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Ribosomes Pause during the Expression of the Large ATP
Synthase Gene Cluster in Spinach Chloroplasts’

Neil E. Stollar?, Jeong-Kook Kim?, and Margaret ). Hollingsworth*
Department of Biological Sciences, State University of New York at Buffalo, Buffalo, New York 14260

The large ATP synthase gene cluster from spinach (Spinacia
oleracea) chloroplasts encodes five genes, the last four of which
encode subunits of the ATP synthase complex. In preliminary
experiments (J.K. Kim, M.J. Hollingsworth [1992] Anal Biochem
206: 183-188) it was shown that ribosomes pause during transla-
tion of these open reading frames. We have examined ribosome
pausing in the four ATP synthase open reading frames of this gene
cluster to determine whether it could affect the final ratio of the
ATP synthase polypeptides derived from the cluster. Ribosome
pauses were mapped and found to be distributed in a nonuniform
manner. We have quantitated the relative extent of ribosome
pausing within each open reading frame. There is a general but
not absolute correlation between the extent of ribosomal pausing
and the protein levels found within the ATP synthase complex. We
conclude that although it is not the sole factor, ribosome pausing
may be a significant posttranscriptional mechanism affecting the
expression of the large ATP synthase gene cluster in spinach
chloroplasts.

Chloroplast function requires the activity of several multi-
component protein complexes, one being the proton-trans-
locating ATP synthase/ATPase complex associated with the
thylakoid membranes. The chloroplast ATP synthase com-
plex, which is analogous to the mitochondrial and prokaryotic
complexes, uses the energy generated by the proton gradient
formed during the light reactions of photosynthesis to syn-
thesize ATP (Strotmann and Bickel-Sandkotter, 1984; Senior,
1985). The chloroplast ATP synthase complex is composed
of two subcomplexes, CF, and CF;, consisting of a total of
nine unique subunits. Of these nine subunits, six are encoded
within the chloroplast genome (Herrmann et al., 1983; Hud-
son and Mason, 1988). These six genes are localized in the
small (dicistronic) (Zurawski et al., 1982) and the large (five
genes, four of which are ATP synthase) (Hennig and Herr-
mann, 1986; Hudson et al., 1987) ATP synthase gene clusters
in the chloroplast genome. The remaining three subunits are
encoded in the nucleus and must be imported from the
cytoplasm into the chloroplast (Herrmann et al., 1983).

The large ATP synthase gene cluster from spinach (Spinacia
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oleracea) chloroplasts encodes five proteins: the small ribo-
somal subunit protein 2 (rps2) followed by (in order) four
ATP synthase polypeptides, CFo-IV (atpl), CF,-III (atpH),
CFo-1 (atpF), and CF;-a (atpA) (Hennig and Herrmann, 1986;
Hudson et al., 1987; nomenclature: Hallick and Bottomley,
1983). This cluster is transcribed from two promoters, result-
ing in two large polycistronic RNAs consisting of either the
coding sequences for all five genes or the 3’-most three
(Stollar and Hollingsworth, 1994). The two primary tran-
scripts undergo extensive processing that involves endonu-
cleolytic and exonucleolytic cleavages as well as splicing
(Hudson et al,, 1987; Kim and Hollingsworth, 1993) to re-
move the group I intron (Michel and Dujon, 1983; Michel et
al., 1989) that interrupts the atpF coding region. As a result
of the processing events, more than 30 RNA species are
produced. Even though processing of the primary transcript
is extensive, we have observed that most multicistronic as
well as monocistronic RNA species can be found on poly-
somes and are therefore presumed to be translated (N.E.
Stollar, unpublished data).

The four proteins derived from the large ATP synthase
gene cluster are found within the ATP synthase complex at
levels of 1:5-12:1:3 (CF,-IV:CFo-1II:CFo-I:CF; -, respectively)
(McCarty et al., 1988). As mentioned above, only two tran-
scription initiation regions have been detected for this cluster
(Stollar and Hollingsworth, 1994). Although the relative
strength of the two promoters is unknown, the initial ratio of
open reading frames in the primary transcripts from these
promoters cannot correlate to the final ratio of the polypep-
tides in the ATP synthase complex. Therefore, the final ratio
of the polypeptides encoded by this cluster must be influ-
enced by posttranscriptional mechanisms.

