
Regulation of the Synthesis of Ribulose-l,5-bisphosphate 
Carboxylase and Its Subunits in the Flagellate Chlorogonium 
elongatum. 
II. Coordinated Synthesis of the Large and Small Subunits
Peter Westhoff, Kurt Zimmermann, Frank Boege, and Klaus Zetsche
Institut für Allgemeine Botanik und Pflanzenphysiologie der Justus-Liebig-Universität Giessen, 
D-6300 Giessen, Bundesrepublik Deutschland

Z. Naturforsch. 36 c, 942-950 (1981); received July 18, 1981

Ribulose-1,5-bisphosphate Carboxylase, Synthesis, Subunits, Regulation, Phytoflagellate 
Chlorogonium elongatum

Transfer of heterotrophically grown cells of the unicellular green alga Chlorogonium elongatum 
to autotrophic growth conditions causes a 10-15 fold increase in the amount of the chloroplastic 
enzyme ribulose-1,5-bisphosphate carboxylase.

This increase was found to be due to de novo synthesis. The relative proportions of large and 
small subunits of the enzyme do not change. Their ratio is close to 3.4, the proportions in weight 
of the two subunits in the holoenzyme. Continous labelling with [35S]sulfate reveals that the ratios 
of incorporation into large and small subunits are essentially the same in autotrophic and 
heterotrophic cells.

Pulse-chase experiments show that the subunits are degraded synchronously.
The coordinated subunit synthesis cannot be uncoupled using inhibitors of protein and RNA  

synthesis or high temperature of cultivation of the alga.
The results suggests a very tightly coordinated synthesis of the large and small subunits of 

ribulosebisphosphate carboxylase.

Introduction

Ribulose-1,5-bisphosphate carboxylase (RuBPCase) 
is a chloroplastic protein which is composed of 
eight large and eight small subunits [1], which are 
encoded by two different genomes [2, 3], Therefore 
this protein is a useful model for studying the 
molecular events by which nucleocytoplasmic and 
chloroplastic systems interact.

Concerning the question how the synthesis of 
large and small subunits is regulated, conflicting 
results are presented in the literature. In the unicel­
lular green alga Chlamydomonas [4], in spinach leaf 
protoplasts [5], and in greening pea shoots [6] 
synthesis of large and small subunits is tightly 
coordinated. But several reports indicate, that in 
other plants the synthesis of both subunits might be 
not strictly coupled [7-10]; these investigators de-
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tected pools of free subunits not assembled to the 
holoenzyme.

In the preceding paper [11] we have shown that in 
the phytoflagellate Chlorogonium elongatum the 
level of RuBPCase protein increases considerably 
when the alga is shifted from heterotrophic to 
autotrophic culture conditions. This rise in enzyme 
amount is caused by increased de novo synthesis of 
RuBPCase protein under autotrophic culture condi­
tions and not by a reduced rate of degradation [11]. 
In this paper we demonstrate that the synthesis of 
the large and small subunits of RuBPCase is strictly 
coordinated and cannot be uncoupled by specific 
inhibitors of protein and RNA synthesis.

Materials and Methods

Materials

[35S] sulfate (carrier-free) was purchased from 
Amersham Buchler (Braunschweig, Germany), p- 
aminobenzyl-cellulose (PAB-cellulose) was from 
Serva (Heidelberg, Germany). All other reagents 
were of analytical grade and were obtained from 
various commercial sources.
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Purification o f the large and small subunits o f  
RuBPCase and preparation o f  monospecific 
antibodies to L S  and SS

RuPBCase of Chlorogonium was isolated by af­
finity chromatography of crude extracts on Sepha- 
rose-bound antibodies to tobacco RuBPCase [11]. In 
addition to the published procedure [11] 0.5% (v/v) 
Nonidet P-40 was included into the wash buffer.

