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Evidence for Nuclear Control of the Expression of the atpA 
and atpB Chloroplast Genes in Chlamydomonas 
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We analyzed three nuclear mutants of Chlamydomonas reinhardtii altered in the expression of the chloroplast genes 
atpA or atpB coding for the a or p subunit of the chloroplast ATP synthase. These mutants revealed the existence of 
three nuclear products controlling the expression of the two chloroplast genes: the first one acts on the translation of 
the atpA transcript, and the two others act specifically on the stability of either the atpB or the atpA mRNAs. The nuclear 
mutation responsible for the decreased stability of the atpB mRNA prevented translation of the corresponding polypep- 
tide. In contrast, the mutation responsible for the decreased stability of the atpA mRNA had limited effect on the translation 
of the a subunit, thereby allowing its accumulation and assembly in an active ATP synthase. Although acting originally 
on the expression of only one of the two main coupling factor 1 subunits, the three mutations caused a change in the 
translation rate of the other subunit, as viewed in 5-min pulse labeling experiments. This is indicative of a concerted 
expression of the a and p subunits at an early post-translational step, or during translation, that may be critical for the 
assembly of the chloroplast ATP synthase. 

INTRODUCTION 

The major proteins of the photosynthetic apparatus in the chlo- 
roplast are multisubunit protein complexes that comprise 
subunits encoded by both the chloroplast and nuclear ge- 
nomes. How the synthesis of these various subunits is 
coordinated to allow proper assembly in a protein complex is 
still poorly understood. In higher plants, the chloroplast genes 
encoding subunits of the ATP synthase are organized in two 
transcriptional units within the same single-copy region of the 
chloroplast genome: afpB (subunit p) plus atpE (subunit E) are 
in one unit, and atpl/atpH/atpF/atpA (subunits IV/lll/l/a) are in 
the other (Westhoff et al., 1981; Cozens et al., 1986; Hennig 
and Herrmann, 1986). This organization suggests that the coor- 
dinated expression of these chloroplast genes may involve 
transcriptional regulations. This is not the case in the unicel- 
lular green alga Chlamydomonas reinhardtii, where the genes 
are dispersed around the entire chloroplast genome on either 
of its two single-copy regions (Woessner et al., 1987). 

60th the intrinsic (coupling factor O [CFo]) and catalytic 
(coupling factor 1 [CF,]) sectors of the chloroplast ATP syn- 
thase result from the assembly of chloroplast- and nuclear- 
encoded subunits. The biogenesis of the chloroplast ATP 
synthase therefore requires some coordination in the expres- 
sion of the nuclear and chloroplast genes encoding the various 
subunits of the complex. Severa1 nuclear genes have already 
been shown to control the expression of photosystem II (PSII) 
and PSI chloroplast genes in Chlamydomonas: nuclear factors 

To whom correspondence should be addressed. 

would be required for the stabilization and for the translation 
of mRNAs of chloroplqst-encoded PSll subunits (Jensen et 
al., 1986; Kuchka et al., 1988; Kuchka et al., 1989; Rochaix 
et al., 1989; Sieburth et al., 1991). The nuclear control on the 
mRNA processing of one of the two main PSI subunits 
has also been extensively studied (Choquet et al., 1988; 
Goldschmidt-Clermont et al., 1990). In contrast, the targets for 
the action of nuclear gene products controlling the synthesis 
of chloroplast-encoded subunits of the ATP synthase have not 
yet been characterized. 

In a previous study, Lemaire and Wollman (1989a, 1989b) 
have characterized the nine subunits of the chloroplast ATP 
synthase complex in Chlamydomonas and studied some 
aspects of the enzyme assembly by comparing the patterns 
of synthesis and accumulation of its subunits in various mu- 
tants defective in photophosphorylation. Among them were 
two nuclear mutants (F54 and thm24) affected in the synthe- 
sis of the a and/or p subunits. The phenotype of these mutants 
pointed to the existence of a nuclear control on the expres- 
sion of the chloroplast-encoded subunits of the complex. 

