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Chloroplast translation is mediated by nucleus-encoded factors that interact with distinct cis-acting RNA
elements. A U-rich sequence within the 5* untranslated region of the psbD mRNA has previously been shown
to be required for its translation in Chlamydomonas reinhardtii. By using UV cross-linking assays, we have
identified a 40-kDa RNA binding protein, which binds to the wild-type psbD leader, but is unable to recognize
a nonfunctional leader mutant lacking the U-rich motif. RNA binding is restored in a chloroplast cis-acting
suppressor. The functions of several site-directed psbD leader mutants were analyzed with transgenic C.
reinhardtii chloroplasts and the in vitro RNA binding assay. A clear correlation between photosynthetic activity
and the capability to bind RNA by the 40-kDa protein was observed. Furthermore, the data obtained suggest
that the poly(U) region serves as a molecular spacer between two previously characterized cis-acting elements,
which are involved in RNA stabilization and translation. RNA-protein complex formation depends on the
nuclear Nac2 gene product that is part of a protein complex required for the stabilization of the psbD mRNA.
The sedimentation properties of the 40-kDa RNA binding protein suggest that it interacts directly with this
Nac2 complex and, as a result, links processes of chloroplast RNA metabolism and translation.

Translational regulation has been shown to represent one of
the essential control mechanisms for chloroplast gene expres-
sion in both green algae and higher plants (for review, see
references 10, 17, 20, and 36). The assumed rate-limiting steps
of translation initiation are mediated via the 59 untranslated
regions (UTRs) of many, if not all, chloroplast transcripts (22).
However, recently obtained evidence suggests that the 39
UTRs of chloroplast mRNAs may also participate in their own
translation (39).

Some of the cis-acting RNA elements required for protein
synthesis have been mapped after mutagenesis studies of dif-
ferent 59 UTRs followed by either analysis of mutant pheno-
types after biolistic chloroplast transformation or by in vitro
translation, a system developed for tobacco chloroplasts (24).
For instance, chloroplast sequence elements resembling pro-
karyotic Shine-Dalgarno boxes were found to be inessential for
translation in some cases (13), whereas a modulative function
might be held in others (5, 35, 41). The alteration of transla-
tional AUG start codons had variable effects on protein syn-
thesis (7, 8, 35), and the deletion of a putative stem-loop
structure within the psbC 59 UTR (37) affected the function of
the nucleus-encoded Tbc1 gene product involved in psbC
translation in Chlamydomonas reinhardtii (44). Two short ele-
ments (16 and 14 nucleotides [nt] in length) essential for trans-
lation were mapped within the petD 59 UTR, one of which
forms a stem-loop structure in vivo (23). In general, it is as-
sumed that these crucial cis-acting elements are required for
maintaining secondary RNA structures involved in the trans-
lation initiation process (12, 23, 26, 31) and/or serve as target
signals for trans-acting translation factors.

Genetic and biochemical evidence for the translational con-
trol of chloroplast gene expression by trans-acting, nucleus-
encoded factors has been obtained from green algae and from
higher plants. Several nuclear mutants have been described

that exhibit defects in translation of different chloroplast
mRNAs (2, 22, 29, 32), and chloroplast as well as nuclear
suppressors of defects in chloroplast translation have been
characterized (9, 36, 42, 44). The recently cloned Crp1 locus
from maize is required for processing and translation of petA
and petD mRNAs. In addition, the Crp1 protein belongs to a
novel class of so-called PPR (pentatrico-peptide repeat) pro-
teins (40) and is part of a stromal high-molecular-weight com-
plex, which is not associated with chloroplast polysomes (15).

By using in vitro RNA binding assays, several proteins have
been detected that interact with different chloroplast 59 UTRs
(11, 21, 34, 45, 46) and might mediate the translational control
mechanism. Recently, two of these factors interacting with the
psbA 59 UTR of C. reinhardtii were identified as a poly(A)
binding protein and a protein disulfide isomerase regulating
the activity of the former protein in vitro (6, 25, 43).

The chloroplast psbD gene of C. reinhardtii encoding the D2
protein of photosystem II (PS II) is expressed under the con-
trol of the nucleus-encoded Nac2 factor, whose principal target
site is the 59 UTR of the psbD mRNA (27, 34). Recent muta-
tional analysis of this 59 UTR has revealed at least three dis-
tinct RNA elements, which are involved in the translational
control of psbD gene expression (35). One of these elements
codes for the AUG initiation codon, and a second one (PRB1)
resembles a bacterial Shine-Dalgarno motif (GGAG) and is
located 10 nt upstream of the start codon. In addition, the
deletion of a striking U tract, located immediately upstream of
the PRB1 element, completely inhibited psbD mRNA transla-
tion.