The subunits were purified by SDS-gel electro­
phoresis on 12.5% slab gels (300 x 270 x 6 mm) [12]. 
Protein bands were localized by staining small 
longitudinal gel strips with Coomassie brilliant blue 
or by the technique of Higgins and Dahmus [13]. 
The protein was diffusion-eluted, and SDS removed 
according to Weber and Kuter [14]. The subunits 
were precipitated by dialyzing the Dowex-eluate 
exhaustively against water. The subunits were solu­
bilized in 1% (w/v) SDS, 0.15 m NaCl and 5% (v/v)
2-mercaptoethanol and stored at — 20 °C.

Antibodies to LS and SS were raised in rabbits 
using standard procedures. The final concentration 
of SDS in the antigen preparation was 0.5%. IgG 
fractions from the rabbit sera were prepared by 18% 
Na2S04 precipitation.

Ouchterlony assays

Double immunodiffusion assays of the SDS- 
solubilized subunits were peformed in an agarose 
mixture containing 0.1% (w/v) SDS and 1% (v/v) 
Triton X-100 [15]. Thus precipitation artifacts caused 
by SDS could be avoided.

Quantitative determination o f  RuBPCase holoenzyme 
and its subunits in crude extracts

The concentrations of RuBPcase holoenzyme and 
its subunits in crude extracts were estimated by 
single radial immunodiffusion [16].

Immunoprecipitation o f  labelled RuBPCase by 
PAB-cellulose-linked antibodies

Antibodies to RuBPCase holoenzyme (IgG frac­
tion by 18% (w/v) Na2S 0 4 precipitation) were 
linked to PAB cellulose as described by Schütz et al.
[17].

Crude extracts were treated with sufficient 
amounts of anti-RuBPCase-PAB cellulose. After 1 h 
of incubation the anti-RuBPCase-PAB cellulose was 
collected by centrifugation (7 min, 10000 xg) ,

washed five times with 15 ml of 50 m M  Tris-HCl, 
pH 7.8, 1 M NaCl, 1% (v/v) Nonidet P-40 and once 
with 125 m M  Tris-HCl, pH 6.8. Specifically bound 
RuBPCase protein was eluted with 200 1̂ of 125 m M  

Tris-HCl, pH 6.8, 3% (w/v) SDS. As judged from 
the Coomassie brilliant blue staining and fluo- 
rography [18] this immunoprecipitation method 
gave a homogenous RuBPCase preparation (Fig. 1).

Anti-RuBPCase-PAB cellulose could be regener­
ated by washing three times with 125 m M  Tris-HCl, 
pH 6.8, 3% (w/v) SDS, twice with 50 m M  Tris-HCl, 
pH 7.8, 1 M NaCl, 1% (v/v) Nonidet P-40 and four 
times with 50 m M  Tris-HCl, pH 7.8, 200 m M  NaCl. 
In the last buffer (+ 0.02% (w/v) NaN3) the anti- 
RuBPCase-PAB cellulose was stored at 4°C. The 
SDS treatment however led to a loss of binding 
capacity. Therefore the completeness of immunoad- 
sorption was routinely checked by testing the super­
natant of the anti-RuBPCase-PAB cellulose treated 
crude extract with single radial immunodiffusion 
assay.

1 2  3  A

Fig. 1. Immunoprecipitation of RuBPCase with anti- 
RuBPCase PAB-cellulose. Samples were analysed on 12.5% 
SDS-slab gels [12]. 1. crude extract of Chlorogonium cells, 
2. crude extract after immunoprecipitation, 3. polypeptides 
released from anti-RuBPCase PAB-cellulose by SDS treat­
ment, 4. fluorograph of 35S-labelled RuBPCase, immuno- 
precipitated with anti-RuBPCase PAB-cellulose.
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SDS-Gel electrophoresis

Polyacrylamide gel electrophoresis in the pres­
ence of SDS was performed according to Laemmli 
[12].

Labelling o f  cells with f 5S]sulfate

In both kinds of experiments — continous labelling 
and pulse-chase experiments -  cells were prein­
cubated in sulfate-free culture medium for 45 min.

Continous labelling was performed with 2-10nC i 
[35S]sulfate per ml of culture. At each time 25 ml of 
culture were withdrawn and the incorporation was 
stopped by adding ice to the samples. The cells were 
spun down, washed once with sulfate-enriched 
(2.225 mM) culture medium and immediately stored 
at -  20 °C.

