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In the green alga Chlamydomonas reinhardtii, the nuclear mutations F34 and F64 have been previously shown
to abolish the synthesis of the photosystem II core polypeptide subunit P6, which is encoded by the chloroplast
psbC gene. In this report the functions encoded by F34 and F64 are shown to be required for translation of the
psbC mRNA, on the basis of the finding that the expression of a heterologous reporter gene fused to the psbC
5’ nontranslated leader sequence requires wild-type F34 and F64 alleles in vivo. Moreover, a point mutation
in the psbC 5’ nontranslated leader sequence suppresses this requirement for wild-type F34 function. In vitro
RNA-protein cross-linking studies reveal that chloroplast protein extracts from strains carrying the F64
mutation contain an approximately 46-kDa RNA-binding protein. The absence of the RNA-binding activity of
this protein in chloroplast extracts of wild-type strains suggests that it is related to the role of the F64-encoded
function for psbC mRNA translation. The binding specificity of this protein appears to be for an AU-rich RNA

sequence motif.

The genes encoding the photosynthetic apparatus of plants
and green algae are partitioned between the nuclear and
chloroplast genomes. The nucleus-encoded protein subunits
comprising the multiprotein complexes of this apparatus (pho-
tosystem II [PSII], cytochrome b6/f, photosystem I, ATP
synthase, and ribulose bisphosphate carboxylase-oxygenase)
are synthesized on cytoplasmic 80S ribosomes and, subse-
quently, targeted to the appropriate compartment of the
chloroplast. Proteins encoded by the chloroplast genome are
synthesized within the chloroplast stroma on 70S ribosomes.
Expression of the correct stochiometric ratios of these
polypeptides is thought to be governed by genetic circuitry
between the genomes of these two compartments (reviewed in
references 16 and 30). The chloroplast transcription and
translation systems are similar to those of eubacteria, reflecting
the procaryotic ancestry of chloroplasts. However, there are
differences between the two systems. With only a few excep-
tions, the translation initiation sites in Escherichia coli contain
Shine-Dalgarno sequences within the 15 nucleotides 5’ to the
initiation codon (38). Of the initiation codons of chloroplast
genes, however, only 40% have a potential Shine-Dalgarno
sequence in this region (2). Also, five chloroplast ribosomal
proteins have no known counterparts in eubacteria (40).
Chloroplast gene expression requires many nuclear genes,
most of which encode unknown functions (30). Thus, the
expression and regulation of chloroplast genes probably differ
in many respects from the expression and regulation of pro-
caryotic genes or the nuclear genes of eucaryotes.

The unicellular green alga Chlamydomonas reinhardtii is an
excellent experimental system for the study of chloroplast
genetics, primarily because of the viability of photosynthesis-
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deficient mutants on media containing a reduced carbon
source. Also, C. reinhardtii can be manipulated with microbial
techniques that allow the screening of large numbers of
mutagenized cells. Many mutations of the nuclear and chloro-
plast genes encoding subunits of the photosynthetic apparatus
have been isolated. Other mutations, mostly of nuclear genes,
affect a specific posttranscriptional step in the expression of a
specific chloroplast gene (30), e.g., trans splicing (14), mRNA
stability (23, 26, 36), or protein synthesis (10, 12, 21, 24, 31).
The functions encoded by many of the genes identified by this
class of mutation are expected to be factors involved in
chloroplast gene expression or regulation. The ability to trans-
form the chloroplast genome with exogenous DNA (4) has
permitted the use of chimeric reporter genes for the identifi-
cation of determinants within chloroplast mRNAs mediating
the requirements for such trans-acting functions in C. rein-
hardtii (33). Chimeric reporter genes have also recently been
used in in vivo studies of the regulation of genes of higher plant
plastids and yeast mitochondria (27, 37).

The experiments described here investigate the functions
encoded by two nuclear genes of C. reinhardtii which are
required for the expression of the chloroplast psbC gene. It has
been shown previously that two recessive nuclear mutants, F34
and F64, deficient in photosynthesis, fail to accumulate any of
the polypeptide subunits of PSII (5, 8, 31). F34 and F64 are
unlinked and nonallelic and, therefore, affect different genes
(1, 12). During 15-min pulse-labelling experiments (31), most
chloroplast proteins appeared to be synthesized at wild-type
levels in strains carrying either of these two mutations. How-
ever, synthesis of the 43-kDa chlorophyll a-binding PSII core
subunit, P6 (the homolog of CP43 in higher plants), was not
detected. In the absence of this PSII subunit, the others are
degraded (31). The results of these experiments suggest that
the psbC mRNA is not translated in strains carrying F34 or
F64. However, the alternative possibility that P6 is rapidly
degraded could not be ruled out. Conflicting results from
similar pulse-labelling experiments (21) showing that the syn-
thesis of the D1 polypeptide of PSII is eliminated by the F34
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mutation were later found to result from two additional
nuclear mutations in the strain used in this previous study: a
suppressor of the F34 mutation, which restores P6 synthesis,
and a mutation which eliminates D1 synthesis (12). A role of
wild-type F34 function in the translation of the psbC mRNA
was supported by a chloroplast suppressor mutant of the F34
mutation, F34sul, which carries a single base pair change
within a divergently repeated 25-bp sequence located within
the psbC 5' untranslated leader sequence (5' UTR). This
repeated sequence within the psbC 5’ UTR has the potential to
form a stem-loop secondary structure (31). Further support for
a role of this stem-loop structure in psbC translation was
provided by a second chloroplast mutant, FuD34, which spe-
cifically lacks P6 synthesis and has three altered positions
within the 3’ copy of the inverted repeat (31). This hairpin loop
is predicted to be stabilized in FuD34 and destabilized in
F34sul, suggesting that its melting is required for the transla-
tion of the psbC mRNA and that wild-type F34 activity is
required for this process. In order to learn more about the
expression and regulation of chloroplast genes and the roles of
nucleus-encoded functions in these processes, we have ex-
tended the analysis of the functions encoded by the F34 and
F64 genes with in vivo expression experiments and in vitro
RNA-protein binding studies.

