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Plastome mutation affecting the chloroplast ATP synthase 
involves a post-transcriptional defect 

Barbara B. Sears* and Reinhold G. Herrmann 

Botanisches Institut der Unversit~tt Diisseldorf, D-4000 Diisseldorf, Federal Republic of Germany 

Summary. In a plastid genome (plastome) mutation of 
Oenothera hookeri, at least two of the plastome-coded 
polypeptides (the ~ and e subunits) of the chloroplast 
ATP synthase are directly affected. As in other plastid 
chromosomes, the genes for the /3 and e subunits are 
located next to each other on the Oenothera ptDNA 
molecule and are cotranscribed. Immunoanalysis and 
peptide mapping of in vivo products suggests that a 
fusion of the two genes may have occurred in the 
plastome mutant. In contrast to the in vivo data, in vitro 
translation of the RNA using a heterologous system 
results in polypeptides which cannot be distinguished 
from those of wild-type. In addition, neither the mRNA 
sizes nor plastid DNA restriction fragment patterns differ 
from wild-type. To reconcile the paradox of these results, 
it is suggested that either a defect in a translational signal 
or some other post-transcriptional event is responsible 
for the mutant phenotype. 
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Introduction 

The chloroplast ATP synthase, CF1-CFo, is composed 
of at least eight different polypeptide species. Five of 
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the subunits (a, ~, e, CFo-I, and the proteolipid CFo-III ) 
are synthesized on plastid ribosomes (Mendiola-Morgen- 
thaler et al. 1976; Ellis 1977; Doherty and Gray 1980; 
Nelson et al. 1980), and their genes have been physically 
mapped on the plastid DNA (ptDNA) molecule (Westhoff 
et al. 1981; Krebbers et al. 1982; Howe et al. 1982;Alt 
et al. 1983; Herrmann et al. 1983). The ~ and e subunit 
genes tie next to each other and are cotranscribed 
(Zurawski et al. 1982; Whitfeld et al. 1983). Since the 
ratio of ~3 to e is 3 : 1 in the holoenzyme (Maroney et al. 
1983; Merchant et al. 1983) some type of post-transcrip- 
tional control must exist to accomplish the correct 
stoichiometry. In spinach, maize and wheat, the 5' end 
of the e gene overlaps the 3' end of the/3 gene by one to 
four bases (Zurawski et al. 1982; Krebbers et al. 1982; 
Howe et al. 1982) and a prokaryotic ribosomal binding 
site for the e message is found within the/3 gene. In pea, 
a 20 base pair sequence separates the two genes and also 
contains a ribosomal binding sequence for the transla- 
tion of e (Whitfeld et al. 1983). 

In this paper we report our investigations of the plas- 
tome I mutant iota (I-iota) of Oenothera hookeri which 
was initially recognized as having a mottled phenotype, 
suggesting variable expressivity of chlorophyll and/or 
certain genes. Gel electrophoresis of plastid proteins 
showed none or only reduced amounts of the plastome 
coded a and ~ subunits of the ATP synthase (Herrmann 
et al. 1980; Sears and Herrmann 1983). We undertook 
this analysis to determine the effect of this lesion on the 
other ATP synthase subunits, particularly the/3 and e 
genes which are cotranscribed. Our analysis indicated 
that the mutational defect was different from any 
plastome mutation reported previously. In this paper we 
describe an initial molecular characterization of this 
mutant. The ultrastructural analysis will be the subject 
of another report. 
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Materials and me thods  

Plant material Mutant I-iota of Oenothera hookeri was initially 
isolated by Dr. H. Kutzelnigg under the direction of Prof. Wilfried 
Stubbe who kindly made the material available to us. Mutant 
and wild-type plants were grown as shoot cultures on NT medium 
(Nagata and Takebe 1971) supplemented with 4 ~zM benzylamino 
purine and 16 ~zM napthyl acetic acid according to the procedure 
established by Mehra-Palta and described by Stubbe and Herr- 
mann (1982). To radioactively label proteins in vivo, shoot 
cultures were grown for 2 weeks on this medium containing 
3SS in the form of MgSO 4 as the sole sulfur source. Wild-type 
Oenothera hookeri plants were also grown in the greenhouse. 