Here, we report on the identification and characterization of
a 40-kDa RNA binding protein (RBP40) which interacts spe-
cifically with the translational U-rich element. Site-directed
mutagenesis of this element helped identify the minimal re-
quirements for binding of RBP40 to the psbD 59 UTR in vitro,
and the simultaneously performed analysis of chloroplast
transformants revealed a correlation between binding activities
and D2 synthesis in vivo. Furthermore, interaction of RBP40
with the psbD 59 UTR was found to be dependent on the Nac2
factor, which is required for the stabilization of the psbD mRNA.
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MATERIALS AND METHODS

Algal strains, suppressor isolation, and characterization. The wild-type strain
137c, the mutant strain DU (35), and mf14 (S. Purton, unpublished results) were
maintained on Tris-acetate-phosphate (TAP) medium (18) at 25°C. Suppressor
suDU was isolated as follows. A total of 5 3 108 cells were plated on minimal
medium selecting for photosynthetic growth (HSM) (37) and kept in the dark for
24 h. Subsequently, plates were irradiated with UV light (7.5 mJ, 254 nm) in a
Stratalinker (Stratagene) and kept in the dark for another 24 h to prevent
photoreactivation (19). Finally, suppressors were selected in bright light (100 mE
m22 s21) over a period of up to 6 weeks. To test whether the suppressor
mutation resides within the nuclear or chloroplast genome, suDU (mt1) was
genetically crossed (19) to the wild type (mt2). All 4 members out of 20 analyzed
tetrads from this cross were able to grow photoautotrophically on minimal
medium, indicating a chloroplast localization of the suppressor mutation. For the
molecular analysis of psbD 59 regions, total DNA from C. reinhardtii was isolated
with the DNeasy Plant kit (Qiagen). PCR amplification of the psbD 59 region
with oligonucleotides 1365 and 1963 was performed as described previously (35),
and, subsequently, PCR fragments were subjected to automated sequencing
(MWG Biotech).

Preparation of chloroplast subfractions and sedimentation analysis. The
strains used harbored either the cw15 (wild type) or the cwd (mf14 and mcos5)
mutation, which facilitate chloroplast isolation. Cultures were grown in TAP
medium containing 1% sorbitol to a density of 2 3 106 cells/ml. Cells were
harvested by centrifugation, and chloroplasts were prepared as described previ-
ously (46). Isolated chloroplasts were lysed in hypotonic buffer (10 mM Tricine
[pH 7.8], 10 mM EDTA, 5 mM 2-mercaptoethanol), loaded onto a 1.0 M sucrose
cushion prepared in hypotonic buffer, and centrifuged at 100,000 3 g for 3 h. The
stroma fraction, which did not enter the sucrose cushion, was collected and
diluted with the same volume of 75% glycerol. Crude thylakoid membranes in
the pellet (cT fraction) were resuspended in 23 lysis buffer (20 mM Tricine [pH
7.8], 120 mM KCl, 10 mM 2-mercaptoethanol, 0.4 mM EDTA, 0.2% Triton
X-100) and diluted with the same volume of 75% glycerol. For further purifica-
tion, crude thylakoid membranes were resuspended in hypotonic buffer contain-
ing 1.8 M sucrose, overlayered with a 1.3 M sucrose solution (in hypotonic
buffer), and centrifuged at 100,000 3 g for 3 h. The floated thylakoid membranes
were collected from the interphase, diluted with hypotonic buffer, and sedi-
mented by centrifugation at 100,000 3 g for 1 h. Finally, thylakoid membranes
were resuspended in 23 lysis buffer and diluted with the same volume of 75%
glycerol. Chloroplast lysates were prepared by lysis of isolated chloroplasts in 23
lysis buffer and dilution with the same volume of 75% glycerol. All preparations
were stored at 220°C for less than 2 weeks before use. Longer storage, extensive
dialysis, or quick-freezing of samples in liquid nitrogen lead to the selective loss
of some RBP activities. Protein concentrations were determined by using the
Bradford assay (Bio-Rad).

For sedimentation analysis, isolated chloroplasts were hypotonically lysed in
buffer containing 5 mM ε-amino caproic acid, 25 mg of pepstatin A per ml, 10 mg
of leupeptin per ml, 1 mM benzamidine HCl, and 1 mM phenylmethylsulfonyl
fluoride. After centrifugation for 1 h at 100,000 3 g, the supernatant containing
only stromal proteins was loaded on a 15 to 35% linear glycerol gradient and
centrifuged for 18 h at 180,000 3 g in an SW41 rotor (Beckman Instruments,
Inc.). The gradient was fractionated in 10 fractions of 1 ml. Fifty microliters of
these fractions was used for Western analysis, and 10 ml was used for UV
cross-linking experiments.