MATERIALS AND METHODS

Strains and media. F34 and F64 strains have been described
previously (1, 5, 8, 31). FuD50 (41) was grown for transforma-
tion in Tris-acetate-phosphate (TAP) medium (32). Media in
petri plates were solidified with 2% agar (Difco). For genetic
crosses (19), the agar was washed several times with distilled
water and dried before use. For phenotypic analyses of the
cross progeny, 2-ml cultures of the strains derived from each
tetrad member were grown in TAP medium under dim light.
Each culture (10 pl) was aliquoted onto petri plates containing
various media: high-salt minimal medium (HSM) (32) (incu-
bated in bright light), which selects for photosynthetic func-
tion; nonselective TAP medium (incubated in dim light); and
TAP medium containing various concentrations of spectino-
mycin (50 to 600 pg/ml) (also incubated in dim light).

Nucleic acids manipulations. Standard techniques were
used to manipulate and analyze nucleic acids (34). DNA was
sequenced from double-stranded template with the Sequenase
system (U.S. Biochemical Corp.). For Northern (RNA) blot
experiments, 5-pg samples of total RNA were electrophoresed
through a 1% agarose gel containing formaldehyde and MOPS
(morpholine propanesulfonic acid) buffer (34), transferred to a
Hybond C+ membrane (Amersham), and probed with a
double-stranded DNA probe derived from a 0.81-kb Ncol-Pst1
cloned DNA fragment corresponding to the aadA4 structural
gene (13) which had been random-primer labelled with
[2->>P]dATP. Hybridization signals were revealed by autora-
diography. The relative amounts of the RNA in the samples
were standardized by probing the blot with a 1.9-kb EcoRI-
Scal DNA fragment corresponding to sequences located 3’ to
the chloroplast psbB gene (26) to detect the 0.5-kb psbH RNA
(22).

Construction of ¢g20 and cg21. PCR was used to amplify
DNA fragments corresponding to the psbC promoter and 5’
UTR (from nucleotide [nt] —67 to +549 relative to the 5’ end)
from cloned 780-bp chloroplast Tagl DNA fragments of a
wild-type strain and F34sul (31). The PCR-amplified DNA
fragments were cloned into the EcoRV site of pBluescript
KS(—) (Stratagene) and then excised by digestion with Clal
and Ncol, which cleave at sites engineered into the 5’ and 3’
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extremities of these fragments, respectively. The Ncol site was
positioned immediately 3’ to the initiation codon of psbC.
These fragments were ligated into Clal- and Ncol-digested
pUC-atpX-AAD (13), resulting in the translational fusion of
the psbC 5’ UTR to the aadA structural gene. The 3’ end of the
rbcL gene was previously positioned 3’ to aadA to ensure the
correct termination of transcription and stability of the chi-
meric mRNA (13). The chimeric genes, ¢g20 (psbC** aadA
rbcL, where wt is wild type) and cg2! (psbC*>*" aadA rbcL),
were excised from these plasmids with EcoRV and BamHI,
which cleave 5’ and 3’ to the chimeric gene, respectively, and
ligated into the BamHI-Xbal (blunted) sites of the chloroplast
transformation vector atpB-INT (14) to create patpB-INT-
cg20 and patpB-INT-cg21. To prevent the gene conversion of
¢g20 to the other copy of the inverted repeat of the chloroplast
genome and, thereby, expedite the process of obtaining ho-
moplasmic transformants, the inverted repeat sequences to the
right of ¢g20 (as shown in Fig. 1) were removed by the deletion
of a 1.15-kb Kpnl fragment (41) and the replacement of the 3’
end of atpB with that of psbD. (This 3'-end substitution is not
indicated in Fig. 1 for simplicity.) patpB-INT-cg20 and patpB-
INT-cg21 were transformed into the chloroplast genome of
FuD50, a strain carrying a deletion of the 3’ end of the atpB
gene and some downstream sequences (41), with a micro-
projectile gun as described previously (42). For genomic
Southern blot analyses, total DNA was prepared as described
previously (32), digested with BamHI, fractionated on a 0.8%
agarose gel, and analyzed as described previously (34). Dou-
ble-stranded DNA probes were random-primer labelled with
[¢-32P]dATP. The aadA probe was derived from a 0.81-kb
Ncol-Pstl cloned DNA fragment corresponding to the struc-
tural gene (13). The second probe was derived from a 1.25-kb
BamHI-Kpnl chloroplast DNA fragment (shown in Fig. 1). In
digests of DNA from the two aberrant spectinomycin-sensitive
progeny of cross C, no hybridization signal was detected with
the aadA probe (data not shown). A BamHI fragment of the
size of the wild-type Bam5 fragment (29) was detected with the
1.25-kb BamHI-Kpnl probe (data not shown). Therefore, the
aberrant tetrad from cross C was biparental; two members
inherited the wild-type chloroplast Bam5 fragment from the
mt~ parent.

Western blot (immunoblot) analysis. The AAD polypeptide
was overexpressed in E. coli from the 1.26-kb Ncol-Smal
fragment containing the aadA4 coding sequence and the 3’ end
of rbcL (13) cloned into the Ncol-EcoRYV sites of the pET3d
plasmid (39). Aminoglycoside adenyltransferase (AAD) was
extracted as described previously (18), resolved from other
bacterial proteins by sodium dodecyl sulfate-12% polyacryl-
amide gel electrophoresis (SDS-12% PAGE), and then visu-
alized by soaking the gel in 0.2 M KClI at 4°C (which precipi-
tates the SDS bound to protein). AAD was electroeluted from
a gel slice with a Biotrap apparatus (Schleicher & Schuell) in
0.19 M glycine-27 mM Tris and dialyzed against either phos-
phate-buffered saline solution (PBS) (18) for immunizations or
0.1 M HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid [pH 8.0]) for coupling to Affi-Gel-15 (Bio-Rad).
Approximately 200 pg of AAD in PBS was mixed with an equal
volume of Freund’s adjuvant (Gibco) and used for each
immunization of a rabbit as described previously (18). Anti-
AAD antibodies were affinity purified from the serum on a
column of AAD which had been linked to Affi-Gel-15 by
incubating 0.5 ml of the affinity support with approximately 5
mg of AAD in 1.0 ml of 0.1 M HEPES (pH 8.0) for 4 h at 4°C
(Bio-Rad). After passage of 25 ml of the serum over this
column two times, the column was washed with 10 mM
phosphate (pH 8.0). Antibodies retained on the column were
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eluted first with 100 mM glycine (pH 2.5) and then with 100
mM triethylamine (pH 11.5) as described previously (18) and
then dialyzed against PBS.

