect of enzyme extract concentration

on the assay for acid phosphétase.

FIGURE 4.21
Photograph of acid phosphatase
isoenzymes separated on slab PAGE gels.
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B. PAGE assay.
a. Acid phosphatese.

Following electrophoresis, the slab gels were soaked in
400 mM. sodium acetate pH 5.0 for 30 min., at 4°C. The gels were then
transferred to a 100 ml. mix consisting of

6 mM. sodium-alpha-naphthyl phosphate
(made up as =2 stock of 300 mM. in acetone:water 1:1)
2.2 mM, Fast Garnet GBC salt
2.5 mM. magnesium chloride
200 mM. sodium acetate pH 5.0.
Bands were allowed to develop over geveral hours in the dark at room
temperature. _

An alternative method developed by Allen et 1. (1963) was
tested. In essence it was very similar to the above method except in
the use of Black K salt instead of Fast Garnet and omitting the
magnesium chloride. Bands were obtained following incubation at room
temperature for several hours, but their clarity and the homogeneity
of the stain were inferior to the above method.

b. Alkaline phosphatase.
The method used above was adepted for alkaline phosphatase
cubstituting Tris-HC1 buffer (pH 9.0) for the acetate buffer. Bands

were never as intense as those obtained for acid phosphatase ( and

therefore did not photograph well).

vii. Phosphodiesterase. (EC 3. 1. 4. 1)

The assay for 'non-specific' phosphodiesterase involves the
liberation of p-nitrophenol from sodium bis—(p—nitrophenyl)phosphate.
A, a. DTest tube assay. (Koerner and Sinsheimer, 1957)

The assay contained
100 Pl’ citrate buffer pH 5.0
or 100 pl. Tris-HCl pH 8.0
100 Pl' 10 mM. bis-p—nitrophenylphosphate
100 pl. enzyme extract (diluted'tenfold).
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The incubation at 37°C. was terminated after 10 min. by the addition
of 2.5 ml. 100 mM. sodium hydroxide. The resulting colour was
measured at A410. The enzyme activity was calculated after due
adjustment for "no enzyme" and ngater" blanks, with reference to a
standard curve constructed for p-nitrophenol phosphate (FPigure 4.17).
b. Calculation of enzyme activity.

As for phosphatase (vi. A a).

. -1

i.€4, U.ml = 1.5x where X = A41O assay.

c. PH optimization. _

The effect of pH on the assay for phosphodiesterase was
examined over a range of pH (Figure 4.22). Subsequent assays were
carried out at pH 5 and pH 8.

d. Calculation of V and K .
- max i}

Several concentrations of bis-p-nitrophenyl phosphate were

int:oduced into the assay and enzyme activity recorded (Figure 4.23 b).

A Lineweaver-Burk plot gave a V _ = 0.14 U.m~" and K = 4.2 mM.

viii. Iocation of enzymes.

Preliminary work was carried out on the cellular location of
the enzymes under investigation, with a view to comparison at
different ages. This was carried out in two ways, as follows:-
(a). Sucrose density gradient.
Separation of cellular orgenelles was achieved by centrifugation
on & 25 - 57% (W/V) sucrose density gradient (see Chapter 2).
3-5¢g. F.piatensis leaf tissue were chopped by an electric

chopper in 7 ml. buffer consisting of

100 mM. NaH2P04

1.2 oM. EDTA (disodium salt)

15% (W/V) sucrose.
Following céntrifugation at 5,000 g. to remove excess plastid
and debris material, 4.5 ml. supernatant were loaded onto the
gradient, which was centrifuged at 90,000 g. for 15 h. in a
3%25 ml. swing-out rotor on a MSE Superspeed 50 TC at 4°c.
The separation into discrete organellar bands was visible by

virtue of their associated pigments (Figure 4.24).



FIGURE 4.22

Effect of pH on the assay for

phosphodiesterase.
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FIGURE 4.23 A.
Effect of bis-nitrophenyl phosphate

concentration on phosphodiesterase

activity at pH 8.0

FIGURE 4.23% B.
Lineweaver-Burk plot of alkaline

phosphodiesterase activity.
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FIGURE 4.2
Photograph of sucrose density gradient
(25 - 57% (W/V)) separation of cell

fractions of leaves of F. pratensis.




FIGURE 4.2
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750 pl. fractions were collected using-an auto-densiflow
apparatus (Buchler Instruments, USA) linked to a LKB Perpex
peristaltic pump. Enzyme assays, including those for marker
enzymes (see following section) were‘carfied out on these
fractions.

(b). Differential centrifugation.

3,0 g. P. pratensis leaf tissue were chopped in 13 ml. buffer
containing 50 mM. Tris-HCl (pH 7.6) and 250 mM. sucrose, using

an electric chopper at 4°C. The brei was passed through two

layers of Miracloth and centrifuged at 400 &. for 10 min, in a
MSE bench centrifuge. The resultant pellet was washed with 2 ml.
extraction buffer and re-centrifuged at 400 g. for 10 min.
(fraction 1). The supernatants were pooled and centrifuged at
4,000 g. in a 10x10 ml. angle rotor in a MSE superspeed 50 TC
for 10 min. The pellet was washed with 2 ml. extraction buffer
and re-centrifuged (fraction 2). The pooled supernatants were
centrifuged st 17,000 g. and, following retention and washing

~ of the pellet (fraction 3), at 160,000 g. to give a final
pellet (fraction 4) and supernatant (fraction 5). Enzyme and
engyme mérker assays were performed on the five fractions.

To ascertain whether activity was reduced by compartmentation of
some kind (whether real or induced by extraction conditions),
0.1% (V/V) Triton X 100 was added to duplicate 2ssays.
Altgrnatively, enzyme fractions were sonicated at an amplitude

of 3.5}1 for 30 s. in a MSE Ultrasonicator prior to introduction

into the assay systems.
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ix. Assaye of other enzymes used

as cytological markers.

There has been considerable debate as to the value of marker
enzymes in the jdentification of cell constituents (for example,
6th International Sub-cellular Methodology Forum, 1978). Problems
evolve from contamlnatlon of preparations by other cellular or
extra-cellular components, the lack of absolute markers (i.e., those
whose distribution is restricted to a single cell component), the
transitory appearance of markers elsewhere (fo: example, in early
cellular development) and membrane leakiness.

Succinate dehydrogenase is the enzyme marker of choice for
intact mitochondria. Catalase and uricase are also recommended &s
general markers of mitochondria and their fragments (6th International
Sub-céllular Methodology Forum, 1978)

NAD-cytochrome C oxidoreductase, which is Ant1myc1n A insensitive,
occﬁrs in endoplasmic reticulum but is not an absolute marker since it
is present in small amounts in the nuclear envelope, Golgi apparatus
and plasma membrane. Despite these complications of secondary location
it is nevertheless considered as a useful marker (6th International
Sub-cellular kethodology Forum, 1978).

Since sll these marker enzymes have been frequently measured
at the Welsh Plant Breeding Station, optimal conditions were assumed
without re-assessment.

a. Catalé@se. (¢ 1. 11. 1. 6)

The assay was performed in a quartz cuvette in a Pye-Unicam
SP 800 spectrophotometer. The change in A230 was monitored over at

least 5 min.

The assay mix consisted of

3 mM. phosphate buffer pE 7.5 g in
0.05% (V/V) hydrogen peroxide ) 2.9 ml.
50 Pl' enzyme extract g
On addition of the enzyme and following thorough mixing,
the fall in A23O was immediately recorded so as to provide as close

an estimation of initial reaction rate as possible. The production of

bubbles in the cuvette brought the reaction rapidly to non-linearity.
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Calculation of enz&mé activitys

mi]
U, ml A230x1.2
: _ A = change in absorbance per min.
b. FNAD-cytochrome C oxidoreductase. _(BC 1. 6. 2. 1)

The assay mix in a 3 ml. glass cuvette set in a Pye-Unicam

SP 800 spectrophotometer consisted of

50 mM. phosphate buffer v 8.0 g

0.75 mM. NADH ) in
25 mM. potassium cyanide g 2 ml.
20 mM. Antimycin A )

. Immediately prior to the addition of enzyme extract, 200 pl.
0.4 mM. cytochrome C solution-were added, followed by 100 Fl' enzyme
extract, The changg in A550 was followed over several minutes.
As with the catalase assay, speed was important in order to obtain
as near to initial reaction rates as possible.

Calculation of enzyme activity:

=1 -
Ueml A550X3'39
A550 = change in absorbance per min.
c. Succinate dehydrogenase. (EC 1. 3. 99. 1)

The assay consisted of .

250 Pl. 200 mM. phosphate buffer pH 7.4
containing 12 mM. MTT tetrazolium

500 Pl' enzyme extract

250 Pl. 300 mM. sodium succinate pE 7.4
or 300 mM. sodium malonate.

Following incubation at 3700. for 10 min., 6 ml. "stopping
reagent" were added, shaken znd centrifuged at 1,000 g. for 5 min.
to remove denatured protein. "Stopping reagent" consisted of

36% (V/V) ethanol

57% (V/V) ethyl acetate
0.6% (@/V) trichloroacetic acid
6.4% (V/V) water. '

The resultant coloured supernatant was recorded at A56O'
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d. TUricase. (EC 1. 7. 3. 3)
uricase
Urate + 02 + H20 ——— Allentoin + H202 + CO2

The assay is based on the principle that urate has a high U.V.
absorption (at 290 nm.) whereas the producf of the reaction, allantoin,
does not absorb at this waveléngth.

The assay was carried out in 3 ml. quartz cuvettes at room
temperature. The assay contained

1.0 ml, 8 uM. uric acid '

1,0 ml. 200 mM. borate buffer pH 8.5
500 Pl’ enzyme extract

500 Pl' distilled water.

The decrease in A29O was recorded relative to a control
including 200 ul. 0.1% (W/V) potassium cyanide (in place of some of

the distilled water addition) over several minutes.
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II1. Experimental Woxrk.

i. Enzymes of phosphorus metabolism

during development.

Three separate experiments were conducted; one using the whole

Jeaves of different ages, and two using sections along the leaf.
The enzyme activities from each experiment are linked in Figures
4.25 to 4.33 so that discontinuities due to seésonal.variations or

growth conditions would not obscure the salient trends.

ATPase and alkaline and acid pyrophosphatases show similar
patterns of activity in whole leaf ageing, displaying an early peak
of increased activity between 35 and 42 days and a later phase at
55 to0 .62 days (Figures 4.25, 4.28, 4.29). Alkaline pyrophosphatase is
about four times as active as acid pyrophosphatase in the first phase
of increased activity. The second phase reveals a reduction in the
alkaline to acid@ pyrophosphatase ratio by half, which is consistent
with the reports in the literature which attribute an anabolic
" function to alkaline pyrophosphatase and a catabolic function to
acid pyrophosphatase. Kar and Mishra (1975) emphasised the importance of
the ratio of-these two enzymes rather than their absolute activities.
Furthermore, the peak of acid pyrophosphatase activity at senescence
is broader than for alkaline pyrophosphatase which resembles the
ATPase pattern slightly better. Ageing along the leaf shows differences
in the pattern of all these three enzyme activities compared with the
development of the whole leaf. However, all show high activities at
the base and reduction in activity in senescent apical sections with
an increased phase of activity at Section 5-6. The ratio of alkaline
pyrophosphatase to'acid phosphatase (Figures 4.28 B and 4.29 B) does
not decline at senescence as observed for whole leaf ageing. This
may be indicative of very localized areas of increased acid
pyrophosphatase activity which would function in catabolism perhaps
by redepldyment of precursors to growing regions. This may be the
cause of the peak at Section 5 which corresponds to high metabolic

activity as indicated by ATPase activity.