There are several mechanisms through which expression
can be affected posttranscriptionally (reviewed by Gruissem
and Tonkyn, 1993). Differential mRNA stability, which may
be conferred in the chloroplast by an inverted repeat region
downstream of the coding sequences (Stern et al., 1989;
Adams and Stern, 1990; Stern et al., 1991), and RNA proc-
essing could have a significant influence on gene expression

Abbreviations: Chloroplast gene designations: atpA, ATP synthase
subunit CFi-o; atpB/E, ATP synthase subunits CFo-¢/B; atpF, ATP
synthase subunit CFo-I; atpH, ATP synthase subunit CFo-III; atpl,
ATP synthase subunit CF,-IV; psaA, PSII subunit Al; psaB, PSII
subunit A2; psbA, PSII protein D1; rbcL, large subunit of ribulose-
1,5-bisphosphate carboxylase; rps2, chloroplast small ribosomal sub-
unit 2; DEPC, diethyl pyrocarbonate; RT-PCR, reverse transcriptase-
polymerase chain reaction.
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by controlling the steady-state level of translatable transcripts
present in the chloroplast. Additional posttranscriptional fac-
tors could be found at the translation level. Transcripts that
have a higher relative rate of translation initiation or that are
more efficient during translation elongation would produce
more protein over time compared to transcripts that are not
as efficient. Finally, the levels of a particular protein would
also be affected by its stability compared to the others.

We have examined ribosome pausing as a possible post-
transcriptional mechanism affecting the final protein ratio
from the large ATP synthase gene cluster. Ribosome pausing
has been shown to occur in several chloroplast systems (Berry
et al., 1988; Klein et al., 1988; Kim et al., 1991). Extensive
ribosome pausing could affect the rate of translation elonga-
tion to the point that it becomes the rate-limiting step in
translation, rather than initiation or termination, which are
more commonly observed to be rate limiting (Lodish and
Jacobsen, 1972; Bergmann and Lodish, 1979). Wolin and
Walter (1988) have shown that translating ribosomes can be
mapped at positions where they have stalled or paused in
vitro. Kim and Hollingsworth (1992) have taken this “hee]-
printing” method a step further by showing that in vivo
ribosome pause sites can also be mapped with precision.
Here, we show that many ribosome pause sites are distributed
in a nonuniform fashion along the entire length of the large
ATP synthase gene cluster from spinach chloroplasts. Quan-
titation of the total extent of pausing within each ATP syn-
thase mRNA from the cluster reveals a general, but not
absolute, correlation to the protein ratios within the ATP
synthase complex. We conclude that ribosome pausing may
exert a significant influence on the final ratios of the ATP
synthase polypeptides derived from this cluster.

MATERIALS AND METHODS
Plant Material

Spinach (Spinacia oleracea cv Bloomsdale Longstanding)
seeds were germinated in vermiculite and then transferred
and grown hydroponically under greenhouse conditions in
Peter’s Professional Hydro-Sol supplemented with calcium
nitrate. Young spinach leaves used in these experiments were
approximately 3 to 5 cm in length.

Oligonucleotide Primers

Oligonucleotide primers were designed and synthesized to
be identical to specific regions of the coding strand of the
large ATP synthase gene cluster. Sequences and their location
along the gene cluster, consistent with the bp numbering
system used by Hudson et al. (1987), of each primer used in
these experiments are:
rps2-3’-RNAL: GTGAAGGCCGCTCTAGC: 1194-1210,
RPI-1: CTAGGTCCTTATAACTTCTT: 1543-1562,

RPI-2: AATCATCACGTTACCTCATG: 1786-1805,
RPI-3: TAGTACCTTTAGTGGTTCCT: 2053-2072,
RPI-4: GCAGATTCGATGTTTCGAAG: 2400-2419,
RatpH: TCAACTGGATAAATATTAGC: 2765-2784,
RPH-1: GTCTTGAACTTGCAGGTTGC: 3160-3179,
RatpF: TTATTCTTATTGGGAATCTC: 3406-3425,
RPF-1: CGAGTGAATGGATATTCTGA: 4560-4579,

Plant Physiol. Vol. 105, 1994

RPF-2: CGGAAAGGCCATTGAACAGC: 4487-4506,
RatpA: CATTTACGGACCATCAATGC: 4767-4789,
RPA-1: ATACCCGTGAGTGAGGCTTA: 5185-5204,
RPA-2: GGCGCAGGTAGTTACTAACT: 5511-5530,
RPA-3: TCTTITATTTGCATTCACGC: 5765-5784,
RPA-4: AACTGGCGCAATTTGCAGAA: 6050-6069.

The oligonucleotide primers used in primer extension re-
actions to localize the positions of ribosome pause sites were
5’ end labeled with T4 polynucleotide kinase (New England
Biolabs) and [y-**P]ATP (4500 Ci/mum, ICN) according to the
supplier’s instructions.

Additional oligonucleotide primers that were vsed in PCR
are:
atpl-COOH: AAATCAATGATGACCTTCCAGGGA:
2180-2157,
atpH-COOH: GGATTAAACAAAAGGATTCGCAAAT:
3118-3094,
atpF-COOH: ATCAGTTATTTCGTTCATCGCACCA:
4826-4802.

Plasmids and Probe Generation

A 6.4-kb Clal, Xhol fragment of spinach chloroplast DNA,
containing the entire large ATP synthase gene cluster, begin-
ning 517 bp upstream of the rps2 coding region and ending
9 bp downstream of the atpA coding region, was cloned into
pBluescript SKII— (Stratagene). The resulting plasmid,
pNSGC6, was utilized for the additional cloning of individual
open reading frame regions of ATP synthase geres.

