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Cytokinin stimulates polyribosome loading of
nuclear-encoded mRNAs for the plastid ATP synthase in
etioplasts of Lupinus luteus. the complex accumulates in the
inner-envelope membrane with the CF; moiety located
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Summary

Three of the nine subunits of the plastid ATP synthase, including the subunit of the CF; moiety (gene AtpC),
are encoded in the nucleus. Application of cytokinin to etiolated lupine seedlings induces polyribosome
association of their mRNAs. This appears to be specific as no such regulation was observed for messages
for three ribosomal proteins. Cytokinin-mediated polyribosome loading was also observed for the spinach
AtpC message in etiolated transgenic tobacco seedlings. Analysis of various spinach AtpC mRNA deriva-
tives uncovered that the 5' untranslated region (5" UTR) of this message is sufficient to direct polyribosome
loading, and that sequences at the 3’ end of the AtpC5’ UTR, including an UC-rich motif, are crucial for this
regulation. The increase in polyribosome loading of the AtpC message correlated with an increased synthe-
sis of the polypeptide. The subunit, together with the ATP synthase complex, accumulates in the inner-
envelope membrane with the CF; moiety located towards the stromal space of the etioplast. These results
suggest that cytokinin promotes accumulation of the ATP synthase in the inner-envelope membrane of
lupine etioplasts by stimulating the translation efficiency of their nuclear-encoded messages.
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Introduction

The plastid ATP synthase is a membrane-bound complex,
which couples ATP synthesis to a transmembrane proton
transport (Jagendorf and Uribe, 1966). The enzyme consists
of two domains, a membrane-integrated Fy moiety, which
is involved in the proton transport, and a water-soluble F,
part, which carries the nucleotide-binding sites. The two
parts are connected by a central stalk and probably by a
second peripheral connection (cf. Junge et al., 1997). Much
of the information about the structure of ATP synthases —
the number, localization and orientation of their subunits,
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and the function of the holocomplex — has been confirmed
by X-ray crystallography (Abrahams et al., 1994). ADP and
P; is bound to the B-subunit of the F; moiety, and ATP is
synthesized (cf. Boyer, 1997, references therein). The
energy required to remove the ATP from the complex is
provided by a rotation of the CF; complex. The central
subunit functions as a stalk and pushes one pair of the
a/B-trimer of the CF; moiety, with every movement being at
120° (Cross and Duncan, 1996; Noji et al., 1997; Sabbert
et al., 1996, 1997). The most likely reason for this movement
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is a response to protons rushing through the membrane-
integral CFg stalk, although it is still not understood exactly
how the two movements are coupled (cf. Junge et al.,
1997).

In photosynthetic eukaryotes, the plastid ATP synthase
consists of nine subunits, three of them are encoded by the
nuclear genes AtpC, AtpD, and AtpG (gene products: the
subunits y and 8 of the CF; moiety and CFll; cf. Herrmann
et al., 1991). Genes for the residual subunits reside in the
organelle. Expression of the nuclear genes exhibits unu-
sual features. For instance, the spinach AtpC gene con-
tains all known cis-regulatory elements for its regulated
expression in the vicinity of the transcription start site
(Bolle et al., 1996a). Apparently, the assembly of the CAAT
box-binding complex appears to be crucial for transcrip-
tion, and this process competes with a repressor poly-
peptide (Bezhani et al., 2001; Kusnetsov et al., 1999). In
contrast, AtpD gene expression is strongly stimulated by
an enhancer-like element located further upstream in the
promoter, and corresponding elements are not present in
the AtpC promoter (Bolle et al., 1996a). In spinach, the
transcript levels for the three nuclear-encoded subunits
exhibit a coordinate diurnal regulation, while the protein
levels remain constant (Oelmiller et al., 1995). Thus,
steady-state mRNA levels do not reflect the rates of protein
synthesis of various ATP synthase subunits (cf. Bolle et al.,
1992; Herrmann et al., 1991; Kusnetsov et al., 1994, data
shown here). This is particularly striking during the green-
ing process of etiolated seedlings (Herrmann et al., 1991),
and was also observed for etiolated lupine or pumpkin
cotyledons treated with phytohormones (Kusnetsov et al.,
1994, 1996). Furthermore, etiolated pumpkin or lupine
seedlings contain high AtpC protein levels, and these
levels increase only moderately in light in contrast to
low steady-state AtpC mRNA levels in darkness, which
are stimulated at least 10-fold by light (Oelmdiiller et al.,
unpublished). This suggests the existence of additional
regulatory processes operating between mRNA accu-
mulation and protein synthesis. It has been reported that
polyribosome loading of messages for photosynthesis
proteins represents an efficient and rapid mechanism
to adapt protein synthesis to environmental changes
(cf. Petracek and Thompson, 2000). Therefore, we tested
whether cytokinin controls polyribosome loading of the
nuclear-encoded messages for the plastid ATP synthase
subunits vy, 8 and CFgll. We found that this appears to be a
general phenomenon as it was also observed in spinach
and tobacco. For one of the messages, AtpCfrom spinach,
we demonstrate that sequences within the 5’ untranslated
region (5' UTR) are sufficient to promote polyribosome
loading in transgenic tobacco seedlings in response to
cytokinin. Furthermore, an increase in polyribosome load-
ing of the AtpC message correlated with an increase
in protein synthesis. The complex accumulates in the
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inner-envelope membrane of lupine etioplasts with the
CF, moiety located toward the stromal space.