Protein analysis. Plastids were isolated as previously described 
(Gordon et al. 1980). To separate thylakoid membranes from 
soluble proteins, the plastids were osmotically shocked by centri- 
fuging them out of the wash medium which contained 0.3 M 
sorbitol and suspending them in 50 mM Tris-HC1, pH 8.0. The 
membranes were then washed three times with 10 mM NaC1, 
50 mM Tris-HC1, pH 8.0 to remove the soluble proteins. The 
soluble proteins were precipitated by the addition of TCA to 
15%; they were then washed twice with acetone, and suspended 
in sample buffer (10% glycerol, 5% SDS, 5% mercapto-ethanol, 
62 mM Tris-HC1, pH 6.8) for polyacrylamide gel electrophoresis. 
The membrane proteins were also dissolved and stored in sample 
buffer. 

For comparison and use as size standards on our polyacyla- 
mide gels, purified CF 1 complex from spinach and Oenothera 
was kindly provided by Dr. Peter Westfhoff (Westhoff et al. 
1981). The Laemmli buffer systemwas used, and the acrylamide/ 
bisacrylamide ratio was 60:0.8%. 5 M urea was added to the 
resolving gel, and not to the stacking gel. Other details have been 
described by Westhoff et al. (1981). 

Immunological techniques for the protein analysis are detailed 
by Westhoff and Zetsche (1981) and Towbin et al. (1979). The 
polyclonal antibodies used in these experiments were monospeci- 
fic and were kindly provided by Drs. N.-H. Chua and N. Nelson. 

For one-dimensional peptide mapping, protein bands repre- 
senting the a and ~ polypeptides of CF 1 and the large subunit 
of ribulose-l,5-bisphosphate carboxylase oxygenase (Rubisco) 
were cut out of lightly stained polyacrylamide gels, soaked in 
buffer (0.1% SDS, 1 mM EDTA, 125 mM Tris-HC1, pH 6.8), 
and then dried on aluminum foil at 40 °C. The pieces were then 
inserted into slots of a second gel and V-8 protease was layered 
over them, with subsequent digestion and electrophoresis as 
described by Cleveland et al. (1977). Two techniques were used 
to amplify the peptide signal: 1) The peptides were transferred 
electrophoretically from a Cleveland gel to nitrocellulose filters, 
foUowing the technique of Towbin et al. (1979). The filters were 
incubated with specific antisera, washed and then incubated with 
125I-Protein A. The peptides that had been recognized as antigens 
by the polyclonal antisera could be visualized by autoradiography. 
2) Proteins were isolated from plants which were grown on 
medium containing 35S. Following protease digestion and elec- 
trophoresis, the labelled peptide bands were visualized by 
fluorography. 

RNA analysis. The basic techniques for preparation of ptRNA 
and poly A -  RNA, in vitro protein synthesis using rabbit retieulo- 
cyte lysate, and hybrid-selection of specific RNA transcripts 
using cloned DNA bound to a matrix have been described else- 
where (Westhoff et al. 1981; Biinemann et al. 1982; Biinemann 
1982). To insure that the quality of Oenothera RNA would be 
adequate for in vitro translation, the RNA was dissolved in 

Tris/borate buffer (1 mM EDTA, 0.08 M Tris, 0.12 M boric acid), 
and precipitated by addition of 4 M LiC1 to an end concentra- 
tion of 2 M (Baltimore 1966). This precipitation step'was per- 
formed 2-3  times before the mRNA was used for gel electro- 
phoresis or in vitro translation. 

RNAs were elctrophoreticaUy separated on agarose gels using 
glyoxal (MeMaster and Carmichael 1977). For Northern analysis, 
the RNAs were transferred to nitrocellulose (Thomas 1980) 
and were hybridized overnight with nick-translated DNA frag- 
ments (Rigby et al. 1977) from the coding region of the fl or e 
genes. These gene specific probes were obtained by SaeI (fl) or 
XbaI (e) digestion of cloned EcoRI fragments of spinach ptDNA 
(c.f. Zurawski et al. 1982) which had been generously provided 
by Dr. Warwick Bottomley. The plasmid DNA was prepared 
essentially as described by Maniatis et al. (1982). SacI cuts the 
1960 bp fl-specific EcoR1 fragment of pSocE40 into 725 and 
1,135 bp segments, while Xbal dissects the 1,670 bp e-specific 
EcoR1 fragment of pSocE55 into 420 bp and 1,250 bp pieces. 
In each case, the smaller fragment was used for gene-speeific 
hybridizations. These DNA fragments were electro-eluted from 
a 1.5% agarose gel, ethanol-precipitated, and dissolved in 1 mM 
EDTA, 10 mM Tris-HCl, pH 8.0. 