The tested strains were grown in 12 ml of TAP medium in
dim light to approximately 2 X 10° cells per ml. These cells
were pelleted at 3,000 rpm for 5 min, resuspended in 1.0 ml of
TAP medium, pelleted again, resuspended in 200 pl of protein
loading buffer (10% glycerol, 1% SDS, 100 mM dithiothreitol,
30 mM Tris-HCI [pH 6.8], 0.01% bromophenol blue), incu-
bated for 1.0 min at 100°C, and centrifuged in a microcentri-
fuge for 5 min. The supernatant was carefully transferred to a
clean tube. Approximately 10 pg of total soluble protein from
this supernatant (estimated relative to molecular weight stan-
dards of known concentrations by SDS-PAGE) was resolved
by electrophoresis on a 12% polyacrylamide gel, electrotrans-
ferred to Hybond-C Extra (Amersham), and blocked with
Blotto-Tween (5% [wt/vol] nonfat dry milk, 0.2% [vol/vol]
Tween 20 in PBS) as described previously (18). The filter was
then probed with the affinity-purified anti-AAD antibodies.
Secondary labelling was done with '**I-protein A as described
previously (34). Ribulose bisphosphate carboxylase, detected
with an antiserum raised against the holoenzyme, was used to
standardize the amount of protein in each lane.

In vitro RNA-protein binding experiments. Protein extracts
were prepared from strains carrying the cw-15 mutation, which
affects the cell wall (7), to allow breakage of cells, but not
chloroplasts, by equilibration with nitrogen at high pressure in
a Yeda press (Weizmann Institute of Science, Rehovot, Israel)
as described previously (15). Cultures (1.5 liters) were grown in
TAP medium exposed to indirect light to 1.5 X 10° cells per ml.
A chloroplast-enriched fraction was obtained by centrifuging
broken cells to 3,000 X g, immediately decelerating, and
resuspending the pellet in a hypotonic lysis buffer (17). To
purify chloroplasts, this pellet of enriched chloroplasts was
gently resuspended in 1X breaking buffer (0.3 M sorbitol, 50
mM HEPES-KOH [pH 7.2], 2 mM EDTA, 1 mM MgCl,) and
then fractionated on a 25-ml linear 10 to 80% Percoll gradient
in 1X breaking buffer containing 5 mM B-mercaptoethanol.
Soluble protein extracts from chloroplast-enriched fractions or
from pure chloroplasts were prepared as described previously
(17). Each extract was standardized for protein concentration
by the Bradford assay (4).

RNA probes were synthesized in 20 .l of reaction mixtures
containing 1 pg of linear DNA template; 40 mM Tris-HCI (pH
7.5); 6 mM MgCl,; 2 mM spermidine; 10 mM dithiothreitol; 50
U of porcine RNase inhibitor (Biofinex); 60 wCi of [a-**P]JUTP
(800 mCi/mmol; Amersham); 12 uM nonradiolabelled UTP;
0.3 mM (each) ATP, CTP, and GTP; and 15 U of T7 RNA
polymerase (Promega) for 45 min at 37°C. RNase-free DNase
(1 U) was added, and the reaction mixture was incubated for
an additional 10 min at 37°C. The reaction mixtures were
extracted once with phenol-chloroform. The RNA probes were
separated from the nonincorporated nucleotide triphosphates
on G-50 spin columns (34). The psbC 5'-UTR RNA probe was
derived from pDH245, a subcloned 245-bp Ddel-HindIII frag-
ment (see Fig. 5) in pBluescript KS(—), cleaved by Sall
adjacent to the insert. The psbD 5'-UTR RNA probe was
derived from ppsbD(—79), a 79-bp fragment corresponding to
the psbD 5’ UTR cloned into pBluescript KS(—) and cleaved
with EcoRI. The psad probe was derived from a DNA
fragment corresponding to the 3’ end of the first intron of psad
(from —109 bp to +9 relative to the splice acceptor site)
cloned in pBluescript KS(—). The 248-nt control RNA probe
was derived from pBluescript KS(—) cleaved with BstNI. Each
probe had the expected length as determined by denaturing
PAGE (data not shown). The conditions of the binding
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reactions were described previously (28). Binding reaction
mixtures were incubated for 5 min at room temperature (22 to
25°C) before being irradiated. Each reaction contained 5 g of
protein extract and approximately 2 X 10° cpm of RNA probe.
Cross-linking reactions were performed with either a 254-nm
UV irradiation of 1.0 J/em? and approximately 7 min duration
using a Stratalinker (Stratagene) UV cross-linker or a 266-nm
laser pulse of 79 mJ/cm? and 5-ns duration with a pulsed YAG
laser (Quanta-Ray GCR). After irradiation, samples were
treated with 10 pg of RNase A (Sigma) for 10 min at 37°C,
boiled for 1.0 min in protein loading buffer (10% glycerol, 1%
SDS, 100 mM dithiothreitol, 30 mM Tris-HCI [pH 6.8], 0.01%
bromophenol blue), quickly cooled on ice, and analyzed by
SDS-PAGE (12 to 15% acrylamide gradient). Control samples
containing F64 extract were incubated in the presence of 1 pg
of proteinase K (Boehringer Mannheim) at room temperature
(22 to 24°C), or at 65°C for 5 min, before the addition of the
RNA probe.