Results

Association of photosynthesis mRNAs with polyribosomes
represents a rapid and efficient mechanism for acclimating
photosynthesis gene expression to cell-internal and -exter-
nal signals (Dickey et al., 1998; Hansen et al., 2001; Ling
et al., 2000; Petracek et al., 1997, 1998, 2000; Sherameti
et al., 2002, and references therein). As we could not cor-
relate changes in the steady-state mRNA levels of AtpC,
AtpD, and AtpG with the rates of synthesis of the corre-
sponding proteins (see Introduction; cf. Bolle et al., 1996a;
Herrmann et al., 1991; Kusnetsov et al., 1994), we tested
whether polyribosome association is a possible target site
for regulation. We isolated crude ribosomal fractions from
etiolated lupine cotyledons which were treated with either
cytokinin, abscisic acid, or water for 24 h. Polyribosome
extracts with equal amounts of AtpC, AtpD, and AtpG
messages (Figure 1a) were then layered on the top of a
sucrose gradient. After centrifugation, the monoribosomes
remained on the top of the gradient in the region of less
than 20% sucrose, while polyribosomes were preferentially
found at sucrose concentrations >35%, as measured by UV
tracing at 254 nm and sucrose refractometry (cf. Dickey
et al., 1998, references therein; Sherameti et al., 2002).
Figure 1(b) demonstrates that significantly higher amounts
of the AtpC, AtpD, and AtpG messages were polyribosome-
associated after cytokinin treatment, while no significant
effect was observed after the application of abscisic acid.
We conclude that polyribosome loading of the three
nuclear-encoded messages for the plastid ATP synthase
in etiolated lupine cotyledons is influenced by cytokinin. As
a control, we used a tubulin gene (Sherameti et al., 2002)
and found that this message did not respond to phytohor-
mone treatments (Figure 1b). Abscisic acid treatments did
not show measurable differences to the water control; thus,
for the experiments shown below, only cytokinin was used.
Finally, as a second control, we analyzed three messages
for the ribosomal proteins rps13, rpl30, and rpl13b. They
have been chosen because the steady-state mRNA levels of
these messages increase after the application of cytokinin
to etiolated lupine cotyledons, similar to those for AtpC,
AtpD, and AtpG (Cherepneva et al., 2003). However, in
contrast to the results obtained for AtpC, AtpD, and AtpG,
polyribosome loading of the messages for the ribosomal
proteins is not altered after cytokinin application (Figure 2).
Thus, the messages for the ribosomal proteins can also be
used as controls, and demonstrate that the stimulation of
polyribosome loading change after cytokinin application is
not observed for all cytoplasmic mRNAs.

Figure 3(a) demonstrates that the steady-state AtpC
mRNA level in etiolated lupine seedlings does not increase
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measurably within 1.5 and 3 h after transfer of the cotyle-
dons from water to cytokinin, while after 4.5 and 8 h, a
significantly higher mRNA level could be detected. In con-
trast, cytokinin-mediated stimulation of polyribosome
loading of the AtpC message was already detectable after
90 min, and this effect is not different from the results ob-
tained 8 h after the phytohormone application (Figure 3b).
In vivo labeling experiments with etiolated lupine cotyle-
dons and subsequent immunoprecipitation of the AtpC
protein revealed that cytokinin stimulates AtpC synthesis
and that this effect is clearly detectable 90 min after the
application of the phytohormone (Figure 3c). The amount
of antibodies used for these studies are not limiting for the
immunoprecipitation as demonstrated by the experiment
shown in Figure 3(d). This suggests that the effect of cyto-
kinin on AtpC protein synthesis is mediated by a more
efficient translation of its message rather than an increase
in the steady-state mRNA level.

To test whether this regulation is also observed for ATP
synthase messages in other species and to identify
sequences which are possibly involved in phytohor-
mone-mediated polyribosome loading, we analyzed tran-
scripts deriving from a 5226-bp long spinach DNA fragment
that contains the complete AtpC gene, including the two

(b}

introns and 5’ and 3’ flanking sequences (1440 bp upstream
of the transcription start site and 730 bp downstream of the
stop codon) in transgenic tobacco. The transcripts were
monitored with a probe covering the 5 UTR plus the
nucleotide sequence for the plastid-directing transit
sequence (cf. Experimental procedures). Polyribosome
association of the spinach AtpC message in transgenic
tobacco seedlings was significantly stimulated by cytokinin
(Figure 4).

Primer extension analysis uncovered that the 5 UTR of
AtpC comprises 173 bp (Bolle et al., 1996a,b). To check
whether the 5 UTR is involved in polyribosome loading,
we tested transgenic tobacco lines with a construct contain-
ing a —1874/+173-bp spinach AtpC fragment fused to the
bacterial uidA gene. This spinach DNA fragment was cho-
sen because it contains promoter elements which direct
high level of expression in tobacco (Bolle et al., 1996a).
Three independent experiments with RNA from three
independent primary transformants revealed that the spi-
nach messages become polyribosome-associated in trans-
genic tobacco seedlings in a cytokinin-dependent manner
(Figure 5). As a control, we used transgenic tobacco seed-
lings in which a gene fusion generating uidA transcripts
without the AtpC5 UTR was expressed under the control of
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Figure 1. Polyribosome profiles for the AtpC, AtpD, and AtpG messages from etiolated lupine cotyledons, which were either non-treated (water), or treated with
abscisic acid or benzylaminopurine.

(a) Northern analysis for AtpC, AtpD, and AtpG from RNA isolated from crude ribosomal preparations of etiolated lupine cotyledons. Crude ribosomal extracts
with equal levels of AtpC, AtpD, and AtpG messages were loaded per lane (a) and on top of the sucrose gradients (b). Tub, hybridization with a tubulin probe to
confirm equal loading.

(b) Polyribosome profiles for AtpC, AtpD, AtpG, and Tub messages from lupine cotyledons, which were either non-treated (water), or treated with abscisic acid or
benzylaminopurine. After sucrose gradient centrifugations and RNA extraction from the individual fractions, Northern hybridization was performed with the
respective probes (cf. Experimental procedures). Numbers refer to 1-ml fractions from top to bottom of the sucrose gradient (20-60%). Representative of five
independent experiments. The Northern hybridizations are overexposed to detect also low levels of messages in the individual fractions.

(c) Quantification of the data shown in (b). The signals were quantified by the phosphorimager, and those for one gradient were set as 100%. The value for each
fraction is expressed as percentage of the total gradient. Bars represent SEs, based on five independent experiments.
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the 35S RNA CaMV promoter (Figure 5). No obvious
cytokinin effect could be detected. Thus, the 5 UTR of
the spinach AtpCmessage atthe 5’ end of the uidA message
is sufficient to direct cytokinin-dependent polyribosome

(a) water benzylaminopurine
123456788910 123456788 10

loading in tobacco. Furthermore, this experiment also
excludes the possibility of unspecific polyribosome loading
of cytoplasmic messages after cytokinin application to
etiolated seedlings.

