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INTRODUCTION

In any discussion of protein synthesis in plants there is nearly always
present the desire to concentrate attention on the genetic code and to assess
to what extent the mechanism of protein synthesis in plants parallels that in
bacterial and animal cells. Often the special structural and organizational
problems posed by plant cells are largely ignored and an experimental
approach modelled on that of the bacterial system is adopted. Certain other
difficulties were encountered in the earlier studies on the synthesis of protein
in cell-free systems from plants. The work of Webster (1959) and Raacke
(1959) in which pea ribosomes were claimed to synthesize protein in vitro in
milligramme quantities was found to be non-reproducible (Lett and Takahashi,
1962) and only recently has it become generally realized that meaningful
studies using plant cell organelles for in vitro investigations need to be carried
out under aseptic conditions and that this is also probably the case when
tissue slices are used in protein synthesis studies (Bamji and Jagendorf, 1966;
Hall and Cocking, 1966b). For studies on the photosynthetic activity of
isolated pea chloroplasts it is clear from the recent comments of Walker
(1967) that pride of place would go to spinach (Spinacea oleracea L.). N o t
only does this species have a soft leaf and cell sap near to neutrality but it is
readily available in local markets, at least throughout N o r t h America. F r o m
the point of view of bacterial contamination this ready availability is a major
hazard if these chloroplasts are to be used for studies on in vitro protein
synthesis.
198
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Recently, several excellent, comprehensive reviews of protein synthesis in
plants and in various plant organelles have been published. Steward and
Durzan (1965) have discoursed at great length on proteins and protein
metabolism while various aspects of protein synthesis, particularly of protein
synthesis by chloroplasts in vitro together with the ultrastructural aspects of
these organelles, have been described (Goodwin, 1966; 1967). Kirk and
Tilney-Bassett (1967) have fully documented the now extensive literature on
protein synthesis by plastids in general. Often in reviewing various aspects
of protein synthesis in plant cell organelles insufficient attention is given to
the experimental basis from which the results and conclusions are obtained.
Results are frequently expressed in a variety of different forms which makes
comparison between one organelle and another difficult and sometimes impos
sible. It is also becoming clear that not only is there a very close connection
between photosynthesis and protein synthesis but that plant cells may contain
two protein synthesizing systems. One, the cytoplasmic ribosome system
containing 80 S-type ribosomes which is largely unaffected by inhibitors of
bacterial protein synthesis and the other, the chloroplast ribosome and yeast
mitochondrial ribosome systems containing 70 S-type ribosomes similar to
those found in bacteria (Clark-Walker and Linnane, 1966).
I I . INCORPORATING SYSTEMS

