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SUMMARY

1. The aim of this work was to study the function of plastid ribosomes
in et.ioplasts and developing chloroplasts. The conclusions reached are

interpreted in tire context of plastid autonomy and biogenesis.

2. 1 have shown that isolated etioplasts and developing chloroplasts
use added ATP as an energy source for amino acid incorporation into
protein. Developing chloroplasts isolated from leaves after a minimum
of 3 hours greening in continuous white light can also use light as an

energy source for protein synthesis.

3. The relationship between ATP and light as an energy source for
in vitro plastid protein synthesis has been studied in plastids isolated

during greening.

4. The characteristics of amino acid incorporation in rapidly

isolated etioplast preparations exclude the possibility that incorporation
occurs on cytoplasmic ribosomes, in whole cells, nuclei or bacteria
and are consistent with the known characteristics of in vitro plastid

protein synthesis.

5. It has been shown that less than 3% of the amino acid incorporation
into protein in etioplast suspensions is associated with mitochondria

which contaminate the preparations.
6. The conditions for optimum incorporation of amino acids into
protein were established in order to facilitate the identification of

the polypeptides synthesized.

7. The products of in vitro protein synthesis were analysed by

electrophoretic separation on SDS urea polyacrylamide gels.lI



8. Using ATP as the energy source and either L-( S) methionine,
I,-( H) leucine or L-( H) phenylalanine, as the protein precursor it

has been shown that etioplasts synthesize seven major polypeptides.

9. These polypeptideselectrophorese coincidentally with the products

of protein synthesis in isolated chloroplasts.

10. As in chloroplasts only one of these polypeptides is present in a
150, 000 g etioplast supernatant fraction. This product has been
identified as the large subunit of Fraction | protein. Identity was
established by comparing the tryptic and chymotryptic peptide map
of the in vitro etioplast product labelled with J_,-(358) methionine with

the tryptic and chymotryplir peptide map cf authentic large subunit

11. The same gel pattern of seven polypeptides is seen when plastids
isolated from greening leaves are incubated with either added ATP
or light as the energy source. The products of in vitro protein
synthesis in developing chloroplasts also co-electrophorese with

those synthesized in isolated chloroplasts.

12. The rates of synthesis of particular polypeptides are different in
plastids isolated at different stages of the etioplast to chloroplast

transition.

13. The results support the idea that plastid ribosomes synthesize
only a small number of proteins and that the number and molecular

weight of these proteins does not alter during the formation of

chloropi&sts from etioplasts.

14. The results are discussed in the context of plast'd autonomy and
biogenesis. The use of the plastid as a developmental system for
studying the controls exerted upon the synthesis of particular
polypeptides during differentiation is considered. Possible areas of

research which might be undertaken as a result of the work described

are outlined.
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1. INTRODUCTION.

The hallmark of the eukaryotic cell is the compartmentalizatior.
of functions in membrane-limited organelles. In plant cells there is
a group of organelles collectively termed the plastids. The function
of the most intensely studied plastid form, the chloroplast, is to
convert solar energy into chemical energy through the process of
photosynthesis. This process is the primary energy transduction
upon which all life ultimately depends and has therefore justifiably
been the major aspect of plastid research for over 50 years.
However, in the last 15 years a second area of investigation
relating to the plastids has developed.

It has been known since the turn of the 20th centry that the
genetic determinants for some plastid characters are not
transmitted according to the normal Mendelian rules of independent
allelic segregation (Bauer, 1907), but are transmitted instead by an
extranuclear, commonly uniparental, mode of inheritance. The
significance of this observation was not however grasped until, the
realisation during the 1950's that DNA, and not protein, was the
molecule through which genetic information is stored and
transmitted (see Olby, 1974). Extranuclear inheritance must surely
therefore indicate extranuclear DNA. Accordingly throughout the
1960's extensive study of the chloroplast revealed that it contains
all the components theoretically necessary for autonomy i. e. DNA,
DNA polymerase, RNA polymerase and a protein synthesizing system
(Boulter et-_al, 1972). These findings immediately provoked the idea
that the chloroplast might be an autonomous organelle. To quote
Kirk and Tilney-Bassett (1967) "just how much of the chloroplast
jrrotein is synthesized within the chloroplast is not known fer
certain, but the work with living cells suggests that most of it is,
and indeed on general grounds, it seems likely that all of it is".

The concept of plastid autonomy was however short-lived. Over the
last five years it has become increasingly apparent that the chloroplast
is not autonomous in the sense that it exerts complete control over its

own replication and the biosynthesis of all its components. In addition



to numerous chloroplast characters which are known to be governed

by nuclear genes (Kirk and Tilney-Bassett, 1967) it has now been

established that a number of plastid components are encoded in

nuclear DNA (Kawashima. and Wildman, 1972; Kung at al_, 1972)

and at least in one case (the small subunit of Kraction | protein)

synthesized on cytoplasmic ribosomes (Criddle ¢t al, 1970; Gray

and Kekwick, 1974b). At the same time however it has also been

shown that the gene for the most abundant chloroplast polypeptide,

the large subunit of Fraction | protein, is located in plastid DNA

(Chan and Wildman, 1972) and expressed through translation on

70S chloroplast ribosomes (Blair and Ellis, 1973; Criddle et al, 1970).
The general picture that emerges therefore is that the biosynthesis

and replication of the plastid requires an integration between events

occurring in the nucleus, cytoplasm and organelle. A considerable

step towards understanding the nature of these integrative processes

in the cell would be to identify the genes encoded in plastid DNA and

the proteins synthesized on plastid ribosomes. The work presented

in this thesis is concerned with the translational aspect of this problem.
Recently several reviews have appeared on the subjects of plastid

structure, function, inheritance, autonomy and biogenesis (Kirk, 1971;

Boardrnan et al, 197); Rosinski and Rosen, 1972; Pollock and Ece, 1972;

BUrner, 1973; Cillham et al, 1974; Gillham, 1974; Tzagaloff, 1975;

Thornber, 1975; Anderson, 1975b; Ellis, 1976a). The literature review

presented here will therefore concentrate only on the more recent and

interesting advances in particular areas. The emphasis will be to

evaluate the extent to which the structure and function of the plastids

can be related to the activity of their own nucleic acid and protein

synthesizing systems. At the end of the introduction the limitations

in our understanding of plastid autonomy are briefly discussed, and

the problem investigated in this study and the approach adopted to

elucidate this problem are stated.

[ «t



2. PLASTID STRUCTURE AND FUNCTION

Kirk and Tilney-Bassett (1967) categorise seven, or possibly eight,
different plastid forms whilst at the same time recognising that these
forms are closely inter-related. To me it appears that a more
consistent approach, and one that will, be emphasized throughout this
review, is that of Sironval (1975). The plastid is a single object
which exists in any specific steady-state as a result of maintaining
the plant in a particular set of environmental conditions. The normal
steady-state of the plastid, apparent in most wild-type plants grown
in their normal ecological environment, is the granal chloroplast.

If the plant is grown in continued darkness then the plastids assume

an abnormal steady-state, the etioplast. Etioplasts are essentially
unstable and if exposed to visible light, will develop through a continuum
of transient forms into the granal chloroplast.

In the usual ecological situation chloroplasts do not normally
develop from fully differentiated etioplasts. In the growing leaf the
chloroplasts develop through a series of rather ill-defined transient
forms, the earlier of which are termed proplastids. This terminology
refers to higher plants. Dark-grown cells of Euglera gracilis contain
steady-state plastid forms which are also referred to as proplastids.
This section will consider some aspects of the structural and

functional relationships between chloroplasts, etioplasts and proplastids.

A, STEADY-STATE FORMS

i. The granal chloroplast

In higher plant cells chloroplasts are generally lens-shaped and
approximately 5yarn in diameter. The chloroplasl is delineated from
the cytoplasm by a double membrane, the so called chloroplast envelope.
Purified preparations of chloroplast envelopes have been obtained from
broad bean, spinach, pea and oats (Mackender and Leech, 1970;
Poincelot, 1973; Douce et al, 1973; .Toy and Ellis, 1975; Wellburn and
Cobb, 197-1; Pcincelot and Day, 1974). The enzyme Mg2- dependent
ATPa.se, which is restricted ro the plastid envelope (Sabris _el al, 1970),

provides/
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provides a suitable biochemical marker throughout the purification
procedure.

Chemical analysis of the envelope preparation from Vicia faba
reveals that the lipid and fatty acid composition of the envelope
membranes are in general qualitatively, but not quantitatively, similar
to lamellar membranes isolated from the same plastids (Mackender
and Leech, 1974). There may however be a number of minor lipid
components which are unique to the envelope membrane. For example,
Poincelot (1973) has shown that cerebroside, steryl glycoside and
certain steryl esters are present in the envelope but not lamellar
membranes of spinach chlorop] asts. Recent studies suggest that
the chloroplast envelope is the site at which some of its own
component galactolipids are synthesized (Douce, 1974).

The proteins of oat, pea and spinach plastid envelopes have been
analysed by polyacrylamide gel electrophoresis (Joy and Ellis, 1975;
Mendiola - Morgenthaler and Morgenthaler, 1974; Pineau and Douce, 1974a;
Cobb and Wellburn, 1974; Sprey and Laetsch, 1975). The fractionation
pattern of envelope proteins is clearly distinct from that ox the
thylakoid proteins and shows that the envelope membranes contain up
to 25 major polypeptides. Joy and Ellis (1975) conclude that at least
two of these polypeptides are synthesized on chloroplast ribosomes.

One of the primary functions of the chloroplast envelope must be
to control the flux of metabolites, and perhaps also macromolecules
such as proteins (see Pineau a«d Douce, 1974b), between the
chioroplast and the cytoplasm. Metabolite flux to and from the
chloroplast has recently been excellently reviewed by Heber (1974).

Tr* broad terms it appears that whilst the outer membrane of the
chloroplast envelope is unspecifically permeable to metabolites

(Heldt and Sauer, 1971), the inner membrane is relatively impermeable
(Stokes and Walker, 1971; Gimmler jet al, 1974) but contains specific
translocators (Walker and Croft3, 1970; Poincelot, 1975).

Chloroplasts which retain their envelope- membranes during
isolation (as do a high proportion of those isolated rapidly in isotonic
medium) are classified as intact (Hall, 1972), and appear refractile if

viewed 7/



viewed by phase contrast microscopy (Kahn and von Wettstein, 1961).
Within the delineation of the envelope membrane all chloroplasts
conform to a basic plan. An outer compartment between the membranes

of the envelope contains a finely granular continuum, the matrix or stroma
within which is supported a more or less elaborate system of
interconnected lamellae. These lamellae themselves constitute an
inner membranous compartment.

The stroma contains DNA (Ris and Plaut, 1962), ribosomes,
tRNA and amino acid activating enzymes (Franki et al, 1965).
Also amongst the 50 or so soluble enzymes found in the stroma
(Smillie and Scott, 1970) are those of the Calvin cycle (Trebst jet al, 1958).
One of these Calvin cycle enzymes, ribulose 1, 5 bisphosphate
carboxylase (RuRPCase) (3-phospho-D-glycerate carboxylase (dimerizing)
E. C. 4.1 1 39), also referred to as Fraction | protein, can account for
up to 50% of the soluble leaf protein (Kawashima and Wildman, 1970).
Fraction | protein is the most intensively studied of all plane proteins
(see reviews by Kawashima and Wildrnan, 1970; Ellis, 1973; McFadden,
1973).

Fraction | protein is found in all chemosynthetic and photosynthetic
autotrophs (McFadden, 1973) and can be readily isolated ana purified
to homogeneity, commonly as judged by polyacrylamide gel
electrophoresis. In tobacco species the protein can be easily
crystallized in large yields from crude leaf extracts (Kawashima
and Wildman, 197l1a). The term Fraction lprotein is used to describe
a group of proteins which are isolated from autotrophic orangamsivis
their diagnostic feature being the enzyme activity of ribulose 1, 5
bisphosphate carboxylase. The molecular structure of Fraction |
proteins varies between species, and on the basis of the molecular
weight of the native protein three categories of protein can be
recognised (McFadden, 197 3).

Table A shows the distribution of the group types of Fraction |
protein and also some of the physical characteristics of each group.
In Table A the number of subunits in the Fraction | proteins of Groups
li and Ill has been assumed from the molecular weight data, although

in/



Tablc A. The subunit compositions of Fraction | proteins.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
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Akazawa et al, 1972.
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Sugiyama and Akazawa, 1970
Rutner and Lane, 1967.
Sugiyama ct al_, 1971

Gray and Kekwick, 1974a.
Iwanij et al, 1974.

Moon and Thompson, 1971

T abita et al, 1974.

Anderson tT al, 1968.
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in fact nothing is yet known of the quaternary structure of these
enzymes. Group | Fraction | proteins contain eight subunits of
molecular weight 5.4 - 5.8 x 10 . This conclusion is strongly
supported by electron microscope, x-ray diffraction and optical
diffraction studies on crystalline tobacco Fraction | protein

(Baker et al, 1975). This larger subunit has been shown to be the
catalytic subunit of the enzyme (Nishimura and Akazawa, 1973, 1974a,
1974b). The number of small subunits (mol. wt. 1.2 - 1. 8 x 10"1) in
Group | proteins is also thought to be eight on the grounds that this

is the simplest interpretation of the crystallographic data; also-
oligomeric proteins are almost always found to have a 1:1 binding

ratio betv/een non-identical subunits (Matthews and Bernhard, 1973).
The majority of evidence suggests that the role of the small subunit

is to modify or regulate the enzymic activity of the protein (Takabe
and Akazawa, 1973; Kung and Marsho, 1976; Nelson and Surzycki, 1976a,
197 61)). The evolutionary implications of varying subunit compositions
in Fraction | proteins have been reviewed by McFadden (1973). A most
interesting development in the study of Fraction | protein has been

the recent finding by Kung et al (1974) that both the large and small
subunits of crystalline tobacco Fraction | protein can be resolved

into a number of discreet types by isoelectric focussing. The
isoelectric points of these types differ interspecifically as well as
intraspecificaily. The nature of the charge differences within a
population of subunits is unknown. There are no detectable
differences in the tryptic peptides of polypeptides which exhibit charge
differences (IVildman et al, 1974). These charge differences can
however be used as phenotypic markers in the production of
reciprocal interspecific hybrids (it should be borne in mind that

these charge differences need not necessarily be a consequence of
alterations in the gone(s)encoding the Fraction lprotein subunits).
Gray et al (1974) and Wildman et al (1974) have profitably employed
this approach to determine evolutionary relationships within the genus
Nicotiana. The same approach has also been used by Sakano et al (1974)
to provide confirmatory evidence that the genu (s) encoding the large

subunits/



subunits of Fraction | protein are located in chloroplast DNA
(section 13Aiib).

Comparisons of the Fraction | protein subunits have also been
made at the intergeneric level. Studies on antigenic determinants
(McFaddcn, 1973; Gray and Kekwick, 1974a), amino acid compositions
(lwanij et al, 1974; Rabinowitz et al, 1975) and tryptic peptides
(Kawashima and Wildman, 1971a; Kawashuna ct al, 1971; Kung et al, 1974)
all lead to the conclusion that the primary structure of the large subunit
of Fraction 1 protein has been strongly conserved throughout evolution,
whereas that of the small subunit lias undergone considerable change.

The diagnostic enzymic activity of Fraction | protein is the
catalysis of the carboxylation of ribulose 1,5 bisphosphate to yield a
six carbon intermediate which is rapidly hydrolysed to two molecules

of phosphoglycerate (Sjodin and Vestermark, 1973).

c=C 0 C(OH)CO" 1 IIC-CO2
| u
HCOH + C — > C-0 + O0—- > OH t 2H’+
! 8 IJéOII H
HCOH co
HCOH
D- ribulosc 1, 5 2-carboxy 3 keto
bi sphosphate ribitol 1, 5

D-3 phosphoglycerate
bisphosphate P phogly

Carbon dioxide is the active species in the carboxylation reaction
(Cooper et al, 1969). There has been prolonged concern and
discussion over an apparent paradox between the observed rates of
CCF fixation in vivo and the kinetics of RuBPCase activity in vitro.
It is increasingly clear that in fact no paradox exists. Gilley and

W alker (1975) have shown that a crude preparation of RuBPCase
isolated from spinach chloroplasts exhibits a V of between

500 and OOOyumoles of CO”™ fixed/mg of chlorophyll/hour. A
maximum reaction velocity of IOOOyumoles of CO”™ fixed/mg of
chlorophyll/hour is sufficient to account for the rates of CO” fixation

observed/



observed in vivo or in isolated intact chloroplasts. These workers
also demonstrate a Km (CO”) for the in vitro CO” fixation reaction
of 45 p M, considerably higher than the value of 9 which results
from equilibrating a solution with atmospheric CO” at a concentrat*on
of 0. 03%. The enzyme must therefore operate in vivo at sub-optimal
CO”™ concentrations.

A quite separate issue is the Km (CO.,) for the CO™ fixation
process in vivo , which has been determined as 9 (Goldsworthy, 1968;
Buchanan and Schurman, 1973). Lilley and Walker (1975) maintain
that this value is spuriously low and results from a limitation imposed
by electron transport processes at high CO” concentrations. They
maintain that the true Km (CO”) for the primary fixation process is
45 pM, the same CO,, concentration that produces half maximal
velocity for their RuBPCa.se activity m vitro. It is also increasingly
clear that RuBPCase is under strong allosteric control by a number
of metabolites (Chua and Bassham, 1972; 1973, 1974, 1975; Ryan et al,
1975; Laing et al, 1975). Allosteric regulation is most probably the
cause of the wide variations in the measured kinetic parameters of
the in vitro RuBPCase activities obtained using enzymes prepared
in different ways and incubated under different conditions (Paulsen
and Bane, 1966; Bahr and Jensen, 1974a.; Laing et d, 1975). A
detailed understanding of the regulation of RuBPCase activity
in vivo seems far distant.

The full importance of Fraction | protein in the cell was not
appreciated until the discovery by Bowes et al (1971) that the enzyme
also catalysed the oxygenation of D-ribulose 1, 5 bisphosphate to yield
one molecule of 3-phospho D glycerate and one molecule of

phosphoglycolate.

CH”™O (p) CH”~O (P) 2-phosphoglycolic acid
;o0 h
+ 0,,
CIOOII 3-phosphogiyceric acid
CH O © HCOH
D-ribulose 1, 5 CH.O ©

bisphorphate
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The oxygenase activity has now been demonstrated in Fraction |
protein isolated from soybean (Howes et al, 1971), spinach (Badger
and Andrews, 1974; Andrews jet al, 1973; Nishimuva and Akazawa, 1974a;
Bahr and Jensen, 1974), tobacco (Chollet ct al, 1975), the green alga
Chlamydomonas reinhardii (Berry and Bowes, 1973) and the obligate
anaerobes Chromatium (Takabe and Akazawa, 1973a) and

Rhodo spirillum rubrum (McFaddcn, 1974). It is believed that both
carboxylase and oxygenase activities are catalysed at the same

active site on the protein for three reasons. Firstly antibodies yaised
specifically to the large subunit of spinach Fraction | protein will
inhibit both activities (Nishimura and Akazawa, 1974b). Secondly
there are close similarities in the kinetic parameters of the two
activities (R.yan and Tolbert, 197 5a), and thirdly CO” and are
equally potent competitive inhibitors of the oxygenase and carboxylase
activities respectively (Badger and Andrews, 1974).

The possible significance of the oxygenase reaction in cellular
metabolism is that the phosphoglycolate produced may be
dephosphorylated to yield glycolic acid (Bowes et ail, 1971; Lorimer et al,
1973), and hence become available as the primary substrate of
photorespiration, a process that can reconvert up to 50% of the carbon
fixed in photosynthesis back into CO”~ (Zelitch, 1975). Thus the rate
of synthesis of glycolic acid via the oxygenase reaction may be an
important factor controlling photorespiration, although this idea is
strongly' contended (Zelitch, 1975; Bahr and Jensen, 1974; Kung
and Marsho, 1976).

The inner membranes of the chloroplasts of higher plants and
green algae contain the photosynthetic apparatus for the conversion
of solar energy into chemical energy (Boardraan, 1968). Electron
microscopy has shown that the photosynthetic lamellae of the
chloroplast consists of a system of flattened discs (thylakoids)
superimposed to form an array', the gramun. The number of thylakoids
per granum appears to vary widely throughout the plant kingdom, from
about 3 in liglena g”acilLs to anything up to 100 in vascular plants
(Kirk and Tilney-Has sett, 1967). Thylakoids a'so extend between and

interconnect/
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interconnect separate disc arrays.

The ultrastructure of the lamellar membrane has been
investigated by two basic approaches, in the first approach
physical methods such as conventional electron microscopy,
freeze fracturing and x-ray diffraction are used. On the basis
of these studies several models of membrane structure have been
proposed. Essentially all models lie between two extremes. The
earlier model, which was explicitly' for chlcroplast lamellae,
envisages the membrane as a static bimolecular lipid leaflet into
which proteins and pigments are rigidly embedded (Branton, 19f>9;
Park and Pfeifhofer, 1969). This model has been critically reviewed
by Kirk (1971a, 1972).

An alternative and more flexible model views the membrane as
a lipid bilayer leaflet which provides a fluid matrix in which proteins
or lipo-protcin complexes either float (extrinsic or peripheral
proteins) or are submerged (intrinsic or intergra.l proteins) (Singer, 1974;
Singer and Nicholson, 1972). The lipids in the matrix are also of two
types; fluid, which make up the lipid domain and fixed boundary,
which consist of macro molecular layers altached to the hydrophobic
shells of penetrating intrinsic proteins (Jost ct al, 1975; Trauble and
Overath, 1973). This mosaic model of membrane structure has
emerged from investigations not only on chloroplast membranes, but
also on mitochondria, plasma membranes and animal cells, (Singer, 1974).
The most recent interpretation of this model with respect to chloroplast
lamellae is given by Anderson (1975a, 1975b). She envisages the
bulk of tiie amphipathic cholorphyll molecules to be boundary lipids
which lie at tile surface of two major intrinsic protein complexes;
giving rise to the Photosystems | and Il chlorophyll - protein
complexes when the membranes are solubilized by detergent (Thornber,
1975). This fluid model oi the membrane would seem to accommodate
more easily many of the conceptual difficulties associated with, for
example, the step-wise insertion of molecules into the membrane
either during development (lleise and Jacobi, 1973; Bogorad, 1975),
or as a result of differential turnover rates for membrane components

(Schimke and Doyle, 1970; Omura et al, 1967).

130
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The second method of investigating the membrane ultrastructure
has been to release from the membrane, by more or less drastic
procedures, associations of components which together form complexes
active in the partial reactions of photosynthesis, for example,
photosynthetic phosphorylation, electron transport or light harvesting.
By varying the severity with which the membrane is disrupted the
relationships between the components of a complex can be
investigated, and in time it is hoped that an understanding of the
structure and function of the membrane will be built up. Mild
procedures, such as gentle washing of spinach chloroplast lamellae
with a narrow range of concentrations of dilute EDTA, release
certain proteins, for example the latent Cazf activated ATPase
(Jagendorf and Smith, 1962; Avron, 1963). This protein, also
termed the photosynthetic coupling factor (CF~), has been purified
(Farron, 1970) and its molecular weight and subunit composition
determined (Nelson et al, 1973; McEvoy and Lynn, 1973). This
protein is clearly therefore a peripheral or extrinsic component of
the membrane. In contrast, only prolonged treatment of chloroplast
lamellae with the detergent digitonin is sufficient to release proteins
which are intrinsic, for example cytochrome f (Nelson and Racker, 19/2).
Inbetween these two extremes partial dissolution of the lamellar membrane
has been achieved by a variety of procedures including mechanical
disruption, treatment with the ionic detergents sodium dodecyl sulphate
(SDS) (Ogawa et al, 1966) and sodium dodecyl benzene sulphate (SDBS)
(Thornbcr ct al, 1967a; Thornber et al, 1966) or treatment with the
non-ionic detergent Triton X 100 (Shiozawa ed al, 1974).

Membrane solubilization studies indicate that 70% of the intrinsic
protein mass of native chloroplasts is made up of the two complexes,
chlorophyll-protein complex | (CPIl) associated with Photosystem 1
and comprising some 20% of the protein mass and chlorophyll-protein
complex Il (CPU) associated with Photosystem Il and comprising some
50% of the protein mass. The properties of these chlorophyll-protein
complexes have been excellently reviewed by Thornber (1975) and a
number of them are collated in Table B. Comparison oi. the

chlorophyll a-.b ratio of CPIl with that of the Photosystem | particles

isolated/



Table B.

10.
11.
12.
13.
14.
15.

16.

Thornber, 19V5.

Thornber et al, 1967b.
Ogawa td al, 1966

Thornber et al, 1967a
Dietrich and Thornber, 1971
Eaglesham and Ellis, 1974
Kimg and Thornber, 1971
Thornber, 1969.

Shiozawa et™al , 1974.
Eengis and Nelson, 1975.
Thornber and Highkin, 1974.
Alberte et al, 1974
Alberteetal, 1972
Argyroudi-Akoyunoglou and Akoyunoglou,
Thornber and Olsen, 1971.

Hiller et al, 1974.

The chlorophyll-protein complexes.
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PROPERTY

Synonyms

Sedimentation

coefficient

Chlorophyll
a/b ratio

Chlorophyll /P700
ratio

mol. wt.

chlorophyll/
protein ratio

Carotenoid/
chlorophyll ritio

activity

CPI

P700 chlorophylla protein (1)

9s (2)

)7 (3)
chi b not detected (4)

50:) (5)

1.1-1. 5 x10S (6,7)

14 moles/complex
(8.,9)

PSI photoxidation and
reduction (9, 10)

CPU

Eight-harvesting
chlorophyll a:b
protein (11)

equimolar
(12, 13, 14, 15)

2.7-3.5x 104 (6, 7,16)

6 moles/complex

(D

3-7/1 (1)

Eight-harvesting
(1, 13)



isolated by Boardman and Anderson (1964), and the enrichment of
SDS-treated digitonin Photosystem | particles with CPI (Thornber

et al, 1967a; Sironval et al, 1967) leaves little doubt that CPI represents
a smaller subunit of Photosystem |I. Simple calculations from the

data in Table B shows that not every CPl complex unit contains a
molecule of P700, the reactive pigment species of Photosystem I.

It has therefore been postulated, in analogy to the bacteria] reaction
centre protein (Clayton, 1973), that each P700 reaction centre protein
is attached to only one of every three identical chlorophyll-protein
complexes (Thornber, 1975).

vs judged by NADP reduction, the most native CPI complex
preparation yet isolated is obtained by Triton X 100 detergent
treatment of digitonin-prepared Photosystem | complexes (Bengis and
Nelson, 1975). This CPI complex is composed of five classes of
polyjreptides with apparent molecular weights of 70, 25, 20,18 and 16 x
10 on SDS polyacrylamide gels. Both the P700 signal (primary
oxidation) and NADP photoreduction (primary reduction) are
associated with the 70 x 1.03 molecular weight polypeptide, although
the presence of the minor molecular weight species seems necessary
for photoreduction.

The second major chlorophyll-protein complex of the lamellae,
CPIl, has traditionally been obtained by polyacrylamide gel
electrophoresis of anionic detergent extracts (Alberte et al, 1974, 1972;
Thornber and Higlikin, 1974); although a new isolation procedure
involving hydroxyapatite chromatography of SDS extracts (Kung and
Thornber, 1971; Thornber and Olsen, 1971) yields a more homogeneous
prepai ation.

The properties of a barley mutant which lacks chlorophyll b
(Highkin, 1950) but still retains Photosyatem Il activities (Thornber
and Highkin, 1974) suggests that unlike CPI, the CPIl complex does not
perform any function required for the operation of the Kill-Bendall
Z scheme (Hill and Bendall, 1960). The CPIlI complex is therefore
thought to act simply as alight-harvesting component in the

photosynthetic membrane. Consistent with this idea are the studies

of/
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of Chua and Bcnnoun (1975) on temperature-sensitive mutants of
Chlamydomonas reinhardii . These studies strongly implicate a
polypeptide of molecular weight 47000, considerably higher than
the CPU complex protein, as being involved in the activity of the
Photosystern Il reaction centre.

The organization of the 30% of chlorophylls and carotenoids in
the plant that are not located in the two major chlorophyll-protein
complexes (they are associated with a free-pigment zone upon the
completion of eletrophoresis) is obscure.

Also associated with chloroplast lamellae are DMA (Woodcock
and Fernandez-Moran, 1968; Herrman et al, 1975), ribosomes (Chan
and Wildman, 1970; Chua et al, 1973; Margulies and Michaels, 1974),
DNA polymerase (Tewari and Wildman, 1967) and RNA polymerase
activity (Spencer and Whitfeld, 1967; Tewari and Wildman, 1969).
These components will be discussed in more detail in later sections.

It is interesting to note that during the period in which it was
considered plausible that chloroplasts were autonomous several
attempts wore made to maintain viable plastids in isolation from the
rest of the cell (Ridley and l.eech, 1970; Giles and Serafis, 1972;
Wecllburn and V.'ellburn, 1973; Rebeiz jetjd, 1973). These studies
have principally been restricted to subjective interpretations of
electron micrographic data. They suggest no more than that the
dissolution of the structural and molecular integrity of the plastid
can be delayed by incubation in the presence of specific cofactors.
There is no evidence of plastid replication in vitro , nor is there any
evidence of continued de novo nucleic acid or protein synthesis in vitro.

ii. Etioplasts and proplastids.

Etioplasts lack both cholorphyll and a thylakoid membrane system
but they do have a definite and complicated structure (Kirk and Tilney-
Bassett, 1967). However in comparison to the chloroplast our
knowledge of this structure is rudimentary.

Etioplasts are usually irregularly ellipsoid and depending upon the
age and spec.es of tissue have a diameter of about 1to 3pn (Mego and

Jagendorf, 1961; Bennet and Radcliffe, 1975). The etioplast is



delineated from the rest of the cell by a double membrane (Rebeiz et al,
1973). The etioplast envelope membrane has been isolated from dark-
grown Avena laminae and analysed by SDS polyacrylamide gel
electrophoresis (Cobb and Wellburn, 1974). This membrane preparation
contains 16 major polypeptides ranging in molecular weight from 25000
to 117000. There have been no reported analyses specifically on the
non-protein components of the etioplast envelope although Tevini (1972)
ha3 shown that isolated barley etioplasts contain galactolipids, the
plant sulpholipids and the phospholipids, phosphatidyl choline,
phosphatidyl glycerol and phosphatidyl inositol. It would seem
reasonable to conclude that at least some of these components are
distributed within the envelope and inner lamellar membranes.

The permeability properties of the ctioplast envelope membrane
are also almost totally unknown. Smith and his colleagues have
presented spectrophotometric evidence to suggest that the phytochrome
associated with the etioplast is located primarily in the envelope
membrane (Evans and Smith, 1976a, 1976b). On the basis of their
observations they have presented the stimulating hypothesis that the
phytochrome acts as a permease or transport factor to regulate the
movement of one or more critical metabolites between the organellar
and cytODlasmic compartments (Smith, 1970b; Evans and Smith, 1976a,
1976b).

As in chloroplasts two phases can be distinguished within the
boundary of the etioplast envelope membrane. The stroma is a
homogenous matrix which contains DNA (Jacobsen, 1968;

Gyldenholm, 1968; Sprey and Gietz, 1973), ribosomes (Boardman, 1966;
Brown and Gunning, 1966; Dyer et al, 1971), tF.NA and amino acid
activating enzymes (Guillemaut et al, 1972; Burkard et al, 1972) and

all the enzymes of the Calvin cycle (lreland and Bradbeer, 1971;
Bradbeer, 1969; Bradbeer et al, 1972; Bradbeer et al, 1974b). Within
the atronia there are a number of vesicles and lamellar systems, the
most con -.picuouo of which is the prolamcllar body (Hodge et al, 1956).

Each etioplast contains usually one, but pos.iibly up to four



prolamellar bodies, frequently interconnected by double lamellae
(Kirk and Tilney-Bassett, 1967; Gunning, 1965). It appears that the
structure of the prolamellar body may vary both within a tissue and
also between species (MUhlethaler, 1971). Granick (1961) and
Gunning (Gunning, 1965; Gunning and Jagoe, 1967) have presented a
model of the prolamellar body structure based upon conventional
electron microscopy of etiolated Avena coleoptile sections. The
model envisages the prolamellar body as a three-dimensional cubic
lattice of interconnected tubules in which the membranes of fusing
tubules become smoothly confluent. The origin of the structure is
believed to be the inner membrane of the plastid envelope (Virgin et si,
1963; von Wcttstein, 1967). In contrast, the studies of Wehrmeyer
(1965a, 1965b, 1965c, 1967), lkeda (1968) and Weier and Brown (1970)
indicate that in many cases the basic unit of the prolamellar body
appears to be a tetrahedron (4 tubules meeting at one point) v/ith the
tubules forming five or six-membered rings. The centre of the
lattice therefore has the shape of a pentagonal dodecahedron.

Independent studies by Bradbeer (1974a) on the structure of
bean etioplast prolarnellar bodies are equally consistent with both
models.

Biochemical analysis of the prolamellar body is limited.
Lutz (1975) has performed preliminary analyses on both the lipid
and protein components of prolamellar bodies isolated from Ayena
etioplasts. After extraction with water and chelating agents the
prolamellar body preparation is found to contain a number of lipids
(mono and digalactosyl diglyceride, acylsteryl glycoside, cerebroside
and phosphatidyl choline) and seven major SIfS-soluble proteins.
These proteins range in molecular weight from 220C0 to 68000. The
lowest molecular weight protein, SP1, is a glycoprotein. Similar
analyses performed by Bogorad and his colleagues (Forger and
Bogorad, 1973; Bogorad, 1975) show that prolamellar bodies isolated
from Zea mais etioplasts also contain seven major proteins but in
this case their molecular v/eights range from 25000 to 102000. In
both studies comparisons are made with the protein components of

photosynthetic lamellae and it is concluded that several, but not all,

of/



of the polypeptides found in chloroplast lamellae are also present

in etioplast prolamellar body membranes. A similar conclusion

has been reached by Nielson (1975) who used acid-soaked polyacrylamid
gels to electrophoretically characterize the plastid membrane

proteins in greening barley seedlings.

This view differs however from those of Remy (1973) and
Lagoutte and Duranton (197?.). These authors conclude that there
are no qualitative differences between lamellar proteins of
etioplasts and those of plastids greened under intermittent light.
They go as far as to claim that etioplasts must therefore contain
reduced but significant amounts of, for example the CP1 and Il
complex proteins. Inspection of the electrophoretic analyses upon
which this claim is based indicates that this conclusion is however
not justified upon the basis of the available data. A method of
significantly higher resolution is required for separating plastid
lamellar proteins (perhaps, for example, two-dimensional as
opposed to one dimensional gel electrophoresis), before such
gquestions can be answered.

Results of the type described above can be taken to suggest
that the thylakoid lamellae of the mature chloroplast arc assembled
in a step-wise fashion, with components such as the membrane
polypeptides, membrane lipids and photosynthetic pigments being
added at different times. Evidence supporting this suggestion comes
from a number of other studies. Locksbin et al (1971) and Gregory
and Bradbeer (1975) have shown that the coupling factor CF~ which
has the enzymic activity of Ca +-activated ATPase is found in both
bean and maize etioplasts. These authors conclude that most or
all of the coupling factor activity of a chloroplast may be present
in the etioplast from which it develops. The relatively small light-
triggered increase in CF” activity can be attributed to a modification
of the enzymes properties (Gregory and Bradbeer, 1975). Bogorad
(1975) bar. also shown that CFj particles isolated from maize etioplast

membranes will restore photophosphorylating activity to maize
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cliloroplnsl membranes which have been stripped of CF™ by washing
in dilute EDTA solutions. Confirmation that a structurally as well
as biochemically hybrid membrane has been reconstituted is
provided by electron microscopy. Under the correct conditions
90A etioplast particles, in which the CF~ activity resides (Howell
and Moudriankis, 1967) become associated with EDTA stripped
chloroplast membranes. These experiments clearly demonstrate
that if there are any specific sites involved in the association of
CF particles with plastid membranes then they are already present
in the etioplast membrane although it lacks chlorophyll and several
other components necessary for photosynthesis.

Further support for the idea that etioplast membranes contain
many components required in the functional chloroplast is provided
by the demonstration that in addition to the enzymic coupling factors
involved in phosphorylation,barley and bean etioplasts also contain
three of the four cytochromes (namely f, and p) which
act as intermediates in photosynthetic electron transport (Plesnicar
and llendall, 1972; WhatVfcuet al. 1972; Phung Nhu Hung el al, 1972;
Gregory and Bradbeer, 1973). In barley etioplasts these cytochromes,
and also plastocyanin, are present on a fresh weight basis in amounts
similar to those found in mature granal chlorop) asts. It appears
increasingly clear that the formation of the chloroplast thylakoid
membranes is a multistep mechanism in which different components
appear in the membrane independently of one another and at different
times during its assembly.

The most obvious difference between etioplast and chloroplast
membranes is the absence cf chlorophyll molecules from the former.
However it is possible to extract and partially purify from the
prolameliar body membranes a photoreactive pigment-protein complex,
the protochlorophvlil-holochrome (Smith, 1960; Boardman, 1962;
Schopfcr and Scigelman, 1968). The spectroscopic studies of Kahn et al
(1970) indicate that there are three forms of protochlorophyll in the
complex. Two of these forms PChl 650 and PChi 637 are photoreducihie

whilst/
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whilst the third form PChl 628 is a relatively minor component and
is not photoreducible. Statistical considerations upon the transfer
of excitation energy from PChl 637 to both PChl 650 and
chlorophyllide lead Kahn and his co-workers (Kahn et al, 1970;
Boardman cd al, 1972) to conclude that there are at least four
chromatophores per protein molecule in the holochrome complex.
The exact nature of the protochlorophyllide-protein relationships
however remains to be resolved.

The remaining plastid form to be discussed in this section is
the proplastid. The structure of the proplastid has been studied in
the electron microscope by von Wettstein and Kahn (1960). The
organelle exhibits a minimum amount of structure appearing to be
little .'note than an oval stroma-filled sac approximately 1jam in
diameter. Commonly,irregularly shaped clear areas are evident
in the matrix and they are often seen to contain fibrils which are
speculated to be DNA (Whatlty et al, 1974). Occasionally starch
grains are also evident within the matrix and in many cases they are
associated with the restricted strands oi internal membranes
(Bradbeer et al, 1974a).

It is often implied that the relationship between the proplactid,
the ctioplast and the chloroplast is of a triangular nature (Kirk and
Tilney-Bassett, 1967; see also Figure 17 in Robertson and Laetsch,
1974) in that proplastids develop either into etiopiasts if the plant is
maintained in the dark, or alternatively into granal chloroplasts if
the plant is maintained in a light-dark regime. However, in many
cases in vivo it appears that a high proportion of the proplastxds
initiate their development with the structural organization diagnostic
of an etioplast. Only when environmental factors (presumably light
being the major factor) instigate a developmental reorganization does
the structural organization of the chloroplast result. Whately (1974)
in an exacting study of plastid ultrastructure in bean, concludes that
the transitory proplastid form which exists in the primary leaves
immediately preceding hypocotyl emergence contain membrane arrays
which are clearly prolamellar bodies, although they lack the highly

ordered paracryctallinity of the steady-state etioplast structure. A

similar/
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similar phenomenon! has also been observed by Leech et al (1972)
who studied plastid membrane biogenesis in light/dark-grown leaves
of Zea main . This monocotyledonous species exhibits the basal
meristematic organization which results in linear arrays of cells
in the leaves, with the youngest cells at the base and the most
senescent at the tip. Electron microscopy of thin sections from
different regions of the leaf clearly shows that the maturing cells
contain plastids which are differentiating in the direction of the
normal chloroplast organization. However in the cells at the base
of the leaf the majority of proplastids were found to contain at least
one small prolamellar body.

These studies suggest that in the normal ecological situation
a delineation between the proplastid-chloroplast transition and the
proplastid-etioplast transition may at the early stages of development

be extremely tenuous.

B. TRANSIENT FORMS : DEVELOPING CKLOROPLASTS

i. Ultrastructural changes and chlorophyll biosynthesis during
greening.