FIGURE 4.25 A.

ATPase activity expressed per pug. protein
in enzyme extract of fourth leaves of

P, pratensis at different ages.

FIGURE 4.25 B.

ATPase activity expressed per pe. protein
in the enzyme extract, from sections
along the leaf. _
Each o—o represents a different

experiment.
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FIGURE 4.26

Acid RNAse activities expressed

per pg. protein in enzyme extract,

A. of fourth leaves of F. pratensis

at different ages

B. from sections along the leaf.
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FIGURE 4.27
Alkaline RNAse activities expressed

per pg. protein in enzyme extract of

A. fourth leaves of F, pratensis at

different ages

B. sections along the leaf.
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FIGURE 4.28
- Acid pyrophosphatase activities

expressed per ug. of protein in
enzyme extract of

A, fourth leaves of F. pratensis

at different ages

B, sections along the leaf.
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FIGURE 4.2
Alkaline pyrophosphatase activities
expressed per Pg. protein of enzyme
extract of

A. fourth leaves of F. pratensis at

different ages

B. sections along the leaf.
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RNAses and phosphodiesterases follow similar patterrsin both
developmental systems (Figures 4.26, 4.27, 4.32, 4.33) displaying
& classic large increase in activity at senescence. RNAse activities
are slightly enhanced at early development- amounting to approximately
a quarter of the senescent activity in the whole leaf ageing and
half the senescent activity in development along the leaf.
Phosphodiesterase activities at the base of the leaf are of a similar
order to apical activities. Acid phosphodiesterase is approximetely
twice as active as alkaline phosphodiesterase but the developmental
pattern displayed by both is similar. Acid RNAse is approximately 30%
more active at all development stages until senescence when the
activities are similar.'

Phosphatase activity displays further different patterns
(Figures 4.30, 4.31). Alkaline phosphataée activities would tend to
suggest a three peak pattern with a peak of activity at 40-45 days in
whole leaf ageing (Figure 4. 31 A) and at Section 5 - 6 in development
along the leaf (Figure 4.31 B). Acid phosphatase activity indicates |
a slightly earlier mid-peak at day 35-40 (Flgure 4.30 A) and
Section 3 - 4 (Figure 4.30 B).

The early and late phases of increased enzyme activity
correspond to the increased levels of soluble protein synthesis along
the leaf (Figure 3.6) and in the development of the whole leaf
(Figure 3.5). Ageing along the leaf shows an increased phase of
syﬁthesis at Section 4 which would correspond to the increase in acid
phosphatase activity (Figure 4.30) and precedes the increase in
alkaline phosphatase activity (Figure 4.31).

Only the phosphatases displayed any sort of three peak pattern
of activity. Comparison with Figure 3.11 would suggest that increased
-synthesis during mid-development tends to be associated with particulate
proteins rather than soluble ones; only one of the soluble proteins

monitored showed any increased relative synthesis at this phese (Day 42).




FIGURE 4. 30

Acid phosphatase activities expressed

per pg. protein in enzyme extract of

A. fourth leaves of F. pratensis at

different ages

B. sections along the leaf.
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FIGURE 4. 31

Alkaline phosphatase activities expressed

per pg. protein in enzyme extract of

A, fourth leaves of F. pratensis at

different ages

B. sections along the leaf.
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FIGURE 4.32

Acid phosphodiesterase activities
expressed per ug. protein in enzyme
extract of

A. fourth leaves of F, pratensis at

different ages
B. sections along the leaf.
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FIGURE 4.

Alkaline phosphodiesterase activities
expressed per Mg. protein of enzyme
extract of

A. fourth leaves of F. pratensis

at different ages

B. sections along the leaf.
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FIGURE 4.34

Sucrose density gradient centrifugation

location of enzymes and marker enzymes.
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FIGURE 4.35

Reletive enzyme activities and

chlorophyll content from the
five fractions résulting from

differential centrifugation.

D enzyme activity
D enzyme activity following
sonication at 3.5 o for 30
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relative enzyme activity

FIGURE 4.35 cont.

acid

phosphodiesterase

21z
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ii. Isoenzyme patterns during development.

PAGE of acid phosphatase isoenzymes showed a shift in
isoenzyme proportions with development along the leaf. Low molecular
. weight isoenzymes were prevalent in early development and a novel
high molecular weight isoenzyme appeared at incipient senescence
intensifying with the course of senescence (see Figure 4.36).

ATPase, RNAse and pyrophosphatase isoenzyme patterns showed

no such observable shift in emphasis with development.

iii. Enzyme location.

Figure 4.34 shows the results from monitoring of fractions
from sucrose density centrifugation fof enzyme activity associated
with particular cell fractions. Acid RiAse activity was found to be
firmly associated with both peaks (a and b) of catalase activity
and acid phosphatase was associated with pesk b only. Neither
enzyme corresponded with NAD cytochrome C qxidoreductase activity
(peak ¢). These results could be tentatively regarded as providing
evidence for the mitochondrial location of both acid phosphatase and
acid RNAse. _

Figure 4.35 shows thelénzyme activities associated with the
five fractions obtained by differential centrifugation. The fractions
were sonicated to release latent enzymes. Uricase was primarily
associated with fraction 2 but was only released after sonication.
There was no soluble activity and fraction 1 displayed considerable
activity without sonication. Catalase was primarily associated with
fraction 2 but, unlike uricase, there was activity associated with ell
the other fractions including soluble fraction 5. The distribution of
succinate dehydrogenase, uricase and catalase would suggest that
mitochondria and mitochondrial fragments are present in fractions
1 and 2. All phosphorus metabolism enzymes investigated showed major
activity associated with soluble fraction. ATPase, alkaline
phosphodiesterase and acid pyrophosphatase showed increased activities
following sonication of fractions 1 and 2. ATPase showed increased

activity following sonication in all fractions suggesting that it is
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Acid phosphatase isoenzymes from
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of F. pratensis.
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membrane bound. Clearly, the acid and alkaline isoenzymes of
pyrophosphatase and the acid and alkaline isoenzymes of
phosphodiesterase are not similarly located in membranes.
The results from differential centrifugation do not indicate a
close association of catalase succinate dehydrogenase or uricase
activities with acid RNAse or acid phosphatase activities el though
acid phosphatase does show some association with membrane fractions.
Having established the distribution of enzyme activities at
matuiity it would be interesting to compare these with later aﬁd
earlier stages in development. For example, does ATPase activity
become more labile as the membranes become disorganized ﬁith

senescence ?
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Chapter 5. Two experimental probes into development:

' Greening-up' and Excision.

I. Introduction: !'Greening-up' and excision.
II. ' Greening-up. '
1. Methods
2, Nucleic acids and 'greening-up'
i. Qualitative and quantitative comparison.
ii.Radio-isotope labelling.
3. Proteins and 'greening-up.'
4. Enzymes and ‘'greening-up.'
I1I. Excision.
1. Methods
2., Nucleic acids and excision.
3, Proteins and excision.

4. Enzymes and excisiomn.
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1. Introduction: !'Greening-up' and Excision.

Inherent in the model systems of 'greening-up' and excision
are problems of interpretation in relation to the normal-coﬁrse of
‘ontogeny. 'Greening-up' involves an énforced period of etiolation
when potential for subsequent light- triggered biochemical changes
may be enhanced or reduced and the time scele of succeeding events
need not reflect the normal course of events. Nevertheless, the
actual manifestation of light-induced changes need not be affected
and,at least,artificial 'greening-up' can be used to establish
trends and can be manipulated to provide important clues to the
basis of the response, for exampie regarding possible photoreceptors.
Excision, whilst useful in providing a defined zero point from
which subsequent events can be followed (Thomas, 1975) has the
major disadvantage of incurring concomitant induction of wound
responses (Bagi and Farkas, 1967; Lewington et el., 1967; Pitt and
Galpin, 1971; Spencer and Titus, 1973; Pitt, 1974; Macnicol, 1976;
Sacher and Deleo, 1977). In addition, excretion of enzymes or other
metabolites into the suspension medium may lead to observation of
apparent decreases in content (Atkin and Srivastava, 1969; Lazar and
Farkas, 1970). Furthermore, the problems associated with edge-effects
should not be overlooked (Hardwick . et al, 1968). Pratt and
Matthews (1971) observed a geographic gradient of RNA precursor
penetration from the cut edge of leaf discs of tobacco and Chinese
cabbage towards the cenire, thus outer areas appeared to synthesize
RNA more efficienfly. Macnicol (1976) noted metabolic changes
localized in leaf disc outer regions resul ting from membrane damage
and consequent ionic imbalance. He also suggested that the fact
that photosynthetic metabolism of leaf discs appears to conform
with attached leaves may only be a reflection of the relative
autonomy of the photosynthetic apparatus. Choe and Thimann (1974)
provided support for this in their observation that chloroplasts
isolated from oat leaves at incipient senescence retained their
photosynthetic capacity for a number of days.

In both !'greening-up' and excision, the contribution made by

the plant's response to stress alone musti be recognised.
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' Greening-up. '
It has already been mentioned (Chapter 2,1.ii) that 1light tends

to accelerate biochemical changes rather than enhance them: for
example, the nucleic acid content of light-treated bean leaves increases
approximately 24 h. in advance of dark-grown plants (Grierson et al.,
1970); However, there are a number of novel biochemical changes

which are triggered by light. These may result from de novo syntheses
or activation, and inhibitors of RNA and protein syntheses have been
widely used in attempts to distinguish these possibilities. Eytan and
Ohad (1970) démonsfrated co-oﬁeration between cytoplasmic and
chloroplastic ribosomes in the provision of lamellar proteins for
photosynthesié. Over 50% total soluble protein increase during
greening can be attributed to Fraction I protein of which the small
sub-unit has been shown by genetic analysis and use of inhibitors to
be synthesized by chloroplast ribosomes (Chen and Wildman, 1970).

The light effects on specific RNA fractions, proteins and enzymes

of phosphorus metabolism have been outlined in the introductions to

the relevant Chapters.

Excision.