DNA analysis. PtDNA was isolated as described previously 
(Gordon et al. 1980). Reaction conditions for the restriction 
enzymes were as specified by the manufacturer (Boehringer and 
Biolabs Inc.). DNA fragments were electrophoretically separated 
on agarose slab gels with a running buffer composed of 0.2 M 
sodium acetate, 10 mM EDTA, and 0.4 M Tris-HC1 (pH 7.5) 
and 0.5 mg/ml ethidium bromide. 

Results 

Comparison o f  spinach and Oenothera CF a Polypeptides. 

The two ATP synthase proteins of  highest molecular  
weight  have pract ical ly the same mobi l i ty  on denaturing 

polyacry lamide  gels in Oenothera (data no t  shown).  The 

addi t ion o f  5 M urea al lowed the e lec t rophore t ic  separa- 

t ion o f  these polypept ides  (Fig. 1). In bo th  Oenothera 
and spinach, the CF1 complex  is composed  of  five sub- 

units. The identi t ies o f  the CF1 polypept ides  were deter- 

mined  by immunob lo t t i ng  using antisera prepared against 

spinach CF1 subunits  (lanes 3 - 1 2 ) .  The a subunit  o f  

Oenothera (which cross-reacts less strongly with  the spin- 

ach a antisera) has a slightly faster mobi l i ty  than does 

the/3 subuni t  in this gel system, in contrast  to the ATP 

synthase polypept ides  o f  spinach. While the 7 subunit  is 

conserved in size, the e subunit  of  Oenothera has a faster 

mobi l i ty  than  the spinach subunit ,  and the Oenothera 
subuni t  does not  migrate as rapidly as the spinach 5 sub- 

uni t  (lanes 9 and I0).  

Immunoanalysis o f  ~, fl, and e polypeptides f rom mutant 
I-iota. The Western technique o f  immunob lo t t i ng  was 

used to assay for  the presence o f  the p las tome-coded  

proteins  of  CF 1 (Fig. 2). Since the lanes of  the gel in 

Panel A o f  Fig. 2 were equal ly  loaded wi th  respect to 

the o ther  major  thylakoid  proteins,  the membranes  o f  

the mutan t  I-iota conta in  reduced amounts  o f  bo th  
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Fig. 1. Comparison of the CF 1 polypeptides of spinach and Oenothera. Each pair of lanes shows a gel or autoradiograph of spinach 
proteins on the left and Oenothera proteins on the right. The first pair of lanes contains isolated CF 1 complex from spinach (lane 1) 
and Oenothera hookeri (lane 2) electrophoretically separated on a 12-17% polyacrylamide gel containing 5 M urea and stained with 
Coomassie Blue. The ATP synthase subunits of spinach CF 1 are identified on the left. A higher molecular weight aggregate is also 
visible in these lanes. In the other lanes, chloroplast membrane polypeptides from spinach (lanes 3, 5, 7, 9, 11) and Oenothera (lanes 
4, 6, 8, 10, 12) were electrophoretically separated as above, transferred electrophoretieally to a nitrocellulose filter, and then incubated 
with antisera against the subunits of spinach ATP synthase. Following 125i_Protei n A incubation, bands were visualized by autoradiog- 
raphy. Lane 3 and 4 show a filter which was incubated with 13-specific antisera. The same filter is shown in lanes 5 and 6 following sub- 
sequent incubation with s-specific antisera: the relatively faint e band of Oenothera is marked. Single incubations were performed with 
antisera specific for -y (lanes 7 and 8), 6 (lanes 9 and 10), or e (lanes 11 and 12). The faint f-band from Oenothera is indicated with an 
arrow 