The changing ultrastructure of the developing chloroplast has
attracted the attention of electron microscopists for many years and
is consequently a well described process in qualitative terms (von
W ettstcin, 1958; Virgin et al, 1963; Gyldenholm, 1968; Weier et al,
1970; Weier and Brown, 1970; Rosinski and Rosen, 1972; Gunning and
Jagoe, 1967). However more recently quantitative approaches to
describing the process of developing chloroplast membrane re-
organization have been pursued. Bradbeer (1975) measured the
decreasing volume of the prolamellar body anci the increasing
thylakoid area in developing cliloroplasts of bean. He was able to
conclude that the transformation of the prolamellar body membranes
into porous lamellar sheets is essentially completed before the onset
of increased thylakoid formation; which in turn correlates with the
beginning of granal formation. These conclusions are in close
agreement with those of Henningsen and Boynton (1970).

Robertson and Laelsch (1974) quantitated the process of membrane

development/



development by determining the percentage of thylakoid appression
(i. e. grana formation) in the plastids of greening barley leaves. As
the dark-grown barley leaf also exhibits the basal rneristematic type
of organization these authors were able to investigate the process of
plastid thylakoid development not only for the steady-state etioplast-
chloroplast transition but also in relation to the degree of
differentiation of the leaf. They conclude that the plastids in all
regions of the leaf go through similar stages of development but they
do not develop at the same rate. Younger regions require longer
periods of illumination than older ones to form fully differentiated
chloroplasts.

Concomitant with the morphological changes in the developing
chloroplast during greening there are major alterations in the plastid
pigments. The rapid changes which are evident directly after
illumination arc primarily due to the transformation of pigment
molecules which represent the terminal stages of chlorophyll
biosynthesis. Characterization of these transformations has
principally involved monitoring the progression of spectroscopic
forms cf protocblorophyllide and chlorophyll in the leaf during
greening (see review by Kirk, 1970). After longer periods of
illumination light stimulates the de novo synthesis of chlorophyll.
Identification of the earlier intermediates in this pathway has to
date been achieved by enhancing their accumulation in the coll.
Techniques such as prior feeding with the specific porphyrin precursor
¢(T-amino leavulinic acid (Gassman, 1973) or blocking of the normal
biosynthetic pathway either genetically (Gough, 1972) or chemically
(Duggan and Gassman, 1974) have been used. Recently however
far more direct evidence has been provided by the development of
cell-free systems in which partial reactions of the pathway can be
demonstrated (Rebeiz et al, 1975a, 1975b, 1975c; Rebeiz and
Castelfr&nco, 1973; Ellsworth and Using, 1973, 1974; Griffiths, 1975).

'Xhcre is a considerable body of literature investigating 1l'c
relationship between chlorophyll and protein syntheses during greening

by examining the effects of antibiotics upon the formation of these two

components/
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components (see review by Kirk, 1974). The inhibitors of plant

70S ribosome function, streptomycin and D-threo chloramphenicol
(Pestka 1971; Ellis, 1969) if administered for relatively short

times to greening systems will cause a partial inhibition of
chlorophyll synthesis (Kirk, 1962a, 1962b, 1968; Margulies, 1962).
Similarly in short-term experiments cycloheximide. an inhibitor of
80S ribosomes in plants (Pestka, 1971), if administered in high

doses (20-50 pg/'ml) completely inhibits chlorophyll synthesis

(Kirk and Allen, 1965; Hoober et al, 1969; Nadler and Granick, 1970).
At lower dose levels inhibition by cycloheximide is less than
complete and in sonic cases also transitory, perhaps due to
inactivation of the antibiotic. In most of the systems investigated
exogenously supplied <5-amino leavulinic acid (ALA) is able to cause
a significant, but usually partial, dimunition in the inhibition of
chlorophyll (or protochlorophyll) synthesis by these drugs (Kirk, 1974;
Nadler and Granick, 1970).

Two models have been postulated to account for these
observations. The earlier model of Gassman and Bogorad (1967a.
1967b) suggested that the enzyme responsible for ALA synthesis
(ALA synthetase) was labile and its resynthesis was prevented by
both antibiotics. Inhibitors of ribosome function therefore
indirectly inhibited chlorophyll synthesis during greening. This
model now seems untenable as Duggan and Gassman (1974) have
demonstrated that ALA synthetase is in fact a (relatively) stable
enzyme with a half-life of about 16 hours.

An entirely different interpretation of the inhibitor data has
been provided by Kirk (1974) in terms of chlorophyll carrier
proteins and feedback inhibition of ALA synthesis. Several lines
of evidence (see section I3Biia) indicate that a major part, but
perhaps not all, of the protein complement of the CPl complex
is synthesized on 70S plastid ribosomes. In contrast the single
protein of the CPIl complex is believed to be a product of 80S
cytoplasmic ribosomes. Kirk postulates that the continued

synthesis of chlorophyll requires the continued availability of



chlorophyll acceptor sites which reside upon the CPIl and CPU
complex proteins. Inhibiting the synthesis of these proteins by
drugs therefore leads to a build up of chlorophyll precursors which
in turn suppress further chlorophyll synthesis by feedback inhibition
of an essential enzyme (perhaps ALA synthetase). This model is
consistent with the inhibitor data but to me it appears that an
unjustified conclusion has been made to account for the partial
reversal of the inhibitor effects by ALA. To postulate that the
addition of exogenous ALA bypasses the feedback inhibition of ALA
synthesis and therefore allows chlorophyll synthesis to continue
requires that there is a reserve (perhaps only small) of chlorophyll
acceptor proteins present in the greening plastid. This is
equivalent to postulating that plastids in the early stages of greening
have significant amounts of the CPI and CPIl complex proteins. As
is pointed out in section I2Aii | regard this conclusion as entirely
speculative.

ii. The development of plastid functions during greening,

a. Photosynthetic related functions.
1 Photochemical activities.

The appearance of photosynthetic activity in greening tissue
has been monitored from the level of oxygen evolution and carbon
dioxide uptake and fixation (Oelze-Karow and Butler, 1972; Tamas
el al, 1970) to the appearance and activity of individual components
of the photosynthetic apparatus (Hiller and Boardman, 1971). Due
to the different species, greening conditions and methods used,
studies of this kind are inevitably of a correlative nature, relating
the changes in photochemical activities to changes in, for example
the concentration of electron carriers or the development of
chloroplast structure.

More recently studies have emphasized the temporal
development of separate activities of the two photosystems, PSI
and PSIlI. The information obtained in a number of studies is
collated in Table C. With the exception of thi conclusions of
Alberte el al (1972) it is clear that many photochemical activities

associated with an active PSI complex are detected before the



Table C. The development of photochemical activities during greening.

Notes:
I. phenazine methosulphate dependent

Il. electron acceptor; methyl viologen
electron donor couple; NNN' N' tetra methyl-p-phenylene
diamine/ascorbate.

Il1l. electron acceptor ; ferricyanide

IIIA. electron acceptor ; ferricyanide
electron donor ; water

1113. electron acceptor ; NADP
electron donor jascorbate or water

IV. electron acceptor ; AQ (anthraejuinone-2-sulphonic acid)
electron donor couple ; NNN' N' tetra methyl-1, 4 phenylene
diamine hydrochloride/ascorbate

V. the appearance of oxygen evolution (Transient I) upon
illumination with 650 nrn light

VI. NADP dependent

a. measured in plastids or plastid preparations isolated at
different times during greening.

b. measured in intact plants or whole leaf tissue

DCMU 3-(3, 4 dichlorophenyl)-I, 1-dimethyl ureal

1. Plesnicar and Bendall, 1972
2. Plesnicar and Bendall, 1973
3. Gregory and Bradbeer, 1975
4. Loshkin et al, 1971

5. Alberte et al, 1972

6. Egneus et ah 1972

7. Remy et al, 1972

8. Gyldenholm and Whately, 1968
9. Boardnar. et al, 1972

10. Oelze-Karow and Butler, 1972
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appearance of reactions characteristic of the PSIl complex. The
precise temporal relationship appears to be a function of the species,
the experimental conditions and the activity characterized. |In the
most exact study of this nature to date, Plesniear and Bendall (1973)
were able to show that plastids began to develop grana at about the
time that Photosystem Il activity became detectable in greening
barley leaves. Also the behaviour of particular electron carrier
molecules correlated with the appearance of photochemical
activities. On one hand the concentrations of plastocyanin,
cytochrome f, cytochrome b563 and cytochrome bf>59LP either did
not change or decreased during greening. In contrast, the
concentrations of cytochrome b559HP and pigment P546 closely
followed the activities of Photosystem II.

In addition to the photochemical reactions listed in Table C,
Gregory and Bradbeer (1975) and Loshkin et al (1971) have
demonstrated that etioplasts exhibit one of the important light-
independent partial reactions of photosynthesis i. e. adenosine
triphosphatase activity. This conclusion is consistent with the
findings of Bogorad (1975). There is evidence to suggest however
that other non light-requiring reactions are absent in etioplasts
but develop along with the maturation of the tliylalcoid membrane.
Forger and Bogorad (1973) and Bogorad (1975) have shown that
in contrast to chloroplast tliylakoid membranes, the membranes
of maize etioplasts are unable to form ATP from ADP and inorganic
phosphate when transferred from an acidic to an alkaline solution
(acid/base (A/B) phosphorylation). Etioplasts lack either specific
factors, or perhaps a functional organization required for A/B
phosphorylation. Having already demonstrated that etioplast
membranes did not lack adenosine triphosphatase activity these
authors therefore postulated that the development of A/B
phosphorylation might result fsom the construction of a particular
organization in the developing chloroplast thylakoid. They
subsequently were uhle to demonstrate that there is an almost

perfect/



perfect correlation between the development of A/B phosphorylation,
the development of osmotic responsiveness in plastid membrane
preparations and the appearance of osmotically responsive vesicles
in the thyiakoid structure. The exact nature of the events which
result in the development of intact vesicles is unknown. However
Forger and Bogorad (1973) speculate upon the involvement of a
46000 molecular weight polypeptide which appears in the developing
plastid membrane concomitant with the acquisition of A/B
phosphorvlating capacity.

2. The reactions of CO® fixation.

Although the development of carbon dioxide fixation cannot be
detected until some 15 hours after illuminating dark-grown primary
leaves of bean, it has been shown that bean etioplasts contain all
the enzymes of the photosynthetic carbon cycle (Bradbeer, 1969;
Bradbeer, 1975). During greening these enzymes exhibit a variety
of responses in both their absolute and specific activities. In some
cases,for example ribulose 1, 5 bisphosphate carboxylase, there is
a short lag period which proceeds an increased activity (on a per
leaf basis); whilst in others there is for example no lag period or

little rise in total activity.

These results indicate again that the etioplasl already possesses

several of the components which are required in the functional
chlcroplast. In many cases it appears that the effect of light
stimulation is not to initiate the synthesis of plastid components but
rather to induce an acceleration in their accumulation. Both specific
mechanisms, for example phytochrome mediated responses (Graham
et al, 197 1) and a non-specific stimulation of the rate of plastid
division and growth (Bonnet and Radcliffe, 1975) can be envisaged

as being important in this process.

b. Protein synthesis.

It has been known for over 10 years that etioplasts have the
components necessary for protein synthesis (Kirk and Tilney-Bassett,
1967). However there are still only a relatively small number of
studies from which it can be inferred that etioplasts and developing

chloroplasts synthesize proteins in vivo ; even fewer which directly
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demonstrate that the etioplast protein synthesizing system is
functional either in vivo or in vitro; and none whatsoever which
establish the identity of an ctioplast or developing chloroplast
ribosome product.

Smith (1970a) has shown that during growth in the darkness
barley leaves accumulate Fraction | protein, the synthesis of which
in green tissue has been unequivocally demonstrated to involve
chloroplast ribosomes (Blair and Ellis, 1973). It seems reasonable
to infer that the synthesis of this protein during growth in the dark
is due in part to the activity of etioplast ribosomes. Similady
Bradbeer and his colleagues (Bradbeer, 1975) have, as has been
stated, demonstrated that bean etioplasts contain significant amounts
of cytochromes f, b563 and b559LP. Studies with ribosome inhibitors
(see section I3Biia) suggest that those proteins are also synthesized
on plastid ribosomes and therefore the activity of the etioplast
translational system can again be inferred.

More direct attempts to demonstrate the activity of etioplast
and developing chloroplast ribosomes in vivo have been made.
However these studies, involving inhibitor and double-labelling
techniques (Kaveh and Harel, 1973) have met with only limited
success. In addition to the practical difficulties encountered there
is also a strong theoretical objection when this approach is used to
characterize the products of developing chloroplast protein synthesis.
The specificity of any ribosome inhibitor is always questionable m vivo
because of the possibility that polypeptides synthesized on one set of
ribosomes, for example 80S ribosomes, may control the synthesis
of polypeptides upon another ribosome group, for example 70S
ribosomes. A precedent for this situation has been discussed in
relation to the synthesis of Fraction | protein (Ellis 1975a).

A more direct approach to establishing the functionality of
etioplast and developing chloroplast ribosomes is to maintain and
analyse physiological translation in isolated plastics. lhere are a
few reports which indicate that etioplasts isolated from algae (Reger

et al, 1972b) and higher plants (Reger et al, 1972a; Drumrn and
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Marguliea, 1970; Smillie et al, 1972 ) are able to carry out in vitro
protein synthesis. The characteristics of such amino acid
incorporation appear very similar to those of in vitro chloroplast
protein synthesis in regard to both duration and antibiotic inhibition
(Reger et al, 1972a, 1972b ; Drumm and Margulies, 1970). The
capacity for m vitro protein synthesis also appears to increase in
developing chloroplasts, the magnitude of the increase varying
with both the species and experimental conditions used.

Beyond these very basic observations there is no further
information upon the characteristics of etioplast and developing

chloroplast protein synthesizing systems during development.

3. CIJLOROPLAST TRANSCRIPTION AND TRANSLATION
A. CHLOROPLAST TRANSCRIPTION.
i. The components of chloroplast transcription
a. Chloroplast DNA

In all higher plant species examined to date chloroplast DNA
has a buoyant density of 1. 697i 0. 002 g cm ~ and a base
composition of 37. 5- 2% GC (Kirk, 1976). The invariance of
chloroplast DNA in this respect contrasts with nuclear DNA which
may have a smaller, larger or similar density to chloroplast DNA
from the same plant, depending upon the species (Wells and Birnstiel,
1969; Wells and Ingle, 1970; Whitfeld and Spencer, 1968). Chloroplast
DNA may also be distinguished from nuclear DNA in that it contains
no detectable 5-methylcytosine (Whitfeld and Spencer, 1968; Tewari
and Wildman, 1970) and is not combined with basic proteins (Tewari
and Wildman, 1969).

After denaturation with either heat or alkali chloroplast DNA
renatures extremely rapidly (Bastia et al, 1971) in comparison to
nuclear DNA which will renature to only a slight extent over a
period of several hours (Kung and Williams, 1969). The rapid
renaturation of a cldoroplast DNA sample implies that homologous
sequences are present in high concentration, and therefore that the
number of unique sequences are small. This fact can be expressed
guantitatively by determining the kinetic complexity of the DNA
molecules in a sample. The kinetic complexity is a measure of the

size/
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size of the unique set of nucleotide sequences in a DNA sample

and it is determined from the rate at which the DNA renatures
(Britten and Kohne, 1968; Welmur and Davidson, 1968). A number
of the values for the kinetic complexity of chloroplast DNA which
have been published (Wells and Sager, 19V1) and still are being
published (Kirk, 1976) are incorrect because they are estimated

by reference to the unrevised molecular weight of 1. 3 x 108 for
bacteriophage T*k DNA (Dubin at al, 1970). However using the
corrected value of 1. 06 x 108 it is striking that the kinetic
complexities of chloroplast DNA from the small number of algae
and higher plants examined so far are all in the range 0. 9 - 1. 0 x 105.
Intuitively it would seem unlikely that this is coincidental. If
extended to a wider spectrum of organisms then this observation
might be taken to indicate that at least the amount, and possibly also
the type of information residing in chloroplast DNA is invariant
throughout evolution.

It is interesting to compare the analytical complexities of
chloroplast DNA i.e. the amount of DNA per chloroplast, with the
apparent kinetic complexity. The analytical complexity varies
throughout the plant kingdom (Kirk and Tilney-Bassett, 1967),
ranging from about 109 to 10 10 daltons per chloroplast (Ellis and
Hartley, 1974). The kinetic complexities are thus always much lower
than the analytical complexities, indicating that there must be between
10 and 100 copies of the DNA sequences in each chloroplast.
Herrrnan e4 al (1975) has shown that the number of copies is related
to the size of the chloroplact; the larger the chloroplast the more
copies of DNA it contains.

It is not possible to demonstrate by renaturation kinetics that
there is any intermolecular heterogeneity in chloroplast DNA but it
is becoming clear that intramolecular base-sequence heterogeneity
exists. This is most clearly seen in the modality of the differential
melting curves of certain algal DNA preparations (Dalmon and Bayen.
1975). The same approach with higher plant chloroplast DNA is not
able/
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able to detect any gross intramolecular heterogeneity (Kolodner and
Tewari, 1975a) but the presence of AT and GC rich regions in
circular pea chloroplast DNA can be demonstrated by denaturation
mapping (Kolodner and Tewari, 1975c).

More recently it has been shown that the sequences in chloroplast
DNA are not present in a highly reiterated molecule but exist in the
form of multiple copies. |If precautions are taken to minimise shearing
a proportion of chloroplast DNA can be isolated as circles. Circular
DNA has been reported from the chloroplasts of pea, spinach, corn,
lettuce, oats, bean (Kolodner and Tewari, 1972, 1975a; Manning et al,
197 2), Euglena (Gray and Kekwick, 1974b) and Antirrhinum m ajus,
Oenothera hookeri and Beta vulgaris (Herrman et al, 1975). In all
these species the contour length of the majority of the circles is in
the range 37-45 pm; this is the expected length of a double-stranded
DNA molecule having a molecular weight of 0. 85 - 1. 0 x 108, a
figure remarkably close the apparent kinetic complexity of
chloroplast DNAs. This correspondence of length and kinetic
complexity therefore suggests that the genetic information carried
by the chloroplast DNA is accommodated by the length of a circular
molecule. Direct evidence for chloroplast polyploidy has come from
electron microscopic and autoradiographic studies, which show that
each chloroplast can have up to 32-DNA containing regions, the
member depending upon the size of the chloroplast (Kowallik and
Herrman, 1972).

It seems likely that the circular chloroplast DNA molecules
exist in vivo in the form of circular supercoils. Manning et al (1972)
arid Kolodner and Tewari (1972) reported the presence of supercoiled
molecules in their preparations and Kolodner and Tewari (1974a)
report that a maximum of 80% of the chloropla.st DNA can be isolated
as circular molecules, and as much as 30-40% of the total chloroplast
DNA could be isolated in the supercoiled form.

The same authors, Kolodner and Tewari (1975b) have shown

that chlorcplast DNA isolated from both pea and corn contains both
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Cairns type and rolling circle intermediates. They conclude that
the replication of chloroplast DNA involves a round of Cairns typo
replication which precedes a round of rolling circle replication.

b. Chloroplast DNA polymerase

The replication of chloroplast DNA is mediated by the activity
of chloroplast DNA polymerase. DNA polymerase activity has been
detected in chloroplast preparations from spinach and tobacco
(Spencer and Whitfeld, 1969; Tewari and Wildman, 1967) and
Euglena (Scott et al, 1968). The activity is dependent upon the
presence of all four deoxynucleoside triphosphates and Mg~ +, and
incorporation is sensitive to DNAse. This suggests that the
polymerase activity was associated with lysed chloroplasts.

Bohnert et al (1974) has reported the incorporation of ( H) thymidine
into DNA in isolated intact chloroplasts incubated in the presence of
DNAse I. This unequivocally demonstrates the activity of a
chloroplast-located DNA polymerase.

The products of DNA synthesis in isolated chloroplasts show
great similarity to chloroplast DNA. The labelled product has the
same buoyant density as chloroplast DNA, it hybridizes to a much
larger extent with chloroplast DNA than with nuclear DNA and it has
a similar base composition to chloroplast DNA (Tewari and Wildman,
i967). The product of DNA synthesis in isolated spinach chloroplasts
also exhibits the rapid renaturation characteristic of cbloroplnst DNA
(Spencer and Whitfeld, 1969). It should be remembered that with
this data alone it is not possible to distinguish whether the
incorporation activity is associated with an enzyme carrying out
either a replicaseor a repair function.

The chloroplast DNA polymerase is membrane-bound, although
at least in the case of Euglena it can be solubilized by treatment
with high concentrations of salt (Keller et al, 1973). The purified
enzyme is inhibited by ethidium bromide, which possibly correlates
with the observation that the treatment of Ghlamydomonas cells
with ethidium bromide induces a selective and reversible inhibition
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of chloroplast DNA replication (Flstchner and Sager, 1973).
Chloroplast DNA in Euglena and C?ilamydomonas has been shown
to replicate in a semi-conservative fashion, the synthesis of
chioroplast and nuclear DNA taking place at different times in the
cell cycle (Chiang and Sueoka, 1967). The factors controlling the
time and rate of synthesis of chloroplast DNA are unknown.

c. Chloroplast RNA polymerase

DNA-dependent RNA polymerase activity has been
demonstrated in chloroplast preparations from both algal and higher
plant species (Surzyki, 1969; Tewari and Wildman, 1969; Bottomley,
1970). In most cases these studies have been performed using lysed
plastids, principally because the nucleoside triphosphates used as
substrates penetrate the chloroplast envelope at slow rates. Lysed
preparations do not however synthesize discrete species of RNA;
instead a polydisperse pattern of products ranging in size from 58S
to 23S is obtained (Spencer and Whitfeld, 1967). On the other
hand intact isolated chloroplasts, which are able to use light to
phosphorylate (3H) uridine (Hartley and Ellis, 1973), synthesize
a small number of discrete RNA products (section I3Aiid). In
contrast to the lysed chloroplast preparation RNA polymerase
activity in intact chloroplasts is light-dependent, does not require
the addition of exogenous nucleoside triphosphates and is not sensitive
to ribonuclease.

Chloroplast RNA polymerase is bound to the thylakoid
membranes (Tewari and Wildman, 1967) but it can be relatively
easily removed by washing with distilled water (Bennet and Ellis, 1973)
or a low salt buffer containing EDTA (Bottomley jet al, 1971). RNA
polymerase solubilized from wheat thylakcids by high salt buffers
(Polya and .Tagendorf, 1971) is found to be totally insensitive to
rifampicin and only under specific ionic conditions were Bogorad et al
(1973) able to demonstrate even a partial 130%) inhibition of in vitro
polymerase activity by Rifampicin-SV. It can be argued that the
failure of this drug (which is a specific inhibitor of RNA initiation

in bacteria (Wchrli and Stahelin, 1971)) to inhibit chloroplast RNA
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polymerase activity in vitro is because in these assays
incorporation is due only to chain elongation. However | believe
that conclusions based upon the action of this inhibitor in vivo
(section I13Aiia) must nevertheless be regarded with extreme caution.
Smith and Bogorad (1974) have analysed the polypeptide
composition of purified RNA polymerase preparations from Zea mais
by SDS polyacrylamide gel electrophoresis. They conclude that the
enzyme pxeparation is composed of 2 major and 4 minor polypeptide
components. It is not yet possible to determine which if any of
these proteins are true components of the polymerase.
ii. The function of chloropiast DNA
A 40 um circle of double-stranded DNA of unique base
sequence is sufficient in principle to code for about 125 proteins
of molecular weight 50000. The most direct and unequivocal
manner in which the function of chloroplast DNA could be elucidated
would be to reconstitute a transcriptional system containing purified
chloroplast DNA in circular form and purified chloroplast RNA
polymerase complete with regulatory subunits. Such a system
would theoretically transcribe the genes in chloroplast DNA into a
form in which they could be identified either as primary gene products
(for example, ribosomal and tRNAs) or, by translation in a protein
synthesizing system, as secondary gene products i. e. protein.
However such studies must for the time being await upon, at least,
the purification of the chloroplast RNA polymerase enzyme.
Meanwhile four methods have been used, with different degrees of
success, to determine the function of chloroplast DNA.
a. The selective inhibition of chloroplast DNA transcription.
Rifampicin is reported to be a potent inhibitor of the
initiation of RNA synthesis in bacteria (Wehrli and Stahelin, 1971).
This drug will also inhibit chloroplast RNA polymerase in extracts
of Chlamy domonas (Surzyki, 1969). When applied to whole organisms
it has been reported to inhibit the incorporation of labelled precursors
into the chloroplast, but not cytoplasmic, ribosomal RNA of
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Chiamydomonas (Surzyki, 1969), Chlorella (Brandle and Zetsche, 1971)
and Acctnlnilaria (Galling, 1971). These results are consistent with
the idea that the functional genes for chloroplast ribosomal RNA are
located in chloroplast DNA and are transcribed by the chloroplast
RNA polymerase. The specificity of this drug must however be
questioned. As has been pointed out (section I13Aic) the chloroplast
RNA polymerase(s) from higher plants as normally prepared and
assayed, appears to be insensitive to rifampicin. It has also proved
difficult to repeat the observations of the algal systems in higher
plants (Bottomley et al, 197) ). It is quite possible that the inhibition
of chloroplast ribosomal RNA synthesis by rifampicin in algae is a
secondary effect of the antibiotic.

b. Genetic analysis of mutants.

The majority of studies on mutations which affect chloroplast
components and are believed to reside in chloroplast DNA have been
performed using the alga Chiamvdomonas and species of the genus
Nicotia lit .

In Chiamydomonas many mutations which affect chloroplast
ribosomes and photosynthetic capacity are inherited in a uniparental
fashion as a single circular linkage group (Gillham et al, 1974;
Harris et al, 1974; Sager, 1972) and are therefore assumed to
reside in chloroplast DNA. The basis for believing that the
extranuclear linkage group being mapped is indeed chloroplast DNA
is that the linkrwjegroup is circular, the mapped mutations affect
the chioroplast,and mitochondrial DNA is usually inherited in a
non-Mendelian, but biparcntal manner (Alexander et al, 1974). The
inexactness of these criteria has however recently been demonstrated
by the discovery that there exists two Chiamydomonas mutants
which can grow heterotrophicaliy or mixotrophically in the presence
of antibiotics which can be demonstrated to have inhibited chloroplast
ribosome function (Boynton et al, 1973; Conde ¢t al, 1975). The
mutation conferring antibiotic resistance (presumably therefore to

mitochondrial ribosome function) is however inherited as both a
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circular linkage group and in a uniparental fashion. These observations
can be accommodated by postulating that the mutation does in fact
alter a chloroplast DNA encoded ribosomal protein which only
however confers antibiotic resistance when it is assembled into a
mitochondrial ribosome. Clearly these anomolies ought to be resolved.
There is also uncertainty over the physical basis for uniparental
inheritance in Chlamydomonas . It has been suggested that when like
gametes fuse there is a selective destruction of the chloroplast DNA
of one of the gametes by a modification-restriction system of the
type known in bacteria (Sager and Lane. 1972; Sager and Ramanis, 1974).
Sager (1972) also claims that the extranuclear linkage group in
Ghlamydomonas recombination also behaves as if it were diploid
in végétative cells. As the chloroplast genome is polyploid
(section 13Aia) this implies that there must be a reduction of the
number of chloroplast DNA molecules in the gamete to one. There is
no experimental evidence to support this implication. An alternative
model of extranuclear recombination in Chlamydomonas argues the
dataact e'.ually consistent with the transmission of multiple genome
copies at gamete fusion and seems more attractive (Gillham ~t al, 1974).
Bearing in mind these reservations the simplest interpretation
of the existance of at least six extranuclear gene loci mutations
affecting the resistance of chloroplast ribosomes to antibiotics is
that six proteins of chloroplast ribosomes are encoded in chloroplast
DNA. In a number of cases the nature of the mutation has been
further defined. Changes in the sedimentation coefficient and
altered binding capacities of the chloroplast ribosomes from
antibiotic-resistant mutants have been reported (Gillham et al. 1970;
Mets and Bogorad, 1971; Burton, 1972) and in a few cases the
presence of an alteration in a specific ribosomal protein has been
detected (Vets and Bogorad, 1972; Ohta et al, 1975; BrUgger and
Boschetti, 1975).
Good evidence that a mutation inherited in a maternal or uniparental
fashion actually alters the amino acid sequence of a protein has

only been obtained in one case. Chan and Wildman (1972) studied the
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inheritance of a mutation in the large subunit of Fraction | protein
in Nicot.iana tabacum . By analysing tryptic peptide fingerprints
of the polypeptide present in reciprocal hybrids involving parent
plants which exhibited differences in the primary structure of the
protein, they were able to conclude that the mutation was inherited
via the maternal line only. In higher plants it is believed that
maternal uniparental inheritance is a consequence of the absence
of plastids from the pollen. Consequently these authors
demonstrated unequivocally that the gene for the large subunit of
Fraction | protein resides in chloroplast DNA. The studies of
Kurig et ad (1974) (section 12Ai) corroborate this conclusion
although their critera are less exacting than those of Chan and
Wildman. Whereas an altered tryptic peptide fingerprint is
accepted to indicate a change in the primary sequence of a protein
(Ingram, 1958) it seems that small charge differences, resolvable
byr isoelectric focussing, are equally likely to arise from post-
translational modifications.

c. DNA-RNA hybridization studies.

If RNA isolated from chloroplasts can be shown to hybridize
to chloroplast DNA but not to nuclear DNA, this is good grounds
for believing that such RNA is both encoded in and transcribed
from chloroplast DNA. Attempts to quantitate the proportion of
the chloroplast genome that is transcribed in vivo have been made
by hybridizing a vast excess of cellular RNA to the chloroplast DNA,
and determining hew much of the DNA is present in DNA/RNA
duplexes Estimates varying between 16 and 60% of the single-
stranded chloroplast genome have been obtained by Rawson (1975)
and Howell and Walker (1974). The higher figure may indicate that,
at least in part, transcription of chloroplast DNA may be symmetrical.

A number of hybridization studies have been carried out more
specifically with the larger (23S and 16S) chloroplasl ribosomal RNAs.
In the most exacting study to date Thomas and Tewari (1974a) have
used only circular, and presumably therefore only intact, chloroplast

DNA for hybridization to chloroplast rRNA. For a number of higher



36

plant specie? (pea, bean, lettuce, spinach and corn; Thomas and
Tewari 1974a, 1974b) they conclude that each circle of chloroplast
DNA contains two cistrons for 16S ribosomal RNA and two cistrons
for 23S ribosornal RNA, Chloroplast rRNA has also been shown to
hybridise to chloroplast DNA in tobacco (Tewari and Wildman, 1968) ,
swiss chard (Ingle et al, 1970 ) and Euglena (Scott, 1973). There
has been only a preliminary report of the hybridization of 5S
chloroplast rRNA to chloroplast DNA in Euglena (Phillips and
Carr, 1975).
There are several reports that chloroplast ribosomal RNA
will also hybridize to nuclear DNA (Tewari and Wildman, 1970;
Ingle et al, 1970) raising the question of the functionality of
chloroplast ribosomal DNA cistrons in vivom The significance of
these reports awaits further study but it cannot yet be discounted
that there are two types of chloroplast ribosomal RNA, one encoded
in chloroplast DNA and the other encoded in nuclear DNA.
Hybridization studies have also shown that 0. 4 - 0. 7% of the
chloroplast DNA contains sequences complementary to tRNAs
(Tewari and Wildman, 1970; Schwartzbach et al, 1975 ). This
amount of DMA would be sufficient to code for about 2C-30 tRNA
molecules each of molecular weight 25000 (Tewari and Wildman, 1970).
This work used unfractionated tRNA however and more studies need
to be done to establish the site of encoding of individual tRNA species.
To date no chloropiast mRNA has been purified. However
RNA isolated from chloroplasts has been shown to direct the synthesis
of the large subunit of Fraction | protein in an Escherichia coli cell-
free protein synthesizing system (Hartley et al, 1975). Purification
of this messenger and its hybridization to chloroplast DNA would
confirm the genetic evidence as to the coding site of this protein.

d. ldentification of RNA and protein molecules synthesized
in isolated chloroplasts.

if translation coupled to transcription could be obtained in
isolated chloroplasts then identification of the products would at the
same time determine both the structural genes present in chloroplast
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DNA and the function of chloroplast ribosomes. However to date it
lias not been possible to demonstrate coupled transcription and
translation in isolated chloroplasts. Isolated chloroplasts do however
syr.tiiesize discrete species of RNA (and also protein, section 13Biib)
and therefore at least some of the primary gene products of chloroplast
DNA can be identified by this method.

The major product of RNA synthesis in isolated intact
chloroplasts is a species of molecular weight 3. 7 x 10~ (Hartley and
Ellis, 1973). This molecule has been shown by competitive
hybridization to chloroplast DNA to be a precursor to chloroplast
ribosomal RNA (C. Head, personal communication; Ellis 1976a).
Minor species of 1. 2 x 106 and 0. 47 x 106 are also synthesized m
isolated intact chloroplasts (Hartley and Ellis, 1973) but their
identities are unknown. All three of the in vitro synthesized RNA
species coeleelrophorese with in vivo synthesized species
(Hartley and Ellis, 1973).

Summarizing the studies described in this section it is
possible to state that the known genes in chloroplast DNA are;
some chloroplast tRNA, 23S and 16S chloroplast ribosomal RNA,
several chloroplast ribosomal proteins, and the large subunit of
Fraction | protein.

B. CHLOROPLAST TRANSLATION

i. The components of chloroplast translation.

Chloroplasts contain their own protein synthesizing system,
which differs markedly from that of the cytoplasm, but bears a strong
resemblance to prokaryotic systems (Ellis, 1970). For example
chloroplasts and bacteria show similarities in the size of .their
ribosomes, the sensitivity of protein synthesis to particular antibiotics
and in the mechanism of initiation of protein synthesis (Boulter et al,
1972). These similarities provide a basis for suggesting that there is
a possible common origin of prokaryotes and cellular oiganclles.

a. Ribosomes.

The existence of two classes of ribosomes in green plants was
first shown by l.yttlcton (1962). Ribosomes of the VOS class have been
isolated from chloroplasts from several algae and higher plants

(Hocber/
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(Hoober and Blobel, 1969; Scott et al, 1971 ; Leaver and Ingle, 1971;
Boardman et al, 1965). Chloroplast ribosomes thus resemble those
from prokaryotic cells in their S value.

The molecular weights and base compositions of the chloroplast
ribosomal RNAs have been determined for a number of species (Ellis
and Hartley, 1973). The small subunit of chloroplast ribosomes (30S) '
contains one RNA species of molecular weight 0. 56 x 10~ (16S) (Ingle
et al, 1970): which is smaller than the corresponding cytoplasmic
40S ribosomal subunit RNA which has a molecular weight of 0. 7 x
10N (18S). The larger subunit of chloroplast ribosomes (50S) contains
two RNA species. The larger species has a molecular weight of
1. 1 x 106 (23S) and is unstable, giving rise to breakdown products
which are characteristic for each species (Leaver and Ingle, 1971).
The 60S subunit of cytoplasmic ribosomes contains an analogous 25S
RNA species. Also present in the large chloroplast ribosomal subunit
is a 53 RNA (mol. wt. 0. 04 x 10~). This RNA can be distinguished
from an analogous 5S RNA in the cytoplasmic ribosome by fractionation
on methylated albumin kieselguhr columns or polyacrylamide gels
(Dyer and Leech, 1968; Payne and Dyer, 1971). Recently evidence
from DMA/RNA hybridization studies (Phillips and Carr, 1975)
indirectly indicate that the chloroplast 5S rRNA does not show
extensive hcmology with cytoplasmic 5S rRNA in Euglena. A much
higher degree of homology exists between the Euglena chloroplast
53 rRNA and the 5S RNAs of a number of blue-green algae.

The proteins of chloroplast ribosomes have been analysed by
gel electrophoresis (Hoober and Blobel, 1969; Odintsova and Yurina,
1969; Vasconcelos and Bogorad, 197!; Hanson et al, 1974; Freyssnet
and Schiff, 1974) and by immunological cross-reactivity tests (Wittman,
1970). Using the technique of two-dimensional gel electrophoresis,
which affords iiigh resolution, it has been demonstrated that in both
Euglena and Chlamvdom onas the total number of chloroplast ribosomal
proteins is in the range of 35 to 43 (Hanson ej al, 1974; Freyssnet

and Schiff, 1974). This number is similar to those obtained for
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prokaryotic ribosomes (Bickle and Traut, 19V!) but differs from
the figure of approximately 60 to 70 which appears to be more
characteristic of the proteins isolated from both algal cytoplasmic
ribosomes (Hanson et al, 1974; Freyssnet and Schiff, 1974) and
other eukaryotic cytoplasmic systems (Sherton and Wool, 1972;
Wolfe et a_, 1971).

However although there appears to be a numerical similarity
between chloroplast and prokaryotic ribosomal proteins the protein
complements are quite different as judged by polyacrylamide gel
electrophoresis (Koober and Blobel, 1969). The degree of
similarity in the electrophoretic behaviour of ribosomal proteins
from the chloroplast and cytoplasm of Chlamydomonas is small.
Only two pairs of proteins of the small subunits and four pairs of
the large subunits were found to have similar electrophoretic
mobilities in both directions.

Some of the chloroplast ribosomes are bound to internal
membranes (Chen and Wildman, 1970; Tao and Jagendorf, 1973)
and polyribosomes can be isolated from both the 'free ribosome'
fraction of the stroma (Chen and Wildrnan, 1967) and from thylakcid
membranes treated with the detergent Nonidet P40 (Margulies and
Michaels, 1975). The characteristics of polyribosomes isolated by
the detergent procedure appear anomclous in several respects.

For instance treatment with proteases as well as ribonuclease is
required to dissociate these polysomes to the monomeric ribosomes.
The significance of these properties is not clear. There is evidence
that the two classes of polyribosomes in the chloroplast synthesize
different types of protein. Kilis,( 1976b) lias shown that the large
subunit of Fraction | protein is synthesized only by the free ribosomes
of the chlorcplast and conversely Margulies et al (1975) postulate

that there is a vectorial discharge of nascent polypeptides towards

the membrane by polyribosomes attached to thylakoids.

It is well established tha-t protein synthesis by chloroplast
ribosomes is inhibited by the same antibiotics wnicn inhibit protein
synthesis by prokaryotic ribosomes (Boulter et jil, 1972; i.llis et al,

1973b D-three chloramphenicol (but not other isomers), spectinomycin,
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lincomycin and erythromycin all inhibit chloroplast and bacterial
ribosome function in vitro (Ellis, 1970). As the protein
complements of the chloroplast and bacterial ribosomes are
different the similarity between their function with respect to
inhibition by antibiotics cannot be attributable to any property of
the proteins as reveo.Vfcd.by gel electrophoresis or immunology.
There is no reason to believe that there is any similarity in the
mechanism of antibiotic inhibition in the two cases, nor even in
the rclatedness of the antibiotic binding site on the tv/o types of
ribosome.

On the other hand, cycloheximide inhibits protein synthesis
on SOS ribosomes of green (Ellis, 1969) and non-green tissue
(Ellis and McDonald, 1967) but has no effect on invitro protein
synthesis by chloroplasts or bacterial ribosomes. With regard to
the studies described in section 13Biia it should be remembered that
all these findings relate only the activity of isolated sub-cellular
systems. There are numerous examples to show that inhibitors such as
cycloheximide and chloramphenicol have a variety of non-specific
effects in whole tissues (Ellis, 1963; Ellis and McDonald, 1970). It
cannot be assumed that treating intact cells with these compounds
specifically inhibits protein synthesis in one cellular compartment
alone with no other effects.

b. Amino acid activation and the initiation of chloroplast
protein synthesis.

The existence of plastid specific tRNAs and amino acyl tPvNA
synthetases lias been demonstrated in chloroplasts from a range of
algae and higher plants (Ellis et ad, 1973). In tobacco leaves a
comparatively straight-forward relationship appears to exist between
the compartrnentalization of tRNA~” and charging by their homologous
amino acyl tRNAIeu synthetase enzymes. Six isoaccepling leucine
specific tRNAs are found (Guderian £t al, 197). Two o' these are
exclusively located in the chloroplasts and could only be charged by
the homologous chloroplast amino acyi tRNA synthetase preparation.

of/
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Of the remaining four tRNA species two are exclusively located

leu
in the mitochondria and two in the cytoplasm. In bean leaves a more
complex situation is apparent. (Burkard et al, 1970)

The cytoplasm of leaves of Phaseolus contains a leucyl-transfer
RNA synthetase that can add leucine only to the two leucyl transfer
RNA species that are common to the cytoplasm and chloroplast, but
is not able to recognise the three leucyl transfer RNA species found
only in the chloroplast. The chloroplast enzyme on the other hand
can aminoacylate all five leucyl transfer RNA species. The
functional significance of these findings is obscure. Boulter et al
(1972) have made the suggestion that this apparently complex
situation with regard to the charging specificity may in fact be one
way in which the control of cellular differentiation may be effected
at the translational level. Modifications in transfer RNA species
which endow a specificity for involvement in chloroplast m.RNA
translation may allow for the integration of protein synthesis in the
cytoplasm and chloroplast.