KMany workers have compared the ageing of intact leaves ﬁith
the stfess—induced ageing created by excision (e.g., Lewington et al.,
1967; Spencer and Titus, 1973). Chlorophyll loss in discs of both
cucumber .cotyledons (Lewington et al., 1967) and apple leaves
(Spencer and Titus, 1973) preceded protein loss whereas it followed
protein decline in attached 1eaves. Protein and RNA losses were less
pronounced in excised cucumber cotyledons (Lewington et al., 1967).
Such différences may, in part, be associated with the disconnection
by excision from the transport systems and whole plant correlative
influences (M#ller and Leopold, 1966; Wollgiehn, 1967). However,
such isolation has resolved some questions of senescent events;
for example, protein synthesis declines with excision even though

amino acid pools would not be 1imiting due to mobilization to

sctively growing regions (Vickery et al., 1940; Mothes and

Engelbrecht, 1956). Nevertheless, retention of the petiole in
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excised leaves, through which tfanslocates would pass, enhances
senescence (Misra and Biswal, 1973). In fact, the capacity for

BNA and protein syntheses in exciséd tissue has been found to be
less than in ageing attached leaves (Wollgiehn, 1967). Thomas and
Stoddart (1975) observed a 756 loss in protein content in leaf
sections of F. pratensis over 6 days. Most of this can be attributed

to & rapid degradation of Fraction I which may be inhibited by
cyclohexamide (Peterson and Huffaker, 1975). Click and Hackett (1963)
have observed an initial increase in RNA and protein synthesis
resul ting from mechanical damagé

RNAse activity increases on excision as it does in response
to other stresses (for example, viral infection (Randles, 1968)).
This has been demonstrated in many species including tomato (McHale
and Dove, 1969; Dove, 1971), wheat (Sodek aﬁd Wright, 1969),
tobacco (Lazar and Farkas, 1970), barley (Atkin and Srivastava, 1970)
and Avena (Udvardy et al., 1967). Two phases may be distinguished,
firstly, an immediate and rapid increase (wound response?) which
subsequently declines (Deleo and Sacher, 1970; Pitt and Galpin, 1971),
and a long term increase which probably contributes to the death of
the isolated plant material (Dove, 1973). Both the rapid and the
long term responses '‘are inhibited by cyclohexamide (Deleo and Sacher,
1970), chloramphenicol (Bagi and Farkas, 1967; McHale and Dove, 1968)
and actinomycin D (Bagi and Farkas, 1967). However, Thomas (19763
found that the increase in RNAse activity could only be inhibited
by D-MDMP and not by inhibitors of transcription, suggesting that
translation events were responsible either directly or indirectly.
Sacher and Davies (1974) reported de novo synthesis of RNAse as
implied by density-labelling experiments in excised Rheo leaves.
Pitt (1971, 1974) reported that only 25% RNAse activity increase
in excised potato leaves resulted from de novo synthesis and that
the rest‘defived from activation of pre-formed RNAse. The character-
istic RNAse changes in senescing plant tissues are sufficiently
similar to changes following leaf excision that it has often been
agssumed that detachment merely accelerates the ﬁormal senescence

patterns of intact leaves (Dove, 1973). However, Wyen et al. (1971)
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found different RNAse patterns in intact and excised Avena leaves.
Acid phosphodiesterase activity increases within 8 h. of

detachment (Udvardyetd1969) but alkaline phosphodiesterase remains

‘unaffected (Wyen et al., 1971). Pitt end Gelpin (1971) noted a minor

increase in acid phosphodiesterase in potato leaves as a result of

mechanical damage.
Macnicol (1976) noted a rapid rise in ATP levels and ATP:ADP

ratios following excision, implying the involvement of ATPase.
Parish (1968 ) noted an increase in acid phosphatase activity
in senescing tobacco leaf discs which could be reversed by

hydroxyproline, suggesting synthesis was involved in its increase.
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Relative chlorophyll levels of shoots

of F. pratensis resulting from different

length exposures to white light.
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II. 'Greening-up.'

1. Methods.

Seeds of F. pratensis were sown in approximately 1.5 cm.

depth acid-washed sand in either glass Petri-dishes or perspex
1idded boxes and kept in a cupboard in a dark room at 28° C.,
watered daily with 1 or 5 ml. water respectively. All manipulations
were conducted using a green safelight (40 lux). 'Greening-up' of
etiolated tissue was achieved by transferring the seedlings to &
Fisons Growth Cabinet with incident white light of 6200 lux or by
placing beneath a fluorescent light of 180 lux or at 6000 lux.

Radioisotope labelling of greening tissue was achieved by
excising fourteen day old dark grown shoots, sterilizing them, and
floating them on 10 ml. sterile water containing 5/£i/hl.
3H-adenine. Petri dishes containing shoots which were to be kept
in the dark were wrapped in aluminium foil and maintained at the
same conditions as the light-treated shoots.

‘Chlorophyll content was measured and recorded in a relative
pammer (Figure 5.1). Over 70 h. exposure to 1ight chlorophyll

content showed a geometric increase.

2, Nucleic acids and ! oreening-up. '

i. Qualitative and guantitative comparison.

Fourteen day old dark grown seedlings of F. Pratensis were
given 18 h. white light at 6000 lux. RiAs, extracted by Method 2
(Chapter 2,2.ii.c) were spectrophotometrically estimated and
fractionated on 2.6% (W/V) and 7.5% (W/V) PAGE gels (Figure 5. 2).

There were no quali%atlve differences in the rRNA complement of

light-treated and dark-grown shoots; chloroplast rRNAs were clearly
ested by the work of Sl 1972

present in dark-growa shoots as sugg
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There was an overall drop in ENA content of between
10 - 12% (W/W) as a result of light treatment, indicative of
light iﬁduced use and subsequent destruction. Light enhanced the
level of chloroplast rRNAs and the ratio of large to small
ribosomal subunits came closer to that for functional ribosomes.
More striking differences were apparent in the low molecular weight
RNAs. The dark grown shoots contained larger amounts of
compared with the light-treated shoots perhaps as a result of the
mobilisation of tRNAs in response to light. A4 third peak of
RNA is apparent in light-treated shoots. The mean size of
chloroplast tRNAs is greater than for cytoplasmic tRNAs (Whitfield,
1973) and this intermediate peak may represent increased
chloroplast tRNA in response to light. This may even provide the
key to light enhanced protein syntheses, particularly as it only
appeared in early phases of normal growth, i.e. the basal section
of a leaf and at early emergence of the leaf. The . ‘55’ _ rRRA peak
broadened on light treatment, suggestive of increased chloroplast'5sf
rRNA | which is larger than the cytoplasmic. This may indicate the
enhanced functional capacity of the chloroplast ribosome (Whitfield, 1973)
Polyribosomes increased on exposure to light but after 48 h.
reverted to pre-light treatment amounts when expressed on a
per g. fresh weight basis (Figure 5.3). This pattern was apparent
for the early stages of development along the leaf (Chapter 2,
Figure 2.29). Their‘polypeptide synthetic capacity was observed by
‘introduction into a wheatgerm cell-free polypeptide-synthesizing
system. The capacity declined with the length of light treatment
(Figure 5.3) as apparent in early stages of development along the
leaf (Chapter 3, Figure 3.7). This may result from increased levels
of monoiibosomes due to higher levels of polyribosome turnover as a
consequence of both synthesis and breakdown. Without fractionation of

the polyribosomes, the reason for the apparent decrease in capacity

must remain speculative.
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A. Ribosome content of shoots of
F. pratensis given different lengths
of white light treatment.

B. Polypeptide-synthetic capacity of
ribosomes expressed as cpm. of
radioisotopically-labelled amino
acid incorporated into polypeptide
per pg. ribosome introduced into the

wheatgerm cell-free system.
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Figure 5.

Spectropho tometric scan of 2.6% (W/V)

PAGE gel fractionation of RNAs‘superimposed

on the radioisotope label distribution

a. from shoots exposed to 18 h. white
light (184L).

b. from darkened shoots (D).
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Fi e 5.

Soluble protein content expressed on

a per unit area basis of shoots of

F. pratensis given different lengths
of white 1light treatment.
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Figure 5.6

Activities of different enzymes

. expressed per ug. protein of shoots of
F. pratensis exposed to different
lengths of white light.
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4i. Radio-isotope labelling.

The pattern of radio-isotope labelling of specific fractions
of TRNA is shown in Figure 5.4. The synthesis of chloroplast rRNAs
is enhanced by light, particularly 1.1x106 RNA, but synthesis of
this fraction did .  ocour in dark Lrass shoots, confirming that
light is not a prerequisite for chloroplast rRNA formation. The
slight sﬁoulder apparent in Figure 5.2 b, slightly heavier than
O.7x106 TRNA, is echoed by an increased level of radio-isotope
incorporation (Figure 5.4 b). It is possible that this is some
precursoral RNA, perhaps of 0.56x106 rRNA, which requires light
for maturation.

Preliminary work involving radio-isotope labelling of the
poly(A)—containing RNAs suggested that light enhanced the synthesis
or post-transcriptional modification of these RNAs by at least
fivefold, notably of the presumptive mRNAs of high molecular

weight, as visualized on 2.6% (W/V) PAGE gels.

3, Proteins and ' ereening-up. '

As reported for many species (for example, De-Deken Grenson, 1954;
Mego and Jagendorf, 1961; Rhodes and Yemm, 1963; Smillie, 1969)

soluble protein content increased as & result of light treatment
(Figure 5.5). This is consistent with the early phases of normal
development as shown in Chapter 3, Figures 3.3 and 3.4 where the

early increase is followed by & decline.

4. Engymes of pho sphorus metabolism and 'greening-up.'

A1l the enzymes examined in Chapter 4 were observed in
relation to !'greening-up' of fourteen day old derk grown tissue
(Figure 5.6). There were essentailly two patterns of enzyme response

"to light. Type 1 showed an immediate increase (within 2 h.) followed
by a decrease and then another increase to a maximum at 24 h., as
exemplified by acid RNAsealkalne pyrophosphatase and acid phosphodiesterase.

The early increase, which was also apparent in ATPase and acid
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phosphatase, was unlikely to involve nucleic acid de novo synthesis
suggesting cytoplasmic control operated at this time at translational

or activation levels. The subsequent decline probably resulted from

s delayed lag in the synthesis of the partlcular enzyme, during
which time other enzymes (type 2) mey have been preferentially
synthesized, for example, ATPase, aCid}yrqﬂmﬁﬁmﬂaﬁgﬁkéﬁneI%osﬁuiﬁes&mﬁ£.
and acid phosphatase. Acid phosphatase, and to a lesser extent,?RNAseand
alkaline pyrophosphatase, are unusual in that they continue to show
an increase after 70 h. light. In the case of acid phosphatase this
" is consistent with the earlj increase within six days and at ‘
section 3 (Figure 4.30) whilst other enzymes mostly decrease in this
period. '

The responses of these enzymes to light do mirror the levels

at early development (Figures 4.25 - 4.33) although the time scale
is effectively reduced in the artificial system perhaps as a result

of a build up of the capacity to respond to light during enforced

etiolation.




Figure D.

Relative chlorophyll levels of
excised sections of leaves of

F. pratensis incubated for different

lengths of time.
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Fi e 5.8

A. Ribosome content of excised
sections of leaves of

F. pratensis at different

lengths of incubation.

B. Polypeptide-synthesizing capacity
of ribosomes expressed as cpm. of
radioisotopically-labelled amino
acid incorporated into polypeptide
per pg. ribosomes introduced into

the wheatgerm cell-free systems.
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Fi e 5.

Soluble protein content expressed
per unit area of excised sections

of leaves of F. vratensis incubated

for different lengths of time.
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I1I. Excision.

1. Methods.

Mature leaves of comparable age and length were cut into 1 cm.
sections after removal of the top 3 cm. and basal 1 cm. Following
surface sterilization they were placed lower side down on heat-
sterilized filter papers moistened with 5 ml, sterile water in Petri
dishes. Following incubation for an appropriate time in the dark at
2800., sections were blotted dry and extractions were carried out in
the normal way.