Figure 2. The effect of benzylaminopurine on
the polyribosome profiles for rps13, rpl30,
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Figure 3. Cytokinin-induced polyribosome loading of the AtpC message
correlates with an increase in AtpC protein synthesis in etiolated lupine
cotyledons.

(a) Northern analysis for AtpC. Numbers refer to hours after cytokinin
application.

(b) Polyribosome profile before (0 h), 1.5, and 8.0 h after cytokinin applica-
tion. For experimental details, cf. legend to Figure 2.

(c) Immunoprecipitation of radiolabeled AtpC protein. Numbers refer to
hours after cytokinin application.

(d) The amount of the AtpC-specific antiserum is not limiting for the
analysis. Nine pl of purified antiserum was used for the immunoprecipita-
tion of radiolabeled AtpC protein from water control extracts (w) and
extracts from lupine cotyledons treated with benzylaminopurine (b). Two,
four, or eight times of the latter extract was used for immunoprecipitations
with the same amount of antiserum.

For the experiments described below, Northern analyses
were not sensitive enough to detect uidA transcript levelsin
the individual gradient fractions. Therefore, we used the
reverse transcriptase (RT)-PCR technique (Bolle et al.,
1996b; cf. Experimental procedures). The PCR reactions
were performed with a primer pair that amplifies two uidA
fragments: a 500-bp fragment, derived from the uidA cDNA
generated from the mRNA under study, as well as a 300-bp
uidA fragment, which was added to the reaction as a con-
trol. The latter fragment contains an uidA internal deletion
(cf. Experimental procedures). Figure 5(b) demonstrates
that the primer pair and the conditions used for the RT-
PCR give results which are comparable to those obtained by
conventional Northern analyses (Figure 5a).

Cytokinin-mediated polyribosome loading of chimeric
uidA messages is still detectable in etiolated tobacco seed-
lings with the AtpC fragment —73/+173, although the

© Blackwell Publishing Ltd, The Plant Journal, (2004), 38, 578-593

overall transcript level is relatively low because of the short
promoter region (Figure 6). 3'-Deletions of the spinach
AtpC 5'-UTR from +173 to +133 or +103 severely reduced
the extent of polyribosome loading after cytokinin applica-
tion, although the shortest segment still gave rise to mes-
sages which responded to cytokinin. No transgene
messages could be detected in plants harboring the —73/
+7 construct, presumably because of the lack of transcrip-
tion of the transgene (Bolle et al., 1996b).

Previously, we have demonstrated that a CT-rich
sequence motif found at position —106/+117, relative to
the transcription start site of AtpC, is essential for the
expression of AtpC::uidA gene fusion constructs in trans-
genic tobacco (Bolle et al., 1996a,b). This region was inves-
tigated in more details because identical or comparable
sequence elements are present in many photosynthesis
gene 5 UTRs (Bolle et al., 1996b). Site-directed mutagen-
esis within this region uncovered that the integrity of the
UUUCUCUCUCCU motif (+106/+117) in the AtpC message
is important for proper polyribosome loading. Two mutant
messages in which this sequence was changed to either
AAAGAGAGACCU (M1) or GAUGUGACUCCU (M2) in the
context of the full-length 5’ UTR barely showed any poly-
ribosome loading after cytokinin application, although suf-
ficient mRNA could be detected on top of the sucrose
gradients (Figure 6). The UC-rich sequence motif is present
in many plant 5 UTRs, and appears to be conserved in
genes which respond to signals, such as light, phytohor-
mones, or developmental programs (Databank searches
not shown). Taken together, these results suggest that
the proper 3’ end of the 5 UTR and the UC-rich sequence
motif are essential for cytokinin-mediated polyribosome
loading of the spinach AtpC message in etiolated tobacco
seedlings (cf. Discussion).

The stimulatory effect of cytokinin on polyribosome load-
ing of the nuclear-encoded messages for the plastid ATP
synthase in etiolated Lupinus luteus cotyledons correlated
with an increase in the protein level for several subunits of
this complex (AtpA-AtpC, AtpE (subunits o, B, v, and ¢ of the
CF; moiety); Figure 7). The same was observed for the
protochlorophyllide-oxidoreductase (Figure 7; Kusnetsov
et al., 1998). Although different systems of reference are
used for the polyribosome experiments (Figure 1) and the
Western analysis (Figure 7), and thus quantitative compar-
ison of the data is difficult, it appears that the increase in the
protein is less dramatic than the change in the polyribo-
some loading. No regulation was observed for 33-kDa
protein of photosystem Il (PsbO), while light-harvesting
chlorophyll-a/b-binding protein (Lhc) was not detectable
in etiolated material (Figure 7).

The results obtained so far raises the question that where
are the subunits of the ATP synthase located in lupine
etioplasts. Western analysis demonstrated that several
subunits of the ATP synthase are present in the membrane
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Figure 4. Polyribosome profiles for the AtpC
and Tub messages in etiolated tobacco seed-
lings as affected by benzylaminopurine.

(a) Polyribosome profiles for the spinach AtpC
message in etiolated transgenic tobacco seed-
lings which were either kept on water, or were
treated with benzylaminopurine. After sucrose
gradient centrifugations and RNA extraction
from the individual fractions, Northern hybridi-
zation was performed with a spinach AtpC-spe-
cific DNA fragment or the tubulin (Tub) gene (cf.
Experimental procedures). Numbers refer to 1-
ml fractions from top to bottom of the sucrose
gradient (20-60%). Representative of three inde-
pendent experiments.

(b) Quantification of the data. The signals were
quantified by the phosphorimager and those for
one gradient were set as 100%. The value for
each fraction is expressed as percentage of the
total gradient. Bars represent SEs, based on
three independent experiments.