In the pulse-chase experiments cells were pulse- 
labelled for 15 min with 1.25 nCi [35S]sulfate per ml 
of culture. Then the cells were harvested, washed 
once with sulfate-enriched (2.225 mM) culture me­
dium and resuspended in the same medium. One 
part of the autotrophic and heterotrophic culture 
was incubated with chloramphenicol (70 ng/ml) 
and cycloheximide. Samples were processed as de­
scribed above.

Radioactivity measurements

Radioactivity in proteins was determined using 
the filter paper disk method of Mans and Novelli
[19].

Aliquots from total homogenate were precipi­
tated with 10% (w/v) TCA, centrifuged, and the 
radioactivity in the supernatant was measured 
(TCA soluble substances).

The SDS-eluate of anti-RuBPCase-PAB cellulose 
was electrophoresed on SDS-gels. The bands of the 
subunits were identified by Coomassie brilliant 
blue staining. The bands were cut out, and the poly­
acrylamide gel slices were incubated at room tem­
perature for 24 h with 1 ml of Soluene-350 (Packard) 
or TS-1 (Zinsser). 8 mis of toluene-based scintilla­
tion fluid was added and the radioactivity counted 
in a liquid scintillation counter.

Determination o f protein

Protein in solutes containing detergents or urea 
was determined by the procedure of Schaffner and 
Weissmann [20]. In all other cases Esen’s method

[21] was used. Handling of cells and the preparation 
of crude extracts were as described in the preceding 
paper [11],

Results

Characterization o f  the antisera

The antisera to LS and SS gave single precipitin 
lines when tested with their respective isolated 
antigen as well as with SDS-containing crude ex­
tracts of Chlorogonium cells (Fig. 2). The two preci­
pitin lines were confluent indicating immunological 
identity of the antigens. 2-Mercaptoethanol had to 
be included into the subunit preparation; otherwise 
a doublet of precipitin lines was observed (Fig. 2). 
The faint of the two bands has to be considered as a 
result of aggregating subunits. No cross-reaction of 
the antisera with the other antigen was observed. It 
should be pointed out, that preimmune IgG frac­
tions had no reactions with the antigens. No pre­
cipitin lines were detected between the antibodies 
and SDS alone (results not shown).

Taken together the antibodies to LS and SS 
formed precipitin lines with the SDS-denatured 
subunits (Fig. 2), with native subunits present in the 
holoenzyme (data not shown) and with the in vitro 
synthesized subunit polypeptides Westhoff et al. 
[32]. The same held true for antibodies to RuBPCase 
holoenzyme, except that immunoprecipitation of in 
vitro synthesized LS- and SS-polypeptides with 
antiserum to RuBPCase holoenzyme was not tested.

Fig. 2. Ouchterlony assays for specifity of the antisera to 
large and small subunits of RuBPCase. a. Antiserum to SS 
in the central well. 1. crude extract of Chlorogonium cells 
(0.1% SDS, 5% 2-mercaptoethanol), 2. 1.8 ng SS in 0.1% 
SDS and 5% 2-mercaptoethanol, 3. 3.5 ng SS in 0.1% SDS,
4. 7.5 ng LS in 0.1% SDS, b. Antiserum to LS in the central 
well. 1. 3.8 ng LS in 0.1% SDS, 2. 3.8 ng LS in 0.1% SDS 
and 5% 2-mercaptoethanol, 3. crude extract of Chloro­
gonium cells (0.1% SDS and 5% 2-mercaptoethanol), 4.
1.8 ng SS in 0.1% SDS.
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Coordinated synthesis o f large and small subunits 
in autotrophic as well as in heterotrophic cells

Using monospecific antibodies to LS and SS the 
pools of the subunit could be measured quantita­
tively by single radial immunodiffusion [16]. The 
characterization of the antisera had shwon that they 
react well with all kinds of subunits. This ensured 
that free occuring subunits, that are subunits not 
assembled to the holoenzyme were recognized too.

When heterotrophically grown cells were shifted 
to autotrophic growth conditions the amount of 
RuBPCase increased due to de novo synthesis [11]. 
If the synthesis of both subunits is synchronous 
under both culture conditions, the ratio of the levels 
of LS and SS should not change. The relative 
proportions of the subunits in the holoenzyme are 
close to the value of 3.4.