For RNase T, protection gel mobility shift (T,-GMS) assays
(25), 30 pl of the binding reaction mixture containing RNA
probe (approximately 5 X 10* cpm) was incubated for 5 min,
treated with 15 U of RNase T, (Boehringer Mannheim) for 5
min, and then electrophoresed on a 5% native acrylamide gel
(50:1 acrylamide-bisacrylamide ratio) at 2 to 3 W in 0.19 M
glycine—27 mM Tris (ultrapure reagents from Schwarz/Mann
Biotech). All steps were done at room temperature (22 to
24°C). Gels were dried and visualized by autoradiography.

RESULTS

Expression of a heterologous reporter gene from the psbC
promoter and 5' UTR requires the wild-type F34 and F64
functions in vivo. To test the hypothesis that translation of the
psbC mRNA, rather than the stability of the polypeptide
product of psbC, requires the wild-type functions encoded by
the F34 and F64 genes, a chimeric reporter gene was employed
to determine whether the psbC 5’ UTR can confer F34 and
F64 dependence on the expression of a heterologous reporter
gene in vivo. This chimeric gene, called cg20 (Fig. 1), consists
of the psbC promoter and 5’ UTR fused to the coding region
of the E. coli aadA gene encoding AAD. Expression of aadA in
chloroplasts confers spectinomycin and streptomycin resis-
tance (13). A transformation construct containing this chimeric
gene, patpB-INT-cg20, was transformed into the chloroplast
genome of FuD50, a strain carrying a deletion of the 3’ end of
the atpB gene and some downstream sequences (41). Integra-
tion of the afpB selectable marker gene by homologous
recombination rescues the photosynthetic defect of this strain
(Fig. 1); therefore, transformants were selected for growth on
HSM medium in bright light. ¢g20 is located in a site removed
by the FuD50 deletion and therefore was integrated with the
selectable marker. The following genomic Southern blot anal-
yses were used to identify chloroplast transformants and to
confirm that cg20 was transmitted to all four members of a
representative tetrad from each of the crosses described below.
The results of the analyses of the four members of one tetrad
are shown in Fig. 1. The aadA probe (see Materials and
Methods) hybridized only to a 3.1-kb BamHI fragment (Fig.
1B) in DNA digests of the transformants. This probe did not
hybridize to any fragment in digests of FuD50 DNA. When
these DNA samples were digested with EcoRI, which cuts at
sites on either side of the FuD50 deletion, the aad4 probe
hybridized to a fragment with an approximate size of 7.4 kb
(data not shown), the expected size for the integration of one
copy of the chimeric gene and the 3’ end of the atpB gene, as
indicated in Fig. 1. A probe derived from the 1.25-kb BamHI-
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FIG. 1. (A) The transformation construct patpB-INT-cg20 is shown above the Bam5 chloroplast DNA fragment of the deletion mutant FuD50.
The solid bar indicates the location of the end of the inverted repeat region. Photosynthetic transformants result from the integration by
homologous recombination of a functional copy of the atpB gene, which rescues the photosynthetic deficiency of Fud50. The 3’ end of apB in this
construct had been previously replaced with that of the psbD gene. The chimeric reporter genes (cg20 and cg2lI) are cointegrated with this
selectable marker because they are inserted into a site within the FuD50 deletion. The Southern blot contains BamHI-digested total DNA from
each member of one tetrad from cross A. E, EcoRI; B, BamHI; C, Clal; K, Kpnl; N, Ncol. (B) Only the 3.1-kb fragment, which is diagnostic of
correct integration of the chimeric gene, hybridized to a probe derived from the aadA4 gene in digests of DNA from the four members of the tetrad
but not to any fragment in a control digest of DNA from FuD50. (C) The 1.25-kb BamHI-Kpnl fragment indicated on the map (A) also detected
this 3.1-kb fragment in the tetrad members and not the 5.1-kb BamS fragment of FuD50. WT, wild type.

Kpnl chloroplast DNA fragment (Fig. 1) also detected the
3.1-kb BamHI fragment in the lanes containing transformant
DNA and did not detect the nontransformed 5.1-kb Bam5
fragment. The latter fragment was detected in the lane con-
taining DNA of FuD50 (40). (The wild-type Bam 5 fragment is
7.6 kb.) Ectopic integration would not generate this 3.1-kb
BamHI fragment (the left-hand BamHI site is absent in
patpB-INT-cg20) or eliminate the Bam5 fragment of FuDS50.

Expression of AAD from the cg20 chimeric gene in the
chloroplast transformants confers resistance to the highest
concentration of spectinomycin tested (600 pg/ml). In order to
determine whether expression of the aadA reporter gene from
the psbC 5’ UTR requires wild-type F34 and F64 alleles, the
transformed cg20 chimeric gene was crossed into nuclear
backgrounds containing either the F34 mutation or the F64

mutation as follows. A mating-type-plus (m¢™*) ¢g20 transfor-
mant strain was crossed to mating-type-minus (m¢~) strains
carrying either the F34 mutation (cross A) or the F64 mutation
(cross B). ¢g20 was transmitted to all of the progeny because
the chloroplast genome in C. reinhardtii is transmitted unipa-
rentally from the mt™ strain (11). The results of the phenotypic
analyses of a representative tetrad from each cross are shown
in Fig. 2. All of the progeny were viable on a medium
containing acetate, which permits heterotrophic growth of the
photosynthesis-deficient strains. The F34 and F64 nuclear
mutations segregated 2:2, as indicated by the inviability of two
members of each tetrad on a minimal medium which selects for
photosynthetic growth. The members of each tetrad were
tested for growth on acetate medium containing various con-
centrations of spectinomycin (from 50 to 600 pg/ml). The
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FIG. 2. Phenotypes of members of representative tetrads from the
crosses. cross A, cg20 (psbC*™* aadA) transformant mt* X F34 mt™,
cross B, cg20 transformant mt* X F64 mt™; cross C, cg2l (psbCF>*!
aadA) transformant mt* X F34 mt~; cross D, cg2I transformant mt™*
X F64 mt~. All progeny are viable on acetate containing medium.
Growth on minimal medium requires photosynthesis, and, therefore,
the progeny carrying the F34 mutation (crosses A and C) or the F64
mutation (crosses B and D) are inviable. Growth on acetate medium
containing spectinomycin (spc) requires expression of AAD from the
transformed reporter gene.

wild-type progeny of crosses A and B were resistant to the
highest spectinomycin concentration tested (600 pg/ml). How-
ever, the two F34 members in 13 of the 14 tetrads obtained
from cross A were sensitive to concentrations of spectinomycin
above 250 pg/ml. The two members that inherited the F64
mutation in each of the 24 tetrads obtained from cross B were
found to be sensitive to spectinomycin concentrations above 50
pg/ml.