Figure 5. The effect of the spinach AtpC5 UTR
on polyribosome loading of the uidA message.
(a) Polyribosome profiles of messages exp-
ressed from a chimeric construct of the spinach
AtpC-1874/+173 region fused to the bacterial
uidA gene (AtpC::uidA) or the bacterial uidA
gene alone (uidA). Polyribosomes were isolated
from etiolated transgenic tobacco seedlings,
which were either kept on water or treated with
benzylaminopurine. Numbers refer to 1-ml frac-
tions from top to bottom of the sucrose gradient
(20-60%). Representative of three independent
experiments.

(b) Quantitative PCR for the uidA message
(upper band, RT-PCR) from transgenic tobacco
seedlings harboring the AtpC::uidA construct.
Left: fractions 1-10 from the polyribosome pro-
file of seedlings grown on water; right: fractions
1-10 from the polyribosome profile of seedlings
treated with benzylaminopurine. The smaller
PCR product represents controls for PCR reac-
tion (cf. Experimental procedures). Representa-
tive for more than 10 independent experiments
with RNA from three independent primary
transformants.
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Figure 6. Polyribosome profiles for bacterial uidA messages with various 5’
extensions from the spinach AtpC gene in etiolated transgenic tobacco
seedlings, which were either kept on water or treated with benzylamino-
purine.

The spinach AtpC-derived 5 extensions of the uidA messages are tran-
scribed from the indicated constructs. M1 and M2 are mutants of the wild-
type —73/+173 (cf. text). After sucrose gradient centrifugations and RNA
extraction from the individual fractions, RT-PCR was performed with uidA-
specific primers (cf. Experimental procedures). Numbers refer to 1-ml frac-
tions from top to bottom of the sucrose gradient (20-60%). Representative of
five independent experiments.

fraction of etioplasts, while only traces could be detected in
the soluble fraction (Figure 7). Furthermore, if the mem-
brane-associated proteins of purified etioplasts are sepa-
rated on two-dimensional gels, eight of the nine subunits of
the plastid ATP synthase can be identified by mass spectro-
metry (Figure 8). Taken together, we could identify all
subunits of the plastid ATP synthase in etioplast mem-
branes (Figures 7 and 8).

Immunolocalization studies of freeze-fractured etioplasts
uncovered that the CFja subunit is almost exclusively
found at the stromal site of the inner-envelope membrane
(Figure 9). Little gold label can also be detected at mem-
branes found in the etioplast stroma (data not shown).
These results demonstrate that the ATP synthase in

© Blackwell Publishing Ltd, The Plant Journal, (2004), 38, 578-593
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Figure 7. Plastid proteins as affected by abscisic acid and benzylaminopu-
rine.

Western analysis with protein extracts from etiolated (D) or light-grown (L)
lupine cotyledons, which were treated either with water (left two panels and
lane W in right panel), or with abscisic acid or benzylaminopurine (A or B in
right panel). s, m of middle panel: soluble and membrane-associated poly-
peptides from etiolated material, respectively. The antibodies recognize the
polypeptides indicated between the panels. AtpA-C and AtpE: subunits «, B,
v, and ¢ of the CF; moiety of the plastid ATP synthase, respectively; Lhc,
light-harvesting chlorophyll-a/b-binding protein; POR, protochlorophyllide-
oxidoreductase; PsbO, 33 kDa protein of photosystem Il. Representative of
four independent analyses.

etiolated lupine cotyledons is present at the inner-envelope
membrane. The orientation of the complex allows the
formation of the thylakoid system during the etioplast-
to-chloroplast transition through a vesicle flow in which
the ATP synthase complex is properly orientated (cf.
Discussion).

Discussion

Plant growth and development are dramatically altered in
response to cytokinin and abscisic acid (Fedoroff, 2002;
Finkelstein and Lynch, 2000; Finkelstein et al., 1998; Grill
and Himmelbach, 1998; Haberer and Kieber, 2002; Mok and
Mok, 2001; Wu et al., 1997), and transcriptional regulation
has been widely investigated (cf. Brandstatter and Kieber,
1998; Busk and Pages, 1998; Hutchison and Kieber, 2002;
Sheen, 2002). Our current understanding defines cytokinin
action as a multi-step two-component signaling pathway
(Hutchison and Kieber, 2002; Hwang and Sheen, 2001;
Hwang et al., 2002; Oka et al., 2002; Sheen, 2002), which
can be resolved in four major steps: (i) upon cytokinin
perception, plasma membrane-bound histidine protein
kinases (Inone et al., 2001) initiate a phosphorelay cascade;
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(ii) these signals converge at histidine phosphotransfer
proteins; (iii) the nuclear translocation of the phosphotrans-
fer proteins causes an activation of B-type response reg-
ulator proteins, i.e. transcription factors, which, in turn,
activate the transcription of A-type response regulator
genes; and (iv) the latter proteins initiate a negative feed-
back mechanism, which controls the induction of primary
cytokinin-responsive genes (Sheen, 2002). While the third
step of this model is purely transcriptional, the last step
opens the possibility for various control processes operat-
ing at the post-transcriptional level, in particular, at the RNA

level. This is consistent with the observation that many
cytokinin-induced processes cannot be explained exclu-
sively by transcriptional events. Cytokinin and abscisic acid
control mRNA stability, rRNA synthesis (Cherepneva et al.,
2003; Kukina et al., 1985; Mikulovich et al., 1978), ribosome
formation, recruitment of messages into polysomes, poly-
some degradation (Ananiev et al., 1980; Kliachko et al.,
1973), phosphorylation of ribosomal proteins, and post-
translational modifications of proteins (Yakovleva et al.,
1992). Here, we demonstrate that recruitment of the AtpC
message into the polyribosome fraction promotes synth-
esis of the plastid-localized protein (Figure 3) and stimu-
lates ATP synthase accumulation (Figure 7). We used a
previously established lupine cotyledon system (Kusnetsov
et al., 1994) because the cotyledons continued to develop,
respond to phytohormones, and green upon transfer to
light during the experimental set-up, although they were
excised from the hypocotyls. The specificity of the phyto-
hormone effects could easily be demonstrated by including
water controls. Furthermore, phytohormones were taken
up by the cotyledons and initiated morphogenetic changes
within hours. The huge cotyledons contain large amounts
of (poly)ribosomes. Our data suggest that changes in the
phytohormone levels in the cotyledons affect the transla-
tion efficiency of the available ATP synthase mRNAs,
although the exact amount of the physiologically active
phytohormone levels are difficult to determine. In general,
we found that the overall cytokinin level is low and the
abscisic acid level is high in seeds. While the acid level
decreases almost linearly within the first few days after
germination, the cytokinin level increases up to day 3 and
decreases thereafter (Kusnetsov et al., 1994). The physio-
logical relevance of our observations for plant development
can only be understood when the physiologically active
portion of the phytohormone level is known. Finally, even
etioplasts can be isolated in huge amounts from etiolated
lupine cotyledons, which allows to compare them after
different phytohormone treatments.

