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ABSTRACT

RNA-binding proteins play a major role in regulating
MRNA metabolism in chloroplasts. In this work we
characterized two proteins , of 43 and 47 kDa , which
bind to the spinach psbA mRNA 5’ untranslated region
(psbA encoding the D1 protein of photosystem II). The

43 kDa protein , which is present in the stroma and in
membranes , co-sediments with a complex of 68S. It
was purified , and the N-terminal sequence was
determined. Upon homology search it was identified as

the chloroplast homologue of the Escherichia coli
ribosomal protein S1. The 47 kDa protein , which, in
contrast with the 43 kDa protein , sediments with a
small sedimentation coefficient , is only detected in the
stromal fraction. It is soluble in an uncomplexed form. By
deletion analysis , an element within the psbA mRNA 5’
untranslated region was identified that is necessary but

not sufficient for binding of stromal proteins. The ‘central
protein binding element’ ranges from nucleotide —49 to

-9 of the psbA mMRNA 5' untranslated region. It
comprises the Shine—Dalgarno-like GGAG motif and
7 nucleotides upstream , an endonucleolytic cleavage
site involved in  psbA mRNA degradation in vitro. The
mechanistic impacts of this region in relation to
RNA-binding proteins are discussed.

INTRODUCTION

respective protein is involved in the formation of maturengls
because immunodepletion or addition of the recombinant protein
to anin vitro processing system interferes witre®&d formation
(3,4). Similar proteins have also been identified in tobabg),(
Arabidopsiq7,8), bean §) and maizeX0). Furthermore, several
chloroplast proteins of the mRNA degradation machinery have
already been describetllj. A protein with the molecular weight

of 100 kDa was shown to have similar properties to the bacterial
polynucleotide phosphorylase (PNPase), which is a key exonuclease
involved in bacterial mMRNA degradatiohZj. The amino acid
sequence is 63% homologous between both enzyities (

Several other higher plant chloroplast RNA-binding proteins with
enzymatic activity have been analyzed either in spinach or in
mustard. These are mostly ribonucleases, such as the endonucleas
of 54 kDa isolated from mustard which is required for the 3
processing of thdérnK (tRNA-lysine) andrps16 (ribosomal
protein 16 of the large ribosomal subunit) precursor transiript
vitro (13,14). A complex also involved in'3nd formation is
found at thepetD pre-mRNA (encoding subunit IV of the
cytochrome B/f complex). It consists of three protein species of
29, 41 and 55 kDa that recognize an AU-rich element down-
stream of the stem—loop structure that flanks most of the protein
coding mRNAs in chloroplastd%). Among these proteins, the
41 kDa proteins is a nuclease which cleaves RNA to small
oligonucleotides6).

RNA-binding proteins recognizing thé &nd of chloroplast
MRNAs are mostly described @hlamydomonaseinhardtii,
where they are involved in either in stabilizing mMRNA transcripts
(17) or in mediating translational regulatiot8-21). A systematic

In chloroplasts of higher plants, post-transcriptional mechanisnstudy in which protein binding had been analyzeglieinhardtii

such as RNA processing, differential mRNA stability andunder different light and nutritional conditions for several genes
translational control contribute to the regulation of gene expressiahowed at least six species that could be detected by UV-cross-
during chloroplast development and light-dependent proteilmking (22).

synthesis, respectivelyl) Translational control as well as

Earlier, we described several proteins binding to the 5

specific MRNA degradation is often mediated by RNA-bindingintranslated region of the spinga#bAmRNA (encoding the D1
proteins. Some of the chloroplast RNA-binding proteins fronprotein of photosystem [12@). In stromal protein extracts we are
spinach, which are primarily involved in RNA processing, havenost interested in two proteins with molecular weights of 43 and

already been cloned and identified.

47 kDa. The 43 kDa protein has been analyzed in great detail with

A family of nuclear-encoded chloroplast RNA-binding proteinsregard to its binding properties. Binding activity of this protein
with a molecular weight in the range of 28 kDa has been describedn be detected only after plants have been illuminated. The
in several plant species, while the most detailed data have bg®otein has a high affinity for U-rich, single-stranded RNA,; it can
obtained from spinach. Typical for these proteins is the presenbe cross-linked to thesbAmMRNA 5 untranslated region but not

of an RNA-binding recognition motif2§. In spinach, the

to the 3 untranslated region of tiEsbAMRNA (23).
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In this work, we show that the proteins of 43 and 47 kDa are pdrainscripts were synthesized under the same conditions, except
of complexes which can be separated according to thdhiat 1 mM UTP was used and 2 mM GpG was added. Transcripts
sedimentation properties. We purified the 43 kDa protein, so weere gel purified and #nd-labeled with 10 U T4 polynucleotide
could obtain peptide sequence data that allowed us to identify tkiease in the presence of #Gi [y-32P]ATP for 1 h at 37C using
protein as the chloroplast homologue of the ribosomal protein She buffer supplied by the manufacturer. End-labeled transcripts
based on 14 amino acid identities. Furthermore, we determinegtre again gel purified. To obtaihehd-labeled RNA, transcripts
an element within thesbAmMRNA 5 untranslated region which were synthesized under the same conditions, except that 1 mM
is necessary but not sufficient for protein complex formation bWTP was used. Transcripts were end-labeled using T4 RNA
deletion analysis. This element comprises the Shine—Dalgarno-likgase according to Bruce and Uhlenbez¥)( Briefly, 10 pmol
GGAG motif and, 7 nucleotides upstream, an endonucleolytiRNA were labeled in 50 mM HEPES, pH 7.5, 20 mM MgCI