In vitro synthesis of RNA and UV cross-linking of RNA with proteins. Tem-
plates for the in vitro synthesis of psbD leader RNA probes were generated by
PCR amplification from appropriate DNAs by using oligonucleotide 3131, which
is complementary to the region downstream of position 11, and oligonucleotide
2126 spanning the 59 region from position 274, as well as the T7 promoter
sequence (34). The template for pBluescript KS RNA synthesis was generated by
digesting the pBluescript KS1 vector (Stratagene) with HindIII. In vitro tran-
scription of RNA probes with T7 RNA polymerase (Promega) and UV cross-
linking of RNAs with proteins were done essentially as described previously (33).
Binding reactions (20 ml) were adjusted to 30 mM Tris HCl (pH 7.0), 50 mM
KCl, 5 mM MgCl2, 5 mM 2-mercaptoethanol, 0.5 mM EDTA, 6 mg of protein,
and 50 fmol of radiolabeled RNA. For competition experiments, radiolabeled
RNA and nonlabeled competitor RNA were mixed prior to addition of proteins.
Samples were incubated at room temperature for 5 min in contrast to previous
experiments in which samples were left on ice for the same time (34). This
alteration significantly increased the number and intensity of detected signals.
Afterwards, samples were irradiated with UV light, treated with RNase, and
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) as described previously (33). Quantification of competitor RNA amounts
was performed by measuring the incorporation of low levels of radioactivity into
transcripts.

Plasmid constructions and chloroplast transformation. Constructs for chlo-
roplast transformation which contain mutations for the in vivo analysis of the
psbD 59 region were generated by using a PCR-based method exactly as de-
scribed in reference 35. The oligonucleotides used were mu1-1 (59-CGTAACG
ATGAGTTGAGCCGGATCCGGAGATACACGCAATG-39) and mu1-2 (59-C
ATTGCGTGTATCTCCGGATCCGGCTCAACTCATCGTTACG-39) [mutant
suDU(T3C)], mu2-1 (59-CGTAACGATGAGTTGAAAAAAATAAAAGGA

GATACACGCAATG-39) and mu2-2 (59-CATTGCGTGTATCTCCTTTTATT
TTTTTCAACTCATCGTTACG-39) [mutant poly(A)], mu3-1 (59-CGTAACGA
TGAGTTGAGAAGGATCCGGAGATACACGCAATG-39) and mu3-2 (59-C
ATTGCGTGTATCTCCGGATCCTTCTCAACTCATCGTTACG-39) [mutant
suDU(T3A)], U6-1 (59-CGTAACGATGAGTTGTTTTTTGGAGATACACG
CAATG-39) and U6-2 (59-CATTGCGTGTATCTCCAAAAAACAACTCATC
GTTACG-39) (mutant U6), U7-1 (59-CGTAACGATGAGTTGTTTTTTTGGA
GATACACGCAATG-39) and U7-2 (59-CATTGCGTGTATCTCCAAAAAAA
CAACTCATCGTTACG-39) (mutant U7), U8-1 (59-CGTAACGATGAGTT
GTTTTTTTTGGAGATACACGCAATG-39) and U8-2 (59-CATTGCGTGTA
TCTCCAAAAAAAACAACTCATCGTTACG-39) (mutant U8), and U9-1 (59-
CGTAACGATGAGTTGTTTTTTTTTGGAGATACACGCAATG-39) and U9-2
(59-CATTGCGTGTATCTCCAAAAAAAAACAACTCATCGTTACG-39) (mu-
tant U9). Chloroplasts of mutant DU were transformed by using a helium-driven
particle gun as described previously (14), and transformants were selected for
photoautotrophic growth on HSM minimal plates. RNA secondary structure
calculations were performed by using the RNAdraw software (30).

Nac2 antiserum production. For antiserum production, a 0.9-kb PstI fragment
of the Nac2 cDNA (4) was cloned into the PstI site of the pQE31 expression
vector (Qiagen) and transformed into Escherichia coli strain JM109. After in-
duction with 1 mM isopropylthio-b-D-galactoside, the overexpressed 40-kDa
protein containing an N-terminal His tag was purified on Ni-nitrilotriacetic acid
agarose columns (Qiagen). Eluates were dialyzed against 50 mM ammonium
carbonate and evaporated. The production of antiserum in rabbits was per-
formed by Eurogentech.

Northern and Western analyses. Northern and Western analyses were carried
out as described previously (35). Signal intensities were quantitated densito-
metrically by using an ICU-1 unit and the Image Doc/EASY Win2 software from
Herolab. Relative amounts of psbD mRNA and D1 were calculated after stan-
dardization according to the internal rbcL mRNA- and PsaD-derived signals,
respectively.

RESULTS

Analysis of protein binding to the psbD 5* UTR. Recent
studies have shown that a striking U-rich region within the 59
UTR of the chloroplast psbD mRNA (positions 225 to 214)
(Fig. 1) is required for photoautotrophic growth of C. rein-
hardtii cells (35). In the chloroplast mutant DU, a BamHI
restriction site replaced this U tract after site-directed mu-
tagenesis (Fig. 1) and subsequently led to the complete inhi-
bition of D2 synthesis. It was speculated whether the U tract
may serve as a recognition site for a translational trans-acting
factor (35), similar to the proposed role of an AU-rich element
within the psbA 59 UTR in tobacco, which is required for D1
synthesis in vitro (24).