Fig. 2. Identification of the polypeptides in Mutant I-iota. Thylakoid membrane polypeptides were electrophoretically separated on a 
5 M urea, 10-15% polyacrylamide gel and transferred to nitrocellulose. Panel A. Identical filters from the same gel were incubated 
with a-specific antisera (lanes 1,2) or g-specific antisera (lanes 3,4) prior to handling with radioactive protein A and autoradiography. 
Another gel provided the Western blot which was incubated with 3,-specific antisera (lanes 5 and 6). Lanes 1, 3, and 5 contain polypep- 
tides from wild-type Oenothera hookeri while lanes 2, 4, and 6 carry mutant I-iota proteins. The other panels show autoradiographs 
from a single filter which was sequentially handled with antisera prepared against the e subunit (panel B), the ~-subunit (panel C) and 
the a-subunit (panel D). In each panel, chloroplast membrane proteins were analyzed from spinach (lane 1), wild-type Oenothera 
hookeri (lane 2), and Oenothera mutant I-iota (lane 3); soluble proteins from the mutant were also checked (lane 4). In panel B, the 
arrow indicates the faint band in the mutant material following the incubation with the e-specific antisera. In panel D, new bands re- 
suiting from the binding of a-specific antibodies to spinach and wild-type Oenothera proteins are indicated. Since the 13 and a antisera 
give stronger signals, the autoradiograph in this experiment was exposed for progressively less time, which is why the e signal seems to 
fade 
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the a and/3 polypeptides. When antisera against the e 
subunit were used, no protein was ever recognized 
at the e position (15.5 kd) in the mutant plant material. 
However, a faint band could be detected with this serum 
at the position of  the/3-subunit in the mutant material 
(Panel B, lanes 3 and 4). Exposure of  the same blot 
to /3-antisera increased the relative intensity of  the 
aforementioned band (compared to the e-bands from 
spinach or wild-type Oenothera which are less intense 
at this reduced autoradiographic exposure). Subsequent 
incubation with a-specific antisera confirmed that the 
band in question had an electrophoretic mobility similar 
to that of  ~. 

Fig. 3. One dimensional peptide mapping of three proteins from 
mutant and wild-type Oenothera plants grown on 35S. Chloro- 
plast membranes were harvested from about 10 g of plant mate- 
rial which had been growing for 2 weeks on agar medium contain- 
ing 35S-MGSO4. The proteins were electrophoretically separated 
on a small preparative gel. Bands representing the large subunit 
of Rubisco (lanes 1, 2) as a control and the a (lanes 3, 4) and 
~3 (lanes 5, 6) subunits of CF 1 were cut out and used for the 
proteolytic analysis. Peptides from wild-type Oenothera hookeri 
are in lanes 1, 3, and 5 ; peptides from the mutant I-iota are in 
lanes 2, 4, and 6 

Fig. 4. V8-protease digestion of g-subunit followed by immuno- 
blotting with 13-antisera. The proteins at the 13-position were cut 
from preparative gels of thylakoid membranes from both mutant 
and wild-type plant material. Following V8-protease digestion 
and separation of protein fragments on a second gel, the peptides 
were transferred electrophoretically to a nitrocellulose filter. The 
filter was incubated with/3-specific antisera, followed by radio- 
active Protein A and autoradiography. Undigested ~3 protein from 
the wild-type (lane 1) was loaded on the gel next to the proteins 
from wild-type (lane 2) and mutant (lane 3) which received V8- 
protease treatment. Minor bands representing partial digestion 
products in lane 1 are marked with arrows and indicate that a 
slight contamination of this lane with the protease occurred 

