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1. Introduction 

The synthesis of ribulose bisphosphate carboxyl- 
ase (RUBPC) requires the co-operation of protein syn- 
thesis in two cellular compartments: the large subunit 
is synthesized in the chloroplasts and the small sub- 
unit is produced as a higher relative molecular mass 
precursor in the cytoplasm. Investigations into the 
degree of co-ordination of the synthesis of the two 
subunits have so far only been possible using leaves 
(1) or leaf cells (2) whose metabolism has been per- 
turbed. ln seedlings of temperature-sensitive varieties 
of rye deficient in 70 S plastid ribosomes Feierabend 
and Wildner [l] were able to detect the synthesis of 
the small subunit in the absence of synthesis of the 
large subunit. Barraclough and Ellis [2] showed that 
in isolated soybean leaf cells in which the synthesis 
of the small subunit had been inhibited with cyclo- 
hexlmide, the synthesis of the large subunit continued 
for 4 h after the inhibitor treatment. A pool of free 
small subunits can also be detected in isolated tobacco 
leaf protoplasts [3]. It is clear from these observations 
that the synthesis of one subunit of RUBPC can con- 
tinue in the absence of the synthesis of the other sub- 
unit under experimental conditions. The tightness of 
coupling of the synthesis of the two subunits under 
physiological conditions remains to be explored. 

cotyledons grown under a diurnal light regime are 
particularly suitable for such a study since all the cell 
division occurs in a basal me&em resulting in a gra- 
dient of cellular and plastid development from the 
base to the tip of the leaf [4]. We have described the 
developmental sequence in young wheat leaves, deter- 
mined the age of the cell in sequential leaf slices [5] 
and used these leaves to study development [4-71. 
Wheat leaves are used in the present study to investi- 
gate the synthesis of the large and small subunits of 
RUBPC during cell and plastid development. The 
results show that the synthesis of the two subunits is 
tightly co-ordinated during cellular development in a 
normal light grown leaf since changes in their synthe- 
sis occur simultaneously. By analysis of the products 
of in vitro translation of RNA isolated from these 
leaves we are able to account for the changing synthe- 
sis of the two subunits as development proceeds by 
changes in their translatable mRNAs. 

2. Experimental 

2.1. Labelling of protein in excised leaves 

In order to investigate the in vivo situation we 
have studied the in vivo synthesis of the two subunits 
during normal chloroplast development in a naturally 
gown leaf. The young leaves of Graminaceous mono- 

Abbreviations: RUBPC, ribulose bisphosphate carboxylase 
(EC 4.1.1.39); LSU, large subunit of RUBPC; SSU, small sub- 
unit of RUBPC; pSSU, precursor to the SSU. 

Seven day old wheat leaves (Tn’ricum aestivum var. 
Maris Dove) were grown and harvested as in [7] 
except that the leaves were cut under water. Ten 
leaves were placed in sterile water containing 200 @i 
[35S]methionine WOO Ci/mmol, Radiochemical 
Centre, Amersham) for 3 h at 20°C. These ten leaves 
together with eighty other leaves which had not been 
labeled were aligned at their bases and 5 mm slices cut 
progressively up the leaf, commencing either from the 
leaf base or 2.5 mm above it. The leaf slices were 
frozen in liquid nitrogen. 
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2.2. Estimation of incorporation into the subunits of 
R UBPC 

The frozen leaf slices were ground in a pestle and 
mortar in a total volume of 600 fl of 25 mM Tris- 
HCl (pH 8.0), 2 mM EDTA, 2 mM phenylmethylsul- 
phonylfluoride, 100 mM 2.mercaptoethanol. The 
homogenate was centrifuged at 10 000 X g for 3 min. 
Aliquots of the supernatant were prepared for elec- 
trophoresis and polyacrylamide gel electrophoresis 
carried out as in [8]. After staining, the large and 
small subunit bands (identified by corn&ration of the 
purified enzyme and partial proteolytic mapping [9]) 
were excised from the gel with a razor blade. Each gel 
slice was dissolved overnight at 50°C in 0.2 ml HzOz 
(100 vol.) in a scintillation vial. The vials were cooled 
and 4 ml of a 1: 2 mixture of Triton X-l OO-toluene 
containing 0.5% (w/v) 2,5-diphenyloxazole (PPO) 
added and the radioactivity estimated by scintillation 
counting in a 1216 Rackbeta counter (LKB-Wallac). 

.Polyacrylamide slab gels used for autoradiography 
were dried and exposed to Kodak Blue Brand X-ray 
film at -2O’C for 20 days. 

2.3. In vitro synthesis of the subunits of RUBPC 
RNA extracted from the leaf slices according to 

[lo] was washed three times with 3 M potassium ace- 
tate (pH 5.5), dissolved in.500 /.d 0.3 M potassium 
acetate (pH 5.5) and reprecipitated with 2.5 vol. eth- 
anol. 1 pg was used to stimulate [35S]methionine 
incorporation in a reticulocyte ly&e (Radiochemical 
Centre, Amersham) in vitro cell free translation sys- 
tem. Incubations were carried out for 1 h at 30°C. 
The samples were treated and electrophoresed as in 
[8]. The bands of the large subunit and the precursor 
to the small subunit were excised from the gels after 
they had been located by autoradiography. Their 
identity was checked by partial proteolytic mapping 
[9]. The gel slices were treated as above to estimate 
incorporation into the subunits. 

3. Results and discussion 

The methionine pools in the wheat leaves (esti- 
mated as 10 nM [11,12]) are saturated with [3”S]- 
methionine within 20 min using our labelling tech- 
nique; this is in a labelling period of 3 h. The methio- 
nine enters at the leaf bases and is taken up the leaf 
by transpiration thus forming a gradient of [ 35S]methi- 
onine, the highest concentration being at the leaf 
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base. A similar gradient of [ 35 Slmethionine incorpo- 
ration into polypeptides was also found in the leaf, 
resulting from a constant 50-60% of the [ 35S]methi- 
onine present in each leaf slice being incorporated 
into polypeptides. 