To isolate individual gene regions, PCRs were performed
using AmpliTaq DNA polymerase (Perkin-Elmer Cetus, Nor-
walk, CT), primers rps2-3’-RNAL and atp]-COOH for atpl
and RatpH and atpH-COOH for atpH, and pNSGCé6 as
template, according to the supplier’s instructions. To produce
the atpF-specific region, RT-PCR was performed using the
GeneAmp RNA PCR kit (Perkin-Elmer Cetus) and primers
RatpF and atpF-COOH and total chloroplast RNA as tem-
plate, according to the supplier’s instructions. The RT-PCR
reactions produced two amplified pieces of DNA correspond-
ing to spliced and unspliced atpF RNAs. For the purpose of
these experiments, the DNA corresponding to the unspliced
RNA was cloned. These amplified DNAs were cloned with
the use of the pT7Blue T-Vector kit (Novagen, Madison, WI),
resulting in the clones pT7Blue-16 (atpl), pT7Blue-H2 (atpH),
and pT7Blue-Funl (atpF). The atpA region was subcloned
from pNSGC6 by first digesting it with Avall and filling in
the 5’ overhang that was generated with T4 DNA polymerase
(New England Biolabs). The resulting DNA was additionally
digested with Clal. A band corresponding to the atpA gene
was excised from a low-Tm agarose (Seaplaque, FMC, Rock-
land, ME) gel. The atpA DNA fragment was ligated into
pBluescript SKII- vector that was digested with the restriction
enzymes Clal and EcoRV. The resulting plasmid was named
pSKMAS.

Plasmids were linearized with appropriate restriction en-
zymes and used in in vitro transcription reactions with T7
RNA polymerase (Epicentre Technologies, Madison, WI).
After acrylamide/urea gel electrophoresis of the reaction
products, RNAs were eluted from the gel by crushing and
soaking in TE (10 mm Tris-HCl pH 8.0, 1 mm EDTA). The
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specific activity of each probe was quantitated by HCI
precipitation.

Chloroplast RNA Isolation

Spinach chloroplasts were isolated according to Orozco et
al. (1986), with the exception that the Percoll gradients were
subjected to centrifugation at 8100g for 20 min. The intact
chloroplasts were lysed by the addition of one-third volume
of 50 mM sodium acetate, 1% SDS, with 2.5 mM aurintricar-
boxylic acid (added as an RNase inhibitor [Hallick et al.,
1977]). The RNA was extracted twice with equal volumes of
phenol and chloroform:isoamyl alcohol (24:1), followed by
ethanol precipitation. The chloroplast RNA pellet was dis-
solved in DEPC-treated H,O, then passed over a P-30 Bio-
Gel (Bio-Rad) spin column to remove the aurintricarboxylic
acid.

Isolation of Ribosome-Protected RNA Fragments

Ribosome-protected RNA fragments were produced from
young spinach leaves essentially as described by Kim and
Hollingsworth (1992), with the exception that cycloheximide
was also included in the polysome extraction buffer to 50 ug/
mL. In addition, each polysome pellet was resuspended in
100 uL, rather than 50 ul, of resuspension buffer. This
preparation resulted in essentially the same polysome profile
that was reported by Kim and Hollingsworth (1992). After
the presence of polysomes was confirmed, the polysomes in
the remaining pellets were used to isolate ribosome-protected
RNA fragments.

Micrococcal nuclease digestion reactions were employed to
produce ribosome-protected RNA fragments from polysomal
RNAs as described by Kim and Hollingsworth (1992), with
the exceptions that each polysomal RNA aliquot (100 uL)
was initially divided in two, and 200 units of micrococcal
nuclease were used in these reactions. In addition, after the
micrococcal nuclease digestion reactions, samples were not
divided into two portions but were used in their entirety for
the remainder of the procedure.

As a control for the activity of the micrococcal nuclease,
50 pL of purified polysomes were extracted twice with phenol
and chloroform:isoamyl alcohol (24:1), precipitated with
ethanol, resuspended in 50 pL of DEPC-H;0, and subjected
to micrococcal nuclease digestion.

To map 5’ ends produced in vivo, either total chloroplast
RNA or 50 uL of purified polysomal RNAs were extracted
twice with phenol and chloroform:isoamyl alcohol (24:1),
precipitated with ethanol, and resuspended in 50 uL of
DEPC-H;O. These samples were not incubated with micro-
coccal nuclease but were otherwise treated the same as the
nuclease-digested samples.