The chlorophyll content was found to decline rapidly with
incubation (Figure 5.7) following excision. 96 h., represented an
advanced stage of senescence on grounds of chlorophyll content, Loss
of chlorophyll was faster than recorded by Thomas and Stoddart (1975)
who noted & 50% decrease by 72 h. Sections were completely yellow

by 120 h.

9, Tucleic acids and excision.

Only ribosome levels were observed in the course of senescence
following excision (Figure 5.8 a). After an initial increase in
ribosome content the level decreased with further incubation. The
polypeptide-synthesizing capacity (Figuré 5.8 b) as judged by
introduction of ribosomes into a wheatgerm-derived cell-free system
increased over the first 24 h. following excision but subsequently
declined with a small incréase prior to death. The initial increase
is consistent with increased protein synthetic capacity at incipient

senescence but it might equally result from a wound response.

3, Proteins and excision.

Figure 5.9 shows an overall decline in soluble protein content
following excision. An initial increase (12 h.) mey result from
contribution by the wound response. The decline is consistent with

those observed in Figures 3.3 and 3.4 at late stages of development.
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4. Enzymes of phosphorus metabolism and excision.'ﬁjgureBJO)

Most of the enzymes examined showed an overall increase in
activity over the incubation period with & decline apparent only
beyond 96 - 108 h. Acid RWAse and ATPase both showed a decrease in
activity at 96 h. followed by a return to earlier levels of activity.
This corresponds to the turning point for activity of other enzymes
and may be the result of proteolytic action prior to re-establishment
of enzyme levels. This phase also corresponds to the increased
protein synthesizing capacity (Figure 5.8 b). Perhaps increased
acid RNAse and ATPase levels result from>synthesis at this time.

In one result for acid phosphatase an increase in activity was
observed at 96 h. The slightly more rapid fall in the level of
pyrophosphatase activity is consistent with the pattern of decline

in the normal ageing systems (Figure 4.28 and 4.29).

Summary.

Although overall patterns of metabolism in the artificial
development systems and the in vivo systems of development are similar, the
magnitude and timing of these changes vary considerably. It would
seem that these model systems are only reliable as indicators of

the general trends in development.
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Enzyme activities expressed per ng.
protein of sections of leaves of

F. pratensis incubated for different

lengths of time. The results of two

separate experiments are given.
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CHAPTER 6. WHEAT GERM CELL-FREE POLYPEPTIDE-SYNTHESIZING
SYSTEM.

1. Introduction.

2. Wheatgerm cell-free system used.

3. Time courses for polypeptide synthesis directed by
poly TU.
TMV-RNA
.pea embryonic axis polyribosomes

F, pratensis polyribosomes

4, VWheatgerm-minus system.

5+ " Bfféct of polyribosome concentration.
6. Optimization of cell-free system
i. pH.
ii. Mg2+ concentration
iii. k' concentration
iv. creatine phosphokinase concentration
V. spermine requirements.
7. Charging of tRNAs.
8. Effect of ATA.

9. Effects of the use of "Nonidet" in polyribosome extraction.

'10. Comparison of polyribosome polypeptide-synthesis capacities.

11. Comparison of "free" and "membrane-bound" polyribosome
polypeptide-synthesis capacities.

12. Summary.
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1. Introduction.

It has long been known that in vitro systems can incorporate
amino acids into p%}ypeptides and that these depend on the presence
of Mg2+, GDP or GTX and an energy generating system such as that
created by the combination of phosphocreatine and creatine kinase
(Keller and Zamecnik, 1956; Rabson and Novelli, 1960). In addition,
certain soluble factors, some of which may be loosely bound in
polyribosomes in vivo but which may be easily removed during
extraction, are also required (Ochoa, 1968). It is the loss of
these soluble factors which precludes the direction of polypeptide
synthesis by purified polyribosomes in vitro even when they are
supplied with all other cofactors. A supply of these soluble factors,
which include tRNAs and enzymes (for example, those required for
acylation and initiation of polypeptide synthesis) can be achieved
by the inclusion of e "wheatgerm S23 extract" in the cell-free
polypeptide-synthesizing system. Wheatgerm-dérived cell-free systems
were first used successfully in the translation of viral mRNA
(Roberts and Patterson, 1973; Davies and Kaesberg, 1973). More
" recently refinement of the system has led to successful translation
of mRNAs from a number of different plent sources - developing bean
leaves (Giles et al., 1977), Lemna gibba (Tobin and Klein, 1975),
soybean (Gordon and Péyne,1976; Verma et al., 1914) and pea
epicotyls (Verma et al., 1975) - even to the extent of producing
identifiable products (Verma et al., 1974, 19753 Larkins et al.,
1976 ; Sun et el., 1975; Muntz, 1978; Evans et al., 1979). The

wheatgerm polypeptide-synthesizing system has distinct advantages
over other cell-free systems (for example, Tabbit reticulocyte,

frog oocyte) in its low cost, ease in preparation and its high

trenslational efficiency.

The introduction of polyribosomes into such a system does not

reguire the occurrence of initiation events. However, Sun et el.

'(1975) showed (by inclusion of T-2 toxin, an inhibitor of initiation,

in a bean polyribosomal RNA-directed wheatgerm cell-free system)

that the polypeptide synthesis was ‘educed by 30%. This implies that

associated with polyribosomes aré nRNAs not yet in the process of
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being translated or, alternatively, assuming the possibility of
repeated translation, that some mRNAs, having been translated,
require initiation events for further translation. However, since
monoribosomes are necessarily jncluded in total ribosomal RNA
preparations, neither of these possibilities requires the functioning
of the wheatgerm derived ribosomes.

Introduction of poly(A)-containing ENA from F. pratensis into

the wheatgerm cell-free system provided inconclusive results and in
no instance did efficient translation occur. However, introduction
of ribosomal RNA into & similar system was successful. This was
probably a reflection of the greater quantity of mRNA introduced,
the functional capacity of which was protected by extraction as &
component of polyribosomes. In addition, it is likely that translation
would be more successful in a system requiring only the soluble
factors derived from another source, i.e., the wheatgerm, than one
requiring the full function of all the components of translation to
be provided by the wheatgerm. It was decided to compare the
capacities for directing cell-free polypeptide synthesis of
ribosomes extracted from leaf tissue from different stages in

ontogeny and to relate these to in vivo events (Beevers and Poulson,

1972).

2. Wheatgerm cell-free system used.

T i, Wheatgerm extract "S23".
Following the recommendations of Marcu end Dudock (1974)

extracts were made from Niblack wheatgerm (see Biological materials).
The desirability of using a wheatgerm with low endosperm content and
low endogenous RNA template activity was detailed by Senger and
Gross (1976), and Niblack wheatgerm fulfils these requirements.

The method of obtaining the S23 extract was largely that of
Marcu end Dudock (1974). All solutions (minus DTT), glassware and
pestles and mortars were autoclaved prior to use.

The complete extraction was carried out at 4 C. 2 g. raw

wheatgerm were ground in & mortar, with an equal weight of crushed

Pasteur pipettes, for approximately 60 s. 4 ml. of extraction
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HEPES pE 7.6 (KOH)
potassium chloride
magnesium acetate
calcium chloride

DTT

were added and gently swirled for a further 30 s. The resultant

thick paste was scraped into tubes and centrifuged at 22,000 g.

for 12 min. in a MSE "Superspeed" 50 TC centrifuge using &

o )
8X50 ml. angle rotor at 4 C. The A260/A280 ratios of the

supernatant were in accordance with those of Marcu and Dudock (1974),

i.e., approximately 1.4. The supernatant was applied to a

21x1 cm. Sephadex G-25 (medium) column and eluted with "column

buffer" consisting of:-
20 mM.
100 mM.
2 mM.
1 oM.

HEPES

potassium chloride

pH 7.6 (KOE)

magnesium acetate

DTT

without restricting the flow. The fast moving beige turbid region

(which separated from a slow moving yellow region) was collected in

10 drop fractions from which 30 pl.. were diluted in 3 ml. water for

spectrophotometric estimation. Fractions giving a diluted A26O of

greater than 0.9 units were pooled and centrifuged as before for

20 min. The A

260

of the resultant supernatant was in the region

75 - 90 units. 200 nl. aliquots were stored under liquid nitrogen

until required. Since prolonged storage at -70°C. impairs the

activity (¥arcu and Dudock, 1974) new batches were prepared at

least every three weeks.

ii. Cofactor "mix".

Stock solutions were made up under & laminar flow clean air

cabinet, as follows, and stored at -20°c.

for up to 6 weeks.

Where appropriate solutions were filtered using millipore (O'Z}P)

filters at weekly intervals to ensure sterility.
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20 mM, ATP )
2 mM, GTP ) kept as stock
160 mM. creatine phosphate in 10 ml.
40 mM. DTT
spermine 1,01 mg. /ml.

creatine phosphokinase 4 mg./ml. 50% (V/V) glycerol

1 M

100 mM.

1 M

HEPES  pH 7.9

magnesium acetate

(with KOH)

potassium chloride

amino acid stock containing 1 mM. of the L-isomers of

alanine
arginine
asparagine
aspartic acid
cysteine
cystine
glutamic acid
glutamine
glycine
histidine
isoleucine
lysine
methionine
proline
serine
threonine
tryptophan
tyrosine

valine

In order to solubilize
tryptophan, tyrosine and
cystine, the solution was
brought to pH 8 with KOH.
Stocks were stored in 80 pl.
aliquots so that amounts
used did not have to go
through more than one cycle

of freezing and thawing.
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The following volumes of stock solution were mixed so that
their contribution to the final concentration (i.e., in the 50 nl.

assays) would be those figures noted in brackets:-
Volume Concentration

mixed., in final assay.

(a) stock ATP (1 mM)
GTP § (0.1 mM. )
( creatine phosphate ) 2.5 P (8 mM. )
E DTT ‘ (2 mM.)
(v) spermine . 2.5 pl. (0.25 mM. )
(e¢) creatine phosphokinase 1.5 pl. (120 pg. /ml.)
(a) HEPES 0.3 pl.- (6 mM.,)
() potassium chloride ' 1.07 pl. (21.7 mM. )
(g) amino acids’ 1 pl. (0.02 mM. each)
(h) water 3.13 pl.
(i) 146_1eucine 3p. 0 (1.5 pmCil)
or (3) 146 amino acids 3 pl. (3 pci.)

Total 15}11.

Ribosomal pellets were resuspended in "column buffer" (100 -
200 pl.). 20 pl. were added simultaneously with 15 pl. wheatgerm
extract S23 to 15 pl. aliquots of the "mix" in sterilized Durhem
tubes. These were immediately sealed with plungers from disposable
1 ml. syringes, shaken and then transferred to pre-incubated test
tubes (dry inside) and allowed to incubate for 40 min. at 3000.

The final assay concentrations of those constituents also
contributed by the wheatgerm extract and the polyribosome

suspension were:i-
Contributions from

Total. Vheatgerm Wmix" ribosome
HEPES 20 mi. 6 mM. 6 mhi. 8 mM,
magnesium acetate - 2.1 mi. 0.9 mM. 0 1.2 mM.
potassium chloride 112 mM. 30.3 mh. 21.7 mi. 40 mM.