Comparison of  wild-type and mutant polypeptides by 
one-dimensional peptide mapping. For a more precise 
comparison of  the "~3"-sized polypeptides from mutant 
and wild-type plants, one-dimensional peptide mapping 
was performed, using protein bands cut out of  poly- 
acrylamide gels. To visualize the ATP synthase subunits 
which were low in abundance in the mutant, radioactive 
label was employed in two different ways. Using plants 
grown on agar medium containing 3Ss, we compared 
the ATP synthase a and t3 subunits, and the large subunit 
of  Rubisco from wild-type and mutant plants (Fig. 3). 
In the comparisons of  wild-type and mutant peptide 
fragment patterns, the Rubisco subunits are identical, 
as are the ATP synthase a-subunits, but the/3-subunits 
differ. To verify the t3-subunit differences, we used a 
second amplification technique. Peptides were electro- 
phoretically transferred from the Cleveland gel to a 
nitrocelluslose filter for immunoblotting analysis. /3- 
specific antisera revealed significant differences between 
the mutant  and wild-type "/3" proteins. The undigested 
proteins are the same apparent size (Fig. 2). Upon diges- 
tion, the /3-polypeptide from the wild-type control 
gives rise to eight peptide fragments (Fig. 3), five or six 
of  which give strong signals when immunoblotted with 
polyclonal /3-antisera (Fig. 4). In contrast, only four 
peptides from the mutant 's "/3" protein are recognized 
at all by the/3-antisera (Fig. 4). Not all of  these peptides 
are the same size as those of  wild-type and their relative 
intensities differ, e-specific antisera did not react against 
any peptide fragments, but this could have been due to 
destruction of  an antigenic site by the protease. 

Comparison of plastid DNA restriction fragment patterns. 
PtDNAs isolated from mutant and wild-type plants were 
digested with BamH1 or with both Sail and PstI and 
were subjected to electrophoresis on a 1.0% agarose gel. 
No differences in fragment sizes could be detected be- 
tween the wild-type and mutant (Fig. 5), although quite 
a few differences are apparent when ptDNA from the 
more distant relative Oenothera argillicola is compared. 
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Fig. 5. Endonuclease digests and Southern analysis of mutant and wild-type ptDNA. Panel A shows restriction digests ofptDNA from 
wild-type Oenothera hookeri (lanes 1 and 4) and mutant I-iota (lanes 2 and 5), and O. argillicola (lanes 3 and 6). The DNA in lanes 
1-3 was digested with BamHI; in lanes 4 -6 ,  it was digested with both SalI and PstI. The small white points mark the restriction frag- 
ments which contain coding sequence for the 13 and e genes, as shown in panels B and C. The DNA was transferred to a nitrocellulose 
filter and was hybridized with an internal probe specific for either the 13 (Panel B) or e (Panel C) gene. Molecular weights are indicated 
in kbp on the left of the figure 

Most important ly ,  the fragments which contain the genes 
for 13 and e are unchanged in the mutant ,  as determined 
by Southern blot analysis using probes specific for 
(Panel B) or e (Panel C). 

Fig. 6. Northern analysis of 
mutant and wild-type 
RNAs. LiCl-precipitated 
RNAs were separated on 
1.2% agarose gels using 
glyoxal. RNAs from spin- 
ach (lane 1), wild-type 
Oenothera hookeri (lanes 
2 and 4) and mutant I- 
iota (lanes 3 and 5) were 
transferred to nitrocellu- 
lose filters which were 
probed using nick-translat- 
ed DNA fragments from 
the coding region of the 

gene (lanes 1-3) or the 
e gene (lanes 4 and 5) 

Comparison of  ~- and e-specific RNAs and their in vitro 
translation products. The protein analysis revealed altera- 
tions in the ATP synthase of  mutant  I-iota, ye t  the DNA 
comparisons did not  show any major differences. There- 
fore, mutant  and wild-type RNAs and their in vitro 
translation products were examined to compare sizes of  
transcripts and to determine if  the messages were properly 
decoded. RNA was prepared from chloroplasts which 
had been isolated from spinach and wild-type Oenothera 
hookeri. For mutant  I-iota, poly A -  RNA was used as 
a source of  p tRNA for the in vitro translations in order 
to obtain a higher yield from the mutant  tissue. Accord- 
ing to Westhoff et al. (1981), when the rRNAs are remo- 

ved, poly A -  RNA is practically identical to p tRNA. 
To determine the transcript sizes, RNAs were denatur- 

ed with glyoxal, electrophoretically separated on agarose 
gels, and transferred to nitrocellulose. Hybridization was 
conducted using nick-translated subfragments from 
spinach which contained only coding sequences for the 