Reger et a] (1970) have demonstrated that in Euglena chloroplast
specific isoleucyl and phenylalanyl tRNA synthetases are induced by
light. Studies involving the use of inhibitors and the aplastidic
Euglena mutant W BUL indicate that at least one (phenylalanyl tRNA
synthetase) of these enzymes is encoded in nuclear DNA and
synthesized on cytoplasmic ribosomes (Hecker nt al, 1974). It is
interesting to note that Parthier et al (1972) conclude that
chloramphenicol inhibits the light-induced synthesis of this enzyme.
One hypothesis compatible with this data is that light induces the
synthesis of a protein on chloroplast ribosomes which in turn regulates
the synthesis of phenylaianyl tRNA synthetase in the cytoplasmic
compartment. Alternatively the inhibitor data of Parthier et al (1972)
might be considered suspect for reasons already stated.

By analogy to the bacterial situation the initiation of protein
synthesis on chloroplast ribospmes could be expected to involve
N-formyl methionine and its cognate tRNA. Schwartz et al (1967)
have shown that chloroplast ribosomes from Euglena translate RNA

from bacteriophage f into viral coat protein with N-formyl
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methionine at the amino-terminus. The existence of a methionyl tRNA
which can be formylated by either endogenous or K. coli transformylase
has been demonstrated in chloroplasts (L.eis and Keller, 1970, 1971;
Merrick and Dare, 1971; Burkard et al, 1969; Guillemaut et al, 1972).
Two additional methionyl tRNAs are present in bean chloroplasts,
both of which cannot be formylated and are therefore probably
involved in peptide chain elongation (Guillemaut et al, 1973) .
Highfield (1975) has extended the earlier studies of Bianchetti et al
(1971) and has shown that isolated pea chloroplasts form N-formyl
methionyl puromycin when incubated with light, methionine and
puromycin. The initiation of protein synthesis in chloroplasts
appears similar therefore to prokaryotic systems.

c. Cliloroplast mRNA

The major remaining component involved in chloroplast
protein synthesis which has not been mentioned is chloroplast
messenger RNA (rnRNA). This is because no specific chloroplast
MRNA lias been purified sufficiently to allow any investigation of
its nature. The earliest biochemical evidence to support the idea
that chloroplast contain mRNA came from Brawerrnan and Eisenstadt
(1964). They demonstrated that Euglena chloroplast RNA was able
to stimulate amino acid incorporation in a cell-free protein
synthesizing system from E. coli. Subsequently Hartley et al (1975)
was able to show that the total RNA fraction isolated from spinach
chloroplasts was able to stimulate amino acid incorporation into
protein, also in a cell-free protein synthesizing system from E. coli.
In contrast to Brawerman and Eisenstadt (1964), Hartley et al (1975)
proceeded to identify one of the in vitro products by chymotryptic
peptide mapping. The polypeptide identified is the large subunit
of Fraction | protein. A second discrete product is synthesized
in the cell-free system but this polypeptide remains unidentified.

It does not appear that the method of poly-U Sepharose
affinity chromatography, which is commonly used to assist in the
purification of animal cytoplasmic mRNA (Adesnik et al, 1972)
will be of any use in the case of the Fraction | protein large subunit
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mMRNA. Wheeler and Hartley (1975) conclude that chloroplast mRNA
lacks poly-A and it will not therefore bind to polv-U Sepharose.

Rosner et al (1975) hawtdemonstrated the light-induced
synthesis of an RNA species in greening Spirodella fronds. This
RNA lias the same molecular weight (approximately 0. 5 x 10") as
the fraction of total chloroplast RNA which is most effective in
stimulating amino acid incorporation in a cell-free protein
synthesizing system. The identity of this light-induced species has
not been established and it may or may not be a mRNA.

ii. The function of chloroplast ribosomes.

The large number of plastid ribosomes raises several
guestions as to their function. Do chloroplasts synthesize any of
their own proteins and, if so, which proteins? |Is the abundance of
plastid ribosomes necessary to produce a few proteins in larger
amounts or many proteins in smaller amounts? The problem of
identifying which proteins are synthesized by chloroplast ribosomes
has been tackled in two v/ays.

a. Evidence from in vivo inhibitor studies.

The rationale of this approach is that if the synthesis of a
chloroplast protein decreases in the presence of an inhibitor of
chloroplast ribosomes, then synthesis must take place on chloroplast
ribosomes in vivo. Conversely, if synthesis is inhibited in the
presence of an inhibitor of cytoplasmic ribosomes then synthesis must
occur in the cytoplasm. It is clear that the validity of this rationale
depends hov'ever upon making a number of assumptions.

The first assumption is that the action of the inhibitor in vivo
is to specifically inhibit ribosome function. There is considerable
evidence accumulating to suggest that the most commonly used
inhibitors, chloramphenicol and cycloheximidc both have effects upon
systems other than protein synthesis in some higher plants (see Table
Ellis, 1976a). For chloramphenicol at least this objection can be
partially removed by relating the effects of D-threo chloramphenicol,
which specifically inhibits protein synthesis by isolated chloroplast

ribosomes , to the effects of other isomers of the drug which are not



ribosomal inhibitors in vitro (Ellis, 1969).

A second assumption made is that the appearance in the
chloroplast of any particular protein in an active state does not
depend upon additional protein (s) which are synthesized by a
different class of ribosomes. A third problem often associated with,
but not inherent in the use of inhibitors, arises if the increase in a
protein is measured (often of necessity) in terms of enzymic activity.
In this case the increased activity of the protein may be due either to
de novo synthesis or activation of a precursor protein. These
possibilities can be distinguished by the D”O labelling technique
(Fi)ner and Varner, 1967). Bearing in mind these reservations Table
D lists the chloroplast proteins which the use of inhibitors suggest
are either the products of chloroplast ribosomes or whose synthesis
involves plastid ribosomes. The small number of proteins listed in
Table D implies that the bulk of the chloroplast proteins are synthesized
on cytoplasmic ribosomes, a conclusion supported by numerous studies
involving the use of cyclohcximide (Boulter et al, 1972; Ellis, 1975b)
Chloroplast ribosomes appear therefore to synthesize relatively few
protein species, although one of their products, the large subunit of
Fraction | protein, is the major plastid polypeptide.

b. Evidence from in vitro studies.

Analysing the products of protein synthesis in isolated chioroplasts

44

provides the most direct method of elucidating the function of chloroplast

ribosomes. The method is free of the difficulties encountered with
inhibitor studies and provides unambiguous results. Howe or it must
be remembered that the results obtained by studying in vil plastid
protein synthesis must always be related back to the func< of plastid
ribosomes in vivo .

Prior to 1973 the characteristic of amino acid incor, ration by
isolated chioroplasts and the components of the protein synthesizing
system of chloroplasts had been studied (Boulter cd al, 1972).

However no unequivocal demonstration of the synthesis of a chloroplast
protein in vitro had been achieved (Kirk. 1970; Woodcock and Bogorad,
1971). In retrospect the difficulties seem to have arisen from a
combination of the inability to isolate chloroplasts which would carry

out protein synthesis at high rates and with fidelity, and the use of
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Table D. The products of chloroplast ribosomes.
1. Surzycki ejt al, 1970

2. Margulies, 1971

3. Armstrong et al, 1971

4. Smillie et al, 1971

5. Schiff, 1970

6. Ireland and Bradbeer, 1971

7. Ellis and Hartley, 1971

8. Hocber, 1972

9. Griddle et al, 1970

10. Horak and Hill, 1972

11. Smillie et al, 1967

12. Bradbeer, 1975

13. Gregory and Bradbeer, 1973

14. Smith-Johannsen and Gibbs, 1972
15. Sirevag and Levine, 1972

16. Macho]d and Aurich, 1972

17. Apel and Schweiger, 1972

18. Eytan and Ohad, 1970

19. Goodenough, 1971

20.

Thomson and Ellis, 1972
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poor methods for analysing the products. In the majority of cases
preparations contained principally broken chloroplasts (Parenti and
Margulies, 1967; Spencer, 1965; Boardman et al, 1966).
Consequently a massive dilution of chloroplast components,
including any controlling factors for protein synthesis, must have
taken place during isolation.

The significant innovation in this field was introduced by
Blair and Ellis (1973) who realised that in order to obtain identifiable
products in isolated chloroplasts, conditions in which correct
elongation, termination and release of polypeptides occurred, must
be used. Such conditions were most likely to be met in intact
chloroplasts. These authors were accordingly able to demonstrate
that isolated intact pea chloroplasts were able to synthesize discrete
proteins using light as the source of energy. Even in intact plastids
it was found that translation was not coupled to transcription. By the
use of tryptic peptide fingerprinting Blair and Ellis were able to
conclude that the only detectable soluble product of jn vitro chloroplast
protein synthesis was the large subunit of Fraction 1protein. This was
the first unequivocal identification of a protein that is synthesized by
chloroplast ribosomes. This result also fully confirmed the
conclusions from inhibitor studies on whole cells.

Analysis of the membrane-bound proteins in pea chloroplasts
incubated under identical conditions (Eaglesham and Ellis, 1974)
revealed that chloroplast ribosomes also synthesize five proteins of
the chloroplast membrane. However the difficulties in analysing
lipophii tc proteins of this type has to date precluded their
identification. Refining the analysis, Joy and Ellis (1975) have shown
that two proteins uniquely associated with the chloroplast envelope
membrane are the products of plastid ribosomes.

The study of protein synthesis in isolated chloroplasts has been
extended to other species (Ellis, 1976a, Bottomley et al, 1974) with
essentially similar results. It does not seem unlikely that the pattern
seen in pea may turn out to be universal. Ellis (1976a) has also
demonstrated that there is a division of labour in the chloroplast
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protein synthesizing system in that only free ribosomes are involved
in the synthesis of the large subunit of Fraction | protein.

Assuming therefore that the polyacrylamide gel fractionation
used in these studies is resolving individual protein species it is
possible to conclude that only 8 proteins are known to be synthesized
on the ribosomes of isolated chloroplasts.

In conjunction with the results of in vivo inhibitor studies
these results lead to the conclusion that the high proportion of
chloroplast ribosomes found in the leaf is required, not because they
synthesize a wide range of proteins, but because one of their products,
the large subunit of Fraction | protein, is part of the major chloroplast

protein.

4. THE NATURE OF THE PROBLEM AND THE APPROACH
ADOPTED IN THIS THESIS.

Clearly the outstanding problem in the field of plastid autonomy
is that, assuming chloroplast DNA is transcribed asymmetrically,
the function cf up to 80% of the chloroplast genome remains obscure.
Intuitively it seems unlikely that this proportion of the chloroplast
DNA plays a solely structural role. Indeed the DNA/RNA (in excess)
hybridization studies (section I13Aiic), although preliminary, suggest
that at least a high proportion if not all of the chloroplast DNA is
transcribed into RNA at some time in the cell cycle. The failure
to identify the function of the majority of chloroplast DNA probably
therefore refl ects limitations in the methods that have been used so
far. These limitations may be theoretical ones, limitations of
practicality, or perhaps limitations in the application of the methods.

At the present time it would seem that the most direct way to
circumvent these limitations will be to develop either a homologous
or heterologous system for the in vitro transcription of chloroplast
DNA. Such a task may not be as daunting as it may at first appear.
For example, it is now possible to asymmetrically transcribe the
entire genome (mob wt. 3. 6 x 10n) of the DNA tumour virus,
polyoma, m vitro, using E. ccli RNA nolymerase (Kamen and Ziff, 1975).

The complementary RNA synthesized is able to direct a cell-free
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protein synthesizing system from wheatgerm in the synthesis of all
the structural proteins of the virus and also a protein related to the
so called A gene product (Smith et al, 1975). With the improved
methods of extracting chloroplast DNA in its native configuration
(Kolodner and Tewari, 1975a) similar studies with chloroplast
DNA ought to follow.

The role of the plastid ribosomes in the autonomy of the
organelle seems more clear cut. Both in vivo and in vitro studies
independently lead to the same conclusion. Only a very limited
spectrum of proteins are synthesized on plastid ribosomes and" their
abundance i5 necessary only because they synthesize one particular
polypeptide, the large subunit of Fraction | protein, in massive
amounts. There is however a major reservation to be made, which
provides the rationale for the work presented in this thesis.

It is quite clear from the literature that the etioplast already
contains many of the components , although not all the functions,
of the photosynthetic chloroplast. It seems quite probable therefore
that plastids at stages of development before they have acquired the
functionality of the mature organelle may nevertheless synthesize a
wide and different spectrum of proteins to the chloroplast. The object
of tliis thesis was to investigate exactly this possibility by identifying
the products of the etioplast and the developing chloroplast protein
synthesizing systems.

Pea plants provide a convenient experimental situation for these
studies because they can be grown from seed in the dark for extended
periods. The etioplasts which accumulate in the leaves can then be
converted to chloroplasts by illumination under experimentally
controlled conditions. It was decided to adept the approach of in vitro
etioplast protein synthesis bectu”~st the method is direct and unambiguous.
Also the only unequivocal reports on the identity of plastid ribosome
products have resulted from using this approach with photosynthetic
chloroplasts,

It was decided to also extend the investigation to studying the
products of r'bosome function in isolated developing chloroplasts.

The possibility exists that there may be a number of proteins that are

synthesized/
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synthesized on plastid ribosomes only transiently during greening.
Neither the in vivo inhibitor, nor the in vitro protein synthesizing
studies to date have been designed to investigate this possibility.

In addition if plastid translation is at any time coupled to plastid
transcription (in the sense that the synthesis of plastid protein is
simultaneously dependent upon the transcription of chloroplast DNA)
then it seems most likely that this time will be during the greening
phase when the synthesis of plastid proteins is maximally stimulated.
Consequently therefore a study of plastid translation during greening

may also give insights into the function of plastid DNA.
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1. MATERIALS
A. PLANT MATERIALS
i. Source.

Pea seeds (Pisum sativum L. var. Meteor) were purchased
from S. Dobie, Chester, U.K.

ii. Growth conditions.

a. Etiolated seedlings.

Pea seeds were surface sterilised by soaking in 2% (v/v) sodium
hypochlorite solution for 5 minutes. The seeds were then washed in
running tap water for 24 hours. The imbibed seeds v/ere sown in
plastic trays containing moist vermiculite (‘Micafil' from Dupre
Vermiculite Ltd., Hertford, U. K. ). The trays were incubated in
darkness for 9 days at 22-24°C. The vermiculite was kept moist by
occasional watering. Illumination for the handling of etiolated tissue
was provided by a hand torch fitted with a green filter (Wratten Gelatin
filter No. 54, Kodak Ltd. , llemel Hempstead, U. K. ) (Wilkins, 1965).
Etioplasts were isolated from the apical buds of dark-grown seedlings.

b. Normal seedlings.

Normal seedlings were grown by sterilising, imbibing and sowing
seeds as described above. The seedlings were grown for 9 days at
approximately 24OC under a 12 hour photoperiod. The illumination
used was white light of 2000 lux intensity provided by Phillips
'"Warmwhitelfluorescent tubes. The trays were watered each day.
Chloroplasts were isolated from the youngest leaves.

c. Greening seedlings.

Greening seedlings were obtained by transferring 9 day old
etiolated seedlings, grown as described above, into the light. The
seedlings were illuminated by continuous white light of 2800 lux
intensity ("Warm white' tubes). During greening of the seedlings the
air temperature was kept at 22-24°C. The seedlings were watered
each day. Plastids from greening seedlings were isolated from the

first-formed leaflets.
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grade

listed

CHEMICALS AND RADIOISO

i. Chemicals
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TOPES

The majority of chemicals and solvents used were of 'Analar’

gquality. Chemicals of specif

below:

Sigma (London) Chemical Co,
N-2-(hydroxyethylpiperazine-
N -tris (hydroxymethyl) methy
2-amino-2-hydroxymethylpro
D-threo chloramphenicol
cycloheximide

blue dextran

glutaraldehyde

dansyl chloride

ic purity and their source are

Ltd. , London, U. K.
N'-yl) ethane sulphonic acid (HEPES)
I glycine (TRICINE)

pane-1:3 diol (tris, TRIZMA base)

phenyl methyl sulphonyl fluoride (PMSF)

octyl phenoxy polyethoxy ethanol (TRITON X-100)

bovine serum albumin (BSA,
ovalbumin

myoglobin (whale)
haemoglobin (sheep)

transferrin (human)

BDI1 Chemicals Ltd. , Dorset,

bromophenol blue

crystallized and lyophillized)

uU. K.

sodium dodecyl sulphate (SDS, especially pure)

methanol (Aristar)
hydrogen peroxide (100 volum
pyridine (Analar)

butanol

Fisons Ltd., Loughborough,
osmium tetroxide
formic acid (98-99%)

acetic acid (glacial, Analar)

es)

U. K.



Vm u a,

Polaron Equipment Ltd. , Walford, U. K.

Epon 812 resin.

dodecenyl succinic anhydride (DDSA)

tri dimethylamine methyl phenol (D M P-30)
methyl endomcthylene phthalic anhydride (MNA)

uranyl acetate

Koch-Light Ltd., Buck's, U. K.
N, N, N, N1 - tetraniethylene diamine (TEMED)
2'-(p-iodophenyl)- 3-(p-nitrophenyl) -5-phenyl-tétrazolium (INT)

Nuclear Enterprises (GB) Ltd. , Edinburgh, U, K.
2, 5-diphenyloxazole (PPO)
1, 4-bis-(5-phenyloxazole-2-yl) benzene (POPOP)

Searle Diagnostic, Buck's, U. K.

coomassie brilliant blue R.

Fluka AG, Buchs, Switzerland

acrylamide

Eastman Organic Chemicals, N. Y., U, S. A.

N,N~- methylene bisacrylamide.

Hopkins and Williams Ltd. , Essex, U. K.

Folin-Ciocalteau reagent

Whatman Ltd. , Kent, U. K.
DEAE-cellulose (DE52 grade)
GF/C (2. 5cm glass fibre discs)

M erke, Sharpe and Dohme, N.J. , U. S. A.

actinomycin D (supplied free)

Parke Davis and Co, , Wales. U. K.

L-threo chloramphenicol (supplied free)

JBiorad,__Kent, U.Jv.

Aminex A5 resin

HiNNNUWIBww »
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Machcrey-Nagel and Co., DUrcn, Germany

Polygram Sil G; 0. 025mm layer (pre-coated 20cm x 20cm
silica gel p]astic t. 1. c. plates)

Chicopee Mills Inc., N. Y., U.S A
Miracloth

Sephadex G-types were supplied by Pharmacia Ltd. ,
London, U. K.
Photographic materials, including Kodirex X-ray film,

were obtained from Kodak Ltd. , Hert's, U.K.

ii. Radioisotopes

The following radioisotopic compounds were obtained from

The Radiochemical C-entre, Amersham, Buck's, U.K. :

35
L-( S) methionine (SJ 204, 200-300 Ci/mmole, 3-5 mCi/ml
in agueous solution containing 0. 04% 2-mercapto-ethanol)

L-( H) leucine (TRK 170, 50 Ci/mmole, 1 mCi/ml in
sterilised aqueous solution containing 2% (v/v) ethanol)

L-phenyl (2, 3H) alanine (TRK 266, 20 Ci/mmole, 1 mCi/ml
in sterilised aqueous solution containing 2% (v/v) ethanol)

Sodium (° C) bicarbonate (CFA 3, 56. 5 mCi/mmole, 656pCi/mg
in dilute sterilised aqueous solution)

lodine-125 (IMS 30, carrier-free 100 mCi/ml inNaOH solution)

14
n-(l- C) hexadecane (CFA 101, 30-60 mCi/mmole in

benzene solution)

ENZYMES AND SUBSTRATES
chloro-4-phenyl-3-L-toluene-p-sulphonamido-butan-2-one
(TPCK) treated trypsin was supplied by Worthington Biochemical

Corp,, N.J., U.S A.

Pronase (Grade B) was obtained from Caibiochem, London, U, K.

Sigma (London) Chemical Co. Ltd., London, U. K., supplied:
creatine phosphokinase (rabbit muscle)

pancreatic ribonucléase A(bovine)

ci. cliymotrypsinogen A (bovine)

alcohol dehydrogenase (yeast)

carboxypeptidase A (bovine)

trypsin(bovine)
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lactopcroxidase (from milk)
L-methionine (Sigma grade)
l.-leucine (Sigma grade)
L-phenylalanine (Sigma grade)
ribulose 1, 5-bisphosphoric acid (RuBP) (tetra-sodium salt)
creatine phosphate (crystalline)
ATP (grade 1)

GTP (type 11S)

dTTP

CTP (type 111)

UTP (type 1V)

2. METHODS
A. PLASTID ISOLATION
In order to minimize bacterial contamination of the plastid
preparations two precautions were taken:
i. Sterile media and glassware were used.

ii. Plastic gloves were worn at all stages of the isolation
procedure.

Plastids were isolated by the method of Ramirez et al (1968)
as modified by Blair and Ellis (1973). The plastid isolation was
performed rapidly (less than 10 minutes) and where possible solutions
were kept at, or near, 4°C. Excised tissue (10-20g) was homogenized
in 100 mis of semi-frozen isolation medium. The isolation medium
contained,

0. 35 M sucrose

25 mM IIEPES-NaOH (pH 7. 6)

2 mM EDTA

2 rnM sodium isoascorbate

The tissue was homogenized in a Willens Polytron (Northern
Media Supply Co. Ltd. , Hull, U. K. ) at speed setting 7 (probe PC 20).
The homogenate was strained through two lots of 8 layers of
absorbent muslin and centrifuged at 2500 x g for 1 minute at 4OC
(r 14. 6c.m) in an MSE 6L centrifuge. The supernatant fraction

m ax
was discarded and the pellet carefully resuspended by gentle swirling

in/
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in 1-5 mis of KCI resuspension medium. The KCI resuspension
medium contained,

0.2 M KCI

66 mM Tricine-KOH (pH 8. 3)

6. 6 MM  MgCIn

Tissue excision and plastid isolation were routinely carried out
in normal daylight. However, for particular etioplast preparations
the complete procedure was performed under dim green light
(see Section Il 2Bib).

A preparation containing only broken plastids was obtained by
modifying the procedure described above as follows. After discarding
the supernatant fraction the plastid pellet was re-suspended in 0. 75-

2. 5 mis of sterile distilled water. After 1 minute an equal volume of
2 x 'KCI resuspension medium' containing 0. 4 M KCI, 0. 132 M Tricine-
KOH (pH 8. 3) and 13. 2 mM MgCIl was added.

The protein concentration varied between 0. 3-1. 0 mg/m| for
etioplast preparations and 4. 0-9. 0 mg/m|l for chloroplast preparations.
A further modification of the isolation procedure was used to

obtain certain etioplast preparations. After homogenization and
filtration 5 ml aliquots of the brei were centrifuged individually.

The homogenate was centrifuged at 2500 x g for 1. 5 minutes at 4OC
(rCLV 21. 08 cm). After discarding the supernatant fraction the pellets
were resuspended in 0. 5 ml of resuspension medium. The
compositions of these resuspension media are described in the
appropriate figure legends. The protein content of these etioplast

preparations varied between 1.4 and 1. 8 mg/ml.

B. MICROSCOPIC ANALYSIS OF PLASTID PREPARATIONS
1. Phase microscopy
a. Plastid counts

The number of plastids in a given volume of suspension was
estimated by direct counting using a haemocytometer as described
by Norris and Powell (1961). The haemocytometer grid was viewed
at a magnification of x320 using a Gillet and Sibert 'Lab Lynx' phase
microscope. The ratio of intact to broken plastids was determined by

a method which makes use of the fact that when viewed by phase cof\fcro.sfc

microscopy/
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microscopy intact plastids appear highly retractile whilst broken
plastids appear non-retractile (Kahn and Von Wettstein, 1961;
Wellburn and Wellburn, 1971). The precision schedules of Cassell
(1965) were used to calculate the number of plastids which had to be
counted in order to ensure (with 95% confidence) that the estimated
ratio was no more than 15% in error.

b. Photomicrography

Plastid preparations were photographed at a magnification of
X725 under phase optics in a Leitz Orthoplan microscope.

ii. Electron microscopy

The fixation, post-fixation and dehydration procedures were a
modification of those used by Wellburn and Wellburn (1972). Etioplast
pellets were prepared as described in Section IIA. The pellets were
resuspended in 5 mis of 3% (v/v) glutaraldehyde in 0. 3 M sucrose -
0. 1 M phosphate buffer (pH 7. 0) and left for 3 hours at 0 C. The
plastids were then pelleted at 750 x g for 3 minutes, and given 3
successive 30 minute washes (5 mis each) in 0. 1 M phosphate buffers
(pH 7. 0) containing 0. 26, 0. 23 and 0. 2 M sucrose respectively.
Post-fixation was carried out for 3 hours in 2% osmium tetroxide in
0. 1 M phosphate buffer containing 0. 14 M sucrose. The excess
osmium was removed by three 30 minute washes in 0. 14 M sucrose
solution. The samples were then partially dehydrated by a graded
alcohol series containing decreasing amounts of sucrose; i.e. 30
minutes in 5 mis each of 25, 40 and 50% ethanol which contained
0. 08, 0. 04 and 0. 015 M sucrose respectively. Dehyradation was
completed by washing the pellets for 30 minutes in 5 mis each of
50, 75, 90 and 100% (twice) ethanol. The pellets were then
transferred into 100% acetone and stored overnight. The samples were
embedded in Epon resin next day. Fresh Epon resin was prepared by
mixing 9 parts of mixture A (1. 0 g of Epon 812 and 0. 81 g of DDSA)
with 1 part of mixture B (1. 0 g of Epon 812 and 0. 96g of NMA). A
small amount (25fil) of DMP-30 was added for each 3 mis of resin
mixture. The pellet3 were embedded by infiltrating for 12 hours in
acetone/Epon (1;1, v/v), acetone/Epon (1;3, v/v) and Epon (twice).

Finally/
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Finally the resin was polymerized at 60 C for 48 hours and
subsequently at room temperature for 3 days.

The pellets were sectioned on a Reichert OMU2 ultramicrotome,
mounted on uncoated grids and double-stained in uranyl acetate and
lead citrate (Reynolds, 1963). The sections were then examined in

an AEIl Corinth electron microscope.

C. AMINO ACID INCORPORATION IN ISOLATED PLASTIDS

i. Incubation

As a routine incubation mixtures using added ATP as the’energy

source had a final volume of 500pl and contained

100 pmol. KC1

33 pmol. Tricine-KO Il (pH 8. 3)

3.3pmol. MgCl2

0. 5pCi L-(355) methionine (200 CiZ/mmol)
lpmol. ATP

plastids

Antibiotics, inhibitors and enzymes were added
mixture by replacing a portion of the KC1 resuspension medium with
an equal portion of KC1 resuspension medium plus the addition. All
the compounds tested were soluble in KC1 resuspension medium at the
concentrations used. An ATP-generating system was added to the
incubation by including 2. 5 pmol of creatine phosphate and 100 pg of
creatine phosphokinase in the reaction components. The components
of incubations using light as the source of energy were identical except
that ATP and the ATP-generating system were omitted. Plastids in
the reaction mixture usually contained between 40 and 400 pg of protein.

Reaction components were mixed at 2°C and the incubation was
started by increasing the temperature of the incubation mixture to
20°C. This temperature was maintained during the incubation. A
Churchill circulating water-cooler was used to control the temperature
of the glass water bath in which protein synthesis incubations were
performed. Light was excluded from trhe incubations using added ATP
as the energy source by wrapping the reaction vessel in aluminium foil.
For the light-driven system samples were illuminated with filtered
red light (4000 lux) which was provided by an air-cooled Philips
Photoflood/

*_
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Photoflood lamp. The incubations were terminated, usually after
] hour, by the addition at 20C of 100 ul of a saturated aqueous solution
of L(328) methionine and 1 ml of 20% (w/v) trichloracetic acid. All
assays were carried out in duplicate,

ii. Assay

Amino acid incorporation was measured essentially according
to the method of Siekevitz (1952). Terminated reaction mixtures were
left to stand at ZOC for 30 minutes and then heated to 9000 for 15
minutes. The precipitate was transferred quantitatively to glass-fibre
discs which had been previously washed with 5% (w/v) trichloracetic
acid and placed on to a Millipore 3025 sampling manifold. Each disc
was washed by suction filtration with 100 mis of ice-cold 5% (w/v)
trichloracetic acid, 60 mis of ethanol (to remove carotenoids and
chlorophyll) and finally with 60 mis of diethyl ether. The filters
were dried at 60°C for 30 minutes and then placed in scintillation
vials containing 8 mis of a toluene-based scintillation fluid. The
scintillation fluid contained,

0. 5% (w/v) 2,5 diphenyloxazole

0. 03% (w/v) 1, 4-bis-(5-phenyloxazol-2-yl) benzene
dissolved in toluene.

The radioactivity was determined in a Packard Tri-Carb model
3320 scintillation spectrophotometer. At 12% gain, with an open
window, a counting efficiency of 70% was determined by comparison

14
with an internal standard of ( C) hexadecane.

D. SOLUBILIZATION OF RADIOACTIVELY LABELLED ETIOPLASTS
BY TRITON X-100 DETERGENT

An ATP-driven protein synthesis incubation mixture (Section 112Ci)
was terminated after 1 hour by the addition of an equal volume (500 jul)
of 4% (v/v) Triton X-100 in KC1 resuspension medium which had been
saturated with L-(328) methionine. The final concentration of Triton
X-100 was therefore 2%. The mixture was incubated at 200C ror
15 minutes and then centrifuged at 12500 x g foi 10 minutes at 4OC
(r 6.7 cm, MSE 50). The supernatant and pellet fractions were

then separated. An equal volume (1 ml) of 20% (w/v) trichloracetic

acid was added to the supernatant fraction and the pellet was

resuspended /
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resuspended in 1 ml of 10% (w/v) trichloracetic acid. The protein
in each fraction was precipitated overnight at 4°C. The floccnlatfcdk
precipitates were heated to 90°C for 15 minutes, quantitatively
transferred to glass-fibre discs and assayed for amino acid

incorporation as described in Section IUCii.

E. ORGANELLE PURIFICATION

One technique which was used to study the site of amino acid
incorporation in etioplast preparations was a procedure for subcellular
fractionation involving a combination of rale and equilibrium
sedimentation in sucrose gradients. This procedure also allows the
one-step purification of mitochondria from whole leaf homogenates,

i. Gradient conditions

The gradient conditions were those described by Miflin and
Beevers (1974) for the isolation of intact chloroplasts and proplaslids.
Density gradients were composed of sucrose solutions made up in
0. 1M Tricine-KOH (pH 7. 6) buffer. The gradients contained, in
sequence, 1ml of 1. 75 M sucrose, 9 mis of a linear gradient from
1.46 M to 0. 73 M sucrose and a final 1.5 mis of 0. 73 M sucrose. The
gradients were formed and loaded at 4OC and used immediately. The
gradients were loaded with 5 mis of sample. The sample was either
5 mis of whole leaf homogenate or 4 mis of whole leaf homogenate
plus 1 ml of incubated ATP-driven protein synthesis mixture.

The protein synthesis mixture was prepared and incubated as
described for the analysis of polypeptides synthesized in isolated
etioplasts (Section I12Fi) with the exception that the reaction was
terminated by the addition of L-(328) methionine alone. The whole
leaf homogenate was prepared by grinding 10g of etiolated tissue for
4 seconds in the Polytron homogenizer in 100 mis of semi-frozen

sterile grinding medium. The grinding medium contained,

0. 70 M Sucrose

25 mM HEPES-NaOH (pH 7. 6)
2mM EDTA

2mM Sodium isoascorbate
1mM 2-mercaptoethanol

The sucrose concentration was increased to 0. 575 M for

homogenates/
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homogenates that were to be diluted one-sixth by addition of the
incubated protein synthesis mixture. Gradients providing fractions
to be assayed for succinate dehydrogenase activity were loaded with
homogenates prepared using the basic grinding medium without
2-mercaptoethanol and sodium isoascorbate; these reductants
interfere in the assay of succinate dehydrogenase. The homogenate
was filtered through 8 layers of absorbent muslin and then 8 layers of
Miraclotb.

The loaded gradients were placed in a 3 x 23 ml rotor (rav 9. 37 c¢cm)
in an MSE 50 centrifuge with a controlled bowl temperature of 2 C.

As soon as vacuum permitted the gradients were centrifuged at 1600 x g
for 5 minutes and then at 10500 x g for a further 10 minutes. The rotor
was allowed to decelerate to 5000 r. p.m. (2621 x g) before applying
the rotor brake. The gradients were fractionated into samples of

0. 5ml using a Buchler Auto Densi-Flow gradient unloader run at
I1ml/min and a Gilson Microcol TCL 80 fraction collector. The
pelleted fraction was resuspended in 0. 5 ml of 1. 75 M sucrose in

0. 1M Tricine-KOH (pH 7. 6) buffer.

The appearance of the density gradient after centrifugation, and
the appearance, under the phase contrast microscope, of particular
fractions off the gradient arc shown in Plate 1. After centrifugation
a discrete opaque white band (band M) was clearly visible within the
gradient (Plate 1. A). Microscopic inspection of fractions obtained
from this region of the gradient (fractions No. 15 to 23) show a
homogeneous population of subcellular organelles (Plate 1. B). The
size, quantity and appearance of these organelles suggests they are
mitochondria.

A second discrete fraction is visible as a yellow pellet in the
bottom of the centrifuge tube. When viewed with the phase contrast
microscope this fraction appeared to contain at least five types of
subcellular body (Plate 1. C). The appearance and relative frequencies
of these species suggested that ;his fraction contains both intact and
broken plastids, nuclei, starch grains and mitochondria. To confirm
the separation of subcellular organelles the gradient fractions were

assayed/



Plate 1.

Sucrose density gradient fractionation of whole

leaf homogenates; visual analysis.

Whole leaf homogenates of etiolated tissue were fractionated

as described in Section 1J2Ei. Photomicrography was

performed as described in Section 112Bib.

A.
B.

C.

Total gradient after centrifugation.
Phase contrast microscope appearance of band M fractions.

Phase contrast microscope appearance of the resuspended
pellet fraction.






assayed for succinate dehydrogenase and ribulose 1, 5 bisphosphate
carboxylase activity. These two enzymes are established markers for
mitochondria and intact plastids respectively (Hallaway, 1965).

ii. Assay for succinate dehydrogenase

The assay for succinate dehydrogenase was performed
according to Porteous and Clark (1965). Portions (100 pi) of each
gradient fraction were incubated for 15 minutes at 37 C in an
incubation mixture containing,

100 pi 0. E M phosphate buffer (pH 7. 3), containing 10 mM EDTA

50 pi 0. 3 M sucrose, adjusted to pH 7.0

100 pi 0. 5% (w/v) E-(p-iodophenyll)-3-(p-nitrophenyl)-5-phenyl
tetrazolium (INT)

100 pi 0. EM sodium succinate in phosphate buffer
For each gradient fraction control incubations were performed in
which the succinate or the enzyme preparation were replaced by water.
Reaction components were mixed at 4OC and the reaction initiated by
raising the temperature of the incubation to 370C. The reaction was
terminated by the addition, at 4°C, of 500 pi of E0% (w/v) trichloracetic
acid. The reduced formazan produced in the assay was extracted into
1. 5 ml of ethyl acetate and the extinction of the solution measured at
490 nm. A molar extinction coefficient (£) for formazan in ethyl
acetate of EO. 1 x 10'3 litre . mol-1 . cm ! is assumed (Pennington,
1961). The measured activities are considered qualitative as the
kinetic parameters of the reaction were not investigated.

Figure 1. shows the distribution of succinate dehydrogenase
activity in the gradient after fractionation of a whole leaf homogenate.
A peak of succinate dehydrogenase activity is seen in the region of the
gradient between fractions 15 and E4. This result confirms the
microscopical evidence which suggested that free mitochondria
sediment in this region of the gradient. Less than 1% of the succinate
dehydrogenase activity distributed within the gradient is associated
with the pelleted fraction. This amount of succinate dehydrogenase
activity in the pelleted fraction is most likely due to a small percentage

of mitochondria which bind to other cellular components.

6)



Figure 1. Sucrose density gradient fractionation of a whole
leaf homogenate; the distribution of succinate dehydrogenase

activity in the gradient.

A whole leaf homogenate was prepared, fractionated
and assayed for succinate dehydrogenase as described in

Sections [II2Ei and II2Eii.






iii. Assay for ribulose 1,5 bisphosphate carboxylase (RuBPCase)
The assay for RuBPCase is essentially that described by
Paulsen and Lane (1966). This assay is based on the fixation of
CO” into acid-stable products.
Gradient fractions were added to an equal volume (500 jul) of
2 x assay buffer plus 0. 2% (v/v) Triton X- 100. The assay buffer
contained,
25 mM Tris-HCI (pH 7. 8)
I1mM EDTA

10 mM  MgCl2

10 mM 2-mercaptoethanol

A 100 jul aliquot of this enzyme preparation was then mixed
with 10 jul of 10 mM sodium (14C) bicarbonate (5 juCi) in an open
reaction vessel. After 10 minutes pre-incubation at 25°C the
reaction was initiated by the addition of 100 ~d of 2 mM ribulose
1, 5 bisphosphate dissolved in assay buffer. The incubation was
continued for 20 minutes at 25°C and was then terminated by the
addition of 100 jul of IN HC1l. After termination of the reaction the
incubation vessels were flushed with nitrogen to remove unreacted
“co2.

Aliquot portions (100 jrl) of the reaction mixture were
transferred onto Whatman GF/C glass-fibre discs and the filters
were dried at 60°C for 30 minutes. Radioactivity on the filters was
determined by liquid scintillation counting as described in Section
112Cii. The efficiency of counting carbon-14 was assumed to be 70%.

Controls were performed by replacing the ribulose 1,5
bisphosphate solution by an equal volume of assay buffer. Although
it was established that the measured activities were proportional to
the enzyme concentration the activities must be considered qualitative
since other kinetic parameters of the reaction were not taken into
account (see Section I12Ai).

Figure 2 shows the distribution of RuBPCase activity within the
density gradient after fractionation of a whole leaf homogenate. Two
areas within the gradient show RuBPCase activity. Approximately

half of the activity is found in fractions 1to 14. These fractions

represent/
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Figure 2. Sucrose density gradient fractionation of a
whole leaf homogenate; the distribution of RuBPCase

activity in the gradient.

A whole leaf homogenate was prepared, fractionated and
assayed for RuBPCase activity as described in Sections

112Ei and [1I2Eiii.
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represent the volume and position of 0. 70 M and 0. 73 M sucrose
solutions in the gradient. This RuBPCase activity is presumably
due to enzyme which is released upon breakage of the plastids during
their isolation. Subcellular bodies were not seen in fractions taken
from this region of the gradient. Virtually no RuBPCase activity
is detected in fractions 15 to 29 of the gradient. The remaining
RuBPCase activity is distributed between the pellet fraction and
fractions 30 to 35. This activity is presumed to be enzyme located
in intact plastids. This location of the RuBPCase enzyme marker
confirms the microscopical evidence which suggested that one type
of subcellular body which sediments at the bottom of the gradient is
intact plastids.

Figures 1 and 2, taken together, show that a clear separation

of mitochondria and intact plastids can be achieved by this method.