Spectinomycin is an inhibitor of translation in the chloro-
plast and, as such, could have affected these patterns of aadA
expression. To control for such effects, the levels of the AAD
polypeptide were determined in the members of the tetrads
from crosses A and B shown in Fig. 2 grown in the absence of
the drug. On the Western blot in Fig. 3, a polyclonal antiserum
raised against AAD detected an approximately 32-kDa
polypeptide in soluble protein extracts of the wild-type progeny
(lanes 1, 2, 5, and 6) but not in extracts from either the F34
members of the tetrad from cross A (lanes 3 and 4) or the F34
members of the tetrad from cross B (lanes 7 and 8). This
protein is ADD and not a cross-reacting species, because it has
the correct apparent molecular mass (31.6 kDa) (20) and was
not detected in protein extracts from FuDS50, the recipient
strain used for transformation. The inability to detect AAD in
the F34 progeny of cross A by Western blot, even though these
strains show a low level of spectinomycin resistance, is proba-
bly due to the low level of AAD (less than 0.01% of total
protein; data not shown) in cg20 chloroplast transformants
having a wild-type nuclear genome. Thus, the Western blot
analysis is done at the limit of detection. Despite this low level
of AAD expression, the chimeric gene transformants are
resistant to spectinomycin concentrations of above 1.5 mg/ml.
Therefore, an exceedingly low level of AAD expression in the
F34 progeny of cross A, which was undetectable on the
Western blot, could account for the low relative level of
spectinomycin resistance of these strains. This possibility is
supported by a previous report of trace amounts of the
psbC-encoded polypeptide in the F34 mutant (9).

These results show that expression of AAD from the cg20
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FIG. 3. Western blot analyses of protein extracts from wild-type
(WT) and mutant (F34 or F64) members of a tetrad from crosses A
and B and, as a negative control, from FuD50. This filter was probed
with an anti-AAD polyclonal antiserum. The 31-kDa AAD polypep-
tide is indicated. The amount of the small subunit of ribulose bisphos-
phate carboxylase (ssu) detected on this filter with an antiserum
against the holoenzyme controls for the amount of protein extract in
each lane.

chimeric gene is severely diminished in the chloroplasts of the
progeny that inherited the F34 or F64 nuclear mutations.
Therefore, the expression of the aadA4 reporter gene from the
psbC 5' UTR requires the wild-type F34- and F64-encoded
functions.

The F34sul point mutation within the psbC 5’ UTR sup-
presses the F34 mutation but not the F64 mutation. In order to
determine whether the F34sul suppressor mutation corre-
sponds to the single base pair change within the psbC 5’ UTR
(31), rather than to another undetected lesion in this strain, a
second chimeric gene was constructed by fusing the 5’ UTR of
the psbC allele containing this putative point mutation to the
aadA structural gene. This second chimeric gene, cg2I, was
inserted into atpB-INT and transformed into FuD50 as de-
scribed above for cg20. The cg21 chloroplast transformant was
resistant to spectinomycin, showing that AAD is expressed
from this chimeric gene. To determine whether aadA expres-
sion from the psbC*>*"! 5' UTR suppresses the requirement
for wild-type F34 or F64 alleles, the mt™ cg21 transformant was
crossed to mt~ strains carrying either the F34 mutation (cross
C) or the F64 mutation (cross D), and the progeny were tested
for growth on different media as described above (Fig. 2). The
spectinomycin sensitivity phenotype produced by the F64
mutation was not suppressed by the F34sul suppressor muta-
tion in cg21; the two members that inherited the F64 mutation
in each of the 12 tetrads obtained from cross D were sensitive
to spectinomycin concentrations above 25 wg/ml, while the two
wild-type members were resistant to the highest concentration
tested (600 pg/ml). In contrast to the F34 progeny of cross A,
however, the F34 members of 9 of the 10 tetrads obtained from
cross C were resistant to the highest spectinomycin concentra-
tion tested (600 pg/ml). The one tetrad in which all of the
progeny were not spectinomycin resistant was found to be
biparental; two members inherited the nontransformed chlo-
roplast genome from the mt~ parent (see Materials and
Methods). Thus, similar to the psbC™>*"! allele, expression of
aadA from the psbCT>*“! 5' UTR does not require the
wild-type F34-encoded function but does require the wild-type
F64-encoded function. These results confirm that the single
base pair change in the psbC 5’ UTR of the F34sul strain (31),
and not another undetected mutation, is responsible for the



VoL. 14, 1994

A B C D
ar d Q%Q
LEFFLL @SS

r r R
4\« {&\ Q”)\) Q"ﬁ}’ é\ Qﬁ\ Q‘O\’ Q‘o\’ Q\\Q

FIG. 4. Northern blot analyses of the cg20 and cg2! mRNAs
expressed in representative tetrads from the crosses and with RNA
isolated from the transformation recipient, FuD50, are shown. The
1.7-kb transcript (*) was detected with a probe derived from the aadA4
structural gene sequences. The level of the 0.5-kb psbH transcript (C)
controls for the amount of RNA in each lane. WT, wild type.

suppression of F34. Moreover, the spectinomycin resistance of
the progeny of cross C that inherited the F34 mutation
excludes the possibility that spectinomycin resistance con-
ferred by AAD requires photosynthesis since these strains are
both spectinomycin resistant and deficient for photosynthesis
(because their endogenous psbC gene does not carry the
suppressor mutation).