Various fusions between the spinach AtpC and the bac-
terial uidA gene gave rise to uidA messages with different
AtpC 5 UTRs (Figure 6). Analysis in transgenic tobacco
seedlings clearly demonstrates that the spinach 5 UTR is
responsible and sufficient for the cytokinin-mediated
recruitment of the chimeric messages into the polyriboso-
mal fraction (Figure 5). We could also pinpoint nucleotides
within the 173 bp long 5 UTR that are essential for this
regulation (Figure 6, M1 and M2). To our knowledge, this is
the second plant message for which all identified cis-ele-
ments involved in such a regulation are located exclusively
in the 5" UTR. The first report describes light-stimulated
polyribosome loading of the uidA message fused down-
stream of the spinach PsaD 5’ (subunit Il of photosystem |
reaction center) UTR (Sherameti et al., 2002). In this case,
the signal derived from the photosynthetic electron flows in
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TTRIS

Figure 9. Localization of the CF;a subunit in etioplast membranes by freeze-fracture immunogold labeling.

Protoplasmic fracture faces (PF) can be identified by high numbers of integrated intramembrane protein particles (a,c), in contrast to exoplasmic fracture faces
(EF), exhibiting fewer numbers of intramembrane protein particles (b,d). It is known that membranes with protoplasm inside, like the inner-envelope membrane,
show PF-faces (IM PF) with convex shape (a) and EF-faces (IM EF) with concave shape (b; Cline et al., 1985). The outer-envelope membrane is an inverted
membrane with protoplasm outside, therefore the PF-face of the outer-envelope membrane (OM PF) has concave shape (c) and the EF-face (OM EF) has convex
shape (d). Numerous CF;a subunits, indicating 10-nm gold particles, were found at the PF (stromal site) of the inner-envelope membrane (IM PF) in (a). Very low
labeling density of the CF; subunit was found at the EF of the inner-envelope membrane (IM EF), shown in (b) and on the protoplasmic and exoplasmic fracture
faces of the outer-envelope membrane (OM PF and OM EF) in (c) and (d). Bars = 500 nm.

the thylakoid membrane (cf. below). Thus, it appears that
the translation efficiency of a message can be regulated in
response to different signals.

Using run-on transcription assays with isolated nuclei
and the expression of transgenes in tobacco, we have
previously shown that sequences upstream of the tran-
scription start site in concert with those coding for the 5
UTR of AtpC are involved in transcription (Bezhani et al.,
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2001; Bolle et al., 1996a,b; Kusnetsov et al., 1999). Consis-
tent with these results, we detected AtpC5'-UTR-containing
messages in all lines in which the gene fusions were
transcribed (Figure 6, lane T in all panels). Here, we
describe an additional regulatory step which rapidly
fine-tunes AtpC gene expression by recruitment of the
message into the polyribosomal fraction after a course
control at the level of transcription (cf. Figure 3).
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Polyribosome association is crucial for mRNA stability,
and this is one target site for regulation (cf. Abler and
Green, 1996; Sullivan and Green, 1993). Often, cis-regula-
tory elements are located at the 5" end or within the 5 UTR
of the message, and are responsible for the establishment
of a secondary structure (Dickey et al., 1998; Petracek and
Thompson, 2000; Petracek et al., 1997; Sherameti et al.,
2002; Yamamoto et al., 1995). The 5 UTR of the (y-gluta-
mylcysteine synthase mRNA, for instance, which is effi-
ciently translated in response to cellular redox signals, is
recognized by a protein. Binding of this protein is redox-
sensitive and recognizes a secondary structure in the 5
UTR. Light regulation of the pea Fed-1 (ferredoxin 1) is
caused by differential translation efficiencies of the mes-
sage, because free messages are more susceptible to
degradation than polyribosome-associated messages.
The spinach PsaD 5' UTR responds to light and limitations
of the photosynthetic electron flow. A rapid association of
messages with polyribosomes under stress conditions has
also been demonstrated for stress-response proteins. The
AtpC message provides an example for phytohormone-
controlled polyribosome loading. It appears that control
of the translation efficiency of individual mRNAs in
response to various signals is an efficient and rapid way
of a plant to respond and acclimate to environmental
changes (cf. Figure 3).

Figure 6 demonstrates that an UC-rich sequence motif
located in the 3’ region of the AtpC 5 UTR contributes
to cytokinin-mediated polyribosome loading. Databank
searches revealed that this sequence is present in many
5 UTRs of plant genes and, depending on the programs
used, can form quite complex secondary structures with
neighboring sequences within and outside of 5 UTRs
(data not shown). Thus, a specific involvement of this
sequence in the expression of the nuclear-encoded sub-
units of the ATP synthase is difficult to predict. Hotchkiss
and Hollingsworth (1999) showed that spinach chloroplast
extracts contain polypeptides that specifically interact with
the 5-UTR of three of the four genes in the large ATP
synthase gene cluster. The authors hypothesize that these
polypeptides may serve to control the stoichiometry of the
ATP synthase subunits or may adjust the abundance of the
entire ATP synthase complex in response to environmental
or developmental cues. Thus, a coordinated expression of
genes in both compartments might be achieved by transla-
tional events.