F. ELECTROPHORETIC ANALYSIS OF POLYPEPTIDES
SYNTHESIZED IN ISOLATED PLASTIDS.

i. Pre-electrophoresis
a. Incubation
Plastids isolated from 40g of tissue were resuspended in 3 mis
of KC1 resuspension medium (Section 1I12A). Light-driven protein
synthesis incubation mixtures which were used for product analysis

had a final volume of 1 ml and contained,

200 pmol. KC1

66 pmol. Tricine-KOH (pH 8. 3)

6. 6 lunol. MgCl,

100 pCi. radioactively labelled amino acid

(L-(J S) methionine, 300 Ci/mmol)
(L-(3H) leucine, 50 Ci/mmol)
(L-phenyl 2, 3- (3H) alanine, 20 Ci/mmol)
plastids (I-6m g of protein)
ATP-driven protein synthesis incubation mixtures contained, in
addition to the above components, 2 pimol of ATP, 5 pmol of creatine
phosphate and 100 g of creatine phosphokinase. lhe reaction components

were mixed at 2°C and the incubations were started by raising the

temperature/



temperature of the incubation mixture to 20°C. This temperature
was maintained during the incubation. The ATP-driven system was
incubated in the dark, whereas incubations with light as the energy
source were illuminated with filtered red light as described in
Section 112Ci. After 1 hour the incubations were terminated by the
addition, at 4OC, of 200 pi of a saturated aqueous solution of L(SZS)
methionine and 120 pi of a 20% (w/v) solution of sodium dodecyl
sulphate. In preparation for electrophoresis the terminated incubation
mixtures were boiled for 3 minutes and then exhaustively dialysed at
room temperature against 5 litres of dialysis buffer. The dialysis
buffer contained,

2.5mM Tris-19 mM glycine (pH 8. 5)

100 mM 2 mercaptoethanol

0. 2% (w/v) sodium dodecyl sulphate

At room temperature an insoluble precipitate of potassium
dodecyl sulphate forms when sodium dodecyl sulphate is added to the
incubation mixtures. This precipitate disappears during dialysis.

b. Preparation of 150000 x g etioplast supernatant fraction.

Etioplasts were isolated and incubated with ATP as the energy
source for the analysis of the products as described in Sections II12A
and I12Fi. The incubation was terminated by the addition of L-(SZS)
methionine alone. The incubation mixture was then centrifuged at
2, 500 x e for 2 minutes at 2 C (r 14. 6 cm). The supernatant
fraction and pellet were separated and the pellet was resuspended
in 1. 2 mis of buffer containing 2. 5 mM Tris-glycine (pH 8. 5) and
4 mM 2-mercaptoethanol. This buffer lyses the plastids. The
supernatant fraction was added to the lysed etioplast preparation and
centrifuged at 150000 x g for 100 minutes at 2°C (r”~ 7. 62 cm)
using a 3 x 5 mis swing-out rotor fitted with 1 ml tube adaptors in
an MSE 50 centrifuge. After centrifugation of the sample the clear
supernatant was removed and 240 pi of an aqueous solution of 20% (w/v)
sodium dodecyl sulphate was added. The 150000 x g supernatant
fraction was boiled for 3 minutes, cooled to room temperature and
exhaustively dialysed at room temperature against 5 litres of dialysis

buffer.



c. Pronase and ribonuclease A treatment of polypeptides
synthesized in isolated etioplasts.

Incubation for the analysis of the products formed in isolated
etioplasts was performed as described in Section Il12Fia. The
incubation was terminated by the addition of L-(’325) methionine
alone and a lysed etioplast preparation was prepared as described
in Section JI2Fib. After the supernatant fraction had been added to
the lysed etioplast preparation the protein concentration was
determined and aliquots (600yul) were taken for enzymic treatment.

Pronase and pancreatic ribonuclease A were freshly prepared
at a concentration of 1mg/ml in 50 mM Tris-380 mM glycine (pH 8. 5)
containing 10 mM 2-mercaptoetlianol. The enzymes, in a volume of
250 jul, were added to the lysed etioplast preparations to give protein
to enzyme ratios of 10:1 (pronase) and 20:1 (ribonuclease) respectively.
An equivalent volume of buffer was added to a third aliquot to act as
a control. The samples were incubated at 37°C for 3 hours. The
incubations were terminated by the addition of 85 ,ul of 20% (w/v)
sodium dodecyl sulphate and boiling for 3 minutes. The solubilized
digests were then exhaustively dialysed at room temperature against
5 litres of dialysis buffer.

d. Acetone extraction of radioactively labelled plastid
preparations.

Incubation mixtures for the analysis of the products of plastid
protein synthesis in vitro were performed as described in Section
112Fia. After dialysis 1 ml aliquots of the preparation were mixed
for 1 minute at room temperature with 9 mis of acetone. The sample
was centrifuged at 1000 x g for 5 minutes and the pellet and supernatant
fractions separated. The supernatant was discarded and the pellet
resuspended in 10 mis of 90% (v/v) acetone. This extraction
procedure was repeated twice. The final precipitate was dried at
60°C for 10 minutes and resuspended in 1 ml of 2.5 mM Tris- 19 mM
glycine (pH 8. 5) containing 100 mM 2-mercaptoethanol and 2% (w/v)
sodium dodecyl sulphate. The sample was boiled for 3 minutes and

exhaustively dialysed at room temperature against 5 litres of dialysis
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ii. Analytical SDS-polyacrylamide gel electrophoresis,
a. Disc gel electrophoresis.

The polyacrylamide gel electrophoresis system used contained
sodium dodecyl sulphate and urea in the buffers. Electrophoresis was
performed at room temperature. Both acrylamide and bis-acrylamide
were used without recrystallization.

Gels consisted of 15% (w/v) acrylamide-O. 3% bis-acrylamide
made up in a buffer containing 0. 375 M Tris-HCI (pH 8.5), 0. 1%
(w/v) sodium dodecyl sulphate and 3% (w/v) urea. The gel

components were mixed in a round-bottomed flask. The mixture

contained,
5 mis 3 M Tris-HCI (pH 8. 5)
5mis 24% (w/v) urea/ 0. 8% (w/v) SDS
10 mis 60% acrylamide - 1. 2% bis-acrylamide
20 mis 0. 14% (w/v) ammonium persulphate (freshly prepared)
23 pi TEMED (N, N, N, N1l-tetramethylene diamine)

This mixture was rapidly degassed and transferred to glass tubes
(6mm x 100mm) which were sealed at one end with moist dialysis tubing.
The acrylamide solution was gently overlayed with 200 pi of distilled
water using an Eppendorf pipette. This produces a flat top to the gel
upon polymerization. The gels polymerized in 15 minutes. The gels
were transferred to electrophoresis tanks containing running buffer.
The running buffer contained,

50 mM Tris-380 mM glycine (pH 8. 5)

0. 1% (w/v) sodium dodecyl sulphate

10 mM 2-mercaptoethanol

or

8 mM cysteine

The top gel-tank compartment contained the cathode and proteins
electrophoresed down through the gel towards the anode in the bottom
gel-tank compartment. The gels were prerun at 10 mA/gel for 3 nours
to remove excess ammonium persulphate. Samples (20-200~/rl,
containing 20-400 yug of protein) were layered directly on the gels with
sucrose (10%, w/v) and bromophenol blue (0. 005%, w/v). The samples

were/
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were concentrated by applying a current of 0. 5 niA/gel for 30 minutes
and then electrophoresis was carried out at 5 mA/gel. The bromophenol
blue was used as a marker to determine the duration of electrophoresis
which achieved maximum separation of proteins.

After elcctrophOf«»s of the proteins the gels were simultaneously
fixed and stained in a solution of coomassie brilliant blue R (0. 1%, w/v)
in 50% (v/v) methanol and 7. 5% (v/v) acetic acid. After staining for
12 hours the excess stain was removed by washing in 50% methanol
containing 7. 5% acetic acid. The gels were scanned at 620 nm in a
Joyce-l,0ebl Chromascan. The distribution of radioactivity within the
gel was determined in the following manner.

Firstly the gels were swollen in 7. 5% (v/v) acetic acid to remove
the methanol. The gels were then frozen at -9000 for 30 minutes and
the frozen gels were sliced into 1 mm slices with a Mickle gel slicer.
The slices were solubilized in 200 pi of (100 vols) for 3 hours
at 80°C in capped scintillation vials. After cooling the vials 8 mis of
Triton X -100 - toluene scintillation fluid was added. This scintillation
fluid contained,

0. 4% (w/v) 2,5 -diphenyloxazole

0. 05% (w/v) 1, 4-bis-(5-phenyloxazol-2-yl) benzene

in toluene - Triton X-100 (2:1, v/v).

The samples were counted for radioactivity in a Packard Tri-Carb
model 3320 qugéd scintillation spectrophotometer. In samples
containing L -( S) methionine alone the machine settings were 15%
gain and open window. The radioactivity was counted at an efficiency
of 88% as shown by comparison with internal standards of (14C)
hexadecane. In gel slices containing both L-(358) methionine and
L-(3H) leucine the radioactivity due to each isotope was estimated by
the channels ratio method of llendler (1964).

b. Slab gel electrophoresis; calibration for molecular weights
estimated on 15% polyacrylamide gels.

The relationship between the molecular weight of a protein and
its electrophoretic mobility in 15% SDS-polyacrylai xide gels was
determined using a slab gel electrophresis system. The principal

advantage of using this system is that: variations between individual



gels, both in their uniformity (e. g. pore size) and in the conditions
of electrophoresis, are minimized. A disadvantage of the system

is that the small amount of protein which can be electrophresed in
each sample necessitates the use of radioactively-labelled calibration
proteins. In addition the resolution of the slab gel system was found
to be poor by comparison with disc gel electrophresis.

The slab gel apparatus was essentially that explicitly described
by Studier (1973). The gel system used, i. e. the composition of the
gel and running buffers, is exactly as described for disc gel
electrophoresis in the preceding section. The following proteins were
used for calibration and their molecular weights are assumed to be the
values given in brackets: -

human transferrin (78000), bovine serum albumin (68000 for the

monomer), ovalbumin (43000), yeast alcohol dehydrogenase (37000),

carboxypeptidase A (34600), chymotrypsinogen (25000), bovine

trypsin (23300), whale myoglobin (17200) and sheep haemoglobin

(15000).

Each of these proteins was iodlAated with iodine-125 as described in
Section I12H, and prepared for electrophoresis by adding sucrose and
bromophenol blue. The samples were diluted with appropriate volumes

of running buffer to give a radioactive concentration of 50000 c. p. m. /15 ul.

Aliquots (15 jul) of each sample were co-electrophoresed at
2 voits/cm for approximately 24 hours. After electrophoresis the
position of the bromophenol blue marker dye was noted, and the gel
was dried between silicone rubber sheets under vacuum in a water bath
at 90°C. The dried gel was exposed to Kodirex X-ray film for 4 days.
The mobility of each protein was determined from the resulting
autoradiograph.

Figure 3A shows an autoradiograph of a calibration gel and from
this data the known molecular weights of the calibration proteins can be
plotted as a function of their relative mobilities, (Rm), (figure 3B).
Although there appears to be considerable degradation of the marker
proteins, possibly occurring during iodfcnation, the major radioactive
species in each sample is assumed to be the authentic marker protein.

The calibration curve is found to be biphasic. This is in agreement



Figure 3 Calibration of 15% SDS-polyacrylamide gels.

The mobilities of purified proteins of known molecular

weight were determined as described in Section I12FU.

A. Calibration gel autoradiograph
1. transferrin
2 B. S. A.
3 ovalbumin

4. alcohol dehydrogenase

5 carboxypeptidase A

6. chymotrypsinogen

7. trypsin

8. myoglobin

9. haemoglobin

B. A semi-log plot of molecular weight against relative mobility

for 9 proteins of known molecular weight.
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with the results of Neville (1971) and Eaglesham and Ellis (1974).
The calibration curve was used to estimate the molecular weights of
proteins fractionated by 15% SDS-polyacrylamide gel electrophoresis.

iii. Preparative gel electrophoresis of the 150000 x g supernatant
fraction from isolated etioplasts.

The dialysed, sodium dodecyl sulphate-treated 150000 x g
supernatant fraction prepared as described in Section II12Fib was
further fractionated by the preparative polyacrylamide gel
eletrophoresis method of Moore and Burke (1974). Electrophoresis was
performed on cylindrical columns (18 mm x 220 mm) of 15% (w/v)
acrylamide - 0. 3% (w/v) bisacrylamide. The gels were prepared and
run in the same sodium dodecyl sulphate-containing buffer system
described in Section II2Fiia, adapting the volumes of the components
to the requirements of the preparative system. The gels were prerun
at 5 mA/gel for 20 hours. Sucrose crystals (0. 2 mg) were added to
2 mis of dialysed preparation (containing 4 mg of protein) and the
samples were loaded directly onto the gels using a disposable
hypodermic syringe. The samples were concentrated on top of the gel
by applying a current of 3 mA/gel for 3 hours before electrophoresis
at 5 mA/gel for 30 hours. The gels were electrophorescd at room
temperature. After electrophoresis a single area of the gel was excised
for recovery of the radioactive sample. This area corresponded to the
position of the large subunit from Fraction | protein. This position in
tlie gel was determined from the mobility of dansylated pea Fraction |
protein fractionated in parallel gels. Pea Fraction | protein was
prepared as described in Section 112Gii. After exision from the gel
cylinder the radioactive protein was eluted from the gel section in
0. 1% (w/v) sodium dodecyl sulphate containing 1 mM phenyl methane
sulphonyl fluoride at 37°C for 16 hours. After elution the gel pieces
were removed by centrifugation at 1500 x g for 10 minutes at room
temperature. The supernatant fraction was then passed through a
Whatman GF/C glass-fibre disc by centrifugal filtration at 2500 x g
for 15 minutes to ensure removal of all polyacrylamide gel pieces.
Finally the eluted protein was precipitated by the addition of 0. 4 volumes

of 100% (w/v) trichloracetic acid (final concentration of 20% (w/v)

trichloracetic/
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trichloracetic acid) for 30 minutes at 4°C. The precipitated protein
was pelleted by centrifugation at 10000 x g for 30 minutes at 2°C and
the pellet was washed by resuspension and centrifugation (at 10000
x g for 20 minutes) in ethanol-diethyl ether (3: 1, v/v) (twice) and
ether (once). This material was dried at 30°C for 30 minutes and
then stored at 4OC until used. The homogeneity of this material is

discussed in Section 1113B.

G. PURIFICATION OF PEA FRACTION I PROTEIN

i. Purification of unlabelled pea Fraction | protein

Unlabelled Fraction | protein was purified from 10-15 day-old
pea seedlings grown as described in Section IAiib. The method is
described by Blair and Ellis (1973) and is a modification of a
procedure of Kawashima and Wildman (1971). All operations were
performed at 4OC. Leaves (200g) were blended in 300 mis of ice-
cold buffer A in an Atomix blender for 60 seconds. Buffer A
contained,

0. 025 M Tris-HCIl (pH 7.4)

0. 05 M NaCl

1mM MgCl2

0.5 mM EDTA
0. 04 mM 2-mercaptoethanol

2mM phenyl methane sulphonyl fluoride

The homogenate was strained through 8 layers of muslin and
centrifuged at 10000 x g for 30 minutes (r 14. 4 ¢cm) in an MSE 18
centrifuge. The supernatant was removed and further centrifuged
at 105000 x g for 60 minutes (r 7. 62 cm) in an MSE 50 centrifuge.
The yellowish 105000 x g supernatant fraction was passed through a
column of coarse grade Sephadex G-25 (6.5 cm x 50 cm) at a flow
rate of 20 mils/minute using buffer B as the eluting buffer. Buffer
B contained,

0.025 M Trio-HCIl (pH 7. 4)

0. 05 M NacCl
0.5mM EDTA
10 mM 2-mercaptocthanol

The protein which was eluted in the void volume (low moleculai



molecular weight contaminants were retarded on the column) was
collected. Solid (NH”~)ASO”™ was added and the precipitate which
appeared between 35% and 45% saturation was collected by
centrifugation at 10000 x g for 10 minutes. The pellet was
resuspended in 2 mis of Buffer C. Buffer C contained,

0. 05 M Tris-HCI (pH 8. 0)

0.5 mM EDTA

10 mM 2-mercaptoethanol

The protein solution was dialysed overnight against 1 litre of
buffer C.

The dialysed solution was absorbed onto a column (1.5 cm x
15 cm) of DEAE-cellulose, previously equilibrated with buffer C.
The column was thoroughly washed with more buffer C and Fraction |
protein was then eluted with buffer C containing 100 mM NacCl.
Protein was precipitated by adding solid ammonium sulphate to 50%
saturation, and the precipitate was spun down at 10000 x g for
10 minutes and resuspended in 5 ml of buffer B. Finally the protein
was applied to a Scphadex G-200 column (2. 5 cm x 90 cm) and eluted
with buffer B at a flow rate of 2. 5 mis/hour. Fraction | protein
elutes just after the void volume. Fractions from this part of the
elution profile (with A2gQ /A~Q of 1.8 or greater) were pooled
and the protein precipitated from them with 50% saturated ammonium
sulphate. The precipitate was centrifuged to a pellet at 10000 x g for
10 minutes. The pellet was resuspended in a volume of sterile
distilled'water and dialysed against 1 litre of sterile distilled water
overnight. The dialysed sample was freeze-dried.

The purity of the material prepared by this procedure has
been established by Blair and Ellis (1974), For use as a marker
protein the purity of the material was not critical and was therefore
not independently verified.

ii. Dansylation of purified unlabelled pea Fraction | protein.

Pea Fraction | protein prepared as described in Section 112Gi
was dansylated essentially as described by Talbot and Yphantis (1971).
Freeze-dried protein (3 mg) was dissolved in 400 jul of phosphate-

buffered saline (PBS). Phosphate-buffered saline contained,

239 mM NacCl



9 mMm Na_ HPO
L5mM  KH, PC), (pH 7. 4)

The protein solution was mixed with 200 ~u of an aqueous 10%
(w/v) solution of sodium dodecyl sulphate and 20 ,ul of 10% (w/v)
dansyl chloride in acetone. The dansyl chloride solution must be
freshly prepared. The mixture was vigorously agitated and then
boiled for 3 minutes at 100°C. After cooling the mixture, 5 iu of
2-mercaploethanol was added and the mixture was boiled for 1 minute.
The sample was applied to a short (0. 8 cm x 10 cm) column of-
Sephadex G-25 (fine grade) which had been previously equilibrated
with phosphate-buffered saline containing 1% (w/v) sodium dodecyl
sulphate and i% (v/v) 2-mercaptoethanol (elution buffer). Elution
of the dansylated protein from the column was visualized by viewing
the column under ultraviolet illumination (334 nm). Unreacted dansyl
chloride was slightly retarded in elution from the column. The faster
moving band of dansylated protein had a characteristic yellow
fluorescence whilst the dansyl chloride appeared blue. The
dansylated Fraction | protein solution (approximately 2 mis) was
collected and stored at -200C.

Before electrophoresis the sample was boiled again for 1 minute
and 2-mercaptoethanol was readded to a final concentration of 1% (v/v).
Sucrose (10%, w/v) and bromophenol blue (0. 005%, w/v) were also
added to the sample before electrophoresis. The sample was loaded
onto the preparative gels as a phosphate-buffered saline solution.

iii. Purification of in vivo radioactively labelled pea
Fraction | protein.

Labelled Fraction | protein was prepared by the method of
Blair and Ellis (1973) from the leaves of excised pea seedlings that
had been fed with L-(SSS) methionine during greening. The method of
Fraction | protein purification is essentially as described in
Section 1J2Gii except that chromatography columns of smaller
dimensions were used to minimize losses.

Etiolated pea seedlings were grown as described in Section
IAiia. A total of 80 apices were excised under water about 5 cm below
the apex. The cut apices were placed in 20 small vials, each

containing /



containing 0. 5 ml of sterile distilled water with 10 f.iCi of L-(3SS)
methionine (0. 56 ~iM). The shoots were then illuminated with light
of 4000 lux intensity provided by "Warmwhite" fluorescent tubes.
After 24 hours illumination a further 10 pCi of L-(358) methionine
was added to each vial, and the illumination was then continued for
a further 48 hours. The vials were regularly topped up with sterile
distilled water during the greening period. After feeding with
radioactivcly labelled amino acid the green apices were harvested
(approximately 6 g fresh weight) and ground in 20 mis of buffer A in
a chilled mortar. The homogenate was filtered through absorbent
muslin and centrifuged at 10000 x g for 30 minutes (rav 9. 37 cm).
The supernatant fraction was collected and further centrifuged at

105000 x g for 60 minutes (r 5. 61 cm). The 150000 x g supernatant

was passed through a column (2. 5 cm x 30 cm) of Sephadex G-25 (coarse

grade) at a flow rate of 15 mls/hour. Protein was eluted at the void
volume with buffer B. Ammonium sulphate fractionation was
performed as described in Section 112Gii and the precipitate (obtained
between 35% and 45% saturation) was centrifuged, resuspended in
2ml s of buffer and dialysed overnight against 1 litre of buffer C.
DEAE-cellulose chromatography of the dialysed sample was
performed as described earlier using a 0. 8 cm x 15 cm column. The
eluted Fraction | protein was precipitated by adding solid ammonium
sulphate to 50% saturation. The precipitate was spun down and
resuspended in 1 ml of buffer B. The protein solution was applied to
a Sephadex G-200 column (1.5 cm x 40 cm) and eluted with buffer B
at a flow rate of 5 mls/Z/hour. Aliquots (100 ,ul) were removed from
each fraction, added to 8 mis of Triton-toluene scintillation fluid

and counted for radioactivity at 12% gain, open window, in a Packard
Tri-Carb spectrophotometer. Figure 4 shows the elution of labelled
Fraction | protein from Sephadex G-200. Peak fractions were
collected and ammonium sulphate added to 50% saturation. The
precipitate was centrifuged and either dissolved directly in alkaline
phosphate buffer (see next section) or was resuspended in a small
volume of 2. 5 mM Tris-19 mM glycine (pH 8. 5) containing 10 mM

2 mercaptoethanol and stored at 4 C in solution. The yield of

purified/
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Figure 4. Purification of m vivo radioactively-labclled

pea Fraction | protein; chromatography on Sephadex G-200.

The experimental details are given in Section I12Giii.
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purified radioactively-labelled Fraction | protein was approximately
12 mg.

iv. Preparation of large and small subunits from in vivo
radioagéively-labelled pea Fraction | protein.

Purified L-( S) methionine-labelled Fraction | protein was
prepared as described in Section 112Giii. The protein was dissociated
into its constituent subunits by solubilization in 1.0 ml of 50 mM
Na~HPO” /NaOH buffer (pH ]1 2, alkaline phosphate buffer)
(Kawashima and Wildman, 1971). The subunits were separated by
applying the sample to a column (1.5 cm x 90 cm) of Sephadex G-100
(superfine grade) previously equilibrated with alkaline phosphate
buffer. The subunits were eluted with the alkaline phosphate buffer
at a flow rate of 5 mils/Zhour. Aliquots (50 ill) were removed from the
eluted fractions (1. 5 mis), added to 8 mis of Triton-toluene
scintillant and counted for radioactivity at 15% gain and open windows
on a Packard Tri-Carb spectrophotometer. A typical elution profile
of labelled Fraction | protein subunits is shown in Figure 5.

It can be seen that the large and small subunits are well
separated. Peak fractions of protein, corresponding to large and
small subunits, were precipitated by adding, at 4OC, an equal volume
of 40% (w/v) trichloracetic acid. The precipitated protein was
pelleted after 30 minutes at 4°C by centrifugation at 10000 x g for
30 minutes at 2°C. The pellet was washed by resuspension and
centrifugation (at 10000 x g for 20 minutes) in ethanol-diethyl ether
(3:1, v/v) (twice) and ether (once). This material was dried at 300C
for 30 minutes and then stored at 4OC until used.

The purity of the radioactively-labelled large subunit prepared
in this way was established by the criteria of homogeneity of the
protein, at high loadings, on polyacrylamide gels. A known weight
(500 fig) of large subunit protein was resuspended in 500 ul of 2. 5 mM
Tris-19 mM glycine (pH 8. 5) containing 100 mM 2-mercaptoethanol
and 2% (w/v) sodium dodecyl sulphate. The sample was boiled for
5 minutes and sucrose and bromophenol blue were added as described
previously. Aliguots (200 ~ul) were electrophoresed on 15% SDS-

polyacrylamide /



Figure 5, Elution profile of alkali-denatured,
radioactively-labelled pea Fraction | protein on

Sephadex G- 100.

Purified L-( S) methionine-labelled Fraction | prote
was dissociated into subunits and fractionated as

described in Section 112Giv.

LSU, large subunit

SSU, small subunit
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polyacrylamide gels which were then stained, sliced and counted
for radioactivity as described in Section IIFiia.

Figure 6 shows the optical density profile of a stained gel
and also the distribution of radioactivity within the gel. A major
radioactive peak is found to coincide with the single discrete protein
band which has migrated into the gel. A second high molecular weight
protein species, which migrated into only the first 5 mm of the gel was
also labelled. This high molecular weight species is assumed to be
an aggregated form of the large subunit of Fraction | protein for two
reasons. Firstly incubation of the material for longer times or in
higher concentrations of 2-mercaptoethanol prior to electrophoresis
results in a decrease in the relative amount of this species and
secondly, if protein eluted from the region of the gel containing the
higher mobility species is re-electrophoresed, then a proportion
remains in the top few millimetres of the gel (Section [113B).

The fact that only one radioactively-labelled polypeptide could
be detected even at high (200 pg) loadings of protein testifies to the
purity of the mi vivo labelled large subunit of Fraction | protein used

in subsequent work.

H. 10DffiNATION OF PROTEINS WITH IODINE-125.

The iodonation of proteins followed the procedure of Stanley
and Haslam (1971). Protein solution (500 pi, 1 mg/ml) in phosphate
buffered saline was mixed with 10 pi of lactoperoxidase (0. 1% w/v),
10 pi of lodine- 125 (100 pCi) and 10 pi of dilute H” O™ (0. 04 vols). The
mixture was shaken vigorously for 1 minute and then allowed to react
at room temperature for 30 minutes. The reaction was terminated by
the addition of 5 pi of 0. 05 M cysteine in PBS. The sample was then
exhaustively dialysed at 4°C against 2. 5mM Tris-19m M glycine
(pH 8.5), 100 mM 2-mercaptoethanol and 0. 2% (w/v) SDS in order to

remove unreacted lodine-125.

J.. TRYPTIC AND CIIYMOTRYPTIC DIGESTION AND PEPTIDE
ANALYSIS.

i. Performic acid oxidation and enzymic digestion.
The samples for tryptic or chymotryptic analysis were oxidized

with 7/
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Figure 6. Polyacrylamide gel electrophoresis of
L-(SSS) methionine-labelled large subunit from pea
Fraction | protein purified by Sephadex G- 100

chromatography.

The large subunit was prepared as described in Section
112Giv. A 1mg/ml solution of the large subunit was
prepared in 2.5 mM Tris-19 mM glycine, 100 mM 2-
mercaptoethanol, 2% (w/v) SDS and analysed by

electrophoresis as described in Section II2Fiia.

The solid line represents the absorbance at 620 nm and
the histogram shows the radioactivity in each 1 mm gel

fraction.
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with performic acid as described by Bray and Brownlee (1973).
Performic acid was prepared by mixing 1 ml of 30% 11O (100 vols)
with 19 mis of formic acid. This mixture was kept at 20°C for 3
hours before use.

Purified protein (1 mg) was re-suspended in 200 jul of a mixture
of formic acid and methanol (4:1, v/v). The samples were cooled to
-8°C by immersion in a semi-frozen, 20% (v/v) solution of ethanol
and 50 ul of performic acid was added. Oxidation was continued for
two hours at -SOC. The oxidized samples were transferred
guantitatively to freeze-drying tubes and evaporated to dryness under
a stream of nitrogen. To remove all traces of performic acid the
samples were resuspended in distilled water and freeze-dried twice
('Speedivac' centrifugal freeze-dryer).

Tryptic digestion was performed by dissolvingaliquots of the
samples (250 Jug of protein) in 50 rnM NH~HCO” (pH 8. 0) containing
1mM CaCl~ and by adding 12. 5 ng of TPCK (1-chloro-4-phenyl-3-L-
toluene-p-sulphonamido-butan-2-one) - inactivated trypsin dissolved
in 50 mM NH HCO (pH 8.0) - 1rr.M CaCl”~- The trypsin: protein
ratio was therefore 1: 20. Incubation was at 3700 for 7 hours.

Chymotryptic digestion was performed as described by
Harlley ert al (1975). The reaction mixture (1 ml) contained,

250 pg Sample protein

5 pg cA-chymotrypsin
0. 5 pg ovamucoid trypsin inhibitor

100 pmol NH HCO (adjusted to pH 8. 2 with NH~OH)

The d»-chymotrypsin and ovamucoid

trypsin inhibitor were pre-incubated together for 30 minutes at room

temperature before adding the protein sample. Digestion was performed

for 3 hours at 37°C and was terminated by freeze drying the samples.
All digested samples were stored at 4°C in a desiccator under va'cuum.
ii. Peptide separation by cation-exchange chromatography.
The peptides in the tryptic digest were separated by cation-
exchange chromatography on a column (0. 9 cm x 60 cm) of Aminex A5
resin (Atassi ctjd, 1972). Peptide separation was performed using a

Biocal/
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Biocal automatic amino acid analyser fitted with an LKB Ultrograd
gradient former. The tryptic digest, prepared as described in
Section 112Ji, was re-suspended in 1.5 mis of starting buffer

(0. 1 M pyridine acetate, pH 3. 5) and applied to the column. The
sample was washed into the column with a further 10 mis of starting
buffer. Peptides were eluted from the column, at a flow rate of

0. 4 mlI/minute, with a biphasic linear graident of pyridine acetate
buffer. The buffer elution profile was a 60 mis gradient from 0. 1 M
buffer, pH 3.5 to 1.0 M buffer, pH 5 0, followed by a 120 mis
gradient from 1. 0 M buffer, pH 5.0 to 2,0 M buffer, pH. 6. 3. Eluted
fractions (1 ml) were collected directly into liquid scintillation vials
using a Gilson Fraction collector. Triton-toluene scintillant (9 mis)
was added to each vial and the radioactivity was determined in a
Packard Tri-Carb spectrophotometer. The counting efficiency was
not determined.

iii. Peptide separation by two-dimensional mapping.

The digested samples were prepared for peptide separation as
follows. The samples (250 ug of protein, 50- 100 x 103 C. p.rn.) were
dissolved in 150 ul of distilled water and centrifuged at 1500 g for 5
minutes to remove any particulate matter. The samples were then
freeze-dried again and re-dissolved in 15 pi of water. Peptide
separation was then carried out by the procedure of Sargent and
Vadlamudi (1968). This procedure allows two peptide mixtures to
be 'fingerprinted' simultaneously and under identical conditions.

The two samples for comparison were spotted onto a single
20 cm x 20 cm silica gel plastic thin layer chromatography plate.
The plate was then moistened by aerosol with electrophoresis buffer,
i.e. acetic acid-formic acid - water (4:1:45 by vol), pH 2. 1. After
removal of excess moisture from the plates with a warm air flow the
samples were electrophoresed for 2. 5 hours at 12. 5 volts/cm. The
peptides migrated towards the cathode. Electrophoresis was
performed in a modified Shannon U77 electrophoresis tank at room
temperature. After electrophoresis of the peptides the plates were
dried at 60°C for 30 minutes and then cut into two halves, each half

containing one of the peptide mixtures being compared. The peptides
were separated in the second dimension by ascending chromatography

in/
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in butan-l-ol -acetic acid - water (3:1:1 by vol) for 30 minutes. After
chromatography the plates were dried and placed in contact with
Kodirex X-ray film for 8-12 days. The X-ray film was developed

by normal procedures.

K. ESTIMATION OF PROTEIN
Protein was estimated by the method of Lowry et al (1951).
The following solutions were used;

Solution A 0. 5% (w/v) CuSO”. 5H”O in 1% (w/v) sodium potassium tartrate.
Solution B 50 mis of 2% (w/v) Na COJ plus 1 ml of Solution A.
Solution C 1M Folin-Ciocalteau reagent.

A standard curve was prepared by taking aliquots (5-500 jul) of
a standard (1 mg/ml) solution of BSA in IN NaOH. The aliquots were
made up to 0. 7 ml with 1M NaOH. Solution B (7. 0 mis) was added
and the mixture was left to stand for 15 minutes. Solution C (0. 7 ml)
was added and the mixture was allowed to stand for a further 30
minutes. ‘'lhe extinction of each sample was measured at 750 nm.

Aliquots of unknown protein samples were precipitated by
adding an equal volume of 10% (w/v) trichloracetic acid at 4 C for
1 hour. The precipitated protein was centrifuged at 2500 x g for 5
minutes and the pellet was re-suspended in 0. 7 ml of IN NaOH. The
sample was then treated as described above for the standards. The

protein concentration was determined by reference to the standard curve.

L. ESTIMATION OF CHLOROPHYLL AND CAROTENOID.
Chlorophyll was measured by the method of Arnon (1949). A
known fresh weight of tissue (approximately 1g) was ground in a mortar
in a small (5-10 mis) volume of 80% acetone. Precipitated protein and
cellular debris was removed by centrifugation at 2500 x g for 5 minutes.
The extinction of the supernatant fraction was measured at 645 nm and
663 nm and the chlorophyll concentration in this solution, and hence by

calculation in the tissue, was determined from the formula,

(Chlorophyll) =(20.2 x Eéfﬂ? +8.02 x E

mg/ 1 5b3)"
Carotenoid concentrations in suspension of etioplasts were
measured as follows. Aliquots (0. 1 - 0. 5 ml) of etioplast suspension

were |



were made 80% (v/v) with respect to acetone in a final volume of

5ml. The extracts were filtered to remove precipitated protein

and the extinction was measured at 473 nm, The carotenoid

concentration was calculated assuming the extinction of a 1% solution

of carotenoid in 80% acetone, with a light-path of 1 cm, to be 2500

at 473 nm (Bottomley, 1970).
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A. INTRODUCTION.

The arguments presented in Section I13Biib imply that it would
be advantageous to use intact rather than broken plastids in the study
of m vitro plastid protein synthesis. Plastids which retain their
outer membrane should exhibit high rates of amino acid incorporation,
thus facilitating the identification of newly-synthesized polypeptides.
In addition, the fidelity of translation may be higher in intact plastids
and the polypeptides synthesized in vitro should therefore more
closely reflect the nature and pattern of protein synthesis in vivo.

In this section experiments are described which establish
whether the methods of isolation successfully used to produce
chloroplast preparations exhibiting high rates of amino acid
incorporation can also be used to prepare etioplasts capable of rates
of jn vitro protein synthesis sufficient to allow product analysis.
Although isolated etioplasts are able to carry out phenazine
methosuiphate - dependent cyclic photophosphorylation (Plesnicar and
and Bendall, 1973) there is no evidence that light can act as an energy
source for in vitro etioplast protein synthesis. Consequently energy
must be supplied as added ATP. Although the outer chloroplast
membrane is relatively impermeable to adenylates the transfer of
ATP into the chloroplast has been demonstrated (Heldt, 1969).

Using added ATP as the energy source for in vitro etioplast
protein synthesis reinforces the need to establish that etioplasts are
the only site of amino acid incorporation in the relatively crude
preparations which result from the use of rapid isolation procedures.
Experiments are presented in this section which investigate the
possibility that cytoplasmic or non-plastid 70S ribosomes are the site
of amino acid incorporation. These experiments involve the use of
specific inhibitors of ribosome function, detergent and procedures
that allow for the separation of sub-cellular components.

The extent of amino acid incorporation due to ribosomes
situated in either intact or broken plastids was assessed by the use of
ribonuclease. The outer plastid membrane is impermeable to
ribonuclease (Margulies ~t al, 1968) which can therefore be used to

selectively destroy mRNA- ribosome complexes unprotected by a
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plastid envelope. Consequently it is possible to distinguish between
amino acid incorporation at the the two sites.

The remaining experiments in this section describe the
characteristics of amino acid incorporation in isolated etioplasts.
A number of physical parameters of the in vitro system (pH,
temperature, ion and energy requirements) were investigated in

order to determine the optimal conditions for protein synthesis.

B. PLASTID ISOLATION

i PhaseAand electron microscopy of etioplast preparations.

The etioplast preparations used in these studies were obtained
using techniques of rapid isolation in aqueous buffers. These
techniques were originally developed to yield chloroplast preparations
capable of high rates of CO” fixation (Kalburer et al, 1967; Walker
and Crofts, 1970). It was therefore necessary to establish whether
the isolation procedure could, without extensive modification, yield
etioplast preparations containing a reasonable percentage of intact
plastids but without gross non-plastid contamination. Phase and
electron microscopy were used to assess the quality of the etioplast
preparation and the results are shown in Plate 2 A-E.

Plate 2 A shows the appearance of a typical etioplast preparation
under the phase contrast microscope. Although much of the detail is
not visible on the photograph it is possible to clearly distinguish the
phase-bright intact etioplasts (IE) from the phase-dark broken
etioplasts (BE). The fraction of intact etioplasts in these preparations
varied between 35% and 60% as determined by quantitative phase
contrast microscopy (Section II2Bia). The nature of the etioplast
preparation is more clearly shown in Plate 2B, which shows a low-
power electron micrograph of a preparation. It can be seen that
etioplasts, both intact and broken, are a major component of the
preparation. The most diagnostic feature of the etioplast, the
prolamellar body (PLB) (Gunning, 1965) can be seen in some cases.

Plates 2C to E show that the etioplast preparation contains a
mixture of plastids in early, but well defined, stages of light-induced

development. The conclusion that the initial stages of light-induced

etioplast/
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Plate 2. Phase and electron microscopy of pea etioplast

preparations.

Pea etioplasts were isolated as described in Section II12A.
Phase and electron microscopy were performed as described

in Sections 112Bib and II12Bii.

A. Phase contrast microscopy of a pea etioplast

preparation (magnification x 725).

B. Low-power electron micrograph of pea etioplast

preparation (magnification x 25000).

C-, D. and E. Electron micrographs showing isolated

etioplasts. All magnifications are x 40000.

PLB, prolamellar body; Pt, perforated thylakoid; Bt,
bithylakoid; S, starch inclusion; IE, intact etioplast;

BE, broken etioplast.
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etioplast transformation occur in these preparations is in accordance
with their routine method of preparation, which involved exposure to
light. Plate 2C shows an etioplast in which a paracrystalline, or
tight (Wcllburn and Wellburn, 1973), prolamellar body is evident.

A further stage of light-induced development is shown in Plate 2D.

In this plastid the paracrystallinity of the prolamellar body tubules
has dispersed and the outgrowth of perforated thylakoids (Pt) has
started (Wellburn and Wellburn, 1971). Plate 2E shows two plastids.
Bithylakoid (Bt) formation (Wellburn and Wellburn, 1973) can be
clearly seen in one whilst in the other the process of tube transformation
in the prolamellar body is clearly seen. This process is maintained
by Henningsen and Boynton (1969) to be the first step in the dispersal
of the prolamellar body tubules into primary lamellar layers.

This limited study with the phase contrast and electron microscopes
suggest that the rapid isolation procedure does yield an etioplast
preparation containing a reasonable percentage of intact plastids. The
level of non-plastid contamination in these preparations seems

acceptable.

C. THE SOURCE OF ENERGY FOR AMINO ACID INCORPORATION

i. The energy source.

The ability of etioplast preparations to use different energy
sources for the incorporation of L-(3SS) methionine into a hot TCA-
insoluble product was investigated. The results are shown in Table 1

It is evident that ATP will, but light will not, act as an energy-
source for protein synthesis in isolated etioplasts. In contrast to
Hearing (1973) no light stimulation of ATP-driven incorporation could
be detected. Addition of an ATP-generating system, as well as ATP,
to the incubation mixture did not cause a marked increase in the
incorporation. Apart from ATP none of the nucleoside triphosphates
tested produced any stimulation of incorporation above the level of
the controls incubated in the absence of added nucleotides.

ii. L-( S) methionine incorporation as a function of ATP
concentration.

The effect of varying the ATP concentration in the incubation

mixture/



Table 1m Effect of the energy source on the incorporation
of E-( S) methionine into a hot TCA-insoluble product

in isolated etioplasts.

Etioplasts were isolated and incubated as described in
Sections I12A and 112Ci. Amino acid incorporation was
determined as described in Section 112Cii. The results
are expressed as a percentage of the incorporation by
the complete ATP-driven system. The initial rate of
incorporation in this system varied between 0. 25-0. 8

35
pmcles of L-( S) inethionine/h per mg of protein.






mixture is shown in Figure 7. The experimental details are given in

the figure legend. JL-( S) methionine incorporation is stimulated by
increasing the ATP concentration up to a value of 2 mM, but no

further stimulation occurs up to 4 mM - ATP. The concentration of
ATP which produces maximum stimulation of incorporation (2mM) was
used in subsequent incubation mixtures. A concentration of 2 mM - ATP
is similar to that used by other workers for studying iinvitro chloroplast

protein synthesis (Spencer and Wildman, 1964; Bottomley et al, 1974).

D. THE TIME COURSE FOR AMINO ACID INCORPORATION

i. Initial reaction velocities as a function of temperature.