The F34 and F64 mutations do not reduce the expression of
the chimeric genes at the level of the accumulation of their
mRNAs. To determine whether the effects of the F34, F64, and
F34sul mutations on the expression of the chimeric genes
result from either qualitative or quantitative alterations of the
chimeric mRNAs, the following Northern blot analyses were
performed on samples of total RNA preparations from the
representative tetrad from each cross (Fig. 4). The level of a
0.5-kb mRNA encoded by the chloroplast psbH gene (22) was
used to normalize the amount of RNA in each lane. A probe
derived from the aadA structural gene hybridized to a 1.7-kb
mRNA species in the lanes containing RNA from the cg20 and
cg21 transformants. This mRNA species is expressed from the
chimeric genes because it has the expected size and is absent in
RNA from FuD50, the recipient strain used for transforma-
tion. The levels of the chimeric mRNAs in RNA preparations
from the progeny which are deficient in aadA expression (the
progeny of crosses A and B carrying the F34 and F64 muta-
tions, respectively, and the progeny of cross D carrying the F64
mutation) were found to be slightly higher than the levels in
preparations from their respective wild-type sibling strains.
Therefore, the requirements for functional F34 and F64 alleles
for AAD expression from the chimeric genes are not mani-
fested at the level of the chimeric mRNAs.

The elevated levels of the chimeric mRNAs in the progeny
strains carrying F34 or F64 are probably irrelevant to any
effects of these mutations on the endogenous psbC mRNA
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because RNase protection assays revealed equivalent levels of
the latter in the samples of total RNA from the tetrads from
crosses A and B (data not shown).

In vitro cross-linking analysis of the RNA-binding activities
in chloroplast extracts from wild-type and mutant strains. To
identify any trans-acting factors which mediate the F34 and F64
dependence of psbC mRNA translation, UV cross-linking
experiments were carried out to identify proteins capable of
binding to the psbC 5’ UTR in vitro. Protein extracts were
prepared either from chloroplast-enriched fractions or from
purified chloroplasts of the wild-type and mutant strains (see
Materials and Methods). A 245-nt RNA probe corresponding
to the central region of the psbC 5’ UTR (Fig. 5) was incubated
with protein extracts from chloroplast-enriched fractions of a
wild-type strain and strains carrying either the F34 mutation or
the F64 mutation. The binding reactions were then irradiated
with UV light as a cross-linking agent.

In extracts of chloroplast-enriched fractions of the strain
carrying the F64 mutation, and from purified chloroplasts of
this strain, the psbC 5'-UTR RNA probe was cross-linked to an
approximately 46-kDa protein (Fig. 5). This protein was not
detected in chloroplast extracts of the wild-type strain or the
strain carrying the F34 mutation (Fig. S5A). This difference was
reproduced in numerous binding reactions with five indepen-
dent extract preparations from the three strains (Fig. 5 and
data not shown). This protein is hereafter referred to as
RBP46 for RNA-binding protein with a mass of 46 kDa.
RBP46 was also cross-linked to the psbC 5' UTR RNA probe
during a 5-ns laser pulse (Fig. 5B) and was, therefore, probably
not labelled during the 7-min UV irradiation by virtue of a
weak or transient association with this probe. No signals were
detected in control samples which lacked extract (Fig. 5D) or
were not irradiated (data not shown). Moreover, this binding
activity, and the four others described below, correspond to
protein species because they were eliminated by 5-min incu-
bations either with proteinase K or at 65°C before the addition
of the probe (Fig. 5C).

In chloroplast-enriched extracts from each of the three
strains, protein species with masses of 95, 65, 40 and 33 kDa (as
estimated by SDS-PAGE) were also labelled in this way (Fig.
5A). The 33-kDa species was not detected in protein extracts
of purified chloroplasts (shown for F64 in Fig. 5B) and
therefore is probably not involved in psbC translation. Al-
though the 95-, 65-, and 40-kDa protein species were detected
in the extract of purified chloroplasts, they were not reproduc-
ibly detected even when the same extract preparation was
used. Moreover, the cross-linking of these proteins to the psbC
5’ UTR did not differ reproducibly when chloroplast extracts
from the wild-type and mutant strains were used. Thus, there
is presently no evidence that these proteins are related to the
roles of the wild-type F34- and F64-encoded functions in the
translation of the psbC mRNA. No additional proteins were
detected with a probe corresponding to the entire psbC 5’
UTR (data not shown), which detected the same proteins as
the probe shown in Fig. 1.

In order to determine whether the F64 mutation might
eliminate a factor which inhibits or regulates RBP46 RNA-
binding activity, rather than activate RBP46 directly, a sample
of a chloroplast-enriched protein extract from a strain carrying
F64 was mixed with the same amount of chloroplast-enriched
extract from a wild-type strain. This sample and samples of
each extract alone were incubated for 5 min at room temper-
ature (22 to 24°C) before the addition of the RNA probe and
subsequent UV irradiation. Comparison of the proteins de-
tected in the sample containing F64 extract alone with those
detected in the mixture of wild-type and F64 extracts revealed
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FIG. 5. UV cross-linking of proteins to 3P-labelled probe derived
from the 245-bp Ddel (D)-HindIIl (H) fragment (indicated by the
arrow) from psbC 5’ UTR and resolved by SDS-PAGE. Their apparent
molecular masses (in kilodaltons) are indicated. The open and striped
rectangles on the map correspond to the psbC 5’ UTR and 5’ end of
the psbC coding sequence, respectively. The location of the GUG
initiation codon is indicated. The small arrows indicate the inverted
repeat within the psbC 5’ UTR. (A) A 46-kDa protein (RBP46) was
detected in chloroplast-enriched protein extracts from a strain carrying
the F64 mutation (F64) but not in similarly prepared extracts from a
wild-type strain (WT) or a strain carrying the F34 mutation (F34). (B)
RBP46 was detected in an extract of purified F64 chloroplasts (F64/
pure cp) and was labelled during a laser pulse (F64/laser). (C) None of
the proteins detected in the chloroplast extract from the strain carrying
the F64 mutation (F64) was detected in samples of the same extract
that had been previously incubated either with protemase K (F64/
prot.K) or at 65°C (F64/65°C) (D) RBP46 was not detected in extracts
from the wild-type strain (WT) or from a mixture of wild-type and F64
extracts (WT+F64) but was detected in the F64 extract alone (F64).
No signals were detected in a control sample lacking extract (2).

that incubation with wild-type extract results in the disappear-
ance of the RBP46 activity in F64 extract (Fig. 5D).