Transfer of the cells from heterotrophic to auto­
trophic growth did not lead to alterations in the 
relative proportions of both subunits (Fig. 3 b). In 
this experiment cells were cultured heterotrophically

Time after tra n s fe r( h )

Fig. 3. Amounts of large and small subunits in cells grow­
ing under different conditions. Cells were precultured 
heterotrophically at 37 °C and then further cultured (start 
of experiment) autotrophically at 30 °C O—O, in the 
dark with acetate at 30 °C ■ —■  and in the dark without 
acetate at 30 °C • —# . The amounts of RuBPCase holo­
enzyme and the subunits were estimated by single radial 
immunodiffusion [16]. a. Amount of RuBPCase holo­
enzyme, b. Ratio of large to small subunits.

at 37 °C instead of 30 °C. This higher growth 
temperature was used, since the differences in the 
levels of RuBPCase in autotrophic and heterotrophic 
cells could be enlarged from 5 -7  to 10 -1 5  fold.

When acetate was withdrawn in the dark syn­
thesis of RuBPCase started immediately (Fig. 3 a). 
Within the limitations of error — as outlined by the 
standard deviations — the ratio of the levels of LS 
and SS did not change (Fig. 3 b). Taken together the 
relative proportions of both subunits were the same 
under all growth conditions tested, and the mea­
sured value was close to the expected one of 3.4. 
This suggested that synthesis of both subunits pro­
ceeds synchronously. Pools of free subunits were not 
detected. This finding was confirmed by labelling 
experiments. Autotrophic and heterotrophic cells 
were labelled continously with [35S] sulfate. Both cell 
types incorporated nearly the same amount of 
radioactive label into total soluble protein, but eight 
times more radioactivity could be detected in the 
RuBPCase of autotrophic cells [11]. The ratio of 
radioactivities in LS and SS, isolated from auto­
trophic and heterotrophic cells, is in the range of
3 -4  (Table I). This value corresponds to the rela­
tive proportions of both subunits as measured by 
single radial immunodiffusion. It should be stressed 
that the large and small subunits of the RuBPCase 
of Chlamydomonas, a near relative of Chlorogonium, 
show a similar distribution of sulfur-containing 
amino acids [22]. The data suggested that the 
synthesis of large and small subunits is coupled 
under both growth conditions.

Pulse-chase experiments were next conducted to 
investigate directly the degradation rates of the

Table I. Synchronized synthesis of large and small sub­
units of RuBPCase in autotrophic and heterotrophic cells. 
Labelling of cells (lO^Ci [35S] sulfate/ml of culture) pre­
paration of crude extracts, immunoprecipitation of 
RuBPCase protein and measurement of radioactivity in LS 
and SS was performed as described in Materials and 
Methods.

Time after addition 
of [35S]sulfate [min]

Ratio of radioactivity in LS and SS

autotrophic
cells

heterotrophic
cells

15 2.8 3.5
45 2.8 4.2
90 3.0 3.7

135 3.1 3.7
180 2.6 3.3
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Table II. Synchronized degradation of large and small 
subunits of RuBPCase in autotrophic and heterotrophic 
cells. Labelling of cells (1.25 nCi [35S]sulfate/ml of cul­
ture), preparation of crude extracts, immunoprecipitation 
of RuBPCase protein and measurement of radioactivity in 
LS and SS were performed as described in Materials and 
Methods.