Chemical methods for the detection of newly formed protein are precluded
since relatively gross amounts of protein fractions are required for activity
in comparison with the small amount of amino acid which is fixed into newly
formed protein. Mans (1967) has calculated that in an average incorporation
experiment using maize ribosomes after incubation at 37° for 30 min less
than 2μg of new protein is synthesized from the added amino acids and that
this extra 2μg of new protein is associated with each milligramme of ribosomal
protein in the incubation mixture; he stressed that such a 0-2% change is
beyond the sensitivity of the colorimetric protein determination of Lowry
et al. (1951). A characteristic feature of the in vitro systems using various
plant organelles is that the rate of incorporation rapidly decreases after about
30 min incubation so that prolonged incubation does not result in a progressive
increase in the amount of protein formed. Indeed the opposite is sometimes
the case. Both of the difficulties arising from these two considerations have
4
been largely circumvented by the availability of 1 C-labelled
amino acids of
high specific activity allowing use to be made of the extreme sensitivity of
radioactive isotope detection devices. The autotrophic nature of plants means
that other simpler sources of carbon must be considered in relation to protein
synthesis and also more complex forms such as sugars because of the possible
more ready utilization of substrates other than amino acids for protein
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synthesis in plants (Steward and Bidwell, 1966). For animal and bacterial
cell-free systems it is now appreciated that results of amino acid incorpora
tion into ribosomal protein are better expressed as μ μ ι η ο ^ of the r e 
labelled amino acid incorporated/mg of protein (or mg of ribosomal R N A /
min) and not as cts/mg of protein/min. However, the use of mixtures of
labelled amino acids, of labelled sugars and of labelled carbon dioxide in
protein synthesis studies in plants has resulted in real difficulty in the presenta
tion of the results in a form which allows ready comparison of the protein
synthesis using these different substrates both between themselves and with
the incorporation activities in bacterial and animal cells. Davies and Cocking
(1967a) have given particular attention to the form in which results of both
in vivo and in vitro incorporation are expressed and have presented their data
as μμg of carbon incorporated/mg of protein/min, thereby enabling a ready
comparison to be made between the incorporation of amino acid mixtures,
pyruvate, glucose and carbon dioxide into the protein of illuminated plastids.
It is of importance when comparing, say, the activity of ribosomes isolated
from chloroplasts with the activity of the chloroplasts themselves to express
the results, if possible, on a mg/ribosomal R N A basis. Eisenstadt (1967) is
quite clear in this respect in his presentation of his studies of leucine incorpora
tion into various organelles of Euglena gracilis. He showed that ribosomes
isolated from chloroplasts exhibited an amino acid incorporating activity
appreciably lower than that of isolated chloroplasts or cytoplasmic ribosomes
but that the chloroplasts themselves and the cytoplasmic ribosomes had
similar specific incorporation activities. All results were expressed in terms
of R N A content since, as Eisenstadt points out, there is an excessively large
protein to R N A ratio in the chloroplasts and most of the R N A which is
associated with the chloroplasts sediments with the ribosomes. In contrast,
Sissakian et al. (1965) in their studies of amino acid incorporation into the
protein of pea seedling chloroplasts expressed their results as cts/min/mg of
protein obtaining an incorporation by chloroplasts of 39 ( 1 4C glycine supplied)
and by ribosomes of 9554 ( 1 4C glycine supplied). This led Kirk and TilneyBassett (1967) to conclude that according to Sissakian et al. (1965) the ribo
somes isolated from pea chloroplasts were very much more active than the
4
glycine into protein. The impor
chloroplasts in incorporating 1C-labelled
tance of expressing results of incorporation experiments on a sound compara
tive basis is also evident when comparing the activity of plant cell organelles
with the bacterial ribosome system. Hall and Cocking (1966b) have pointed
out that, on the basis of protein content, the E. coli system appears to possess
an activity an order higher than that obtained using plant organelles but that
this can be explained by the fact that organelles, such as chloroplasts and
mitochondria, contain much protein not concerned directly with protein
synthesis and hence the specific activity appears to be low.
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Following incubation of reaction mixtures of cell-free systems, it is custo
mary to precipitate both unlabelled and any labelled protein with trichloro
acetic acid. The precipitated material is then usually subjected to a fairly
extensive procedure which also removes lipid-soluble substances; it is a
method based on that of Siekevitz (1952) and routinely used in studies on
bacterial and animal ribosome systems. Parisi and Ciferri (1966), in their
study of amino acid incorporation by the ribosomal system of castor bean
embryos, deduced that the incorporation of L - [ 1 4C ] lysine was probably the
result of the binding of the amino acid to a growing peptide chain rather than
some other phenomena such as an exchange of amino acids in the terminal
positions of protein. This conclusion was based on the fact that addition
of an excess of unlabelled lysine did not decrease the amount of labelled
amino acid rendered trichloroacetic acid insoluble at the time of addition
of the unlabelled lysine (Table I ; cf. also Goffeau and Brachet, 1965, p . 308).
TABLE I

The effect of an excess of unlabelled amino acid, added at
various time intervals, on the incorporation of
L - [ 14 C] lysine by castor bean ribosomes.
[ 1 4C ] lysine incorporation*
Time of
addition (min)