or e genes (Zurawski et al. 1982) (Fig. 6). In both  
cases, the RNAs from mutant  and wild-type were 
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Fig. 7. In vitro translation of RNAs and immunoprecipitation of 13 and e products. Panel A: RNAs from spinach (lane 2), wild-type 
Oenothera (lanes 3, 5, and 7) and mutant I-iota (lanes 4, 6, and 8) were translated using a rabbit reticulocyte lysate system. Lane 1 
shows the "no message" control in which a protein endogenous to the rabbit reticulocyte translation system is evident, while lanes 2 
and 3 show the results of the in vitro translation when the rabbit reticulocyte system was given mRNA. Antisera against/3 (lanes 5 and 
6) or e (lanes 7 and 8) were added to immunoprecipitate these products specifically. Non-immune serum was used as a control in lane 4. 
The position of the faint bands in lanes 7 and 8 which were immunoprecipitated by the e antisera is indicated with an arrow. The dark 
band of very low molecular weight in lanes 5 and 7 is a product which was non-specifically precipitated from the wild-type reaction 
mix regardless of the antibody used in this experiment. (In addition to the/3- and e-antisera, two other antisera were tested and also 
precipitated this product.) Panel B: Immunoprecipitation of e-specific antigens made in vitro from hybrid-selected RNAs. An e-specific 
EcoR1 fragment isolated from cloned spinach ptDNA was covalently bound to sephacryl S-500. This DNA was used to specifically 
select RNAs from spinach (lane 1), wild-type Oenothera (lane 2) and Oenothera mutant I-iota (lane 3). The RNAs thus selected were 
translated in a rabbit reticulocyte system, and the products were immunoprecipitated using e-specific antisera. The upper arrow indicates 
the size of the authentic e subunit from spinach, while the lower arrow indicates the size of e isolated from Oenothera 

identical in size. Confirming the report of Zurawski et 
al. (1982) with spinach, our data indicate that the /3 
and e genes are cotranscribed in Oenothera. The doublet 
band in the Northern gel reveals two size classes of the 
mRNA, each of which contains both the/3 and e messages. 

PtRNAs from the wild-type and mutant  Oenothera 

were translated in vitro using a rabbit reticulocyte system. 
~3 and e-specific antisera were added to the translation 
products to immunoprecipitate the polypeptides by the 
technique of Westhoff and Zetsche (1981). The transla- 
tion products of the mutant  are identical to those of 

the wild-type for both the fl and e polypeptides (Fig. 7). 
Since the e-bands from the in vitro translation products 
were weak, the mRNA from this region was enriched 
by hybrid selection (Westhoff et al. 1981; Bttnemann 
1982; Btinemann et al. 1982). Using the cloned spinach 
e-specific EcoR1 fragment, the RNAs were hybrid- 

selected and translated in vitro, and the products were 
immunoprecipitated with e-specific antisera. As shown 
in Panel B of Fig. 7, the e-antisera precipitated proteins 
which were clearly identical in mutant  I-iota (lane 3) 
and wild-type Oenothera. The immunoprecipitated 
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spinach product has the correct molecular weight of 
16 kg, while the a-antigens from in vitro translation of 
both wild-type and mutant Oenothera consist of a faint 
band at the correct molecular weight and a prominant 
band of lower molecular weight. Such partial products 
are routinely produced when ptRNA is translated in a 
rabbit reticulocyte system, especially after hybrid selec- 
tion. These partials are repeatable and characteristic for 
each particular protein; possibly they represent premature 
termination of translation (Westhoff et al. 1981). 