Time after Ratio of radioactivity in LS and SS
start of the ---------------------------------------------
chase [h] autotrophic cells heterotrophic cells

— anti­
biotics

-1- CAP, 
+ CHI

-  anti­
biotics

+ CAP, 
+ CHI

0 0.6 0.6 1.3 1.3
2 0.6 0.7 1.6 1.4
4 0.6 0.8 1.7 1.3
6 0.6 0.7 1.5 1.1
8 0.7 0.7 1.5 1.6

subunits. If the subunits are not degraded synchron­
ously, the ratio of their radioactivities should alter 
during the chase period. Since we did not succeed 
in preventing further incorporation of radioactivity 
out of the TCA-soluble pool into protein during the 
chase, one part of the autotrophic and heterotrophic 
cultures was incubated with cycloheximide and 
chloramphenicol. Thus further protein synthesis was 
stopped. The degradation rates of RuBPCase holo- 
enzyme were found to be equal in both growth 
conditions, RuBPCase protein was degraded only 
very slowly [11]. The ratio of radioactivities in LS 
and SS in autotrophic as well as in heterotrophic 
cells remained nearly constant (Table II), i.e. the 
degradation of the subunits is coordinated too. It 
should be mentioned that the ratio of the radio­
activities in LS and SS both in autotrophic and in 
heterotrophic cells did not reach the expected value 
of 3 -4  (see Table I). Because of the low concentra­
tions of [35S] sulfate used in this experiment the cyto­
plasmic compartment seems to be supplied with 
more [35S] sulfate than the chloroplast. The low 
concentration of [35S]sulfate was used in order to 
prevent the accumulation of too much radioactivity 
in the TCA soluble pool, which would interfere 
with the chase.

Control mechanisms in the biosynthesis o f  RuBPCase

Which of the two genetic systems -  nucleus/cyto­
plasm and chloroplast — does control the synthesis 
of the large and small subunits? To get some infor­
mations about these regulatory processes we chose

the application of antibiotics and of elevated cul­
ture temperatures. Uncoupling of the synthesis of 
the subunits would indicate which of the two 
systems has the leadership in the biosynthesis of 
RuBPCase. As an experimental system the transi­
tion from heterotrophic to autotrophic growth was 
taken.

Effects o f  chloramphenicol and cycloheximide on the 
synthesis o f large and small subunits

When the heterotrophically precultured cells were 
grown autotrophically in the presence of chlor­
amphenicol or cycloheximide, inhibitors of chloro- 
plastic and cytoplasmic protein synthesis respec­
tively, no increase in the amount of RuBPCase 
could be detected (Fig. 4 a). In the control culture 
the RuBPCase level rose more than tenfold. This 
inhibition of RuBPCase synthesis could not be 
attributed to nonspecific, toxic effects of the anti­
biotics because protein synthesis and cell division 
continued, although with obvious retardation (Table 
III). The relative proportions of large and small 
subunits were not affected by the two antibiotics,

0 2 A 6 8 10
Time after transfer ( h )

Fig. 4. Effects of chloramphenicol or cycloheximide on the 
amounts of large and small subunits. Cells were precul­
tured heterotrophically at 37 °C and then transferred to 
autotrophic conditions at 30 °C. The amounts of RuBPCase 
holoenzyme and its subunits were estimated by single 
radial immunodiffusion [16]. Control O—O, + chloram­
phenicol (70 ng/ml) A---------A, + cycloheximide (30
(ig/ml) □-----□. a. Amount of RuBPCase holoenzyme, b.
Ratio of large to small subunits.
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Table HI. Increase of protein and cell number after a 10 h- 
incubation with chloramphenicol (70 |ig/ml) and cyclo- 
heximide (30 ng/ml) during photoautotrophic growth.

Increase of 
total protein 
in ng per ml 
of culture

Increase of 
cell numbers 
cells per ml 
culture

control 32.5 0.72 x 106
+ chloramphenicol 21.0 0.52 x 106
control 36.0 1.15 x 106
+  cycloheximide 18.8 0.38 x 106

they did not differ significantly from the ratio 
measured in the control culture (Fig. 4 b).

Effect o f  rifampicin on the synthesis o f  large and 
small subunits

Rifampicin has been found to be an efficient 
inhibitor of chloroplastic rRNA synthesis in Chloro- 
gonium as in other algae [23]. This antibiotic led to 
a considerable reduction in the increase of RuBPCase 
amount, when heterotrophically grown cells were 
transferred to autotrophic growth conditions (Fig.

5 a). The coupling of subunit synthesis was not 
affected (Fig. 5 b).