We have isolated a photosynthetic revertant after UV mu-
tagenesis of DU cells and their subsequent selection on mini-
mal medium. Further genetic and molecular characterization
(see Materials and Methods) of this strain, called suDU, re-
vealed that the underlying suppressor mutation resides within
the chloroplast genome. By sequencing of the psbD 59 region
from suDU, a 5-bp duplication of the sequence AGUUG im-
mediately upstream of the initial DU mutation was detected
(Fig. 1). A back-transformation of mutant DU cells with a
construct harboring the psbD leader region of suDU showed
that the 5-bp insertion is sufficient to restore photosynthetic
growth (Fig. 1).

Assuming that the putative interaction with a trans-acting
factor is abolished in DU, this interaction, should it be crucial,
ought to be restored in the suppressor suDU. Consequently, a
comparative analysis of protein binding to the three different
59 UTR RNAs was carried out in order to find RBPs that
follow this particular binding mode. In previous UV cross-
linking experiments, the psbD 59 UTR had been shown to
interact with at least two proteins of 47 and 40 kDa (34). In the
course of this work, the conditions for the in vitro RNA bind-
ing assay were optimized by modifying the procedure described
in Materials and Methods. These experimental changes un-
veiled several RNA binding activities in addition to the de-
scribed 47- and 40-kDa proteins, when a radioactively labeled
RNA probe spanning the psbD 59 UTR (positions 274 to 11
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[Fig. 1]) was analyzed by using wild-type chloroplast lysates in
combination with the UV cross-linking technique.

RBPs of 90, 80, 63, 58, 50, 47, 40, and 33 to 30 kDa were
radiolabeled with the wild-type psbD leader probe in chloro-
plast lysates (Fig. 2A, lane 2). When chloroplasts were frac-
tionated further, most of these RBPs were found in the stromal
fraction, which also contains the previously described low-den-
sity membranes (46). However, in the cT fraction (representing
crude thylakoid membranes), RBPs of 90, 63, and 40 kDa were
detected (Fig. 2A, lane 4). After purification of these thyla-
koids by floating in a second sucrose step gradient, only RBP63
and trace amounts of RBP90 were still present (Fig. 2A, lane
5). These data indicate that RBP63 is associated with thylakoid
membranes, while RBP40 and RBP90 appear to represent
stromal proteins contaminating the cT fraction. This was sup-

ported by the finding that the cT fraction still contained a
substantial amount of the stromal Rubisco enzyme (Fig. 2D).

When the same fractions were tested with an RNA probe
containing the mutant DU leader, two major differences in the
RNA binding patterns compared to that of the wild type were
observed. First, the labeling of a stromal RBP of 58 kDa was
reduced; in addition, the binding signal at 40 kDa could not be
detected with the DU leader probe in the cT fraction and was
found to be drastically reduced in the stromal fraction (Fig. 2B,
lanes 3 and 4). The remaining RNA binding activities were not
at all or only slightly affected. Thus, RBP58 and RBP40 ap-
peared to represent good candidates for trans-acting factors
recognizing the U tract within the psbD leader. Furthermore,
at least two different RBPs of 40 kDa seem to exist in C.
reinhardtii chloroplasts. One is sensitive to the U tract deletion

FIG. 1. Sequence alignment of the psbD 59 UTR of the wild type (WT) and different mutants of the poly(U) region. Dots and solid boxes indicate conserved residues
and deletions, respectively. The sequence of the poly(U) region is given in boldface. Positions relative to the initiation codon (Met), the PRB1 and PRB2 elements,
and the mature 59 end (vertical arrow) are marked above the alignment, and horizontal arrows represent computer-predicted stem-loop structures. PS, number of
photoautotrophically growing chloroplast transformants (CFU per microgram of DNA) of the mutant DU. RBP40, RNA binding activity of RBP40 to the corresponding
RNA measured by competition experiments shown in Fig. 3 and 5, respectively.

FIG. 2. UV cross-linking analysis of proteins binding to psbD 59 UTR RNAs from the wild-type (A), mutant DU (B), and suppressor suDU (C). (D) Western control
of chloroplast fractionation with antibodies against RbcL, CF1 subunit of the ATP synthase, and PsaD. C, chloroplast lysate; S, stroma fraction; T, floated thylakoid
membrane fraction; 2P, protein-free control. The arrows point to the 40-kDa signals; the 58-kDa signals are marked by asterisks. The sizes of marker proteins are
indicated.
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mutation and partially cofractionates with crude thylakoids,
while the other, which is only detectable in the chloroplast and
stromal fractions, is not.