Discussion 

The results of the mutant analysis described here initially 
presented a paradox: the protein defects observed in 
vivo could not be substantiated by in vitro translation 
of mRNAs and immunoprecipitation of their products. 
Specifically, analysis of the thylakoid proteins from the 
mutant plant showed that it lacked an ATP synthase 
e subunit of the correct molecular weight. Instead, a 
faint band at the position of the/3 subunit was visible 
after immunoblotting with e-specific antisera (Fig. 3). 
Since the genes for/3 and e lie next to each other on the 
ptDNA molecule and are cotranscribed, the results 
could be explained ifa deletion of about 400 nucleotides 
occurred in the mutant, resulting in the fusion of the/3 
and e genes. Our analysis of ptDNA and ptRNA would 
have detected such an alteration, yet no major differen- 
ces were observed between mutant and wild-type (Figs. 
5 and 6). On the other hand, one-dimensional peptide 
mapping of the/3-sized polypeptides from mutant I-iota 
and wild-type Oenothera hookeri following V-8 protease 
digestion clearly indicated that the number and position 
of peptides differed between the mutant and wild-type 
(Figs. 3 and 4). Although we had expected to see the 
"fusion product" in our analysis of in vitro translation, 
we found that the /3 and e proteins made from mutant 
I-iota mRNA were indistinguishable from those synthe- 
sized from wild-type mRNA (Fig. 7). These findings 
ruled out the existence of a large deletion, and suggest 
that an error in translation in vivo could be responsible 
for the apparent /3-e fusion. Either the translational 
signals are altered or the translational system itself is 
defective. In both cases, the apparent specificity of the 
mutational lesion for the ~ and e subunits of the ATP 
synthase can be explained by the physical proximity 
of the two genes and their transcription onto the same 
message (Fig. 6). 

It should be kept in mind that although ~ and e are 
decoded from the same transcript, their stoichiometries 
in the ATP synthase appear to be 3:1 (Maroney et al. 
1983; Merchant et al. 1983). Therefore a separate 
ribosomal binding site most certainly exists for the e 
gene. Because of the proximity of the genes, the e 

ribosomal binding site must lie within or closely adjacent 
to the /3-gene sequence (Zurawski et al. 1982; Whitfeld 
et al. 1983). If the I-iota mutation created a new riboso- 
mal binding site within the/3-gene sequence with transla- 
tion initiation beginning at an earlier met codon, a large 
protein with e-antigenic sites could result if translation 
continued into the correct reading frame of e. The 
hypothetical new site would be recognized by the 
chloroplast ribosomes, but not by the heterologous 
ribosomes of the rabbit reticulocyte system, which may 
well have a different specificity than do the chloroplast 
ribosomes. By coincidence, the protein produced in vivo 
might be approximately the same size as /3, which is 
why the ~- and e-antisera appear to bind to a single 
protein band. Since the mutation in the ribosomal 
binding site for the e gene is postulated to occur in the/3- 
sequence, it might alter that gene as well, causing a 
missense or frameshift mutation which would be reflect- 
ed by the altered peptide fragments (Figs. 3 and 4). 

The second explanation evokes a lesion in the chloro- 
plast translation system. Thus the structural genes and 
the messages for/3 and e would not themselves contain 
the primary defect. For that reason, the ptDNA'(Fig. 
5), RNA (Fig. 6), and in vitro translation comparisons 
(Fig. 7) would indicate no alteration in the structural 
genes. However if a translational defect exists, other 
proteins which are translated on the chloroplast riboso- 
mes should be altered too. We have assayed for other 
plastome-coded proteins, including the large subunit of 
Rubisco (Fig. 3), the CFla subunit (Fig. 3), the apopro- 
tein of P700, and cytochrome f (data not shown), and 
they appear to have the correct molecular weight in the 
mutant. Of course, we cannot rule out the possibility 
that other proteins are altered or that size differences 
of a few amino acids may exist. 

Cloning and sequencing the j3-e region in mutant I- 
iota should reveal which explanation is more likely. If 
the defect lies in the translational system of the mutant, 
construction of a homologous in vitro translation system 
from mutant and wild-type Oenothera plants could 
allow one to pinpoint the lesion. In either case, our data 
strongly indicate that posttranscriptional controls are 
involved in the expression of plastid genes. 

Acknowledgements. The authors wish to gratefuUy acknowledge 
the intellectual stimulation and assistance of Dr. Peter Westhoff 
in this work and in the preparation of the manuscript. Contribu- 
tions of Beate Oelsch, Barbara Schiller, Gabi Schewe, and Monika 
Streubel are also appreciated. The authors are also indebted to 
Dr. W. Stubbe for the Oenothera plant lines, Drs. N.-H. Chua and 
N. Nelson for antisera, and Dr. W. Bottomley for several EcoR1 
clones of spinach ptDNA fragments. During this work, BBS was 
supported by NIH fellowship # F32 GM06980-01. Other material 
support was derived from grant He 693 from the Deutsche 
Forschungsgemeinschaft. 