Cytokinin stimulates synthesis and accumulation of the
plastid ATP synthase in etioplasts (Figures 7 and 8), which
raises the question about the function of this complex
in non-photosynthetic organelles and, more specifically,
where the complex accumulates when no thylakoids are
available. The lupine cotyledons appear to be an excellent
model system to study this question because the ATP
synthase is present in comparable amounts in etioplasts

and chloroplasts (Figure 7). It is also obvious that the fate
and the location of the complex must change completely
during the transition of an etioplast to a chloroplast. Our
data indicate that in lupine etioplasts, the complex assem-
bles in the inner-envelope membrane in an orientation
that allows the release of the complex from the envelope
membrane by vesicles to generate or join the thylakoid
system (Figure 9). Thus, we propose that the assembled
ATP synthase complex might be transferred to the thy-
lakoid membrane via vesicle flow, similar to models
proposed for other photosystems (Huang et al, 2002;
Kroll et al., 2001; Westphal et al., 2001; Zak et al., 2001).
Alternatively, the ATP synthase could also be synthesized
and be functional in both envelope and thylakoid mem-
branes. The S-adenosyl-L-methionine:Mg-protoporphyrin
IX methyltransferase is one example of an enzyme that is
present in both membranes (Block et al., 2002). The pre-
sence of photosynthesis proteins in plasma membrane
preparations from Synechocystis, including those for the
ATP synthase, has also been reported (Huang et al., 2002),
and is consistent with the idea that transfer of thylakoid
complexes via vesicle flow is a process of ancient phylo-
genetic origin.

However, besides ATP synthase accumulation in the
thylakoid membranes via vesicle flow, it also appears that
direct assembly of this complex in plastid membrane sys-
tems occurs. It is very well known that some polypeptides
of the thylakoid complexes, including those of the ATP
synthase (cf. Herrmann et al., 1991), accumulate in etio-
plasts and other types of non-photosynthetically active
plastids, while others do not (cf. Palomares et al., 1993),
depending on the protein and the species under study. For
instance, little amounts of the subunits of the ATP synthase
can be detected in protein extracts from etiolated Arabi-
dopsis seedlings, from flowers or roots (unpublished data).
These proteins are also not detectable in the inner-envelope
membrane of green Arabidopsis leaves. Koo and Ohlrogge
(2002) isolated plastid inner-envelope membrane proteins
from chloroplasts and identified them by mass spectro-
metry. We could not identify a single ATP synthase subunit
in their protein list. This suggests that the ATP synthase
complex in green Arabidopsis seedlings might assemble
directly in the thylakoid membranes without the passage
through the inner-envelope membrane. In contrast, ATP
synthesis occurs in chromoplasts from Narcissus pseudo-
narcissus, and several subunits of the ATP synthase com-
plex can be detected immunologically (Morstadt et al.,
2002). Narcissus chromoplasts contain huge amounts of
membranes which differ from thylakoids, but are derived
from the inner-envelope membrane (Liedvogel et al., 1976).
It remains to be determined when and where the ATP
synthase is synthesized and which of the two scenarios
is involved in ATP synthase biosynthesis during the pro-
liferation of the chromoplast membrane system.
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Experimental procedures

Plant growth

Lupine (L. luteus L. cv. Drujnii-165) seeds were germinated on
moistened filter paper in the dark for 3 days (25°C). Cotyledons
were excised in green safe light and incubated on water for 24 h to
diminish the endogenous phytohormone levels. Thereafter, they
were transferred to cytokinin (2.2 x 107 m), abscisic acid
(7.6 x 1075 M), or water, and kept in darkness (or light, cf. Figure 6)
for an additional 24 h. The experimental set-up, effect of phyto-
hormone treatment on the greening process, plastid ultrastruc-
ture, pigment composition, development of the thylakoid
membrane, accumulation of thylakoid proteins, and expression
of photosynthesis genes, as well as determination of the phyto-
hormone concentrations, have been described by Kusnetsov et al.
(1994). Tobacco (Nicotiana tabacum var. Samsun NN) seeds were
surface-sterilized, planted on 1/2 Murashige and Skoog (MS) med-
ium supplemented with 2% sucrose, kept in the cold room in
darkness for 2 days to synchronize germination before transfer
to darkness for 10 days at 22°C. Cotyledons were then harvested in
green safe light and further incubated on sucrose-containing Petri
dishes supplemented with either nothing (water control), cytokinin
(2.2 x 1075 M), or abscisic acid (7.6 x 10~° m) for 24 h. Propaga-
tion of the tobacco seeds occurred in a greenhouse (day length
16 h at 20°C); for the experiments described here, F3 seeds were
used.

Gene constructs for tobacco transformation

The transgenic lines with AtpC promoter::uidA gene fusions have
been described by Bolle et al., (1994, 1996a,b). The genomic
sequence of the spinach AtpC gene and its environment is depos-
ited in the Databank (X76131). The DNA fragment was cloned into
pBI101.2 as a Sacl/Xbal fragment. The T-DNA region was then
transferred to N. tabacum var. Samsun NN via Agrobacterium
tumefaciens. A PCR product specific for the spinach AtpC gene
was used to confirm the success of the transformation. The two
primers amplified 150 bp upstream and 120 bp downstream of the
ATG codon. The latter region encoded the plastid-directing transit
sequence. This DNA fragment was also used as a spinach AtpC-
specific probe.

Polyribosome analysis, genes, and hybridization
conditions

Polyribosome analysis was performed essentially as described by
Davies and Abe (1995) and modified by Dickey et al. (1998). A
detailed protocol has been described by Sherameti et al. (2002). In
brief, a protein fraction enriched in polyribosomes was isolated
from the cotyledons. RNA was isolated from a small portion of this
fraction to confirm that the overall transcript levels for AtpC, AtpD,
and AtpG were comparable in each preparation, irrespective of the
treatment of the cotyledons. 1 ml of the residual fraction was
loaded onto a 10-ml sucrose gradient. After centrifugation, 1-ml
fractions of the gradient were harvested by puncturing the bottom
of the tube. The sucrose gradient fractions were collected in tubes
with phenol-chloroform. After RNA extraction, hybridization
under stringent conditions (Sambrook et al., 1989) was performed,
either with ESTs from Arabidopsis (AtpC, AtpD, AtpG, Tub; cf.
Sherameti et al., 2002), with the above described lupine genes for
ribosomal proteins, or with gene-specific fragments. A spinach
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AtpC-specific probe was obtained by PCR from the region —150/
+120, relative to the ATG codon (see above). An uidA-specific
probe was isolated as a Smal/Sacl fragment from the uidA gene
cloned in pBI101.2 (Jefferson et al., 1987). The hybridization sig-
nals were detected by a phosphorimager (Storm Model 802;
Amersham Biosciences, Freiburg, Germany). Genomic DNA from
L. luteus was used as template for the polymerase chain reaction
to isolate rps16, rpl13a, and rpl30 (Cherepneva et al., 2003). The
DNA fragments were cloned into the pGEM-T Easy Vector (Pro-
mega, Mannheim, Germany), and were sequenced.