Primer Extension Assay

Nuclease-resistant RNA fragments, the nuclease-digested
RNA control, and the undigested RNA samples were each
separately annealed to single-stranded DNA complementary
to the large ATP synthase gene cluster under conditions
described by Kim and Hollingsworth (1992). In addition, a

5’ end-labeled oligonucleotide primer complementary to a
region upstream of the area of interest was annealed to the
same DNA molecule. After the annealing of the RNA and
primers to the single-stranded DNA, the labeled oligonucle-
otide primers were extended with T4 DNA polymerase
{New England Biolabs) (Kim and Hollingsworth, 1992). A
sequencing ladder was generated using the Sequenase 2.0 kit
(United States Biochemical) and the same oligonucleotide
primer and single-stranded DNA used in the primer-exten-
sion reaction. The extension products and sequencing
reactions were subjected to electrophoresis through an
8% sequencing gel (Sequagel-8, National Diagnostics,
Manville, NJ). The gels were fixed, dried, and subjected to
autoradiography.

Dot-Blot Hybridization and Quantitation

Ribosome-protected RNA fragments were spotted onto dry
strips of Zeta Probe membrane (Bio-Rad) at concentrations
of 0.1, 0.3, and 1.0 ug in a total volume of 5 gL. As a control,
1 ug of in vitro-transcribed RNA encompassing the entire
large ATP synthase gene cluster was also spotted onto each
filter strip in a volume of 5 uL. This RNA was transcribed
using T7 RNA polymerase (Epicentre Technologies, Madison,
WI) and pNSGCé that was linearized with Clal. All spots
were air dried overnight before being used for hybridization.

Filter strips were prehybridized for at least 4 h at 56°C in
6X SSC, 0.5% SDS, 0.2% ficoll, 0.2% polyvinylpolypyrroli-
done, 0.2% BSA, and 200 pg/mL boiled herring sperm DNA.,
The prehybridization solution was removed and replaced
with fresh solution. Fifty femtomoles of a radiolabeled RNA
probe specific for a particular gene region were added to each
filter. Hybridization was carried out at 56°C overnight. The
hybridized filters were washed successively in 2X SSC; 2X
5SC, 0.1% SDS; 0.5x SSC, 0.1% SDS; and 0.1x SSC, 0.1%
SDS, each for 15 min at room temperature. The filters were
exposed to x-ray film.

To determine the relative abundance of transcripts derived
from the four ATP synthase genes of the cluster, additional
dot blots were made, as described above, that consisted of
0.1, 0.5, and 2.5 ug of total chloroplast RNA, plus 1.0 ug of
in vitro-transcribed RNA derived from linearized pNSGCé6
as control. These membrane filters were prehybridized for 4
h at 42°C in 5X SSC, 50% deionized formamide, 0.5% SDS,
0.02% ficoll, 0.02% polyvinylpolypyrrolidone, 0.02% BSA,
and 200 pg/mL herring sperm DNA. Prior to hybridization,
the prehybridization solution was removed and replaced with
solution that was freshly prepared. A single radiolabeled
RNA probe, specific for one of the ATP synthase genes, was
added to each filter and allowed to hybridize overnight at
42°C. The filters were washed as described for the protected
fragments blots.

For quantitation, each spot was excised from the filter and
counted by liquid scintillation. The extent of hybridization to
each probe was found to be directly proportional to the
quantity of RNA in the dot. This confirms that the hybridi-
zation kinetics were driven by the chloroplast RNA frag-
ments, not by the quantity of radiolabel added to the reaction.
To control for the length of each probe, the counts derived
from each set of ribosome-protected RNA fragments or total
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chloroplast RNAs were normalized to the counts obtained
from the control spot on the same filter. The ratio of the
relative number of ribosome pause sites or relative transcript
abundance was determined by dividing the normalized re-
sults from each mRNA by the normalized results from the
mRNA that had the lowest hybridization signal. The st was
calculated using the results from three independent nuclease-
resistant RNA blots or two total chloroplast RNA blots.

RESULTS
Production of Ribosome-Protected Fragments

The first step in the production of ribosome-protected RNA
fragments is the isolation of polysomal RNA. Polysomes were
isolated from whole spinach cells. The presence of polysomes
in the sample was confirmed by Suc gradient analysis (Kim
and Hollingsworth, 1992). Polysome samples were treated
with micrococcal nuclease, yielding ribosomes bound to small
RNA fragments.

Localization of Ribosome Pauses

Micrococcal nuclease-resistant RNA fragments were ex-
amined to determine the ribosome pause sites within the four
ATP synthase genes in the large ATP synthase gene cluster.
Ribosomes protect between 30 and 35 nucleotides of RNA
from digestion by nuclease (reviewed by Steitz, 1979). There-
fore, if ribosomes move along the RNA at a constant rate

Figure 1. Mapping of ribosome pauses up- A
stream and within the atpl open reading frame.
A, Bases —216 through —141; B, bases —117
through +117; C, bases 171 through 412. G, A,
T, and C indicate DNA sequence generated
using the same primer and single-stranded
DNA as in the extension reaction. N indicates
extension reactions performed with the same
primer and single-stranded DNA without nu-
clease-resistant RNA fragments. —Nuclease or
C2 indicates primer extension performed in the
presence of extracted, mock nuclease-treated
RNAs. +Nuclease lanes contain extension
products generated in the presence of RNA
fragments isolated from nuclease-treated poly-
somes. C1 indicates primer extension reactions
that included phenol/chloroform-extracted and
nuclease-treated polysomal RNA. Micrograms
of protected RNA fragments or total chloroplast
are indicated above the lanes. 5’ ends are
indicated with asterisks (*). Numbers are rela-
tive to the first base of the atpl open reading
frame.

o

S0

GATCN.1 310,

Plant Physiol. Vol. 105, 1994

during translation, all possible RNA fragments of 30 to 35
nucleotides should be equally represented. If ribosomes pause
during translation, there will be an overrepresentation of the
RNA fragments corresponding to the pause sites.