528 B.B. Sears and R. G. Herrmann: Post-transcriptional plastome mutation 

References 

Alt J, Winter P, Sebald W, Moser JG, Schedel R, Westhoff P, 
Herrmann RG (1983) Curr Genet 7 : 129-138 

Baltimore P (1966) J Mol Biol 18:421-428 
Biinemann H (1982) Nucleic Acids Res 10:7181-7196 
Btinemann H, Westhoff P, Herrmann RG (1982) Nucleic Acids 

Res 10:7163-7180 
Cleveland DW, Fischer SW, Kirschner MW, Laemmli UK (1977) 

J Biol Chem 252:1102-1106 
Doherty A, Gray JC (1980) Eur J Biochem 108:131-136 
Ellis RJ (1977) Biochim Biophys Acta 463:185-215 
Gordon KHJ, Crouse EJ, Bohnert HJ, Herrmann RG (1981) 

Theor Appl Genet 59:281-296 
Herrmann RG, Seyer P, Schedel R, Gordon K, Bisanz C, Winter 

P, Hildebrandt JW, Wlaschek M, Alt J, Driesel AJ, Sears BB 
(1980) In: Biicher Th, Sebald W, Weiss H (eds) Biological 
chemistry of organelle formation. Springer, Berlin Heidel- 
berg New York Tokyo, pp 97-112 

Herrmann RG, Westhoff P, Alt J, Winter P, Tittgen J, Bisanz C, 
Sears BB, Nelson N, Hurt E, Hauska G, Viebrock A, Sebald 
W (1983) In: Ciferri O, Dure L (eds) Structure and function 
of plant genomes. Plenum Press, New York, pp 143-153 

Howe CJ, Bowman CM, Dyer TA, Gray JC (1982) Mol Gen Genet 
186:525-530 

Hulla FW, Hockel M, Rack M, Risi S, Dose K (1978) Biochem 
17:823-828 

Krebbers ET, Larrinua IM, Mclntosh L, Bogorad L (1982) Nucleic 
Acids Res 10:4985-5001 

McMaster GK, Carmichael CG (1977) Proc Natl Acad Sci USA 
74:4835 -4838 

Maniatis T, Fritsch EF, Sambroc J (1982) Molecular cloning. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 

Moroney JV, Lopresti L, McEwen BF, McCarty RE, Hammes 
GG (1983) FEBS Letters 158:58-62 

Mendiola-Morgenthaler LR, Morgenthaler J J, Price CA (1976) 
FEBS Letters 62:96-99 

Merchant S, Shaner SL, Selman BR (1983) J Biol Chem 258: 
1026-1031 

Nagata T, Takebe I (1971) Planta 99:12-20 
Nelson N, Nelson H, Schatz G (1980) Proc Natl Acad Sci USA 

77:1361-1364 
Rigby PW, Dieckmann M, Rhodes C (1977) J Mol Biol 113: 

237-251 
Rott R, Nelson N (1981) J Biol Chem 256:9224-9228 
Sears BB, Herrmann RG (1983) J Cell Biochem 7B:1318 
Stubbe W, Herrmann RG (1982) In: Edelman M, HaUiek R, Chua 

N-H (eds) Methods in chloroplast molecular biology. Elsevier, 
Amsterdam, pp 119-127 

Thomas P ( 1980) Proc Natl Acad Sci USA 77 : 5101 - 5205 
Towbin H, Staehelin Th, Gordon J (1979) Proc Natl Acad Sei 

USA 76:4350-4354 
Wagenvoord R, Van der Kraan I, Kemp A (1977) Bioehim Bio- 

phys Acta 460:17 -24  
Westhoff P, Nelson N, Biinemann H, Herrmann RG (1981) 

Curr Genet 4:109-120 
Westhoff P, Zetsche K (1981) Eur J Biochem 116:261-267 
Whitfeld PR, Zurawski G, Bottomley W (1983) In: Cifferi O, 

Dure L III (eds) The structure and function of plant genomes. 
Plenum Press, New York, pp 193-198 

Zurawski G, Bottomley W, Whitfeld PR (1982) Proc Natl Acad 
Sci USA 79:7699-7703 

Communica t ed  by C. W. Birky, Jr. 

Received December 16, 1984 / February 6, 1985 