In this study, we have analyzed at the transcriptional and 
post-transcriptional levels three nuclear mutants of Chlamydo- 
monas, F54, thm24, and nccl, which display specific alterations 
in the expression of the chloroplast-encoded a and p subunits. 
We report that distinct nuclear gene products are required for 
the stabilization of the atpA and afpB transcripts as well as 
for the translation of the atpA transcript. Moreover, this com- 
parative study shows that the synthesis of the a and p subunits 
are closely coordinated at the translational step. 
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Table 2. Protein Expression in the Various ATP Synthase Mutants 

Synthesis . Accumulation in Cells 

Strain a Subunit p Subunit a Subunit p Subunit 

WP 1 I b  1 1 
F54 O C  3 O '/4 

thrn24 '/4 O O O 
nccl 1/3 4 1/2 '/2 

FUD50d '/4 O O O 

a One was arbitrarily chosen as a reference for each analysis in the wild type. 
Note that the synthesis of the p subunit is lower than the synthesis of the a subunit in the wild type. 
O, absent or below detection. 
Chloroplast rnutant used as a control in this study. 

polypeptide of the PSll core complex (Kuchka et al., 1988). 
This is in contrast with fscherichia coli where untranslated 
mRNAs are rapidly degraded (Cole and Nomura, 1986). There- 
fore, although chloroplast ribosomes are of a procaryotic type, 
the mechanisms governing transcript stability seem to differ 
widely between procaryotic cells and the chloroplast. This may 
be related to the lack of tight coupling between transcription 
and translation in the chloroplast (Hosler et al., 1989) at vari- 
ante with the situation in E. coli. Klaff and Gruissem (1991) 
have recently reported that forcing mRNAs in a polysome- 
bound state in spinach chloroplasts decreased their half-lives, 
and they discussed the possibility that the polysomes deliv- 
ered a specific nuclease. The translational block in mutant F54 
may therefore originate from a decreased binding of the atpA 
transcripts to polysomes, thereby producing an impairment 
of the initiation of translation. In other instances, the S'untrans- 
lated part of the transcripts, implicated in the initiation of 
translation, has been shown to be the target site for the action 
of nuclear products: a nuclear mutation in Chlamydomonas, 
causing a block in the translation of the PSll core subunit P6, 
was suppressed by a chloroplast mutation located in a stem- 
loop region of the Yuntranslated region of psbC, the gene en- 
coding P6 (Rochaix et al., 1989). In yeast, three distinct nuclear 
gene products have been shown to act on the 5' untranslated 
region of the mitochondrial coxlll transcript, where they con- 
trol translation of cytochrome c oxidase subunit 111 (Costanzo 
and Fox, 1988). 

The thm24 Mutation Leads to a Drastic Destabilization 
of the atp6 Transcript 

The nuclear mutation in thm24 produced a dramatic deple- 
tion in atpB transcripts, preventing their detection by RNA gel 
blot analysis. We looked for a possible decrease in the tran- 
scription rate of atpB in mutant thm24 by 32P-UTP pulse 
labeling using toluene-permeabilized cells. This approach, 
which prevents initiation of transcription and most likely stabi- 
lizes newly synthesized mRNAs (Kuchka et al., 1989; Sieburth 

et al., 1991), nevertheless allows detection of changes in tran- 
scription rates (Leu et al., 1990). In this study, we did not detect 
changes in the transcription rate of atpB in mutant thm24 as 
compared with that in the wild-type strain. Therefore, the thm24 
mutation operates by decreasing the stability of the atpB mes- 
sage. Nuclear mutations causing such a destabilization of a 
chloroplast transcript have been previously identified in 
ChlamydomonasforpsbD in mutantnac2(Kuchkaet al., 1989), 
psbC in mutant 6.2~5 (Sieburth et al., 1991), andpsbB in mu- 
tant GE2.10 (Jensen et al., 1986). In this study, S1 protection 
assays using probes for the 5'end sequences of the atpB tran- 
scripts did not reveal any accumulation of such transcript 
fragments in mutant thm24. This could be indicative of a degra- 
dation process of the atpB transcripts occurring through their 
5' end. However, we similarly failed to detect 5' ends of the 
atpB transcripts in S1 protection assays using the FUD50 chlo- 
roplast mutant. As demonstrated by RNA pulse labeling 
experiments using probes hybridizing either to the 3'or 5'end 
of the transcripts, the partia1 atpB gene deletion in FUD50 still 
allowed expression of atpB transcripts with intact 5' ends but 
truncated at their 3'end. The half-life of these truncated atpB 
transcripts was nevertheless short enough to prevent their de- 
tection in S1 protection assays using the 5' end probe. This 
observation is easily interpreted in light of the study of Stern 
et al. (1991), which showed that the 3'untranslated region of 
the arpB transcripts controlled their stability. Thus, the failure 
to detect 5'end sequences of atpB transcripts in S1 protection 
assays using mutant thm24 does not preclude a possible 
destabilization from the 3'end, as is the case in mutant FUD50. 