Figure 8 illustrates the time course for the incorporation of
L-(3585 methionine into hot-TCA-insoluble material by isolated
etioplasts at different temperatures. The dependence of the
incorporation on added ATP (Table 1) is also confirmed. The
experimental details are given in the figure legend.

Several features of the time course are noteworthy. Firstly,
the incorporation rate is not constant during the incubation period.
At 20°C the rate of incorporation falls to zero after about 30 minutes.
Incubation at higher or lower temperatures alters the duration of
incorporation. Hyperbolic time-cour ses of this nature are
characteristic of in vitro plastid protein synthesis (Blair and Ellis,
1973; Bottomley j2t al, 1974; Drumm and Margulies, 1970). Secondly,
the initial rate of incorporation is dependent upon the temperature at
which the assay is performed. This relationship is illustrated in
Table 2. The initial rates calculated from incubations at 1000 and
20°c show that the incorporation rate is approximately halved when
the incubation temperature was lowered by 10°C. Incorporation in
the absence of added ATP, at any temperature, was less than 10% of
the complete ATP-driven rate throughout the incubation.

ii. Comparison with ATP-driven protein synthesis in
isolated chloroplasts.

Several reasons make it difficult to compare the rates of amino
acid incorporation measured in the etioplast preparations used in these
studies with those reported in the literature. For examjjle, most

incorporation rates are quoted as pmoles of radioactive amino acid

incorporated/



Figure 7. The effect of ATP concentration on the
35
incorporation of L,-( S) methionine into a hot-

TCA-insoluble product in isolated etioplasts.

Etioplasts were prepared by the procedure described

in Section I12A. Incubation mixtures (final volume

500 pi) contained 300 pi of etioplast suspension (300 pg
of protein), 100 pi of KC1 resuspension medium (pH 8. 3)
containing 0. 5 pCi of L-(3SS) methionine (200 Ci/mmol)
and 100 pi of ATP suspension medium (rebuffercd to

pH 8.3). Incubations were terminated after 1 hour and
assayed for amino acid incorporation as described in

Section 112Cii.






Figure 8. The effect of ATP and temperature on the
incorporation of L-(358) methionine into a hot-TCA-

insoluble product in isolated etioplasts.

Etioplasts were prepared by the procedure described

in Section I12A. . Incubation mixtures (final volume

500 pi) contained 300 pi of etioplast suspension (190 pg
of protein), 100 pi of KC1 resuspension medium (pH 8. 3)
containing 0. 5pCi of L-(SSS) methionine (200 Ci/mmol)
and either 100 pi of KC1 resuspension medium containing
10 mM ATP (3, © ,A ) or 100 ul of KC1 resuspension
medium alone (d « O ,A ). Incubations were terminated
and assayed for amino acid incorporation as described

in Section I12Cii.

®, 10°C, 4ATP: O, 10°C, -ATP; n 2.0°C, +ATP;

o, 20°C, -ATP;A 30°C, +ATP;A 30°C, -ATP.






Table 2 The initial rate of amino acid incorporation

as a function of incubation temperature.

The experimental details are given in the legend

to Figure 8.



o]
Temperature__ C

10

20

Initial rate oi incorporation
(pmoles of L-( ”S) methionine
/h per mg of protein).



incorporated/h per mg of protein (or RNA) (Druram and Margulies,
1970; Reger ct al, 1970). The calculation of such a rate requires

a knowledge of the specific activity of the radioactively labelled
amino acid. Most workers simply use the figures quoted in the
manufacturers specification and ignore the alteration in the specific
activity of the radioactively-labelled amino acid precursor due to
free amino acid pools inside the plastid. A further complication is
that, as will be shown in Section IllIIHiv, the measured rate is most
likely an average of two different rates of incorporation occurring in
intact and broken plastids respectively.

A more practical approach is to determine whether these
etioplast preparations incorporate sufficient radioactive amino acid
into protein to allow analysis of the products. Comparison should
therefore be with a system in which product analysis is known to be
feasible, for example, light (or ATP) - driven protein synthesis in
isolated chloroplasts (Blair and Ellis, 1973). Figure 9 illustrates
the time course for protein synthesis, using added ATP as the energy
source, in isolated chloroplasts. Also illustrated, for direct
comparison, is a time course of m vitro etioplast protein synthesis
which was determined in the same experiment. From the data
presented in Figure 9 the initial rates of incorporation can be
calculated;- isolated chloroplasts, 0. 69 p moles of L-(’355) methionine
/h per mg of protein; isolated etioplasts, 0. 27 p moles of L,-(358)
methionine/h per mg of protein. Comparison of these rates indicates
that the etioplast preparations are sufficiently active in protein

synthesis to allow analysis of the newly synthesized polypeptides.

E. THE EFFECT ON AMINO ACID INCORPORATION OF:-

i. Increasing L-(3SS) methionine concentration.

The relationship between the amount of L-(3'g) methionine
incorporated into protein and the amount of L-(358) methionine added
to the incubation mixture is shown in Figure 10. A linear relationship
is found. The simplest interpretation of this finding is that the effect
of increasing the amount of radioactive amino acid added to the

incubation is to proportionally increase the specific activity of the

L-methionine/



Figure 9. Time course for protein synthesis in

isolated pea chloroplasts.

Plastids were isolated and incubated as described in
Section I12A and 112Ci. All incubations were performed
in the dark at 20°C. Incubations were terminated and
assayed for amino acid incorporation as described in

Section 112Cii.

chloroplasts, 40 pg of protein/Zincubation
O chloroplasts, 20 pg of protein/incubation
Li etioplasts, 240 pg of protein/Zincubation

0 etioplasts, 120 pg of protein/Zincubation
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Figure 10. The relationship between L-( S)_ methionine

incorporation and the amount of added L-( S) methionine.

The experimental procedures are as given in Figure 7,
except that the incubations contained 2 mM - ATP,
180 /ag of protein and varying amounts (0 to 1.0 pCi) of

35
L-( S) methionine.






L-methionine pool at the site of incorporation. Less than 2%

of the added L-( S) methionine is incorporated into protein,
indicating that there is only a small decrease in the L-methionine
concentration during the incubation.

ii. Increasing the concentration of etioplasts.

The relationship between the L-( S) methionine incorporation
and the carotenoid or protein concentration (i. e. plastid concentration)
is shown in Figure 11. Under the conditions of the assay a maximum
level of incorporation is reached when the incubation contains
approximately 250 ug of protein or 3 yig of carotenoid. The nature
of the limitation upon incorporation above these concentrations is
unknown. The data in Figure 9 shows that at subsaturating
concentrations of protein the incorporation rate is directly
proportional to the protein concentration throughout the incubation

period.

F. THE K+ ION AND pH REQUIREMENT FOR AMINO ACID
INCORPORATION

In order to facilitate the study of the polypeptides synthesized
in isolated etioplasts, the incorporation of radioactivity into newly
synthesized protein should be maximal. To this end various
parameters of the incubation conditions were investigated in order to
empirically determine the optimal conditions for amino acid
incorporation. One such parameter was the ion concentration.

The effect of varying the ion concentration on the
incorporation of L-(SSS) methionine is shown in Figure 12. The
experimental conditions are given inthe figure legend. Although it is
clear that L-(358) methionine incorporation in isolated etioplasts is
stimulated by a high K ion concentration the degree of stimulation is
not as great as in isolated chloroplasts (Blair and Ellis, 1973).
Bottomley el al (1974) have conducted an extensive study of the cation
requirements for both light and ATP-driven protein synthesis in
isolated spinach chloroplasts. They conclude that NH~ "+ (at
approximately 80 mM) best fills the requirement for monovalent
cations in the ATP-driven system which uses broken plastids. In the

light-driven system, which requires intact, photophosuhorylating

plastids/
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L-methionine pool at the site of incorporation. Less than 2%

of the added L-(SSS) methionine is incorporated into protein,
indicating that there is only a small decrease in the L-methionine
concentration during the incubation.

ii. Increasing the concentration of ctioplasts.

The relationship between the L-( S) methionine incorporation
and the carotenoid or protein concentration (i. e. plastid concentration)
is shown in Figure il Under the conditions of the assay a maximum
level of incorporation is reached when the incubation contains
approximately 250 ug of protein or 3 jig of carotenoid. The nature
of the limitation upon incorporation above these concentrations is
unknown. The data in Figure 9 shows that at subsaturating
concentrations of protein the incorporation rate is directly
proportional to the protein concentration throughout the incubation

period.

F. THE K+ ION AND pH REQUIREMENT FOR AMINO ACID
INCORPORATION

In order to facilitate the study of the polypeptides synthesized
in isolated etioplasts, the incorporation of radioactivity into newly
synthesized protein should be maximal. To this end various
parameters of the incubation conditions were investigated in order to
empirically determine the optimal conditions for amino acid
incorporation. One such parameter was the K+ ion concentration.

The effect of varying the ion concentration on the
incorporation of L-(358) methionine is shown in Figure 12. The
experimental conditions are given inthe figure legend. Although it is
clear that L-(358) methionine incorporation in isolated etioplascs is
stimulated by a high ion concentration the degree of stimulation is
not as great as in isolated chloroplasts (Blair and Ellis, 1973).
Bottorr.ley rn al (1974) have conducted an extensive study of the cation
requirements for both light and ATP-driven protein synthesis in
isolated spinach chloroplasts. They conclude that NII® (at
approximately 80 mM) best fills the requirement for monovalent
cations in the ATP-driven system which uses broken plastids. In the

light-driven system, which requires intact, photophosuhorylating

plastids/
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Figure 1'1. The relationship between L-( S) methionine

incorporation and the concentration of etioplasts.

The details of the experimental procedure are given in
Figure 7, except that the incubations contained 2 mM-

35
ATP, 0. 5yuCi of L-( S) methionine and varying amounts

of carotenoid (0 to 9.0 ~ug/ml) and protein (0 to S'1O~g/ml).

©, carotenoid

£3, protein



2.25

Carotenoid - jjg/incubat ion

210

Protein -jjg/incubation -



Figure 12. The effect of K ion concentration on
35
the incorporation of L-( S) methionine into a hot-

TCA-insoluble product in isolated etioplasts.

Etioplasts v;ere prepared by the modified procedure
described in Section I1?.A in which 5 ml portions of
the homogenized tissue were centrifuged individually.
The etioplast pellets (900 f.ig of protein) were
resuspended in 500 pi of modified KC1 resuspension
medium in which the total K+ ion concentration varied
from 33 to 453 mM (pH 8. 3), containing either 0. 5yuCi
of L-(*""S) methionine (200 Ci/mmol) and 2 mM ATP
(©) or 0. 5~7ICi of L-(3SS) methionine (200 Ci/mmol)
alone (O). Incubations were terminated and assayed

as described in Section I112C.ii.
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plastids, K ion.(approximately 30 mM) is the most effective monovalent
cation.

The ion stimulation of incorporation in etioplasts confirms
the suggested role of this ion as a co-factor for protein synthesis in
isolated chloroplasts rather than a factor that stimulates incorporation
by an involvement in, for example, photophosphorylation (Blair and
Ellis, 1973).

The effect of varying the hydrogen ion concentration (pH) of
the incubation was also investigated. The results are shown in
Figure 13. A maximum level of incorporation is achieved at pH 8. 3.
This pH is also the optimal value for protein synthesis in isolated

chloroplasts.

G. THE EFFECT OF ACTINOMYCIN D ON AMINO ACID
INCORPORATION.

It has already been stated that the study of in vitro plastid
protein synthesis would constitute a direct approach to elucidating
the function of plastid DNA if a system of coupled transcription and
translation could be developed. The evidence from using inhibitors
of RNA synthesis, such as actinomycin D or rifampicin (Kahan et al,
1963; Weisblum and Davies, 1968) suggests that isolated chloroplasts,
broken or intact, translate only mRNA synthesized before the plastids
are isolated (Blair and Ellis, 1973; Bottomley et al, 1974; Harris
et al, 1973; Spencer, 1965). This may not however be the case in
isolated etioplasts. Etioplasts may be actively synthesizing mRNA
species, in order to fulfil the role, suggested by Kirk and Tilney-
Bassett (1967), of a potentiated, readily convertible precursor to
the chloroplast. For this reason the effect of actinomycin D on amino
acid incorporation in isolated etioplasts was studied. Table 3 shows
the effect of actinomycin D over a range of concentrations from
0. 02 ug/ml to 20 ug/ml.

Actinomycin D clearly does not inhibit incorporation at these
concentrations. As equivalent concentrations of actinomycin D
inhibit light-driven incorporation of (*H) uridine into RNA in isolated
chloroplasts (Hartley, M. R. , quoted in Blair and Ellis, 1973) there is
no reason to suppose the inhibitor cannot penetrate into the plastid. It

must/



Figure 13. The effect of pH on the incorporation of
35
L-( S) methionine into a hot-TCA-insoluble product

in isolated etioplasts.

Etioplasts were prepared by the modified procedure
described in Section II2A, in which 5 ml portions of

the homogenized tissue were centrifuged individually.

The etioplast pellets (770 ;ig of protein) were resuspended
in 500 Wl of KC1 resuspension medium (buffered to the
indicated pH values with either KOI! or HC1) containing

0. 5 /uCi of L-(358) methionine (200 Ci/mmol) and 2 mM-
ATP. Incubtations were terminated and assayed as

described in Section I12Cii.






Table 3. The effect of actinomycin D on amino acid

incorporation in isolated etioplasts.

The experimental details are given in Figure 7. All
incubations contained 2 mM-ATP, 240 jug of protein
and 0. 5 jaCi of L-(355) methionine. The results are
expressed as a percentage of the incorporation by
the complete ATP-driven system incubated in the

absence of actinomycin D.



Energy Source

ATP
None
ATP
ATP
ATP
ATP

Trealment

Complete

Complete

Actinomycin D
Actinomycin D
Actinomycin D

Actinomycin D

0. 02 yug/ml
0. 2 ~ig/ml
2 pg/ml

20 ~ug/ml

% Incorporation

100
8
81
103
94
100



must be concluded therefore that mRNA translated in isolated
etioplasts is most likely present inside the plastids before they

are isolated.

H. THE SITE OF AMINO ACID INCORPORATION IN ETIOPLAST
PREPARATIONS.

Jn the results presented so far it has been tacitly assumed that
amino acid incorporation is occurring in the etioplast. In this
section the evidence to support this assumption is presented.

i. Effect on amino acid incorporation of inhibitors of ribosome
function; chloramphenicol and cycloheximide.

Inhibitors which specifically block protein synthesis on either
70S or SOS ribosomes can be used to provide strong evidence that
amino acid incorporation in etioplast preparations occurs on 70S
ribosomes rather than on contaminating cytoplasmic ribosomes.
Cycloheximide is the most frequently used and studied inhibitor of
SOS ribosomes (Baliga ~t al, 1969). The antibiotic chloramphenicol
exists as four stereo-isomers, only one of which, D-threo
chloramphenicol, inhibits protein synthesis on 70S ribosomes (Ellis
1969). The effect of these two inhibitors on amino acid incorporation
by etioplast preparations is shown in Figure 14.

The results show that amino acid incorporation is over 90%
inhibited by D-threo chloramphenicol at a concentration of 40 jug/ml.
The E-threo isomer of chloramphenicol, at a concentration of 50 jug/ml,
produces no inhibition of amino acid incorporation. |Incorporation was
also unaffected by cycloheximide up to a concentration of 50 jug/ml.
Above this concentration inhibition of amino acid incorporation occurs,
perhaps due to non-specific effects (Ellis and MacDonald, 1970).

These results indicate that amino acid incorporation in the
etioplast preparation does not occur on contaminating 80S cytoplasmic
ribosomes.

ii. Solubilization of labelled etioplast. products by Triton X- 100.

Parenti and Margulies (1967) reported that the detergent,
TiitonX-100, at specific concentrations, selectively solubilizes
chloroplasts and mitochondria, but not nuclei, bacteria or whole leaf

cells. This criteria has therefore been widely used to assess the

degree/
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Figure 14 m The effect of cycloheximide and D-threo
chloramphenicol on amino acid incorporation in

etioplast preparations.

The experimental details are given in Figure 7. All
incubations contained 2 mM-ATP and 0. 5 uCi of
I.-(3SS) methionine, incubations with D-threo
chloramphenicol contained 189 ~ug of protein.
Incubations with cycloheximide contained 150 ~tg of

protein.

O, + D-threo chloramphenicol.
Cl, + cycloheximide.

i, +L-threo chloramphenicol.



80 100

D{and L)-threo chloramphenicol
ug/rni



degree of amino acid incorporation in chloroplast preparations
which is attributable to contaminating nuclei, bacteria or whole
cells (Blair and Ellis, 1973; Harris et al, 1973). However
Bottomley (1970) concluded that although treatment of pea etioplasts
v/ith Triton X -100 caused membranes to disappear and pigments
to solubilize, a considerable quantity of plastid material could be
pelleted after treatment by a low-speed (2000 x g) centrifugation.
To minimize this apparent difference between etioplasts and
cliloroplasts solubilization of etioplast preparations should be
performed at high pH (pH 8. 5) and low magnesium concentration
(1-2 mM).

The result of solubilizing an ctioplast preparation at the end of
an incubation withL-(’3 S)Smethionine is shown in Table 4. The result
shows that less than 5% of the radioactivity incorporated into protein
is present in a 12500 x g pellet. This strongly suggests that amino
acid incorporation is taking place in etioplasts or mitochondria.

iii. Mitochondria as the site of amino acid incorporation in
etioplast preparations.

The results presented so far cannot exclude the possibility that
amino acid incorporation in these preparations occurs on mitochondrial
ribosomes. The most convincing way to show that amino acid
incorporation is occurring on plastid and not mitochondrial ribosomes
is to show that the products of in vitro protein synthesis are associated
with the plastid and not the mitochondria) fraction. A method for
obtaining a pure fraction of either mitochondria or plastids from the
crude etioplast preparation is therefore required. The method of
hybrid rate and equilibrium density centrifugation described in
Section 11ZDi fulfills this requirement.

Figure 15 shows the distribution of hot-TCA-insoluble material
within a gradient that has been vised to fractionate the components of
an etioplast preparation after incubation with L-(358) methionine.

The experimental details are given in the figure legend. It is clear
that the majority (73%) of the m vitro synthesized protein is located
in the pellet and in gradient fractions 30-35. These fractions
principally contain etioplasts (fig. 1. ). Less than 3% of the newly-

synthesized/
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Table 4. Solubilization of a labelled etioplast

preparation by Triton X- 100.

Solubilization of the etioplast preparation was
performed as described in Section 112D. The results
are expressed as a percentage of the incorporation by

the unsolubilized etioplast preparation.



Treatment

Unsolubi] ized
etiopl asts

12500 x g
supernatant

12500 x g
pellet

losses

L-(

S) methionine incorporation
c. p. m.

16, 611

11, 758

4, 225

70

100

70.

25.



Figure 15. Sucrose density gradient fractionation
- . - . 35
of etioplast preparations incubated with L-( S)
methionine; the distribution of hot-TCA-insoluble

material in the gradient.

An ATP-driven protein synthesis incubation mixture
was prepared, incubated and fractionated as described
in Section I12Ei. Each fraction was assayed for labelled
protein by mixing at 4 C with an equal volume (0. 5 ml)
of 20% (w/v) TCA. After precipitation over-night at
4O'C the protein was quantitatively transferred to glass-
fibre discs and assayed for amino acid incorporation

as described in Section 112Cii.
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synthesized protein is associated with the band of mitochondria
located in the centre of the gradient (fig. 2. ). The remaining
labelled protein is in the top 7. 5 mis of the gradient (approximately
0. 73 M sucrose). This material] may be polypeptide chains that
are synthesized on ribosomes in broken plastids and are therefore
released into the incubation medium on completion. Alternatively
the material may originate from intact etioplasts which are broken
during the gradient centrifugation procedure.

This result, in conjunction with those described in Sections
I112Hi and ii, conclusively establish the etioplast as the site of amino
acid incorporation in these preparations.

iv. Sensitivity of amino acid incorporation to ribonucléase A

Ribonucléase does not cross the chloroplast envelope membrane
(Margulies _et al, 1968). This enzyme can therefore be used to
distinguish between amino acid incorporation occurring on ribosomes
in intact and broken plastids. ATP-driven amino acid incorporation
in etioplast preparations is likely to be occurring at both sites;
Bottomley et al (1974) has shown that broken spinach chloropiast.s
are superior to intact plastids in their ability to synthesize protein,
providing they are supplied with ATP and GTP. Accordingly ATP-
driven L-(35 S) methionine incorporation was assayed in the presence
of a range of ribonucléase concentrations. The sensitivity of
incorporation to inhibition by ribonucléase was also determined in
etioplast preparations containing either a mixture of intact and
broken plastids, or broken plastids alone.

The results in Table 5 show that ribonucléase inhibits amino
acid incorporation in etioplast preparations by between 29% and 35%.
The same inhibition is observed when the incubation contains an ATP-
generating system in addition to ATP. This result suggests that
approximately 35% of the incorporation is due to the activity of
ribosomes not bounded by a plastid envelope. This implies that the
remaining 65% of the incorporation occurs in intact etioplasts.
] implication is supported by the complete ribonucléase inhibition
t corporation in etioplast preparations that have been deliberately

I\ .d The significant incorporation (49%) observed in lysed etioplast

preparations /



Table 5. The sensitivity of ATP-driven amino acid
incorporation by isolated etioplast preparations to

ribonucléase A.

Etioplasts were prepared as described in Section II12A.
All incubations contained plastids (180 pg of protein)
and 0. 57jCi of L-( 355) methionine. Incubations were
performed at 20°C in the dark. Incubations were
terminated and assayed for amino acid incorporation
as described in Section J12Cii. The results are
expressed as percentages of the complete ATP-driven

system incubated without added ribonucléase.



Energy Source

ATP
None

ATP + ATP-
generating system

ATP
ATP
ATP

ATP + ATP-
generating system

ATP
None

ATP

Treatm ent

Complete

Complete

Complete
Ribonucléase 12jug/ml
R.ibonuclease 24 pg/ml

Ribonucléase 48pg/ml

Ribonucléase 24 jug/ml
Lysed
Lysed

Lysed + ribonucléase
(12 Zag/ml)

% Incorporation

100
8

93
71
65
66

67
49
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preparations in the absence of ribonucléase indicates that lysis does
not destroy ribosome activity. In contrast to chloroplasts, (Bottomley
et al, 1974), lysed etioplast preparations are not as active in protein

synthesis as preparations which contain intact organelles.

J. DISCUSSION

The results presented in this section show that L-(355) methionine
is incorporated into protein in isolated etioplasts. In general, protein
synthesis in isolated etioplasts has the same requirements, and exhibits
the same characteristics as protein synthesis in isolated chloroplasts
In contrast to earlier reports of protein synthesis in isolated etioplasts
(Reger et al, 1972a and 1972b; Drumm and Margulies, 1970; Hearing,
1973) the majority of amino acid incorporation in these preparations
occurs in intact plastids. The inclusion of ribonucléase in the
incubation mixture causes only a 35% decrease in the level of
incorporation (Table 5). If necessary, ribonucléase could be used
to ensure that incorporation occurs only in intact etioplasts. In view
of Botiomley's report (1974) that broken cbloroplast provided with
ATP and GTP synthesize discreet polypeptides at higher rates than
the light-driven intact system, it is not surprising that, provided
ATP is supplied, preparations of broken etioplasts are also capable
of protein synthesis at significant rates (Table 5).

The rate of incorporation of L-(3SS) methionine in noil-lysed
preparations (0. 2 to 0. 8 pmoles of L-(3SS) methionine/h per mg of
protein) is difficult to compare with other published values. The rate
of amino acid incorporation has been measured in etioplasts isolated
from pea (Pisum sativum), wheat (Triticum aestivum) and bean
(Phaseolus vulgaris) (Reger_et_al, 1972a; Drumm and Margulies, 1970).
In most cases the rates are expressed as ¢c. p.m. /Zmg of RNA/minute
(Reger et al, 1972). However Drumm and Margulies (1970) quote a
rate of approximately 60 pmoles of L-(14C) leucine incorporated/mg
of protein/Zhour in elioplasts isolated from Phascolus. This figure is
directly compatible with the rates reported in this thesis. The
apparently higher rate of Drumm and Margulies (1970) can be
exnlained by two fa« Firstly, L-leucine is a more commonly
occurring amino ac ;nnormal cellular proteins than is L-melhionine

and/
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and secondly, the incubations in which Drurnm and Margulies (1970)
performed their assays for in vitro protein synthesis contained 10 ZiCi
of radioactively-la.belled amino acid as compared tc the 0. 5 juCi
normally used in these studies. Irrespective of the absolute rate, it
is clear from direct comparison with the rates of amino acid
incorporation in isolated chloroplasts (Figure 9), that sufficient
radioactive amino acid is incorporated into protein in isolated pea
etioplast to allow analysis of the products.

The incorporation of amino acids into protein by isolated pea
etioplasts is dependent upon added ATP (Table 1, Figure 7).
Incorporation is stimulated 15-fold by the addition of 2 mMmM-ATP to
the incubation mixture (Table 1). This compare with the 2]--fold
stimulation observed by Reger _et al (1972a) in isolated pea etioplasts.
As the majority of incorporation occ\irs in intact plastids ATP
(phosphate energy) must cross the outer plastid membrane in amounts
sufficient to allow protein synthesis to proceed at the measured rates.
The transfer of phosphate energy across the chloroplast membrane
in vivo may not involve the direct transfer of ATP, but rather an
energy shuttle involving, for example, dihydroxyacetone phosphate
(DHAP) and phosphoglyceric acid (PGA) (Heber, 1974). The rate of
export of phosphate energy from the chloroplasts of Elodea densa can
be deduced from the measured light-dependent increase in cytoplasmic
ATP. The energy flux is calculated to be equivalent to a transfer of
7 to 9 jumoles of ATP/mg cblorophyll/hour (Heber and Santavius, 1970).
Heldt (1969) has made direct measurements of adenylate transfer in
isolated spinach chloroplasts. He concludes that by analogy to
mitochondria (Pfaff et aj., 1969) chloroplasts contain a specific
translocator which facilitates exchange of adenylates. As the adenine
nucleotide translocator has a higher affinity for external ATP than
for ADP, and its capacity (2. 03 Z.uncles influx of ATP/mg of chlorophyll
per hour) is too low to account for the observed light-dependent
fluctuations in cytoplasmic adenylate levels, its physiological role has
been questioned (Heber, 1974). However simple calculation shows
that an influx of ATP into the isolated etioplasts at a rate of 2. 0 jumoles/

mg of chlorophyll (assumed to be equivalent to 0. 1 rng of protein) per

hour/



hour will equilibrate the ATP level within the plastid with the external
medium (2 mM) in less than 1 minute. This concentration of ATP can
easily account for the rates of amino acid incorporation measured in
isolated etioplasts. In agreement with Drumm and Margulies (1970) ,
who worked with etioplasts isolated from Phaseolus vulgaris, no light
stimulation of ATP-driven protein synthesis could be detected (Table 1).

At ZOOC the time-course for ATP-driven amino acid
incorporation is hyperbolic, with the rate of incorporation dropping
to zero after about 30 minutes. Raising or lowering the temperature
of the incubation caused both an alteration in the initial rate of
incorporation (Table 2), and a change in the duration of incorporation
(Figure 8). A hyperbolic time-course is characteristic of plastid
protein synthesis (Blair and Ellis, 1973; Drumm and Margulies, 1970).
However no explanation has yet been provided as to why incorporation
ceases after a relatively short time. The hyperbolic time-course is
observed irrespective of whether light or added ATP is used as the
energy source, suggesting that the cessation of amino acid
incorporation is not simply due to a limitation in energy supply. The
inability of an ATP-generating system to significantly increase the
level of incorporation in the etioplast system (Table 1) supports this
suggestion, although the presence of an active ATP phosphohydrolase
(ATPase) in the preparation cannot be ruled out.

A more complex explanation is that a component of the particular
incubation mixture in which amino acid incorporation is assayed is
inhibiting continued protein synthesis. This explanation arises from
an analogous situation for light-driven RNA synthesis in isolated
chloroplasts. Hartley and Ellis (1973) find that incorporation of
(3II) uridine into RNA in isolated spinach chloroplasts incubated in
KC1 resuspension medium ceases after 30 minutes. Bohnert et al (1974)
however, find that isolated spinach chloroplasts continue to synthesize
RNA for up to 150 minutes if they are incubation in a medium containing
sorbitol/HEPES as the osmoticUm/buffer system This explanation is
however rendered unlikely by the finding of Bottomley et al (1974) tha'.

isolated spinach chloroplasts incubated not in KG1 resuspension medium,
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but in 0. 33 M sorbitol - 80 mM Tricine (pH 8. 4) medium, also cease
to incorporate amino acids into protein after about 30 minutes.

Another possibility is that amino acid incorporation ceases
because a factor involved in the mechanism of protein synthesis,

e. ¢g. an elongation factor or initiation factor, is lost from the plastids
during the incubation. This explanation also seems unlikely as a
lysed preparation, in which all factors are presumably at maximum
dilution, still exhibits significant rates of amino acid incorporation.
Direct observation of etioplasts purified after they have been incubated
(Plate 1C) shows they do not lose their outer membrane during
incubation. The new finding presented in this section is that there is
a correlation between the initial incorporation rate and the duration

of incorporation (Figure 8). This might suggest that some factor
involved in ATP-driven protein synthesis is present in a limited
amount in the isolated plastids and this factor is temperature-
sensitive. Alternatively an inactivating factor, for example endogenous
nuclease activity, is synthesized or activated during the incubation.
Clearly this question remains unresolved.

In these studies considerable effort was devoted to establishing
the etioplast ribosome as the site of amino acid incorporation. All
possible sources of non-plastid ribosomes that might contaminate the
preparation must be considered and excluded. Active ribosomes
could be derived from nuclei, bacteria, whole cells, mitochondria
and cell cytoplasm. In the majority of studies on protein synthesis
in isolated plastids contamination by active cytoplasmic ribosomes
does not appear to be a problem. One exception has been the studies
on protein synthesis in plastids isolated from Acetabularia (Apel and
Schweiger, 1972, 1973). Incorporation of labelled amino acid into
protein was found to be inhibited, up to 60%, by both chloramphenicol
and cycloheximide. Cycloheximide completelbinhibited the labelling
of one of the two in vitro synthesized proteins. Cytoplasmic 26S RNA
was also found in these chloroplast preparations. This indirect
evidence for cytoplasmic contamination was confirmed by Winkenbach
et al (197 2) who showed that chloroplasts isolated from Acetabularia

are enclosed in a droplet of cytoplasm which is itself bounded by a

membrane. /



membrane. Contamination of the etioplast preparations used in the
present studies by active cytoplasmic ribosomes is excluded by the
insensitivity of incorporation to cycloheximide, an inhibitor considered
to be specific for 80S ribosomes. Incorporation is not inhibited at
concentrations of cycloheximide 100 times greater than those required
to inhibit amino acid incorporation by 75% in a cell-free protein
synthesizing system from rat liver (Baligu. cl al, 1969). In contrast,
D-threo chloramphenicol (20 jug/Z/ml) inhibits amino acid incorporation
in etioplast preparations by over 85% (Figure 14); strongly suggesting
that proteiu synthesis is occurring on 70S ribosomes.

Nuclei isolated from rapidly growing tobacco cell cultures have
been reported to incorporate (14C) lysine into protein at rates of up
to 3nmoles/mg of protein per hour (Flamm jet al, 1963). This
incorporation is insensitive to chloramphenicol. However, conflicting
reports in the literature suggest it would be unwise to rely on
inhibitor data to assess the contamination of the etioplast preparations
by nuclear ribosomes. Whilst Zimmerman et al (1969) report that
amino acid incorporation in nuclei, isolated from Heia cells was
completely insensitive to inhibition by chloramphenicol, Helmsing
(1970), studying protein synthesis in nuclei isolated from Drosophila
m el anogaster , reported that amino acid incorporation was specifically
inhibited by chloramphenicol and not by cycloheximide. A more
reliable method for assessing the contribution of nuclei to amino acid
incorporation in crude etioplast preparations is to determine the
radioactivity present in a 12500 x g pellet prepared after labelled
etioplasts are treated with Triton X-100. This pellet would be
expected to contain nuclei but not pla.stids (Parenti and Margulies, 1967).
As less than 4% of the incorporated radioactivity is present in the
Triton X -)00-insoluble fraction (Table 4), nuclear incorporation in
these preparations can be excluded. The same evidence can be used
to exclude the possibility that bacteria and whole cells contribute to
the observed amino acid incorporation. Bacteria and whole cells
would also be expected to resist solubilization by low concentrations
of Triton X- 100 detergent (Parenti and Margulies, 1967).

This conclusion is particulary important with regard to bacterial

contamination. /



contamination. Bacteria were found tof?esponsible for a high percentage
of the amino acid incorporation observed in early studies on m vitro
plastid protein synthesis (Gnanam et al, 1969). Several other features
of amino acid incorporation in these preparations support the
conclusion that bacteria are not the site of protein synthesis. Firstly
there is a strict dependence on an added energy source. This is
uncharacteristic of bacterial amino acid incorporation which commonly
proceeds in the absence of an added energy source. Secondly the time
course for amino acid incorporation in the etioplast preparations is
hyperbolic. This is in contrast to the time course for bacterial amino
acid incorporation which normally shows a constant or increasing

rate of incorporation extending over several hours. In conjunction
with the precautions taken to minimise bacterial contamination these
results exclude bacteria as the site of amino acid incorporation in

the elioplast preparations.

The only remaining non-plastid source of active ribosomes
which could arguably contribute to the observed amino acid incorporation
is the mitochondrion. The m vitro protein synthesizing activity of
mitochondrial ribosomes (mitoribosomes) is evidenced by the major
research effort into the nature of piotein synthesis in isolated
mitochondria (Poynton and Groot, 1975; Burke and Beattie, 1974).
The similarity of the mitochondrial and plastid protein synthesizing
system - for example, they are both specifically inhibited by
D-threo chloramphenicol (Ellis, 1969; Borst and Grivell, 1971) -
makes it difficult to easily assess the contribution of each organelle
to the amino acid incorporation of crude preparations. In addition,
the need to add ATP as the energy source in the study of j n vitro
ctioplast protein synthesis further increases the possibility of
incorporation occurring on contaminating mitoribosomes. Some
workers have attempted to exclude this possibility by the following
approach (Parenti and Margulies, 1967). Firstly the amino acid
incorporating activity of a mitochondrially-enriched fraction is
measured. The contamination of the plastid enriched fraction is
then assessed by measuring the activity of a marker enzyme specific

for mitochondria. From this information the contribution of

mitochondrial/
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mitochondrial protein synthesis to the amino acid incorporation in

the crude plastid preparation is deduced. The validity of this approach
rests however on the unproven assumption that mitochondria in the
mitochondrially-enriched fraction exhibit the same rate of
incorporation as mitochondria which contaminate the plastid
preparation.

A more rigorous approach adopted in this study is to determine
the percentage of radioactive protein that is associated with a
mitochondrial fraction which is purified from the crude etioplast
preparation after incubation in the protein synthesis assay. The method
of purification used was a mixture of rate and equilibrium sedimentation
in sucrose density gradients (Miflin and Beevers, 1974). The absence
of radioactlvcly-labell ed protein in the position at which mitochondria
band in these gradietns (Figures 1, 2 and 15) show that mitoribosomes
are not contributing significantly to amino acid incorporation in these
preparations.

The remaining experiments described in this section were
devoted to optimizing the conditions for protein synthesis in isolated
etioplasts. Figure 12 shows that the incorporation of L-(SSS) methionine
in isolated etioplasts is stimulated by a high ion concentration in
the incubation mixture. The effect of mono- and divalent cations on
light and ATP-driven protein synthesis in intact and broken spinach
cliloroplasts has been studied by Bottomley (1974). It is clear that
the relationship between the rate of jn vitro chloroplasl protein
synthesis and the presence of cations in the external medium is
complex. For example, high rates of protein synthesis can be
obtained with intact chloroplasts isolated and assayed for amino
acid incorporation in buffers completely devoid of M92 ron. The
addition of as little as 1 mM MgGI” to the incubation medium results
in a 60% inhibition of amino acid incorporation. This marked
inhibition is surprising in view of the report by Gimmler et al (1974)
which strongly suggests that intact spinach chloroplasts maintain an
internal Mg24ion concentration of about 27 mM, even against a
concentration gradient produced by resuspending the plastids in a

medium containing 0. 02 mM Mg~ 1ion. Giinmler et al (1974) also

conclude 1



conclude that the cation permeability of the plastid envelope is low.
although a specific K+ion transport into the plastid can be induced by
light. The light induced K+ion flux is specifically brought about by
exchange translocation and is linked to H™ extrusion. However the
magnitude of the light-induced ion exchange reaction is small
when compared with anion fluxes. The apparent ability of chioroplasts
to maintain their internal composition in spite of changes in the
external medium suggests that the concentration of the potassium ion
inside the plastid may well be different from that present in the KC1
resuspension medium. Estimates of the K+ ion concentration in
chioroplasts vary dramatically. Larkum (1968) estimated the
concentration of potassium in chioroplasts isolated from the alga
Tolypeilla intricata . Using non-agueous methods of plastid isolation
a value of 340 mM K+ ion was reported. This contrasts sharply
with the value of 19-36 mM reported by Gimmler jet (1974), who
used aqueous buffers to isolate spinach chloroplasts. In view of the
very limited understanding of the ion relations of isolated plastids,
the maximal stimulation of amino acid incorporation in etioplasts by
approximately 130 mM K ion should be considered as an empirical
observation. The effects of varying the pH and the ATP concentration
in the protein synthesis incubation mixture were also investigated in
an empirical manner (Figures 13 and 8). Maximum incorporation is
obtained at pH 8. 3 and 2 mMmM-ATP.

The results discussed in this section show that intact etioplasts
can be isolated which exhibit rates of ATP-driven amino acid
incorporation sufficient to allow analysis of the in vitro products of

etioplast protein synthesis. This analysis will now be described.



SECTION 111 RESULTS AND DISCUSSION

?. ANALYSIS OFF THE PRODUCTS OF IN VITRO

ETIOPLAST PROTEIN SYNTHESIS.



A. INTRODUCTION

The study of the in vitro products of plastid protein synthesis
can be separated into two phases. The first phase involves determining
the number of products and classifying these products on the basis of
their physical or chemical characteristics, e. g. molecular weight
and solubility. This limited information is sufficient to allow for
meaningful comparative studies. For example, it is of interest to
compare the products of in vitro protein synthesis in plastids isolated
from different species (Boulter et al, 1972) or, as in this study, the
products of protein synthesis in plastids isolated from one species
at different stages of development. In some cases, information from
the first phase of analysis leads directly to the second, which is to
identify the products of in vitro protein synthesis in terms of known
proteins. However although the gross physical characteristics of
an iii vitro synthesized protein may give a strong clue to its identity,
the unequivocal identification must rely on more rigorous criteria
e. ¢g. tryptic peptide mapping. In other cases the gross physical
characteristics of a protein give no clue to its identity. These
cases more often than not reflect a limitation in our basic knowledge
of the chloroplast components, in particular of the membrane-bound
proteins (Eaglesham and Ellis, 1974).

Any method used for comparative product analysis must allow
for comparison with the results of previous studies on in vitro plastid
protein synthesis. Electrophoresis in polyacrylamide gels has been
the method of analysis adopted in all those studies which have been
able to demonstrate discrete proteins as the products of in vitro
synthesis (Blair and Ellis, 1973; Eaglesham and Ellis, 197 4;
Bottomley et-al, 1974). Polyacrylamide gel electrophoresis in 15%
SDS-gcls was therefore the method of analysis used in this study.
SDS-gel electrophoresis provides a method of high resolution for
analysing mixtures of proteins (Laemmli, 1970). The fractionation
of protein mixtures by this method is based solely on the different
molecular weights of the constituent proteins (Fish et al, 1970;
Shapiro et al, 19f>7).

In the first part of this section experiments are described

which /
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which provide the-preliminary characterization of the products of
in vitro etioplast protein synthesis. The number and molecular
weight of the products is determined, using three different radioactive
amino acids as protein precursor. A direct comparison is made with
the products of m vitro chloroplast protein synthesis by coelectrophoresis
and the solubility characteristics of the etioplast products are investigated.