+20 mM. in adjusting
HEPES to pH 7.9.
Permination of the assay was achieved by pipetting 20 or
40 pl. aliquots on to GF/C discs simultaneously with 200 pg. BSA
(in 50 }11.) and immediately plunging the disecs into 10% (W/V)
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trichloroacetic acid. The discs were then "washed" in several
volumes of 5% (W/V) trichloroacetic acid. Removal of charged tRNAs
was achieved by heating at 80 - 85°C. in 5% (W/V) trichloroacetic
acid for at least 15 min. Finally the discs were washed in
ethanol : acetone (1:1, V/V) three times and twice in acetone
prior to drying at 60°C. for a few minutes. The discs were
' transferred to scintillation vial inserts and following addition
of 2 ml. scintillation fluid were counted as described previously
(Chapter 2, 2 iv.). The scintillation fluids were either

0.5% W/V PPO g

| 10% W/V  nephthalene in 1,4-dioxan

or Triton X : toluene 1:2 V/V
containing 0.2% PPO.

4.  Time course and efficiency of translation.

i. Ribosomes were extracted by method 1 (Chapter 2, 2 vi. a. )
at pH 8.5 from 0.5 g. of 24 h. germinated embryonic axes.

90 nsg. ribosomal RWA were introduced into a wheatgerm cell-free
polypeptide-synthesizing system. (Since estimates for the percentage
of mRNA present in polyribosomes are between 1 - 3% (Marcu and

Dudock, 1974; Grierson et al., 1976.) this represents between

1.1 - B.B)Ag. mRNA which is well within the range of translatable
capability of the 50 Fl.assay system: for example, Marcu and Dudock
reported saturation by addition of 4.5 pe. TMV-RNA; Giles et al. (1977)
used 5 P& poly(A)-containing RNA. ) The incorporation above

background achieved after 30 min. amounted to a tenfold stimulation.
ii. . Polyribosomes from complete leaves of F. pratensis were
extracted by method 1 at pH 8.5. 5 pg. were introduced into the
wheatgerm cell-free polypeptide-synthesizing system. As in the

pea polyribosome—directed system incorporation plateaued at 30 min.
These incorporation rates are characteristic of cell-free

amino-acid-incorporating systems free from bacterial contaminetion

(Boulter, 1970) (Figure 6, 1)



FIGURE 6,1

Incorporation of 3H-leucine into

hot trichloroacetic acid insoluble

material in wheatgerm cell-free

polypeptide-synthesizing system

as directed by '

A. 90 pe- ribososmes from pea
embryonic axis

B. 5 P8- ribosomes from FP. pratensis.
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TABLE 6.1

The requirement for soluble factors
derived from the wheatgerm S23
extract. The polypeptide synthesizing
system was set up minus the wheatgerm

and minus the added ribosomes.

FIGURE 6.2

The relationship between quantity of
ribosomes introduced into the
wheatgerm cell-free system and the
radioisotope incorporated into

polypeptides. .
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TABLE 6.2

The effect of pH on the wheatgerm
cell-free polypeptide synthesizing
system when supplied with

polyribosomal RNA from F. pratensis.

The complete systems included

0.1 mi. Mg2*, 92 mM. K', 0.25 mM.
spermine. Incubation was for 30 min.
and 30 pe. polyribosomes were

introduced into the system.

FIGURE 6.3

The effect of Mg2+ concentration on
fhe efficiency of the wheatgerm
cell-free polypeptide synthesizing
system containing 92 mM. K at pH 7.4
in the presence ( o---0 )

or absence ( ®=—=& ) of 0.25 mM.

spermine.
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4, Wheatgerm-minus system.
To confirm the need for the "soluble factors" contributed by

the 523 extract in polyrlbosome-dlrected polypeptide synthesis,
assays were carried out substituting 15 pl. feolumn buffer" for
the wheatgerm extract. Table 6. 1 shows that no incorporation of

amino ‘acids occurred in the absence of the wheatgerm extract.

5. Effect of polyribosome concentration.

The incorporation was linearly related to the ribosomes added,
as was previously found for polyribosomes of French bean and soybean
by Sun et al. (1975) and Beachy et sl. (1978) respectively. Nome of
the concentrations appeared to saturate the polypeptlde—synthe3121ng
system (Figure 6, 2). Tobin znd Klein (1975) demonstrated saturation
of the wheatgerm cell-free system on jntroduction of 5‘pg.
poly(A)-contalnlng RNA. Regardless of whether this saturatior was
as a result of exhaustion of ribosomes or soluble components, it
woﬁld follow that ribosome introduction would not be saturating
below 500 ps- This is consistent with the findings of Sun et al.
(1975) where saturation was apparent at A, of 7 units
(approximately 600 Fg.).

6. Optimization of the system.
i. H.
¥arcu and Dudock (1974) noted that pH was critical in the

operation of the wheatgerm dell-free system, recording a loss of
efficiency of 30% if the pH was raised or lowered 0.3 pH units
above or below the optimum of pH 7.4. The observations recorded in
Table 6. 2 bear out these findings. The high values for the counts
obtained using pH 7.9 result from work carried out at Durham
using 3H—leucine of high specific activity.

ii. Mg2+ concentration.

. 2+
The translation of mENA is very sensitive to Mg concentra-
tion but the optimal concentration appears to be species-specific.
Dependence on wheatgerm ribosomes for polypeptide synthesis,

i.e. by supplying poly(A)-containing RNA or viral RNA, requires
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a Mgz+ concentration of 2 - 2.5 miL (Marcu and Dudock, 1974;.
Tobin and Klein, 1975; Giles et sl., 1977; Beachy et al., 1978).
However, in the absence of spermidine the optima for French bean
polyribosome and soybean ribosome -directed polypeptide syntheses
are 6 mM. and 4 mM. respectively (Sun et al., 1975; Beachy et al.,
1978, respectively). Beachy et al. (1978) also noted a shift in
Mg2+ optimum on addition of 0.4 n¥. spermidine, from 4.0 mM. to

2.5 mM, Evans et al. (1979) noted an optimum of 3. 0 mM. for
polyribosomes from pea embryonic axes in the presence of spermidine.
In the light of the report by Yarwood et al. (1971) suggestlng that
p-site attachment requires high Mg levels, it is surprising that
the Mg2 requirement of a system requiring p-site occupation

(1.e., on introduction of ‘mRNA) should be lower than required by

a system mostly completing initiated polypeptides (i.e., on

introduction of polyribosomes).

- The Mg2+ optimum for F. pratensis ribosomes was found to be

4 - 5 mM, shifting to 2 - 3 mM, in the presence of 0.25 mi,
spermine (Figure 6, 3).

+ o

iii. K concentration.

K concentration is also critical for cell-free polypeptide

synthesis but seems to have a broader optimal range. Again, the
requirement is species-specific, Poly(4)-containing RNA from

Lemna gibba having an optimum of 80 mM. (Tobin and Klein, 1975),

TMV-RNA of 90 - 110 mM. (Marcu and Dudock, 1974), soybean
poly(A)—containing RNA 105 - 135 mM., soybean polyribosomal RNA
55 - 85 mM. (Beachy gj_g;., 1978) and pea eﬁbryonic axis
polyribosomal RNA 80 mM. (Evans et al., 1979) which suggests no
particular difference in the mRNA and polyribosomal requirements.

The K' optimum for F. pratensis ribosomes lies in the range

85 - 110 mM. (Figure 6, 4).



FIGURE 6.4

The effect of K concentration on
the efficiernicy of the wheatgerm
cell-free polypeptide synthesizing
system containing 2.1 mM. Mg2+,

0.25 mi. spermine at pH 7.4.
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TABLE 6.3
The tRNA charging ability of the

wheatgerm cell-free system
a. without ribosomes added,
b. with ribosomes from F. pratensis

added, and

c. with ribosomes from pea added
after 30 min. incubation under
standard conditions.
+cyclohex. refers to the
inclusion of 10 pg. of

cycloheximide in the incubation.

TCA = trichloroacetic acid.
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TABLE 6.3 cpm  OFLL SAUIV-
4 minus ribosomes 2120%20 26
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hot TCA
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zero time| 833 -
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‘ time . .
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iv. Creatine phosphokinase concentration.

' Creatine phosphokinase is essential to the energy generating ,
capacity of the cell-free system. Originally added at a
concentratlon of 40 Pg./hl., several reports indicated the
requlrement for greater concentrations. Addition of 120‘Pg./hl
showed very slight enhancement of polypeptide synthesis ( 4.5%)
However, this was maintained to ensure that energy generation was

not limiting.

Ve Spermine reguirements.

Spermine and spermidine have regularly'been used in cell-free
systems as they often stimulete amino acid incorporation. Their
mode of action is still obscure. A polyamine similar to spermine
has been found associated with TMV-virions (Johnson and larkham,
1962) end spermidine has been found to be a normal constituent of
some ribosomes, apparently functioning in maintenance of rRNA
integrity (Ulbr cht and Szer, 1967). Spermidine has been shown to
provide as much as 46% inhibition of RNAse (Payne and Loening, 1970).
Marcu and Dudock (1974) reported that spermine-induced stimulation
was only apparent in the TMV-RNA directed system and in fact some
inhibition was noted on its inclusion in & hen oviduct polyribosomal

RNA-directed system.
Addition of spermine to F. pratensis ribosome-directed wheatgerm

cell-free system did not enhance amino acid incorporation at its
optimal Mg2 concentration (4 mM.) (Figure 6, 3), but it stimulated

amino acid incorporation more than fourfold at 2 mM. Mg2 .

1. Charging of tRNAs.
In order to eliminate the possibility of polypeptide

synthesis being limited by availability of tRNA, controls were

simul taneously carried out with routine experiments. These involved

recording the incorporated amino acids which had not been solubilized

by bheating in 5% (W/V) trichloroacetic acid for 15 min. A measure of
the charging of undirected tRNAs could be assessed by subtracting
the value for hot trichloroacetic acid insoluble incorporation from

these control values (Table 6, 3). 10 ps: cyclohexamlde were




FIGURE 6.5
The effect of including O.1 mM. ATA

in the wheatgerm cell-free
polypeptide-synthesizing system

directed by ribosomes from F. pratensis.

A—4 plus ribosomes
®--m plus ribosomes + ATA
A--A minus ribosomes, i.e., endogenous

o0 IFinus ribosomes + ATA.

TABLE 6.

Results of three separate experiments
giving the incorporations of radioactivity
into trichloroacetic acid insoluble
material in cell-free polypeptide
synthesizing systems directed by ribosomes

from F. pratensis leaves extracted in

the presence or absence of . '"Nonidet'

or re-extracted in its presence.
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included in a control lacking introduced mRNA. Its presence did not
reduce the incorporation into hot trichlo}oacetic acid soluble
material, further implying that these were the result of tRNA
charging. Table 6, 3 shows that regardless of the mRNA introduced

there was an excess of charged tRNAs available at all times.

8. Effect of ATA in the incubation.

ATA is an inhibitor of initiation events (Marcus et al., 1970)

and has been shown to prevent TMV-RNA directed polypeptide synthesis
in & wheatgerm cell-free system (Marcus et al., 1970; Beachy et al.,
1978). Its effect on polyribosome directed amino acid incorporation
has been found to be negligible (Beachy et al., 1978) or mild
(Marpus et al., 1970). This presumably confirmed that only nascent
polypeptides were being completed in vitro. This is in contrast to
the report of an up to 30% stimulation of incorporation by the
addition of bean polyriboéomes which was attributable to reinitiation
(Sun et al., 1975; see Chapter 6.5) but this could reflect the
different efficiencies of the initiation inhibitors used. Since
translational control mechanisms operating in vivo might be lost in
the programming of a cell-free system, the lack of effect of
inclusion of ATA also confirms that the synthetic state of the
polyribosomes in vivo is maintained in vitro and only those
polypeptides already initiated are completed.