cleavage site involved imsbAMRNA degradatioin vitro. 10 ug/mi BSA, 3.3 mg/mI DTE, 10% DMSO, 1 mM ATP, 26i
5 [32P]pCp and 2 U T4 RNA ligase for 2 h at°&Z All RNA
MATERIALS AND METHODS transcripts were purified by gel electrophoresis.

Deletion mutants To obtain 3 and 5 deletions, respectively,
end-labeled transcripts were digested with 2 U RNase T1
(Boehringer, Mannheim, Germany) for 5 min at room temperature.
After phenol/chloroform extraction, fragments were separated on
8% sequencing gels (7 M ureax TBE) and eluted after
exposure.

Nucleic acids

PlasmidDNA. ThepsbAmRNA 5 untranslated region had been
cloned as a 142 Wgincll-Mvnl fragment, —119 to +224), into
the Hincll-Sma sites of pBluescript-SK+ (Stratagene, Heidelberg
Germany).

PCR productsPCR fragments fdn vitro transcription covered Protein extracts
the desired region of thesbAgene fused to a T7 promoter.
Primers used for PCR were: psbA_-86-TTGEGCCAGATCT-
TAATACGACTCACTATAGGATAACAATCTTTCAATTTCTA-
TTTCT-3 (-87 to —60 of thepsbA gene); psbA -49-T7,
5'-GCGCCAGATCTTAATACGACTCACTATAGGTGTGCTT-
GGGAGTCC-3 (49 to —-35 of theasbAgene); psbA '3+8,

Protein extracts representing the stroma and membrane fraction
were obtained from intact chloroplasts, which had been isolated
by percoll gradients as describeéxb), For plastid fractionation
(27), intact chloroplasts were resuspended in 20 mM Tris—HCI,
pH 8.8, 20 mM KCI, 10 mM Mg@G| 0.5 mg/ml heparin, 5 mM

g AAAA DTT. After rigorous suspension, membranes were sedimented for
5-GCAGTCATGGT TCTTGGTT-3 (complementary 10 5 \yin 5t 15 0o r.p.m. (Beckman JA20). The supernatant,

—15 to +8 of th@sbAgene); psbA_'3-9, B-CTTGGTTTATTT- containing the soluble stroma fraction, was frozen at CZiter

AATTTAATCATC-3" (complementary to —32 t0 —9 of thebA justment to 15% glycerol. The sedimented membranes were
gene). The nucleotide positions are numbered according to Zuraw; uspended in a small volume of the above-mentioned buffer.
).

et al (24). PCR reactions were performed using buffers an ; : : ;
protocols supplied by the manufacturer (Promega, Madison, US rotein concentrations were determined according to Bradfeyd (

As template DNA, 1 ng linearized plasmid containing a fragme%V—crosslinkin
covering thegssbhAmRNA 5 region was used in the PCR reactions, 9
in which 37 cycles (92C, 90 s; 48C, 60 s; 72C, 90 s) were For analysis of protein binding, label transfer experiments were
performed. PCR products were purified by spin columns (Qiaquickerformed according to Klaff and Gruisse#8)( Unless stated
Qiagen, Hilden, Germany) according to the manufacturerstherwise, 2Qug of protein extract was incubated with 10 fmol of
instructions. Foin vitro transcriptions, 1/20 of a PCR reaction synthetic radiolabeled RNA in 5 mM Tris—HCI, pH 9.0, 20 mM

was used. KCI, 3 mM MgCh, 5 mM EDTA, 0.1 mM DTT in microfuge
tubes. After 10 min of incubation at&5, the opened tubes were
Antiserum irradiated with UV light of 254 nm and an energy of 1.8 3/am

] ] o ] . 25°C using a stratalinker (Stratagene, Heidelberg, Germany).
Antiserum against th&.coli ribosomal protein S1 was kindly The RNA was digested with 10 U RNase T1 anfid&Nase A
provided by Dr R.Brimacombe (Max-Planck Institut fiir Molekulareper sample at 31 for 30 min. For SDS—gel electrophoresis, 1 vol
Genetik, Berlin, Germany). It was used in a dilution of 1/1000 iryo5, SDS, 15%pB-mercaptoethanol, 30% glycerol, 0.19 M

gel retardation assays. Tris—HCI, pH 6.8, and 0.001% bromphenol blue was added. After
5 min incubation at 8%C, the samples were loaded onto 10%
In vitro RNA synthesis polyacrylamide—SDS gels according to Laemml)( The gels

were stained with silver nitrat8@), dried and exposed to Kodak

Radiolabeled RNA transcripts were synthesized using the T7 y Ag X-ray films.