Addition of
trichloroacetic
acid

0
5
10
15
20
30
40

2-60
11-70
16-98
1907
19-68
21-94
23-79

Addition of an
excess of
L - [ 1 2C ] lysine

—
16-61
18-55
22-07
20-59
24-03

—

14

* Values are μ/χ-moles of L-[ C] lysine (specific activity 180/xC//xmole) per mg of ribosomes.
Incubations were for 30 min at 37°.
(Modified from Parisi and Ciferri, 1966).
They also showed that the incorporation of L - [ 1 4C ] lysine at 0° for 30 min
was identical with that of the controls in which trichloroacetic acid was added
4
at zero time. When algal 1 C-labelled
hydrolysate is employed as a source of
labelled amino acids, high zero time control values of u p to 1000 cts/min
are encountered. Although these values can be reduced by initially precipitat
ing the radioactive TCA-insoluble material present in the algal protein
hydrolysate (Spencer, 1965), synthetic mixtures of suitably labelled amino
acids which give much lower zero time values are to be preferred (Davies and
Cocking, 1967a). The problem of binding of labelled material to precipitated
Μ
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protein, which is therefore misleading in the final incorporation activity
recorded, has long been appreciated in studies on protein synthesis in vitro
and this problem is often even more pronounced when plant cell organelles,
particularly chloroplasts, are being investigated, using protein precursors such
as carbon dioxide and various sugars. Only four years ago Smillie (1963) was
able to state quite definitely that experiments with photosynthesizing isolated
chloroplasts had shown that glucose polymers were the only acid-insoluble
products formed from C 1 4U 2 . Contamination of slightly labelled chloroplast
proteins by highly labelled starch is a very real problem in both in vitro and
in vivo experiments on protein synthesis in these organelles. Davies and
Cocking (1967b), in their studies of protein synthesis in tomato fruit locule
tissue in which many of the plastids contain large quantities of starch, have
developed a washing procedure which consists of prolonged washes with T C A
(20%) and unlabelled amino acids followed by various washes with 9 5 %
v/v ethanol containing 1 % potassium acetate, ethanol-chloroform, ethanolether, ether and perchloric acid. This effectively removes any labelled starch.
Steward and Durzan (1965) have clearly summarized the current views
on the pathway of protein synthesis in molecular terms utilizing ideas drawn
from the study of bacteria and of cell-free systems. The main steps involved
are " . . . amino acid activation and recognition by specific enzymes, the
transfer of amino acids by s R N A and their location at specified points on a
ribosome template surface, the genetic ( D N A ) control over the nature of the
template surface via m R N A and the carrying by m R N A , by a linear sequence
of bases in triplets, of the information to arrange the protein amino acids in
the linear order in which they are b o u n d . " In cell-free studies incubation
mixtures are designed to contain all the enzymes, nucleic acids and cofactors
required for this multi-stage process. The organelles, crude amino acid acti
vating enzymes and s R N A preparations used are often unavoidably contami
nated by enzymes such as ribonuclease, ATPase and proteases, in addition to
those actually required for protein synthesis. All of these contaminating
enzymes can be detrimental to the demonstration of activity although the
extent to which they are in fact detrimental varies with the nature of the cellfree system being investigated. Spencer and Whitfield (1966) have noted that
although the R N A components of their chloroplast protein-synthesizing
system were spared from the action of endogenous nucleases the system was
extremely sensitive to added pancreatic ribonuclease. Isolated ribosome
systems are much more sensitive to the action of endogenous nucleases.
ATPase activity in incubation mixture can largely be circumvented by the use
of an ATP-generating system. Indeed, ribonuclease activity can also be
largely eliminated by adding low levels of C u + + ions to incubation mixtures
(Hall and Cocking, 1966a). Amino acid activation is not inhibited but with
plastid the presence of C u + + ions may cause high zero time values (Davies
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and Cocking 1967a). Polyvinyl sulphate, which has also been shown to
inhibit ribonuclease, has been found to induce dissociation of purified 80S
ribosomes from plant leaves into subunits (Vanyushin and D u n n 1967) and
therefore its use in cell-free incubation mixtures is beset with difficulties. The
refinements of the incubation mixtures used in cell-free studies of protein
synthesis by plant biochemists, as well as the characterization of the system
(Table II), have paralleled those introduced for the bacterial system.
TABLE II
14

Characteristics of L - [ C ] lysine incorporation into
protein by the cell-free ribosome system from castor
bean seedlings.
Additions or omissions
Complete system
— sRNA
— 105,000g supernatant
— Ribosomes
— 105,000g supernatant and sRNA
— Ribosomes and sRNA
— ATP, PEP, pyruvate kinase and GTP
— ATP, PEP and pyruvate kinase
-ATP
- GTP
- 19[ 1 2C] amino acids
+ RNase (30 /*g)
+ DNase (5 ^g)
Complete, deproteinized at 0 time

[ 1 4C] lysine
incorporation*
1601
11-15
0-66
007
0-76
009
0-41
0-46
2-45
12-23
10-98
0-17
13-80
004

%

Inhib.
0
30
95
99
95
99
97
97
84
23
31
99
13

—

* Values are μ/χ-moles of L - [ 1 4C ] lysine (Specific activity 180/iC//*moles) per assay.
(Modified from Parisi and Ciferri, 1966).
A m m o n i u m ions have been included, as well as mercaptoethanol, as the role
of SH groups in the activity and stability of the bacterial system has become
m o r e fully understood (Stern et al, 1966). Perhaps the refinement of the cellfree plant protein synthesizing system which is most lacking is the appreciation
of the effect that the concentrations of the labelled amino acids, bicarbonate
or sugars—as distinct from their specific activities—can have, and do have,
on the rate of incorporation of 1 4C into protein. There are few if any instances
in the literature where the optimum concentration of the labelled precursor
has been established. Certain workers (Spencer and Wildman, 1964) have
noted the importance of the concentration of the labelled amino acid.
Attwood and Cocking (1965) found that the L-alanine activating enzyme of
t o m a t o roots possessed a higher Michaelis constant than most bacterial
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amino acid activating enzymes and it would seem likely that higher concentra
tions of amino acids are required in vitro in the plant system than are required
in the bacterial system for maximum reaction rates. Even if higher rates of
4
incorporation of 1 C
from glucose or bicarbonate than from amino acids are
obtained in vitro these results should be interpreted with caution unless it
has been shown that the in vitro conditions, both with respect to the concentra
tion of the labelled precursor and with respect to the various cofactors, are
such as to give the maximum possible rate (cf. Davies and Cocking, 1967b).
I I I . COMPARISON OF