2.5 pl. ATA were added to the "mix" to give a final concent-
ration of 0.1 mM., replacing some of the water addition. The time
courses for incorporation of amino acids into polypeptides were
unaffected by ATA addition, suggesting that the incorporation was a
result of completion of nascent polypeptides (Figure 6, 5). From
endogenous control data it can be seen that the 6% difference,

presumably due to initiation events, could all be attributed to

endogenous activity.
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9. Effect of "Nonidet" P40 extraqﬁior of ribosomes on

subsequent in vitro activity.

Ribosomes were prepared from leaves of F. pratensis in the

presence and absence of "Nonidet™ P40, and subsequently introduced

into the cell-free system. The incorporation achieved by ribosomes
extracted with "Nonidet" P40 present at the onset equalled that
achieved by summation of the incorporations of "Nonidet"-minus
extracted and "Nonidet"-plus re-extracted ribosomes (i.e., "free"
plus "bound") (Table 6, 4). This would suggest that "Nonidet" does
not interfere with in vitro activity. Sun et al. (1975) observed no
interfe;ence in in vitro activity when bean polyribosomes were
isolated in the presence of 0.4% (W/V) "Nonidet" P40 and Beachy et el.
(1978) even found extraction in'1% (V/V) Triton X-100 did not have a

detrimental effect on subsequent in vitro behaviour.

10. Comparison of ribosome capacity slong the leaf.

Ribosomes were extracted by methods 1 and 2 (Chapter 2, 2 vi a).
The 100,000 g. pellets were re-suspended in wheatgerm "column buffer®
and clarified by centrifugation at 13,000 g. for 1.5 min.
20 Pl‘ aliquots were introduced into wheatgerm cell-free systems and
were incubated for 40 min. at BOOC. Trichloroacetic acid-precipitated
materials were counted and related to the guantity of polyribosomes
introduced. Figure 6. 6 shows the results of four such experiments
expressed as specific activities, i.e., cpm. incorporated into
polypepfide per pg. ribosomes added. The variable results are, once

again, probably due to the lack of reproducibility amongst F. pratensis

populations and the differences in growth pattern incurred by slight
differences in growing conditions. Furthermore, although fully
developed leaves were used in all instances, the time following
attainment of. full maturity was not taken into account, From
morphological records made it is feasible to shift the ontogenic
sequence of M back (these leaves were harvested in the winter of
1978: plants were slow growing during this period and therefore slow

to senesce; the apical sections of these mature leaves were still 90%




FIGURE 6.6
The synthetic capacity of ribosomes
extracted from sections along the

mature leaf of F. pratensis on

introduction into the wheatgerm

cell-free system.
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FIGURE 6.7

The synthetic capacities of ribosomes
extracted from sections along the

leaf of F. pratensis shown in Pigure 6.6,

re-aligned on the basis of morphological

development.

FIGURE 6.8
Shows the synthetic capacities of
polyribosomes extracted from sections

along the leaf of F. pratensis.

pg. polyribosomes were estimated from
the ratio of polyribosomes to
monoribosomes obtained from 2.2% PAGE
gel profiles. _
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green), and & and @ can be regarded as héving-developed one
stage further (the apical sections were 90% yellow). These were
from summer grown plants, the leaves of which tended to grow to a
greater length than winter grown leaves and, by maturity, the
.apical sections always showed advanced senescence. Regardless of
" this re-alignment for ontogenic comparison purposes (Figure 6, T)
it can be seen that in each case there are at least two peaks of
increased capacity for protein synthesis and depending on the exact
stage of development of the leaf these are shifted accordingly along
the leaf. Taking the results together, it would seem likely that
there are three periods of raised synthetic capacity and these
appear to correspond with the phases of increased protein synthesis

already noted (Chapter 3). However, because of the variability both

seasonal and experimental, these results are necessarily only
tentative. The most notable criticism must lie in the low levels of
polyribosomes extracted and the low levels of amino acid incorporation
which they direct. Furthermore, the percentage of non-functional
monoribosomes was not recorded in these instances. Figure 6. 8

shows one experiment where the specific activities were corrected
for polyribosomes alone. This must necessarily provide a better
indicator of polypeptide synthetic capacity but requires very much
increased yields of ribosomes for simultaneous PAGE or sucrose
density gradient analysis. The problems associated with trying to
increase the yield of ribosomes from F., pratensis leaf tissues have
already been outlined (Chapter 2, 2 vi.), but until this is achieved
and the precise timing of leaf development recorded the results
must remain speculative albeit consistent with the proposed course
of leaf development. Lin et al. (1973) observed a shift in Mg2+

requirement for amino acid incorporation into polypeptides as

directed by polyribosomes from young and old corn leaves. The
hjgher Mgz+ requirement for ribosomes from old tissue was inter-
preted as resulting from increased amounts of unoccupied p-sites.
This implies that a consideration of the Mg2+ optima not only in the

cell-free protein-synthesizing system but also in the ribosome




138

extraction may be critical in comparison of the synthetic capacity
of polyribosomes from different aged tissue. For unequivocal
comparison, full assessment of these possibilities would have to

be made.

11. Comparison oi;polypeptide—gxgthesizingﬁcapacity of

"membrane-bound" and "free" ribosomes.

Ribosomes were extracted according to method 2 (Chapter 2, 2 vi a)
without detergent. The 10,000 g. pellets were re-extracted with equal
volumes of buffer containing 0.4% "Nonidet" P40. The first and second
supernatants were regarded as containing "free" and "membrane-bound"
ribosomes resPectively and subsequent extractions were as usual.

20 Pl’ aliquots of resuspended ribosome pellets were introduced into
the'wheatgerm cell-free system. Figure 6. 9 indicates quite different
capacities for these two classes of ribosome. The "membrame-bound"
ribosomes appeser to be more active in polypeptide synthesis at
senescence although it must be remembered that the "free" ribosome
population is much inflated by monoribosomes derived from
degradation of polyribosomes and, since these will be inactive,

the specific activity will be artificially low this time

(Chapter 2, Figure 30). The membrane-bound nature of the
polypeptide-synthesizing polyribosomes at senescence may be designed
to ensure protection, both of the polyribosomes and products, from
the'degradative engymes in abundance at this stage. Alternatively
they may be so located as to release the products, which may be

degradative enzymes, in a compartmentalized fashion.

12. Summary.
In a general wey, the periods when there is high ribosomal

synthetic activity (Chapter 2, Figures 20, 26) are consistent with
periods of increased polypeptide synthetic ability (Figure 6. 8),
i.e., at points 4 and T along the leaf. These are also points where
there is & high "free" to "bound" ratio amongst the ribosome
populations (Chapter 2, Figure 30). Since there is a high percentage
of monoribosomes at point 4 (Chapter 2, Figure 31) the actual




FIGURE 6.9

The synthetic capacities (expressed
as cpm. ng1) of the 'free' and
'membrane-bound! populations of
ribosomes extracted from sections

along the leaf of F. pratensis.
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specific activity of synthetic capacity of free ribosomes may be
much greater than implied in Figure 6. 9. It therefore further
suggests that point 4 represents a period 6f high turnover and
high synthetic activity of both RNA and polypeptides which is
further confirmed by the high incorporation of radio-isotope label
into soluble proteins in vivo (Chapter 3, Figure & ). The high
amounts of O.38x105 rRNA, which are supposed to be associated with
active ribosomes, correspond, to some degree, with the periods of
increased synthetic capacity (Chapter 2, Figure . 25).
Furthermore, high poly(4)-containing mRNA syntheses also coincide
' with the high activity of polyribosomes at points 4 and 7 »
(Chapter 2, Figure.- . 35). Although it may be argued that the
high ribosome content at points 2 and 6 (Chapter 2, Figurew  29)
may be the cause of the apparently lowered synthetic capapities,
these do not correspond to periods of high monoribosome
percentages (Chapter 2, Figure 31) and the actual values obtained
do not support this suggestion since the levels of incorporation
were by no means constant.

The empiricel evidence would suggest that there are at least

two areas of high metabolic activity, points 4 and 7, and probably

a third at the base of the leaf.
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General Discussion.

It is clear that the course of development of leaves of

F. pratensis results from highly involved metabolic correlations

and no one factor can be exclusively regarded as having primary
control. There is a constant overall pattern in their development,
presumably of genetic drigin, which is modified and adapted by
prevalent cellular and extracellular conditions. The repetition
of the three phases of increased metabolic activity with ageing
throughout this work would suggest that these are symptomatic of
an underlying genetic programme. However, the timing and magnitude
of these phases is variable (for example, the variations due to

seasonal growth differences amongst the plant material ).

The early phase of increased activity has been well
documented and results from the high metebolic activity associated
with cell division and exposﬁre to light. The phase of increased
activity associated with senescence has also received much
attention, particularly in conjunction with the debate as to its
positive contribution to plant development. The results obtained
here serve to confirm both these phases and, in addition, have
indicated that ageing along the axis of a mature leaf can be used,
with some reservations, as a mirror for whole leaf ageing with
time. Full maturity was reached by day 49 and this may be
correlated with point 6 along the leaf using a large number of
different parameters. At these points metabolic activity is
switched to catabollsm which has been shown to necessarily involve
the synthesis of new protein synthetic machinery, increased
activities of catabolic enzymes and even the appearance of novel
isoenzymes. Having achieved the new cellular emphasis, the protein
synthetic machinery itself comes under the degradative hammer.
Thus, nucleotides and amino acids accumulate briefly prior to
translocation and redeployment'and all but purely degradative
enzymes decline in activity. The death of the leaf is programmed
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to result in the mimimum loss of resources.

The phase of increased activity midway in development has
not received the same attention ae these other two phases and may
well turn out to be critical in the timing of subsequent events.

Al though evidence would suggest that such a phase is present in
whole leaf development it was more easily pinpointed and examined
in development along the leaf. Point 4 sees an increase in nucleic
acid synthesis (Figures 2.20, 2.26), maximal ribosome synthesis
(Figure 2.32), an increase in soluble protein synthesis (Figure 3.6),
a high 'free"'membrane bound'! ratio of ribosomes (Figure 2. 30),
high ribosome polypeptide-synthesizing capacity (Figure 6.8) and
high polyadenylation of nRNA (Figure 2.35). The polyribosome
proportion of ribosomes increases compared to monoribosomes
subsequently (Figure 2.31) as does theA0.36X1O6 TRNA content
(Figure 2.25). There is an increase in ribosomal breskdown products
(Figures 2.23, 2.24) and & high preferential incorporation of
radioisotopically-labelled precursor into monoribosomes rather than
polyribosomes (Figﬁre 2.33). All the evidence would suggest that
this is a period of rapid turnover and replacement of cellular

constituents associated with early growth.