vitro transcription system. Briefly, for UV-crosslinking, conditions
were as follows: 0.5ig linearized DNA, 20 mM NaPpH 7.7, ; ;
10 mM DTT, 8 mM MgC}, 20 mM spermidine, 1 mM each of Gel retardation analysis

ATP, CTP and GTP, 25M UTP, 35uCi [a-32P]JUTP, 20 U  For analysis of complex formation of RNA with proteins, gel
RNasin, 30 U T7 polymerase; 1 h at°@7 Transcripts were retardation assays were performed according to Konarska and
purified from unincorporated nucleotides by precipitation withfSharp 81) with some modifications. Twenty micrograms of
0.5vol 7.5 M (NH)OAc, 2.5 vol EtOH. For gel retardation, 1/20 protein (or the amount of protein as noted in the figures) were
of a PCR reaction was used as template. The portion ofcubated for 5 min at 2Z in 10ul of 20 mM Tris—HCI, pH 8.5,
radioactive[a-32PJUTP was reduced to J0Ci, otherwise the 20 mM KCI, 10 mM MgC}, 5 mM DTT, 2 mg/ml heparin,
same conditions as described above were employed. End-labedesimg/ml tRNA. After addition of 5 fmol RNA (or the amount as
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¢l 2 8§ M kD RESULTS

Proteins binding to thepsbAmRNA 5' untranslated leader
gt RNA are components of different complexes
— 66 To obtain information about the mRNA-binding 43 and 47 kDa
proteins and their association with chloroplast fractions, the
distribution of proteins binding to tipsbAmMRNA 5 untranslated
; region between the soluble stroma and the membranes was
o analyzed. Figuré shows the comparison of the protein binding
pattern in both fractions by UV-crosslinking analysis. The 43 kDa
protein, which has a binding preference to jebAMRNA 5
untranslated regior2g), is present in the membranes as well as
in the stroma. The 47 kDa protein can only be detected in the
stromal fraction. The 100 kDa RNA-binding protein, which is
Figure 1. RNA-binding proteins to thesbAmRNA 5 untranslated region in  detectable in the stromal fraction, is the chloroplast homologue of
stroma and membrane fraction by UV-crosslinking. Thirty micrograms of theE.coli polynucleotide phosphorylase, an exonuclease involved in
i ssomes 1 e i W 5 e, Chioroplast RNA Send processing and degradatidf)(The
UV-treated, Rl%lase-treated; c2: RNA with stromal extract, not irradiated’, 28 kDa RN_A-bIndIng prot_e!n dete(_:table in both fractions ha_s
RNase-treated. S, UV-crosslinking with stromal protein; M, UV-crosslinking P€€n described as an activity that is necessary for the formation
with membrane protein. of the mature mMRNA'3®nds 8).
The association of the stromal RNA-binding proteins with