Effect o f  high growth temperatures on the synthesis 
o f  large and small subunits

High temperatures had been shown to impair 
relatively specifically chloroplast formation in sev­
eral higher plants and Euglena. Especially the syn­
thesis of the large subunit of RuBPCase is pre­
vented [8]. In Chlorogonium  temperatures of about 
37 °C led to a heavily decreased synthesis of chloro­
phyll in the light, when heterotrophically cultured 
cells were grown further on autotrophically at 37 °C 
instead of 30 °C — the usual growth temperature — 
(data not shown). Heterotrophic growth was not 
concerned negatively at 37 °C, and even more it was 
promoted. Synthesis of RuBPCase slowed down, but 
was not completely inhibited, when cells grown 
heterotrophically at 37 °C are transferred to auto­
trophic growth at the same temperature (Fig. 6 a). 
The relative proportions of the subunits in the 
37 °C-autotrophic culture did not differ from those 
in the control.

947

0 2 A 6 8 10
Time after transfer ( h )

Fig. 5. Effect of rifampicin on the amounts of large and 
small subunits. Experimental details as described in legend 
to Fig. 4. Control O—O, + rifampicin (125 ng/ml) 
a. Amount of RuBPCase holoenzyme, b. Ratio of large to 
small subunits.

Time a fte r transfer ( h )
Fig. 6. Effect of high growth temperature on the amount 
of large and small subunits. Cells were precultured hetero­
trophically at 37 °C and then transferred to autotrophic 
growth conditions at 30 °C O— O or 37 °C • —• .  The 
amounts of RuBPCase holoenzyme and its subunits were 
estimated by single radial immunodiffusion [16]. a. 
Amount of RuBPCase holoenzyme, b. Ratio of large to 
small subunits.
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Time after addition of (35S! -su lfa te (m in )
15 30 45 60 75 90 
Time after addition of (^S l-su lfa te  (min)

Fig. 7. Effects of cycloheximide and chloramphenicol on the incorporation of 35S-radioactivity into the large and small 
subunits. Autotrophically grown cells were cultured further on in sulfate-free culture medium supplemented with 
[35S]sulfate (2|aCi/ml)and the antibiotics as indicated. For measurements of radioactivity and immunoprecipitation of
RuBPCase protein see Materials and Methods. Control O—O, + cycloheximide (30 ng/ml) □-----□, + chloramphenicol
(70 (ig/ml) A---------A. In Fig. 7. c-e: radioactivity in LS: open symbols, radioactivity in SS: closed symbols. The arrow
indicates the addition of antibiotics, a. Radioactivity in the TCA-soluble pool. b. Radioactivity in total protein, c. Radio­
activity in LS and SS, control, d. Radioactivity in LS and SS, + cycloheximide. e. Radioactivity in LS and SS, 
+ chloramphenicol.

The effect o f chloramphenicol and cycloheximide on 
incorporation o f radioactivity into large and 
small subunits

In the case of the two inhibitors of protein syn­
thesis the findings presented above were confirmed 
using an another approach. Cells were labelled with 
[35S]sulfate in the presence of cycloheximide or 
chloramphenicol. Cycloheximide and chloramphe­
nicol reduced the incorporation into total soluble 
protein to approximately 66% and 10% respectively 
as compared with the control (Fig. 7 b). In the 
presence of antibiotics less radioactivity was found 
in the TCA-soluble pool (Fig. 7 a). This seemed not 
to be significant, since in other experiments these 
differences in the radioactivities of the TCA-soluble

pools were not noticed. Addition of cycloheximide 
completely and immediately abolished incorpora­
tion into SS, but further incorporation into LS was 
stopped almost to the same extent too (Fig. 7d). 
Chloramphenicol in the concentration employed did 
not prevent further labelling of LS and SS totally, 
but considering the rate of the reduction in incorpo­
ration both subunits were affected in the same 
manner. Extending the labelling period to more than 
three hours led to the same results.

Discussion

There are five lines of evidence which suggest a 
stringent coordinated control of the synthesis of 
RuBPCase subunits in Chlorogonium:
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(a) The relative proportions of LS and SS did not 
alter in autotrophic and heterotrophic growth con­
ditions. The value of about 3 - 4  is in the range of 
the proportions in weight of LS and SS in the holo- 
enzyme.