In Vivo

AND

In Vitro

PROTEIN

SYNTHESIS RATES

Nisman and Pelmont (1964) have made it clear that de novo protein synthesis
m e a n s , " . . . the sequence of reactions starting with the formation of messenger
R N A and the transcription of its nucleotide sequences into polypeptide
chains possessing specific biological activity". Most of the systems used for
in vitro synthesis, generally, and probably all the higher plant systems do not
fulfil the above requirements. Moreover even when only incorporation of
carbon from protein precursors into growing peptide chains can be demon
strated this incorporation usually ceases after about 30 min in vitro. These
inherent difficulties in studying protein synthesis using isolated plant cell
organelles have served to emphasize the apparently greater synthesizing
efficiency of the whole cell (Steward and Durzan, 1965). Direct comparison
of in vitro incorporation rates with in vivo incorporation rates is, however,
difficult. Problems of uptake of labelled precursors, while often a problem
using in vitro studies with organelles such as membrane-bounded chloroplasts
and mitochondria, are even greater in the case of in vivo studies in which
dilution effects due to endogenous levels of the unlabelled precursors may
also arise. The rate of uptake of the supplied protein precursor may change
during the development of a tissue so that careful comparative studies of the
in vitro and in vivo system at the same stage of development are required. The
isolation of labelled plant cell organelles also presents certain difficulties since
redistribution of labelled protein between the various organelles is likely to
occur even if great care is taken to obtain a clean separation of the various
organelles. The isolation of structurally intact chloroplasts by Leech (1964)
illustrates the extreme difficulty in obtaining intact chloroplasts. Most pre
parations of chloroplasts used for in vitro studies have broken bounding
membranes around the chloroplasts but fortunately it appears that the amino
acid incorporating activity of isolated chloroplasts is firmly bound to the
lamellar system (Spencer and Whitfield, 1966). Polyvinylpyrrolidone added
to fractionation media greatly reduces the loss of protein from the various
organelles (Davies and Cocking, 1967a; cf. also Loomis and Battaile, 1966).
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In view of these difficulties it might be thought to be better to sum the
incorporation rates of the various cell organelles obtained in vitro and then
to deduce from this a rate of protein synthesis. The rate of protein synthesis
could then be compared with that calculated from the observable rate of
protein synthesis of the whole tissue as judged by its growth. This approach
is complicated by the fact that the amount of protein present in any cell
organelle at one particular moment is a reflection of the balance between the
rate of synthesis and the rate of breakdown. As discussed by Hall and
Cocking (1966c), studies involving isotopes can only record protein containing the isotope label and, providing that the synthesis of protein takes place
by a stepwise addition of amino acids and not by r a n d o m incorporation,
labelled protein must either be de novo synthesis or completion of previously
started protein. Therefore incorporation in vivo over a given period of time
can be equated to the rate of synthesis as it is also likely that amino acids
used in synthesis and formed in breakdown are not the same. Heber (1962)
exposed spinach leaves to 1 C 4U 2 in the dark and following this treatment
he illuminated the leaves. He was able to show that radioactivity appeared
in the chloroplast protein sooner than it did in the cytoplasmic protein. This
experiment not only indicated that the chloroplasts became labelled in vivo
from supplied C O 2 but also that chloroplast protein is probably synthesized
in the chloroplast rather than in the cytoplasm. Spencer and Wildman (1964)
showed that the amino acid-incorporating activity of a crude cell-free extract
of tobacco leaves was greatest in the 1000-g fraction (Table III). The relatively
TABLE I I I

Distribution of amino acid-incorporating activity in
cell-free extracts of tobacco leaves.
Cell fraction
Cell-free extract
lOOOg fraction
12,000g fraction
144,000g fraction
144,000g supernatant

[ 1 4C] valine
incorporation*
99
1010
31
181
1

* The amino acid incorporation into protein is expressed as the extent of labelling of
material insoluble in hot trichloroacetic acid (cts/min/assay).
(Modified from Spencer and Wildman, 1964).
low activity of the original cell-free extract was thought to be due to the
presence of an endogenous inhibitor or to large pools of [ 1 2C] valine in the
unfractionated extracts. The major component of this 1000-g fraction was
chloroplasts. The findings of Heber (1962) suggested that there was an active
synthesis of protein from photosynthetically fixed C O 2 and the studies by
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Rhodes and Y e m m (1966) of the changes of proteins a n d nucleic acids
occurring during the development of the first blade of barley seedlings, in
which they were able to show that the synthesis of proteins associated with
the development of chloroplasts appeared to be closely dependent u p o n
prolonged exposure to light and photosynthesis, serve to confirm this suppo
sition. The results of Parthier (1964) which suggest that mitochondria are
the primary sites of protein synthesis in leaves of Nicotiana rustica utilizing
14
CC>2 for the synthesis of protein should be interpreted with due consideration
to the possibility of redistribution of labelled proteins between the various
organelles during the fractionation procedures.
There have been various suggestions that difficulties in obtaining active
cell-free incorporating systems from algal, yeast and higher plant cells arise
TABLE IV

Incorporation of carbon from bicarbonate into protein by
disrupted protoplasts compared with whole protoplasts
both from tomato fruit locule tissue.