macromolecular complexes was analyzed by sucrose gradient
noted in the Results), complex formation was allowed to take placentrifugation. Under native conditions, complexes are separated
during 15 min incubation at 2Z. Afterwards, 5ul 80% glycerol in their native form and their constituents, in this case the
containing bromphenol blue and xylene cyanole were added f&NA-binding proteins, can be determined subsequently.
electrophoresis. Samples were separated on 8% polyacrylamide dettermination of sedimentation coefficients may indicate to
(acrylamide:bisacrylamide ratio 20:1) containing 50 mM Triswhich complex in the chloroplast the proteins belong. Chloroplasts
0.38 M glycine (2 Laemmli-buffer) at 200 V for 75 minat22.  were isolated from light-grown plant@6) and separated into
stromal and membrane fractiof7]. The stromal extract was
fractionated by ultracentrifugation as described in the Materials
and Methods. The sedimentation profile of the proteins is shown
For sucrose gradient centrifugation, intact chloroplasts weiia Figure2A. Fractions are numbered from the top to the bottom
isolated and fractionated as described above. The stromal extratthe gradient. Most of the total protein sediments in the upper
(2 ml) was layered onto 38 ml 10-40% continuous sucrodfird of the gradient in a broad peak, while only a small peak can
gradients containing 20 mM Tris—HCI, pH 8.8, 20 mM KCIl, be detected with a higher sedimentation constant. The protein
10 mM MgCh, 0.5 mg/ml heparin, 5 mM DTT, 5Qg/ml  pattern of each fraction is shown in Fig@® as an SDS—gel
chloramphenicol32). After centrifugation for 19 h at 19 000 r.p.m. stained with silver. A volume of 1.5% of each fraction was
using a Beckman SW28 rotor,*2@ ml fractions were harvested analyzed for the contents of proteins binding tg$iAmMRNA
and stored at —7@ prior to use. Protein concentrations were5' untranslated region using gel retardation, as shown in Figure
determined according to Bradforglg]. Sedimentation coefficients 2C, and the UV-crosslinking assay depicted in Fidiibe Gel
were determined according to Griffit83) based on sucrose retardation shows two peaks within the gradient containing
concentrations within the respective fractions and centrifugatigoroteins which bind to thesbAmMRNA 5 untranslated region.
conditions ft = (2.72x 101)/s]. Sucrose concentrations were Heparin is added to a concentration of 2 mg/ml and tRNA to a
determined by refractometer. concentration of 0.5 mg/ml to avoid unspecific complex formation.
The peak of complex formation at the top of the gradient is shifted
against the peak of protein concentration. While the highest
activity of RNA-binding proteins is detected in fraction 2, the
To purify the 43 kDa protein for protein sequencing, a sucrodgighest protein concentration can be detected in fraction 5. This
gradient as described above was loaded with 50-60 mg stromesults from the large amount of ribulose-1,5-bisphosphate
protein. After centrifugation for 19 h at 19 000 r.p.m. using &arboxylase, which sediments with a peak in fraction 5 BBg.
Beckman SW28 rotor, 304 ml fractions were harvested. the large subunit of ribulose-1,5-bisphosphate carboxylase is
Fractions containing the 43 kDa protein as analyzed by Ulabeled as LSU). The second peak of RNA-binding activity
crosslinking were separated by SDS—gel electropho&3iarid  sediments with a higher sedimentation coefficient and a maximum
transferred to polyvinylifluoride membrane (Immobilon, Millipore) of complex formation in fraction 13. Here, binding activity
in 10 mM CAPS, pH 11, 10% methan@4]. Electrophoretic correlates with the concentration profile of proteins. The proteins
separation of the fractions containing the 43 kDa protein alloweaf the different fractions which are in direct contact with the RNA
excision of the corresponding band without contaminatingre analyzed by UV-crosslinking as shown in Fidiie At the
additional protein species. N-terminal sequencing of the protetop of the gradient, the 28 kD3) (@and a 33 kDa protein can be
after transfer was performed by Dipl.-Ing. Dagmar Miillerdetected, which copurifies with the PNPase using a size exclusion
(Institut fir Enzymtechnologie, KFA Jilich, Germany). chromatographyl(l). In addition, the 47 kDa protein is found.

= 45

— 36

Sucrose gradient centrifugation

Protein sequencing
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Figure 2. Sucrose gradient fractionation of stromal complexes. After separation, the stromal extract was fractionated by a 38 sud@sé@radient for 19 h
at 19 000 r.p.m. (Beckman SW28). Twenty 2 ml fractions were harve&)dardfile of protein concentration along the gradieB}.Rrofile of protein distribution
along the gradient as shown by SDS—gel electrophoresis and silver staining; 1.5% of each fraction was used. The lafrgbsoberit 6-bisphosphate carboxylase
is labeled as LSUQ) Profile of RNA-binding proteins along the gradient, analyzed by gel retardation; 1.5% of each fraction way Bsefile(of RNA-binding
proteins along the gradient, analyzed by UV-crosslinking; 1.5% of each fraction was used. R, free RNA; S, stromal petitimf Bne@ gradient. c1: RNA,
UV-treated, RNase-treated; c2: RNA with stromal extract, not irradiated, RNase-treated. The numbers given in the fatire nefierbters of fractions, with fraction
1 at the top and fraction 20 at the bottom of the sucrose gradient.
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1 2 3 the ribosomal protein SB%). Based on the probability of 1Gor

the sequence to occur a second time in combination with the

sedimentation data, we are confident that the 43 kDa protein is the

spinach chloroplast homologue of the ribosomal protein S1. This
- complax interpretation is further supported by the finding that a polyclonal

antiserum raised against tBeoli ribosomal protein S1 crossreacts

with the 43 kDa protein (data not shown).

UV-crosslinking data indicate that the complexes formed in

“' o fractiqns 12-14 of _the sucrose gradient resulting in'a complex
W —— band in gel retardation are composed of the S1 protein and/or the
100 kDa PNPase. The addition of tBeoli antiserum to the
incubation mixture for gel retardation results in the reduction of
Figure 3. Presence of the chloroplast ribosomal protein S1 in RNA—protein the complexed band a.s Sho""n In Flg_Bre\s the antlser.um IS
complexes. Five fmol of radiolabeled RNA representing thenfranslated ~ heterologous, the antibody binding is too weak to induce a
region ofpsbAmRNA were incubated with 0.5% of fractions 12-14 of the supershift. The RNA-protein—antibody complexes dissociate
sucrose gradient in the presence and in the absence of an antiserum raisgdiring gel electrophoresis. The ternary complex can be deduced

against thé&.coli S1 protein and separated on 8% polyacrylamide gels. 1, 5 fmol; - 4; ; R TR
RNA: 2, 5 fmol RNA. 0.5% from fractions 12-14: 3. & fmol RNA. 0.5% of indirectly from the reduction of complex band, indicating that the

protein from fractions 12-14, polyclonal antiserum raised againdt.¢coé S1 protein is part of these complexes.