The Destabilization of the atpA Transcript in Mutant 
nccl Allows Efficient Translation of the a Subunit 

The nuclear mutation nccl also acted on transcript stability. 
In this mutant, the transcription rate of atpA was unaltered, 
but the half-life of the atpA transcripts was decreased by a factor 
of 10, as judged from RNA gel blot analysis. The destabiliza- 
tion of atpA transcripts in mutant nccl most likely occurred 
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through a nucleolytic degradation of the 3'to 5'ends. This con- 
clusion arises from our comparison of the relative amounts 
in mature atpA messages (RNA gel blots) versus mature plus 
truncated atpA messages still containing their 5' end (SI 
nuclease protection experiments): the latter experiments 
yielded a decrease of only three times the amount of DNA frag- 
ments protected from SI nuclease in mutant nccl. 

lnterestingly enough, this extensive decrease in the accumu- 
lation of mature transcripts still allowed efficient translation of 
the a subunit. About half of the ATP synthase complexes pres- 
ent in the wild-type strain were assembled in mutant nccl. This 
nuclear mutation is particularly remarkable because the tran- 
script stability is dramatically altered with moderate 
consequences on the expression of the corresponding poly- 
peptide. This type of mutation cannot be easily selected due 
to the rationale generally used for the isolation of photosynthe- 
sis mutants, which are selected as ac- strains. In contrast, we 
obtained the nccl mutant strain from a spontaneous mutation 
while growing the wild-type strain in the laboratory. Mutant nccl 
showed the same growth rate as the wild type in phototrophic 
conditions. Although containing less chloroplast ATP synthase 
complexes on a chlorophyll basis, it had no detectable pheno- 
type from a functional point of view. 

The changes in afpA gene expression in mutant nccl re- 
semble those observed for atpe in transformed cells of 
Chlamydomonas by Stern et al. (1991). Having made a series 
of deletions in the flanking region downstream of the afp6 gene, 
these authors reported that some deletions, preventing for- 
mation of a stemlloop secondary structure in the 3'untranslated 
region of the afpB transcripts, reduced the transcript amount 
by 80%, but still allowed 50% accumulation of the p subunit. 
Thus, the nuclear product altered by the nccl mutation could 
be an RNA binding protein that protects the 3' untranslated 
region of the atpA transcripts from exonuclease digestion. The 
mutation in nccl may cause an increased turnover of the mRNA 
binding protein complex on its binding site, thus preserving 
the mature size of atpA transcripts when bound and deliver- 
ing them to degradation when unbound. In this respect, it would 
differ from the mutation in mutant thm24, in which the mRNA 
binding site for a stabilizing nuclear-encoded protein may be 
entirely unprotected from nucleolytic attack. 

It is presently unclear why a mutation of a 3'end mRNA bind- 
ing protein, decreasing transcript stability, improves trans- 
lational efficiency of the remaining atpA transcripts. More than 
half of the afpA transcripts present in the wild type could be 
in a nontranslatable form, as has been suggested by Hosler 
et al. (1989). In this hypothesis, the stabilizing RNA binding 
protein mutated in nccl would be required for this conversion 
in a nontranslatable form of the transcripts. However, accord- 
ing to the hypothesis discussed in the next section, the 
presence of regulatory elements limiting translation of both 
afpA and afpB transcripts in the wild-type strain would pro- 
vide an explanation for the improved translation of afpA 
transcripts in mutant nccl. 

Evidence for a Translational Coupling of the 
a and p Subunits 

The rates of synthesis of the a and p subunits in the wild type 
were markedly different. Our pulse labeling studies indicated 
that the a subunit was synthesized in large excess over the 
p subunit. This cannot be accounted for by differences in tran- 
script availability as both the rates of transcription and steady- 
state levels of the transcripts are similar for the two genes 
(Blowers et al., 1990; Leu et al., 1990). Therefore, this differ- 
ence in the rates of protein synthesis rather points to a 
regulation at the translational level. Further regulation also oc- 
curs at the post-translational level because the relative amounts 
of a and p subunits accumulated in the wild-type cells are simi- 
lar. Indeed, we have shown previously that the a subunits were 
less stable than the p subunits in whole cells of Chlamydo- 
monas (Lemaire and Wollman, 1989b). Thus, in contrast to the 
suggestion of Stern et al. (1991), the a subunit rather than the 
p subunit has the highest turnover. In a previous study, we failed 
to detect the oversynthesis of the a subunit (Lemaire and 
Wollman, 1989b). What we have now identified as mutant nccl 
was at that time misused as the wild-type strain. The actual 
rates of synthesis of the a and p subunits in the wild-type strain 
are then similar to that in the various mutants studied so far, 
lacking either CFo or other CF, subunits, at variance with the 
conclusion we had reached previously (Lemaire and Wollman, 
1989b). 