To map the position of the ribosome pauses, nuclease-
resistant RNA fragments and a 5" end-labeled oligonucleotide
primer encoding the complement of the RNA of interest were
annealed to single-stranded DNA. These hybrids were used
in a primer extension assay with T4 DNA polymerase. T4
DNA polymerase is unable to precess through the RNA/
DNA hybrids created by annealing the protected RNA frag-
ments to the DNA (Alberts, 1984). Consequently, the RNA
fragments will act as barriers preventing the polymerase from
continuing the extension reaction. The result, as visualized
by autoradiography, is a series of labeled DNA molecules
corresponding to an extension product that starts with the
5’-labeled DNA oligonucleotide and ends at the 5’ end of an
annealed RNA fragment. The extension products were sub-
jected to denaturing gel electrophoresis adjacent to a sequenc-
ing ladder generated with the same DNA and primer. The
base corresponding to the 5’ end of the protected RNA
fragment can be determined by comparison to the adjacent
sequencing ladder.

Figures 1 to 4 are autoradiograms showing the detection
of numerous ribosome pause sites along each of the four ATP
synthase genes. Although the entire sequence of the four
ATP synthase genes was examined for pauses, only areas
where ribosome pauses were found are represented in the
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Figure 2. Mapping of ribosome pauses upstream and within the atpH open reading frame. A, —328 through —98; B, =77
through 32; C, 20 (atpH) through —304 (atpF). Lane designations are defined in the legend for Figure 1. 5’ ends are
indicated with asterisks (*). Numbers are relative to the first base of the atpH open reading frame except —388, which is

relative to the start of the atpF open reading frame.

figures. The majority of the sites were located within the
open reading frames rather than in the intergenic spaces. The
sites from the 5’ upstream region through the first 300 bases
of atpA have been previously reported, and those autoradi-
ograms are not shown here (Kim and Hollingsworth, 1992).
In some cases (for example, base —176 in Fig. 1A), multiple
bands were detected immediately adjacent to each other.
These multiple bands are assigned as a single stop, because
we believe that they are caused by small variations in the
extent of micrococcal nuclease digestion. Figure 5 is a com-
posite diagram showing the location of each ribosome pause
site relative to the open reading frames of the large ATP
synthase gene cluster and to each other. Bands that were
consistently too faint to photographically reproduce were
omitted from the composite figure.

5’ End Mapping

The primary transcripts from the large ATP synthase gene
cluster undergo extensive processing, resulting in approxi-
mately 40 unique RNA species (Hudson et al., 1987; Stollar
and Hollingsworth, 1994). The composition of each of these
RNA species has been determined (Hudson et al., 1987;
Stollar and Hollingsworth, 1994), but the 5’ and 3’ ends of

these transcripts have not been completely localized. In ad-
dition to being able to map positions where ribosomes pause
in vivo, this primer extension assay has enabled us to map
several of the 5’ ends from the large ATP synthase gene
cluster found in vivo in spinach chloroplasts. The 5’ end
mapping assay was performed in the same manner as the
protected fragment localization with the exception that un-
digested RNA (rather than protected fragments) was an-
nealed to the DNA template. Therefore, extension products
terminated at positions that correspond to the in vivo 5’ ends
of the RNA molecules. There were several 5’ ends located
among and within the four ATP synthase genes (Figs. 1-4).
The positions of the 5’ ends are shown in the composite
diagram (Fig. 5).

It was surprising to discover that at every location where a
5’ end was mapped in this gene cluster, a nuclease-resistant
fragment was also observed at the same position (Figs. 1-4).
Thus, it appears that these 5’ ends are bound by proteins in
vivo. The proteins that protect the 5’ ends of the transcripts
from this cluster are not necessarily ribosomes. However, the
protected fragments were isolated from the pellet remaining
after centrifugation through two Suc cushions. If the pro-
tein(s) protecting the 5’ ends of these transcripts are not
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ribosomes, they must be involved in another complex of
significant size and density.

Quantitation of Ribosome Pauses within Each Gene
of the Cluster

To ascertain whether there is any correlation between
ribosome pausing and the final ATP synthase protein levels,
the relative number of ribosome pauses within each open
reading frame was determined. The ribosome mapping ex-
periments revealed that the primer extension reaction prod-
ucts corresponding to protected RNA fragments reproducibly
vary in intensity. Therefore, the overall degree of pausing
within any given open reading frame is not directly propor-
tional to the number of pauses. The intensity of pausing at a
given site must also be taken into account.