ribosomal protein S1. Binding of the antibody to the RNA—protein complex can

be detected by the reduction of complex band in lane 3. RNA incubated with L ,

antiserum shows no effect (data not shown). A distinct par‘t of the prAmRNA 5" untranslated leader

RNA is necessary but not sufficient for protein binding

To define a region that is necessary for protein binding fustié

The chloroplast PNPase, with a molecular weight of 100 kDanRNA 5 untranslated region, deletion studies were carried out.
sediments in a broad distribution starting from fraction 2, with ®eletions were derived by limited RNase T1 digestior eha-
peak in fractions 6/7 and is detectable along the whole gradiesutd 5 end-labeled RNA molecules reflecting ifsbAMRNA 5
(Fig. 2D). The 43 kDa protein is only found sedimenting withuntranslated region including 8 nucleotides of the coding region.
higher sedimentation constants peaking in fractions 12/13. It alfwagments were gel purified and analyzed for their binding
sediments in a broad distribution. The broadened peaks resatitivity by gel retardation. FigurdA shows a schematic
from a slight overloading of the gradient. Comparison of theepresentation of the fragments tested for binding; in Figgire
patterns of RNA-binding activities obtained by gel retardatiorthe respective gel retardation assays are depicted. Fragment 1
analysis and UV-crosslinking shows the same peak fractions @il length) and fragment 2 (ranging from nucleotide —86 to +3)
proteins binding to thepsbA 5 untranslated region. The are completely retarded, i.e. bound by proteins under these
difference in binding patterns of fractions adjacent to the peaks esperimental conditions. Fragment 3 (ranging from nucleotide
found by both methods results from their physical principles-86 to —9), however, already shows a lower binding constant.
While in gel retardation the equilibrium between the bindingHere, complexes still can be detected as a retarded band, but the
partners is observed, in UV-crosslinking, complexes are convalentlytensity of the complex- and RNA-band does not add up to the
linked fixing contacts with short half-lives. When working in aamount of RNA that was originally within the binding assay.
concentration range of the reciprocal binding constant, a high&hus, the half-life of the complex is probably long enough to
concentration of RNA-binding proteins has to be present to formllow separation of the complexed and uncomplexed RNA, but
complexes detectable by gel retardation as by UV-crosslinking. it is too short to show one distinct complex band. Instead, a

The 43 and 47 kDa proteins are separated by sucrose gradieriadened band can be observed. This effect is even more
centrifugation. The 47 kDa species sediments at the top of theamatic with fragment 4 (ranging from nucleotide —86 to —29),
gradient, indicating that under these conditions it is not associatethere complex formation can only be inferred because of the
with any larger complex. The 43 kDa species, which sedimentsduction of free RNA. Here, the half-life of the complex is too
into the gradient, has to be associated to additional componersBort to allow any complex to survive the time of electrophoresis.
The peak fraction of the 43 kDa protein (No. 13) contains &or fragment 5 (ranging from nucleotide —86 to —32) and the
sucrose concentration of 27% as determined by refractometéailowing shorter fragments, no complex formation can be
According to Griffith 83), a sedimentation constant of 68S canobserved at all. In deletions from théehd of the RNA,
be calculated based on the sucrose concentration and fregments 11-16, retardation can be observed for fragments
centrifugation conditionsuft = (2.72x 10tY)/s], indicating that  11—-14. In fragment 14 (ranging from nucleotide —49 to +8), the
the 43 kDa protein co-sediments with the ribosomes. 5' terminal 37 bases are deleted. Deletion of an additional two

Using sucrose gradients loaded with a lower amount of strombhses completely abolishes binding. These data define a region of
protein, we obtained fractions in which the 43 kDa protein coulthepsbAmRNA 5 untranslated region from nucleotide —49 to —9
be separated from co-sedimenting proteins by SDS—gel electrohich is necessary for protein binding.
phoresis. After transfer to polyvinylfluoride membrane the A systematic analysis of the binding affinity of fragments 3 and
N-terminal sequence of the protein could be determined witho@# in comparison with the complgisbAmRNA 5 untranslated
background. Fourteen N-terminal amino acids were identifiedegion and the RNA-binding element determined by deletion
Ala—Val-Ala—Val-Ser—Asn—Ala—GIn-Thr—Arg—Glu—Arg—GIn— analysis was performed in the experiment shown in Figure
Lys—Leu. The homology search resulted in one protein that has tR&A transcripts analyzed in these experiments are synthesized
sequence with 100% identity: the spinach chloroplast homologuelof in vitro transcription using PCR products as templates (see
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A s