In contrast, mutations altering the expression of either of 
the two main CF1 subunits, a or p, had pronounced effects 
on the rate of synthesis of the other subunit. Upon 5 min of 
pulse labeling of the chloroplast-encoded proteins, the a 
subunit was barely visible in mutant thm24, which lacks syn- 
thesis of the p subunit. Pulse chase experiments provided no 
evidence for an increased turnover of the a subunit in this mu- 
tant (data not shown). Thus, we conclude that there is only 
marginal synthesis of the a subunit in the absence of the p 
subunit. A similar concerted expression of severa1 chloroplast- 
encoded subunits of a same protein complex has been reported 
in Chlamydomonas for D2, DI, and P5, the three subunits of 
a protein complex intermediate in the biogenesis of the PSll 
core (Erickson et al., 1986; Jensen et al., 1986; de Vitry et al., 
1989). In a thorough analysis of the rate of D1 translation in 
barley, Kim et al. (1991) recently showed that the ribosomes 
paused at specific sites during D1 synthesis. Ribosome paus- 
ing may facilitate cotranslational binding of cofactors, as 
suggested by these authors. It may also allow proper folding 
of the nascent chain interacting with neighboring subunits. The 
presence of the p subunit may then control the rate of transla- 
tion of the a subunit through an interaction between the nascent 
a polypeptide chain and a p subunit nearby. 

Surprisingly, mutants F54 and nccl that show impaired syn- 
thesis of the a subunit displayed a stimulation in the synthesis 
of the p subunit. Here again, the regulation in the expression 
of the p subunit took place at the translational level because 

' 



Nuclear Control in Chlamydomonas 293 

we observed no modification in the accumulation of the arpB 
transcripts in these mutant strains. That translation of the a 
subunit down regulates the synthesis of the 0 subunit could 
be related to the higher rate of translation of the a subunit than 
of the subunit in the wild-type strain. We suggest that, at 
some stage of translation, the two transcripts compete for 
regulatory elements that are present in limiting concentration 
in the wild type and have a higher affinity for atpA transcripts. 
A larger proportion of regulatory elements would be available 
for translation of arpB transcripts both in mutant nccl, defi- 
cient in atpA transcripts, and in mutant F54, where atpA 
transcripts would not associate with polysomes. This would 
provide the molecular basis for the increase in the rate of trans- 
lation for the p subunit in the two mutants. 

The presence of such regulatory elements that limit the trans- 
lation of atpA and arpe transcripts in the wild-type strain would 
readily explain why there was an improved translation of the 
atpA transcripts remaining in mutant nccl: being in lower 
amount than in the wild type, their translation would no longer 
be limited by the availability in these regulatory elements. 

Conclusion 

Besides a major post-translational regulation process, by which 
unassembled subunits of a thylakoid-bound protein complex 
are rapidly degraded, there are a number of upstream regula- 
tion steps that contribute to a fine-tuning of the expression of 
each chloroplast gene. This study illustrates the need for a 
concerted expression of different subunits of the same com- 
plex: the much higher rate of synthesis of the a subunit versus 
that of the p subunit makes up for the lower stability of the 
a subunit in cells, thereby allowing optimization of the assem- 
bly of the chloroplast ATP synthase. The fact that mutant nccl, 
in which the rates of synthesis of these two subunits tend to 
be similar, accumulates less ATP synthase complexes than 
the wild type illustrates how the production of an oligomeric 
protein results from the interaction between regulations at the 
translational and post-translational stepc In addition, each 
chloroplast-encoded subunit is produced under the control of 
its own set of nuclear genes. lsolation of chloroplast suppres- 
sor mutations of the F54 and thm24 nuclear mutations should 
provide decisive information on the transcript regions where 
the mutated nuclear factors act. 