In order to determine whether RBP46 binding is specific to
the psbC 5’ UTR, similar UV cross-linking experiments were
carried out with RNA probes corresponding to portions of
three other chloroplast mRNAs: the 5' UTR of the psbD
mRNA (Fig. 6A), the 5' UTR of the psbA mRNA (panel B),
and the 3’ end of the first intron of the psa4 pre-mRNA (data
not shown). Like the psbC 5'-UTR probe, these probes
detected a 46-kDa protein species, which we presume to be
RBP46, in chloroplast extracts of the strain carrying the F64
mutation but not in similarly prepared extracts from the
wild-type strain. An RNA probe derived from a 248-bp frag-
ment of the pBluescript phagemid vector [pBluescript KS(—)]
(Fig. 6A) did not detect any protein in the 46-kDa molecular
mass range in F64 chloroplast extract (or in wild-type chloro-
plast extract). Competition studies using nonradiolabelled
RNAs corresponding to the same chloroplast mRNAs se-
quences and the pBluescript fragment were consistent with
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FIG. 6. (A) UV cross-linking of RBP46 to RNA probe correspond-
ing to the 5’ UTR of psbD mRNA (psbD) in F64 chloroplast-enriched
extract (F64) but not wild-type chloroplast-enriched extract (WT). An
RNA probe derived from a fragment of pBluescript (BS) did not
detect RBP46 in either wild-type or F64 chloroplast extracts. (B) An
RNA probe corresponding to the 5’ UTR of the pshbA mRNA (psbA)
did not detect any protein in the 46- to 47-kDa molecular mass range
in an extract of purified chloroplasts from a wild-type strain, although
the 40-kDa species was detected. This RNA probe labelled RBP46 in
extracts of purified chloroplasts from the strain carrying the F64
mutation.

these results; the RNAs derived from psbC, psbD, psbA, and
psaA sequences efficiently competed for the binding of RBP46
to the psbC RNA probe while only weak competition was
observed with the RNA derived from pBluescript (data not
shown).

Chloroplast RNAs have a high A+U content, while the
control probe derived from the pBluescript fragment has a
normal base composition and lacks any stretches of either A or
U residues longer that 4 nt. The observation the RBP46 binds
to the chloroplastic RNA sequences and not the RNA derived
from pBluescript suggested that this protein recognizes an
AU-rich sequence motif. To test this hypothesis, homopoly-
mers of each of the four ribonucleotides were tested for the
ability to compete for RBP46 binding. Samples of F64 chloro-
plast-enriched extract were incubated with either 0.2 or 1.0 pg
of nonlabelled homopolymers of each of the four ribonucle-
otides for 5 min before the addition of the 245-nt psbC probe
and subsequent UV irradiation (Fig. 7). In the absence of
competitor, all four proteins in F64 chloroplast-enriched ex-
tract were detected. Incubation with poly(C) or poly(G) had no
effect on RBP46 binding to the psbC RNA probe. Similar
incubations with poly(A) or poly(U), however, eliminated
RBP46 binding, demonstrating efficient competition by these
ribohomopolymers. Therefore, RBP46 recognizes an AU-rich
RNA sequence motif.

Novel RNA-protein complexes generated by F64 protein
extracts are detected by RNase T,-GMS assays. In order to
determine’ whether RBP46 forms a stable complex with the
RNA probes derived from chloroplast mRNAs, and possibly
other factors, RNase T,-GMS assays (25) were performed. The
RNA probes derived from psbC, psbD, psbA, and pBluescript
(described above) were incubated with samples of chloroplast-
enriched protein extracts (see Materials and Methods) of a
wild-type strain or the mutants. These samples were treated
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FIG. 7. SDS-PAGE analysis of proteins in F64 chloroplast-en-
riched extract labelled by RNA probe derived from psbC 5’ UTR
following incubation in the presence of 0.2 or 1.0 ug of the various
homopolynucleotides indicated. Lane 0, control sample without com-
petitor. Molecular masses (in kilodaltons) of the principal protein
species are indicated on the right.

with RNase T, to trim the free probe sequences from any
complexes that had formed. Complexes between the RNA
probe and factors in the protein extract were detected by native
PAGE. In the absence of extract, the probe was completely
degraded by the RNase T, treatment (Fig. 8A). The position of
the intact probe on this gel is indicated.

In binding reactions with extract from the strain carrying the
F64 mutation, but not with extracts from the wild-type strain,
a complex was detected with each of the three RNA probes
corresponding to chloroplast mRNA sequences (Fig. 8). Other
minor complexes were also generated when extracts from this
mutant were used. However, when the control RNA probe
derived from the pBluescript fragment and extract from the
strain carrying the F64 mutation were used this complex was
not apparent. Thus, the F64-specific complexes were detected
only with the probes that detected RBP46 in the UV cross-
linking experiments. This correlation suggests that the F64-
specific complexes result from the binding of the chloroplastic
RNA probes to RBP46 and, possibly, other factors. This
binding must be relatively stable since dissociation of an
RNA-protein complex in these experiments would render the
probe susceptible to digestion by RNase T, or separation from
the protein components during electrophoresis.

Another complex (® in Fig. 8) was generated when each of
the RNA probes, including the probe derived from the pBlue-
script fragment, was incubated with extracts from either wild-
type or the mutant strains. Although this complex was often
diminished when extract from the strain carrying the F64
mutation was used (Fig. 8), in similar experiments extract from
this strain generated this complex to the same extent as did
wild-type extract (data not shown). Therefore, further experi-
ments are required to determine if this complex is related to
the roles of the F34- and F64-encoded functions for psbC
translation.