' 80 70 60 50 -40 30 20 10 +1 ¥
GGAUAACAAUCUUUCAAUUUCUAUUUCUAGCGAAUUUGUGUGCUUGGGAGUCCCUGAUGAUUAAAUUAAAUAAACCAAGAUUUUA CCAUGA CUGC

tragment 1 (full length)
fragment 2 (-86 - +3)
tragment 3 (-86 - -9)
fragment4 (-86 - -29)
fragment 5 (-86 - -32)
fragment 6 §-86 - -60)
fragment 7 (-86 - 48)
fragment 8 {-86 - -50,
fragment 9 (-86 - -56;
fragment 10 (-86 - -58)
fragment 11 (full length)
fragment 12 (-75 - +8)
fragment 13 (-55- +8)
fragment 14 {(-49 - +8)
fragment 15 (-47 - +8)
fragment 16 (-45 - +8)

Figure 4.Determination of the sequence element opBAMRNA 5 untranslated region necessary for binding of stromal proteins by deletion ana)ySthématic
representation of the deleted RNAs. They are prepared by limited digestiasr 8f &nd-labeled transcripts with RNase T1 followed by gel purification. The numeration
of the nucleotides is according to the translation start site with +1B2#nélysis of deletion mutants for protein binding using gel retardation assays. RNA was incubated
with 2 mg/ml stromal protein and separated on 8% polyacrylamide gels. The numbers represent the fragments shown in Figihie-Bégtein; —, RNA.

Materials and Methods). The titration of 4 fmol of each RNA withbinding element extends from nucleotide —49 to —9 op#i
rising concentrations of protein extract shows that neithanRNA. As an isolated element, it is incapable of forming stable
fragment 3 nor 14 has the same substrate activity for proteppmplexes with stromal proteins. The necessity for the adjacent
binding as the wild-type RNA. Higher protein concentrations argegions may result from the relatively low content of uridine
necessary to yield the same degree of complex formation as witisidues in this element, which is 26%. As shown earlier by
the wild-type RNA; while with 1.0 mg/ml protein, the wild-type competition experiments, the binding of proteins to the RNA is
RNA is complexed to 50%, fragments 3 and 14 at the samgry sensitive to poly(UP(). The region Sof the central protein
concentration are complexed only to an extent of 10-20%jinding element has a uridine content of 43% and the retyain 3
indicating a lower binding affinity for this RNA substrate. Thethe element has a uridine content of 35%. In addition, U-stretches
analysis of the region from nucleotide —49 to -9 shows that thi§ three and four uridines can be fouricaBd 5 of the central
RNA molecule is hardly a substrate for protein complexygiein binding element; they may function as a nucleation site for
formation. Only a slight reduction of the free RNA can begpecific complex formation. Furthermore, we showed earlier that
observed, and even at the highest protein concentration, binding of stromal proteins depends on the structure of the
retarded complexed band can be detected. These data show IAmRNA 5 untranslated regior36). The central protein

the region of protein binding determined by deletional analysi inding element may carry the sequence elements that are

ranging from nucleotide —4910—9is necessary, but not _suff|C|_e ecessary for protein complex formation, but a certain structure
for efficient complex formation. Therefore, we termed this regioy ~+is also required for binding cannot be formed by the short
the ‘central protein binding element’. quir 9 y

stretch of nucleotides.

In Figure6, the central protein binding element is drawn into
DISCUSSION the structural representation of thebAmRNA 5 untranslated

In this work, we identified a region of thesbAmRNA 3  region as it had been determined earlier by chemical modification
untranslated region which is necessary but not sufficient fd23,36). The element required for protein binding comprises two
complex formation with stromal proteins. This central proteimoieties functional in RNA metabolism; the only endonucleolytic
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nucleotide  nucleotide  nucleotide !nitiating Qndpnucleolytic cleavages; therefore, the reg_ulation of
wildiype -49t0+8  -B6lg-9  -4910-9 its accessibility would also regulggsbAMRNA degradation. A
1234512345 123458 43 kDa protein correlates in concentration to the steady state

levels ofpsbAMRNA; no active protein can be detected in dark
grown seedlings, where psbAmRNA is observed by northern

* J analysis. After illumination, the concentration of the actively
. binding protein rises in parallel with the amounpsbAmMRNA
i (2339).

We identified the 43 kDa protein by N-terminal sequencing,
and homology search. It is the chloroplast homologue of the
Figure 5. Protein binding to fragments of tipsbAmRNA 5 untranslated ”bos‘?ma' protein Sl_' At the moment' we do not ”nderStand why
region. Four fmol of radiolabeled RNA were incubated in a volume gf 10  the ribosomal protein S1 from etiolated seedlings cannot be
with the following concentrations of protein. Wild-type: 1, free RNA; cross-linked to thpgsbA mRNA 5 untranslated region2§).