To quantitate the ratio of the extent of pausing along each
ATP synthase open reading frame, dot-blot hybridizations
were performed. Four sets of nuclease-resistant RNA frag-
ments, each at three different concentrations, were spotted
onto strips of membrane filters. Each set was hybridized to a
single radiolabeled RNA probe complementary to an individ-
ual open reading frame. In addition to the ribosome-protected
RNA fragments spotted onto the filters, an in vitro-tran-
scribed RNA corresponding to the entire length of the gene
cluster was also applied to the filters and used for normali-
zation of the hybridizations.

Figure 6 shows the results of the dot-blot hybridizations.
Each spot from the hybridized filters was excised and its
radioactivity was determined by liquid scintillation. The ex-
perimental counts were normalized to those from the control
RNA hybridized to the same probe. This normalization
served to factor out variations in net hybridization due to
differing specific activities of the probes and differing lengths
of the four open reading frames. Protected fragments from
the atpH open reading frame were determined to have the
lowest extent of normalized overall hybridization. The ratio
of the number of protected fragments within each of the ATP
synthase genes of the cluster was therefore calculated with
respect to the atpH gene, yielding a ratio of hybridization to
each of the four open reading frames relative to atpH. The
average values from three independent experiments are
shown in Figure 6. The ratio of the relative number of
protected fragments within each open reading frame was
determined to be 3:1:3:5 (atpl:atpH:atpF:atpA, respectively).
The polypeptide ratio of these four open reading frames in
the ATP synthase complex is 1:5-12:1:3 (McCarty et al.,
1988).

Two control analyses were performed to investigate
whether the pausing ratios could be caused by factors extra-
neous to the ribosomes themselves. For example, if the abun-
dance of atpH transcripts is very low compared to the other

genes, this could explain the relatively low number of ribo-
some-protected fragments observed within the coding region
of atpH. The relative abundance of transcripts from each of
the four ATP synthase genes was determined in a manner
similar to the quantitation of the relative number of ribosome
pause sites, except that the dot blots contained total chloro-
plast RNA rather than micrococcal nuclease-resistant poly-
some fragments. Values normalized to the lengths of the
probes indicated that transcripts were present in a ratio of
1:3:3:6 (atpL.atpH:atpF:atpA, respectively) (data not shown).
Since this is significantly different from the ribosome pausing
ratio (3:1:3:5), we conclude that ribosome pausing is not
correlated with the abundance of a given RNA. Another
mechanism that might extraneously affect the overall pausing
would be if ribosome binding was proportional to the length
of the transcripts. If that were true, the number of pauses per
nucleotide would be equivalent for all four genes. However,
the atpH and atpF open reading frames, which are the short-
est of the four genes, were determined to have the most
pauses per nucleotide, 0.03, whereas atpl and atpA, the longer
two open reading frames, had 0.01 pauses per nucleotide.
Therefore, the observed degree of pausing cannot be attrib-
uted to the length of the open reading frame. We conclude
that the ratios generated in the dot-blot analysis represent
real differences in the numbers of protected fragments iso-
lated from these open reading frames and are not due to
intrinsic differences in the transcripts themselves.

DISCUSSION

The five genes of the large ATP synthase gene cluster are
co-transcribed from two locations (Stollar and Hollingsworth,
1994). Although the relative strengths of these two promoters
are unknown, transcription from them would result in an
initial ratio of transcripts significantly different from the final
ratio of the polypeptides. Therefore, posttranscriptional
mechanisms are necessary to control the final ratios of the
ATP synthase polypeptides from this cluster. In this set of
experiments, we have investigated ribosome pausing as one
posttranscriptional mechanism that could affect the expres-
sion of this cluster. We have shown that there are numerous
sites where ribosomes pause, that the majority of these sites
are within the open reading frames, and that the pauses are
distributed in a nonuniform fashion.

If ribosome pausing were the primary mechanism control-
ling expression of the ATP synthase genes from this cluster,
then based on the protein ratios it would be expected that:
(a) the aipH gene would have the least amount of pausing
along its open reading frame; (b) the degree of ribosome
pausing within the atpl and atpF genes would be equivalent
and greater than those found in afpH; and (c) the atpA gene
would have an amount of pausing intermediate to the amount

Figure 3. (On facing page). Mapping of ribosome pauses upstream and within the atpF gene. A, —281 through —129; B,
—178 through 25; C, —37 through 107; D, 64 (exon 1) through {288} (intron); E, 357 through 550 (exon 2). Lane
designations are defined in the legend for Figure 1. 5’ ends are indicated with asterisks (*). Numbers are relative to the
first base of the atpF open reading frame. Protected RNA fragments localized within the intron are indicated by braces
(e.g. {233}) and are relative to the first base of the intron. Bases in the atpF open reading frame were numbered as they
would be after splicing. The intron sequence was numbered starting with {1} as the first base of the intron.
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Figure 5. Location of mapped ribosome pause sites and 5’ ends along the large ATP synthase gene cluster. The lines
below the gene cluster indicate the positions of mapped pause sites, and the lines above indicate the positions of
nuclease-resistant fragments that also correspond to 5’ ends. Open boxes represent open reading frames, and the filled
box represents the group Il intron within the atpF gene. The number within each box represents the number of bp
encoded by that portion of DNA. Ribosome pauses were not mapped for rps2.