When a psbD leader probe from the suppressor suDU was
analyzed, once again a reduced labeling of RBP58 was de-
tected, but strikingly, the binding activity of the U tract-depen-
dent RBP40 was restored (Fig. 2C, lanes 2 and 3). Hence, the
activity of RBP40 followed exactly the above-mentioned mode,
which was predicted for an essential trans-acting protein rec-
ognizing the translational U-rich element of the psbD 59 UTR.
Therefore, we conclude that RBP40 might be an essential
factor for psbD mRNA translation.

To further confirm the different RNA binding properties of
RBP40, competition experiments were performed with radio-
labeled wild-type and unlabeled wild-type, DU, and suDU
leader RNAs and with in vitro transcripts synthesized from the
pBluescript KS1 polylinker region. The cT fraction was used as
a protein source because it is devoid of the poly(U)-insensitive
40-kDa RBP. Both the homologous wild-type and the suDU
RNAs efficiently competed with the wild-type probe, while DU
and KS RNAs had a significantly reduced effect on binding of
RBP40 to the psbD leader, confirming their low affinity to
RBP40 (Fig. 3).

cis-acting determinants for psbD mRNA translation. One
surprising finding was that the psbD 59 UTR of suDU enabled
nearly wild-type levels of D2 synthesis, although the effective
5-bp duplication (AGUUG) does not restore an obvious U
tract around position 220 of the psbD leader, except for two
additional U residues (Fig. 1). Three possible models may be
considered to explain this effect. (i) The two U residues intro-
duced by the suppressor mutation are sufficient enough to
restore sequence-specific binding of RBP40 and thus transla-
tional activity. (ii) The suppressor mutation creates a second-
ary structure element that resembles the poly(U) tract region.
(iii) The 5-nt-spanning insertion in suDU restores the spacing
between the PRB1 site involved in translation and the PRB2
site required for stabilization of the psbD mRNA (Fig. 1) (35).
To test these models, several site-directed mutations within the
psbD leader were created (Fig. 1) and cloned into an appro-
priate chloroplast transformation vector (see Materials and
Methods). These constructs were then used to biolistically
transform chloroplasts of the translational mutant DU. Subse-
quent selection on minimal medium revealed whether the dif-
ferent leader versions were able to complement the mutation
in DU.

To test whether the two additional U residues in suDU were
responsible for the suppression effect, these were changed into
A or C residues (Fig. 1) in mutants suDU(T3A) and suDU
(T3C). Both mutant versions generated photoautotrophically
growing transformants with a rate in the range of constructs
containing either the wild-type or the suDU 59 UTR (Fig. 1).
Transformants harboring the suDU(T3C) 59 UTR, however,
exhibited only a slow growth on minimal plates. Control ex-
periments performed without DNA or with the initial mutant
DU leader region yielded no transformants (Fig. 1). These data
indicated that neither of the U residues present in suDU is
strictly required for psbD mRNA translation, thus suggesting
that a sequence-independent determinant is constituted by the
poly(U) region of the psbD 59 UTR. To further confirm this,
we exchanged the whole poly(U) tract with its complementary
sequence, giving rise to an A-rich element in mutant poly(A),
and, indeed, this construct complemented the mutant DU (Fig.
1). The predicted secondary structure of the suppressor suDU
(Fig. 1) suggested that the region between PRB1 and PRB2
does not necessarily need to be single stranded in order to be
functional. To verify this, a stem-loop structure was introduced

into this region. The resulting construct, DUfill, complemented
DU (Fig. 1), indicating that neither the sequence nor the sec-
ondary structure alone is essential for psbD mRNA translation.
Thus, we concluded that the third proposed model requiring a
defined spacing between the cis-acting elements PRB1 and
PRB2 should be valid. To map the minimal spacer length
requirements, the poly(U) region was shortened in successive
stages from 9 to 6 nt, since a spacer of 10 nt is apparently
sufficient to drive psbD gene expression in suDU, while a 5-nt
spacer in DU is not. Constructs containing either nine or eight
U residues (U9 and U8, respectively) (Fig. 1) still comple-
mented DU, while constructs U7 and U6 (Fig. 1) produced no
photosynthetic clones after chloroplast transformation of DU
cells. Thus, the minimal spacer length between PRB1 and
PRB2 must be 8 nt in order to enable D2 synthesis.