% ?-5 ”;{9’\/&' gfoéez'g? 3, % "I‘Q/m{ P_r°t§'”6 ‘év 2 rr/\gllml pgo_te'rz 'ie'et'fnlmm?r_‘t51 Specific modifications occurring only after illumination may be

, free ; 2, 0.25 mg/ml protein; 3, 0.5 mg/ml protein; 4, 1 mg/ml protein; ol ;

5, 2.5 mg/ml protein. The numeration of the nucleotides is according to the_rll_ecess.ary to ?.||0W binding O.f the S1 protein tht;tBAmRNA._

translation start site with +1 (24). he _sp_mach rlbosom_al protein S1 shares some homology_ Wlf[h the
E.coli ribosomal protein S1 which has two different RNA-binding
domains, the S1-domain and an RNP matif40). The S1 motif

uu has also been found in several other proteins of the RNA
A { metabolism: the polynucleotide phosphorylase, the bacterial and
A
U

= cleavage site -49/-48' chloroplast initiation factors as well as in the eukaryotic initiation
factor elFex (40and citations therein). THecoli S1 protein is very
well characterized. During translational initiation, it binds to a
U-rich region 5 of the Shine—Dalgarno sequenctl)( The
RNA-binding site of thé.coli S1 protein can also be a defined
tertiary structure within an RNA molecule as it could be shown
cU Ne by in vitro evolution studies. Those experiments revealed a
LTI pseudoknot as the substrate with the highest affirdig). (
Furthermore, the S1 protein has additional functions beyond
translation which have been detected in the metabolism of phages.
Here, the protein mediates contacts between the phage RNA and
additional proteins: the RNA-dependent RNA polymerase of the
phage @ can be completed 8); a ribonuclease of the phage T4
is stimulated by binding to the protein 34, and in phaga, the
Figure 6. Position of the central protein binding element within piseA recombination proteir is bound ¢5). With regard to this
mRNA 5 untranslated region. The thin frame labels the region which had beermultitude of functions, it still has to be shown whether the
identified by deletion analysis. The Shine-Dalgarno-like element is labeled byribosomal protein S1, besides its function in translation, may also
the bold frame and the endonucleolytic cleavage site in this region is labeled bge part of thgsbAmRNA degradation mechanism in chloroplasts.
an arrow. The numeration of the nucleotides is according to the translation stal . . ) .
site with +1 (24). everal observations support this model: the endonucleolytic
cleavage site detected in thgbAMRNA 5 untranslated region
is localized 7 nucleotides upstream of the Shine—Dalgarno-like

: i o lement several uridines adjacent to it. If the chloroplast
cleavage site that could be identified on i#®BAmMRNA 5 € X X . .
untranslated regioim vitro (37) is localized there as well as the [1P0somal protein S1 binds to RNA, as the protein S1 Eali,

Shine—Dalgarno-like GGAG motif, which is located 7 nucIeotide%he binding site is upstream of the Shine—Dalgarno-like element.

adjacent to the cleavage site. It has already been shouitro n this case, the 43 kDa protei_n would possibly interapt with the_
that in tobacco chloroplasts, the Shine—Dalgarno-like elemenﬁ?q“len.ce Okmi (;:Ieavgge_ site and may also be involved in
involved in translational regulation pgbAexpression3g). Itis ~ regulating m egradation.

postulated that the GGAG motif interacts with the ribosomal

RNA during translational initiation. The close proximity of the ACKNOWLEDGEMENTS

Shine—Dalgarno-like element to an endonucleolytic cleavage site ] ) ]
within a region which is central for protein binding can be ol/Ve are very grateful to Prof D.Riesner for his continuous support
regulatory significance. After cleavage, the protein complex tgf our work. We thank Elke Reinartz for her invaluable techr]lcal
activate translation cannot be formed any longer, resulting inggsistance. Many thanks also to Dipl.-Ing. Dagmar Mdiller
biologically inactive mRNA; on the other hand, if a translationaflnstitut fir Enzymtechnologie, KFA Jilich, Germany) for
complex is formed, the mRNA is protected against inactivatioerforming the protein sequencing. We are grateful to
Furthermore, the localization of the endonucleolytic cleavagg” R-Brimacombe (Max-Planck Institut fir Molekulare Genetik,
site within the central protein binding element leads to thBerlin, Germany) for providing antiserum against teoli
speculation that accessibility of this cleavage site is regulated Bosomal protein S1. Many thanks also to Dr Michael Schmitz
RNA-binding proteins. It could be showin vitro that the (University of California at Berkeley, USA) for many helpful
direction of psbA mRNA degradation is’5to 3 (37). The discussions. This work was supported by the Deutsche
cleavage site in the' Bintranslated region may be one of theForschungsgemeinschaft.

»PCcCccoOc »0O00
N [




2272 Nucleic Acids Research, 1998, Vol. 26, No. 10

REFERENCES
1 Gruissem, W. and Tonkyn, J. C. (19€3}t. Rev Plant Sci, 12, 19-55.
2 Bandziulis, R. J., Swanson, M. S. and Dreyfuss, G. (1988gDev, 3,

o Uh W

~

10
11

12

431-437.

Schuster, G. and Gruissem, W. (1981)BOJ., 10, 1493-1503.