Preparation
whole
protoplasts
disrupted
protoplasts

Incubation
time (min)

cts/min/
mg protein

μ/xg carbon/
mg protein

Incorporation
rate
/^gC/mg/min

10
30

0
395

0
7746

0
258-2

10
30

0
285

0
5599

0
186-6

The incubation mixture contained 50 /xmoles Tris-HCL pH 7-8, 10 ftmoles magnesium
acetate, 10 /xmoles KCL, 300 ^moles sucrose, 5 /xmoles ATP and 2-8 /xmoles (1/AC) 1 4C bicarbonate per ml of incubation mixture (whole protoplasts in l ml final, disrupted
protoplasts in 0-5 ml). The complete washing procedure was used. Bacterial contamination
nil. Results corrected for zero time control.
(From Davies and Cocking, 1967b).
mainly from the difficulties in rupturing the relatively tough cell wall. A
procedure was used by Lucas et al. (1964) which yielded active ribosomal
preparations from S. cerevisiae which involved enzymatic digestion of the
cell wall and subsequent disruption of the resulting protoplasts. It was later
shown, however, that a cell-disruption procedure based on grinding with
alumina under special conditions gave active ribosomes more rapidly and in
better yield than did the protoplast procedure. The increasing appreciation
of the important role of plastids in the protein metabolism of the plant
prompted Davies and Cocking (1967b) to re-appraise the possibility of
obtaining plastids from isolated higher plant protoplasts and to compare
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their protein synthetic capabilities. Isolated protoplasts are readily obtained
from tomato fruit locule tissue (Cocking, 1966) by digestion of the highly
pectinaceous cell wall with polygalacturonase. It was found that when the
incorporation of carbon from bicarbonate into the protein of disrupted
protoplasts was compared with that of whole protoplasts, the incorporation
rate of the disrupted protoplasts was only a little less than that of the intact
organelles (Table IV). Light and electron microscopic examination revealed
that little structural disorganization had occurred with the disrupted proto
plasts apart from the rupture of the plasmalemma and tonoplast of the main
vacuole. Plant cells are characterized by extensive development of mem
branous material during cell expansion and, as noted by Chrispeels (1964),
as much as 5 0 % of the protein synthesized during the expansive growth of
corn root is membranous. This membranous material is recovered after
normal disruption of plant cells as strands and fragments of the endoplasmic
reticulum. The studies by F u k u h a r a (1967) of protein synthesis in nongrowing yeast in which the synthesizing capacity of several classes of ribo
somes were characterized in vivo are pertinent. In only one class, i.e. those
firmly attached to lipoprotein particles, was there activity. It is clear, how
ever, that isolated ribosomes from plants are active at incorporation b u t
continued incorporation and de novo synthesis of proteins may be dependent
on the maintenance of general structural integrity of the cell system. Provided
plastids were isolated from t o m a t o fruit locule tissue by a very gentle
teasing method using card clothing, they appeared to be no less active at
incorporation than plastids isolated from protoplasts. The plastids isolated
by the former procedure incorporated carbon from bicarbonate into protein
much more readily than they did from added amino acids (Table V). Tissue
TABLE

V

Incorporation of carbon from bicarbonate and amino acids
by isolated plastids from tomato fruit locule tissue.
Time
(min)
10
20
30

Bicarbonate
cts/min/mg
μ/igC/mg /x/tigC/mg
protein
protein
per min
116
474
137

2193
8956
2590

219
447
86

Protein hydrolysate
cts/min/mg /i/xgC/mg μ/xgC/mg
protein
protein per min
377
639
416