found in atpH and the amount found in both atpl and atpF.
Consistent with this hypothesis, the dot-blot data indicate
that atpH has the least amount of pausing, and the atpl and
atpF genes have an equivalent degree of pausing, which is 3-
fold higher than that found in atpH. In contrast, pausing
within the coding region of the atpA gene was found to be
the greatest among the four ATP synthase genes of the
cluster. These results suggest that although ribosome pausing
may be a significant mechanism affecting the expression of
these ATP synthase genes, there must be other factors that
also affect the final ratios of the polypeptides in the complex.

In the process of mapping ribosome pause sites, it became
evident that several of the nuclease-resistant RNA fragments
corresponded to the location of in vivo 5’ ends, indicating
that the 5’ ends were bound by either ribosomes or some
other factor(s). Recently, a set of nuclear-encoded factors
have been found that interact with the 5’ leaders of chloro-
plast mRNA from Chlamydomonas reinhardtii. They have been
suggested to regulate translation (Danon and Mayfield, 1991).
If the 5’ end protection observed here is not due to ribosomes,
it must be due to a complex of similar or greater size/density,
because the protected fragments are analyzed after centrifu-
gation through two Suc cushions. Relatively small protein-
RNA complexes (roughly 6S) will not pass through these
cushions (C.T. Baumann and P.D. Gollnick, personal com-
munication). The exact nature of the source of the 5’ end
protection within spinach chloroplasts is currently under
investigation.

As is the case with the transcript 5’ ends, it is possible that
some of the protected fragments mapped along this gene
cluster are due to factors other than ribosome pausing. For
example, several protected fragments are located in intergenic
regions, where ribosomes are typically not expected to be
bound. However, translational coupling, where a ribosome
does not dissociate after finishing a polypeptide but continues
onto a downstream open reading frame and initiates trans-
lation there, is a well-known phenomenon in prokaryotic
gene expression. In particular, translational coupling is a
critical factor in the control of expression of the atp operon
in Escherichia coli (McCarthy, 1990). Translational coupling

has also been proposed to be involved in the expression of
the spinach chloroplast atpB/E gene cluster (Zurawski et al.,
1982). Additional protected sites that might not be caused by
ribosomes include regions near and within the group Il intron
of atpF. Protection of these sites could be provided by putative
splicing factors binding to the pre-mRNA, if a complex of
these factors were large and dense enough to pass through
the two Suc cushions.

Despite the possibility that a few of the protected fragments
may be bound by nonribosomal complexes, the most logical
explanation for the majority of the protected fragments is
that they are caused by paused ribosomes. Translational
control, such as that described here, has been shown to occur
in several chloroplast systems in vivo. Translation of the large
subunit protein of the rbcL in amaranth seedlings is observed
only when the seedlings are grown in the light. When plants
are transferred to the dark, no new rbcL protein is synthe-
sized, despite the fact that the rbcL mRNA is still bound to
polysomes (Berry et al., 1988). A similar observation was
made by Klein et al. (1988), who noted that the polypeptide
products of the psaA and psaB genes were not detected in
plastids of dark-grown barley seedlings even though tran-
scripts for these proteins were present and associated with
membrane-bound polysomes. This suggests that control of
expression of these three genes occurs at the translation
elongation step. In addition, Kim et al. (1991) have shown
that ribosomes pause during the translation of the chloroplast
reaction center protein D1, the product of psbA, and they
hypothesize that the pausing may facilitate the co-transla-
tional insertion into the thylakoid membrane or to the binding
of cofactors such as Chl.

Several factors have been previously suggested to cause
ribosomes to pause. These include translation initiation se-
quences (Wolin and Walter, 1988; Schaefer et al., 1989),
translation termination codons (Wolin and Walter, 1988),
mRNA secondary structure (Jacks et al., 1988; Fu et al., 1991;
Tu et al., 1992), rare codons (Varenne et al., 1984), membrane
insertion (Kim et al., 1991), or cofactor binding (Kim et al.,
1991). Analysis of the exact nature of factors that influence
ribosome pausing at a particular site may be hampered due