Homoplasmic transformants were then subjected to both
Northern and Western analyses to quantify their psbD gene
expression. The levels of psbD mRNA were only slightly af-
fected in the different mutants compared to that in the wild
type (Fig. 4A), confirming previous data which identified the

FIG. 3. RBP40 binding competition experiments. The cT fractions were in-
cubated with radiolabeled wild-type (WT) psbD 59 UTR RNA and a 5-, 50-, or
500-fold (53, 503, and 5003, respectively) molar excess of the indicated unla-
beled competitor RNAs. The diagram displays the intensities of RBP40 signals
in relation to that of the RBP40 signal without competitor.
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poly(U) region as an essential translational element (35). The
amounts of PS II in the same strains were determined by using
an antibody raised against the D1 protein. Because the D1 and
D2 proteins accumulate to the same level in mutant cells,
amounts of D2 can be indirectly measured by determining the
accumulation of D1 (28, 35). As an internal standard, the
amount of the psaD gene product was analyzed at the same
time (Fig. 4B). Transformants that were able to grow photo-
autotrophically contained different amounts of PS II. While
the mutants U9, suDU (suppressor), suDU(T3A), poly(A),
and U8 accumulated 80 to 50% of PS II compared to the wild
type, a more pronounced reduction of PS II levels to 35% was
observed in DUfill. Only in suDU(T3C) was a drastic reduc-
tion to 10% of the wild-type PS II level found, consistent with
the slow-growth phenotype of this transformant mentioned
above.

Binding of RBP40 to mutant 5* UTRs. The initial RNA
binding experiments suggested that binding of RBP40 to the
psbD 59 UTR is required for D2 synthesis. Hence, the possible
interaction of RBP40 with the different mutant psbD leader
RNAs was tested by performing competition UV-cross-linking
experiments similar to those shown in Fig. 3. All mutant leader

versions that enabled photosynthetic growth also competed
with the wild-type 59 UTR, although with different efficiencies.
While leader RNAs from the poly(A), suDU(T3A), U9, and
U8 mutants (Fig. 5) exhibited a competition effect in the range
of the wild-type and suDU RNAs (Fig. 3), the binding of
RBP40 to mutant DUfill and, even more significant, to
suDU(T3C) was reduced (Fig. 5A). These different affinities
roughly corresponded to the different levels of restored D2
accumulation (Fig. 4B). Especially in the mutants DUfill and
suDU(T3C), the low levels of D2 were accompanied by a
corresponding, low-competition effect of these RNAs in the
RNA binding assay. Probes from the 59 UTRs of U7 and U6,
which are not sufficient to drive psbD mRNA translation,
showed a competition effect in the range of the mutant DU
RNA and the unrelated KS RNA, indicating that RBP40 can-
not efficiently bind to these RNAs containing reduced poly(U)
tracts. Taken together, the strong correlation between the abil-
ity to mediate psbD mRNA translation and the ability to in-
teract with RBP40 is evident for all different 59 UTR mutants,
suggesting that RBP40 plays an essential role in D2 synthesis.

RBP40 binds directly to the poly(U) tract. The competition
data indicated that the region between PRB1 and PRB2 is
required for the binding of RBP40. To test now whether the
poly(U) tract itself is bound by RBP40, comparative UV cross-
linking experiments with the wild-type RNA and the poly(A)
RNA were performed. The poly(A) mutant version supported
translation and competed the RBP40 binding activity, although
it contains no poly(U) tract. If the RBP40 binding site was
the region between PRB1 and PRB2, a poly(A) RNA probe
radiolabeled at U residues by in vitro transcription with
[a-32P]UTP should not label RBP40 during UV cross-linking.
Conversely, detection of the RBP40 signal with this probe
would indicate that the binding site was located elsewhere
within the leader. As shown in Fig. 6A, the U-labeled poly(A)
RNA probe did not detect the 40-kDa signal in cT fractions,
suggesting that the poly(U) tract indeed represents the binding
region. To further confirm this, both RNA probes were then
labeled at their A residues by in vitro transcription with
[a-32P]ATP. Now, the opposite result was obtained; i.e.,
RBP40 was detected with poly(A) RNA, but not with the
wild-type RNA probe (Fig. 6B). These results indicated that
RBP40 specifically binds to the region between PRB1 and
PRB2 independent of its nucleotide sequence. The A-labeled
RNA probes led to a significantly enhanced signal at 90 kDa,
suggesting that this protein preferentially recognizes A resi-
dues. The RBP63 signal was only slightly affected by an A-spe-
cific probe labeling.

Binding of RBP40 to the psbD leader depends on the RNA
stability factor Nac2. The stability of the psbD mRNA in C.
reinhardtii depends on the nuclear Nac2 locus that mediates its
function via the psbD 59 UTR (34). Insertion of a poly(G)
sequence into the psbD leader restored RNA stability even in
the absence of the Nac2 function. However, accumulating
psbD transcripts were not translated, suggesting that Nac2 is
also involved in psbD mRNA translation (35). Therefore, we
tested whether the binding activity of RBP40 is affected in the
nuclear mutant mf14, which contains a deletion within the
Nac2 gene (4). When the cT fractions from wild-type and
mf14 cells were analyzed by UV cross-linking assays with a
wild-type psbD leader RNA probe, hardly any binding signal of
RBP40 could be observed in mf14, while the 63-kDa signal
was unaffected or even stronger in this mutant (Fig. 7B, lanes
1 and 2). In whole chloroplasts, only the signal of the poly(U)-
insensitive 40-kDa RBP was visible in mf14 (Fig. 7A, lanes 1
and 2; and 2B, lane 2). To verify that the binding of RBP40 is
dependent on the Nac2 function, an mf14 strain (mcos5) was