Quantitative PCR

An amount of 0.2 pg of RNA was used for cDNA synthesis with
5 ng of an oligo(dT)-15 primer (Promega, Heidelberg, Germany)
and water in a final volume of 21 pl. After incubation at 65°C for
10 minand 5 min on ice, the reaction was started by the addition of
2.5 pl 400 mm Tris-HCI (pH 8.3), 2.5 ul 400 mm KCI, 1 pl 300 mm
MgCl,, 5 pul 100 mm DTT, 4 ul 5 mm dNTPs (deoxynucleotide
triphosphates), 14 ul H,0, and 16 units AMV (arian myeloblastosis
virus) RT (Bohringer, Mannheim, Gemany). cDNA synthesis
occurred at 42°C for 1 h. The final reaction mix of 40 pl was used
for the quantitative PCR following the protocol of White et al.
(1992). PCR parameters and the amount of cDNA were optimized
such that the amplification was linear with regard to the reaction
products and the number of PCR cycles. The reaction mixture
contained 200 nm of each primer, 19 mm Tris—HCI (pH 8.3),
1 mM MgCly, 50 mm KCI, and 1 mg ml~" gelatine. The reaction
was started by adding a master mix to the respective cDNAs. A
negative control without cDNA was included in the experiments.
Between 17 (minimum) and 29 (maximum) cycles were used for
each fraction of the gradients depending on the amount of mes-
sage. The two oligonucleotides (5'-GCAGACTATCCCGCCGG-
GAATGG-3' and 5-GCGTGGTCGTGCACCATCAGCACG-3') were
designed to amplify a 500 bp long cDNA fragment from the uidA
message and a 300 bp long internal standard. The standard,
generated from the 500 bp uidA fragment, was purified from
agarose gels, and was digested with EcoRV to give three frag-
ments. They were ligated overnight, and the ligation product
lacking the internal EcoRV fragment was re-amplified using the
same primers. The truncated uidA fragment of approximately
300 bp was purified by successive cycles of PCR amplification
and agarose gel electrophoresis. 2 fg of this fragment was found
to be optimal for co-amplification, and was included in all reac-
tions.

Isolation of etioplast membranes from L. luteus
cotyledons, purification of the ATP synthase

The cotyledons were collected in green safe light in the cold room
and homogenized in 3 volumes (w/v) of homogenization buffer
(50 mm Tris-HCI (pH 8.0), 300 mMm saccharose, 10 mm NaCl, 0.1%
B-mercaptoethanol). After filtration through an 80-um gaze (1x),
Miracloth (1x), and a 20-um gaze (2x), the filtrate was centrifuged
at 5000 g for 6 min. The pellet was washed once in homogeniza-
tion buffer. Ultimately, the etioplasts in homogenization buffer
were layered onto a linear 30-70% sucrose gradient (20 mMm Tris—
HCI (pH 8.0), 10 mm MgCl,) and centrifuged at 23 000 gfor 45 min.
The etioplast band was harvested and re-centrifugated on a linear
45-60% sucrose gradient. The etioplast band was eluted again,
diluted twofold with sucrose-free buffer, and then pelleted at
10 000 g for 30 min. The etioplast pellet was then re-suspended
either in 10 mm MOPS (3-(N-morpholino)propanesulfonic acid)
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(pH 8.0), 300 mm sucrose, 10 mm NaCl, 10 mm MgCl, for electron
microscopy, or in lysis buffer (10 mm Tris-HCI (pH 8.0), 200 mm
NaCl). The etioplasts were briefly treated with a microdismem-
brator (two times for 2 sec), then stirred on ice for 30 min before
the soluble proteins were separated from the membrane-asso-
ciated proteins by centrifugation (10 000 g for 30 min). The pellet
was washed once with a 100-fold excess of lysis buffer and finally
with 0.1 M sodium carbonate to remove loosely attached proteins.

The plastid ATP synthase was solubilized from thylakoid mem-
branes of 7-day-old white-light-grown lupine seedlings by sucrose
gradient centrifugation. Fractions with the purified ATP synthase
complex were identified by SDS-polyacrylamide gel electropho-
resis (PAGE). The complex in the sucrose fraction was diluted two
times with buffer and pelleted by centrifugation.

Preparation of whole cell protein extracts, SDS-PAGE,
Western analysis

A crude protein extract was obtained by grinding seven cotyle-
dons, frozen in liquid nitrogen, in 5 ml extraction buffer (100 mm
Tris—HCI (pH 7.5), 10 mm MgCl,). Soluble and membrane-asso-
ciated proteins were separated by centrifugation (20 min at 4°C,
28 000 g). The protein concentration in the supernatant with the
soluble proteins was determined by Lowry (1951), the solution was
adjusted to 2.2% (w/v) SDS, and boiled for 10 min. The pellet of the
centrifugation was re-suspended in 5 ml of extraction buffer
(100 mm Tris-HCI (pH 7.5), 10 mm MgCl,) in the presence of
2.2% SDS and 5 M PMSF (phenylmethylsulfonylfluoride), and
dissolved by gently shaking at 70°C for 10 min followed by 37°C
for 30 min. The solution was then clarified by centrifugation
(20 min at 4°C, 28 000 g) and an aliquot was used for protein
determination. An equal amount of protein from both fractions
(40 g per lane) was loaded on denaturing polyacrylamide gels
using the system of Schagger and von Jagow (1987). Western
analysis was performed with monospecific antibodies as
described by Bolle et al., (1992) and Kusnetsov et al. (1999).