Figure 4. (On facing page). Mapping of ribosome pauses upstream and within the atpA open reading frame. A, 336
through 481; B, 431 through 647; C, 672 through 829; D, 1201 through 1343; E, 1378 through 1535 (atpA ends at base
1521). Lane designations are defined in the legend for Figure 1. 5’ ends are indicated with asterisks (*). Numbers are
relative to the first base of the atpA open reading frame. Ribosome pauses in bases —40 through 299 have been reported

elsewhere (Kim and Hollingsworth, 1992).
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Figure 6. Quantitation of ribosomal pauses within the four ATP
synthase genes of the cluster. Upper, Dot-blot hybridization. Each
membrane contains nuclease-resistant RNA fragments at concen-
trations of 0.1, 0.3, and 1.0 ug, plus, as control, 1.0 ug of an in vitro-
transcribed RNA spanning the entire gene cluster. Blots were
hybridized with radiolabeled RNA probes as indicated. Lower,
Representation of the extent of hybridization to the dot blots. The
ratio for the extent of hybridization within each open reading frame
was determined and the average from three experiments is shown.

to multiple ribosomes stacked up behind one another, thus
shifting the actual location of the initial pause site upstream
(Wolin and Walter, 1988). However, the fact that the pause
sites detected were identical over a 10-fold range of protected
fragments (and were virtually undetectable at the lower
concentrations) implies that the observed stops were due to
primary pause sites.

The nucleotide sequences surrounding each ribosome
pause site were examined for potential causes of the pausing
event. Pause sites were also examined to determine whether
there was any correlation between the relative strength of a
pause (i.e. darkness of a band) and particular factors that
might affect pausing. Cis-acting factors that were investigated
include the presence of rare codons and putative secondary
structure. The locations of the pauses were also compared to
the positions of Shine-Dalgarno sequences/translation initi-
ation sites and to translation termination codons (Bonham-
Smith and Bourque, 1989). In addition, the nucleotide se-
quence was examined for the possibility that pauses could
correlate with co-translational insertion of the nascent poly-
peptide into the thylakoid membrane or by interference with
hypothesized splicing factors bound near the 5’ splice site of
the atpF intron.

Codon abundance in a given organism appears to be
correlated to the abundance of the cognate tRNA (Ikemura,
1985). It has been shown in some systems that low-abun-
dance codons can cause a ribosome to hesitate while waiting
for the appearance of the appropriately charged cognate
tRNA (Lizardi et al., 1979). The positions of ribosome pauses

Plant Physiol. Vol. 105, 1994

were investigated with respect to the positions of rare codons.
Rare codons were assigned after generation of a codon fre-
quency chart using the program CODONFREQUENCY
(Devereux et al., 1984) on the entire population of sequenced
spinach chloroplast open reading frames. Rare codons were
defined as those that matched the criteria proposed by Zhang
et al. (1991). Several rare codons were detected that were
located within 14 to 24 nucleotides downstream of the 5’
ends of protected fragments. Considering that ribosomes
would protect between 30 and 35 bases from nuclease diges-
tion (reviewed by Steitz, 1979), this would place the rare
codons somewhere within the ribosome. There were four
cases in this gene cluster in which two or three rare codons
were found immediately adjacent to each other (atpl: 111~
116, 240-248, 273-279; atpA: 1284-1289). In all four cases,
a ribosome pause was mapped at that site. However, there
were many single rare codons within the open reading frames
of the four ATP synthase genes that were not associated with
ribosome pauses.

Although the presence or absence of secondary structure
in vivo is often shown to differ from that predicted by
computer analysis, potential secondary structures located just
3’ to the site of paused ribosomes were examined using the
computer programs FOLD (Zucker and Stiegler, 1981) and
SQUIGGLES (Devereux et al., 1984). Most of the pauses were
associated with potential downstream secondary structures
with a AG at 25°C of less than —19 kcal/mol. However, there
are other predicted secondary structures that do not correlate
with protected fragments. There was no obvious structural
consensus among the computer-predicted secondary struc-
tures associated with protected fragments.

Kim et al. (1991) have proposed that ribosomes pause
during co-translational insertion of some chloroplast poly-
peptides into the thylakoid membrane. The protein product
of the atpF gene, CFo-1, is embedded in the thylakoid mem-
brane (Strotmann and Bickel-Sandkotter, 1984), and, when
fully processed, lacks the first 17 amino acid residues (Bird et
al., 1985). The pause located at +378 of the atpF coding
region corresponds to a polypeptide chain of 128 amino acid
residues. About 40 amino acid residues of the nascent poly-
peptide have to pass through a ribosome before its amino
terminus is exposed (Yonath et al., 1987). In this case, about
88 amino acid residues of the nascent polypeptide chain
would be extruded from the ribosome, and these include a
putative membrane-spanning domain (Hudson et al., 1987).
Therefore, it is possible that the pause at +378 is due to co-
translational insertion into the thylakoid membrane.

In summary, we have shown that ribosome pausing, al-
though not the sole factor, is a posttranscriptional mechanism
that may significantly affect the expression of the large ATP
synthase gene cluster in spinach chloroplasts. No single po-
tential cause for ribosome pausing could be identified. Paus-
ing is undoubtedly influenced by a complex set of both cis-
and trans-acting factors. The identity of these factors and the
extent to which they affect translational elongation within
the chloroplast are currently under investigation.
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