(b) The ratios of incorporation into the subunits 
were nearly the same for both growth conditions.

(c) The degradation rates were coordinated for 
both subunits.

(d) Inhibitors of protein and RNA synthesis and 
high growth temperature failed to uncouple subunit 
synthesis.

(e) No evidence was obtained for the existence of 
pools of free subunits.

The results fit well the findings obtained in 
another unicellular green alga, Chlamydomonas [4]. 
But the situation in higher plants is not hom o­
genous. In rye leaves deficiency of plastid ribosomes 
can be induced by high temperature [24]. Under 
these conditions large subunits of RuBPCase are not 
synthesized, but small subunits are formed and 
accumulated [8 ]. In isolated soybean leaf cells were 
found, that synthesis of large subunits continued, 
although small subunit synthesis had stopped [7], 
Evidence for a pool of free small subunits was 
obtained also for tobacco protoplasts [9]. In contrast 
subunit synthesis in greening pea shoots [6 ] and 
spinach protoplasts [5] seems to be strictly coupled.

To value these findings, first the notions of 
“coupled and uncoupled subunit synthesis” are to 
be clarified. Coupled synthesis does not mean, that 
the amounts of both subunits match exactly, un­
coupled synthesis does not imply a totally unco­
ordinated synthesis. Therefore it has to be investi­
gated to which extent subunit synthesis is matched.

Unicellular green algae like Chlorogonium and 
Chlamydomonas have a closer coupling of subunit 
synthesis than higher plants. Two differences be­
tween higher plants and these two unicellular green 
algae are to be discussed. First these algae possess 
only one chloroplast, whereas higher plants are 
provided with several of these organelles per cell. 
Assuming the same copy number of DNA per 
plastid, the chloroplastic gene for the large subunit 
is much more amplified in cells of higher plants 
than in unicellular green algae. In contrast the 
nuclear gene for the small subunit exists only as 
single or close to single copy per genome [25]. Hence

it follows, that the dosage of large to small subunit 
genes differs between the two groups of plants. 
Second RuBPCase is the most abundant protein in 
higher plants comprising up to 50-60%  of the total 
soluble protein. In Chlorogonium  and Chlamydo­
monas 7 or 10% respectively of the total soluble 
protein consists of RuBPCase protein [22]. There­
fore these differences make reasonable to assume 
that synthesis of small subunits in higher plants 
does not seem to be coupled so strictly as in 
unicellular green algae. A stock of free small sub­
units perhaps ensures, that these lots of plastids in 
cells of higher plants are provided with sufficient 
amounts of small subunits to build up RuBPCase 
holoenzyme.

To explain RuBPCase synthesis in Chlorogonium 
the model used has to bear in mind, that subunit 
synthesis in this alga is stringently coordinated and 
especially cannot be uncoupled by inhibitors of 
cytoplasmic and chloroplastic protein synthesis. 
Therefore Elli’s proposal [27] of the cytoplasmic 
control principle doe not fit our data. Our findings 
suggest that the two genetic compartments control 
one another. This requires a bilateral flow of infor­
mation. Proteins or RNA are imaginable as trans­
mitters of information. Transport of proteins from 
the cytoplasm into the chloroplast is well docu­
mented [28, 29], nothing is known about the reci­
procal way. Transport of RNA from the chloroplast 
into the cytoplasm is a point of issue [30, 31], 
transport in the opposite direction has not been 
reported. It remains to examine whether one of the 
suggested possibilities is true.

At which level of gene expression synthesis of 
large and small subunits is controlled in Chlorogo­
nium 1 Levels of translatable mRNAs for LS and SS 
under autotrophic and heterotrophic growth condi­
tions have been estimated. The results indicate that 
the amounts of mRNAs for LS and SS are matched 
too (W esthoff and Zetsche, [32]). So further studies 
are necessary to elaborate a more sophisticated 
model of how synthesis of RuBPCase is controlled.

Acknowledgements

This work was aided by grants from the Deutsche 
Forschungsgemeinschaft (to K. Z.).