176
299
195

17-6
150
6-7

The incubation mixture contained 25 ^moles Tris-HCL pH 7-8, 5 /xmoles magnesium
acetate, 5 ^moles KCL, 150 /xmoles sucrose, 2-5 pinoles ATP and 1-4 μπιοΐββ (0-5/xC)
14
4
C-bicarbonate or 2O8jt*g (1-25/uc) 1 C-protein
hydrolysate in a final volume of 0-5 ml;
complete washing procedure used. Bacterial contamination nil. The protein hydrolysate
tubes gave 878-1699 counts/min above background and the bicarbonate tubes 9-16
counts/min above background. Results are corrected for zero time control.
(From Davies and Cocking, 1967b).
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slices of this locule tissue (age from pollination of fruit 4 weeks) were incubated
4
with 1 C-labelled
amino acids and protein synthesis estimated in the various
organelles after fractionation and counting. It was found that the incorpora
tion rate of the plastid fraction was 28 μμg carbon/mg of protein/min which
compares favourably with the incorporation rate of the cell-free plastid
system which was 16 μμg of carbon/mg of protein/min (calculated from
Table V). With single labelled amino acids such as glutamic acid rates of u p
to 108 μμg of carbon were obtained with the cell-free plastid system which
increased to over 200 μμg of carbon/mg of protein/min in the presence of
growth substances (Davies and Cocking, 1967a). Davies and Cocking
(1966) have therefore concluded that protein syntheses with this cell-free
plastid system are often equivalent to intact cell rates but can vary and be
only one-tenth of the intact cellrate. They have also calculated that in
vitro the initial incorporation rates are equivalent to a synthesis of the order
of 10 6 protein molecules/min. This initial rate lasted for only about 10 min
and they suggest that messenger R N A , peptide chain initiation or release of
peptides from ribosomes may become limiting. It is of interest that the high
initial rate lasted longer in the presence of growth substances.
I V . SITES AND CONTROL OF PROTEIN SYNTHESIS

Boulter (1965) has adequately reviewed the situation regarding the sites
and control of protein synthesis in plants. W o r k since 1965 with chloram
phenicol and actinomycin D and the studies of protein synthesis in anucleate
Acetabularia require some comment. In addition the very recent demonstra
tion of a differential effect of chloramphenicol on the induction of nitrate
and nitrite reductase in green leaf tissue needs to be viewed against the
general background of protein synthesis by cell-free extracts from leaves and
the relative protein synthesizing activities of the 70S chloroplast and 80S
cytoplasmic ribosomes. Boardman et al (1966) have carefully compared
the properties of these two classes of ribosomes. The initial suggestion that
there might be two ribosome systems in the leaves seems to have originated
from experiments to elucidate the finding referred to earlier that more than
8 0 % of the protein-synthesizing activity was associated with particles which
sedimented at lOOOg. Analysis of extracts of chloroplasts in the ultracentrifuge
and by density gradient centrifugation served to show that amino acidincorporating activity was associated with ribosome menomers and later it
was shown that two classes of ribosomes, 70S and 80S, were present in the
proportion of 4 to 1 in these chloroplast extracts. Incorporation studies
using [ 1 4C]-labelled valine were carried out to compare the relative activities
of the cytoplasmic ribosomes (present in large amounts in the cytoplasmic
extract) with the chloroplast ribosomes (present in large amounts in the
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TABLE VI

[ 1 4C] valine-incorporating activity and ribosome content
of cytoplasmic extract and chloroplast supernatant.
Experiment I
Experiment II
Cytoplasmic Chloroplast Cytoplasmic Chloroplast
extract
supernatant
extract
supernatant
70S ribosome
concentration (mg/ml)
80S ribosome
concentration (mg/ml)
[ 1 4C] Valine
incorporation
(cts/min/ml)
Cts/min/mg ribosomes
(70S + 80S)
μ/mioles/mg ribosomes
(70S + 80S)
Cts/min/mg 70S
ribosomes
Cts/min/mg 80S
ribosomes

003

011

003

009

013

004

012

002

272

5320

330

4280

1700

35,000

2200

39,000

12

240

15

260

9100

48,000

7300

48,000

2100

—

2800

—

(From Boardman et al., 1966).
chloroplast supernatant) (Table VI). It was concluded that most of the activity
of cell-free preparations from tobacco leaves is associated with the 70S class
of ribosomes which remains inside the chloroplast during normal extraction.
The greater activity of the tobacco leaf chloroplast ribosomes in comparison
with the cytoplasmic ribosomes (Table VI) contrasts with the reverse situation
TABLE VII

The effect of TMV-RNA and polyuridylic acid on amino
acid incorporation by the 1000-g fraction of tobacco leaves.

Condition
[ 1 4C]
[ 1 4C]
[ 1 4C]
[ 1 4C]
[ 1 4C]

valine
valine + poly U (200 /xg/ml)
valine + TMV-RNA (250 /ug/ml)
phenylalanine
phenylalanine + poly U (200 /xg/ml)

[ 1 4C] Amino Acid
Incorporation
Experiment 1*
Experiment 2f
1824
1674
1692
2418
2703

1289
3079

* The amino acid incorporation is expressed as the extent of labelling of material insoluble
in cold trichloroacetic acid (cts/min/assay).
t The amino acid incorporation is expressed as the extent of labelling of material insoluble
in hot trichloroacetic acid (cts/min/assay).
(Modified from Spencer and Wildman, 1964).
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in Euglena gracilis referred to earlier in which ribosomes from the cytoplasm
are much more active in amino acid incorporation than ribosomes derived
from the chloroplasts. The differences are difficult t o explain. Earlier,
Spencer and Wildman (1964) had reported that there was n o effect of T M V R N A , and only a slight effect of polyuridylic acid, on amino acid incorpora
tion by the 1000-g fraction of tobacco leaves (Table VII) and Hall and
Cocking (1966b) obtained somewhat comparable results using t o m a t o leaf
chloroplasts. At that time it was suggested that the lack of stimulation was
related to difficulties of penetration of T M V - R N A and poly U into the chloro
plasts, since cytoplasmic ribosome preparations d o respond markedly to
poly U giving great increases in the incorporation of L - [ 1 4C ] phenylalanine
(Table VIII). Boardman et al. state that their 70S and 80S ribosomes of
TABLE V I I I