The [35S]methionine incorporation into the LSU 
and SSU of RUBPC isolated from leaf slice O-O.5 cm 
are 15 540 cpm and 4480 cpm respectively represent- 
ing 62 000 000 and 17 900 000 cpm/mg chlorophyl 
respectively. Thus a similar degree of incorporation of 
label into the two subunits as found in [l] is occur- 
ring. The partial proteolytic digests of both isolated 
subunits produced by the Cleveland technique [9] 
using Staphylococcus aureus V8 protease gave pat- 
terns identical to the purified subunits indicating no 
major contaminants were being included in the gel 
slices. The label in the subunits was insufficient to 
allow an analysis by 2-D electrophoresis. 

Fig.1 shows the incorporation of [ 35S] methionine 
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Fig.1. The pattern of incorporation of [ 35S]methionine into 
the LSU and SSU of RUBPC during early cellular develop- 
ment in young wheat leaves. A and B show the pattern of 
[ 35 S] methionine incorporation into the two subunits of 
RUBPC in two separate labelling experiments and illustrate 
the reproducibility of the pattern of labelling during cellular 
development. The incorporation into LSU and SSU isolated 
from the different developmental stages was calculated on the 
basis of equal [ 3SS]methionine incorporation in each leaf 
slice to negate the effect of the gradient of [ 3* Slmethionine 
incorporation. The method for the calculation of the cell age 
of the leaf slices has been published in [ 71.4-4 cpm incor- 
porated into LSU; e-e cpm incorporated into SSU. 
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Fig.2. The percentage changes in the incorporation of [“S]- 
methionine into LSU and SSU of RUBPC during early cellu- 
lar development in young wheat leaves. The percentage 
changes were calculated from the values in fig.1 A. A-A per- 
centage changes in incorporation into LSU; e-e percent- 
age changes in incorporation into SSU. 

into the two subunits of RUBPC during the first 70 h 
of cellular development in young wheat leaves. Both 
subunits undergo changes in synthesis simultaneously 
with a burst of synthesis at 35 h and another more 
gradual increase peaking at 50 h of cellular develop- 
ment. This pattern of incorporation was very repro- 
ducible with the short burst of synthesis at 35 h and 
the more gradual increase peaking at 50 h, occurring 
in every experiment (four separate experiments were 
completed). This is illustrated by comparing A and B 
of fig.1 which are two independent labelling experi- 
ments. The actual cpm values for [ 35S]methionine 
incorporation into the two subunits differed by up to 
10 fold between labelling experiments due to differ- 
ences in transpiration rate causing different total 
[35S]methionine incorporation in the different parts 
of the leaf. 

Fig.2 shows the percentage changes in incorpora- 
tion of [‘5S]methionine into LSU and SSU over this 
developmental period and emphasizes the simulta- 
neous changes in [ 3s S] methionine incorporation 
which occur in the two subunits. The SSU undergoes 
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Fig.3. The ratio of incorporation into LSU and SSU of 
RUBPC after in vivo and in vitro labelling with [ “‘Slmethio- 
nine during early cellular development in young wheat leaves. 
A-A ratio of cpm in LSU:SSU during in vivo labelling data 
from fig.lA; e-e ratio of cpm in LSU:pSSU after in vitro 
translation of the RNA isolated from the sequential leaf sec- 
tions in a reticulocyte lysate extract. Values are means f SE 
for three translations. 

a larger increase in synthesis at 35 h of cellular devel- 
opment than the LSU and this is also reflected in the 
large drop in the ratio of LSU:SSU incorporation in 
fig.3. 

In order to investigate whether the co-ordinated 
synthesis of the subunits in vivo reflects co-o&rated 
appearance of their translatable mRNAs, RNA iso- 
lated from the sequential leaf slices was translated in 
a reticulocyte lysate cell-free extract. The ratio of 
incorporation of [35S]methionine into the LSU com- 
pared with pSSU is shown in fig.3. Although the 
changes in the ratios are much smaller than during 
in vivo labelling the pattern of the two curves are the 
same with the peaks and troughs occurring at the 
same stages of leaf and chloroplast development. This 
indicates that the changes in the synthesis of the sub- 
units can be accounted for by changes in their trans- 
latable mRNAs. 

The lower ratio of incorporation of [ 35S] methio- 
nine into the LSU compared with pSSU during trans- 
lation of the RNA in the reticulocyte lysate extract 

may be accounted for by (a) the higher methionine 
content of the pSSU as compared to the mature SSU 
[ 131 and (b) a slight preferential translation of the 
eucaryotic type SSU message compared with the pro- 
caryotic type LSU message in the 80 S ribosome-based 
reticulocyte lysate extract. 
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Thus during early leaf cellular development in 
higher plants the synthesis of the two subunits of 
RUBPC is tightly coordinated and this co-ordination 
appears to extend back to the appearance of their 
mRNAs in vivo. Observations in experimentally per- 
turbed systems [ 1,2] have led to the suggestion that 
SW acts as a positive control signal affecting chloro- 
plast transcription. If this is the case in normal devel- 
opment then it is clear from the present work that a 
change in SSU synthesis must be able to cause a 
change in LSU synthesis in less than 2 h. 

It will be interesting to see if there is a close 
co-ordination of the synthesis of subunits of other 
multisubunit proteins e.g. coupling factor of the ATP 
synthase complex whose synthesis is shared by the 
nuclear/cytoplasmic and chloroplast compartments 
during normal cellular development. 
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