950 P. Westhoff et al. • Regulation of the Synthesis of Ribulose .

[1] T. S. Baker, D. Eisenberg, F. A. Eiseling, and L. 
Weissmann, J. Mol. Biol. 9 1 ,391-399 (1975).

[2] S.-D. Kung, Science 191,429-434 (1976).
[3] S.-D. Kung, Ann. Rev. Plant Physiol. 28, 401-437  

(1977).
[4] V. Iwanij, N.-H. Chua, and P. Siekevitz, J. Cell Biol. 

64,572-585 (1975).
[5] M. Nishimura and T. Akazawa, Plant Physiol. 62, 

97-100(1978).
[6] R. J. Ellis, Phytochemistry 1 4 ,8 9 -9 3  (1975).
[7] R. Barraclough and R. J. Ellis, Eur. J. Biochem. 94, 

165-177 (1979).
[8] J. Feierabend and G. Wildner, Arch. Biochem. Bio­

phys. 186,283-291 (1978).
[9] A. Hirai and S. G. Wildmann, Biochim. Biophys. 

Acta 4 7 9 ,39 -52  (1977).
[10] H. Roy, C. A. Costa, and H. Adari, Plant Sei. Lett.

11,159-168 (1978).
[11] F. Boege, P. Westhoff, K. Zimmermann, and K. 

Zetsche, Eur. J. Biochem. 1 1 3 ,581-586 (1981).
[12] U. K. Laemmli, Nature 227,680-685 (1970).
[13] R. C. Higgins and M. E. Dahmus, Anal. Biochem. 93, 

257-260 (1979).
[14] K. Weber and D. J. Kuter, J. Biol. Chem. 246, 

4504-4509 (1971).
[15] S.-H. Yen, D. Dahl, M. Schachner, and M. L. She- 

lanski, Proc. Natl. Acad. Sei. USA 7 3 ,529-533 (1976).
[16] G. Mancini, A. O. Carbonara, and J. F. Heremans, 

Immunochemistry 2 ,235 -254  (1965).
[17] G. Schütz, S. Kieval, B. Groner, A. Sippel, D. T. 

Kurtz, and P. Feigelson, Nucl. Acids Res. 4, 7 1 -8 4
(1977).

[18] W. M  Bonner and R. A. Laskey, Eur. J. Biochem. 
4 6 ,8 3 -8 8  (1974).

[19] R. J. Mans and G. D. Novelli, Arch. Biochem. 
Biophys. 9 4 ,4 8 -5 3  (1961).

[20] W. Schaffner and C. Weissmann, Anal. Biochem. 56, 
502-514(1973).

[21] A. Esen, Anal. Biochem. 8 9 ,2 6 4 -2 7 3  (1978).
[22] V. Iwanij, H.-H. Chua, and P. Siekevitz, Biochim. 

Biophys. Acta 3 5 8 ,3 2 9 -3 4 0  (1974).
[23] K. Streicher, Thesis, University of Tübingen 1976.
[24] J. Feierabend and M. Mikus, Plant Physiol. 59, 8 6 3 -  

867 (1977).
[25] A. R. Cashmore, Cell 1 7 ,3 8 3 -3 8 8  (1979).
[26] N. Kawashima and S. G. Wildman, Ann. Rev. Plant 

Physiol. 2 1 ,3 2 5 -3 5 8  (1970).
[27] R. J. Ellis, Biochim. Biophys. Acta 463, 18 5 -2 1 5

(1977).
[28] N.-H. Chua and G. W. Schmidt, Proc. Nat. Acad. Sei. 

USA 7 5 ,6 1 1 0 -6114  (1978).
[29] P. E. Highfield and R. J. Ellis, Nature 271, 4 2 0 -4 2 4

(1978).
[30] J. M. McCrea and C. L. Hershberger, Nature 274, 

7 1 7 -719(1978).
[31] S. D. Schwartzbach, W. E. Barnett, and L. I. Hecker, 

Nature 2 8 0 ,8 6 -8 7  (1979).
[32] P. Westhoff and K. Zetsche, Eur. J. Biochem., 116, 

2 6 1 -2 6 7 (1 9 8 1 ).