A number of possibilities for further investigation arise
from this preliminary work. It would be profitable to work to
increase the yield of ribosomes obtainable from portions along the

leaf of F. pratensis such that sufficient radioisotopically-iabelled

amino acids may be incorporated into products of cell-free
pdlypeptide—synthesizing systems directed by them. In this way
particular products may be identified electrophoretically or, more
conclusively, by immunochemistry. It would also be interesting to
compare the products of cell-free polypeptide- synthesizing systems
directed by different size classes of polyribosome. This would be
feasible even with relatively low yields of ribosome following

electrophoresis and direct use of eluted slices of acrylamide gel
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since it has been shown that acrylamide does nrot poison the

cell free system (Chapter 2. 2 ix. d.).

An interesting comparison may be obtained from introducing
ribosomes from different aged whole leaves into a cell-free

polypeptide-synthesizing system.

An alternative approach to the investigation of the timing
of particular enzyme syntheses would involve the poéitive
identification of protein fractions labelled in vivo. This would
require refinement of the electrophoretic identification procedure
and the application of this to complete or partially purified

radioisotopically-labelled protein extracts.

Figures GD 1 and 2 summarize some of the major changes in

metabolic activity associated with development.




FIGURE GD 1.

Periods of high metabolic activity (shaded) during the

development of the complete 4th. leaf of F. pratensis.

Totel nucleic acid synthesis.

Cytoplasmic RNA synthesis.

Chloroplast RNA synthesis.

Soluble protein synthesis.

Particulate protein synthesis.

Relative synthesis soluble 57,000 MW protein.
Relative synthesis of soluble 18,000 MW protein.
Relative synthesis of soluble 15,000 MW protein.
Relative synthesis of soluble 20,000 MW protein.
Relative synthesis of particulafe 37,000 MW

protein.

Enzyme activities:-

RNAse.

Acid pyrophosphatase.
Alkaline pyrophosphatase.
ATPase.

Alkaline phosphatase.
Phosphodiesterase.

Chlorophyll level.
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FIGURE GD 2.

‘Areas of high metabolic activity (shaded) during the

development along the mature leaf of F. pratensis.

Totel nucleic acid synthesis.

Cytoplasmic RNA synthesis.

Chloroplast RNA synthesis.

Soluble protein synthesis.:

Particulate protein synthesis.

Polyribosome : monoribosome ratio.
Poly(A)-containing RNA synthesis..

Free i membrane bound ribosome ratio.
Polyribosome : monoribosome synthesis ratio.

Protein synthetic capacity of ribosomes.

Enzyme activities:-

RNAse.

Acid pyrophosphatese
Alkaline pyrophosphatase
ATPase.

Alksline phosphatase.
Phosphodiesterase.

Acid phosphatase.
Chlorophyll level.
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SUMMARY

1. Chapter 1, IIT i.

Changes in leaf length and fresh weight have classic growth
curve characteristics. A fall in fresh weight is apparent
between day 29 and day 49 presumebly due to vacuolation.

A decrease due to senescence occurs after day 49 when the

leaf has reached full length.

2.  Chapter 1, III ii.

Maximum chlorophyll content occurs at day 42. Loss of

chlorophyll due to senescence occurs beyond day 49.

¥aximum chlorophyll content occurs at point S along the

leaf and degradation occurs beyond point 6.

3. Chapter 1, 111 iii,

Fibre content was subjectively assessed at a meximum at

day 57 and point 7 along the leaf.

4. Chapter 2, 2 ii. f.

Extraction of nucleic acids using DEP increases the yield
(by at least 50%) over that obtained using traditional
phenol methods. It also results in improved subsequent

electrophoretic separation of rRNAs.




5. Chapter 2. 2 iii. e.

Mg2+ must be present in the nucleic acid axtraction buffer
in order to maintain the integrity of the 1.1x106 rRNA.

If the Mg2+ concentration is sufficiently high ( > 10 mM.)
during extraction its presence during subsequent
electrophoresis is not vital particularly if this is

carried out at 4°C.

3 m., EDTA or 5 mM. Mg®' electrophoresis buffers give the
best resolution in electrophoretic separation of RNAs.
2h, 30Omin. electrophoresis time 1is optimal and lowered
temperatures (4°C.) provide the best conditions for

maintenance of the 1.1x106 TRNA.

T Chepter 2. 2 vi. a.

Liquid N2 is the most effective homogenization procedure

for leaves of F. pratensis.

8. Chapter 2. 2 vi. b.

The most suitable extraction buffers for polyribosome

extraction contain high K+:Mg2+ ratio at pH 8.5.

9. Chapter 2. 3% i. a.

RNA content of the whole leaf of P. pratensis increases with
age to a maximum at day 35, Decline due to senescence is

apparent after day 49.

RNA content of portions along the leaf is maximal at

point 5. Senescent breakdown occurs beyond point 6.




Chapter 2. 3 i. b.

11.

‘Three peaks of increased total nucleic acid synthesis are

observed in both developmental systems. These occur at day 24,
day 35 and day 56, points 1, 34 and T7-8.

12.

Chapter 2. 3 i. c.

Cytoplasmic rRNAs decline with age beyond day 42 with a

-econcomitant increase in breekdown products.

Cytoplasmic rRNAs decline beyond point 3. At points 5 and 7

- synthesis increases with concomitant reduction in appearance

of breakdown products.
Chloroplastic rRNAs decline more rapidly than cytoplasmic

rRNAs in both developmental systems. The increases in

O.S6x106 TRNA may reflect enhancement by breakdown products.

Chapter 2. 3 i. d.

‘the syntheses of the 1.1x106 and 0.56x10

The early maximal syntheses of chloroplastic rRNAs (point 1
and day 24) precede the early maximal syntheses of cytoplasmic
rRNAs (point 2 and dey 24) in both developmental systems.

Syntheses of 1.3x106 and Oa7x106 rRNAs are closely linked but
6 rENAs do not

correlate suggesting that, unlike the cytoplasmic rRWA
subunits, chloroplastic rRNA subunits are not derived from the

same high molecular weight precursor.

There is considerable synthesis of all rRNA fractions at

senescence (day 57 and point 7).




Ribosome content was maximel at two points along the leaf

corresponding to the itwo points of maximal total nucleic acid

The ratio of free to membrane-bound ribosomes increases at
senescence and also- at point 4. The ratio of polyribosomes to
monoribosomes is high at three periods in development along

the leaf, at points 1, 3 and 6-7. At point 4 there is a drop

Ribosome synthesis is high at point 4 elong the leaf and &
dramatic increase in synthesis occurs at senescence, points T7-8.
At both points radioisotopically-labelled precursors enter the
monoribosome fraction in preference to the polyribosome

fraction. Periods of apparent increased polyribosome assembly

Elevated periods of polyadenylation of mRNA occur at points 1,

content (point 2 and points 5-6).
in this ratio.
14. Chapter 2. 3 iii. b,
occur at points 2, 5 and 8.
15. Chapter 2. 3 iv.
4 and 7 along the leaf.
16. Chapter 3. ITTI. i.

Soluble and particulate protein increases to a maximum at

day 49 beyond which senescent decline ensues.

Soluble and particulate protein content also increases along

the leef, declining with senescence beyond point 6.




Both deveioPmental systems show high rates of soluble protein
synthesis at early and senescent stages of development (points
1 and 7, day 24-29 and day 62). Ageing along the leaf shows a
decline in particulate protein synthesis from early development
and only a slight increase at point 6, whereas particulate
protein synthesis in temporal ageing shows 2 direct

correlation with soluble protein synthesis.

In addition, ageing along the leaf shows a third phase of

increased soluble protein synthesis at point 4.

The relative syntheses of four major soluble proteins and

three major particulate proteins display essentially two
patterns during development of the whole leaf. The soluble
proteins (57,000 MW, 20,000 MW and 15,000HW) show an early and
late phase of increased relative synthesis (day 29 and day 49)..
The particulate proteins (37,000 MW, 15,000 MF and 12,000 W)
and one soluble protein (18,000 MW) show early and mid-
development synthetic phases (day 29 and day 42).

Optimal conditions for assay of ATPase, acid and alkaline
RNAse, acid and alkaline pyrophosphatase, acid end alkaline

phOSphatase‘and acid and 2lkaline phosphodiesterase are

17 Chapter 3. III. ii.

18. Chapter 3. I1I. V.

19. Chapter 4. II.
recorded.

20. Chapter 4. III. i.

ATPase and alkaline and acid pyrophosphatases show similar

patterns of activity in whole leaf ageing, displaying an early




21.

peak (day 35-42) and a late peak (day 55-62) of activity.

Alkaline pyrophosphatase (to which an anabolic function is
attributed) activity is four times that for acid
pyrophosphatase (to which a catabolic function is attrlbuted)
during the early peak, but this drops by half in the later

peak.

411 three enzymes show high activity at the base of the leaf
and increased activity at points 5-6. The ratio of alkeline
pyrophosphatase to acid pyrophosphatase does not decline at

senescence as observed for whole leaf ageing.

RNAses and phosphodiesterases follow similar patterns in both
developmental systems. 411 show a large increase in activity
at senescence and an increase et early development. Acid RNAse
is approximately 30% more active than alkaline RiAse at all

phases until senescence when the activities are similar.

Alkaline phosphatase shows three peeks of increased activity

at early development (point 2-3, day 24—29), nid-development
(Foint 5-6, day 40-49) and at senescence (point 8, day 56-59).
Acid phosphatase displays a slightly earlier nid-peak (point 3-4,

day 35-40).

Chapter 4. III. ii.

22.

Acid phosphatase shows a shift in emphasis of isoengymes with
development. A novel isoenzyme of high molecular weight

appears at incipient senescence (point 6).

Chapter 4. IIT. iii.

A1l the enzymes associated with phosphorus metabolism

investigated show major activity associated with the soluble

fraction. ATPase has some association with membranes. The acid
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and elkaline isoenzymes of phosphodiesterase and the acid
and slkaline isoenzymes of pyrophosphatase are not eimilarly

located in the cell.

Chapter 5. II. 2 i.

24.

There are no gualitative differences in the rRNA complement
of light-treated and dark grown shoots of F., pratensis.

RNL content drops (by 10-12%) as a result of light treatment.
Light enhances the level of'chloroplast rRNAs and the ratio

of large to small ribosomal subunits becomes closer to that

for functional ribosomes.
Dark grown shoots contain higher amounts of tRNA.

Presumptive chloroplast tRNA appears as & result of exposure

to light.

Ribosomes increase on exposure to light. After 48h. the level
reverts to pre-light treatment amounts. The polypeptide
synthetic capacity of the ribosomes declines slightly with

prolonged light treatment.

Chepter 5. II. 2 ii.

25.

Synthesis of 1.1x106 TRNA is enhanced by light but synthesis

also occurs in the dark.

Chepter 5. IX. 3.

Soluble protein increaseé as a result of light treatment.




Two patterns of response of enzymes of phosphorus
metabolism to light are apparent. Type 1, exemplified by
acid RNAse, acid Phosphodiesterase and alkaline
pyrophosphatase, show an immediate increase in activity

(2h.) followed by a decrease which is followed by en

ATPase, alkaline phosphodiesterase and acid pyrophosphatase
show high activity at 12h. Acid phosphatase, acid and
alkaline RNAses and, debatably, alkaline pyrophosphatase

continue to show an increase in activity after TOh.

Ribosome content decreases following excision of the leaf
after an initial increase over the first 12h. Their
polypeptide—synthesizing cspacity also decreases with a

small increase at senescence (96h. )

Soluble protein declines following excision after an

initial increase over the first 12h.