Lisitsky, 1., Lineanu, V. and Schuster, G. (19P8)nt Physiol, 107, 933-941.
Li, Y. and Sugiura, M. (199@MBOJ., 9, 3059-3066.

Mieszczak, M., Klahre, U., Levy, J. H., Goodall, G. J. and Filipowicz, W.
(1992)Mol. Gen Genet, 234, 390-400.

Bar-Zavi, D., Shagan, T., Schindler, U. and Cashmore, A. R. (1992)
PlantMol. Biol., 20, 833-838.

Otha, M., Sugita, M. and Sugiura, M. (198%ant Mol. Biol., 27,
529-539.

Kawagoe, Y., Achberger, E. C., Barlett, S. G. and Murai, N. (1995)
PlantSci, 111, 199-207.

Cook, W. B. and Walker, J. C. (19%)cleicAcidsRes, 20, 359-364.

24

25
26

27

Hayes, R., Kudla, J., Schuster, G., Gabay, L., Maliga, P. and Gruissem, Vgs

(1996)EMBOJ., 15, 1132-1141.

Nierlich, D. P. and Murakawa, G. J. (1988dg. NucleicAcidsRes
Mol. Biol., 50, 153-216.

Nickelsen, J. and Link, G. (199¢pl. Gen Genet 228 89-96.
Nickelsen, J. and Link, G. (199JantJ., 3, 537-544.

Chen, Q., Adams, C. C., Usak, L., Yang, J., Monde, R.-A. and Stern, D. B9

(1995)Mol. Cell. Biol, 15, 2010-2018.

Yang, J., Schuster, G. and Stern, D. B. (199&)t Cell, 8, 1409-1420.
Nickelsen, J., van Dillewijn, J., Rahire, M. and Rochaix, J.-D. (1994)
EMBOJ., 13, 3182-3191.

Danon, A. and Mayfield, S. P. (19€HyBOJ., 10, 3993-4001.
Danon, A. and Mayfield, S. P. (198yIBOJ., 13, 2227-2235.
Danon, A. and Mayfield, S. P. (198Bience266, 1717-1719.
Zerges, W. and Rochaix, J.-D. (1989)|. Cell. Biol., 14, 5268-5277.
Hauser, C. R., Gillham, N. W. and Boynton, J. E. (199Bjol. Chem,
271, 1486-1497.

Klaff, P. and Gruissem, W. (1998hotosynRes, 46, 235—-248.

36
37
38
40
41
42

43
44

45

Zurawski, G., Bohnert, H. J., Whitfeld, P. R. and Bottomley, W. (1982)
Proc. Natl. Acad Sci USA 79, 7699-7703.

Bruce, A. G. and Uhlenbeck, O. C. (19RBicleicAcidsRes, 5, 3665-3676.
Gruissem, W., Greenberg, B. M., Zurawski, G. and Hallick, R. B. (1986)
MethodsEnzymal, 118 253-270.

Klein, R. R., Mason, H. S. and Mullet, J. E. (1988&}ell Biol., 106,
289-301.

Bradford, M. M (1976Anal. Biochem, 72, 248-254.

Laemmli, U. K. (1970Nature 227, 680-685.

Blum, H., Beier, H. and Gross, H. J. (19B®ctrophoresis8, 93-99.
Konarska, M. M. and Sharp, P. A. (1988, 49, 763—-747.

Barkan, A. (1988EMBOJ., 7, 2637—2644.

Griffith, O. M. (1979)Techniques of Preparitive, Zonal and Continuous
Flow Ultracentrifugation Beckman Instruments, Inc., Palo Alto.
Matsudaira, P. T. (1989) In Matsudaira, P. T. (@dBractical Guide on
Protein and Peptide Purification for Microsequencidgademic Press,
San Diego.

Franzetti, B., Carol, P. and Mache, R. (199Bijol. Chem, 267,
19075-19081

Klaff, P., Mundt, S. M. and Steger, G. (19BNA 3, 1468-1479.

Klaff, P. (1995NucleicAcidsRes, 23, 4885-4892.

Hirose, T. and Sugiura, M. (1996Y1BOJ., 15, 1687-1695.

Deng, X.-W. and Gruissem, W. (19878Il. 49, 379-387.

Bycroft, M., Hubbard, T. J. P., Proctor, M., Freund, S. M. V. and
Murzin, A. G. (1997)Cell, 88, 235-242.

Boni, I. V., Isaeva, D. M., Musychenko, M. L. and Tzareva, N. V. (1991)
NucleicAcidsRes, 19, 155-162.

Ringquist, S., Jones, T., Snyder, E. E., Gibson, T., Boni, I. and Gold, L.
(1995)Biochemistry34, 3640-3638.

Subramanian, A.-R. (198BJog. NucleicAcidsRes Mol. Biol., 28, 101-142.
Ruckman, J., Ringquist, S., Brody, E. and Gold, L. (1998ijol. Chem,
269 26655-26662.

Venkatesh, T. V. and Radding, C. M. (1993acteriol, 175
1844-11846.