In vivo labeling of proteins

Two hours before harvest, one excised cotyledon was submersed
into a %S-methionine containing half-strength MS medium
(100 pCi/2 ml medium). Proteins were extracted as described above.
Aliquots of the protein extracts corresponding to 100 000 c.p.m.
(35-80 pl) were used for immunoprecipitations. The protein
extracts were diluted with IP (immunoprecipitation) buffer
(10 mm Tris-HCI (pH 8.0), 150 mm NaCl, 0.1% Triton X-100) to
1.3 ml, and 0.5 g of purified AtpC protein fused in-frame to the N-
terminal 6x His-affinity tag was added to the solution. Immuno-
precipitation was performed with 9 ul of purified antibody solu-
tion. Prior to experimentation, it was ensured that the amount of
antibodies was not limiting for the precipitation (cf. Figure 3d). The
solution was incubated at room temperature for 1 h and kept at 4°C
overnight. The antigen-antibody conjugate was then precipitated
with Protein A by centrifugation (2 min, 10 000 g), and the pellet
washed four times with IP buffer. The proteins were solubilized
from the complex by adding sample buffer (Schagger and von
Jagow, 1987) and by boiling for 5 min. After gel electrophoresis,
the radiolabeled bands were visualized with a phosphorimager.

Preparation of antibodies against Arabidopsis AtpC

For generation of antibodies against AtpC, two protein fusions in
Escherichia coli were generated. The first protein contained an

AtpC segment fused in-frame to the N-terminal 6x His-affinity tag
of pET15. After isolation of the protein from inclusion bodies, it
was purified on a Ni-NTA resin matrix. Aliquots of this protein
preparation, representing 0.5 ug protein, were also included into
the immunoprecipitation reactions. The same AtpC fragment was
fused in-frame to the glutathione-S-transferase sequence (GST-
Hcf101) of pGEX-4T-1 and the protein was purified from inclusion
bodies. This protein was used for antibody production. The His-
tagged fusion protein was separated on polyacrylamide gels,
transferred to nitrocellulose membranes, and the prominent band
was cut out from the membrane after visualization with Ponceau
stain. The filter was blocked and the antibodies raised against the
GST-AtpC fusion protein were purified on the immobilized His-
tagged protein. Antibodies were raised in rabbits.

Two-dimensional gel electrophoresis, preparation
of proteins

An amount of 180 ug of protein in 100 pl of extraction buffer was
precipitated with methanol, dried, and re-suspended in 380 ul of
sample buffer (8 M urea, 2 M thiourea, 30 mMm dithioereitrol, 4%
(w/v) CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-propane
sulfonate), 20 mm Tris base, 0.5% bromphenol blue, 0.5% iso-
electric pH gradient (IPG) buffer (pH 3-10; Amersham Pharmacia,
Freiburg, Germany), 0.05% dodecyl-B-D-maltoside). An amount of
350 pl of the supernatant was added to 1.75 ml 0.5% (v/v) IPG
buffer for isoelectric focusing (Amershan Pharmacia). For the
second dimension, the gel system of Schégger and von Jagow
(1987) was used. Gels were stained with silver.

Mass spectrometry, preparation of the samples by tryptic
digestions

Silver-stained gel spots were excised, and the proteins were
extracted into 500 ul 50 mM ammonium bicarbonate, supplemen-
ted with 60 ng pl~" trypsin. After lyophilization, the pellet was re-
suspended in 5 pl of water/acetonitrile/formic acid (95:5:0.1)
prior to LC-MS analysis. Peptide analyses, analyte sampling,
chromatography, and acquisition of data were performed on a
LC (Famos-Ultimate; LC-Packings, Amsterdam, the Netherlands)
coupled with an LCQ Deca XP ITMS (Thermoelectron, San Jose,
CA, USA) according to manufacturer’s instructions.

Freeze-fracture electron microscopy

Small amounts of the organelle suspension were enclosed
between two 0.1-mm copper profiles as used for the sandwich
double-replica technique. The sandwiches were rapidly frozen by
plunging them into liquid propane, and cooled by liquid nitrogen.
Freeze-fracturing was performed in a BAF400T (BAL-TEC; Balzers,
Lichtenstein) freeze-fracture unit at —150°C using a double-replica
stage. The fractured samples were shadowed without etching with
2-2.5 nm Pt/C at an angle of 35°.

Immunoelectron microscopy

Prior to freeze-fracture immunogold labeling, replica were incu-
bated for 16-20 h in digesting solution (10 mm Tris (pH 8.3), con-
taining 2.5% (w/v) SDS and 30 mM sucrose) according to Fujimoto
(1995). The replica were subsequently washed four times in NaCl/
phosphate buffer (75 mm NaCl, 12 mm NaH,PO,4, 67 mm Na,HPO,
(pH 7.2)) and incubated for 30 min in NaCl/phosphate buffer with
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1% (w/v) BSA. For immunogold labeling, the replica were placed
on a drop of 0.5% BSA in NaCl/phosphate buffer, then transferred
on adrop of a 1: 50 diluted solution of the CF,a antibody in NaCl/
phosphate buffer with 0.5% BSA, and incubated for 1 h. After four
washing steps with NaCl/phosphate buffer, replica were incubated
for 1 h in NaCl/phosphate buffer containing 0.5% BSA and 1: 50
diluted secondary gold-conjugated antibody (gold anti-(rabbit-
IgG) Ig with 10 nm gold; British Biocell International, Cardiff,
UK). The replica were finally rinsed several times with NaCl/phos-
phate buffer, fixed with 0.5% (w/v) glutaraldehyde in NaCl/phos-
phate buffer for 10 min at room temperature, washed four times in
distilled water, and picked onto Formvar-coated grids for viewing
in the EM 902 electron microscope (Zeiss, Oberkochen, Germany).
All freeze-fracture micrographs were mounted with direction of
shadowing from bottom to top.
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