The second phase in the analysis of one of the products of in. vitro
etioplast protein synthesis; i. e. identification, is reported in the
latter part of this section. This analysis has been restricted for two
reasons to the soluble phase of the etioplast. Firstly the identification
of an in vjt_ro synthesized protein is more easily accomplished the
closer the polypeptide resembles its related authentic protein. By
examining proteins which are present in a ribosome free supernatant
fraction, only those polypeptides that have been released from the
ribosome are studied. These proteins will contain their full
complement of amino acids and should therefore be more easily
identified. Their identification may however still be hindered by the
absence of post-translational modifications which might normally alter
the m vivo synthesized protein. The second reason for restricting
analysis to the soluble fraction is the dearth of information on the
identities and physical characteristics of the polypeptide components
which make up the membranes of plastids. The number of chloroplast
membrane polypeptides which have been characterized has only
recently increased as a result of innovations in the methods of
analysing lipophilic proteins (Garewal and Wasserman, 1974a; 1974b).
In view of these recent advances in the study of plastid membrane
components it may soon be possible to expand the analysis of the
in vitro products of plastid protein synthesis to membrane-bound
proteins.

A method frequently chosen to establish the identity of an
in vitro synthesized polypeptide is to compare the tryptic peptides of
the product labelled _in vitro with those of authentic protein labelled
in vivo (Campbell and Kernot, 1962). The peptide mapping of enzymic
digests of protein was originally used to detect differences in the amino
acid sequences of abnormal human haemoglobins (Ingram, 1958).

However/



However the technique does not always detect slight differences between
proteins, for example the replacement of a single amino acid, or certain
post-translational modifications. It can however be used to show close
homologies in the primary sequences of two related proteins
(Kawashima et al, 1974; Clegg and Kennedy, 1975). The methods of
peptide mapping chosen for this study involved both tryptic and
cbymotryptic digestion, and separation of the resulting peptides by
either cation-exchange chromatography or two-dimensional mapping.
The experiments described in the later part of this section
compare the L-(358) methionine-labelled tryptic and chymotryptic
peptides of the soluble in vitro etioplast product with firstly, the
L-(358) methionine-labelled tryptic peptides of the soluble product
of protein synthesis in isolated chloroplasts, and secondly with the
tryptic and chymotryptic peptides of the large subunit of Fraction 1

35
protein labelled m vivo with L-( S) methionine.

B. ELECTROPHORETIC ANALYSIS ON SDS-POLYACRYLAMIDE GELS
i. Total products,
a. Etioplasts isolated in the light.
The isolation of etioplasts was normally performed in the light.
The fractionation of the in vitro synthesized proteins present in a
solubilized preparation of etioplasts which had been incubated with
L-(SSS) methionine and added ATP is shown in Figure 16A. Figure
16B shows an analysis of the in vitro products synthesized in the
absence of added ATP. Figure 16C shows an analysis of the in vitro
products synthesized in the absence of added ATP, but in this case the
protein synthesis incubation mixture was illuminated as described in
Section 112c. All other experimental details are given in the figure legend.
Staining of the gels with Coomassie Brilliant blue R shows many
protein bands. The majority of these bands must represent some of
tile major protein components of the etioplast. However the
heterogeneity of the crude etioplast preparation (see Plate 2B) suggests
that some of these proteins might not be of plastid origin. The relative
mobility of the most intensely staining band indicates that it
electrophoreses to a position coincident with the large subunit of

pea Fraction | protein. This conclusion is confirmed in Section JII2Big.

The/



Figure 16 . SDS polyacrylamide gel electrophoresis
of the polypeptides synthesized in vitro in etioplasts; =
the dependence of protein synthesis on the energy

source.

Etioplasts were isolated and incubated with L,-( S)
methionine as described in Section II2Fia. Terminated
incubation mixtures were solubilized and electrophoresed
as described in Section II2Fia and I12Fiia. Gels were
loaded with 100 jal of solubilized incubation mixture

(130 f.\g of protein). After electrophoresis the gels

were stained, sliced and counted for radioactivity as
described in Section II2Fiia. The solid line lepresonts
the absorbance at 620 nm and the histogram shows the

radioactivity in each 1 mm gel slice.

A, incubated in the dark with added ATP.
B, incubated in the dark.

C, incubated in the light.
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The molecular weight of this polypeptide, established by reference
to the calibration curve (Figure 3), is approximately 6 x 10%

Figure 16A shows that the products of ATP-driven protein
synthesis in isolated etioplasts are reproducibly fractionated into
seven discrete radioactive peaks. The absence of radioactive peaks
in the analysis of incubation mixtures that did not contain added ATP,
whether illuminated or not, confirms the conclusion that only added
ATP can act as an energy source for protein synthesis in isolated
etioplasts (Table 1). The number of polypeptides synthesized in
isolated etiopiasts is the same as the number of pronase-digestible
proteins synthesized in isolated cliloroplasts (Eaglesham and Ellis,
1974).

b. Etioplasts isolated in the dark.

It is possible that the isolation of etioplasts in the light might
affect the number or nature of proteins synthesized in vitro.
Therefore the in vitro products of protein synthesis in etioplasts
which had been isolated, incubated and solubilized in dim green light
were analysed. Figures 17A and B show the analyses of the proteins
synthesized in dark-isolated etioplasts incubated in the presence or
absence of added ATP. The experimental details are given in the
figure legend.

Although the radioactive bands are less discretely separated in
this gel fractionation (Figure 16A) it is clear that there is no gross
difference in the number and nature of proteins synthesized in etioplasts
isolated either in the light or in the dark. Figure 17B confirms the
dependence of in vitro etioplast protein synthesis on added ATP as an
energy source.

3
c. Synthesized using L-( yj) leucine or L-phenyl(2, 3H) alanine
as protein precursor.

Several proteins, for example baboon milk lysozyme (Herman
et al, 1973) and soybean leghaemoglobin (Ellfolk and Sierers, 1971),
do not contain any methionine residues. It is therefore necessary to
use at least two and preferably three different labelled amino acid
precursors to be reasonably confident that the full, spectrum of
proteins synthesized in isolated etioplasts are detected

Figure 18 shows the SDS polyacrylamide gel electrophoresis

fractionation /



Figure 17. SDS polyacrylamide gel electrophoresis
of the polypeptides synthesized m vitro in etioplasts;

proteins synthesized in dark-isolated etioplasts.

The experimental details are as described in Figure 16,
except that all procedures “ip to and including the
solubilization of the terminated protein synthesis
incubation mixture were performed under dim green
light. The gels were loaded with 100 @l (50 pg of

protein) of solubilized incubation mixture.

A, incubated in the dark with added ATP.

B, incubated in the dark.
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fractionation of the hr vitro products of etioplast protein synthesis
using either L-( H) leucine (Figure 18A)or L-phenyl(2, 311) alanine
(Figure 1813) as protein precursor. The qualitative differences
between the fractionation patterns obtained are minor (cf. also

with Figure 16A). Firstly L-(358) methionine was the only labelled
amino acid precursor which reproducibly gave two peaks of radioactivity'
electrophoresing with a lower mobility than the most highly labelled
product (Figure 16A). Often, using even the highest specific activity
L-( S) methionine available, it was difficult to resolve two peaks
from the background of radioactivity on the gel. Secondly, the use
of L-( H)JNao(pfe as the labelled amino acid precursor (Figure 18A)
results in an additional radioactive peak in the fractionation pattern.
This peak has the highest electrophoretic mobility of all the in vitro
products.

The gel fractionation pattern shown in Figure 18B is atypical
and serves to illustrate a radioactive peak that was occasionally but
not reproducibly found in the fractionation pattern of the in vitro
etioplast products. This peak electrophoresed with a slightly greater
mobility than the radioactive peak which coelectrophoreses with the
large subunit of Fraction | protein. Taken together Figures 16A, 18A
and 1813 illustrate the complete spectrum of proteins synthesized in
isolated etioplasts. Quantitative differences between the radioactivity
incorporated into each product using different amino acid precursors
presumably reflects the amino acid composition of the in vitro
synthesized proteins.

d. Molecular weight estimation.

The apparent molecular weights of the proteins synthesized in
isolated etioplasts were estimated from their mobility, relative to
bromophenol blue, in 15%, SDS polymerydamide gels. The estimates
are given in Table 6. The experimental details are given in the legend
to the table.

e. Digestion by pronase and ribonuclease A.

The sensitivity of the invitro labelled etioplast products to
digestion by pronase and ribonuclease A was investigated. The results

are shown in Figure 19. Incubation of the in vitro products in the

absence/



Figure 18. Polyacrylamide gel electrophoresis of the
in vitro products of etioplast protein synthesis using
L-( H) leucine and L-phenyl(2, 3H) alanine as labelled

amino acid precursor.

The experimental details are as described in Figure 16,
except that the incubation mixture contained either

100 |JiCi of L.-(3H) leucine (specific activity 50 Ci/mmoj)
or 100 pCi of L-phenyl (2, 3H) alanine (specific activity
20 Ci/rnmol). The gels were loaded with 100 ~il

(160 yug of protein) of solubilized incubation mixture.

3
A, incubated with L-( H) leucine

B, incubated with L-phenyl(2, 3H) alanine






Table 6. The molecular weights of the proteins

synthesized in isolated etioplasts.

Ktioplast preparations were isolated, incubated
and electrophoresed as described in Sections
I112A, 112Fia and I|l12Fiia. The mobility of the
bromophenol blue was recorded and the gels
were sliced into 1 mm slices without staining
for protein. The mobility of the in vitro
synthesized products was determined from the
distribution of radioactivity within the gel. The
molecular weights were estimated from the

calibration curve (Figure 3).



Relative Mobility Mol.

35 3 L -phenyl
L-( S) methionine L-( H) leucine (2, 3H) alanine

0. 109 0. 109 0. 107 112000

0. 150 - - 84000

0. 236 0. 230 0. 232 60000
- - 0. 275 49000

0. 310 0. 300 0. 300 43500

0. 450 0. 450 0. 450 32000

0. 610 0. 590 0. 590 25000

0. 710 0. 700 0. 700 21000

0. 920 0. 910 0. 910 16000

0-QbO 15000



Figure 19.. The stability of the products of in vitro
etioplast protein synthesis to digestion by pronase

and ribonuclease A.

Details of the digestion procedure are given in
Section 1J2Fic. Electrophoresis was performed as
described in Section Il1ZFiia. The gels were loaded

with 100 pi of digest.

A, control incubation (90 pg of protein)
B, ribonuclease A treated (90 pg of protein)

C, pronase treated
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absence of either enzyme (Figure 19A) results in considerable
degradation of the newly-synthesized polypeptide chains. This
degradation may be due to the action of endogenous proteases.

However the higher molecular weight products in particular

remain as discrete peaks. Incubation with ribonucléase (Figure 19B)
produces a fractionation pattern essentially similar to the control.

The labelled peaks and the stained protein bands were stable to the
action of ribonucléase. In contrast all the radioactive peaks and all
the stained protein bands are hydrolysed by incubation of the
preparation with pronase (Figure 19C). After pronase digestion the
only material containing radioactively labelled amino acid
electrophoreses to a point coincident with the bromophenol blue marker
dye, and therefore presumably represents oligo-peptides resulting from
enzymic hydrolysis.

f. Coelectrophoresis with the products of in vitro chloroplast
protein synthesis.

A direct comparison between the products of protein synthesis
in isolated etioplasts and isolated chloroplasts can be made on the
basis of their electrophoretic behaviour. Coelectrophoresis of the
samples was used to give the most accurate comparison. As the
disc gel electrophoresis system was chosen to give high resolution,
it was necessary to label the etioplast and chloroplast in vitro products
with different isotopes. Double-label counting was then used to
separate the radioactivity determined in each gel slice into its isotopic
components. Figure 20 shows the simultaneous gel fractionation of
the etioplast and chloroplast products before and after they have been
extracted with acetone as described in Section I12Fid. All other
experimental procedures are given in the figure legend.

Before extracting the samples with acetone the in vi»ro etioplast
and chloroplast products electrophoresed with similar, but reproducible
different, mobilities (Figure 20A). However after acetone extraction
the mobilities of the polypeptides synthesized in isolated etioplast are
identical with the mobilities of the polypeptides synthesized in
isolated chloroplasts (Figure 20B).

g. Comparison with the electrophoretic mobility of pea
Fraction | protein.

The electrophoretic mobilities of the in vitro etioplast products

and/



Figure 20. Coelectrophoresis of in vitro
synthesized etioplast and chloroplast products

in SDS polyacrylamide gels.

Etioplasts and chloroplasts were isolated and
incubated as described in Sections II12A and Il12Fia.
Etioplast products were labelled invitro with
L-(J S) methionine and chloroplast products
labelled in vitro with L-( H) leucine. The
etioplsst samples contained 150 jug of protein

(3 x 103 c. p.m. ) and the chloroplast sample

10 ug of protein (3x10 : c.p.m.). Eight was the
energy source for isolated chloroplast protein
synthesis. Samples were extracted with acetone
as described in Section I12Fid. Electrophoresis
and related procedures were performed as

described in Section JI2Fiia.

As samples coelcctrophoresed before acetone extraction.

B, samples clectrophoresed after acetone extraction.

1
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and pea Fraction | protein were compared. A sample of purified
pea Fraction | protein was denatured by boiling for 2 minutes in
2. 5mM Jris- 19 mM glycine pH 8. 5, containing 10 mM 2 -
mercaptoethanol and 2% (w/'v) SDS. An aliquot of the denatured
protein was mixed with a solubilized preparation of radioactively
labelled m vitro etioplast products. The mixed sample was then
electrophoresed. Figure 21 shows the optical density trace and the
distribution of radioactivity in the resulting gel. The gel was scanned
in the Chromoscan at a low sensitivity to allow an accurate positioning
of the peaks enhanced by the addition of Fraction | protein. The
staining of two bands on the gel was found to be enhanced. The lower
mobility band is the large subunit of Fraction | protein. The
distribution of radioactivity in the gel shows that one of the in vitro
etioplast products (approximate molecular weight 6 x 1 0%
coelectrophoreses, and therefore has the same molecular weight
(Shapiro et al, 1967) as the large subunit of Fraction | protein.

ii. Soluble products.

a. Products in the 150000 g etioplast supernatant fraction.

The products of in vitro etioplast protein synthesis can be
characterized on the basis of their solubility. High-speed
centrifugation of a lysed preparation of etioplast proteins (Section
I12Fib) yields two fractions. The pelleted fraction would be expected
to include membrane proteins and both membrane-bound and free
ribosomes with attached nascent polypeptides. The supernatant
fraction would be expected to contain only complete polypeptides
which are destined in vivo for the soluble phase of the plastid.
Figure 22 shows the fractionation pattern obtained when a labelled
150000 g elioplast supernatant fraction is electrophoresed in SDS-
polyacry)amide gels. The experimental details are given in the
figure legend. Only a single product of in vitro etioplast protein
synthesis js present in the 150000 g supernatant fraction. This
polypeptide has been, shown (Figure 21) to coelectrophorese with the
large subunit of pea Fraction | protein and has a molecular weight

of approximately 6 x 10 (Table 6).



Figure 21 Comparison of the electrophoretic
mobility of pea Fraction 1 protein with the

in vitro products of etioplast protein synthesis.

Etioplasts were isolated and incubated as described
in Sections I12A and I12Fia. Pea Fraction | protein
was purified as described in Section 112Gi and
solubilized by boiling in 2% SDS for 2 minutes.

50 ul (90 ug of protein) of solubilized preparation
of in vitro etioplast products were mixed with 50 jul
(90 jug) of denatured Fraction | protein. The mixed
sample was electrophoresed as described in

Section I12Fiia.

LS, large subunit of Fraction | protein.

SS, small subunit of Fraction | protein.
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Figure 22 . Electrophoresis of the labelled 150000 g
etioplast supernatant fraction in SDS-polyacrylamide

gel.

Etioplasts were isolated and incubated as described

in Sections 1I12A and JIZFia. A 150000 g supernatant
fraction was prepared as described in Section I12Fib.
Electrophoresis and related procedures were performed
as described in Section II2Fiia. The gel was loaded

with 100 nl of dialysed sample (220 pg of protein).

ES, large subunit of Fraction | protein.






C. IDENTIFICATION OF THE SOLUBLE IN VITRO
ETIOPLAST PRODUCT,

i. Electrophoresis of the purified in vitro synthesized
soluble product.

The homogeneity of the purified in vitro synthesized soluble
product of etioplast protein synthesis was established by
electrophoresis in SDS polyacrylamide gels. Although the material
used for enzymic digestion was purified by preparative gel
electrophoresis (Section I12Diii) and was the only discrete radioactively
labelled protein in the 150000 g etioplast supernatant (Figure 2?.), this
precaution was nevertheless necessary as any partial breakdown of
this material during purification could give rise to many peptides not
specifically resulting from tryptic or chymotryptic hydrolysis.
Figure 23 shows that only a single radioactive peak is found to have
migrated into the gel. A higher molecular weight species of protein
which does not enter the gel as a discrete band but penetrates into
the first two millimeters of the gel is also radioactively labelled.
This higher molecular weight species is assumed to be an aggregated
or insoluble form of the 60000 molecular weight in vitro product and
arises during the purification procedure perhaps due to the use of
organic solvents. The absence of any radioactively labelled protein
species of lower molecular size than 60000 molecular weight product
indicates that there has not been significant degradation of the m vitro
labelled material during its purification. A similar conclusion has
already been reached for the purified large subunit of Fraction |
protein which has been labelled with L-(SSS) methionine in vivo
(Section 112Giv).

ii. Peptide mapping; tryptic digestion.

a. Cation-exchange chromatography.
1. soluble _in vitro etioplast product.
2. soluble iri vitro chloroplast product.

The analysis of the L-( S) methionine labelled tryptic peptides
of the soluble in vitro chloroplast product presented in this section
was performed by Dr. R.J. Ellis and his. E. Forrester.

Figure 24 shows a comparison of the L-(3§S) methionine labelled
tryptic peptides of the soluble in vitro etioplast and chloroplast products
separated by cation-exchange chromatography. This comparison can be
used to indirectly establish the identity of the soluble in vitro etioplast

product/
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Figure 23. Electrophoresis of the purified
soluble m vitro product of etioplast protein

synthesis in SDS-polyacrylamide gels.

Etioplasts were isolated and incubated as described

in Sections 1I2A and II2Fia, A 150000 g supernatant
fraction was prepared as described in Section 112Fib.
The soluble product was purified by preparative
polyacrylamide gel electrophoresis as described in
Section II12Fiii. A 1 mg/ml solution of the soluble

in vitro product was prepared in 2. 5mM Tris-19 mM
glycine (pH 8. 5), containing 100 mM 2-mercaptoethanol
and 2% (w/v) SDS and analysed by electrophoresis as
described in Section II2Fiia. The gel was loaded with

5
100 jil (10 <c. p.m. ) of sample.
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Figure? 24 . Cation-exchange chromatography of
the soluble in vitro product of light-driven
chloroplast protein synthesis and the soluble
in vitro product of ATP-driven etioplast

protein synthesis.

Plastids were isolated and incubated as described
in Sections 112A and Il12Fia. 150000 g supernatant
fractions were prepared and purified as described
in Sections I12Fib and JI2Fiii. Enzyme digestion
and peptide separation by cation-exchange
chromatography were performed as described in
Sections 112ji and ii. Both samples contained

5
approximately 2 x 10 c¢. p. m. and 250 pg of protein.

A, the soluble in vitro product of light-driven chloroplas
protein synthesis.

B, the soluble in vitro product of ATP-driven etioplast
protein synthesis.
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product as the soluble in vitro product of chloroplast protein
synthesis has been identified as the large subunit of Fraction |
protein (Blair and E'llis, 1973). The elution profiles show that
several methionine-labelled tryptic peptides are common to

both polypeptides. The result is therefore consistent with the
identification of the soluble in vitro etioplast product as the

large subunit of Fraction | protein. However the comparison

is inconclusive. The majority of tryptic peptides elute from

the column under similar conditions of pH and buffer concentration.
Thus, although the specificity of the enzymic hydrolysis has resulted
in relatively few methionine labelled peptides, the poor resolution
of the separation technique does not allow them to be identified as
characteristic of a particular protein. A more effective method

of peptide separation was therefore sought.

b. Two-dimensional mapping.
1. soluble in vitro etioplast product.
2. in vivo radioactively-labelled purified pea Fraction
| protein large subunit.

To provide a conclusive identification of the soluble in vitro
product of etioplast protein synthesis, a two dimensional map of the
L-(358) methionine-labelled tryptic peptides of the in vitro synthesized
product was compared with a map of the L-(~S) methionine-labelled
tryptic peptides of the in vivo labelled large subunit of Fraction |
protein. Plate 3 shows that the in vitro etioplast product shares
7 major L-( S) methionine-labelled tryptic p%gtides with the large
subunit of Fraction | protein labelled with S) methionine in vivo.
Some minor peptides may also be common to both proteins. This
number of methionine tryptic peptides for the large subunit of E'raction
| protein agrees with the amino acid analyses reported for bean
(Phaseolus) and spinach beet (Beta) by Gray and Kekwick ( fd?7H-ex , tc(7qg-b)

iii. Peptide mapping - chymotryptic digestion.

a. Two-dimensional mapping.
1. soluble in vitro etioplast product
2. in vivo radioactively labelled purified pea Fraction
| protein large subunit.
Chymotryptic digestion of the in vitro etioplast product and

35
purified Fraction | protein large subunit labelled in vivo with L-( S)

methionine/



Plate 3. Autoradiographs of two-dimensional tryptic
peptide maps of the soluble in vitro product of
ATP-driven etioplast protein synthesis and in vivo

labelled large subunit of Fraction 1 protein.

Etioplasts were isolated and incubated as described

in Sections II12A and IlI2Fia. A 150000 g supernatant
fraction was prepared and purified as described in
Sections I12Fib and II12Fiii. In vivo labelled large
subunit of Fraction | protein was prepared as
described in Sections 112Giii and iv. F,nzymic
digestion and peptide separation by two-dimensional
mapping was performed as described in Sections

112Ji and iii. Both samples contained 7. 5 x 104 c.p.m.
Electrophoresis was performed in the direction of the

Y axis and chromatography in the direction of the X axis.

A, the soluble in vitro etioplast product

B, in vivo labelled large subunit of Fraction | protein
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methionine was performed to substantiate the conclusion reached
using trypsin. Although the intrinsic specificity of chymotrypsin is
broader than trypsin, it can, particularly if used in conjunction with
a trypsin inhibitor, give rise to a set of oligopeptides which are
indicative of a specific protein. Plate 4 shows a comparison between
the two dimensional maps of the L-(358) methionine labelled
chymotryptic peptides of the soluble in vitro etioplast product and the
large subunit of Fraction | protein la.belled with L-(SSS) methionine

in vivo . The majority of the peptides can be clearly recognised in
both maps, indicating close homology in the primary sequence of the

two proteins.
D. DISCUSSION

The results presented in this section constitute the first analysis
of proteins unequivocally synthesized in isolated etioplasts. Fractionation
of a solubilized preparation by electrophoresis in 15% SDS-polyacrylamide
gels separates over 20 discrete protein bands which stain with Coomassie
Brilliant blue R (Figure 16A). The majority of these bands are most
likely to be protein components of the etioplast, although some of the
stained bands may originate from nuclei or other subcellul&r organelles
which contaminate the crude etioplast preparation (Section IIIIBi).

One of the most intensely staining bands, which electrophoreses with
a slightly higher mobility than the large subunit of pea Fraction |
protein, is absent from fractionation patterns of etioplast preparations
that were incubated without an ATP generating system (Figure 16B).
This protein band is therefore presumed to be the enzyme creatine
pbosphokinase (subunit molecular weight 4. 2 x 104; Eppenberger et al,
1967). The identities of the majority of the other protein components
of the fractionated etioplast preparation are unknown. The most
intensely staining band has an estimated molecular weight of 6 x 104,
and coelcctrophoreses with the large subunit of Fraction | protein
(Figure 21). A molecular weight of 6 x 1OA is in general agreement
with the known molecular weight of the largo subunit of Fraction 1
protein from other higher plant sources (Rutnor and Lane, 1957;
Kawashima, 1969; Moon and Thompson, 1969; Ellis, 1973). Fraction

1 protein has been found in the etioplasts of many species (Graham egj: al,

i971; Smith el al, 1970). Indeed etioplasts isolated from certain



Plate 4. Autoradiographs of two-dimensional
chymotryptic peptide maps of the soluble
in vitro product of ATP-driven etioplast protein
synthesis and in vivo labelled large subunit of

Fraction | protein.

The experimental details are described in Plate 3.

4
Both samples contained 2x10 <c¢. p.m.

A, the soluble in vitro etioplast product

B, in vivo labelled large subunit of Fraction | prote






Avena species contain macromolecular structures, the so-called
stromacentres (Gunning, 1965). Stromacentres in plastids have
been suggested to represent semi-crystalline linear aggregates of
Fraction | protein; although this suggestion is based on tentative
evidence (Gunning et al, 1968; Murakami, 1974; Wrischer, 1973).
This intensely staining protein band can therefore be tentatively
identified as the large subunit of Fraction | protein.

The fractionation pattern of the pea etioplast preparation
(Figure 16A) contrasts with the reported fractionation pattern of
purified oat (Avena) etioplast proteins (Cobb and Wellburn, 1973).
For example, the pea etiopiast contains a number of proteins with

4
an estimated molecular weight greater than 6x10 (Figure 16A).
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In contrast, oat etioplasts, purified by a method involving macromolecular

filtration (Wellburn and Wellburn, 1971), contain only 8 protein
components, the largest with an estimated molecular weight of
5. 4 x 1% (Cobb and Wellburn, 1973). This discrepancy most
probably stems from practical difficulties due to the enormous
variation in amounts of different etioplast proteins. This suggestion

is supported by the findings of a subsequent analysis on an oat etioplast.

fraction containing pure envelope membranes (Cobb and Wellburn, 1974).

This fraction is found to contain 15 protein species, six of which have
molecular weights greater than 6 x 104 Clearly any comparative
analyses of etiopiast proteins by polyacrylamide gel electrophoresis
must be quantitative as well as qualitative. The number and range of
etioplast proteins revealed by gel fractionation argues against
considering the etioplast as a structurally simple and undifferentiated
organelle. This point is discussed further in the general discussion
(see also Kirk and Tilney-Bassett, 1967).

Etioplasts that have been isolated in the light and incubated with
L-(SSS) methionine in the presence of ATP incorporate radioactive
amino acid into a small number of discrete products (Figure 16A).
Amino acid incorporation does not take place in the absence of added
ATP as an energy source (Figures 16B and 16C). These conclusions
closely reflect the results shown in Table 1. The dependence of

incorporation on on added energy source indicates that the labelled

peaks/



peaks present in the gel fractionation cannot be explained by the

binding of L-(SSS) methionine to specific proteins. This conclusion

is important as the gel slices were not subject to treatment with hot
trichloracetic acid. The possibility that at least one of the radioactively
labelled products is (358) methionyl charged tRNA is excluded by the
insensitivity of the in vitro products to digestion with ribonuclease A
(Figure 19B). The conclusion that the labelled amino acid is
incorporated intramolecularly into protein is verified by the

sensitivity of the fractionated products to digestion with pronase

(Figure 19C).

Performing the isolation and incubation of the etioplasts in dim
green light did not alter the nature of the in vitro synthesized products
(Figure 17A). Light does not therefore stimulate the incorporation of
amino acids into specific proteins in isolated pea etioplasts. The only
report of such a specific light stimulation is based on studies of
in vitro protein synthesis in maize etioplast preparations (Hearing, 1973).
It was not however demonstrated that amino acid incorporation in these
maize etioplast preparations was dependent upon an added energy
source, nor was the ctioplast established as the only site of protein
synthesis. Indeed the incorporation of amino acid into four proteins
in the presence of 300 jug/ml chloramphenicol is strong evidence of
cytoplasmic contamination in these preparations. For these reasons
the conclusions of Hearing must be considered tenuous.

In addition to providing further evidence that amino acids are
incorporated into protein in isolated etioplasts, the use of three
different protein precursors (L-(SSS) methionine, L-(3H) leucine
and L-phenyl(2, 3H) alanine) suggests that the full spectrum of
in vitro synthesized proteins are likely to be detected (Figures 16A,
18A and 18B). The incorporation of radioactivity into protein is
greatest using L-(SSS) methionine. This labelled amino acid has the
highest specific activity (300 Ci/mmol) of the three protein precursors
used. Decreased incorporation of radioactivity occurs with the lower specific
activity tritium-labelled amino acids, L-(3H) leucine and L-phenyl
(2, 3H) alanine. Factors which will affect the level of incorporation

of each amino acid are the relative pool sizes of different amino acids

in/
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in the etioplast and the differential permeability of the plastid
envelope to individual amino acids (Nobel and Wang, 1970).

The products of protein synthesis in isolated pea etioplasts
can be identified as discrete proteins, and categorized on the basis
of their molecular weights (Table 6). The synthesis of seven
polypeptides (molecular weights 1.6 to 11. 2 x 104) can be
reproducibly observed. The use of specific amino acid precursors
allows the detection of a further two products (molecular weights
8.4 x 104 and 1. 5 x 104). A further polypeptide (molecular weight
4. 9 X 104 ) is labelled on occasions but is not reproducibly detected.
The discrete labelling of in vitro synthesized protein testifies to the
normal functioning of the protein synthesizing machinery in isolated
intact ctioplasts. The processes of chain elongation and termination
must function correctly if the products of in vitro synthesis are
detected as discrete proteins. Evidence for the initiation of polypeptide
chain formation in isolated spinach chloroplasts has also been presented
(Bianchetti et al, 1971).

The proteins synthesized in isolated etioplasts can be compared
directly and indirectly with the products of light-driven protein
synthesis in isolated pea chloroplasts (Blair and Ellis, 1973;
Eaglesham and Ellis, 1974). The more indirect comparison, based
on the estimated molecular weights of the in vitro products, suggests
that all the products of protein synthesis in isolated chioroplasts have
a counterpart in the spectrum of in vitro synthesized etioplast proteins.
This conclusion is only tentative and takes into account the error
inherent in estimating the molecular weight of a protein by 3DS-
polyacrylamide gel electrophoresis (Fish et al, 1970). Isolated
etioplasts synthesize, in addition, three polypeptides which are not
synthesized in isolated chloroplasts. However the detection of
specific proteins synthesized in isolated etioplasts borders on the
resolution of the analytical techniques used. The use of large
quantities of three different prc.tcin precursors of the highest radioactive
specific activity available ensures that any proteins that are being
synthesized in isolated etioplasts, but have not been detected, must

be.produced in very small amounts.

It/



It seems unlikely that the proteins synthesized in isolated
etioplasts are produced by cleavage or proteolysis of a higher
molecular weight species. As the samples were boiled in SDS at
the termination of the protein synthesis incubation the processing of
any hypothetical precursor molecule must have been rapid and
concomitant with or immediately following translation. This
possibility could be tested by analysing the products of protein
synthesis incubations of short duration.

A direct comparison of pea etioplast and chloroplast m vitro
synthesized proteins can be made by co-electrophoresis (Figure 20B).
The mobilities of the polypeptides synthesized in isolated etioplasts
are identical with the mobilities of the polypeptides synthesized in
isolated chloroplasts. To obtain a double-labelled gel pattern in
which the in vitro synthesized etioplast and chloroplast proteins
electrophorescd with identical rather than similar mobilities
(Figure 20A) it was necessary to extract the samples with acetone
before electrophoresis. This suggests that acetone-soluble components
of the solubilized plastid preparation slightly affect the mobility of
polypeptides in the electrophoresis system used.

The most highly labelled product of jn vitro etioplast protein
synthesis (molecular weight 6 x10 4) is also common to the
fractionation pattern of proteins synthesized in isolated chloroplasts
(Fi gure 20B). The identity of this polypeptide has been established
in the light-driven chloroplast system as the large subunit of
Fraction Xprotein (Blair and Ellis, 1973). Therefore by inference
from the chloroplast situation, the results suggest that the 6 x10
molecular weight polypeptide synthesized in isolated etioplasts is
the large subunit of Fraction | protein. This suggestion is supported
by the coelectrophoresis of purified large subunit of Fraction |
j>rolein with the 6x10 ‘ molecular weight etioplast product (Figure 21).
Figure 22 shows that this polypeptide is also the only product of
in vitro etioplast protein synthesis that is present in a 150000 g
supernatant fraction. The single soluble product of light-driven
protein synthesis in isolated intact chloroplasts is the large subunit of

Fraction mprotein (Blair and Ellis, 1973). Figure 22 also snows that

no/



no labelling of the small subunit of Fraction | protein is observed
when the soluble products of in vitro etioplast protein synthesis are
analysed by SDS- gel electrophoresis. This observation further
strengthens the conclusion that the small subunit of Fraction |
protein is synthesized on cytoplasmic ribosomes (Gray and Kekwick, 1974).

The results so far discussed in this section suggest that the
products of in vitro protein synthesis in both pea etioplasts and
chloroplasts are qualitatively similar. They also show that the
etioplast ribosome is required to translate only a restricted number
of MRNA species. The validity of this conclusion is, as in all cases,
limited by the sensitivity of the techniques employed. The most highly
labelled etioplast product can be tentatively identified as the large
subunit of Fraction | protein on the basis of its molecular weight
and solubility. The remaining etioplast _in vitro products are membrane-
bound. The discrete nature of the membrane-bound products and their
insensitivity to treatment with ribonuclease makes it unlikely that they
represent nascent polypeptide chains which are bound to free or
membrane-bound ribosomes. The identities of the membrane-bound
products of invitro plastid protein synthesis are at present unknown.
They are however clearly minor components of the etioplast and
chlorcplast membranes as they do not coincide with any of the major
plastid protein bands revealed by staining.

The remaining experiments reported in this section were aimed
at providing an unequivocal identification of the soluble product of
protein synthesis in isolated etioplasts. Peptide mapping provides
a direct comparison of the primary structures of proteins, and can
be used to conclusively establish the identity of a protein. The
purity of the samples used for peptide mapping was established by
gel electrophoresis and the results are shown in Figures 6 and 23
It was concluded that the soluble in vitro etioplast product and the
in vivo labelled large subunit of Fraction | protein had been purified
sufficiently to allow peptide mapping.

Separation of the L-( S) methionine-labelled tryptic peptides
of the soluble etioplast in vitro product and the authentic large subunit

of Fraction | protein was performed by cation-exchange chromatography

and/
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and two-dimensional mapping. Column chromatography did not
separate the peptides sufficiently to allow a conclusive identification
(Figure 24). However qualitative comparison of the two-dimensional
tryptic peptide maps showed that there is a high degree of
similarity between the primary structures of the two proteins (Plate 3).
Quantitative differences in the radioactivity incorporated into
methionine containing tryptic peptides of the proteins may result
from, for example, the inability of the isolated clioplast to initiate
the synthesis of the large subunit of Fraction | protein during the
period of amino acid incorporation. Confirmation that the large
subunit of Fraction J protein is the sole detectable soluble product
of protein synthesis in isolated etioplasts is provided by a comparison
of the L-(SSS) methionine-labelled chymotryptic peptides derived
from the in vitro etioplast product and authentic large subunit of

Fraction | protein (Plate 4).



SECTION 11 RESULTS AND DISCUSSION

3. THE CHARACTERISTICS AND PRODUCTS OF
AMINO ACID INCORPORATION IN PLASTIDS
ISOLATED FROM GREENING LEAVES



A. INTRODUCTION

The results discussed in Sections 1Il 1 and 2 show that not
only the characteristics and requirements, but also the products, of
in vitro protein synthesis in pea etioplasts and chloroplasts are
qualitatively the same. This conclusion is based, for one of the
products (the large subunit of Fraction | protein) on an unequivoca
identification. For the remaining in vitro products, all of which are
membrane-bound proteins, this conclusion is based on less rigorous
grounds i.e. their electrophoretic behaviour and solubility
characteristics.

The remaining question set out in the objectives to this study
is whether or not additional proteins are synthesized by plastid
ribosomes during the conversion of etioplasts into chloroplasts.
Various inhibitor experiments have suggested that particular proteins
which appear during greening are synthesized by plastid ribosomes
for example, the protein component of the Photosystem | - chlorophyl
complex (Macbold and Aurich, 1972). However, as has already been
stated, these experiments are inconclusive in that they show no more
than the functioning of the plastid ribosomes is required for the
accumulation of a particular protein in the plastid.

The most dramatic change during the transition from the
etioplast to the chloroplast is the development of photosynthetic
competence (Egneus et al, 1972). However, in addition to being able
to fix CO” (Lilley and Walker. 1975), isolated chloroplasts can also
vise light as an energy source for irv vitro protein syntheis (Blair and
Ellis, 1973). The energy source for light-driven protein synthesis
is assumed to be ATP produced by photophosphorylation (Blair and
Ellis, 1973). Therefore the development of photophosphorylation
daring chloroplast development should correlate with the appearance
of light-driven protein synthesis in plastids isolated during greening.
Consequently the ability of plastids isolated from greening lea.ves to
use ATP and light as energy sources for in vitro protein synthesis
was investigated. This analysis was restricted to the study of
amino acid incorporation in intact plastids by the use of ribonuclcase

in the incubation mixture. Whereas ATP can act as an energy source

for/
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for in.vitro protein synthesis in both intact and broken plastids
(Table 5; Blair, 1974), light will act as an energy source for
in vitro protein synthesis only in intact chloroplasts (Blair and
Ellis, 1973).

The products of both ATP and light-driven protein synthesis
in plastids isolated from greening leaves were again analysed by
SDS polyacrylamide gel electrophoresis. This allows both an
indirect and a direct comparison with the products of protein
synthesis in isolated etioplasts and chloroplasts. The products
of in vitro protein synthesis using both ATP and light as the
energy source were studied, as minor differences have been reported
(Bottomley et al, 1974).

B. THE ENERGY SOURCE FOR PROTEIN SYNTHESIS IN
PLASTIDS ISOLATED FROM GREENING LEAVES.

i. Chlorophyll accumulation during greening.

Measurements on the accumulation of chlorophyll in the leaves
of etiolated seedlings which had been exposed to light are shown in
Figure 25. References to the experimental details are given in the
figure legend. After an initial lag period of 5 hours, the accumulation
of chlorophyll was maximal between 10 and 70 hours after the onset
of illumination.

ii. The time course of amino acid incorporation in plastids
isolated during greening.

a. ATP-driven incorporation.
b. Light-driven incorporation.

The initial rate of cither ATP-driven or light-driven amino
acid incorporation in plastid isolated during greening can be determined
from the time course of the incorporation, providing the rate of
incorporation is limited by the number of plastids in the incubation.
Figure 26 shows the time course for energy-dependent amino acid
incorporation in plastids isolated from greening tissue at various
times after the onset of illumination. The time course was
determined over a 45 minute incubation period, under conditions of
direct proportionality between the initial incorporation rate and the
number of plastids in the incubation. Proportionality was established

by performing the experiment at two different concentrations of plastids.

The/



Figure 25. Chlorophyll accumulation in greening

seedlings.

Etiolated seedlings were grown as described in

Section UlAiia and after 9 days they were transferred

to illumination by continuous white light of 2800 lux
intensity (Warmwhite fluorescent tubes) (Section IllAiic).
Chlorophyll accumulation in the leaves was estimated

on a fresh weight basis as described in Section I12L.
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Figure 26. The time course for ATP-driven
and light-driven amino acid incorporation

in plastids isolated from greening tissue.

Plastids were isolated from etiolated and greening
seedlings which had been grown and illuminated as
described in Sections HIAiia and IIlAiic. Plastid
isolation and incubation was performed as described
in Sections I12A and 112Ci. The number of intact
plastids in each incubation was determined by
quantitative phase contrast microscopy as described
in Section I12Bia. All incubations were performed
at 20°C. ATP-driven incubations were performed
in the dark. Ribonucléase was included in the
incubations to prevent amino acid incorporation on
ribosomes associated with broken plastids.
Incubations were terminated and assayed for amino

acid incorporation as described in Section 112CU.

Key O - ATP
© + ATP

A - light

+ light

0 h greening, 7. 92 x 10 intact plastids/Zincubation
greening, 6.1 x 106 intact plastids/incubation
greening, 8. 48 x 10~ imact plastids/Zincubation
12 greening, 4.4 x '06 intact plastids/Zincubation

48 greening, 10.8 x 10 intact plastids/incubation

96

h
h
h

24 h preening, 7. 44 x 103 intact plastids/Zincubation
h
h greening. 8. 52 x 106 intact plastids/incubation
h

120 greening, 2. 88 x 106 intact plastids/incubation
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The result of only one series of experiments is shown.
In the majority of cases the time course of amino acid

incorporation is found to be hyperbolic. However the time courses
for light-driven incorporation in plastids isolated after 24 hours,
48 hours and 96 hours of greening are unusual. After an initial
period of incorporation the amount of L_(SSS), methionine in hot
trichloracetic acid-insoluble material in these incubations decreases.
The reason for the observation was not investigated but the observation
may indicate, for example, a change in the endogenous protease activity
in the plastids during development. The time courses illustrated in
Figure 26 can be used to calculate the initial rates of ATP and light-
driven amino acid incorporation in plastids isolated from greening
tissue. The calculations are collated in Figure 27. The
interpretation of these results is discussed in Section HID.