Effect of polynucleotides on the incorporation of
L - [ 1 4C ] amino acids by castor bean ribosomes.
Amino acid

Addition

L - [ 1 4C ] phenylalanine

L - 1 1 4C ] isoleucine
L - [ 1 4C ] proline

Poly
Poly
Poly
Poly
Poly
Poly

—

U
U + streptomycin
U + chloramphenicol
U + puromycin
C
A
—
Poly U
Poly U + streptomycin
—
Poly C

[ 1 4C ] Amino
Acid
Stimulationincorp.*
fold
6-96
292-52
282-44
324-04
63-80
8-66
913
8-83
8-37
9-54
14-25
61-45

1
42
40-6
46-5
9-2
1-2
1-3
1
0-9
11
1
4-3

* Values are μ/xmoles of L - [ 1 4C ] phenylalanine, of L-[ 1 4CJ isoleucine or of L - [ 1 4C ] proline
per mg of ribosomal R N A .
(From Parisi and Ciferri, 1966).
tobacco leaves d o not respond significantly to the vital equivalent of template
R N A (i.e. T M V - R N A ) . It would be of interest to know if they respond t o
differing extents in the presence of poly U since adequate responses to T M V R N A may be more difficult to initiate than with poly U (cf. Stanley et al.,
1966). Stimulation by poly U does n o t require a n additional factor (cf.
Eisenstadt and Brawerman, 1966). The amino acid-incorporating activity of
Euglena chloroplast ribosomes is markedly stimulated by the addition of
template R N A in the form of F2 R N A and the coat protein of the F2 coliphage
is synthesized (Schwartz et al., 1965) so that it would appear that lack of
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endogenous messenger R N A is responsible for the lower activity of these
chloroplast ribosomes. Eisenstadt has suggested that each Euglena plastid
contains enough D N A for the specification of chloroplast proteins and that
messenger R N A is synthesized within the chloroplasts and utilized in the
formation of proteins.
Studies of the effect of chloramphenicol on cytoplasmic and chloroplast
ribosomes in Euglena have shown that cytoplasmic ribosomes are unaffected
in their leucine incorporation abilities by concentrations of chloramphenicol
greatly in excess of these which completely block protein synthesis in bacteria.
Chloroplast ribosomes in contrast are markedly inhibited in their incorpora
tion activity (Eisenstadt, 1967). It has been suggested that the apparent
resistance of cytoplasmic ribosomes to chloramphenicol is related to their
high affinity for template R N A . Graebe and Novelli (1966) have observed a
similar insensitivity of maize endosperm ribosomes to chloramphenicol.
Endogenous ribonuclease activity was low in their preparations a n d the
system was not dependent o n messenger R N A synthesis since there was n o
inhibiting action of D N a s e ; this suggests that protein synthesis due to endo
genous messenger is unaffected by chloramphenicol. When cytoplasmic
castor bean ribosomes are treated with chloramphenicol together with poly U ,
no inhibition of the stimulation is observed (Table VIII). Spencer and Wildm a n (1964) noted, however, a marked inhibiting effect of chloramphenicol
on amino acid incorporation by the 1000-g fraction of tobacco leaves (Table
IX) and somewhat similar results have been recorded by Davies and Cocking
(1967b) and Hall and Cocking (1966b) with cell-free plastid and chloroplast
systems under aseptic conditions. The report by James and Richens (1962)
that 0Ό02Μ chloramphenicol inhibited almost completely synthesis of "precipitable-N" by isolated wheat nuclei may be a similar example of marked
inhibition by chloramphenicol but it should be noted that incubations were
probably not bacteria free. Macdonald et ah (1966) have recently reported
on the differences in activity between the D - and L-threo isomers of
chloramphenicol and care should be taken to use the correct isomer in these
studies a n d to note that the chloramphenicols are inhibitors of oxidative
phosphorylation. M a n y workers do not report which isomer they use (but
see Rendi and Ochoa, 1962) and normally it is assumed to be the D-threo
isomer. Margulies (1964) has reported that the synthesis of chloroplast
proteins in intact plants is inhibited by chloramphenicol while Beevers et ah
(1965) noted that chloramphenicol was not very effective in inhibiting sub
strate induction of nitrate reductase in radish cotyledons and corn seedlings.
The recent work of Schrader et ah (1967) has demonstrated that the induction
of nitrate reductase and nitrite reductase (which is located inside chloroplasts
whereas nitrate reductase is more soluble and is located in the cytoplasm) is
quite differently affected by chloramphenicol. Nitrite reductase induction
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was repressed by chloramphenicol whereas nitrate reductase induction was
either not affected or stimulated. These results have prompted Schrader et al
(1967) to conclude that nitrate reductase is synthesized by a cytoplasmic
ribosomal system and nitrite reductase by a chloroplastic ribosomal system.
This parallels and extends to a specific protein those results reported earlier
by Clark-Walker and Linnane (1966; see Introduction). This is of consider
able interest because it indicates sites of specific protein synthesis in plant
TABLE I X