FIG. 4. Northern (A) and Western (B) analyses of chloroplast transformants.
Total RNAs (20 mg) from the mutants indicated at the top were electrophoreti-
cally separated, blotted onto Nylon membranes, and hybridized with either a
radiolabeled psbD- or rbcL-specific DNA probe. Total proteins (corresponding
to 7 mg of chlorophyll) from the mutants were separated by SDS-PAGE, blotted
onto filters, and immunolabeled with antibodies against either D1 or PsaD. The
triangle marks a serial dilution of wild-type proteins. The autoradiogram was
overexposed to allow detection of low D1 levels down to 10%. High D1 levels
were quantitated from a less-exposed autoradiogram.
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tested, which had been rescued to photoautotrophic growth by
transformation with cosmid cosnac5 containing the wild-type
Nac2 locus (4). As seen in Fig. 7A and B, lane 3, RBP40
activity was restored in mcos5, indicating that Nac2 is actually
required for efficient binding of RBP40 to the psbD leader.

The Nac2 gene has recently been cloned and has been shown
to encode a 140-kDa TPR (tetratrico-peptide repeat) protein,
which is part of a stromal, RNA-associated, high-molecular-
weight complex (4). Thus, it appeared possible that RBP40
represents another subunit of this complex, thereby explaining
its strong dependence on the Nac2 function. When stromal
chloroplast fractions from C. reinhardtii wild-type cells were
analyzed in 15 to 35% glycerol gradients, most of the Nac2
complex was found in fractions 3 to 8, corresponding to a size
of 500 to 600 kDa with a peak in fractions 4 and 5 (Fig. 8). This
is in agreement with sedimentation data obtained with linear
sucrose gradients (4). Correspondingly, RBP40 binding activity
was detected in the fractions 3 to 8 only, thus confirming that
RBP40 activity depends on the presence of Nac2. The peak
fractions, however, were found to be 6 to 8 instead of 4 and 5,
as for the Nac2 complex. The identity of the RBP40 signal was
confirmed by testing the fractions with a leader RNA probe
from DU (data not shown). These data suggest that only a
subfraction of an Nac2 core complex of ca. 500 kDa might be

closely associated with RBP40, and this larger Nac2 core-
RBP40 complex could be represented by the material detected
in fractions 6 to 8. Alternatively, the Nac2 core complex might
interact just transiently with RBP40. Since only the stromal
protein fraction (see Materials and Methods) was subjected to
this sedimentation analysis, these data also show that RBP40 is
located in the chloroplast stroma instead of being associated
with the previously described low-density membrane fraction,
in which several RNA binding activities appear to be selec-
tively enriched (46).

DISCUSSION

In this report, the identification and characterization of a
stromal 40-kDa RBP (RBP40) are described; this protein in-
teracts specifically with a U-rich region required for 59 UTR-
mediated translation of the psbD mRNA in C. reinhardtii,
thereby linking the processes of both RNA stabilization and
protein synthesis (35). Previously, we had identified at least
two proteins of 47 and 40 kDa which interact with the psbD 59
UTR in vitro (34). RBP47 bound the RNA in a Nac2-depen-
dent manner (34) (Fig. 7, lane 2), but appeared to recognize
sequences upstream of the 59 processing site at position 247 of
the psbD leader (34). Its binding activity was not affected by the

FIG. 5. Competition experiments with RBP40 binding to psbD leader mutants. For explanation, see the legend to Fig. 3.
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DU mutation (Fig. 2B), and, hence, it is not likely to be in-
volved in the translational control mechanisms mediated via
the U-rich motif around position 220. The precise role of
RBP47 still remains to be clarified. In contrast to our recent
data, the previously detected binding activity of a 40-kDa pro-
tein was not dependent on the Nac2 factor. This apparent
discrepancy is most probably due to the fact that at least two
different 40-kDa RBPs are present in the C. reinhardtii chlo-
roplast. In the previous work, most likely, only the poly(U)
tract-insensitive RBP40 was detected, which binds the psbD 59
UTR in a Nac2-independent manner (Fig. 7, lane 2). By using
our improved preparation procedure for chloroplast proteins,
now, the poly(U) tract-sensitive one becomes detectable,
which is the one that depends on the presence of Nac2. This
idea is supported by the finding that the poly(U) tract binding
activity is sensitive toward different previously performed
treatments, such as freezing of samples and storage for longer
than 2 to 4 weeks (data not shown). Thus, it is likely that this
activity escaped detection in the previous work.