26, Chapter 5. II. 4.
increase at 24h.
27. Chapter 5. III. 2f
28. Chapter 5. III. 3.
29. Chapter 5. III. 4.

Most of the enzymes of phosphorus metabolism investigated
Show an overall increase in activity following excision

with a decline only appafent beyond 96-108h. The increase in
acid RNAse and ATPase at 108h. immediately follows the period

of increased ribosome polypeptide—synthesizing capacity.




Three phases of increased polypeptide-synthesizing capacity
are evident in development along the leaf, at early

development (point 1), mid-development (point 4-5) and at

30. Chapter 6. 10.
senescence (point 7-8).
31, Chapter 6. 11.

The polypeptide-synthesizing capacities of 'membrane-bound!'
end 'free' ribosomes differ, particularly at later stages.

At points 5 and 8, 'membrane-bound' ribosomes are potentially

‘more active then 'free' ribosomes. The !'free!' ribosome

population may be inflated at these points due to

monoribosomes so that specific activities may be artificially

low.




.ribosome-directed cell-free pol

APPENDIX A.

Purification of RNAse,

I. Introduction.
II. Methods
a.'Affinity chromatography procedure for RNAse
purification.
b. Sephadex G-100 chromatographic procedure for
RNAse pgrification.

I1II. Summary.

1. Introduction.

Active RNAse is present at high levels in seneséent leaves of
F. pratensis (Figure 4.26 and Figure 5.10) and, by virtue of its

specific and central role, investigation of its metebolism would

proﬁide an interesting probe into the senescence phenomenon. It is
one of the few enzymes which has ‘been shown to be synthesized at
this stage (Thomas, 1975; Baumgartner et el., 1975; Sacher: and

‘Davies, 1974). There have been conflicting reports concerning the

relationship between RNAse activity and RNA content (for example,
Kessler and Engelberg, 1962; Phillips and Fletcher, 1969; Phillips

et al., 1969) and there have been several reports implicaling

specific RNAses in the age-related decline in RNA (S rivastaya, 1968b 3
Hadziyev et al., 1969). Eilam et al. (1971) proposed that only the
later stages of the decline in RNA were correlated with RNAse

levels, earlier stages arising by other means. The speculative

nature of all these reports gave credence to the value of isolating
and purifying particuler RNAse isoenzymes in order to raise specific

antibodies for immunochemical identification both in situ

and of products of F. pratensis

(intracellular location)
ypeptide—synthesizing systems.




Cellular location work would provide evidence of compartmentation
vwhich may be significant in the progress of development. The
subtleties of compartmentation would tend to be masked by the
usual rigorous extraction methods.

The following attempts were ultimately unsuccessful but
important additional information was obtained as a result which

is worthy of reporting here.

IT. Methods.,

a. Affinity chromatography.

The method of Baumgartner et al. (1975) for affinity
chromatography as an efficient and fast purification of RNAse

was adopted for F. pratensis. 3 g. cyanogen bromide-activated

Sepharose 4B were allowed to swell by washing with a total of
600 ml. 1mM. HCl in & Buchner funnel. The swollen gel was mixed
with a 5 mg./ml. solution of ADP in 100 mM sodium carbonate and
500 mM. sodium chloride buffer at pH 5. The solution was sheken
gently at 4°C. for 48 h. The degree of coupling was measured by
spectrophotometric measurement of the ADP solution at A26O before
and after the coupling period which amounted to 1.36 mg. ADP/ml.
gel. The substituted gel was washed with carbonate buffer and
then with ethanolamine for 2 h. at room temperature. Finally, the
gel was washed alternately with carbonate buffer and 100 mM.
sddium acetate with 500 mM. sodium chloride buffer at pH 4. The gel
was then stored at 4°C. under carbonate buffer containing sodium
cyanide (0.2% W/V).

20 g. ﬁixed—aged leaves of F. pratensis were ground following

freezing in liquid nitrogen, using a pestle and mortar. 75 ml. 20 mM.
sodium acetate buffer (pH 5) were added together with 0.5 g. PVP.
Following ceuntrifugation at 16,000 g. for 15 min. the supernatant
was heated at 55°C. for 1 hour. Denatured protein was removed by
further centrifugation at 16,000 g. for 15 min. 42 g. ammonium
sulphate were added to the supernatant which was stirred briskly

for 1 h. at 4°C. The precipitate was collected by centrifugation at
16,000 g. for 15 min. and resuspended in 10 ml. 3 mM. sodium acetate




Figure &.1

Purification of RNAse by affinity chromatography.
ADP-Sepharose elutions are those referred to

in the text,

J Y - P I. 3mM, sodium acetate.

II. 20mM. sodium acetate

III. 200mM. sodium acetate + 200mM.
sodium chloride.

IV. 200mM. sodium acetate + 1.5M.

sodium chloride.



FIGURE A
. |Specific
step volume| RNAse |Protein activity
m | Umll | mgm| Umg?
heat 1 | | "
~ |denaturation 75 0-273 | 0566 048
|
(NH, ), S0 A
pr?cizpita?ion 10 0564 | 099 | 0-57
superratant - |
(frgm b) 100 0307 | 0-284 1-08
| ADP Sepharcse
elutions
I 10 | 0479 | 0566 | 084
il 6 0-308 | 0283 | 1-09
I 10 0273 | 0283 0-96
i\ 5 | 0273 | 0070 | 389




Figure A.2

Sephadex G-100 column elution profile of RNAse
purification.

Calibration of the column was achieved by
elution of standard solution (2 m.)
containing 5 mg./ml. bovine-serum albumin (BSA)
and Cytochrome C (Cyt C).
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buffer (pH 5) were added together with 0.5 g. PVP. Following
centrifugation at 16,000 g. for i5 nin. the supernatant was
heated at 55°C. for 1 hour. Denatured protein was removed by
further centrifugation at 16,000 g. for 15 min. 42 g. ammonium
sulphate were added to the supernatant which was stirred briskly
for 1 h. at 4°C. The precipitate was collected by centrifugation
at 16,000 g. for 15 min. and resuspended in 10 ml. 3 mM. sodium
acetate buffer (pH 5) and loaded onto the ADP-Sepharose column
(1x12 cm. ). Elution, without restricting flow, was c;rried out
using 3 mM. sodium acetate (I) followed by 20 mM. sodium acetate (II)
followed by 200 mM, acetic acid containing 200 mM. sodium .
chloride (11I) and, finally, 200 mM. acetic acid containing 1.5 M.
sodium chloride (IV). The results, in Figure A.1 suggest that

binding was incomplete. Some purification was achieved but, even

'bearihg in mind the possible improvement in precipitation of HNAse

by raising the ammonium sulphate level, the amounts obtained

would still be extremely low.

b. .sephadex G-100 chromatographic procedure for purification

of RNAse.
64 g. of F. pratensis leaf tissue were extracted as outlined

above. However, following the centrifugation of heat-denatured
protein, 20 ml. aliquots of the resultant supernatant were loaded
onto a Sephadex G-100 column (4x27 cm.) previously equilibrated with
20 mM. sodium acetate buffer (pH 5). Separation was achieved by
ascending elution by means of a Perpex pump at a flow rate of

0.45 ml./min. Following a void volume of 57 ml., 5.0 ml. fractions
were collected and assayed for acid RNAse activity (Figure A.2).
The major active fractions (25 - 34) were pooled and concentrated
by ultrafiltration in a 4.7 cm. stirred molecular filtration cell
fitted with a 'Pellicon' membrane (10.5 cm.2). Cperating pressure
was exerted via a Luer locking adaptor from a nitrogen cylinder at
69 - 105 KPa. The volume was reduced by 90%. On one occasion this
concentrated extract was dialysed overnight at 4°C. against 2.5 1.

distilled water prior to further purification by preparative




Figure A.3

Purification of RNAse using Sephadex G-100
chromatography.
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starch gel electrophoresis. RNAse activity wes markedly feduced
by dialysis and could not be located on the preparative gels By
the usual staining procedure. The possibility that the RNAse had
adhered to the diaiysis membrane was investigated by soaking the
membrane in salt solution (200 mM. acetic acid containing 1.5 M.
sodium chloride). No retrieval of activity was obtained suggesting
that the RNAse must have been in small enough quantity to be lost
by dialysis. As an alternative to dialysis, concentrated samples-
were loaded onto Sephadex G-25 columns (1.5%20 cm.). Following a
void volume of 13.4 ml., fractions were collected by elution with
20 mM. sodium acetate buffer, without restricting flow. The most
active fractions were pooled and concentrated in a 1.3 cm. stirred
molecular filtration cell using a 'Pellicon' membrane of 0.7 cm.2
by a piessure of 69 KPa (Figure A.3). Following dilution of 1:1 with
distilled water, the final extract was used for_injection into a
rabbit. Unfortunately, the Ouchterlony plateé set up to confirm that
antibodies had been raised in the rabbit showed no immungchemical
precipitation.

Al though steps were taken to eliminate small molecular weight
proteins it is possible that during handling the major acid RNAse
( = 15,000 MW) dissociated and the criterion of collection of the
most active samples (for example, from the Sephadex G-25 column)
preferentially selected for these smaller molecules (perhaps similar
to the minor RNAses separated by -Sephadex G-100 chromatography -
see Figure A.2). Evidence for active small molecules has been reported
by Bryant et al. (1976) from pea leaves. A fraction with molecular
weight of 3,100 retained enzymatic activity and, since this moleculér
weight was so much lower than any other enzyme, it was considered
unlikely to be a native enzyme. They not only found that its
concentration varied markedly but it was lost by dialysis. Figure A.2
shows an active RNAse with molecular weight = 3,000. The dialytic
loss obtained during the purification procedure reported here could
be explained if conditions had cansed fragmentation of the major
RNAse into just such active fragments. Pitt (1974) also reported an
acid RNAse of low molecular weight from leaves of potato ( 2~ 5,000 MW).




If these low molecular weight RNAses do represent fragments then
acid RNAse is capable of retaining activity even after thé loss of
a large number of amino acid residues. (B:yant and Phillips (197 )
have shown that photodynamic modification of RNAse confirms this
possibility). This may be of considerable significance in its
degradative role inasmuch as it would seem to be an importent

adaptation for maximal breakdown for redeployment purposes.

11T. Summary.

The existence of active fragments of RNAse as reported by

Bryant et al. (1976 ) complicates the strategem for its purification
and would explain the incomplete precipitation by addition of -
emmonium sulphate. The amounts of the latter two peaks of RNAse
activity of approximate molecular weights of 5,000 and 3,000
(Figure A.2) were extremely variable which supports the possibility
of being fragments rather than native enzymes. 1f such fragmentation
does occur either 'in vivo or during early extraction then it is not
unreasonable to postulate that further manipulation (particularly
the exertion of pressure of 105 KPa during ultrafiltration) might
cause this also,(Briggs and Rice (1972) have recorded the reduction
of enzyme size by proteases during pufification without affecting
the activity.) At the ultrafiltration step it is also feasible that
the unfragmented RNAse molecules were forced into the membranes.

In fact, 10% (W/W) protein was lost on the membrane during
ultrafiltration (Figure A.3 d) and 46% (W/W) protein passed through
to the filtrate. Pooling of Sephadex G-25 eluants would have
selected for these fragmentation products. The smallness of the
RNAse molecule would also provide an explanation for the lack of

immune response in the rabbit.
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