Effect of inhibitors on amino acid incorporation by
1000-g fraction of tobacco leaves.

Experiment

Additions
Wml)

[ 1 4C] valine
incorporation*
(%
cts/min
inhibition)

1

Nil
RNase: 0 002
0 008
0 002
008
0-2
8
20

879
821
720
680
314
213
176
184

7
18
23
64
74
80
78

2

Nil
DNase: 10
100

856
733
644

14
25

3

Nil
Chloramphenicol: 200
Actinomycin D :
20

2028
615
1670

70
18

4

Nil
Puromycin:

1045
624
319
296

40
69
72

1
10
100

* The amino acid incorporation is expressed as the extent of labelling of material insoluble
in cold trichloroacetic acid (cts/min/assay).
(From Spencer and Wildman, 1964).
cells. Synthesis of nitrite reductase cannot be restricted to chloroplasts.
Nitrite reductase is induced in isolated roots in the d a r k ; more generally
plastids and/or mitochondria may be concerned with the synthesis of nitrite
reductase.
It appears that the chloroplasts of plants have all the components of a
complete genetic system but it seems likely, at least in higher plants, that only
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some of the messenger R N A is synthesized by the chloroplast D N A ; the rest
is synthesized by the nuclear D N A . Enucleated cells afford a system for
investigating the extent of nuclear control over this synthesis. Anucleate
higher plant cells are not readily obtainable but isolated sub-protoplasts may
afford a suitable experimental system (cf. Cocking, 1965). A t the moment,
however, work is largely restricted to the giant unicellular alga Acetabularia
mediterranea from which it is possible to separate nucleate and anucleate
cellular fragments. Brachet and his co-workers (Brachet, 1967) have been
able to show that net protein synthesis occurs in anucleate fragments and
also net synthesis of R N A . The proteins synthesized by the anucleate fragments include several enzymes the synthesis of which is usually considered to
be controlled by nuclear D N A and Brachet has suggested that relatively
stable messenger R N A , with a life of about 2-3 weeks, is present in these
anucleate fragments as judged by the length of time during which anucleate
fragments can synthesize protein. Studies with actinomycin D which is
generally accepted as a specific inhibitor of DNA-dependent R N A polymerase have shown (Table X) that at very high concentrations actinomycin D
TABLE X

Incorporation of amino acids by chloroplasts isolated from
anucleate fragments of acetabularia. Influence of high
concentrations of actinomycin D on the incorporation into
proteins of chloroplasts isolated 11 days after enucleation.
Inhibitor
None
Actinomycin D (83 /xg/ml)
Actinomycin D (167 /*g/ml)

Cts/min/mg chlorophyll
and per hr of incubation
775,000 (100%)
109,000 (14%)
0(0%)

(Modified from GofFeau and Brachet, 1965).
completely inhibits amino acid incorporation by isolated chloroplasts of
Acetabularia fragments which have been enucleated for 11 days. This result
suggests that chloroplast D N A at this time is directing the synthesis of chloroplast proteins.
Autoradiographic methods have been applied by Shephard (1965) to the
normal and anucleate cells of this alga and he has obtained further evidence
for the autonomy of these chloroplasts. Their D N A is apparently replicated
in situ and this D N A mediates the synthesis of R N A which in turn provides a
template for the synthesis of certain plastid proteins. Comparable studies
with higher plants are required before general conclusions are drawn from
these algal investigations.
As emphasized by Campbell (1965) in his review of protein synthesis in
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animal cells, the major problem concerning sites of protein synthesis in cells
is that associated with cellular differentiation itself. Evidence has been
obtained that the cell only makes messenger R N A s for the synthesis of these
proteins which it wishes to make and that the gene repressor, which this
suggestion necessarily involves, may be a protein. It has also been proposed
by Harris (1963) that a whole range of messenger R N A s are made and then
broken down. Information obtained about sites of synthesis of plant viruses
could help greatly in our appreciation of the factors influencing the ability
of a specific protein to be synthesized at a particular site in the cell, since their
multiplication is uncomplicated by considerations of D N A involvement
(Shapiro and August, 1966). The final assembly of the virus particle provides
us with a readily identifiable form of differentiation.
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