The analysis of a cis-acting chloroplast suppressor and sev-
eral site-directed mutants shows that neither the sequence nor
the single-stranded character of the U-rich region is strictly
necessary for its function. Instead, it appears that only a min-
imal spacing of at least 8 nt between the adjacent elements
PRB1 and PRB2 is critical for psbD mRNA translation. How-
ever, the moderate reduction of PS II in mutant DUfill and,
especially, the drastic decrease in D2 synthesis in suDU(T3C)
suggest that secondary RNA structures within the region be-
tween PRB1 and PRB2 can significantly affect translational
efficiencies (Fig. 1 and 4B).

The binding of RBP40 to the various 59 UTR probes in vitro
correlates with their activity in vivo. This suggests that the
interaction of the psbD leader with RBP40 is required for

translation, although formally it cannot be ruled out that the
binding is a consequence rather than a cause of translation.
The specificity of this interaction was surprising, since long
AU-rich stretches are also present in the upstream part of the
psbD leader (positions 270 to 240; Fig. 1). Nevertheless, these
are not recognized by RBP40. It is likely that this specificity is
mediated by the Nac2 complex, which acts in a gene-specific
manner by stabilizing psbD transcripts only (34). RBP40 activ-
ity depends on Nac2 function, and the sedimentation data
suggest that RBP40 interacts either stably or transiently with
an Nac2 core complex, which was recently shown to be asso-

FIG. 6. Labeling of RBP40 by the poly(A) RNA probe. UV cross-linking
analysis of proteins from the cT fraction was performed by using wild-type (WT)
RNA and poly(A) RNA probes, which were radiolabeled at either their U
residues (A) or their A residues (B). The arrow marks RBP40. Values to the left
are in kilodaltons.

FIG. 7. RBP40 binding in the nuclear mutant mf14. Chloroplast lysates (A
[6 mg of proteins]) and cT fractions (B [12 mg of proteins]) from the strains
indicated at the top were UV cross-linked to radiolabeled psbD leader RNA
from the wild-type (WT). RBP40 and RBP58 are marked by arrows and asterisks,
respectively. Values to the left are in kilodaltons.

FIG. 8. Sedimentation analysis of RBP40. Stromal chloroplast proteins were
centrifuged on a 15 to 35% glycerol gradient. Sedimentation of the Nac2 complex
and the Rubisco enzyme was followed by Western analysis of fractions with
antibodies raised against Nac2 and RbcL. RBP40 was detected after UV cross-
linking of fraction proteins with a radiolabeled psbD leader RNA probe from the
wild type. Sedimentation of marker proteins (in kilodaltons) is indicated at the
top.
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ciated with RNA (4). Furthermore, besides its role in RNA
stabilization, Nac2 function has been shown to be involved in
59 processing and/or translation of the psbD mRNA (35). The
precise target region of the Nac2 complex within the psbD 59
UTR has not yet been mapped, but indirect evidence suggests
that this target is located downstream of the processing site at
position 247 (Fig. 1), close to or at the PRB2 site, which is
needed for RNA stabilization (35). In view of these data, we
propose a model for the posttranscriptional mechanism of
psbD gene expression, which involves the binding of the Nac2
complex to the region around the PRB2 site soon after the
RNA has left the RNA polymerase. This interaction protects
downstream regions against exonucleolytic degradation from
the 59 end (35) and, furthermore, results in the proper posi-
tioning of RBP40 on the poly(U) tract region, which has to be
at least 8 nt in length. Once this complex is formed on the psbD
leader, subsequent steps of translation initiation, e.g., binding
of the small ribosomal subunit, are directed by RBP40 and D2
synthesis starts.

The interaction of RBP40 with the psbD leader and its pro-
posed function in translation resemble the properties of the
ribosomal protein S1, which has been shown to bind to U tracts
located upstream of Shine-Dalgarno elements in E. coli (3). In
spinach, the chloroplast S1 protein (CS1) has been reported to
have a high affinity to either A- or U-rich sequences (1, 16).
While the E. coli S1 protein has a size of 61 kDa, the cloned
CS1 gene from spinach encodes a mature protein of 40 kDa.
However, in testing RBP40’s cross-reaction with a polyclonal
antiserum against the E. coli S1 protein, which has been shown
to cross-react with spinach CS1 (1), a signal at the 40-kDa
protein was not detectable. Instead, a 63-kDa protein was
immunolabeled, which probably represents the C. reinhardtii
CS1 protein (data not shown). Thus, the immunological data
do not support the notion that the 40-kDa protein is the chlo-
roplast S1 homologue of C. reinhardtii. Consequently, only
sequencing of the protein or cloning of the gene for RBP40 will
provide a conclusive answer to this question.
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8142 OSSENBÜHL AND NICKELSEN MOL. CELL. BIOL.