C. ELECTROPHORETIC ANALYSIS OF THE PROTEINS

SYNTHESIZED IN PLASTIDS ISOLATED FROM
GREENING LEAVES.

i. Total products.

L-(" S) methionine was the only protein precursor used in this
analysis. The data presented in this section are representative of
several experiments. The products of both ATP and light-driven
protein synthesis in plastids isolated from leaves after 0, 3, 6, 12,
24, 48, 96 and 218 hours of greening have been analysed. However,
the overall conclusions of these experiments can be drawn from the
analyses performed after 0, 24, 48, 96 and 218 hours of greening alone.

Figure 28 shows the product analyses performed at these times.
Both ATP and light-driven systems have been investigated and control
incubations in the absence of an added energy source have been
included in each experiment. The results immediately suggest that
although quantitative differences exist, qualitatively the products of
protein synthesis are the same in plastids isolated throughout the
transition from etioplast to chloroplast. This conclusion applies to
both the ATP and light-driven systems.

An indirect comparison between the proteins synthesized in
plastids isolated during greening can be made on the basis of their
estimated molecular weights. The estimated molecular weights are

shown in Table 7. These molecular weight estimations confirm that

tne/



Figure 27 The initial rate of ATP and light-driven
amino acid incorporation in plastids isolated from

greening tissue.

The experimental details arc referred to in Figure 26.

© ATP-driven amino acid incorporation

A light-driven amino acid incorporation
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Figure 28. SDS-polyacrylamide gel electrophoresis
of the polypeptides synthesized in vitro in plastids
isolated from leaves during greening.

Plastids were isolated and incubated with 3SS)

methionine as described in Sections 112A and ll12Fia.

Electrophoresis and related procedures were

performed as described in Section II12Fii. The solid

lines represent the absorbance at 260 nm, and the
histogram shows the radioactivity in each 1 mm gel
slice. PSIl, photosystem 1l chlorophyll-protein
complex; ES, large subunit of Fraction | protein;

SS, small subunit of Fraction | protein.

Gels labelled A were preparations incubated with
added ATP in the dark.

Cels labelled B were preparations incubated in the
dark without an energy source.

Gels labelled C were preparations incubated in the

light.

Series 1 Plastids isolated after 0 hours greening
2 Plastidsisolated after 24 hours greening
3 Plastidsisolated after 48 hours greening
4 Plastidsisolated after 96 hours greening
5 Plastidsisolated after 218 hours greening
All gels were loaded with I00Oyul of solubilized incubation mixture.
The protein loadings were,
Series 1 130 jug of protein/gel
2 130 jug of protein/gel
3 200 pg of protein/gel
4 400 jug of protein/gel
5 440 jug of protein/gel
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ATP- driven

hours light 10-3x mol. wt. of m vitro synthesized proteins
0 11.2 8.4 6.0 - 4. 35 3.2 2.5 2.1
24 11.1 8.4 6.0 - 4. 3 3.2 2.7 -
48 - 8.6 6.0 - 4. 2 3.3 2.5 -
96 - - - - 4. 2 3.2 2,5 -
218 — — — — 3.3 — -

Lipht- driven

hours light 10 x mol. wt. of in vitro synthesized proteins
0 - - - - - - -
24 - - 6.0 4.3 3.5 2.7 -
48 1). 3 8.7 6.0 4. 2 3.3 2.7 -
96 11.0 8.4 6.0 4.9 4.3 3.2 2.5 -



the same spectrum of proteins are synthesized in plastids isolated
throughout the greening process. Minor alterations in the estimated
molecular weights of the proteins synthesized in plastids isolated
during greening are within the recognised 5% error associated with
molecular weight determinations by SDS-polyacrylamide gel
electrophoresis (Fish _et al, 1970). Although the pattern of products
does not change during greening, the product analysis does suggest
that there is a major alteration in the relative rates of synthesis of
particular products in plastids isolated at different stages of
development. Comparison of the products synthesized in isolated
etioplasts with those synthesized in plastids isolated after 96 hours
of greening shows a radical difference in the major product (c. f.
Figures 28, 1A and 28, 4C).

ii. Coclectroplioresis with the products of in vitro
etioplast and chloroplast protein synthesis.

A direct comparison between the products of protein synthesis
in isolated etioplasts and chloroplasts, and the products synthesized
in plastid isolated from leaves during greening can be made on the
basis of their electrophoretic behaviour. Figure 29 shows the result
of co-electrophoresing the et.ioplast and chloroplast in vitro products
with the products synthesized in plastids isolated from leaves after
48 hours of greening. The experimental details are given in the
figure legend. It is clear that the mobilities of the proteins
synthesized in isolated etioplasts and chloroplasts are identical to
the mobilities of the proteins synthesized in developing plastids.

iii. The products of protein synthesis in isolated intact
etioplasts and isolated intact developing plastids.

The analysis of the proteins synthesized in plastids isolated
from greening tissue described in the previous section was performed
using preparations that may have contained active ribosomes associated
with broken and intact plastids. Ritonuclease was not routinely added
to the incubation mixture. It is possible that the products of intact
and broken plastids are not identical. To study this point the products
of ATP-driven in vitro protein synthesis in intact plastids isolated
from both etiolated tissue and tissue which had been greened for 72 hours

were investigated. The results are shown in Figure 30. The
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Figure 29 . Coelectrophoresis of etioplast and chlorop’ast
products synthesized in vitro, with the products of
protein synthesis in plastids isolated from greening

leaves after 48 hours of illumination.

Etioplasts, chloroplasts and developing plastids were
isolated and incubated as described in Sections I12A and
JI2Fia. Etioplast and chloroplast products were labelled
in vitro with L-(SSS) methionine and L-(3II) leucine
respectively. Two preparations of the products of protein
synthesis in developing plastids were used, one labelled
with L-(’aSS) methionine and the other labelled with
L-(3H) leucine. The etioplast sample contained 100 pg

of protein (8x10 ! c.p.m. ). The developing plastid
samples both contained 50 ug of protein (3. 5x10 ! c.p.m.
of 3H; 4.8 x 104 c. p. m. of 358). The chloroplast sample
contained 30 ug of protein (1x10 > c.p.m.). Light was
the energy source for protein synthesis in isolated
developing plastids and isolated chloroplasts. Samples
were extracted with acetone as described in Section

I112Fid. Electrophoresis and related procedures were

performed as described in Section II2Fiia.

A, Coelectrophoresis of developing plastid products
with in vitro etioplast products.

B, Coelectrophoresis of developing plastid products
with in vitro chloroplast products.






Figure 30. SDS-polyacrylamide gel electrophoresis
of the polypeptides synthesized in vitro in intact
etioplasts and intact developing plastids isolated

from tissue after 72 hours of greening.

Plastids were isolated and incubated as described
in Sections 112A and I12Fia except that ribonucléase
A was added to the protein synthesis incubation
mixture at a concentration of 50 ug/ml. ATP was
the energy source for m vitro protein synthesis.
Electrophoresis and related procedures were

performed as described in Section 112FU.

A, intact etioplasts (170 jug of protein/gel)

B, intact developing plastids, 72 hours illumination
(220 pg of protein/Zgel)
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fractionation pattern of the proteins synthesized in intact ctioplasts
is very similar to that obtained using a mixture of intact and broken
ctioplasts (c. f. Figur-e 16A). The fractionation of the products of
ATP-driven protein synthesis in plastids isolated from leaves after
72 hours of greening (Figure 29B) shows the previously noted

alteration in the major labelled product (c. f. Figure 28, 4C).

D. DISCUSSION

The results presented in this section are the first report of the
characteristics and products of protein synthesis in plastids isolated
from greening leaves. Under the experimental conditions used
chlorophyll accumulation in the greening seedlings is completed 90 to
100 hours after the onset of illumination (Figure 25). There is an
initial lag in chlorophyll synthesis. Henningsen and Boynton (1970)
have demonstrated that the lag phase of chlorophyll accumulation
normally seen in greening barley seedling (Egneus et al, 1972) can
be abolished by maintaining the relative humidity of the atmosphere
above 80% during illumination. A s’'milar conclusion has been reached
for the greening of jack bean leaves (Alberte jet al, 1972; Alberte _et a),
1975). Nc attempts were made to control the relative humidity during
the greening of pea seedlings. Conditions of water stress were unlikely
to occur due to the frequent watering of greening material.

The initial rates of energy dependent protein synthesis in plastids
isolated during greening are shown in Figures 26 and 27. These results
confirm that light cannot be used as a source of energy for protein
synthesis in isolated etioplasts. Light-driven protein synthesis can
first be detected in plastids isolated 3 hours after the onset of
illumination. This indicates that ATP derived from photophosphorylation
can be used as an energy source for in vitro protein synthesis at this
time. The development of the partial reactions of photosynthesis during
greening has been widely studied (JTemy et ad, 1972; Plesnicar and
Bendall, 1973; Gyldenholrn and Whatley, 1968; Egneus, 1972; Alberte
ct al, 1972). There remains however alack of precise information on
the order in which specific photosynthetic components appear during
chloroplast development. For instance, Alberte et al (1972) have

studied the appearance of the protein chlorophyll complexes derived
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from Photosystems | and Il in the chloroplasts of greening jack bean
leaves. The complexes are easily identified in polyacrylamide gel
electrophoresis fractionations of chloroplast lamellar material
solubilized in SDS (Thornber <tal, 1967). It was concluded that

the protein-chiorophyll complex associated with Photosystem Il is
first detectable after 2 hours of greening. The Photosystem |
derived protein-chlorophyll complex cannot be detected until 6 hours
after the onset of illumination. The appearance of both complexes
was associated with the development of photochemical activities
characteristic of each. In contrast, Plesnicar and Bendall (1973)
have shown tha.t ATP can be produced in isolated etioplasts by cyclic
pholophosphorylation providing an electron donor (sodium ascorbate)
and an electron carrier (phenazine methosulphate) are included in the
reaction mixture. They were unable to detect the chlorophyll molecule,
P700, which constitutes the reaction centre pigment of Photosystem |
(Clayton, 1966). Clearly many components of the photochemical
apparatus are present in the etioplast, whilst others remain to be
synthesized during greening. It should be borne in mind that the
appearance of complex photochemical activities or ultrastructural
systems may only be dependent on the synthesis of the final component
which completes a perhaps lengthy series of biosynthetic events.

In contrast to light-driven protein synthesis, the initial rate of
ATP-driven amino acid incorporation decreases in plastids isolated
in the early stages of greening (Figure 27). Tlie reason for this
apparent decrease has not been investigated. However, Cockburn
and Wellburn (1974) have reported that there is a flux of specific
amino acids from the cytoplasm into the plastid during the early
stages of light-induced greening of etiolated oat laminae. The decreased
initial amino acid incorporation rate in pea plastids isolated in the
early stages of greening may therefore simply reflect changes in the
specific activity of the radioactive amino acid precursor at the site of
incorporation. Upon further illumination of the leaves, the initial rate
of amino acid incorporation in isolated plastids increases for both
ATP and light-driven protein synthesis. Drumm and M' rgulics (1970)

reported a similar increase for ATP-driven protein synthesis in plastids



isolated from greening Phaseolus leaves. These authors have
concluded that this increase represents a real alteration in the
protein-synthesizing ability of the plastids, rather than an
alteration in the amino acid pool sizes or decreased levels of
inhibitory factors.

After 48 hours illumination, the rate of light-driven incorporation”
in isolated pea plastids is approximately twice that of the ATP-driven
system. The time courses for light-driven incorporation in plastids
isolated after 24, 48 and 96 hours of illumination are unusual (Figure 26).
The decreasing amount of radioactively labelled protein after
incubation periods more than 30 minutes most likely results from
endogenous protease activity. It is unclear why the same phenomena ti
is not seen in the ATP-driven system. Plastids isolated from leaves
which have been illuminated for longer than 48 hours show increasingly
less capacity for both ATP and light-driven incorporation. However
plastids isolated after 96 hours of illumination apparently maintain a
greater capacity for light-driven incorporation than for ATP-driven
protein synthesis. This difference may however simply reflect
an alteration in the permeability of the plastid envelope to ATP during
greening rather than any difference in the intrinsic protein synthesizing
capacities of the isolated plastids.

The analysis of the products synthesized in plastids isolated from
greening tissue is shown in Figure 28. The absorbance profile of the
stained protein bands reflects the qualitative and the quantitative
changes in the proteins of the etioplast and the developing chloroplast.
As only' three of the protein bands detected on these gels can be
identified, the interpretation of these data must remain limited. There
is an increase in the absorbance of the stained protein bands during
greening. Since equal volumes of incubation mixture were placed on
each gel, this indicates that there is an increase in the total plastid
protein during greening. Direct measurement of protein ir. plastid
pellets from greening pea shoots confirms this indication (Ellis, 1975a).
The two to three-fold increase in the total plastid protein observed
during the greening of etiolated pea seedlings is in good agreement with

the results of Cobb and Wellburn (1974) who studied changes in the



proteins of oat chloroplasts during development. The most noticeable
change in the absorbance profile is the appearance during greening of
the protein component associated with the Photosystem Il complex
(Thornber et al, 1967; Thornber and Highkin, 1974). This polypeptide
electrophoreses with an apparent molecular weight of 2.7 x 10

2. 8 x 104 (Eaglesham and Ellis, 1974). The appearance of the
Pliotosystem J complex was not seen in these fractionation patterns
because the preparations had been boiled in sodium dodecyl sulphate.
This treatment reduces the Photosystem | complex to several protein
components which electrophorese with a higher mobility than the
complex itself (Anderson and Levine, 1974). The remaining two
protein-staining bands which can be recognised are the large and
small subunits of Fraction 1protein. The increased staining intensity
of these bands in preparations of plastids isolated progressively later
during greening confirms the reports of Fraction | protein synthesis in
developing chloroplasts (Smith et al, 1970; Kleinkopf t;t al, 1970;
Bennett, 1977?).

The products synthesized in plastids isolated during their
development from ctioplasts into chloroplasts were analysed by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (Figure 23). This
analysis leads to the conclusion that irrespective of the energy source
used, plastids isolated during greening synthesize the same polypeptides
that are synthesized in both isolated etioplasts and chloroplasts. The
evidence for this conclusion is firstly based on the estimated molecular
weights of the proteins synthesized in plastids isolated during greening.
These are found to be the same as the molecular weights of the products
of in vitro etioplast protein synthesis (Table 7). Strong support for
this conclusion is provided by a direct comparison of the electrophoretic
behaviour of proteins synthesized in isolated etioplasts and chloroplasts
wdth plastids isolated at one particular stage of greening. Figure 29
shows that the proteins synthesized in plastids isolated after 48 hours
of greening coelectrophorese with the products of both in vitro etioplast
and in vitro chloroplast protein synthesis. In some cases the synthesis
of specific proteins cannot be convincingly demonstrated in plastids

isolated at particular stages of greening. However at no time during
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greening have plastids been isolated which synthesize proteins rot
identifiable as products of in vitro etioplast protein synthesis.

Although there are no significant qualitative changes in the
nature of the products synthesized in plastids isolated during greening,
the analysis of the proteins synthesized in plastids isolated after
96 hours of illumination suggests a radical change in the major
product. This change is most clearly seen in the light-driven system
which is more active at this time (Figure 28, 4C). Whereas the major
product in isolated etioplasts is the large subunit of Fraction | protein
(Section 1112D), almost the only polypeptide synthesized in plastids
isolated after 96 hours of greening is an unidentified membrane-bound
protein vnth a molecular weight of about 3. 2 x 104. Whether this
alteration in the major product synthesized in vitro of plasticl
ribosomes reflects a similar alteration in vivo is unknown. It is
possible for example that during the isolation of chloroplasts, but not
etioplasts, there is a significant loss of free 70S ribosomes, the class
of ribosomes that Ellis (1976b) has shown to be the site of Fraction |
protein large subunit synthesis. Indeed Tao and JeLgendorf (1973) have
shown that aqueously isolated pea chloropiasts, which are judged to be
intact by phase contrast microscopy and other criteria, contain four
times less free 70S ribosomes than equivalent non-aqueously isolated
plastids. The numbers of bound 70S ribosomes in both types of plastid
were approximately the same.

The same alteration in the m vitro rate of synthesis of particular
proteins during greening is seen if the analysis of the products is
restricted entirely to intact plastids by the use of ribonuclease
(Figure 30). This analysis was performed with plastids isolated after
72 hours of illumination because ATP will not act as an efficient energy
source for protein synthesis in plastids isolated at later stages of
greening. These results suggest that there are controls exerted on
tile production of proteins in isolated plastids, and clearly if this is
the case then the mechanism of these controls deserves further study.

Taken together the results discussed in this section support the
idea that plastid ribosomes synthesize only a small number of proteins

and that the number and molecular weight of these proteins does not
alter during the formation of chloroplasts from etioplasts. However the
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rates of synthesis of particular polypeptides are different in plastids

isolated at different stages of the etioplast to chloroplast transition.



rates of synthesis of particular polypeptides are different in plastids

isolated at different stages of the etioplast to chloroplast transition.



GENERAL DISCUSSION



A. THE ETIOPEAST VIEWED IN THE CONTEXT OF
PDASTID AUTONOMY.

The results presented in this thesis show that isolated pea
etioplasts incorporate labelled amino acids into protein. They also
suggest that isolated pea etioplasts synthesize only a small number of
proteins; one of these, the large subunit of Fraction | protein, has
been unequivocally identified. Moreover the results show that the
number and molecular weight of these proteins does not alter during
the light-induced formation of chloroplasts from etioplasts in Pisum
sativum.

Two general conclusions can be drawn from these findings.
Firstly, the ribosomes of both etioplasts and developing chloroplasts
synthesize a few proteins in larger amounts rather than many proteins
in smaller amounts. This conclusion supports the idea that the
occurrence of large numbers of plastid ribosomes in the leaf (Boardman
et al, 1966) can be explained by the requirement to synthesize one of
the plastid products, the large subunit of Fraction | protein, in
massive amounts (Blair and Ellis, 1973). Fraction i protein can
represent up to 50% of the soluble protein in the mature chloroplast
(Kawashima and Wildman, 1970). Secondly, it is clear that the
transformation of the etioplast into the chloroplast does not require
the synthesis of a novel spectrum of protein on the plastid ribosome.

These conclusions support the view that the plastid is not
autonomous in any meaningful sense (Ellis, 1975b). The accumulated
evidence of both in vitro and inhibitor studies on plastid protein
synthesis now indicate that only a very limited spectrum of proteins
is synthesized or plastid ribosomes (Ellis, 1975b; Bbrner, 1973). The
inference is that most of the plastid components are synthesized on
cytoplasmic ribosomes and then transported into the plastid. In the
case of one plastid component, the small subunit of Fraction | protein,
the site of synthesis has been established as the cytoplasmic ribosomes
by botli inhibitor (Criddle et al,_ 1970) and m vitro (Gray and Kekwick,
197-*) studies. It is increasingly evident that the formation of the plastid
results from a complex interplay between nuclear and plastid genomes

and the cytoplasmic and plastid protein-synthesizing machinery. This
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discovery points to areas of plastid research which may provide
insights of much wider interest than the question of plastid autonomy
alone. For example the plastid appears to offer a unique opportunity
for studying t.he transport of proteins across a biological membrane.
This process is central to many questions in biology and deserves
immediate and extensive study. In addition the plastid-cytoplasmic
relationship provides an opportunity to study the mechanisms which
regulate and integrate the synthesis of proteins in different cellular
compartments, another question of central importance (see next
section).

The results presented in this thesis have not been able to provide
any additional information about the number and nature of plastid
components which are translated on plastid ribosomes. They do
however testify to the usefulness of the in vitro approach in
elucidating the question of plastid ribosome function. |If a system of
coupled transcription and translation could be developed for isolated
plastids or plastid components then the same in vitro approach may
also yield information in the future about the identity of the genes
encoded in plastid DMA.

The conclusion that plastid ribosomes synthesize only a small
range of proteins would seem to make the challenge of identifying these
proteins easier. There still remains however a major reservation
regarding this conclusion. There is a strong possibility that many,
as yet unknown, protein components of the plastid are synthesized on
plastid ribosomes. It may be that these components are synthesized
during the earliest stages of plastid development i. e. during the
conversion of the proplastid to the etioplast or chloroplast. If this is
the case, then none of the experiments performed to date would have
detected the synthesis of these proteins.

The reasons for considering this possibility are basically
the same as those outlined in the introduction to the work presented
in this thesis. Briefly, it remains a striking fact that chloroplasts
isolated from a wide range of organisms contain DNA which has
approximately the same kinetic complexity (Boulter et al, 1972;

Kolodner and Tewari, 1975). The amount of uniquely sequenced DNA
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in the chloroplasts of all the species so far examined is sufficient to
encode approximately 100 proteins each of molecular weight 50000;
yet, assuming chloroplasl DNA is asymmetrically transcribed, the known
genes in chloroplast DNA still account for less than 20% of this
potential coding capacity. As stated already it would seem surprising
if 80% of the chloroplast DNA was redundant i. e. did not code for
protein, or had a purely structural function. Indeed the recent
hybridization studies (Howell and Walker, 1974; Ilaff, 1975; Rawson,
1975) seem to suggest that the amount of chloroplast DNA that is
transcribed into RNA in both algal and higher plant species represents
almost the complete potential coding capacity of the chloroplast DNA.
These preliminary indications must however be supported by more
exacting confirmatory evidence.

As there has been no reported evidence for the transport of
nucleic acids across the plastid envelope, it seems reasonable to
assume at the current state of knowledge, that if the information encoded
in chloroplast DNA is translated into protein then this process will
occur on plastid ribosomes. The failure of the wo .resented in this
thesis to increase the number of, albeit unidentific plastid ribosome
products provides even stronger reason for considering the possibility
that a number of proteins are synthesized on plastid ribosomes during
the development of the etioplast or chloroplast from the proplastid.

A direct method for testing this possibility would be to adapt the
in vitro approach to studying the spectrum of proteins synthesized in
proplastids isolated during their development into chloroplasts or
etioplasts. Three alternative systems seem feasible. Firstly, it is
known that successive sections from the base to the tip of normal
light-grown monocotyledonous leaves represent successive steps in
cell and plastid differentiation (Leech et al, 1973). Young maize
leaves could therefore be used to provide plastids isolated at different
stagers of development between the proplastid and the chloroplast.

The biosynthetic capabilities of isolated maize proplastids and developing
cbloroplasts is almost completely unknown; the only reported activity to
date refers to the synthesis of fatty acids (Hawke at al, 1974). However

these plastids could presumably be readily assayed for in vitro protein
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synthesizing activity by methods similar to those described in this
thesis.

An alternative higher plant system, which would seem more
attractive for comparative purposes, would be to develop a method
of isolating developing pea proplastids. By far the most detailed
knowledge on the products of in vitro plastid protein synthesis have
been obtained using this species (Blair and Ellis, 1973; Eaglesham
and Ellis, 1974; Siddell and Ellis, 1975). The methods of the
isolation of proplastids from root tissue have already been reported
(Thomson et al, 1972) and it has recently been demonstrated that the
roots of particular varieties of pea will accumulate chlorophyll,
presumably due to plastid differentiation, upon illumination (R. M.
Leech, personal communication). It would seem feasible therefore
to isolate pea proplastids in different stages of light-induced
transformation into chloroplasts, and these plastids could be studied
with regard to in vitro protein synthesis. This system could also be
used in other areas of research into plastid development.

A third possible alternative is to study the proteins synthesized
in plastids isolated from the algal species, Euglena gracilis. In this
species the development of the chloroplast from the proplastid
(which structurally resembles a rudimentary etioplast) can be
experimentally controlled by the light-induced conversion of dark-
adapted (heterotrophic) cells to normal autotrophic growth (Kirk and
Tilney-Bassett, 1967). It has already been shown that both proplastids
and chloroplasts isolated from this species can incorporate labelled
amino acids into protein (Reger et al, 1972b). However, the analysis
of the chloroplast products (Harris jrt al, 1973) reveals that no discrete
membrane-bound proteins were synthesized, although labelled amino
acids are incorporated into a soluble fraction which co-migrates with
Fraction | protein on agarose column chromatography.

The inability to synthesize discrete proteins in this system may
be due to the method of plastid isolation which involves the use of high
pressures to break open the cells. If this is the case, modification
of the isolation procedure may result in a valuable system for studying

protein synthesis in developing plastids isolated from a species widely

separated/



separated from the higher plants in evolution. Only when the protein
synthesizing capabilities of developing proplastids is known can the
full contribution of plastid ribosome products to the structure and
function of the organelle be satisfactorily evaluated.

If it is the case that both etioplasts and chioroplast acquire a
large proportion of their components in the early stages of development
then the etioplast should be viewed as a readily convertible chloroplast
precursor, rather than a relatively wundifferentiated progenitor to the
chloroplast (Kirk and Tilney-Bassett, 196V). Evidence to support
this view is discussed in the literature review. It is clear that,
ctioplasts contain a significant number of components and biochemical
activities of the mature chloroplast. For example, bean etiopiast
contain a large number of structural and functional components in
common with the chloroplast, although in reduced amount (Bradbeer
1975). It is also clear that etioplasts possess extensive biosynthetic
capabilities.

For example the presence within the etioplast of the machinery
required to synthesize nucleic acids is evidenced by both in vivo and
in vitro studies. As judged by the accumulation of plastid DNA, pea
etioplasts are able to synthesize DNA at half the rate of chloroplasts
of similar age (Bennct and Radcliffe, 1975). The capacity for KNA
synthesis in etioplasts is demonstrated by the presence of an active
DNA-dependent RNA polymerase in isolated pea etioplasts (Ellis
and Hartley, 1971; Bottomley, 1970). The results presented in this
thesis show that isolated etioplasts are able to synthesize proteins,

a process involving a complex and intricate machinery composed of
many components.

If the etioplast iff*'readily convertible chloroplast precursor then
how should the phenomenum of de-etiolation, or greening, be viewed?
The most important event during the greening of etioplasts is the
development of photosynthesis. In this framework the development
of photosynthetic competence can he viewed as the accumulation within

the plastid of only proteins, or the products of proteins, whose.
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synthesis is stimulated by light. To quote Griffiths (1975a), " Studies
on light-dependent acquisition of photosvnthetic activity by higher

plants has been carried out using both in vivo assays on greening
etiolated leaves (Bonner and Hiller, 1963; Hiller and Boardman, 1971)
and assays in vitro on plastids isolated from leaves at different stages
of greening (Gyldenholm and Whatley, 1968; Plesnicar and Bendall, 1973;
Forger and Bogorad, 1973; Remy, 1973). The picture emerging from
this work is that of a stepwise mechanism for the greening process

with most of the components required for photosynthesis being already
present in the etioplast systems: development involves the light-
dependent addition of chlorophyll and possibly some other functional
(Plesnicar and Bendall, 1973) and structural (Forger and Bogorad, 1973)
components enabling photosynthetic reactions to proceed"”.

It remains to consider the evidence on the site of synthesis of
those proteins which appear in the plastid during greening. The results
of inhibitor studies, although not conclusive, do suggest that with some
notable exceptions (e. g. the large subunit of Fraction | protein and the
cytochromes F, b5(’)3 and b559J-j1 ) the majority of components which
accumulate in the greening plastid are synthesized on cytoplasmic
ribosomes (Bradbeer, 1975; Bbrner, 1973; Fllis and Hartley, 1971).

For example the studies of Ireland and Bradbeer (1971) suggest that

the majority of Calvin cycle enzymes whose activity increases during
de-etiolation are synthesized on 80S cytoplasmic ribosomes. A

similar conclusion lias been reached for numerous other plastid
proteins, for example, ferrodoxin, and chloroplast glyoxalate reductase
(Bradbeer, 1975). Although there has been no direct evidence regarding
the site of synthesis, it is clear from genetic studies that the majority
of the enzymes involved in chlorophyll biosynthesis are also nuclear
gene products (Kirk and Tilney-Bassett, 1967) and are therefore

likely to be synthesized on cytoplasmic ribosomes.

If the etioplast and the process of de-etiolation are viewed in
this context, then it does not seem surprizing that the results presented
in this thesis show that plastids isolated during the etioplast to chloroplasi
transition do not synthesize an extensive array of novel proteins. One of

the objectives of future research into plastid development should be to
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provide concrete rather than circumstantial evidence to support the
view of tlie etioplast and of de-etiolation that is presented throughout
this thesis. It is my belief that such evidence will be gained by the
biochemical and genetic approach, rather than the structural approach
that has only recently ceased to dominate this area of plastid research.
B. FRACTION | PROTEIN SYNTHESIS DURING GREENING AS
A MODEL FOR GENE REGULATION.

One of the major goals in present day biology is to understand,
in molecular terms, the processes of cellular development and
differentiation. The current dogma maintains that both these processes
must ultimately be a consequence of controlling the expression of
specific genes within the cell. The many possible forms of gene control
are divisible into two broad categories; transcriptional controls which
alter the spectrum and amounts of mMRNA species within the cell, and
translational controls which alter the frequency with which any particular
MRNA is translated by ribosomes.

The relative importance of transcriptional and translational
controls in the developmental process has however been almost
exclusively assessed by studies in mammalian and avian systems. Of
particular note are the studies on the selective activation of the globin
gene during erythroid cell development (Ramirez et al, 1975; Marks
et al, 1974). Gene regulation in animals has also been investigated
in model systems involving the induction of a specific protein in
response to hormonal stimulation. Particular attention has been paid
to the oestrogen induction of sex steroid-dependent proteins (e. g.
ovalbumin) in the chick oviduct (Chan et al, 1973) and the gluticorticoid-
induced synthesis of hepatic tryptophan oxygenase in rat liver (Schitz
et al, 1975). These studies strongly suggest that it is transcriptional
rather than translational controls that are the major regulator of gene
expression in higher organisms. The role of translational control
appears to be to augment rather than duplicate the fundamental control
of protein synthesis which occurs at transcription (Kerr, 1975).

At the present t'rne there are very few reports on the regulation
of MRNA species in plants (Tuan Hua and Varner, 1974; Verma ct al,

1975). In the most detailed study Verma et al (1975) conclude that the
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mMRNA for the enzyme cellulase, increases as a result of treating

pea epicotyls with a synthetic auxin ((2, 4 dichlorophenoxy) acetic acid).
In contrast to the general picture emerging from animal studies these
authors conclude that translational as well as transcriptional controls
are equally important in regulating the increased activity of this
enzyme. Clearly there is a pressing need for more extensive studies
on the control of gene expression in plants.

The results presented in this thesis have shown that one of the
proteins synthesized in isolated etioplasts and developing chloroplasts
is the large subunit of Fraction | protein. The expression of the
gene(s) for the large subunit of Fraction | protein during the etioplast
to chloroplast transition provides an ideal opportunity for studying gene
regulation. The exposure of etiolated pea apices to continuous
illumination for 48 hours results in a five-fold increase in the amount
of Fraction | protein relative to apices maintained in the dark (Ellis
and Hartley, 1971;Bennet , 1975). By analogy to the animal situation
this large increase in the level of Fraction | protein during greening is
presumably preceded by an increase in the level of Fraction | protein
large subunit mMRNA (LS mRNA). If this is the case, then the greening
pea apex should provide an ideal experimental system for studying
light-induced changes in the transcription of the gene for the large
subunit. It should be relatively easy to monitor the translational
capacity of the LS mRNA isolated from developing plastids in a
heterologous cell-free translation system (Hartley et al, 1975). This
information could be correlated with the rate of large subunit
accumulation in plastids at an equivalent: stage of development in vivo.
If these two parameters rose in parallel it would suggest that the rate
of large subunit synthesis in vivo is determined by the availability of
mRNA. However, this suggestion could only be confirmed by
demonstrating that the samples of LS mMRNA isolated from plastids at
different stages of development do not initiate peptide chain formation
in the roll-free system with different frequencies. In order to test
this point it would be essential to purify the LS mRNA's isolated from
developing ulastids.

With the availability of pure LS mIINA the synthesis of a highly

radioactive/
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radioactive complementary DNA strand could be achieved with avian
myohlastos.is virus reverse transcriptase (Ross et al, 1972). This
complementary DNA could then be used to make a quantitative
estimation of the LS mRNA sequences in RNA from plastids isolated

at different stages of development. This approach would allow a
comparison to be made between the total number of LS mMRNA sequences-
and the number of translatable LS mRNA molecules in a developing
plastid. Any differences between these two parameters would perhaps
indicate the extent of translational control in vivo .

An added incentive for studying the expression of the large subunit
gene is that the model which has been developed for the co-operation of
nuclear and plastid genomes in the synthesis of Fraction | protein
(Ellis, 1975a) postulates that co-ordinate control may be exerted over
the synthesis of the two subunits. If this is the case, then an under-
standing of the processes which regulate the expression of the large
subunit gene may provide a paradigm for many other integrated

processes in the cell.
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The function of plastic! ribosomes in pea. (PIStON. SAtivuM L.) was investigated by
characterizing the products of protein synthesis I VItf0 in plastids isolated at different
stages during the transition from ctioplast to chloroplust. Etioplasts and plastids isolated
after 24,48 and 96h of greening in continuous white light, use added ATP to incorporate
labelled amino acids into protein. Plaslids isolated from greening leaves can also use light
as the source of energy for protein synthesis. The labelled polypeptides synthesized in
isolated plastids were analysed by electrophoresis in sodium dodccyl sulphate urea-
polyacrylamide gels. Six polypeptides are synthesized in elioplasts with ATP as energy
source. Only one of these polypeptides is present in a 150000# supernatant fraction. This
polypeptide has been identified as the large subunit of f raction 1 protein (3-phospho-D-
glyceratc carboxylyasc 1C 4.1.1.39) by comparing the tryptic ‘map* of its L-1J:S]methio-
ninc-labellcd peptides with the tryptic ‘map’ of large subunit peptides from Fraction |
labelled with L-[355]mctb.ionine IN VIV0. 'J he same gel pattern of six polypeptides is seen
when plastids isolated from greening leaves arc incubated with cither added ATP or light
as the energy source. However, the rales of synthesis of particular polypeptides are dif-
ferent in plasiids isolated at different stages of the ctioplast to chloroplast transition, ‘i he
results support the idea that plastid ribosomes synthesize only a small number of proteins,
and that the number and molecular weight of these proteins does not alter during the
formation of chloroplasts from ctioplasts.

675

Chioroplasts contain all the components theo-
retically necessary for autonomy, i.c. DNA, DNA
polymerase, RNA polymerase and a protein-syn-
thesizing apparatus (Boulter &t al., 1972). The cnloro-
plast DNA is sufficient to encode about 125 poly-
peptides each of molecular weight 5x 104, whereas
chloroplast ribosome; can represent up to 50% of
the total ribosomes in a leaf (Edlis (,k liar'ley, 1974).
These quantities might be thought to support the idea
ofchloroplasi autonomy, but recent evidence suggests
that this idea is not correct. Studies of the effects on
chloroplast development of antibiotic inhibitors
specific for chloroplast ribosomes suggest that most
cldoroplasl proteins arc made by cytoplasmic ribo-
somes (Boulter a al., 1972; Ellis cf’a , 1973). This
conclusion is supported by the finding that on) .-nc
soluble protein is synthesized by isolated intact pea
chloroplasts (Blair & Eliis, 1973). | his protein is the
large subunit of iTaction | protein (3-phospho-D-
glyceratc carbovylyasc EC 4.1.1.39), which is the
mosi abundant protein in leaves, | ive membrane-
bound proteins ar 2uho synthesized in isolated chloro-
plasts; these arc unidentified, but arc clearly minor
components of the chloroplast membranes (Eagles-
ham & Hlis, 1974). Similarly, genetic studies suggest
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that many chloroplast proteins are encoded in
nuclear rather than chloroplast DNA (Kirk, 1972);
an exception is the large subunit of Fraction 1protein,
which is encoded in chloroplast DNA (Chan &
Wildman, 1972).

This evidence suggests that the abundance of
chloroplast ribosomes is required, not because they
synthesize a wide range of different proteins, but
because one (T their products, the large subunit of
Fraction | protein, occurs in much larger quantities
than any other protein. However, two criticisms can
be made of this conclusion. liic first stems from the
fact that our previousexperimental conditions ensure
that only chlorcv* lasts that arc able to carry out photo-
phosphorylation can incorporate amino acids into
protein (Blair ;¢ Ellis, 1973). and the second is that
the known genes in chlorop! st DNA account for
less than 10% of its potential coding capacity (Ellis
& Hartley, 1974). It occurred to us that plastids iso-
lated at a stage of development before they have
acquired tiic ability to carry out photophosphoryla-
lion may synthesize a different spectrum of proteins
from.mature chloroplasts. IVa plants provide a con-
venient experimental situation to test this possibility
because when they are raised from seed in the dark
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they accumulate plastids termed etioplasts which lack
chlorophyll and thylakoid membranes (Kirk &
Tilncy-Bassett, 1967); illumination of dark-grown
plants results in a rapid conversion of ctioplasts into
chloroplasts. The present paper describes the
characteristics and products of protein synthesis in
isolated ctioplasts and in plastids isolated from
greening tissue.

Experimental
Materials _ _

Pea seeds (PlSUm satlvum L. var. Meteor) were
purchased from S. Dobic, Chester, U.K. Vermiculitc
(MicafU) was bought from Dupre Vermiculitc Ltd.,
Herts., U.K. Creadne phosphokinase, ATP, UTP,
eTP, ClP, dTiP, Ilcpes [2-(A-2-hydroxycthyl-
pipera‘/in-A7-yl)clhanesiilphonic acid], Tricine [A?
tris(hydroxymelhyl)methy!glycine], phenylmethane-
sulphonyl fluoride, D-z/z/co-chloramphenicol, cyclo-
heximidcand Triton X-100 [octylphcnoxypolycthoxy-
ethanol] were obtained from Sigma (London)
Chemical Co. Ltd., London S.W.6, U.K. Pronase
(B grade) and carbonyl cyanide ///-chlorophenyl-
hydrazone were purchased from Calbiochcm, London
Will JAS, U.K., Coomassic Brilliant Blue K was
from Searlc Diagnostic, High Wycombe, Bucks.,
U.K., Bromophenoi Biue and sodium dodecyl
sulphate (especially pure) were from BDI1Chemicals
Ltd., Poole. Dorset, U.K.»acrylamide was from Fluka
A.G., Buchs, Switzerland, and AW'-methylencbis-
acrylamide was from Lastman Organic Chemicals,
Rochester, N.V., U.S.A.

1-[35S] Methionine (SJ 204, 200-300Ci/mmol,
3-StnCi/ml in aqueous solution containing 0.04%
2-mercaptoethanol) and L-[3H]leucine (IRK 170,
50Ci/mmol, 1rnCi/ml in sterilized aqueous solution
containing 2%, v/v, ethanol) were supplied by The
Radiochemical Centre, Amersham, Bucks., U.K. 1-
Chloro-4-phcnyl-3-i.-tolucne-p-suplhonamidobutan-
2-one-treated trypsin was supplied by Worthington
Biochemical Corp., f reehold, N.J., U.S.A. Precoated
20cm x 20cm silica gel plastic t.l.c. plates (Polygram
Sil G ; 0.25mm layer) were obtained from Macherey-
Nage! and Co., Duren, Germany. The following
chemicals were kindly supplied gratis: 3-(3,4-di-
chlorophcnyl)-l1,I-dimcthyiurea by 1lisons Ltd.,
Loughborough, Leics., U.K., actinomycin D from
Mercke, Sharpe and Dohme, Rahway, N.J., U.S.A.,
tentoxin (cycloleucyl - N -methylalanylglycyl - N -
mcthyklihydropiienylalanyl) by Dr. R, D. Durbin,
University of Wisconsin, U.S.A., and .-threo-ch\or-
ainphenicol by Parke Davis and Co., Pontypool,
Wales, U.K.