DISCUSSION

In vivo expression experiments reveal that the F34 and F64
nucleus-encoded functions are required for the initiation of
psbC mRNA translation. In this study, the 5' UTR of the psbC
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FIG. 8. RNase T,-GMS assays. The bands indicated correspond to
complexes between the RNA probe and factors in extracts from the
wild-type strain (WT) or from strains carrying either the F34 mutation
or the F64 mutation. Complexes which were detected only with
chloroplast extracts from the strain carrying the F64 mutation are
indicated by asterisks. Another complex, which is discussed in the text,
is indicated by @. (A) Results of T,-GMS assays using the psbC
5'-UTR RNA probe and extracts from the wild-type and mutant
strains. The position of the band on this native acrylamide gel (which
is not shown) corresponding to the intact psbC 5'-UTR RNA probe is
indicated by probe. The lane containing a control sample lacking
protein extract and treated with RNase T is labeled “@.” (B) Results
of T,-GMS assays using RNA probes corresponding to the psbC
5'-UTR probe (psbC), the psbD 5'-UTR probe (psbD), the psaA
first-intron probe (psaA), and the probe derived from pBluescript (BS)
sequences, with chloroplast-enriched protein extracts from a wild-type
strain (WT) and the strain carrying the F64 mutation (F64).

mRNA is shown to be sufficient to make the expression of a
heterologous reporter gene dependent on wild-type F34 and
F64 nucleus-encoded functions in vivo. These results rule out
the possibility that the F34 and F64 mutations cause the
destabilization of P6, the polypeptide encoded by psbC. More-
over, the finding that the expression of the aadA4 reporter gene
from the psbC 5’ UTR of the F34sul strain is not affected by
the F34 mutation shows that the single base pair change within
this UTR, and not another undetected mutation, is responsible
for the suppression of F34. Northern blot analyses revealed
that the F34 and F64 mutations do not diminish expression of
the reporter gene via an alteration of the transcription or
stability of the chimeric mRNAs. These results demonstrate
that the wild-type F34- and F64-encoded functions are re-
quired either for the initiation of psbC mRNA translation or to
inhibit premature translation termination caused by the psbC
5’ UTR. We favor the first possibility, as we consider it highly
improbable that the psbC 5’ UTR can mediate premature
translation arrest or termination within both the coding se-
quence of the endogenous psbC mRNA and the aadA4 reporter
gene in the absence of wild-type F34- or F64-encoded func-
tions.

Chloroplasts of the F64 mutant display a novel RNA-
binding activity. Our in vitro RNA-protein cross-linking stud-
ies revealed a 46-kDa RNA-binding protein in chloroplast
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extracts of strains carrying the F64 mutation. A 47-kDa protein
in wild-type C. reinhardtii extracts which binds to the 5' UTR of
the psbA mRNA in vitro has been described previously (6).
The similarity of the molecular mass of this protein to that of
RBP46 and the detection of RBP46 by the psbA 5’ UTR
described here (Fig. 6) raise the possibility that these two
proteins are one and the same. We consider this to be
improbable because we did not detect any protein in the 46- to
47-kDa molecular mass range with the psb4 5'-UTR probe in
soluble protein extracts of purified chloroplasts from the
wild-type strain (Fig. 6B). However, this discrepancy might be
due to the additional purification steps carried out in the
previous study; if so, RBP46 would be present at undetectable
levels in our wild-type chloroplast protein extracts. In the
strains carrying the F64 mutation, the activation of RBP46 (see
below) might account for the high levels of this binding activity
which we detected.

The detection of RBP46 RNA-binding activity in chloroplast
extracts of strains carrying the F64 mutation, but not in
similarly prepared extracts of wild-type strains, suggests that
this activity is responsible for the effect of the F64 mutation on
psbC mRNA translation. The specific effect on psbC transla-
tion, however, is probably determined by factors other than
RBP46 since the binding specificity of this protein was found to
extend to other chloroplast mRNAs. Also, RBP46 binding was
inhibited by poly(A) and poly(U), suggesting that it recognizes
stretches of either of these residues in RNA. Such factors
conferring a specific effect of RBP46 might include the context
of the binding site(s) on the psbC mRNA or other specific
trans-acting factors which were absent from our extracts.

The observation that the F34sul point mutation suppresses
the requirement for wild-type F34 function suggests that the
putative stem-loop secondary structure in the psbC 5’ UTR is
the target site of an F34-dependent activity required for the
translation of the psbC mRNA. In the F64 mutant RBP46
probably binds to the longest stretches of A and U residues in
the psbC 5’ UTR. Since these AU-rich stretches are located on
either side of this stem-loop structure, this secondary structure
probably does not mediate the requirement for wild-type F64
function. This hypothesis is consistent with inability of the
F34sul suppressor mutation to suppress the F64 mutation.

A specific effect mediated by an RNA-binding protein with
little sequence specificity is not unprecedented. In Drosophila
melanogaster, the Sex-lethal gene encodes an RNA-binding
protein involved in the determination of sexual identity via its
regulation of specific alternative splicing reactions. Yet, the
primary binding specificity of the protein encoded by Sex-lethal
is for stretches of more than five U residues (35). Conse-
quently, this protein binds to many RNAs containing stretches
of U residues that are probably not regulated targets sites.

A mutation which activates a repressor of psbC mRNA
translation would be expected to produce a dominant pheno-
type. The recessive nature of F64 (1) suggests, therefore, that
this mutation does not activate RBP46 directly. Moreover, the
observation that RBP46 was not detected following the incu-
bation of F64 chloroplast extract with wild-type chloroplast
extract suggests that RBP46 is not encoded by the F64 gene.
One possibility, which is consistent with our data, is that the
wild-type F64 gene encodes an activity which inactivates
RBP46 RNA-binding activity. Alternatively, RBP46 may func-
tion in a complex which also contains the F64 gene product.
The absence of the latter in strains carrying the F64 mutation
might result in aberrant or unregulated binding of RBP46 to
which the translation of the psbC mRNA is particularly
sensitive.
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