METHODS 

Growth Conditions, Strains, and Genetic Characterization 

Wild-type and mutant strains were grown at 300 Iux in Tris-acetate phos- 
phate medium, pH 7.2. Mutants used in this work were mutant F54 
isolated by Bennoun and Levine (1967). mutant thm24 isolated by G. W. 
Schmidt (University of Georgia, Athens, GA), mutant FUD50 isolated 

by Woessner et al. (1984), and mutant nccl obtained from a spontane- 
ous mutation that occurred in the 137c strain in our laboratory. 

lnduction of gametes, crosses, maturation of zygotes, and dissec- 
tion of tetrads were carried out according to Levine and Ebersold (1960). 

Protein Analysis 

Pulse labeling experiments were carried out according to Delepelaire 
(1983); the inhibitor of cytoplasmic translation was cycloheximide (6.6 
pglmL), and 5 pCilmL of 14C-acetate (50 mCilmM; Commissariat a 
I'Energie Atomique, Saclay, France) was added; the 5-min incubation 
was stopped by the addition of unlabeled sodium acetate (50 mM). 
Cells were stored at -7OOC in 0.1 M Na2C03/0.1 M DTT. Solubilized 
total cell proteins were separated by denaturing gel electrophoresis 
(12 to 18% polyacrylamide gel in the presence of 8 M urea). Labeled 
polypeptides were detected by autoradiography of the dried gels. 

Thylakoid membranes, which were used for immunoblotting experi- 
ments and for a preliminary characterization of the mutants by staining 
the protein gels with Coomassie Brilliant Blue G, were prepared as 
described by Chua and Bennoun (1975). lmmunoblotting experiments 
were performed as in de Vitry et al. (1989). Anti-a and anti-p antisera 
were kindly provided by C. Lemaire (Centre de Gbnbtique Molbculaire, 
GifNvette, France). 

RNA lsolation and FINA Gel Blot Analysis 

Total RNA was extracted from cultures at 1.106 celldmL with 
guanidium hydrochloride as described by Rochaix et al. (1988). In some 
experiments, when a series of ANA extractions were to be done (screen- 
ing double mutants or strains carrying the nccl mutation) or in RNA 
pulse labeling experiments, we performed quick mini-preparations of 
total RNA from 20-mL cell cultures following the procedure of 
Goldschmidt-Clermont et al. (1990). RNA was separated on 1.2% 
agarose-formaldehyde gels, transferred under vacuum to nylon mem- 
branes (Hybond-N; Amersham International) in 20 x SSPE (1 x SSPE 
is 0.15 M NaCI, 1 mM EDTA, 5 mM NaHZPO,, pH 7.4) that were then 
exposed to UV light. Prehybridizations and hybridizations were in 50% 
formamide, 5 x SSPE, 0.1% SDS, 0.5% low-fat milk at 42%. DNA 
probes were labeled using the random-primed DNA labeling kit from 
Eoehringer Mannheim. Membranes were exposed to Agfa-Gevaert 
(Rueil-Malmaison, France) industrial P films at -70% using intensifying 
screens. After hybridization, the labeled probe could be washed off 
the membrane by boiling the blot in 0.1% SDS for 1 min, allowed to 
cool to room temperature in the solution, and then rehybridized with 
another probe. 

Plasmids carrying chloroplast DNA fragments with atpA, atpB, and 
psbA sequences were kindly provided by J. D. Rochaix (University of 
Geneva, Geneva, Switzerland). The atpA probe was a part of the R7 
chloroplast DNA fragment according to the nomenclature of Rochaix 
(1978): the 0.9-kb EcoRI-Pstl fragment was interna1 to the coding se- 
quence of the atpA gene (Dron et al., 1982; Hallick, 1984). The atpB 
probe was the 2.9-kb EcoRI-Kpnl fragment (containing the atpB gene) 
of the Ba5 chloroplast DNA fragment (Woessner et al., 1986). To con- 
trol the loading and the transfer of RNAs, filters were rehybridized with 
the R14 chloroplast DNA fragment including thepsbA gene (Erickson 
et ai., 1984). 



294 The Plant Cell 

In Vivo Pulse Labeling of RNA 

Experimental conditions were the same as in Kuchka et al. (1989): cells 
were permeabilized by a treatment with toluene (Guertin and Bellemare, 
1979), and 150 pCi of a-32P-UTP (400 CilmM; Amersham lnternational) 
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