Methods andprocedure
Plant tissue. pea seeds were surface sterilized in 2%
(w/v) sodium hypochlorite solution for 5min and

S. . SIDDELL AND R. .1 LLLIS

then washed in running tap water for 24h. The im-
bibed seeds were sown in moist vcrmicuiitc and
grown at 22-24 C for 9 days. Mature chloroplasts
were isolated from the youngest leaves of seedlings
grown under a 12 h photoperiod of 20001x provided
by white fluorescent tubes. Etioplasts were isolated
from the apical buds of plants grown in darkness.
Etiolated seedlings were greened under continuous
white light of 28001Ix at 22-24 C\ Plastids from
greening seedlings were isolated from the first-
formed leaflets. |

Plastid isolation. Piastids were isolated by the
method of Ramirez Ct U, (1968) as modified by Blair
& Ellis (1973). Plant tissue was excised and 20g
homogenized for 4s in a Polytron homogenizer
(Northern Media Supply Ltd., llu!l, U.K.) in 100mi
of semi-frozen sterile isolation medium [0.35 m-
sucrosc 25niM-Jlepcs NaOli buffer (pH7.6)-2m\i-
EDTA (disodium salt)-2mM-sodium isoascorbale].
The homogenate was strained through two lots of
eight layers of absorbant muslin and centrifuged at
2500# for 1min at 4 C. The supernatant fraction was
discarded and the pellet carefully resuspended in
sterile KCI resuspension medium [66m.M-Tricine-
KOH buffer (pi18.3)-0.2M-KCI1-6.6m\i-MgCL].
Plastid isolations were performed in the light.
Experiments were performed which showed that no
differences could be found with regard to these studies
between plaslids isolated in the light and plastids
isolated in the dark. About 50 60% of the plastids
isolated by this method were highly refractive when
viewed with the phase-contrast microscope, suggest-
ing they possessed a completely limiting envelope.
Studies with the electron microscope indicate that
nuclei arc present in these preparations to the extent
of one nucleus for twelve plastids in the etioplast
preparations and one nucleus for 50 plastids in the
chloroplast preparations. Protein was estimated by
the method of Lowry €t al. (1951) with bovine scrum
albumin as standard. L. . ) .

_ ssayfaor _i.-[a\sémethwnme mcorP_oratLon into hoé
trichloroacetic * acid-insoluble material i isolate
CthplaStS. The etioplasts isolated from 20g of tissue
were resuspended in 5 ml of sterile KCI resuspension
medium. As a routine, incubation mixtures with a
finai volume of 500//1 contained 100/«mol of KCI,
33/imol of Tricine-KG1 | buffer (pi 18.3), 3.3//mol of
MgCl2, 0.5//Ci of L-[35S]methionine (200Ci/mmol),
1//mol of ATP and etioplasts containing 150-300//g
of protein. All the inhibitors tested were soluble in
KCI resuspension medium at the concentrations used,
and were added to the incubation mixture by replac-
ing a portion of KCI resuspension medium with an
equal portion of KCI resuspension medium plus
inhibitor. Reaction components were mixed at 2QC,
and the incubation was started by increasing the
temperature of the incubation mixture to 20QC. This
temperature was maintained during the incubation.
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Incubations were performed inthe dark. After 1h the
incubations were terminated by the addition of 100//i
of a saturated aqueous solution of L-[32S]mcthionine
and 1ml of 20% (w/v) trichloroacetic acid. The sus-
pensions were left to stand at 2°C for 30min and then
heated to 90CC for 15min. T he precipitate was trans-
ferred quantitatively to glass-fibre discs (Whatman
GF/'C, 2.5cm) and each disc was washed with 100ml
of ice-cold 5% (w/v) trichloroacetic acid, 60ml of
ethanol and finally with 60m| of diethyl ether. Filters
were dried at 60rC for 30min and placed in scintil-
lation vials containing 8 ml of a toluene-based scintil-
lation fluid [0.5% (w/v) 2,5-diphenyloxazole, 0.03%
(w/v) 1,4-bis-(5-phenyloxazol-2-yl)benzcneld. The
radioactivity was determined in a Packard Tri-Carb
model 3320 liquid-scintillation spectrometer at a
counting efl'cicncy of 70% as determined by internal
standardization., . . .
Jncubationofpinstidsfur analysiso fsynthesizedpoly-
peptldes. The plastids isolated from 409 of tissue were
resuspended in 3ml of KCI resuspension medium.
Light-driven protein synthesis incubation mixtures
with a final volume of 1ml contained 200/unol of
KC1, 66//mol of Tricinc-KOH buffer (pH 8.3),
6.6//mol of MgC'L, 100//Ci of i.*['fS]mcthionine
(300Ci/mmoi) or 100/<Ci of L-[JH]lcucinc (5007
mmol) and piastids containing 1-6mg of protein.
AT P-driven protein synthesis incubation mixtures
contained in addition 2/anol of AT P, 5//mol of
creatine phosphate and 100//g of creatine phospho-
kinasc. Reaction components were mixed at 2 C,
and the incubations were started by raising ihc tem-
perature of the incubation mixture to 20 C. 1lhis
temperature was maintained during the incubation.
The A'i P-driven system was incubated in the dark,
whereas incubations with light as the energy source
were illuminated with filtered red light of 4000Ix
intensity as measured by the Megatron Light Meter
Type El. After 1h the incubations were terminated
by the addition of 200//I of a saturated aqueous solu-
tion of L-P‘S]mcthioninc and 120//1 of an aqueous
solution of 20% (w/v) sodium dodecyl sulphate. The
incubation mixtures were boiled for 3min and then
dialysed at room temperature against 5 litres of
2.5mM-Tris-glycinc buffer (pH 8.5), ICOmM-2-mer-
captoethanoi and 0.2% (w/v) sodium dodecyl sul-
phate. At room temperature an insoluble precipitate
of potassium dodecyl sulphate forms when sodium
dodecyl sulphate isadded to the incubation mixtures.
This precipitate disappears during dialysis.
Pr_eparaﬁon 0f @ 150000 etioplast supernatant
action. Ftioplasts were isolated and incubated for
the analysis of the products IN VIIF0 as described
above. The incubation was terminated by the addition
of i -p-"SImclhioninc and the incubation mixture was
then ccnti ifuged at 2500~ for 2min at 2°C. The super-
natant fraction and pellet were separated, and the
pellet was resuspended in 1.2ml of a buffer containing
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2.5mM-Tris-glycine (pH8.5) and 4mM-2-mercapto-
eihano! to lyse the ctioplasts. The supernatant frac-
tion was added to the lysed ctioplast preparation and
centrifuged at 150000# for 100min at . The clear
supernatant was removed, 240/d of an aqueous solu-
tion 0f20% (w/v) sodium dodecyl sulphate was added
and the sample boiled for 3min. The 150000# super-
natant fraction was dialysed at room temperature
against 5 litres of a buffer containing 2.5niM-Tris-
glycine (pH 8.5). 100OmMM-2-mercaptoethanol and
0.2% (w/v) sodium dodecyl sulphate. . .
_ Pronase_duiesnon ofthe’polypeptides synthesized in
isolated C“Op aStS. Incubation for the analysis of the
products synthesized IN VIIf0 was performed as
described. The incubation was terminated by the
addition of L-[32S]methionine and a lysed ctioplast
preparation was prepared as described above. After
the supernatant fraction had been added to the tyred
ctioplast preparation, a 600/d sample was taken lor
pronase digestion. Pronase, at a concentration of
1mg mi in a buffer containing 50mM-Tris--glycine
(pH 8.5) and 10mM-2-metcaptoethanol, was added
to the sample to give a prolcin/Pronasc ratio of
10:1 (vv/w) and the sample was incubated at 37°C
for 3h. The incubaiion was terminated by the addition
of 65//1 of an aqueous solution of 20% (w/v) sodium
dodecyl sulphate and boiling for 3 min. The solubil-
ized digest was dialysed at room temperature against
5 litres of a builer containing 2.5mM-Tris-glycine
(pH 8.5), 100m.xf-2-mercaptccthanol and 0.2% (w/v)
sodium dodecyl sulphate, antlthe dialysed sample was
then analysed by, electrophoresijs as described peiqw.
Analytical sodium dodecyl sulphate -polyacrylamide
99| eleCtrOphOfeSlS. The polyacrylamide-gel electro-
phoresis system used contained sodium dodecyl sul-
phate and urea in the buffers. Gels were polymerized
in glass tubes(6mmx 100mm) and consisted of 15%
(w/v) acrylamide 0.3% bisacrylamide made up in a
buffer containing 0.25M--Tris-HCI (pH8.5), 0.i%
(w/v) sodium dodccy! sidphale and 3% (w/v) urea.
The running buffer contained SOmMM-Tris-glycine
(pH 8.5), 0.1% (w/v) sodium dodecyl sulphate and
IOmM-2-mereaptocthanol or 8m\t-cysleino. Gels
were prerun at IOmA/gci lor 3h. Samples (1C0//1),
containing 100-400//g of protein, were layered
directly on the gels with sucrose (10%, w/v) and
Bromophcnol Blue (0.005%, w/v). The samples
were concentrated by applyingacurrent of0.5mA/ge!
for 30min. Electrophoresis was then carried out at
5mA/gel at room temperature; to obtain maximum
separation of the polypeptides the electrophoresis
was continued 30% longer than the time taken for
the marker dye to reach the bottom of the gel.
Experiments were performed to ensure that this did
not cause protein bands or radioactive peaks to be
lost from the bottom of the gel. Gels were stained in
Coomassie Brilliant Blue R [0.1 % (w/v) in 50% (v/v)
methanol and 7.5% (v/v) acetic acid] and the excess
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ofstain was removed by washing in 50% (v/v) metha-
nol containing 7.5% (v/v) acetic acid. The gels were
calibrated for molecular weight as described (Eaglcs-
ham & Ellis, 1974). The gels were scanned at 620nm
inaJoyce-Loeb! Chromoscan, swollen in 7.5% (v/v)
acetic acid to remove the methanol, frozen at —90 C
for 30min and then sliced into 1mm slices with a
Mickle gel sliccr. The slices were solubilized in 200/d
of H20 2 (100vol.) for 3h at 80°C in capped scintil-
lation vials and, after cooling the vials, 8ml of Triton
X-100-iolaene scintillation lluid [0.4% (w/v) 2,5-
diphenyloxazolc, 0.05% (w/v) 1,4-bis-(5-phcnyl-
oxazol-2-yl)benzene in toluene Triton X-100 (2:1,
v/v)] was added. Samples were counted for radio-
activity in a Packard Tri-C'arb model 3320 liquid-
scintillation spectrometer. i.-[,5S]Methionine alone
was determined at a counting efficiency of 88% as
determined by internal standardize.lion. in gel slices
containing both L-[-vsS]methionine and L-[3H]leucinc
the radioactivity due to each isotope was estimated
by _the channcls-jT.iiop method of Hcndler (1967).

Preparative gel electrophoresis of the ‘1s0000#
supernatant fraction front isolated etiop/asts. Tne
dialysed sodium ctodccyl sulphate-treated 150000#
supernatant fraction prepared as described above was
further fractionated by the preparative polyacryl-
amide-gel electrophoresis method of Moore & Burke
(1974). Sucrose crystals were added to 2m! of dia-
lysed preparation (4.4 mg of protein) and the samples
were loaded directly on to cylindrical columns
(18mm x 220mm) of 15% (w/v) acrylamide-0.3 %
bisacrylamidc. Gels were prepared and run in the
sodium dodccyl sulphate-containing buffer described
above. The gels were nrerun at 5mA/gel for 20h and
samples were concentrated on top of the gel by apply-
ing a current of 3mA/gcl for 3h. Electrophoresis of
the sample was carried out at 5mA/gcl at room tem-
perature for 30h. The position in the gel of the large
subunit from Fraction | protein was determined from
the mobility of that from dansylated pea Fraction |
protein fractionated in parallel gels. Pea Fraction |
protein was prepared as described by Blair & Ellis
(1973), and dansylated as described by Talbot &
Yphantis (1971). The appropriate section of the gel
containing the radioactive sample was excised and the
protein eluted in 0.1 % (w/v) sodium dodccyl sulphate
containing 1m.M-phcnylmethanesulphonyl fluoride at
37Q for 16h. The gel pieces were removed by centri-
fugation at 1500# for IOmin and the supernatant
fraction was passed through a Whatman (JF/C disc by
centrifugal filtration at 2500# for 15min. The protein
was precipitated from the filtrate with 20% (w/v)
trichloroacetic acid at 4°C for 30min and centri-
fuged at 10000# for 30min at 2 L. The protein was
washed by resuspension and centrifugation in
ethanol-diethyl ether (3:1, v/v) (twice) and ether
(once). This material was stored at 4 C and was used
for the tryptic peptide analysis.
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Pre_ﬁarfmon ofthe Iar?e subumtfro% a Fraction |
protein [abelled In riro with L~f: imethmnlne.
Labelled fraction 1 protein was prepared by the
method of Blair & Ellis (1973) from the leaves of
excised pea seedlings that had been fed with 1-[35S]-
mcthioninc during greening. Purified labelled Frac-
tion 1 protein was dissociated into its constituent
subunits by solubilization in 50m\!-Na2l JPCN-NaOM
buffer (pH 11.2). The subunits were separated by
chromatography on Sephadex G-100 (superfine
grade) with 50mM-Na.d 1P04-N uOH buffer (pH {1.2)
as the eluting buffer. The three peak fractions con-
taining the large subunit from Fraction 1 protein
were pooled, and the protein was precipitated with
20% (w/v) trichloroacetic acid at 4 C for 30 min. The
protein was washed by resuspension and centrifuga-
tion in ethanol-ether (3:1, v/v) (twice) and ether
(once). This material was stored at 4 C and used for
tryf)tic peptide analysis. ,

ryptic peptide analysis. The samples for analysis
were resuspended in a mixture of formic acid and
methanol (4:1, v/v). Performic acid oxidation was
performed as described by Bray Brownlee (1973).
The oxidized samples were dried with N2, resuspended
in water, and freeze-dried twice to remove all traces
of performic acid. Tryptic digestion was performed
by dissolving the samples (250//g of protein) in 50m.\t-
NH4IRO 3 (pil8.0) containing Im.M-CaCl2 and
by adding 12.5//g of TPCK (!-chloro-4-phenyl-
3-i -toluenc-/>-sulphonamidobutan-2-one)-inactivatcd
trypsin dissolved in 50mM-NH4HCO;* (pH8.0)-
1niM-CaCl? (protein/lrypsin, 20:1, w/w). Incubation
was at 37 C for 7h. After digestion, samples were
freeze-dried and then dissolved in 150//1 of water.
The samples were centrifuged at 1500# for 5min to
remove particulate matter. Finally, the samples were
freeze-dried again and dissolved in 35/d of water.
Samples contained 50* IOMOOXx IO’ c.p.tn. The
tryptic peptides were separated by the two-dimen-
sional ‘mapping’ procedure of Sargent & Vadlamtidi
(1968). This technique allows two peptide mixtures
to be ‘fingerprinted* simultaneously and under iden-
tical conditions. Separation occurs on thin layers
of silica gel with acetic acid-formic acid-water
(4:1:45, by vol.) as the electrophoresis vector, and
butan-1-o! acetic acid-water (3:1:1, by vol.) for the
chromatography vector. After drying, the thin-layer
plates were exposed to Kodirex X-ray film for 8-12
days.

Results anti Discussion
Characteristicso fproteinsynthesisinisolatedctioplasts

Fig. 1 illustrates the time-course of the incorpora-
tion of i.-[J5S]mcthionine into hot-trichloroacetic
acid-insoluble material by isolated ctioplasts at dif-
ferent temperatures, and the dependence of this
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Time (min)
fect of TPandtem ure on the incarporation
o? Iimethmtt/)*amtoahot ncﬁ roacencaug-wf)so‘uﬁf)e
product in isolate |op|asts

Elioplasts were prepared as described under ‘Methods and
procedure’, incubation mixtures (linai voi. 50()/?l) con-
tained 300/tl of elioplast suspension (190/ig of protein),
100/.T of KCI resuspension medium (pHh.3) containing
0.5/iCi of i-]’ *ncthioninc (200Ci/mmol) and either
100//1 ofK1 ! n.~i. pension medium containing 10mM-ATP
», t> a] or It>t)//l of KCI resuspemion medium alone
i y . incubations were terminated and assayed for
incorporation as described under ‘Methods and procedure’.
O, 10C, +ATP; o, 10C, -ATP; n, 20 C. 4-ATP; O,
20C,-ATP; a,30 C,aATP; A30C, -ATP.

incorporation on added ATP. At 20rC the rate of
incorporation falls to zero rapidly after about 30 min;
a similar time-course was reported for isolated chloro-
plasls (Blair &F.llis, 1973). The duration of incorpora-
tion by ctioplasts can be extended by decreasing the
incubation temperature but the initial incorporation
rate is halved when the incubation temperature is
lowered by 10 C. T he initial rate of incorporation at
20°C is in the range 0.35-0.7pmol of i.-[35S]niethio-
ninc/h per mg oi protein. This rate is5-10 times less
than that quoted by Blair & Ellis (1973) for ATP-
driven protein synthesis in isolated chloroplasts.

To find optimum incubation conditions, the effect
of changing some parameters of the incubation were
investigated. The effect of changing the ATP concen-
tration is shown in Fig. 2. L-[35S]Methioninc incor-
poiation is stimulated by increasing the ATP con-
centracion up to a value of 2mM, but no further
stimulation OCCUIS up to 4HMATP. Under our
conditions the addition ofan ATP-gencrating system
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Conen. of ATP (imi)

Fig. 2. Effect ofATP concentration on themcoraoratl?nb?f
L-t%S Jmethi<ming d ? a hot- tncjwloro cetic acid-insoluble
proditt] in isolated ctioplasts

EtiopInsls were prepared as described under ‘Methods
and procedure’, incubation mixtures (final vol. 500//1)
contained 300//1 of ciioplasl suspension (300//g of pro-
tein), 100//1 of KCI resuspension medium (pH 8.3) con-
taining 0.5//Ci of !-[m"SJmcthioninc (200C i/mmol) and
100/d of AT P in KCI resuspension medium (rebulfercd to
pHB8.3). incubations were terminated after 1h and assayed
for incorporation as described under ‘Methods and pro-
cedure’.

did not alter the total incorporation inctioplasts. The
effect ofaltering the incubation pH isshown in Fig. 3.
Maximum incorporation is obtained at a pH of 8.3.
This pH is also the optimum value for protein syn-
thesis in isolated chloroplasts. Although 1-[35S]-
mcthioninc incorporation in isolated ctioplasts is
stimulated by a high K+ ion concentration in the
incubation medium (Fig. 4), the degree of stimulation
is not as great as in isolated chloroplasts. The K Tion
stimulation of incorporation in ctioplasts confirms
the suggested role of this ion as a cofactor for protein
synthesis in isolated chloroplasts rather than as a
factor that stimulates incorporation by an involve-
ment in, for example, pholophosphorylation (Blair
& Ellis, 1973).

Sonic of the characteristics of protein synthesis in
isolated ctioplasts arc given in Table 1. AT P will, but
light will not, act as an energy source for protein
synthesis in isolated ctioplasts. This suggests that our
ctioplust preparations cannot carry out photo-
phosphorylation. Neither GT P, UTP,CT PnordT 1P,
each at 2ium, will act as an energy source for protein
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Effect of Ho the ingorporation 3S]methio-
nme 3into aﬁwm nch oac tic %f mso? \Ie[ pr&duct in
150 ate etioplasts

Etioplasts were prepared as described under ‘Methods and
procedures’, except that 5ml portions of the homogenized
tissue, yvere centrifuged individually. The etioplast pellets
(770p|IVof protein) were resuspended ir. 500//I of KCI re-
suspension medium (buffered to the indicated pH values
with either KOI I or MCI) containing 0.5/tCi of 1-1.3*"]
methionine (200Ci/mmol) and 2mM-ATI\ Incubations
were terminated after 1h and assayed for incorporation
as described under ‘Methods and procedure’.

Table 1. Effect of the energy source andinh|b|0 on the incor
insolu epro uct In 1so
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et of K* | lOﬂCO entr on onthei mcrorﬂﬁ
o t--[356 methioni cmtoa ng oro ceticacl 3
pro uct In'isolated etioplasts

Etioplasts were prepared as described under ‘Methods and
procedure’, except that 5ml portions of the homogenized
tissue were centrifuged individually. The ctioplast pellets
(900/rg of protein) were resuspended in 500//i of modified
KCI resuspension medium in which the total K+ ion
concentration varied from 33 to 453mM(pH 8.3). contain-
ing either 0.5//Ci of i.-["\S]methionine (200Ci/mmol >and
2mM-ATP E(j or 0.5//Ci of L-[35S]mcthionine (200Ci/
mmol) alone (o). Incubations were terminated and
assayed as described under ‘Methods and procedure'.

orfmog of i.-IL‘SSSS]mcthionine into a hot-trichloroaeetic acid-
ated etioplast

I

Etioplasts were isolated and incubated as described under ‘Methods and procedure*. The Triton X-100 solubility of the
material containing the incorporated i.-[35S]methionine was determined by addition of an equal volume of4% (v/vj Triton
X-100 io the incubation after 1h, centrifuging the solubilized preparation at 12500# for 1Omin at 43C, separating the
supernatant fraction and pellet and precipitating the protein in these fractions with 10% (w/v) trichloroacetic acid. Incor-
poration was assaved as described under ‘Methods and procedure’. Incorporation by the complete AIP-drivcn system is

called 100.

Energy source Treatment Incorporation (/
ATP Complete 100
None Complete 7
None Zero time -6
Light Complete 7
ATP Triton X-100-insoluble 5
ATP Ribonuclcasc (25//g/ml) 65
ATI* D-zZ/reo-Chloramphcnicol (25/tg/ml) 8
ATP L-f/wco-Chloramphcnicol (40/rg/n.l) 101
ATP Cyclohexiniidc (25//g/ml) 98
ATP Actinomycin D (30//g/ml) 100
ATP Tentoxin (2/jg/ml) 105
ATP 3-(3,4-Dichlorophenyl)-1,I-dimcthy!urea (1//m) 80
ATP Carbonyl cyanide /w-chlorophenylhydrazonc (5//m) 78
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synthesis in ctioplInsls. If tlic preparations arc solubi-
lized at the end of the incubation in2% Triton X-100,
only about 5% of the radioactivity incorporated into
protein is present in a 12500~ pellet. This result sug-
gests that incorporation isoccurring in either plastids
or mitochondria, rather than in whole leaf cells,
nuclei or bacteria, which arc not solubilized by the
detergent at thisconcentration (Parenti & Margulics,
1967). Studies on the L-[v'S]mcthioninc-incorporat-
ingactivity ofa mitochondrially enriched fraction iso-
lated from etiolated pea leaves, and the clfcct of this
fraction on incorporation by the ctioplast-cnrichcd
pellet, exclude the possibility that incorporation is
due to the activity of mitochondrial ribosomes. In
contrast with the 80% inhibition observed by Reger
ct aI. (1972) with isolated wheat etioplasts, ribo-
nuclcase, over a concentration range 10-50//g/ml,
inhibits incorporation in our system by 35%. Blair &
Eliis (1973) have concluded that in the light-driven
system there isastrong correlation between increasing
ribonuclcase sensitivity and decreasing intactncss of
the chloroplasts in the preparation. Our results with
isolated ctioplasts suggest that 35% of the incorpora-
tion isdue to the activity of ribosomes not bounded by
a plastid envelope. W e suggest that the remaining 65%
of the incorporation occurs in intact etioplasfs, and
that the inclusion of ribonudease in the incubation
mixture can be used, if necessary, to ensure that in-
corporation occurs only in intact ctioplasts.

L-[3fS)Methionine incorporation in this system is
completely and stcrcospecilically inhibited by the
p-1Itre0 isomer of chloiamphcnicol, but is not af-
fected by cyclohcximide (Table 1). This result suggests
the incorporation cannot be attributed to contaminat-
ing 80S ribosomes. The activity of the system is not
inhibited by actinomycin r> at a concentration of
30/tg/ml. At this concentration actinomycin D in-
hibits the incorporation of [3H]uridine into RNA by
70% in identical preparations of ctioplasts (results
not shown). It seems therefore that, as in isolated
chloroplasts (Blair 6C Ellis, 1973), the mRNA trans-
lated in isolated etioplasts is most likely present inside
the plastids before they are isolated. The commonly
used inhibitors of photophosphorylation such as
carbonyl cyanide //:-dilorophcnylhydrazone and
3-(3,4-dichloroph.enyl)-l,I-dimcthyluica,and theless-
commonly used tentoxin, which is thought to act as
an inhibitor of coupled electron transport (Arnten,
1972), have little or no inhibitory effect in this system.
By contrast, light-driven protein synthesis in isolated
chloroplasts is greatly inhibited by these compounds
(Blair & Ellis, 1973).

These results taken together indicate that i.-[35SJ-
methionine is incorporated into protein in isolated
etioplasts, and that protein synthesis in isolated
eliop'asts has the same requirements and exhibits
the same charac<cri.slics as protein synthesis in iso-
lated chloroplasts.
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Anal)(sis of the polypeptides srnthesized in isolated
etwg asfs by sodiumcodecyl sulphate-polyacrylamide
gel electrophoresis

The fractionation pattern obtained by sodium
dodecyl sulphate- polyacrylamide-gel electrophoresis
of the polypeptides synthesized in isolated ctioplasts
is shown in Fig. 5. Staining the gels with Coomassie
Brilliant Blue R shows many protein bands, the most

L|phate-polyacrylamide-gel
i

Etioplasts were isolated from 20-30g of tissug and incu-
bated with L-[355]mcthionmc (300Cimmol) faﬁand (c),
or L-[3I1]leucinc (50Ci/mmol) i‘>§ Plastid isolation and
incubation, and Pronasc digestion of tlie products syn-
thesized IN VITF0, was performed as described undet
‘Methods and procedure’. Gels were loaded with 100//1 of
splubilized incubation mixture: («), 130//g of protein;
(I), 160/tg of protein; (c) 100/l of the Pronase digest.
Electrophoresis and related procedures were performed
desciibed under ‘Methods and procedure’, except lor (%j
in which the electrophoresis was stopped when the marker
dye reached the bottom of the gel. — , /:620i -Li~
(histogram), radioactivity; IS, large subunit of Fraction |
protein.

eFIiegCIrBSEhorse%FIUO th%oggf}yl i
ctioplasts and the sensti
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. . Electrophore_tic n_\ob_ility_ . .
Fig. 6. Co-electrophoresis o fctioplast and chloroplastproducgtglssynthesued invitro in sodium dodecyl sulphate-polyacrylamide

Etioplar.ts and mature ¢chlaroplasts were isolated and incubated as described under ‘Methods and procedures’. Etioplast
products were labelled N VITF0 with i.-[35SImcthioninc (—--) and chloroplast products labelled IN VIO with i.-[3H]leucine
( ---—---). The ct]oplast sample contained 150//g of protein (3x 10'c.p.m.) and the chloroplast sample | pZ of protein
(3 x 103c.p.m.). Light was the energy source for isolated chloroplast protein synthesis. Both solubilized piastid preparations
were extracted thiee times with acetone (90%, v/v) by resuspension and centrifugation before electrophoresis. Electro-
phoresis and related procedures were performed as described under ‘Methods and procedures’. LS, Large subunit of

Fraction f protein.

intensely staining of which electrophoreses to a posi-
tion coincident with the large subunitof pea i iaction
| protein. Fraction | protein has been found in the
ctioplasts of many species (Graham &t a | 1971;
smith €!al.. 1970). Fig. 5 shows that the products of
protein synthesis in isolated ctioplasts can be frac-
tionated into six discrete radioactive peaks in sodium
dodccyl sulphate gels. All the radioactive peaks arc
digested by Promise (Fig. 5c). 'l he same six poly-
peptides arc labelled when either L-[35S]melhionine or
L-pH]leucirie is used as the precursor (Figs. 9d and
56). A double-labelling experiment showed that the
mobilities of the six polypeptides synthesized in iso-
lated etioplasts arc identical with the mobilities of the
polypeptides synthesized in isolated chloroplusts
(Fig. 6). To obtain a double-labelled gel pattern in
which the six ctioplast and chloroplast products
In vitro elcctrophorcsed with identical, rather than
similar, mobilities, it was necessary to extract the
samples with acetone before electrophoresis. This
suggests that acetone-soluble components of the
solubilized plaslid preparation slightly affect the
mobility ol polypeptides in our electrophoresis
system.

T hese results suggest that not only the character-
istics and requirements, blit also the products of
protein synthesis IN VI{f0 in both pea ctioplasts and

chloroplasts are qualitatively the same. One of the
peaks ofactivity common to the fractionation pattern
of both the eliopbst and chloroplast products syn-
thesized INVITFO is more highly labelled than the others,
and runs with an apparent molecular weight of about
6x10 F. The identity of this polypeptide has been
established in the light-driven chloroplast system as
the large subunit of Fraction 1 protein (Blair & Ellis,
1973). Ibis polypeptide is the only product present
INVIEr0 in the 150000.? supernatant fraction ofchloro-
plasts, and l:ig. 7 shows that this polypeptide is also
the only product of ctioplasts IN VITr0 that is present
in this fraction. By inference from the chloroplast
situation, these results suggest that the 6x10*-
mol. \wvt. polypeptide synthesized in isolated elio-
plasts is the large subunit of Fraction 1 protein; this
suggestion has beer: confirmed by comparing the
I-[3"S]methioninc_-labeIied tryptic peptides ot the
product labelled IN VITF0 with those oi the large sub-
unit from Fraction | protein labelled IN N0 with
L-[3*S]mcthioninc. Plate 1{d) shows that the ctioplast
product IN VIIF0 shares seven major i.-["S]methio-
nine-labcllcd tryptic peptides with the large subunit
of Fraction 1protein labelled witit L-[,'Sjmethionine
IN VIVO (Plate 16). Some minor peptides may also be
common to both proteins. 1his number ol methionine
tryptic peptides for the large subunit of Fraction 1
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protein agrees with the amino acid analyses reported
for bean (J /taSGOlnS) and spinach beet( eta) by Gray
& Kckvviek (1974).

The remaining question to be studied is whether
additional pioteins arc synthesized by plastid ribo-
somes during the conversion of ctioplasis into chloro-
plasts in greening tissue. Machold & Aurich (1972)
have suggested from inhibitor experiments that the
protein of the photosystem | chlorophyll complex,
which appears during greening, is synthesized by
plastid ribosomes, but other interpretations of such
inhibitor data are not ruled out (Ellis, 1973).

Analysis of theproducts synthesized in yitro in develop-
ing_c%foroplast by sodt|u_ dcdecy‘isulphate-polyacrﬁ-
amide-gel electrophoresis

The analysis of the products synthesized in plastids
isolated from greening tissue is shown in rig. 8.
Samples were taken from tissue exposed to con-
tinuous light for up to 96h. Electron-microscopic
examination of the tissue shows that fully differenti-
ated chloroplasts arc formed within this period. By
24h light, as well as added ATP, can be used as an
energy source for protein synthesis. The data arc
representative of many experiments performed at
frequent intervals during the greening process.

The absorbance profile of the stained protein bands
reflects the qualitative and quantitative changes in
the proteins of the etioplast and developing chloro-
plast. As only three of the protein bands detected on
these gels can be identified, the interpretation of these
data must remain limited. 'i here isan increase in the
absorbance ol the stained protein bands during green-
ing (Eig. 8). Since equal volumes of incubation mix-
ture were placed on each gel, this indicates that there
is an increase in the total plastid protein during
greening. Direct measurement of protein in plastid
pellets from greening pea shoots confirms this indi-
cation (Ellis, 1975). The most noticeable change in
the absorbance profile isthe appearance during green-
ing of the protein component associated with the
photosystem 1l complex (Thornber Cl al., 1967;
Thornber SC Mighkin, 1974). This polypeptide
electrophoreses with an apparent molecular weight of
2.7x10*-2.8.x 104 (Eaglesham & Ellis, 1974). The
appearance of the photosystem | complex is not seen
because these preparations have been boiled in
sodium dodecyl sulphate; this tieatmcnt reduces the
pholosyslcm 1complex to several protein components
which clcclrephorese with a higher mobility than the
complex itself (Anderson & Boardman, 1974).

Several conclusions can be drawn from the results
shown in | ig. 8. First, light cannot be used as the
source of energy for protein synthesis in isolated
ctioplasis:; this confirms the picture suggested by
Table 1. Under our conditions light-driven protein
synthesis can first be detected in plastids isolated 3h
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after the onset of illumination. Secondly, in the first
48 h of greening there appears to be an increase of
about threefold in the protein-synthesizing capacities
of the isolated plastids. Drumm Ll Margulics (1970)
reported a similar increase for plastids from PNaseoins
Vulgarls L., and have concluded that this represents
a real increase in the protein-synthesizing ability
rather than alteralions in the amino acid poo! sizes
or concentrations of inhibitors. Thirdly, it is clear
that whereas light-driven protein synthesis occurs in
plastids isolated after 96 h ofgreening (Fig. 8//), added
ATP will no longer stimulate protein synthesis in
these plastids (Eig. 8</). T his observation lias not been
further investigated, but may represent an alteration
in the permeability of the plastid envelope to ATP.
Fourthly, the fractionation of the polypeptides
synthesized in plastids isolated after 96 h of illumina-
tion shows a radical change in the major product.
Whereas the major product in isolated ctioplasts is
the large subunit of Fraction | protein, almost the
only polypeptide synthesized in plastids isolated
after 96h of greening is an unidentified membrane-
bound protein with a molecular weight of about
3.2 x 10*0 »g-8//). Whethgr thisalleiHiion in the major
product synthesized IN VIO of plastid ribosomes re-
flects a similar alteration IN VIVO is not known. How-
ever, there arc clearly controls exerted on the produc-
tion of proteins in isolated plastids, and the mecha-
nisms of these controls deserve further study.

ig. Sodiun . dodecyl sulphate-polyacrylamide-gel
eFI'egctroBhoresw 0J Ia%e?le[% %?ﬁ)%o%g et op%\st zupernat nt

Elioplasts were isolated and incubated as described under
‘Methods and procedure’. The products labelled N VINO
were fractionated by centrifugation at 1500009, the super-
natant fraction was electrophoresed and the radioactivity
determined as described under ‘Methods and procedure'.
The gel was loaded with 100//1 of dialysed sample (220//«
of protein).-—-—-- , la.xr; TT (histogram), radioactivity;
ES, large subunit of Fraction i protein.

COtklIfiMiHHITTIUIkmtfilSIjilL
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reenin

Plastids were isolated from 40»', of tissue,al cubated with i.-[ ' 5S]methionine (30QCi/mmol) as described under ‘Methods
and procedure'. Either added A’l P [eels d(hl)n (r)and ]or light (pels (e), ﬁj ?gﬁ and (/»)] was usel s the ergy source.
Gels («»and (c) are solubilized incubation mixtures containing plastids isolated after Oh greening; gels and ) 24 h gi ceil-
ing; gels ic) and (.?),48h greening; and gels (*/) and (//), 96h greening; Gels were |oaded with 100//1 of solubilized incubation
mixtures; («), «), ef) and (/), 130/rg of protein; (c) and ?g;l, 200//g of protein; ﬁ&and (A), 400//g of protein. Electrophoresis
and related procedures were performed as described under ‘Methods and procedure*. —  /T620; LT (histogram), radio-
activity; PSI1, photosystem Il chlorophyll protein complex; LS, large subunit of Fraction | protein; SS, small subunit ol
Fraction | protein.

Fig. 8. Sodium dodecyl sulphate pot)acrylamMegeIeIe(ﬁ rPhoreswofthepolypeptldes synthesized in vitro in plastids isolated

The results presented in this paper lead to the con- polypeptides that are synthesized in both isolated
clusion that, iriespective of the energy source used, clioplasts and chloroplasts. This conclusion provides
plastids isolated during greening synthesize the same support for the idea that only a very limited spectrum
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of proteins is synthesized on plastid ribosomes. The
abundance of plastid ribosomes therefore seems
necessary to produce a few proteins in large quantities
rather than many proteins in smaller amounts. This
conclusion has been important in formulating the
experiments which have led to the identification of
the major polypeptide synthesized in both isolated
ctioplasts and isolated cliloroplasts (Blair & Ellis,
1973) and the isolation of liie MRNA coding for this
polypeptide (Hartley 8fd | 1975). 1t may also suggest
that the plastid oilers a developmental system for
studying the controls exerted on the synthesis of
particular polypeptides during differentiation.

One area of plastid development remains unin-
vestigated al the biochemical level. The transition of
the proplastid to the chloroplast is the most com-
monly encountered developmental sequence of the
plastid IN tIf0, and until the range of proteins syn-
thesized on the ribosomes of plasiids undergoing this
differentiation is known, our knowledge of the func-
tion of plastid ribosomes cannot be regarded as
complete. It is possible that the unidentified ger.es in
chloroplast DNA encode proteins that are synthes-
ized during the development of chloroplasts from
proplastids; if this is the ease, studies of isolated
developing proplastids may reveal that they syn-
thesize a different spectrum of proteins from either
chloioplasts or etioplasts.

V/c acknowledge the technical assistance of Mrs. E. E.
Forrester and the assistance of Dr. S. I. T. Kennedy in the
peptide analyses. Ihis work was supported by a grant
from the Medical Research Council.

Référencés

Anderson, J. M. & Roardmar., N. K. (1974) Biochim.
lophys. Actu 357, 118-126 .
Aniten, O\ J. (1972) Blochim. Big ys. ACtasts 539-542
Blair, Ci. E. ¥ Eliis, R. J. (1973) Biochim. Biophys. Acta
3)9, 223-234 :
Boulier, M. 1S R.J. SeYarwood, A. (1972) Biol. Rev.
Cam[)ndg’e%ﬂ.

S0C. 47, 113-175

Vol. 146

Bray, D. & Brownlee, S. M. (1973) Anal. Biochcm. ss,

213-221 o
Chan, B, H. & wildman, S. G. (1972) Biochim. Biophys.

H.

cta 211, 677-680 ;

Diumm, 1. E. X Margulies, M. M. (1970) Plant Physiol.
45, 435-442 S

Eaglesham, A. R.J. & Ellis, R. J. (1974) Biochim. Biophys.
Rcta 335, 396-407 .

Ellis, R. J. (1975) Phytochemistry in the press . .

Ellis, R. 1 X Hartley, M. R. (1974) in NUcleic Acids
(Burton, K.,ed.), MTP International Review of Science
Series in Biochemistry, vol. 6, Medical and Technical
Publishing Co. Ltd., zancaster .

Elljs, R, J., Blair, G. E. & Hartley. M. R. (1973) Biochem.

0C. Symp. 38, 137-102

Gr Ham, IX, Grieve, A. M. X Smillie, R. M. (1971)
B ytochemistry 10, 2005 2914 .

Gray, K. C. & Kekwiek, R. G. O. (197-1) Bur. J. Biochcm.
44, 481-489

Hartley, M. R., Wheeler, A. X Ellis, R. J. (1975). Mol.
3E§|0 . 91, in the press i

lendler, R. W. (1967§ An%l. FI%ChC 7. 110-121

Kirk, J. T. 0. (1972) Sub-Cell. Biochem. 1, 333 lePIas

Kirk, J. T. O, Lilncy-Bassett, R. A. E. (1967) -
fids! eir Chemistry, Structure, drouh and neritance,
W. It. Freeman, London and San Francisco

Lowry, O. H., Ro, eﬁrough, N. J., Fair, A. L. & Randall.
R. ! (1951)/. Biol. cher, 193, es-ﬁjs )

Maelicld, O. & Aurich, O. (+972) Blochim. Biophys. Acta
281, 103-112

Moore, N. F.
275 289 .

Parenti, F. & Margulies, M. M. (1967) Plant PhyS|0|. 42,
1179-1186 %

Ramirez, J. L,, | Cam F. F. Arnon, D. | (1968)
Broc Nat Acad s 03, 59, 606-611

Reger, B, J., Smillie, R. M. & Fuller, R. C. (1972) Plant
thysml. 50, 19-23 .

Vnd'nimidi, B. P. (1968) Anal. Biochcm.

Burke, D. C. (1974) /. Get.. Urol. 25,

Sargent, J. R.
25, 583-587

Smith, |1., Stewart, G. R. & Berry, D. R. (1970) Phyto-
chemlstry 9,977-983 .

Talbot, IX N. & Yphantis, D. A. (1971) Anal. Biochcm.
44, 248-253 .

Thornher, J. P. X llighkin, H. R. (1974) TNr. J. Biochem.
41,109-116

Thornher, J. P, Gregory, R. P. F., Smith, C. A. SCBaiIey,
J. L. (1967) Bioc emlstry 6, 391-396

if



